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Abstract: Limitations exist among the commonly used cyclic nitrone spin traps for biological free radical
detection using electron paramagnetic resonance (EPR) spectroscopy. The design of new spin traps for
biological free radical detection and identification using EPR spectroscopy has been a major challenge
due to the lack of systematic and rational approaches to their design. In this work, density functional theory
(DFT) calculations and stopped-flow kinetics were employed to predict the reactivity of functionalized spin
traps with superoxide radical anion (Oz*~). Functional groups provide versatility and can potentially improve
spin-trap reactivity, adduct stability, and target specificity. The effect of functional group substitution at the
C-5 position of pyrroline N-oxides on spin-trap reactivity toward O,*~ was computationally rationalized at
the PCM/B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) and PCM/mPW1K/6-31+G(d,p) levels of theory. Calculated
free energies and rate constants for the reactivity of O,*~ with model nitrones were found to correlate with
the experimentally obtained rate constants using stopped-flow and EPR spectroscopic methods. New insights
into the nucleophilic nature of O,*~ addition to nitrones as well as the role of intramolecular hydrogen bonding
of Oz~ in facilitating this reaction are discussed. This study shows that using an N-monoalkylsubstituted
amide or an ester as attached groups on the nitrone can be ideal in molecular tethering for improved
spin-trapping properties and could pave the way for improved in vivo radical detection at the site of
superoxide formation.

1. Introduction nonradicals such as B, HOCI, G;, 10, and ROOH) are
critical mediators in cardiovascular dysfunction, neurodegen-
erative diseases, oncogenesis, lung damage, and aging, to name
a few$ Electron paramagnetic resonance (EPR) spectroscopy
has been an indispensable tool for the detection of these ROS
via spin trapping:”- The nitrone-based spin traps (Chart 1),
5,5-dimethyl-1-pyrrolineN-oxide (DMPO), 5-diethoxyphos-

Nitrones are members of a class of compounds which are
commonly used as precursors in the synthesis of natural
productst as spin-trapping reagents in the identification of
transient radical3,and as therapeutic agehfssuch as in the
case of disodium-fért-butylimino)-methyl]benzene-1,3-disul-

fonateN-oxide (NXY-059) which is in clinical trials in the USA : -
for the treatment of neurodegenerative disédseecent years, ~ Phoryl-5-methyl-pyrrolineN-oxide (DEPMPO), and 5-ethoxy-
carbonyl-5-methyl-pyrrolineN-oxide (EMPO), are the most

it has become clear that reactive oxygen species (ROS) (e.g., s ) -
radicals: Q, HO", HO,*, ROy, RO", COs~, and CQ*: and cgmmonly used spin-trapping reagen';s and have contrllbuted
significantly to the understanding of important free-radical-
 Department of Pharmacology, The Ohio State University. mediated processes in chemical, biochemical, and biological
* Davis Heart and Lung Research Institute and Department of Internal Systems in Sp|te of their many limitations. For example the

Megdgéggrﬂ:n?gf'ocﬁgarﬁsti;’w%se'%hIO State University. direct or indirect observations of,O/HO,* formation have been

Il Aix-Marseille Universite. achieved by spin trapping in the following systems: melano-

(1) Breuer, E.; Aurich, H. G.; Nielsen, Aitrones, Nitronates and Nitroxides
John Wiley and Sons: New York, 1989. Torsell, K. B. Mitrile Oxides,

Nitrones, and Nitronates in Organic SynthesisCH Verlagsgesellschaft (6) Halliwell, B. Oxidative Stress and Diseas2001, 7, 1-16. Halliwell, B.

mbH: Weinheim, 1988. Drugs Aging 2001, 18, 685-716. Zweier, J. L.; Talukder, M. A. H.
(2) Villamena, F. A.; Zweier, J. LAntioxid. Redox Signaling004 6, 619— Cardiovasc. Res2006 70, 181-190. Zweier, J. L.; Villamena, F. A. In

629. Oxidative Stress and Cardiac Failur&ukin, M. L., Fuster, V., Eds.; Futura
(3) Floyd, R. A.; Hensley, KAnn. N.Y. Acad. Sci200Q 899 222-237; Publishing: Armonk, NY, 2003; pp 6795.

Inanami, O.; Kuwabara, MFree Radical Resl995 23, 33-9. (7) Janzen, E. GFree Radical Biol. Med198Q 4, 115-154. Janzen, E. G.
(4) Handbook of Synthetic Antioxidan®acker, L., Cadenas, E., Eds.; Marcel Acc. Chem. Redl971, 4, 31-40. Janzen, E. G.; Haire, D. |Adv. Free

Dekker, Inc.: New York, 1997. Radical Chem199Q 1, 253-295. Rosen, G. M.; Britigan, B. E.; Halpern,
(5) Becker, D. A.; Ley, J. J.; Echegoyen, L.; Alvarado,JRAm. Chem. Soc., H. J.; Pou, SFree Radicals: Biology and Detection by Spin Trapping

2002 124, 4678. Ginsberg, M. D.; Becker, D. A.; Busto, R.; Belayev, A.; Oxford University Press: New York, 1999.

Zhang, Y.; Khoutorova, L.; Ley, J. J.; Zhao, W.; BelayevAnn. Neurol. (8) Toxicology of the Human Efronment. The Critical Role of Free Radicals

2003 54, 330. Rhodes, C. J., Ed.; Taylor and Francis: London, 2000.
10.1021/ja0702622 CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 8177—8191 = 8177
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Chart 1. DMPO-Type Nitrones Used as Models for the
Theoretical Investigation of Spin Trapping of Superoxide Radical
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somes, mitochondrial® photosynthetic systen$ nitric oxide
synthase (NOSY endothelial celld? human neutrophil?} and
reperfused heart tiss@Moreover, EPR spin trapping has been

While the detection of @~ in living cells andin vivo tissues
has been reported using fluorescence, spectrophotometric,
HPLC, and EPR redox probés,these techniques do not
precisely or specifically identify radical production. One of the
challenges in biomedical research is to characterize the specific
molecular and cellular pathways involved in diseases and to
develop genetic, molecular, and pharmacological approaches to
prevent or ameliorate free-radical-mediated diseases. In doing
so, there is a need for techniques that can unambiguously
determine the presence, if not identify the nature, of these
reactive species as well as the capability to quantify, to detect
in vivo, and to locate the site of radical generation in biological
systems. The impact of spin-trapping technology on biomedical
research can significantly contribute to our understanding of
the origin of radical productiorin vivo, the toxicology of
xenobiotics, the mechanism of antioxidant activity, the diagnosis
of the types of radical damage, and thereby to the development
of potential therapeutic properties of spin trags:

A number of spin traps have been synthesized over the past
10 years with structural motifs different from those of the
DMPO-type nitrones, e.g., imidazoléjsoindole?* and indole-
one® nitrones, but these compounds do not effectively trap.O
In the case of trifluoromethyl-pyrroling, isoquinoline, and
benzazepir@ nitrones, the resulting £ adducts have short
half-lives. Moreover, spin adducts of bicyclic nitrones exhibit
very complex spectréd Although the possibility of designing
new nitrones seems endless, there are hurdles typically encoun-
tered in the application of new nitron@s vivo. To date, only
DMPO-substituted nitrones exhibit the most promising spin-
trapping properties compared to other nitrone-based spin traps
due to their low cytoxicit§® and their ability to give “finger-

(15) Wang, P.; Chen, H.; Qin, H.; Sankarapandi, S.; Becher, M. W.; Wong, P.
C.; Zweier, J. LProc. Natl. Acad. Sci. U.S.A998 95, 4556-60. Zweier,
J. L.; Flaherty, J. T.; Weisfeldt, M. LProc. Natl. Acad. U.S.A1987, 84,
1404. Zweier, J. L.; Kuppusamy, P.; Lutty, G. Rroc. Natl. Acad. U.S.A.
1988 85, 4046. Zweier, J. L.; Kuppusamy, P.; Williams, R.; Rayburn, B.
K.; Smith, D.; Weisfeldt, M. L.; Flaherty, J. T. Biol. Chem1989 264,
18890.

(16) Bosnjakovic, A.; Schlick, SJ. Phys. Chem. B00§ 110, 10720-10728.
Panchenko, A.; Dilger, H.; Kerres, J.; Hein, M.; Ullrich, A.; Kaz, T,

employed in the understanding of radical-mediated mechanisms  Roduner, EPhys. Chem. Chem. Phy2004 6, 2891-2894.

in the fields of fuel cell technology® nanomateriald? photo-
dynamic therapy® environmental remediatioty, and simple

organic transformation®.

(9) Zareba, M.; Szewczyk, G.; Sarna, T.; Hong, L.; Simon, J. D.; Henry, M.

M.; Burke, J. M.Photochem. PhotobioR006 82, 1024-1029.

(10) Chen, Y.-R.; Chen, C.-L.; Yeh, A.; Liu, X.; Zweier, J. L. Biol. Chem.
2006 281, 13159-13168. Dugan, L. L.; Sensi, S. L.; Canzoniero, L. M.
T.; Handran, S. D.; Rothman, S. M.; Lin, T. S.; Goldberg, M. P.; Choi, D.
W. J. Neuroscil995 15, 6377-88. Partridge, R. S.; Monroe, S. M.; Parks,
J. K.; Johnson, K.; Parker, W. D., Jr.; Eaton, G. R.; Eaton, SArgh.
Biochem. Biophysl994 310, 210-17. Nohl, H.; Jordan, W.; Hegner, D.

FEBS Lett.1981, 123 241-4.

(11) Liu, K.; Sun, J.; Song, Y.-G.; Liu, B.; Xu, Y.-K.; Zhang, S.-X.; Tian, Q;
Liu, Y. Photosynth. Re2004 81, 41—-47. Pospisil, P.; Arato, A.; Krieger-
Liszkay, A.; Rutherford, A. W.Biochemistry2004 43, 6783-6792.
Rahimipour, S.; Palivan, C.; Barbosa, F.; Bilkis, I.; Koch, Y.; Weiner, L.;
Fridkin, M.; Mazur, Y.; Gescheidt, Gl. Am. Chem. So2003 125, 1376—

1384.

(12) Xia, Y.; Dawson, V. L.; Dawson, T. M.; Snyder, S. H.; Zweier, JProc.
Natl. Acad. Sci. U.S.AL996 93, 6770-4. Xia, Y.; Roman, L. J.; Masters,
B. S.; Zweier, J. LJ. Biol. Chem1998 273 22635-9. Xia, Y.; Tsai, A.

L.; Berka, V.; Zweier, J. LJ. Biol. Chem.1998 273 25804-8.

(13) Serrano, C. V., Jr.; Mikhall, E. A.; Wang, P.; Noble, B.; Kuppusamy, P.;
Zweier, J. L.Biochim. Biophys. Actd996 1316 191-202. Varadharaj,
S.; Watkins, T.; Cardounel, A. J.; Garcia, J. G. N.; Zweier, J. L.;
Kuppusamy, P.; Natarajan, V.; Parinandi, N Antioxid. Redox Signaling

200§ 7, 287-300.

(14) Jackson, H. L.; Cardounel, A. J.; Zweier, J. L.; Lockwood, SBiBorg.
Med. Chem. Let2004 14, 3985-3991. Sankarapandi, S.; Zweier, J. L.;
Mukherjee, G.; Quinn, M. T.; Huso, D. lArch. Biochem. Biophy4.998

353 312-321.

8178 J. AM. CHEM. SOC. = VOL. 129, NO. 26, 2007

(17) Yang, J.; Chen, C.; Ji, H.; Ma, W.; Zhao,J].Phys. Chem. B005 109,
21900-21907. Yu, J.; Chen, J.; Li, C.; Wang, X.; Zhang, B.; Ding,H.
Phys. Chem. BR004 108 2781-2783.

(18) Vakrat-Haglili, Y.; Weiner, L.; Brumfeld, V.; Brandis, A.; Salomon, Y.;
McLlroy, B.; Wilson, B. C.; Pawlak, A.; Rozanowska, M.; Sarna, T.; Scherz,
A. J. Am. Chem. So@005 127, 6487-6497.

(19) Nam, S.-N.; Han, S.-K.; Kang, J. W.; Choi, Hltrasonics Sonocher2003
10, 39-147.

(20) Balakirev, M. Y.; Khramtsov, V. VJ. Org. Chem1996 61, 7263-72609.

(21) Dikalov, S.; Skatchkov, M.; Bassenge Htochem. Biophys. Res. Commun.
1997, 230 54—57. Rizzi, C.; Samouilov, A.; Kutala, V. K.; Parinandi, N.
L.; Zweier, J. L.; Kuppusamy, FEree Radical Biol. Med2003 35, 1608
1618.

(22) Halliwell, B.; Whiteman, M.Brit. J. Pharmacol.2004 142, 231-255.

(23) Klauschenz, E.; Haseloff, R. F.; Volodarskii, L. B.; Blasig, |. EHee
Radical Res1994 20, 103-11. Dikalova, A. E.; Kadiiska, M. B.; Mason,
R. P.Proc. Natl. Acad. Sci. U.S.£001 98, 13549-13553.

(24) Bottle, S. E.; Micallef, A. SOrg. Biomol. Chem2003 1, 2581-2584.
Bottle, S. E.; Hanson, G. R.; Micallef, A. 8rg. Biomol. Chem2003 1,
2585-2589.

(25) Rosen, G. M.; Tsai, P.; Barth, E. D.; Dorey, G.; Casara, P.; Spedding, M.;
Halpern, H. JJ. Org. Chem200Q 65, 4460-4463.

(26) Khramtsov, V. V.; Reznikov, V. A.; Berliner, L. J.; Litkin, A. K.; Grigor'ev,
I. A.; Clanton, T. L.Free Radical Biol. Med2001, 30, 1099-1107.

(27) Thomas, A.; Rajappa, Setrahedron1995 51, 10571-80.

(28) Stolze, K.; Udilova, N.; Nohl, HBiol. Chem.2002 383 813-820.
Sankuratri, N.; Kotake, Y.; Janzen, E. Gree Radical Biol. Med1996
21, 889-894.

(29) Rohr-Udilova, N.; Stolze, K.; Marian, B.; Nohl, HBioorg. Med. Chem.
Lett. 2006 16, 541-546. Haseloff, R. F.; Mertsch, K.; Rohde, E.; Baeger,
I.; Grigor'ev, I. A.; Blasig, I. E.FEBS Lett1997 418 73—75. Khan, N.;
Wilmot, C. M.; Rosen, G. M.; Demidenko, E.; Sun, J.; Joseph, J.; O'Hara,
J.; Kalyanaraman, B.; Swartz, H. Nfree Radical Biol. Med2003 34,
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3printable” EPR spectra upon reaction with radicals, specifically
that of O-centered radicafsThe synthesis of DEPMP®and
EMPO®! provided improvement in the efficiency of spin traps
in radical trapping as well as aided in the chemical persistence

of the spin adducts obtained and the characteristic EPR spectra4

they exhibit. However, C-5 substituted nitrones (Chart 1) still
suffer major drawbacks such as biostability, cellular target
delivery, and slow reactivity toward 0, and these limit their
application in the detection of © in biological systems.

So far, most of our theoretical wo&,;3¢ and those by
others3” have focused on the prediction of thermodynamic
parameters for the spin-trapping or decomposition process.
Although thermodynamic data provide insight into the fa-
vorability for formation of certain products, they do not provide
kinetic information on the mechanism(s) of spin trapping and
spin adduct decay. In this study, second-order rate constant
(ko) of superoxide (@) addition to nitrones in solution have
been theoretically predicted. The goals of this study are (1) to
validate the conflicting rate constafft€® 46 reported in the
literature for @~ reactions with DMPO, EMPO, and DEPMPO;
(2) to demonstrate how theoretically predicted rate constants
can reproduce these kinetic values; and (3) to develop an
innovative experimental technique for kinetic rate constant
determination which can be used to assess the efficiency of
newly designed nitrones for their use in spin-trapping applica-
tions. In this paper, we describe, from computational as well as
experimental perspectives, the reactivity of Goward various
spin traps shown in Chart 1.

2. Computational Methods

2.1. General ProcedureHybrid density functional theory (DFT)
was employed to obtain optimized geometries and vibrational frequen-

(30) Frejaville, C.; Karoui, H.; Tuccio, B.; Le Moigne, F.; Culcasi, M.; Pietri,
S.; Lauricella, R.; Tordo, RJ. Med. Chem1995 38, 258-265.

(31) Olive, G.; Mercier, A.; Le Moigne, F.; Rockenbauer, A.; Tordo Free
Radical Biol. Med.200Q 28, 403-408.

(32) Villamena, F. A.; Hadad, C. M.; Zweier, J. L. Phys. Chem. 2005 109,
1662-1674.

(33) Villamena, F. A.; Hadad, C. M.; Zweier, J. I. Phys. Chem. 2003 107,
4407-4414. Villamena, F. A.; Hadad, C. M.; Zweier, J. L. Am. Chem.
Soc.2004 126, 1816-1829.

(34) Villamena, F. A.; Rockenbauer, A.; Gallucci, J.; Velayutham, M.; Hadad,
C. M.; Zweier, J. L.J. Org. Chem2004 69, 7994-8004.

(35) Braieda, B.; Hiberty, P. CJ. Phys. Chem. 200Q 104, 4618-4628.
Locigno, E. J.; Zweier, J. L.; Villamena, F. Arg. Biomol. Chem2005
3, 3220-3227. Villamena, F. A.; Merle, J. K.; Hadad, C. M.; Zweier, J. L.
J. Phys. Chem. R005 109, 6089-6098.

(36) Villamena, F. A.; Merle, J. K.; Hadad, C. M.; Zweier, J.J.Phys. Chem.
A 2005 109 6083-6088.

(37) Bentley, J.; Madden, K. B. Am. Chem. S0d.994 116, 11397-11406.
Boyd, S. L.; Boyd, R. JJ. Phys. Chem. 2001, 105 7096-7105. Boyd,
S. L.; Boyd, R. JJ. Phys. Chem1994 98, 11705-11713.

(38) Allouch, A.; Roubaud, V.; Lauricella, R.; Bouteiller, J.-C.; Tuccio@@g.
Biomol. Chem2005 3, 2458-2462.

(39) Finkelstein, E.; Rosen, G. M.; Rauckman, EJ.JAm. Chem. Sod.98Q
102 4995.

(40) Frejaville, C.; Karoui, H.; Tuccio, B.; Le Moigne, F.; Culcasi, M.; Pietri,
S.; Lauricella, R.; Tordo, Rl. Chem. Soc., Chem. Comm&894 1793-
1794.

(41) Goldstein, S.; Rosen, G. M.; Russo, A.; Samuni) &hys. Chem. 2004
108 6679-6685.

(42) Kezler, A.; Kalyanaraman, B.; Hogg, Rree Radical Biol. Med2003
35, 1149-1157.

(43) Lauricella, R.; Allouch, A.; Roubaud, V.; Bouteiller, J.-C.; Tuccio@@g.
Biomol. Chem2004 2, 1304-1309.

(44) Lauricella, R. P.; Bouteiller, J.-C. H.; Tuccio, B. Rhys. Chem. Chem.
Phys.2005 7, 399-404.

(45) Tsai, P.; Ichikawa, K.; Mailer, C.; Pou, S.; Halpern, H. J.; Robinson, B.
H.; Nielsen, R.; Rosen, G. Ml. Org. Chem2003 68, 7811-7817.

(46) Villamena, F. A.; Zweier, J. LJ. Chem. Soc., Perkin Trans2P02 1340-
1344

(47) Labahowski, J. W.; Andzelm, Density Functional Methods in Chemistry
Springer: New York, 1991. Parr, R. G.; Yang, \Wensity Functional
Theory in Atoms and Molecute®xford University Press: New York, 1989.

cies for all stationary points at the B3LYP/6-31G{dand mPW1K/
6-31+G(d,p)*? levels of theory. The mPW1K method has been shown
by Truhlar and co-workers to be very effective for determining transition
state (TS) structures and barrier heights for H-atom transfer reaétions.
The mPWI1K calculations were initiated by requesting iop(5/
5=10000428,5/4605720572,5/4%10001000) in the route section.
Single-point energies were obtained at the B3LYP/6-G1d,p) level
based on the optimized B3LYP/6-31G(d) geometries. The effect of
solvation was investigated with the polarizable continuum model (PCM)
for water using single-point energy calculations at the B3LYP/6-
31+G(d,p) level and with the gas-phase optimized geomettiédl.
calculations were performed using Gaussiart?03.

Stationary points as minima for both the nitrone spin traps and their
respective @~ adducts were confirmed to have zero imaginary
vibrational frequencies as derived from a vibrational frequency analysis
at the B3LYP/6-31G(d) or mPW1K/6-31G(d,p) levels of theory.
Scaling factors of 0.9808and 0.951% were used for the zero-point

Sibrational energy (ZPE) corrections for the B3LYP and mPW1K

geometries, respectively. Free energies were obtained from the calcu-
lated thermal and entropic corrections at 298 K using the unscaled
vibrational frequencies. For the minima, spin contamination for the
adduct radicals are negligible, i.e., 0.Z5%[< 0.76 (see Tables S5

S13). Spin densities (populations) and charge densities were obtained
from a natural population analysis (NPA) approach at the single-point
PCM/B3LYP/6-31-G(d,p)//B3LYP/6-31G(d) and PCM/mPW1K/6-
31+G(d,p) level* For some selective cases, we explored extensions
of the 6-314G(d,p) basis set by carrying out single-point energy
calculations for the reactants, transition states, and products with the
more flexible 6-3131G(3df,2p) basis set (see Table S4 for representative
adducts).

Initial nitrone and spin adduct structures for transition state (TS)
searches were chosen based on the most stable conformer/configuration
in aqueous solution via PCM single-point energies on the gas-phase
geometries. Fully optimized transition-state structures were confirmed
to have one imaginary vibrational frequency and, furthermore, shown
to be connected to the desired reactant and product by displacement
along the normal coordinate (typically 10%) for the imaginary
vibrational frequency in the positive and negative directions, followed
by careful minimization using opt calcfc. Hence, each of the final
O.*~ adduct structures reported here is the result of complete geometry
optimization after displacement of the TS structure along the reaction
coordinate.

To theoretically predict the rate constants for these processes, we
examined the potential energy surfaces and located maxima, and we
have been successful in locating a variety of TSs for such reactions in
the recent pas€s® The [¥[values for the TS have typically shown
minimal spin contamination, i.e., 0.78 [¥< 0.82. Conventional
transition state theory (TST) was utilized to estimate the spin-adduct
formation at 298 K The conventional TST rate equation in the
thermodynamic formulation as a function of temperature is as follows:

ke T "
k(Mrsr=T(T) - expAG, /kgT) @

In eq 1,T is the absolute temperatutejs Planck’s constankg is
Boltzmann’s constant, anakGEj is the free energy barrier height

(48) Becke, A. DJ. Chem. Physl1993 98, 1372-7. Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785-789.

(49) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105, 2936.

(50) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. &.Phys. Chem. 2000
104, 4811.

(51) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. Cossi, M.; Barone,
V.; Cammi, R.; Tomasi, Chem. Phys. Lettl996 255 327. Barone, V.;
Cossi, M.; Tomasi, JJ. Chem. Phys1997 107, 3210. Barone, V.; Cossi,
M.; Tomasi, JJ. Comput. Cheml998 19, 404. Cossi, M.; Barone, \d.
Chem. Phys1998 109, 6246.

(52) Frisch, M. J., et alGaussian 03 revision B.04 ed.; Gaussian, Inc.:
Pittsburgh, PA, 2003.

(53) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502-16513.

(54) Reed, A. E.; Weinhold, F. A.; Curtiss, L. £hem. Re. 1998 98, 899.

J. AM. CHEM. SOC. = VOL. 129, NO. 26, 2007 8179



ARTICLES Villamena et al.

relative to reactants at infinite separation. The temperature-dependent3. Results and Discussion
factorI'(T) represents quantum mechanical tunneling and is accounted

for by the Wigner approximatioff 3.1. Electronic and Structural Properties. 3.1.1. Nitrones.
The selected bond distances based on the optimized geometries
1 ME at the B3LYP/6-31G(d) level of theory of the nitrone spin traps
rm=1+ (ﬂ)[1-44?] ) and their corresponding£ adducts are shown in Table S1 of

the Supporting Information. The bond distances for tleNC
where, is the imaginary vibrational frequency representing the Ts bond in the nitrone spin traps, the-®l bond in the spin adducts,
barrier's curvature. Due to spirorbit coupling in the?T Oy-, and the N-O bond in both the nitrones and nitroxides are in
population of the first low-lying electronic state was accounted for in  good agreement with reported X-ray crystallographic values for
the calculation of its electronic partition function. An energy spliting comparable compound®Optimized bond distances for selected
of 160 cn1?, obtained by Parlant and Fiquet-Fayateith the ground atom pairs in ethoxyphosphoryl, ethoxycarbonyl, carbamoyl,
and excited states both having a degeneracy of 2, was used. Pyrrolinesylfonyl, and trifluoromethyl groups of the nitrones and their
N-oxides with two equivalent 5-positiqn substituents (i.e., DMF"O) ha\{e respective spin adducts are in good agreement with the reported
TS st_ructur_es that_ are enantlomerlc._T_he rates_ for reactions with experimental X-ray crystallographic bond lengths. Intramolecu-
enantiomeric transition states are multiplied by 2 in order to account lar H-bonding interactions between the amide-H and the

for the reaction’s degeneracy. (While we anticipate that the tunneling . .
correction would be small for a superoxide addition process, we have nitronyl-O are observed for DIMAPO, AMPO, EMAPO, and

included this tunneling correction so as to balance the evaluation of N_IAMPO (Chart 1) with a N-O - - - H—N hydrogen-bonding
possible radical addition and H-atom abstraction reactions.) distance that ranges from 1.887 A to 1.978 A. _

2.2. Stopped-Flow Kinetic Experiments.Potassium superoxide Table 1 shows the NPA charges on the C-2 atom (the site of
(KOz), phen0| red, DMPO, DEPMPO, and 1_methy|_1_carbamoy|_ 02._ addltlon) of the nitrones at the Single-point PCM/B3LYP/
cyclopentane (MCCP) were obtained commercially and used without 6-31+G(d,p)//B3LYP/6-31G(d) and PCM/mPW1K/6-8G(d,p)
further purification. 5-Carbamoyl-5-methyl-pyrrolileoxide (AMPO}* levels. (Note: For subsequent discussion, we will refer to the
and EMPG@' (Chart 1) were synthesized according to the methods PCM/B3LYP/6-3%G(d,p)//B3LYP/6-31G(d) results simply as
previously described. DriN,N-dimethylformamide (DMF) was used  B3LYP and PCM/mPW1K/6-31G(d,p) as mPW1K, unless
at analytical grade (99.9%). Although it has been shown thai KO gtherwise noted)t is interesting to note that all of the nitrones
relatively stable in DMF and dimethylsulfoxide (DMSO) as compared with an N-methylcarbamoy! substituent as well as AMPI® (
to waFer?9 DMF was phogen over DMSO due (o its lower viscosity methylamide) exhibited the highest NPA positive charge on the
and since phase partitioning between DMSO and water was observed . . . .
after mixing in the stopped-flow cell C-2 atom (with the_ exceptlon_ of the spirolactam mtrone,

. o TAMPO, Chart 1), while thé\,N-dimethylcarbamoyl-substituted

Two sets of solutions were prepared for the kinetic measurements. . . L
Solution A was freshly prepared by mixing200 mg of KQ in 5 mL hitrone, DIMAMPO, gave ‘?‘ S|gn|f|pantly '°"‘.’er C-2 chf';\rge. The
of DMF. The undissolved K@was allowed to settle, ara 1 mLaliquot absence of an eIectron-wnhdrqwmg substituent, as in the cases
of the supernatant was obtained and diluted to 10 mL with dry DMF; Of CPPO and DMPO, results in a smaller charge on the C-2
the tightly covered solution was kept in ice during the course of the atom. An excellent correlation between B3LYP and mPW1K
experiment. The concentration ob'Owas quantified and was found  for the predicted charge densities on the C-2 atom was obtained
to be 16-15uM based on the absorbance of the peak at 575 nm formed as shown in Figure S3 of the Supporting Information.
from reaction with phenol red with© (see below). This concentration The presence of intramolecular H-bonding in the nitrones was
remained constant over a period of 35 min (see Figure S2 of the gn|y observed for AMPO and the (monosubstitutiebnethyl-
Supporting Information) establishing the stability of Ki® DMF during amide nitrones, MAMPO, EMAPO, and DIMAPO. A short
lons o e nirone spi tap wih 500V phenol 160 i 80% OME. N-Hae- - - O “Nasane distance was predicted for AMPO,

MAMPO, and EMAPO (1.961.98 A), while DIMAPO exhibits

10% water solution. two N—H O—N hydrogen-bonding interactions
. " i : —Mamide~ = = Y7 WNnitrone -
Stopped-flow reactions were initiated by mixing 10 of Solution with distances of 1.98 and 1.89 A (Figures 1 and 2).

A with 150 uL of Solution B at room temperature, resulting in final . K
concentrations of phenol red and the spin trap being more than 10 times  3-1-2. Tautomers.Amides can undergo tautomerization of

larger than [@]. The reaction of different spin traps with KGn the amido-H in solution to form the imidic acid _foﬁ*r(Scheme
95% DMF—5% water solution were followed by the growth of transient 1 and Figure 1). The calculated free energy differendes(;
absorption at 575 nme(= 7.5 x 10* M1 cm™Y) using a Varian Cary = Gamide — Gimidic acid for the amide-imidic acid forms of

50 Bio UV—vis spectrophotometer with a stopped-flow accessory. AMPO, MAMPO, and DIMAPO at the B3LYP level are15.0,
By varying different concentrations of the spin trap of interest, —15.0, and—16.0 kcal/mol, respectively, which indicate that
different kinetic curves were obtained at constant concentration of {he equilibrium mixture favors the amide isomer and with a
phenol red and @ . Kinetic data were fitted to a single-exponential very small K ~ 10-1%) equilibrium constant for formation of
equation. _ the imidic acid form at 298 K. In TAMPO, lactariactim
2.3. Competitive Kinetics. The detailed procedure for EPR spec- equilibrium gaveAGag = —23.6 kcal/mol withk ~10-18which
troscopic investigations is discussed in the Supporting Information and indicates that the I(gqc)tim forr;1 is even less favored in solution
described i I ks by Tucci d co-workets. . . ;
as described In several works by Tucclo and co-wor than the formation of imidic acid form. Therefore, the high C-2
charge densities observed for the amido-nitrones are a contribu-

(55) Barckholtz, C.; Barckholtz, T. A.; Hadad, C. NI. Phys. Chem. 2001,

105 140-15.
(56) Laidler, K. J.Chemical KineticsHarper & Row, Publishers, Inc.: New (60) Villamena, F.; Dickman, M. H.; Crist, D. Rnorg. Chem1998 37, 1446-
York, 1987. 1453. Boeyens, J. C. A,; Kruger, G.Acta Crystallogr.197Q B26, 668.
(57) Wigner, E. P. ZPhys. Chem. Abt. B932 19, 203. Xu, Y. K.; Chen, Z. W.; Sun, J.; Liu, K.; Chen, W.; Shi, W.; Wang, H.
(58) Parlant, G.; Fiquet-Fayard, B. Phys. B1976 9, 1617. M.; Zhang, X. K.; Liu, Y.J. Org. Chem2002, 67, 7624-7630.
(59) Andrieux, C. P.; Hapiot, P.; Saveant, J.-MAm. Chem. S0d.987, 109, (61) Perrin, C. L.; Lollo, C. PJ. Am. Chem. Sod.984 106, 2754-7. Wang,
3768-3775. W. H.; Hsieh, H. C.Bull. Chem. Soc. Jprl994 67, 216-21.
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Table 1. Charge Densities of the Nitronyl-C (C-2), and Aqueous Phase Rate Constants (k, M1 s1) and Free Energies of Reaction? (AGxn,
kcal/mol) for the Formation of Superoxide and Hydroperoxyl Adducts at the PCM(water)/mPW1K/6-31+G(d,p) and PCM(water)/B3LYP/
6-31+G(d,p)//B3LYP/6-31G(d) Levels of Theory

Energetics of Superoxide Radical Anion Addition to Nitrones

05 O,H
R1 ern-1 Ry H,O R4
P oo Ho, + ~on
R T AGxne1 RS N H AGnn2 R} N H
o Oe Qe
PCM/MPW1K/6-31+G(d,p) PCM/B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)
C-2 C-2
charge charge
nitrone” e ernl AGr><n1 AernZ € ernl Aernl Avanz

AMPO 0.054 15.7 11 21.2 0.060 38.7 6.1 19.6
DEPMPO 0.038 7.25 104 6.4 13.3 0.043 1.56& 105 14.7 7.3
CPCOMPO 0.040 3.12 5.0 14.3 0.045 62802 9.2 135
TAMPO 0.034 1.01x 10t 5.7 13.8 0.038 2.6% 1078 9.7 12.8
EMPO 0.035 3.9 101 4.9 135 0.040 6.7% 1072 9.7 11.5
TFMPO 0.038 14.2 4.4 14.1 0.043 1.32 8.8 12.8
CPPO 0.015 2.4% 1072 5.8 13.6 0.024 4.0& 1073 10.5 12.1
DMPO 0.013 3.16x 1073 8.3 11.3 0.019 5.85% 1075 11.9 10.9
DEPO 0.039 2.0% 10t 3.5 14.3 0.043 2.0% 104 12.4 8.8
MAMPO 0.056 8.06 2.9 19.9 0.060 2441071 4.3 22.3
DIMAMPO 0.026 1.62x 10°? 6.3 12.7 0.030 1.26 104 11.3 11.3
DIMAPO 0.092 3.52x 1072 0.7 215 0.098 8.9k 104 6.2 18.3
EMAPO 0.069 13.0 2.1 20.6 0.073 1.92 8.0 18.4

aEnergetics are derived from the superoxide radical adduct structures resulting from their respective TS ft&etu@hart 1 for the structures of the
nitrones.

E-lactim form of TAMPO

Figure 1. Optimized structures of the most staliteimidic acid and

Z-lactim forms of MAMPO and TAMPO, respectively, at the B3LYP/6- ) _ dlMAMPO .
31G(d) level of theory. Figure 2. Preferred geometries for the optimized structures of amide-based

nitrones at the B3LYP/6-31G(d) level showing strong intramolecular
H-bonding interactions.

tion from the amido tautomers. Further discussion on the
structural and electronic properties of the imidic acid and lactim  3.1.3. Superoxide AdductsThe structures of the superoxide
forms, in comparison to the amide and lactam forms, is spin adducts have ©0 bond distances ranging from 1.40 to
presented in the Supporting Information. 1.48 A'in all of the @~ adducts. The Gg—0O2~ bond distances
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Scheme 1. Tautomerism in Monosubstituted N-Methylamide
Nitrone, MAMPO

o) OH OH
N = N s i
A0 ~hE0 L
o o o

Table 2. Superoxide Adducts Resulting from Their Respective
Transition State Structures at the B3LYP/6-31G(d) and mPW1K/
6-31+G(d,p) (in Parentheses) Levels of Theory

(0]

|9o

he;

0, adducts 6 (deg)
AMPO-cis 48.9 (48.8)
DEPMPO-cis 188.5(183.7)
CPCOMPO-cis 188.3 (184.4)
TAMPO-cis 187.7 (183.1)
EMPO-trans 193.1 (187.5)
TFMPO-trans 194.0 (189.7)
CPPO 194.6 (186.0)
DMPO 192.4 (290.1)
DEPO 291.4 (290.7)
MAMPO-cis 286.2 (47.7)
DIMAMPO-cis 76.5 (72.2)
DIMAPO 45.7 (45.8)
EMAPC? 43.5 (44.4)
MSMPO n/a

aWhere the—0O,~ group iscis to the amide group.

are in the range of 1.371.43 A, similar to that observed
experimentally for cyclic hydroperoxides of 1.46°AThe final
O»~ adduct structures favor theis configuration (i.e., the
superoxide moiety isisto the highest priority ring substituent)
with the exception of EMPO and TFMPO in which ttrans
configuration is preferred. An-©0—C—N dihedral angle range
of 188.3 to 283.6 was predicted for the £~ adducts, except
for the '~ adducts of the amido-nitrones AMPO, DIMAPO,
and EMAPO in which lower 60—C—N dihedral angles
(~45°) were observed at the B3LYP and mPW1K levels (Table
2). These lower 60—C—N dihedral angles are due to the
strong N—H - - - O—0O intramolecular H-bonding interactions
providing distances from 1.03 to 1.05 A. The predicted- O
O—C—N dihedral angles at the B3LYP level correlates well
with the mPW1K angles, with the exception of MAMP@,~
in which the predicted ©0—C—N dihedral angles were 286.2
and 47.7 at the B3LYP and mPW1K levels, respectively. The
high O—O—C—N dihedral angle of 286°2for MAMPO—0O,~
at the B3LYP result from a weakerf\H - - - O—O interaction
of 1.47 A compared to 1.06 A predicted at the mPW1K level.
In the case of the DEPE0O, adduct, intramolecular nucleophilic
addition of the peroxide-O to the carbonyl-C was predicted with
an O—0 ---C=0 bond distance of 1.58 A similar to that
predicted for the least preferred isomas-EMPO—0, from
our previous worke?2

Figure 3 shows the most favored EMAPO spin adduct
isomers, (R*,5R*) and (Z*,5R*), in which the amido group
is cis or transto the Q*~ moiety, respectively. The EMAPO
O, isomer that exhibits a strongN\H - - -O—O interaction is

(62) Alini, S.; Citterio, A.; Farina, A.; Fochi, M. C.; Malpezzi, LActa
Crystallogr. 1998 C54, 1000-1003.
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—1.4 kcal/mol

0.0 kcal/mol
(2R*,5R*) (25*,5R¥)

Figure 3. Relative free energies in aqueous phas@dosk, aqin kcal/mol)

of optimized EMAPG-O,*~ adducts showing strong intramolecular interac-
tions at the PCM(water)/B3LYP/6-31G(d,p)//B3LYP/6-31G(d,) level. Note
that the preferred isomer isR,5R*)-EMAPO-G;~ in which the superoxide
unit is in acis position to the amide group.

predicted to be more favored than the isomer exhibiting an
O=C - - - OOinteraction by 1.4 kcal/mol. Spin density (popula-
tion) distributions in some nitroreO,*~ adducts have also been
discussed in our previous wofk.

3.1.4. Transition State Structures.TS structures for the
formation of the @~ adducts were calculated, and evaluation
of the analytical (harmonic) force constants gave a single
negative eigenvalue (hence, one imaginary vibrational fre-
quency) that corresponded to the motion along theofyi-c—
Osuperoxide aXis (Table 3). A range of imaginary vibrational
frequencies from 311 to 55@m~! and 199-917 cm™! were
predicted for the various £ addition TSs at the B3LYP and
mPWI1K levels, respectively.

A wide range of TS [Gng - - - O;7]* distances at the B3LYP
(1.66 to 2.08 A) and at the mPW1K (1.61 to 2.06 A) level were
observed. The calculated ¢ - - - O."]* bond distances are
intermediate between the—® bond distances calculated for
the formed complexes and the final product (Table 3). Moreover,
the average of the sum of théN—C(2)—H, ON—C(2)—C(3),
anddC(3)—C(2)—H angles in all of the TS structures for©
addition at the B3LYP level are intermediate (i.e., 346.2.7°)
to the sum of the angles predicted for a? Bgbridized C(2)
of the nitrones (i.e., 359.8t 0.3°) and the respective 3p
hybridized C(2) of the spin adducts (i.e., 326:4L.8°). On the
basis of Hammond’'s postulate, these results suggest that the
TS structures for the £~ addition resemble the reactant
structures to a greater extent. A discussion on the spin density
distribution in the TS structures is presented in the Supporting
Information (see p S22).

MonosubstitutedN-methylamide nitrones exhibited-NH- - -
O—0 H-bonding interaction at the TS (see Figure 4). The
observed [N-H - - - O—OJ* H-bond lengths in the TS structures
for O,*~ addition of AMPO and EMAPO are slightly longer by
0.5 A compared to the NH - - - O—O H-bond distances of their
respective products<1.0 A), while the [N-H - - - O—OJ* bond
lengths in @~ adducts of MAMPO (1.65 A) and DIMAPO
(1.04 A) did not change in the final product (see Figure S4 of
the Supporting Information for the pertinent bond lengths in
the Or~ adduct structures). These predicted intramolecular
interactions in the TS can play a role in the stabilization of the
TS structures and, hence, in the facile formation of the final
products. All of these predicted H-bonding interactions in the
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Table 3. Calculated Relative Enthalpies AH.gsx and Free Energies AGygsk (kcal/mol) in Aqueous Phase and Other Theoretical Parameters
for the TS Structures of the O~ Addition at the PCM/mPW1K/6-31+G(d,p) and PCM/B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) (in
Parentheses) Levels of Theory

C---07 imaginary
structure AHpsgk aq® AGaskaq® A 50 frequency?
AMPO
AMPO + Oy~ 2 0.0 (0.0) 0.0 (0.0) ) f
AMPO ---Oy~ b —-1.4(-0.1) 7.3(8.6) 4.04 (3.51) 0.76 (0.76) 0
[AMPO—0z"]*¢ 6.7 (5.7) 17.9 (17.4) 1.90 (1.80) 0.81 (0.78) 5(345)
AMPO—0O,— ¢ —10.6 (-5.5) 1.1(6.1) 1.41(1.42) 0.76 (0.75) 0
DEPMPO
DEPMPO+ O2*~ 0.0 (0.0) 0.0 (0.0) o0 f
DEPMFO - - - O~ 2.6 (6.5) 11.1(16.4) 2.86 (2.53) 0.76 (0.77) 0
[DEPMPO-0O2"1* 12.1 (14.7) 23.7 (26.1) 1.63 (1.66) 0.76 (0.75) 1 1i)
DEPMPO-0O~ —4.5(3.4) 6.4 (14.7) 1.38 (1.43) 0.76 (0.76) 0
DMPO
DMPO + Oy~ 0.0 (0.0) 0.0 (0.0) co f
DMPO ---O 3.1(5.3) 10.4 (14.1) 3.07 (2.69) 0.76 (0.76) 0
[DMPO—-0Oz]* 13.4 (14.9) 23.4(25.7) 1.80 (1.81) 0.78 (0.78) B(BUE)
DMPO—0Oy~ —2.5(1.0) 8.3(11.9) 1.37 (1.41) 0.75 (0.75) 0
EMPO
EMPO+ Oy~ 0.0 (0.0) 0.0 (0.0) o0 f
EMPO - -- O 2.5(3.5) 10.2 (12.2) 2.77 (2.71) 0.76 (0.76) 0
[EMPO-0O"]* 10.1 (11.4) 20.1(21.1) 1.71(1.77) 0.76 (0.76) bEPA)
EMPO-0O2~ —5.3(-0.6) 4.9 (9.7) 1.39 (1.41) 0.76 (0.76) 0
CPCOMPO
CPCOMPO+ O~ 0.0 (0.0) 0 ] f
CPCOMPO - - - O~ 28(4.1 9.7 (12.6) 3.07 (2.63) 0.76 (0.77) 0
[CPCOMPO-0O"1* 8.5 (11.0) 18.7 (21.2) 1.68 (1.71) 0.76 (0.76) P@ED4)
CPCOMPG-0O5~ —5.6 (-1.3) 4.9(9.2) 1.38(1.41) 0.76 (0.76) 0
TAMPO
TAMPO + O~ 0.0 (0.0) 0.0 (0.0) ) f
TAMPO - - - O~ 3.1(4.5) 9.9 (12.7) 3.29 (2.74) 0.76 (0.76) 0
[TAMPO—-0O,]* 10.8 (12.9) 20.8 (23.0) 1.67 (1.72) 0.76 (0.76) BE29)
TAMPO—0,~ —4.9 (-0.7) 5.6 (9.7) 1.38(1.41) 0.76 (0.76) 0
TFMPO
TFMPO+ Oy~ 0.0 (0.0) 0.0 (0.0) o0 f
TFMPO - - - O~ 2.5(3.7) 10.4 (11.7) 2.69 (2.61) 0.76 (0.76) 0
[TFMPO—-0O,]* 8.0 (9.7) 18.0(19.3) 1.72(1.80) 0.76 (0.75) b8®74)
TFMPO-0Oy~ —6.0 (—1.7) 4.4 (8.8) 1.39 (1.42) 0.76 (0.76) 0
DEPO
DEPO+ Oy~ 0.0 (0.0) 0.0 (0.0) oo f
DEPO ---Q 3.3(5.1) 12.7 (15.9) 2.87 (2.77) 0.76 (0.76) 0
[DEPO-Oy]* 10.8 (14.4) 21.1(25.0) 1.61 (1.80) 0.76 (0.77) S35
DEPO-O,~ —9.4(-1.0) 3.4(12.4) 1.40 (1.40) 0.76 (0.75) 0
CPPO
CPPO+ Oy~ 0.0 (0.0) 0.0 (0.0) ) f
CPPO---Q~ 3.4 (4.8) 10.8 (13.9) 2.91 (2.67) 0.76 (0.76) 0
[CPPO-O7)* 12.1(12.9) 22.2 (23.2) 1.72 (1.75) 0.76 (0.76) B6EA2)
CPPG-Os~ —4.1(0.7) 5.8 (10.5) 1.39 (1.41) 0.76 (0.76) 0
MAMPO
MAMPO + Oy~ 0.0 (0.0) 0.0 (0.0) ] f
MAMPO - -- O~ —1.9(0.8) 7.1(10.5) 4.00 (2.88) 0.76 (0.76) 0
[MAMPO—0O,]* 6.4 (9.2) 18.0 (20.3) 1.90 (2.01) 0.80 (0.79) b(33)
MAMPO—0O5~ —9.3(-7.6) 2.8(4.3) 1.41 (1.38) 0.76 (0.75) 0
DIMAMPO
DIMAMPO + Oy~ 0.0 (0.0) 0.0 (0.0) co f
DIMAMPO - - - O~ 3.0 (4.6) 12.5(14.7) 2.68 (2.63) 0.76 (0.76) 0
[DIMAMPO —O,]* 10.4 (13.0) 21.9 (24.8) 1.66 (1.70) 0.76 (0.75) PEAL)
DIMAMPO -0y~ —5.6 (—0.6) 6.3 (11.3) 1.37 (1.39) 0.76 (0.76) 0
EMAPO
EMAPO + O~ 0.0 (0.0) 0.0 (0.0) ) f
EMAPO - - - O~ —2.4(-0.9) 6.7 (8.6) 4.02 (3.97) 0.76 (0.76) 0
[EMAPO—-0O)* 6.2 (7.4) 18.0(19.1) 1.92 (1.93) 0.81 (0.80) b(472)
EMAPO—-0Oy~ —9.9(-4.2) 2.1(8.0) 1.42 (1.43) 0.75 (0.75) 0
DIMAPO
DIMAPO + O~ 0.0 (0.0) 0.0 (0.0) o0 f
DIMAPO - - - O~ -3.2(-1.2) 7.8 (8.7) 4.03 (4.00) 0.76 (0.75) 0
[DIMAPO -0y ]* 8.2 (11.7) 21.9 (24.0) 2.06 (2.08) 0.82(0.81) HeOLL)
DIMAPO—0O,~ —13.2 (-6.5) 0.7 (6.2) 1.42 (1.43) 0.75 (0.75) 0

a At infinite separation® Nitrone - - - O~ complex.¢ Transition stated Products® Values are relative energies based on single-point energy calculations
with the polarizable continuum model (PCM) at the mPW1K/6-&Kd,p) level using water as a solvent. Values in parentheses are at the PCM/B3LYP/
6-31+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 estimatédi,gsk and AGaosk in water.” The [Efor all the nitrones is 0.00, while that of,0 is 0.75-0.76 at both levels of
theory used9 Point group for all structures i€;, and imaginary vibrational frequencies are in the units of €m
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DMPO—0;H spin adduct. In acidic medium, DMP&D,H can
be formed via direct addition of HOfrom the protonated .
Experimental kinetic data support these two mechanisms based
on the strong pH dependence of the rate gf Grapping. The
higher second-order rate const&ht§observed at lower pH is
due to the higher concentration of the more reactive;HO®
more acidic media. Hence, to narrow down the scope of this
work, we will only present the energetics o"O addition to
nitrones. The energetics of HQrapping by the same family
of nitrones will be presented in a separate work in which the
D ¢ % predictedk and AGx, were found to be in the range of 1t
[AMPO-0,]* [EMAPO-0,]} 10* M1 st and —5 to —11 kcal/mol, respectively, and are
consistent with available experimental observati#s.

3.2.2. Correlation of Calculated Charge Densities, Free
Energies, and Rate Constantgrigure 5a shows the relationship
between the charge densities on the nitronyl-C (C-2) of various
nitrones with the free energies of reactiahGxn—-1, Table 1)
for O~ addition to nitrones at the mPW1K level; the resulting
plot has a reasonable correlatioA £ 0.78). Indeed, Figure 5a
demonstrates that the free energyGix,—1) for Oy*~ addition
to nitrones increases with an increasing positive charge on C-2
of the nitrones. Also, a general trend of increasing reaction rate
for O~ addition to these nitrones (Idgxn—1) with increasing
C-2 charge of the nitrone can be seen in Figure 5b wAtk
0.76 (excluding DEPMPO and DIMAPO as outliers). The same

. qualitative trend was observed at the B3LYP level of theory
[MAMPO'OZ]I [DIMAPO'OﬂI (Figure S5a,b, Supporting Information) but with a smaller
Figure 4. Transition state structures for formation of"O adducts of correlation ofr2 = 0.48 compared to the mPW1K level. Figure

monosubstitutedN-alkylamide nitrones showing the early formation of an : : ;
intramolecular H-bonding interaction between the amide and superoxyl 5¢ (and Supporting Information, Figure S5c) shows the cross

groups at the B3LYP/6-31G(d) level. A complete diagram of the TS Correlation between the thermodynamic entitS,—1 and log

structures can be found in the Supporting Information. kxn—1 Using and B3LYP levels with reasonable correlation values
. of r2 = 0.73 and 0.89, respectively. Figure S6 shows a large

transition states have been observed at both BSLYP/6-SlG(d)Correlation between the B3LYP and mPW1K levels for the

and mPWIK levels of theory. _ » AGin and logky,—1 of O~ addition to nitrones in aqueous
3.1.5. Calculated Isotropic Hyperfine Splitting Constants. phase at 298 K with2 = 0.55 and 0.87, respectively.
In order to justify the DFT approach employed in this study,
the electron spin distribution within the nitror®,H adducts
was assessed from the calculated isotropic hyperfine splitting
constant (hfsc)ai). The calculated hfsc’s in the gas phase at
the B3LYP level for the four model adducts, i.e., AMPO2H,
DMPO—0O;H, EMPO-0O,;H and DEPMPG-O;H, were previ-
ously obtained (see p S39 of the Supporting Information of our
previous papéf), and the Boltzmann-weighted hfsc’s of the
vari_ous conforrpers_were compared with their respective_ €X" and the C-2 charge densities of the nitrones is quite good and
perlmental_hfsc s (Figure S1) in aqueous and DMSO solutions is similar to that for the free energy of reaction in these systems,
as shown in Table S2. The data show reasonable agreemen

. . eeMeNty ereby confirmi ! 816 as to the direct
between the theoretical and experimental data further validating re‘lea:':?or{s?\?n ;)rer?\:cegesl::]g?rrelgrei?rumgf reaci?onoang thléerc;te of
the DFT approach employed in this study. The relationship P 9y

between the calculated and experimental hfsc’s are furtheroz3 ZaP?dISt:fne:gx?ézogs;.c Al Anion ReactivityTo obtain more
discussed in the Supporting Information (see p S6). 3. SUp Y.

32 Determination of Theoretical Rate Constants. insight into the observed reactivity of,© and its nucleophilic

3.2.1. General.Table 1 shows the calculated charge densities character, the_re is a need to compare Its reactivity against t_hat

- of other radicals. On the basis of purely thermodynamic
on the nitrony-C as well as the aqueous-phase rate ConStantSconsiderations our previous studi®®“6showed that the order
and free energies of reaction for the formation of nitre@H ’ P

adducts via direct addition of £ to the various nitrones, of increasing thermodynamic favokGra,aq 2esk(kcal/mol)) for

followed by a proton transfer at the B3LYP and mPW1K levels the addition of different radicals to various nitrones using a PCM
of theory. In our earlier studi€¥;36 we showed that there are model for water is as follows: NO (14.5) O (10.0) < HO

; . . . —7.0) < HS (—13.6) < *CH3 (—32.9) < HO* (—38.9). The
two possible mechanisms for the formation of DMPO,H in ( . . o .
aqueous solution. At neutral (and higher) pH, the addition of o-type radicals (HS *CHs, and HO) have exhibited higher

Oz~ to DMPO can lead to the formation of the DMP@,™ 53 1 ‘M G Polanyi, Mrrans. Faraday Sod.936 32, 1333-60. Evans,
adduct, followed by subsequent protonation to form the final M. G.; Polanyi, M.Trans. Faraday Socl193§ 34, 11—24.

From our previous studif, we postulated (in analogy to
Hammond’s postulate as well as the Bellvans-Polanyi
principlef? that the rate of @ addition to nitrones can be
correlated with the free energy of reactidhGn—1). SinceAG
is a thermodynamic entity, it is not so convincing to assume
that this trend could be used to explain the differences in
experimental rate constants observed for the additionof O
to various nitrones. The theoretical correlation betweerki@g:
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Figure 5. Correlation of the nitronyl-C (C-2) charge densities with (a)
free energies AGrn-1.208k Kcal/mol) (2 = 0.78) and (b) rate constants
(log kixn-1) of O2*~ addition to nitrones in the agueous phase at the
PCM(water)/mPW1K/6-33+G(d,p) level of theory at 298 Kr{ = 0.76,
excluding the outliers DEPMPO and DIMAPO). (c) Degree of correlation
between logxn-1 and AGin—1 at the same level of theory witt? = 0.73

excluding the outliers (DIMAPO and DEPO).

reactivity compared to the-type radicals, NO, @, and HQ".

In general, this trend in reactivity follows the order of the degree
of spin density residing on the attacking atom of the radical,
i.e., 100% spin density on the O, S, and C atoms of, MEH;,

and HO, compared to 70% (N), 50% (O), and 73% (terminal
O) spin density distribution in NO, £, and HQ*, respectively.
The HO addition to electron-rich double bonds is commonly
considered to be electrophilic in nature and possesses some
electron-transfer character from the electron-rich substrate to
the HO radical®* 65 Our thermodynamic resufis®3also show

that the exoergicity of the HGddition to electron-poor nitrones
increases with the increasing positive charge on the (C-2)
nitronyl-C which suggests that the reaction of +Haldition to
nitrones is partly nucleophilic in character. The same partial
electrostatic effect on radical reactivity was also observed for
thes-type radicals, such as NO,©O, and HQ, for which there
is a significant difference in the charge densities of the attacking
atom, i.e.;+0.20 e,—0.50 e, and-0.15 e, respectively, in spite
of the similarities, for example, in the spin density distribution
on the N and O atoms of the NO and ktQrespectively.
However, unlike @~, the dependence of radical-addition
reactivity for all of these radicals to add to nitrones is not
significantly pronounced for the varying charge density on the
nitronyl-C 32 This result is probably due to the considerable
(high) spin density distribution on the attacking atoms (70%
100%); hence, the electrophilicity of the radicals dominates.

Moreover, the relative thermodynamic favorability of radical
addition toward nitrones is consistent with the reported reduction
potentials (hence, their electron affinities, EA) for these various
radicals326 The low electron affinity of @~ can contribute
significantly toward a high activation barrier and a slower rate
constant of adduct formation. All of the other radicals have more
favorable EA values and can undergo facile reduction with the
exception of NO in which the formation of triplet NGs not
favored. Based on these predictions, it can be inferred that for
027, given the high negative charge density and low spin
density distribution on the attacking atom, the nature of radical
addition to nitrones is mostly nucleophilic. These factors are
consistent with the earlier suggestions for Haudition to
aromatic hydrocarborf$:67

3.2.4. Nitrone Reactivity.As shown in Table 1, the theoreti-
cally predicted rate constants in the aqueous (PCM) phase for
O>*~ addition to nitrones range from 7.26 10%to 15.7 M!
s L with the formation of @~ adducts from the monosubstituted
N-methylamide nitrones (AMPO, MAMPO, and EMAPO), and
that of TFMPO are the most kinetically favored at the mPW1K
level, while DEPMPO gave the slowest rate constant, followed
by DMPO, DIMAMPO, and CPPO. Even trans'O addition
to DEPMPO only gave &xn—1 of 5.48 x 102 M~1s71 (see
Table S15 and S16). Intermediate rate constants were predicted
for the alkoxycarbonyl substituted nitrones, CPCOMPO, EMPO,
and DEPO, and the amide, TAMPO. The same qualitative trend
has been observed at the B3LYP level with AMPO, MAMPO,
EMAPO, and TFMPO yielding the highest rate constants (Table
1). The ease of formation of © adducts in monosubstituted
N-monoalkylamide nitrones is due to the relatively high positive
charge on the C-2 position as well as the early formation of
H-bonding interaction between the amide-H and the Qas
shown in Figure 4), thereby facilitating the formation of the
Oz~ adduct. These data suggest that the use of 5,5-disubstituted
nitrones with electron-withdrawing alkoxycarbonyl and mono-
alkylcarbamoyl substituents could be ideal multifunctional spin

(64) von Sonntag, CThe Chemical Basis of Radiation Biolggyaylor and
Francis: New York, 1987. Imamura, A.; Hirao, Bull. Chem. Soc. Jpn.
1979 52, 287-92.

(65) DeMatteo, M. P.; Poole, J. S.; Shi, X.; Sachdeva, R.; Hatcher, P. G.; Hadad,
C. M.; Platz, M. SJ. Am. Chem. So@005 127, 7094-7109.

(66) Bartberger, M. D.; Liu, W.; Ford, E.; Miranda, K. M.; Switzer, C.; Fukuto,

J. M.; Farmer, P. J.; Wink, D. A.; Houk, K. NProc. Natl. Acad. Sci. U.S.A.

2002 99, 10958-10963. Buettner, G. RArch. Biochem. Biophy<.993

300 535-543. Das, T. N.; Huie, R. E.; Neta, P.; Padmaja, SJAPhys.

Chem. A1999 103 5221-5226.

(67) Poole, J. S.; Shi, X.; Hadad, C. M.; Platz, M.JSPhys. Chem. 2005
109 25472551.
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Table 4. Polarizable Continuum Model (PCM) Calculation of Fully the calculated C-2 charge densities and are consistent with the
?ﬁ:gr‘;zg? ngé“&t“re at the PCM/B3LYP/6-31+G(d,p) Level of predicted energetics using single-point PCM calculations,
thereby further validating our results and earlier discussion.

. . Sy X X
spntrap  chagedensy _ [STTOSTD ke In order to achieve a more accurate model for the calculation

S (€2 AHF AG (M5 of the rate constants in a polar aprotic environment, PCM
AMPO 0.035 8.1 19.4 1.24 calculations were carried out using the solvents DMS0=(
DMPO ~0.001 12.8 22.6 1.29 102

47) and CHCN (e = 37) which have comparable dielectric
aCalculated C-2 charge densities for DEPMPO and EMPO are 0.022 constants to that of DMFe(= 38).%8 Shown in Table 6 are the
and 0.015 e, respectivelyRelative to energies at infinite separation. thermodynamic data\H andAG) and theoretical rate constants
(krxn—1) for the formation of @~ adducts calculated at the
traps in which target-specific and adduct-stabilizing moieties PCM(DMSO)/mPW1K and PCM(C4#EN)/mPW1K levels. The
can be tethered in the parent nitrone molecule employing eSterquaIitative trends in the calculated C-2 charg&&*, AGyn,
or amide units as linker groups. andkyn_1 follow that at the PCM(HO)/mPW1K level.
3.2.5. Effect of the Amide Moiety on Thermodynamics of 3.3. Determination of Experimental Rate Constants.
Oz~ Addition. The contribution of H-bonding interactions on 3 3 1. yvy—vis Stopped Flow Methodology. 3.3.1.1. General
the reaction energies, however, remains ambiguous; thereforerpere are conflicting reports in the literature concerning the
1-methyl-1-carbamoylicyclopentane (MCCP) was used to in- magnitudes of the absolute rate constants of reaction,of O
vestigate the nonelectrostatic contribution to the free energiesyith various spin traps (see Table 5). This uncertainty greatly
of reaction with @. The use of MCCP is ideal since it carries  complicates the interpretation of spin-trapping experiments. The
origin of the problem is based on the measurement of rate
constants in the 2&o 10* M1 s™! range using a competition-
based methoé Such competitive kinetic approaches have
NH, become the standard route for rate constant determinations for
several years and often employs poorly reproducible conditions,
such as the use of radical generating systems with varying fluxes
1-methyl-1-carbamoylcyclopentane (MCCP) of O~ and enzyme-based competitive spe@fe¥;40.42.43.45.46
) In some cases, pulse radiolysis methods were also employed
almost all of the structural features of AMPO but without the {4 rate constant determinations and do account for the trapping
nitrone moiety and, therefore, only considers the reaction energy ¢ O, but is best suited for measuring rate constants with
contribution from the amide-H interaction with,O. Results magnitudes of 10to 1 M~ s~141 And, of course, many rate

show that, at the mPW1K level, thGn 208« for the complex constants for @ addition are slower than this range.

formation due to the NH - - - Oy interaction from MCCP is 3.3.1.2. Rate Law Determination To avoid the problems
6.4 kecal/mol endoergic which is close to the value of 7.6 tically encountered in the measurement of rate constants of
kcal/mol predicted for AMPO at the_ same Ievel_ of theory. O trapping by nitrones, a more straightforward approach has
Moreover, the calculated free energies of reaction fo"O  peen developed using Utis stopped-flow kinetics and using
addition to AMPO in the absence of intramolecular H-bonding KO, as a direct source of &7, instead of the typical enzymatic
interaction for both cis and trans isomers at the mPW1K level O~ generating systems. It is most convenient to monitor the
are AGrn,208x = 6.0 and 8.5 kcal/mol, respectively, compared  5rogress of a reaction at a wavelength where one species, either
to 1.1 keal/mol for the formation of the AMPEO; adductin 5 single reactant or product, is responsible for all of the observed
the presence of intramolecular H-bonding interaction. absorbance. We have utilized phenol red as a probe molecule
This suggests that the favorability for,© addition toward that generates a useful and convenientt¥is signature during
nitrones is governed not only by the nucleophilic nature of this jis reaction with @~ in DMF. This reaction gave a broad
reaction but also by another factor. We suggest that the presencgqansjent absorbance in the visible region with a maximum at
of intramolecular hydrogen bonding in the transition states 575 nm (Figure 6, inset). Since the rate of formation of this
would serve as an initial “anchor” for£, thereby facilitating  new species at 575 nm is directly proportional to the kinetics
the O~ addition to nitrones; this suggestion is in concert with O~ decay, in the presence of a spin trap as a competitive
our previous studie®:“¢An exception to this is DIMAPO which  a5ctant. one can obtain the absolute rate conskanof the
has the highest charge density on C-2 but only gave an o, aqduct’s formation. The growth of the absorption signal
intermediate gate_(l)f [?actwlty o0 with a calculatedixn-1 (Figure 6) in the presence of phenol red and spin trap was fitted
0f 3.52x 107* M~ 5™ but gave the smallest endoergicity at {5 an exponential function to yield an observed pseudo-first-

the mPWiK level (see Table 1). . _ order rate constankgsgaccording to eq 3,
3.2.6. Effect of Full PCM Optimization and Single-Point

PCM in DMSO and C_H 3CN. So _far, the PCM calcul_ations K.psa= 1/7 + k[phenol red+ k,[spin trap]=
were only performed via single-point energy computations. The
effect of the dielectric constant during optimization of the TS
structures was also considered to test if similar trends in the ) o . ) )
PCM energetics could be confirmed. Due to the computational Where is the lifetime of the @ in DMF/water solutionk, is
cost associated with such methods, TS searchesoradduct the second-order rate constant for reaction gf @vith phenol
formation of AMPO and DMPO were performed at the PCM/ red, andk; is the second-order rate constant for reaction §f O
BSLYP/6-31+_G(d,p) level of theory (See Table 4)' The _Calcu'_ (68) PCM calculation using DMF is not implemented in the Gaussian 03 suite
lated energetics and rate constants gave good correlations with  of programs; therefore, DMSO and @EN were used instead.

(o]

constantt kj[spin trap] (%) (3)
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Table 5. Survey of the Reported Apparent Rate Constants kapp (M~ s72) for the Spin Trapping of Superoxide Radical by DMPO-Type
Nitrones Using Various Methodologies (Technique Used, Competitor, Radical Generating System, and pH)

rate constants Kapp (M~1s7%)

method DMPO DEPMPO BocMPO? EMPO DEPO

|46 n/e 58 7 n/a n/a
(EPR, SOD,

light-riboflavin,

pH 7.0)

1139 15.7 n/a n/a n/a n/a
(EPR, SOD,

light-riboflavin,

pH 8.0)

1] 30:40 n/a 90 n/a n/a n/a
(EPR, DMPO,

light-riboflavin,

pH 7.0)

|\ 384344 2.0 3.95 3.45 10.9 31.1
(EPR, @

dismutation X/XO,

pH 7.2)

V45 785+ 2.1 n/a 77.0£5.0 745+ 6.4 n/a
(EPR, ferricytochrome-c,

X/XO, pH 7.0)

V|42 2.4 0.53 0.24 n/a n/a
(EPR, @

dismutation, X/XO,

pH 7.4)

VIl 4 170+ 40 n/a <3 n/a n/a
(pulse radiolysis,

y-irradiation of NO)

Vil d 1.72+0.01 0.65+ 0.01 n/a 104.6- 4.6 n/a
(UV —vis stopped-flow,

phenol red, KG,

pH 10.5)

a5-tert-Butoxylcarbonyl-5 methyl-pyrrolinél-oxide, also known as BMP(.Not available ¢ Apparent rate constant is relativekgpypo = 60 M~1s71,
d This work.
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Figure 6. Formation curve (black) measured at 575 nm following mixing of K0lution with 625¢M AMPO and 500uM phenol red solution and
exponential curve fitting (red). The UWis spectrum for the mixture of 3M KO, and 9uM phenol red solution is shown in the inset.

with the nitrone spin trap. The complete rate law for eq 3 can (k;) obtained in 95:5 DMF/water solution. The order of
be found in the Supporting Information (see p S13). The increasing rate of reaction is as followk; (in M~1 s™1):
observed pseudo-first-order rate constant for the formation of DEPMPO < DMPO < EMPO < AMPO. Thek, values for
the transient absorptiorkdsg, measured at short time scales, DMPO and DEPMPO using stopped-flow kinetics are also close
is linearly dependent (Figure S7) on the concentration of the to those found using Method VI (see Table 5) of 2.4 and 0.53
spin trap at constant phenol red ang*Oconcentrations. M~1 s71 respectively’? These experimental rate constants
Therefore, with knowledge of the nitrone’s concentration, one follow the same qualitative trends for the calculated activation
can determine the second-order rate constanalfgpathways barrier in the aqueous phase at the mPW1K and B3LYP levels
that consume @~ and are related to the concentration of the of theory (Table 1). The formation of the spin adducts were
nitrone. further confirmed by EPR spectroscopy as shown in Figure 7,
3.3.1.3. Determination of Second-Order Rate Constants and the resulting spectra show the formation of tht @dduct
Table 6 shows the calculated absolute second-order rate constards the only paramagnetic product using the same experimental
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Table 6. Calculated Relative Enthalpies AH (kcal/mol) and Free Energies AG (kcal/mol) as well as Rate Constants k, (M~1 s~1) for the
Formation of Various O,*~ Adducts in DMSO at the PCM(DMSO)/mPW1K/6-31+G(d,p) and PCM(CH3CN)/mPW1K/6-31+G(d,p) (in
Parentheses) Levels of Theory at 298 K

enthalpies and free energies?

spin trap charge density ST---0p " [ST+ O ¢ ST-0,;¢ Koyt kot 1%
(ST) (C-2) AHempi AGmpiy AH AG* AHyq AGyn (calcd) (exptl) (exptl)

AMPO 0.053 -1.2 7.5 6.9 18.1 —-10.5 1.2 10.2 134.%25 252+ 1
(0.053) 1.6) (7.0) (6.6) (17.8) €10.6) (1.1) (18.0)

EMPO 0.034 3.1 10.8 10.5 20.5 —-4.8 5.4 2.00x 107! 104.6+ 4.6 10.9+0.1
(0.034) (2.5) (10.5) (10.0) (20.0) -6.1) (5.1) (4.54x 1071

DMPO 0.012 3.7 11.0 14.2 24.1 -1.9 8.9 8.71x 104 1.724+0.01 2.0+ 0.2
(0.0112) (3.1) (10.4) (13.7) (23.7) —R.2) (8.5) (1.81x 10°9)

DEPMPO (0.036) 3.1 11.6 13.0 24.6 -3.7 7.1 1.49x 1074 0.65+ 0.01 4.0+ 0.1
(0.036) 2.7) (11.2) (12.7) (24.3) -@4.0) (6.9) (2.65x 1074

MCCP n/& n/a n/a n/a n/a -35 5.3 n/a 2.6t 0.03 n/a

(—4.2) (4.7)

aEnthalpy,AH, and free energyAG, values are all relative to the totAlH and AG values of the ST and £ at infinite separation? ST - - - Oy~
complex.© Transition stated Products® Experimental absolute second-order rate consten{®—* s™1) of reactions of various spin traps with,© in
DMF—water (95%-5%) solution obtained by stopped-flow kineti¢€xperimental rate constants obtained using EPR technique and competition kinetics
between spin trapping and spontaneous dismutation,of & previously described:*39 Not available or applicable.

conditions used for the stopped-flow kinetics. However, the only been one measurement employing EPR spin-trapping of
inconsistency found between the relative intensity of these the reaction of @~ with phenol and that the published rate
spectra and observed rate constants cannot be explained basezbnstant was 5.& 10° M~1 s™1 in an aqueous system using
only on the half-lives of the & adducts. The reporté&t*0.46.69 xanthine-xanthine oxidase as the,O generating systerfi)
half-lives of O~ adducts in HO are 14, 1, 10, and 8 min for 3.3.1.5. Amide Group Reactivity to Q. The high rate of
DEPMPO, DMPO, EMPO, and AMPO, respectively, but these reaction for AMPO with @~ from both computational and
values may not follow a similar trend in the 95:5 DMF/water experimental observations is very intriguing. AMPO not only
solvent system due to the difference in the mode of sotvent exhibits high positive charge on the nitronyl-C compared to other
adduct interaction, solvent polarity, and pH. It has been spin traps, but the amide-H of AMPO also exhibits a strong
reported® that the @~ adducts are more stabilized in polar intramolecular H-bonding interaction at the TS witkO Both
aprotic solvents such as in DMSO or DMF and that the half- effects could contribute significantly to the high rate of O
life is shorter in a basic medium. reaction with AMPO. The slight elongation of the-¥ bond
The predicted C-2 charge densities for EMPO and DEPMPO from 1.01 to 1.079 A upon H-bonding t0,0 at the TS and
are almost the same, but the experimentally observed rate offinally to 1.54 A for the AMPG-0O, product formation are
Oz~ addition with EMPO is faster than that with DEPMPO by observed. To quantify this contribution to the calculated and
160-fold. One possible explanation for this could be that observed rate constants for the formation of the AMRD~
electrostatic interaction between the nitronyl-C and the Onit adduct, computational analysis and stopped-flow kinetic experi-
plays a minor role in determining the rate of reaction on ments for the reactivity of @ to the MCCP analogue were
DEPMPO. Factors that could have affected the experimental completed. A stopped-flow kinetic study for the reaction gfO
rate constants as well as the calculated activation energyof O to MCCP gave a reaction rate constant similar to that of DMPO
addition to DEPMPO are the steric or repulsive nature of the and DEPMPO reactions to,0 with k, = 2.0 M~ s71. This
bulky ethoxy substituents of the phosphoryl group. rate constant can be accounted by the formation of a strong
3.3.1.4. Nature of 575 nm Absorptionindependent studies  amide-O,"~ complex. Our computational results (Table 6) show
were performed to evaluate the nature of the carrier of the no indication of H-atom abstraction by,O of the amide-H,
transient absorption at 575 nm. The 575 nm transient absorptionbut the final product shows formation of a strong amide-
was observed to be independent of pHLR) and indicates that ~ H- - -O—0 H-bond of 1.55-1.57 A (Figure 8). The\Gx, 208k
the formation of the 575 nm peak is mediated by OWe in DMSO is 5.3 kcal/mol which is more endoergic compared
also independently studied the reaction of Owith phenol to the AMPO-0O; adduct formation ofAGn 298k = 1.2
(CsHsOH) so as to model one of the functional units in phenol kcal/mol in the same solvent. Although the observed rate
red (see Figure 6 for its structure). The rate constant obtainedconstant ofk, = 2.0 M~* s7* for the Q*~ addition to MCCP
for Oy~ reaction with phenol using UVWvis stopped-flow is a negligible contribution to the observdd for Oy~
kinetics was only 0.63 M s, significantly slower than the  addition to AMPO of 134.7 M! s71, the presence of amide-
O~ reaction with the EMPO and AMPO nitrones, and further H---0O—0O H-bond in the TS along with the high charge
indicates that H-abstraction alone of the phenolic-H by O  density on C-2 of AMPO does appear to facilitate thg O
cannot compete with the© addition reaction to an activated addition.
nitrone, especially considering that the range of concentrations 3.3.1.6 Ester Group Reactivity to O,*~. The reactivity of
used for phenol red and nitrones are 0.5 mM and-Q20 mM O~ to the carbonyl-C of an ester moiety was also investigated,
(see Table S7), respectively. (We should note that there hasalthough previous studi€shave shown that @ addition to

(69) Stolze, K.; Udilova, N.; Rosenau, T.; Hofinger, A.; Nohl, Biol. Chem. (71) Yasuhisa, T.; Hideki, H.; Muneyoshi, Yhtl. J. Biochem1993 25, 491—
2003 384, 493-500. 4.

(70) Barbati, S.; Clement, J. L.; Olive, G.; Roubaud, V.; Tuccio, B.; Tordo, P. (72) Gibian, M. J.; Sawyer, D. T.; Ungermann, T.; Tangpoonpholvivat, R.;
In Free Radicals in Biology, Efronment Minisci, F., Ed.; Kluwer Morrison, M. M. J. Am. Chem. Sod.979 101, 640-644. San Filippo, J.
Academic Publishers: Dordrecht, The Netherlands, 1997; pp439 J.; Chern, C.-l.; Valentine, J. S. \J. Org. Chem1976 41, 1077~1078.
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Figure 7. X-band EPR spectra of various superoxide radical anion adducts
of (a) 250 mM AMPO (I, 89%: LW= 1.76 G,ay = 12.61 G,a3-n =
9.95,a,-y4 = 1.56 G G; II, 11%: LW= 1.41 G,ay = 11.15 G, a3y =
8.30 G,a,-4 = 0.62 G); (b) 210 mM EMPO (I, 58.6%: LW 1.4 G,an
=122G,a3-1=T7.7G; ll, 41.4%: ay = 12.3 G,a3-n = 10.5 G); (c) 205
mM DEPMPO (I, 48.8%: LW= 0.55 G,ay = 12.3 G,a3- = 10.3 G,
a,—1=11a-4=05G,a2=48.6G;ll,51.2%: LW=1G,an=13.4

G, a-n=11.0G,a,-4=0.6,a,-n = 0.5 G,ap = 47.2 G); and (d) 240
mM DMPO (I, 57.2%: LW=0.78 G,ay = 12.8 G,a3-14 = 10.1 G,a,-H
=1.4G; I, 42.8%: LW= 1.7 G,ay = 12.9 G,a3-y = 11.7 G,a,-p =

2.1 G) in 5% water95% DMF solution with saturated KOSpectrometric
setting: scan range, 120 G; MA, 0.5 G; MF, 100 kHz; TC, 81.9 ms; RG,
3.5 x 10°; MW power, 19.85 mW. (See Figure S1 of the Supporting
Information for the simulated spectra.)

esters results in its hydrolysis to the resulting carboxylic acid.
The reactivity of ethyl trimethylacetate (ethyl pivalate) tg O
was studied by the stopped-flow method using the same
experimental conditions employed above to investigate if the
addition of Q°~ to the pivalate’s ester group contributed to the

high rate constant observed for EMPO. Results show no change

in the kopsgeven at a very high ester concentration of 240 mM
and suggest that the ester group is inert towagd . GCompu-
tationally, the addition of @~ to the carbonyl-C in ethyl pivalate
gave an endoergic reaction of aba\Gnaq= 13.7 kcal/mol

at the B3LYP level.

MCCP-O;-trans (5.3)

Figure 8. Structures of @ complex with MCCP showing the free energies
of complex formation in DMSO in kcal/mol at the mPW1K/6-8G(d,p)
level of theory at 298 K. See Table 6 for the relative free energies and
enthalpies of formation of the most stable complex.

3.3.2. Competitive Kinetics by EPR Methods.
3.3.2.1. Determination of Second-Order Rate Constants
An alternative method was carried out to further confirm the
trends observed for the reactivity of various nitrones o @s
derived by the UV-vis stopped-flow kinetic procedure. Using
the EPR spectroscopic technique, rate constants were determined
based on the competition between the @rapping by a nitrone
and the spontaneous dismutation ¢f Gn aqueous media. As
demonstrated from previous works by Tuccio and co-
workers3843the kinetic curves are obtained after treatment of
these spectra using both singular value decomposition (SVD)
and pseudo-inverse deconvolution methods. This method for
rate constant determination also eliminates the effect of a varying
flux of O,*~ production as commonly encountered in previous
studies based on the competition witst Oscavengerd’39:45:46.73
Using the same EPR experimental technique previously em-
ployed?843 AMPO gave the highest, value as compared to
EMPO, DEPMPO, and DMPO (Table 6). The general trend in
the rate constant is consistent to that observed using the UV
vis stopped-flow method with the exception of DMPO and
DEPMPO in which the rate constant is higher for DMPO than
for DEPMPO using EPR.
3.3.2.2. Discrepancy between Theoretical and Experimen-
tal Rate Constants Computational predictions of absolute rate

(73) Finkelstein, E.; Rosen, G. M.; Rauckman, BM&l. Pharmacol.1979 16,
676—685. Rosen, G. M.; Tsai, P.; Weaver, J.; Porasuphatana, S.; Roman,
L. J.; Starkov, A. A.; Fiskum, G.; Pou, 3. Biol. Chem2002 277, 40275
40280.
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constants is a challenging process and requires very accuratescheme 2. Pathways for the Formation of the AMPO—0O,H
predictions of the activation barriers and often complete Adduct® o

consideration of dynamic effects and the shape (curvature) of
the potential energy surface near the transition state. In this HaN V7

study, tunneling has been parametrized via Wigner tunneling or N

corrections, and we have only utilized DFT methods for the 2/ A o

energetic evaluations, primarily because of the diverse nature -5 AMPO Aoy Q or
2 2

and the significant size of these chemical systems. We do HZNW

anticipate some error in the computational rate constants due HZNWH N H

to the effects that we are neglecting; however, qualitative trends ? .

between different nitrones should be reproduced. 0 HO, | D N ?  AMPO-Oy

The observett, values for AMPO and EMPO using the EPR . J>CN/>" HO:

SVD-deconvolution method are significantly lower compared H

to the UV—vis stopped-flow method, and this could be due to H

y
o}
] i \N/H\~ Ho —H-
the following reasons. (1) The use of SVD-deconvolution RN \\ N N
kinetics only monitors the rate of formation of the nitrene o} 0 F 0 0
O~ adduct by EPR, while the U¥vis stopped-flow method N H N H
I

monitors the rate of @ decay that depends on the nitrone’s

concentration. The reactivity of£ to the amido group without AMPO-0y H bonded o AMPO- o2 H-bonded
the nitrone functionality using MCCP only gave negligible oH ¢

contribution to the observed rate constant using stopped-flow H20>\‘ W

kinetics. (2) Since simultaneous spin-adduct formation and decay

occur during spin trapping, the EPR technigque could not account

for the O~ adducts that decomposed during spin adduct AMPO-O,H

formation while the U\-vis stopped-flow technique accounts aThe reaction free energies in the aqueous phASgik 2esx) in kcal/
for all of the reactions which deplete the concentration gfO  mol at the PCM(water)/B3LYP/6-32G(d,p)//B3LYP/6-31G(d) level are
and which depend on the nitrone’s concentration. (3) Using the Egréfa:rt]'g”: G(g)'e)' B{2.9), C (14.7), D£6.9), E (20.5), F{14.8), G
EPR SVD-deconvolution kinetics, the reaction of both-H&hd o e

Oy~ were considered, while the stopped-flow method only Gaussian 98 are slightly different by about 0.1 to 2.3
considers the reaction of the;O species. It has been shon 1 cal/mol for Reactions D, E, F, and G WithiGixn aq 20skvalues
that HO; and G~ exhibit high reactivity with the relatively  of —7.0, 19.4,—13.7, and 6.2 kcal/mol, respectively.

more stable nitroxides such as 2,2,6,6-tetramethylpiperidinoxyl  |n this study, we demonstrated that the formation of AMPO
(TPO) and 3-carbamoyl-2,2,5,5-tetramethylpyrrolidinoxyl (3- 0, with intramolecular H-bonding could also be favored via
CP) than the DMPOOOH adduct. The bimolecular rate jnjtial complexation of @~ to the amide-H (Reaction A). In
constant for the reaction of TPO and 3-CP with#@ onthe  fact, the formation of AMPG-O,™ via Reaction A is exoergic,
order of 16—10° Mt s~! and is lower than that with £ (k. With AGryn 208k = —2.9 kcal/mol compared to the formation of

~10® M~ s71). Therefore, it follows that by monitoring the AMPO-Q,~ from the non-hydrogen-bonded AMP@,~ adduct
formation of DMPG-OOH alone, one can neglect the contribu-  with AGxn20s« = 1.9 kcal/mol (Reaction H). ThAGyn 208k

tion of the spin adduct decomposition by bt@nd Q. (4) calculated for Reaction H of 1.9 kcal/mol is different from our

Solvent effects can significantly affect the rate of adduct previously reportett value 0fAGy, 20k = —12.2 kcal/mol. The

formation and adduct stability as discussed above. discrepancy im\Gn 298k values reported for Reaction H is due
3.3.3. Thermodynamics of AMPO-O,H Formation. To to the difference in the calculated PCM energies using Gaussian

further interpret the reaction energies obtained for the formation 98 versus Gaussian 03, in which the former did not give the
of the O~ adduct of AMPO at neutral pH, four possible same qualitative trend in PCM free energies as that in the gas
scenarios were considered as shown in Scheme 2: (1) initialphase; therefore, a different conformer was considered for the
O~ complexation to the amide-H (Reaction A); (2) addition calculation of Reaction H from our previous stuthyHowever,

of protonated @~ (Reaction D); (3) H-atom abstraction of the  if one uses the same conformer that was used in this work, the
amide-H from AMPO (Reaction E); or (4) direct addition to AGnn,20sx Value would have been 1.1 kcal/mol endoergic which
the nitronyl-C of AMPO in the absence of intramolecular is closer in value to what have been predicted for Reaction H
H-bonding (Reaction G). Free energies of reaction at the B3LYP in this work. The free energy value of 1.9 kcal/mol for Reaction
level show that Reactions A and G are the most preferred with H is more consistent with our calculatetgfor AMPO of 21.7
AGnn 208k Values in the aqueous phase of 8.6 and 3.8 kcal/mol, (comparable to the reported typicaKp for alkanamides
respectively, compared to the formation of fi®om O,"~ and (RC(=O)NHy) of 25,7 see previous work) and that of ROOH
water or from H abstraction of the amide-H by-© with of 11.65-12.87 which would indicate that the equilibrium
AGiyn 208k = 27.4 and 20.5 kcal/mol, respectively. Due to the Should favor the reactants over the products.

IEF-PCM solvation method employed in this work i.e., using (75) Frisch, M. J., et alGaussian 98 revision A.11.3 ed.; Gaussian, Inc.:

Gaussian 03), the energy values previously repéttading Pittsburgh, PA, 2002.
(76) Gordon, A. J.; Ford, R. AThe Chemist's Companion: A Handbook of
Practical Data, Techniques, and Referenc®¢éiley-Interscience: New
(74) Goldstein, S.; Merenyi, G.; Russo, A.; SamuniJAAM. Chem. So2003 York, 1972.
125 789-795. (77) Richardson, W. H.; Hodge, V. B. Org. Chem197Q 35, 4012-4016.
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Moreover, according to Reaction C, the protonation of slowest reactivity. The strong\H - - - O*~ interaction in the
H-bonded or non-H-bonded AMPE0D,~ by H,O to form the transition state predicted for monosubstitutiealkylamide
final product, AMPG-OOH, is endoergic bAGixn 208k = 14.7 nitrones was confirmed by stopped-flow kinetics and appears
or 16.7 kcal/mol, respectively. However, Reaction C gave a to play a crucial role in facilitating the £ adduct formation.
significant discrepancy between Gaussian 98 and 03 with a Moreover, this new insight on £ reactivity may have
AGyn aq,20exdifference of 26.9 kcal/mol, the former being more  significant ramifications in the initiation of oxidative damage
exoergic, and this is due to the difference of 20.1 kcal/mol in protein systems in which the amide-H can play a role in the
between the two Gaussian versions for the calculated solutioncatalysis and selectivity of hydroperoxide formation. It has been
total free energy (with all nonelectrostatic terms) of the charge- shown that hydroperoxide formation in some peptides is favored
dense hydroxide anion. Therefore, a plausible pathway for the in the presence of amino substituents, and we hypothesize that
formation of the AMPG-OOH adduct, based on thermodynamic this selective reaction could be mediated by the formation of
and kinetic considerations, is via the-A B — C reaction path aminoH - - - Oy~ interactions’® This aspect of possible amide-H
as presented in Scheme 2 with an endoergic ®@n 295 for (or amino-H) mediated hydroperoxide formation in peptide
AMPO—OOH formation at neutral pH of 20.3 kcal/mol and is  systems is now being investigated in our laboratory.

[ —6.9 kcal/mol idi iti Reacti .
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