|. Introduction

years as versatile functional groups with a wide variety o
applications. Nitrones, for example, are widely employed in 1,3-
dipolar cycloaddition reactiohdor natural product syntheses
and in spin trapping of radicals for in vivo and in vitro
applicationg Nitroxides have been used in enantioselective
oxidation processesas biophysical probes and contrast agents
in magnetic resonance spectroscdpy, living radical poly-
merizations, as spin label§, and as molecular magnetic

materials’

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

processes has been extensively stuédffed.
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oxidative damages can lead to various diseases, including
Nitrones and the related nitroxides have emerged in recent'SChem'f: and postischemic rgperfusmn cell dgm]éghxygen

¢ free radicals (OFR) and reactive oxygen species (ROS) are key
mediators of heart damage in acute myocardial infarction and
are of particular importance in ischemigeperfusion injury. The

role of reactive oxygen species (ROS) such as hydrexyH{

or superoxide (@) radicals in physiological and pathological

In biological tissuesyOH or O~ radicals are formed by a
variety of specific molecular and cellular mechanisth$hese
pathways are activated under different disease conditions. Fenton
chemistry, ionizing radiation, lithotripsy, and ultrasonication are
also some of the pathways in whiot©H radicals can be
generated? Failure to eliminate these active species sometimes
T Center for Biomedical EPR Spectroscopy and Imaging and The Davis leads to cellular injury. To understand biological mechanisms
involving free radicals requires efficient radical trapping and
their accurate characterization. The specific detection of radicals
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O~ vseOH, oreCHjs vs «CH,CHj, (3) the short persistence of
the spin adducts, for example the superoxide radical adduct of
DMPO rapidly decomposes to th®H adduct® and (4) the
lack of chemical availability, the difficulty of purification and
the cytotoxicity of some of the nitrone spin traps.

The need to correlate the reactivity of spin traps and the
stability of their spin adducts with electronic properties, as well
DMPO as to determine thermodynamic and kinetic parameters from

theoretical calculations, would be valuable in the development
of future spin traps with improved properties. We previously
demonstrated qualitatively that theoretical data derived from
z 5 semiempirical and Hartreg~ock (HF) methods can be cor-
P _*OH _ >©,\M related with experimental kinetic data®® Earlier theoretical
N N OH studies were focused on the energetics of spin trapping by
| nitrosomethar® and simple alkyl nitroné$ using HF and
0- Os second-order MgllerPlesset (MP2) levels of theory. The most
recent stud$® on PBN-type nitrones demonstrated that the
addition of methyl radical to the nitrone is more favored both
generated from biological processes relies mostly on electronthermodynamically and kinetically than proton abstraction from
paramagnetic resonance (EPR) spin trapping methods (sChem@itrones. However, the effect of substituents on the geometry
1) utilizing the nitrone spin traps 5,5-dimethyl-1-pryrroline and the electronic and thermodynamic properties of DMPO-
N-oxide (DMPO) and 5-diethoxyphosphoryl-5-methyl-1-pyrro- type nitrones as well as their corresponding spin adducts has

O-

Nitrone Spin Trap Nitroxide Spin Adduct

line N-oxide (DEPMPOQO}-:3-17

The spin-trapping technique has also found application in the

study of kinetics and mechanisms of certain organic reactfofis,
sonolysis?? lipid peroxidatior?3-25 smoke toxicity?® Fenton-
type reactiong/28 and in virvo and in vitro enzymatic
reactions'®~1%29|t has been more than four decades now since
DMPO was first synthesizet,and its ability to trap radicals
has been observed by EPR spectroscopy by Jéhzem
Iwamura3? Although a variety of both DMPO- and phenyl-

not received much attention.

Recently, ethoxycarbonyl-5-methyl-1-pyrrolineN-oxide
(EMPO)340tert-butoxycarbonyl-5-methyl-1-pyrrolinid-oxide
(BocMPO)3441(DEPMPO)6.17and 5-diispropyloxyphosphoryl-
5-methyl-1-pyrrolineN-oxide (DIPPMPO) have been reported
to trapeOH and Q°~. Their experimental kinetic parameters
have also been describ&® making all of them appropriate
models for this theoretical investigation.

We now report a comprehensive theoretical analysis of

tert-butyl nitrone (PBN)-type nitrones have surfaced since these DMPO-type nitrones, their correspondisQH adducts, and their
earlier reports, the application of these spin traps to investigate spin-trapping reaction withkOH using density functional theory

radical formation in biological systems still faces several
limitations. Among these limitations are the following: (1) the
inefficiency of certain nitrones to trap particular types of radicals,
(2) an inability to discern from the EPR spectral profile of the

(DFT) with the aim of introducing a new approach in the
development of more efficient spin traps with longer spin adduct
half-life.

spin adducts as to which radical is being trapped, for example !I- Computational Methods

(13) Zweier, J. L.; Kuppusamy, P.; Williams, R.; Rayburn, B. K.; Smith, D;
Weisfeldt, M. L.; Flaherty, J. TJ. Biol. Chem1989 264, 18890-18895.

(14) Zweier, J. L.; Kuppusamy, P.; Lutty, G. Rroc. Natl. Acad. Sci. U.S.A.
1988 85, 4046-4050.

(15) Zweier, J. L.; Flaherty, J. T.; Weisfeldt, M. Broc. Natl. Acad. Sci. U.S.A.
1987 84, 1404-1407.

(16) Roubaud, V.; Sankarapandi, S.; Kuppusamy, P.; Tordo, P.; Zwefanall.
Biochem.1998 254, 210-217.

(17) Roubaud, V.; Sankarapandi, S.; Kuppusamy, P.; Tordo, P.; Zweier, J. L.
Anal. Biochem1997, 247, 404-411.

(18) Rojas Wahl, R. U.; Zeng, L.; Madison, S. A.; DePinto, R. L.; Shay, B. J.
J. Chem. Soc., Perkin Trans.1®98 2009-2017.

(19) Jenkins, C. A.; Murphy, D. M.; Rowlands, C. C.; Egerton, TJAChem.
Soc., Perkin Trans. 2997, 2479-2485.

(20) Santos, C. X. C.; Anjos, E. I.; Ohara, Arch. Biochem. Biophy<.999
372 285-294.

(21) Hawkins, C. L.; Davies, M. Free Radical Biol. Med1998 24, 1396-
1410

(22) Misik, V.; Reisz, PUltrason. Sonochenl996 3, S173-S186.

(23) Stolze, K.; Udilova, N.; Nohl, Hrree Radical Biol. Med200Q 29, 1005
1014.

(24) Dikalov, S. I.; Mason, R. Frree Radical Biol. Med2001, 30, 187-197.

(25) Lai, C.; Piette, L. HBiochem. Biophys. Res. CommuaQ77, 78, 51—59.

(26) Zhang, L.-Y.; Stone, K.; Pryor, W. Aree Radical Biol. Med1995 19,
161-167.

(27) Ma, Z.; Zhao, B.; Yuan, ZAnal. Chim. Actal999 389, 213-218.

(28) Gianni, L.; Zweier, J.; Levy, A.; Myers, C. B. Biol. Chem.1985 260,
6820-6826.

(29) Sankarapandi, S.; Zweier,Jl. Biol. Chem.1999 274, 34576-34583.

(30) Bonnett, R.; Clark, V. M.; Giddy, A.; Todd, Al. Chem. Socl959 2087~
2093.

(31) Janzen, E. G.; Blackburn, B.J. Am. Chem. Sod.968 90, 5909-5910.

(32) Iwamura, M.; Inamoto, NBull. Chem. Soc. Jpril967, 40, 703.

Density functional theor#“3was applied in this study to determine
the optimized geometry, vibrational frequencies, and single-point energy
of all stationary point§*47 All calculations were performed using
Gaussian 98 at the Ohio Supercomputer Center or using Gaussian
98W (for Windows)*® Single-point energies were obtained at the
B3LYP/6-31+G** level based on the optimized B3LYP/6-31G*

(33) Buettner, G. R.; Oberley, L. WBiochim. Biophys. Actd978 808 235—
242.

(34) Villamena, F.; Zweier, JJ. Chem. Soc., Perkin Trans. 2002 1340-
1344

(35) Villamena, F.; Hadad, C. M.; Zweier,J.Phys. Chem. 2003 107, 4407~
4414.

(36) Bentley, J.; Madden, K. B. Am. Chem. S0d994 116, 6, 1139711406.

(37) Boyd, S. L.; Boyd, R. JJ. Phys. Chem1994 98, 11705-11713.

(38) Boyd, S. L.; Boyd, R. JJ. Phys. Chem. 2001, 105 7096-7105.

(39) Zhang, H.; Joseph, J.; Vasquez-Vivar, J.; Karoui, H.; Nsanzumuhire, C.;
Martasek, P.; Tordo, P.; Kalyanaraman,FEEBS Lett200Q 473 58—62.

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

(41) Zhao, H.; Joseph, J.; Zhang, H.; Karoui, H.; KalyanaramaFRr& Radical
Biol. Med. 2001, 31, 599-606.

(42) Labanowski, J. W.; Andzelm, Density Functional Methods in Chemistry
Springer: New York, 1991.

(43) Parr, R. G.; Yang, WDensity Functional Theory in Atoms and Molecules
Oxford University Press: New York, 1989.

(44) Becke, A. D.Phys. Re. 1988 38, 3098-3100.

(45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(46) Becke, A. D.J. Chem. Phys1993 98, 1372.

) Hehre, W. J.; Radom, L.; Schleyer, P. V.; Pople, JAB Initio Molecular
Orbital Theory John Wiley & Sons: New York, 1986.

J. AM. CHEM. SOC. = VOL. 126, NO. 6, 2004 1817



ARTICLES

Villamena et al.

" +/ W RO=
Me\\\\\\o \T Me\\":; ~ +T 7 R N ﬁ ) =

0-
EMPO-1 or BocMPO-1

0- O-
EMPO-2 or BocMPO-2  EMPO-3 or BocMPO-3

RO OR (o) OR RO 0
+ P + \+/
Me SN Me’ \N Me N
o © |
0- o-

RO
0-
DEPMPO-1 or DEPMPO-2 or DEPMPO-3 or
DIPPMPO-1 DIPPMPO-2 DIPPMPO-3

Figure 1. Conformers of various spin traps.

. Z
pREREN o
| |
0]

|
O-

Scheme 2

z

nitrone 7 + OH adduct
HMPO -H
DMPO -Me
EMPO -CO,Et
BocMPO  -CO,-Bu
DEPMPO -P(O)(OEt),

DIPPMPO -P(O)(Oi-Pr),

geometries. Stationary points for both the nitrone spin trapss@ht

adducts have no imaginary vibrational frequencies as derived from a

vibrational frequency analysis (B3LYP/6-31G*). A scaling factor of
0.9806 was usééfor the zero-point vibrational energy (ZPE) correc-

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

calculated bond
distances range? (A)

experimental

bonds bond distances (A)

nitronyl C=N 1.30-1.31 1.291(2§31.307(25*

nitronyl N—O 1.25-1.27 1.2987(16§3 1.294(1§*

nitroxyl C—N 1.47-1.49 1.562

nitroxyl N—O 1.271.28 1.272

P=0 1.47-1.49 1.4636(1253 1.458(2§°

P—OR 1.59-1.62 1.580(1F3 1.575(2§°

P-C 1.80-1.88 1.8276(16%21.813(3§°
=0 1.20-1.22 1.233(5Y

C(0)-OR 1.33-1.35 1.358(5p

c(0)-Cc 1.53-1.56 1.506(5F

MeS=0(or CRS=0) 1.46-1.47 1.435(2)(1.418(1))2

S—CH;s 1.81-1.82 1.755(3)

S—CR 1.89-1.92 1.850(1%

SO,-C 1.89-1.93 1.833(2%

C—CF: 1.53-1.55 1.530(3f

aFor certain functional groups other than the nitronyl and nitroxyl groups,
values are based on both nitrones and spin adducts.

bonyl and alkoxyphosphoryl substituents relative to the hydroxyl

group (Figure 2). Each of the configurations of #@H adduct

has three conformations corresponding to their respective
nitrone. In some adducts, calculations were performed on the
cis-3 isomers in the presence and absence of intramolecular
H-bonding.

IV. Examination of Optimized Geometries

Selected bond distances of the nitrone spin traps and their
*OH adducts are shown in Table 1 based on the optimized
geometries at the B3LYP/6-31G* level of theory. The bond
distances for the €N in nitrone spin traps, the €N in spin

tions. Attempts to locate transition states were unsuccessful despite alladducts, and the NO in both nitrones and nitroxides are in
attempts, and this was due to the strongly exothermic formation of good agreement with reported vall#@s3® Optimized bond
products in the reactions (see below). Spin contamination for all of the distances for selected atoms in alkoxyphosphoryl, alkoxycar-

stationary points for theOH adduct radical structures was negligible,
i.e., 0.75< [®0< 0.76. All spin and charge densities were obtained
from natural population analysis (NPA) at the B3LYP/6-31G* Ie¥el.
Experimental details of the kinetics éDH trapping and adduct decay
are provided elsewhef&.

Ill. Naming System
Acronyms of the nitrone spin traps used in this study and

their corresponding hydroxyl adducts are shown in Scheme 2.

The approximate conformations of the nitrones with alkoxy-
carbonyl (EMPO and BocMPO) and alkoxyphosphoryl (DEP-
MPO and DIPPMPO) groups are shown in Figure 1. Three

bonyl, amido, sulfonyl, and carboxyl groups are in good
agreement with the experimental results.

Intramolecular H-bonding between the OH group and
the carbonyl or the phosphoryl oxygens is predicted in some
of the spin adducts with ais configuration (Figure 3). The
O- - -H—O distances were calculated to be in the range of
1.874-2.078 A with the shortest bond distance for the
DIPPMPO-OH cis-3 isomer (Table 2). Initial structures with
the C=0 facing the H-O gave optimized structures in which
the O- - -H-0O distances were in the range of 2-62.06 A.

Table 3 shows the dihedrall CH;—C—C=0O for EMPO,

possible conformations were used for both the alkoxycarbonyl BocMPO, TFCOMPO, AMPO, and SpiroCOMPOCH;—C—

and alkoxyphosphoryl nitrones.
Two configurations, i.egis andtransisomers, were assigned
for the «OH adducts indicating the position of the alkoxycar-
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R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
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Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
J. A. Gaussian 98revision A.11.3; Gaussian, Inc.: Pittsburgh, PA, 2002.
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P=0 for DEPMPO, DIPPMPO[JCH3;—C—C—C for CPPO and
TFMPO; andJCH3;—C—S—C for MSMPO and TFSMPO, and

all of their corresponding spin adducts based on the B3LYP/
6-31G* optimized structures. Dihedral angles are in the range
of 190-215 (Table 3) as found foris isomers exhibiting
intramolecular H-bonding. Attempts to optimize a structure for
BocMPO-3 only resulted in a conformation similar to that of
BocMPO-2 with negligible change in total energy of 0.02
kcal/mol.

(51) Villamena, F.; Dickman, M. H.; Crist, D. Rnorg. Chem1998 37, 1446~
1453
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O—H- - -O=P) distances

O
trans-1

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

Oe
trans-2

spin adduct

bond distances (A)

Qe
trans-3

X-ray structures reported by Torefdfor DIPPMPO and Li&3
for 5-diethoxyphosphoryl-5-phenylethyl-1-pyrrolins-oxide
(DEPPEPO), a close analogue of DEPMPO.

EMPO-OH cis 3 2.057

BocMPO-0OH cis—3 2.038

DIPPMPO-OH cis 3 1.874 (EtO)2(O)P:

DEPMPO-OH cis 3 1.922 Ny

AMPO—OH cis 1.970 Ph N

AMPO—OH cis? 2.045 |

AMPO—OH trans? 2.094 o

CPCOMPO-OH cis 2.016

TFCOMPO-OH cis 2.169

TFCOMPO-OH cis? 2.256 DEPPEPO

TFMPO-OH cig 2.425

DMMPO-5-OHcis 1.952 . . L
DMMPO-3-OH cis 2078 This most favored staggered conformation minimizes over-

aN—H- - -O—N. b C—F---H-0.

V. Alkoxycarbonyl vs Alkoxyphosphoryl Substituents

crowding of the alkyl substituents of the phosphoryl moiety with

the nitrone ring. Calculated dipole moments (Table 4) are highest
in conformer-1 for all of the substituted nitrones4.5 D)

comparable to that of the simple nitrones HMPO and DMPO

. . . ) . with dipole moments of 4.03 and 3.72 D, respectively, while
V. A. Nitrones. Relative energies shown in Table 4 indicate ins1e moments of the most energetically favorable conformer-3

that energy differences among conformers of alkoxycarbonyl ¢ pEPMPO and DIPPMPO are less polar with values of 3.36
nitrones, EMPO and BocMPO, are not as significant compared and 3.24 D, respectively.

to those of alkoxyphosphoryl nitrones DEPMPO and DIPPMPO. v B, Nitroxides. Table 5 shows the relative energies of
For example, both EMPO and BocMPO gave relative energy different configurational as well as conformational isomers of
differences of only 0.2 and 0.6 kcal/mol, respectively, with  EnMPO, BocMPO, DEPMPO, and DIPPMPO adducts with OH
preference for conformer-2 in EMPO and conformer-1 in radical. Energy differences among the different isomeric forms
BocMPO consistent with the X-ray struct@feas shown in of EMPO-OH and BocMPG-OH are smaller as compared to
Figure 4. However, relative energies among conformations in those of DEPMP®G OH and DIPPMPG-OH. The most favored
alkoxyphosphoryl nitrones are quite significant, namel8.0 configuration istrans for both «OH adducts of EMPO and
kcal/mol. In both DEPMPO and DIPPMPO nitrones, conform- BocMPO, but the total energy differences between tthas
er-3 is the most preferred conformation consistent with conformers have a range of only ca. 0.2 kcal/mol for both
EMPO—-0OH and BocMPG-OH. Interestingly, the isomeais-3

(54) BocMPO: GoH1;NOs, m., P2(1)h, a = 12.1985(2) Ab = 6.2722(1) A,

¢ = 14.5012(3) A= 107.039(1), V = 1060.81(3) A& final R, = 0.037. (55) Chalier, F.; Tordo, PJ. Chem. Soc., Perkin Trans.2D02 2110-2117.
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DEPMPO-OH cis-3 DIPPMPO-OH cis-3

Figure 3. Hydroxyl radical adducts exhibiting intramolecular H-bonding in optimized structures at the B3LYP/6-31G* level of theory. Broken lines indicate
sites of intramolecular H-bonding and their distances are shown in Table 2.

is the most preferred isomer for ts®H adducts with DEPMPO  6-31+G**//B3LYP/6-31G* level, thereby further validating the
and DIPPMPO and with significant energy stabilization of 3.3 theoretical method employed in this study (Supporting Informa-

and 4.1 kcal/mol, respectively, relative to theis-1 isomers. tion Table 6). The effect of solvation on the gaseous-phase calcu-
The total energy for DEPMPOOH cis-3 conformation with lations was also investigated using the polarized continuum
intramolecular H-bonding is ca. 3.0 kcal/mol more thartiss3 model (PCM)26-60 Energies of solvation range from0.77 to

conformer without H-bonding. As mentioned earlier, these 1.50 kcal/mol with greater than 2 kcal/mol preference for the
hydrogen bonds are relatively stronger in alkoxyphosphoryl formation of H-bonded DEPMPOOH and DIPPMPG-OH
substituted spin adducts compared to those in the alkoxycarbonyladducts in aqueous environment (Supporting Information Table
*OH adducts (Table 2). The relative energies at the B3LYP/ 7). Thus, solvation will only slightly perturb the relative energies
6-31+G**//IB3LYP/6-31G** level for DEPMPO-OH cis-3 as compared to the large exothermicities involved in the gas
adducts in the presence and absence of intramolecular H-bondinghase.
were also calculated and compared with values at the fully  Despite the relatively weak intramolecular hydrogen bonding
optimized B3LYP/6-3%+G**. Results show no significant  present in alkoxycarbonwlOH adducts, their isomeric forms
difference in the relative bottom-of the-well energies as well are not that thermodynamically favored. In general, the dipole
as enthalpies of formation (see Supporting Information Table moments are highest in conformations with intramolecular
5). Calculation at the CCSD(T)/6-31G*//B3LYP/6-31G* level H-bonding (Table 5). Dipole moments for HMPMH (2.23
of theory was not successful due to the size of the DEPMPO
and its adduct. However, energies of formation at the CCSD(T)/ 873
6-31G*//B3LYP/6-31G* level of theory have been predicted 255, 327.
g Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210.
)

Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.
Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett1996

6

- _ 58
for the DMPO-OH adduct and gave afonxn = —50.66 559 Barone, V.; Cossi, M.; Tomasi, J. Comput. Cheml99§ 19, 404.
kcal/mol compared t&g xn» = —50.70 kcal/mol at the B3LYP/  (60) Cossi, M.; Barone, VJ. Chem. Phys1998 109, 6246.
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Table 3. Dihedral Angles of [0CH3-C-C=0(or P=0) in Alkoxycarbonyl and Alkoxyphosphoryl Nitrones and Nitroxide

,180° ~0° 7 180°

nitrone (C] cis-adduct (] trans-adduct (]
EMPO-1 10.2 EMPGOH 1 20.3 EMPG-OH 1 25.8
EMPO-2 168.3 EMPGOH 2 129.4 EMPG-OH 2 133.5
EMPO-3 170.5 EMPGOH 3 209.3 EMPO-OH 3 209.0
BocMPO-1 12.1 BocMPOOH 1 9.6 BocMPG-OH 1 17.7
BocMPO-2 160.3 BocMPOOH 2 120.4 BocMPG-OH 2 133.7
BocMPO-3 160.2 BocMPOOH 3 208.3 BocMPO-OH 3 213.5
DEPMPO-1 327.9 DEPMPOOH 1 323.4 DEPMPGOH 1 324.2
DEPMPO-2 72.1 DEPMPOOH 2 34.6 DEPMPG-OH 2 40.9
DEPMPO-3 188.0 DEPMPOOH 3 179.4,189% DEPMPO-0OH 3 183.8
DIPPMPO-1 330.8 DIPPMPOOH 1 320.1 DIPPMPGOH 1 321.6
DIPPMPO-2 82.2 DIPPMPOOH 2 34.6 DIPPMPG-OH 2 47.6
DIPPMPO-3 187.1 DIPPMPOOH 3 189.6 DIPPMPO-0OH 3 186.0
TFCOMPO 8.9 TFCOMPOGOH 220.2,21493.1 TFCOMPGO-OH 217.3
MSMPO 69.9 MSMPO-OH 57.8 MSMPO-OH 62.3
TFSMPO 55.8 TFSMPO-OH 49.8 TFSMPO-OH 53.4
AMPO 99.4 AMPO-OH 97.%,192.3 AMPO—OH 98.8
CPPO 35.6 CPCOMPGO-OH 195.6 CPPG-OH 38.8
CPCOMPO 169.3 CPCOMPEOH 193.8

aBased on [OCH3-C—S—C. P [OCH,-C—CHy-CH,. ¢With intramolecular H-bonding ©H---O=C (or O-H---O=P).9C—F----H-0.
eN—H---O—N.

Table 4. Relative Total Energy (in kcal/mol) and Dipole Moment of Ho,C=NHO with «OH was —58.27 kcal/mol at the MP2/
(in Debye) of the Theoretically Optimized Nitrone Structures at the _ i cimi :
B3LYP/6.314+G*//B3LYP/6.31G* Level 6-31G(d) level of theory and is similar to that obtained at_ the
. - — B3LYP/6-31+G**//B3LYP/6-31G* level. The thermodynamic
nivone rel E rel H (298 dipole data are even more favorable as compareeDtd addition to
gm% 2;2 :;Z ‘3‘-32 monocyclic aromatic hydrocarbons at the same level of theory
EMPO-1 0.0 0.0 456 AEnn (298K) = 1.2—30 kcgl/mol?l In ger}eral, reactions qf
EMPO-2 —-0.2 -0.2 2.92 alkoxycarbonyl nitrones witkOH are relatively less exoergic
EMPO-3 0.2 03 2.83 thaneOH addition to alkoxyphosphoryl nitrones. Carboxylated
Sggmggj 8'g 8'2 ‘2"23 nitrones have preference for formationeGfH adducts with the
DEPMPO-1 0.0 0.0 475 trans-l configuration, while phosphorylated nitrones favor
DEPMPO-2 1.9 1.8 1.16 formation of thecis-3 isomer with intramolecular H-bonding.
DEPMPO-3 2.2 —2.1 3.36 For reactions involving preferred conformational as well as
DIPPMPO-1 0.0 0.0 4.50 fi tional i for nit d their spin adducts. i
DIPPMPO-2 o5 Py 220 configurational isomers for nitrones and their spin adducts, i.e.,
DIPPMPO-3 -18 -17 3.24 EMPO-2 to EMPG-OH trans-1; BocMPO-1 to BocMPG OH
o trans1; DEPMPO-3 to DEPMPOOH cis-3 (with H-bond);
aValues are in kcal/mol relative to their respective conformelt At _ i ; _
B3LYP/6-31G(d) level. DIPPMPO-3 to DIPPMP© OH cis-3 (with H-bond), the overall

reaction free energy was predicted to be most favorable in

D) and DMPO-OH (2.5 D) adducts (Table 5) are small DIPPMPO followed by EMPO> BocMPO > DEPMPO >
compared to those of their respective nitrone forms (Table 4). DMPO (in order of more positive values &fGx,). Moreover,
The same trend is observed for the dipole moments of the mostvalues of AGi, follow a similar order for nitrones with less
energetically favorable isomers of EMP@H (2.80 D) and preferred conformations except for DEPMPO-1 or -2, which
BocMPO-OH (3.00 D) adducts compared to those of their Yielded more negative free energies than the alkoxycarbonyl
respective stable nitrone conformations. However, the trend is hitrones.
reversed for DEPMPOOH and DIPPMPG-OH adducts in B3LYP calculations suggest that transition-state structures do
which the dipole moments of the preferred conformations are not exist for HMPO or DMPO as well as for the less exothermic
more polar than those of their respective preferred nitrone reaction path for EMPO and DEPMPO. Potential energy
conformations. This may indicate a more favorable formation surfaces are very similar for all of the representative nitrones.
of thee«OH adduct for phosphorylated nitrones in aqueous media  Figure 5 shows the asymptotic profile of the addition channel
compared to DMPO and carboxylated nitrones. (i.e., a barrierless process) for the additione®H to DMPO
as well as for EMPO-2 and DEPMPO-1 to give EMPOH
cis2 and DEPMPG-OH trans1, respectively. Changes in

Shown in Table 6 are thermodynamic data for the addition geometry on the nitronyl C and N are evident, i.e. from planar
of «OH to a variety of nitrones. In general, all of these reactions ¢, g ciholiz, c.; Barckholtz, T. A.; Hadad, C. M. Phys. Chem. 2001
are highly exoergic. Previously reporféa\E,y, for the reaction 105 140-152.

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

l\TAab/e 5-t (_Reollatti)ve)TC}t?L Er}irgy (i-j'Tot”in (lsc?_llmol)dagd_ D,ifc?(lje X preferred conformations are most positive in DEPMPO-3 and

oment (In debye) O e eoretical Imize n UC :

Structures at the B3LYP/6-31.+ G*/BILYP/6.31G* L evel DIPPMPO-3, 0.009 and 0.007, respectively, compared to
BocMPO-1 (-0.006), EMPO-20.001), and DMPO-(0.022).

i a i b . .
spin adduct relE relH (298 K) dipole Higher rate constants for the trappingsGfH by alkoxycarbonyl

OH radical n/a n/a 1.73 and alkoxyphosphoryl nitrones compared to DMPO could be
HMPO—-OH n/a n/a 2.23 ted for th ianifi tiv high ti h d it
DMPO—OH n/a n/a 5’50 accounted for the significantly high negative charge density on
EMPO—OH cis-1 0.0 0.0 2.39 the nitronyl C of DMPO compared to the substituted nitrones,
EMPO-OH C!S-ZC 0.0 01 167 i.e., thekapp (M~ s72) for trapping ofeOH® are found to be:
Mo ono s 3z ey 1.93+ 0.05x 10° for DMPO, 4.99+ 0.36 x 10° for EMPO,
EMPO-OH trans-2 *0:6 ,0:4 1:33 4.48 + 0.32 x 1C° for BocMPO, 4.83+ 0.34 x 10° for
EMPO-OH trans-3 -0.5 -0.3 3.44 DEPMPO, and 4.5% 0.22 x 10° DIPPMPO. Figure 7 shows
BocMPO-OH cis-1 0.0 0.0 2.44 the correlation oAG, values with nitronyl C charge densities.
BocMPO-OH cis-2 -0.2 —-0.2 1.10
BocMPG-OH cis-3° —0.4 -02 5.67 VII. Stability of Spin Adducts
BocMPO-OH trans-1 -1.1 -0.9 3.00
BocMPO-OH trans-2 -0.9 -0.8 1.52 Unimolecular decomposition ofOH adducts with g5-H
BocMPO-OH trans:3 —07 —0.6 3.66 could proceed vig-cleavage of the HEN bond as shown in
DEPMPO-OH cis-1 0.0 0.0 3.55 Sch 3 A similar d i th dqf
DEPMPO-OH cis.2 01 o1 116 cheme 3. A similar decomposition pathway was proposed for
DEPMPO-OH cis-3 -0.2 -0.3 2.89 the 2-TFDMPG-OH adduct
DEPMPO-OH cis-3¢ -36 -3.3 4.30
DEPMPO-OH trans-1 -0.2 0.0 3.59 M
DEPMPO-0OH trans-2 -1.0 —-0.9 1.88 -
DEPMPO-0OH trans3 -1.6 —-1.6 2.24
DIPPMPO-OH cis-1 0.0 0.0 3.37 N CFs
DIPPMPO-OH cis-2 -0.2 -0.2 0.72 |
DIPPMPO-OH cis-3° -43 -4.1 4.10 o1}
DIPPMPO-OH trans1 -0.4 —-0.9 3.59
DIPPMPO-OH trans-2 -16 -15 1.74
DIPPMPO-OH trans-3 -2.3 —2.4 2.87 2-TFDMPO-OH
aValues are in kcal/mol relative to their respective isoroisrl. b At . . . . .

B3LYP/6-31G(d) level® With H-bonding. P in which its higher stability compared to that of the DMPO

. | idal for N_ and bl hedral f OH adduct was suggested to be due to a strongeX ®ond
to trigonal pyramidal for N, and planar to tetrahedral for C as resulting from the electron-withdrawing inductive and field

the C-O distance is decreased. This barrierless process Seffects of the CE substituent? This mechanism for unimo-

. . o - o
con3|st_em with that reported .fGO.H add|t|qn to HC_ NHO. lecular decomposition is further supported by the shorter half-
Our initial results on the kinetics of spin trapping «®H3> life of DMPO—OH adduct in basic medf% The C—N bond
o— 34 indi inp .
and Q '”d'ca“? that the rate of reacfuon IS dependent_ on strength can therefore be influenced by charge on the nitroxyl
the charge of the nitronyl C based on semiempirical calculations. N which in turn can be affected by the inductive effect from
Current results based on DFT calculations parallel that of the
semiempirical results we previously reporféd.able 7 shows (62) Janzen, E. G.; Zhang, Y.-K.; Arimura, NI. Org. Chem1995 60, 5434
- . . . 5440.
the charge densities on the nitronyl C, the site@H addition. (63) Marriott, P. R.; Perkins, M. J.; Griller, BCan. J. Chem198Q 58, 803—

In general, charge densities on the nitronyl C of the most 807.
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Table 6. Thermodynamic Parameters for the Reaction of Nitrones Table 7. Charge Densities on C-2 of the Theoretically Optimized
with OH Radical? Nitrones Structures at the B3LYP/6-31+G**//B3LYP/6-31G* Level

spin spin nitrone charge density nitrone charge density

adducts Eopn AHun  AGpy adducts Eopn AHy,  AGy,
HMPO 0.104 DIPPMPO-3 0.007
HMPO DIPPMPO-1 DMPO —0.022 TFMPO —0.003
HMPO—OH —60.96 —52.56 —42.58 cis-1 —50.68 —51.95 —41.22 EMPO-1 —0.005 TFCOMPO 0.000
DMPO cis2 —51.00 —-52.15-41.90 EMPO-2 —0.001 MSMPO 0.009
DMPO—OH —50.70 —51.76 —42.07 cis-3" —54.75 —56.08 —45.80 EMPO-3 —0.000 TFSMPO 0.011
EMPO-1 trans-1 —51.51 —52.64 —42.47 BocMPO-1 —0.006 AMPO 0.025
cis-1 —51.57 —52.53 —43.61 trans2 —52.18 —53.42 —42.83 BocMPO2 —0.003 CPPO —0.017
cis-2 —51.46 —52.48 —42.91 trans3 —53.24 —54.31 —44.42 DEPMPO-1 —0.005 CPCOMPO 0.007
cis-3b —51.12 -52.35-41.87 DIPPMPO-2 DEPMPO-2 —0.011 DMMPO-5 —0.001
trans1 —52.25-53.25 -44.04 cis-1 —53.09 —54.48 —42.30 DEPMPO-3 0.009 DMMPO-4 —0.030
trans-2 —51.91 -52.95-43.45 cis-2 —53.41 —54.68 —42.98 DIPPMPO-1 —0.006 DMMPO-3 —0.051
trans-3 —51.85—52.85 —43.72 cis-3" —57.15 —58.60 —46.88 DIPPMPO-2 —0.020 DMMPO-2 —0.232
EMPO-2 trans1 —53.91 —55.17 —43.55
cis-1 —51.32 -52.34 —42.90 trans2 —54.58 —55.95 —43.91
cis2 —51.21 —52.29 —42.20 trans3 —b55.65 —56.83 —45.50 DMPO-OH
cis-3° —50.87 —52.16 —41.16 DIPPMPO-3 -440.90
trans1 —52.00 —53.05 —43.34 cis-1 —49.02 —50.25 —39.83
trans2 —51.66 —52.76 —42.74 cis-2 —49.34 —50.45 —40.50 .
trans3 —51.60 52.66—43.02 cis-3® —53.09 —54.37 —44.40 -440.92 - ° ®
EMPO-3 trans-1 —49.84 —50.94 —41.07 .
cis-1l —51.83—-52.78 —43.51 trans2 —50.51-51.72 —-41.44
cis-2 —51.72 -52.73-42.81 trans3 —51.58 —52.61 —43.02 g 0947 °
cis-3° —51.38 —52.61 —41.78 g
trans-1 ~52.51-53.50 ~43.95 TFMPO T 0064 . 48,07 keallmol
trans-2 —52.17 —53.20 —43.35 cis —51.76 —52.79 —43.22
trans3 —52.11 —-53.11 —43.63 cis® —49.48 —50.57 —40.76
BocMPO-1 trans —51.89 —52.93 —43.40 -440.98 °
cis-1 —50.41-51.51-41.51 TFCOMPO
cis2 —50.61-51.70 —41.88 cis —50.28 —51.78 —41.54 4
cis-3° —50.35—51.67 —40.83 cis® —50.36 —51.46 —40.50 -441.00 : T !
trans-1 —51.37 —52.45 —42.82 cis® —47.73 —48.93 —38.32 )
trans-2 —51.15-52.28 —42.29 trans —37.64 —53.12 —43.01 C-O distance (A)
trans-3 —51.02 -52.08 —42.45 MSMPO
BocMPO-2 cis —67.77 —54.39 —44.53 EMPO-OH
cis1l —51.02 —52.09 —41.96 trans —69.75 —56.45 —46.78 -668.76
cis-2 —51.22 —52.27 —42.33 TFSMPO
cis-3° —50.95-52.25 —41.27 cis —46.07 —55.52 —45.58 -668.78
trans1 —51.98 —53.03 —43.26 trans —48.02 —56.97 —47.11 ° .
trans2 —51.76 —52.86 —42.74 AMPO 668.80 L]
trans3 —51.63 -52.66 —42.89 cis —52.20 —50.94 —41.12 °
DEPMPO-1 cis —47.96 —46.02 —35.73 3
cis-1 ~51.73 —52.89 —42.60 trang’ —26.56 —50.94 —41.41 § -868.82 1
cis2 —51.90 —52.96 —43.56 CPCOMPO + ° 4938 kealimol
cis-3 —52.15—-53.17 —43.96 cis® —159.83-51.94 —41.19 -668.84
cis-3° —54.81 —56.16 —45.53 trans —160.57 —52.86 —43.01 °
trans1 —51.73-52.88 —42.83 CPPO .668.86 -
trans2 —52.77 —53.81 —44.63 CPPG-OH —186.00—52.13 —-42.27 L4
trans3 —53.44 —54.48 —45.41 668.88 i
DEPMPO-2 DMMPO-2 1 5 3
cis-1 —53.38 -54.73-42.58 cisA —43.40 —44.37 —34.39 - distance (A)
cis-2 —53.55 —-54.80 —43.54 cisB —46.70 —47.68 —38.15
cis-3 —53.79 —55.02 —43.94 DMMPO-3
cis-3° —56.45 —58.00 —45.51 cis —48.07 —49.32 —38.64 DEPMPO-OH
trans1 —53.37 —54.73 —42.81 trans —49.59 —50.60 —41.18 12852
trans-2 —54.41 —55.66 —44.61 DMMPO-4 .
trans-3 —55.08 —56.32 —45.39 cis —48.63 —49.57 —39.58 112654 i
DEPMPO-3 trans —51.86 —52.95-42.51 .
cis-1 —49.47 —50.75—-39.56 DMMPO-5
cis2 —49.64 —50.82 —40.52 cis —52.21 —53.36 —43.26 » 112656 °
cis-3 —49.88 —51.04 —40.93 trans —51.59 —52.57 —42.49 §
cis-3° —52.54 —54.02 —42.50 s
transl  —49.46 —50.75 —39.80 * trzese | * 50.14 kealimol
trans-2 —50.50 —51.68 —41.59
trans3 —51.17 —52.34 —42.38 112660 .
aB3LYP/6-3L+G**//B3LYP/6-31G* reaction (rxn) energies are reported .

relative to reactants, in kcal/mdty i, energies include scaled ZPEH 12662 T

and AGy, are given at 298.15 K. ! 2 ¢

C-0O bond distance (A)

the substituent at the C-5 position. It is assumed that a relatively Figure 5. Asymptotic reaction profile for the addition #OH with nitrones

negative charge density on the N can stabilize theNCAs DMPO, EMPO, and DEPMPO. Each data point corresponds to a fully
. . . optimized geometry and energy with the-O distance constrained at the

shown in Table 8, substituents have little effect on the charge jngicated value.

density of C-2,6-H, and O, while charges on C-5 and N are

quite varied, depending on the nature of the substituents. influence unimolecular decomposition of nitroxides beafirig

Therefore, it is hypothesized that one of the factors that could are the charge densities around the nitroxyl moiety. A qualitative
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TFCOMPO-OH cis CPCOMPO-OH cis

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

-41
DMPO DEPMPO-3
-42 PS \
Boc-MPO-1 e
[ ([
1
§ ] . Vi
< ] o DEMMPO2 o
0 EMPO-2 HMPO
g 4
g DEMMPO-3
- °
-44 - 2
DEMMPO-4 o
- DEMMPO-5 ® PY
-44-0.25 -0.20 0.15 -0.10 -0.05 0.00 DIPPM PO-3
Charge Density
—45 T T T T T T T

-0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

Charge Density of Nitronyl C
Figure 7. Plot of charge densities of nitronyl C of the most favored conformation of various substituted nitrones versus reaction free &Ggrgiésr (
the formation of their respective most stak@H adduct isomer. Inset: For DEMMPO analogues.
comparison of the calculated charge densities on the nitroxyl DMPO—OH showed no significant difference among the
N, C-5, and the C-2 of the most stable spin adducts {fans-1 charges on C-2 except for the less negative charge on the
isomers of EMPG-OH and BocMPG-OH, and the H-bonded  nitroxyl N and more positive charge on the C-5 in alkoxycar-
cis-3 isomers of DEPMPOOH and DIPPMPG-OH) including bonyl nitroxides compared to alkoxyphosphos¢iH adducts.
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Scheme 3

z (on z
2N

The electronic characteristics of these adducts are consistenas—CF;, —COCR;, —SO,Me, —SO,CF;, and—CONH;, were

with their reported stabilitf? since the N-C bond-breaking
process should be more facile when the nitroxyl N is less
negative. Also, the charge density on N for alkoxycarbonyl
nitroxides with H-bonding is relatively more negative compared
to the charge densities for those adducts without H-bonding.
Interestingly, the charge on C-5 for DMPH is most positive

compared and are shown in Table 9. Alkyl and spirocarbonyl

nitrones were also used as models. Although only one confor-
mational isomer for each of the nitrones was considered, we
explored two possible isomers for each of the spin adducts, i.e.,
cis andtrans configurations. We also compared the electronic

properties and energetics of this isomers with and without

(0.082) compared to the rest of the substituted adducts but withintramolecular H-bonding, since alkoxyphosphoryl nitrones

N charge of (0.022) which is higher than those of alkoxycar-
bonyl nitroxides ¢—0.01) but lower than those of the phos-
phorylated adducts{—0.03). This may explain why DMP©
OH adduct has a shorter half-life relative to the substite@id

demonstrated that this aspect is crucial, at least for thermody-
namic favorability ofeOH addition to nitrones. Intramolecular
H-bonding (Table 2) between\H and N-O was predicted

in AMPO—OH transwith a N—H---O—N bond distance of 2.09

adducts, since a positively charged C-5 could facilitate a A (Figure 6). However, intramolecular H-bonding was not
favorable HG-N bond-breaking process as was depicted in observed in some spin adducts bearing a sulfonyl (MSMPO
Scheme 3. The charge on N for adducts exhibiting intramo- OH cisand TFSMPG-OH cis) group. Contrary to the observa-
lecular H-bonding is relatively more negative compared to that tion made in alkoxyphosphoryl nitron€®H adducts, confor-

for other adducts without such H-bonding. Figure 8 shows an mations of all of thesOH adducts exhibiting H-bonding are

approximate correlation of the charge densities of nitronyl N
with various half-lives of theOH adducts.

Bimolecular decomposition 0éOH adducts has been re-

ported* to produce diamagnetic species as secondary decom-

position products of the hydroxylamine and nitrone (Scheme
4). The ease of-H abstraction from theOH adduct was
postulated to be dependent on the conformation of Ahé
relative to the singly occupied orbital on the nitroxyl nitrogén.

Further support of H-abstraction as the major cause of decom-

position is the short half-lives 6OH adducts in basic medfé.

A low activation energy for this reaction occurs when the singly
occupied orbital is in the same plane as the H atom to be
abstracted. This corresponds to a dihedr@—N—-C—H close

to 9C°. It is predicted that the low dihedralO—N—C—H of

the preferred isomers DEPMPDH cis-3 (59.5) and DIPP-
MPO—OH cis 3 (46°) (Table 8) with strong H-bonding will
have longer half-lives compared to the alkoxycarbonyl nitrones,
EMPO and BocMPO as well as DMPO. Our recent experimental
result$® indicate that DEPMPO and DIPPMPO have signifi-
cantly longer pseudo-first-order half-lives of about +3%8

min as compared to 55 min for DMPO and BocMPO (with the
exception of EMPO withiy, of about 127 min). Figure 8 shows
an approximate correlation of théO—N—C—H ‘s with various
half-lives of theeOH adducts. Moreover, the unpaired electron
is almost equally distributed between the- bond with an
average of 52% localization on O for all preferred isomers.

VIII. Other Functional Groups as Substituents

Electronic and thermodynamic properties of novel nitrones

not energetically preferred (Table 9). In most cases trifues
«OH adduct is the preferred configuration. Trifluoromethyl
nitrone (TFMPO) and amido nitrone (AMPO) showed no
significant energy preference for either tieandtransisomers

for their «OH adduct, with relative energies of only 0.1 and 0.0
kcal/mol, respectively. In the case of AMPOH, the isomeric
form either cis or trans with N—H----O—N intramolecular
H-bonding are more preferred thais isomers having intramo-
lecular H-bonding between the carbonyl O and the hydroxyl

In all cases, reaction free energies (Table 6) also indicate that
formation of thetrans isomers are more thermodynamically
favored than theis isomers and even more favorable than the
cis isomer with an intramolecular H-bond. These energy
differences show that formation of thiensisomer is favored
by ca. +2 kcal/mol relative to thecis isomer. For TFMPO
and AMPO this free-energy difference, however, is only ca.
0.2—0.3 kcal/mol. Reaction free energies range froml.41
to —47.11 kcal/mol and are highest for the formation of spin
adducts from MSMPO and TFSMPO withGx, of —46.78
and —47.11 kcal/mol, respectively.

Since none of the molecules mentioned in this section have
been synthesized or reported to tepH (except for CPPOY]
we therefore could not do any correlations with experimental
kinetic data. We can, however, make predictions as to the
possible spin-trapping characteristics of these hypothetical
molecules based on the structdreactivity correlation made
previously for DMPO, alkoxycarbonyl, and alkoxyphosphoryl
nitrones. Charge densities on nitronyl C of sulfonylated-nitrones
(MSMPO and TFSMPO), AMPO, and spirocarbonyl nitrone

containing electron-withdrawing substituents (Scheme 5), such CPCOMPO are significantly more positive than other substituted

(64) Khramtsov, V.; Berliner, L. J.; Clanton, T. Magn. Reson. Medl999
42, 228-234.

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

(66) Rosen, G. M.; Britigan, B. E.; Halpern, H. J.; Pou, Bee Radicals:
Biology and Detection by Spin Trappin@xford Univeristy Press: New
York, 1999.

nitrones (Table 7). These charge densities are comparable in
magnitude to those of DEPMPO (0.009) and DIPPMPO (0.007),
with values ranging from 0.007 to 0.025, with amido nitrone
AMPO having the greatest positive charge. Surprisingly, the

(67) Turner, M. J.; Rosen, G. M. Med. Chem1986 29, 2439-2444.
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Table 8. Dihedral Angles and Charge Densities of the Theoretically Optimized «OH Adduct Structures at the B3LYP/6-31+G**//B3LYP/

6-31G* Level
H
H
“m, 5 2
) % ’ | HB
R ‘OH [e)

D(O-N-C-H) Charge Density
Spin Adduct
o N C-5 C-2 pH 0]
HMPO-OH 56.64 -0.024  -0.296  0.224 0.232 -0.420
DMPO-OH 63.92 -0.022  0.082  0.225 0.232 -0.424
EMPO-OH cis-1 83.24 -0.010  0.011  0.238 0.221 -0.422
EMPO-OH cis-2 72.87 -0.018  0.012  0.232 0.223 -0.406
EMPO-OH cis-3* 63.82 -0.033  0.009  0.228 0.247 -0.377
EMPO-OH frans-1 59.50 -0.012  0.009  0.229 0.234 -0.414
EMPO-OH trans-2 64.03 -0.019  0.012  0.227 0.233 -0.403
EMPO-OH trans-3 63.31 -0.008  0.011  0.229 0.237 -0.467
BocMPO-OH cis-1 83.74 -0.008  0.010  0.237 0.222 -0.425
BocMPO-OH cis-2 70.30 -0.018  0.011  0.229 0.224 -0.405
BocMPOH cis-3° 63.48 -0.031  0.008  0.228 0.246 -0.379
BocMPO-OH frans-1 58.33 -0.010  0.008  0.228 0.233 -0.416
BocMPO-OH trans-2 63.33 -0.018  0.012  0.227 0.232 -0.406
BocMPO-OH trans-3 63.63 -0.007  0.010  0.230 0.236 -0.413
DEPMPO-OH cis-1 79.68 -0.026  -0.260  0.236 0.222 -0.420
DEPMPO-OH cis-2 69.23 -0.020  -0.265  0.236 0.221 -0.425
DEPMPO-OH cis-3° 59.48 -0.036  -0.270  0.227 0.249 -0.396
DEPMPO-OH cis-3 78.57 -0.020 -0.267  0.239 0.218 -0.434
DEPMPO-OH trans-1 55.27 -0.030  -0.260  0.229 0.230 -0.410
DEPMPO-OH trans-2 60.93 -0.021  -0.273 0.229 0.234 -0.419
DEPMPO-OH ftrans-3 66.39 -0.025  -0.268  0.231 0.236 -0.421
DIPPMPO-OH cis-1 82.71 -0.023  -0.261 0.239 0.220 -0.424
DIPPMPO-OH cis-2 66.23 -0.022  -0.267  0.235 0.221 -0.422
DIPPMPO-OH cis-3¢ 46.00 -0.032  -0.279  0.229 0.252 -0.401
DIPPMPO-OH trans-1 55.08 -0.030 -0.260  0.229 0.232 -0.410
DIPPMPO-OH trans-2 64.30 -0.021  -0.273 0.229 0.234 -0.419
DIPPMPO-OH trans-3 81.65 -0.025  -0.268  0.231 0.236 -0.437
TFMPO-OH cis 70.67 -0.028  0.012  0.236 0.222 -0.396
TFMPO-OH cis” 58.53 -0.046  0.010  0.228 0.250 -0.362
TFMPO-OH #rans 63.79 -0.023  0.009  0.238 0.227 -0.402
TFCOMPO-OH cis 78.09 -0.019  0.010  0.238 0.222 -0.401
TFCOMPO-OH cis” 65.32 -0.036  0.007  0.229 0.250 -0.367
TFCOMPO-OH cis” 67.02 -0.038  0.008 0.234 0.245 -0.373
TFCOMPO-OH trans 61.84 -0.015  0.009  0.229 0.240 -0.398
MSMPO-OH cis 66.32 -0.047  -0.077  0.241 0.221 -0.378
MSMPO-OH trans 65.85 -0.045 -0.078  0.233 0.242 -0.376
TFSMPO-OH cis 64.17 -0.052  -0.051 0.238 0.227 -0.361
TFSMPO-OH trans 64.25 -0.053  -0.055 0.232 0.243 -0.360
AMPO-OH cis 79.90 -0.006  0.018 0.234 0.224 -0.453
AMPO-OH cis” 61.33 -0.031 0.016 0.227 0.248 -0.382
AMPO-OH trans 47.91 -0.012  0.019 0.227 0.234 -0.441
CPPO-OH 52.41 -0.011  0.088  0.226 0.231 -0.425
CPCOMPO-OH cis 60.68 -0.026  -0.010  0.226 0.251 -0.372
CPCOMPO-OH ftrans 60.51 -0.005 -0.006  0.229 0.240 -0.407
DMMPO-5-OH cis 60.18 -0.043  -0.469  0.225 0.249 -0.371
DMMPO-5-OH trans 44.61 -0.033  -0.468  0.225 0.258 -0.391
DMMPO-4-OH cis 65.84 -0.040  -0.290  0.233 0.240 -0.388
DMMPO-4-OH trans 65.85 -0.021  -0.292  0.226 0.236 -0.413
DMMPO-3-OH cis 62.75 -0.036 -0.296  0.232 0.249 -0.387
DMMPO-3-OH trans 67.61 -0.017  -0.300  0.230 0.242 -0.419
DMMPO-2-OH? n/a -0.030  -0.293  0.053 n/a -0.392
DMMPO-2-OH* n/a -0.026  -0.291  0.043 n/a -0.393

aC=0- - -O—H or P=0- - -O—H. P C—F- - -H—0. ¢ N—H- - -O—N. 9 Conformer-3 € Conformer-1.

spirocarbonyl nitrone CPCOMPO also gave a positive charge (—0.001 to—0.005) and BocMPO~0.003 to—0.006) and the
density of 0.007 on the nitronyl C, contrary to the observed alkylspiro nitrone analogue CPPG-0.017). These results
charge densities found in the other carbonylated nitrones EMPQindicate that a combination of bond constraints and presence
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Figure 8. Plots of HO—N—C—H () and nitroxyl N A) of the most favoredOH adducts of DMPO, EMPO, BocMPO, DEPMPO, DIPPMPO versus their
respective experimental half-lives.
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those of the alkoxyphosphorylated adducts.

OH Although these calculations show th&®H addition to
sulfonylated nitrones is the most thermodynamically favored
compared to that in other substitutents, they may not be suitable

z
CPCOMPG-0OH which has negatively charged C-5 similar to
Z)O v
+/ —_—
N

O- for spin trapping since sulfonyl groups are known to react with
nitrone +OH adduct . A .

«OH to form C-centered radica%8.lt is predicted that AMPO
nitrone z and CPCPMPO may be good in spin trapping charged radicals
TEMPO CF, such as @~ and can form stableOH adducts comparable to
TFCOMPO  -COCF, those of alkoxyphosphorylated nitrones. Although CPPO has
BN :38%:3 less positive nitronyl C, it may be able to form stabeH
AMPO -CONH, adducts based on its small dihediadD—N—C—H of 52.4.

CPPO -CH,CH,CH,CH,"

CPCOMPO  -C(0)OCHCH; IX. Effect of Alkoxyphosphoryl Position

of a carbonyl group could significantly affect the charge density
on the nitronyl C.

The dihedraDO—N—C—H is smallest in AMPG-OH trans
(47.9), which is essentially the same as that of DIPPMPO (68) Carton, P. M.; Gilbert, B. C.; Laue, H. A. H.; Norman, R. O. C.; Sealy, R.

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

OH cis-3 (46.0), which is the most preferred spin adduct isomer C.J. Chem. Soc., Perkin Trans.1875 11, 1245-1249.
. . (69) Roubaud, V.; Siri, D.; Tordo, P.; Hdii, F.; Reboul, J.A®ta Crystallogr.,
and the most long-livedOH adduct (Table 8). The spiro Sect. C1998 825-827.

nitrones CPP@OH (52.4) and CPCOMPG-CH (60.5), and (70) I%ide, DClR" Fd.yaféisbé)ok of Chemistry and Physic0th ed.; CRC
o ress: eveland, .
TFCOMPO (61.8) are othertrans «OH adducts that exhibit  (71) Chaloner, P. A.; Harrison, R. M.; Hotchcock, P. B.; Pedersen, Rct

_N—C— i Crystallogr. 1992 C48 717-720.
smallCO N. C—H. Charge density value§ (Table 8) for almost (72) Bate, . W.: Weyrauch. J. P.- Hashmi, S Ata Crystallogr 2002 E58
all of the spin adducts are somewhat similar to those of the 0590-0591.
alkoxycarbonylated spin adducts with the exception of the (73) Hossain, M. B.; Van der Helm, Dicta Crystallogr.1983 C39, 1297
sulfonylated adducts, MSMPE&0OH and TFSMPG-OH, and (74) Dickman, M. H.Acta Crystallogr.2001, E57, 0636-0637.
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Table 9. Relative Total Energy (Ei in kcal/mol) and Dipole Table 10. Relative Total Energy (in kcal/mol) and Dipole Moment
Moment (in debye) of the Theoretically Optimized Structures at the (in debye) of the Theoretically Optimized Structures at the B3LYP/
B3LYP/6-31+G**//B3LYP/6-31G* Level 6-31+G**//B3LYP/6-31G* Level
rel E2 rel H (298 K) dipole® compounds rel E2 rel H (298 K) dipole?
Nitrone Nitrones
TFMPO n/a n/a 4.12 DMMPO-5 0.0 0.0 4.89
TFCOMPO n/a n/a 5.20 DMMPO-4 —-3.4 —-3.4 5.43
MSMPO n/a n/a 6.94 DMMPO-3 —-4.0 -39 4.10
TFSMPO n/a n/a 5.69 DMMPO-2 -5.1 —-4.7 3.78
cPro P P 56 . OH Adduct
CPCOMPO n/a n/a 519 DMMPO-5-OHcis 0.0 0.0 5.38
' DMMPO-5-OHtrans 0.9 0.8 3.73
OH Adduct DMMPO-4 OHcis 0.6 0.4 5.08
TFMPOcis 0.0 0.0 3.36 DMMPO-4 OHtrans -3.0 -3.0 3.35
TFMPOcis? 2.2 2.2 3.95 DMMPO-3 OHcis 0.0 0.1 5.36
TFMPOtrans —-0.1 -0.1 2.76 DMMPO-3 OHtrans -1.1 -1.1 3.69
TFCOMPOcis 0.0 0.0 3.94 DMMPO-2 OHcis” 4.9 4.3 2.98
TFCOMPOcis® 0.1 0.3 4.37 DMMPO-2 OHcis® 1.4 1.0 4.22
TFCOMPOcis? 2.8 29 4.06
TFCOMPOtrans -15 -13 2.53 aValues are in kcal/mol relative to DMMPO-5 for the nitrones and
MSMPOcis 0.0 0.0 6.21 DMMPO—OH cis for thesOH adducts? Conformer-3 ¢ Conformer-19 At
MSMPOtrans 2.1 -2.1 5.07 B3LYP/6-31G(d) level.
TFSMPOcis 0.0 0.0 5.32
TFSMPOtrans -1.6 -15 4.00 Scheme 7
AMPO cis 0.0 0.0 1.83
AMPO cis® 4.7 4.9 5.88
AMPO trang -0.1 0.0 1.56 A
CPPC-OH . n/a n/a 2.21 +/ P(O)(OMe), . + P(O)(OMe),
CPCOMPCxis® 0.0 0.0 591 N N
CPCOMPOQCtrans —-0.7 -0.9 3.78 l
-20¢ 30
aValues are in kcal/mol relative to their respective isorisrisomers Too
without H-bonding. H-bonding correspond toC—F- - -H—0. ¢ C=0- - - A B

O—H. ¢N—H- - -O—N. e At B3LYP/6-31G(d) level.
H-bonding of about 1.95 A (Table 2), similar to those observed

Scheme 6 . for DIPPMPO-OH cis-3 and DEPMPG-OH cis-3 isomers.
| ﬁ This intramolecular H-bonding could be a major contributing
(MeOLR P(OMe), factor in the stability of the molecule and its energetically
ﬁ s ﬁ favorable formation over ittransisomer. The DMMPG-OH
(MeO),P P2 P Ny Q—P(omh cis-3 isomer with a much weaker H-bond of 2.08 A is
N N N N
|

energetically less preferred than itsans counterpart. The
o- (l,- o- - coupled cluster method (CCSD) was performed on the DM-
MPO—OH cis-3 adducts with and without intramolecular
H-bonding to demonstrate the validity of the B3LYP calcula-
adducts compared to that of DMP®3® It is therefore worth tions. Results show a relative energy difference of less than
examining the effect of the substituent position on the electronic 0.1 kcal/mol using CCSD/6-31G**//B3LYP/6-31G* compared
and thermodynamic properties of these nitrones. By exploring to that using the B3LYP/6-3tG**//B3LYP/6-31G* level (see
the energetics of the four different positional isomers of Supporting Information Table 8).
dimethoxyphosphosphoryl nitrones (Scheme 6), it might be  The order of increasing positive charge on the nitronyl C is
possible to predict the most efficient site of substitution for as follows: DMMPO-2 {-0.232) < DMMPO-3 (—0.051) <
trapping «OH and the spin adduct stability based on their DMMPO-4 (—0.030) < DMMPO-5 (—0.001) (Table 7). This
optimally calculated electronic and thermodynamic parameters. order predicts that substitution at the C-5 position makes the
This work will only focus on the isomeric forms that are known nitronyl C more reactive toward nucleophilic radicals, compared

DMMPO-5 DMMPO-4 DMMPO-3 DMMPO-2

to be favored in DEPMPO and DIPPMPO reactions witi, to the C-2 isomer (see inset of Figure 7). Close examination of
i.e., similar to that of theis-3 conformer. Optimizations were the charge densities for the nitronyl N and O as well as for P
performed starting with initial structures in which the=© upon going from position C-5 to C-2 reveals that the charge on
moiety is pointing toward the ring system. N becomes more positive by 0.03, O is more negative in

Interestingly, DMMPO-2 is the most favored nitrone isomer, DMMPO-5 (by 0.05), and there is no significant perturbation
while DMMPO—OH cis-5 is the most favored isomer for the on the charge for P. The large negative charge on the nitronyl
*OH adduct (Table 10). For C-3 and C-4 substituted nitrones, C in DMMPO-2 is indicative of major resonance contribution
trans isomers are energetically more favored, while tige from structure B (Scheme 7). This result predicts that phosphoryl
configuration is more preferred at the C-5 position (Table 10). substitution on C-2 may not be suitable for spin trapping of
Formation of spin adducts from C-4- and C-5-substituted nucleophilic radicals such as O-centered ROS.
nitrones are more exothermic than from those for C-2- and C-3- TheO—N—C—H is lowest in DMMPG-0OH cis-5 (60.2)
substituted nitrones, and the formation of the DMMPQOH and DMMPO-0OH trans5 (44.6) (Table 8). Although reaction
cis5 adduct is calculated to be the most exothermic. The enthalpies and free energies for the formation of both isomers
DMMPO—OH cis5 isomer exhibits strong intramolecular do not differ significantly, we could expect that decay property
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of the spin adducts will differ. On the basis of the dipole AMPO and spirocarbonyl nitrones CPCOMPO are predicted
moments shown in Table 10, the following order of increasing to exhibit high reactivity toward nucleophilic radicals and
polarity is predicted: DMMPO-2 (3.78 DY DMMPO-3 (4.10 relatively persistent spin adducts, due to the high positive charge
(D) < DMMPO-5 (4.89 D)< DMMPO-4 (5.43 D). In general, on the nitroxyl C and low dihedréalO—N—C—H, respectively.
the cis configuration for theOH adducts are more polar than Moreover, although CPPO has a less positive nitronyl C, it may
their transisomers. be able to form a stabléOH adduct as well.
Alkoxyphosphoryl group—P(O)(MeO) substitution on C-2
is the most stable isomer, although its reactivity towedeH is
Calculations of the minimum energy geometries of the not thermodynamically preferred. Reaction enthalpies and free
commonly used nitrones as well as hypothetical ones, and theirenergy are highest for the formation cis «OH adducts with
respectiveéOH spin adducts have been performed using density —p(0)(MeO) substitution on C-5. In addition, from a kinetic
functional theory. The charge densities on nitronyl C and O point of view, substitution at C-5 could provide an efficient
were also calculated and used as a basis for the kinetic additionspin trap for O-centered radicals with a long half-life for the
of hydroxyl radical and spin adduct decay. A barrierless energy spin adduct comparable to that of DIPPMPOH adducts.
path has been calculated for DMPO, EMPO, and DEPMPO This study demonstrates how theoretical analysis can be used
OH adduct formations, consistent with the large exoergicity of a5 a3 tool to understand spin-trapping behavior of certain classes
these addition reactions. Alkoxycarbonyl nitrones have a prefer- of nitrones and should be useful in designing better and more
ence for formation otrans «OH adducts, while alkoxyphos-  efficient spin traps for future applications. Experimental veri-

phoryl nitrones favor thecis isomers with intramolecular  fication of these predictions will be reported in due course.
H-bonding. Charge densities on nitronyl C, the sitesOH

addition, are most positive for the most stable conformations  Acknowledgment. We thank the Ohio Supercomputer Center
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