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Abstract: Stilbazulenyl nitrone (STAZN), 8, a nitronyl-substituted hydrocarbon, is a novel second-generation
azulenyl nitrone with significantly enhanced potency as a chain-breaking antioxidant vs conventional a-phenyl
nitrones previously investigated as antioxidant therapeutics. A convenient *H NMR-based assay for assessing
the potency of chain-breaking antioxidants has shown that STAZN is ca. 300 times more potent in inhibiting
the free radical-mediated aerobic peroxidation of cumene than is PBN and the experimental stroke drug
NXY-059. Such levels of antioxidant efficacy are unprecedented among archetypal a-phenyl nitrone spin
traps. Furthermore, STAZN outperforms such classical phenolic antioxidants as BHT and probucol and
rivals the antioxidant potency of Vitamin E in a polar medium comprised of 80% cumene and 20% methanol.
The Volodarskii electron-transfer mechanism involving the intermediacy of the STAZN radical cation has
been implicated in attempts to ascertain the basis for the increased potency of STAZN over the three
a-phenyl nitrones PBN, S-PBN, and NXY-059.

Introduction sulfonate derivative of PBN known as NXY-058, which has

. . . been slated by AstraZeneca to enter Phase IIb/lll clinical trials
A wide body of evidence suggests that free radicals act as for the treatment of acute stroke in early 200Qver the past

pathological agents in a range of human maladies, with much five years, our research has involved the study of azulenyl
recent attention focusing on their role in senescérmiiiero- nitrones é novel class of nitrones first prepared in our
sclerosi€ and neurodegenerative conditiérmich as stroke, |aborato’ryf_,,g In view of the fact that PBNEy» = 1.47 V/ vs
Alzheimer’s disease, ALS, and Parkinson’s disease. StemmingSCE)’lO S-PBN @, Exp = 1.34 V vs SCE}°and in all likelihood

Lrom th? dselmil[na1 vx(/jork of l\tlp V?(Ij“ ei ?‘:{nltronet.splnttraps htavef NXY-059 (estimateds;;, = 1.20 V vs SCE) possess oxidation
e(:?n ‘?" ié’. ?esded as %n_l'_?]x' ant erfapiu |cfstho co.;m er reepotentials far higher than important biological chain-breaking
radical-media amagethe vast majority of the nitrones antioxidant$! such as3-caroteneEy, = 0.76 V vs SCE) and

studied in this context are-phenyl nitrones such as PBN o
A . . . Vitamin E (Ei» = 0.24 V vs SCE), we prepared the azulenyl
and congenersMost notable in this regard is the 2,4-bissodium nitrones AZN @, Eyp = 0.84 V vs SCEY and w-AZN 6, Exjy

) ) ) = 0.63 V vs SCE), which have been shown to exhibit enhanced
* Address correspndence to this author. E-mail: beckerd@fiu.edu.

* Florida International University. radical scavenging activity both in vitro and in vivo vs that of

* University of Miami. PBN8° and S-PBN:3
(1) (a) Melov, S.; Ravenscroft, J.; Malik, S.; Gill, M. S.; Walker, D. W.;
Clayton, P. E.; Wallace, D. C.; Malfroy, B.; Doctrow, S. R.; Lithgow, G.

J. Science200Q 289, 1567. (b) Von Zglinicki, T.; Pilger R.; Sitte, Neree (6) For recent work with imidazoyl-based nitrones, see: Dhainaut A.; Tizot,
Radical Biol. Med.200Q 28, 64. A.; Raimbaud, E.; Lockhart, B.; Lestage, P.; Goldstein).SVled. Chem.
(2) Steinberg, D.; Parthasarathy, S.; Carew, T. E.; Khoo, J. C.; Wiztum, J. L. 200Q 43, 2165.
N. Eng. J. Med1989 320, 915. (7) (a) Kuroda, S.; Tsuchidate, R.; Smith, M. L.; Maples, K. R.; Siesjo, B. K.
(3) (a) Lee, H. S.; Park, C. W.; Kim Y. Sxp. Neurol 200Q 165 164. (b) J. Cerebral Blood Flow Metab1999 19, 778. (b) Marshall, J. W. B.;
Liu, R.; Althaus, J. S.; Ellerbrock, B. R.; Becker, D. A.; Gurney, M. E. Duffin, K. J.; Green, A. R.; Ridley, R. MStroke2001, 32, 190. (c) Peeling
Ann. Neurol.1998 44, 763. (c) Liochev, S. |.; Fridovich, Free Radical J.; Del Bigio M. R.; Corbett D.; Green A. R.; Jackson D. Nleurophar-
Biol. Med.1999 27, 1444. (d) Liu, D.; Wen, J.; Liu, J.; Li, LFASEB J. macology2001, 40, 433. (d) Lees, K. R.; Sharma, A. K.; Barer, D.; Ford,
1999 13, 2318. G. A.; Kostulas, V.; Cheng, Y. F.; Odergren, Stroke2001, 32, 675. (e)
(4) Novelli, G. P.; Angiolini, P.; Tani, R.; Consales, G.; Bordi,Aree Radical Sydserff, S. G.; Borelli, A. R.; Green, A. R.; Cross, AB1. J. Pharmacal
Res. Commuril986 1, 321. 2002 135 103.
(5) (a) Floyd, R. A,; Hensley, K.; Jaffrey, F.; Maidt, L.; Robinson, K.; Pye, (8) Becker, D. A.J. Am. Chem. S0d.996 118 905.
O.; Stewart, CLife Sci 1999 65, 1893. (b) Floyd, R. AProc. Soc. Exo. (9) Becker, D. A.Cell. Mol. Life Sci.1999 56, 626 and references therein.
Biol. Med.1999 222, 236. (c) Asahi, M.; Asahi, K.; Wang, X. Y.; Lo, E. (10) Mcintyre, G. L.; Blount, H. N.; Stronks, H. J.; Shetty, R. V.; Janzen, E. G.
H. J. Cerebral Blood Flow Metat200Q 20, 452. (d) Ferger, B.; Teismann, J. Phys. Chem198Q 84, 916.
P.; Earl, C. D.; Kuschinsky, K.; Oertel, W. IPharmacol. Biochem. Beha (11) Buettner, G. RArch. Biochem. Biophy4993 300, 535.
200Q 65, 425. (e) Ko, M. L.; Hu, D. N.; Ritch, R.; Sharma, S. @zest. (12) Becker, D. A.; Natero, R.; Echegoyen, L.; LawsonJRChem. Soc., Perkin
Opthamol. Visual Sci2000 41, 2967. Trans. 21998 6, 1289.
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Ny -o.t >< -t ><
o\§>< |N O~ |N Synthesis of STAZN (8).Our synthetic efforts have resulted
©/|kH @H ©\)\H in the efficient five-step preparation of STAZN from guaiazulene
N303S SO3Na SO3Na

Results

as illustrated in Scheme 1. Thus, the known red aldely/de
was prepared in two steps from guaiazulene according to the
method of Kurokawa et al., which involves acylation of
guaiazulene with trichloroacetic anhydride (76%) followed by
oxidation with DDQ in the presence of water (84%)A one-

pot Haloform/Hunsdiecker process consisting of treatme#t of

><KII.O_ o >(;'\l|,0_ *o\’+\><
H Q OEt H Q / H with barium hydroxide followed by exposure to NBS afforded
the bromoaldehyd&0 in 94% vyield. Stille coupling ofL0 with
O O E-bis[(tri-n-butyl)stannyl]ethylen¥ in hot toluene provided

PBN (D) NXY-059 (2) S-PBN (3)

bisaldehydel 1 (81%), which was converted to STAZN in 75%
yield (36% overall from guaiazulene) by reaction witktert-
butylhydroxylamine hydrochloride in pyridine at 10C.

Results of the Antioxidant Assay.Our assay is based on
the well-established oxidation of cumene to cumene hydroper-
oxide by atmospheric oxygen at 3T in the presence of the

AZN (4) W-AZN (5)

In a 1964 paper, Hunig et al. assigned the correct structure
to the perchlorate salt of the remarkably stable hydrocarbon

radical gatiorﬁ, which was among other prepara_tive methods, o radical initiator AIBN7-8The progress of the peroxidation
syntheS|zeq from azulerveby one-electrgn omdatpﬁ‘. I.n. that reaction is conveniently followed and quantified By NMR
report, Hunig and co-workers emphasized the significance of spectroscopy by monitoring the appearance and increasing
their finding by stating tha6 appeared to be the first known jntegration of the singlet arising from the methyl groups of
stable radical cation of a hydrocarbon. Itis worth noting 81at  cymene hydroperoxide.

(perchlorate salt) was found to have moderate stability in  The use of a long, low-power, selective pdfsallowed the
dichloromethane solution. Such Stablllty for a radical cation is growth of the cumene hydroperoxide methy| group Sing|et to
rare and, due to our interest in the one-electron oxidation pe accurately measured in the presence of a huge excess of
reactions of nitrone antioxidant$attracted our attention. With  cumene. This was shown by using known concentrations of
the expectation that azulenyl nitrones possessing certain struccommercially available cumene hydroperoxide to calibrate the
tural features in both AZN and would exhibit improved peak areas. The concentration of internal standard (bis-1,4-
antioxidant behavior over other previously examined nitrones, (trichloromethyl)benzene) was shown to be invariant under the
we set out to expeditiously prepare members of this novel classreaction conditions. No cumene hydroperoxide was detected
of compounds. We herein report on the synthesis and extraor-when the experiment was performed in the absence of AIBN
dinary antioxidant properties of such a second-generation Or the absence of oxygen (by freezeump-thawing the
azulenyl nitrone to which we have assigned the acronym reaction mixture).

STAZN (stilbazulenyl nitrone8). Furthermore, we describe a

convenientH NMR-based assay for assessing the potency of C(CHa)s
chain breaking antioxidants.
9 (HsC)sC 375 OH
C(CH
HO (CH3)s
O C(CHa)s
Probucol
Y =S
Ly L N
(H3C)sC C(CHz)s
X8 :
(6) @] CHs

BHT Vitamin E

To anticipate the objection that the antioxidant performance
of STAZN, with two nitrone groups, cannot fairly be compared
to other mononitrones, the concentration of the mononitrones
studied was double or more that of STAZN. At concentrations
needed to see antioxidant behavior from these mononitrones in
the 80% cumene/20% benzedgsolvent system (1M or

STAZN (8)

) Okajima, T.; Kurokawa, SChem. Lett1997 69.

) Corey, E. J.; Wallenberg, R. H. Am. Chem. Sod.974 96, 5581.
) Blanchard, H. SJ. Am. Chem. Sod 959 81, 4548.
)
)

(13) Klivenyi, P.; Matthews, R. T.; Wermer, M.; Yang, L.; MacGarvey, U.;
Becker, D. A.; Natero, R.; Beal, M. FExp. Neurol.1998 152 163. Handelman, G. J.; van Kujik, F. J. G. M.; Chatterjee, A.; Krinsky, N. I.
(14) Hunig, S.; Scheutzow, D.; Friedrich, H. Angew. Chem., Int. Ed. Engl Free Radical Biol. Med1991, 10, 427.
1964 3, 701. (19) Freeman, RJ. Prog. Nucl. Magn. Spectrost998 32, 59.

(15
(16
(17
(18
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Scheme 1 @
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aConditions: (a) 4 equiv of TCAA, CkCly; (b) 3 equiv of DDQ, acetone/water (9:1 v/v); (c) Ba(QHcetone/water (9:1 v/v), 5TC; (d) 1.5 equiv of
NBS, acetone/hexane (e) Pd(BRH5 mol %), toluene 105C; (f) 4 equiv of N-tert-butyl hydroxylamine HCI, 4 equiv of MgSQ pyridine, 100°C.
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Figure 1. Plot of cumene hydroperoxide vs time for 80% cumene 20%

benzeneds PBN (N-tert-butylphenyl nitrone); AZN (azulenyl nitrone). Figure 2. Plot of cumene hydroperoxide vs time for 80% cumene 20%

benzeneds BHT (butylated hydroxytoluene).
greater), some of the conventional antioxidants (e.g. BHT,

probucol, and Vitamin E) abolished all oxidation and STAZN  the antioxidant efficacy of-carotene and rivals that of BHT.

nearly did so. Therefore, the performance of STAZN was T assess the antioxidant potency of STAZN vs the polar
compared to that of the conventional antioxidants at concentra- it-ones S-PBN and NXY-059. the assay was conducted with

tions less than 1M (in both of the investigated solvent methanolds as cosolvent instead of benzet-The results,

systems). hown in Figure 3, clearly indicate that STAZN is substantiall
Figurest-4 reveal that STAZN does indeed possess remark- SNOwn In Figure s, ciearly indicate tha . I substantiaty
more effective in suppressing the free radical-driven peroxida-

:inbsls eg'g(t)?\nc;ylzizzrg lnlstL%r\l\?s-?k?:te (SjTZhZall\llnr-r?a:(ralza 'glr;/gostnp: ;?;g?r?gt'tion of cumene than is PBN, S-PBN, NXY-059, or AZN. Indeed,
even at 100 times the concentration of STAZN, NXY-059 is

PBN and AZN—even at half the concentration of these two ="~ “ — '
mononitrones. According to the data in Figure 1, the antioxidant still Slgnlflcantly OUIperfqrmed by STAZN. We find that a 3
potency of these three nitrones in decreasing order is STAZN, #M solution of STAZN rivals the performance of a 100M
AZN, and last PBN. The modest outperformance of PBN by Solution of NXY-059, thus demonstrating that STAZN is more
AZN is in line with previous experimenfsit is clear that than 300 times as potent as is NXY-059 in this assay (data not
STAZN displays a far superior antioxidant profile when shown). That STAZN is between 2 and 3 orders of magnitude
compared to either PBN or AZN. more efficacious in this regard than NXY-059 is an important

From the experiments performed in 80:20 cumene/benzene-validation of our expectations and bodes well for the potential
ds displayed In Figure 2, it is evident that while STAZN is utilization of this new class of azulenyl nitrones as antioxidant
outperformed by probucol and Vitamin E, it (STAZN) surpasses therapeutics.
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Figure 3. Plot of cumene hydroperoxide vs time for 80% cumene 20%
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059 = (N-tert-butyl(2,4-disulfophenyl)nitrone, disodium salt).
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Figure 4. Plot of cumene hydroperoxide vs time for 80% cumene 20%
methanolds.

Interestingly, as shown in Figure 4, a dramatic solvent effect
is observed (vide infra) when the antioxidant potency of STAZN
is compared to that of the conventional antioxidants that were

employed in the experiments that generated the data in Figure

2. Thus, in the more polar medium containing methanol in place
of benzene, STAZN exhibits superior antioxidant behavior vs
that observed fof-carotene, BHT, and probucol. Furthermore,
while STAZN was outperformed by Vitamin E in the less polar
medium, it rivals the efficacy of Vitamin E in the more polar
solution. The ability of STAZN-a nitrone bearing nothing more
than a hydrocarbon cordo closely mirror the antioxidant
potency of Vitamin E is especially noteworthy.

Peroxyl Radical-Induced Formation of Aldehyde 12 from
STAZN. Experiments were performed to determine the fate of
STAZN under the reaction conditions by isolating products from
the reaction of the nitrone with free radicals. The exposure of

STAZN to 10 equiv of AIBN in air at 37C yields aldehyde

12 as the major product of the reaction of STAZN with peroxyl

radicals in the nonpolar solvent system (80% cumene/20%
benzenads). Several unidentified trace products were also
observed.

1) (12)

a3

Peroxyl Radical- and Aminium Salt-Induced Formation
of Hydroxamic Acid 13 from STAZN. In AIBN-initiated
reactions of STAZN with peroxyl radicals in the more polar
medium (80% cumene/20% metharlg); a product was isolated
and identified as bis-hydroxamic aci®. A small amount of
aldehyde 12 in addition to a number of unidentified trace
products were also formed. From the reaction of STAZN with
TBPA'" (tris(4-bromophenyl)aminium hexachloroantiminate) in
cumene with subsequent exposure to methanol af@7a
product was isolated by chromatography that was identical to
13 as determined by TLC, HRMS, arltH and13C NMR. A
low-resolution mass peak at MH= 607 was also observed,
which we attribute to the monohydroxamic acid derivative of
STAZN.

Isolation of the Intermediary Methoxynitrone 14. The
unstable alkoxynitronel4 could be isolated from reaction
mixtures in which STAZN was aerobically exposed to AIBN
in 80% cumene/20% methanol at 3Z or by reacting STAZN
with TBPA** in cumene followed by addition of methanol at
37 °C.

Double and Quadruple Spin Adducts. To show that
STAZN does indeed trap radicals, an experiment was performed
to sequester carbon-centered radicals in an anaerobic reaction.
Treatment of STAZN with an excess of AIBN in benzene under
argon at 60°C for 4 h gave rise to the double spin addét
and quadruple spin addut6. These unstable compounds were

J. AM. CHEM. SOC. = VOL. 124, NO. 17, 2002 4681
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Scheme 2
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the ability of archetypal nitrones such as PBN to function as
classical chain-breaking antioxidastdn this regard, Ames and
co-workers have now attributed the in vivo antioxidant action
of PBN to N-tert-butylhydroxylamine, a product of hydrolysis
of PBN with roughly 20 times the potency of PBN in delaying
the senescence of human diploid fibrobl&dtds can be seen
from the data in Figures 2 and 4 (NMR assay), we have for the
first time established that a nitronyl-substituted hydrocarbon
(STAZN) can indeed perform as well as or better than classical
phenolic chain-breaking antioxidants in a chemical system and
might also do so in biological systems.

As previously mentioned, aldehyde is produced in reac-
tions of STAZN with peroxyl radicals in 80% cumene/20%
benzeneads. Formation of aldehydes by rearrangement of peroxyl
radical adducts of nitrones as shown in Scheme 2 has been
previously describe&?? Aldehyde 12 does not form in the
absence of AIBN. In the preparation of STAZN (by reaction of
11 with N-tert-butylhydroxylamine hydrochloride) a small
amount ofl12 is produced, which was found to be identical to
the aldehydel2 produced by the aforementioned reaction of
STAZN with peroxyl radicals.

Scheme 3 shows our proposed mechanism for the peroxyl
radical-mediated conversion of STAZN to bis-hydroxamic acid
13. Thus, transfer of an electron from the electron-rich STAZN
to a peroxyl radical generates the STAZN radical cation, which
shed light on the mechanism of formation of bis-hydroxamic then suffers nucleophilic attack by methanol to provide an
acid 13 (MH™ = 623), experiments were conducted wiD- intermediary nitroxide via inverted spin trappifgOxidation
methanol in place of®O-methanol. Mass spectral analysis of the nitroxide gives rise to a nitrosonium species that, upon
clearly shows a new mass peak increased by four mass unitdoss of a proton, produces methoxynitrdide Although unstable

2k

Current { nA)

07 06 05 04 0.3 02
Potential (Voits vs. SCE)

Figure 5. Cyclic voltammogram ba 1 mM solution of STAZN in CH-
Cl, at a scan rate of 100 mV'&

formed by the addition of two and four cyanoisopropyl radicals
respectively and were identified by HRMS.

(16)

Mechanistic Studies Employing!®O-Labeled Methanol. To

(MH* = 627) that is consistent with incorporation of tA&D
atoms.
Cyclic Voltammetry of STAZN. As expected, the oxidation

(as is the case for such alkoxynitronés),4 was isolated from
the reaction mixture. An even more facile one-electron oxida-
tion?8 convertsl4 to its corresponding radical cation, which is

potential of STAZN is exceptionally low vs conventional then cleaved by methanol to generate an acyl nitroxide. The
nitrones previously studied as antioxidant therapeutics. As canhydroxamic acid moiety is then formed upon reaction of the
be seen from Figure 5, the first oxidation is reversible, with an acyl nitroxide with methandl’ Iteration of the entire process
Ei1, 0f 0.33 V vs SCE and a peak-to-peak separation of 64 mV. with the second nitrone substituent leads to bis-hydroxamic acid
The second oxidation is quasireversible and occurs at 0.54 V13.
vs SCE with a peak-to-peak separation of 73 mV. The literature contains ample precedent for the mechanism
delineated in Scheme 3. Thus, extensive studies by Volodarskii's
group have established that oxidation of nitrones in methanol
While there is no clear consensus as of yet, several mecha-can give rise to hydroxamic acids in a process termed “oxidative
nisms have been put forth to account for the observed biological glkoxylation” that proceeds via the intermediacy of alkoxyni-

activity of nitrones’*?® Much of the work in this area is  trones?® Furthermore, the accepted Volodarskii mechanism for
predicated on the assumption that the spin trapping of harmful

endogenous free radicals by nitrones would render nitrones21) Barclay, L. R. C.; Vinquist, M. REree Radical Biol. Med200Q 28, 1079.
effective antioxidants via their known propensity to generate (22) Alamna, H. Paler-Martinez, A.; Ames, B. il Biol. Chem.2000 275
stable nitroxide spin adducts devoid of the capacity to engage (23) (a) Hensley, K.; Aksenova, M.; Carney, J. M.; Harris, M.; Butterfield, D.
in chain propagation. Recent work, however, has cast doubt on £ \euroreport1995 %nfgghgb%Jg’;ﬁ}ggg-ﬁ-égg’%ma”' P. H.; Lindsay
(24) (a) Alberti A.; Carloni P.; Eberson, L.; Greci L.; Stipa .Chem. Soc.,
Perkin Trans. 21997, 5, 887. (b) Eberson L.; Hartshorn, M. P.; Persson,

Discussion

(20) (a) Weindruch, R.; Keenan, K. P.; Carney, J. M.; Fernandes, G.; Feuers,
R. J.; Floyd, R. A,; Halter, J. B.; Ramsey, J. J.; Richardson, A.; Roth, G.
S.; Spindler, S. RJ. Gerontol. Ser. 2001, 56A (special issue 1), 20. (b)
Tabatabaje, T.; Graham, K. L.; Vasquez, A. M.; Floyd, R. A.; Kotake, Y.
Nitric Oxide-Biol. Chem200Q 4, 157. (c) Ho, E.; Chen, G. M.; Bray, T.
M. Free Radical Biol. Med200Q 28, 604. (d) Reinke, L. A.; Moore, D.
R.; Sang, H.; Janzen, E. G.; Kotake, ffee Radical Biol. Med2000Q 28,
345.

0. J. Chem. Soc., Perkin Trans.1896 2, 141. (c) Eberson LJ. Chem.
Soc., Perkin Trans. 2992 10, 1807.

(25) Warshaw, J. A.; Gallis, D. E.; Acken, B. J.; Gonzalez, O. J.; Crist 0. R.
Org. Chem.1989 54, 1736.

(26) Acken, B. J.; Gallis, D. E.; Warshaw, J. A.; Crist, D. ®an. J. Chem.
1992 70, 2076.

(27) Hussain, S. A.; Jenkins, T. C.; Perkins, MTétrahedron Lett1977 3199.
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the conversion of nitrones with low oxidation potentials (such
as STAZN and alkoxynitrones such B&9%) to hydroxamic acids
is via the corresponding radical cations of such speéfeEhe

that upon hydrogen atom abstraction from cumene produces
thecorresponding hydroxamic acid dimethylacetal. Iteration
followed by hydrolysis with unlabeled water during chroma-

mechanism in Scheme 3 from the point of the intermediary tography produces bis-hydroxamic agigldevoid of the isotopic

methoxynitroxide onward is identical with that of VVolodarskii’s,

with the exception that, in the present case, the oxidizing agent

is a peroxyl radical. That the highly oxidizable STAZN is
converted to methoxynitroried via its (STAZN's) radical cation
finds support in electrochemical studies by Volodarskii et al.
which show that the oxidative alkoxylation pathway to alkoxy-

label.

It is important to note that the mechanism in Scheme 3 also
accounts for termination of the radical chain by the conversion
of cumene peroxyl radical to cumene hydroperoxide. Isotopic
labeling studies have shown that transfer of a proton from the
solvent to the incipient hydroperoxide anion has precedent in

nitrones does indeed occur starting from the nitrone radical the reaction of peroxyl radicals with a variety of organic

cations themselve®¥. Moreover, bis-hydroxamic acid3 is
formed from STAZN by exposure to TBPAfollowed by the
addition of methanol. One-electron oxidation of nitrones to their
radical cations by TBPA is well documented?c The results

of experiments employinfO-labeled methanol are also in line
with the Volodarskii mechanism of Scheme 3 in that the
expected incorporation of twO atoms is indeed observed by

reducing agents without transferable H atoms, and that the
electron transfer and solvent proton transfer may be conc®rted.
In solvents with increased polarity and proton-donating ability,
reactions of peroxyl radicals with organic reducing agents will
increasingly involve an electron-transfer mechant8rin the
reaction of STAZN with AIBN, the bis-hydroxamic acitB is

not observed in the nonpolar solvent system (80% cumene/20%

mass spectroscopic analysis. That the observed incorporatiorbenzene). This solvent system is neither expected to stabilize
of the label is only ca. 30% can be rationalized by the alternative charged transition states nor readily donate a proton. The
pathway for the formation of bis-hydroxamic ad shown in reduction potential of cumene peroxyl radical has, to our
Scheme 3. Thus, addition of methanol to the intermediary knowledge, never been measured but an estimation can be made
methoxynitrone radical cation gives rise to a dimethoxynitroxide based on the calculated reduction potential of the benzyl peroxyl
radical (0.538 V vs SCBE3} Therefore only compounds with

(28) Shchukin, G. I.; Starichenko, V. F.; Grigor'ev, I. A.; Dikanov, S. A.; Gulin,
V. I.; Volodarskii, L. B. B. Acad. Sci. USSR Ser. Cheh987, 36, 110.

(29) Kursakina, I. G.; Starichenko, V. F.; Kirilyuk, I. A.; Grigorev, I. A.;
Volodarskii, L. B.B. Acad. Sci. USSR Ser. Chet®91, 40, 1774.

(30) Neta, P.; Huie R. E.; Maruthamuthu P.; Steenked. £hys. Cheml989
93, 7654.
(31) Jonsson, MJ. Phys. Chem1996 100, 6814.
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sufficiently low oxidation potentials will be oxidized by the moiety, will exhibit drastically different antioxidant potency
cumene peroxyl radical and enter into the reaction shown in from that observed for PBN and S-PBN. This is borne out in
Scheme 3. The low oxidation potential of STAZE;f, = 0.33 the data in Figure 3, where there is no discernible difference in
V vs SCE) as measured by cyclic voltammetry (Figure 5) and the antioxidant potency of NXY-059 vs PBN. In stark contrast,
high stability of the STAZN radical cation, as indicated by the we find that to fully abrogate the oxidation of cumene (in the
voltammogram and based on analogy with compo@istlidied nonpolar solvent system), it takes a concentration of«RD
by Hunig!* should increase the rate of reaction with cumene STAZN vs 6000uM PBN to do so. Thus, as with NXY-059, it
peroxyl radicals, thereby breaking the radical chain and promot- appears that STAZN is approximately 300 times more potent
ing more effective antioxidant activity in the more polar than PBN in our antioxidant assay. Another factor that is
medium. important to mention is that the hydrophilic nature of NXY-
An additional factor to consider when comparing the relative 059 precludes its penetration of the blood brain bafriehereas
efficacy of STAZN to the classical phenolic antioxidants is that the high lipophilicity of STAZN and congeners should serve to
the antioxidant activity of such phenols is known to be impaired render these new azulenyl nitrones readily brain permeable.
by protic solvents. This has in fact been the subject of
considerable research. The consensus seems to be that althoug
the aforementioned argument holds that solvents with high Itis clear from the preceding data that the azulene derivative
dielectric constants are likely to facilitate electron transfer from STAZN constitutes a novel breed of nitrone-based free radical
phenol to peroxyl radical, hydrogen bonding between the phenol Scavengers with sharply increased antioxidant activity in our
(hydrogen bond donor HBD) and the solvent (hydrogen bond *H NMR assay over the standaedphenyl nitrone derivatives
acceptor HBA) inhibits the hydrogen atom transfer reaction with (PBN, S-PBN, NXY-059) which have been and continue to be
peroxyl radical$2 STAZN is clearly not susceptible to this type ~ Wwidely studied. The stability of radical catioh inspired the
of inhibition. synthesis of STAZN. Experimental evidence suggests that this
As alluded to above, an examination of the oxidation rationale has led to a compound (STAZN) that can trap free
potentials of STAZN vs those of PBN and S-PBN can also radicals via a mechanism involving one-electron oxidation, and
provide perspective in attempts to understand the basis for thethat STAZN can rival Vitamin E in its ability to inhibit
improved antioxidant behavior of STAZN compared to that of Peroxidation. What is not yet clear is to what extent STAZN's
the threea-phenyl nitrones PBN, S-PBN, and NXY-059 as antioxidant activity as seen in our NMR assay will translate to
observed in our NMR assay. Thus, with the oxidation potential Mmodel systems more biomimetic in character and to experiments
of STAZN more than a full volt lower than that of PBN and performed in vivo. In biological systems, in contrast to Vitamin
S-PBN, it is perhaps not surprising to find that STAZN E concentration, the concentration of STAZN is not expected
Conspicuous|y outperforms the previous]y discus@qnheny] to be regulated by SpeCifiC carriers such as tOCOpherOl blndlng
nitrones in antioxidant function. Indeed, one is hard pressed to Proteins® It is also interesting to note that hydroxamic acids
identify any efficient chain-breaking antioxidants (biological or themselves can inhibit lipid peroxidation by donating hydrogen
otherwise) possessing oxidation potentials as high as those ofatoms to oxidizing radicals or by chelating Fenton-active metals
the aforementionedt-phenyl nitrones. A known correlation ~ such as iron as do the hydroxamate-containing siderophore
between decreased oxidation potential and increased antioxidanfatural products (e.g. deferoxamir#é)Thus, compound3, if
activity has been elegantly put forth by Buettner in what is formed in vivo, may act downstream of STAZN to inhibit
termed “The Pecking Order of Free Radicals and Antioxi- oxidative stress as well. Biological testing of STAZN in a
dants”1! With the oxidation potential of STAZN within a tenth ~ number of animal models of neurodegeneration is underway
of a volt of that of Vitamin E, it is indeed reasonable that these and the results of such studies will be reported in due course.
two structurally diverse molecules can display similar activity
in retarding free radical-induced lipid peroxidatiedespite their
differing antioxidant mechanisms. A number of reports in the
recent literature demonstrate that, in apparent accord with their ~ Acknowledgment. Financial support from the NIH (grant No.
close oxidation potentials, there is little difference in the NS-R01-38221) is gratefully acknowledged.
antioxidant efficacy of PBN and S-PBR:3435By extrapolation

of this trend observed for PBN vs S-PBN to NXY-059, it is Supporti_ng Infor_mqtion Available: Experimer!tal details
unlikely that NXY-059, with its additional sodium sulfonate (PDF). This material is available free of charge via the Internet
’ at http://pubs.acs.org.
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