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Hydromyl and phenyl radical spin tapping rates by cephenyl-S-cbulylnirens (PR, A-beneylidense--butylamine
Meomide) and its analogs were determined using a competitve trapping methol. Mol vadical was generated from

Tredragen peroxide n water using U photolysis, o he presence of the selected spin trap plus 5,5-dimethy l-prraline &

amide (DMPOY. Phenyl radical was produced sith LY photalysis of tetraphenylleal, and spin rapping was performed in
Benzene, Spin trapping rle constas were caloulaled nsing EPR sigoal intensity raties for the DMPO spin adducts vs
PBM-lype spin adducts. The rale constants were strongly dependent on the kind o substioent in the spin rap: the mag-
nitude of the substituent effect was also dependent oo e kiond of free radicals mapped, Le,, hedrosy] o phenyl radicals.
For example, in pheny] rdical wapping, the spin tapping rate io hydrosy-sobstitated PENs Tollowed Hammelt's cqua-
e, while there is ne such correlation in bydrosyl radical trapping. vdroxy-substituied PBMNs such as 2-0 3, anl 4-by-
drosy-PBN: showed much lower apparent spin tapping rates than that of FEN. The reaction between headresy] radical

and phenosl groonp s a lkely coose,

The spin trapping technigue bas been proved 1o be o uselul
tonl in free radical chemistry Tor many vears.” Recently, spin
trapping has also been shown o Be useful in blelogical svs-
tems, where attention is Jocused on trapping of superoxide and
hydrony] radicals.” The bydronyl radical is considered to be o
sl damaging resctive oxygen specics in biological systems,
and il is detectable in some cases using electron paramagnetic
resomance (EPR) apin Il'uppjrlg’;.S Hawwewer, ol present only
(o spin rapping compounds (spin raps ) are in practical wse
For bydrosy] radical detection, because the stability of the by-
droeevl spin adduct is vsually low.” The spin wap 3,5-dimethyl-
pyrroline M-oxide (DMPO) has been mest often used Tor by-
droscel radicsl detection due 1o the unigue BFI spectrum and
ihe stahility of the spin adducl.  e-Phenyl-&-i-Buty nitrene
IPEN, Mebenzylidene--botylamine M-oxide) and s substiug-
cil-pheny] analogs are nol as advantageous as DMPO Toe the
use as hydrosyl radical spin traps, howeser, these compounds
have shown o wide variety ol therapeatic activitics in animal
disease models” Such activities were al least in pant attriboted
to the spin traps” bydroxyl radical trapping capabilitics.

I is speculated that in biclogical systems nitrones that have
higher hdrosyl radical trapping rales may show move potent
pharmacelesic activicy, However, this hypathesis bas not been
proven yel, The objective of this study was W collect Basic
data for free radical trapping rate of various nitrone spin toaps,
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which would aid in correlating the trap™s bielogical activily 1o
trapping rate, Wi determined hydroxy] and phenyl radical spin
frapping rates [or several substituled PEN-tvpe spin traps, us-
ing a competitive rapping methed. We utilized o photelyiic
method 10 penerate ree radicals, which should exert minimm
influence on the rate constants o be determined. The effects of
warious substituents in PBN analogs on the hydrosy ] radical
spin rapping rates are comparcd with those of phenyl radicel,
and their mechanistis implications are discussed.

Experimental

Materials,  Spin traps illustrated in Scheme | owene used o
the present study, PRI, 4-PORN, 2-505-FBMN, and DMPO were
purchased frem Aldrich Chemical Company, Ineo Other PERM-
tepe spin raps and 2-Ph-DAPC were the gifl Trom De. Edward G
Janzen.” Hydrogen pereside (30%) and tetraphenylled were ab-
tamed from Wako Pore Chemicals, wnd were nsed ws sources of
hydrosy] and phenyl radicals, respectively. Bengene and water
weere purified By distillation aul nsed as salvents.,

Free Radical Generation and EPR Measore
sl andd phenyl radicals wers generaled with T iradiation (2 sec-
and irradiation with a 75 W mediom-pressure Mereary aech, For
instance, hydiogen peraside (0.2 mol dm M and spin traps (5 %
1 mol din " were mised in phosphate bufler (pll = G.4) and
loaded in the EPE Qan cell Afler UV Tight was irdiated o the

5. [lydro-

sample cell outside the cavity, BPR signals were immediately re-
corded with a JEOL JES-FEAXG BEPR specironeler. Benzens so-
Lutien of wetraphenylead wis bubbled with nitrogen gas o deoxy-
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Scheme 1.

penate belore UV trradiation, Spinadduct conceniration was cal-
culated using doulle integration of lirst-derivative PR signal
with the aid of a computer program (W TRN-R AL sysem, Radical
Research Inc.p. The pevalues were calculaed vsing a fregquency
couner (Advantest TR5Z140 and 2 Z-diphenyl- L-piceslhvedraey]
[DEPH) a5 o standard.

Results and Discussion

Spin Trapping of Hydroxy] Radical,  Fizure 1010 shows
the typical EPR spectrum obtained inan irradiated solution of
hvdrogen peroxide plus DMPCY plus PEN. Two spin adduct
species are visihle inothis specirem: Ay = L35 mT amd Ay =
133 mT assigned o "DMPO-OH COH spin adduct of
PO and Ay = 158wl and Ay = (K281 miT assigned o
TPEM-OH ("OH spin adduct of PENG Because the lowes)
ficld lings n the EPRE spectra of "DMPO-0H and "FEMN-0H
Garresss in Fig. 10100 were well separated, the integrated inten-
sity ol each linge was used to determine the concentration ratio,

Spin tmpping rates were determined using g competitive
trapping method ” The reaction scheme for spin trapping of

iy

-
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Fig. 1. {13 EPR spectoum obtained after UV-photolvsis in the
agqueans solution of bydrogen pereside, DMMPO, aod PRN:
Oy DMPOCOH (2 = 2.0059) and (@) "PEN-OH (g =
200571 2y EPR spectrum abtained afer T-phatolysis
i the heneene solution of wetraphenytlead, DMPO, and
PEM: () "DMPO-Ph (g = 20043 and (@ PRN-Ph (g
= 200541 Peaks marked with arrows were vsed o deter-
mine the concentration of spin adducs.

Trappivey Rores o PON-Tvpe Spia o

brvdroswl radical in the presence ol pwo spin lrapping com-
proewncs or example, FRMN and DMPO) s

H. —2 s 20Ol
DMPD + "OH —3 s *DMPO - OH
PEN + "0OH —S— *PEN-OH

Then, the vatio ol the fivst order tates of Tormation for "PEM
O and *DRMPO-OE adiduets can be expressed as Tollows:

d[TPRMN - OH )i bz [PBM],
dlTDMPO - QH)de & (DMPDL, i
where |PEN | and [DRMPO ]G decote the initial concenlzations
ol spin traps, Thuos, 20 con be calealated from the concentri-
tion ratio of "DMPO-0H and “PEBN-0OH, e, the plot of the
concentration ratie of spin adducts against iitial concentra-
tions of spin traps ((PEM]DMPOL gives a line with the
slope &40, A tvpical plor Tor the PEN/DMPCY syatem s
shown in Fig, 2 with a straight line passing through the origin
reorrelation coeflicient £ = 099, suggesting that the caloula-
tion of relative spin trapping rale constants (&5 1 using i, |
15 Justiliable,

W determined ratios ol spin-rapping rale constant (a0
o hydrozsd radical Tor 10 PRN-1ype spin traps (Table 130 Pre-
vionsly, DMPO spin trapping e of hydroxyl radical was de-
termined using a time-resolved spectrophotemetric echngue,
and was reported 1o be &y = 3.6 % 10 dm® mol
fore, this value was utilized o caleulate hyvdroxy] radical trap-
pang rate constanms () for the present spin traps (Table 1),

The inspectiom ol Table U mdicated that 2-Ph-DMPO exhib-
s @ lowe rate i trapping bydroxy] radical as compared with
that of DMPO. This may be atvibuted 1o steric hindrance
caused by the phenyvl group at 2-position, at which fres radical
trapping occurs. 11 shoald Te neted that "0 trapping rale con-
stomts by bedrogy-substiioted PRRMs, such as 2-) 3= amd 4-HO-
PEMs and SALBN, are much lower than others,

Adthougl systematic tests e determine the correlation be-
tween the spin trapping rate and pharmacologic activity have

U There-

\e

d[- PBN-OL]/de

d[DMPO-01T)/de
fa ]
A
by

i 0.5 1 1.5
[PRMN]TDMPO],

Fig. 2. The ratio of hydrosy] radical spin rapping rates for
PBM ad DMPO plotted as a function of the ratio of initial
concentration of spin traps [[PEN DR PO 00 correlation
coelticient & = 0.99
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Hyperline Coupling Constants (hice] and Bale Constants for Hedraxy] Radical Spin
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not been performed, Hamburger and MeCay compared the po-
tencies of PRN, DMPO, and 4-POBEN in the protection ol racs
Crom the lethality caused by endotoxin Jipopolysecharide) ad-
mistration." AL optimized doses, PBN showed the highest
protective action {approzimately 0% protection], Tollowed by
APORN (0% protection], and DMPO (25% protection), i.e.,
PEMN = 4-POBRN = DMPO. The apparent trapping rates Tor
hydroxyl radical were: 4-POBN = DMPO = PBMN (Table 10,
which does not agree with the mesults of the animal model ex-
periments. Although a very limited comparison is possible at
present, we speculate that hydrocevl radical tfrapping capability
is nol necessarily responsible for the pharmacelogic activity in
this specific disease model, Moreover, hydrophobicity of the
spin trap may areatly modulate s tissue concenimtion in vivo,
Tl Do I Cwhere P is the T-octanal fwater partition coelBcient)
values are widely used as o measure of hydrophobicity.™  In
the present syvstem, however, the trapping rates () showe o
appreciable correlation to log £ values (Table 1)

Since the efficiency for hydroxy] racical spin trapping ol 2-
S(h-FPBEN s high, the very low efliciency for trapping of 2-
HO-PEM can not be aceounted for by the steric hindranee due
1o Z-substituent group. As can be seen in Table 1, 3-HO- and
G-HO-PBMs 2 well as 2-HO-PBM show low trapping ellicien-
ov, in acdition, the spin rapping rates in hydroxy-substituted
FPEMs did net follow Hammett's equation. Therefore, Fig. 3{1)
shows a Hammetl type relationship For "OH spin trapping of 4
monosubsiiaied PRMN-1ype spin traps by excluding HO- and 2-
substitnted PRMs, The reaction constant 2 lor hvdroxy] racdical
s rapping was 045,

There s o wendency that an eleciron-withdrivving group
such s nitro group tends woimerease "OH rapping rate, and an
clectron-denating group such as methoxy group tends 10 de-
crease i Previoosly, inoa spin trapping study ol sbanoxy radi-
cal, Janzen and Evans have shown the same trend in the sub-
stituent effect.” Hirot el al.™ studied the substituted PEM spin
trapping reaction using molecular-cerbital and molecular-me-
chanics calculations, They suggested that the electron densi-
ties in the lowest upnoceapicd molecular arbaal (LUMOT ol the
spin trap and the bighest cccupicd molecalar arbital (HORMO)
ol the bydrosy] radical could be determinants Tor the trapping
reaction rate. The positive reaction constant (g = 00455 Tor hy-
drosyl radical spin trapping reaction oblained in this stody
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Fig. 3.
vi Hammetl g-constants on monasubstinied PENs (K-
PBEM: 1y hvdroxy] radical spin trapping and (21 pheayl
raclical spin trapping,

Flots ol logarithms ol the relative rates Qo pprdfop )

supports the netion that the nocleophilic atack ol hvdrosxyl
radical occurs at the double hond in the niteone groag,
Spin Trapping of Phenyl Radical.  Phenyl  radical
trapping rales by monosabstaioted PERNS were determined us-
g competitve rapping method, Figore 1020 shows the EPR
spectrum obtained for phenyd radical spin trapping. Hise's of
the twao spin adducts are: Ay = 139 mT and Ay = L95 ml as-
signed o "DMPO-Ph (phenyl radical adduct of DMPOY: and

A
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Trapping Rates of PAN-Type Spin Traps

Table 2. Hyperfine Coupling Constants (hfce) and Rate Constants for Phenyl Radical Spin

Trapping st 298 K

Spin Trap hfse/mT kofky L0 dyide® mol ™!

Ay Ay

4-NOy-FEN 1l 0.210 1.75 = 0.9 |25

FEN .43 0.220 136 = 0.1 1.2

3-HO-PBN 144 0.231 113 = g 087

DMPO .34 193 77

2-HO-FEN 1.54 n17e 060 = 003 (.46

Ay = 143 mT and 4y = 0.220 mT assigned to "PBN-Ph (phen-
vl radical adduct of PBNL'*" The relative spin trapping rate
constants of phenyl radical fer 4 monosubstitued PBEMN spin
traps are listed in Table 2, Because 2-30;- and 4-HO-PBNs
are insoluble in benzene, the mies were not measured. The ab-
solute trapping rate constant of pheny] radical by PBN was re-
ported as 1.2 > 10F dm’® mol™ 57" in methanol,'® and this val-
we was used o caloulate the rate constants (42) for PBN-type
spin traps (Table 2).

It is noted that, in pheny] radical spin wapping. the low trap-
ping efficiency that was seen in hydroxy] radical spin trapping
by hydroxylated PBENs was absent,  Hammet-tvpe plot for
phenyl radical trapping in benzene is shown in Fig. 3(2). The
Hammett o-constant for 2-HO-group is not available, and thus
the g-constant al 4-position is eotatively used. By this reason,
we excluded 2-HO-PBN from the calculation of the reaction
constant 2, and so the slope of the Hammett plot is slightly
positive, L.e,, g = 0L14, 10 is noted that the HO-trapping rates
are about 100 times faster than the Ph-trapping rates. In a ki-
netic study of superoxide and hydroxyl radicals, Finkelstein et
al.’ estimated the rate ratio for DMPO hydroxyl radical spin
trapping (Bpapot and “OH radical hydrogen abstraction from
ethanol (kg.oql as kpnpofbpog = 1.91. T.;Si]'l_g the koupo value.'
we calculate the bpgogn value as 1.89 % 10Y dm' mol™ 577
which is comparable to the "OH radical spin trapping rate of
PBMN (fezx) shown in Table 1. The rmuio is calculated 1o be
kesnfkeon = 1.35.

*0H Radical Reaction with Hydroxylated PBN.  There
are many reports on hydregen abstraction by free radicals from
OH group in phenol compounds. Mogg et al.’™ studied the hy-
drogen abstraction by DPFPH from phenols, and have shown
that *OH radicals cause 1) hydropen abstraction reaction from
the OH group in hydroxy-substioted PBNs, and 2) "OH radi-
cal addition to the traps. Thus, after UV imadiation, the
possible *OH  radical reactions may be shown as  fol-
lows:

HO" - DMPO —— "DMPO-0OH

H}* — HO-PBEN —=— HO-FBN(")-OH

HO® + HO-PBN —— "0-PBN

"0O-PBN + HO-PEN —% 5 HO-PBN(*)-O-FBN
—5% . Decomposition

*0-PEN + HO-PBN(")-OH —5— *O-PBN(*)-OH
—2% ; Decomposition

*0-PBN + HO-PBN —%— HO-PBN + "O-PBN,

where *(-PBN and *0-PBEN{")-0H denote phenoxyl radicals
formed by hvdrogen absiraction (rom spin trap (HO-FEN) and
spin adduct (HO-PBN(")-OH), respectively.  The reactions
shown above consume originally added spin trap as well as
"0OH radicals, and could lead to diminishing apparent rapping
efficiency by hvdroxy-substituted PBM.

In a rat model, Reinke et al.'® investigated the metabolic fate
of PBN in vivo and showed that the pheny] group in PBN is
hvdroxylated w form 2-, 3-, and d-hydroxy-PBNs, A majority
(80% b of hydroxyl radical attack occurs on the aromatic ring of
FBEM rather than on the nitrone group trapping. This result was
surprising. because it was thought that the hydroxyl radical at-
tack occurs primarily at the double bond in the nitrone group.
Mevenheless, hydroxy-substituted PBN should still retain free
radical-trapping capabilities and phenolic group should have
scavenging capability against hydroxyl radical. Since hydrox-
¥l radicals show high reactivity with spin traps at the sites oth-
er than nitrong group sites, it is possible to speculate that frec
radical trapping capability may not be a unigue determinant for
the pharmacologic activity.

In conclusion, we determined spin trapping rales in vanous
substitwied PBNs Tor hydroxyl radical {in water) and phenyl
radical (in benzeng) using # competitive trapping method with
DMPO. We show a reason why bydroxy-substituted PBIN ex-
hibits apparent low spin rapping rates.  Although no correla-
tion was found between the phammacologic activities and trap-
ping ratc constants, this study may provide helpful models for
the interpretation of hiclogical data in the future.

We thank Dr. Edward G, Janzen {Belwood, Ontario Canada)
for the @it of spin iraps used in this study, Claedio Olea-Azar
1= grateful to the rescarch fellowship provided by the Amenican
Chemical Society to visit the University of Oklahoma Health
Sciences Center.

References

1 al E G Janzen, Ace, Chem, Res., 4, 31(1971). b T. Doba,
T. Ichikawa, and H. Yoshida, Sl Chem. Soc. Jpn., 50, 3138
(19770 ) M, Mishimura, T. Nakamura, Y. Sueishi, and 5.
Yamamoto, Bull. Chew. Soc. Spn., 67, 163 (1994), d) Y. Secishi
and Y. Mivake, Bull, Chem, Soc, Jpr., TO, 397 (1997).

2 E. G Janzen and C. AL Evans. S Am. Chemm Soc., 95, 8205
(1973).

3 E. Finkelstein, G. M. Rosen, and E. J. Rauckman, J. Am
Chem. Sec., 102, 4904 (19500,

4 Y. Kotake and E. G. Janzen, £, Am. Chem. Soc., 113, 9503




Yo ERueishi e al,

(180T,

5 LGl Jangen, Free Radicads Bied, 4, 115 (195800,

a6 E G Banzen and 1L, Hadre, “Two decades i spin trap-
ping,” in “Advances o Free Radical Chemistry)” ed by 1 TH
Tuneer, JAL Pross, Grocnwich CM (19900, pp. 233245,

T Kaotake, Antvod. Redox Signald, 1 A51 (19050,

ol Hinton and E. G Janzen, J. Shep Clene, 57, 2040
19z,

GGl R Buetiner and B, B Mason, Metfods Exoonald, 186,
127 (s,

10 B, Sridhar, PO Beaumaent, and E. Lo Powers, 7. Roalin-
ccel. Mol Chen, WO, 227 (1986)

115 A Hamburger and BB MoCay, Ciec, Shoeck, 29 225
{19880

12 E. G Fanzen, M5, West, Y Kotake, and O 3. DuBose, )
fiocfem, Sopfves. Meohads, 32, 183 (1949a),

Budl. Chewe, Sec Jpn, 75, No 902002 2047

12 w) ¥ Abe, 5, Seno, K Sakakibara, and M, Hirota, S Chies,
Sow, Perkden Trangs, 2, 1991, 897 b B Muoralushe, K, Abe,and M,
Hirota, S hene S, Pekin Teans, 2, 1987 1820,

14 E. G Jagzen and 10 L Liv, S Mag, Besonquce, 9, 310
(1972,

L5 E. G Janeen and B L Blackbuen, £ Awe. Clhiews, Ko, 91
s 1R,

16 E. G Jaeen and O A, Evans, F, A Ohem, Soe 97, 205
{19755

17 ar L5 Hege, D H. Lohmann, and K. B Bussell, Con, f
Chew, 300 13ER (19610, by N, Mishimura, T, Moriya, ¥, Okino,
o Tanabe, K. Kawabata, and T, Wakanabe, Safl. Chese See Jpa,
SM1 BHhas 197,

I8 LA Reinke, D R Moore, TL Sang, B D Taneen, and
Eastake, Free Radicad, Brod, Med, 28, 345 (2000],



