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TABLE 2

Effects of various agents on the binding of [‘4C].

naphthalene and [‘4C]1-naphthol

Experiments were carried out with 0.2 mat of sub-

strate. For other conditions see MATERIALS AND METH-

ODS. Values represent means ± S.D. and are corrected

for binding of [‘4Clnadioactivity in the absence of

NADP. Number ofindependent experiments are given

in parentheses.

Conditions Bound radioactive material

[‘4C]naph- [‘4C]1-naph-
thalene thol

(nmol/15 mm/mg of protein)

Complete 6.6 ± 1.0 (6) 13.7 ± 1.9 (3)

A

+ TCPO (0.3 mM) 7.5 ± 1.6 (6) 12.3 ± 0.7 (4)

+ TCPO (0.4 mM) 7.0 ± 0.8 (4) 12.0 ± 0.9 (4)

B
+ EDTA (0.1 mM) 7.7 ± 0.7 (4) 14.8 ± 1.7 (4)

+ Fe�/ADP/as-

corbic acid 0.3 ± 0.1 (4) 5.6 ± 1.0 (4)

C
+ glutathione (1

mM) 2.5 ± 1.2 (4) 4.5 ± 1.4 (4)

+ cysteine (1 mM) 0.4 ± 0.1 (4) 0.2 ± 0.1 (4)

+ lysine (1 mM) 6.1 ± 0.4 (4) 10.4 ± 1.3 (4)

D
+ superoxide dis-

mutase (50 units) 9.0 ± 1.1 (4) 15.5 ± 0.4 (4)

+ catalase (600

units) 6.9 ± 0.6 (4) 12.6 ± 1.4 (4)

+ ascorbic acid (0.5

mM) 5.1 ± 0.5 (4) 9.2 ± 2.0 (4)

unlabeled 1-naphthol should lead to a de-
crease in the binding of radioactively la-
beled material. Figure 6 shows that addition

of unlabeled 1-naphthol (10 �tM) to the in-
cubation mixture decreased the binding of
[‘4C]naphthalene. The rate of disappear-
ance of naphthalene was not inhibited un-
der the same conditions (Fig. 7).

Relationship of lipid peroxidation and

binding of [‘4C]naphthalene and [‘4C]1-
naphthol: Effect ofEDTA and Fe�, ADP

and ascorbic acid. In agreement with the
observations of others (14), lipid peroxida-
tion in phenobarbital-microsomes was ef-
fectively inhibited by addition of 0. 1 m�t
EDTA to the incubation mixture. On the
other hand, addition of � ADP and
ascorbic acid stimulated a high rate of lipid
peroxidation (data not shown). In contrast,
EDTA had no inhibitory effect on the bind-

ing (Table 2). Furthermore, when lipid per-
oxidation was triggered by addition of �
ADP and ascorbic acid, the binding of
[ 14C]naphthalene decreased almost to zero,

that of [‘4C]naphthol to 40%.
Binding of [‘4C]naphthalene and [‘4C]-

1-naphthol in the presence of glutathione

I

3
C
g

t

5 10 15

K�cubation ten. (minI

FIG. 5. Effect of UDP-glucuronic acid on the bind-

ing of[’4CJnaphthalene (A), on the total metabolism

of naphthalene (B, circle) and on the formation of

naphthol from naphthalene (B, triangles)

Filled symbols: control incubations; unfilled sym-

boks: incubations in the presence of 3 mM UDP-glu-

curonic acid and 3 mM UDP-N-acetylglucosamine.

Incubations were carried out with control-microsomes

(1 mg of protein/ml) and 0.2 mst of naphthalene.

FIG. 6. Irreversible binding of [‘4Cjnaphthalene

to microsomal protein in the presence of unlabeled I-

napht ho!

Incubations were carried out with phenobarbital-mi-

crosomes (1 mg protein/ml) and 0.1 mM of [‘4C]-

naphthalene. Other samples contained, in addition,

0.01 mM of unlabeled 1-naphthol.
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FIG. 7. Total metabolism of0.1 mM naphthalene in

the absence ( #{149}) and presence (- -A- -) of
0.01 mM 1-naphthol, and of0.2 mM naphthalene in the

absence (-0-----) and presence ( . . . . U. . . . ) of 1

mM glutathione.

and amino acids. Addition of glutathione
(1 mM) decreased the binding of [‘4C]naph-

thalene and of [‘4C]1-naphthol by 60-70%
(Table 2), but it did not inhibit the total
metabolism of naphthalene (Fig. 7) or 1-
naphthol (data not shown). Cysteine (1
mM) inhibited the binding even more effec-
tively, whereas lysine (1 mM) had no effect.

Effects ofsuperoxide dismutase and cat-

alase on binding. Binding may involve the
formation of semiquinones or quinones (iS)
which may be generated from catechols by

mediation of superoxide anions (16). There-
fore, the effect of superoxide dismutase was
examined. As shown in Table 2, the binding
of [‘4C]naphthalene and of [‘4C]1-naphthol
was not inhibited in the presence of super-

oxide dismutase, but showed rather a slight
increase. Catalase did not influence the de-
gree of binding. Ascorbic acid slightly re-
duced the degree of binding.

DISCUSSION

Incubation of naphthalene with rat liver
microsomes led to the formation of reactive
metabolites that irreversibly bound to pro-
tein. This protein-binding was dependent
on the oxidative metabolism of naphtha-
lene because binding did not occur in the
absence of NADPH or oxygen, after heat
inactivation of the microsomes or in the

presence of SKF 525-A. 7,8-Benzoflavone
did not affect the binding. This indicates
that a cytochrome P-450- rather than a

cytochrome P-448-dependent monooxygen-
ase was involved (17).

The findings ofothers (7) and our present
observations on the formation of dihydro-

diols indicate that epoxides are formed dur-

ing the metabolism of naphthalene. If the
primary epoxides were the binding species,
the kinetics of binding should reflect the
kinetics of primary metabolism of naphtha-
lene. However, we found that the time
course of binding did not parallel that of
primary metabolism of naphthalene. This
became evident when an amount of naph-
thalene was chosen that was metabolized
within 10 mm. Under these conditions the

binding continued to increase for another
70 mm. Therefore, the binding of reactive

metabolites appears to occur at least partly
during secondary metabolism. These re-
sults correspond to those previously ob-
tamed with ‘4C-2,2’-dichlorobiphenyl (6).

Because epoxides do not appear to be the
main binding species of [‘4C]naphthalene,
we have directed some efforts toward the

question of which other reactive metabo-
lites might be formed which bind to protein.
Of major interest were semiquinones and
quinones which are known to react cova-
lently with nucleophilic sides of proteins
(18). In principle, two pathways lead to
diphenol-metabolites of aromatic hydrocar-
bons which can be further oxidized to sem-

iquinones or quinones: a) dihydrodiols can
be converted to catechols by a soluble de-
hydr�genase (9), and b) phenols may be
further hydroxylated (19, 20). In micro-
somal incubations, lacking the soluble de-
hydrogenase, catechols are not likely to be
formed via the dihydrodiol pathway. This
is in agreement with the observation that
TCPO, which inhibited dihydrodiol forma-

tion, did not decrease the degree of binding
of naphthalene.

In contrast to the dihydrodiol, 1-naph-

thol, the second major oxidation product of
naphthalene, is subject to microsomal me-
tabolism to dihydroxy-naphthalene (19).
Our results show that 1-naphthol was me-
tabolized by microsomes in the presence of
NADPH, and that during the metabolism

of [‘4C]1-naphthol radioactivity was irre-
versibly bound to microsomal protein.
Thus, secondary metabolism of naphtha-

lene leading to the formation of reactive
metabolites may occur via naphthol. This
is further supported by the following obser-
vations: 1) The binding of naphthalene as
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well as of 1-naphthol was markedly reduced

when UDP-glucuronic acid was added to

the incubation mixture. Obviously this was
due to trapping of naphthol by conjugation
which reduced the amount of precursors for

the formation of reactive metabolites. Fur-
thermore the binding of naphthalene

stopped to increase at that time, when
naphthol was no longer detectable in the
incubation mixture. 2) Addition of a small
amount of unlabeled 1-naphthol decreased
the binding of [‘4C]naphthalene presum-
ably by diluting the [‘4C]labeled naphthol
pool. 3) Less than 4% of the metabolites of
[14C]naphthalene and as much as 30% of

the metabolites of [‘4C]1-naphthol were
bound to the protein. The former observa-
tion is in agreement with the findings of

others (8). Since naphthol comprised only
about 10% of the total naphthalene metab-
olites, the binding observed with naphtha-
lene could largely be accounted for by the
binding of naphthol. Thus, the data are
compatible with the notion that most, if not
all, of the binding species are formed via
the metabolism of naphthol. This appears
to contradict our finding that the binding

of naphthalene did not significantly in-

crease in the presence of TCPO, while
TCPO increased the concentration of free
naphthol about 3-fold. However, the appar-
ent discrepancy might be resolved by taking

the binding kinetics into consideration: The
free concentrations of naphthol found in
the absence and presence of TCPO were
1.5-4.5 times higher than the Km value for
the binding; within this substrate range the
rate of binding increased by about 25% that

is close to the margins of error of the bind-
ing measurements. At lower concentrations
of free naphthol, changes such as those

induced by TCPO should affect more

strongly the binding. Indeed, in the pres-
ence of UDPG-glucuronic acid, which re-

duced the level of free naphthol, TCPO
increased binding about three-fold (unpub-
lished observations).

The question of whether or not a cyto-
chrome P-450-dependent monooxygenase
is involved in the formation of reactive me-
tabolites from 1-naphthol can not be an-

swered yet. Binding occurred only in the
presence of active microsomes, oxygen, and

NADPH, and was partly inhibited by car-

bon monooxide. But neither SKF 525-A nor
7,8-benzoflavone significantly decreased
the amount of bound radioactive material.

The involvement of lipid peroxidation in
the activation of 1-naphthol to binding spe-
cies could be ruled out since the addition of

EDTA, at a concentration which inhibited
lipid peroxidation, increased rather than
decreased the binding, and furthermore,

stimulation of the lipid peroxidation by ad-
dition of � ADP and ascorbic acid
markedly inhibited rather than increased

the binding presumably by inactivating the
metabolizing enzyme.

The nature of reactive metabolites
formed from naphthol is not known. Hy-
droxylation of naphthol may conceivably
lead to the formation of catechols or other
diphenols that are easily oxidized to form
reactive species such as semiquinones or
quinones as has been shown for other phe-
nolic compounds (15, 21). A number of ob-
servations indicate that the formation of

semiquinones from catechols is a nonenzy-

matic reaction which, in some cases, is me-
diated by the action of superoxide anion

formed during microsomal incubations (16).
Our results show that addition of superox-
ide dismutase, which scavenges superoxide

anion, led to a small increase and not to a
decrease of the binding of naphthalene and
i-naphthol. This was in contrast to the
binding of [‘4C]2,2-dichlorobiphenyl (6).
Also, ascorbic acid, another superoxide
trapping agent, had only a weak inhibitory
effect. These divergent results may be ex-
plained by differences in the chemical na-
ture of 2,2’-dicbiorobiphenyl and naphtha-
lene. Differences in the redox potentials
may cause the catechol of 2,2’-dichlorobi-
phenyl to be oxidized by superoxide anion

and that of dihydroxynaphthalene by mo-
lecular oxygen. In this context it has been
shown that i,2-dihydroxynaphthalene is
readily oxidized to 1,2-naphtho-quinone in
air at neutral pH (22). It is also possible
that the apparently different mechanisms
of oxidation are due to the formation of
different dihydroxy-metabolites: whereas a
para-dihydroxy-metabolite may be formed

from naphthalene, this appears unlikely for
2,2’-dichlorobiphenyl unless a chlorine
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atom is eliminated. Unlike superoxide dis-
mutase, which specifically scavenges super-

oxide anions, ascorbic acid reacts also with
semiquinones and quinones (23). This could
explain the inhibition of the binding of
naphthalene and 1-naphthol by ascorbic
acid which, however, is only minor com-
pared to the strong inhibitory effect of as-
corbic acid against the binding of 2,2’-di-

chlorobiphenyl. The binding of naphtha-
lene and i-naphthol is effectively inhibited

by SH-group compounds such as glutathi-

one and cysteine, which are known to react
with electrophiles and radicals. No inhibi-

tion occurred in the presence of lysine
which preferentially reacts with electro-
philes like quinones (15, 24). Therefore, qui-
nones are less likely to be involved in the
binding than semiquinones.

In conclusion, our present results confirm

and extend our previous observations on
the binding of 2,2’-dichlorobiphenyl (6) that
in microsomes the majority of bound me-

tabolites of some aromatic hydrocarbons
does not originate from the primary epox-
ides. The data indicate that other reactive
species are formed via a secondary enzy-
matic activation of the phenolic interme-
diates.
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SUMMARY

FINKELSTEIN, ELI, GERALD M. ROSEN, ELMER J. RAUCKMAN, AND JOHN PAXTON.

Spin trapping of superoxide. Mol. Pharmacol. 16: 676-685 (1979)

Due to conflicting reports in the literature, the spin trapping of superoxide by the nitrone,
DMPO, has been re-investigated. We found that superoxide can indeed be trapped and

that the DMPO-OOH and DMPO-OH adducts are distinguishable, in agreement with the
original work of Harbour et al. (10). In contrast to their work, we found that DMPO-
OOH was highly unstable and that it decomposed into DMPO-OH. We observed that
TMPO, a spin trap structurally similar to DMPO, but lacking a /3-hydrogen, formed a
stable nitroxide upon reaction with superoxide. Rate constants for the reaction of
superoxide with DMPO and TMPO were measured and indicated that spin trapping was

an extremely inefficient method for the detection of superoxide. The new spin trap
described by Janzen et al. (18), 4-POBN, was also capable of distinguishing the difference
between superoxide and hydroxyl radical. The nitroxide formed upon the reaction of

superoxide with 4-POBN (4-POBN-OOH) was found to be unstable. However, unlike
DMPO-OOH, 4-POBN-OOH does not decompose into the hydroxynitroxide, 4-POBN-
OH.

INTRODUCTION

Superoxide is a highly reactive product
of univalent reduction of dioxygen (1-3).

The existence of an enzyme developed spe-
cifically to remove superoxide from biolog-
ical systems attests to the importance of

superoxide as a potentially dangerous rad-
ical species (4-7). The identification and
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quantitation of superoxide in biological sys-
tems is often complicated by the presence
of other factors. For example, the measure-
ment of superoxide by reduction of cyto-
chrome c cannot be carried out in the pres-

ence of other enzymes (e.g., cytochrome P-
450 reductase) that readily reduce cyto-
chrome c (8).

Spin trapping (9) was envisioned as a
technique which could specifically identify
and quantitate superoxide and hydroxyl

radicals (1, 10, ii). In order to fulfill this
goal, spin trapping must be able to distin-
guish the difference between hydroxyl rad-

676
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ical and superoxide. The resultant nitroxide
should be relatively stable and the rate

constant for the reaction of the radical with
the spin trap should be high enough to

allow for the efficient detection of short
lived free radicals.

Nitrone spin traps such as DMPO2 have

been used in an attempt to meet the criteria
stated above (12-17). It remains to be
shown whether these criteria have ever

been met. Evidence for the uniqueness of

the hydroxyl and superoxide DMPO ad-
ducts rests upon the initial observations of
Harbour et al. (10), using a system where

the hydroxyl radical was produced by ultra-
violet photolysis of hydrogen peroxide. At
low hydrogen peroxide concentrations a
four line epr spectrum was formed which
was attributed to the DMPO-OH adduct,
whereas at higher concentrations of hydro-
gen peroxide a different adduct was formed
which was attributed to superoxide pro-

duced by the reaction of hydroxyl radical

with hydrogen peroxide. Other than this
concentration effect, no other evidence was

presented to verify the assignment of the
spectrum, as Janzen et al. (18) have already
pointed out. Indeed the trapping of super-
oxide anion is controversial. One group
claimed that superoxide cannot be trapped
because it is charged (16), whereas another

investigator stated that superoxide can be
trapped but that DMPO-OOH is unstable
(19, 20) and a third study suggests that

DMPO-OOH is sufficiently stable such that
this nitroxide can participate in a dispro-
portionation reaction (12). However, to

date, no study has unequivocally proved
the existence of a spin trapped superoxide
adduct.

In this report, the trapping of superoxide
is re-investigated. We find that the original
work of Harbour et al. (10) is essentially

2 The abbreviations used are: DMPO, 5,5-dimethyl-

1-pyrroline-N-oxide; DMPO-OH, 5,5-dimethyl-2-hy-

droxylpyrrolidinoxyl; DMPO-OOH, 5,5-dimethyl-2-

hydroperoxypyrrolidinoxyl; TMPO, 2,5,5-trimethyl-1-

pyrroline-N-oxide; TMPO-OOH, 2-hydroperoxy-2,5,5-

tnimethylpyrrolidinoxyl; 4-POBN, a-4-pyridyl 1-oxide

N-tert-butyl nitrone; 4-POBN-OH, a-hydroxymethyl

4-pyridyl 1-oxide N-tert-butyl nitroxide; 4-POBN-

OOH, a-hydroperoxylmethyl 4-pyridyl 1-oxide N-tent

butyl; DMF, N,N-dimethylforrnamide.

correct; however, DMPO-OOH is highly
unstable under normal experimental con-

ditions and decomposes into a false DMPO-

OH adduct.

MATERIALS AND METHODS

General comments. Xanthine oxidase
was obtained from Sigma Chemical Com-

pany, St. Louis, MO; Calbiochem-Behring,
Corp., La Jolla, CA; and generously given
to us by Dr. Irwin Fridovich, Department
of Biochemistry, Duke University. Super-
oxide dismutase, cytochrome c, diethyl-
enetriamine pentaacetic acid (DETAPAC),
and xanthine were purchased from Sigma
Chemical Company. Chelex 100 was pun-
chased from Bio-Rad. Catalase (grade A)
was obtained from Calbiochem-Behring
Corp. Electron paramagnetic resonance
spectra were recorded using a Varian As-
sociates model E-9 spectrometer.

Tetramethylammonium superoxide was
prepared according to the method of
McElroy and Hashman (21). The spin

traps, 5,5 - dimethyl- 1 - pyrroline - N - oxide
(DMPO) and 2,S,5-trimethyl- 1-pyrroline-

N-oxide (TMPO), were prepared according
to the method of Bonnet et al. (22). The
spin trap, a-4-pynidyl 1-oxide N-tert-butyl
nitrone (4-POBN), was a gift from Dr. Wil-
ham Yamanashi, Department of Ophthal-
mology, Duke University.

Unless otherwise indicated, all phosphate

buffers used were passed through a chelex-
100 column according to the method of
Poyer and McCay (23), in order to remove

trace metal impurities such as iron. This
minimizes the possibility of hydroxyl radi-

cal formation, since several investigators
have shown that iron is required to cata-
lyzed hydroxyl radical formation from su-
peroxide and hydrogen peroxide (20, 24,
25). Unless indicated DETAPAC (1 mM)
wa.s also included in the buffers to prevent
hydroxyl radical formation because studies
have shown that iron-DETAPAC is unable
to catalyze hydroxyl radical formation (20,
24).

In the tetramethylammonium superoxide
(TMAS) system 50 A of a 1 mg TMAS/ml
DMF solution was added to 0.5 ml of 0.1

M chelexed potassium phosphate buffer pH
7.8 containing 1 mM DETAPAC and 0.18
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FIG. 1. Structures ofspin traps

M DMPO and the spectrum was recorded
immediately.

A typical xanthine/xanthine oxidase ex-
periment contained 15 nM xanthine oxidase,
400 �tM xanthine, 1 mr�,i DETAPAC, SO mivi
chelexed phosphate buffer pH 7.8. Concen-
trations of DMPO used were up to 0.18 M,

TMPO up to 0.16 M and 4-POBN up to 0.18
M. By monitoring the conversion of xan-

thine to uric acid at 290 nm, it was found
that no significant inhibition of xanthine
oxidase by DMPO occurred under the con-
ditions described above.

RESULTS AND DISCUSSION

Spin trapping of chemically pure super-

oxide. A freshly prepared solution of tetra-
methylammonium superoxide (TMAS) in
DMF was used as the source of superoxide
anion for these spin trapping experiments
(Fig. 1). This compound is directly soluble
in certain aprotic organic solvents such as
DMF, acetonitrile and DMSO (1). Addition

of an aliquot of TMAS/DMF to an aqueous
solution of cytochrome c at pH 7.8 resulted

in reduction of cytochrome c. This reduc-
tion was prevented by the prior addition of
superoxide dismutase. It was also observed

that cytochrome c reduction did not occur
if the TMAS/DMF was added to an
aqueous buffer just prior to cytochrome c

addition. This demonstrates that the dis-
mutation of superoxide is complete within
the time required for these manipulations.

To determine if superoxide is trapped by

DMPO, an aliquot of TMAS/DMF was
added to a solution of DMPO in buffered
phosphate solution at pH 7.8. The spectrum
shown in Figure 2 was obtained. This spec-
trum can be interpreted as being a combi-

DNPO TMPO

�+f��\ ?

0 -II��,>_CHN- CM.3

4-POBN

nation of two species whose hyperfine split-
ting constants are listed in Figure 2. The

observed hyperfine splitting constants are
consistent with those that have been attrib-
uted to the DMPO-OH and the DMPO-
OOH adducts, respectively (10). Addition

of superoxide dismutase prior to TMAS/
DMF addition prevented the appearance of
both spectra; however, addition of catalase

prior to TMAS/DMF had no effect. These

observations suggest that the formation of
both species was dependent upon the trap-
ping of superoxide and that hydrogen per-
oxide (formed via the dismutation of super-
oxide) is not involved. The ratio of these
two species changed with time. During the
2.4 mm required to scan the spectrum, a

large decrease in the height of the DMPO-
OOH spectrum was noted. Concomitant
with this decrease, we observed a smaller
increase in the height of the DMPO-OH

spectrum. It was shown that this increase
was not due to further trapping of radicals.

Addition of excess superoxide dismutase
and catalase immediately following the ad-
dition of TMAS/DMF did not prevent the
increase in the DMPO-OH spectrum. We
also observed an overall decrease in signal
intensity as a function of time. An expla-
nation for these phenomena is that DMPO-
OOH is unstable and with time it decom-
poses partially into DMPO-OH and par-
tially into a nonradical species, as shown in
Figure 3. In contrast to this, the DMPO-
OH spectrum is relatively stable, having a
half life of 2.5 hours under these conditions.

The conversion of one species into another
is consistent with their structural assign-
ments. These results also show that
DMPO-OH can be produced by a mecha-
nism which does not involve hydroxyl rad-
ical trapping. These points are further illus-

trated in the next section.
A spin trapping experiment using

TMpO:( provided some insight into the na-

I TMPO has been used to trap other radicals. Note:

Janzen, E. G., C. A. Evans and J. I. P. Liu. Factors

Influencing Hyperfine Splitting in the ESR Spectra of

Five-Membrane Ring Nitroxides. J. Mag. Res. 9: 513-

516, 1973 and Janzen, E. G. and C. A. Evans. Rate

Constants for Spin Trapping tert-Butoxy Radicals as

Studied by Electron Spin Resonance. J. Amer. Chem.

Soc. 95: 8205-8206, 1973.
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FIG. 2. Electron paramagnetic resonance spectra obtained 30 seconds, 3 mm, and 12 mm after the addition

of tetramethylammonium superoxide/DMF solution to 50 mr�i pH 7.8 chelexed phosphate buffer containing

0.18 M DMPO and I mM DETAPAC

The spectra can be attributed to two species, DMPO-OH (AN = 14.8, A,, = 14.8), and DMPO-OOH (A,-� =
14.2, A�, = 11.6, Au, = 1.2-gauss). Panel A is predominately DMPO-OOH, B is a combination of DMPO-OOH

and DMPO-OH and C is predominately DMPO-OH. Modulation complitude was 1 gauss, microwave power 10

mW, time constant 0.3 sec., scan time 4 mm., scan range 100 gauss.

FIG. 3. Alternate mechanisms by u’hich DMPO-

OH can be formed

tune of the decomposition of DMPO-OOH.
In contrast to DMPO, the nitroxide formed
by the reaction of superoxide with TMPO
was rather stable (see Figure 4). Prior ad-

dition of superoxide dismutase could pre-
vent the formation of this nitroxide,
whereas catalase had no effect. The stabil-
ity of the ensuing nitroxide can be attrib-
uted to the fact that it lacks a fl-hydrogen

I 2 3 4
tim#{149} (miii.)

FIG. 4. Comparative stability of the adducts

formed by reaction of tetramethylammonium super-

oxide with DMPO (0.18 M) and TMPO (0.16 M)

Conditions are the same as listed in Figure 2. The

TMPO-02 adduct spectrum was a nitroxide triplet, A,\

= 15.6 gauss.

and therefore, compared to DMPO, it is
less susceptible to H . abstraction followed
by rearrangement leading to an epr invisi-
ble species.




