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Chemistry and Biology of Spin-Trapping
Radicals Associated with Halocarbon
Metabolism in Vitro and in Vivo

by Edward G. Janzen,* Henry J. Stronks,* Coit M. Dubose,*
J. Lee Poyer,t and Paul B. McCayt

The spin-trapping method is introduced and discussed. Some chemistry of nitroxides and nitrones is
reviewed. Pattern recognition of ESR spectra of nitroxides is outlined. Factors controlling the magnitude
of hyperfine splitting constants are mentioned. Methods of assigning spin adducts are listed. Review articles

in the literature are referenced.

Results in the eleetrochemical reduction of halocarbons are presented and some parallels with superoxide
chemistry shown. Various speculative reactions are given. The in vitro and in vive experiments where
halocarbon radicals have been detected hy spin trapping are reviewed and some new results reported. A

comparison for different animals is added.

Introduction

The possible involvement of free radicals in biochem-
ical reactions has been suggested for a long time. How-
ever direct evidence for such intermediates has been
lacking for many years. This is because typical concen-
trations of reactive free radicals in biochemical systems
are usually too low for direct ESR detection. The
method of spin-trapping was developed to help with this
problem. Although the use of this technique is becoming
quite popular it is also possible to make erroneous de-
ductions with this method. Caution must be exercised
and the literature consulted before conclusions are
reached. Nevertheless, spin trapping appears to be the
only approach to the detection of short-lived reactive
free radicals at low concentrations in a biological envi-
ronment and considerable promige is already evident
for the use of this technique in in vivo experiments. In
this application the method is unique.

The Spin-Trapping Method

Nitroxides
The spin-trapping reaction takes advantage of the
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well known stability of the nitroxy! free radical function:
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Nitroxides* are “stable” free radicals because the un-
paired eleetron is resonance stabilized in the monomer
and strong bonds cannot be formed in the dimer;
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*The ITUPAC recommended name is aminoxyl instead of nitroxide;
this nomenclature was selected to facilitate naming of nitroxides on
the basis of the secondary amine preeursor, e.g., dimethylaminoxyl.
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The most stable nitroxides have “inert” groups at-
tached to the nitrogen atom, typically methylated car-
bon atoms:

H,C 0O CH;
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The complete replacement of neighboring hydrogens
with methyl groups serves two purposes: the bulky
groups reduce what small tendency there might be for
dimerization and the rate of disproportionation to the
hydroxylamine and nitrone is reduced, e.g.,
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Unsubstituted nitroxides are actually very reactive and
disproportionate rapidly, e.g.
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The most common reactions of stable nitroxides are
reduction and oxidation:
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For example, ascorbic acid reduces nitroxides rapidly
and sulfhydryl groups are capable of the same reaction
in the presence of transition metal ions.

Oxidation produces the nitroxonium ion with strong
oxidizing agents:
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This species is not stable in aqueous solution, undoubt-
edly dissociating to the carboniurn ion:

i I
R—N—R — R—N + R" ¥
R + H,0—- ROH + H” (8

If nitroxides are warmed to above room temperature,
e.g., during heating in GC equipment or while recrys-
tallizing or distilling, dissociation to the nitrose com-
pound can occur:

0
|
R—N_R 2, R—ll\g + Re (9

Nitrones

The nitrone function is the N-oxide of an imine. The
simplest nitrone is not stable, apparently polymerizing
rapidly to unknown products. The smallest isolable ni-
trone is N-tert-butyl nitrone but even
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Nitrone N-tert-butyl
(unstabie) nitrone

this ecompound has very poor shelf-life. The tert-butyl
nitrone is made from diazomethane (explosive) and 2-
methyl-2-nitrosopropane and is not commercially avail-
able:
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Replacing one of the methylene hydrogen with an alkyl
or aryl group, or incorporating the nitronyl function into
a ring produces compounds of reasonable stability (BBN,
PBN, DMPO).
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a-tert-butyl N-tert-butyl nitrone
BBN
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a-Phenyl N-tert-butyl nitrone
PBN
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5,5-Dimethyl-1-pyrroline-N-oxide
DMPO

The general method of synthesis involves condensation
of the aldehyde with the hydroxylamine Eq. (11)), al-
though for PBN the imine can be oxygenated with a
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peracid, which after heating produces the nitrone. PBN
and DMPO are commercially available. It should be
noted that hydrolysis of nitrones does oecur slowly at
pH 7, and the rate increases at lower pH. Hydrolysis
is the reverse of the above reaction and produces two
reactive products, the aldehyde and the hydroxylamine,
both of which can become involved in free radical re-
actions.

Spin-Trapping

The spin-trapping technique is an analytical method
for the detection of reactive short-lived free radicals
(which are not highly resonance-stabilized) by the ad-
dition reaction to chemical traps e.g. nitrones, which
give relatively persistent radical addition produets [Eq.
(12)1:
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Substituted benzyl tert-butyl nitroxide
a spin adduct

W’_hen the spin trap reacts with radicals, the persistent
spin adduct nitroxide accumulates until the detection
limit of the ESR spectrometer is exceeded and 2 signal
due to the nitroxide is recorded. If the spin trap con-
centration is high enough and the rate constant of spin
trapping is fast, the detection of R- can be quantitative.

The major challenge in spin-trapping is assigning the
structure of the spin adduct correctly because only in
this way can the identity of R- be ascertained, Since
until now such assignments most commonly have been
made on the basis of the ESR spectra obtained some
discussion on the ESR spectroscopy of nitroxides will
be necessary.

ESR Spectroscopy of Nitroxides

The ESR spectrum of the unpaired electron alone
consists of one peak. The interaction of the unpaired
electron with a nucleus with no spin produces no change
i.e. the spectrum is still one line. However, when the
unpaired electron interacts with a nucleus which itself
has spin (e.g., nuclear spin, I = 1/2, 1, 3/2, etc.), the
single peak is replaced by a set of equally intense lines,
where the number of lines in the set equals 21 + 1 (gee
Fig. 1 for examples).
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Figure 1. Computer-simulated ESR spectra of the unpaired elec-
tron with various atoms or nuclei. (Top) The first-derivative ESR
signal anticipated for free electrons in solution, (Spectra below)
Tilustrative ESR spectra of chemical species (e.g., atoms, mole-
cules, or ions) that possesses one unpaired electron as well as one
nearby nucleus (i.e., H, N, Na, or Al) with spin.






