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ABSTRACT

Redox active metal ions, carbon-centered radicals, and oxygen-centered radicals are important to oxidative stress. A radical detector combining
a nitrone spin trap, a phenol, and a cyclopropane radical clocklike unit was prepared and used with EPR spectroscopy to detect and distinguish
between hydroxyl radicals, methyl radicals, and iron(III) ions. Iron(III) reacts with the phenol unit inducing opening of the cyclopropane ring
and cyclization to generate a stable nitroxyl radical.

There is convincing evidence that oxidative stress due to
reactive oxygen species1 (ROS) is a major contributor to the
process of aging.2 ROS are also involved in a wide range of
pathologies including neurodegenerative diseases3 such as
Parkinson’s and Alzheiemer’s diseases and in ischemic
events such as a stroke.4

The most damaging ROS are hydroxyl (HO•) and peroxyl
radicals (ROO•).1 These can also produce highly reactive
carbon-centered radicals by hydrogen atom abstraction from
biomolecules, particularly polyunsaturated fatty acids,5 which
may then reduce oxygen to regenerate peroxyl radicals.
Redox active metal ions [e.g., copper(I) and iron(II)] are
important to the generation of hydroxyl radicals by the
Fenton reaction (Scheme 1a) and related processes, with their

oxidation potential depending on ligands. The higher oxida-
tion states of these metals can be reduced in situ by

superoxide to give the superoxide-assisted Fenton reaction
(Scheme 1a and b) and may also act as oxidizing agents
themselves by single electron transfer. Thus, reaction between
iron(III) and phenols, includingR-tocopherol and flavonoids
found in the diet, which are generally viewed as antioxi-
dants,6-8 would have a pro-oxidant effect.

Central to the study of oxidative stress is the ability to
detect and distinguish between the various chemical con-
tributors to it and to determine their locality in cells and
organs. One approach is to use fluorescent probes, which
are particularly good in vitro where confocal microscopy can
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Scheme 1. Superoxide-Assisted Fenton Reaction
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be employed, and recently great advances have been made
in developing probes that detect different ROS selectively.9

Although simple to use, sometimes results from fluorescent
probes can be misleading; e.g., probes that were at first
believed to be responding to ROS have since been found to
be measuring free cytochrome C instead.10 Electroparamag-
netic resonance (EPR) spectroscopy has the advantage that
it only detects radicals and can be used both in vitro and in
vivo (albeit at different operating frequencies). Although
many of the radicals found in biological systems are too
short-lived for direct detection by EPR spectroscopy, spin
traps have been developed that convert highly reactive
radicals into more stable radicals. Nitrones are generally
employed as these trap highly reactive radicals to give stable
nitroxyl radicals,11 which can be detected, and the adducts
of specific ROS and carbon-centered radicals can have
characteristic spectra.12 Thus, the nitrone can be regarded
as a radical sensor and the resulting nitroxyl as the actuator,
for display by EPR spectroscopy.

We designed probe1, which has two different sensor
moieties and the same actuator, to allow the detection and
identification of a wide range of species involved in oxidative
stress. The probe1 consists of two noncommunicating
aromatic rings, linked by a cyclopropane ring, with the
nitrone and phenol groups acting as sensors for different
types of radicals by different mechanisms (Scheme 2).

Sterically unhindered electron-rich carbon-centered radicals
and very reactive, and hydroxyl radicals, which are very
reactive, would be expected to form adducts with the nitrone
moiety rapidly, generating the sterically protected nitroxyl
radicals2.12 On the other hand, electron-poor species might
be expected to react with the phenolic moiety by hydrogen

atom abstraction or by sequential proton loss-electron
transfer to give phenoxyl radical3, with the rate and
mechanism depending on the solvent and the species
involved.13 The cyclopropane is related to known radical
clocks14 and should open rapidly to give an unstable primary
radical4, which will cyclize onto the nitrone to generate a
nitroxyl actuator5. The different nitroxyl radicals should
have different EPR spectra allowing the processes to be
distinguished. Only radical processes would be detected.

Our strategy for the construction of the double detector
probe involved aldehyde11 as a key intermediate (Scheme
3). Although benzophenone derivatives bearing masked

aldehydes are easily accessible,15 the choice of protecting
group is problematic as unmasking must tolerate the cyclo-
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Scheme 2. Design of Dual Sensor Probe

Scheme 3. Preparation of Dual Sensor Probe1
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propyl unit which is in close proximity.16 Consequently, we
decided to introduce the aldehyde group late in the synthesis
using a cyclopropanation, lithiation, formylation sequence
demonstrated by Jason.17 Thus, bromination and silyl protec-

tion of 2,6-dimethylphenol gave bromide6. Lithiation and
reaction with 2-bromobenzaldehyde gave alcohol7, which
was oxidized to the benzophenone8. Wittig methylenation
gave alkene9, and modified Simmons-Smith cyclopro-
panation18 proceeded in good yield to give 1,1-diarylcyclo-
propane10. Lithiation and reaction with DMF gave the key
intermediate11, which was converted into a nitrone and
deprotected to give the desired target1 in modest yield over
three steps.

Nitrone 1 was reacted with hydroxyl radicals generated
from hydrogen peroxide and iron(II) sulfate19 (Scheme 1a),
and the EPR spectrum was recorded (Figure 1a).

This signal slowly declined, and a more complex stable
signal began to appear. Because iron(III) is a byproduct of
the Fenton reaction, we reasoned that this new signal might
arise from the metal ion behaving as an oxidant. Sure enough,
when nitrone1 was treated with iron(III) chloride, a strong
long-lasting signal was recorded (Figure 1b). Finally, methyl
radicals were generated from hydroxyl radicals by reaction
with DMSO19 and trapped to give a product that had a
different spectrum (Figure 1c).

The hyperfine splittings in spectra a and c shown in Figure
1 were easily derived by simulation. We reasoned that
reaction with the hydroxyl and methyl radicals occurred at
the nitrone to give adducts12 and13 (Scheme 4)20 and that

iron(III) ions caused oxidation of the phenol moiety of
nitrone 1 and production of tricyclic nitroxide5, where
hyperfine coupling to theγ and/or δ hydrogen atoms is
observed.

To confirm the assignment of tricycle5 and to assist in
the interpretation of spectrum b (Figure 1), tetradeuterated
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Figure 1. EPR experiments with nitrone1.19

Scheme 4. Reactions of Dual Sensor Probe1
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cyclopropane14 was prepared by the same route, but using
Ph3PdCD2 in the alkenation step and CD2I2 for the cyclo-
propanation step. Reaction between nitrone14 and iron(III)
chloride gave rise to a simplified EPR spectrum correspond-
ing to nitroxide 15 (Figure 2), confirming the original

assignment of nitroxide5. The spectrum b of nitroxide5
was simulated using the values forAN andAH

â determined

for nitroxide15. Coupling to two of theγ and/orδ hydrogen
atoms in nitroxyl radical5 is observed, and theAH

γ or AH
δ

values of about 1 G derived from simulation are consistent
with those in the literature forN-tert-butyl-N-cyclohexyl
nitroxide.21

In conclusion, we have demonstrated a proof of the
principle that combination of two different radical sensors,
a radical clocklike relay system, and a nitrone allows oxygen-
centered radicals, carbon-centered radicals, and an oxidizing
metal ion to be detected and distinguished by EPR spec-
troscopy.
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Figure 2. Reaction of deuterated nitrone14 with FeCl3 and the
EPR spectrum of its adduct15.22
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