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Abstract—Synthesis and characterization of an inert perchlorotriphenylmethyl triester radical, PTM-TE, are reported. PTM-TE
was prepared by a facile 3-step synthesis using Friedel-Crafts reaction of tetrachlorobenzene with chloroform followed by ethoxy-
carbonylation and subsequent oxidation. PTM-TE is paramagnetic and exhibits a single sharp EPR spectrum. In solution, the EPR
linewidth of PTM-TE is highly sensitive to the dissolved oxygen content, thus enabling accurate measurement of oxygen concentra-
tion (oximetry). In addition, the radical also shows high reactivity towards superoxide. The ester radical has the potential for use as a
high-sensitive probe for determination of oxygen concentration and superoxide in biological systems.
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In 1900, Moses Gomberg reported the existence of a sta-
ble, trivalent organic free radical which challenged the
prevailing belief that carbon could only have four chem-
ical bonds.! As this report provided new possibilities to
carbon chemistry, research aimed at understanding and
developing these radicals continued to thrive and perme-
ated various fields of science including medicine and
industrial applications. Most notably, Gomberg’s work
paved the way for future research on using persistent tri-
tyl radicals in clinical applications.>* However, it is
known that some radicals and diradicals are short-lived
and very reactive — the half-life of triphenylmethyl rad-
icals in aerated solution may be as low as a fraction of
a second. Studies have also shown that these reactive
radicals become stable and chemically inert upon per-
chlorination.>® In light of this endeavor, highly chlori-
nated mono-, di-, and triarylmethanes were developed
and since then they have become the most valuable
chemical precursors of inert free radicals with estimated
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half-lives in the order of 100 years.® Together, these
studies have been regarded as both promising and signif-
icant.> As a result, the synthesis of perchlorinated trityl
radical has become an immense undertaking with prom-
ising implications.

The role of reactive oxygen species (ROS) such as super-
oxide, hydroxyl, and alkylperoxyl radicals has been
linked to a variety of pathophysiological processes.’
Since an increased production of ROS, especially super-
oxide, leads to oxidative stress, accurate determination
of these free radicals can help us to gain a better under-
standing of oxidative stress-related diseases. Of the
many techniques currently available for the detection
of superoxide in biological systems, electron paramag-
netic resonance (EPR) spectroscopy has the distinct
capability for direct and real-time detection. However,
the EPR technique requires the use of high concentra-
tions (10-100 mM) of spin-trap molecules to maximize
the efficiency of trapping, which may alter the redox
environment of the system.'®!! The poor efficiency of
the spin-trap molecules for superoxide detection is
attributed to small bimolecular reaction rate constants
(typically about 10> M~' s™"). Thus, there is a great need
to develop probes with orders of magnitude increased
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reactivity with superoxide. To this end, we have devel-
oped a perchlorotriphenylmethyl triester radical
(PTM-TE) that can overcome this limitation. PTM-TE
has a high detection-sensitivity due to sharp single-line
EPR spectrum. In addition, PTM-TE is an attractive
candidate for measurement of oxygen concentration
(oximetry). Furthermore, the ester nature of the PTM-
TE radical is expected to facilitate its penetration into
cells, followed by hydrolysis by cellular enzymes such
as esterases into carboxylate radical and thus can be
trapped in the cells. This will enable the detection of
superoxide radicals produced inside the cells. As an oxy-
gen probe, PTM-TE can be utilized for measurement as
well as mapping (imaging) of oxygen distribution in tis-
sues.!? In this communication, we report the synthesis,
characterization, and preliminary evaluation of PTM-
TE for oximetry and detection of superoxide.

The synthesis of PTM-TE radical 4 (Scheme 1) used
tris(2,3,5,6-tetrachlorophenyl)methane generated from
the Friedel-Crafts reaction of 1,2,4,5-tetrachlorobenzene
and chloroform.!? Reaction of compound 2 with slight
excess of butyllithium and TMEDA in THF at low tem-
perature yielded the corresponding tri-anion. This tri-
anion was reacted with ethylchloroformate in situ to
yield compound 3. Compound 3 was then converted
into 4 by a two-step process: conversion into the triphe-
nylcarbanion with NaOH in a mixture solution of
DMSO and Et,0, followed by oxidation with I,.!3 Since
compound 3 has the ethoxycarbonyl functional group, it
can be easily modified to afford more variants for future
research.

PTM-TE was characterized by EPR spectroscopy
(Fig. 1). The solid showed a broad EPR signal with a
peak-to-peak width (linewidth, AB,,) of 5.650 G in room
air. However, a solution of PTM-TE (100 uM) in
dimethylsulfoxide (DMSO) at ambient conditions
showed a single sharp peak with a linewidth of
0.540 G. No self-induced spin-spin broadening was ob-
served for up to 12mM concentration of PTM-TE.
The linewidth of PTM-TE in DMSO, however, was

Scheme 1. Synthesis of PTM-TE radical. Reagents and conditions: (a)
CHCl;, AlCl;; (b) n-BuLi, TMEDA, ethyl chloroformate, 77%; (c) 1—
NaOH, DMSO/Et,0, 2—1I,, Et,0, 93%.
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Figure 1. EPR spectra of PTM-TE. The spectra were measured from a
sample of crystalline powder and in a solution of PTM-TE (100 uM) in
DMSO at ambient conditions using an X-band EPR spectrometer. The
EPR acquisition settings were: modulation amplitude, 160 mG;
microwave power, | mW; time constant, 40 ms; scan time, 15s. The
first derivative peak-to-peak widths were 5.650 G for solid and 0.540 G
for solution. The small satellite peaks indicated with * on both sides of
the main peak are due to hyperfine coupling with '3C nuclei (natural
abundance).

dependent on the concentration of dissolved molecular
oxygen in solution. We measured the linewidth of
PTM-TE (100 uM) in DMSO as well as in hexafluoro-
benzene (HFB) as a function of partial pressure of equil-
ibrating oxygen (pO,). As shown in Figure 2, the
linewidth increased proportionally to pO,. The oxy-
gen-induced broadening is attributed to the paramag-
netic nature of molecular oxygen, which upon collision
with PTM-TE molecule can undergo Heisenberg spin
exchange interaction resulting in broadening of the ob-
served EPR signal. It should be noted that this exchange
interaction does not chemically alter the two molecules
involved. Furthermore, the oxygen-induced broadening
has no effect on the EPR signal intensity (double-inte-
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Figure 2. Effect of oxygen on the EPR linewidth of PTM-TE in

solution. Measurements were made by equilibrating a solution of

PTM-TE (100 puM) in DMSO or HFB with pre-calibrated gas mixtures

of known O, concentration. The data show a linear dependence of

linewidth with pO,. The oxygen-sensitivity was 17.71 mG/mmHg for
HFB and 1.6 mG/mmHg for DMSO.
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gral of the EPR spectrum). Hence, the width of the EPR
signal can be used to measure the concentration of O, in
the system. The calibration curves of EPR linewidth ver-
sus pO, can be generated for any solvent by equilibrat-
ing it with known concentrations of oxygen.

The results shown in Figure 2 indicate a significant con-
trast between the slopes of the calibration curves of
PTM-TE in DMSO (1.6 mG/mmHg) and HFB
(17.71 mG/mmHg). The higher sensitivity in HFB is lar-
gely attributed to higher solubility of oxygen in HFB.
For example, the solubility of oxygen at atmospheric
pressure (21% of oxygen) at 25 °C is 4400 uM in HFB
as compared to 478 uM in DMSO.'¢ In addition, viscos-
ity and polarity of solvent molecule may also contribute
to the observed difference.

The reactivity of PTM-TE to superoxide was deter-
mined. PTM-TE in DMSO (0.8 mM) was treated with
a solution of potassium superoxide (KO;) in DMSO
(2.4 mM). As shown in Figure 3, the EPR spectrum of
PTM-TE was completely quenched by superoxide sug-
gesting that PTM-TE radical reacts with superoxide to
form a diamagnetic product. Although the mechanism
by which PTM-TE reacts with superoxide is unclear,
previous reports suggested that the neutral protonated
form of superoxide, ‘OOH, rather than O; is involved
in the reaction, as illustrated in the following equation:

[R;C7] +"OOH — [R;C-OOH]

It is likely that the superoxide anion or “OOH radical
interacts with PTM-TE to form a covalent bond be-
tween the methyl radical epicenter and the oxygen atom
of 'OOH.'® The resulting adduct is diamagnetic
and hence, EPR silent. This observation is confirmed
by 'H NMR spectroscopy where only the triplet and
quartet splittings for the ethoxycarbonyl substituent
were identified. The absence of a singlet peak at 6 7
(ppm) corresponding to the epicenter methine proton
(data not shown) indicates that the resulting compound
appears most likely to be the proposed adduct,
[R3C-OOH].
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Figure 3. The effect of superoxide on the EPR spectrum of PTM-TE
radical in DMSO. (A) EPR spectrum of PTM-TE in DMSO (0.8 mM).
(B) EPR spectrum of PTM-TE in DMSO following addition of solid
KO, (2.4 mM). The PTM-TE signal is quenched by O5 .

PTM-TE was specifically designed with the ethoxycar-
bonyl substituent attached to each of the phenyl rings
for a specific purpose, that is, cellular internalization.
The hydrophobic character of the molecule permits it
to easily diffuse across the membrane lipid bilayers.
Then, by the nonspecific action of intracellular esterases,
the molecule is expected to be cleaved to yield the corre-
sponding tricarboxylate radical, PTM-TC. The resulting
PTM-TC is another stable ‘inert’ radical which also
gives a single sharp EPR peak in aqueous solutions.!”
Additionally, PTM-TC gives a characteristic UV-vis
absorption at 380 nm. Our recent study has shown that
PTM-TC, on reaction with superoxide, induces a de-
crease in EPR signal or optical absorption at 380 nm
with high specificity and sensitivity.'® Thus, PTM-TE
can be used to monitor and quantify the production of
intracellular superoxide.

In summary, we have developed an efficient synthetic
route for the synthesis of PTM-TE. Additionally, we
have demonstrated the effect of molecular oxygen and
superoxide on the EPR spectrum of PTM-TE in solu-
tion. Unlike molecular oxygen, superoxide induces a sig-
nal loss. Thus, PTM-TE potentially can be used to
determine oxygen and/or superoxide generation in bio-
logical applications.
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