Tetrahedron 64 (2008) 9619-9624

journal homepage: www.elsevier.com/locate/tet

Contents lists available at ScienceDirect

Tetrahedron

Preparation and characterisation of a quinone-functionalised polythiophene
film on a modified electrode. Application to the potentiometric determination
of glutathione and cysteine concentrations
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The new compound 3-((2,5-dimethoxyphenyl)ethynyl)thiophene has been synthesised by Sonogashira
coupling. A modified electrode coated with a polythiophene film bearing a quinone moiety was obtained
by electropolymerisation of the thienyl group followed by anodic oxidation of para-dimethoxyphenyl
group. The cyclovoltammetric response resulting from the reaction of glutathione with the benzoqui-
none moiety was investigated. The responses of the modified electrode as a new potentiometric sensor of
reduced thiols are proposed.
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1. Introduction

Reduced thiols are essential in biological systems, on account of
their crucial role in the maintenance of redox homeostasis. Their
concentration and bioavailability are of major importance to
balance the accumulation of reactive oxygen and nitrogen species
and to prevent subsequent deleterious oxidative stress associated
with the pathogenesis of cancer, cardiovascular diseases, athero-
sclerosis, hypertension, ischemia/reperfusion injury, diabetes mel-
litus, neurodegenerative diseases, rheumatoid arthritis and ageing.!

Over the past three decades, intensive studies have been de-
voted to the detection of biological thiols as cysteine, homocysteine
and more particularly glutathione.? Ellman’s test is the classical
method used for quantification of thiols based on a spectrophoto-
metric method laying an exchange reaction between the thiol and
the disulfide DTNB (5,5'-dithiobis-(2-nitrobenzoic acid)).> The
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sulfide produced shows a characteristic yellow colour. However,
this test and more generally spectrophotometric methods require
a pre-treatment when thiols have to be assayed in coloured
samples and their results may be influenced by variable levels of
specific enzyme activities such as glutathione S-transferase or
v-glutamyltransferase.

High-performance liquid chromatography and capillary
electrophoresis are used as separative techniques to determine
glutathione and congeners in several bio-matrices. Besides, fluo-
rescence methods have been recently developed for the measure-
ments of glutathione in yeast.”

In contrast with most of these techniques, the electrochemical
methods provide the possibility of being used with coloured sam-
ples, such as blood, without tedious pre-treatment. Two types of
electrochemical sensors for the determination of thiol concentra-
tions are commonly studied.

- With an amperometric sensor, the thiol detection is generally
based on chemically-modified electrodes that induce an elec-
trocatalytic oxidation of another thiol obtained after an ex-
change reaction as in the Ellman's test® Another
amperometric approach is the use of organic redox cofactors
like pyrroloquinoline quinone, glutathione peroxidase or in-
organic redox mediators as transition metal complexes
immobilised in a matrix.'%"'* In these systems, intermediate
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steps are necessary because the direct oxidation of thiols is
slow at conventional electrodes and consequently require an
important overpotential due to electrode passivation.

- In potentiometric methods, the sensors are usually based on
the reaction between thiols and quinone indicators, as de-
scribed by Davis et al.'*Among the electrochemical methods,
the potentiometric method can be implemented very easily.

Lau et al. have shown that the reaction of 1,4 benzoquinone (BQ)
with the reduced form of glutathione (GSH) results in the formation
of adducts that exhibit increasing degrees of glutathione sub-
stitution.!> Moreover, as preliminary studies, the interaction of GSH
with BQ by cyclic voltammetry on a vitreous carbon electrode was
investigated (data not shown). The cyclic voltammogram of BQ was
significantly modified when this compound was added to a solu-
tion of GSH. The principal changes consisted in the oxidation pro-
cess that became irreversible and in the significant decrease in
intensity of the oxidation peak. The latter modification charac-
terised the diffusion of a bigger species than BQ. Consequently, in
agreement with Lau’s work, we postulated that the modification of
the electrochemical behaviour of the couple BQ/BHQ (BHQ=1,4
hydroquinone) was due to the formation of adducts between GSH
and BQ.

In this work, we describe a new potentiometric sensor for the
detection of glutathione (GSH) and cysteine (CSH). This system is
based on the reaction between the BQ moiety borne by a polymeric
film and the thiol.

2. Results and discussion

The indicating modified electrode was obtained by anodic
electropolymerisation (Scheme 1) of the thiophene group of
3-((2,5-dimethoxyphenyl)ethynyl)thiophene A where the 1,4-
dimethoxyphenyl moiety is the precursor of quinone B.
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Scheme 1. Electropolymerisation of 1-(3-(1,4-dimethoxyphenyl)-2-(3-thienyl))ethyne
and deprotection of methoxy groups.

2.1. Synthesis of 3-((2,5-dimethoxyphenyl)ethynyl)thiophene
monomer A

After different attempts, the more efficient route to obtain A is
described below (Scheme 2).

By bromination of para-dimethoxybenzene with N-bromo-
succinimide in acetonitrile, 2-bromo-1,4-dimethoxybenzene (I)
was obtained with a yield of 90%. Two routes were tested (step 1,
Scheme 2). In the first one, we used a water/acetonitrile mixture
(1:10) as solvent, room temperature, without copper(l) in presence
of a quaternary ammonium salt to improve the efficiency.'® How-
ever, the yield was no better than 34%. In the second route, with Cul

in triethylamine at 80 °C after refluxing for one night, compound II,
2-methyl-4-(2,5-dimethoxyphenyl)-3-butyn-2-ol, was isolated
with a yield of 40%. By a retro-Favorskii reaction, the protective
group Ry was removed by heating compound II in a solution of
sodium hydroxide in toluene.'” The expected product A was pre-
pared by a second coupling between III and 3-bromothiophene. To
try to improve the yield in this last step, we also used the conditions
described by Thorand and Krause,'® but the efficiency was no better
than 38%. The quinonic product corresponding to the chemical
oxidation of A by cerium(IV) ammonium nitrate (CAN) appeared to
be very unstable. Consequently, we attempted to obtain the qui-
none group after electropolymerisation of monomer A.

2.2. Electrochemical preparation of a polythiophene film
bearing a quinone moiety

The electrodeposition of the polythiophene film was performed
by successive scans in the positive potential part (0.5-1.5 V). The
coverage of deposited polymer can be adjusted by varying the
number of cyclical potential scans. Typically, after 20 scans corre-
sponding to the exchange of 34 mC, the thickness of the dark green
polymeric film was estimated at 0.2 pm.!®

By chronoamperometry at 1.6 V/SCE for 5 min, the methoxy
groups were oxidised to the corresponding quinonic forms. The
presence of the quinone moiety was confirmed by the cyclic vol-
tammetry experiments performed in the monomer-free buffer
electrolyte (pH 7), the resulting yellow-brown film being washed
with the solvent and water before this experiment. The voltam-
mogram of the corresponding coated electrode (Fig. 1A) indeed
clearly shows a reversible peak at 0.0 V/SCE (AE,=40 mV) corre-
sponding to the BQ/BHQ couple immobilised at the modified
electrode. Moreover, the formation of the quinone after electro-
chemical oxidation of the methoxy group was confirmed by FTIR in
diffuse reflectance mode (DRIFT). The DRIFT analysis of the film
after oxidation shows a strong band at 1659 cm ™! corresponding to
the presence of the quinone group. The efficiency of the electro-
chemical oxidation is confirmed by a large decrease of the
1221 cm™! band attributed to the methoxy function observed on
the film before the oxidation step.

2.3. Cyclic voltammetric response in the presence of
glutathione

The voltammograms of the modified electrode bearing the
quinone moiety are modified in presence of GSH in pH 7 buffer.
Indeed, with 1 mM of GSH, the intensity of the current peak cor-
responding to the BQ/BHQ couple is time-dependent (Fig. 1B, C and
D) and decreases over time. The signal corresponding to the redox
couple completely disappeared after about 1h. There are two
possible different pathways through which quinone moieties could
interact with GSH. In the first one, in agreement with the apparent
redox potential (EO'GSSG/GSH:—O.M V/SCE at pH 7), the quinone
form could oxidise GSH to its corresponding disulfide form (GSSG)
and be reduced in hydroquinone.?° In the second pathway, the
modification of the electrochemical behaviour could be due to
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Scheme 2. Synthesis of 1-(3-(1,4-dimethoxyphenyl)-2-(3-thienyl))ethyne.
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