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In this paper, we present promising results in the green electrochemical oxidation of catechol in the
presence of three different thiol nucleophiles at the surface of a glassy carbon electrode in an aqueous
solution using cyclic voltammetry (CV). The outcome indicated the synthesis of some new heterocyclic
compounds functionalized with phenolic, triazole, triazine and pyrimidine groups. The effects of
repetitive cycling, nucleophile concentrations and sweep rates were explored to get more information
about the systems. The voltammetric data showed that the electro-generated o-benzoquinone is a quite
reactive intermediate, which in aqueous solutions can quickly participate in a Michael-addition reaction
with any one of the nucleophiles to form the corresponding products. The structures of all newly
electro-synthesized compounds were confirmed by elemental analyses and FT-IR, 'H NMR, ¥C-NMR
and MS spectra. The one-pot synthesis strategy led to new organics with high purities and good yields

rsc.li/rsc-advances

1. Introduction

The construction of heterocyclic compounds and their deriva-
tives is highly significant in organic synthesis." Considering the
fact that the majority of pharmaceutical and agrochemical
products contain at least one heterocyclic unit, we can most
certainly see the importance of heterocyclic compounds. Addi-
tionally, many natural products are based on heterocyclic units
as well as some of the biologically active compounds such as
antibiotics, vitamins, and hormones.>® Meanwhile, catechol
has many similar applications;** therefore, many researchers
are looking forward to synthesize new catechol derivatives. The
combination of catechol and heterocyclic rings, expectedly, will
produce new organic products that might be more effective and
applicable.

However, the synthesis of these very important organic
compounds by classical methods still involves the use of not
only strong acids or bases, but also toxic reagents and expensive
catalysts. Furthermore, in the conventional methods, the
experiments are often carried out at elevated temperatures and
require a lot of time (i.e., they are time-consuming). Therefore,
many researchers are looking at alternative approaches, i.e., the
green chemistry technology for organic synthesis. Recently,
electrochemical methods have attracted a lot of attention as
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under green conditions without harmful reagents.

promising and versatile methods for the preparation of these
organic compounds.®*” The reason for this is that the organic
derivative synthesis can be achieved without the use of toxic and
hazardous reagents. Also, it is a cost-effective method with high-
quality products, high functional group tolerance, scalability,
sustainability, low processing temperatures (mild conditions),
and low energy solution process, which can be carried out under
environmentally friendly conditions; therefore, it can be used as
an alternative method.®®

Due to aromatic OH groups, phenolic compounds act as
antioxidants via an electron transfer process.’® Antioxidant
activity seems to be related to a range of factors, and the most
important are the molecular structure, number of OH groups,
bioavailability, the oxidation potential of the antioxidant and
the stability and reactivity of the subsequent phenoxyl radical. A
large number of electrochemical methods have been applied
successfully for evaluating the antioxidant capabilities of these
compounds.™™ So far, many research groups have pursued
a possible correlation between the oxidation potentials and
antioxidant activity of phenolic acids."**® Accordingly, it was
reported that catechol is more easily electrochemically oxidized
into the corresponding o-quinone due to its antioxidant activity,
low oxidation potential and its ability to form a stable quinoid
unit.'”*

Indeed, so far, rather detailed studies have been performed
on the electrochemical oxidation of catechol in the absence and
presence of various nucleophiles;**** however, in this paper, for
the first time, we used new and different types of nucleophiles
(Scheme 1). They consist of activated five- and six-membered
rings of thiols containing nitrogen; these include triazole,
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Scheme 1 The chemical structures of heterocyclic nucleophiles (3-5).

triazine and pyrimidine rings, which are likely to be useful in
the study of the architecture of new drugs. In view of this, the
present study led to a straightforward evolution of green elec-
trochemical methods for the synthesis of some new heterocyclic
compounds functionalized with phenolic, triazole, triazine, and
pyrimidine groups. Specifically, the electrochemical oxidation
of catechol was examined in the presence of three different
types of heterocyclic nucleophiles in water: (i) 4-amino-5-benzyl-
4H-1,2 4-triazole-3-thiol (3),* (ii) 5,6-diphenyl-1,2,4-triazine-3-
thiol (4),” and (iii) 6-mercaptopyrimidine-2,4-(1H,3H)-dione
(5).>* Interestingly, based on our results, the presented one-pot
process (i.e., without the isolation step of intermediates) led
directly to the final product 6, 7 or 8 with high efficiency under
eco-friendly conditions, which can be used in a wide range of
applications.

2. Experimental section

2.1. Experimental set-up

The details of the electrochemical experimental conditions have
been already described in a previous work.* Briefly, a three-
electrode setup was used: a glassy carbon electrode (GCE,
1 mm diameter, ALS Co., Ltd) served as the working electrode
(WE), saturated Ag/AgCl was used as the reference electrode
(RE), and a Pt wire (0.6 mm thick) was used as the counter
electrode (CE). The RE and CE were obtained from AMETEK
Scientific Instruments. Prior to the experiment, the GCE surface
was hand polished successfully with a micro-sized abrasive
paper and dry alumina powders from Sigma-Aldrich; then, it
was immersed in a mixed solution of nitric acid and acetone
(1 : 1) for 5-10 minutes. Afterwards, the GCE was immersed in
acetone and finally washed by double distilled water to a mirror
finish and therefore, it became more active again. The cleaning
check of the glassy carbon electrode was evaluated by looking at
the difference in the redox peak potential in case of 1 M H,SOy,,
where no redox peak is an indication of a clean and active GCE
surface.

The electrochemical experiments were performed in EG&G
Princeton applied research potentiostat/galvanostat model 263
controlled by a PC using 352 corrosion software.*® Cyclic vol-
tammetry (CV) was used to explore the electrochemical reac-
tions of catechol in the absence and presence of nucleophiles.
Before each run, the cell was cleaned with a sulphuric acid
solution and then washed with double distilled water. CV tests
were conducted at scanning rates of 100 mV s~ between —1.0
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and +1.0 V versus the Ag/AgCl reference electrode at room
temperature.

2.2. Materials

All the electrochemical experiments were carried out at room
temperature using 1.0 mM catechol (Aldrich Chemical Co. Ltd,
99.8% purity), 1.0 mM sodium salt of the nucleophilic reagents
(3, 4, and 5) and 0.1 M Na,HPO, (El Nasr Pharm. Chem. Co
(ADWIC), 98% purity) as a supporting electrolyte. This
concentration was selected after several attempts at different
concentrations. All solutions were freshly prepared from
analytical grade chemicals without any further purification and
dissolved in an appropriate volume of deionized water. Solution
pH was adjusted at a value of =8 before the electrolysis
experiments by adding few drops of 0.1 M sodium hydroxide (El
Nasr Pharm. Chem. Co (ADWIC), 96% purity) when necessary.

2.3. General procedures for electro-organic synthesis of
catechol derivatives (6, 7, and 8)

The electrolysis process was carried out in a glass undivided
electrolytic cell (=25 cm?®) containing 1.0 mM catechol and
1.0 mM sodium salt of the nucleophilic reagent 3, 4, or 5 in
aqueous solution of 0.1 M Na,HPO, as the supporting electro-
Iyte. The cell was equipped with a Pt-rod anode, Pt-wire cathode,
and Ag/AgCl as a reference electrode. The reaction mixture was
electrolyzed at a constant positive potential of 1.0 V vs. Ag/AgCl
for some hours (=15 h) in air at room temperature. The elec-
trolysis process was interrupted several times to wash the anode
for reactivation. At the end of electrolysis, a few drops of acetic
acid were added to the solution for acidification and then, the
cell was left for a long time until complete dryness of the residue
occurred. Afterwards, the residue was heated in 10 mL of
absolute ethanol and then filtered immediately, i.e., when the
solution was still hot to remove the inorganic salts. Thereafter,
the filtrate was concentrated to half of its volume, placed in the
refrigerator overnight and the obtained precipitate was filtered.
This product was washed with cold double distilled water and
then crystallized from its proper solvent to form 6, 7 or 8.

2.4. Spectroscopic characterizations of the electro-
synthesized products (6, 7, and 8)

Briefly, the structures of all electro-synthesized products were
confirmed by elemental analysis, FT-IR, "H NMR, "*C-NMR and
MS; please see ESL.f

This journal is © The Royal Society of Chemistry 2019
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3. Results and discussion

Fig. 1 shows the effect of repetitive CVs during the electro-
chemical oxidation of 0.1 mM catechol at the surface of GCE in
an aqueous solution containing 0.1 M Na,HPO, (pH = 8) as the
supporting electrolyte at room temperature. In agreement with
previous studies,**° CV of this system shows an anodic peak
(P4) and its corresponding cathodic peak (P¢), which is due to
the transformation of catechol (1) to o-benzoquinone (2) and
vice versa via a quasi-reversible two-electron process (please see
step 1 in Scheme 2). Surprisingly, no losses in the height of the
redox peaks with the impossibility of subsequent scans were
observed under repetitive cycling on a solution containing only
compound 1, as depicted in Fig. 1. These results suggest (i) the
stability of the electrode oxidation reaction product, ie., elec-
trogenerated o-benzoquinone, (ii) no occurrence of any side
chemical reactions, and also (iii) no inhibition of the electrode
surface under the applied experimental conditions. Addition-
ally, the peak current ratios (PIc/PI,) are somehow close to
unity, which can also be considered as an evidence for the
stability of the produced o-benzoquinone at the working elec-
trode surface.>** However, this behavior deviates upon varia-
tion in pH values (not shown), which might be attributed to any
other chemical reactions of the electrochemically produced o-
benzoquinone such as dimerization,*** hydroxylation®**** or
even oxidative ring cleavage.***® In addition, the deviation of the
peak current ratio from ideality is dependent not only on the pH
value but also on the concentrations of catechol. The cathodic
peak current decreases with the increase in catechol concen-
trations at pH = 8.5.”

The question addressed here is how catechol will electro-
chemically behave after adding any of the above-mentioned
nucleophilic reagents (3, 4 or 5) under the same experimental
conditions? The answer is provided by the cyclic voltammo-
grams presented in Fig. 2. It displays the CVs obtained for 1 mM
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Fig. 1 Effect of repetitive potential cycling in a solution containing
1 mM catechol (1) and supporting electrolyte of 0.1 M Na,HPO, (pH =
8) at the glassy carbon electrode surface. Scan rate = 100 mV s~ and
temperature = 25 °C.
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(i) Electrochemical step: electro-oxidation of 1 to 2.
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(ii) Chemical step: attacking of 3,4 and 5 to 2 and formation 6,7 and 8, respectively.
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Scheme 2 The electro-transformation of catechol to o-benzoqui-
none and its chemical reactions with 3, 4 or 5 reagents to form 6, 7 or 8
adducts, respectively.

catechol in aqueous solutions (pH = 8) with a scan rate of
100 mV s~ ' in the absence and presence of 1 mM of three
different nucleophiles 3, 4 or 5. It can be seen from this figure
that no redox peaks are observed for pure nucleophiles (i.e., in
the absence of catechol), indicating that the nucleophiles 3-5
used here are electrochemically inactive in the defined potential
window. Interestingly, the addition of the nucleophiles to
catechol exhibited remarkable decrease in the anodic peak
current in the forward sweep and complete disappearance of
the cathodic peak in the reverse scan under the experimental
conditions. This denotes that the electro-oxidation process of
catechol is followed by a chemical reaction that rapidly removes
the electrogenerated o-benzoquinone from the electrode
surface. This can only occur if the combination between 2 and
nucleophilic reagents 3, 4 or 5 is much easier and faster than
those in the case of the reduction of compound 2 to 1. In
another way, owing to the nucleophilic attack of 3, 4 or 5 on the
electrochemically produced compound 2 (0-benzoquinone), the
concentration of 2 in the reaction layer will reduce; conse-
quently, the cathodic peak C, will decrease or even completely
vanish. These results are also supported by the voltammetric
data shown in Fig. 3, 4 and 5. In short, according to our results,
it seems that the electrogenerated intermediate o-benzoqui-
none is quite reactive and therefore can easily and quickly
chemically react with 3, 4 or 5 to form 6, 7 or 8 via a Michael
addition reaction, respectively (step 2 in Scheme 2).

Notably, all the CVs were measured at the pH value of =8.
This pH was chosen after several trials and tribulations of

RSC Adv., 2019, 9, 13145-13152 | 13147
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Fig.2 Cyclic voltammograms recorded at the surface of GC electrode in
0.1 M Na;HPO, (pH = 8) solution in the presence and absence of cate-
chol and nucleophile at room temperature and at scan rate = 100 mV s,
The black solid line represents 1 mM pure catechol (1), the blue dotted line
is for 1 mM pure nucleophile (3, 4 or 5), and the red dashed line denotes
a mixture of 1 mM catechol (1) and 1 mM nucleophile (3, 4 or 5).
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Fig. 3 Multicyclic voltammograms of 1 mM catechol (1) in the
presence of 1 mM nucleophile (3, 4 or 5) in 0.1 M Na,HPO,4 (pH =
8) as the supporting electrolyte at room temperature and at
a sweep rate of 100 mV s™*. The sweep direction was from up to
down.

This journal is © The Royal Society of Chemistry 2019
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different pH values (data not shown). In fact, this was not
surprising because if the pH values were less than 8, the thiols
would be increasingly protonated and therefore, the soluble
sodium salt of the nucleophiles would be converted into
insoluble compounds in aqueous solutions. It turned out to be
the point of diminishing the nucleophilicity character of the
thiol moiety, thus slowing nucleophilic substitution reactions.
One can ask a question here: Why they used the sodium salt of
the nucleophiles? The answer is not only because the sodium
salt of the nucleophiles is soluble in water, but also to keep the
sulfur atoms of thiol groups (S™° Na') in an ionic form.
Consequently, nucleophiles attack catechol via thiol groups
only and not through nitrogen, thus exhibiting regioselectivity.
Moreover, a pH of 8 is in quite agreement with recent
theoretical/experimental studies, where it was concluded that
the hydroxyl group dissociates to its anionic form upon
increasing the pH values.”®* In another way, the proton of OH
group does not participate in the electro-oxidation process;
hence, the peak potential is independent of the hydroxyl proton.
The electro-transformation of catechol to the reactive o-ben-
zoquinone and its chemical reactions with the nucleophilic
reagents 3, 4 or 5 to give 6, 7 or 8 adducts, respectively, may
proceed according to the proposed mechanism shown in Scheme
3. The simultaneous nucleophilic attack of the nucleophiles at
the active site (C4) of the oxidized form of catechol (0-benzo-
quinone) gave an unstable intermediate, which on reduction
followed by acidification afforded the mentioned products.

H
H OH
H OH
1
Oox{| -2e, -2H*
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Fig. 3 shows the effect of repetitive CV during the electro-
chemical oxidation of compound 1 in the presence of
compound 3, 4 or 5 at GCE in an aqueous medium containing
0.1 M Na,HPO, (pH = 8) as the supporting electrolyte at a scan
rate of 100 mV s~ *. As the number of cycles increase, the anodic
peak currents sharply reduce. There are two possible reasons for
this to happen: one reason is the contamination or inhibition of
the GC electrode surface after the formation of 6, 7 or 8 on the
reaction layer. An alternative explanation is that the chemical
reaction between the electrochemically produced o-benzoqui-
none and nucleophiles leads to decrease in the concentration of
catechol. A number of observations strongly support the latter
possibility. First, the high electrochemical activity of the elec-
trode depends strongly on the reaction conditions, as demon-
strated in Fig. 4; it is sharply reduced after increasing the
nucleophile concentration. Second, as shown in Fig. 1, no losses
in the electrode activity under repetitive cycling of catechol in
the absence of nucleophiles are detected.

More detailed evidence for the occurrence of a chemical
reaction between the electrochemically generated o-benzoqui-
none and nucleophiles was obtained by CV at various scan rates.
Fig. 5 shows the cyclic voltammograms obtained for 1 mM
catechol in 0.1 M Na,HPO, (pH = 8) in the presence of 3,4 or 5
at different scan rates (10-500 mV s~ '). Two considerable
changes are observed by increasing the scan rate of the exper-
iment. The first is the continued growth of the cathodic peak
current while reducing the time window of the experiment

H H
/\ H e @
H o S O Na
e 24 O/ Red.
S Na + e —_—
H o H o
3,40r5 7
H
2
H H
© &
S O Na s OH
_>H + AcONa
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H OH H OH
H H

6,7 or 8

Scheme 3 Proposed mechanism for the electrochemical oxidation of catechol in the presence of three different heterocyclic nucleophiles (3, 4

or 5): one-pot reactions.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 CV curves show the effect of nucleophilic reagent (3, 4 or 5)
concentrations in the presence of 1 mM catechol (1) and 0.1 M
Na,HPO, (pH = 8) solution at room temperature and scan rate of
100 mV s~
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Fig. 5 Typical cyclic voltammograms of 1 mM catechol (1) in the
presence of 1 mM nucleophile (3, 4 or 5) at the GC electrode surface

under various scan rates (from down to up) 10, 50, 100, 150, 200, 250,
300, 400 and 500 mV s,
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(increasing scan rate). Second, the ratios of the cathodic peak to
the anodic peak currents are directly proportional to the sweep
rates. This result is observed because the extent and progress of
the chemical reaction between the electro-generated o-benzo-
quinone and nucleophiles are suppressed at high scan rates;
consequently, the amount of product 6, 7 or 8 at the surface
decreases. In connection with the CV curves shown in Fig. 4, it is
clear that the chemical reaction becomes more favorable at
higher concentrations of any of the nucleophilic reagents.

What has not been explained so far is why the potentials of the
anodic peaks (P,) shift to more positive values and the cathodic
peaks (P¢) to more negative values in the presence of any of the
nucleophilic reagents 3, 4 or 5. This is probably due to the
accumulation of a thin film of the product 6, 7 or 8 at the surface
of the WE electrode and therefore, the WE electrode performance
is inhibited to a certain extent.’”** All the voltammetric data
demonstrated that there were no new redox peaks (i.e., in addi-
tion to the original peaks of pure catechol) after adding a nucle-
ophile to catechol under applied experimental conditions. On the
one hand, the absence of new redox peaks suggests that no stable
intermediates were formed during the electrochemical oxidation
of compound 1 in the presence of compound 3. On the other
hand, it indicated that the electro-oxidation of the formed
compound 6, 7 or 8 was considerably difficult when compared to
the electro-oxidation of the parent molecule (compound 1) under
applied experimental conditions. This could be due to the
entrance of an electron-withdrawing group in the catechol ring
and/or the insolubility of the formed product in the experimental
reaction medium. All these results support the proposed mech-
anism presented in Scheme 3, which explains how the thiol (-SH
group) in the nucleophile 3, 4 or 5 (i.e., as monodentate) attacks
catechol over the surface of GCE in consecutive steps; the reac-
tion ends by the formation of the stable product 6, 7, or 8 via
a Michael addition reaction.

4. Conclusions

In this work, the electrochemical oxidation of catechol in the
presence of three different heterocyclic nucleophiles (3-5) in
water was studied. A solution with a pH value of 8 was selected
as a suitable medium for this study. This could be ascribed to
the fact that the electro-oxidation of catechol in the presence of
thiol nucleophiles was facilitated in weak basic media and
hence, the rate of electron transfer was faster. The diagnostic
criteria of CVs included vanishing of the cathodic peak in the
reverse scan of compound 1 in the presence of 3 and its reap-
pearance on increasing the sweep rate. The outcome indicated
the occurrence of a coupling reaction between the electro-
generated reactive o-benzoquinone and compounds 3-5 as
monodentate nucleophiles, leading to the formation of three
new catechol derivatives 6-8 with high purities, stabilities and
yields via Michael addition one-pot reaction (Schemes 2 and 3)
under environmentally friendly conditions.
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