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During cyclic voltammetric studies of the 2,5-dihydro-1,3,4-thiadiazoles (A 31,3,4-
thiadiazolines) (1a—e) on HMDE in 0.1 X 10~ mol/dm? LiClO, acetonitrile and aqueous-
acetonitrile or aqueous-ethanol Britton-Robinson’s buffer solutions in second polariza-
tion cycle, besides peaks equivalent to polarographic waves, an additional new system of
peaks was observed. The corresponding analogous system of additional peaks has not
been observed during the reduction of these substances on electrodes of other materials,
as i.e., platinum, gold or glassy carbon. This study showed that it results from the oxida-
tion and reduction of organo-mercury compounds, formed in reaction of the electrode
material (Hg) with an adsorbed product of 2,5-dihydro-1,3,4-thiadiazoles reduction.
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Recently [1-3] we noticed some additional system of peaks, observed on the cyc-
lic voltammetric curve describing the second polarization cycle of electrochemical
reduction of some 2,5-dihydro-1 ,3,4—thiadiazoles* solutions using HMDE. The addi-
tional peaks were observed at more positive potentials than the respective peak poten-
tial of thiadiazole ring reduction and the half-wave potential of polarographic waves.
Similar phenomena were also reported by other authors, who reduced electrochemi-
cally nitroso-, azoxy- and azo-derivatives [4—6], nitro compounds [6—14] and unsatu-
rated systems containing C=C bond [15]. Appearance of additional peak systems
were explained in different manner. The most relevant interpretations are: i) oxida-
tion of electrode reaction products [9-12,14]; ii) oxidation of ionic associates of ge-
neral formula (AB*", 2M "), where dianion AB*" is an electroreduction product and
M is the cation of the supporting electrolyte [13,16]; iii) reaction of the final product
of electroreduction with the components of the reaction mixture [4,5,7,8] and iv) re-
action with electrode material [6,9]. Diverse aspects concerning appearance of the
system of additional peaks during reduction of nitroso-, azoxy- and azobenzene
(using HMDE) has extensively been discussed in [6].

*From now 2,5-dihydro-1,3,4-thiadiazoles will be named according to the traditional nomenclature as
A*-13 4-thiadiazolines.
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In order to determine the conditions responsible for the formation of an additional
system of peaks observed during the electrochemical conversions of A*-1,3,4-thia-
diazolines [1,2], a comparative study involving a series of differently substituted
A’-1,3,4-thiadiazolines (Td) 1a—e has been carried out. Compounds 1 constitute a re-
latively little known class of five-membered nitrogen-sulphur heterocycles, which
are used as precursors of reactive thiocarbonyl ylides or as starting materials in syn-
theses of 1,3,4-thiazole derivatives [17].

The aim of this study was to explain the relationship between the presence of an
additional system of peaks and substitution pattern of the heterocyclic ring, material
of the electrode, type of the of solvent and the background electrolyte.

A’-1,3,4-Thiadiazolines included in this study are: an inseparable mixture of cis
and trans isomers (cis/trans ratio = ca. 9:1) 6,6,12,12-tetramethyl-4,11-dithia-1,2,8,9-te-
traazadispiro[4,1,4,1]-dodeca-1,8-diene 1a; 1,1,3,3-tetra-methyl-8-thia-5,6-diazaspiro-
[3,4]oct-5-en-2-on 1b; 1,1,3,3,7,7-hexamethyl-8-thia-5,6-di-azaspiro[3,4]oct-5-en-2-on
1¢c, 1,1,3,3-tetramethyl-7,7-di(ferz-butyl)-8-thia-5,6-diazaspiro| 3,4]-oct-7-en-2-on 1d and
6,6-tetramethyl-4-thia-1,2-diazadispiro[4,1]-dodeca-1-en 1le.
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EXPERIMENTAL

2,5-Dihydro-1,3,4-thiadiazoles (A3-1 ,3,4-thiadiazolines) 1a—e were prepared following procedure
earlier described in [2]. Electrochemical reduction was carried out in acetonitrile in the presence of
0.1x1072 mol/dm® LiClO4 and in water-ethanol and water-ethanol buffer solutions in the pH 1.5-11.5.
All experimental procedures were identical with those given in [1,3]. The voltammetric curves were re-
corded in the three-electrode arrangement with a saturated calomel reference electrode and platinum foil
counter electrode. A static mercury drop electrode (SMDE 1 Laboratorni Pristroje, CSR) drop area 0.012
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cm?, applied either in the dropping or hanging mode, a glassy carbon electrode of 0.200 cm? surface area,
gold electrode of surface area 0.015 cm” and a platinum electrode of surface area 0.015 cm” were used as
the working electrodes. The glassy carbon electrode has been cleaned before each measurement by wash-
ing in chromic acid solution, then rinsed in triply distilled water and dried using filter paper. The platinum
and gold electrodes were polished mechanically with diamond paste and electrochemically in working
solutions by cycling the potential over the range near the electrolyte decomposition until a stable
voltammogram was obtained [18]. All experiments were carried out at 277+ 0.1 K. The solutions were
deaerated by using oxygen-free argon.

RESULTS AND DISCUSSION

Examples of cyclic voltammograms obtained for 1a, 1b, 1¢ and 1d derivatives in
0.1x 10~ mol/dm’ LiClO, acetonitrile solutions are given in Figure 1. Test-polaro-
grams and cyclic voltammograms for all compounds 1 in ethanol-water (45% v/v et-
hanol) containing Britton-Robinson’s buffer solutions at pH = 3.6 are presented in
Figure 2.

During the second polarization cycle new peaks : cathodic ¢; and anodic a, for all
1 on cyclic voltammograms (Figs. 1,2 and 3) in all solvents and solutions studied,
except of the bulky substituted derivative 1d and also cathodic c4 for 1a, were obse-
rved. Additionally, in the next polarization cycle new anodic peak a3 (prepeak of a,)
appeared. In contrast to heights, the number of peaks does not change in subsequent
polarization cycle. Peaks ¢, and c, decreased, while all other increased to approxima-
tely the same constant value. This is a clear evidence that products of some electrode
processes cumulated on the electrode surface. The voltammetric curves recorded
after the positive potential scan direction are similar to those obtained after the third
and successive polarization cycles in the negative potential direction.

The potentials of peaks ay, a3, ¢3 and ¢4 were more positive than polarographic
half-wave potentials and potentials of peaks ¢, and c2. On dc polarograms the waves
equivalent to these peaks were not observed. The additional peaks a,, a;, c; and c,
were observed in the entire pH range and in all solvents applied. The shape and their
potentials are nearly identical for all substances. Shapes of additional redox system of
peaks and their dependence on experimental variables suggest the occurrence of ad-
sorption phenomena. One can notice that the anodic peak a is much wider than the
diffusional one, indicating kinetic character and the cathodic peak c; is asymmetric.
In Figure 3 there is presented an example of typical changes of additional peak system
versus the scan rate. Theoretically predicted asymmetry of the peaks for surface pro-
cesses [18,19] is more outstanding at higher scan rate. In addition, peak currents as a
function of the scan rate for peaks a, and c; indicate the adsorptive character of pro-
cesses, leading to cathodic c; and kinetic to anodic a, peaks, respectively.

This hypothesis was confirmed by the peak potential E, dependence on the log v.
Atslow sweep rates, the peak potential E;., does not depend on the sweep rate. At hi-
gher rates, however, the curves show oblique asymptotes with slopes depending on
pH: -30mV,-39mV and—19 mV atpH=3.6,5.8 and 8.1, respectively. It demonstra-
tes that at pH = 8.1 the process is diffusion controlled and takes place on the electrode
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Figure 1. Cyclic voltammograms recorded during the reduction of 3 X10*mol/dm? compounds 1a, 1b,
1c and 1d in 0.1 mol/dm® M LiClO; acetonitrile solutions on HMDE. v=0.2 Vs,

surfaceatpH =3.6 and 5.8. Potentials of cathodic peak E,,., at pH 2.2 and anodic peak
E,., atall pH values are practically independent of the scan rate exhibiting their kine-
tic character.

At slow sweep rates, the difference between potentials of peaks a, and ¢3, Apca, in-
dicates quasi-reversible 1-electron redox process. At higher sweep rates, however,

the difference between potentials of cathodic and anodic peaks increases (Fig. 3).
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Figure 2. D.c. polarograms and cyclic voltammograms of 1.3 X 10™* mol/dm’: 1) 1a, 2) 1b, 3) 1c¢, 4) 1d
and 5) le in Britton-Robinson buffer solution. pH =3.60; v= 0.2 Vs

It was found for all investigated compounds, that during the polarization of elec-
trodes in different potential ranges, the oxidation reactions occurring at the peaks a,
and a3 are conditioned by the reduction reaction corresponding to peak ¢; (i.e. Fig. 4,
curves 2 and 3). On the other hand, products resulting from the oxidation reaction of
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Figure 3. Influence of the scan rate on cyclic voltammograms of 1.3 x10* mol/dm® 1e. Scan rate: (1)
0.02, (2) 0.05, (3) 0.10, (4) 0.20, (5) 0.50 Vs ™' pH=10.22 [1].

peak a, are reduced in peak c; (Fig. 4 curve 6). Observed phenomenon suggests that
the additional system of peaks is associated with an intermediate or the product for-
med in the course of 1a—¢ and 1e reduction.

On the voltammograms of 1a in acetonitrile-water solutions two cathodic peaks
in the first potential sweep and two additional cathodic peaks c;and c4 in second pola-
rization cycle appeared (Fig. 5). It was found, that peak c; is conditioned by the reac-
tion of peak c;, whereas peak c, by the reaction of peak c,. Earlier [3], we reported
that in the case of 1aelectrochemical reactions of peaks ¢, and ¢, are associated with
the first and the second N=N bond reduction, respectively. This suggests, that the pre-
sence of additional peaks are conditioned by the electroreduction of the N=N bond.

The peak potentials of a, and c3 shift towards more negative values with incre-
asing pH (Fig. 6). This behaviour revealed the preceding protonation reaction. The
slope of straight lines indicate a 1 e, 1 H' reaction and this dependence is in agre-
ement with the result obtained from the difference between anodic and cathodic pe-
aks. The voltammetric dissociation constant of protonated form of products of this
transformation is for 1¢ pK'a,=9.3. and pK'a, = 8.4, for 1bpK'a,=9.1 and pK'a, =
8.0. For 1a and 1e the peak potential did not stabilize with pH-increasing. Example of
variations in c3 and a; peak currents for 1¢ with pH are shown in Figure 7. The current
of peak a, is pH-independent, whereas the current of peak c3 at pH below 8 increases
and above this pH value decreases.
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Figure 4. Cyclic voltammograms of 1 X10~* mol/dm’ Th: 1b in Britton-Robinson buffer pH = 3.6
obtained in different sweep range. Scanrate v= 0.2 Vs

Potentials of additional peaks depend also on the nature of the cation of support-
ing electrolytes. Anodic Ey., and cathodic Ey.; potentials become more negative with

increase of ionic radii of cation, i.e. for 1.3 X 10 * solution of 1¢ in the presence of 0.1

mol/dm’ NaNO; the peak potential E,., =—0.475 V, whereas in 0.1 mol/dm’ KNO;

E,., =—0.525 V. The influence of the electrolyte on the processes of additional system
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Figure 5. Cyclic voltammogram of 1.3 X 10~° mol/dm”’ 1a in acetonitrile-water mixtures (45% v/v).
pH = 3.60 (Britton-Robinson buffer solution); sweep range: 1) 0—1.200 and 2) 0—1.800 V;

v=02Vs
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Figure 6. Effect of pH on c; and a, peak potentials of 1.3x10~* mol/dm’ 1b solutions.
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Figure 7. Effect of pH on ¢, and a, peak currents of 1.3X10~* mol/dm? 1b solutions.

of peaks is in agreement with previous observations by Kryszczynska, who recorded
the additional anodic peak during the electroreduction of azobenzene in DMF [13]
and by Lipsztajn et al. who reported similar phenomena during electroreduction of ni-
troso-, azoxy- and azobenzene in DMF at HMDE [6].

Additional system of peaks appears in all solvents used in our studies (i.e. in ace-
tonitrile, aqueous-acetonitrile and aqueous-ethanol mixtures), (Figs. 1,2 and 4). The
reduction peak csis shifted towards more negative potentials, whereas the oxidation
one a, towards more positive after replacing ethanol by acetonitrile in mixed
solvents. The corresponding values in 1.3X 10* mol/dm” 1¢ water-ethanol solution
(45% v/v ethanol) at pH = 5.3 were Epa, =-0.470 V and Eje, =-0.550 V. In the wa-
ter-acetonitrile solution (45% v/v acetonitrile) potential values were E;,,, = —0.420 V
and E,., = —0.630 V. Potentials were measured versus the saturated calomel electro-
de. However, values of potential difference between the ethanol or the acetonitrile
and the water are near the same (A s, equals for EtOH/water = —0.250 V and for
AcN/water =—-0.230 V [36,37]) it allows to compare measured data.

It is worth of mentioning, that no additional cathodic peak was observed (Figs. 1
and 2) on voltammmograms of 1d solutions. By means of IR and NMR spectrosco-
pies we concluded that in the case of 1d, peaks ¢ and ¢, in aprotic media and ¢; in
mixed solvents correspond to the reduction of non-protonated thiadiazole; moreover
products were isolated in very small yield [3]. This fact suggests that steric hindrance
and strong specific adsorption of depolarizer prevent the preprotonation reaction and
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Figure 8. Cyclic voltammogram recorded during the electroreduction of 1.3x10 * mol/dm’ (A) 1c at
glassy carbon electrode, B) 1b ata platinum electrode and C) 1eata gold electrode. pH=3.62;

v=02Vs

makes the transformation of N=N group more difficult. It supports earlier suggestion,
that an additional system of peaks is conditioned by the reduction of N=N bond.

In order to check the influence of electrode material on appearance of additional
system of peaks we used also glassy carbon, gold and platinum electrodes instead of
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Figure 9. Cyclic voltammogram of 1.3X10™* M Th: A) 1a and B) 1b in Britton-Robinson solutions, pH =
11.4;v=02Vs".

HMDE. Figure 8 presents typical cyclic voltammetric curves recorded during the re-

duction of A*-1,3,4-thiadiazolines 1b, 1¢ and 1e using glassy carbon, platinum and
gold electrodes.
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In these experiments only bad-formed single cathodic and single anodic peaks
(1e) and two irreversible (1c, 1d) (glassy carbon electrode), 1¢ (platinum electrode)
and (1b) (gold electrode) or single irreversible cathodic peaks (1a, and 1e) (gold and
platinum electrodes) were observed in first and second scans. However, the additional ca-
thodic-anodic system of peaks was not observed. These results indicate a special effect of
mercury in electrode processes during the reduction of A’-1,3,4-thiadiazolines and its
responsibility for the appearance of the additional peak system.

Base induced ring opening of A*-1,3,4-thiadiazolines, resulting in formation of
ring opened species containing thiol function, was already reported [21,22]. We sug-
gest that similar ring opening can lead to formation of an electroactive mercury salt.
Similar reactions of substances with thiol functional group on mercury electrodes
were described by many authors [23—-28]. The opening of heterocyclic ring was obse-
rved in alkaline solutions using only derivatives 1a, 1b and 1e containing hydrogen
atoms at C-2 [2,3]. Therefore, this reaction cannot be connected with the appearing of
an additional redox system (peaks ay, czand c4) but it could cause deformation of peak
¢; by new peak ¢, observed in alkaline solutions during the reduction of correspond-
ing 1 [1,3]. This suggestion is supported by new quasi-reversible polarographic
waves observed for 1a and 1b in alkaline solutions (pH >10) at potentials close to tho-
se of a, and cs; peaks (Fig. 9).

All these facts allow us to conclude, that a special role must be attributed to an in-
teraction of mercury with the adsorbed product of the electrochemical reduction of
N=N bond in thiadiazole ring.

In [1,3] three types of the mechanism of A’-1,3,4-thiadiazolines (Td) reduction
on mercury electrodes in aprotic, acidic and neutral media, were proposed:

— type, in which protonated form TdH " undergoes subsequent irreversible reduction:

Td+ H<>TdH +e¢ —>TdH +e—>TdH +H <—>TdH, (1)

— type, when the protonation of molecules takes place prior to the first electron
transfer:

k= f(pH)

Td+H' < >TdH +e —>TdH +e<>TdH +H' <> TdH, (2)
kp

— type, in which the electrochemical reduction of thiadiazoles could occur in two
step processes

Td+e—>Td +e—>Td> (3)
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In solution of pH < 8 both processes (1) and (2) could occur in parallel. However,
when pH > 8 and in aprotic media only mechanism given by (3) can be taken into ac-
count [1,3].

We considered two possibilities of formation of additional peaks. One of them is
based on assumption of an interaction of mercury with the radical TdH" (Td") formed
during the thiadiazoline ring reduction on mercury electrode. This reaction affords
producing an organo-mercury compound of type Td-Hg-Td. Formation of similar
compounds on the surface of Hg-cathode during electrolysis of some organic depola-
rizers has previously been reported [6,13,29-32]. Second possibility is oxidation and
reduction of mercury in the presence of the TdH or Td* anions, similarly to
Lipsztajn et al. suggestion [6]. Thus, the following reaction could be formulated:

(Td*, 2 M )us +Hg—2e <> (Td", Hg™ Yppe + 2 M~ &)

where M is the cation of the supporting electrolyte. On the basis of presented experi-
mental results and some other observations, described in [1,3,33-35], the second hy-
pothesis seems to be most justified for the following reasons: i) Only anions are
formed in all solutions used. ii) Radicals TdH" are rather unstable and during the re-
duction of N=N bond in aqueous-organic solvents only one peak is observed. Two
peaks observed for 1b correspond to protonated and non-protonated form of N=N
bonds. For1a two peaks are connected with reduction of two N=N bonds which exist
in this derivative [3]. iii) In protolytic solvents the reduction peak potential is pH-de-
pendent. At pH < 8 reduction potentials become more negative as the pH increases. It
indicates that the electrode reactions are preceded by the protonation of reactant and
that the rate-determining step (rds) is this reaction. Hence, at higher pH an increasing
slowness of the preprotonation reaction took place. However, this same argument
could be used in first idea about interaction between mercury and radicals. iv) Varia-
tions in c3 and a, peak currents with pH are characteristic (Fig. 7). The current of peak
a,is pH-independent and has a kinetic character, whereas the current of peak c; at pH
below 8 increases and above this pH value decreases. The same dependences are ob-
tained for other compounds 1.This result suggests, that below pH 8 the concentration
of anion increases with increasing pH according to (1) and (2), however, at higher pH
values a strong adsorption of OH ions caused the desorption of adsorbed thiadiazole
anions from electrode surface. v) Voltammograms recorded during the repeated scans
indicated an accumulation of the reaction product at electrode surface (the decrease
of peaks c; and an increase of peaks a; and c3). The shape of additional peaks suggests
a strong adsorption of product (anodic prepeak az) and substrate (asymmetrical, sharp
cathodic peak c3). vi) Dependence of potentials of the additional peak system on the
nature of cations and on the type of solvent can be explained by the influence of these
factors on the solubility of product considered as an organo-mercury compound as
suggested in [6]. vii) After long-time electrolysis of 1 carried out at the potential of re-
duction peak ¢, no additional peak system is observed on voltammograms and a small
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amount of precipitate is formed. In addition, small drops of mercury appeared at the
surface of the electrode.
Obtained results confirm the hypothesis which emphasises the important role of

electrode material in electrochemical reactions of organic compounds as underlined
in [6,9,32].
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