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Metalloenzymes that carry a pterin-based molybdenum cofactor in their center catalyze
numerous reactions in the human body and play a crucial role in its metabolism.
Specifically, these enzymes promote redox reactions and oxygen transport in the body.
Their absence may cause many problems leading to disability or even death in early
childhood. Therefore, model compounds need to be synthesized and analyzed to investigate
the reactivity, redox potential, and geometry of these cofactors. This study focused
on electrode processes and determined the redox potentials of the new bis-(4-mercapto-5-
(p-tolyl)-3H-1,2-dithiole-3-thione )-dioxomolybdenum complex by cyclic voltammetry.
The 4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-3-thione ligand underwent irreversible oxidation
and reduction at thiol and thione functional groups. The new dioxomolybdenum complex
showed a quasi-reversible two-stage electrode process.
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INTRODUCTION

Molybdenum is an abundant microelement present in specific organic and
inorganic compounds. Organic molybdenum compounds exist in living species, such
as bacteria, animals, and humans. The physiological significance of molybdenum in
animals and humans was first demonstrated in 1953 upon the discovery of its effect
on xanthine oxidase activity (Holm, Kennepohl, and Solomon 1996; Enemark et al.
2004). In addition to promoting the activity of antioxidants, such as vitamin C,
molybdenum plays a key role in cellular respiration systems and enhances amino
acid synthesis and nitrogen accumulation (Holm 1990; Enemark and Young 1993).
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Oxomolybdenum complexes have proven important in practical applications
(Sellmann et al. 1995; Schwarz, Mendel, and Ribbe 2009). In particular, oxomolyb-
denum (VI) complexes play a central role in industrial and biochemical catalysis
(Jorgensen 1989; Rao, Munshi, and Rao 2000). They catalyze olefin epoxidation
and hydroxylation (Brito et al. 2004), alcohol oxidation (Lorber, Smidt, and Osborn
2000), and biochemical reactions involving oxygen atom transfer (Holm 1990).

Molybdenum only exhibits biological activity in its enzymatic oxomolybdenum
complex, in which it catalyzes biochemical reactions and plays a crucial role in
human metabolism (Dinda et al. 2002). It is present as a molybdenum cofactor
(Rajagopalan and Johnson 1992; Kisker, Schindelin, and Rees 1997; Hille 2002; Sigel
and Sigel 2002) in sulfite oxidase, which participates in the metabolism of sulfur-con-
taining amino acids; xanthine oxidase, which promotes purine and pyrimidine oxi-
dation as well as uric acid production; and aldehyde oxidase. In addition to one
molybdenum atom, the molybdenum cofactor comprises one or two oxo ligands with
sulfur ligands and/or an amino acid residue (such as serine or cysteine) (Hille 1996).
Molybdenum cofactor deficiency may lead to the development of numerous diseases
and even cause death in infants (Schwarz 2005), highlighting the high relevance of
synthetic cofactors. Existing studies on these model compounds have addressed reac-
tivity, spatial structure, and redox potential determination. Redox potential data are
expected to predict electron transfer properties in various biochemical reactions
(Lenaz and Milazzo 1997; Bard, Stratmann, and Wilson 2002).

In this study, bis-(4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-thione)-dioxomo-
lybdenum was synthesized and evaluated for the first time. The electrode processes
and redox potentials of this new dioxomolybdenum complex bearing sulfur-contain-
ing ligands were investigated by cyclic voltammetry, which is considered as the most
reliable and sensitive method to characterize reactions on the electrode surface.

The diversity of molybdenum valence forms depends on the presence of stable
molybdenum compounds in different oxidation states and chemical activity, making
the choice of an appropriate working electrode material as the key task. Platinum
and glassy carbons are typically used as working electrode materials. A platinum
metal working electrode may yield erroneous results because molybdenum and plati-
num produce numerous intermetallic compounds that may subsequently affect elec-
trode processes (Scholtz 2006). Therefore, a glassy carbon electrode (GCE), which
has proven suitable in studies on electrode processes in aprotic solvents at potentials
below —1.0 volt with respect to the chlorine electrode, was employed as the working
electrode in this study.

MATERIALS AND METHODS
Equipment

The electrochemical properties of the 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-
3-thione bidentate sulfur donor ligand and the dioxomolybdenum complex were
determined using a VoltalLab 40 system (Radiometer analytical). A thermostated
three-electrode cell (Radiometer Analytical) equipped with a capillary to bubble
nitrogen gas through solutions served as the electrochemical cell. While a glassy car-
bon electrode acted as the working electrode, a pseudo-electrode consisting of a
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silver wire submerged in ferrocene solution was used as the reference electrode. Fer-
rocene was added to the cell at the end of the measurement series, and the potential
of its redox couple reverse peak was assumed to be the control point on the electrode
potential scale (E;,,=0.0 volt). A plate-shaped platinum electrode was used as an
auxiliary electrode. Prior to the analytical procedure, impurities were mechanically
removed from the working electrode by sequential surface polishing using alumina
powder and a soft cloth before drying under nitrogen. All experiments were
conducted at (23 £0.2) degree Celsius.

Preparation of Background Solutions

Experiments were conducted under strict anaerobic conditions for chemical
systems requiring an oxygen-free atmosphere in organic solvents such as tetrahydro-
furan. Anhydrous tetrahydrofuran was purified using the PureSolv system (Innova-
tive Technology Systems, Inc.).

The electrochemical cell was dried under vacuum using a hot air flow. The elec-
trolyte N(C4Ho)4PF,4 was then placed in the cell under argon atmosphere and dried
under vacuum until it melted. Because of its hygroscopic nature, the electrolyte was
purified by dissolution in dichloromethane, recrystallized at 0 degree Celsius, dried at
100 degree Celsius for approximately twenty hours, and stored in a glove box
under an inert atmosphere. The background solution was prepared under an inert
atmosphere.

A solution of 0.1mole per liter N(C4Hy)4PF4 in an aprotic solvent was
selected as an optimal conducting background solution to investigate the electro-
chemical properties of the bidentate sulfur donor ligand and the dioxomolybdenum
complex.

Preparation of Analyte Solutions

The analyte (0.010 £ 0.005 gram) was dissolved in the background solution (6
milliliters). Background and solutions of interest were analyzed for potentials ran-
ging from —2.0 to 1.0 volts at scan rates of 50, 100, 150, 200, and 250 millivolts
per second. Each cycle was repeated three times. After the measurements, ferrocene
was added to the solutions as an internal standard.

RESULTS AND DISCUSSION
Electrochemical Properties of the Ligand

The electrochemical properties of the 4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-3-
thione ligand were initially investigated by cyclic voltammetry at potentials from
+1.0 to —2.0 volts using a glassy carbon electrode in tetrahydrofuran. The sulfur-
containing ligand was synthesized according to a known procedure (Adams et al.
2004). For a simpler and more convenient representation of the possible electrode
processes occurring on a glassy carbon electrode, the ligand was shown to include
thiol (R-SH) and thione (R’C=S) moieties. The cyclic voltammogram of the ligand
in tetrahydrofuran is shown in Figure 1.
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Figure 1. Cyclic voltammogram of 1x 10> moles per liter 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-
thione in 0.1 molar N(C4Hy)4PF, in tetrahydrofuran on a glassy carbon electrode at a scan rate of 50 milli-
volts per second referenced against the ferrocene redox couple (0 volt here).

The cyclic voltammogram showed several peaks corresponding to ligand reduction
and oxidation, indicating that the ligand exhibits a complex electrochemical behavior
because of the presence of electrochemically active thiol and thione groups, consistent with
previous reports (Bradbury et al. 1981; McNaughton et al. 2000; Borsari, Cannio, and
Gavioli 2003; Fotouhi et al. 2003; Schulzke 2005). The cyclic voltammogram (Figure 1)
consisted of three cathodic and anodic peaks, which clearly represented different electrode
processes. The peak corresponding to ligand reduction (1) at a potential of —1.28 volts
exhibited the highest intensity. The anodic peak current 1’ (Ipa;) was detected at a poten-
tial of —1.13 volts Electrode process 1/1’ in aprotic solvents, which is attributed to the
oxidation/reduction of sulfohydride groups (Bradbury et al. 1981), is defined as follows:

_ 1(~1.28V) _ 1
R-SH+e——=R-S +-H, (1)
1(~1.13V) 2

The effect of the scan rate on the ligand cathodic (I/pc;) and anodic peak current
(Ipa;) as well as their corresponding potentials (Epc;, Epa;) was studied to define
electrode process 1/1'. Cyclic voltammetry data for electrode process 1/1’ are listed
in Table 1.

Table 1. Cyclic voltammetry of 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-thione for electrode process 1/1
at various scan rates

Cathodic Anodic and Cathodic Anodic

Scan rate, Anodic peak peak cathodic peak Anodic peak peak and cathodic
millivolts potential,  potential, potential difference, current, current, peak current
per second  millivolts millivolts millivolts millivolts ~ microampere ratio

50 —1146 —1270 124 1.20 6.50 0.18
100 —1142 —1274 132 1.40 7.00 0.20
150 —1129 —1279 150 1.50 7.42 0.20
200 —1134 —1286 152 1.40 8.05 0.17

250 —1130 —1288 158 2.00 10.83 0.18
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Figure 2. The dependence of cathodic wave current (/,¢;) on potential scan rates (V2) for 1 x 10> moles
per liter 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-thione in 0.1 molar N(C4Ho)4PF, in tetrahydrofuran on
a glassy carbon electrode for electrode process 1/1'.

For electrode process 1/1', Ipc; and Ipa; increased when the scan rate increased
from 50 to 250 millivolts per second. Cathodic potentials shifted toward negative values,
whereas their anodic counterparts shifted toward positive values. The ratio between ano-
dic and cathodic peak currents Ipa,/Ipc; was below one and remained approximately
constant within the entire scan rate range. Furthermore, the dependence of Ipc; and
Ipa, on the scan rate raised to the power of ¥4 (V%) was nonlinear (Figures 2 and 3).
These findings indicate that electrode process 1/1’ on a glassy carbon electrode was
electrochemically irreversible (Nicholson and Shain 1964; Laviron 1980).

A previous study on the electrochemical behavior of sulfur-containing com-
pounds (Moiroux, Deycard, and Fleury 1983; Nomura 2011) showed that the R'C=S
group produces a radical when reduced at more negative potentials ranging from
—1.5 to —2.0 volts. This radical is unstable and rapidly dimerizes into a disulfide,
which yields an anion upon reduction. Similar electrochemical behavior was
observed for the thione moiety of 4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-3-thione.

According to cyclic voltammetry (Figure 1), electrode processes 2 and 3/3’
involving the thione moiety of 4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-3-thione were
also irreversible. These electrode processes are described as follows:

RC=S+z+H Y RicHs® (2)
9R'CHS® — R’CHSSCHR’ (3)
Ipa, / HA
41
’__,,..—.—I/./.
2L
0 L L 1
5 10 15

V‘.? .‘f mv 172 3 -2

Figure 3. The dependence of anodic wave current (/,,;) on potential scan rates (V') for 1x 10> moles
per liter 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-thione in 0.1 molar N(C4Ho)4PF, in tetrahydrofuran
on a glassy carbon electrode for electrode process 1/1'.
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, ;oo 3(-192v) B
R'CHSSCHR' + 2¢ —— 2R'CHS (4)
3(—1.54V)

The cyclic voltammogram displayed a signal corresponding to ligand oxidation
(4') in the anodic region at a potential of +0.26 volt (Figure 1). In this potential
range, the thiol anion (R-S7) was presumably oxidized into a radical (Bradbury
et al. 1981; Borsari, Cannio, and Gavioli 2003), and subsequent dimerization of
the unstable thiol radicals produces a disulfide, as shown in Equations (5) and (6):

R—S- 4/(+0.26V) R_S*4e (5)
2R—S*—>R-S—S—R (6)

Therefore, 4-mercapto-5-(p-tolyl)-3H-1, 2-dithiole-3-thione undergoes oxidation and
reduction at thiol and thione moieties. Electrode process 1/1’ corresponds to the
irreversible oxidation-reduction of the thiol group, while electrode processes 2 and
3/3’ represent the irreversible oxidation-reduction of the thione moiety. Electrode
process 4’ corresponds to the irreversible oxidation of the thiol anion into disulfide.

Electrochemical Properties of the Dioxomolybdenum Complex

The electrochemical properties of bis-(4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-
3-thione)-dioxomolybdenum were also studied by cyclic voltammetry on a glassy
carbon electrode. The dioxomolybdenum complex was synthesized according to a
published procedure (Adams et al. 2004).

All measurements were conducted in anhydrous tetrahydrofuran because of the
extremely low solubility of the dioxomolybdenum complex. The measurements were
conducted at scan rates ranging from +1.0 to —2.0 volt at a complex concentration
of 1 x 107> moles per liter in 0.1 mole per liter N(C4Ho)4PF, in tetrahydrofuran. The

I, pviem? ; 5'0.77v)
A 029 v)
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Figure 4. Cyclic voltammogram of 1x 107> moles per liter bis-(4-mercapto-5-(p-tolyl)-3H-1,2-dithiole-3-
thione) dioxomolybdenum in 0.1 molar N(C4Hy)4PF, in tetrahydrofuran on a glassy carbon electrode
at a scan rate of 50 millivolts per seconds referenced against the ferrocene redox couple (0 volt here).
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cyclic voltammogram of the dioxomolybdenum complex displayed several reduction
and oxidation peaks corresponding to different electrode processes (Figure 4).

In addition to typical peaks attributable to the reduction and oxidation of
sulfur-containing ligand functional groups, the cyclic voltammogram (Figure 4)
presented new peaks for the oxidation-reduction of molybdenum in the complex.
Furthermore, its shape was independent of the scan rate direction during the
polarization of the glassy carbon electrode. Therefore, the number and positions
of the peaks remain unchanged.

Electrode processes 6/6’ and 7/7' [Equations (7) and (8)] may correspond to the
stepwise reduction and oxidation of the dioxomolybdenum complex:

[MoV10, (ligand),] + & "’ [Mo" Oy (ligand),] (7)
6/(—0.50V)

[Mo¥0,(ligand),] +e oo [Mo'"0,(ligand), ] . (8)
7(=0.94V)

Recharge potentials for Mo¥' <sMo"! in dioxomolybdenum complexes usually range from
—0.4 to —1.0 volt depending on the conducting environment (Bradbury et al. 1981).
Therefore, electrode processes 6/6' and 7/7' (Figure 4) may be assigned to the two-stage
oxidation-reduction [Mo"'0, (ligand), | 5[Mo" O,(ligand),]*~ [Equations (7) and (8)].

The oxomolybdenum complex [Mo"'O,(ligand),] may give the radical (S'R’)
through several chemical reactions. This radical subsequently may undergo dimeriza-
tion via the ligand thione moiety:

[Mo"'0,(ligand),] — [Mo"0,(ligand)] + S°R’ (9)

2S°R’ — R'SSR/ (10)

Therefore, electrode process 3/3' (Figure 4) at —0.8 and —1.5 volts may correspond
to the oxidation-reduction of the thione group into disulfide as follows:
ey ol B(-175V)
R'SSR’ + 2 ——— 2R'S (11)
3(—1.43V)

Reduction and oxidation potentials were nearly identical in the cyclic voltammo-
grams (Figures 1 and 4) for the 3/3' peaks, confirming that the disulfide form of
the ligand participates in electrode process 3/3'.

Furthermore, dioxomolybdenum complexes may be involved in anion
formation by the ligand:

[Mo"0,(ligand)] 4+ [Mo"0,(ligand),]  — [Mo",04(ligand),] + R'S™ (12)

The resulting anion R’S™ may undergo two-stage oxidation [Equations (13)—(15)],
giving rise to irreversible signals 4’ and 5 in the cyclic voltammogram (Figure 4).

4/(+0.20V
R —

R'S IR's® (13)
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Table 2. Cyclic voltammetry of the dioxomolybdenum complex for electrode process 6/6' at various
scan rates

Cathodic Anodic
Scan rate, Anodic peak peak Anodic and cathodic peak Cathodic  Anodic and
millivolts potential,  potential, peak potential current, peak current, cathodic peak

per second millivolts millivolts  difference, millivolts millivolts  millivolts  current ratio

50 —649 —876 227 5.5260 6.315 0.875
100 —625 -850 225 5.8820 5.588 1.052
150 —608 —887 279 6.4280 6.428 1.000
200 —572 —875 303 6.8180 6.363 1.070
250 —549 —884 335 6.5000 6.000 1.080
9R’S* — R'SSR/ (14)
5 (+0.77V .
R'ssR’ 2RISR (15)

The effect of scan rate variations between 50 and 250 millivolts per second on
voltammetric signals 6/6' and 7/7' was studied to identify electrode processes 6/6’ and
717" corresponding to the stepwise oxidation-reduction of molybdenum in the
complex. Cyclic voltammetry results of electrode processes 6/6' and 7/7 are listed
in Tables 2 and 3, respectively.

Cathodic (Ipcg) and anodic peak (Ipag) currents increased with scan rate for
electrode process 6/6'. Cathodic potentials shifted toward negative values, while their
anodic counterparts shifted toward positive values. Furthermore, the ratio between
anodic and cathodic peak currents Ipag/Ipce was approximately one and remained
virtually unchanged over the entire scan rate range. These findings demonstrate that
process 6/6' on a glassy carbon electrode is diffusion-controlled and electrochemi-
cally reversible (Nicholson and Shain 1964; Laviron 1980). On the other hand, the
AEp value increased from 7 to 108 millivolts with increasing scan rate (Table 2).
The dependence of Ipce and Ipag on V' exhibited a nonlinear trend. As a result,
electrode process 6/6' is quasi-reversible instead of reversible.

Conventional criteria used to define an electrode process and the data in Table
3 suggested similar conclusions about the electrochemical quasi-reversibility of the
electrode process 7/7'. In addition to the nonlinear dependence of Ipc; and Ipa;
on V2, the Ipa,/Ipc; ratio remained quasi-constant around one over the entire scan

Table 3. Cyclic voltammetry of the dioxomolybdenum complex for electrode process 7/7 at various
scan rates

Cathodic Anodic
Scan rate, Anodic peak peak Anodic and cathodic peak Cathodic  Anodic and
millivolts potential,  potential, peak potential current, peak current, cathodic peak

per second  millivolts millivolts  difference, millivolts millivolts  millivolts  current ratio

50 -938 —-996 51 1.315 1.526 0.86
100 —918 —969 58 0.888 0.888 1.00
150 -930 -999 69 1.071 1.071 1.00
200 —916 —1007 91 1.363 1.363 1.00

250 —902 —1021 119 1.000 1.000 1.00
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rate range, and Ipc; and Ipa; values increased when cathodic potentials shifted
toward negative values and their anodic counterparts shifted toward positive values,
confirming this quasi-reversibility.

CONCLUSIONS

The electrochemical properties of the dioxomolybdenum complex and its
sulfur-containing ligand were studied by cyclic voltammetry. The ligand was oxidized
and reduced at thiol and thione functional groups through irreversible electrode
processes. A two-stage electrode process [Mo"'0;(ligand),]” < [Mo'Y O, (ligand),]*~
was observed from the redox properties of the dioxomolybdenum complex.
Conventional criteria used to identify electrode processes revealed that electrode
processes were quasi-reversible.
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