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Copper(ll) complex with (4Z,42')-1,1'-[disulfanediylbis(ethane-2,1-diyl)]-
bis[2-methylthio-4-(pyridin-2-ylmethylidene)-1H-imidazol-5(4 H)-one]
onto a gold electrode surface — a catalyst of electrochemical
reduction of nitrite in water solution
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A new organic ligand (4Z,4Z')-1,1"-[disulfanediylbis(ethane-2,1-diyl)]bis[2-methylthio-4-(pyridin-2-ylmethylidene)-1H-imidazol-
5(4H)-one] chemisorbed on gold electrode surface forms coordination compound with copper(1), which catalyzes the electrochemical

reduction of nitrite in water solution.

The reduction of nitrite is one of the steps of the denitrification
process (2NO3; —= 2NO; - 2NO - N,O - N,) in the global
nitrogen cycle. In nature, the reduction of NO; to NO and water
is catalyzed under ambient conditions during microbial denitri-
fication by the copper- or iron-containing metalloenzymes, nitrite
reductases (NiRs)."? Several Cu" complexes have been so far
reported as models of the Cu—NiR active site.>~'3 The problems
in their using as electrocatalytic systems are due to the fact that
many Cu" complexes exhibit irreversible electrochemistry leading
to unstable Cu' or directly to Cu® complexes. These features of
the electroreduction process are connected with the difference
in the coordination geometry preferred by the Cu" and Cu' ions,
so that large inner-coordination sphere rearrangements are required
during the redox process in order to produce a stable Cu' form
of the complex. We have recently demonstrated that metal com-
plexes of 3-phenyl-2-alkylthio-5-(2-pyridylmethylene)-3,5-di-
hydro-4H-imidazol-4-ones'*!5 or N-(2-phenylselenocyclohexyl)-
N-(pyridin-2-ylmethylidene)amine'® can be reversibly reduced on
glass carbon or noble metal electrodes, and the reduced forms
of these complexes are capable of catalyzing the reduction of
nitrous oxide to N, under mild conditions at moderate potential
(Epc <=1.0'V). In this study, we prepared a gold electrode modi-
fied with Cu"-3-phenyl-2-alkylthio-5-(pyridin-2-ylmethylidene)-
3,5-dihydro-4H-imidazol-4-one complex and investigated the
electrochemical reduction of nitrite on it.

Ligand 3 was synthesized in three steps from cystamine and
ethyl isothiocyanatoacetate (Scheme 1)." Both products 2 and 3
were formed as single geometric isomers, which were identified
as the Z isomers based on the chemical shifts of the vinylic
protons in the 'H NMR spectra.!’-1?

' 3,3"-[Disulfanediylbis(ethane-2, 1-diyl) |bis(2-thioxoimidazolidin-4-one) 1.
A mixture of cystamine (1.12 g, 7.36 mmol) and ethyl isothiocyanato-
acetate (2.13 g, 14.7 mmol) in 20 ml of Et,O was stirred at room tempe-
rature for 14 h. When the reaction was completed (monitoring by TLC),
Et,0 was decanted, then 30 ml of EtOH and 10 ml of 10% aqueous HCl
were added, and the resulting mixture was boiled for 2 h. The precipitate
that formed under cooling was filtered off and dried in air to obtain com-
pound 1 (1.85 g, 5.29 mmol, 72%), mp 264-266°C. '"H NMR (DMSO-d,)
0:2.98 (t,2H,J 7.09 Hz), 3.96 (t, 2H, J 7.09 Hz), 4.11 (s, 2H), 10.20 (s,
1H). IR (v/em™): 3220, 1750, 1745, 1705, 1535, 1460, 1345. Found (%):
C,34.10; H, 4.29; N, 15.75; S, 36.98. Calc. for C;(H;4N40,S, (%): C, 34.27;
H, 4.03; N, 15.98; S, 36.64.
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Scheme 1

Ligand 3 was chemisorbed on gold electrode surface by means
of immersion of electrode in a solution of disulfide-derivatized
compound 3. Self-assembly of dialkyl disulfides on gold usually
results in monolayers of thiolates.?’2> The insertion of copper

(52,5Z')-3,3"-[ Disulfanediylbis(ethane-2,1-diyl) |bis[ 5-(pyridin-2-yl-
methylidene)-2-thioxoimidazolidin-4-one] 2. Compound 1 (0.5 g, 1.43 mmol)
was added to a solution of 0.2 g KOH in 10 ml of MeOH and the mixture
was stirred at room temperature to complete dissolution of a solid. Then
2-pyridinecarbaldehyde (0.3 g, 2.86 mmol) was added, and the mixture
was stirred for 12 h. Glacial AcOH (3 ml) was added under stirring, then
the reaction mixture was poured into 20 ml of water. The formed light-
yellow precipitate was filtered off and dried in air to obtain compound 2
(0.66 g, 1.25 mmol, 86%), mp > 300°C. 'H NMR (DMSO-d) 6: 3.07
(t,2H, J 6.94 Hz), 4.10 (t, 2H, J 6.85 Hz), 6.61-6.71 (m, 1H), 7.30-7.39
(m, 1H), 7.83-7.95 (m, 2H), 8.67-8.74 (m, 1H). IR (v/cm™"): 1730, 1660,
1462, 1435, 1383. Found (%): C, 48.22; H, 3.99; N, 14.92; S, 24.03. Calc.
for C»,H,,N¢O5S, (2-H,0) (%): C, 48.33; H, 4.06; N, 15.37; S, 23.46.
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ion was performed by soaking the ligand monolayer on the gold
surface in CuCl,-6H,0 solution in DMF.# The structure of the
forming coordination compounds proposed according to pre-
viously established structures of copper complexes with analogous
ligands'#15-18.23 is shown in Scheme 2.

Compound 3 was studied by cyclic voltammetry (CV) in the
solution using glass carbon (GC) electrode and as the adsorbed
form on Au electrode.® The electrochemical oxidation and reduc-
tion potentials are given in Table 1. Ligand 3 undergoes a three-step
reduction on GC electrode [Figure 1(a)] at—1.32,-1.81 and 2.17V;
it oxidizes in one irreversible step at 1.49 V. Apparently, the ligand
oxidation occurs at the sulfur-containing fragment, and the first
and second steps of the reduction occur at O=C—C=C system,
similarly to earlier studied 3-substituted 2-alkylthio-5-(pyridin-
2-ylmethylidene)-3,5-dihydro-4H-imidazol-4-ones.!+!5:18-21 The
adsorption of ligand 3 on gold electrode [Figure 1(b)] results
in slight shift of first and second reduction peaks; at the same
time two additional peaks at —0.52 and —0.83 V corresponding to
the reduction of adsorbed compound 3 appear on CV curve. An
interaction of disulfide 3 with Au electrode surface proceeds
with the breaking of S—S bond and the formation of gold thiolate

(42,4Z')-1,1'-[ Disulfanediylbis(ethane-2,1-diyl) bis[2-methylthio-
4-(pyridin-2-ylmethylidene)-1H-imidazol-5(4H)-one] 3. Solution of KOH
(15%, 1.4 ml) was added to a suspension of thiohydantoin 2 (0.5 g,
0.95 mmol) in the mixture of 10 ml of MeOH and 10 ml of H,O. After
a complete dissolution of the solid, Mel (0.53 g, 3.8 mmol) was added
and the mixture was stirred at room temperature for 1 h. The precipitate
that formed was filtered off, washed with diethyl ether and dried in air to
obtain compound 3 (0.42 g, 0.76 mmol, 79%), mp > 300°C. 'H NMR
(DMSO-dg) 6: 2.74 (s, 3H), 3.03 (t, 2H, J 6.48 Hz), 3.88 (t, 2H, J 6.42 Hz),
6.77 (s, 1H), 7.31-7.41 (m, 1H), 7.85-7.96 (m, 1H), 8.65 (d, 1H, J 3.18 Hz),
8.78 (d, 1H, J 8.19 Hz). IR (v/cm™): 3430, 1720, 1645, 1495, 1470, 1350.
Found (%): C, 49.07; H, 4.51; N, 13.35; S, 21.48. Calc. for C,4;H,sNO,S,
(3:2H,0) (%): C, 48.63; H, 4.76; N, 14.18; S, 21.63.

# To prepare the monolayer of organic ligand on the gold surface, a well-
polished and ultrasonically cleaned Au electrode was immersed in a 50 mM
solution of ligand 3 in DMF at room temperature for 16 h, and then the
electrode was sufficiently rinsed with DMF and supporting electrolyte to
remove the unbound ligand molecules. The insertion of copper ion was
performed by soaking the ligand monolayer on the gold surface in 10 mM
CuCl,-6H,0 solution in DMF at room temperature for 5 h. An electrode
was thoroughly washed with DMF to remove excess of free Cu ions, giving
the Cu complex on Au surface (4 in Scheme 2).

§ Electrochemical studies were performed at 25 °C using a IPC-2000 poten-
tiostat with the refinement program complex (developed in A. N. Frumkin
Institute of Physical Chemistry and Electrochemistry, RAS; author V. E.
Kasatkin, vadim_kasatkin@mail.ru; see, for example http://www.expo.ras.ru/
base/prod_data.asp?prod_id=4687). Glass carbon and Au disks (both 2 mm
in diameter) polished with Al,O5 (< 10 um) were used as the working
electrodes, and a 0.1 M BuyNCIO, solution in DMF or 0.1 M LiClO,
aqueous solution served as the supporting electrolyte. Ag/AgCl/KCl(sat.)
was used as the reference electrode. The potentials are given with allowance
for iR compensation. All measurements were carried out under argon.
The samples were dissolved in pre-deoxygenated solvent.

Table 1 Electrochemical oxidation (E}S)") and reduction (E}}Ed) potentials
for compounds 3, 4 measured by CV technique using GC or Au electrodes
in DMF in the presence of 0.1 M BuyNCIO,. The potential scan rate was
200 mV s~!. The values after the slash marks represent the peak potentials
for the reverse CV scans.

Compound Red Ox
(electrode) EpIV EplIV
3(GO) -1.32/-1.25,-1.81/-1.67, -2.17/-1.90 +1.49
3 (Au) -0.52,-0.83,-1.34,-1.88 +1.25
4 (Au) +0.28/+0.34, —0.12 (the desorption peak of Cu®

is observed on reverse scan of CV curve),
-0.92,-1.32,-1.84
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Figure 1 Cyclic voltammograms: () ligand 3 (10-3 M, DMF, GC electrode,
BuyNCIO,, scan rate 200 mV s'); (b) ligand 3 on gold electrode surface
(DMF, Bu,NClOQ,, scan rate 200 mV s'); (¢) complex 4 on gold electrode
surface (DMF, Bu,NCIO,, scan rate 200 mV s7'); (d) complex 4 on gold
electrode surface (H,0, 0.1 M LiClO,, scan rate 10 mV s7!): () in the
absence of NaNO,, (2) in the presence of 0.5 M NaNO, and (3) in the presence
of 0.5 M NaNO, after addition of HCIO, to pH 5.3.

— 38 —



Mendeleev Commun., 2014, 24, 37-39

(chemical adsorption), which is proved by the presence of the
Au-S reduction peak in accordance with the reaction Au-SR + le =
- Au’+ RS~ on CV curve [-0.83 V; Figure 1(b)]; a peak at —-0.52'V
corresponds to the reduction of disulfide 3 adsorbed on electrode
surface without S—S bond breaking (physical adsorption).?>2*
After the complexation of adsorbed ligand 3 with CuCl,, two
additional peaks at E,. = +0.28/+0.34 and —-0.12 V appear on
CV curve, indicating of complex 4 formation [Figure 1(c)]. For
complex 4 the intensity of peaks corresponding to copper ions
reductions is practically equivalent to the intensity of the reduc-
tion peaks of organic ligand fragments [Figure 1(c); the peak
intensities were determined by integrating the CVA curves using the
program, which is part of the potentiostatic complex IPC-2000].
This leads to the conclusion that nearly 100% of immobilized
ligand 3 molecules take part in coordination with copper ions.

Under the reduction of complex 4 in the presence of NaNO,
at the slow scan rates (10 mV s7!) the first reduction half-peak
potential was shifted from +0.28 to +0.14 V [Figure 1(d), curve 2].
The effect of nitrite addition on redox potentials of immobilized
copper complex implies that the coordination environment of
copper atom was changed, probably due to nitrite binding to
Cu as an additional ligand.?'?* The further addition of acid
(HC10,) to the nitrite-containing electrolyte dramatically changes
the shape of the voltammogram, and an enhanced sigmoidal
cathodic current—potential curve (catalytic current) is observed
[in Figure 1(d), curve 3]. The oxidation counterpart of the
voltammetric reduction peak of the Cu" complex disappears
indicating that the electrochemically generated reduced form of
the complex is required for the catalytic reduction of nitrite.
These facts are consistent with an electrocatalytic process at the
formal potential of the Cu'/Cu' redox couple. The appearance
of the catalytic current indicates the regeneration of the initial
Cu" complex on the gold surface by the reduction of nitrite
ligand.?62” The presumably working principle of gold electrode
immobilized complex 4 is given in Scheme 3. The appearance
of the reduction peak at —0.45 V on CV curve in the presence
of NaNO, indicates that NO is a nitrite reduction product.!”-?8
NHj; clearly does not form under catalytical reduction, because
the NHj re-oxidation peak under £, ~ 1.0 V is not observed at
CV reverse scan in anodic region after the carrying of cathodic
potential E,. =-1.0 V.

LCu" NO; +2H*
Au e
LCu' NO + H,O
Electrode = Immobilized Solution
layer
Scheme 3

In conclusion, the electroreduction of nitrite on the gold elec-
trode modified by Cu" complex with (4Z,4Z2"-1,1'-[disulfanediyl-
bis(ethane-2,1-diyl)]bis[2-methylthio-4-(pyridin-2-ylmethyl-
idene)-1H-imidazol-5(4H)-one] was observed under moderate
potential. In comparison with the data presented in the literature
on the use of copper complexes for the catalytic redox reaction of
nitrite in the solution,3~!3 the modification of electrode surface by
copper chelate has some advantages, consisting in the simplicity
of complex preparation, stability, and the possibility of multiple
use. We also note that the majority of the biological reactions
occur at the interface (aqueous/lipid), and the incorporation of

copper redox centers into the monolayers leads to the formation
of the structure modeling the natural metalloenzymes, built in the
biological membranes.

This work was supported by the Russian Foundation for Basic
Research (project no. 13-03-00399-a).
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