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Abstract: The synthesis and characterization of benzene- and p-toluenesulphonylhydrazones
derived from salicylaldehyde and 2-hydroxy-1-naphthaldehyde and their Cu(II) complexes
are reported. The compounds were characterized on the basis of elemental analyses, elec-
tronic and IR spectra, magnetic moments, and conductance measurements. The electro-
chemical behavior of the Cu(II) complexes was investigated in DMSO by cyclic voltam-
metry (CV), rotating disc electrode (RDE) and coulometry. The oxidative polymerization of
the copper complexes on a glassy carbon electrode was carried out in DMSO.
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INTRODUCTION

The use of benzene- and p-toluenesulphonylhydrazines and their hydrazones deriva-
tives as ligands for transition metal ions has received considerable attention because of
their photochromic effect.1–5 Due to their biological significance as models of redox en-
zymes, the coordination chemistry of high oxidation state transition-metal complexes is an
area of great importance. Investigations to assess the possible use of metal chelates in the
stabilization of unusual high oxidation states has been described in the literature.6–9

In a continuation of our earlier studies,10,11 we report herein the synthesis, electro-
chemical properties, and electrooxidative polymerization of copper(II) complexes with
salicylaldehyde benzenesulphonylhydrazone (SBSH), 2-hydroxy-1-naphthaldehyde ben-
zenesulphonylhydrazone (NBSH), salicylaldehyde p-toluenesulphonylhydrazone (STSH),
and 2-hydroxy-1-naphthaldehyde p-toluenesulphonylhydrazone (NSTH) (Scheme 1).
The capacity of these chelating ligands to stabilize copper(III) complexes was also ex-
plored.

EXPERIMENTAL

All the chemicals used for the preparation of the ligands were BDH quality. Magnetic susceptibilities were

determined using a Johnson Matthey balance at room temperature (25 ºC) with Hg�Co(SCN)4� as the standard. C,
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H, and N contents were determined at the Micro-analytical unit, Cairo University, Egypt. IR spectra were recorded
in KBr and/or Nujol mull on a Perkin Elmer PE 983 spectrometer and the electronic spectra were recorded in Nujol
and in DMF on a Perkin-Elmer model 550-S spectrometer. The conductivity measurements were carried out in
DMF (ca. 10-3 M) using a Tacussel conductivity bridge model 75. The electrochemical experiments were per-
formed using a Trace-lab50 from Radiometer which includes a polarographic analyzer (Pol 150), a polarographic
stand (MDE 150), and trace Master 5 software. Cyclic voltammetry was performed using a conventional
three-electrode system. The working electrode was a pre-polished glassy carbon (GC.) disc of 3 mm diameter (Ra-
diometer). Potentials are expressed versus the Ag/AgCl (KCl, 3M) electrode separated from the test solution by a
salt bridge containing the solvent / supporting electrolyte. The auxiliary electrode was a platinum wire. The RDE
study was performed using Radiometer model BM-EDI101 rotating disc electrode. The rotating speed � was reg-
ulated by an Asservitex Model CTV101 from Radiometer.

The following solutions were studied: 0.5, 1.0, 1.5, 2.0, 3.0 and 4.0 mM of complexes in DMSO

and 0.1 M N(Et)4ClO4 as supproting electrolyte. The RDE voltammograms were recorded in each solu-

tion, using a scan rate of 10 mV/s and rotating speeds � of 25, 50, 75, 100, 150, 200, 300 and 400 rpm. In

the CV measurements, scan rates v of 0.010, 0.025, 0.050, 0.100, 0.200, 0.400, 0.500, 1.000 and 2.000

V/s were employed. All experiments were carried out at 25 ºC � 0.1 using a Julabo thermostat. In the

coulometric experiments, the auxiliary electrode was separated from the solution by a glass frit disk and

the working electrode was controlled by a Radiometer PGP201 potentiostat.

Synthesis of ligands

Benzene- and p-toluenesulphonylhydrazine (BSH, TSH) were prepared as reported earlier.12,13 The lig-

ands SBSH, NBSH, STSH, and NTSH were isolated by refluxing equimolar amounts of BSH, TSH with

salicylaldehyde and/or 2-hydroxy-1-naphthaldehyde in absolute ethanol for two hours and in the presence of

two drops of glacial acetic acid. The products were crystallized from ethanol (80 %). The purity of the ligands

was checked by elemental analyses and TLC.

Synthesis of the complexes

The metal complexes were prepared by a general method. A hot absolute EtOH solution of Cu(II) ace-

tate (1 mmol) was added to a hot solution of the corresponding ligand (2 mmol) in EtOH under continuous

stirring. The precipitated complex was filtered off hot, washed several times with absolute EtOH and dried in

a desicuator over silica gel.
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�Cu2(HL1)2(OAc)2�. M.p: 250 ºC, IR �(cm-1) 1600 (C=N), 1440 (OAc), 495 (SO2), 3160 (NH). Anal.

Calcd. for C30H28N4O10S2Cu2: C, 45.3; H, 3.5; N, 7.0; Cu, 15.9 %. Found: C, 46.1; H, 3.1; N, 8.0; Cu, 15.4 %.

�Cu(HL2)2�. M.p: 228 ºC, IR �(cm-1) 1600 (C=N), 550 (SO2), 3180 (NH). Anal. Calcd. for

C34H26N4O6S2Cu: C, 57.2; H, 3.7; N, 7.7;Cu, 8.9 %. Found: C, 56.3; H, 3.6; N, 7.7; Cu, 9.3 %.

�Cu(HL3)2�. M.p: 225 ºC, IR �(cm-1) 1600 (C=N), 500 (SO2), 3200 (NH). Anal. Calcd. for

C28H26N4O6S2Cu: C, 52.4; H, 4.1; N, 8.7; Cu, 9.9 %. Found: C, 52.3; H, 3.8; N, 8.8; Cu, 10.5 %.

�Cu(HL4)2�. M.p: 229 ºC, IR �(cm-1) 1600 (C=N), 495 (SO2), 3200 (NH). Anal. Calcd. for

C36H30N4O6S2Cu: C, 58.0; H, 4.1; N, 7.5; Cu, 8.6 %. Found: C, 58.0; H, 3.7; N, 7.5; Cu, 9.3 %.

RESULTS AND DISCUSSION

Electronic spectra nad magnetic studies

The electronic spectra of H2L1 and H2L3 in acetone show four bands. H2L1 exhibits

bands at 438, 370, 330, and 304 nm while H2L3 shows bands at 430, 412, 380, and 340

nm. These bands can be assigned to n � �* (SO2), n � �* (C=N), � � �* (SO2), and � �

�* (C=N), respectively.14 On the other hand, the electronic spectra of H2L2 and H2L4 in

acetone exhibit five bands. H2L2 shows bands at 450, 418, 376, 360, and 330 nm while

H2L4 exhibits bands at 450, 438, 380, 360, and 328 nm. These bands may be assigned to n

� �* (SO2), n � �* (C=N), � � �* (SO2), � � �* (C=N), and � � �* (naphthyl), respec-

tively.14 The electronic spectra of �Cu2(HL1)2(OAc)2� show two bands at 770 and 550 nm

which may be assigned to 2B1g � 2E1g and 2B1g � 2A1g, which is consistent with a square

planar structure.15 The magnetic moment for this complex (0.89 B.M.) is much lower than

the normal value, may be due to a strong Cu–Cu interaction,16 indicating the dimeric na-

ture of this complex. �Cu(HL2)2� is characterized by four bands at 790, 640, 510, and 474

nm. The last band is attributed to charge transfer. This suggests a deformed tetrahedral

structure around the Cu(II) ion.17,18 The magnetic moment of �Cu(HL2)2� is 1.73 B.M.

This result proves the absence of a Cu–Cu interaction, indicating the monomeric nature of

this complex. The electronic spectrum of �Cu(HL3)2� exhibits an intense band at ca. 690

nm with a shoulder at 650 nm. This observation together with the magnetic moment (1.95

B.M.) support the presence of a square-planar environment around the Cu(II) ion.15 The

electronic spectrum of �Cu(HL4)2� is similar to that of �Cu(HL2)2�.

IR spectra and conductivity studies

In the IR spectra of the complexes, the stretching vibration of the free ligands (�(OH),

3020–3460 cm–1) is not observed, suggesting deprotonation of the hydroxy group and for-

mation of M–O bonds.19,20 Bands near 1620 cm–1 in the free ligands are assigned to

�(C=N). These bands are shifted to lower wave numbers in the complexes due to the coor-

dination of the nitrogen atom of the azomethine group to the metal ion. The bands assign-

able to �(SO2) are not shifted in the complexes. The bands observed for the complexes be-

tween 560–520 and 430–410 cm–1 were metal sensitive and are assigned to �(M–O) and

�(M–N),21 respectively. Moreover, the test for OH groups (spot test technique22) was

negative.
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The molar conductivities of the complexes in DMF (25 ºC) are in the 3.0 to 7.0 �–1

cm2 mol–1 range, indicating their non-electrolytic nature.23

Electrochemical study

CV and RDE studies. The electrochemical properties of complexes at different

concentrations were studied in DMSO containing 0.1 M N(Et)4ClO4 as supporting

electrolyte. The electrochemical behavior of �Cu2(HL1)2(OAc)2� is shown in Fig. 1a

and is similar to that of �Cu2(HL3)2�, Fig. 1b. In the first anodic scan (Fig. 1a), the CV

displays two waves at Epa values 0.91 V (peak 1) and 1.44 V (peak 2), respectively.

Peak 1 is assigned to the oxidation of the central metal of �Cu2(HL1)2(OAc)2�. The ob-

served CV implies that both Cu(II) centers of �Cu2(HL1)2(OAc)2� simultaneously ex-

change electrons with the electrode. On the other hand, peak 2 is observed at nearly the

same potential value as the corresponding ligand (H2L1) and may be assigned to the ir-

reversible oxidation of the NH– group. When the potential scan in the positive direc-

tion is reversed at 1.6 V or 1.4 V (Fig. 1a and 1b), a new reduction peak appears in the

second scan at a peak potential – 0.02 V (peak 1’c). Reversal of the scan at 0.9 V again

gives rise to the appearance of peak 1’c, suggesting the association of peaks 1 and 1’c.

On the other hand, peak 1’c is associated with an oxidative peak 1’a, which appears

when the potential scan in the negative direction is reversed at –0.3 V. Therefore, peak

1’c can be attributed to the reduction of a product formed during the chemical reaction

coupled to the electrochemical process: Cu(II) � Cu(III). Since the principal goal of
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Fig. 1. Cyclic voltammogram of 2 mM

�Cu2(HL1)2(OAc)2� (a) and 2 mM

�Cu(HL3)2� (b) in DMSO- N(Et)4ClO4
(0.1 M) at GCE; scan rate 0.1 V/s.



this study was to investigate the peak 1 process, which is the only peak arising directly

from the oxidation of Cu(II), further details concerning the other peaks will not be pre-

sented here. The electrochemical irreversibility of this process was confirmed by the

fact that, in the range of sweep rates from 10 to 2000 mV/s, the slope �E/�log v (for

�Cu2(HL1)2(OAc)2�) has a value of 0.052 V, which is larger than those expected for re-

versible processes. Furthermore, the oxidation peak currents (ipa1) of �Cu2(HL1)2(OAc)2�

were linear with v1/2 over the entire range of studied sweep rates at a complex concen-

tration � 2 mM. At higher complex concentration and for v > 400 mV/s, this increase

was less than linear (Fig. 2). These results indicate that the oxidation of the complex

occurs via an irreversible electron transfer followed by a chemical reaction. In the case

that the oxidation of �Cu2(HL1)2(OAc)2� at the surface electrode is controlled solely

by a mass- transfer process in the solution, the relation between the limiting current and

the rotation speed should obey the Levich equation:

Il = 0.620 n F A D2/3 v–1/6 �1/2 c0, (1)

where D, v, � and c0 are the diffusion coefficient, the kinematic viscosity, the rotation

speed and the bulk concentration of the reactant in the solution, respectively, and all other

parameters have their conventional meanings. On the basis of Eq. (1), a plot of the limiting

current, I1 as a function of �1/2 should be a straight line. This was the case when the com-

plex concentration was lower than 2 mM (Fig. 3). For complex concentrations higher than

2 mM, as can be seen from the Levich plot shown in Fig. 3, the current increases with in-

creasing rotation speed of the electrode, but was found to be of curved shape, indicating ki-

netic limitation. The behavior of the oxidation peak currents (Ipa1) of �Cu(HL3)2� and the I1
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(1) 0.5 mM; (2) 1.5 mM; (3) 2.0 mM; (4) 3.0 mM; (5) 4.0 mM.



vs �1/2 equations are identical to the behavior reported for CV and RDE studies of

�Cu2(HL1)2(OAc)2�. A typical cyclic voltammetric response of �Cu(HL2)2� is shown in

Fig. 4. The cyclic voltammogram of �Cu(HL2)2� is similar to that of �Cu(HL4)2�. In the an-

odic direction, the cyclic voltammograms of �Cu(HL2)2� and �Cu(HL4)2� exhibit three oxi-

dation peaks (1, 3, and 2) at 25 ºC at a sweep rate of 0.1 V/s. The anodic peak 1 is coupled

with the cathodic peak 1’c. Reversal of the scan at 1.1 V gives rise to the appearance of

peaks 3’c and 3"c, indicating the association of these peaks and peak 3. Moreover, the peak

3 is observed at the same potential value as the corresponding ligands H2L2 and H2L4 and

is tentatively attributed to the irreversible oxidation of the naphthyl group. The peak current

Ip, for the oxidation peak 1 increased linearly with bulk solution concentration of

�Cu(HL2)2� over the concentration range 0.5 to 2 mM. At concentrations higher than 2

mM, this increase was less than linear. Futhermore, it was shown that Ip increases linearly

as a function of the square root of the voltage sweep rate over the sweep rate range 0.01 to 2

V/s at complex concentrations � � mM. At higher concentrations, the current increases

with increasing voltage sweep rate, but was found to be nonlinear.

Moreover, the RDE study showed that for complex concentrations 	 2 mM, the limit-

ing current increases linearly with increasing rotation speed of the electrode. At higher

complex concentrations, this increase was found to be curved shape. This behavior indi-

cates that the peak 1 oxidation of �Cu(HL2)2� is a diffusion controlled reaction over the en-

tire range of studied voltage sweep rates at complex concentrations � 2 mM. At higher

complex concentration (> 2 mM), the current is controlled by the rate of charge transfer or

of a chemical reaction.
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Fig. 3. Levich plots of the first anodic limiting curent of �Cu2(HL1)2(OAc)2� at different concentrations: (1)

0.5 mM; (2) 1.5 mM; (3) 2 mM; (4) 3 mM; (5) 4 mM at a GCE; � = 10 mV/s.



The electrochemical data of the 2 mM solutions of the studied copper complexes are

summarized in Table I. A shift in the formal potentials of the copper(III) / copper(II) cou-

ples to more negative values, i.e., the stabilization of the higher oxidation state, which oc-

curs upon ligand substitution along this series can also be registered. A comparison of the

redox potentials of the �Cu(HL3)2� and �Cu(HL4)2� complexes where both ligands H2L3

and H2L4 have the same set of donor atoms but differ in the size of central chelating agents

shows that the copper(III) complex �Cu(HL4)2� is thermodynamically more stable, i.e., the

Cu(III) – Cu(II) potential is lowered by 180 mV. Substitution of the phenyl by naphthyl fra-

gment causes a large enough increase in aromatic character to produce the observed negative

shift in the formal potential. Hence, the electron density at the metal center is enhanced as the

aromatic character is increased, thus facilitating its oxidation. Generally, an increase in the

overall stability of the copper(III) complex is to be expected, which would result in a decrease

in the Cu(III) – Cu(II) potential, as was experimentally confirmed. Otherwise, a comparison

of the redox potentials of the �Cu(HL2)2� and �Cu(HL4)2� shows a small negative shift of the

Cu(III) – Cu(II) potential, indicating a weak effect of the CH3 group.

TABLE I. Cyclic voltammetric data of the studied complexes*

Complex
Ep/V

Epa(1) Epa(2) Epa(3) Epa(1’a) Epc(1’c) Epc(3’c) Epc(3"c)

�Cu2(HL1)2(OAc)2� 0.91 1.44 – 0.16 –0.02 – –

�Cu(HL2)2� 0.68 1.28 0.98 0.13 0.02 0.76 0.24

�Cu(HL3)2� 0.83 1.21 – 0.17 0.03 – –

�Cu(HL4)2� 0.65 1.27 0.91 0.13 0.03 0.71 0.19

* c = 2
10-3 mol/dm3 in DMSO solution (0.1 M N(Et)4ClO4), E values (V versus Ag/AgCl/3M KCl). Scan

rate 100 mV/s; Epa and Epc are the anodic and cathodic peak potentials, respectively.

Coulometric oxidation and characterization of the generated species. Exhaustive oxi-

dation of �Cu2(HL1)2(OAc)2� and �Cu(HL2)2� carried out at a constant potential (1000 mV
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Fig. 4. Cyclic voltammogram of 2 mM �Cu2(HL2)2� in DMSO -N(Et)4ClO4 (0.1 M) at a GCE; scan rate 0.1

V/s, scan from 0 to +1.4 V.



for the former and 750 mV for the latter) indicate that 1.7 electrons and 0.9 electron were

transferred per molecule, respectively. The logarithmic analysis (log I – log t) of the

coulometric curves was not linear. This is consistent with the presence of a chemical step

after the electron transfer. After exhaustive oxidation of a complex, the resulting solution

was scanned from 0 to 1200 mV. None of the oxidized complexes exhibited an oxidation

signal Cu(II) � Cu(III), whereas the cathodic peak 1’c appeared again.

The UV-visible electronic absorption spectrum of the copper(III) complex obtained

electrochemically (by exhaustive oxidation of �Cu(HL2)2�) consists of an intense band in

the UV region centered at 347 nm, with three distinct shoulders located at 360, 410, and

520 nm. The high-energy peak, which also appears in the spectrum of the copper(II) com-

plex as a single band with small shift and almost the same intensity, is commonly assigned

to a �-�* transition within the aromatic ring of the ligand, while the weak shoulders on the

low-energy tail of this intra-ligand absorption band may then originate from d-d transitions.

It is known that three transitions are expected for a diamagnetic copper(III) ion with a d8

electronic configuration in a square-planar environment.8 Note that with respect to the

original Cu(II) complex, the bands at 398 and 417 nm, which may be attributed to ligand to

metal charge transfer absorption bands, and the broad bands at 485 and 700 nm, which

may originate from d-d transitions, disappeared.

The electronic spectrum of the electrochemically generated copper(III)-H2L1 complex in

DMSO exhibits the above mentioned intra-ligand band at 317 nm and two very broad bands at

380 and 760 nm. The electronic spectrum of �Cu2(HL1)2(OAc)2� complex in DMSO shows

four bands at 320, 367, 398, and 420 nm, assignable to the �-�* transition within the naphthyl

ring, to acetate-to-copper(II) charge transfer and to ligand H2L1-to-Cu(II) LMCT transitions,

respectively. It also exhibits two broad d-d transitions at 487 and 710 nm.15

Comparison of the electronic spectrum of the electrochemically generated cop-

per(III) – H2L1 and that of �Cu2(HL1)2(OAc)2� shows the absence of LMCT transi-

tions in the former. This result indicates that the energy of the transitions increases with

increasing oxidation state of the central metal, as is mentioned in the literature.15 It
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Fig. 5. Consecutive cyclic voltammograms of 2 mM �Cu2(HL1)2(OAc)2� in DMSO - N(Et)4ClO4 (0.1 M) at

a GCE; scan rate 0.1 V/s, scan from 0 to + 1.6 V.



may also indicate the partial dissociation of the complex obtained by exhaustive

coulometry. Note that the higher aromaticity of the naphthyl ring of H2L2 relative to

the phenyl ring of H2L1 is presumably responsible for the bathochromic shift of the

high energy band of �Cu(HL2)2� compared to that of �Cu2(HL1)2(OAc)2�.

Therefore, it is possible to suggest that the generated Cu(III) complexes undergo fast

chemical reaction subsequent to electron transfer which probably results in the partial dis-

sociation of the complexes.

Electro-oxidative polymerization. The cyclic voltammograms of the �Cu2(HL1)2(OAc)2�

complex, in DMSO, during repeated potential scans in the 0.0 V to 1.6 V range are shown in

Fig. 5. These CVs are similar to those of the �Cu(HL3)2� complex. Oxidation of the former

complex is observed during the first positive scan at 0.91 V and 1.44 V. Consecutive recordings

show a decrease in the peak current. This indicates that a polymeric film is formed on the elec-

trode as a result of oxidation and that the film is a poor conductor in this potential range.24 After

deposition and careful rinsing, the electrode was transferred to a fresh aerated monomer-free

electrolyte solution. The cyclic voltammogram of this modified electrode displayed an irrevers-
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Fig. 6. Cyclic voltammograms (0.1 V/s) of 2 mM solution of �Cu2(HL1)2(OAc)� in DMSO-N(Et)4ClO4

(0.1 M): a) at bare GCE and b) at GCE modified with the electropolymerized film of �Cu2(HL1)2(OAc)�.

Fig. 7. Consecutive cyclic voltammogram of 2 mM �Cu2(HL1)2(OAc)2� in DMSO - N(Et)4ClO4 (0.1 M) at

a GCE; scan rate 0.1 V/s, scan from 0 to +0.9 V.



ible cathodic wave at –560 mV, which can be ascribed to the Cu(II) / Cu(I) process and a

well-defined pair of peaks at Eo’ = (Epc + Epa) / 2 = – 0.72 V, which can be attributed to the re-

duction of oxygen, Fig. 6b. Comparison of Fig. 6a and Fig. 6b shows that the electrode modi-

fied with a film of electropolymerized �Cu2(HL1)2(OAc)2� facilitates the reduction of oxygen.

Adecreaseofca.80mVcanbeobserved in theoverpotentialofoxygen reduction for themod-

ified electrode relative to the bare electrode. Fig. 6 also shows that the reversibility of oxygen

reduction increases significantly for the modified electrode relative to the bare electrode.

Figure 7 shows that when the potential cycling was confined between the potential lim-

its of 0.0 Vand 0.9 Vno polymer was formed. This result indicates that the oxidation of NH–

groups at 1.2 V is responsible for the electropolymerization of the monomer complex. How-

ever, no polymer was formed on the electrode during repetitive potential scans of the ligand

H2L1 in the 0 to 1.4 V range, suggesting that electropolymerization is due to the oxidation of

the ligand complexed with copper ion. The polymer formed adheres to the glassy carbon

electrode and is a poor conductor in the above potential range. However, when the potential is

scanned in the cathodic direction (< – 1 V), a reductive degradation of the polymer layers oc-

curs. This is obvious from the increase of the height of the irreversible redox peaks (1 and 3)

after the negative scan to potentials less negative than – 1 V.

Furthermore, consecutive potential scans of �Cu(HL1)2� and �Cu(HL4)2� in the 0 to

1.4 V range do not lead to the electropolymerization of these complexes.
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Prikazane su sinteze i karakterizacije benzen- i p-toluensulfonilhidrazona do-
bijenih od salicilaldehida i 2-hidroksi-1-naftaldehida kao i wihovi Cu(II) kompleksi.
Karakterisawe jediwewa izvedeno je na osnovu elementalne analize, elektronskih i IR

spektara, magnetnih momenata i provodqivosti. Elektrohemijsko pona{awe Cu(II) kom-
pleksa prou~avano je cikli~nom voltametrijom u DMSO rotiraju}om disk elektrodom, kao i
kulometrijski. Oksidativna polimerizacija kompleksa bakra na elektrodi od staklastog
karbona vr{ena je u DMSO.
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