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Abstract

The electrochemical reduction of copper(II) complexes with salen Schiff-base ligands derived from ethylenediamine or (R,R) or
(S,S)-1,2-diphenylethylenediamine and 5-methoxy, 5-bromo and 5-nitrosalicylaldehyde have been studied by cyclic voltammetry
in the potential range +1 to −2.3 V in dimethyl sulfoxide (DMSO) as a solvent. The resulting voltammograms consist of a single
quasi-reversible one-electron transfer attributable to the couple [Cu(II)L]/[Cu(I)L]−. Trends in cathodic peak potential (Epc) values
are observed which can be correlated with the electronic effects of the 5-substituents of the Schiff-base ligands. Changes in the
basicity of the ligand groups are determinant for such electrochemical trends. 
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1. Introduction

Transition metal complexes with tetradentate Schiff-
base ligands have been extensively investigated as cata-
lysts for a number of organic redox reactions and
electrochemical reduction processes [1–5]. Salen com-
plexes have also been recently used as catalytically
active materials to develop surface-modified electrodes
for sensoring applications [6,7]. Cyclic voltammetry has
been a useful tool to investigate the mechanisms of
catalysis by Schiff-base metal complexes as well as to
study the structure–reactivity relationships in these
compounds [3,5,8]. We have previously studied the
syntheses and spectroscopic characterisation of cop-
per(II) complexes of salen Schiff bases derived from
ethylenediamine, (1R,2R)- and (1S,2S)-1,2-
diphenylethylenediamine, and 5-nitro, 5-bromo and 5-
methoxysalicylaldehyde [9]. Electronic spectra of these
complexes in the d–d region suggest that the ligand
field strength varies as a function of the 5,5�-sub-

stituents according to the sequence NO2�Br�H�
OCH3. Hence, it should be expected that the
thermodynamic stabilities of such complexes follow a
similar order which, in turn, should influence both their
electrochemical properties and potential catalytic be-
haviour. Properties of these complexes, as potential
catalysts for epoxidation of olefins are being tested at
present in our laboratory. In connection with such
studies, herein, we report an electrochemical study of
the above mentioned Schiff-base ligands and their re-
spective copper(II) complexes in dimethyl sulfoxide
(DMSO) as a solvent. Copper(II) complexes whose
electrochemical characterisation has been reported pre-
viously [10,11] have been included in this report in
order to parallel both Schiff-base ligand series, the
ethylenediamine and the 1,2-diphenylethylenediamine
derivatives.

2. Experimental

Reagent grade chemicals were obtained from Aldrich
and were used as provided. HPLC grade DMSO was
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dried over molecular sieve previously dried at 105 °C
under vacuum, redistilled and stored under N2 over
molecular sieve before use. The Schiff bases and cop-
per(II) complexes under study have been prepared pre-
viously [9]. For comparative purposes, the redox couple
Cu(II)/Cu(I) of Cu(ClO4)2 in DMSO was also consid-
ered. Moreover, in the cases of sparing solubility in
DMSO, dimethylformamide (DMF) was used. Cyclic
voltammetry was carried out under pure dry nitrogen in
a three-electrode cell with a vitreous carbon working
electrode, a platinum counter electrode and an aq.
saturated AgCl/Ag reference electrode (E= −0.0474 V
vs. the saturated calomel electrode). Supporting elec-
trolyte was 0.05 M n-Bu4NClO4 (TBAP). Cyclic
voltammograms were scanned at room temperature
(r.t.) in the potential range of +1 to −2.3 V, at sweep
rates (�) between 25 and 1000 mV s−1, and were
recorded with a Metrohm VA-693 potentiostat
equipped with a VA-694 stand and connected to a
personal computer. Oxidative CV measurements were
not performed because, according to literature data on
copper(II) complexes with similar coordination spheres
[8], the CV wave for the process Cu(II)/Cu(III) falls at
potentials near +1.48 V, i.e. outside the potential
range allowed by the electrode–solvent system here
used. Coulometric measurements were carried out at

r.t., under pure dry nitrogen, with a Princeton Applied
Research (PARC) model 173 potentiostat coupled to a
PARC model 179 digital coulometer, with a platinum
mesh working electrode, a platinum coil counter elec-
trode and an aq. saturated AgCl/Ag reference elec-
trode. Controlled-potential electrolysis measurements
were performed at r.t., under pure dry nitrogen, with a
Wenking POS 88 potentioscan, using an electrochemi-
cal cell modified for spectrophotometric measurements
(optical path length, 1 cm). Here a platinum coil work-
ing electrode, a platinum coil counter electrode and an
aq. saturated AgCl/Ag reference electrode were used.
Absorption spectra were recorded in the visible region
on a UV3 Unicam spectrometer.

3. Results and discussion

The ligands and metal complexes under study were
labelled as shown in Table 1 by use of the atom-la-
belling scheme given in Fig. 1. The voltammetric
parameters obtained for the ligands and their respective
copper(II) complexes are listed in Table 2. Moreover,
typical voltammograms of a given ligand and its respec-
tive copper(II) complex are shown in Fig. 2.

3.1. Schiff-base ligands

For all Schiff-base ligands studied, except com-
pounds 4 and 4R (nitro derivatives), cyclic voltam-
mograms at 100 mV s−1 consist of a single cathodic
peak at potentials ranging from −1.6 to −2.0 V; no
anodic wave occurs in the reverse scan. This behaviour
was observed for a wide range of scan rates from 25 to
1000 mV s−1. Hence, such a reduction process should
correspond to a totally irreversible electron transfer.
Voltammograms of compounds 4 and 4R show the
above-mentioned cathodic peak at −1.13 V (Table 2).
Additionally, they exhibit CV waves in the range −1.4
to −1.8 V, which may be ascribed to the reduction of
the nitro groups [15]. Coulometric measurements of
compound 2 in DMSO indicate that the cathodic wave
observed corresponds to a two-electron transfer. In
fact, the shapes of the cathodic waves suggest that they
would consist of two overlapped one-electron processes.
A similar result has previously been reported for this
compound in DMF, but in the presence of 2 equiv. of
acetic acid [12]. Such a requirement would arise from
the fact that both the dielectric constant and the dipole
moment of DMF are smaller than those of DMSO. For
all Schiff bases under study, this irreversible reduction
peak would be ascribed to an intramolecular reductive
coupling of the two imine groups to yield a piperazine
[12–14]. Such a process would involve self-protonation
reactions where the phenolic hydroxyl groups act as
proton donors.

Table 1
Labelling for the Schiff-base ligands and their copper(II) complexes

Substituents

Complex 5,5�Ligand 8,8�

Ethylenediamine deri�ati�es
Cu1 OCH31 H
Cu22 H H

3 BrCu3 H
4 NO2Cu4 H

1,2-Diphenylethylenediamine deri�ati�es
Cu1R1R OCH3 (R,R)C6H5

Cu1S OCH31S (S,S)C6H5

2R H (R,R)C6H5

Cu2S2S H (S,S)C6H5

Cu3R3R Br (R,R)C6H5

Cu4R NO2 (R,R)C6H54R

Fig. 1. Atom labelling scheme for salen copper(II) complexes.
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Table 2
Cyclic voltammetric parameters for the Schiff-base ligands and their copper(II) complexes, and calculated values for � log �= log �(Cu(II)L)−
log �(Cu(I)L−)

ComplexLigand

Epc (V) Epc (V) E1/2 (V) �Ep (mV) ipa/ipc � log �

Ethylenediamine deri�ati�es
Cu11 −1.26−1.97 −1.19 130 0.50 21.4
Cu22 −1.23−1.79 −1.17 115 0.73 20.9
Cu3 a −1.14 −1.07−1.62 1403 0.46 19.4

−1.134 Cu4 −0.91 −0.86 111 0.27 15.6

1,2-diphenylethylenediamine deri�ati�es
Cu1R −1.28 −1.21−1.87 1131R 0.96 21.8
Cu1S −1.28 −1.23 100 1.01 21.8
Cu2S −1.222R −1.17−1.85 101 0.97 20.9
Cu3R −1.08 −1.05−1.69 913R 0.80 18.5

−1.134R Cu4R −0.95 −0.91 94 0.88 16.3
Cu(ClO4)2

b 0.01 0.05 91 0.97

a For Cu3, the solvent was DMF.
b CV parameters of Cu(ClO4)2 correspond to the couple Cu(II)/Cu(I). For the couple Cu(I)/Cu0 Epc=−0.57 V and E1/2=−0.26 V.

On the other hand, in each series of ligands, the
cathodic peak potential (Epc) corresponding to the in-
tramolecular reductive coupling of the imine groups
varies as can be expected from the electronic effects of
the substituents at positions 5,5�. Thus, Epc becomes less
negative according to the sequence OCH3�H�Br�
NO2, i.e. in order of an increase in both electron-with-
drawing and �-acceptor qualities of the substituents. In
fact, for both ethylenediamine and 1,2-diphenyl-
ethylenediamine derivatives, Hammett type relation-
ships were found between the Epc values and the appro-
priate para-substituent parameters [16]. Such
correlations are shown in Fig. 3. However, since the
substituents at positions 5,5� are indeed para- to the
respective phenolic hydroxyl groups, the occurrence of
these Hammett type correlations would indicate that
the Epc for the reductive coupling of the imine groups
actually varies as a function of the acidity of the
hydroxyl group through the ligand series. This fact
agrees with a mechanism involving self-protonation
reactions for the electrochemical reduction of the imine
groups in the Schiff bases under study.

3.2. Copper(II) complexes

The cyclic voltammetric curves for the electrochemi-
cal reduction of the studied copper(II) complexes
(Table 2) exhibit a redox couple at potentials in the
range of −0.91 to −1.28 V, which can be attributed
to the reduction of the metal centre [10,11]. Voltam-
mograms of complexes Cu4 and Cu4R show additional
CV waves in the range of −1.5 to −1.8 V, which
correspond to the reduction of the nitro groups. More-
over, for all complexes studied, the cathodic wave

corresponding to the irreversible two-electron reduction
of the imino groups is no longer observed. This fact
indicates that, owing to the lack of transferable hydrox-
ylic protons, the reduction potentials of the dianionic
ligands have been shifted beyond the lower limit of the
potential interval considered in the experimental mea-
surements [12].

On the other hand, the �Ep data listed in Table 2,
though being much larger than the theoretical value for
an electrochemically reversible one-electron process, at
least suggest that the reduction of copper(II) in the
complexes under study should correspond to a one-elec-
tron charge transfer. Actually, this possibility has been
corroborated through coulometric measurements on the
system Cu2 in DMSO. The exceedingly large �Ep val-

Fig. 2. Cyclic voltammograms recorded for the reduction of 1.0 mM
ligand 2 (----) and 1.0 mM complex Cu2 (— ) at a vitreous carbon
electrode in DMSO containing 0.05 M TBAP. Scan rate, 0.1 V s−1.
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Fig. 3. Correlation between the Epc values for Schiff-bases and the
respective � substituent constants (for p-substitution). Ethylenedi-
amine derivatives (�) r=0.998; 1,2-diphenylethylenediamine deriva-
tives (�) r=0.960.

�log �= log �(Cu(II)L)− log �(Cu(I)L−)

= (E°�−E)/0.059

where E°� stands for the reduction potential of the
reference Cu(II)/Cu(I) redox couple and E for the
reduction potential of the couple [Cu(II)L]/[Cu(I)L]−.
In such calculations, the approximation E°�−E=
Epc[Cu(ClO4)2]−Epc[Cu(II)L] was taken. The parame-
ters � log � thus calculated are included in Table 2. As
can be seen in this table, Epc becomes less negative in
the sequence OCH3�H�Br�NO2 and, hence,
� log � decreases according to OCH3�H�Br�NO2,
i.e. in a sequence of increasing electron-withdrawing
effects of the substituents at positions 5,5�. Similar
results have been reported previously for analogous
copper(II) and nickel(II) systems, and have been inter-
preted by assuming that the strong electron-withdraw-
ing effects stabilise the lower oxidation state [8].
However, another possibility would be that, owing to
the decrease in donor ability of the ligand groups
(mainly the phenoxy groups) the stabilities of both
[Cu(II)L] and [Cu(I)L]− decrease through the above
mentioned sequence, but for the latter to a lesser extent.
This would be a consequence of an increase in the
flexibility of the coordination sphere over such a series,
which should favour the stability of the copper(I) com-
plex. Moreover, for both metal complex series, Ham-
mett type relationships were found between Epc and the
appropriate para-substituent parameters [16] which
reflect the variation of the electrode potential as a
function of the electron-withdrawing ability of the sub-
stituents at positions 5,5�. Such correlations are shown
in Fig. 4. These results indicate that the decrease in
basicity of the phenoxy group through the sequence
OCH3�H�Br�NO2 would be determinant for the
electrochemical trends observed.

On the other hand, since the � log � data indicate
that, for each system the Cu(II) complex should be
considerably more stable than the Cu(I) one, a less
negative electrode potential for the couple [Cu(I)L]−/
Cu0 than for the couple [Cu(II)L]/[Cu(I)L]− should be
expected. Hence, it should also be expected that the
electrochemical reduction of the copper(II) complexes
occurs through a two-electron charge transfer, i.e. by
an EE or EC mechanism. Reduction of [Cu(II)L] to
Cu0 has not been observed, not even in the coulometric
experiments. Thus, the copper(I) complexes would be-
have as kinetically inert to both cathodic heterogeneous
charge transfer and disproportionation. Nevertheless, if
the solution resulting from the coulometric experiment
on the complex Cu2 is allowed to stand overnight
under pure dry nitrogen, a partial recovery of its origi-
nal colour is observed. This suggests that, at least for
the mentioned complex, disproportionation of
[Cu(I)L]− occurs to a some extent. This fact has been
confirmed by means of spectroelectrochemical measure-

Fig. 4. Correlation between the Epc values for copper(II) complexes
with Schiff-base ligands and the respective � substituent constants
(for p-substitution). Ethylenediamine derivatives (�) r=0.982; 1,2-
diphenylethylenediamine derivatives (�) r=0.983.

ues for the electrochemical reduction of copper(II) in
these complexes would be due to both a quasi-re-
versible behaviour of the couple [Cu(II)L]+e−=
[Cu(I)L]− under the � conditions here adopted and the
non-aq. nature of the systems [8,17]. For all complexes,
CV measurements at different �, in the range 25–1000
mV s−1, indicate that the Epc values are only slightly
dependent upon the �. Furthermore, in all cases a linear
relationship between the cathodic peak current (ipc) and
the square root of the � (�1/2) was observed. This fact
implies that these electrochemical processes are mainly
diffusion-controlled.

As can be noticed in Table 2, the Epc and E1/2 values
for the copper complexes are more negative by 1.1–1.7
V compared with the respective values for the
Cu(ClO4)2 couple in DMSO. This indicates that, for the
Schiff-base ligands herein studied, the chelates of cop-
per(II) are considerably more stable than the respective
chelates of copper(I). Accordingly, the differences be-
tween the logarithms of the formation constants (�) of
these complexes were estimated through the expression:
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Fig. 5. Absorption spectrum in the d–d band region of 1 mM Cu2 in
DMSO containing 0.05 M TBAP, (— ) before electrochemical reduc-
tion; (----) after reduction; and (···) allowed to stand for 15 h after
reduction, under pure dry nitrogen, at r.t.

kinetic inertness to disproportionation of the respective
copper(I) complexes. Since the disproportionation reac-
tion of Cu(I) complexes should involve a bimolecular
process, it could be assumed that such a greater kinetic
inertness arises from the occurrence of steric hindrance
effects involving the phenyl substituents in the transi-
tion state.
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ments on the complexes Cu2 and Cu4. Results obtained
for Cu2 are shown in Fig. 5. Such results can be related
with the ipa/ipc data listed in Table 2. Accordingly, for
complexes with 8,8�-diphenyl substituted Schiff-base lig-
ands the ratio of ipa/ipc takes values close to one, as
required for a reversible or quasi-reversible charge
transfer without coupled chemical reactions. Instead,
for complexes with Schiff-base ligands derived from
ethylenediamine ipa/ipc�1 is always observed. This fact
suggests that the electrochemical reduction of these
complexes involves an EC mechanism consisting of a
reversible or quasi-reversible one-electron heteroge-
neous charge transfer followed by an irreversible chem-
ical reaction, i.e. the disproportionation of [Cu(I)L]−. It
has previously been suggested that the ratio ipa/ipc

smaller than unity observed for complex Cu2 in DMF
can be attributed to the presence of traces of water in
the solvent-supporting electrolyte [10]. Accordingly, ad-
ditional experiments performed in our laboratory have
shown that, on increasing the water concentration of
the Cu1S system from traces to 5 M, the peak-current
ratio decreases from 1.01 to 0.87. However, as can be
seen in Table 2, peak-current ratios for complexes with
Schiff-base ligands derived from ethylenediamine are
smaller than 0.87. Thus, the somewhat different be-
haviour of copper(II) complexes with 8,8�-diphenyl sub-
stituted Schiff-base ligands can be ascribed to a greater
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