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We describe the synthesis and characterization of a new tetradentate Schiff base ligand obtained
from 2,3-diaminopyridine and 5-methoxysalicylaldehyde. This ligand (H>L) reacted with nickel(Il),
copper(Il), and zinc(II) acetates to give complexes. The ligand and its metal complexes were charac-
terized using analytical, spectral data (UV—vis, IR, and mass spectroscopy), and cyclic voltammetry
(CV). The crystal structure of the copper complex was elucidated by X-ray diffraction studies. The
electrochemical behavior of these compounds, using CV, revealed that metal centers were distin-
guished by their intrinsic redox systems, e.g. Ni(II)/Ni(I), Cu(Il)/Cu(I), and Zn(II)/Zn(I). Moreover,
the electrocatalytic reactions of Ni(II) and Cu(Il) complexes catalyze the oxidation of methanol and
benzylic alcohol.

Keywords: Tetradentate Schiff base; Metal complexes; Crystal structure; Cyclic voltammetry;
Electrocatalytic oxidation

1. Introduction

Porphyrinic and macrocyclic ligands have been extensively studied in coordination chemistry
[1-3] due to their chelating properties allowing them to selectively coordinate metal ions
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[4-7]. Their coordination reactions with transition metals lead to formation of an important
variety of complexes currently involved in several applications. Schiff base ligands are also
well known for their complexing properties [8]. These ligands have received much attention
during the last decades for their potential applications as catalysts for olefin epoxidation or
hydrocarbon oxidation [9, 10] and their biological activities such as antimicrobial, antitu-
moral, and anti-inflammatory properties [11, 12]. Thus, these compounds may also be
involved in the catalytic model systems of cytochrome P450 in which they are used as cata-
lysts in biomimetic oxidation reactions of olefins and hydrocarbons [9, 10]. Schiff bases
derived from diaminopyridine and salicylaldehyde were relatively less described in the litera-
ture [13], in spite of their excellent performance as efficient catalysts for reduction or oxida-
tion reactions. As a continuation of our recent papers [14] we describe here the synthesis and
characterization of a Schiff base obtained from 2,3-diaminopyridine and 5-meth-
oxysalicylaldeyde and its complexes with Ni(II), Cu(Il), and Zn(II). They have then been
tested as electrocatalysts to electrochemically oxidize methanol and benzylic alcohol. The
reaction pathway leading to these compounds is given in scheme 1.

2. Experimental

2.1. Physical measurements

All chemicals used for the syntheses and measurements were of analytical reagent grade
(Aldrich) and used as received. The solvents were dried before use with appropriate drying
agents. The conductivities of complexes Ni(II)-L (1), Cu(Il)-L (2), and Zn(II)-L (3) were
measured using DMF solutions containing 107> M of complex. 'H NMR spectra were
recorded with a Bruker AC 300 at 25 °C using CDCl; as solvent and tetramethylsilane as
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Scheme 1.
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internal reference; chemical shifts are given in ppm. IR spectra were recorded on a Perkin
Elmer 1000-FT-IR Spectrometer using KBr disks. Electronic spectra were obtained on a Uni-
cam UV-300 Spectrophotometer (1 cm path length cell) in DMF solutions. Microanalyses
(table 1) were performed on “Microanalyser Flash EA1112CHNS Thermoelectron”
(Laboratoire des Sciences Chimiques, Rennes-1 University, France). Electrochemical experi-
ments were performed at 25 °C on Voltalab 40 Potentiostat Galvanostat controlled by a
microcomputer. The cyclic voltammograms were recorded after compilation of electrochemi-
cal data, obtained with an individual 5 mL cell using a conventional three-electrode system
in DMF solutions with a 0.1 M ionic strength (tetra-n-butylammonium hexafluorophosphate;
BuyNPFe) and ligand or complex 0.001 M. The electrodes were polished using diamond
paste and rinsed with acetone and then DMF. Working electrode was a glassy carbon disk
(2 mm diameter), the counter electrode was a platinum wire, and the reference electrode was
a saturated calomel electrode (SCE).

2.2. Crystal data collection and processing

The crystal of [C,;H;7N3;0,Cu-H,O] is orthorhombic with Pmn2; space group. The crystal
data and instrumental parameters used in the unit-cell determination and data collection are
given in table 2. X-ray single-crystal diffraction data were collected at 296 K on a Bruker
APEX II CCD diffractometer equipped with a graphite monochromator using Mo K, radia-
tion (A = 0.71073 A). The structure was solved by direct methods using the SIR2002 pro-
gram [15] and refined on 2 by full matrix least-squares [16]. Unit cell refinement using all
observed reflections and data reduction were performed using SAINT. All nonhydrogen
atoms were refined anisotropically and the hydrogens were included in geometric positions
but not refined.

2.3. Synthesis of H,L

2.3.1. H,L was prepared according to the literature [17]. To 5-methoxy-2-hydroxybenz-
aldehyde (608 mg, 4 mM) in MeOH (8 mL), was slowly added, 2,3-diaminopyridine
(220 mg, 2 mM) in MeOH (8 mL). This mixture was refluxed with constant stirring under
nitrogen for 4 h. After cooling, the precipitate was recovered by filtration and washed
several times with methanol and finally diethyl ether.

Table 1.  Analytical data for A,L, 1, 2, and 3.

Elemental Anal. Calcd
(Found) (%)

Compound Color  Yield (%) M.p.(°C) Aym(Q 'em®M™
C H N
Cy H; N30, (HL) Yellow 74 128 08.44 6683 507 1113
(66.42) (5.11)  (11.20)
CyHsN;O,Ni'H,0 (1) Brown 77 >300 2291 5579 424 929
(54.88) (4.12) (9.29)
CyH7N;0,Cu-H,0 () Green 70 >300 22.94 5520 419 920
(54.78)  (4.12)  (9.17)
CH;;N30,Zn'H,0 (3)  Orange 80 >300 14.83 5498 417  9.16

(54.80) (4.13) (8.98)
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Table 2.  Crystallographic data for 2.

Formula [CU(C21H17N304)‘H20]

Formula weight 456.93

Crystal system Orthorhombic

Space group Pmn2,;

a(A) 23.162(7)

b (A) 5.0997(14)

c(A) 7.769(2)

V(A% 917.7(4)

Z 2

D(‘alcd (g Cm73) 1.654

Crystal size (mm) 0.12 x0.06 x 0.04

Absorption coefficient (mm ") 1.232

F(0 0 0) 470

h, k, I limits —33<h<32
-7<k<7
-11</<11

Reflections collected/unique 10,836/3028 [R;n = 0.0589]

Data [ > 20(J)/restraints/parameters 2385/149/6

Grnin> Omax 1.76, 31.50

Goodness-of-fit on F* 0.957

R, 0.0398, 0.0895

wRy [I > 20(])] 0.0538, 0.1089

"H NMR: §-Chemical shifts in ppm: JOH(1H, s = 12.95); SOH(IH, s = 12.40); 6HC =N
(1H, s=9.50); dHC = N(1H, s = 8.60); dHpyridine)(1H, d = 8.40); 6Hgrom (8H, m = 7.60—
6.85, centered at 7.22); SCH;0(6H, s =3.82). Mass spectra: molecular peak (M') m/z
378.148 (100%), [M" + 1H'] m/z 379.151 (20%), [M" + 2H'] m/z 380.153 (2.85%).

2.4. Synthesis of the complexes

Complexes 1-3 were prepared according to this general procedure. Hydrated metal acetate
(2 mM; 10 mL MeOH) was added dropwise to H,L (2 mM; 5 mL MeOH). After refluxing
with stirring under nitrogen atmosphere for 2 h, the mixture was left at room temperature
and a precipitate was formed. It was filtered, washed several times with small amounts of
MeOH, previously flushed with nitrogen, and finally dried in vacuum. The purity of
these compounds was checked by TLC (silica gel plates, solvent: CH,Cl,/MeOH mixture
9.5/0.5, v/v).
The main analytical data for the ligand and the complexes are given in table 1.

3. Results and discussion

The ligand (L) and its metal complexes: M(II)-L, M = Ni(II), Cu(Il), and Zn(II) were char-
acterized using physicochemical techniques such as UV—vis, FT-IR (table 3), elemental
analysis, and cyclic voltammetry (CV). The elemental analysis and main physical character-
istics of the ligand and its complexes are summarized in table 1. The '"H NMR and mass
spectral analyses demonstrated only the molecular structure of the ligand. In addition, the
crystal structure of the copper(Il) complex 2 was elucidated using single-crystal X-ray
diffraction analysis.
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Table 3. Main spectroscopic data for the ligand and its complexes.

Infrared (cm™") UV-vis (DMF solution)

Compound ~ W(C=Ny,) W(C=Np,,) WC-0) W(M-0) VM-N)  Amax (nm) (M 'em™)

H>L 1629 1584 1273 - - 276 73,175
319 62,775
1 1628 1563 1248 452 515 270 72,268
386 55,182
512 21,345
2 1594 1562 1244 490 272 65,885
327 59,742
458 44,650
3 1597 1563 1246 417 550 281 70,230
315 83,695
443 69,983

3.1. Molar conductivity

H>L Ay molar conductivity is 8.44 Q™' cm? M™' (table 1) and those of 1-3 are higher
showing the nonionic state of the ligand. The conductivities of Ni(II) and Cu(Il) complexes
are 22.94 and 22.91 Q"' cm® M, respectively, while in the case of zinc complex this value
is lower (14.83 Q"' cm® M), due to its d'® electronic configuration. These values express
the ionic character of the complexes.

3.2. Crystal structure of [CuL-H,0] (2)

3.2.1. Molecule description. The symmetrical unit contains % molecule of complex and
the total molecule is generated by a symmetry (figure 1) where the ligand acts as a dipheno-
late anion. The pyridine nitrogen is exchanged by C10, so that in each position there is
simultaneously 50% of N and 50% of C10. The copper(ll) ion is five-coordinate, linking to
N-imino, O from hydroxylate, and finally to water in apical position.

The ligand is planar and the highest deviations to this plane are observed with hydrogens
of the methyl groups (0.9825 A for HIC for example) and of the pyridine ring (H10A:
0.2959 A).

The C8-N1 bond (table 4) with a 1.295(4) A length is typical of a carbon-nitrogen dou-
ble bond while the C9—N1 bond length is 1.413(4), corresponding to a single bond. Around

Qen P

clamz / dia \_ -

c1 ? Qger ‘&M /O Q

" Sp( __,c_« \®__ \___ “@’O

02 c3 _501f
" ca0

Figure 1. ORTEP view (50% ellipsoids) of copper complex (2) and numbering scheme.
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Table 4. Selected bond lengths (A) and angles (°) for 2.

Bond distances (A)

Bond angles (°)

Cul-01 1.9133(22)
Cul-N1 1.9586(24)
Cul-03 2.4361(38)
C8-N1 1.2948(38)
C9-N1 1.4129(39)

0l1-Cul-01*
01*-Cul-N1*
01*-Cul-N1
01-Cul-03
N1*-Cul-03
0O1-Cul-N1*
01-Cul-N1
N1*-Cul-N1
0o1*-Cul-03
N1-Cul-03

88.90(8)
93.47(6)
173.28(7)
94.28(7)
91.82(7)
173.28(7)
93.47(6)
83.50(9)
94.28(7)
91.82(7)

#Symmetry code: —x, y, z.

565

Cu(ll), the bond lengths are 1.9133(22) A for Cul-O1 and 1.9586(24) A for Cul-NI1.
However, the Cul-03 bond (water) is longer: 2.4361(38) A. The angles are close to 90°,
with the smallest value for N1-Cu—N1# of 83.50°.

3.2.2. Crystal packing. The crystal packing is made of alternate layers along the [0 0 1]
plane, with a 59.06° angle between them (figure 2). This structure is stabilized through
hydrogen bonds (table 5), one intramolecular C—H--'N, and two intermolecular C—H::-O
and O—H---O hydrogen bonds (figure 3). The crystal is further stabilized by C—H = interac-
tions and 7= stacking (shortest centroid-to-centroid distance 3.799(8) A with interplanar

distance of 3.469(2) A).

3.3. Infrared spectra

The main infrared bands are reported in table 3. The infrared spectrum of the ligand shows
a broad band at 3450 cm™ ', attributed to W(C—OH), for intra- and intermolecular hydrogen
bonds for hydroxyl group. The characteristic vibration band at 1629 cm™' was assigned to

Figure 2. Crystal packing of 2 along the a axis.
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Table 5. Geometrical parameters for hydrogen bonds.

D-H-A D-H (A) HA (A) DA (A) D-HA (°)
03-HIW--0' 0.84(2) 2.19Q2) 2.993(3) 146(2)
C8-H8A4-+-02" 0.93 2.57 3.3303) 139
C8-H84N2_ 0.93 2.49 2.844(3) 103
C1-H1B+Cg" 0.96 271 3.528(4) 143

Symmetry codes: (i) —x, y + 1, z; (il) —x— 1/2, =y + 2, z + 1/2; (iii) —x + 3/2, -y + 2,z + 1/2.

Figure 3. Crystal packing of 2 along the b axis with intermolecular hydrogen bonds (dashed lines).

the stretching vibration of the azomethine group v(C=N). The following absorption bands
in the 16001430 cm™' region correspond to v(C=C) vibrations of the aromatic ring, while
those observed between 1300 and 950 cm™ ' are currently ascribed to vibration of the ether
function [18].

In spectra of the complexes, v(C—OH) bands of phenolic groups are absent. However,
bands in this region are due to coordination water as described in the crystal structure of 2
[19]. The azomethine vibration is shifted from 1629 to 1594 cm ™' indicating a bathochromic
effect, due to an important electronic delocalization through the coordinated metal [20, 21].
This result may be again supported by ether v(C—O) bands shifting to higher wavenumbers
(1156-1273 cm™") expressing a strengthening of their electronic density from the coordi-
nated metal. Some new bands v(M—0) and v(M—N) due to coordination are observed as well
[22, 23]. Therefore, both these frequencies are, respectively, located at 417 and 550 cm™" for
Ni(I)-L (1). Moreover, these absorption bands are observed at 452 and 515 cm™ ' for
Cu(I)-L (2) and only at 450 cm™" for Zn(IT)-L (3) [22, 23].

3.4. Electronic spectra

The electronic spectrum of H,L shows two absorptions (table 3). The first at 276 nm was
attributed to z—z* transitions while the second, very large, observed at 319 nm, was
ascribed to n—z* transitions. Electronic spectra of the complexes exhibit three absorptions
with those appearing between 270 and 386 nm attributed to the 7#—z* and n—=* transitions
of the ligand as already reported [24]. The third arises from coordination of the metal to the
ligand as discussed in the IR spectra section. This absorption known as the “Soret-band” at
400-450 nm is informative, characterizing metal coordination to porphyric ligands [25].
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Figure 4. Cyclic voltammograms in DMF, C = 0.001 M, z = 0.1 M (Buy,NPF), scan rate 25 mV's . (a) 1 (solid
line) and H>L (dashed line); (b) 2 (solid line) and H,L (dashed line); (c) 3 (solid line) and H,L (dashed line).
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This corresponds to the intense absorption bands observed in the spectra of 1-3 at 512,
458, and 443 nm, respectively. The nickel complex (1) shows a broad peak at 512 nm and
its lower molar absorptivity is characteristic for d—d transitions [26, 27].

3.5. Structures of 1 and 3

Starting from the crystal structure of 2 and taking into account the infrared and electronic
spectra, we propose the same structure for the three complexes in which the Schiff base
coordinates through O of phenolate and N of imino.

3.6. Electrochemical study

3.6.1. Electrochemical properties. The redox behaviors of the ligand and its complexes
were investigated by CV in DMF. This study was performed from —2100 to +1700 mV/
SCE. The four compounds show two reduction waves between —1400 and —2050 mV/SCE
for the cathodic potentials. For anodic potentials, one oxidation wave was observed for the
ligand and two oxidation waves for 1 and 2. The zinc complex shows a different behavior
with three oxidation waves.

3.6.2. Ligand (H,L). The cyclic voltammogram of the ligand (figure 4, curve A) shows
two reduction waves. The first is located at E,.; = —1405 mV/SCE and assigned to the
reduction of the pyridinic moieties while the second is observed at £, = —=2008 mV/SCE
and attributed to the reduction of azomethine. Both these waves are irreversible. At the
anodic side, only one oxidation wave was observed at Ej,,; = +1148 mV/SCE, indicating
the oxidation of phenolic groups.

a0

ot Ay

Current (uA)
=
Current (uA)

o0 04 08 1.2 16
Potential VICSE)

04 06 08 10 1.2 14
Potential (VISCE)

Figure 5. Cyclic voltammograms (0.001 M in 0.1 M BuyNPF4 DMF solution scan rate 25 mV s~ ") for the electro-
catalytic oxidation of methanol: Inset (A): 1, methanol concentrations: (a) 0.0 M, (b) 0.0097 M, (c) 0.0437 M, (d)
0.160 M, (e) 0.2377 M. Inset (A"): dependence of oxidation peak current versus methanol concentration. Inset (B): 2,
methanol concentrations: (a) 0.0 M, (b) 0.049 M, (c) 291 M, (d) 7.26 M, (e) 12.11 M, (f) 25.2 M. Inset (B’):
dependence of oxidation peak current versus methanol concentration.
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Figure 6. Cyclic voltammograms (0.001 M in 0.1 M Buy;NPF¢ DMF solution scan rate 25 mV s ') for the electro-
catalytic oxidation of benzylic alcohol: Inset (A): 1, benzylic alcohol concentrations: (a) 0.0 M, (b) 0.0039 M, (c)
0.0346 M, (d) 0.08114 M, (e) 0.116 M. Inset (B): dependence of oxidation peak current versus benzylic alcohol
concentration. Inset (A'): 2, benzylic alcohol concentrations: (a) 0.0 M, (b) 0.01 M, (c) 0.05 M, (d) 0.11 M, (e)
0.15 M, (f) 0.2 M, (g) 0.25 M. Inset (B"): dependence of oxidation peak current versus benzylic alcohol.

3.6.3. Nickel complex (1). Cyclovoltammogram of 1 (figure 4, curve A) shows two reduc-
tion waves located at E,c; = —1294 and £, = —1865 mV/SCE, respectively. The first was
attributed to reduction of Ni(Il) to Ni(I) [30], while the second is assigned to reduction of
the azomethine. During the back sweep, two oxidation waves were observed at E,, =

+927 and Epp = +1294 mV/SCE. The first one was ascribed to oxidation of Ni(II)-Ni(III),
whereas the second expresses the oxidation of the ligand as reported above. The redox sys-
tems of M(II)/M(I) and M(III)YM(II) generally observed for both Cu and Ni revealed that
the nickel complex is not reversible, while the copper complex shows a reversible system
for the first redox couple and an irreversible one for the second.

3.6.4. Copper complex (2). Cyclovoltammogram of the copper complex (figure 4, curve B)
shows two reduction waves at Ep.; = —1169 and E,,., = —1922 mV/SCE, respectively. The first
was attributed to reduction of Cu(II)-Cu(l) [28], while the second is ascribed to reduction of
azomethine. Along the back sweep, an oxidation wave appearing at E,,; = —1083 mV/SCE
expresses the reoxidation of Cu(l)-Cu(ll). This redox system (£, =—1169,
Epa = —1083 mV/SCE) was quasi-reversible [29, 30]. Two additional oxidation waves were
observed at E,,, = +884 and E,,3 = +1275 mV/SCE. The first one was assigned to oxidation
of Cu(Il)-Cu(IIl), whereas the second is due to oxidation of the ligand. The redox couple Cu
(II)/Cu(III) is not reversible.

3.6.5. Zinc complex (3). At cathodic potentials, the cyclovoltammogram of 3 is almost
identical to that of H,L as illustrated in figure 4 (curve C). The exceptions are some dis-
placements of certain waves, namely the first reduction wave appearing at E,.; = —1405 for
the ligand and E,.; = —1603 mV/SCE for 3. This shift of =200 mV may be explained by
an excess of electronic delocalization due to coordination of the metal. At anodic potentials,
three oxidation waves are observed without any presence of zinc redox couple.
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3.7. Electrocatalytical study

The Ni(Il) and Cu(Il) complexes show electrocatalytic activities toward oxidation of
methanol and benzylic alcohol as described below.

3.7.1. Complex 1 catalyst for oxidation. Figure 5 shows the oxidation of methanol.
When the molecule is used as substrate without any catalyst, its oxidation wave is observed
at more anodic potentials (1113 mV/SCE) while in the presence of catalyst, the oxidation
wave is significantly shifted to less anodic potentials (919 mV/SCE). Thus, the resulting dif-
ference in potential values is 194 mV indicating that the oxidation of methanol is an electro-
catalytic reaction. These electrocatalytic processes of small molecules have been
extensively studied [31-33]. On figure 5, we observe progressive increase in Ni(III)/Ni(Il)
redox system i#,, for which the 7, peak current was not observed. When the concentration
effect was investigated (figure 5, curve A), we note a continuous enhancement of the oxida-
tion wave when methanol concentration increased until reaching a plateau for a 0.160 M
concentration, indicating that all catalytic sites are saturated (figure 5, curve A'). This figure
shows the effect of methanol concentration on the anodic peak current. As methanol con-
centration increases, the peak height (i) increases linearly with methanol concentrations
up to 0.160 M. At low methanol concentrations, we assume that this increase in the peak
height (ip,) indicated that methanol oxidation is controlled by a diffusion process [33].
Therefore, as the methanol concentration increased, the rate of oxidation seems to be lim-
ited by the catalytic process, and its rate depends on the reaction between methanol and
Ni(III) species [34-36].

For the oxidation of benzylic alcohol, the same catalyst was used in identical electrocata-
lytic conditions and the same electrocatalytical behavior as for methanol oxidation is produced
as shown in figure 6 (curve A). The electrocatalytical behavior for the oxidation of benzylic
alcohol was similar to methanol oxidation. The difference between the oxidation waves of
benzylic alcohol (with and without) catalyst was estimated at 436 mV (figure 6, curve A).
This synthesis is attractive due to its applications in pharmaceutical and agrochemical pro-
cesses [37-39]. On figure 6 (curve A), the increasing of the 7,, peak current was accompanied
by a significant shifting of the oxidation wave potential from +0.850 to +0.775 V/SCE, indi-
cating an electrocatalytic effect [40]. The concentration is quite similar to the behavior of
methanol oxidation, showing continuous increasing of the #,, peak current until reaching a
pseudo-plateau as earlier observed for methanol oxidation (figure 6, curve A’).

3.7.2. Complex 2 catalyst for oxidation. Methanol oxidation was also carried out using 2
as catalyst. In this case, an irreversible anodic wave was observed at 0.83 V/SCE. Progres-
sive adding of methanol leads to continuous increasing of the iy, peak current up to 7.26 M
(figure 5, curve B). A further addition of methanol induces an important decrease in the
anodic peak current (ip,), suggesting a partial loss of the electrocatalytic activity. This
decreasing of the electrocatalytic activity with copper complex (figure 5, curve B') was
rather explained as stability for the nickel catalyst.

The same cyclovoltammogram shape was observed when the effect of the concentration
was investigated using 1 as electrocatalyst to oxidize benzylic alcohol, with an irreversible
anodic wave. Successive additions of benzylic alcohol show a continuous increasing of the
ipa peak current as illustrated in figure 6 (curve B). The next adding of substrate causes a
slight decrease as previously observed for methanol oxidation (figure 6, curve B’).
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4. Conclusion

A Schiff base ligand and its Ni(Il), Cu(Il), and Zn(II) complexes were synthesized and
characterized by routine physicochemical methods including electrochemistry. The crystal
structure of the Cu(Il) complex was determined, showing that Cu(Il) is coordinated through
two phenolate oxygens and two imine nitrogens from the tetradentate Schiff base anion in a
distorted square-pyramidal geometry. Electrochemical properties of H,L and its metal com-
plexes were investigated pointing out the M(II)/M(I) and M(III)/M(II) redox systems for
copper and nickel. The nickel complex is not reversible while the copper complex has a
reversible system for the first and an irreversible redox couple for the second. These two
compounds developed good electrocatalytic properties to oxidize methanol and benzylic
alcohol. A basic medium is appropriated for these oxidation reactions, since the alcoholate
species are more easily oxidized than the corresponding neutral alcohol. Thus, in spite of
catalytical properties of some transition metal complexes recently reported [41-46], our cat-
alysts oxidize the two alcohols at relative low potential values suggesting high selectivity
and stability in mild experimental conditions of temperature and pressure, in a heteroge-
neous catalytic system, where the modified electrodes containing catalytic species may be
used as very efficient catalysts [47].
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