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An electrochemical investigation has been carried out on a series of Schiff base copper(II)
complexes derived from salicylaldehyde and substituted anilines in the attempt to correlate
the solid-state geometry of the CuN2O2 core, which is conditioned by the steric encum-
brance of the different peripheral substituents, and the corresponding solution structures as
inferred from either the distinctive features of the Cu(II)/Cu(I) reduction or the EPR charac-
teristics of the original complexes. Even if a good agreement is expected between the extent
of chemical reversibility of the reduction process and the tetrahedral distortion of the com-
plexes, it has been found, that in reality, the chemical reversibility of the reduction process
also holds for nominally planar complexes in that they are sufficient flexible to pass from
planar to tetrahedral arrangements upon addition of one electron. The relative location of
the Cu(II)/Cu(I) formal electrode potentials appears more pertinent in that the higher is the
distortion the less negative is the potential value.
Keywords: Copper(II) complexes; Crystal structure determination; Electrochemistry; EPR
spectroscopy; Schiff base complexes; Imines; Salene complexes.

In a previous paper, some of us reported the crystal structure of the cop-
per(II) complexes 3–6 with Schiff base ligands derived from salicylaldehyde
and substituted anilines1 (Scheme 1). The crystal structure of the unsub-
stituted complex 7 is known2. We report here the electrochemical and EPR
characterisation of the complete series together with the crystal structure of
complex 1.
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It is well known that tetrahedrally distorted Cu(II) complexes can favour
reduction to the corresponding, usually tetrahedral, Cu(I) derivatives,
whereas square-planar Cu(II) complexes can give access to the correspond-
ing, rigidly planar, Cu(III) derivatives3,4. Since some of the present com-
plexes exhibit in the solid state geometric features intermediate between
square-planar and tetrahedral (namely, 1 and 4), we decided to investigate
their redox behaviour together with its EPR characteristics, in order to
better define their structural flexibility in solution.

EXPERIMENTAL

Complexes 3–6 and 7 were prepared as previously described1,2. Complex 1 was prepared by
adding a solution of copper(II) acetate (1 mmol) in a 50% ethanol–water mixture (10 ml)
to a hot solution of salicylaldehyde (1 mmol) and 3,5-dimethylaniline (1 mmol) in ethanol
(20 ml). Precipitation occured immediately and the reaction mixture was cooled; the result-
ing product was filtered and washed with ethanol. Yield 75%; m.p. 228 °C. For
C30H28CuN2O2 (512.1) calculated: 49.5% C, 2.21% H, 3.85% N; found: 49.74% C, 2.15% H,
3.56% N. The same method was used to prepare compound 2 from 4-(trifluoromethyl)ani-
line.

Crystal Structure

Crystal data: C30H28CuN2O2, (1) M = 512.08, monoclinic, space group C2/c, a = 21.573(1) Å,
b = 15.067(1) Å, c = 17.204(1) Å, β = 118.53(1) Å, U = 4913.1(4) Å3, Z = 8, µ = 0.92 mm–1,
λ(MoKα) = 0.71073 Å, F(000) = 2136, Dc = 1.385 Mg m–3. Data collected at 150 K. R1{F2 >
2σ(F2)} = 0.0343, wR2 (all data) = 0.100; GOF = 1.045.

Crystals were grown from CHCl3, a brown plate crystal was used for data collection
with approximate dimensions 0.23 × 0.9 × 0.03 mm. Data were collected on a Bruker APEX
2000 CCD diffractometer using graphite-monochromated MoKα radiation (λ = 0.7107 Å).
The data were corrected for Lorentz and polarisation effects and an empirical absorption
correction applied. Structure solution by Patterson methods and structure refinement on F2

employed SHELXTL version 6.10 (ref.5). Hydrogen atoms were included in calculated posi-
tions (C–H = 0.96 Å) riding on the bonded atom with isotropic displacement parameters set
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to 1.5 Ueq(C) for methyl H atoms and 1.2 Ueq(C) for all other H atoms. All non-H atoms
were refined with anisotropic displacement parameters.

CCDC 212894 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax:
+44 1223 336033; or deposit@ccdc.cam.ac.uk).

Electrochemistry and EPR Measurements

Materials and apparatus for electrochemistry and joint EPR spectroscopy have been de-
scribed elsewhere6. Potential values are referred to the saturated calomel electrode (SCE). Un-
der the present experimental conditions, the one-electron oxidation of ferrocene occurs at
+0.39 V.

RESULTS AND DISCUSSION

Crystal structure of 1. As illustrated in Fig. 1, there are two unique mole-
cules in the unit cell with very different molecular geometries.

The 3,5-dimethylphenyl rings of the ligands bonded to Cu1 are located
parallel and on the same side of the molecule in very close proximity, such
that C8 and C8′ are separated by only 3.09 Å. By contrast, the rings of the
ligands bonded to Cu2 are on opposite sides of the molecule and approxi-
mately orthogonal. The Cu atoms of both molecules are located on
two-fold axes and, as a consequence, the asymmetric unit consists of two
half-molecules. Despite the difference in overall molecular geometry, the
geometry at the metal atom is similar and approximately intermediate be-
tween square-planar and tetrahedral. The interplanar angles Cu1–N1–O1
with Cu1–N1′–O1′ and Cu2–O2–N2 with Cu2–N2′–O2′ are 42.0 and 48.3°,
respectively. The most significant structure parameters are collected in Table I.

Electrochemistry

As a typical example of the cyclic voltammetric behaviour exhibited by the
present copper(II) complexes, Fig. 2 shows the cyclic voltammetric profile
of 5 in dichloromethane solution.

The cathodic sweep points out the presence of a reduction process dis-
playing features of chemical reversibility, which is in turn followed by a mi-
nor process at very negative potential values. In the anodic sweep, a first
oxidation process of intensity roughly comparable to the first reduction
and also having some features of chemical reversibility is closely accompa-
nied by further minor processes.
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FIG. 1
Molecular structures of the unique molecules showing the atom label schemes and 50% dis-
placement probability ellipsoids. Hydrogen atoms are shown as spheres of arbitrary radius. The
Cu atoms are both located on a two-fold axis, primed atoms are generated by symmetry (1 – x,
y, 1½ – z)
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TABLE I
Selected bond lengths (in Å) and angles (in °) for 1

Cu(1)–O(1) 1.8822(14)

Cu(1)–N(1) 1.9689(17)

Cu(2)–O(2) 1.8990(15)

Cu(2)–N(2) 1.9622(17)

O(1)#1–Cu(1)–O(1) 87.35(9)

O(1)–Cu(1)–N(1)#1 148.78(7)

O(1)–Cu(1)–N(1) 93.90(7)

N(1)#1–Cu(1)–N(1) 100.68(10)

O(2)#1–Cu(2)–O(2) 141.58(10)

O(2)–Cu(2)–N(2)#1 95.52(7)

O(2)–Cu(2)–N(2) 94.63(7)

N(2)#1–Cu(2)–N(2) 148.81(10)

Symmetry transformations used to generate equivalent atoms: #1 1 – x, y, 1½ – z.

FIG. 2
Cyclic ( ) and Osteryoung square-wave (– – –) voltammograms recorded at a platinum elec-
trode in a CH2Cl2 solution of 5 (1.4 × 10–3 mol dm–3). [NBu4][PF6] (0.2 mol dm–3) supporting
electrolyte. Scan rates: cyclic voltammetry 0.2 V s–1 (a); 0.05 V s–1 (b). Osteryoung square-wave
voltammetry 0.1 V s–1

a

b

–2.0 –1.0 0.0 +1.0 +2.0
E, V (vs SCE)
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Controlled potential coulometric tests in correspondence to the first re-
duction step (Ew = –1.0 V) consumed one electron per molecule and the re-
sulting solution afforded cyclic voltammetric profiles quite complementary
to the original ones, thus testifying to the chemical reversibility of the
Cu(II)/ Cu(I) reduction ([5]/[5]–) also in the long times of macroelectrolysis.

Analysis7 of the cyclic voltammetric responses of the reduction process
with scan rates varying from 0.02 to 2.00 V s–1 shows that: (i) the current
function ipc v–1/2 decreases by about 20% for a tenfold increase in the scan
rate; (ii) the current ratio ipa/ipc maintains constantly equal to 1; (iii) the
peak-to-peak separation, ∆Ep, progressively increases from 105 to 343 mV.
Such a trend is diagnostic for a simple quasireversible one-electron process,
the marked quasireversibility of which suggests that a significant structural
strain must be overcome on passing from planar Cu(II)-[5] to more or less
tetrahedral Cu(I)-[5]– (refs3,4).

Based on the relative peak heights, we also assume that the first oxidation
might involve a one-electron process, naively attributable to the Cu(II)/
Cu(III) oxidation, [5]/[5]+, which, being not completely stable, likely gener-
ates byproducts responsible for the coupled oxidations. As briefly alluded to
above, the access to Cu(III) suggests that the complex, at least in the cyclic
voltammetric time scale, can maintain the planar geometry upon one-
electron removal.

More difficult is to assign the second cathodic process in that its peak
height is significantly lower than that of the Cu(II)/Cu(I) process, both at
low and high scan rates, thus contrasting the straightforward Cu(I)/Cu(0)
assignment. Such an assignment is further ruled out by the absence of the
typical anodic stripping peak, which usually accompanies the irreversible
Cu(I)/Cu(0) reduction4. In view of the minor importance of such a process
we do not venture any assignment.

Since the above voltammetric picture essentially holds for all the present
Cu(II) complexes, except for complexes 1 and 6 which are relatively unsta-
ble in the Cu(I) oxidation state even on the cyclic voltammetric time scale,
it is deduced that, in solution, complexes 2–5 and 7 are rather structurally
flexible to shuttle from planar to tetrahedral upon one-electron removal/
addition, even if the quasireversibility of the pertinent processes means
that the relevant reorganization barriers are rather high.

The formal electrode potentials for the most significant redox changes
exhibited by all the complexes studied are compiled in Table II.

Detecting a univocal thermodynamic trend that might favour the access
to Cu(II) or Cu(III) is complicated by the fact that the structural factors
couple with the inductive effects of the aniline substituents. What is specu-
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latively evident from the structural viewpoint is that complex 7, in agree-
ment with its planarity not perturbed by the presence of aniline
substituents, is one of the most difficult to reduce and easiest to oxidise,
whereas complex 4, due to the tetrahedral distortion in the solid state im-
posed by the sterically encumbering substituents, is the easiest to reduce
and the most difficult to oxidise. In the latter case, however, it is clear that
the electron-withdrawing CF3 substituents also contribute to favour the
electron addition. By contrast, the related complex 1, which also has some
degree of tetrahedral distortion in the solid state, is notably hard to reduce
because of the electron-donating effect of the CH3 substituents.

As shown, Table II also reports the overall electronic effects played by the
aniline substituents as Hammett σ constants8. A plot of E°′(Cu(II)/Cu(I)) vs
Σσ gives a correlation coefficient of 0.91, thus indicating a roughly linear
dependence of the electrode potentials from the inductive effects of the
substituents. As far as the Cu(II)/Cu(III) process is concerned, we naively as-
sume that its substantial chemical irreversibility points out that even in the
less tetrahedrally distorted complexes there is an intrinsic difficulty to
maintain the planar geometry upon electron removal.

We finally point out that the HOMO-LUMO separation for all the Cu(II)
complexes, as calculated from the difference between the formal electrode
potentials of the first oxidation and the first reduction, is within 1.8–1.9 eV.
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TABLE II
Formal electrode potentials (V vs SCE; t = 25 °C), peak-to-peak separations (mV) and current
ratios for the redox changes exhibited by the Cu(II) complexes under study in CH2Cl2 solu-
tion

Complex E°′Cu(III)/Cu(II) ∆Ep
a ipc/ipa

a E°′Cu(II)/Cu(I) ∆Ep
a ipa/ipc

a Σσ

1 +1.01 300 0.4 –0.84 240 0.7 –0.14

2 +1.17 110 b –0.70 150 0.9 0.54

3 +1.13 160 0.8 –0.74 116 1.0 0.06

4 +1.18 160 b –0.68 175 1.0 0.86

5 +1.19c b b –0.72 105 1.0 0.35

6 +1.0d b b –0.77 194 0.6 0.17

7 +1.09 130 b –0.80 115 0.9 0

a Measured at 0.05 V s–1; b difficult to evaluate because the partial overlapping of the second
anodic process makes the anodic peak poorly resolved (see the text); c from Osteryoung
square-wave voltammetry; d peak potential for irreversible processes.



EPR Spectroscopy

As a typical example of the EPR features of the complexes under study,
Fig. 3 shows the X-band spectra of complex 1 in CH2Cl2 solution both at
liquid nitrogen (T = 100 K) and at ambient (T = 298 K) temperatures.

In frozen solution, the anisotropic Cu(II) line shape (spin Hamiltonian S =
1/2) displays a well-resolved rhombic structure (gl >> gm >> gh ≠ gelectron =
2.0023), the large value of the δgl/h = gl – gh parameter (0.226(6)) testifying
to the strong Cu(II) λ spin–orbit coupling9,10. The three anisotropic regions
display different SAI magnetic interactions. The low-field absorption is well
resolved in the typical Cu(II) hyperfine (hpf) splitting (63Cu: I = 3/2, natural
abundance = 69.1%; 65Cu: I = 3/2, natural abundance = 30.1%). The two
narrow higher-field hpf bands are closely spaced and present partial resolu-
tion of the underlying Cu(II) hpf or N super-hyperfine (shpf) contributions
(14N: I = 1, natural abundance > 99%), ∆Hm,h ≥ am,h(Cu, N). Raising the tem-
perature under frozen conditions improves the high-field hpf resolution of
the gm region, thus allowing a reliable estimation of the am(Cu) values.
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FIG. 3
X-Band EPR spectra of 1 in CH2Cl2 solution. T = 100 K (a); T = 298 K (b). Top: first derivative;
bottom: second derivative; (non SI unit used 1G = 10–4 T)
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Based on the g||/A|| parameter10, the actual frozen solution anisotropic fea-
tures support the presence of some tetrahedral distortion of the CuN2O2
core of complex 1, and hence are in agreement with the solid-state X-ray
structure (see above).

At the glassy-fluid transition (T = 178 K), the rhombic spectrum collapses
in a well hpf resolved isotropic line shape. The overall ∆Hiso is strongly de-
pendent upon temperature, significantly narrowing at higher temperatures
due to effective shortening of the S = 1/2 electron spin relaxation times9. As
expected, the line width and aiso(Cu) of the isotropic signals exhibit de-
pendence from both the magnetic field H and mI, in that the anisotropy in-
duced by distortion is not completely averaged in liquid solution9,10. In this
connection, Fig. 3b shows the room temperature spectrum of complex 1.
The second derivative line shape displays a partial resolution of the nitro-
gen shpf structure in the high-field Cu(II) hpf mI = 3/2 line. A broad quintu-
plet appears as a consequence of the magnetic interaction of the S = 1/2
unpaired electron with the two magnetically equivalent nitrogen nuclei of
the ligand in an approximately square-planar coordination (distorted D4h
local symmetry). It is noted that complexes 2, 3, 5 and 7 bearing the less
encumbering substituents in meta positions afford isomerism in solution.

Finally, the solid-state EPR spectrum of complex 1 at room temperature
exhibits a strongly unsymmetrical line shape with a well resolved narrow
axial structure (g⊥ > g|| ≠ gelectron), Fig. 4.
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FIG. 4
Solid-state X-band EPR spectra of 1 at room temperature. Bottom: first derivative; top: second
derivative
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Neither Cu(II) hpf nor N shpf structure are evident in the two anisotropic
regions, due to strong JSS magnetic interaction (JSS = super-exchange inter-
action Hamiltonian)9. Small variations in the anisotropic spectral parame-
ters (gi, ∆Hi) occur on decreasing the temperature, suggesting that thermal
contributions do not alter the magnetic nature of the complex (or its mo-
lecular geometry). Accordingly, no ∆ms = 2 mid-field transitions were de-
tected, suggesting that no dimeric species form9,10.

The best-fit spectral parameters, calculated according to literature proce-
dures11, are collected in Table III, together with those of all complexes un-
der study.

In solution, the paramagnetic features of all the Cu(II) complexes are ba-
sically similar, but, based on the variation of the δgl/h parameter, it is ar-
gued that in frozen condition the geometrical departure from the strictly
planar structure follows the order 2 > 7 > 5 > 1 ≈ 3. This result partially con-
flicts with the solid-state findings (which assign tetrahedral distortion to 1
and 4), but is in agreement with the chemical reversibility of the relative
Cu(II)/Cu(I) reductions. In reality, based on the electrochemical data, also
complex 4 in solution at ambient temperature would present some tetrahe-
dral distortion.

In conclusion, the data show that in addition to the expected structure
differences induced by different phases (solid state vs solution), the molecu-
lar geometry of the present four-coordinate copper(II) complexes also have
a temperature dependence.
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