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A B S T R A C T

In this work we report a series of Cu(II) complexes [Cu(N-N)2(X)]+, (N-N = substituted 1,10-phenanthroline
derivatives and X = Cl− or NO3

−), with tunable E1/2 for electrochemical reduction [CuII(N-
N)2(X)]+ + 1e− ⇌ [CuI(N-N)2] + X−. The disproportion of O2

•− was explored in presence of the electro-gen-
erated species [CuI(N-N)2]+ using cyclic voltammetry in a non-aqueous media, arising a new simple method to
propose a SOD-like mechanism, which can be used as a quick guide test for a compound, before being proven in
biological assays. It was found that complexes with high negative half wave potential values (E1/2) for Cu(II)/Cu
(I) couple shown a current increment for oxygen reduction, related to the capability of the disproportion of this
reactive oxygen species.

1. Introduction

Intracellular superoxide dismutase enzyme (SOD), has the role to
protect the cell against the superoxide radical (O2

•−) generated in the
mitochondria during the cellular respiration [1]. This family of en-
zymes present different metallic centers in the active site, such as Cu
(II)/Zn(II), Fe(III), Mn(III) or Ni(III), with homologies in the amino acid
sequence in the protein domain. In particular, the most studied and well
known system is Cu/Zn-SOD, where Cu(II) and Zn(II) are coordinated to
aromatic nitrogen atoms from histidine residues [1,2]. A remarkable
difference between normal and cancer cells is the low amount and the
decreased activity of Mn-SOD and Zn/Cu-SOD enzymes [3–5]. This fact
has motivated the use of Zn/Cu-SOD for the treatment of solid tumors in
mice [6]. However, the use of this enzyme in medical treatments is
limited due its low capacity to pass through membrane cell, change in
activity by pH or temperature, and its high cost of production and
purification. The above-mentioned has attracted the attention to design
new copper-SOD biomimetic compounds [7–13]. The reaction

mechanism of a Cu/Zn-SOD or a Cu(II) biomimetic system consists in
the disproportion of superoxide radical in three steps. The first one is
the interaction between the active site and the radical O2

•−, followed by
the second step where molecular oxygen (O2) is generated. In the third
step the formation of hydrogen peroxide (H2O2) is proposed, see reac-
tions (1)–(3) [14,15].

+ →
− −Cu L O Cu L O[ ] ˙ [ ·· ˙ ]II II

2 2 (1)

→ +
−Cu L O Cu L O[ ˙ ] [ ]II I

2 2 (2)

+ + → +
− +Cu L O H Cu L H O[ ] ˙ 2 [ ]I II

2 2 2 (3)

It is a necessary condition in a SOD, and in a biomimetic compound,
the existence of variable oxidation states in the metal center, with the
low reorganization energy. Therefore, the homogeneous electron
transfer between the oxidized or reduced form of the active site with
O2

•− (reactions (2) and (3)) should be fast. In the case of the biomimetic
systems, it has been proposed that the redox potential value of the
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couple Cu(II)L/Cu(I)L should lie in a range from −330 mV (vs. NHE at
pH 7; O2/O2

•−) to +890 mV (vs. NHE at pH 7; O2
•−/H2O2), in aqueous

media. However, this criterion must be taken into careful consideration
due to short half life time (10−8 s−1) of superoxide ion in aqueous
media and its thermodynamic stability (Kdis = 4.76 × 1020, pH = 7.0)
[16,17].

For a potential biomimetic complex, a common test to propose a
SOD-like mechanism, is the xanthine oxidase bioassay [18,19]. In this
procedure, the xanthine/xanthine oxidase system is used as a source of
superoxide radicals, which are trapped by the native cytochrome c.
When the SOD enzyme or a biomimetic compound is added in the
assay, the reduction of cytochrome c presents a decrease, associated to
the disproportion of superoxide, followed spectrophotometrically at
550 nm. The change in absorbance value is related to the SOD activity
referenced to enzyme. Nevertheless, this method has several dis-
advantages, including the use of expensive reagents, highly controlled
conditions and interferences such as the chemical interactions between
the compound of interest with the radical generator (xanthine/xanthine
oxidase) and the radical trapping agent (cytochrome c). Furthermore, in
this bioassay, the already mentioned short half-life of the superoxide in
aqueous solution is not considered, making a non-accurate SOD activity
measurement. In the literature, several authors have reported SOD ac-
tivity for copper complexes, proposing a correlation with the redox
potential values of the couple Cu(II)/Cu(I) [20–39]. However, in these
studies systematic changes in redox potentials associated to electronic
effects of ligands, and the stability of the O2

•− in a reaction media that
guarantee the reactivity of this radical is exclusively related to the
metal complex. The aforementioned, encouraged us to synthesize tun-
able redox potential Cu(II) complexes [Cu(N-N)2(X)]+, (N-N) = sub-
stituted 1,10-phenanthroline and X = Cl− or NO3, (1,10-phenantro-
line = 1,10-phen) see Scheme 1, in order to study the disproportion of
O2

•− originated by electrogenerated species [Cu(N-N)2]+ in di-
methylsufoxide (DMSO) as a function of the electronic changes in the
metal center (through redox potential values). This results establish the
basis for a new simple tool pointing to SOD-like mechanism, which can
be used as a quick guide test, for compounds before being proven in
biological assays.

2. Methodology

2.1. Chemicals

All chemicals and solvents used were synthetic grade, purchased
from the commercial source and used without further purification.

2.2. Synthesis of the complexes [Cu(II)(N-N)2(X)]X

The synthesis of metal complexes was carried out by dissolving
0.1 mmol of Cu(NO3)2 ⋅2.5 H2O or CuCl2 ⋅2H2O in 5 mL of anhydrous
ethanol. Then it was added dropwise to the metallic salt solution
0.2 mmol of each (N-N) ligand previously dissolved in 5 mL of anhy-
drous ethanol. In some cases, the ligand solution was heated at 70 °C for
a complete dissolution; a color change from blue to green was observed.
The reaction mixture was heated and stirred for 2 h. Solvent was re-
moved by slow evaporation until a powder was observed. The product
was filtered and washed with diethyl ether.

2.2.1. [Cu(1,10-phen)2(NO3)]NO3 ⋅H2O
IR (KBr, cm−1); ν(C=C) + ν(C=N) 1627, 1520, ν(=C-H) 3057,

ν(C=C) ring 1605, 1586, 1493, νs(N=O) 1315, νa(NO2) 1330, NO3
−

ionic ν3(E′) 1383, ν(Cu-N) 202, 278, 351, 431, ν(Cu-O) 403sh. UV–Vis
(DMSO) [λmax, nm (ε, M−1 cm−1)]; 700 (56), 1000 (25). Diffuse re-
flectance λmax: 792 nm. Λ(DMSO) = 81 S cm2 mol−1. Anal. Calc. for
CuC24H18N6O7 (MW = 565 g/mol) %C, 50.93; %H, 3.20; %N, 14.84.
Found: %C, 50.91; %H, 3.21; %N, 14.80. Mass spectrum FAB(+) m/
z = 485, [Cu(1,10-phen)2NO3]+, m/z = 423 [Cu(1,10-phen)2]+.

2.2.2. [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)]NO3 ⋅H2O
IR (KBr, cm−1); ν(C=C) + ν(C=N) 1620,1529, ν(C=C) ring 1596,

1529, 1432, ν(=C-H) 3043, ν(-C-H) 2964, 2923, νs(N=O) 1376,
νa(NO2) 1358, NO3

− ionic ν3(E′) 1383, ν(Cu-N) 209, 280, 351, 417,
ν(Cu-O) 417 sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 709 (55),
920 (34). Diffuse reflectance λmax: 745, 910 (shoulder) nm. Λ(DMSO)
= 70 S cm2 mol−1. Anal. Calc. for CuC32H34N6O7 (MW = 678 g/mol)
%C, 56.67; %H, 5.03; %N, 12.39. Found: %C, 56.50; %H, 5.04; %N,
12.40. Mass spectrum FAB(+) m/z = 597 [Cu(3,4,7,8-tetramethyl-
1,10-phen)2(NO3)]+, m/z = 535 [Cu(3,4,7,8-tetramethyl-1,10-
phen)2]+.

2.2.3. [Cu(5-methyl-1,10-phen)2(NO3)]NO3 ⋅3 H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1624, 1522, ν(C=C) ring 1602,

1585, 1487, ν(=C-H) 3055, ν(-C-H) 2918, νs(N=O) 1336, νa(NO2)
1363, NO3

− ionic ν3(E′) 1379, ν(Cu-N) 210, 279, 352, 429, ν(Cu-O) 419
sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 697 (46), 1018 (21).
Diffuse reflectance λmax: 758, 981 nm. Λ(DMSO) = 50 S cm2 mol−1.
Anal. Calc. for CuC26H26N6O9 (MW = 630 g/mol) %C, 49.56; %H,
4.15; %N, 13.32. Found: %C, 49.60; %H, 4.17; %N, 13.25. Mass spec-
trum FAB(+) m/z = 513 [Cu(5-methyl-1,10-phen)2(NO3)]+, m/
z = 451 [Cu(5-methyl-1,10-phen)2]+.

2.2.4. [Cu(4-methyl-1,10-phen)2(NO3)]NO3 ⋅2H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1624, 1520, ν(C=C) ring 1602,

1587, 1487, ν(=C-H) 3059, 3002, ν(-C-H) 2920, νs(N=O) 1358,
νa(NO2) 1336, NO3

− ionic ν3(E′) 1379, ν(Cu-N) 212, 279, 350, 417,
ν(Cu-O) 426 sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 700 (54),
992 (26). Diffuse reflectance λmax: 738 nm. Λ(DMSO) = 67 S
cm2 mol−1. Anal. Calc. for CuC26H24N6O8 (MW = 612 g/mol) %C,
51.02; %H, 3.95; %N, 13.73. Found: %C, 51.10; %H, 4.0; %N, 13.70.
Mass spectrum FAB(+) m/z = 513 [Cu(4-methyl-1,10-phen)2(NO3)]+,
m/z = 451 [Cu(4-methyl-1,10-phen)2]+.

2.2.5. [Cu(4,7-dimethyl-1,10-phen)2(NO3)]NO3

IR (KBr, cm−1); ν(C=C) ν(C=N) 1621, 1523, ν(C=C) ring 1608,
1577, 1458, ν(=C-H) 3084, 3062, ν(-C-H) 2928, 2962, 2921, νs(N=O)

Scheme 1. Bis-chelate substituted 1,10-phenanthroline (N-N) Cu(II) complexes, 1,10-
phenanthrolile = 1,10-phen.
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1363, νa(NO2) 1335, NO3
− ionic ν3(E′) 1355, ν(Cu-N) 220, 282, 351,

419, ν(Cu-O) 419 sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 701
(64) 960 (32). Diffuse reflectance λmax: 749, 1009 nm. Λ(DMSO)
= 66 S cm2 mol−1. Anal. Calc. for CuC28H24N6O6 (MW = 604 g/mol)
%C, 55.67; %H, 4.00; %N, 13.91. Found: %C, 55.57%H, 4.02; %N,
13.98. Mass spectrum FAB(+) m/z = 541 [Cu(4,7-dimethyl-1,10-
phen)2(NO3)] +, m/z= 479 [Cu(4,7-dimethyl-1,10-phen)2] +.

2.2.6. [Cu(5-chloro-1,10-phen)2(NO3)]NO3

IR (KBr, cm−1); ν(C=C) ν(C=N) 1614, 1581, ν(C=C) ring 1604,
ν(=C-H) 3043, s(N=O) 1340, νa(NO2) 1330, NO3

− ionic ν3(E′) 1380,
ν(Cu-N) 210, 280, 350, 420, ν(Cu-O) 420 sh. UV–Vis(DMSO) [λmax, nm
(ε, M−1 cm−1)]; 700 (40) 1060 (15). Diffuse reflectance λmax: 790,
860 nm. Λ(DMSO) = 65 S cm2 mol−1. Anal. Calc. for
CuC24Cl2H14N6O6 (MW = 616. g/mol) %C, 46.72; %H, 2.28; %N,
13.62. Found: %C, 46.70; %H, 2.26; %N, 13.60. Mass spectrum FAB(+)
m/z = 553 [Cu(5-Cl-1,10-phen)2Cl] +, m/z= 491[Cu(5-Cl-1,10-
phen)2] +.

2.2.7. [Cu(5-nitro-1,10-phen)2(NO3)]NO3

IR (KBr, cm−1); ν(C=C) ν(C=N) 1624, 1512, ν(C=C) ring 1606,
1584, 1423, ν(=C-H) 3080, 3061, ν(ϕ-NO2)sy 1512, ν(ϕ-N=O) 1535;
ν(ϕ-NO2)as 1368, νs(N=O) 1345, νa(NO2) 1336, NO3

− ionic ν3(E′)
1380, ν(Cu-N) 213, 278, 351, 419, ν(Cu-O) 418 sh. UV–Vis(DMSO)
[λmax, nm (ε, M−1 cm−1)]; 702 (49) 1083(19). Diffuse reflectance
λmax: 790, 864 nm. Λ(DMSO) = 70 S cm2 mol−1. Anal. Calc. for
CuC24H14N8O10 (MW = 637 g/mol) %C, 45.18; %H, 2.21; %N, 17.56.
Found: %C, 45.22; %H, 2.23; %N, 17.60. Mass spectrum FAB(+) m/
z = 575 [Cu(5-nitro-1,10-phen)2(NO3)]+, m/z= 513 [Cu(5-nitro-
1,10-phen)2] +.

2.2.8. [Cu(1,10-phen)2Cl]Cl 2H2O
IR (KBr, cm−1); ν(C=C) + ν(C=N) 1625, 1517, ν(C=C) ring 1604,

1584, 1427, ν(=C-H) 3052. ν(Cu-N) 204, 279, 352, 429, ν(Cu-Cl) 281
sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 739 (100), 949 (72).
Diffuse reflectance λmax: 824 nm. Λ(DMSO) = 25 S cm2 mol−1. Anal.
Calc. for CuC24H20N4Cl2O2 (MW = 530 g/mol) %C, 54.29; %H, 3.79; %
N, 10.55. Found: %C, 54.10; %H, 3.81; %N, 10.50. Mass spectrum FAB
(+) m/z= 458 [Cu(1,10-phen)2Cl] +, m/z= 423 [Cu(1,10-phen)2] +.

2.2.9. [Cu(3,4,7,8-tetramethyl-1,10-phen)2Cl]Cl 5H2O
IR (KBr, cm−1); ν(C=C) + ν(C=N) 1620,1527, ν(C=C) ring 1597,

1430, ν(Cu-N) 211, 281, 352, 419, ν(Cu-Cl) 254 sh. UV–Vis(DMSO)
[λmax, nm (ε, M−1 cm−1)]; 742 (140), 941 (110). Diffuse reflectance
λmax: 745 nm. Λ(DMSO) = 26 S cm2 mol−1. Anal. Calc. for
CuC32H42N4Cl2O5· (MW = 697 g/mol) %C, 55.13; %H, 6.07; %N, 8.03.
Found: %C, 55.10; %H, 6.01; %N, 8.15. Mass spectrum FAB(+) m/
z = 570 [Cu(3,4,7,8-tetramethyl-1,10-phen)2Cl] +, m/z = 535 [Cu
(3,4,7,8-tetramethyl-1,10-phen)2] +.

2.2.10. [Cu(5-methyl-1,10-phen)2Cl]Cl 5H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1624, 1520, ν(C=C) ring 1602,

1585, 1485,1425, ν(=C-H) 3056, ν(Cu-N) 211, 279, 353, 430, ν(Cu-Cl)
299 sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 736 (105), 949
(77). Diffuse reflectance λmax, nm; 775, 943. Λ(DMSO) = 50 S
cm2 mol−1. Anal. Calc. for CuC26H30N4Cl2O5 (MW = 612 g/mol) %C,
50.94; %H, 4.93; %N, 9.13. Found: %C, 50.80; %H, 4.96; %N, 9.10.
Mass spectrum FAB(+) m/z= 486 [Cu(5-methyl-1,10-phen)2Cl] +, m/
z = 451 [Cu(5-methyl-1,10-phen)2] +.

2.2.11. [Cu(4-methyl-1,10-phen)2Cl]Cl 4H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1623, 1521, ν(C=C) ring 1604,

1588, 1427, ν(=C-H) 3054, (Cu-N) 202, 279, 353, 417, ν(Cu-Cl) 268
sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 736 (153), 949 (114).
Diffuse reflectance λmax: 745, 1014 nm. Λ(DMSO) = 25 S cm2 mol−1.
Anal. Calc. for CuC26H28N4Cl2O4 (MW = 594 g/mol) %C,52.28; %H,

4.74; %N, 9.41. Found: %C, 52.32; %H, 4.78; %N, 9.40. Mass spectrum
FAB(+) m/z= 486 [Cu(4-methyl-1,10-phen)2Cl] +, m/z= 451 [Cu
(4,7-dimethyl-1,10-phen)2]+.

2.2.12. [Cu(4,7-dimethyl-1,10-phen)2Cl]Cl 2H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1621, 1522, ν(C=C) ring 1605,

1577, 1423, ν(=C-H) 3040, ν(Cu-N) 213, 282, 351, 419, ν(Cu-Cl) 265
sh. UV–Vis(DMSO) [λmax, nm (ε, M−1 cm−1)]; 745 (206) 950 (155).
Diffuse reflectance λmax: 735, 1012 nm. Λ(DMSO) = 27 S cm2 mol−1.
Anal. Calc. for CuC28H28N4Cl2O2 (MW = 586 g/mol) %C, 57.29; %H,
4.80; %N, 9.54. Found: %C, 57.02; %H, 4.77; %N, 9.59. Mass spectrum
FAB(+) m/z= 514 [Cu(4,7-dimethyl-1,10-phen)2Cl]+, m/z= 479
[Cu(4-methyl-1,10-phen)2]+.

2.2.13. [Cu(5-nitro-1,10-phen)2Cl]Cl H2O
IR (KBr, cm−1); ν(C=C) ν(C=N) 1625, 1518, ν(C=C) ring 1606,

1585, 1420, ν(=C-H) 3057, ν(ϕ-NO2)sy 1518, ν(ϕ-N=O) 1532, ν(Cu-N)
208, 280, 350, 419, ν(Cu-O) 468 sh. UV–Vis(DMSO) [λmax, nm (ε,
M−1 cm−1)]; 738 (74) 957 (56). Diffuse reflectance λmax: 794, 860 nm.
Λ(DMSO) = 32 S cm2 mol−1. Anal. Calc. for CuC24H16N6Cl2O5

(MW = 602 g/mol) %C, 47.81; %H, 2.67; %N, 13.94. Found: %C,
47.90; %H, 2.68; %N, 13.90. Mass spectrum FAB(+) m/z = 548 [Cu(5-
nitro-1,10-phen)2Cl]+, m/z = 513 [Cu(5-nitro-1,10-phen)2] +.

2.3. Physical measurements

Elemental analyses were performed in a Fisons Instruments
Analyzer model EA 1108, using a sulfanilamide standard. Mid-IR
spectra were recorded on KBr disks, using a Nexus Thermo Nicolet
Spectrophotometer. Far-IR was measured using a Bruker Vertex 70
Spectrophotometer. Solution and solid-state UV–Vis-NIR spectra
(40000–4000 cm−1) were obtained on a Cary-5E Varian
Spectrophotometer. Conductivity measurements were performed using
a YSI 3200 Conductimeter with parallel plates with cell constant of
1 cm−1. Mass spectra were obtained in a JEOL MSTATION, JMS-700,
mass spectrometer using fast atomic bombarded FAB(+) ionization
method. Temperature of ionization source was 25 °C, with voltage of 6
KeV and current of 5 mA. The matrix employed was nitrobenzyl
alcohol.

2.4. Single crystal X-ray diffraction analysis

A single crystal of complex [Cu(3,4,7,8-tetramethyl-1,10-
phen)2(NO3)](NO3)⋅H2O was mounted on glass fiber to be studied with
an Oxford Diffraction Gemini “A” diffractometer, equipped with a CCD
area detector, a sealed tube X-ray source (λMoKα = 0.71073 Å) and
monochromator of graphite. A data sets consisted of frames of intensity
collected with a frame width of 1° in ω, a counting time of 12.5 s/frame,
and a crystal-to-detector distance of 55.00 mm. The double pass
method of scanning was used to exclude any noise. The collected frames
were integrated by using an orientation matrix determined from the
narrow frame scans. CrysAlis Pro and CrysAlis RED software packages
[40] were used for data collection and data integration. Analysis of the
integrated data did not reveal any decay. Final cell parameters were
determined by a global refinement of reflections. Collected data were
corrected for absorbance by using analytical numeric absorption cor-
rection [41], using a multifaceted crystal model based on expressions
upon the Laue symmetry using equivalent reflections. Structure solu-
tion and refinement were carried with the programs SHELXS-2014 and
SHELXL-2014 respectively [42].; for molecular graphics: ORTEP-3 for
Windows [43]; and the software used to prepare material for publica-
tion: WinGX [44]. Full-matrix least-squares refinement was carried out
by minimizing (Fo2 − Fc2)2. All non‑hydrogen atoms were refined an-
isotropically. For H atom of the water group (H-O) were located in a
difference map and refined isotropically with Uiso(H) = 1.5 for H-O. H
atoms attached to C atoms were placed in geometrically idealized
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positions and refined as riding on their parent atoms, with C—H= 0.95
and 0.98 Å with Uiso (H) of 1.2Ueq(C) and 1.5Ueq(C) for aromatic and
methyl groups respectively. Crystal data and experimental details of the
structure determinations are listed in Table 1.

2.5. Electrochemical studies

Electrochemical experiments were carried out using a Potentiostat/
Galvanostat BioLogic SP-50. A typical three-electrode array was em-
ployed for all electrochemical measurements. All Complexes were dried
at 110 °C in a vacuum oven 24 h before its electrochemical character-
ization. The concentration of each complex was 1 × 10−3 M in DMSO
(99.7% Extra Dry over molecular sieve Acros Organics) solution in the
presence of Tetrabutylammonium hexafluorophosphate TBAPF6 0.1 M.
To avoid water into the electrochemical experiments, the DMSO solu-
tion containing the complex was also heated 2 h at 90 °C. After that, the
flask was stoppered and cooled at room temperature. A platinum disk
(ϕ = 1.6 mm) was used as working electrode. A homemade Ag/Ag+

(AgNO3 0.1 M in DMSO) reference electrode was employed. Prior to be
used, the working electrode was polished with diamond powder, rinsed
with distilled water and sonicated for 2 min. Before each measurement
the electrode was polished with α-alumina (0.6 μm), rinsed with dis-
tilled water and dried. The solutions were bubbled with nitrogen before
each experiment. All potential values are reported vs the couple Fc/
Fc+, according to the IUPAC convention [45]. Cyclic voltammetry was
performed from open circuit potential to negative direction with vari-
able scan rate from 10 to 1000 mV s−1. Ohmic drop compensation was
applied using the current interrupt method. Single pulse chron-
oamperometry experiments were obtained stepping the potential from
open circuit potential (Ei = 0) to a potential (E1) where the electro-
chemical process is limited by diffusion, established from CV experi-
ments. A time width (τ) of 5 s was used.

2.6. Reaction between Cu(II) complexes with electro-generated superoxide
from molecular oxygen

Air from a KNF laboport mini pump was passed through a sealed

trap containing a molecular sieve. Then the dry air was bubbled to a
DMSO solution + TBAPF6 0.1 M by 10 min. Electrochemical experi-
ments of saturated O2 solution in the presence and in the absence of
metal complex 1 mM were carried out. Additionally, experiments for
oxygen reduction with additions of water were obtained to explore the
effect of a proton donor in the disproportionation of superoxide anion.

2.7. Theoretical calculations

The geometry optimization of metal complexes was performed using
the hybrid meta-GGA functional m06-2x [46–50] with a 6-31g (d, p)
basis set in the gas phase and with a PMC solvent model (DMSO). This
functional has proved adequate in representing both the structure, en-
ergetics and stability of first-row transition metal complexes as we have
previously shown [51–53]. Charge and multiplicity values for com-
plexes were +1/1. Vibrational frequencies were obtained and no ne-
gative values found, confirming the convergence of the optimization.
All quantum mechanics calculations were performed using the D.01
revision of Gaussian 09 [54].

3. Results and discussion

3.1. Solid state characterization of metal complexes [Cu(II)(N-N)2(X)]X

The reaction between copper salts Cu(NO3)2 ⋅2.5 H2O or CuCl2
2H2O and the 1,10-phenanthroline ligands (N-N) in molar ratio (1:2)
yield green powders. IR spectrum of [Cu(II)(N-N)2(X)]X, (X = NO3

− or
Cl−) show vibrational frequencies related to the presence of the dii-
minic ligand N-N and to the nitrate moiety. As example in the com-
pound [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)]NO3 ⋅H2O, the vi-
brational frequencies ν(C=C) + ν(C=N) are detected at 1620 and
1529 cm−1. A broad absorption band around 1383 cm−1, attributable
to ionic nitrate ν3(E′) was recorded. The vibrational frequencies
νs(N=O) and νa(NO2) at 1376 cm−1 and 1358 cm−1, suggest a
monodentate coordination mode with the metal center [55–56]. A
comparison between IR spectra of the free ligand and metal complex,
show a shift to high wavenumber (Δυ) around 10–20 cm−1, in the
molecular vibrations ν(C=C) ring and ν(C=C) + ν(C=N), due to the
coordination of the metal center, see Fig. 1. Furthermore, characteristic
frequencies in far IR region ν(Cu-O), ν (Cu-N) and ν (Cu-Cl) are detected
see SI. IR spectra for all compounds presents similar behavior, see SI.

The coordination of both ions in complexes is also demonstrated by
mass spectrometry, where the stable molecular ions (m/z) for [Cu(N-

Table 1
Crystal data and structure refinement for [Cu(3,4,7,8,tm-1,10-phen)2NO3]NO3 ⋅H2O.

Empirical formula C32 H34 Cu N6 O7

Formula weight 678.19
Temperature 130(2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P 21/c
Unit cell dimensions a = 7.723(6) Å

b = 23.20(2) Å
c = 16.859(11) Å
β = 95.772(6)°

Volume 3005.8(4) Å3

Z 4
Density (calculated) 1.499 Mg/m3

Absorption coefficient 0.787 mm−1

F(000) 1412
Crystal size 0.400 × 0.120 × 0.070 mm3

Theta range for data collection 3.411 to 29.471°
Index ranges −10 ≤ h ≤ 10, −26 ≤ k≤ 30,

−21 ≤ l ≤ 12
Reflections collected 15,093
Independent reflections 7159 [R(int) = 0.0423]
Completeness to

theta = 25.242°
99.8%

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 7159/0/429
Goodness-of-fit on F2 1.049
Final R indices [I > 2sigma

(I)]
R1 = 0.0496, wR2 = 0.0925

R indices (all data) R1 = 0.0802, wR2 = 0.1080
Largest diff. peak and hole 0.443 and −0.500 e.Å−3

Fig. 1. IR of [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)]NO3 ⋅H2O and 3,4,7,8-tetra-
methyl-1,10-phen.
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N)2(NO3)]+ and [Cu(N-N)2Cl]+ are detected, see SI. On the other hand,
difusse reflectance in visible region for complexes was also carried out.
Based on literature distorted trigonal bipyramidal or distorted square
pyramidal geometries arround Cu(II) are proposed, see Table 2 and SI
[57,58]. Furthermore, the crystal structure of cationic complex [Cu
(1,10-phenatroline)2Cl]+, already reported, allow us to state the geo-
metry with one chloro coordinated to the metal center [59].

3.2. X-ray analysis

The Cu(II) ion in [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)](NO3)
⋅H2O presents a cis‑distorted octahedral geometry with a high trigonal
bipyramidal distortion. The coordination sphere of the metal ion is
constituted by four nitrogen atoms coming from phenanthroline units
with Cu-N bond lengths around 1.98 and 2.2 Å. The shortest Cu-O is
2.0316(19) Å and the longest is 2.617(2) Å are within the range of Cu-O
bond length found for oxyanion coordinated in a bidentate mode
(1.97–2.86 Å). Selected bond distances and angles were compiled in
Table 3. Fig. 2 shows the molecular structure of compound [Cu(3,4,7,8-
tetramethyl-1,10-phen)2(NO3)]NO3 H2O, the asymmetric unit includes
the coordination compound, a nitrate counter ion and a water molecule
as solvate. A dihedral angle of 80.44 (5)° between the phenanthroline
units is observed. The intermolecular interactions that keep stable the
crystal include hydrogen bonds, π-π and C-H···π interaction. The ob-
served hydrogen bonds O1w-H1d…O3 2.08(4) Å and O1w-H2e…O4
2.07(4) Å are established by coordinated and non-coordinated nitrate
ion with the water molecule solvate, forming the D2

2(5) motif. On the
other side, the aromatic rings of the 1,10-phenanthrolines participate in
π-π interactions with centroid-centroid distances of 3.564 Å and C-H···π
interactions with distances of 2.937 Å.

3.3. Solution behavior of metal complexes

The electronic spectra of [Cu(3,4,7,8-tetramethyl-1,10-
phen)2(NO3)](NO3)⋅H2O complex in DMSO solution show two elec-
tronic transitions at 709 nm (ε = 55 M−1 cm−1) and 920 nm
(ε = 34 M−1 cm−1) typical of distorted square pyramidal Cu(II) com-
plexes [58]. The presence of two absorption bands for all the complexes
in DMSO solution suggest the same geometry. Besides, the range of
molar conductance (50 to 81 S cm2 mol−1) for nitrato complexes is
similar than the recorded value for the precursor salt Cu(NO3)2 2.5 H2O
in the same conditions (Λ = 45 Ω−1 cm2 mol−1). In the case of chloro
complexes, molar conductance values (25–50 S cm2 mol−1) are in the
same range than the CuCl2 2H2O (Λ = 15.77 Ω−1 cm2 mol−1). The
difference in molar conductance values between the two groups of
complexes is attributed to the solvation of the anions for 1:1 electro-
lytes. The above mentioned results allow us to proposed the chemical
species [Cu(N-N)2(NO3)]+ in DMSO solution. In the case of choro
complexes the ionic structure is considered in this work, however the
presence of chemical neutral species such as [Cu(N-N)2(Cl)]Cl, due to
ion pair formation, cannot be discarded.

Table 2
Difusse reflectance spectroscopy data for the complexes [Cu(N-N)2(NO3)] NO3 and [Cu(N-N)2Cl]Cl.

Compound (d → d) electronic transitions
(nm)

Geometry

[Cu(1,10-phen)2(NO3)]NO3 ⋅H2O 792 Distorted trigonal bipyramidal
[Cu(1,10-phen)2Cl]Cl 2H2O 824 Distorted trigonal bipyramidal
[Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)] NO3 ⋅H2O 745, 910 Distorted square pyramidal
[Cu(3,4,7,8-tetramethyl-1,10-phen)2Cl]Cl ⋅5H2O 745 Distorted trigonal bipyramidal
[Cu(5-methyl-1,10-phen)2(NO3)]NO3 ⋅3H2O 758, 981 Distorted square pyramidal
[Cu(5-methyl-1,10-phen)2Cl]Cl 5H2O 775, 943 Distorted square pyramidal
[Cu(4-methyl-1,10-phen)2(NO3)]NO3 ⋅2H2O 738 Distorted trigonal bipyramidal
[Cu(4-methyl-1,10-phen)2 Cl]Cl 4H2O 745, 1014 Distorted square pyramidal
[Cu(4,7-dimethyl-1,10-phen)2(NO3)]NO3 749, 1009 Distorted square pyramidal
[Cu(4,7-dimethyl-1,10-phen)2Cl]Cl 2H2O 735, 1012 Distorted square pyramidal
[Cu(5-chloro-1,10-phen)2(NO3)]NO3 790, 860 Distorted square pyramidal
[Cu(5-chloro-1,10-phen)2Cl]Cl 792, 863 Distorted square pyramidal

Table 3
Experimental and calculated bond lengths [Å] and angles [°] (using DFT methods) for the
compound [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)]NO3 H2O.

Cu(1)-N(1) 2.003 (2) 2.0435
Cu(1)-N(2) 2.199 (2) 2.0770
Cu(1)-N(3) 2.019 (2) 2.0624
Cu(1)-N(4) 1.986 (2) 2.2425
Cu(1)-O(1) 2.0316 (19)
N(1)-Cu(1)-N(2) 79.2.7 (8) 80.35
N(1)-Cu(1)-N(3) 96.97 (9) 100.00
N(1)-Cu(1)-N(4) 179.24 (9) 175.54
N(2)-Cu(1)-N(3) 101.30 (8) 99.38
N(2)-Cu(1)-N(4) 100.53 (8) 96.17
N(3)-Cu(1)-N(4) 82.34 (9) 77.71
N(3)-Cu(1)-O(1) 162.69 (8)
N(4)-Cu(1)-O(1) 92.21 (8)
N(2)-Cu(1)-O(1) 95.83 (8)
N(1)-Cu(1)-O(1) 88.55 (8)

Fig. 2. ORTEP view of [Cu(3,4,7,8-tetramethyl-1,10-phen)2(NO3)]NO3 H2O. Ellipsoids
are shown at the 65% probability level.
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3.4. Electrochemical behavior of [Cu(N-N)2(X)]X

A typical cyclic voltammogram of [Cu(1,10-phen)2NO3]+ in DMSO
solution in cathodic direction is shown in Fig. 3. The main processes
observed are two reduction signals (Ιc and ΙΙc) and one oxidation signal
(Ιa), with peak potential values Epc(Ιc) =−0.463 V vs Fc-Fc+, Epc(ΙΙc)
= −1.503 V vs Fc-Fc+, and Epa(Ιa) =−0.256 V vs Fc-Fc+. Switching
potential experiments (E-λ), see Fig. 4, were carried out to establish a
relationship between signals. A dependence between the oxidation
process Ιa and the reduction processes Ιc and ΙΙc is observed. A more
detailed inspection of the series of voltammograms, reveal changes in
the shape of signal Ia and in their corresponding potential peak values
Epa when the switching potential was increased negatively.

At this point it is reasonable to assume for signals Ic and IIc the
reduction processes Cu(II) +1e → Cu(I) and Cu(I) +1e→ Cu0.
However, for a two consecutive one-electron transfer, the peak current
(ip) and the difference between the potential peak and the half-peak
potential [Ep-Ep/2] should presented similar values (0.067 V for Ic and
0.172 V and for IIc). Considering that both facts are not observed in the
voltammograms of complex [Cu(1,10-phen)2(NO3)]+, and the absence
of a typical anodic metal dissolution signal, the electrochemical

reduction Cu(I) +1e→ Cu0 must be neglected. Hence, according to the
literature, it is possible to propose the following mechanism, where the
equilibria between adsorbed and soluble species is presented [60–61].

An electron transfer [CuΙΙ(1,10-fen)2NO3]+ +1e− → [CuΙ(1,10-
fen)2]+ + NO3

−, controlled by diffusion is considered for processes I.
A second reduction, of chemical species adsorbed at electrode
[CuII(1,10-fen)2(NO3)]+(ads) + 1e− → [CuI(1,10-phen)2]+(ads) occurs at
potential peak value Epc(ΙΙc). Due to the current increase for signal Ιa is
observed when the switched potential reaches values close to Epc(ΙΙc),
see Fig. 4, the backward oxidation process for [CuI(1,10-phen)2]+(ads),
must be taking place close to the Epa(Ιa) value. To prove this mechanism,
the electrochemical response of the complex employing a glassy carbon
electrode was carried out, where signal IIc is not recorded and signal Ia
show a diminution. Moreover, signal Ic did not show changes for both
electrodes, see SI. The electrochemical response, of other copper complex
containing a substituted 1,10-phenathroline can be used as evidence for
the mechanism. Fig. 5 shows a variable switching potential study (E-λ) for
the [Cu(3,4,7,8-tetramethyl-1,10-fen)2NO3]+ complex. It can be observed
only the reduction process Ιc with its corresponding oxidation signal Ιa. In
the anodic signal, a change in its shape and in its potential peak value
(Epa) is detected when E-λ value was increased negatively, due low ad-
sorption of Cu(II) species. Hence a comparison between the electro-
chemical responses of [Cu(1,10-phen)2NO3]+ and [Cu(3,4,7,8-tetra-
methyl-1,10-phen)2NO3]+ complexes also confirm the proposed
mechanism, indicating that bulky cationic complexes [Cu(N-N)2(X)]+

diminishes the amount of species adsorbed at the electrode surface.
To explore kinetics and thermodynamic aspects for process Ι, cyclic

voltammetry experiments at different scan rates for the complex [Cu
(1,10-phen)2NO3]+, with a low switching potential window were per-
formed. The results of this series of voltammograms are presented in
Fig. 6, which is typical response of a quasi-reversible system.

Furthermore, it was added ferrocene 1 × 10−3 M, as internal
standard. Fig. 7 shows the cyclic voltammograms of the [Cu(1,10-
phen)2(NO3)]+ + ferrocene mixture. It can be observed that as the
scanning rate is increased, the value of ΔEp increase in process I, while
for the Fc/Fc+, this parameter does not present significant variations. It
can be also inferred from the peak currents, the difference between the
diffusion coefficients for ferrocene and the cationic [Cu(1,10-

Fig. 3. Cyclic voltammogram of the complex [Cu(1,10-phen)2NO3]+ 1 × 10−3 M, in
DMSO + TBAPF6 0.1 M, cathodic direction. Working electrode: Pt. Scan rate = 0.1 V/s.

Fig. 4. Switching inversion potential experiments of [Cu(1,10-fen)2(NO3)]+

1 × 10−3 M, in DMSO +TBAPF6 0.1 M, cathodic direction. Working electrode: Pt, scan
rate = 0.1 V/s.

Fig. 5. Variable switching potential experiments (E-λ) of [Cu(3,4,7,8-tetramethyl-1,10-
phen)2(NO3)]+, 1 × 10−3 M, in DMSO +TBAPF6 0.1 M, cathodic direction. Working
electrode: Pt, scan rate = 0.1 V/s.
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fen)2NO3]+ complex.
The diffusion coefficient was calculated using one step chron-

oamperometry experiments, selecting potentials based on the voltam-
mograms, corresponding to the reduction [CuΙΙ(1,10-fen)2 NO3]+

+1e− → [CuΙ(1,10-fen)2]+ + NO3
−. The potential was stepped from

open circuit potential (Ei) to potential value where the reduction pro-
cess is limited by diffusion E1 =−0.50 V vs Fc-Fc+. According to
Cottrell's law, a linear relationship I(t) vs t−1/2 was obtained, with the
equation I(t) =−3.773 × 10−7 t−1/2 + 3.66 × 10−8 and a correla-
tion coefficient r = 0.998. From the slope m = (nFAD0

1/2C0
∗)/π1/2, a

diffusion coefficient value of 2.76 × 10−6 cm2/s was obtained.
Subsequently, the apparent heterogeneous electron transfer rate con-
stant (kapp) was calculated using Nicholson's method [62] involving the
dimensionless parameter Ψ and ΔEp values, obtained from cyclic vol-
tammetry experiments and different scan rates. The relationship be-
tween Ψ and kapp is presented in Eq. (4):

=
−k πD nνF RTΨ [ ]app 0

1 2 (4)

where n is the number of transferred electrons; v is the scan rate, V/s, F
is the Faraday constant; R is the ideal gas constant and T the tem-
perature. Kinetic parameter values, Ψ, for each ΔEp value were taken
from the literature [62]. In this case the graphΨ vs [πD0nFυ/(RT)]−1/2,
gives the equation y = 0.0025x + 0.035 r = 0.99, with a kapp value of
2.5 × 10−3 cm s−1. The electrochemical behavior of the other com-
pounds synthetized in this work, was studied in the same manner. A
summary of the main parameters obtained for the reduction [CuΙΙ(N-
N)2(X)]+ +1e→ [CuΙ(N-N)2] + + X− is presented in Table 4. Half
wave potential (E1/2) differences are observed, due to the π-acceptor
character of the ligands, as a function of their pKa values. According to
the literature the complexes presented a quasi-reversible behavior. See
Table 4 [62,63].

Fig. 8 shows the half wave potential plot (E1/2), measured in DMSO,
for the reduction process [CuΙΙ(N-N)2NO3]+ + 1e− → [CuΙ(N-
N)2]+ + NO3

− vs the free ligand pKa. A linear relationship was found
with an equation E1/2=−32pKa−233mV with a correlation coeffi-
cient r = 0.98, where compounds containing ligands with low pKa
values present less negative half-wave potentials. This correlation in-
dicates that the pKa of the ligand contribute in the control of the half
wave potential of the complexes, being a π-acceptor character asso-
ciated with the effect of substituents of diiminic ligands [64]. In the
case of chloro complexes the electrochemical reduction from Cu(II) to
Cu(I) a linear relationship E1/2=−22pKa−324mV with a correlation
a poor coefficient r = 0.75 was obtained, not considering the complex
with the ligand 4,7-dimethyl-1,10-phen. The changes in E1/2 values

Fig. 6. Cyclic voltammogram of [Cu(1,10-phen)2NO3]+ complex 1 × 10−3 M in DMSO
+ TBAPF6 0.1 M, cathodic direction. Working electrode: Pt. Scan rate from 0.01 to 1 V/s.

Fig. 7. Cyclic voltammograms of [Cu(1,10-phen)2NO3]+complex 1 × 10−3 M in DMSO
+ TBAPF6 0.1 M, cathodic direction in the presence of ferrocene 1 × 10−3 M. Working
electrode: Pt. Scan rate from 0.01 to 1 V/s.

Table 4
Do, E1/2 for redox couple [Cu(N-N)2X]+/[Cu(N-N)2]+, kapp values, current ratio iO2CuL2/iO2 for O2 reduction (superoxide electrochemical DISP) and pKa values of non-coordinated
ligands.

Cationic complex Do
(cm2/s)

E1/2a

(mV)
kapp
(cm s-1)

pKab iO2CuL2/iO2

[Cu(4,7-dimethyl-1,10-phen)2NO3]+ 4.15 × 10−6 −432 0.0055 5.95 1.37
[Cu(3,4,7,8-tetramethyl-1,10-phen)2NO3]+ 1.44 × 10−6 −426 0.0016 5.81 1.28
[Cu(5-methyl-1,10-phen)2NO3]+ 2.48 × 10−6 −414 0.0027 5.27 1.48
[Cu(4-methyl-1,10-phen)2NO3]+ 2.12 × 10−6 −415 0.0035 5.49 1.46
[Cu(1,10-phen)2NO3] + 2.76 × 10−6 −384 0.0025 4.93 1.37
[Cu(5-nitro-1,10-phen)2NO3] + 1.68 × 10−6 −338 0.0036 3.22 1.11
[Cu(5-Chloro-1,10-phen)2NO3] + 1.32 × 10−6 −358 0.0029 4.07 1.08
c[Cu(3,4,7,8-tetramethyl −1.10-phen)2Cl]+ 2.41 × 10−6 −448 0.0025 5.81
c[Cu(4,7-dimethyl-1,10-phen)2Cl]+ 2.68 × 10−6 −503 0.0036 5.95
c[Cu(5-methyl-1,10-phen)2Cl]+ 1.58 × 10−6 −446 0.0033 5.27
c[Cu(4-methyl-1,10-phen)2Cl]+ 2.16 × 10−6 −451 0.0035 5.49
c[Cu(1,10-phen)2Cl]+ 2.56 × 10−6 −450 0.0053 4.93
c[Cu(5-chloro-1,10-phen)2Cl]+ 2.82 × 10−6 −404 0.0053 4.07
c[Cu(5-nitro-1,10-phen)2Cl]+ 1.65 × 10−6 −389 0.0027 3.22

a Obtained in DMSO+ TBAPF6 0.1 M, Working electrode: Pt, scan rate = 0.1 V/s.
b pKa values taken from reference [64].
c Contribution of adsorption process.
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when different counterion (Cl− or NO3
−) is coordinated to the Cu(II)

center and the different correlations obtained will be explained in the
next section using DFT calculations.

Concerning to the apparent heterogeneous electron transfer con-
stant (kapp) a correlation between this value and the π-acceptor char-
acter of the ligand is observed. Complexes with high π-acceptor char-
acter ligands, [Cu(5-NO2-1,10-phen)2NO3]+ pKa = 3.22, show slightly
higher values of kapp (0.0036 cm s−1) in comparison with those com-
plexes containing ligands with low π-acceptor, [Cu(3,4,7,8,tetramethyl-
1,10-phen)2NO3]+ pKa = 6.31 kapp = 0.0016 cm s−1. This fact can be
attributed to different reorganization energy for Cu(II) and Cu(I) oxi-
dation states, due to backbonding effects. For chloro complexes no
tendency between kapp and pKa is observed, probably due solvation
effects control the electrode kinetics.

3.5. Theoretical calculations

To understand the distribution of the electronic density in the whole
molecule Quantum Mechanics calculations were performed.
Experimental and calculated distances are listed in Table 3. The dif-
ference observed in the electrochemical behavior could be associated to
the distribution of the electron density obtained with the coordination
of the chloride or the nitrate anions to metal center. As can be seen in
Fig. 9, the frontier orbitals suffer a substantial modification with the
change of coordinated anion. For the compound where chloride is co-
ordinated to Cu(II), the HOMO orbital is localized principally in the

latter, however when the nitrate anion is coordinated to the Cu(II), a
dramatic change in the electronic distribution occurs and this orbital is
located only in one of the coordinated phenanthroline. On the other
hand, the LUMO orbital for the chloride derivative is located in both
phenanthrolines meanwhile the LUMO orbital for the nitrate derivative
is located in the opposite phenanthroline than that which holds the
HOMO orbital.

It is clear from the Fig. 9, once the nitrate is coordinated to the
copper ion; the electronic response of the compounds is controlled and
modulated by the coordinated diimine. In this case, the electronic
communication between the coordinated phenanthrolines mediated by
the metal ion is strongly affected by the substituents on the phenan-
throline moieties. (Fig. SI, Supplementary information). These facts
could explain the linear relationship found between the diimine pKa
and the redox potential of the coordination compounds in the case of
the nitrate derivatives and the poor correlation when the chloride is in
the coordination sphere of the metal ion.

3.6. Electrochemical study of O2
•− in DMSO

Once it was demonstrated the modulation of half wave potential in
Cu(II) complexes with diiminic ligands, the next step is study the
electrochemical response of electro-generated superoxide. Fig. 10 show
cyclic voltammograms of O2 (2.1 × 10−3 M) in DMSO solution con-
taining 0.1 M TBABF6, where one reduction peak Ιc and and two oxi-
dation peaks Ιa and ΙΙa with potential peak values Epc(Ιc) = −1.318 V
vs Fc-Fc+, Epa(Ιa) = −1.046 V vs Fc-Fc+ and Epa(ΙΙa) = 0.089 V vs Fc-
Fc+ were observed. Process I show a ΔEp = 0.272 V and a E1/
2 =−1.182 V vs Fc-Fc+. According to the literature, corresponds to
quasi-reversible electron transfer that generates the superoxide radical,
O2 + 1e− → O2

•− [17]. Because of intrinsic moisture in the system,
signal ΙΙa may be associated with the direct oxidation of hydrogen
peroxide, from the dismutation of O2

•− to molecular oxygen, see the
following scheme:

+ →

+ → +

→ + +

− −

−

+

O 1e O processIa
2 O 2H O H O O
H O O 2H 2e process IIa

2 2
•

2
•

2 2 2 2
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3.7. Electrochemical study of O2
•− in DMSO in the presence of H2O

To determine the stability of O2
•− in the presence of a proton donor,

that can compete with copper complexes, experiments of oxygen re-
duction with different amounts water were carried out (Fig. 11). When
the concentration of water was increased, a shift in potential peak va-
lues for signals Ιa and ΙΙa was observed. The first signal mentioned
presented a decrease in current, and the second presented an increase.

Fig. 8. E1/2 (mV vs Fc-Fc+) vs free ligand pKa correlation of the redox process [CuΙΙ(N-
N)2NO3]+ + 1e→ [CuΙ(N-N)2]+ + NO3

− in DMSO+ 0.1 M TBAPF6.

Fig. 9. Sketches for HOMO and LUMO orbitals of compounds [Cu(1,10-phenanthroline)2Cl]+ (upper) and [Cu(1,10-phenanthroline)2NO3]+ (down) that show the modification in the
orbitals distribution as a function of the metal's coordination sphere modification. The left side of the figure show one perspective of the orbitals; the right side show the same orbitals
twisted 90° (isosurface value of 0.001).
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According to literature in process I, hydrogen bond associations be-
tween water and superoxide ion O2

•− (H2O)n with a typical formation
constants, Kn

ox have been proposed [65–72]:
O2+1e−→O2%

−(H2O)n Kn
ox ,E1 , n0 ,n=1,2

Additionally, changes in process IIa are related to an increase in the
concentration of H2O2 coming from the reaction between O2

•− and
2H2O, already mentioned.

3.8. Electrochemical reaction of metal complexes with superoxide anion

The reaction between the [Cu(N-N)2NO3]+ and the radical O2
•− was

studied using cyclic voltammetry. Fig. 12 presents the electrochemical
response of (a) the cationic complex [Cu(3,4,7,8-tm-1,10-fen)2NO3]+, (b)
molecular O2 and (c) the mixture of both components. As it was described
in previous sections, the complex display the electrochemical reduction
[CuΙΙ(3,4,7,8-1,10-phen)2NO3]+ + 1e→ [CuΙ(3,4,7,8-1,10-fen)2]+ in
process Ιc, meanwhile the redox reaction from oxygen to superoxide is
registered in process ΙΙc, see Fig. 12b. In the experiment where the
complex and O2 are presented in DMSO solution, it is observed that signal
Ιc is not modified, contrary to what it is observed for signal ΙΙc, where an
increase in current is registered. In the case of oxidation signals Ιa and ΙΙa,

these are not observed. It should be highlighted a remarkable difference
in the electrochemical regeneration of oxygen from O2%

−, in comparison
with experiments in the presence of water exclusively, indicating a high
reactivity for metal complexes with superoxide.

The evidence allows us to propose an electrochemical disproportion
(DISP) of O2

•− by the [CuΙ(3,4,7,8-1,10-fen)2]+ complex, however the
competition with an ECE (Electrochemical-Chemical-Electrochemical)
mechanism should not being discarded [73–74]:

− + → +

+ →

+ + −

− −

[Cu (3, 4, 7, 8‐tm 1, 10‐phen) NO ] 1e [Cu (3, 4, 7, 8‐tm‐1, 10‐phen) ] NO

O 1e O

II 2 3 I 2 3

2 2•

+ ⋅⋯ → +
+ + − +2H [Cu (3, 4, 7, 8‐tm‐1, 10‐phen) ] O [Cu (3, 4, 7, 8‐tm‐1, 10‐phen) ] H OI 2 2• II 2 2 2 2

+ → …+

+ + → +

+ − +

−

[Cu (3, 4, 7, 8‐tm‐1, 10‐phen)) ] O [Cu (3, 4, 7, 8‐tm‐1, 10‐phen)) ] O

2 O 2H H O O

II 2 2• I 2 2

2• 2 2 2

It is worth of mentioning the sum of stepwise proposed for process
ΙΙc results in an electrochemical disproportion (DISP) reaction already
mentioned as 2 O2

•− + 2H+ → H2O2 + O2 which is promoted by the
metal complex. Therefore, we decided to calculate the ratio of the
current of oxygen reduction (iO2CuL2/iO2) in presence and absence of
metal complexes, as an indicator of the stability of O2

•−, and associated
to a change in the mechanism from 1 to 2 electrons [73–74]. For
[CuΙΙ(3,4,7,8-tetramethyl-1,10-phen)2NO3]+ 1.28 value is obtained.
The same study was performed for all [CuΙΙ(N-N)2NO3]+ complexes.
Figs. 13 and 14 show the results for [Cu(1,10-phen)2NO3]+ and [Cu
(4,7-dimetyl-1,10-phen)2NO3]+ complexes. The reaction at the elec-
trode surface [CuII(N-N)2(X)]+(ads) + 1e− ⇌ [CuI(N-N)2](ads) + X− in-
terfere in the value of the ratio iO2CuL2/iO2. For this reason, complexes
with Cl− are not considered, in this analysis due the high adsorption
process are observed. However, signals Ιa and ΙΙa, are not observed in
the mixture of all complexes with oxygen. A summary of the values for
all compounds studied in this work is presented in Table 4. Considering
the redox potential of the Cu(II)/Cu(I) couple as descriptor of the ability
to reduce the O2

•− anion, the change in electrochemical reduction of O2

measured trough the ratio (iO2CuL2/iO2) corresponding to an electro-
chemical disproportion mechanism (DISP), can be used as a numerical
indicator of this process. As can be seen in Table 4, metal complexes
with more negative redox potential, containing low π-acceptor ligands

Fig. 10. Cyclic voltammogram of O2 2.1 × 10−3 M in DMSO + TBABF6 0.1 M, cathodic
direction. Working electrode: Pt. Scan rate = 0.1 V/s.

Fig. 11. Cyclic voltammogram of O2 2.1 × 10−3 M in DMSO + TBABF6 0.1 M, cathodic
direction in the presence of water in different concentrations. Working e lectrode: Pt. Scan
rate = 0.1 V/s.

Fig. 12. Cyclic voltammograms of (a) complex [Cu(3,4,7,8-tetramethyl-1,10-
phen)2NO3]+ 1 × 10−3 M, (b) O2 2.1 × 10−3 M and (c) mixture of both in DMSO
+ TBAPF6 0.1 M, cathodic direction. Working electrode: Pt. Scan rate = 0.1 V/s.
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(high pKa), present a higher iO2CuL2/iO2 ratio, than can be understood as
a high capacity for O2

•− disproportion. The results presented allow us
establish the basis for a new simple method pointing to SOD-like me-
chanism, which can be used as a quick guide test before being proven in
biological assays. However, in a future work metal complexes with a
wide range of redox potential values and probe molecules in SOD assays
such as, Nitroblue Tetrazolium (NBT) should be used to extrapolate the
criterion established here for a biomimetic SOD compound. Other
electrodes can be used to avoid adsorption processes.

4. Conclusions

The wave potential values (E1/2) for electrochemical process
[CuΙΙ(N-N)2(X)]+ +1e → [CuΙ(N-N)2] + + X− showed a linear corre-
lation with the free ligand pKa as a descriptor of π-acceptor character of
the ligands. Complexes with redox potential more negative, favored the

electrochemical disproportion mechanism (DISP) of superoxide ion,
evidenced by the currents ratio (iO2CuL2/iO2) of process O2 + 1e→
O2

•−. in the presence and absence of metal complex. Via electro-
chemical experiments, it was established a new methodology to SOD-
like mechanism, which can be used as a quick guide test for any com-
pound, before being proven in biological assays. This approach also
indicates the capacity of a compound to react with superoxide.

Abbreviations

SOD superoxide dismutase
1,10-phen1,10-phenanthroline
DMSO dimethyl sulfoxide
IR infrared
FAB (+) fast atom bombardment positive mode
ORTEP Oak Ridge Thermal Elliptic Plot
DFT density functional theory
UV–vis ultraviolet visible
UV–vis-NIR ultraviolet visible near infrared
ε molar extinction coefficient
Λ molar conductivity
TBAPF6 tetrabutylammonium hexafluorophosphate
V volts
V/s volts/s
Epc cathodic peak potential
Epa anodic peak potential
E1/2 (Epa + Epc)/2, have wave potential
Fc/Fc+ ferrocene/ferrocenium redox couple
ΔEp (Epa − Epc), potential peak difference
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
DISP disproportion
ECE electrochemical chemical electrochemical mechanism
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