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Two imidazolate-bridged diCuII and CuIIZnII complexes, [CuZn(dien)2(μ-Im)](ClO4)3·MeOH (1) and
[Cu2(dien)2(μ-Im)](ClO4)3 (2) (Im = imidazole, dien = diethylenetriamine), and two complexes formed
with Schiff base ligands, [CuZn(salpn)Cl2] (3) and [Cu2(salbutO)ClO4] (4) (H2salpn = 1,3-bis(salicylidenamino)
propane, H3salbutO = 1,4-bis(salicylidenamino)butan-2-ol) have been prepared and characterized. The reaction
of [Cu(dien)(ImH)](ClO4)2 with [Zn(dien)(H2O)](ClO4)2 at pH ≥ 11 yields complex 1; at lower pH, the Cu3Zn
tetranuclear complex [{(dien)Cu(μ-Im)}3Zn(OH2)(ClO4)2](ClO4)3 (1a) forms as the main reaction product. X-ray
diffraction of 1a reveals that the complex contains a metal centered windmill-shaped cation having three blades
with a central Zn ion and three peripheral capping Cu(dien) moieties bound to the central Zn ion through three
imidazolate bridges. The four complexes are able to disproportionate O2•− in aqueous medium at pH 7.8, with rel-
ative rates 4 N 1 N 2 ≫ 3. [Cu2(salbutO)]+ (4) is the most easily reducible of the four complexes and exhibits the
highest activity among the SOD models reported so far; a fact related to the ligand flexibility to accommodate
the copper ion in both CuI and CuII oxidation states and the lability of the fourth coordination position of copper fa-
cilitating stereochemical rearrangements.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidative stress is caused by an imbalance between the produc-
tion of reactive oxygen species and the capacity of a biological sys-
tem for fast removal of these intermediates to prevent cell damage [1,
2]. High levels of superoxide are associated to several pathologies like
diabetes, numerous neurodegenerative disorders such Alzheimer's
and Parkinson's diseases [3–6] and some types of cancer originating
from DNA mutations induced by superoxide [7].

The main defence against superoxide radical is a class of enzymes
called superoxide dismutases (SODs). There are four types of SODs
which differ in the metal center in the active site, the dinuclear Cu,Zn-
SOD, and the mononuclear Fe-, Mn- and Ni-SODs. Cu,Zn-SOD is found
in all eukaryotic species as a homo-dimeric enzyme of ~32 kDa contain-
ing oneCu and oneZn ion per subunit [1,8]. In the dinuclearmetal-bind-
ing site of the oxidized form of the enzyme, the Cu and Zn ions are
ignorella).
bridged by an imidazolate ring from one histidine residue of the protein
backbone [9]. In addition to the bridging histidine, the CuII ion also binds
three histidine residues and one water molecule to form a distorted
square pyramidal geometry, while the ZnII coordination sphere is
completed by two histidine and one aspartate residues in a distorted
tetrahedral geometry [10]. Copper is the redox active metal, changing
between 2+/1+ oxidation states during catalysis, and zinc plays a
role in overall enzyme stability and in facilitating a large pH indepen-
dence in activity [8].

Because of the limitations associated with the therapeutic applica-
tions of the enzyme, such as solution instability, limited cellular accessi-
bility, immunogenicity, bell-shaped dose response curves, short half-
lives, costs of production, and proteolytic digestion, a significant amount
of research focuses on SODmimicswith lowmolecularweight aiming at
developing potential therapeutic antioxidant compounds [11,12]. A
number of CuII complexes have been characterized as models of the
Cu,Zn-SOD enzyme, including CuII complexes obtained with Schiff
base ligands [13–17], imidazolate bridged diCuII [18–22] and
heterodinuclear CuIIZnII complexes [20,23–27]. Although some of
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them have proven to be effective in removing superoxide, the key fea-
tures (type of ligands, nuclearity, redox potential) behind their activity
are still elusive. In order to conceive the structural and electronic factors
responsible for their ability to disproportionate superoxide, it is impor-
tant to obtain reliable and comparable values for their SOD activities.
The self-decomposition of superoxide to hydrogen peroxide and oxy-
gen in aqueous media (k = 1 × 105 M−1 s−1 to 8 × 105 M−1 s−1 in
the range of pH = 8.1 to 7.1 [28]) is in itself a fast process. Different
methods are used for the determination of the rate constant for the su-
peroxide dismutation. Indirect methods (different variations of cyto-
chrome-c or NBT assays [29]) that follow the inhibition of the reaction
between an indicator and in situ generated superoxide by putative
SODmimics, are spread in the scientific literature. Due to the utilization
of differentmethods and experimental conditions (different superoxide
and/or indicator concentrations, buffers and pH values) it is difficult to
compare SOD activities reported for SOD mimics. In a number of
cases, the IC50 values (the [mimic] required for 50% inhibition of
the reaction between the indicator and superoxide) are directly
compared with reported values, even when different indicators and
concentrations were used. Therefore, in this paper we study the
SOD activity of two imidazolate-bridged diCuII and CuIIZnII complexes,
[CuZn(dien)2(μ-Im)](ClO4)3·MeOH (1) and [Cu2(dien)2(μ-Im)](ClO4)3
(2) (dien = diethylenetriamine), and two complexes formed with
Schiff base ligands, [CuZn(salpn)Cl2] (3) and [Cu2(salbutO)ClO4] (4)
(H2salpn = 1,3-bis(salicylidenamino)propane, H3salbutO = 1,4-
bis(salicylidenamino)butan-2-ol), (See Scheme 1)under the very same
experimental conditions, and compare their rate constants, kMcF —
McCord–Fridovich's constant, independent of the type and concentration
of the indicator andmore appropriate for comparisons [30,31],with other
reported Cu,Zn-SOD mimics. The present study adds support to the pro-
posal that the SOD activity mainly depends on the coordination number
and geometry of the copper site.

2. Experimental section

2.1. Materials

All reagents were analytical grade chemicals and were used as pur-
chased. Solvents were purified by standard methods.
Scheme 1. Dinuclear complex
2.2. Physical measurements

Electronic spectra were recorded on a JASCO V550 spectrophotome-
terwith thermostated cell compartments. IR spectrawere recorded on a
Perkin-Elmer Spectrum One FT-IR spectrophotometer. The metal con-
tent was measured by atomic absorption on a METROLAB 250 AA spec-
trophotometer. Conductivity measurements were performed using a
Horiba F-54 BWconductivitymeter on 1.0mMsolutions of the complex
in water. ESI-mass spectra were recorded on a Perkin-Elmer SCIEX 365
LCMSMS mass spectrometer. The electrospray solutions were prepared
from DMSO solutions of the complexes and diluted with methanol to a
≈10−5 M concentration at a flow rate of 5 μL min−1. EPR data were re-
corded using an Elexsys E 500 Bruker spectrometer, operating at a mi-
crowave frequency of approximately 9.5 GHz. Variable-temperature
magnetic susceptibility data were obtained with a Quantum Design
MPMS SQUID susceptometer. Diamagnetic corrections were applied
by using Pascal's constants. Cu and Zn K-edge XANES (X-ray absorption
near edge structure) spectra were recorded at the BM30B (FAME)
beamline of the European Synchrotron Radiation Facility (ESRF, Greno-
ble, France) [32]. The beam energy was selected using an Si(220) N2

cryo-cooled double-crystalmonochromator with an experimental reso-
lution close to that theoretically predicted (namely ~0.5 eV) [33]. The
beam spot on the sample was approximately 300 × 200 μm2 (H × V,
FWHM). Spectra were recorded in absorption mode with a 30-element
solid state Ge detector (Canberra) in liquid cells in a He cryostat. The
temperature was kept at 10 K during data collection to prevent sample
damage and the absence of significant photo-reduction of the CuII sam-
ples was checked. The energy was calibrated with Cu and Zn metallic
foils, such that the maximum of the first derivative was set at 8979
and 9659 eV, respectively. Cu data were collected from 8840 to
8960 eV using a 5 eV step of 2 s, from 8960 to 9020 eV using a 0.5 eV
step of 3 s, and from 9020 to 9300 eV with a k-step of 0.05 Å−1 and
an increasing time of 2–10 s per step. Zn data were collected from
9510 to 9630 eV using a 5 eV step of 2 s, from 9630 to 9700 eV using a
0.5 eV step of 3 s, and from 9700 to 10,000 eV with a k-step of
0.05 Å−1 and an increasing time of 2–10 s per step. XANES spectra
were background-corrected by a linear regression through the pre-
edge region and a polynomial through the post-edge region and nor-
malized to the edge jump. XANES samples were prepared in a BN
es studied in this work.
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matrix. Electrochemical studies of complexes were performed with a
computer-controlled Princeton Applied Research potentiostat, model
VERSASTAT II, with model 270/250 Research Electrochemistry Soft-
ware. The cyclic voltammetry experiments were done using a conven-
tional three electrode system under argon atmosphere in degassed
DMF solutions containing 0.1 M Bu4NPF6 as supporting electrolyte and
10−3Mof the complex. Pt electrodeswere used asworking and counter
electrodes and Ag/AgCl as reference electrode. The electrochemical sys-
temwas calibrated with a ferrocene/ferrocenium redox system (E1/2 =
481 mV).

2.3. Calculations

Geometry optimizations were performed using the Gaussian 09 pro-
gram [34]. Calculations were done at Density Functional Theory (DFT)
level, applying the B3LYP functional and 6-31G** basis set on all atoms
[35,36].

2.4. Synthesis of complexes

2.4.1. [CuZn(dien)2(μ-Im)](ClO4)3·MeOH (1) and [{(dien)Cu(μ-
Im)}3Zn(H2O)(ClO4)2](ClO4)3 (1a)

Complex 1 was obtained by a described procedure, that consists
in mixing equimolar 5:1 methanol:acetonitrile solutions of
[Cu(dien)ImH](ClO4)2 and [Zn(dien)(H2O)](ClO4)2, followed by addition
of NaOH 1M up to pH 12 [37]. Yield: 59% (2.16 g, 2.95 mmol). Anal. Calc.
for CuZnC12Cl3N8H33O13: C 19.86, Cu 8.68, H 4.03, N 15.45, Zn 8.81%;
found: C 19.84, Cu 9.15, H 4.39, N 15.32, Zn 9.09%. Significant IR bands
(KBr, ν cm−1): νN–H 3456/3238, νC–H 2949/2895, νC = C,C = N(Im) 1450–
1650, νClO4 1093/625, νCu/Zn–N 420. UV–visible: λmax nm (ε, M−1 cm−1)
605 (105) in DMSO. Molar conductivity (water) = 301 Ω–l cm2 mol−1.
To obtain complex 1a, Et3N was used instead of NaOH and pH raised to
9 instead of 12. Cu(ClO4)2·6H2O (1.857 g, 5 mmol) was dissolved in
methanol/acetonitrile 5:1 (60 mL) and dien (540 μL, 5 mmol) was
added to the solution and stirred for 30 min. Then imidazole (0.340 g,
5 mmol) was added, and the solution turned dark blue. The mixture
was left to stir overnight. Dien (540 μL, 5 mmol) was added to a solution
of Zn(ClO4)2·6H2O (1.920 g, 5 mmol) in methanol/acetonitrile 1:5
(60 mL) and the mixture stirred overnight. The solutions of
[Cu(dien)(ImH)](ClO4)2 and [Zn(dien)(H2O)](ClO4)2 were mixed and
the pH adjusted to 9 with Et3N. The resulting solution was left to react
overnight at room temperature. The volume was reduced to one half
and a white solid was filtered out (containing 16% of initial Zn). After
2 h, 1(ClO4)3 precipitated from the filtrate as a dark blue solid (6.6%).
Upon standing in air for several days, blue crystals were collected from
the filtrate of the reaction mixture to give complex [{(dien)Cu(μ-
Im)}3Zn(H2O)(ClO4)2](ClO4)3 (1a) (1.47 g, 1.15 mmol). These crystals
were suitable for X-ray diffraction.

2.4.2. [Cu2(dien)2(μ-Im)](ClO4)3 (2)
This compound was prepared through a synthetic procedure

slightly modified from that published for a related complex [38].
Dien (1.08 μL, 5 mmol) was added to a solution of Cu(ClO4)2·6H2O
(3.7053 g, 10 mmol) in methanol/acetonitrile 5:1 (250 mL) and
stirred for 30 min. Then imidazole (0.340 g, 5 mmol) was added
and the solution turns dark blue immediately. The pH value was ad-
justed to 10 with NaOH. The resulting solution was left to react over-
night at room temperature and then the volume was reduced. A dark
blue precipitate formed and was collected by filtration. Yield: 58%
(2.0187 g, 2.887 mmol). Anal. Calc. for Cu2C11Cl3N8H29O12: C 18.91,
H 4.18, N 16.03, Cu 18.18%; found: C 18.58, H 4.39, N 15.8, Cu
18.17%. Significant IR bands (KBr, ν cm−1): νN–H 3261/3344 cm−1,
νIm 1450–1650, νClO4 1100/624, νCu–N 419. UV–visible λmax 593 nm
(ε = 223 M−1 cm−1) in DMF. Molar conductivity (water) =
340 Ω− l cm2 mol− l.
2.4.3. [CuZn(salpn)Cl2] (3)
A solution of H2Salpn (0.263 g, 1 mmol) in DMF (5mL) was added

to a mixture of Cu(ClO4)2·6H2O (0.546 g, 1.5 mmol) and ZnCl2
(1.125 g, 1 mmol) in DMF (12 mL). The green solution was stirred
for 30 min at 47 °C. MeOH (12 mL) was added and the solution kept
at−4 °C until a green solid separated. The solid was collected by filtra-
tion, washed twice with cold methanol and dried under vacuum. Yield:
50% (0.230 g, 0.5 mmol), Anal. Calc. for CuZnC17Cl2H16N2O2: C 42.52, H
3.55, N 5.83, Cu 13.23, Zn 13.61%. Found: C 42.5, H 3.29, N 5.66, Cu 15.81,
Zn 13.56%. Significant IR bands (KBr ν cm−1): νC = N 1623, νAr–O 1218,
νCu–N/O 475, 455. UV–visible: λmax 613 nm (ε = 169 M−1 cm−1) in
DMSO. Single crystals of 3 suitable for X-ray diffraction were obtained
from the filtrate of the reaction mixture upon standing in air for several
days.

2.4.4. [Cu2(SalbutO)(ClO4)] (4)
A solution of H3salbutO [39] (0.128 g, 0.408 mmol) in 10 mL of

MeOH was added dropwise to a mixture of Cu(ClO4)2·6H2O (0.306 g
0.825 mmol) and imidazol (0.028 g, 0.413 mmol) in MeOH (25 mL).
The pH of the mixture was raised to 11 upon addition of KOH in meth-
anol/H2O. The green solution was stirred for 24 h at 25 °C. A green solid
was collected by filtration and washed twice with cold methanol and
water. Recrystallization from cold DMF afforded a dark green polycrys-
talline solid of 4. Yield: 24% (0.052 g, 0.097 mmol). Anal. Calc. for
Cu2C18ClH17N2O7: C 40.34, H 3.19, N 5.22, Cu 23.71%. Found: C 39.42,
H 2.92, N 5.17, Cu 24.91%. Significant IR bands (KBr ν cm−1): νC = N

1630, νAr–O 1278, νClO4 1214/1098/1035, νCu–N/O 467. UV–visible λmax

nm (ε, M−1 cm−1) 620 (268), 385 (4100), 270 (20,850) in DMSO.

2.4.5. Caution
Although we have experienced no difficulties with the perchlorate

salts they should nevertheless be regarded as hazardous and treated
with care.

2.5. Indirect SOD assay

The SOD activity of the complexes was assayed bymeasuring inhibi-
tion of the photoreduction of nitro blue tetrazolium (NBT), by amethod
slightly modified from that originally described by Beauchamps and
Fridovich [40]. The reaction of methionine and rivoflavine, in the pres-
ence of light, is the source of superoxide. This assay is based on kinetic
competition for the superoxide reaction between NBT and the complex
with SOD activity. In this way the SOD activity is inversely related to the
amount of formazan, the purple product formed by a reaction of NBT
with superoxide, observed at 560 nm. The solutions were prepared
with 0.05 M phosphate buffer of pH 7.8, riboflavin (3.4 × 10−6 M), me-
thionine (0.01 M), NBT (4.6 × 10−5 M) and a complex of different con-
centrations. Riboflavin was last added and the reaction was initiated by
illumination of the mixtures with a fluorescent lamp of constant light
intensity at 25 °C. The reduction of NBT was monitored at 560 nm
after an illumination period of 15 min. The IC50 values (the concentra-
tion of the SOD mimic that induces a 50% inhibition of the reduction
of NBT) were determined from concentration-dependent plots. Control
reactions confirm that the compounds did not directly reactwithNBT or
riboflavin. Inhibition percentage was calculated according to: {(ΔAbs /
t)without complex − (ΔAbs / t)with complex} × 100 / (ΔAbs / t)without complex.

2.6. Crystallographic data collection and structure determination

Crystallographic data for compounds [(dienCuIm)3Zn(H2O)
(ClO4)2](ClO4)3 (1a) and [Cu(salpn)ZnCl2] (3) were collected at
180(2) K on an Bruker Kappa APEX II Diffractometer, using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) and equipped
with an Oxford Cryosystems Cryostream cooler device. Unit cell deter-
mination, data collection, and reduction were carried out using the
Bruker APEX2 package and associated integration program SAINT [41].
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The structure was solved by direct methods with SHELXS-97 and re-
fined by full-matrix least-squares on F2 data with SHELXL-97 [42]
using anisotropic displacement parameters for non-hydrogen atoms.
Molecular plots were drawn using the ORTEP program [43], with 50%
probability displacement ellipsoids, and the packing diagrams were
generated with CAMERON [44]. Crystal data collection and refinement
parameters are summarized in Table 1.

3. Results and discussion

3.1. Preparation and characterization of complexes 1–4

Several procedures have been proposed to obtain imidazolate-
bridged Cu,Zn complexes with capping polyamines. In some cases, a di-
rect mixture of Cu and Zn salts + alkaline imidazol + capping ligand
was used [20], and in most cases the method of choice consisted in
mixing equimolar [Cu(L)(ImH)]2+ and [Zn(L)(H2O)]2+ solutions follow-
ed by addition of NaOH up to pH ~ 12 [45–47]. In these reactions, pH con-
trol is a critical point. Thus, the mixture of [Cu(dien)(ImH)](ClO4)2 and
[Zn(dien)(H2O)](ClO4)2 at pH 11–12 yields complex 1 as the main reac-
tion product [37] but, at lower pH, the reaction products' distribution is
very different. When pH is adjusted to 9, compound 1 is obtained as a
minor product from a reaction mixture of [Cu(dien)(ImH)](ClO4)2
and [Zn(dien)(H2O)](ClO4)2 in methanol/acetonitrile, the main spe-
cies being the Cu3Zn tetranuclear complex 1a. After filtration of the
heterodinuclear complex 1, crystals of [{(dien)Cu(μ-Im)}3Zn(OH2)
(ClO4)2](ClO4)3 (1a) separated from the solution, which were ana-
lyzed by X-ray diffraction. This compound crystallizes in the P21/n
space groupwith the asymmetric unit containing a tetranuclear com-
plex cation, two coordinated perchlorate and three non-coordinating
perchlorate anions. The molecular structure of 1a is illustrated in Fig. 1
and consists of a metal centered windmill-shaped cation having three
blades with a central Zn ion and three peripheral capping Cu(dien) moi-
eties bound to the central Zn ion through three imidazolate bridges. Rel-
evant bond distances and angles of complex 1a are summarized in Table
2. The coordination polyhedron around Cu(2) is an elongated rhombic
octahedron in which the equatorial plane is defined by the N4 donor
set from dien and Im− ligands, and the apical positions are occupied by
two oxygen atoms of one terminal monodentate (O(18)-ClO3

−) and
one bridging tridentate (O(8)-ClO3

−) perchlorate anions, the last shared
Table 1
Summary of crystal data for complexes 1a and 3.

Empirical formula C21H50CU3N15O1ZN, 5(CLO4)

M 1282.05
T 180(2) K
Wavelength 0.71073 Å
Cryst syst, space group Monoclinic, P21/N
Unit cell dimensions a = 12.8237(5) Å

b = 16.5024(8) Å
c = 21.5806(10) Å
α, γ = 90°, β = 90.141(2)°

V 4566.9(4) Å3

Z, ρCALCD 4, 1.865 Mg/m3

μMO 2.281 mm−1

F(000) 2604
Cryst size 0.12 × 0.10 × 0.08 mm
Θ range for data collection 5.13 to 26.37°
Limiting indices −16 ≤ h ≤ 16, −20 ≤ k ≤ 20,
Reflns collected/unique 55,969/55,969 [R(INT) = 0.0
Completeness to θ = 25.35 99.1%
Max and min transmission 0.8386 and 0.7715
Refinement method Full-matrix least-squares on
Data/restraints/parameters 55,969/336/710
Goodness-of-fit on F2 1.031
Final R indices [I N 2σ(I)] R1 = 0.0626, wR2 = 0.1311
R indices (all data) R1 = 0.0994, wR2 = 0.1519
Largest diff. peak and hole 1.244 and −0.900 E Å−3
by Cu(1), Cu(2) and Cu(3) of three adjacent molecules, with Cu\\O dis-
tances 2.650(5), 2.747(5) and 2.579(10) Å, respectively. The terminal
ClO4

− binds to Cu(2) with a Cu\\O length of 2.682(10) Å. Cu(1) and
Cu(3) atoms are penta-coordinated and assume a square-pyramidal con-
figuration with four nitrogen atoms from dien and Im− occupying the
basal plane and one oxygen of the tridentate perchlorate (O(6)/O(9)-
ClO3

−) at the apex. For the three Cu centers, the ranges of cis and trans
N\\Cu\\N angles are 83.41(14)–97.02(13)° and 165.16(13)–
179.27(14)°, respectively (Table 2), while the O\\Cu\\N angles lie in
the range of 88.1(2)–97.1(2)° (Cu(3)), 81.1(1)–99.4(1)° (Cu(2)) and
80.9(1)–106(9)1° (Cu(1)), evidencing rhombic distortion. The displace-
ments of the Cu ion from the least-squares N4 equatorial plane are
0.109(2), 0.059(2) and 0.071(2) Å, for Cu(1), Cu(2) and Cu(3), respec-
tively. The Zn atom is tetra-coordinated to three imidazolate and one
H2O molecule. The geometry around the central metal ion is distorted-
tetrahedral, with N\\Zn\\N angles (103.80(12)–119.24(13)°) more de-
viated than N\\Zn\\O angles (101.90(15)–114.23(14)°) with respect to
the ideal value. The distance between the central Zn and peripheral Cu in
1a lies in the range 5.863(1)–5.999(1) Å, which is similar to that ob-
served in dinuclear imidazolato-bridged Cu,Zn systems, such as
[(tren)Cu(μ-Im)Zn(tren)](ClO4)3 (5.84 Å) [48], [(trien)Cu(μ-
Im)Zn(trien)](ClO4)3 (6.081 Å) [45], [(dtma)Cu(μ-Im)Zn(dtma)]ClO4

(6.0 Å) [46] and [(Cu(μ-Im)ZnL-2H)(Cu(μ-Im)ZnL-H)](ClO4)3 (5.95 Å,
L = macrocycle) [25]. To our knowledge, this type of windmill-shaped
ZnCu3 system had not been observed previously. The other reported
ZnCu3 complex is a star-shaped molecule formed with a Schiff-base li-
gand where the central⋯peripheral metal ions are linked through two
phenolato bridges, resulting in short Zn⋯Cu distances that are in the
range of 3.05–3.10 Å [49].

Fig. 2 displays the crystal packing of compound 1a along a-axis. In
the crystal structure, each tetranuclear entity is connected to six adja-
cent ZnCu3 complex cations through the coordination of Cu(2), Cu(3),
and O(6) and O(9) of the perchlorato groups of the basic tetranuclear
unit to the respective O(8), O(9), Cu(1) and Cu(3) from adjacent com-
plex cations, forming 2-D polymeric layers with non-coordinating
ClO4

− ions intercalated among them.
Crystals suitable for X-ray diffraction studies could not be obtained

for the dinuclear complex 1, but the Zn content and XANES spectra
(see below) confirm that the heterodinuclear complex formed in the
solid state. X-band EPR spectra of the complex recorded on
C17H16CL2CUN2O2ZN

480.16
180(2) K
0.71073 Å
Monoclinic, P21/C
a = 11.5722(4) Å
b = 8.1677(3) Å
c = 18.2906(7) Å
α, γ = 90°, β = 99.132(2) °
1706.88(11) Å3

4, 1.868 Mg/m3

2.978 mm−1

964
0.16 × 0.12 × 0.08 mm
2.64 to 25.38°

−26 ≤ l ≤ 26 −12 ≤ h ≤ 13, −9 ≤ k ≤ 9, −18 ≤ l ≤ 22
792] 19,809/3100 [R(INT) = 0.0353]

99.2%
0.7966 and 0.6473

F2 Full-matrix least-squares on F2

3100/0/226
1.032
R1 = 0.0233, wR2 = 0.0487
R1 = 0.0335, wR2 = 0.0523
0.311 and −0.293 e Å−3



Fig. 1. ORTEP drawing of [{(dien)Cu(μ-Im)}3Zn(OH2)(ClO4)2]3+ (1a3+). Hydrogen atoms and non-coordinated perchlorate anions are omitted for clarity.
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polycrystalline samples (Fig. 3) show axial features at room and liquid
nitrogen temperature with g-tensor values g// = 2.2 and g⊥ = 2.054,
which evidence that the CuII ion is in nearly square-planar geometry
such as in 1a.

Complex [Cu2(dien)2(μ-Im)](ClO4)3 (2) was obtained by reacting
the Cu2+ salt + dien + ImH (2:1:1 ratio) in CH3CN/CH3OH of pH 10.
The same product is obtained with a similar yield from a mixture of
equimolar [Cu(dien)ImH](ClO4)2 and [Cu(dien)(H2O)](ClO4)2 solutions
at pH 11 [50,51]. When lowering the pH to 9, the reaction yield keeps
constant. Thus, at pH ≥ 9 this reaction afford 2 as the major product,
while for the Cu,Zn analogue, 1, the pH must be ≥11.

In order to determine the degree of interaction between the two un-
paired electrons of 2 through the bridging imidazolate ligand, magnetic
susceptibility (χM) was measured under a 1000 Oe field in the 2–300 K
Table 2
Selected bond lengths (Å) and angles (°) for 1a.

Cu(1)-N(1) 2.005(3) Cu(2)-O(18) 2.682(10)
Cu(1)-N(2) 2.008(3) Cu(3)-N(11) 2.028(3)
Cu(1)-N(3) 2.005(3) Cu(3)-N(12) 2.014(3)
Cu(1)-N(4) 1.951(3) Cu(3)-N(13) 2.038(3)
Cu(1)-O(6) 2.650(5) Cu(3)-N(14) 1.951(3)
Cu(2)-N(6) 2.008(3) Cu(3)-O(9) 2.579(10)
Cu(2)-N(7) 2.005(3) Zn(1)-N(5) 1.980(3)
Cu(2)-N(8) 2.020(3) Zn(1)-N(10) 1.977(3)
Cu(2)-N(9) 1.956(3) Zn(1)-N(15) 1.983(3)
Cu(2)-O(8) 2.745(5) Zn(1)-O(1) 2.056(4)
N(4)-Cu(1)-N(3) 95.32(12) N(10)-Zn(1)-N(5) 119.24(13)
N(4)-Cu(1)-N(1) 96.52(12) N(10)-Zn(1)-N(15) 113.26(13)
N(3)-Cu(1)-N(1) 165.48(12) N(5)-Zn(1)-N(15) 103.80(12)
N(4)-Cu(1)-N(2) 175.27(14) N(10)-Zn(1)-O(1) 101.90(15)
N(3)-Cu(1)-N(2) 83.79(12) N(5)-Zn(1)-O(1) 104.51(13)
N(1)-Cu(1)-N(2) 83.72(12) N(15)-Zn(1)-O(1) 114.23(14)
N(9)-Cu(2)-N(7) 179.19(15) N(14)-Cu(3)-N(12) 179.27(14)
N(9)-Cu(2)-N(6) 97.02(13) N(14)-Cu(3)-N(11) 96.74(13)
N(7)-Cu(2)-N(6) 83.53(15) N(12)-Cu(3)-N(11) 83.83(13)
N(9)-Cu(2)-N(8) 95.05(14) N(14)-Cu(3)-N(13) 95.97(14)
N(7)-Cu(2)-N(8) 84.34(15) N(12)-Cu(3)-N(13) 83.41(14)
N(6)-Cu(2)-N(8) 166.40(14) N(11)-Cu(3)-N(13) 165.16(13)
O(8)-Cu(2)-O(18) 170.8(2)
temperature range on a powdered sample. As shown in Fig. 4, when the
temperature decreases,χM increases continuously, reaches amaximum
around 60 K, and then falls to a minimum at 14 K. This behavior,
Fig. 2. Packing diagram of 1a viewed along the crystallographic a-axis.



Fig. 3. X-band EPR spectra of polycrystalline 1.
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together with the monotonic decreasing of the χMT product upon
cooling, from 0.74 at 300 K to 0 cm3 K mol−1 at 13 K, is typical of anti-
ferromagnetic exchange interaction between two CuII ions. The rise of
χM below 13 K is due to small amounts of monomeric Cu2+ paramag-
netic impurities.

The temperature dependence of the χM data were fitted to the
Bleaney–Bowers equation for exchange-coupled pairs of CuII ions
corrected for a paramagnetic monomeric Cu2+ impurity (Eq. (1))
[52]. In this equation, J represents themagnetic exchange parameter,
g is the Landé factor and p is the molar fraction of paramagnetic impu-
rity. The best fit (solid line in Fig. 4) of the χM vs T and χMT vs T data
leads to the following parameters: J = −68.9 cm−1, g = 2.09, p =
1.3 × 10−2, Rχ = 7.9 × 10−6 and RχT = 1.0 × 10−5 where RχT =
∑(χcalT − χexpT)2 / ∑(χexpT)2 and Rχ = ∑(χcal − χexp)2 /
∑(χexp)2].

χM ¼ 1−pð Þ2Ng2β2 kT 3þ exp − J=kTð Þð Þ½ �–1 þ pNg2β2=2kT ð1Þ

The magnitude of J has been shown to depend particularly on the
angle ϕ of the Cu\\N(Im)\\(Im) bonds and on the dihedral angle α be-
tween the imidazolate ring and the copper coordination plane. The ϕ
values are important in determining the value of J for a σ pathway, so
as the increase in these angles would produce stronger coupling (|J | is
Fig. 4. Temperature dependence of χM and χMT for compound 2: (O) experimental data,
solid lines show the simulation obtained with Eq. (1).
maximum for ϕ=144°). Besides, when dihedral angles α are consider-
ably different from 0 or 90° π interactions are favored. A crystal struc-
ture had been reported for 2 [51]. From the structural data, the
Cu⋯Cu distance is 5.82 Å, the ϕ values are 123 and 124°, and the α di-
hedral angles are approximately 45.4 and 19.7° by considering a square
pyramidal geometry with the N4 set as the basal plane for each Cu ion.
These values of α would favor a π exchange pathway in 2 leading to
an antiferromagnetic interaction higher than for imidazolate-bridged
Cu2 complexes in which the σ exchange pathway predominate [22],
but close to those found for other CuII(μ-Im)CuII complexes with similar
geometry [18,53].

Complex [Cu(salpn)ZnCl2] (3) was obtained from amixture of salpn,
Cu(ClO4)2 and ZnCl2 in DMF/MeOH. This compound crystallizes in the
P21/c space group with the asymmetric unit containing the binuclear
Cu,Zn complex molecule shown in Fig. 5(a), together with relevant
bond lengths and angles. The Cu ion is located in a slightly distorted
square-planar coordination polyhedron defined by the N2O2 donor set
from salpn. The Zn atom is tetra-coordinated to two O-phenolato from
salpn and two chloride anions. The geometry around the Zn ion is
distorted-tetrahedral, with the Cl\\Zn\\Cl plane nearly perpendicular
to the Cusalpn unit. In each molecule, Cu, Zn and the two O-phenolato
define a CuO2Zn unit with angles Cu\\O\\Zn 102.45(7)°, O\\Cu\\O
77.87(7)° andO\\Zn\\O75.12(6)°. The Cu(μ-OPh)2Znmoiety is also al-
most planar with a dihedral angle between the planes Cu(1)O(1)O(2)
and Zn(1)O(1)O(2) equal to 13.86(12)°, resulting in a Cu⋯Zn distance
of 3.0783(4) Å. The same compound had been obtained in a two step
procedure – [Cu(salpn)] was first obtained and then reacted with
ZnCl2 – from dioxane/methanol, without reporting yield [54] and from
methanol, with similar yield [55].

The packing of the dinuclear units in the crystal may result from in-
termolecular H-bonds and π–π stacking interactions forming a 3D net-
work. As shown in Fig. 5(b) the unit cell (z = 4) includes four
symmetry-related molecules. Cl(1) of the basic molecule (A) and its
congener through an inversion center (B) are connected to molecules
D and C, respectively, through weak H-bond (Cl(1)⋯HC(8) 3.238 Å).
A/B molecules interact through π–π stacking, with a centroid-to-cen-
troid distance of 3.573 Å between overlapping aromatic rings. The Cu
centers are well distant from each other, separated by 9.533(1) Å (be-
tween A/C and B/D molecules) and 9.795(1) Å (between B/C or A/D
molecules). Therefore, in the solid state the copper centers are well iso-
lated without spin–spin interactions.

However, in DMSO solution, EPR and mass spectra evidence forma-
tion of dimeric species. The EPR spectrum of 3 in frozen DMSO solution
is displayed in Fig. 6(a). The spectrum exhibits the typical features for a
CuII in axial symmetry (signal S1) flanked by the ΔMS =±1 transitions
from the triplet state of a spin-coupled CuII system (signal S2) [56]. The
measured spectral parameters for the uncoupled CuII site (S1) are: g⊥=
2.023, g// = 2.25 and A// = 184 × 10−4 cm−1, and for the spin-coupled
system (S2): g⊥ =2.056, g// = 2.20 and A// = 77 × 10−4 cm−1. The hy-
perfine splitting constant observed on the parallel components of S2 is
nearly one half of S1, which supports the assignment. This means that
in solution, the ZnCl2 moiety dissociates, at least partially, and
[Cu(salpn)] forms the dimer, as already observed for [Cu(salen)] [57]
and other Cu–Schiff base complexes [58]. In the solid, the ZnCl2 moiety
keeps the copper ions far apart precluding spin–spin interactions.

The formation of the [Cusalpn]2 dimer was confirmed by ESI-mass
spectra of 3 in DMSO. As shown in Fig. 6(b), besides the main peak at
m/z = 344.1 (100%) belonging to [Cu(salpn)H]+ monocation, another
major peak appears at m/z = 687.1 (86%) with the isotopic pattern of
a dimeric species, which can be attributed to the [(Cusalpn)2H]+mono-
cation. No Cu,Zn species were observed in the mass spectra, although
this can result from dissociation during the electrospray.

The dark green CuII
2 complex of the N2O3 Schiff base ligand

H3salbutO 4 was obtained by mixing the ligand with the CuII salt in
the presence of imidazole in methanol/H2O at pH 11. Formation of the
dinuclear species is clearly related to the flexibility of the ligand,



Fig. 5. (a) Plot of the asymmetric unit of [CusalpnZnCl2] (3). Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): N(1)-Cu(1) 1.962(2), N(2)-Cu(1)
1.966(2), O(1)-Cu(1) 1.945(2), O(2)-Cu(1) 1.943(2), O(1)-Zn(1) 2.003(2), O(2)-Zn(1) 2.005(2), Cl(1)-Zn(1) 2.210(1), Cl(2)-Zn(1) 2.212(1), Cu(1)-Zn(1) 3.078(1), O(2)-Cu(1)-O(1)
77.87(7), O(2)-Cu(1)-N(1) 167.94(8), O(1)-Cu(1)-N(1) 91.33(8), O(2)-Cu(1)-N(2) 92.54(7), O(1)-Cu(1)-N(2) 169.95(7), N(1)-Cu(1)-N(2) 98.50(8), O(1)-Zn(1)-O(2) 75.12(6), O(1)-
Zn(1)-Cl(1) 108.57(5), O(2)-Zn(1)-Cl(1) 112.36(5), O(1)- Zn(1)-Cl(2) 119.68(5), O(2)-Zn(1)-Cl(2) 118.07(5), Cl(1)-Zn(1)-Cl(2) 116.30(3). (b) Crystal packing diagram of 3 depicting
a π–π stacking interaction.

Fig. 6. (a) EPR spectrum of a DMSO frozen solution of 3. T=100 K. (b) Positive mode ESI-
mass spectrum of 3 in DMSO.
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which can accommodate the two CuII ions. However, contrary to the ex-
pectation, the dinuclear complex contains ClO4

− instead of the Im− li-
gand. In the solid-state IR spectrum of 4, instead of the intense single
band expected for ionic perchlorate of Td symmetry at 1100 cm−1,
broad peaks are found at 1214, 1098 and 1035 cm−1 (Fig. 7(a)) which
fall in the ranges assignable to bidentate perchlorate of symmetry C2v
[59]. In the solid, perchlorate probably occupies the fourth coordination
position of the CuII ions acting as a bridge between them. An optimized
geometry for this complex is shown in Fig. 7(b), together with calculat-
ed bond distances and angles. In this structure, the Cu ions are doubly
bridged by the central alkoxo group of the Schiff-base ligand and per-
chlorate, with Cu ions in a tetrahedrically distorted square-planar envi-
ronment defined by the NO3 donor set from salbutO3− and ClO4

−. The
calculated Cu⋯Cu distance (3.436 A°) and Cu\\O\\Cu bridging angle
(126.8°) are in the range found for alkoxo-bridged diCuII compounds
[60–64].

Magnetic susceptibility of compound 4 was measured on a pow-
dered sample in the 2–300 K temperature range. The observed χMT
value at 300 K was 0.104 cm3 mol−1 K, which is considerably lower
than the spin-only value expected for two noninteracting CuII centers
(0.75 cm3 mol−1 K with g = 2.0). Upon lowering of the temperature,
the χMT value decreases steadily to 0.0039 cm3 mol−1 K at 44 K
(below this temperature, there is an increase in magnetic susceptibility
due to the presence of a small amount ofmonomeric impurity). This be-
havior clearly indicates that the antiferromagnetic interaction is domi-
nant in the dinuclear complex. The large Cu\\O\\Cu angle (126.8°) as
well as distortion of the coordination geometry of Cu ions can account
for the strong antiferromagnetic interactions in 4 [65–68]. This magnet-
ic behavior agreeswellwith those exhibited by other alkoxo-bridgeddi-
nuclear CuII compounds with Cu\\O\\Cu angles N103° [63,66–73].

The diCuII complex 4 is EPR silent at room temperature and 77 K,
both in solution (DMSO, DMSO/H2O) and in the solid state, due to the
very strong antiferromagnetic coupling which is active in this tem-
perature range in accordance with susceptibility measurements.
The CuII

2 entity of 4 was further confirmed by ESI-MS in DMSO and
DMSO/water solutions, where the main peaks correspond to the
[Cu2(salbutO)(solvent)]+ monocations. The major peak of the ESI-
mass spectrum appears at m/z = 513.0 ([Cu2(salbutO)(DMSO)]+,



Fig. 7. (a) IR spectra of ( ) salbutOH and ( ) 4. (b) Optimized geometry for the perchlorato bridged 4. Calculated bond distances (Å) and angles (°): Cu(1)-N(1) 1.914, Cu(1)-O(1)
1.896, Cu(1)-O(2) 1.869, Cu(1)-O(3) 2.045, Cu(2)-N(2) 1.871, Cu(2)-O(1) 1.918, Cu(2)-O(4) 1.872, Cu(2)-O(5) 1.979; N(1)-Cu(1)-O(2) 96.4, N(1)-Cu(1)-O(3) 144.6, N(1)-Cu(1)-O(1)
101.8, O(2)-Cu(1)-O(3) 90.2, O(2)-Cu(1)-O(1) 150.3, O(3)-Cu(1)-O(1) 88.3, N(2)-Cu(2)-O(1) 86.5, N(2)-Cu(2)-O(5) 148.3, N(2)-Cu(2)-O(4) 95.8, O(1)-Cu(2)-O(5) 94.3, O(1)-Cu(2)-
O(4) 159.8, O(5)-Cu(2)-O(4) 94.1.
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100%) (Fig. 8), with peaks belonging to [Cu2(salbutO)]+ (m/z = 434.8,
33%) and [Cu2(salbutO)(MeOH)]+ (m/z = 466.9, 7%), also present, the
last generated from coordination of the solvent employed for dilution.
The isotopic patterns of these peaks match their simulated spectra
very well. Peaks of mononuclear species were not observed.

3.2. XANES studies

In order to compare the site symmetry and electronic structure of
the metal centers in the heterodinuclear complexes, X-ray Absorp-
tion Near Edge Structure (XANES) spectroscopic analysis was per-
formed on complexes 1 and 3. Due to the energetic proximity in the
Cu and Zn K-edges, both edges can be recorded under the same
beamtime session. The Cu K-edge XANES spectrum of 1 (Fig. 9(a))
shows characteristic features of a square-planar (or tetragonal) coordi-
nated CuII ion [74,75]: amain peak at 8995 eV from the 1s to continuum
transition, a shoulder on the rising edge at 8986 eV from the 1s → 4pz
transition + ligand to metal (3d hole) charge transfer shakedown pro-
cess, and a pre-edge feature at 8978 eV from a 1s→ 3d transition. Sim-
ilarly, complex 3 shows a main peak at 8999 eV, a raising-edge
transition at 8986 eV, and a 1s → 3d forbidden pre-edge transition at
8978 eV. The signatures of the two complexes differ at some points
mirroring the different CuII environment in the two complexes, but
are in line with a square-planar environment, the apical ligands, if any
(coordinated ClO4

− in 1), being far from the metal. Comparison of the
Cu K-edge XANES spectra of 1 and 2 are almost superimposable and
thus confirms that the CuII center lies in the very same environment
in the homo- and heterodinuclear complexes (Fig. 10).

In contrast to the CuII sites, the ZnII atoms in 1 and 3 do not produce
any pre-edge structure. The completely filled 3d shells of the zinc atom
prevent 1s→ 3d transitions. Instead, the Zn 1s→ 4p transition produces
Fig. 8. ESI-Mass spectrum of 4.
an intense absorption structure, the intensity of which varies with tran-
sition probability that is related to the complex geometry. Zn K-edge
XANES spectra of 1 and 3 are typical of a distorted tetrahedral environ-
ment of absorbing zinc with differences in the intensity and split of the
edge transitions due to the presence of chloride ions in the first coordi-
nation sphere of the ZnII center of 3 (Fig. 9(b)) [76]. We can distinguish
three features in the XANES spectra, denoted as A, B and C. Peak A ap-
pears at 9667 eV in 1 and as a double peak at 9664 and 9666 eV in 3.
Peak B is observed at 9670 eV in 1 and as a double peak at 9671 and
9674 eV in 3. The third feature is observed at about 9684 eV. The overall
shape of the XANES spectrum of 1 is similar to bovine Cu,Zn SOD, with
peaks A–B of similar intensity and the feature C as a shoulder [77],
while that of 3 reflects the lower symmetry of the Zn center in this com-
plex [78].

3.3. Electrochemical studies

The cyclic voltammogram (CV) of complexes 1–4 in DMF are shown
in Fig. 11. DMFwas chosen tomeasure and compare electrochemical be-
havior because of the high solubility of the four compounds in this sol-
vent (3 and 4 are slightly soluble in water). Complex 1 exhibits one
Fig. 9. Cu (a) and Zn (b) K-edge XANES spectra of 1 ( ) and 3 ( ).



Fig. 10. Cu K-edge XANES spectra of 1 ( ) and 2 ( ).
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cathodic wave corresponding to the CuII/CuI redox couple at Ep −
890 mV, with one associated re-oxidation wave at Ep − 360 mV corre-
sponding to the oxidation of the chemically transformed CuI form of
the complex (Fig. 11(a)). The large negative potential value is typical
of CuII in square-planar geometry, and contrasts with the low negative
or slightly positive redox potentials observed for CuII sites with strongly
perturbed tetrahedral stereochemistry [79–81]. Themeasured value for
the CuII/CuI couple of 1 compares well with the value of Ep =−765mV
found for [(dien)Cu(μ-Im)Zn(trien)] in H2O, at pH 7 [82].

Complex 2 shows two irreversible reduction processes at
Ep1 = −646 and Ep2 = −1088 mV, corresponding to the two one-
electron CuII

2/CuICuII and CuICuII/CuI
2 couples, respectively (Fig.

11(b)). After continuous cycling to a potential slightly more negative
than the second reduction potential, CuI disproportionates to CuII

and Cu0. Deposition of Cu0 was confirmed by the appearance of a
sharp peak in the anodic scan at 266mV characteristic of Cu0 desorp-
tion from the electrode surface, the intensity of which increases after
each cycle. The potential of the first reduction peak of 2 in DMF is less
negative than reported in DMSO/H2O mixtures (−760 mV vs SCE)
[50], and slightly more negative than for imidazolate-bridged diCuII
Fig. 11. Cyclic voltammograms of (a) 1, (b) 2, (c) 3, and (d) 4, in DMF. Conditions: Pt/Pt/
complexes of polyazamacrocyclic ligands with J = −59 cm−1, for
which reduction was observed at Ep = −585 mV in DMSO [83].
The redox potential of the copper ion in the native enzyme is much
more positive than the potential of these complexes. This is due to
the tetrahedral distortion of the copper site shown in the high reso-
lution X-ray crystal structure [10].

The CV of complex 3 (Fig. 11(c)) shows one non-reversible wave at
Ep=−682 (CuII/CuI)with the associated re-oxidation peak at−88mV,
and a quasi-reversible wave at E1/2 = −1045 mV (ΔE = 185 mV) that
can be attributed to a second one-electron reduction of the starting
complex via an alternative path involving ligand-centered reduction.
In the positive scan, an irreversible oxidation process is observed at
~480 mV that could be ascribed to the CuII/CuIII couple [84–85], while
the ligand oxidation occurs at Ep = 1121 mV.

Complex 4 exhibits one quasi-reversible reduction at 370mV (ΔE=
180mV), and one irreversible redox wave at Ep2=−630, which corre-
spond to the CuII2/CuIICuI and CuIICuI/CuI2 redox couples, respectively
(Fig. 11(d)). This indicates that the two CuII ions are interacting suffi-
ciently to make them nonequivalent. The first one-electron reduction
might involve themore tetrahedrically distorted copper site (Cu(1)) fa-
cilitating the geometrical change from CuII to CuI, while the second
should correspond to the Cu(2) center. It is known that the stronger
the metal–metal interaction, the larger the difference in the redox po-
tential values between the first and second reduction processes
(ΔEp= Ep1− Ep2) [86]. In the present case, the largeΔEp value obtained
for complex 4 (ΔEp = 0.9 V) is consistent with a strong spin–spin inter-
action and agrees with magnetic results (see Section 3). During the re-
duction process a stereochemical rearrangement could occur in order
to meet the co-ordination requirements of the reduced CuI center,
which usually prefers trigonal planar, tetrahedral or linear stereochem-
istries. This stereochemical rearrangement can be accomplished
through the effective partial leaving of a solvent molecule from the Cu
co-ordination sphere. Since the first reduction process is quasi-revers-
ible it is possible to assume that the stereochemical change is reversible
and does not alter the identity of the original CuII complex undergoing
reduction. This complex is the most easily reducible of the four com-
plexes under study (Table S1) and this redox behavior parallels its
Ag–AgCl; conc. = 1 mM; scan rate = 100 mV/s; supporting electrolyte = Bu4NPF6.
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ability to behave as a SOD analogue (discussed below in Section 3.5).
The third wave observed in the cyclic voltammogram of 4 at
Ep2 = −1210 mV can involve a ligand centered reduction.

3.4. Stability of complexes 1–4 in solution

The stability of complexes 1–4was evaluated by EPR and UV–visible
spectroscopy at different pH values.

The RT DMSO solution of 1 shows an isotropic spectrum with giso =
2.11 and Aiso = 69 × 10−4 cm−1 (Fig. 12(a)). At 120 K the complex ex-
hibits the usual line shape for mononuclear CuII sites with g// N g⊥ N ge,
indicating an axial symmetry (Fig. 12(b)). The measured values are
g⊥ = 2.06, g// = 2.22 and A// = 195 × 10−4 cm−1, with g///A// =
114 cm, denoting a slightly distorted square-planar geometry with a
dx2−y2 ground state. In frozen water/DMSO (1:1 v/v) solutions (Fig.
12(c-f)), EPR spectra of 1 keep unchanged in the narrow pH range
7.5–9.5 (shown for pH 8). At pH 10 (Fig. 12(c)), themeasured A// values
are somewhat smaller (~190 × 10−4 cm−1) and g// increases to 2.23.
Below pH 7, new features begin to appear in the spectra corresponding
to CuII species formed by ligand dissociation and hydrolysis (spectrum
shown for pH 6, Fig. 12(e))). At pH 2, free Cuaq2+ dominates the spectrum
as easily identified by its small A// of 134 × 10−4 cm−1 and g// and
g⊥ values of 2.41 and 2.085, respectively (Fig. 12(f)). When pH de-
creases from 7, species with g// = 2.240 and A// = 188 × 10−4 cm−1

are also observed. Lower A// concomitant with higher g// values in-
dicate substitution of N-donor by O-donor ligands in the CuII coordina-
tion plane [82,87]. Examination of the spectra suggests that below pH 7,
the starting complex converts into mononuclear [Cu(dien)(ImH)]2+,
[Cu(dien)(H2O)]2+ and finally Cuaq2+. At pH ≥ 10, hydroxide may break
the imidazolate bridge to give [Cu(dien)(OH)]+ that coexists with the
starting complex.

The electronic spectrum of complex 1 in DMSO has an absorbance
maximum at 605 nm (ε = 105 M−1 cm−1) corresponding to the CuII

d–d transition in square planar CuN4. In 1:1 V/V DMSO:water solution
of pH 8, the complex exhibits a strong band with a broad absorption
maximum centered at 237 nm (ε= 10,950 M−1 cm−1), tailing toward
lower energies, which reasonably may be attributed to NLigand → CuII

LMCT transitions involving the triamine and Im− donor ligands [88].
At 4 b pH b 7, this band is narrower and shifts to 245 nm (ε =
9850 M−1 cm−1), as imidazole is protonated and dissociated. At
Fig. 12. X-band EPR spectra of 1 in (a) DMSO, 300 K, (b) DMSO, 120 K; and 1:1 DMSO/H2Omixt
H2O mixtures at different pH. [1] = 1.46 × 10−3 M.
pH b 3, the solutions are transparent in this spectral region. The visible
band of the complex shifts with pH, as shown in Fig. 12(g). At pH 8,
the CuII d–d band is observed at λmax 615 nm (ε = 130 M−1 cm−1).
At 4 b pH b 7 this band shifts to longer wavelengths (621 (pH 7), 624
(pH 6), 632 nm (pH 4)), indicating the contribution of mononuclear
species resulting from imidazole dissociation and replacement by
water. At pH ≤ 3 the amine ligand is also released and the spectrum is
that of free cupric ion. At pH 10, the absorption at 615 nm superimposes
to a band at 632 nm, the last resulting from imidazolate substitution by
hydroxide.

The stability of 2was evaluated as a function of pH in DMF/H2Omix-
tures. The EPR spectrum of 2 in frozen DMF solution is displayed in Fig.
13(a). As described above, in the solid state this complex has two anti-
ferromagnetically coupled CuII centers separated by 5.82 Å. For the
ΔMS = ±1 transitions of the triplet state of the CuII

2 system, several
peaks are predicted on either side of g = 2 with the overall width of
the resonance determined by the Cu⋯Cu distance [56]. However, in fro-
zen DMF solution, 2 exhibits an axial EPR spectrum with spectral pa-
rameters g⊥ = 2.04, g// = 2.22, A// = 199 × 10−4 cm−1, and g///A// =
111 cm, characteristic of uncoupled CuII in a slightly distorted square-
planar geometry with a dx2−y2 ground state. The complex shows an
analogous spectrum in DMF/H2O frozen solution of pH 8. The lack of
transitions belonging to the triplet state might arise from a different
structure of the μ-imidazolate CuII2 core in solution due to crystal pack-
ing effects in the solid state. In particular, if the dihedral angle (α angle
between the imidazolate ring and the copper coordination plane) is af-
fected, a significant difference for J is expected (in the present case,
Jsolution ≪ Jsolid). A similar behavior had already been observed in
DMSO and DMSO/H2O mixtures [50].

The electronic spectrum of complex 2 in DMF shows an intense CT
band at 250 nm (ε = 8010 M−1 cm−1) and a weak band at 593 nm
(ε=223M−1 cm−1) corresponding to the CuII d–d transition in square
planar CuN4 (Fig. 13(b)). The visible band shiftswith pHas shown in Fig.
13(c–g). At pH 8, the band is observed at λmax 595 nm (ε =
130 M−1 cm−1), and remains stable at least during 5 h. At pH b 7 this
band shifts to longer wavelengths (611 (pH 7), 620 (pH 5)), indicating
the contribution of mononuclear species resulting from protonation
and substitution of imidazole by water. At pH N 10, the absorption at
595 nm broadens and superimposes to a band at 632 nm resulting
from imidazolate substitution by hydroxide. These results differ from
ures at (c) pH 10; (d) pH 8; (e) pH 6; (f) pH 2. (g) Electronic spectra of 1 in 1:1 V/V DMSO/



Fig. 13. (a) X-band EPR spectrum of 2 in frozen DMF solution. Electronic spectra of 2 in DMF (b), 1:1 DMF/H2O solution of pH 11.5 (c), 10 (d), 8 (e), 7 (f) and 5 (g). [2] = 7.15 × 10−4 M.
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those obtained for this complex in DMSO/H2O mixtures, where the
complex was found to be stable in the 7.75–12.5 pH range [50]. Differ-
ences are especially significant at high pH where the absorption bands
clearly show the formation of hydroxo species, as observed by the
same authors for the Me-Im-bridged diCuII analogue, which is stable
in the 7–10 pH range [38].

As described above, the ZnCl2 moiety of complex 3 dissociates in
DMSO, and the [Cu(salpn)]2 dimer is formed. Dimerization is not ob-
served in DMSO/watermixtures. EPR spectra of frozen DMSO/water so-
lutions of this complex show the axial symmetry typical ofmononuclear
CuII sites (Fig. 14(a)). In the 5–10 pH range, the spectra remain un-
changed with g// = 2.25, A// = 185 × 10−4 cm−1, g⊥ = 2.05, and g// /
A// = 122 cm, corresponding to CuII in slightly distorted square-planar
geometry with a dx2−y2 ground state. At lower pH values, a signal
with g// = 2.42, g⊥ = 2.08 and A// = 120 cm−1, characteristic of Cuaq2+,
appears and ultimately dominates the spectrum at pH 2.

The electronic spectrum of 3 in DMSO (Fig. 14(b)) exhibits an in-
tense CT band at 385 nm and a broad unsymmetrical band attributed
to CuII d–d transitions with λmax = 613 nm (ε = 169 M−1 cm−1). In
DMSO/H2Omixtures, the visible band shifts to 590 nm and remains un-
changed in the 5.5–10 pH range (Fig. 14(c–e)), showing a tail on its low
energy side. A band-shift to lowerwavelengths as the basicity of the sol-
vent decreases had already been observed for [Cu(salen)] complexes
Fig. 14. (a) X-band EPR spectra of 3 in frozen 1:1 (V/V) DMSO/H2O solutions of different pH an
pH 10 (c), 7.0 (d), 5.5 (e) and 2.7 (f). [3] = 7.1 × 10−4 M.
[89]. When the pH drops to 2.7, the intensity of this band decreases to
one half of the value at pH 7, indicating that ligand dissociation takes
place to a considerable extent, in agreement with EPR results (Fig. 14
(f)).

Complex 4 is EPR silent in DMSO and DMSO/water mixtures of
pH N 7, consistent with the occurrence of strong antiferromagnetic cou-
pling between the bridged CuII ions, and evidences that the complex re-
mains dinuclear in solution. Below pH 7, spectral features of uncoupled
CuII begin to appear, probably as a result of the protonation of the cen-
tral alkoxo bridge and disruption of the Cu\\Cu spin interaction. At
pH 4 (Fig. 15(a)) the spectrum shows superimposition of at least two
species, with g1// = 2.26, A1// = 180 × 10−4 cm−1 and g1⊥ = 2.06,
and g2// = 2.41, A2// = 120 × 10−4 cm−1 and g2⊥ =2.08, respectively.
At pH 2, Cuaq2+ dominates the spectrum.

EPR parameters of the four complexes at pH 8 are summarized in
Table S2.

The electronic spectrum of 4 in DMSO (Fig. 15(b)) shows a strong
intraligand band at 270 nm, an intense CT band at 385 nm (ε =
4100 M−1 cm−1) and a weak d–d transition centered at 620 nm (ε =
268 M−1 cm−1). In 1:1 DMSO/H2O solution of pH 7.5–10, the CT and
d–d transitions shift to 371 and 592 (ε = 265 M−1 cm−1) nm, respec-
tively, as a result of solvatochromic effects. In the aqueous medium,
the visible wave shows a tail on its low-energy side. These features are
d T = 120 K. Electronic spectra of 3 in DMSO (b) and in 1:1 (V/V) DMSO/H2O solution of



Fig. 15. (a) X-band EPR spectra of 4 in 1:1 (V/V)DMSO/H2O frozen solutions. T=120 K. Electronic spectra of 4 in DMSO (b), 1:1 DMSO/H2O solution of pH8 (c), 7 (d), 4 (e) and 2 (f). [4]=
4.1 × 10−4 M.
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characteristic of diCuII complexes with the metal centers in
tetrahedrically distorted square-planar geometry [69,73,90]. As pH de-
creases below 7, the weak d–d band shifts to lower energies (636 nm
at pH 7, 642 nm at pH 4) and its intensity diminishes probably due to
changes in the geometry around the CuII ions as protonated donor
groups of the ligand are replaced by water molecules [91], together
with the formation of Cuaq2+, which is again the major species at pH 2.

3.5. SOD activity

The SOD activity of complexes 1–4 was measured by the
Beauchamps and Fridovich assay using the NBT reagent, at pH 7.8. The
complexes' stability was checked by UV–vis spectroscopy in the aque-
ous phosphate buffer employed for the SOD test. Electronic spectra of
complexes 1–4, with and without addition of methionine, registered
Table 3
SOD activity of complexes 1–4 and other SOD mimics.

Complex

1 [CuZn(dien)2(μ-Im)](ClO4)3 (1)
2 [Cu2(dien)2(μ-Im)](ClO4)3 (2)
3 [CuZn(salpn)Cl2] (3)
4 [Cu2(salbutO)(ClO4)] (4)
5 [CuZn(bdpi)(CH3CN)2](ClO4)3
6 [Cu2(bdpi)(CH3CN)2](ClO4)3
7 [(Cu(μ-Im)ZnL-2H)(Cu(μ-Im)ZnL-H)](ClO4)3
8 [(Cu(μ-Im)Cu)L]ClO4

9 [(pip)Cu(μ-Im)Zn(pip)](NO3)3
10 [(pip)Cu(μ-Im)Cu(pip)](NO3)3
11 [(en)2Cu(μ-Im)Cu(en)2](ClO4)3
12 [CuZnL1(μ-Im)](ClO4)3
13 [(dien)Cu(μ-Im)Zn(tren)](ClO4)3
14 [Cu2L1(μ-Im)](ClO4)3
15 [CuZnL2(μ-Im)]
16 [(PMDT)Cu(μ-Im)Zn(PMDT)](ClO4)3
17 [(PMDT)Cu(μ-Im)Cu(PMDT)](ClO4)3
18 [(tren)Cu(μ-E-Im)Cu(tren)](ClO4)3
19 [Cu(Pu-6-MePy)(H20)]2+

20 [Cu(5-EtO-salpn)ZnCl2]
21 [CuL3ZnCl2]
22 Cu,Zn- SOD

Hbdpi = 4.5-bis(di(2-pyridylmethyl)aminomethyl)imidazole; L = 3,6,9,16,19,22-hexaaza-6,
[2(2-pyridyl)ethylaminomethyl]pyridine; L1 = 3,6,9,16,19,22-hexaaza-6,19-bis(1H-imida
pentaazaterpyridinophane; PMDT = pentamethyldiethylenetriamine; E-ImH = 2-ethyl
pyridyl)methylene)-1,4-butanediamine; L3 = N,N′-bis(4-methoxysalicylidene)cyclohexane-1,

a Riboflavin–methionine–NBT assay.
b Xanthine–xanthine oxidase–cytochrome c assay.
c Xanthine–xanthine oxidase–NBT assay.
d NaOH/DMSO-NBT assay.
e Values calculated from reported experimental data as kMcF = kindicator [indicator] / IC50. Va
at different time–lengths (up to 30 min) after preparation of the solu-
tion were identical (Figs. S2, S3), revealing that the compounds are sta-
ble in the buffer, and well different from the spectrum of Cuaq2+ in this
medium (Fig. S4). The already discussed pH dependent EPR and UV–
vis studies indicated that, with the exception of complex 3 which
most probably exists as [Cu(salpn)], complexes 1, 2 and4 retain their di-
nuclear entities at pH 7.8. The measured IC50 values (concentrations of
complexes required to attain 50% inhibition of the superoxide reduc-
tion) and calculated rate constants (kMcF) are listed in Table 3 (note
that the smaller the IC50 value, the higher the SOD activity) together
with other complexes previously evaluated using indirect methods.
The four complexes exhibit activity toward the dismutation of superox-
ide anionwith relative SOD rates: 4 N 2 N 1 N 3 (Fig. S1). The high activity
of 4 parallels its ability to be reduced to the CuIICuI oxidation state,
which is higher than for complexes 1, 2 and 3 where the N4- or N2O2-
IC50 (μM) 106 × kMcF (M−1 s−1) Method

0.423 6.46 pH 7.8a

0.35 7.80 pH 7.8a

3.2 0.85 pH 7.8a

0.102 26.8 pH 7.8a

0.24 [27] 25e pH 7.8b

0.32 [27] 18.8e pH 7.8b

0.26 [25] 23e pH 7.8c

0.62 [25] 9.68e pH 7.8c

0.5 [92] 7.9e pH 7.8c

0.5 [92] 7.9e pH 7.8c

52 [20] 0.18e pH 8.6d

1.57 [23] 0.18e pH 7.8a

69 [93] 0.145e pH 7.0a

1.96 [23] 0.14e pH 7.8a

3 [94] 0.08e pH 7.8c

45 [46] 0.015e pH 8.6d

48 [47] 0.014e pH 8.6d

85 [95] 0.011e pH 8.6d

2.25 [17] 6.3e pH 8.0c

1.31 [13] 2.1e pH 7.4a

3.127 [14] 0.87e pH 7.4a

0.03 [92] 1300 [76] pH 7.8c

19-bis(2-hydroxyethyl)tricyclo[22,2,2,211,14]triaconta-1,11,13,24,27,29-hexaene); Pip =
zol-4-ylmethyl)tricycle[22,2,2,211,14]triaconta-1,11,13,24,27,29-hexaene; L2 = 5,5″-
imidazole; tren = tris(2-amino-ethyl)amine; Pu-6-MePy = N,N′-bis(2-(6-methyl-
2-diamine.

lues used for kNBT = 5.9 × 104 M−1 s−1 [30,96] and kcyt c = 6 × 105 M−1 s−1 [97].
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donor set from the ligands is disposed in a nearly square-planar geom-
etry around themetal ion. Besides, in aqueous solution ClO4

− dissociates
from complex 4, leaving each Cu ion tricoordinated to the OPhNimOol

donor set of salbutO3− with the fourth coordination position occupied
by a labile solventmolecule,which turns this complexmore appropriate
to act as a SOD mimic. Assuming that the redox cycle involves CuII/CuI

oxidation states, the known preference of CuI for a trigonal–planar or
tetrahedral geometry supports the superior activity shown by complex
4. Imidazolate-bridged complexes (1, 2), although effective to scavenge
O2•−, react 3–4-times slower than 4 as a consequence of the higher geo-
metrical changes required during the reaction. In addition, the two
imidazolate-bridged complexes react at similar rate, revealing that ZnII

has little or no effect on the rate of these SOD mimics. Electrochemical
properties of 3 show this complex is easier to oxidize than 1, 2 and 4.
However, the low SOD activity of 3 suggests that the CuII/CuIII couple
is not involved in the redox cycle. These results show that an effective
O2•− disproportionation reaction can be fulfilled even when the poten-
tial of the CuII/CuI couple of the complex is not between redox potentials
for O2/O2•− (−0.397 V vs Ag/AgCl) and O2•−/H2O2 (+0.653 V vs Ag/
AgCl), although activity is considerably improved when the CuII/CuI

couple is within this potential range.
On the basis of competition with the indicator, at 50% inhibition, the

rates of the reactions of indicator (NBT in the present study) and the
mimic with O2•− are equal, kMcF [complex] = kindicator [indicator].
Hence, the calculated rate constants, kMcF = kindicator [indicator] / IC50,
are independent of the detector concentration and appropriate for com-
parisonwith literature values. In the third column of Table 3 kMcF, calcu-
lated from published IC50 values and [indicator], are listed for several
SOD mimics. Cu,Zn and diCu complexes with Cu coordinated to three
or four donor sites of the ligand and the fourth/fifth position occupied
by one labile molecule or group are the most active (Table 3, entries
1–2, 4–10). Among them, dinucleating or macrocyclic ligands (Table 3,
entries 4, 5–8) afford more effective compounds than
imidazole + capping ligand systems. Complexes in which Cu binds
five donor sites of the ligand (Table 3, entries 11–12, 14, 18), or the li-
gand imposes rigidity making difficult the molecular rearrangement
along the reaction pathway (Table 3, entry 15) or alkyl substituents im-
pose steric effects hindering the access of superoxide to themetal center
(Table 3, entries 16–17), show moderate SOD activity. The SOD activity
observed for [(dien)Cu(μ-Im)Zn(tren)](ClO4)3 (Table 3, entry 13) is
lower than for complexes 1 and 2 probably because of the lower pH
used in the SOD test. The Schiff-base complex [Cu(Pu-6-
MePy)(H20)]2+ with a distorted trigonal bipyramidal N4O(H2O) geome-
try around the Cu ion (Table 3, entry 19) shows SOD activity similar to
complexes 1 and 2, and is 3- to 7-times more active than Schiff-base
complexes with a nearly square-planar CuN2O2 center (Table 3, entries
3, 20–21). Although all tested complexes are active, the kMcF values of
the best mimics are still two orders of magnitude smaller than reported
for native Cu,Zn-SOD (Table 3, entry 22).

4. Conclusions

[CuZn(dien)2(μ-Im)](ClO4)3 (1) and [Cu2(dien)2(μ-Im)](ClO4)3 (2)
can be obtained as pure solids only when the pH is controlled to values
≥11 and 9, respectively. At pH 9, the reaction of [Cu(dien)(ImH)](ClO4)2
with [Zn(dien)(H2O)](ClO4)2 affords the Cu3Zn tetranuclear complex
[{(dien)Cu(μ-Im)}3Zn(OH2)(ClO4)2](ClO4)3 (1a) as the main reaction
product. Heterodinuclear [CuZn(salpn)Cl2] (3) forms [Cu(salpn)]2 di-
mers in DMSO solution, which dissociate in aqueous medium.
[Cu2(salbutO)ClO4] (4) possesses a strong antiferromagnetically
coupled alkoxo-bridged diCuII unit, in either the solid state and solution,
and is reduced to the mixed valence CuIICuI oxidation state more easily
than the other three complexes under study.

Complexes 1, 2 and 4 retain their dinuclearity in aqueous medium
around physiological pH, while 3 most probably exists as [Cu(salpn)].
The riboflavin–methionine system used in this work to generate O2•−
supplies a low and stationary amount of O2•− that provides away to dif-
ferentiate the scavenging ability of these compounds. Therefore, the
four complexes are able to disproportionate O2•− in aqueous medium
at pH7.8, butwith different rates. The diCuII complex of the dinucleating
Schiff-base ligand salbutO3– (4) is more active than the imidazolate-
bridged diCu and Cu,Zn complexes (1 and 2), and much better than
complex 3 formed with salpn. Interestingly, [Cu2(salbutO)]+ exhibits
the highest activity among the SOD models reported so far. Several fac-
tors can favor the disproportionation of O2•− by this complex, such as
the ability of salbutO3− to accommodate the copper ion in both CuI

and CuII states because of its degree of flexibility, and the lability of
the fourth coordination position of copper that facilitates stereochemi-
cal rearrangement to meet a trigonal planar co-ordination around the
CuI center. The present results encourage the evaluation of the SOD ac-
tivity of other ring-substituted salbutO3− diCu complexes with CuII/CuI

redox potentials modulated to values closer to the midpoint potential
between the reduction and oxidation of O2•− (E1/2 = 0.12 V vs. Ag/
AgCl).

Abbreviations

IC50 concentration for 50% inhibition
CV cyclic voltammogram
Dien diethylenetriamine
DtmaH 4-diethylenetriamineacetic acid
E-ImH 2-ethylimidazole
ESI-MS electrospray ionization mass spectrometry
Hbdpi 4,5-bis(di(2-pyridylmethyl)aminomethyl)imidazole
H2salbutO 1,4-bis(salicylideneamino)butane
H2salpn 1,3-bis(salicylidenamino)propane
Im imidazole
kMcF McCord–Fridovich' rate constant
L 3,6,9,16,19,22-hexaaza-6,19-bis(2-

hydroxyethyl)tricyclo[22,2,2,211,14]triaconta-
1,11,13,24,27,29-hexaene)

L1 3,6,9,16,19,22-hexaaza-6,19-bis(1H-imidazol-4-
ylmethyl)tricyclo[22,2,2,211,14] triaconta-1,11,13,24,27,29-
hexaene

L2 5,5″-pentaazaterpyridinophane
L3 N,N′-bis(4-methoxysalicylidene)cyclohexane-1,2-diamine
LMCT ligand-to metal charge transfer
NBT nitro blue tetrazolium
Pip [2(2-pyridyl)ethylaminomethyl]pyridine
PMDT pentamethyldiethylenetriamine
Pu-6-MePy N,N′-bis(2-(6-methyl-pyridyl)methylene)-1,4-

butanediamine
ROS reactive oxygen species
SOD superoxide dismutase
Trien triethylenetetramine
Tren tris(2-amino-ethyl)amine
XANES X-ray absorption near edge structure
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