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ABSTRACT: Dinuclear Cu2(II,II)-cores stabilized by the N3O donorset
of HL1 = (2-{[[di(2-pyridyl)methyl](methyl)amino]methyl}phenol),
HL2 = 2-({[di(2-pyridyl)methyl]amino}methyl)phenol), and HL3 = 2-
({[di(2-pyridyl)methyl]amino}methyl)-4-nitrophenol display a unique
superoxide dismutase (SOD) combined with catalase (CAT)-like activity
in water, at neutral pH. The Cu2L

1
2 < Cu2L

2
2 < Cu2L

3
2 structure−

reactivity trend puts a spotlight on the electron-deficient core of Cu2L
3
2

that exhibits the highest SOD (log kcat(O2
•−) = 7.55) and CAT-like (kH2O2

= 0.66 M−1 s−1) performance. Time-lapse ESI-MS and EPR experiments
indicate that a dimeric core is essential for oxygenic turnover upon H2O2
decomposition.
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■ INTRODUCTION

O2 multiredox chemistry is essential for aerobic life. On the
other hand, processing of O2 via multielectron transfer is also
associated with the release of toxic radical species. These are
generally defined as reactive oxygen species (ROS) and include
the superoxide anion (O2

•−), hydrogen peroxide (H2O2), and
the hydroxyl radical species (HO•). At the cellular level, ROS-
specific enzymes provide the natural defense against this
oxidative risk. The antioxidant frontline stems from the
combined action of superoxide dismutase (Cu−Zn, Mn, Fe,
Ni-dependent SOD), catalase (Fe, Mn-dependent catalase
(CAT)), and glutathione peroxidase (GSX).1,2 ROS detox-
ification occurs via a cascade catalysis initiated by SOD via O2

•−

dismutation to O2 and H2O2, and terminated by CAT/GSH
using hydrogen peroxide as the primary substrate. This
enzymatic domino effect is instrumental to prevent H2O2

accumulation and the insurgence of branching radical chains,
Haber−Weiss chemistry, responsible for an exponential
increase of the oxidative risk.1,2 Indeed, biorelevant metal
ions, like Fe(II/III) or Cu(I/II), have been recently
investigated in terms of their double-faceted antioxidant effect
or toxicity as the two sides of the same coin. In particular the
multisite binding modes and equilibria of copper ions at
protein sites are being investigated with regard to cellular
toxicity and disease pathogenesis.3 Therefore, a new route can
be traced by evaluating the Cu-induced risk based on the
stereoelectronic features of copper sites that regulate the Cu-
redox manifold and its response toward ROS generation/
neutralization.3

In this respect, the natural copper−zinc superoxide
dismutase (Cu−ZnSOD) shows a heterobimetallic active
site, with a penta-coordinated CuII center ligated by four His
residues and one water molecule with a distorted square
pyramidal coordination geometry. During SOD turnover, the
redox-active copper center cycles between the CuII/I oxidation
states upon interaction with O2

•− (eqs 1 and 2), while zinc
appears to play a role in the overall folding stability and in
facilitating a broader pH independence.4

O Cu Zn SOD O Cu Zn SOD2
II II

2
I II+ − → + −•−

(1)

O 2H Cu Zn SOD H O Cu Zn SOD2
I II

2 2
II II+ + − → + −•− +

(2)

Due to the rich oxygen chemistry known for copper
complexes, reduction to Cu(I) offers competing radical
mechanisms by intercepting oxygen (eqs 3 and 4) and/or by
single electron transfer to H2O2.

5

Cu(I) O Cu(II)OO2+ → • (3)

Cu(I) H O Cu(II) OH OH2 2+ → + + •−
(4)
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The final outcome is the paradox of the enhanced toxicity
registered within brain tissues when the isolated Cu−ZnSOD
(bovine protein) is administered as antioxidant under anoxia/
reoxygenation conditions.6 This example highlights the crucial
issue of designing a multilevel catalytic manifold that goes
beyond a specific ROS target and works for the simultaneous
neutralization of ROS cascades. We have recently reported on
a Mn-based synthetic “di-zyme” behaving as the artificial
SOD/CAT conjugate with the highest activity reported up to
date for a Mn catalyst.7 In the case of copper species, the
majority of SOD-mimetics display a mononuclear Cu(II)
center and generally fail to provide a bielectronic mechanism
for H2O2 dismutation.8,9 Few single-site Cu(II)-complexes are
reported to exhibit a dual SOD/CAT-like activity, while they

were found to promote single-electron transfer mechanisms
with the formation of harmful radical species (Table 1).10

Dinuclear copper complexes, mimicking the structural motif of
the manganese catalase, are known; however, their CAT-like
activity has been reported only in organic solvents, lacking the
complementary SOD-like functionality, and no examples of
dual SOD/CAT dinuclear systems in water are known to
date.11,12

Our results address the synthesis, solution, and solid state
characterization of three novel Cu(II)-complexes, featuring a
dinuclear copper-core stabilized by an N3O donor ligand set
(Scheme 1) and optimized for a combined superoxide
dismutase and catalase-like activity in aqueous media, under
physiological-like conditions. We show herein that the

Table 1. Catalytic Copper Antioxidants Featuring SOD and CAT Activity in Watera

Eb/mV vs NHE SOD activityc CAT activityd

catalysts Cu2
II,II/I,I (E1/2) Cu2

III,III/II,II (Ep)
log kcat(O2

•−)
(IC50, μM) Rmax (μM O2 s

−1) TON kH2O2
(M−1 s−1) pH ref

Cu,Zn-SOD(human) ∼+400 9.30 (∼0.0013) 7.8 4
Mn2-CAT(T.thermophilus) nde nd 3.1 × 106 7−10 11
Cu2L

1
2 −161 +1110 6.80 (0.40) 0.87f; 0.51g 52f; 110g 0.23f 7.8f; 7.4g this work

Cu2L
2
2 −55 +1070 7.27 (0.14) 4.4f; 1.1g 60f; 110g 0.65f 7.8f; 7.4g this work

Cu2L
3
2 +60 +1310 7.55 (0.072) 4.3f; 1.0g 60f; 110g 0.66f 7.8f; 7.4g this work

Cu(TAAP)(NO3)2 +291 nd 7.26 (0.55)h nd nd nd 7.0 10a
[Cu(PBMPA)]+ −187 nd 7.09 (1.04) 14.4i 125i 0.030i 11.0 46
CuCyss nd nd 6.42 (9.90) 0.40j nd nd 7.4 10d
[Cu(apz-pn)]2+ nd nd 7.22 (0.090)h nd nd 1.10i 8.0 10c

aLigand abbreviations are as follows: TAAP = obtained by self-condensation of 5-amino-3-methyl-l- phenylpyrazole-4-carbaldehyde (AMPC) in the
presence of copper(II); HPBMPA = N-propanoate-N,N-bis(2-pyridylmethyl)amine; Cyss = cystine; apz-pn = N,N′-bis(2-acetylpyrazyl)methylene-
1,3-diaminopropane. bE1/2 is measured in 0.05 M phosphate buffer, pH 7.8, 0.1 M NaCl. cSOD activity based on the cyt c assay where radical
anions are generated by the xanthine/xanthine oxidase system (40 μM xanthine, 0.0053 U mL−1 xanthine oxidase, 10 μM cyt c, catalase 15 μg
mL−1, 50 mM phosphate buffer, pH = 7.80). IC50 indicates the catalyst concentration required to attain 50% inhibition of the cyt c reduction; log
kcat(O2

•−) refers to the rate constant of catalytic superoxide dismutation; estimated errors are within ±10%. dCAT activity is based on oxygen
evolution kinetics, monitored by a pressure transducer. Rmax were obtained by linear regression of data within 10% H2O2 conversion; the estimated
errors are within ±10%. kH2O2

obtained by linear regression of pseudo-first-order rate constants kobs = kH2O2
[H2O2].

end = not determined.
fMeasured in 50 mM BBS, pH 7.8 at 25 °C. gMeasured in 50 mM KH buffer, pH 7.4 at 25 °C. hSOD activity is measured by NBT assay. iCAT
activity is based on oxygen evolution kinetics, monitored by a reverse buret. jCAT activity is based on oxygen evolution kinetics, monitored by
Warburg apparatus.

Scheme 1. Synthesis, Ligands, and X-ray Crystal Structures of Cu2L
1
2, Cu2L

2
2, and Cu2L

3
2
a

aFor clarity, counter ions and solvent molecules which are not part of the Cu coordination spheres have been omitted.
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stereoelectronic modulation of the Cu2-coordination sphere is
instrumental to tune the mechanism and the antioxidant
performance of the resulting complexes. Finally insights on the
evolution of the active species are discussed.

■ RESULTS AND DISCUSSION

Synthesis of Dinuclear Cu(II)-Complexes. The ligand
HL1 (2-{[[di(2-pyridyl)methyl](methyl)amino]methyl}-
phenol) has been used to provide a tetradentate N3O donor
set for Cu(II) binding with a bis-pyridyl, tertiary amine, and
phenolate terminals.7,13 Ligand modification has been
addressed with the 2-fold aim of implementing (i) accessibility
of the catalytic core by using a nonmethylated, secondary
amine binding site (HL2 = 2-({[di(2-pyridyl)methyl]amino}-
methyl)phenol); and (ii) a more electron-deficient copper-core
by using p-nitrophenolate ligands (HL3 = 2-({[di(2-pyridyl)-
methyl]amino}methyl)-4-nitrophenol).14 In all cases, dimeric
Cu2L

x
2 complexes have been obtained by reacting the proper

ligand HLx with copper perchlorate and triethylamine in
alcoholic solvents under reflux conditions (Scheme 1).7,13

Green crystals suitable for X-ray analysis have been isolated
upon addition of acetonitrile (Cu2L

1
2) or dimethylformamide

(DMF) (Cu2L
2
2 and Cu2L

3
2) and cooling.14

X-ray Analysis. X-ray analysis of Cu2L
x
2 shows a Ci point-

group symmetry for all three dinuclear complexes with a
distorted octahedral geometry for the metal centers. Each
Cu(II) atom is coordinated in a facial configuration by the
three N atoms of the tetradentate ligand, while the phenolate
ligands act as a bridge between the two metal centers. The
metal coordination sphere is completed by a perchlorate ion in
the Cu2L

1
2 structure and by a DMF molecule in the Cu2L

2
2

and Cu2L
3
2 structures (Scheme 1). From the crystallographic

structures, minor differences are observed in the Cu2O2 core
across the three complexes: the Cu−Cu distance ranges from
3.007 Å for Cu2L

1
2 to 3.033 Å for Cu2L

3
2 while the Cu−O−

Cu angles slightly decrease, with values of 100.2° for Cu2L
1
2

and 99.9° for Cu2L
2
2 and Cu2L

3
2. The key feature observed

moving from Cu2L
1
2 to Cu2L

2
2 or Cu2L

3
2, both bearing a

secondary amine on the equatorial copper position, is the
different accessibility of the metal centers due to the Jahn−
Teller distortion, which results in a relative strong coordination
of a solvent molecule (DMF) for these two complexes. Indeed,
solvent coordination induces a remarkable elongation of the
Cu−N3 binding motif (binding with the apical pyridine) from
a value of 2.327 Å in the Cu2L

1
2 complex to 2.525 Å in the

Cu2L
2
2 complex and 2.438 Å in the Cu2L

3
2 complex. This

feature should impact on the substrate access to the copper
active site and be relevant for catalysis (see structural
parameters in the Supporting Information).
Spectroscopic and Solution Mass Characterization of

the Cu2L
x
2 Complexes. The FT-IR spectra of the Cu2L

x
2

complexes confirm the ligand coordination mode, as the
pyridines and phenol absorption bands are shifted toward
higher frequencies upon metal binding and found at 1615−
1600 cm−1 (Figures S11, S12, and S14).15 The retention of the
dinuclear structure in solution is confirmed by ESI-MS, UV−
vis, and EPR analysis. In all cases, ESI(+)-MS peaks are
obtained for the expected molecular ions as formate or
perchlorate adducts (Table S3, formic acid was present in the
eluent) with m/z = 779.0 [Cu2L

1
2 + HCO2]

+ and 833.0
[Cu2L

1
2 + ClO4]

+ (Figures S33 and S35); m/z = 751.0
[Cu2L

2
2 + HCO2]

+ and 805.0 [Cu2L
2
2 + ClO4]

+ (Figures S41

and S42); and m/z = 841.2 [Cu2L
3
2 + HCO2]

+ and 895.1
[Cu2L

3
2 + ClO4]

+ (Figures S43 and S44).16

Similar UV−vis spectra are collected for Cu2L
1
2, Cu2L

2
2,

and Cu2L
3
2 (50−70 μM) both in organic (CH3CN) and in

aqueous phase (PBS 50 mM, pH 7.8) (Figures S3, S7, and S8).
In particular, the absorption maximum at about 265 nm is
ascribed to the π−π* transition of pyridines, while the
phenolate ligand-to-metal charge transfer band is observed at
higher wavelengths for Cu2L

1
2 at 410 nm (LMCT, ε = 1300

M−1 cm−1), for Cu2L
2
2 at 397 nm (LMCT, ε = 1700 M−1

cm−1), and for Cu2L
3
2 at 376 nm, overlapped with the

absorption of the nitrophenol itself (ε = 23 000 M−1 cm−1)
(Figures S4, S6, and S8).17 A d−d transition was also observed
at 675 nm (ε = 280 M−1 cm−1) for Cu2L

1
2, 668 nm (ε = 290

M−1 cm−1) for Cu2L
2
2 and 670 nm (ε = 170 M−1 cm−1) for

Cu2L
3
2 (Figures S4, S7, and S8). These spectral features are in

agreement with phenol deprotonation upon binding.18 More-
over, the X-band EPR solution spectra are silent for all the
complexes under investigation, thus confirming the stability of
the dimeric core in aqueous phase (see further discussion,
Figure 4, and Figure S76).

Electrochemistry. The redox properties of Cu2L
x
2 (0.5−

1.0 mM) have been addressed by cyclic voltammetry (CV)
experiments, performed both in acetonitrile and in aqueous
solution (phosphate buffer, 50 mM, pH = 7.8). Under
reductive scan in acetonitrile, one irreversible wave is
attributed to the Cu2

II,II/I,I redox couple and observed at Ec =
−136 mV (vs NHE) for Cu2L

1
2, while two irreversible waves

are observed for the Cu2
II,II/II,I and Cu2

II,I/I,I redox couples at
E1

c = −96 mV and E2
c= −465 mV, and at E1

c = 62 mV and E2
c

= −273 mV (vs NHE), respectively, for Cu2L
2
2 and Cu2L

3
2

(Figures S16, S22, and S28). In aqueous media the
corresponding redox processes display quasireversible features
observed at E1/2 = −161 (ΔEp = 350 mV), −55 (ΔEp = 116
mV), and 60 mV (ΔEp = 450 mV) (vs NHE), respectively, for
Cu2L

1
2, Cu2L

2
2, and Cu2L

3
2 species (see Table 1 and Figures

S17, S23, and S29). The observed ΔEp is likely ascribable to
structural changes occurring for complex geometry upon
oxidation and reduction of the copper-core. The increase of
the potential values in the series indicates that the reduction of
the copper-core is favored by less electron-donating ligands,
that is, by replacing the tertiary amine in L1 with a secondary
amine in L2 and by introducing the nitro-substituted phenolate
in L3.
In the oxidative scan in acetonitrile, two irreversible waves

are tentatively attributed to the Cu2
II,II → Cu2

III,II and to the
Cu2

III,II → Cu2
III,III processes, observed at E1

a = 1.06 V and E2
a

= 1.38 V for Cu2L
1
2 (Figure S18), and at E1

a = 1.28 V and E2
a

= 1.62 V for Cu2L
2
2 (Figure S24). A single wave is instead

obtained at E1
a = 1.56 V for Cu2L

3
2 (Figure S30).19 In all

cases, the addition of water yields the collapsing of the two
anodic peaks into one single feature, observed at lower
potential values (Figures S19, S25, and S31). Therefore, in
aqueous phase, the proposed oxidation of the copper-core,
Cu2

II,II → Cu2
III,III, gives rise to an irreversible single wave

observed at Ea = 1.11, 1.07, and 1.31 V (vs NHE) for Cu2L
1
2,

Cu2L
2
2, and Cu2L

3
2 (Table 1, Figures S20, S26, and S32),

likely implying a major structural change of the dinuclear
complexes upon oxidation of the copper-core.19,20 As expected,
the NO2-substituent effect in HL3 is responsible for the
increase of the oxidation potential observed for Cu2L

3
2. In all

cases, oxidation of the phenolate moiety of the ligand is
observed above 1.6 V.21
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SOD-like Activity. Metal-based artificial SODs are initially
assessed on the basis of the thermodynamic driving force
available for both the oxidation and the reduction of the
superoxide anion. This is readily measured by considering the
redox potential of the catalytic manifold. A favorable potential
range lies between the potentials for O2

•− reduction to peroxide
(0.89 V vs NHE, pH = 7) and its oxidation to O2 (−0.16 V vs
NHE, pH = 7), with the optimal value, considering
outersphere electron transfer, being at E = 0.36 V (vs
NHE).5,22 Accordingly, all three complexes under investigation
display the Cu2

II,II/I,I redox couple within the SOD potential
range, with Cu2L

1
2 set at the lower limit (Table 1), while the

redox placement of Cu2L
2
2 and Cu2L

3
2 is shifted toward the

envisaged optimum, at E = 0.36 V vs NHE (Table 1).
The SOD-like activity of Cu2L

1
2, Cu2L

2
2, and Cu2L

3
2 has

been screened with the xanthine oxidase/cytochrome c (cyt c)
protocol to evaluate the O2

•− scavenging efficiency, by
comparing the IC50 performance (i.e., the catalyst concen-
tration to achieve the 50% inhibition of cyt c reduction,
monitored at 550 nm in 0.05 M phosphate buffer, pH 7.8) and
the related kinetic constant (log kcat(O2

•−)) (see the Supporting
Information).23

Inspection of Table 1 results indicates that all three dicopper
complexes work as artificial SODs in phosphate buffer (pH
7.8) following a clear structure−reactivity trend where Cu2L

1
2

< Cu2L
2
2 < Cu2L

3
2. In particular a steady increase of the log

kcat(O2
•−) values is observed in the series, (respectively, 6.80,

7.27, and 7.55, Table 1) corresponding to a parallel decrease of
the IC50 concentration requirements, as low as 0.072 μM for
Cu2L

3
2. This latter complex not only outperforms the related

analogues but also stands as the most efficient Cu-based
artificial SOD compared to either mono- or dinuclear literature
benchmarks (Table 1).8−10,24 The superior SOD-activity of
Cu2L

3
2 is likely ascribed to the interplay of both thermody-

namic and kinetic factors, as the nitro-substituted ligand HL3

improves the electron acceptor properties of the copper-core
(E1/2 = 60 mV vs NHE, Table 1), while the secondary terminal
amine can drive a favorable proton-coupled electron transfer
(PCET) mechanism. In particular, the dependence of the
SOD-like efficiency on the CuII/I redox couple suggests a
copper-mediated mechanism where the stereoelectronic
features of the N3O ligand set can provide (i) a prompt
evolution/stabilization of the CuII/I redox-manifold; (ii) an
electrophilic and accessible recognition/binding site for O2

•−;
and (iii) proximal hydrogen bonding donors/acceptors to
drive favorable PCET mechanisms and the stabilization of
peroxide intermediates.8−10,22,24 While further studies are
needed to clarify the role and impact of each effector to the
catalytic activity, inspection of SOD performance suggests an
innersphere dismutation reaction occurring at the single
copper site (eqs 5 and 6).

O Cu L O Cu L2 2
II,II

2 2 2
II,I

2+ → +•−
(5)

O 2H Cu L H O Cu L2 2
II,I

2 2 2 2
II,II

2+ + → +•− +
(6)

According to this hypothesis, the copper site can cycle
between a five to six coordinate coordination geometry during
SOD catalysis (see the discussion in the X-ray Analysis
section).
While catalytic dismutation of superoxide by Cu2L2 is

effective in the aqueous phase, oxidative degradation of the
ligand dominates in CH3CN and DMF even at low
temperature (up to −80 °C), which hampers the detection

of Cu-based superoxide and peroxide intermediates, generally
characterized by distinct absorbance features at λ > 400 nm (ε
= 103−104).25,26

CAT-like Activity. Copper-based artificial catalases, i.e.,
Cu-cores mimicking the inorganic cofactors of the natural
catalases, are rare if compared with manganese or iron
analogues.2b,10 Expanding the copper role to H2O2 dismutation
has the 2-fold aim of (i) implementing a dual SOD/CAT
domino catalysis and (ii) understanding the stereoelectronic
requirements to tune the reactivity at synthetic Cu-cores. This
knowledge would stimulate new progress in the design of
copper chelators that can revert the severe Cu-induced toxicity
to a favorable and benign antioxidant effect.27

Enzymatic H2O2 dismutation involves a bielectronic process
where both H2O2 reduction to H2O and oxidation to O2 are
part of the catalytic turnover and occur with redox potential
E(O2/H2O2) = +0.28 and E(H2O2/H2O) = +1.35 V (vs NHE, pH 7).
In this scenario, the dicopper-core of Cu2L

x
2 is expected to

cycle between the Cu2
III,III → Cu2

II,II redox manifold, via a
bielectronic process and redox potentials falling in the range
E1/2 = 1.07−1.31 V (vs NHE, Table 1).2b The CAT activity of
the Cu2L

x
2 was tested upon incubation with H2O2 (30 mM) in

aqueous borate buffer (BBS, pH= 7.8) at 25 °C by monitoring
the O2 production kinetics with pressure transducer equipment
(Figure 1 and the Supporting Information). The artificial

catalase performance can be compared in terms of the O2
evolution rate (Rmax), the resulting H2O2 conversion (% yield),
the turnover number (TON), and the second-order rate
constant (kH2O2

, M−1 s−1), determined under pseudo-first-order
conditions, by varying the initial H2O2 concentration (Table 1
and the Supporting Information).28 While in all cases, O2
evolution levels off at ca. 35−40% yield (TON up to 60, Table
1), a 5-fold rate acceleration is observed by Cu2L

2
2 and Cu2L

3
2

as compared to Cu2L
1
2, with Rmax = 4.4, 4.3, and 0.87 μM O2

s−1, respectively (Table 1). Moreover, oxygen evolution by
Cu2L

1
2 occurs with a definite lag-time (ca. 10 min), that is

absent in both Cu2L
2
2 and Cu2L

3
2 catalytic profiles (Figure 1).

Inspection of data in Table 1 shows that such a ligand effect is
not directly ascribed to the Cu2

III,III → Cu2
II,II redox potential

and should be related to the more accessible and more flexible
binding site of Cu2L

2
2 and Cu2L

3
2 lacking the steric hindrance

Figure 1. Comparison of O2 evolution kinetics by Cu2L
1
2, Cu2L

2
2,

and Cu2L
3
2 (200 μM) upon incubation with H2O2 (30 mM) in BBS

(50 mM pH = 7.8).
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of the methylated tertiary amine (see the X-ray discussion and
Supporting Information).24

It is noteworthy that, for all catalysts, the final O2 production
yield is increased up to 75% based on H2O2 conversion, TON
= 110 (Table 1), in the Krebs−Henseleit buffer (KH buffer,
pH = 7.4, commonly used in perfused and superfused solution
protocols), that contains a mixture of salts (sulfates,
phosphates, carbonates, and chlorides) and glucose (Figures
S57 and S59).7,29 However, in KH buffer, the O2 evolution
kinetics displays a lag-phase of ca. 10 min for Cu2L

2
2 and

Cu2L
3
2, up to 100 min for Cu2L

1
2, and lower rates up to 1.1

μM O2 s−1 (Table 1). This observation is consistent with
possible inhibition by buffer anions (i.e., phosphate binding)
that can slow down the overall process both in its initial phase
and under turnover regime.30,31

Spectroscopic and Mechanistic Investigation of the
CAT-like Reactivity by Cu2L

x
2. H2O2 dismutation by Cu2L

x
2

has been analyzed in more detail in order to address (i) the
origin of the kinetic lag-phase, (ii) the evolution of the
dicopper-core under the turnover regime, and (iii) the
optimization of the catalytic efficiency. To this aim, time-
dependent UV−vis, EPR, and ESI-MS evidence has been
collected in acetonitrile and/or in aqueous BBS.32

In acetonitrile, under the conditions explored, the reference
Cu2L

1
2 does not show any relevant CAT-activity, and no

oxygen evolution is observed (Figure S61). On the contrary,
addition of H2O2 (30 mM) to Cu2L

1
2 (200 μM in CH3CN)

causes a progressive modification of the UV−vis spectrum,
with a decrease of the complex LMCT band at 410 nm, due to
the Cu−phenolate interaction, and of the d−d bands at 675
nm, with the formation of three isosbestic points at 361, 475,
and 612 nm (Figure 2a). This behavior is ascribed to a steady
ligand degradation with bleaching of the copper-core features.
Indeed, ESI-MS analysis of the catalytic reaction shows a

sharp decrease of the parent Cu2L
1
2 signals with a parallel

formation of few low intensity peaks with m/z between 700
and 800 (Figures S34 and S62). In aqueous phase, under
oxygen evolution conditions (BBS, 50 mM, pH 7.8), the UV−
vis spectra collected over time (Figure 2b) show an initial shift
of the LMCT and of the d−d bands to lower wavelengths (<20
min) followed by their progressive fading, with no clear
isosbestic points. This behavior points to a stepwise evolution
of the dinuclear copper-core and of the ligand environment, via
the formation of definite copper-based intermediates, upon
reaction with H2O2. Time-lapse ESI(+)-MS analysis is
instrumental to identify the copper complexes generated
along the reaction progress (Scheme 2, Figure 3, and Table
S3). In particular, the parent Cu2L

1
2 (1), revealed at m/z =

751.0, 779.0, and 833.0 (see attribution in Table S3), is
gradually converted to new dinuclear species (2), detected at a
lower m/z ratio as a consequence of ligand oxidation, followed
by the release of copper monomers (3), (Scheme 2, Table
S3).26 In particular, oxidation at the benzylic sites and cleavage
of the resulting amidic bond are expected to yield ligand LOx

and ligand LCl (inset box of Scheme 2).33 The corresponding
copper complexes are observed at m/z = 657.0 and 384.0
attributed, respectively, to dinuclear [Cu2L

OxLCl(O)]+ and to
the monomer [CuL1(OH)]+, formed in BBS solution, upon
addition of H2O2, under oxygenic turnover (Scheme 2, Table
S3).
Formation of monomers (3) shows a typical sigmoidal

profile and levels off after ca. 150 min, at which point oxygen
evolution slows down, and the reaction stops at ca. 40% yield.

According to this scheme, the dicopper-cores of 1 and 2 are
both active catalysts and display similar CAT-like activity, as
no depletion of the oxygen production rate is observed at <50
min, where 1 is substantially converted into 2, but 3 is still
lagging behind. Along these lines, we can conclude that
degradation of the dicopper-core of 1 and 2 to a single-site
catalyst 3 is responsible for switching off H2O2 dismutation at
>50 min. The monomeric form 3 is likely unable to mediate a
bielectronic mechanism, despite standing as a barrier to
prevent the release of ligand-free copper ions and the
formation of copper oxides/hydroxides known to induce the

Figure 2. UV−vis spectra over time of the reaction ([Cu2L
1
2] = 200

μM, [H2O2] = 30 mM) in (a) acetonitrile and (b) BBS 50 mM pH =
7.8 (t = 0 min, before H2O2 addition).

Scheme 2. ESI(+)-MS Mapping of Cu2L
1
2 Evolution in the

Presence of H2O2, Showing Ligand Oxidation (Inset Box)
and Formation of Inactive Cu Monomers (Table S3)
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peroxide decomposition via radical-type mechanisms.34 In
order to inhibit possible Fenton-like radical reactions, NaBr
was added at different concentrations, and the resulting oxygen
evolution kinetics are reported in Figure 3a.35 The reaction was
carried out in aqueous phase (BBS 50 mM, pH 7.8) with the
same catalyst concentration (Cu2L

1
2 = 200 μM) and NaBr in

the range 10−200 mM (red, blue, and magenta curves in
Figure 3a).
While there is no effect on the induction time of the reaction

kinetics (Figure S64), meaning that no radical processes are
involved in the initial catalyst activation, a remarkable
enhancement of the oxygen evolution rate is obtained by
increasing the NaBr concentration, which leads up to a 90%
yield of oxygen production and TON = 134 (Table 2 and

Figure 3a). Control experiments confirm that a minor pathway
of oxygen evolution occurs by a parallel process involving the
copper-free NaBr/H2O2 system (Figure S63). These observa-
tions indicate a prevalent CAT-like mechanism for O2
production, while a parallel route of hydrogen peroxide
degradation via a radical process and ligand oxidation is
limited to ca. 10%.36 These experiments may explain the
increased performance registered in KH buffer, containing
chloride and bicarbonate ions, likely serving as •OH radical
scavengers (Table 1, Figures S57 and S59).37 To investigate
the effect of NaBr (50 mM) on the catalyst fate and lifespan,
ESI(+)-MS analysis was performed during the reaction
progress (blue line kinetics in Figure 3a,c). In this case, the
degradation of the pristine catalyst 1 is stopped for ca. 30 min
and then proceeds forming dinuclear 2, and monomers 3 at a
slower rate (compared in Figure 3b,c, see Scheme 2 and Table
S3 for ESI(+)-MS data).
The NaBr effect translates into a longer-lived resting state of

the active catalytic manifold (1 + 2) that is maintained for
>100 min, thus sustaining the oxygen production rate and
leading up to ca. 90% H2O2 conversion (Figure 3a, Table 2).
In this scenario, the increase of rate and TON obtained in the

Figure 3. (a) O2 evolution kinetics by Cu2L
1
2 (200 μM) upon

incubation with H2O2 (30 mM) at 25 °C in BBS (50 mM pH = 7.8)
with different concentration of NaBr. Catalyst evolution during the
catalase cycle ([Cu2L

1
2] = 200 μM, [H2O2] = 30 mM in BBS 50 mM)

monitored by ESI(+)-MS without (b) and in the presence of (c)
[NaBr] = 50 mM where I1 is associated with [(1)] (751.0 m/z, 779.0
m/z, 813.0 m/z, and 833.0 m/z), I2 to [(2)] (657.0 m/z and 784.9 m/
z), and I3 to [(3)] 384.0 and 420.9 m/z) peaks intensity (Table S3).
The relative amount of the specie (Ix/Itot) was measured as the ratio
between the intensity of the peaks attributed to a species (Ix) over the
total species amount (Itot = I1 + I2 + I3). A similar behavior is obtained
in the presence of NaBr, used as the scavenger of hydroxyl radicals
(see further discussion), where additional peaks are observed at m/z =
784.9 and 420.9 attributed, respectively, to dinuclear [Cu2L

1LCl +
2Br]+ and to the monomer [CuLCl + Br]+, (Scheme 2, Table S3). In

Figure 3. continued

order to trace the role of the different copper-complexes formed
during turnover regime, the kinetic profile associated with species 1−
3 (Scheme 2) was monitored in BBS (50 mM, pH 7.8) by ESI(+)-MS
analysis and compared with the O2 evolution kinetics (this figure).
Interestingly, the catalyst transformation follows a consecutive
reaction scheme, where the dinuclear complexes, 2, originating from
the pristine catalyst 1, build up to a maximum after ca. 50 min and are
consumed to yield monomers 3 (part b).

Table 2. Dependence of the Reaction Rate of O2 Evolution
by Cu2L

1
2 (200 μM) in the Presence of NaBr in BBS (50

mM, pH 7.8) and H2O2 (30 mM)a

[NaBr] (mM) Rmax (μM O2 s
−1) TON yield (%)

0 0.87 52 35
10 1.4 87 58
50 2.5 122 80
200 3.1 134 90

aOxygen evolution kinetics monitored by a pressure transducer; Rmax
values were obtained by linear regression of data within 10% H2O2
conversion, and the estimated errors are within ±10%; yields based on
H2O2 conversion; slight overestimation of TON values might depend
on the side reaction occurring between Br− and H2O2 (see Figure
S63).
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presence of NaBr shows a saturation trend (Figure S66), and it
is explained by an increased stability of the active catalyst, due
to the switching off of radical side-reactions by added NaBr.
The copper-catalyzed cycle for H2O2 dismutation by 1 is
proposed in Scheme 3, where (i) dinuclear 1 and 2 are the
active catalysts, cycling between the Cu2

III,III → Cu2
II,II redox

states, and (ii) radical pathways are responsible for a parallel
catalyst degradation route, 1 → 2 → 3, that turns out to be
mitigated by addition of bromide salts or in saline buffers as
KH.
A similar NaBr effect has also been registered in the

reactions catalyzed by Cu2L
2
2 and Cu2L

3
2, with oxygen

evolution rates that increase steadily reaching a H2O2
conversion >95% (Figures S67 and S68 and Table S4). ESI-
MS analysis also confirms that Cu2L

2
2 and Cu2L

3
2 undergo a

similar oxidative degradation when reacted with H2O2. Indeed,
copper monomers are observed at m/z < 500 that are ascribed
to dimer dissociation and ligand oxidation at the benzylic
methylene and at the secondary amine site (Figures S45, S46,
and S51 and Table S3).38

The stepwise evolution of the dimeric copper-core under
oxygenic turnover (1 → 2 → 3, Scheme 3) has been further
addressed by X-band EPR analysis at 50 K. To this aim, the
reaction solution, after addition of H2O2, was quenched under
liquid nitrogen at definite time intervals, and EPR spectra were
registered over time. Representative experiments preformed for
Cu2L

1
2 are reported in Figure 4, both in the absence and in the

presence of the NaBr additive.39

Low-temperature EPR analysis is instrumental to investigate
the magnetic properties of Cu(II) d9-complexes, as a function
of their coordination geometry, the symmetry of ligation, the
bond distances, and the resulting Cu(II)−Cu(II) interactions.
In particular, a significant modification of the EPR features is
envisaged along the reaction progress, whereby the bis-μ-
phenolate, Cu2O2 core of 1 is expected to open up to a more
open, mono-μ-phenolate dimer 2, and eventually leading to
Cu(II) monomers 3.
In all cases, the starting dimers 1 turn out to be EPR silent

(X band, 50 K; Figure 4 and Figure S77) which indicates a
diamagnetic (S = 0) state, due to a strong antiferromagnetic
coupling between the copper centers in the Cu2O2-core. Soon
after the addition of H2O2 (<10 min), the EPR spectra show
the formation of a copper signal, that gradually evolves from an

initial broad line shape to a narrow one typical of the
monomeric copper complex (Figure 4a). An analogous trend is
also registered in the presence of added bromide, albeit with a
slower kinetics (Figure 4b). In both cases, the amount of
paramagnetic species, calculated from the double integral of
the spectra, steadily increases with time, confirming that the
initial diamagnetic complex gradually breaks down into
paramagnetic species.

Scheme 3. Proposed Catalytic Cycle and Catalyst Evolution Occurring during H2O2 Dismutation by Cu2L
x
2

Figure 4. (a) X-band EPR spectra at 50 K of Cu2L
1
2 (200 μM) before

and after the addition of H2O2 (30 mM) in BBS (50 mM pH = 7.8).
EPR analysis was performed on frozen aliquots of the reaction
mixture, sampled at the indicated time. The monomer simulated
spectrum is reported with a dashed line. (b) As above but with NaBr
(50 mM), added before H2O2. The spectra are shown with their
original intensity.
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The broad EPR signal, dominant at early stages, shows no
resolved g and hyperfine tensor features and likely arises from a
weak coupling between the two copper centers via dipole−
dipole and exchange interactions. We ascribe this signature to a
modification of the copper-core, where the spin−spin coupling
is responsible for the broadening of the EPR features, but it is
not strong enough to give rise to a triplet state (S = 1), which
is consistent with the formation of paramagnetic “loose”
dimers.40 The EPR signals appearing at longer time intervals
(>50 min) are typical of a monomeric S = 1/2 copper species
with an expected four-line pattern in the g|| region consistent
with hyperfine interaction with the Cu nucleus (I = 3/2). The
powder EPR spectrum of the monomer has been simulated
with an axial g and A tensors (g|| = 2.273, g⊥ = 2.059; A|| = 500
MHz, A⊥ = 5 MHz; Figure 4a, dashed line), using the Easyspin
simulation program.41 The magnetic tensors are consistent
with a distorted octahedral geometry imparted by the
multidentate ligand environment.42

An analogous behavior is observed for Cu2L
2
2 and Cu2L

3
2

(Figure S76); therefore, the EPR analysis and the timeline of
the registered spectral evolution complement the ESI-MS
evidence, confirming the stepwise transformation of the
pristine copper dimers, 1, under the turnover regime, that
leads to “loose” dimers, 2, up to the catalytically inactive
monomers, 3.We can thus propose the catalytic cycle reported
in Scheme 3 that occurs along three reaction pathways where
the copper dimers 1 and 2 are all active catalysts: namely, (i)
the reductive half-reaction of H2O2 dismutation in which the
fully reduced Cu(II,II) is responsible for a two-electron/two
proton transfer that cleaves the O−O bond and releases water,
while being oxidized to the Cu(III,III) state; (ii) the oxidative
half-reaction of H2O2 dismutation in which the fully oxidized
Cu(III,III)-core is responsible for a two-electron/two-proton
oxidation, liberating O2, while restoring the reduced copper-
core to close the catalytic cycle; and (iii) a Fenton-like radical
mechanism that originates from the Cu(II,II)-core, by single
electron transfer, that cleaves the O−O bond and generates the
highly reactive •OH species. This latter pathway is responsible
for ligand degradation eventually leading to the inactive copper
monomers, 3.
In this scheme, the dismutation catalysis by the pristine

dimers, 1, turns out to be the dominant pathway at the early
reaction stage (<20 min) as indicated by ESI and EPR
evidence on copper speciation (Figure 3b, black line; and
Figure 4a). At intermediate times (<100 min), the steady
accumulation of dimers 2 in solution (Figure 3b, red-line; and
Figure 4a), resulting from the homolytic side-reaction, does
not slow down the H2O2 catalytic dismutation. This
observation supports a bioinspired catalase mechanism,
where the phenolate-bridged dimetal core serves as a “storage”
station for electrons and protons used by the catalytic
manifold, cycling between the Cu(II,II) and Cu(III,III)
redox states.43 Indeed, the catalytic dismutation of H2O2 is
switched off when copper monomers are prevalent at longer
reaction times (>150 min) as indicated by the combined ESI
and EPR evidence (Figure 3b, blue line; and Figure 4a).
Furthermore, the increased activity and stability observed upon
addition of a radical scavenger like bromide (Figures 3c and
4b) are explained by the suppression of monomer formation
along the reaction progress (compare blue traces in Figure
3b,c, and EPR signals a and b in Figure 4). It is important to
underline that, due to the high complexity of the process and

the presence of multiple side reactions, alternative or parallel
pathways cannot be excluded.
In this scenario, H2O2 coordination to one copper center,

followed by the opening of one phenol bridge and the
structural rearrangement of the complex, is likely responsible
for the lag-phase especially evident in the oxygen evolution
kinetics by Cu2L

1
2 leading to a structure similar to a recently

reported di-Mn(II) catalase mimicry.7a

To highlight the privileged CAT-like reactivity of the
Cu2(II)-core, we have addressed the kinetic relevance of
possible competitive pro-oxidant pathways triggered by H2O2.
As a representative case, the antioxidant versus pro-oxidant
capacity of Cu2L

1
2 has been evaluated by considering the

catalytic bleaching of morin, generally used as the molecular
probe for peroxidase screening (Scheme S1).44−47 The
oxidative degradation of morin (0.12 mM) catalyzed by
Cu2L

1
2 (50 μM) in the presence of H2O2 (10−30 mM in BBS

buffer 50 mM, pH = 7.8, Figures S78−S80) is conveniently
monitored via UV−vis spectroscopy, by registering the
absorbance depletion at 390 nm over a time-range super-
imposable to the oxygen evolution kinetics. The rate of morin
bleaching by Cu2L

1
2 varies linearly with H2O2 concentration,

yielding a second-order rate constants, kb = 6.1 × 10−4 M−1 s−1,
that is orders of magnitude lower than the kH2O2

associated with
the catalase-like activity of the copper complex (cf. Table 1;
and Table S6 and Figure S80). The relative impact of the
antioxidant versus the pro-oxidant performance of Cu 2L

1
2 can

thus be evaluated on the basis of the so-called “protection”
factor p = kH2O2

/kb, calculated as the ratio between the rate
constants associated, respectively, with H2O2 dismutation and
catalytic bleaching.7a,48 As expected, the value of p = 377
obtained for Cu2L

1
2 confirms the prominent H2O2 dismutation

activity by the dinuclear copper-core.49,50

■ CONCLUSIONS
Our results showcase the first example of a dinuclear Cu(II)-
core exhibiting a dual SOD/CAT-like activity, in water under
physiological pH. A tailored modification of the dinucleating
ligand HL1 has been instrumental to optimize kinetics and
performance of both SOD and CAT manifolds. Other N3O-
ligand sets in combination with copper were not reported to
promote a dual antioxidant activity.51 In particular, peak
activities (log kcat(O2

•−) = 7.55 and kH2O2
up to 0.66 M−1 s−1)

are obtained with an HL ligand featuring a secondary amine
and a p-nitrophenolate residue as key stereoelectronic effectors
within the Cu2L

3
2 coordination sphere. Cu2L

3
2 stands as the

most efficient and unique Cu2-based artificial SOD/CAT
compared to literature benchmarks (Table 1).8−10,24 The
resulting structure−reactivity trend Cu2L

1
2 < Cu2L

2
2 < Cu2L

3
2

is supported by converging structural, electrochemical, and
kinetics evidence, whereby the SOD and CAT manifold are,
respectively, related to the Cu2

II,II/I,I and Cu2
III,III/II,II redox

couples, mimicking the enzymatic mechanism. ESI-MS and
EPR analysis of the time-dependent evolution of Cu2L

x
2 under

oxygen evolution turnovers confirms the active role of the Cu2-
core for H2O2 dismutation, as monomeric fragments are found
catalytically inactive. The prominent two-electron versus
single-electron mechanism is also confirmed with radical
scavenger probes, that turn out to favor the turnover efficiency,
by depleting side ligand degradation pathways. While the
peroxidase-like activity is often exhibited by artificial
catalases,45 a high pro-oxidant activity is a potential risk factor
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for the intrinsic stability of the artificial SOD/CAT complex, as
the metal first coordination sphere represents a proximal
oxidation target. In this scenario, the pro-oxidant activity of the
Cu2-core is low compared to H2O2 dismutation, yielding a high
protection factor, p = 377. In conclusion, copper-based
artificial SOD/CAT can offer a valuable alternative to iron
and manganese analogues, while unveiling the impact of the
coordination environment for contrasting copper toxicity.7,22,52

Further studies will be directed to address the mechanistic
scenario vis-a-̀vis the proposed reaction manifold (Scheme 3).
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Synthesis, Structure and Catalase-Like Activity of New Dicopper(II)
Complexes with Phenylglyoxylate and Benzoate Ligands. J. Mol. Catal.
A: Chem. 2005, 236, 12−17. (b) Ray, A.; Rosair, G. M.; Pilet, G.;
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