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Abstract: The Cu(II)/Cu(I) conversion involves variation in the coordination number and ge-
ometry around the metal center. Therefore, the flexibility/rigidity of the ligand plays a critical
role in the design of copper superoxide dismutase (SOD) mimics. A 1,3-Bis[(pyridin-2-ylmethyl)
(propargyl)amino]propane (pypapn), a flexible ligand with an N4-donor set, was used to pre-
pare [Cu(pypapn)(ClO4)2], a trans-Cu(II) complex whose structure was determined by the X-ray
diffraction. In DMF or water, perchlorate anions are exchanged with solvent molecules, afford-
ing [Cu(pypan)(solv)2]2+ that catalyzes O2

•− dismutation with a second-order rate constant
kMcF = 1.26 × 107 M−1 s−1, at pH 7.8. This high activity results from a combination of ligand
flexibility, total charge, and labile binding sites, which places [Cu(pypapn)(solv)2]2+ above other
mononuclear Cu(II) complexes with more favorable redox potentials. The covalent anchoring
of the alkyne group of the complex to azide functionalized mesoporous silica through “click”
chemistry resulted in the retention of the SOD activity and improved stability. A dicationic
Cu(II)-N4-Schiff base complex encapsulated in mesoporous silica was also tested as an SOD mimic,
displaying higher activity than the free complex, although lower than [Cu(pypapn)(solv)2]2+.
The robustness of covalently attached or encapsulated doubly charged Cu(II) complexes in a
mesoporous matrix appears as a suitable approach for the design of copper-based hybrid catalysts
for O2

•− dismutation under physiological conditions.

Keywords: Cu-based SOD mimic; structure; mesoporous silica; click chemistry; SOD activity

1. Introduction

Superoxide radical (O2
•−) is part of aerobic life. It is formed during the O2 metabolism

under normal physiological conditions and is the major initial form of other reactive oxy-
gen species (ROS) associated with oxidative stress, such as H2O2 and HO• radicals [1].
Superoxide dismutase (SOD) enzymes are efficient endogenous defenses that catalyze
O2
•− dismutation, regulating its concentration and keeping it at a tolerable level [2]. The

imbalanced production of O2
•− and other ROS associated with a number of neurode-

generative diseases [3] has stimulated the research of synthetic catalytic antioxidants to
assist the endogenous counterparts in the suppression of ROS [4]. Among SOD enzymes,
copper–zinc superoxide dismutase enzyme (CuZnSOD) catalyzes the proton-dependent
dismutation of O2

•− at a bimetallic site, where the copper ion is the redox partner of O2
•−,

and Zn(II) plays a structural role in the enzyme stability [2,5]. In the active site of the
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oxidized form of the enzyme, the Cu(II) ion is bound to the N4-donor set of four histidine
residues and one water molecule, adopting a distorted square–pyramidal geometry [6].
The Cu(II) ion is bridged to the Zn(II) ion through the imidazolate ring from one of the
histidine residues, and the Zn(II) coordination sphere is completed by two histidine and
one aspartate residues disposed in a distorted tetrahedral geometry (Figure 1) [5,6].
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In the search for efficient SOD mimics, a number of Cu(II) complexes with non-
heme ligand scaffolds bearing an N4-donor set have been synthesized and their SOD
activity evaluated [7–17]. During the redox cycle, the switch between Cu(II) and Cu(I)
oxidation states involves changes in coordination number and geometry around the
metal ion, i.e., from tetragonal to tetrahedral [18,19]. Therefore, more flexible ligands
can be thought to be better candidates to speed up electron transfer with a low reor-
ganization energy barrier [20,21]. To serve as a therapeutic antioxidant, besides being
active, the complex must be stable at physiological pH. However, in a solution, SOD
mimics may undergo hydrolysis, metal dissociation, or oligomerization processes during
the redox reaction [8,22,23]. Immobilization of a catalyst in a mesoporous solid has
proven to be a good strategy for its protection and site isolation, improving its stabil-
ity while preserving the properties of the homogeneous system [24–28]. Among the
solid supports, mesoporous silica particles possess a large contact surface and pore
volume, which allows for high catalyst loading [29,30], chemical and mechanical sta-
bility [31,32], biocompatibility [33], and controllable geometric parameters that enable
a suitable design of different types and sizes of pores [29]. An effective approach to
reducing the complex leaching from the silica consists of the covalent attachment of
the catalyst to mesoporous silica employing “click” chemistry [34–37]. In this work,
the SOD activity of the Cu(II) complex formed with an N4-tetradentate “clickable” lig-
and, 1,3-bis[(pyridin-2-ylmethyl)(propargyl)amino]propane (pypapn, Scheme 1) [38],
was evaluated in homogeneous phase and covalently grafted to azido functionalized
mesoporous silicas, aimed at assessing the role played by this ligand on the catalytic
activity and the effect of the covalent anchoring on the catalyst stability. Additionally, the
SOD activity of the Cu(II) complex of N,N’-bis(2-pyridylmethylen)propane-1,3-diamine
(py2pn, Scheme 1), an N4-Schiff base ligand, was evaluated after insertion in mesoporous
silica by ionic exchange. Results obtained via employing these two immobilization ap-
proaches are compared with the intention to ascertain the effect of ionic vs. covalent
binding of the catalyst on the support of the turnover numbers and catalyst recovery.
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2. Results
2.1. Characterization of the Complex

The reaction of equimolar amounts of pypapn and Cu(OAc)2 in methanol at room
temperature afforded a greenish–blue solution. Even when color changes were observed
immediately after mixing, it was necessary to add sodium perchlorate and then hexane for
the [Cu(pypapn)(ClO4)2] complex to separate from the solution as a violet–blue polycrys-
talline solid. Single crystals of [Cu(pypapn)(ClO4)2] could be obtained by slow diffusion
of the reaction mixture into toluene at 4 ◦C. X-ray diffraction analysis revealed that the
complex crystallizes in the orthorhombic F d d 2 space group with a lattice comprising
discrete [Cu(pypapn)(ClO4)2] molecules with Cu(II) bound to the tetradentate ligand and
two perchlorate anions, as illustrated in Figure 2.

Bond distances and angles summarized in the caption of Figure 2 indicate that the
coordination environment of the Cu(II) ion can be described as an elongated octahedron
in which the equatorial plane is defined by the N4-donor set of the pypapn ligand while
the apical positions are occupied by two oxygen atoms belonging to two perchlorate
anions. The Cu-O bond distances (2.620 Å) are significantly longer than the equatorial
Cu-N ones (Cu-Npy 1.987 and Cu-Nam 2.057 Å), indicating that the perchlorate anions
are weakly bound to the metal ion. The values of the dihedral angles around the Cu(II)
center are between 82.28 and 99.53◦, evidencing the deviation from an ideal octahedral
geometry. In the crystal lattice of [Cu(pypapn)(ClO4)2], the molecules are arranged in
layers oriented parallel to the bc plane (Figure S1) and interconnected through H-bond
contacts between the perchlorate O-atoms and the alkyne H-atom of a neighbor molecule,
with H(C9)···O2 = 2.370 Å and H(C9)· · ·O4 = 3.187 Å distances. The long axes of the
complex molecules in each layer are aligned on the crystallographic a-axis intercalated
between molecules of adjacent layers.

The FT-IR spectrum of the complex (Figure 3a) displays intense absorption bands at
3262 and 2117 cm−1, assigned to the ≡C-H and C≡C stretching vibrations of the terminal
alkyne, and at 1118, 1067, and 622 cm−1, corresponding to the perchlorate anions. Addi-
tionally, the shift of the strong in-plane C=N and C=C stretching vibrations of the pyridine
ring from 1588 and 1437 cm−1 in the ligand to 1611 and 1445 cm−1 in the complex is a clear
indication of the metal coordination to the Npy atom [39], in agreement with the crystal
structure of the complex.
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Figure 2. Molecular structure of complex [Cu(pypapn)(ClO4)2] at the 50% probability level with
atom numbering. Selected bond lengths (Å) and angles (◦): Cu1-N1 1.987(3); Cu1-N2 2.052(3);
Cu1-O3 2.620(3); N1-Cu1-N1i 99.53(19); N1-Cu1-N2i 175.97(14); N1-Cu1-N2 82.28(10); N2-Cu1-N2i

96.13(18); N1-Cu1-O3 91.53(13); N2-Cu1-O3 87.68(11); N1i-Cu1-O3 88.67(12); N2i-Cu1-O3 92.11(12);
O3-Cu1-O3i 179.69 (18). Standard deviations in parentheses. Symmetry transformations used to
generate equivalent i atoms: −x + 1; −y + 1; z.
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Figure 3. (a) FT-IR spectra of pypapn and [Cu(pypapn)(ClO4)2]. (b) HRMS of [Cu(pypapn)(ClO4)]+

in MeCN. (c) Electronic spectrum of 5 × 10−4 M [Cu(pypapn)(ClO4)2] in MeCN. (d) EPR spectra of
powdered and frozen MeCN solution of [Cu(pypapn)(ClO4)2]; T = 120 K; ν = 9.51 GHz.
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The chemical composition of the complex in solution was confirmed by the high-
resolution mass spectrum (HRMS) of the complex in acetonitrile (Figure 3b) that
shows the peak at m/z = 494.0786, corresponding to [Cu(pypapn)(ClO4)]+. The full
ESI-mass spectrum (Figure S2) also shows peaks at m/z = 197.5634 (12%) and 395.1297
(11%) assigned to [Cu(pypapn)]2+ and [Cu(pypapn)]+, respectively, besides the peak of
[Cu(pypapn)(ClO4)]+ (10%). These species are present in relatively low proportion com-
pared to the peak at m/z = 440.1276 (100%), corresponding to the [Cu(pypapn)(CHO2)]+

monocation generated by perchlorate exchange with the formate anion present in the
spectrometer. It is worth noting that the isotopic distribution of all the peaks is consis-
tent with the simulated spectra. As expected, in the negative mode, the HRMS exhibits
the peaks corresponding to the ClO4

− anion (not shown).
The electronic spectrum of [Cu(pypapn)(ClO4)2] in acetonitrile displays a low-

intensity broad absorption band envelope centered at 653 nm (ε = 76 M−1 cm−1),
characteristic of the d–d transitions of Cu(II) in a tetragonal field. A detailed examina-
tion of this region of the spectrum shows that this band splits into two bands of similar
intensity (Figure 3c), with energies of 14,184 cm−1 and 16,529 cm−1, which can be
assigned to dz2 → dx2-y2 and dxz/yz → dx2-y2 transitions, respectively, consistent with
an axially elongated octahedral geometry [18]. Other intense absorptions in the UV
region (not shown) correspond to ligand-to-metal charge transfers (LMCT) overlapped
with intraligand π-π* and n-π* transitions.

The X-band electron paramagnetic resonance (EPR) spectrum of powdered
[Cu(pypapn)(ClO4)2] shows an axial signal typical of Cu(II) sites in tetragonal ge-
ometry with g‖ = 2.20 and g⊥ = 2.06. The spectrum registered on a frozen acetonitrile
solution of [Cu(pypapn)(ClO4)2] (Figure 3d) is consistent with a dx2−y2 ground state in
a slightly distorted N4-square–planar geometry, with spectral parameters g‖ = 2.25 and
g⊥ = 2.08. In this solvent, the spectrum is broad [40], and only two of the four parallel
hyperfine features are observed, from which the hyperfine coupling to the Cu nuclear
spin A‖ = 181 × 10−4 cm−1 was estimated. Moreover, the empirical distortion index
ƒ(g‖/A‖) = 124 cm [41] indicates that in solution, the complex exhibits slight tetrahedral
distortion from tetragonal geometry, in agreement with UV-vis results. In this poorly
coordinating solvent (DNMeCN = 14), the perchlorate anions remain bound to Cu(II),
affording a neutral molecular complex. This was confirmed by the conductivity of
the complex measured in acetonitrile, which shows non-electrolytic behavior (same
conductivity as for the neat solvent). By contrast, in DMF, a more coordinating solvent
(DNDMF = 27), the molar conductivity of the complex is 132 Ω−1 cm2 mol−1, a value
expected for a 1:2 electrolyte in this solvent [42]. Therefore, perchlorate is substituted
by DMF to afford [Cu(pypapn)(DMF)2]2+. The coordination of DMF is also supported
by the bathochromic shift of the d–d transition in the visible spectrum, with a broad
band centered at ~750 nm as the axial positions are occupied by DMF, lowering the
energy of the transition along the z-axis (Figure S3).

The 1H NMR paramagnetic spectrum of [Cu(pypapn)(ClO4)2] in CD3CN (Figure 4a)
shows that the pyridine protons undergo broadening as well as a differential isotropic
shift depending on the distance between each proton and the metal center. The broad
signal at the low field can be assigned to overlapped Hα/Hα’ at 11.0 ppm, with a peak
width of 104 Hz. Meanwhile, the β/β’ and γ pyridine protons can be observed at 8.61,
7.95, and 7.48 ppm, displaying signals with a peak width of 20 Hz, 24 Hz, and 32 Hz,
respectively. This spectral pattern suggests that the two pyridine rings are symmetrically
related around the copper center, which is in agreement with the elongated tetragonal
geometry proposed from the EPR spectrum of the complex in this solvent. Moreover,
signals belonging to the methylene protons broaden and split in the 2.5–4.0 ppm spectral
region, with peak widths in the range from 12 to 32 Hz, depending on their relative
location. Integration affords an 8:6 ratio for the pyridine and methylene protons adjacent
to the donor N atoms, so it is possible that resonances originating from methylene protons
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closest to the Cu(II) ion are broadened and shifted downfield. The broad resonance at
~13 ppm can account for this (Inset in Figure 4a).
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Figure 4. (a) 1H NMR spectrum of [Cu(pypapn)(ClO4)2] in CD3CN. (b) Cyclic voltammogram of
1 mM [Cu(pypapn)(ClO4)2] in acetonitrile, 0.1 M Bu4NPF6 , and glassy C/Pt/SCE, at different
scan rates.

The donor sites, the geometry, and the flexibility of the ligand are known to mod-
ulate the redox behavior of the copper center and, consequently, its reactivity toward
superoxide. The redox potential of [Cu(pypapn)(ClO4)2] was determined by cyclic
voltammetry. The voltammograms of the complex in acetonitrile at various scan rates
(Figure 4b) show the growth of the intensity of the cathodic and anodic peaks as the rate
increases, along with a shift of both peaks to more negative and more positive potentials,
respectively. The ∆E value (0.55 V at υ = 0.1 V/s), its dependence on υ, and the Ipa/Ipc
ratio of 0.35 indicate that the reduction in the complex is irreversible and takes place at
Epc = −0.22 V vs. SCE (υ = 0.1 V/s), while the oxidation of the reduced complex occurs
at Epa = 0.33 V vs. SCE. The irreversibility of the process can be attributed to geometry
changes experienced by the complex during reduction. Most probably, the reduction in
the tetragonal Cu(II) complex is accompanied by perchlorate dissociation to yield Cu(I)
in a flattened tetrahedral geometry, and the observed oxidation peak originates from this
four-coordinate complex. It must be noted that the absence of a re-dissolution peak upon
anodic polarization scans indicates that no copper is released from the Cu(I) complex
generated at the electrode. For comparison, [Cu(py2pn)]2+, formed with the Schiff base
N,N’-bis(2-pyridylmethylen)propane-1,3-diamine, is reduced at −0.044 V vs. SCE [7].
Therefore, the more flexible N4-diamine/dipyridine ligand stabilizes Cu(II) toward re-
duction better than the N4-diimine/dipyridine one, reflecting the higher electron–donor
ability of pypapn.

2.2. Synthesis and Characterization of Modified Mesoporous Silicas
2.2.1. Synthesis of Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS

The [Cu(pypapn)(solv)2]2+ complex was covalently anchored to mesoporous silica ma-
trix by reaction of the alkynyl groups with azide functionalized mesoporous silica employ-
ing “click” chemistry. Two different approaches were used to prepare the azide-modified
mesoporous silica: post-synthetic functionalization of SBA-15 silica; and a co-condensation
method [28]. The first method consists of grafting (3-bromopropyl)trichlorosilane to SBA-15
mesoporous silica to yield Brpn@SBA-15, followed by the bromine substitution by azide to
afford N3pn@SBA-15 (Scheme 2, route (a)). The other procedure involves a “one-pot” co-
condensation reaction using tetraethyl orthosilicate (TEOS) and 3-azidopropyltriethoxysilane
(AzPTES) in the presence of the triblock copolymer Pluronic P-123 as surfactant template
(Scheme 2, route (b)). In the one-pot methodology, the azidopropyl chains are placed
between the copolymer chains favoring the binding of the organic groups to the inner pore
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walls of the silica particles [43,44]. The material obtained by this procedure exhibits textural
properties similar to SBA-15 (see below). Subsequently, the pypapn ligand was covalently
linked to the two azide functionalized silicas by the formation of the 1,2,3-triazole ring,
using (Ph3P)3CuBr as a catalyst, to afford pypntriazole@SBA-15 and pypntriazole@OP-MS.
In each case, the reaction was stopped after the disappearance of the azide band in the ATR-
FTIR spectra of the solid samples. The Cu(II) complex was formed in situ by the addition of
a solution of Cu(ClO4)2 to a suspension of pypntriazole@SBA-15 or pypntriazole@OP-MS
in methanol, yielding Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS, with similar
Cu(II) loading, as described in the experimental part. In both hybrid materials, the ligand
is attached to the channel walls at a single binding site (Scheme 2), as evidenced by metal
and nitrogen analyses.
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For comparative purposes, the complex [Cu(py2pn)]2+ formed with the N4-Schiff-base
was introduced into the mesoporous matrix of SBA-15 silica by ionic exchange, affording
the Cu-py2pn@SBA-15 hybrid material where the divalent complex cation was retained
inside the silica channels by electrostatic interaction with the silanolate groups of the pores’
surfaces. The FT-IR spectrum of the material confirms that the complex is essentially located
inside the pores since it shows only the strong bands of the Si-O-Si, Si-OH2, and Si-OH
groups but no or negligible bands belonging to the functional groups of the Schiff-base.
The lower proportion of the encapsulated complex in SBA-15 agrees with the smaller
decrease in the pore volume and surface area (see below) determined from the adsorption
N2 isotherms of this complex compared to Cu-pypntriazole@SBA-15.

2.2.2. Textural Properties and Morphology of the Mesoporous Materials

SBA-15, prepared following a reported methodology [11], shows an ordered mesostruc-
ture with a high specific surface area and pore width of 4.9 nm (Table 1) suitable to host
the catalysts, which are around 1.0 nm wide (calculated from the crystal structures of
[Cu(pypapn)(ClO4)2] and [Cu(py2pn)(ClO4)2] [7]).
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Table 1. Textural characterization of mesoporous materials.

SBET
(m2 g−1)

VµP
(cm3 g−1)

VMP
(cm3 g−1)

VTP
(cm3 g−1)

wP
(nm)

mmol Complex/
100 g Material

SBA-15 641 0.03 0.64 0.79 4.9 -
Cu-pypntriazole@SBA-15 310 0.00 0.34 0.41 3.7 24

Cu-py2pn@SBA-15 501 0.00 0.57 0.71 4.4 9.8
N3pn@OP-MS 362 0.00 0.41 0.47 4.8 -

Cu-pypntriazole@OP-MS 433 0.00 0.40 0.46 4.0 18

VTP = VmP + Vprimary MP + Vsecondary MP. MP = mesopore. µP = micropore. wp = pore diameter.

All the materials obtained by catalyst covalent grafting or encapsulation display
type IV isotherms with a sharp jump and an H1 hysteresis loop at relative pressure
p/p◦ = 0.55–0.75 (Figure 5). This behavior is typical of ordered mesoporous materials,
denoting that the hybrids possess mesostructure similar to SBA-15 and uniform dis-
tribution of pore sizes, although smaller pore volume and surface area (Table 1) as a
consequence of the presence of the organic groups or catalyst inside the channels.
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The morphology and size of the mesoporous silica particles were analyzed by scanning
electron microscopy (SEM, Figure S4). The SBA-15 particles are oblong, with an average
size of ~1–1.5 µm long, lined up forming chains of 30–50 µm long. The hybrid materials
obtained by either covalent attachment or encapsulation of the catalyst in SBA-15 maintain
the morphology of the starting silica particles, although they align to form shorter chains
of 15–20 µm long. Fiber-like mesoporous N3pn@OP-MS is made up of a bundle of wires
forming long strands of 50–100 µm long, and after the “click” reaction, exhibits a similar
morphology. Upon Cu binding, the hybrid catalyst shows rod-shaped particles of 2–3 µm
long, forming wheatlike aggregates of 10–15 µm long.

Transmission electron microscopy (TEM) images of the three hybrid materials
(Figure 6) corroborate the regular array of cylindrical channels, as well as the hexagonal
pore arrangement, confirming a highly ordered mesostructure. The images show that
the channels are oriented along the long axis of the particles and that the pore network
reaches the particle surface, serving as a substrate entrance channel to interact with
the catalyst. From statistical analysis of TEM images of Cu-pypntriazole@SBA-15, pore
diameter and wall thickness were calculated using a protocol that takes into account
integration over grey scales in carefully selected zones where the electron beam was
perpendicular to the channels. The average pore diameter and wall thickness calculated
in this way are 3.5 ± 0.6 nm and 4.7 ± 0.5 nm, respectively, in agreement with the pore
size calculated from the adsorption isotherm. The histograms are shown in Figure S5.
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These thick walls reflect the hydrothermal stability of the mesostructured silica particles
without enlargement of the pore size and confer robustness to the catalytic material.
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Figure 6. TEM images of hybrid materials showing the parallel channels and their hexagonal arrangement.

The ordered mesostructure of SBA-15 and Cu-pypntriazole@SBA-15 was also verified
by low-angle X-ray diffraction (XRD, Figure S6). The XRD pattern indicates that SBA-15
exhibits a long-range mesoscopic ordering of hexagonal p6mm phases, as evidenced by the
intense (100) peak and the weaker (110) and (200) reflections [45]. The observed pattern
is not modified after anchoring the complex, confirming that the integrity of the porous
structure is maintained. The peak at 2θ = 0.93 is not shifted after covalent attachment, but
it shows a 25% decrease, as well as the higher order reflections, possibly due to a decrease
in periodicity [46].

2.3. SOD Activity Studies

The SOD activity of the complex and the hybrid materials was measured in a phos-
phate buffer of pH 7.8. As described before, when [Cu(pypapn)(ClO4)2] dissolves in MeCN,
perchlorate anions remain coordinated to Cu(II), but when it is dissolved in a stronger
donor solvent like DMF or water, ligand exchange occurs, and perchlorate is replaced by
solvent molecules affording the dicationic [Cu(pypapn)(solv)2]2+ complex. For simplic-
ity, hereafter, the solvated complex will be referred to as [Cu(pypapn)]2+. Given the low
solubility of the complex in aqueous phosphate buffer, it was first dissolved in DMF, and
an aliquot of the concentrated solution was diluted with phosphate buffer of pH 7.8 to a
final volume of 3.2 mL. In this way, complete dissolution of the complex was achieved, and
the stability was verified by monitoring its electronic spectrum for 2 h. Spectra taken at
different times after preparing the solution exhibited analogous absorption features and
band intensities (Figure 7a). The stability of the hybrid materials was also checked after
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incubation in a phosphate buffer of pH 7.8 for 2 h, followed by centrifugation and record
of the UV-vis spectra of the supernatant. These measurements denoted the absence of
complex released into the solution. The SOD activity of [Cu(pypapn)]2+ and the hybrid
materials was determined by the Beauchamps and Fridovich indirect assay using the NBT
reagent [47] at pH 7.8. This assay is based on kinetic competition between NBT and the cata-
lyst for photogenerated superoxide. Therefore, the SOD activity of the catalyst is measured
by its ability to inhibit the formation of formazan, the product of the reaction of NBT with
superoxide, observed at 560 nm. [Cu(pypapn)]2+ displays activity, as shown in Figure 7b.
The IC50 value, the concentration of catalyst that inhibits by 50% the NBT reduction by
O2
•−, was determined from the plot of % inhibition vs. [catalyst] and used to calculate the

McCord–Fridovich rate constant, kMcF, which is independent of the detector [48].
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Figure 7. (a) UV-vis spectrum of 5 × 10−5 M [Cu(pypapn)]2+ in buffer phosphate of pH = 7.8. SOD
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Table 2 lists the values of kMcF and E1/2 (or Ep) redox potential for [Cu(pypapn)]2+

and other reported Cu(II) complexes with open-chain ligands (see Chart S1 for their
structures) [9–13,49,50]. If the catalyzed O2

•− dismutation occurs through an outer
sphere mechanism, a complex will be thermodynamically competent as a catalyst when
its redox potential lies between the E(O2

•−/H2O2) = 0.642 V and E(O2/O2
•−) = −0.404 V

vs. SCE redox couples, at pH 7 [51]. On this basis, the best catalysts should be those
with a metal-centered redox couple close to 0.12 V vs. SCE (pH 7), the midpoint be-
tween the oxidation and reduction in O2

•− radical. However, in Table 2, it can be
observed that [Cu(MPBMPA)Cl]+ (Epc = −0.47 V) is twice as active as [Cu(pypapn)]2+

(Epc = −0.22 V), even when its redox potential is outside the range for O2
•− dismuta-

tion (entries 2,3, Table 2). Furthermore, [Cu(pypapn)]2+ exhibits an SOD activity better
than [Cu(py2pn)]2+ (E1/2 = −0.044 V) and similar to [Cu(PBMPA)Cl] (E1/2 = 0.213 V),
although its redox potential is further away from 0.12 V (entries 3,4,7, Table 2). This
behavior can be explained if the reaction takes place through an inner sphere mechanism
where the redox potential is not the only relevant factor but also the flexibility of the
ligand, steric hindrance, labile coordination sites, and the total charge of the complex.
During catalysis, the coordination sphere of Cu in [Cu(pypapn)]2+ must change between
the tetragonal geometry of Cu(II) to the tetrahedral or tricoordinate geometry preferred
by Cu(I). Although both [Cu(pypapn)]2+ and [Cu(py2pn)]2+ have a similar geometrical
arrangement of the N4-tetradentate ligand around the Cu(II) ion, the diamine pypapn
ligand is more flexible than the diimine py2pn and adapts better to the geometrical
reorganization required to accommodate the two metal oxidation states during catalysis.
This is particularly evident for [Cu(PuPy)]2+ (entry 1, Table 2) with a longer and more
flexible tetramethylene chain between the imine groups that doubles the SOD activity
of [Cu(pypapn)]2+. The relevance of steric factors is evident in the four-time decrease
in the SOD activity going from [Cu(PuPy)]2+ to [Cu(Pu-6-MePy)(H2O)]2+, where the
o-methyl substituted pyridine derivative hinders the access of O2

•− to the metal center
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(entries 1,6, Table 2). The number of labile positions available for binding the sub-
strate via ligand exchange is a factor made evident when comparing [Cu(MPBMPA)Cl2]
and [Cu(PBMPA)Cl], the first being twice as active as the second (entries 2,4, Table 2).
Another example is [CuZn(dien)2(µ-Im)](ClO4)3, which during catalysis, dissociates,
converting into [Cu(dien]]2+, which can bind O2

•− and promote its dismutation despite
its very unfavorable redox potential (entry 5, Table 2). Although with similar ligand
flexibility, the SOD activity of [Cu(PBMPA)Cl] is three times higher than that of the
related complex [Cu(PClNOL)Cl]+ (entries 4,8, Table 2), probably as a result of the com-
bination of a more favorable redox potential of [Cu(PBMPA)Cl] and a stronger labilizing
effect of the carboxylate compared to the alcohol group of [Cu(PClNOL)Cl]+, to facilitate
ligand exchange. The more rigid and planar Cu(II) complexes derived from salen and
salpn ligands are the least active (entries 9–11, Table 2), even slower than Cu(ClO4)2
(kMcF = 2.7 × 106 M−1 s−1) [52]; hence, reinforcing the ligand flexibility is a key factor in
the O2

•− dismutation catalyzed by the Cu(II) complexes.

Table 2. SOD activity of [Cu(pypapn)]2+ and other functional SOD models.

Entry Catalyst Ligand Donor Sites kMcF
(106 M−1 s−1)

E1/2
(V vs. SCE) Ref.

1 [Cu(PuPy)]2+ N4 23.6 - [9]
2 [Cu(MPBMPA)Cl2] N3 21.2 −0.471 [10]
3 [Cu(pypapn)]2+ N4 12.6 −0.22 (Epc) This work
4 [Cu(PBMPA)Cl] N3O 12.5 0.213 [10]
5 [CuZn(dien)2(µ-Im)(ClO4)2]+ N3NIm 6.46 −0.89 (Epc) [11]
6 [Cu(Pu-6-MePy)(H2O)]2+ N4 6.3 - [12]
7 [Cu(py2pn)]2+ N4 4.05 −0.044 [7]
8 [Cu(PClNOL)Cl]+ N3O 3.3 −0.416 [13]
9 [Cu(5-EtO-salpn)ZnCl2] N2O2 2.1 - [49]

10 [Cu(4-OMe-salchda)ZnCl2] N2O2 0.87 - [50]
11 [salpnCuZnCl2] N2O2 0.85 −0.689 [11]
12 CuZnSOD N4 2000 0.156 [2]

Immobilized Catalyst kMcF
(106 M−1 s−1)

13 Cu-pypntriazole@SBA-15 14.2
14 Cu-pypntriazole@OP-MS 13.3
15 Cu-py2pn@SBA-15 6.9

PuPy = N,N’-bis(2-pyridylmethylen)-1,4-butanediamine; HPBMPA, N-propanoate-N,N-bis-(2-pyridylmethyl)amine;
dien = diethylenetriamine; HIm = imidazole; Pu-6-MePy = N,N’-bis(2-(6-methylpyridyl)methylen)-1,4-butanediamine;
HPClNOL, 1-[bis(pyridin-2-ylmethyl)amino]-3-chloropropan-2-ol; salpn, 1,3-bis(salicylidenamino)propane;
4-OMe-salchda = N,N’-bis(4-methoxysalicylidene)cyclohexane-1,2-diamine.

Even the more flexible and active complexes listed in Table 2 are two orders of magni-
tude less active than the CuZnSOD enzyme (entry 12, Table 2), where the protein matrix
constraints the metal geometry halfway between that of each oxidation state and the small
structural reorganization is required for switching between the oxidized and reduced forms
of the enzyme results in fast electron transfer.

Aimed at examining the effect of immobilization on the SOD activity and stability
of the catalyst, the reactivity of the three hybrid materials toward O2

•− was evaluated
(Figure 7b,c). Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS, with the catalyst
covalently attached to the surface of the silica channels, retain the activity of the free
complex (entries 13,14, Table 2). This result suggests that the ligand binding through the
triazole does not restrain the ligand flexibility or affect the geometry of the metal center.
Low-temperature X-band EPR spectra registered after the reaction of these hybrids
with an excess of KO2 in DMSO (shown for Cu-pypntriazole@SBA-15 in Figure 8a)
confirmed that the immobilized complex keeps the geometrical arrangement of the
ligand around the Cu(II) ion. The spectral parameters for Cu-pypntriazole@SBA-15 after
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reaction with KO2 are g‖ = 2.25, g⊥ = 2.06, A‖ = 186 × 10−4 cm−1 and ƒ(g‖/A‖) = 121 cm,
denoting that Cu(II) is in a slightly distorted tetragonal geometry, similar to that observed
for the complex in a homogeneous phase (Figure 8a). Interestingly, encapsulation of
[Cu(py2pn)]2+ inside the SBA-15 silica matrix almost doubles the SOD activity of the
free complex (entry 15, Table 2), probably because the silanolate–copper interaction
renders the copper center more electrophilic, favoring electron transfer from O2

•− to
Cu(II). Also, in this case, the low-temperature X-band EPR spectrum registered after
the reaction of Cu-py2pn@SBA-15 with an excess of KO2 in DMSO (Figure 8b) accounts
for the retention of the complex structure in the silica pores. The calculated spectral
parameters of Cu-py2pn@SBA-15 are g‖ = 2.23, g⊥ = 2.05, A‖ = 182 × 10−4 cm−1, and
ƒ(g‖/A‖) = 123 cm, analogous to those of the complex in frozen DMSO solution [7]. It
must be noted that the absence of the superoxide signal (g‖ = 2.1021, g⊥ = 2.003) [53] in
the EPR spectra recorded after the reaction of the hybrids with 10-times excess of KO2
in DMSO indicates that these materials act as catalysts for O2

•− dismutation. Aimed at
verifying if the SOD activity is retained after several cycles, the NBT conversion was
measured with and without the hybrid material after consecutive illuminations of the
reaction mixture. In each new illumination, the NBT concentration was kept constant
by the addition of the required quantity of NBT to restore the starting concentration.
Cu-pypntriazole@SBA-15, Cu-pypntriazole@OP-MS, and Cu-py2pn@SBA-15 retain the
activity after several illumination cycles, indicating that, in all cases, immobilization of
the catalyst in the mesoporous matrix isolates and protects the complex to react with
O2
•−, extending the catalyst life and reusability.
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3. Materials and Methods

In this study, all the used reagents and solvents were commercial products of the highest
available purity and, when necessary, were further purified via conventional methods.

3.1. Synthesis of Ligands, Complexes, and Hybrid Materials

The synthesis of the ligands N,N’-bis(2-pyridylmethylen)propane-1,3-diamine
(py2pn) [54] and 1,3-bis[(2-pyridilmethyl)(propargyl)amino]propane (pypapn) [38] and
the complex [Cu(py2pn)(ClO4)2] [7] were described in previous papers.



Inorganics 2023, 11, 425 13 of 19

3.1.1. Synthesis of [Cu(pypapn)(ClO4)2]

Cu(OAc)2·H2O (30 mg, 0.15 mmol) was dissolved in methanol (5 mL) and added to
a solution of pypapn (50 mg, 0.15 mmol) in methanol (2 mL). After stirring the reaction
mixture for 1 h at room temperature, NaClO4.H2O (42 mg, 0.30 mmol) in methanol
(1 mL) was added. Then, the formed solid was filtered off; hexane was added to the
filtrate, and the mixture was left at 4 ◦C overnight. The solid was filtered, washed with
cold methanol and hexane, and dried under a vacuum. Yield: 36 mg (0.06 mmol, 40%).
Anal. calcd. for C21Cl2CuH24N4O8: C 42.4; H 4.03; N 9.40%. Found: C 42.8; H 4.21;
N 9.34%. UV-vis, λmax nm (εM−1 cm−1) in acetonitrile: 258 (7600); 280 (sh); 384 (sh); 653
(76). Significant IR bands (KBr, v, cm−1): 3262; 2117; 1611; 1574; 1445; 1118; 622. HRMS
(acetonitrile): m/z = 494.0786 [Cu(pypapn)(ClO4)]+; 395.1297 [Cu(pypapn)]+. Violet
crystals suitable for X-ray diffraction were obtained after 3 days by slow diffusion of the
reaction of mother liquor into toluene at 4 ◦C.

Caution! The perchlorate salts used in this study are potentially explosive and should be
handled with care.

3.1.2. Synthesis of Azidopropyl Functionalized Silicas N3pn@SBA-15 and N3pn@OP-MS

A high surface area SBA-15 mesoporous silica was prepared by hydrothermal synthe-
sis, using tetraethoxysilane (TEOS) as Si source and the triblock copolymer Pluronic 123 as
template in acid medium, as already reported [11]. The azido-functionalized N3pn@SBA-15
silica was prepared to employ a post-synthetic approach [28] by treating a suspension of
1 g of SBA-15 silica in 30 mL of toluene with 136 mL of 3-(bromopropyl)trichlorosilane,
added dropwise, and left stirring for 2 h at 80 ◦C. The solid was separated by filtration and
washed with toluene and ether; then, Soxhlet was extracted with dichloromethane and
dried under vacuum at 60 ◦C. Afterward, the solid was mixed with a saturated solution of
NaN3 in dimethylformamide (10.0 mL) and stirred for 2 days. After filtration, the solid was
washed with water, acetone, and ethanol and dried at 60 ◦C to yield 0.95 g of N3pn@SBA-15.
Residual mass (%) at 800 ◦C: 82.5%. IR (KBr): νas(N3) = 2114 cm−1.

The one-pot azido-functionalized mesoporous silica N3pn@OP-MS was prepared by
co-condensation of TEOS (2.2 mL) and 3-azidopropyltriethoxysilane (AzPTES, 275 mg)
with Pluronic P-123 (1.0 g in 40 mL of aqueous 1.6 M HCl) as surfactant template, following
a previously reported methodology [28]. After the template removal by Soxhlet extraction
in ethanol, the material was dried at 60 ◦C to yield 1.1 g of N3pn@OP-MS. Residual mass
(%) at 800 ◦C: 85.3%. IR (KBr): νas(N3) = 2114 cm−1.

3.1.3. Synthesis of Cu-Pypntriazole@SBA-15 and Cu-Pypntriazole@OP-MS

Azide-functionalized mesoporous silicas (350 mg) were suspended in 72 mL of a
75:25 methanol:acetonitrile mixture and stirred for ten minutes. A solution of pypapn
in the same solvent mixture (30 mg, 0.09 mmol, 9 mL) was added, and the reaction
mixture was stirred for 1 h. Afterward, CuBr(PPh3)3 (84 mg, 0.09 mol) was added
and left with stirring at 60 ◦C. The completion of the reaction was determined by the
disappearance of the azide stretching band at 2114 cm−1 in the IR spectrum. The
solid, pypntriazole@SBA-15 or pypntriazole@OP-MS, was filtered, washed by Soxhlet
extraction with methanol, and dried at 60 ◦C. Then, 250 mg of pypntriazole@SBA-15 was
suspended in 25 mL methanol, and a solution of Cu(ClO4)2·6H2O (300 mg, 0.8 mmol) in
5 mL of methanol was added dropwise. The mixture was stirred for one week at room
temperature. The solid was filtered, washed with methanol and dichloromethane, and
dried at 60 ◦C to yield 220 mg of Cu-pypntriazole@SBA-15. Anal. (wt.%): N 2.35; Cu 1.5.
Catalyst content: 24 mmol/100g. Significant IR bands (KBr, ν cm−1): 1640 (d, H-O-H);
1080 (νas, Si-O); 795 (νs, Si-O); 463 (δ, Si-O-Si). Following the same procedure, 250 mg of
pypntriazole@OP-MS yielded 230 mg of Cu-pypntriazole@OP-MS. Anal. (wt.%): N 1.8;
Cu 1.15. Catalyst content: 18 mmol/100g. Significant IR bands (KBr, ν cm−1): 1640 (δ,
H-O-H); 1080 (νas, Si-O); 795 (νs, Si-O); 463 (δ, Si-O-Si).



Inorganics 2023, 11, 425 14 of 19

3.1.4. Synthesis of Encapsulated Catalyst Cu-py2pn@SBA-15

Complex [Cu(py2pn)(ClO4)2] was inserted in mesoporous silica SBA-15 by the addi-
tion of a solution of the complex (100 mg, 0.19 mmol) in methanol (20 mL, 35 ◦C) to the
silica (168 mg). The mixture was stirred for 24 h and filtered. The obtained material was
suspended in 5 mL of methanol and left stirring for 24 h. The solid was filtered, washed
with methanol, and dried at 60 ◦C. Yield: 140 mg. Weight loss between 200 and 500 ◦C:
3.9%. Anal. (wt.%): N 0.55, Cu 0.6. Catalyst content: 9.8 mmol/100g.

3.2. Analytical and Physical Measurements

An inductively coupled plasma mass spectrometer (ICP-MS) PerkinElmer NexION 350×
was used to measure the metal content. CHN analyses were performed on a PerkinElmer
2400 series II Analyzer. Infrared spectra were recorded in the 4000–400 cm−1 range on
a PerkinElmer Spectrum One FTIR spectrophotometer provided with a DTGS detec-
tor, resolution = 4 cm−1, and 10 accumulations. FT-IR spectra were registered from
KBr sample pellets or ATR-FT-IR. Electronic spectra were recorded on a Jasco V-550
spectrophotometer. Electron Paramagnetic Resonance (EPR) spectra were obtained at
115 K on an Elexsys E 500 Bruker spectrometer, operating at a microwave frequency
of ~9.5 GHz, and on a Bruker EMX-Plus spectrometer with a microwave frequency of
~9.3 GHz. Electrospray ionization (ESI) mass spectra were obtained with a Thermo
Scientific LCQ Fleet. The solutions for electrospray were prepared from solutions of
complex diluted with acetonitrile to a final ~10−5 M concentration. 1H NMR spectra
were recorded in CD3CN on a Bruker AC 400 NMR spectrometer at ambient probe
temperature (ca. 25 ◦C). Chemical shifts (in ppm) are referenced to tetramethylsilane,
and paramagnetic NMR spectra were acquired, employing a superWEFT sequence,
with an acquisition time of 270 ms. Conductivity measurements were performed on
1.0 mM solutions of the complexes in MeCN or DMF using a Horiba F-54 BW con-
ductivity meter. The electrochemical experiments were performed with a Princeton
Applied Research potentiostat, VERSASTAT II model, with the 270/250 Research Elec-
trochemistry Software. Studies were carried out under Ar in MeCN solution using
0.1 M Bu4NBF4 as a supporting electrolyte and ≈ 10−3 M of the complex. The working
electrode was a glassy carbon disk, and the reference electrode was a calomel electrode
isolated in a fritted bridge with a Pt wire as the auxiliary electrode. Under these condi-
tions, E(ferrocene/ferrocenium) = 388 mV in MeCN at room temperature. The size and
morphology of the solid materials were analyzed using an AMR 1000 Leitz scanning
electron microscope (SEM) operated at variable accelerating voltages and with EDX
detector NORAN System SIX NSS-200. Samples for SEM observation were prepared by
dispersing a small amount of powder of dry silica and hybrid samples on double-sided
conductive adhesive tabs on top of the SEM sample holders. Then, the samples were
covered by a thin layer of gold deposited by sputtering to avoid charge accumulation
on the surfaces. The selected accelerating voltage used in the showed images were
20 kV at high vacuum condition. Transmission electron microscopy (TEM) analysis was
performed with a TEM/STEM JEM 2100 Plus with the operational voltage of 200 kV
(variable), with a LaB6 filament. The samples were prepared by dropping a suspension
of material in ethanol over a Formvar/Carbon square mesh Cu, 400 Mesh grids, and
let dry. TEM images were processed using the public domain ImageJ program. N2
adsorption–desorption isotherms were obtained at 77 K on a Micrometric ASAP 2020
V4.02 (V4.02 G) apparatus. The samples were degassed at 10−3 Torr and 200 ◦C for
6 h prior to the adsorption experiment. Surface area (SBET) was calculated using
the Brunauer–Emmett–Teller (BET) [55] equation over the pressure range (p/p◦) of
0.05–0.20. The volume of micropores and mesopores (VµP and VMP) was determined
by the alpha-plot method using the standard Licrospher isotherm. The total pore
volume (VTP) was determined with the Gurvich rule [55] at 0.98 p/p◦ . The pore size
distributions were calculated using the Villarroel–Bezerra–Sapag (VBS) model [56] on
the desorption branch of the N2 isotherms.
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3.3. Crystal Data Collection and Refinement

Crystallographic data for compound [Cu(pypan)(ClO4)2] were collected at 298(2) K on
a Bruker D8 QUEST ECO Photon II CPAD Diffractometer, using graphite monochromated
Mo-Kα radiation (λ = 0.71073 Å). Data collection was carried out using the Bruker APEX4
package [57], and cell refinement and data reduction were achieved with the program
SAINT V8.40B [58]. The structure was solved by direct methods with SHELXT V 2018/2 [59]
and refined by full-matrix least-squares on F2 data with SHELXL-2019/1 [60]. Molecular
graphics were performed with ORTEP-3 [61], with 50% probability displacement ellipsoids.
The packing diagrams were generated with SHELXL-2019/1. CCDC-2297367 contains the
supplementary crystallographic data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, accessed on 6 October 2023
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3.4. Indirect SOD Assay

An indirect assay based on the inhibition of the photoreduction of nitro blue tetra-
zolium (NBT) was used to test the SOD activity of the free and immobilized com-
plexes [47]. The reaction mixture (3.2 mL) containing riboflavin (3.35 µM), methionine
(9.52 mM), NBT (38.2 µM), and different amounts of free or immobilized complex was
prepared in phosphate buffer of pH 7.8. Riboflavin was added last, and the mixture was
illuminated for 15 min with a 16 W led lamp placed at 30 cm, at 25 ◦C. The reduction
of NBT was measured at 560 nm. Control reactions were performed to verify that the
complexes did not react with NBT or riboflavin directly. Inhibition percentage (IC) was
calculated according to

IC =

[
(∆Abs/t)without catalyst−(∆Abs/t)with catalyst

]
× 100

(∆Abs/t)without catalyst
(1)

The IC50 values were determined from plots of % inhibition vs. complex concentration
and used to calculate the McCord–Fridovich second-order rate constant (kMcF) [48]. At
50% inhibition, the rates of the reactions of O2

•− with NBT and the mimic are identical;
therefore, kMcF was calculated according to the equation kMcF [complex] = kNBT [NBT],
with kNBT (pH = 7.8) = 5.94 × 104 M−1 s−1.

3.5. Preparation of Potassium Superoxide Solutions

The stock solution of KO2 in anhydrous dimethylsulfoxide (DMSO) employed in EPR
measurements was prepared by suspending 9.3 mg of KO2 in 5 mL of DMSO, followed
by sonication during 15 min and centrifugation at 6000 rpm for 25 min. The concentration
of KO2 in the supernatant was calculated using ε = 2686 M−1 cm−1 in deoxygenated
DMSO [62] and confirmed by the assay of the horseradish peroxidase. The saturated KO2
solution in DMSO (0.75 mL) was added to a suspension of 10 mg of the hybrid material in
1.25 mL of DMSO, and the mixture was left stirring for 10 min. The solid was separated by
centrifugation, washed with methanol, and dried at 60 ◦C.

4. Conclusions

[Cu(pypapn)]2+ is among the most active Cu(II) complexes formed with open-chain
ligands for catalyzing O2

•− dismutation. In this complex, the metal ion is in a tetragonal
N2(amine)N2(py)O2(solvent) environment, with the ligand disposed in the equatorial plane and
two labile trans-positions for reaction with the substrate. The ligand flexibility seems to play
a decisive role in the SOD activity, more than the redox potential, as [Cu(pypapn)]2+ exhibits
higher activity than [Cu(py2pn)]2+, with redox potential closer to the optimum value for
O2
•− dismutation but less conformational flexibility in the chelate rings, while displaying

lower activity than complexes with a longer, and more flexible, central chain between the
N-donor sites. Covalently linked [Cu(pypapn)]2+ holds the metal ion geometry inside the

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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pores of the silica matrix and retains the SOD activity exhibited in the homogeneous phase.
The silica matrix preserves its ordered mesostructure after functionalization and in the
same way as the protein framework, isolates and protects the catalyst from hydrolysis,
extending its lifetime. In the hybrid material obtained by encapsulation of [Cu(py2pn)]2+,
the strong electrostatic interactions between the dicationic catalyst and the surface groups
on the pores proved decisive for the full retention of the complex within the silica matrix
and activation of the metal center to react with O2

•−. In view of the robustness and
stability of Cu-pypntriazole@SBA-15, Cu-pypntriazole@OP-MS, and Cu-py2pn@SBA-15,
covalent anchoring and electrostatically-driven encapsulation of doubly charged copper
complexes, appear suitable strategies for the design of copper-based hybrid catalysts for
O2
•− dismutation under physiological conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inorganics11110425/s1, Table S1: Crystal data and structure
refinement for [Cu(pypapn)(ClO4)2]; Figure S1: Crystal packing diagram for [Cu(pypapn)(ClO4)2];
Figure S2: HRMS of [Cy(pypapn)(ClO4)2] in acetonitrile; Figure S3: Electronic spectrum of
[Cu(pypapn)(ClO4)2] in DMF; Figure S4: SEM images of the mesoporous silica and the hybrid ma-
terials; Figure S5: Histograms of the channel diameter and wall thickness of Cu-pypntriazole@SBA-15;
Figure S6: Low angle X-Ray diffractograms of SBA-15 and Cu-pypntriazole@SBA-15; Chart S1:
Structures of complexes listed in Table 2.
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