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y of the peroxidase-like activity of
copper(II) complexes with N4 and N2O2

coordination environments. Application to the
oxidation of phenol at moderate temperature

Joaqúın Ferreyra,a Claudia Palopoli,a Nora Pellegri,b Gustavo Terrestrea

and Sandra R. Signorella *a

The oxidation of phenol with H2O2 was investigated in the presence of mononuclear copper(II) complexes

differing in the first coordination sphere, total charge, redox potential and/or geometry, under mild

conditions. Among the tested complexes, [Cu(py2pn)]
2+, where py2pn = 1,3-bis(pyridin-2-

ylmethyleneamino)propane, proved to be a good catalyst for the para-oxidation of phenol at 25 °C and

neutral pH, while [Cu(phen)2]
2+ shows the highest phenol conversion at pH 9. The kinetic study of H2O2

oxidation of phenol catalyzed by [Cu(py2pn)]
2+ revealed that phenol oxidation strongly depends on pH

and temperature and competes with H2O2 dismutation at high catalyst concentration, while

overoxidation becomes significant at high pH and temperature. Increasing the temperature to 50 °C,

noticeably improves phenol conversion but decreases regioselectivity. The comparison of the

performance of the copper complexes with their manganese analogues, showed the copper complexes

are better catalysts at 25 °C. Encapsulation of the cationic Cu(II) complexes into mesoporous SBA-15

silica by ion exchange allows for isolation of the complex within the pores avoiding the formation of the

peroxo-diCu dimer through which the competitive H2O2 dismutation occurs and boosts the phenol

conversion at room temperature.
Introduction

Phenol is a key component and precursor of a large variety of
ne chemicals, and its hydroxylation is an important industrial
transformation.1 However, the selectivity and efficiency of this
conversion under mild conditions remains challenging.2 H2O2

is a green reagent that provides a sustainable route to phenol
hydroxylation with high atom efficiency.3 However, although
H2O2 is a potent two-electron oxidant (E1/2 = 1.32 V vs. NHE, pH
7), it exhibits little activity due to the high activation energy of
the kinetically controlled oxidation reactions, and, on the other
hand, one-electron reduction renders H2O2 a rather weak
oxidant (E1/2 = 0.38 V vs. NHE, pH 7). Nevertheless, H2O2

overcomes these limitations acting as an efficient oxidant
through the assisted activation by metalloenzymes4–6 or transi-
tion metal complexes.7,8 Inspired by copper-containing
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metalloenzymes, a number of copper-based complexes has
been tested as functional peroxidase mimics.9–12 In these reac-
tions, the supporting ligand play a crucial role modulating the
properties and catalytic activity, and the geometry around the
copper centre might be critical for selectivity.13 Besides, as H2O2

dismutation is another concern, the activation of H2O2 requires
controlled conditions. A variety of Cu(II) complexes of open
chain and cyclic ligands with N/O donor sites has been tested as
catalysts for phenol hydroxylation using H2O2.14–25 Although
some of them have proven to be effective in hydroxylating
phenol, these studies were done using different solvents,
temperatures and pH. Therefore, since reaction conditions
critically modify the catalytic phenol oxidation outputs,26 the
catalytic efficiency/selectivity of these systems cannot be directly
compared, and key features behind catalyst reactivity remain
elusive. In order to clarify structural factors affecting the
oxidation of phenol by activated H2O2, it is important to obtain
comparable results using the same reaction conditions. In this
work, we evaluate phenol oxidation catalysed by four known
Cu(II) complexes, [Cu(phen)2](ClO4)2, [Cu(phen)(OAc)2]2-m-OH2],
[Cu(py2pn)(ClO4)2] and [Cu(salpn)], where py2pn = 1,3-
bis(pyridin-2-ylmethyleneamino)propane and salpn = 1,3-bi-
s(salicylidenamino)propane, under the very same experimental
conditions, correlate their reactivity and structure in solution,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cu(II) complexes studied in this work.

Fig. 2 (a) X-band EPR spectra of frozen DMF solutions of Cu(II)
complexes, at 120 K. n = 9.5 GHz. (b) 1H NMR spectra of [Cu(salpn)]
(CDCl3), [Cu(py2pn)(ClO4/DMSO)]+/2+ (D6-DMSO), and
[Cu(phen)(OAc)2] and [Cu(phen)2]

2+ in D3-MeCN.
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View Article Online
and compare their activity with that of related Mn complexes.
The structure of the four complexes in solution is shown in
Fig. 1. Kinetic studies of phenol oxidation employing the best of
these catalysts at low temperature, were performed and a suit-
able mathematic model was derived to describe the rate and
mechanism of the reaction. Moreover, as a way to conne and
isolate the catalyst to avoid the formation of peroxo-diCu
dimers that lead to peroxide decomposition,27 [Cu(phen)2]

2+

and [Cu(py2pn)]
2+ were incorporated into the channels of SBA-

15 mesoporous silica particles by ionic exchange and the
effect of encapsulation on the catalytic performance was
assessed.
Experimental
Materials

The reagents used in this study were commercial products of
the highest available purity and solvents were further puried
by standard methods, as necessary. Complexes [Cu(phen)2](-
ClO4)2, [{Cu(phen)(CH3CO2)2}(m-H2O)]$H2O, [Cu(py2pn)(ClO4)2]
and [Cu(salpn)], were synthesized following previously reported
procedures.28–31 Synthetic details for the obtention of the four
compounds are described in SI. Complexes [Mn2(py2pn)3(-
ClO4)2](ClO4)2$2H2O, [Mn(3,5-Cl2salpn)(H2O)2]ClO4$2H2O,
[Mn(salpn)(H2O)2]ClO4$H2O, [Mn(salpn)(m-O)]2$H2O, [Mn(3,5-
Cl2salpn)(m-O)]2 used in the phenol oxidation screening assay
were synthesized as previously described32–34 and have correct
analyses (given in SI).
Synthetic procedures

Mesoporous silica. SBA-15 silica was prepared by dissolving
4.08 g of pluronic P-123 copolymer in 1.6 M HCl (150 mL) at 35 °
C. Then, 9 mL of tetraethyl orthosilicate (TEOS) were added and
the mixture was le with stirring. Aer 20 h the temperature
was raised to 85 °C and the mixture was stirred 24 h. The white
solid was ltered and washed with distilled water several times,
then dried in an oven at 60 °C for 18 h and nally calcined at
550 °C for 18 h, yielding 2.183 g of SBA-15.

Cu-py2pn@SBA-15. A solution of [Cu(py2pn)(ClO4)2] (183 mg)
in 60 mL of a 1 : 5 MeCN :MeOH mixture was slowly added on
313 mg of SBA-15 silica, and the resulting suspension was
stirred at room temperature for 24 h. The solid was ltered,
washed with MeOH until negative complex detection in the
ltrate, and dried under vacuum. Yield: 278 mg. Anal. (wt%): Cu
0.22. Catalyst content: 3.4 mmol per 100 g. Signicant IR bands
(KBr, n cm−1): 2940 (w, ligand),1640 (d, H–O–H), 1480 (w,
© 2026 The Author(s). Published by the Royal Society of Chemistry
ligand), 1450 (w, ligand), 1080 (nas, Si–O), 795 (ns, Si–O), 635 (w,
ligand), 463 (d, Si–O–Si).

Cu-(phen)@SBA-15. A solution of [Cu(phen)2](ClO4)2 (185
mg) in 55 mL of a 1 : 5 MeCN :MeOH mixture was slowly added
on 315 mg of SBA-15 silica, and the resulting suspension was
stirred at room temperature for 24 h. The solid was ltered,
washed with 1 : 10 MeOH :MeCN and MeOH until negative
complex detection in the ltrate, and dried under vacuum.
Yield: 275 mg. Anal. (wt%): Cu 0.08. Catalyst content: 1.3 mmol
per 100 g. Signicant IR bands (KBr, n cm−1): 2960 (w,
ligand),1640 (d, H–O–H), 1420 (w, ligand), 1080 (nas, Si–O), 795
(ns, Si–O), 463 (d, Si–O–Si).

Analytical and physical measurements

UV-visible spectra were recorded on a Jasco V-550 spectropho-
tometer. Electron paramagnetic resonance (EPR) spectra were
obtained at 115 K on an Elexsys E 500 Bruker spectrometer,
operating at a microwave frequency of approximately 9.5 GHz.
Metal content was determined with an inductively coupled
plasma mass spectrometer (ICP-MS) PerkinElmer NexION
350×. CHN analyses were performed on a PERKIN ELMER 2400
series II Analyzer. Electrospray ionization (ESI) mass spectra
were obtained with a UPLC-QTof Waters Synapt XS. The solu-
tions for electrospray were prepared from solutions of complex
diluted with methanol or MeCN to a nal ∼10−5 M concentra-
tion. 1H NMR spectra were recorded on a Bruker Avance III HD
400 MHz NMR spectrometer at ambient probe temperature (ca.
25 °C) and chemical shis (in ppm) referenced to tetra-
methylsilane. Conductivity measurements were performed on
1.0 mM solutions of the complexes in MeCN, MeOH or DMF
using a Horiba F-54 BW conductivity meter. The electro-
chemical experiments were performed with a computer-
controlled Princeton Applied Research potentiostat, VERSA-
STAT II model, with the 270/250 Research Electrochemistry
Soware. Studies were carried out in a standard three electrode
electrochemical cell under Ar, in acetonitrile (MeCN) solution
using 0.1 M Bu4NPF6 as a supporting electrolyte and z10−3 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 conditions, E(ferrocene/ferrocenium) = 388 mV in MeCN,
RSC Adv., 2026, 16, 220–230 | 221
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at room temperature. HPLC-UV measurements were performed
on a Dionex-Thermo Scientic Ultimate 3000 RSLC chromato-
graph with UV-Vis VWD-3400RS detector, using the following
conditions: isocratic mobile phase H2O : acetonitrile (50 : 50)/
0.1% formic acid, 0.8 mL min−1, column Luna C18, Phenom-
enex (250 × 4.6 mm; 5 mm particle size), 35 °C. Under these
experimental conditions, retention times tR were as follows:
phenol (tR = 5.47 min), p-benzoquinone (tR = 4.65 min), cate-
chol (tR = 4.09 min), hydroquinone (tR = 3.52 min). Trans-
mission electron microscopy (TEM) analysis was performed
with a TEM/STEM JEM 2100 Plus with the operational voltage of
200 kV (variable), with a LaB6 lament. The samples were
prepared by placing a suspension of silica and hybrid samples
in ethanol onto a square mesh copper grid (400 mesh), coated
with a layer of Formvar and carbon. The suspension of material
in ethanol was le to dry, evaporating the ethanol, leaving the
dispersed particles to adhere to the Formvar/Carbon surface. N2

adsorption–desorption isotherms were obtained at 77 K on
a Micrometric ASAP 2020 V4.02 (V4.02 G) apparatus.

Crystallography

Crystallographic data for compounds [Cu(phen)2(MeCN)](ClO4)2,
[Cu(phen)2Cl]ClO4 and [{Cu(phen)(OAc)2}2-m-H2O] were collected
at 298(2) K on a Bruker D8 QUEST ECO Photon II CPAD Diffrac-
tometer, using graphite monochromated Mo-Ka radiation (l =

0.71073 Å). Data collection was carried out using the Bruker APEX4
package,35 and cell renement and data reduction were achieved
with the program SAINT V8.40B.36 The structure was solved by
direct methods with SHELXT V 2018/2 (ref. 37) and rened by full-
matrix least-squares on F2 data with SHELXL-2019/1.38 Molecular
graphics were performed with ORTEP-3,39 with 50% probability
displacement ellipsoids. Crystal data collection and renement
parameters for the three compounds are summarized in Table S1,
and selected bond distances and angles are listed in Table S2.
Crystallographic data for [Cu(phen)2(MeCN)](ClO4)2, [Cu(phen)2Cl]
ClO4 and [{Cu(phen)(OAc)2}2-m-H2O] have been deposited at the
CCDC under CCDC-2495739, CCDC-2495740 and CCDC-2495857,
respectively.

Stability measurements

The stability of the complexes was veried spectrophotometri-
cally in the media used for the kinetic studies, mixtures of
buffer (pH 7 or 9), acetone, DMF or MeCN, during 2 h. In all
cases no changes were observed in the 250–900 nm spectral
region, indicating the stability of the complexes in the experi-
mental conditions of the kinetic essays.

Kinetic measurements

Homogeneous phenol oxidation. The oxidation of phenol by
H2O2 in the presence of excess of 4-aminoantipyrine (4-AAP) cat-
alysed by different complexes, was monitored at 500 nm, at xed
pH and temperature. The reaction yields were quantied based on
the molar absorption coefficient of the p-quinoneimide adduct at
500 nm determined through the complete oxidation of phenol
with commercial peroxidase enzyme, in the same reaction media
used in the tests: 3500 (M−1 cm−1): 7290 (5 : 1 buffer phosphate pH
222 | RSC Adv., 2026, 16, 220–230
7 :MeCN); 5900 (5 : 1 buffer phosphate pH 7 : DMF); 10600 (5 : 1
buffer borate pH 9 : DMF). In all cases, phenol : H2O2 : 4-AAP
blanks were measured in the same solvent used to monitor the
catalytic reaction and were subtracted from the reaction mixtures.
Measurements at pH 9 were only done in DMF:buffer mixtures to
avoid phenol oxidation by the MeCN-H2O2 adduct, the formation
of which is favoured in basic medium.40 In a typical experiment,
10 mL of a 0.99 M H2O2 in acetone were added to 2.5 mL of buffer
solution (pH 7 or 9) containing 0.8 mmol of phenol and 2.04
mmoles of 4-AAP. H2O2 solutions were prepared in acetone where
the formation of 2-hydroxy-2-hydroperoxypropane stimulates
gradual availability of the oxidant, avoiding its decomposition. The
reaction started with the addition of 0.5 mL of a 0.016mM catalyst
(1% of [phenol]) in DMF or MeCN, and le to react with stirring
during 2 h.

For H2O2 phenol oxidation catalysed by [Cu(py2pn)]
2+, the [4-

AAP]0 = 0.68 mM in all the kinetic runs, and the [catalyst]0,
[phenol]0 and [H2O2]0 were varied between 0–53 mM, 0.05–4 mM
and 0.17–17 mM, respectively, at pH 7 and 9, and at T= 25 °C and
50 °C. Reactions were followed at 500 nm during 2 h, and initial
rates were determined by non-linear square-t of data. All experi-
ments were done by duplicate and the calculated rates were within
5% of each other. The raw data of the time-course of absorbance
change at 500 nm for the kinetic study of H2O2-based phenol
oxidation catalysed by [Cu(py2pn)(ClO4)2] are available in the UNR
Repository of Academic Data.41 A kinetic model describing the rate
law for p-quinoneimide formation was tted to the whole set of
experimental data simultaneously, at each pH and temperature
condition in R,42 using the nlsLM() function from the minpack.lm
package.43 Model selection was based on the Akaike Information
Criterion (AIC) and the Bayesian Information Criterion (BIC), as
well as on residual analysis.

Phenol oxidation with immobilized catalysts. 1.5 mg of Cu-
py2pn@SBA-15 or Cu-phen@SBA-15 were suspended in 2 mL of
pH 9 buffer and added to a solution of 1.6 mmol of phenol in
4 mL pH 9 buffer. The reaction started with the addition of
20 mL of a 0.99MH2O2 in acetone, and the resultingmixture was
stirred during 2 h. The nal concentrations of reagents were:
[phenol] = 0.27 mM, [H2O2] = 3.3 mM, catalyst@SBA-15 = 25
mg/100 mL. Then the mixture was centrifuged at 6000 rpm
during 5 min. The supernatant was separated and the solid
washed with 1 mL buffer and centrifuged. To the combined
liquids, 270 mL of 2.04 mM 4-AAP solution, 15 mL of 0.21 MH2O2

in acetone and a volume of horseradish peroxidase (200 UI
mL−1) necessary to complete the dilution of the initial liquid to
one-h, were added. The reaction catalysed by the enzyme was
monitored at 500 nm until complete conversion of the
remaining phenol. The reaction with each material was done in
triplicate. As a control assay, SBA-15 without catalyst was used
employing identical reagent concentrations and procedure as
with the functionalized silica, and the measured turnover
number (TON) was subtracted from that with the catalyst.

Results and discussion

Four Cu(II) complexes, formulated in the solid state as
[Cu(phen)2](ClO4)2, [{Cu(phen)(OAc)2}2-m-H2O], [Cu(salpn)], and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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[Cu(py2pn)(ClO4)2], that differ in the primary coordination
sphere (N4 or N2O2), total charge and degree of geometrical
distortions around the metal ion, were selected to compare
them as catalysts for phenol oxidation by H2O2. Even when
these compounds are known, and their structures well dened
in crystalline solids, it is known that either geometry or even
composition and nuclearity may be different in solution.
Therefore, the structure of the four complexes was examined in
solution.

Complex [Cu(phen)2](ClO4)2 was obtained from reaction of
a 1.4 : 1 phen : Cu(ClO4)2 mixture in water under reux. In this
complex, Cu(II) is bound to the N4-donor set of two phen ligands
and it was reported that it adopts a compressed tetrahedral
structure.44 In solution, the metal centre of this compoundmost
likely coordinates the solvent to form the pentacoordinate
complex, as observed when [Cu(phen)2](ClO4)2 dissolves in
acetonitrile to give [Cu(phen)2(MeCN)](ClO4)2, whose crystal
structure was obtained by slow evaporation of a MeCN solution
of [Cu(phen)2](ClO4)2 (Fig. S1(a)). The molecular structure of
this complex shows that the Cu(II) ion is bound to a N5-donor
set, one N-atom from acetonitrile, and two pairs of N-atoms
from the two phen ligands. The calculated distortion index s5
= 0.92 (s5 = 0 for a perfect tetragonal geometry, and 1 for
a perfectly trigonal-bipyramidal geometry),45 denotes the Cu(II)
ion is located in a distorted trigonal bipyramidal geometry, with
the N-atom from acetonitrile and two N-atoms of two phen
ligands in the trigonal plane, and the other two N-atoms from
the two phen ligands occupying the axial positions. Even when
this structure is somewhat different from that previously re-
ported for crystals formed by slow diffusion of an acetonitrile/
diisopropylether solution at room temperature,46 it is evident
that in a coordinating solvent, the h position can be occu-
pied. Additionally, crystals of [Cu(phen)2Cl]ClO4 (Fig. S1(b))
grew by slow evaporation from a basic aqueous solution (pH 9)
of [Cu(phen)2](ClO4)2 (buffer borate prepared from boric acid,
sodium borate and potassium chloride mixture), a medium
used for the kinetic measurements described below. In this
case, the calculated distortion index for the CuClN4 coordina-
tion geometry is s5 = 0.8, denoting a more distorted trigonal
bipyramid with chloride in the equatorial plane. The structure
of this complex is similar to that reported by Boys et al.,47

slightly different from that of the hemihydrate obtained by slow
evaporation of an aqueous solution of Cu(phen)2Cl2 + NaClO4,48

and well different from the mono-hydrated triclinic complex
crystallized from the mother liquor of CuSO4 + phen reaction
mixture in basic aqueous solution and ethanol.49 In the
monohydrate, the geometry around the Cu(II) ion is a much
more distorted trigonal bipyramide having a square based
pyramidal distortion (s5 = 0.68).

The reaction of a 1 : 1 ratio of phen and Cu(OAc)2 in ethanol/
acetone, affords the dimer [{Cu(phen)(CH3CO2)2}2-m-H2O],
where two Cu(phen)(OAc)2 moieties are bridged by one water
molecule (Fig. S1(c and d)). This dimer is analogous to that
previously reported for the complex formed using a 2 : 1 phen :
Cu(OAc)2 ratio, in acetonitrile50 or neat ethanol.51 In
[{Cu(phen)(CH3CO2)2}2-m-H2O], each Cu(II) ion is bound to
a O3N2-donor set from two acetate, one phen and one water
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecule. The calculated distortion index s5 = 0.21, denotes the
Cu(II) ion is located in a distorted square pyramidal geometry45

with the water molecule placed at the apical position, and, as it
is described below, in solution the dimer dissociates but the
geometry around the Cu(II) ion is preserved.

[Cu(py2pn)(ClO4)2] crystallized by slow diffusion of ether into
an acetonitrile solution of the complex.27 In the crystal, the
ligand is disposed in the equatorial plane with the two
perchlorate anions occupying the apical positions. In solution,
one of the perchlorate anions dissociates and the complex
adopts a distorted square pyramidal geometry with perchlorate
(s5 = 0.23) or a solvent molecule (s5 = 0.33, solvent = DMF,
calculated from data reported in ref. 27) placed at the apex.
Dissociation of the second perchlorate anion in protic solvents
was conrmed by conductivity measurements of the complex in
methanol, where the major species is [Cu(py2pn)(MeOH)]2+.

[Cu(salpn)] was obtained from a 1 : 1 mixture of Cu(OAc)2
and H2salpn in methanol. The crystal structure of this complex
has been reported as a tetrahedrally distorted square-planar
complex with Cu(II) bound to the N2O2-donor set of the
ligand, where the dihedral angle between the CuNO planes is
25.4°.52,53 The lmax of the d–d transition band of this complex is
observed at 605 nm in toluene,52 the same wavelength as that in
ethanol54 or acetonitrile described below indicating the reten-
tion of the geometry around the Cu(II) ion in solution inde-
pendently of the solvent.

The ESI-mass spectra of the complexes show that, in each
case, the basic structural units are retained in solution (Fig. S2–
S5), and the major species observed in the ESI-mass spectra are:
[Cu(phen)2]

2+ (m/z= 211.5, 100%); [Cu(phen)(OAc)]+ (m/z= 302,
100%); [Cu(py2pn)]

+ (m/z = 315.1, 100%) and [Cu(py2pn)(ClO4)]
+

(m/z = 414, 30%); and [Cu(salpn)]+ (m/z = 344, 45%) and the
dimer formed in the electrospray (Na[Cu(salpn)]2

+, m/z = 709,
100%). The conductivity measurements conrmed that
[Cu(phen)2]

2+ and [Cu(py2pn)]
2+ behave as 2 : 1 electrolytes,

while [Cu(salpn)] is a non-electrolyte, in protic and non-protic
solvents. The conductivity of [Cu(phen)(OAc)2] depends on the
solvent. In protic solvents dissociation of one acetate takes
place, as evidenced by the molar conductivity of 75 U cm2 mol−1

in methanol which indicates the monocation [Cu(phe-
n)(OAc)(MeOH)]+ is the major species in this solvent, whereas in
non-protic ones [Cu(phen)(OAc)2] behaves as a non-electrolyte.

The low temperature EPR spectra of solution of the four
complexes in non-protic solvents (Fig. 2(a)) exhibit the character-
istic pattern of Cu(II) with axial symmetry and a dx2−y2 ground state,
with g‖ > gt > 2.0023 and the parallel component of the g tensor
split into four lines through hyperne coupling with the Cu(II)
nuclear spin (I = 3/2), giving spectral parameters listed in Table 1.
The g and A values enable to characterize the geometry of these
complexes in solution. For tetragonal copper(II) complexes, an
increase in the tetrahedral distortion from the square-planar
geometry is reected in the increase of g and the decrease of A
values.55 Usually, for Cu(II) complexes, the empirical f-factor (g‖/A‖)
provides information on the tetrahedral distortion degree from
the planar arrangement of the ligand, where the higher g‖/A‖ ratio
implies a higher tetrahedral distortion. This factor is in the range
of 105–135 cm−1 for complexes with the ligand close to planar
RSC Adv., 2026, 16, 220–230 | 223

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08195e


Table 1 EPR parameters of frozen DMF solutions of Cu(II) complexes

Compound A‖/10
−4 cm−1 g‖ gt aNt/10−4 cm−1 g‖/A‖ (cm)

[Cu(phen)2(solv)]
2+ 158 2.29 2.07 — 145

[Cu(phen)(CH3CO2)2] 173 2.29 2.07 13 132
[Cu(Py2pn)(solv)]

2+ 185 2.25 2.06 12 122
[Cu(salpn)] 190 2.23 2.05 14 117

Fig. 3 (a) Electronic spectra of the Cu(II) complexes in MeCN. Inset: d–
d transitions. (b) Cyclic voltammograms of the Cu(II) complexes in
MeCN. [complex] = 1 mM, 0.1 M TBAPF6 under argon, working elec-
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disposition,56 higher values imply a greater degree of distortion of
the dihedral angles in the equatorial plane,57while complexes with
tetrahedral geometry show f-factors > 180 cm−1.58 In the present
case, the degree of tetrahedral distortion increases [Cu(salpn)] <
[Cu(py2pn)]

2+ < [Cu(phen)(CH3CO2)2] < [Cu(phen)2]
2+. In line with

this, ve superhyperne (shf) lines are observed on the gt
component of [Cu(salpn)], [Cu(py2pn)]

2+ and [Cu(phen)(CH3-
CO2)2], due to the coupling of the electronic spin with two 14N (I=
1) nucleus59 of the ligand disposed closer to the equatorial plane.

Paramagnetic 1H NMR spectra of these complexes (Fig. 2(b))
are characterized by signicant broadening and chemical shi
displacement from the values observed for the ligands, without
traces of the free ligands, indicating these compounds are
stable towards metal dissociation. In the case of [Cu(salpn)] and
[Cu(py2pn)]

2+, the resonances of the aromatic ring and imino
protons broaden and shi as a result of the paramagnetic
relaxation induced by the Cu(II) ion, and the isotropic shi of
the aromatic protons depends on the distance to the metal
centre. For [Cu(salpn)] the broad signal at 33 ppm (u= 3000 Hz)
can be attributed to the imino protons, while signals at 8.9 (u =

120 Hz), 6.9 (u = 32 Hz) and −9.3 ppm (u = 1480 Hz) can be
assigned to H3(H30), H4(H40)/H5(H50) and H6(H60), respectively,
on the basis of comparison with reported spectra for related
Cu(II) complexes.60,61 The protons belonging to both aromatic
rings are indistinguishable because of their large relaxation rate
values, so that the small distortions from the square planar
geometry cannot be resolved. In the case of [Cu(py2pn)]

2+, the
pyridine ring proton resonances appear at 41 (uz 4280 Hz), 11
(u = 144 Hz) and 8.3 ppm (u = 40 Hz), attributable to H2(H20),
H3/H4(H30/H40) and H5(H50), respectively.62 Also in this case,
the deviation of the ligand from planarity is not large enough to
distinguish the protons belonging to both pyridine rings. The
1H NMR spectra of complexes [Cu(phen)2]

2+ and
[Cu(phen)(OAc)2] are characterized by broad peaks shied
down-eld relative to the free ligands.48 The spectrum of
[Cu(phen)2]

2+ consists of six signals in the region of 10 to
50 ppm, one set of three more intense resonances at 14 (u = 96
Hz), 16 (u = 208 Hz), and 20 (u = 264 Hz) ppm, and another set
of broader signals at 25 (u = 890 Hz), 30 (u = 580 Hz) and 41 (u
= 1650 Hz) ppm, belonging to non-equivalent protons of the
two phen ligands, concurring with the more distorted geometry
evidenced from EPR spectra. For [Cu(phen)(OAc)2], three
intense peaks are observed at 13 (u = 120 Hz), 17 (u = 840 Hz)
and 24 (u= 560 Hz) ppm, attributable to H3/H8, H5/H6 and H4/
H7 of phen, respectively, and one additional very broad signal at
38 ppm (u = 1200 Hz) compatible with the methyl acetate
shied down-eld in agreement with previously reported data
for acetate bound to copper(II) ion.63
224 | RSC Adv., 2026, 16, 220–230
The electronic spectra of these compounds exhibit strong
absorptions in the UV region where p–p* and ligand-to-metal
charge transfer (LMCT) transition overlap except for the pp-
phenolate to dp-Cu LMCT band of [Cu(salpn)] that shis to
longer wavelengths (at 366 nm). The four compounds possess
coordination sites that can be occupied by solvent molecules
affording pentacoordinated Cu(II) complexes. In particular,
[Cu(phen)2]

2+ shows a shi of the d–d transitions toward longer
wavelengths relative to the other three complexes in acetonitrile
solution (Fig. 3(a)). This broad band at z830 nm is consistent
with a distortion towards the trigonal bipyramidal stereo-
chemistry of the [Cu(phen)2(MeCN)]2+, while [Cu(phen)(OAc)2]
shows a band at 706 nm indicating a tetrahedrally distorted
square-planar geometry. [Cu(py2pn)(MeCN)]2+-which adopts
a dome-shaped geometry with a weakly coordinated solvent
molecule placed at the top of the pyramid-presents d–d transi-
tions at 645 nm, and [Cu(salpn)] with a near square plane
geometry, presents an absorption band at 608 nm.64,65

The redox potential of the complexes is another important
indicator of the ability of the supporting ligand to control the
reactivity of the metal centre to activate the peroxide. The cyclic
voltammograms of the complexes are shown in Fig. 3(b) and S6–
S9, and E1/2 values are summarized in Table 2. For the two
complexes with the Cu(II) ion bound to the N4-donor set, the
Cu(II)/Cu(I) redox potentials are less negative than for the two
complexes with N2O2 rst-coordination sphere. In particular,
a large stabilization of the Cu(II) oxidation state is observed for
[Cu(salpn)], in which the Cu(II) ion is closer to the plane of the
ligand, while higher distortions around the metal centre in
[Cu(phen)2]

2+ stabilize the reduced Cu(I) compared to
[Cu(py2pn)]

2+.

Phenol oxidation

The redox potential, the total charge and the presence of coor-
dinated labile solvent molecules favouring ligand exchange
trode: glassy carbon, scan rate: 100 mV s−1, T = 25 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Screening of Cu and Mn complexes as catalysts for phenol
oxidation at pH 7 and 9, at 25 °Ca

Entry Catalyst E (vs. SCE), mV

TONs

pH 7 pH 9

1 [Cu(Py2pn)]
2+ −41 (MeCN) 6.9 7.7

2 [Cu(phen)(CH3CO2)2] −360 (MeCN) 6.5 7.5
3 [Cu(phen)2]

2+ +2 (MeCN) 3.3 9.6
4 [Cu(salpn)] −1003 (MeCN) 2.3 0.81
5 [Mn(Py2pn)]

2+ >1000 (DMF) 5.1 3.1
6 [Mn(3,5-Cl2salpn)]

+ +71 (DMF) 3.0 1.0
7 [Mn(salpn)]+ −153 (DMF) 2.9 0.82
8 [Mn(salpn)(m-O)]2 −507 (DCM)70,71 0.44b 0.67
9 [Mn(3,5-Cl2salpn)(m-O)]2 −235 (DCM)70,71 0.46b 0.81

a Conditions: [catalyst] = 2.7 mM, [phenol] = 0.27 mM, [4-AAP] = 0.68
mM, [H2O2] = 3.3 mM. TON = mol of product per mol of catalyst. t =
2 h. Solvent: 1 : 5 MeCN(or DMF) : buffer phosphate of pH 7, 1 : 5
DMF : buffer borate of pH 9. b TONs achieved aer 5 min.

Table 3 Comparative conversions in catalyzed phenol oxidation by
H2O2

Catalyst Reaction conditions TOF (h−1) Ref.

[Cu(py2pn)]
2+ pH 7, 50 °C 56 This work

pH 9, 50 °C 80
CuL1Cl2 pH 11.6, 80 °C 109 14
CuL2 H2O, 70 °C 76 15
CuL3(OEt) MeCN, reux 61 16
CuL1Cl2 pH 11.6, 65 °C 57 14
CuL4a H2O, 65 °C 35 17
CuL5 H2O, 80 °C 31 18
CuL6 H2O, 80 °C 21 18
CuL72 pH 3, 110 °C 13.7 19
CuL82 pH 5, 110 °C 12 20
CuL92 MeCN, microwave (280 W) 10.3 21
CuL10a H2O, 65 °C 7.0 17
CuL6a H2O, 65 °C 4.2 17
CuL2 MeCN, 80 °C 0.3 25

a Complex generated in situ. L1 = 5,7,12,14-tetramethyldibenzo[b,i]-
1,4,8,11-tetraazacyclotetradecane, HL2 = N,N-bis(salicylidene)
diethylenetriamine, HL3 = methyl-2-(2-hydroxybenzylideneamino)-
4,5,6,7-tetrahydrobenzo[b]-thiophene-3-carboxylate, L4 = N,N0-bis(2-
pyridinylmethylen)butane-1,4-diamine, H2L

5 = 1,2-bis(5-
chlorosalicylidene)ethylenediamine, H2L

6 = 1,2-bis(salicylidene)
ethylenediamine, HL7 = propyl-(1H-pyrrol-2-ylmethylene)imine, HL8 =
N-phenylsalicylaldimine derivatives, HL9 = picolinate, H2L

10 = 1,4-
bis(salicylidene)butanediamine. TOF = mol of product per mol of
catalyst per hour.
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with peroxide are features that can control the reactivity of the
metal centre for catalysing phenol oxidation. Therefore, the
ability of the above described four Cu(II) complexes to catalyse
the oxidation of phenol by H2O2 was evaluated and compared to
that of mononuclear Mn(II/III) and di-m-oxo-Mn(IV) complexes,
under the same reaction conditions. Kinetics studies were done
in the presence of 4-AAP at pH 7 and 9, and TONs aer 2 h of
reaction, at 25 °C, are presented in Table 2. The di-m-oxo-Mn(IV)
dimers, which are good catalysts for H2O2

disproportionation,66–69 showed the poorest catalytic perfor-
mance at both pH. At pH 7, these dimers show activity during
the rst 5 min and then the phenol oxidation stops as most of
the H2O2 decomposed. In general terms, the Cu and Mn
complexes formed with py2pn and phen are clearly better than
those formed with salpn and Cl2salpn ligands, at both pH.
While [Cu(phen)2]

2+ is a better catalyst than [Cu(py2pn)]
2+ at pH

9, the last shows better activity than the Mn(II) analogue, and is
twice as active as [Cu(phen)2]

2+ at neutral pH, placing this
complex as the best catalyst of this series of compounds for
phenol oxidation under mild conditions. From redox potentials
and TONs listed in Table 2, it is evident that the catalytic activity
not only depends on the redox potential, but that the combi-
nation of a suitable redox potential, 2+ total charge and an
axially coordinated solvent molecule favour peroxide activation
by [Cu(py2pn)]

2+.
† At pH 7, a correction was applied on eqn (1) by adding a second term with a very
minor contribution, only dependent on [phOH], which corresponds to the
uncatalyzed oxidation of phenol by the dissolved O2.
Kinetic studies of phenol oxidation by H2O2 catalysed by
[Cu(py2pn)]

2+

[Cu(py2pn)]
2+ shows a clear catalytic effect on the phenol

oxidation by H2O2 at 25 °C, either at pH 7 and 9, far exceeding
the conversion achieved under the same conditions in the
absence of the catalyst.

When the catalysed reaction was performed at 50 °C, keeping
constant the other conditions employed in the screening study,
a remarkable increase of turnover frequency (TOF) values was
observed, from TOFpH7

25 = 3.45 h−1 to TOFpH7
50 = 57 h−1 and

from TOFpH9
25 = 3.85 h−1 to TOFpH9

50 = 80 h−1, placing this
complex among the most active Cu(II) catalysts reported for
© 2026 The Author(s). Published by the Royal Society of Chemistry
phenol oxidation, as shown in Table 3. Given the impressive
increase in the oxidation rate with temperature, the reaction
kinetic was evaluated at 25 and 50 °C by monitoring the
formation of p-quinoneimide (p-QI) at 500 nm, in the presence
of 4-AAP. In all the kinetic runs, the [4-AAP] was kept constant,
and the [catalyst]0, [phenol]0 and [H2O2]0 were varied in the
ranges 0.16–53 mM, 0.05–4.0 mM and 0.17–17 mM, respectively.
In each case, the initial rate (r0) of p-QI formation was deter-
mined from the Abs500 vs. t curve affording the values listed in
Tables S3–S6.

The dependence of r0 on the [catalyst]0, [phenol]0 and
[H2O2]0 at pH 7 and 9 is shown in Fig. 4. While r0 shows satu-
ration with [catalyst]0 and [phenol]0, the dependence of r0 on
[H2O2] is more complex, as can best be observed at pH 9 where
r0 grows, goes through a maximum and then decreases as
[H2O2]0 increases. The whole set of experimental data at each
temperature and pH could be tted to eqn (1),† and the values
for the kinetic parameters that best describe the data are listed
in Table 4. Curves simulated with the parameters obtained from
the t of the experimental data to eqn (1) (solid lines in Fig. 4)
show the goodness of t to the experimental values.

r0
QI ¼ A½phOH�½H2O2�½catalyst�

Bþ C½phOH� þD½catalyst� þ ½phOH�½H2O2�2
(1)
RSC Adv., 2026, 16, 220–230 | 225
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Fig. 4 Experimental (dots) and calculated (solid line) initial rate values
(r0) for the formation of p-QI, at different pH, T and reactants
concentrations. 95% confidence bands are shown.

Scheme 1 Mechanism for the H2O2 oxidation of phenol catalysed by
[Cu(py2pn)]

2+.
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The rate law can be interpreted through the mechanism in
the Scheme 1. The rst step of this mechanism consists in the
formation of the [Cu(py2pn)OOH]+ adduct. The fast formation
of the Cu(II)-hydroperoxide species in mixtures of [Cu(py2pn)]

2+

and H2O2 of different ratios has been previously reported, and
the adduct characterized by different spectroscopies and DFT
calculations.27 [Cu(py2pn)OOH]+ then can (i) oxidize phenol to
yield p-QI in the presence of 4-AAP, (ii) react with a second
complex to form the trans-1,2-peroxodicopper(II) dimer,27 which
is known to decompose to yield O2 and the reduced form of the
catalyst, or (iii) give rise to products different from p-QI, through
three competitive paths.

In this mechanism, the [Cu(py2pn)OOH]+ adduct is the
proposed oxidant, an intermediate that has also been proposed
Table 4 Kinetic parameters for the H2O2 oxidation of phenol catalysed

pH 7

25 °C 50 °C

A = kQI k1/kOP (mM min−1) 2.2 � 0.3 (1.9 �
B = k−1/kOP (mM3) — —
C = kQI/kOP (mM2) (0.5 � 0.2) × 102 (2.6 �
D = kC/kOP (mM2) (1.3 � 0.2) × 104 (0.6 �
A/C = k1 (mM−1 min−1) 0.04 � 0.02 0.7 �
kCAT = kC k1 (mM−2 min−1) (1.0 �
kQI-f = kQI k1 (mM−2 min−1) (0.4 �
kOP-f = kOP k1 (mM−4 min−1) (1.6 �
a Parameter B is signicant only at pH 9 and 50 °C, under the other cond

226 | RSC Adv., 2026, 16, 220–230
in aryl hydroxylation and oxidative N-dealkylation reactions
catalyzed by Cu(II) complexes.72–75 Assuming that the interme-
diate [Cu(py2pn)OOH]+ is in steady state, eqn (2) can be derived
from the mechanism in Scheme 1 for the rate of formation of p-
QI, which is analogous to the experimental rate law (1).

vQI ¼ k1kQI½phOH�½H2O2�½catalyst�
k�1 þ kQI½phOH� þ kc½catalyst� þ kOP½phOH�½H2O2�2

(2)

Based on this mechanism, A = kQI k1/kOP, B = k−1/kOP, C =

kQI/kOP, and D = kC/kOP. Therefore, A/C affords k1, the rate
constant for the formation of the [Cu(py2pn)OOH]+ adduct,
which experiences a large increase with increasing temperature.
The activation energy values associated with k1 at both pH
values, Ea

pH7 = 21 H 4 kcal mol−1 and Ea
pH9 = 35 H

4 kcal mol−1 explains the slow formation of the adduct at the
lower temperature in basic medium. From the values of
parameters listed in Table 4, the minimum [phenol]/[catalyst]
ratio that favours the formation of p-QI over the catalase reac-
tion can be calculated through the rQI/rC ratio in eqn (3).

rQI

rC
¼ kQI½phenol�

kC½catalyst� (3)

Therefore, at pH = 7, rQI > rC when [phenol]/[catalyst] > 260,
while at pH = 9, rQI > rC when [phenol]/[catalyst] > 120. For this
reason, the catalyst proportion must be kept below 0.4 mol%, to
by [Cu(py2pn)]
2+

pH 9

25 °C 50 °C

0.3) × 10 0.85 � 0.05 14.2 � 0.9
— 0.7 � 0.2a

0.8) × 10 11 � 1 2 � 1
0.1) × 104 (13.1 � 0.8) × 102 (1.6 � 0.1) × 102

0.2 0.08 � 0.01 7 � 4
0.1) × 10−1 (3.2 � 0.5) × 10−1

0.2) × 10−3 (0.4 � 0.2) × 10−2

0.7) × 10−5 (0.2 � 0.1) × 10−2

itions it is negligible.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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prevent the catalase reaction from being favoured at any pH.
Besides, the values of parameter C (kQI/kOP) indicate that the
formation of p-QI is favoured over the oxidation products not
trapped by 4-AAP at both pH, although the last increases with
increasing pH and temperature. Furthermore, given the higher
order dependence of rOP on [H2O2], this path is favoured at high
[H2O2] where trapping by 4-AAP is less effective. This becomes
particularly evident at pH 9 and 50 °C (Fig. 4), where the rOP

path strongly competes with p-QI formation at high [H2O2]. The
kinetics of the catalysed H2O2 dismutation (rCAT) was indepen-
dently evaluated at both pH and 50 °C, affording the third order
rate law r0

CAT = kCAT [catalyst]2[H2O2], with kCAT values given in
Table 4. Knowing the values of kCAT (kCAT= kC k1, mM−2 min−1),
the third order rate constants for the formation of p-QI, (kQI-f =
kQI k1, mM−2 min−1) and the rate constants for the path leading
to other oxidation products (kOP-f = kOP k1, mM−4 min−1) were
estimated at pH 9 (Table 4). The higher rates observed in basic
medium for phenol oxidation are related, in part, to the lower
oxidation potential of phenol at the higher pH,76 and the
increase of k1 value.

As it is known, the oxidative coupling of phenol with 4-AAP
quantitatively produces p-QI as the only product.77–79 Therefore,
the selectivity of phenol oxidation catalysed by [Cu(py2pn)]

2+

was examined by HPLC analysis at pH 9 in the absence of 4-AAP.
At 25 °C, the catalyst mainly promoted the formation of
hydroquinone, whereas catechol was not detected. This pref-
erence for para-hydroxylation of phenol has previously been
observed for other Cu-based catalysts at low tempera-
ture,13,22,80,81 and differs from that of related catalysts tested at T
> 60 °C.14–21,25 Even when catechol was not detected, its forma-
tion cannot be excluded, as catechol is oxidized faster than
phenol, affording TOFpH9

25 = 25 h−1 vs. 3.85 h−1 found for
phenol, a difference that may result from the lower oxidation
potential of catechol compared to phenol.76 However, the cata-
lysed oxidation of catechol yielded 1,2,4-trihydroxybenzene as
the main product, a compound not detected during oxidation of
phenol at 25 °C. At 50 °C, the p:o selectivity decreased to 70:30,
as well as p-benzoquinone formed as byproduct, as a conse-
quence of the overoxidation of hydroquinone. The results
suggest that the initial phenol oxidation catalysed by [Cu(py2-
pn)]2+ strongly depends on temperature, occurring predomi-
nantly at the para-position at the lower temperature used here.
The observed regioselectivity can be explained by considering
that the oxidation starts with the binding of phenol to the
copper centre of [(py2pn)CuOOH]+, and that a concerted proton/
electron transfer generates a phenoxyl radical that remains
within the metal coordination sphere, so that subsequent
hydroxylation occurs at the less hindered and electronically
favoured p-position. As the temperature increases, the phenoxyl
radical moves faster away from the metal centre, and both o/p
positions become available to react with a second [(py2pn)
CuOOH]+ in a fast step.
Fig. 5 (a) Adsorption–desorption N2 isotherms of SBA-15 and hybrid
materials. (b) X-band EPR spectra of hybrids, at 100 K.
Immobilization of catalysts

Taking into account that the catalytic performance of a complex
can be improved by supporting it on a solid matrix,82,83 while
© 2026 The Author(s). Published by the Royal Society of Chemistry
incorporation of the complex into the channels of amesoporous
material allows for isolation, connement and protection
towards hydrolysis,84 complexes [Cu(py2pn)]

2+ and
[Cu(phen)2]

2+ were encapsulated into mesoporous SBA-15 silica
with the intention of testing the effect of immobilization on the
catalysis of phenol oxidation by H2O2. Insertion of these two
complexes into the mesoporous matrix of SBA-15 silica was
performed through the exchange of silanol protons of the silica
surface by the cationic complexes, yielding Cu-py2pn@SBA-15
and Cu-phen@SBA-15 hybrids. The textural properties of SBA-
15, Cu-py2pn@SBA-15 and Cu-phen@SBA-15, were analysed by
nitrogen adsorption–desorption measurements at 77 K
(Fig. 5(a)). The three samples exhibit type IV isotherms with
a sharp rise at relative pressure p/p0 = 0.65–0.75, typical of
mesoporous materials with one-dimensional cylindrical chan-
nels. The sharpness of the jump is characteristic of materials
with a uniformmesopore size distribution. The similarity of the
isotherms of neat silica to those of both hybrid materials
suggests that the structural features of SBA-15 are preserved
aer the catalyst immobilization, except for the slight decrease
in the total volume of adsorbed N2 (both curves are shied
downward relative to that of pure silica) consistent with the
insertion of the complexes in the mesoporous matrix. This is
also evident in Table 5, where it can be observed that the uptake
of the catalyst reduces the BET surface area, total pore volume
and pore diameter.

The TEM images conrms that the highly ordered meso-
structure of SBA-15 is retained in the hybrid materials, all
exhibiting a regular array of parallel cylindrical channels
(Fig. 6(a)–(c)). These mesoporous materials display open
porosity, with the pore network exposed at the particles surface,
a feature suitable for the substrate to interact with the catalyst.
Statistical analysis of the TEM images afforded average pore
diameter of 3.1 ± 0.8 nm and 4.3 ± 0.8 nm, and wall thickness
of 4.1± 0.9 nm and 3.8± 0.6 nm, for Cu-py2pn@SBA-15 and Cu-
phen@SBA-15, respectively. The thick walls confer robustness
to the catalytic material and pore diameter values are in the
range of those calculated from the sorption isotherms, con-
rming the synthesized silica is appropriate to house the
complexes which are around 1.2 nm width (calculated from
crystal structures).

EPR spectroscopy was used to examine if the geometry
around the metal centre is modied by the inclusion of the
complex within the silica pore. The low-temperature X-band
RSC Adv., 2026, 16, 220–230 | 227
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Table 5 Textural characterization of mesoporous materialsa

SBET (m2 g−1) VmP (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-phen@SBA-15 530 — 0.60 0.72 4.4 1.3
Cu-py2bn@SBA-15 501 — 0.57 0.71 4.4 3.4

a VTP = VmP + Vprimary MP + Vsecondary MP, MP = mesopore; mP = micropore; wp = pore diameter.

Fig. 6 TEM images of (a) SBA-15, (b) Cu-phen@SBA-15 and (c) Cu-
py2pn@SBA-15.
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EPR spectra of Cu-py2pn@SBA-15 and Cu-phen@SBA-15 are
shown in Fig. 5(b). Upon encapsulation, the paramagnetic
centre of the complex is diluted in the mesoporous matrix
giving a well-dened axial EPR signal, with spectral parameters
g‖ = 2.227, gt = 2.047 and A‖ = 183 × 10−4 cm−1 for Cu-py2-
pn@SBA-15, and g‖ = 2.273, gt = 2.061 and A‖ = 173 ×

10−4 cm−1 for Cu-phen@SBA-15. Moreover, the f-factor (g‖/A‖)=
122 and 131 cm, suggest that in Cu-py2pn@SBA-15 the Cu(II) ion
retains the slightly distorted tetragonal coordination geometry
of the complex in solution, while insertion of [Cu(phen)2]

2+ into
the pores leads to a tetragonal geometry around the copper
centre much less distorted than in solution.
Phenol oxidation catalysed by the immobilized catalysts

The ability of Cu-py2pn@SBA-15 and Cu-phen@SBA-15 to
catalyse phenol oxidation by H2O2 was evaluated, at pH 9 and
25 °C, employing the reagents in the same proportion as used in
the screening essays in homogeneous media, except that 4-AAP
was not added to the reaction mixture. Before testing the hybrid
materials as catalysts, their stability in the reactionmediumwas
veried by UV-vis spectroscopy. The solids were suspended in
buffer of pH 9, at room temperature, sonicated and then
centrifuged before the spectrophotometric measurements. In
both cases, the release of the complexes was negligible, as
Table 6 Heterogeneous catalyzed oxidation of phenol by H2O2
a

Catalyst g‖/A‖ (cm) TON

[Cu(py2pn)]
2+ 122 7.7

Cu-py2pn@SBA-15 122 14
[Cu(phen)2]

2+ 145 9.6
Cu-phen@SBA-15 131 24

a Conditions: [catalyst]= 2.7 mM, [phenol]= 0.27mM, [H2O2]= 3.3 mM.
TON = mol of product per mol of catalyst. t = 2 h. Solvent: 1 : 5 DMF :
buffer borate of pH 9. T = 25 °C.

228 | RSC Adv., 2026, 16, 220–230
conrmed by ICP analysis of the supernatant. The reactivity of
the heterogeneous catalysts, expressed in terms of TON (Table
6) aer 2 h of reaction, highlights the positive impact of
connement. Besides, isolation of the catalyst in the silica
matrix avoids the formation of the peroxo-diCu dimer involved
in H2O2 disproportionation, thus decreasing this competitive
reaction. Therefore, for both complexes, higher conversions
were reached with the encapsulated catalyst compared to the
homogenous analogue. In the case of Cu-py2pn@SBA-15, the
interaction of the metal centre with the pore surface boosts the
reaction rate with slight change of the ligand conformation.
Instead the pore forces Cu-phen@SBA-15 to adopt a constrained
and more reactive conformation, probably with the two phen
ligands nearer the equatorial plane of the Cu(II) ion, as evi-
denced by EPR spectroscopy, resulting in a greater improve-
ment of the catalytic performance than for Cu-py2pn@SBA-15.

Conclusions

Among the complexes evaluated in this work, [Cu(py2pn)]
2+ proved

to be a good catalyst for phenol oxidation by H2O2 achieving good
conversions at low temperature, comparable or better than those
reported for related Cu(II) catalysts at higher temperature. The
total charge, geometry, redox potential and a labile solvent mole-
cule at the axial position impact the [Cu(py2pn)]

2+ performance. Its
catalytic activity strongly depends on pH and temperature,
essentially due to the increase of the rate of formation of the
catalyst-hydroperoxide adduct with pH and temperature. At 50 °C
and pH 9, phenol conversion is favoured but selectivity is low,
while at 25 °C phenol is preferentially oxidized to hydroquinone.
Catalase activity, that occurs through a peroxo-diCu dimer,
competes with phenol oxidation at high catalyst concentration,
while overoxidation reactions become important at high pH and
temperature. Immobilization of the catalyst on mesoporous silica
takes place with retention of the complex geometry within the
pores and causes a considerable improvement in activity. Incor-
poration of [Cu(phen)2]

2+-the other complex exhibiting high
activity at pH 9 and room temperature-into mesoporous silica
forces the metal centre to adopt a more constrained geometry
leading to an even higher enhancement of activity with respect to
the homogeneous complex. Therefore, encapsulation of the
cationic Cu(II) complexes into SBA-15 silica is a suitable approach
to catalyse the oxidation of phenol by H2O2 at room temperature.
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CCDC 2495739 ([Cu(phen)2(MeCN)](ClO4)2), 2495740
([Cu(phen)2Cl]ClO4) and 2495857 ([{Cu(phen)(OAc)2}2-m-H2O])
contain the supplementary crystallographic data for this
paper.85a–c

The data supporting this article have been included as part
of the supplementary information (SI). Supplementary infor-
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