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A new synthetic strategy for obtaining CuO nanocatalysts has been devised using a pair of newly syn-

thesized mixed ligand Cu(i) complexes as the precursors. The new Cu(i) complexes are of the types [Cu
(def)(bpy)(NO3)] 1 and [Cu(def)(phen)(H,O)INOz-(CH3zOH) 2, where def (deferiprone) is the primary ligand
and bpy (2,2'-bipyridine) and phen (1,10-phenanthroline) are the co-ligands. They have been employed as

the synthetic precursors for the straightforward synthesis of CuO nanomaterials. The single crystal X-ray

structures of 1 and 2 reveal that both the complexes possess square pyramidal coordination geometries.

The mixed ligand-templated CuO nanomaterials 3 and 4 have been obtained via thermal degradation of

the complexes 1 and 2, respectively. They have been comprehensively characterized using FT-IR,
UV-DRS, XRD, SEM, TEM, and BET analyses. The CuO nanocomposites have been found to be efficient
heterogeneous catalysts for the selective styrene epoxidation with H,O,, yielding a striking 99.7% conversion

and 99.3% selectivity under organic solvent-free conditions. Also, the same nanocatalysts displayed remark-

able efficiency as water tolerant heterogeneous catalysts to facilitate phenol hydroxylation (65.9/67.8% con-

version) with H,O, in aqueous medium. They could be easily recovered and recycled for at least three con-
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1. Introduction

Copper oxide (CuO) nanostructures have been receiving a great
deal of contemporary attention over the past two decades, as
they constitute a fascinating class of low-cost nanomaterials">
with applications in diverse areas ranging from gas sensors,’
electrode materials,”” Li/K ion batteries,® contrast agents for
MRI,” anticancer® and antimicrobial agents'® to catalysts.""">
Accordingly, much of the recent work has been focused on
developing viable procedures for the controlled synthesis of
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secutive cycles without significant lowering of their selectivity or activity profile. The precursor mixed ligand
complexes 1 and 2, on the other hand, served as homogeneous catalysts in the epoxidation of styrene under
similar solvent-free reaction conditions with 98.5/97.3% conversion and around 99% selectivity, as well as in
the phenol hydroxylation in aqueous medium with 63.2/69.3% conversion.

CuO nanomaterials with different morphologies and particle
size and screening them for various activities."> However, most
of the reported synthetic methodologies for obtaining CuO
nanoparticles (NPs) require costly templating agents, surfac-
tants, or capping agents for their stability."* Also, their syn-
thesis requires tedious trial-and-error processes that often lead
to waste."® In this context, the use of appropriate Cu(u) com-
plexes as synthetic precursors to derive CuO NPs appears to be
a promising greener alternative pathway. For instance, recently,
Zhang et al. reported the development of copper-based compo-
sites using the di-copper(u)-tetrapyridyl ligand complex as the
synthetic precursor.'® However, so far, there appears to be very
little exploration of the utility of soluble Cu(u) complexes as
precursors for preparing CuO NPs,'®™°

The CuO NPs have been reported to exhibit excellent activity
in catalytic oxidation of a variety of organic substrates like
alkenes, alcohols, and aldehydes.>’>* Among the multitude of
organic oxidations, olefin epoxidation and hydroxylation of
phenol (PH) to catechol (CT) and hydroquinone (HQ) are primar-
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ily important for many industrial organic synthesis processes.
Epoxides as well as the phenolic products CT and HQ are gener-
ally considered as precious building blocks or synthetic precur-
sors in the preparation of a variety of fine and bulk chemicals.
Moreover, the conversion of phenol into value-added products is
of great importance from an ecological perspective as well due to
the identification of phenol as a hazardous organic pollutant and
poorly biodegradable industrial waste.

To date, a multitude of innovative and promising transition
metal based catalytic processes have been developed for alkene
epoxidation.>**> Nevertheless, many of the highly efficient
catalytic epoxidation procedures typically utilize costly, non-
aqueous organo-hydroperoxides such as tert-butyl hydroperox-
ide (TBHP) as the oxygen source along with volatile organic
solvents as well as harsh reaction conditions to attain high
activity.>®*” In this regard, aqueous hydrogen peroxide with its
high oxygen content offers a predominantly desirable choice
of green oxidant as it is easily available, inexpensive, safe, and
generates only water as the by-product.® In view of the current
intense search for new oxidation methodologies that are not only
efficient, selective, and high-yielding, but are also ecologically
benign, the use of safer oxidants and organic solvent-free con-
ditions is emerging as a key issue in green synthetic strategies.
Organic solvent-free transformations with the potential to contrib-
ute considerably to waste minimization®® are considered econ-
omically and industrially useful as well as environmentally safer.
In the recent past, our research group has developed various
homogeneous and heterogeneous d° transition metal compounds
that display excellent ability to catalyze H,O,-induced oxidations
of a range of organic materials including olefins and phenol
under organic solvent-free conditions®**® or employing natural
green solvent water as reaction medium.**"** However, reports on
water-based copper-catalyzed olefin epoxidation or phenol
hydroxylation processes are still limited.>**> Moreover, we have
found only two reports on solvent-free epoxidation based on
homogeneous and heterogeneous Cu catalysts.>*>¢

Motivated by the aforementioned observations, we consider
it worthwhile to synthesize new mixed-ligand Cu(u) complexes
and to explore the scope of establishing a facile route for trans-
forming the complexes obtained into CuO nanomaterials. One
of our major objectives has been to develop efficient and versa-
tile homogeneous and heterogeneous catalytic systems for
mild organic oxidations based on the Cu(u) complexes and the
corresponding CuO nanomaterials, keeping in view these dual
goals. In the present work, we have isolated two new molecular
Cu(u) complexes containing the 0,0 donor ligand deferiprone,
and N,N-donor diimine ligands 2,2"-bipyridine and 1,10-phe-
nanthroline. The deferiprone is well known due to its clinical
significance as a Fe-chelating ligand.”>*” It acts also as an
excellent ligand due to its high binding affinity towards several
metals such as V, Zn, Cu, Al, Ga, etc.>°*”~*° However, the cata-
lytic ability of deferiprone-based compounds in organic oxi-
dation reactions has rarely been investigated.>®94142

We describe herein the synthesis and structural characteriz-
ation of heretofore unreported mixed ligand Cu(u) complexes
[Cu(def)(bpy)(NO3)] 1 and [Cu(def)(phen)(H,0)]NO;-(CH;0H)
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2, and their facile transformation leading to the synthesis of
CuO nanomaterials. The complexes 1 and 2 as well as the CuO
nanomaterials display excellent efficiency as catalysts for the
selective styrene epoxidation with H,O, under organic solvent-
free conditions and phenol hydroxylation as well under
aqueous conditions. The findings of our investigation further
demonstrate that the CuO nanocatalysts are stable enough to
afford good recyclability for multiple cycles of epoxidation
with no significant alteration in the activity/selectivity profile.
This appears to be the first report on the catalytic application
of a CuO NP system in styrene epoxidation carried out using
H,0, under organic solvent free conditions.

2. Experimental section
2.1 Materials and methods

The details regarding materials used for compound synthesis
and their sources, and methods employed for compound
characterization are described in Text S1.

2.2 Synthesis of copper(u) complexes and CuO NPs

2.2.1 Synthesis of [Cu(def)(bpy)(NO;)] (1). The complex 1
was prepared by adding copper(u) nitrate trihydrate (0.24 g,
1 mmol) in 5 mL methanol dropwise to a methanolic solution
(5 mL) of deferiprone (0.14 g, 1 mmol). The reaction mixture
was then stirred for 1 h at room temperature and a clear green
solution was obtained which was followed by the addition of
the secondary ligand, 2,2"-bipyridine (0.16 g, 1 mmol). The
resulting solution was refluxed for 2 h and the dark green solu-
tion thus obtained was left for slow evaporation (Scheme 1).
Green colored single-crystals suitable for X-ray analysis were
obtained after 2 days. The crystals were filtered off, washed
with small amounts of cold methanol and stored in airtight
containers. Anal. calc. for [Cu(def)(bpy)(NO;)]: C, 48.62; H,
3.84; N, 13.34; Cu, 15.13; found: C, 48.51; H, 3.89; N, 13.15;
Cu, 15.05. FT-IR (KBr pellet, cm™): v = 478 (¢(Cu-0)), 534
(1(Cu-N)) and 1384 (y(NO3)); 1600, (C—=N), weak; 1640,
1(C=0), medium. Apa/nm, in CH30H (gqa/M " cm™): 633
(50), 309 (24070), 299 (24530), 226 (43930), 202 (60 470).
HR-MS (CH3;OH) displays a peak at m/z 357.0833 for [Cu(def)
(bpy)]” species (calc. 357.05).

2.2.2 Synthesis of [Cu(def)(phen)(H,0)]NO;-(CH;0H) (2).
The complex 2 was prepared using a similar procedure to that
used for the synthesis of 1 but by using the ligand 1,10-phe-
nanthroline (0.19 g, 1 mmol) instead of 2,2"-bipyridine. Upon
slow evaporation, dark green crystals were obtained after 2

0o X N
=z ° 4 CH;OH, Stir, RT Z 7 \|/
Cu(NO);*3H,0 + R P
N -N N, Reflux N
AN o N AN N
(X=NO3,1; H,0,2)

Scheme 1 Schematic representation of the synthesis of complexes 1
and 2.

This journal is © The Royal Society of Chemistry 2025
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days (Scheme 1). Suitable single crystals were selected for X-ray
diffraction analysis. Anal. calc. for [Cu(def)(phen)(H,0)]NO;:
C, 49.41; H, 3.92; N, 12.13; Cu, 13.76; found: C, 49.36; H, 3.48;
N, 12.42; Cu, 13.58. FT-IR (KBr pellet, cm™"): v = 481 (¢(Cu-0)),
579 (v(Cu-N)), 1384 (v(NO;)); 1600, y(C=N), weak; 1640,
y(C=0), medium and 3392 (y(H,0)). Amax/nm, in CH3;OH
(emaxM ™" ecm™): 635 (30), 293 (16070), 271 (33 730), 227
(50 000), 202 (53 930). HR-MS (CH;O0H) displays a peak at m/z
381.1666 for [Cu(def)(phen)]" species (calc. 381.05).

2.2.3 Synthesis of CuO NPs 3 and 4 using complexes 1 and
2 as precursors. The synthesis of NPs has been achieved by the
thermal degradation of the complexes 1 and 2. In a 20 mL por-
celain crucible, 0.50 g of the solid complex 1 was heated at
270 °C for 2 h in the presence of air. After the completion of
the process, CuO NPs 3 were obtained as a black residue,
which was then washed 8-10 times with deionized water and
ethanol under centrifugation and then dried in vacuo. The
same procedure was then repeated with complex 2 to obtain
the CuO NPs 4 (Scheme 2).

2.3. X-Ray crystallography

The molecular structures of compounds 1 and 2 were deter-
mined using a Bruker SMART APEX II single crystal X-ray CCD
diffractometer at ambient temperature using graphite-mono-
chromatized Mo-Ka radiation (4 = 0.71073 A). The data were
resolved with SHELXS-97 and refined using SHELXL-2014.%
The graphics interface package used was PLATON and the dia-
grams were generated using the ORTEP 3.07 generation
package.** Straight methods were used to obtain the locations
of all the atoms and E-maps were used for the positioning of
metal atoms of the complexes and the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms attached to
the carbon atoms were first located in geometrically controlled
positions and then refined with isotropic temperature factors
(1.2Ucq of their parent atoms).

2.4 General procedure for the oxidation of styrene and phenol

2.4.1 Styrene epoxidation. To a reaction mixture of
0.002 mmol of the homogeneous catalyst [1 (0.83 mg) or 2

ol e
A

Nanosheets, 3

Nanosheets, 4

20
mL 270°C, 2h

Crucible =
2}.

Scheme 2 Preparation of CuO NPs 3 and 4 from complexes 1 and 2.
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(0.98 mg)] or heterogeneous catalyst [3 (1 mg) or 4 (1 mg)] and
styrene (0.2 g, 2.0 mmol), 30% H,0, (0.90 mL, 8 mmol) was
added under continuous stirring at 80 °C. The progress of the
reaction was monitored by HPLC. After the completion of the
reaction, the heterogeneous catalyst [3 (0.95 mg) or 4
(0.93 mg)] was separated by filtering the reaction mixture and
the residue was washed with acetone for further use.

2.4.2 Phenol hydroxylation. In a typical procedure, the oxi-
dation reaction was carried out by placing 0.02 mmol of homo-
geneous catalyst [1 (8.3 mg) or 2 (9.8 mg)] or heterogeneous
catalyst [3 (10 mg) or 4 (10 mg)] in water (3 mL) in a round
bottom flask. Phenol (0.4705 g, 5 mmol) was then added, fol-
lowed by the dropwise addition of 30% H,O, (2.26 mlL,
20 mmol) under continuous stirring at 80 °C. The progress of
the reaction was monitored by HPLC. After the completion of
the reaction, the heterogeneous catalyst [3 (9.3 mg) or 4
(9.7 mg)] was separated by filtering the reaction mixture and
washed with water and ethyl acetate for further use.

The quantitative analysis of styrene and phenol and its oxi-
dation products was performed on a Thermo-Scientific Dionex
Ultimate 3000 HPLC system attached to a UV detector. The
products were well separated using a reversed-phase C18
column (250 x 4.6 mm), where the mobile phase was made of
acetonitrile, methanol, and water in a volume ratio of 2:3:5.
The flow rate of 1 mL min~" was maintained, and the injection
volume was 20 pL. The content of the compounds was detected
by interpolating the calibration curves.

2.5 Regeneration of the catalysts

After the completion of the reaction, the heterogeneous solid
catalysts 3 and 4 were separated from the reaction mixture by
filtration, washed with an excess amount of acetone (for
styrene)/ethyl acetate (for phenol) and dried in vacuo. The
recovered solid catalyst was then added to a fresh reaction
mixture of phenol (5 mmol)/styrene (2 mmol) and 30% H,O,
(4 equivalents) to repeat the experiment under the optimized
reaction conditions. The progress of the reaction was moni-
tored by HPLC. As complexes 1 and 2 were homogeneous in
the reaction mixture, there was difficulty in catalyst separation
and recycling for oxidation reactions.

3. Results and discussion

3.1 Synthesis of Cu(u) complexes [Cu(def)(bpy)(NO;)] (1) and
[Cu(def)(phen)(H,0)]NO;-(CH;0H) (2), and CuO
nanomaterials

As illustrated in Scheme 1, the compounds 1 and 2 were syn-
thesized following a fairly simple and direct synthetic route
under reflux conditions. The reaction afforded green colored
crystals appropriate for single crystal XRD analysis upon slow
evaporation of the solvent from the reaction mixture. The com-
plexes 1 and 2 were observed to be highly soluble in water and
insoluble in organic solvents. After achieving the synthesis of
complexes 1 and 2, they were characterized by various spectro-
scopic and analytical methods such as AAS, UV-Vis, FT-IR,

Dalton Trans., 2025, 54,15561-15580 | 15563
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EPR, HR-MS, CV, and single crystal XRD analyses as discussed
below.

The synthesis of CuO nanoparticles has been achieved by
the thermal degradation of complexes 1 and 2. As shown in
Scheme 2, the complexes could be transformed into the corres-
ponding NP simply by heating at 270 °C for 2 h. The obtained
product was then characterized using different physico-
chemical and spectral analyses. The nanomaterials 3 and 4 are
insoluble in water and in common organic solvents.

3.2 Characterization of complexes 1 and 2

3.2.1 FT-IR, UV-Vis, and HRMS spectrometry. The FT-IR
spectra of 1 and 2 display peaks characteristic of different
stretching vibrations in the complexes. The peaks that appear
in the ranges of 505-511 cm™" and 535-536 cm™" for both the
complexes are characteristic of v(Cu-O) and v(Cu-N) vibrations
(Fig. S1).*>* The peaks present in the range of
1000-1400 cm™" in 1 are characteristic of the monodentatively
coordinated nitrate. The weak peak appearing around
1600 cm™" in 1 and the medium intensity peak around
1640 cm™" are characteristic of ¥(C=N) and (C=0) vibrations
of coordinated diimine and def, respectively. The presence of a
comparatively sharp band in the range of 3300-3440 cm™*
indicates the presence of coordinated water molecules in the
complex 2.*>*® The UV-Vis spectra of the complexes 1 and 2
clearly show a broad band characteristic of ligand field (LF)
transition in the range 630-635 nm with a very low molar
absorptivity of 50 and 33 M™' cm™, respectively (Fig. $2).*°
The very intense bands observed in the range 200 to 309 nm
are ascribed to the intra-ligand # — n* and n — n* and LMCT
transitions, as mentioned in Table 1.*” The HR-MS data of 1
and 2 display primarily a single mass peak apparently due to
the mononuclear fragment of [Cu(def)(diimine)]*" species,

Table 1 Electronic and EPR spectral data (Amax in m, ¢ in M~ cm™) for
[Cu(def)(bpy)(NO3)] (1) and [Cu(def)(phen)(H,0)INO3z-(CHzOH) (2) in
CHzOH solution?

Amax iN DM
Complexes M ' em™) Assignment  EPR®
[Cu(def)(bpy)(NO,)] 1 633 (50) LF? gy, 2-317
202 (60470)  Ligand- g1,2.076
based”
226 (43 930) Ligand- Ay, 160 x
based” 10" em™
300 (24530)  LMCT?
309 (24070)  LMCT?
[Cu(def)(phen)(H,0)] 635 (30) LF’ gy 2.321
NO;+(CH;0H) 2 202 (53930)  Ligand- g1,2.075
based®
227 (50000)  Ligand- Ay =170 x
based® 10~ em™
271(33730)  Ligand-
based®
293 (16070)  LMCT?

“ Concentration, 0.015 mM-5 mM. ?LF, ligand field. °Ligand-based
drn-n* and n-n* transitions. Y LMCT, ligand to metal charge transfer.
¢In frozen methanol solution, at liquid nitrogen temperature; micro-
wave frequency: 9.09 GHz.
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supporting the stoichiometry of the complexes and revealing
that the complexes retain their mixed ligand identity even in
solution (Fig. S3). The molar conductivity of 1 measured in
methanol solution (Ap/Q ' em® mol™, 1, 140; 2, 138) falls in
the range for 1:1 electrolytes, supporting the displacement of
coordinated nitrate of 1 in solution.*®

3.2.2 X-ray crystal structures of 1 and 2

Structure of [Cu(def)(bpy)(NO3)] (1). The crystallographic unit
cell of the neutral copper(u) complex 1 contains no lattice
water molecule. The ORTEP representation and numbering
scheme for 1 are shown in Fig. 1 and the crystal refinement
data and the selected bond lengths and bond angles are listed
in Table 2 and Table S1. For complex 1, the value of the struc-
tural index 7 of 0.04 [z = (f — a)/60, where a = O(2)-Cu(1)-N(1)
= 172.5(1)° and f = O(1)-Cu(1)-N(2) = 175.1(1)°] reveals that
the coordination geometry around copper(u) is a square-based

Fig. 1 ORTEP representation of the crystal structure of [Cu(def)(bpy)
(NO3)] 1. Ellipsoids are drawn at 50% probability. Hydrogen atoms are
omitted for clarity.

Table 2 Crystal data and structure refinement details for [Cu(def)(bpy)
(NO3)] (1) and [Cu(def)(phen)(H,0)INO3:(CH3OH) (2)

1 2
Sum formula C17H,CuN,O;4 C,oH,,CuN,O,
Formula weight 419.89 493.97
Temperature (K) 296(2) 296(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group P2,/c P
a(A) 7.9387(7) 7.159(9)
b (A) 14.0075(12) 11.629(16)
¢ (A) 15.4600(13) 13.894(18)
a (9) 90 101.903(16)
B(°) 92.032(6) 101.486(17)
7 () 90 105.743(16)
Volume (A) 1718.1(3) 1049(2)
VA 4 2
D, (mg cm™®) 1.623 1.564
Reflections collected 29410 25017
Goodness-of-fit on F* 1.360 1.040

Final R indices [I > 26(I)]
R indices (all data)
CCDC

0.0522, WR, = 0.0952
0.0977, wR, = 0.1071
1880241

0.0541, wR, = 0.1346
0.0833, wR, = 0.1556
1884417

This journal is © The Royal Society of Chemistry 2025
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pyramid with the corners of the CuN,O, (square plane) occu-
pied by N1 and N2 nitrogen atoms (Cu-N1, 1.973(4); Cu-N2,
1.977(4) A) of bpy and O1 and O2 oxygen atoms (Cu-O1, 1.914
(3); Cu-02, 1.935(3) A) of the deferiprone ligand, since for a
perfect square pyramidal geometry the value of 7 is zero,
whereas for a perfect trigonal bipyramidal coordination geo-
metry the 7 value is unity.*>*° The apical position is occupied
by the O3 oxygen atom of the monodentatively coordinated
nitrate at a longer Cu-O3 bond length of 2.490(4) A than the
equatorial oxygen atoms due to tetragonal distortion caused by
the two electrons in the d,. orbital (Jahn-Teller distortion) of
Cu(m). The Cu-Nyp, bond lengths observed in 1 [Cu-N1, 1.973(4)
A; Cu-N2, 1.977(4) A] fall in the range of Cu-Njpine distances
detected in the diimine complexes reported previously.*>>'">
Also, the Cu-Oyeq, bond length 1.935(3) A is longer than the Cu-
Ocnolate bond length of 1.914(3) A in 1, on account of the weaker
interaction of the C=0 bond of deferiprone (C1=02, 1.298(6) A)
than that of the enolate C-O bond (C5-01, 1.337(5) A) with Cu
(m), as expected. A similar observation has been made for the [Cu
(maltolate)(bpy)]" complex in which the Cu-Oy, bond length
(1.991(15) A) is longer than the Cu-Oenopace bond length (1.936
(11) A).* Also, in the complex [Cu(sal)(bpy)]’, the Cu-Olcarbonyl
bond length (1.908(3) A) is shorter than the Cu-O2phenolate bONd
length (1.960(4) A).>>

Structure of [Cu(def)(phen)(H,O)]JNO3;-CH3;0H (2). The X-ray
structure of 2 contains a lattice nitrate and no water molecule.
The ORTEP representation and numbering scheme for 2 are
shown in Fig. 2 and the crystal refinement data and the
selected bond lengths and bond angles are listed in Table 2
and Table S1. There is a slight disorientation in the lattice
nitrate in the crystal structure that might have originated from
the multiple possible orientations with similar energies. This
could have led to the co-existence of different NO;~ anion
orientations in different unit cells of the crystal. Moreover, the
packing arrangement of the complex ion in the crystal lattice
might have favored the multiple orientations. However, no
serious alerts (alert A or B) found in checkCIF for the NO;~
anion suggested that the disorder is properly modeled and
refined during the crystallographic analysis. The Cu(u) coordi-
nation geometry is five-coordinated constituted by N1 and N2

Fig. 2 ORTEP representation of the crystal structure of [Cu(def)(phen)
(H,O)INO3:(CH3OH) 2. Ellipsoids are drawn at 50% probability. Methanol
and hydrogen atoms are omitted for clarity.
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nitrogen atoms of phen, O1 and O2 oxygen atoms of the def
ligand, and the oxygen atom of the water molecule. The value
of the structural index z of 0.04 [z = (f — a)/60, where a = O(2)-
Cu(1)-N(1) = 172.3(1)° and g = O(1)-Cu(1)-N(2) = 175.0(1)°]
reveals that the coordination geometry around Cu(u) is also a
square-based pyramid, as for its bpy analog 1 where the
corners of the CuN,O, square plane is occupied by the N1 and
N2 nitrogen atoms of phen and the O1 and O2 oxygen atoms
of deferiprone.*>° The Cu-N (1.989(4), 2.011(4) A) and Cu-O
(1.903(4), 1.948(4) A) bond lengths and bond angles are
similar to those of its analogous bpy complex 1 while the Cu-
OH, bond length (2.439(5) A) is longer than the equatorial Cu-
N and Cu-O bond lengths, which is typical of the occupation
of two electrons in the d,. orbital (Jahn-Teller distortion) of Cu
(). The mean bond length of Cu-Nphen = 2.0 A and the bite
angle N1-Cu-N2 = 82.65(15)° are in accordance with those of
the previously reported [Cu(acac)(phen)NO;] complex (82.0
(13)°)** and [Cu(phen)(maltol)]" complex (83.3(3)°).*> The
shortest C-C bond present in the molecule is the C(12)-C(13)
bond (1.355(8) A), whereas the adjacent C(12)-C(11) and
C(13)-C(14) bonds of 1.416(7) and 1.431(7) A are considerably
longer. Thus, the phen molecule in complex 2 can be con-
sidered as a bpy molecule fused by a C-C bond with a predo-
minant double bond character.”® Similar to 1, the Cu-Ojeto
bond (1.948(4) A) is longer than the Cu-Ocpoace bond (1.903(4)
A) in 2, on account of the stronger interaction of the enolate
group with Cu(u) than the C=0 group of deferiprone (C1=02,
1.310(5); C5-0O1, 1.323(5) A). A similar observation has been
made also for [Cu(maltolate)(phen)]" with the Cu-Ojer, bond
length (1.985(6) A) being longer than the Cu-Ocpolae bond
length (1.961(7)) A.*

3.2.3 EPR spectroscopy. The frozen EPR spectra of com-
plexes 1 and 2 (Fig. S4 and Table 1) were recorded in frozen
CH;OH : acetone solution (4:1 v/v) at LNT. In general, for Cu
() complexes with a square-based CuN, chromophore, the g
and Aj values are expected to be observed at 2.200 and
180-200 x 10~* em ™", and the replacement of the two nitrogen
atoms in this chromophore by two oxygen atoms to give a
CuN,0, chromophore is expected to lower the g, and decrease
the A, values.*>*® Thus, for the complexes [Cu(sal)(diimine)]
(Hsal = salicylaldehyde; diimine = bpy, phen) with a CuN,0,
chromophore, lower g, and higher 4 values (bpy: g, 2.228; 4,
181 x 10~* em™'; phen: g, 2.235; A, 182 x 10~* em™") have
been observed, with no significant distortion from planarity
(g/4; = 117-124 cm).”> However, the higher g, (1, 2.317; 2,
2.321) and lower A; values observed (1, 160; 2, 170 x 10~*
em ™) for 1 and 2, which are consistent with the square planar
geometry (c¢f. above), and the n-back bonding of Cu(u) with the
conjugated carbonyl group of def result in enhanced
n-delocalization of electron density from bpy and phen
through the Cu(u) nucleus to def, and hence the decreased
interaction between Cu(n) and the unpaired electron.”* The
value of G [= (g — 2)/(gL — 2) = 4.17 (1), 4.28 (2)] supports the
presence of a square-based geometry around Cu(u), which is
evident from the X-ray crystal structures of the complexes. So,
the higher value of the gj/A4; quotient observed (1, 137; 2,
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145 c¢m) should correspond to the enhanced n-back bonding of
Cu(u) in the square-based CuN,O, chromophore with no strik-
ing distortion from planarity, as observed from the X-ray
crystal structures of 1 and 2. Similar observations have been
made for the complexes [Cu(maltol)(diimine)]” (diimine = bpy,
phen)*® with a CuN,0, chromophore formed by maltolate with
a conjugated n-carbonyl group similar to that in the flavonolate
moiety (bpy: g, 2.300; phen: g, 2.310). Higher g and lower 4,
values were observed for the complexes [Cu(tdp)(diimine)]"
(H(tdp)) = 2-[(2-(2-hydroxyethylamino)-ethylimino)methyl]
phenol; diimine = bpy, phen) with a square-based CuN,O,
chromophore (bpy: g, 2.230; A, 185 x 10™* em™"; phen, g,
2.237; A, 174 x 107* em™") and more planar geometry (g;/4;,
121-129 cm).*!

3.2.4 Electrochemical studies. The cyclic voltammetry (CV)
studies of complexes 1 and 2 were performed using a three-
electrode system comprising a glassy carbon electrode as the
working electrode, Pt-wire as the counter electrode, Ag/AgCl as
the reference electrode, and using 0.1 M TBAB (tetra-butylam-
monium bromide) as a supporting electrolyte (Fig. S5 and
Tables S2, S3). On scanning the potential from —0.4 to 0.4 V
vs. Ag/AgCl, the CV for 1 and 2 displays a quasi-reversible (AE,,
1: 85; 2: 77 mV) redox wave characteristic of a Cu(u)/Cu(1) redox
couple.”” The higher n-delocalized phen ring in 2 is expected
to stabilize Cu(i) more than the non-planar and more strongly
o-bonding pyridyl rings in 1 (c¢f. below), rendering its Cu(u)/Cu
(1) redox potential more positive. However, the E;/,, value of 1
(0.075 V) is higher than that of 2 (—0.118 V), revealing that the
reduction of Cu(u) in the former complex is more facile than
that of Cu(u) in the latter.

So, it is evident that the reduction of Cu(u) in the complexes
takes place after the dissociation of the axially bound water
molecule in solution.>® The dissociation of the axial water
molecule, which is more weakly bound in 1 (Cu-ONO,,
2.490 A, coordinated nitrate displaced by water in solution)
than in 2 (Cu-03(H,0), 2.439 A, c¢f. above) requires lower
energy, as observed from the X-ray crystal structure, rendering
the Cu(u)/Cu(1) redox potential of 1 more positive.
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Fig. 3 Powder XRD patterns of CuO NPs 3 (a) and 4 (b).
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3.3 Characterization of CuO NPs 3 and 4

3.3.1 Powder X-ray diffraction studies. The obtained nano-
materials were characterized by XRD analysis and the diffracto-
grams are shown in Fig. 3. The XRD pattern of 3, as shown in
Fig. 3(a), displayed diffraction peaks located at 26 values of
32.4, 35.4, 38.6, 48.7, 53.4, 58.1, 61.4, 65.9, and 67.9 attribu-
table to (110), (002), (111), (202), (020), (202), (113), (311), and
(220) planes, which are characteristic of a monoclinic phase
(JCPDS = 895895 and 45-0937) as shown in Fig. $6.>°°% The
XRD patterns revealed a high crystallinity of the material®® and
also indicated the purity of the CuO nanocrystals
generated,’”®" as no impurity peaks were detected in the diffr-
actogram. Similar results were reported previously by Park and
co-workers during the preparation of CuO nanocatalysts.’* The
XRD pattern of 4 exhibited a close analogy with that of 3 as
illustrated in Fig. 3(b). Thus, the XRD patterns of both syn-
thesized materials testified the formation of pure CuO
nanomaterials.

3.3.2 FT-IR spectroscopy. In the FT-IR spectra of 3 and 4,
the appearance of peaks between 1626 and 1633 cm™" charac-
teristic of the stretching vibrations of the Cu-O bonds of Cu(u)
oxide NPs (Fig. S7) and the presence of a strong absorption
band in the range of 530 to 534 cm™ " and at 1017 cm ™" corres-
ponding to different Cu-O bending vibrations indicated the
formation of the targeted NPs.®*®* Similar observations were
made previously by Raul et al. in the case of the synthesis of
CuO nanorods.®**

3.3.3 Diffuse reflectance UV-visible analysis. The diffuse
reflectance UV-visible spectra of both the materials 3 and 4
showed a characteristic d-d transition absorption band at a
higher wavelength (700-800 nm) due to the Cu(u) species (3d°)
(Fig. $8).°>° In addition, lower wavelength absorption bands
were also observed in the range of 245-260 nm corresponding
to the charge transfer from O®>” — Cu®" in both the
nanocatalysts.®°

3.3.4 Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) analyses. The SEM ana-
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lyses were employed to determine the surface morphology of
the synthesized nanomaterials. The SEM images of 3 and 4
shown in Fig. 4(a) and 5(a) exhibit a typical nanosheet-like
structure as has been reported previously.®

Further information regarding the morphology and nano-
dimensions of the synthesized nanomaterials was derived by car-
rying out TEM measurements. The nano-sheet-like morphology
of the synthesized nanomaterials was further evident from the
TEM images of the materials presented in Fig. 4(b, c) and 5(b, c).
The high-resolution TEM image of 4 shows that the phase dis-
tance between the adjacent lattice fringes has a value of 0.25 nm
(Fig. 5(c)). The appearance of dark regions in the TEM images of
both materials is a consequence of stacking among a few
nanosheets, as has been observed previously by Sedaghati and
co-workers during the synthesis of CuO nanosheets.”” These
results are in good agreement with the lattice d-spacing measure-
ment from the HRTEM analysis reported earlier by Qian et al.*®
and Zhang et al.®® These findings were further supported by the

results of our XRD analysis shown in Fig. 3(b).

3.3.5 BET analysis. In order to determine the surface area
of the two nanomaterials, N,-adsorption-desorption isotherms
were recorded (Fig. 6 and 7). Both the synthesized nano-
materials were found to exhibit a typical type II isotherm
pattern.®® The BET surface area analysis of the two synthesized
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Fig. 5 SEM (a) and TEM (b and c) image of CuO NP 4.
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nanosheets provided a surface area of 20.8 m”> g~ for 3 and
12.5 m> g~ for 4, respectively. The obtained surface area
values were found to be in accord with the reported results for
CuO nanomaterials.”®’® In general, the commercial CuO
powder displays a surface area of ~0.1 m> g~*;”* however, the
CuO synthesized by our protocol leads to a multifold enhance-
ment in the surface area which is desirable from the catalysis
point of view. The overall pore size distribution (PSD) of 3 and
4 was also determined by using the BJH model. The PSD for 3
was found to be in the range of 1.6-7.0 nm, whereas 4 exhibi-
ted a PSD between 1.6 and 5.3 nm (ref. 72) as witnessed from
the respective BJH plots in Fig. 6(b) and 7(b). The pore dia-
meter values obtained from the BJH method also indicated the
presence of slight mesoporosity in both the nanomaterials.

3.4 Catalytic activity of the precursor complexes 1 and 2, and
nanomaterials 3 and 4 in organic oxidations

3.4.1 Styrene epoxidation. The activity of the soluble mixed
ligand Cu complexes 1 and 2 as well as their transformed pro-
ducts, CuO nanocatalysts 3 and 4, in styrene epoxidation, was
investigated with or without solvent under a variety of reaction
conditions. For optimization of the reaction conditions for
maximum styrene conversion, the complex 2 was used as a
representative catalyst, and the effects of reaction parameters

Dalton Trans., 2025, 54, 15561-15580 | 15567
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Fig. 7 BET (a) and BJH (b) plots of CuO NP 4.

such as time, concentration of oxidant, reaction temperature,
catalyst amount, and solvent nature were evaluated.

Effect of solvent. To study the solvent effect, apart from con-
ducting the reaction under solvent-free conditions, we have
used the universal green solvent water and a set of relatively
safer organic solvents. The synthesized nanomaterials 3 and 4
were observed to be insoluble in water and in common organic
solvents. On the other hand, the water-soluble precursor com-
plexes 1 and 2, although insoluble in neat organic solvents,
dissolved completely in water-miscible organic solvents, such
as methanol, ethanol, and acetonitrile, in the presence of
aqueous H,0,. For comparison, the initial reactions were per-
formed under identical conditions keeping a catalyst:
substrate molar ratio of 1:1000 and a substrate : oxidant molar
ratio of 1:4 at 60 °C. As seen from the results presented in
Fig. 8 and Table S4 (entries 1-4) the catalyst displayed remark-
able efficiency and compatibility in organic and aqueous
media providing high styrene conversion along with excellent
epoxide selectivity, in each of the solvents tested. Since the
epoxide selectivity % is above 97% (Table S4, entries 1, 3, and
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Fig. 8 Effect of solvent on styrene epoxidation. Reaction conditions:
styrene (2 mmol), catalyst 2 (0.002 mmol), H,O, (8 mmol), 60 °C,
solvent (3 mL), and 6 h.

4) with complex 2, it is expected that only a few or no ring
opening products would be formed in the presence of H,O or
the alcoholic solvents.

This journal is © The Royal Society of Chemistry 2025
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Nevertheless, it was gratifying to note that the best results
in terms of conversion as well as nearly 99% epoxide selectivity
were achieved under solventless conditions (Table S4, entry 5)
along with reasonably high TON and TOF values (697 and
116.2 h™"). Relatively higher efficiency of a solvent-free pro-
cedure is not unusual,”® which may be linked to the restricted
motion of the reactants in the absence of solvent inside the
reaction mixture. Consequently, based on these findings, we
proceeded to investigate the activity of the catalyst in sub-
sequent reactions under solvent-free conditions.

Effect of reaction temperature. The effect of reaction tempera-
ture on the styrene conversion was assessed at four different
reaction temperatures initiating from room temperature as
shown in Fig. 9 and Table S4 (entries 5-8) keeping other para-
meters fixed. While no conversion was noted at room tempera-
ture, an increase in temperature resulted in a gradual rise in %
conversion. More than 97% conversion with nearly 100%
selectivity could finally be obtained with TON and TOF values
as high as 973 and 162.2 h™, respectively at 80 °C. Thus, the
reaction temperature of 80 °C was considered to be optimal for
the catalytic epoxidation process.

Effect of reaction time. The trend observed after monitoring
the % conversion of styrene as a function of time over a span
of 6 h is illustrated in Fig. 10, and also in Table S4 (entries
8-13). Initially, as seen from the data (Table S4, entry 9), the
reaction proceeded rapidly leading to 69.3% conversion within
1 h of starting the reaction with 98.7% epoxide selectivity. The
resulting high TOF value of 693 h™" obtained within the initial
1 h of the reaction is indeed noteworthy. On extending the
reaction time, the conversion increased steadily until >97%
conversion was attained after 6 h, with nearly 100% styrene
oxide selectivity. These findings demonstrated the high stabi-
lity of the catalyst, as reflected by its ability to retain its high
activity and selectivity even after extending the reaction up to
6 h at a fairly elevated temperature of 80 °C.
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Fig. 9 Effect of the temperature on styrene epoxidation. Reaction con-
ditions: styrene (2 mmol), catalyst 2 (0.002 mmol), H,O, (8 mmol), and
6 h.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
«@="% Conversion
100 - Epoxide selectivity %) -100

goll -95
X
F90 3,
5 oo 2
= -
a>-’ -85 E
[}
S 404 4
[x) =]
= -80 -

)

o
iy

204 -75

0 “-70

3
Time

Fig. 10 Effect of reaction time on styrene epoxidation. Reaction con-
ditions: styrene (2 mmol), catalyst 2 (0.002 mmol), H,O, (8 mmol), and
80 °C.

Effect of H,O, concentration. A steady rise in % conversion
was observed on increasing the H,O, concentration from 1 to
5 equivalents with respect to styrene in the absence of solvent,
as shown in Fig. 11 and Table S4 (entries 8 and 14-17). At 4
equivalents of H,0,, the % conversion reached up to 97.3%
with a % styrene oxide selectivity of 99.3%. Although the
highest conversion reached up to 99.9% with 5 equivalents of
H,0,, the resulting TON and TOF values (Table S4, entry 17)
were not significantly higher than the values obtained using 4
equivalents of H,0,. Therefore, considering these facts and
the environmental aspect, we decided to maintain an oxidant :
substrate molar ratio of 1:4 for the rest of the epoxidation
reactions.

Effect of catalyst amount. Next, the reaction was scrutinized
under different catalyst concentrations by keeping other vari-
ables constant and the results are depicted in Fig. 12 and
Table S4 (entries 8 and 18-20). It is apparent from the data
that, even with a catalyst:substrate ratio as low as 1:2000
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Fig. 11 Effect of H,O, concentration on styrene epoxidation. Reaction
conditions: styrene (2 mmol), catalyst 2 (0.002 mmol), 80 °C, and 6 h.
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Fig. 12 Effect of the amount of catalyst 2 on styrene epoxidation.
Reaction conditions: styrene (2 mmol), H,O, (8 mmol), 80 °C, and 6 h.

(0.001 mmol of catalyst), a high styrene conversion of 80.6%
with >98% epoxide selectivity could be achieved. On further
increase in the catalyst amount to a catalyst: styrene ratio of
1:1000, a significant leap in styrene conversion (>97%) result-
ing in a high TON of 973 and a TOF of 162.2 h™" was observed.
However, only a marginal improvement in conversion was
noted on the further increment of the catalyst amount up to a
molar ratio of 1: 500, which was also accompanied by a drastic
fall in the TOF value to 81.7 h™". Therefore, a catalyst : styrene
ratio of 1:1000 was chosen as optimal for further epoxidation
reaction. The result obtained for a blank reaction performed
under non-catalyst conditions confirmed the importance of
the catalytic system in facilitating the reaction, as just 20%
conversion of styrene occurred within the specified reaction
time under standardized conditions.

Activity of nanocatalysts 3 and 4 and complex 1 in styrene oxi-
dation under optimized conditions. Having standardized the
reaction conditions for styrene epoxidation with the homo-
geneous catalyst 2, we have sequentially performed the epoxi-
dation reaction using the solid CuO nanocatalysts 3 and 4, in
addition to the catalyst 1, under solvent-free conditions. In the
case of the oxidation reactions with nanocatalysts 3 and 4,
1 mg of catalyst was found to be optimal in each case, keeping
all other variables constant. The excellent activity of the nano-
catalysts is evident from the data presented in Table 3 (entries
3 and 4) as nearly total conversion of styrene (99.7%) could be
accomplished with 99.3% epoxide selectivity with each of the
catalysts. Thus, all four newly developed Cu catalysts, irrespec-
tive of being homogeneous or heterogeneous, proved to be
highly effective in styrene oxidation with 30% H,0O, under
reasonably mild reaction conditions, in the absence of organic
solvent.

3.4.2 Hydroxylation of phenol. Encouraged by the excellent
catalytic activity exhibited by the homogeneous catalysts 1 and
2 as well as the heterogeneous nanocatalysts 3 and 4 in styrene
epoxidation, we considered it imperative to explore the versati-
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Table 3 Selective oxidation of styrene to styrene epoxide with 30%

H,0,, catalyzed by homogeneous catalysts 1 and 2, and heterogeneous
nanocatalysts 3 and 47

Epoxide
Entry Catalyst” % Conversion selectivity% TON® TOF? (h™)
1 1 98.5 99.0 985.0 164.2
2 2 97.3 99.3 973.0 162.2
3 3 99.7 99.3 — —
4 4 99.7 99.3 — —

“Reactions were carried out with 2 mmol of the substrate under
solvent-free conditions with H,0, (8 mmol). ”Catalyst amount:
0.002 mmol (1 and 2), 1 mg (3 and 4), 6 h and 80 °C. TON (turnover
number) = millimoles of the product per millimole of the catalyst.
4TOF (turnover frequency) = millimoles of the product per millimole
of the catalyst per hour.

lity of the developed catalysts by examining their efficacy in the
hydroxylation of phenol.

Initially, exploratory experiments were performed using
each of the soluble Cu(u) complexes, 1 and 2 as well as nanoca-
talysts 3 and 4, by conducting the reaction of phenol with 30%
H,0, in the absence of solvent, maintaining the phenol:
oxidant molar ratio at 1:4 and catalyst:substrate ratio at
1:250 at 60 °C. Under these conditions, however, the reaction
became highly exothermic, leading to rapid decomposition of
H,0, accompanied by the degradation of the reaction pro-
ducts. We have, therefore, examined the reaction in the pres-
ence of a variety of solvents and proceeded to optimize the
other relevant reaction parameters using complex 2 as the
catalyst.

Effect of solvent. The solvent effect on the catalytic perform-
ance of 2 in phenol hydroxylation was investigated by using
both polar protic and nonpolar solvents such as water, metha-
nol, acetonitrile and dichloromethane, under otherwise identi-
cal reaction conditions. The results of our assessment of
solvent effects are illustrated in Fig. 13 and Table S5.

As revealed by the data, in a reaction conducted maintain-
ing the phenol:oxidant molar ratio at 1:4 and catalyst:
substrate ratio at 1:250 at 60 °C under magnetic stirring, the
catalyst provided reasonably good conversion of 53.8% with
the highest CT selectivity of 71.4% (Table S5, entry 1) in
aqueous medium. Among the organic solvents, the maximum
conversion was achieved in CH;CN and to a lesser extent in
CH,Cl,, whereas in CH;OH very little product formation
occurred. As has been already mentioned, the water-soluble
catalyst 2, despite its insolubility in neat organic solvents, dis-
solves in water miscible organic solvents in the presence of
aqueous H,0,, providing homogeneity of the reaction solu-
tion. It is however difficult to comment on the cause or ident-
ify exactly which property of the solvent influenced the course
of the reaction the most. Thus, based on our survey of the
solvent effect and keeping in view the environmental compat-
ibility of the water-based reactions, we have carried out sub-
sequent oxidations using water as a medium of choice.

Effect of H,O, concentration. A concentration dependent
study with respect to the oxidant:substrate stoichiometry,

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Effect of solvent on phenol hydroxylation. Reaction conditions:
phenol (5 mmol), catalyst 2 (0.02 mmol), H,O, (20 mmol), 60 °C,
solvent (3 mL), and 2 h.
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Fig. 14 Effect of H,O, concentration on phenol hydroxylation.
Reaction conditions: phenol (5 mmol), catalyst 2 (0.02 mmol), 60 °C,
H>O (3 mL), and 2 h.

using five different equivalents of 30% H,O, under analogous
reaction conditions (Fig. 14), revealed 4 equivalents of oxidant
as optimal in order to obtain the highest % conversion and
100% selectivity towards the desired dihydroxybenzene (DHB)
products, CT and HQ [Table S5 (entries 1 and 5-8)]. Further
increase of H,O, from 4 to 5 equivalents resulted in a slight
decrease in the % conversion. The observation is attributable
to the dilution of reacting species occurring due to the increas-
ing volumes of H,0, added to the reaction mixture, beyond
the optimum requirement. Such a dilution effect is not
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unusual in the case of metal catalyzed H,O, induced organic
transformations, as shown in previous reports.”*”>

Effect of catalyst amount. The amount of catalyst used was
observed to affect the rate of phenol hydroxylation substan-
tially (Fig. 15). As is evident from the data listed in Table S5
(entries 1 and 9-11) a 1:250 catalyst : substrate ratio proved to
be most favorable, since on lowering the catalyst concentration
to 1:500, there was a drastic fall in the % conversion. On the
other hand, on increasing the catalyst concentration to a
1:100 catalyst: substrate ratio, the reaction was found to be
highly exothermic. Nevertheless, it is noteworthy that a reason-
ably good phenol conversion with the highest TON and TOF
values of 474.3 and 238.1 h™%, respectively, could be attained
even at a very low catalyst: phenol ratio of 1:1500 (Table S5,
entry 9) testifying the high catalytic efficiency of the complex
used. A blank reaction performed under these identical con-
ditions demonstrated a negligible % conversion of phenol
(0.45%).

Effect of reaction temperature. The % conversion and product
selectivity profile of phenol as a function of temperature are
shown in Fig. 16. The results revealed that while the conver-
sion of phenol achieved at room temperature was recorded to
be only 4.5% (Table S5, entry 12), on increasing the tempera-
ture to 80 °C, there was a gradual rise in % conversion of
phenol up to 69.3% (Table S5, entry 14). The reaction was
found to be highly exothermic above 80 °C, leading to rapid
decomposition of H,0,. Thus, the best results with high CT
selectivity and an appreciable TON of 173.5 and a TOF of
86.7 h™' were obtained at 80 °C. Therefore, the moderately
elevated temperature of 80 °C appeared to be optimal in
phenol hydroxylation as well, which is similar to our finding
in the case of styrene oxidation using the same catalyst.

Effect of reaction time. The progress of the reaction studied
with respect to time over a period of 8 h is depicted in Fig. 17.
As is evident from the data, the fast reaction occurring within
the initial 2 h of starting the reaction provided a substantially

V///) % Conversion| [
! I % cT - 70
B2 % Ha !
o0 [T % Ba L 60
§ 501/ L50 .
2 / 2
g 40- 40 %
= / V 7 3 2
- 20- % % g L 20 o

1:250

1:500 1:1000 1:1500 Blank

Catalyst (5.2): Phenol (molar ratio)
Fig. 15 Effect of the amount of catalyst 2 on phenol hydroxylation.

Reaction conditions: phenol (5 mmol), H,O, (20 mmol), 60 °C, H,O
(3 mL), and 2 h.
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Fig. 16 Effect of the temperature on phenol hydroxylation. Reaction
conditions: phenol (5 mmol), catalyst 2 (0.02 mmol), H,O, (20 mmol),
H,0 (3 mL), and 2 h.
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Fig. 17 Effect of reaction time on phenol hydroxylation. Reaction con-
ditions: phenol (5 mmol), catalyst 2 (0.02 mmol), H,O, (20 mmol),
80 °C, and H,O0 (3 mL).

good phenol conversion of >69% with a TON of 173.5 and a
DHB selectivity of >94%. Interestingly, on further extending
the reaction beyond 2 h, no significant improvement in % con-

View Article Online
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version was observed and CT:HQ selectivity remained nearly
constant (Table S5 and entries 14-17), whereas the TOF value
decreased to 22.5 h™'. Thus, these results clearly revealed 2 h
of reaction time to be optimal for phenol hydroxylation under
the reaction conditions maintained in aqueous medium.

Activity of nanocatalysts 3 and 4 and complex 1 in phenol
hydroxylation under optimized conditions. Subsequent to the
optimization of the right conditions for phenol hydroxylation
using catalyst 2, we further proceeded to evaluate the efficiency
of the homogeneous catalyst 1 and heterogeneous nanocata-
lysts 3 and 4 in aqueous medium. For the CuO nanocatalysts 3
and 4, 10 mg of catalyst was observed to be optimal under
otherwise identical reaction conditions. To our satisfaction, all
the four catalysts displayed comparable results with respect to
% phenol conversion as seen in Table 4. Interestingly,
however, the nanocatalysts displayed superior selectivity
towards the desired DHB products (100% selectivity), whereas
the homogeneous catalysts 1 and 2 showed 93 and 94.7%
selectivity towards DHB, respectively, with benzoquinone
being the minor oxidation product (Table 4).

3.4.3 Recyclability of the catalysts. For the practical utility
of a catalytic procedure, the stability and recyclability of the
catalyst are of paramount importance. Although the homo-
geneous catalysts usually display superior activity vis-a-vis their
heterogeneous counterpart, their recovery is often difficult
requiring a tedious separation process from organic
products.”®”” In the present study, notwithstanding the excel-
lent activity displayed by the homogeneous complexes 1 and 2
in styrene epoxidation, the catalysts could not be recovered for
reuse in subsequent cycles of reaction.

On the other hand, the heterogenized nanocatalysts 3 and 4
enabled easy recovery from the spent reaction mixture by
simple filtration. The reusability of the catalysts was tested
independently in styrene epoxidation under respective opti-
mized reaction conditions. The recovered catalysts 3 or 4 after
washing with acetone were dried under vacuum. The catalyst
was then recharged in a subsequent reaction run without
further conditioning. The recyclability of the heterogeneous
catalysts was tested up to three reaction cycles in the case of
solvent-free styrene epoxidation.

The results presented in Fig. 18 and 19 demonstrate that
both the catalysts 3 and 4 retained epoxide selectivity undimin-
ished up to the third reaction cycle. The activity of both the

Table 4 Phenol hydroxylation with 30% H,O, catalyzed by homogeneous catalysts 1 and 2 and nanocatalysts 3 and 47

% Selectivity

Entry Catalyst® % Conversion CT HQ BQ TON¢ TOF? (h™1)
1 1 63.2 67.0 26.0 7.0 157.9 78.9

2 2 69.3 67.1 27.6 5.2 173.5 86.7

3 3 65.9 711 28.9 0 — —

4 4 67.8 76.3 23.7 0 — —

“ Reactions were carried out with 5 mmol of substrate in H,0 and H,0, (20 mmol).  Catalyst amount: 0.02 mmol (1 and 2), 10 mg (3 and 4), 2 h
and 80 °C. “TON (turnover number) = millimoles of the product per millimole of the catalyst. “ TOF (turnover frequency) = millimoles of the

product per millimole of the catalyst per hour.
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Fig. 19 Recyclability of compound 4 for the epoxidation of styrene.
catalysts on the other hand, as reflected by the % styrene con-
version shown in Fig. 18 and 19, after remaining nearly unal- E ,yf g:"vm'o"
tered in the second reaction cycle, showed a slight decrease in e 05 EZ4 % Ha -
the subsequent cycle of reaction. Thus, considering the long 70+ 65.9 653 550 [EEER % BQ 70
reaction duration of 6 h and the elevated temperature of 80 °C 604 £o4 — L 60
at which each cycle of solvent-free epoxidation was conducted, c 1 ] I
- O 50- -50 2>
the observed recyclability of the catalyst for at least three cycles i ] I S
. . S —
of reaction is noteworthy. g 40 4 s: [40 5
. . . J 4.1 L o
Ir? the case of phenol hydroxylation ca.rrled out in aql.leous S 30- 2s.0 295 130
medium, the recycled catalysts after showing almost consistent o ; : (2]
o . o C . s 20- 120 3
% conversion and % DHB selectivity in the second catalytic S ] [
cycle displayed a gradual decline in % conversion and an 10 77 |10
alteration in the CT:HQ selectivity ratio in subsequent cycles 0 1 [ 0

as shown in Fig. 20 and 21. Nevertheless, the reactions pro-
ceeded with a consistent 100% DHB selectivity with CT and
HQ being the only products up to the 3™ cycle of reaction. In
the 4™ reaction cycle, however, the reaction product also con-
tained a small amount of benzoquinone along with CT and
HQ obtained as major products.

The regenerated catalysts were also characterized by IR
spectral analysis. The FT-IR spectral data of the regenerated
catalysts exhibited the characteristic peaks that were present in
the pristine catalysts 3 and 4 (Fig. S9-S12), indicating that the
catalysts retain their structural integrity during the catalytic
process. Moreover, no further conversion was noted after the
separation of the solid catalyst from the reaction mixture,
allowing the reaction to continue for another 1 h under opti-

This journal is © The Royal Society of Chemistry 2025

1stcycle 2ndcycle 3rdcycle 4th cycle

Fig. 20 Recyclability of compound 3 for the hydroxylation of phenol.

mized conditions. These results demonstrate the hetero-
geneous nature of the catalytic process.

3.4.4 Heterogeneity test. A standard hot-filtration experi-
ment was conducted under the respective optimized con-
ditions catalyzed by the insoluble catalyst 3 to confirm the
heterogeneous nature of the catalytic process and to exclude
the possibility of potential homogeneous contributions. The
solid catalyst 3 was separated from the reaction mixture at
45 min for styrene and at 1 h for phenol, after approximately
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50% conversion was achieved for both the substrates
(Fig. S13). The reactions were allowed to continue with the fil-
trate for an additional period of 3 h for styrene and 4 h for
phenol using 3. No significant improvement in the conversion
of styrene or phenol was observed after the separation of the
catalyst, suggesting the true heterogeneous nature of the
catalysts.

3.4.5 Utilization efficiency of H,0,. Assessment of the
effective utilization of H,O0, or utilization efficiency of H,O, in
an oxidation reaction is important, as in general, transition
metal catalysts tend to degrade H,0, under higher reaction
temperature conditions.”® In the present study, the H,O,
efficiency percentage, which is defined as 100 x moles of H,0,
consumed in the formation of the oxidized product/moles of
H,0, converted’® in phenol hydroxylation using 4 as a catalyst,
was found to be 92.6%, which indeed is rather high in com-
parison with the values reported for many other phenol oxi-
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dation catalytic methodologies.®>®" Furthermore, the utiliz-
ation of H,O, in styrene epoxidation using 4 as the catalyst was
also found to be 81.2%. Considering that the epoxidation reac-
tion was conducted at 80 °C for a longer period of 6 h under
solvent-free conditions, the observed H,0, efficiency in styrene
epoxidation also appears to be reasonably good.

3.4.6 Comparison with some reported catalysts. An inspec-
tion of the comparative data listed in Table 5 revealed that the
performances of the present homogeneous and heterogeneous
CuO NP catalytic systems are significantly better than or com-
parable to those of most of the reported Cu-based catalytic
epoxidation approaches, particularly with respect to para-
meters viz. conversion, selectivity, catalyst loading, and reac-
tion conditions applied. As seen in Table 5, several existing
reports on Cu-catalyzed epoxidation of styrene utilized TBHP
as an Oxidanty23—25,61,82—87 with CHSCN66,71,82—84,87—92 or
CHCI; ® as solvent. Whereas only two reports appear to be
available on Cu-based catalysts in solvent-free styrene epoxi-
dation, no reports were found related to styrene epoxidation
catalyzed by CuO nano-catalysts under organic solventless
conditions.>**® Furthermore, the present CuO nanocatalysts
afforded competitive results in aqueous phase phenol hydroxy-
lation to yield CT and HQ, in comparison with the activities of
many other Cu based catalytic systems reported so far.”*7%?
Overall, the optimized reaction conditions in both types of
organic oxidations viz., styrene epoxidation and phenol
hydroxylation in the present study are eco-friendly and milder
as the reactions were carried out employing H,O, as the
oxygen source without the addition of organic solvent or any
other non-green additives, at the natural pH of the reaction
mixture attained.

3.4.7 Proposed catalytic cycle. The plausible catalytic cycles
for styrene epoxidation and phenol hydroxylation are envi-
saged based on observations from our present work and pre-
vious literature.'®7'%® As illustrated in Scheme 3, the oxidation

Table 5 The comparison of the activities of the catalysts 1, 2, 3 and 4 with various copper-based catalysts in the epoxidation of styrene

Conditions [time, temperature,

Conversion (%)/

Entry Catalyst Catalyst amount  oxidant, solvent] epoxide selectivity (%) Ref.

1 1 0.002 mmol 6 h, 80 °C, 30% H,0, 98.5/99.0 This work
2 2 0.002 mmol 6 h, 80 °C, 30% H,0, 97.3/99.3 This work
3 3 1 mg 6 h, 80 °C, 30% H,0, 99.7/99.3 This work
4 4 1 mg 6 h, 80 °C, 30% H,0, 99.7/99.3 This work
5 [Cu,(u-0,CCeHs)a(py)2] 0.0065 mmol 25 h, RT, TBHP, solvent-free 78/82 24

6 CuO/In,04 100 mg 3 h, reflux at 107 °C, anhydrous TBHP  65.2/73.7 61

7 [Cu(tmbmz),] 35 mg 6 h, 80 °C, 30% H,0,, CH;CN 42.0/3.7 64

8 PS-[Cu(ligand),,] 35 mg 6 h, 80 °C, 30% H,0,, CH;CN 57.0/3.6 64

9 CuO CNCs@meso-SiO, nanocomposite 10 mg 2 h, 70 °C, TBHP, CH;CN 88.6/61.2 82

10 [CulI(acpy-oap)Cl]-Y 35 mg 7 h, 80 °C, TBHP, CH,CN 60.2/78.2 83

11 [Cu(bipy)(5-Br-2-hap)(ClO,)], 2 mg 6 h, 60 °C, 30% H,0,, CH;CN 100/58 91

12 CuO 7 mg 10 h, 70 °C, TBHP, CH,CN 100/86.4 23

(% benzaldehyde)
13 Cu(acac), 50 mg 8 h, 80 °C, air, isobutyraldehyde, 28.6/18.5 66
aq. NaOH, CH;CN

14 [Cu(sal-dach)]-Y 25 mg 7 h, 80 °C, 30% H,0,, CH;CN 21.7/12.9 89

15 Copper(u) Schiff base complex 0.032 mmol 6 h, refluxed, TBHP, CHCl; 100/— 85

16 [Cu(sal-oaba) (H,0)]-Y 25 mg 6 h, 80 °C, 30% H,0,, CH;CN 23.4/15.8 90

17 Fe;0,@Si0,@[SB@Cu](CH;C00), 0.01g 2 h, reflux, TBHP, CH;OH 81.0/88.8 25
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processes for styrene and phenol proceed with the active Cu(u)
metal center (I) of complexes (1 or 2) or the CuO nano-
materials (3 or 4) and lead to the formation of a Cu(i)-O-O-H
(copper-hydroperoxide) intermediate (II) in the presence of
H,0, (reaction (a)).'°'°® The transfer of the coordinated
oxygen atom from the Cu(i)-O-O-H intermediate initiates the
formation of the oxidized products. In styrene epoxidation (A),
the intermediate (II) forms an active species Cu-styrene-OOH™
(ImI) in the presence of styrene via interactions of H,O, and the
active Cu center (reaction (b)). The [Cu-styrene-OOH™| species
(II) facilitates the nucleophilic attack of the OOH™ species
(reaction (c)) to form an intermediate (IV) and finally forms
styrene epoxide (reaction (d)). Similarly, in phenol hydroxy-
lation (B), a Cu-phenol-OOH™ intermediate is formed which
leads to the nucleophilic attack of the OOH™ species at the
ortho and para positions of the phenol molecule to produce
hydroxylated CT and HQ; however the higher selectivity
towards CT could be ascribed to the predominant interactions

of the OOH™ species at the ortho position of phenol.***1%4

4 Conclusions

In summary, our work highlights the successful application of
the newly developed mixed ligand Cu(ir) complexes with deferi-
prone and diimine co-ligands 2,2"-bipyridine and 1,10-phenan-
throline as synthetic precursors for the straightforward syn-
thesis of CuO nanosheets. These soluble complexes also
served as versatile homogeneous catalysts in the epoxidation
of styrene under solvent-free conditions as well as phenol
hydroxylation in aqueous medium, respectively. Most impor-
tantly, the CuO NPs derived from compounds 1 and 2 could
accomplish selective styrene epoxidation with impressive %
conversions under solventless conditions. Furthermore, the
same nanocatalysts displayed remarkable efficiency as water

This journal is © The Royal Society of Chemistry 2025

tolerant heterogeneous catalysts to facilitate phenol hydroxy-
lation with H,0, in aqueous medium. The nanocatalysts
afford easy and successful regeneration and recyclability for at
least three consecutive oxidation cycles. The sustainability of
the developed oxidation protocols is further evident from the
fact that apart from using a non-toxic metal catalyst and H,O,
as a standard green oxidant, the procedures are free from any
halogenated solvents and acids or other hazardous auxiliaries.
High utilization efficiency and a simple work-up procedure are
other significant strengths of the methodologies making them
economically and environmentally attractive.
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