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A B S T R A C T

A series of four copper(II) μ-Alkoxo-μ-carboxylato double bridged complexes, [{Cu2(L)}2][(μ–O2C–CO2] 1,
[{Cu2(L)}2(μ–O2C–(CH2)CO2] 2, [{Cu2(L)}2(μ–O2C–CH2–CO2] 3 and [{Cu2(L)}2(μ–O2C–C6H4–CO2] 4 (H3L ¼ 4-
bromo-2-((E)-((3-(((E)-5-chloro-2-hydroxybenzylidene) amino)-2-hydroxypropyl) imino) methyl)-6-
methoxyphenol and μ-dicarboxylate ions ¼ oxalate, malonate, succinate and terephthalate) have been synthe-
sized and characterized using several physicochemical techniques. The tridentate nature of H3L is interpreted
from IR spectra. The Epr spectra of these complexes are characteristic of the quintet state (S ¼ 2) in central
features and the triplet state (S ¼ 1) of these tetranuclear complexes. The electrochemical potential of these
complexes was investigated using CV (cyclic voltammetry) and DPV (differential pulse voltammetry). All com-
plexes showed quasi reversible reduction peaks in the cathodic region. To explore the stability of these complexes,
quantum chemical parameters like electronegativity, ionization potential, electron affinity, global hardness and
softness, and electrophilicity were estimated and discussed. The synthesized complexes have been designed as
structural and functional models of the catechol oxidase enzymes to investigate the catecholase activity. Addi-
tionally, superoxide dismutase activity data of all complexes have also been evaluated and compared with known
SOD mimics.
1. Introduction

Cu(II)-double bridged μ-alkoxo μ-carboxylato complexes have been
drawing greater attention as an active side of bio-metalloenzymes [1, 2,
3, 4, 5]. In the context of modelling biological systems, binuclear
Cu(II)-centres have an essential functional role in the active site of
tyrosinase, hemocyanin, catechol oxidase, etc. Cu-containing proteins
[6]. Synthesis and scrutinization for Cu(II)-complexes were done with a
catecholase-like functional model [7, 8, 9]. Mechanistic and electro-
chemical [10] and pH-dependent [11] studies on such binuclear com-
plexes with catecholase activity have been reported in the literature.
Catechol to quinone can be done through catechol catalysis, which has
greater importance in medical diagnosis [12, 13] (Scheme 1).

Cu(II)-binuclear complexes have drawn considerable interest due to
their biological and industrial importance [14]. Current reports give
evidence of better efficiency of mononuclear Cu(II)-analogues compare
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to binuclear complexes [15]. In addition, multinuclear metal complexes
are pretty valuable for functional molecule-based material synthon [16].
The synthetic manner of multinuclear complexes is planned at sympa-
thetic chemical or structural aspects that dictate coupling exchange in
paramagnetic centres advancing scientific progress [17].

Using magnetic susceptibility measurements, some binuclear Cu(II)
complexes with a different diamagnetic bridge can be characterized.
Combining carboxylato and oxo groups as bridges can give a coupling
yield of weakly antiferromagnetic, strongly antiferromagnetic, and
ferromagnetic properties [18, 19].

In the present work, the binucleated Schiff base is formed by
condensation 1,3-diamino-2-propanol and substituted salicylaldehyde
(3-methoxy-2-bromosalicylaldehyde and 5- chlorosalicylaldehyde). With
binucleating ability, these Schiff bases can serve as a bridging alkoxo
group. From this binucleating ligand, the bridge in Cu(II) ions the formed
between deprotonated alkoxide O-atom and another bridging ligand
eed further.
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Scheme 1. Conversion of catechol to a quinone.
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carboxylate anions such as oxalate, succinate and malonate, and tere-
phthalate ions. Herein, we report four μ-Alkoxo-μ-carboxylate double
bridged complexes with four bridging carboxylate anions viz.,
[{Cu2(L)}2][μ–O2C–CO2] 1, [{Cu2(L)}2(μ–O2C–(CH2)CO2] 2,
[{Cu2(L)}2μ–O2C–CH2–CO2] 3 and [{Cu2(L)}2(μ–O2C–C6H4–CO2] 4. The
Schiff L base is formed by condensation 1,3-diamino-2-propanol and
substituted salicylaldehyde (3-methoxy-2-bromosalicylaldehyde and 5-
chlorosalicylaldehyde). It possesses a binucleating functionality. More-
over, Cu(II)-ions are bridged by oxalate, succinate, malonate, and tere-
phthalate ions to form tetranuclear species. These complexes are
potential functional and structural models mimicking the catechol oxi-
dase copper(II) enzyme active site. QCPs(quantum chemical parameters)
calculated at the DFT level was utilized as the physicochemical expla-
nation of complexes to understand the electronic and molecular struc-
tures of these synthesised complexes. DFT has various uses in life science,
particularly in QSAR (quantitative structural-activity relationships)
models development. We also explored the SODmimetic activity of these
complexes.

2. Experimental

All chemicals and solvents were used of analytical grade and used
without further purification.
2.1. Synthesis of the schiff base ligand (H3L)

1,3-diamino-2-propanol (0.90 g, 10.0 mmol) was dissolved in 20 ml
methanol and added to a methanolic solution of 5-bromo-3-methoxy
salicylaldehyde (0.231 g, 10.0 mmol) and 5-chlorosalicylaldehyde
Scheme 2. Synthetic route for schiff base ligand H3L (¼ 4-bromo-2-((E)-((3-(((E
methoxyphenol).
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(0.156 g, 10.0 mmol) in 10 mL each. The reaction mixture was
refluxed for 3 h and allowed to stand for several days at room tempera-
ture. The resulting pale brown crystalline compound was washed with
cold ethanol and stored in a calcium chloride desiccator.

Yield; 62%, Anal. Calc. for C18H18BrClN2O4 (441.71): C, 48.95; H,
4.11; N, 6.34: Found C, 48.50; H, 4.19; N, 6.24 %: 1H NMR (400 MHz,
DMSO-d6): δ 13.57 (s, 2H, –OH), 8.52 (s, 2H, –N¼CH-). FTIR (KBr,
cm�1): 1649 cm�1 for ν(C¼N).
2.2. [{Cu2(L)}2][(μ–O2C–CO2] 1

To a stirred methanol (20) mL solution containing H3L (0.441 g, 1
mmol), sodium oxalate (0.067 g, 0.5 mmol), and triethylamine were
added to a methanol solution of copper chlorate hexahydrate (0.740 g, 1
mmol) and 1 h stirring. Then, a green polycrystalline compound was
collected by filtration, washed with methanol, and stored in a calcium
chloride desiccator.

Yield; 62%, Anal. Calc. for C38H30Br2Cl2Cu4N4O12 (1219.57): C,
37.42; H, 2.48; N, 4.59: Pract. C, 37.38; H, 2.49; N, 4.30 %: FTIR (KBr, in
cm�1):1600 cm�1 for ν(C¼N). ESI-Mass (m/z): 1214.95.
2.3. [{Cu2(L)}2 (μ–O2C–(CH2)CO2] 2

For this complex, in the method of complex 1 preparation, sodium
malonate (0.074 g, 0.5 mmol) was used instead of sodium oxalate.

Yield; 62%, Anal. Calc. for C39H32Br2Cl2Cu4N4O12 (1233.59):C,
37.97; H, 2.61; N, 4.54: Found C, 37.50; H, 2.43; N, 4.30 %: FTIR (KBr,
cm�1):1569 cm�1 ν(C¼N). ESI-Mass (m/z): 1228.95.
)-5-chloro-2-hydroxybenzylidene) amino)-2-hydroxypropyl) imino) methyl)-6-



Scheme 3. The synthetic pathway of complexes 1–4.
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2.4. [{Cu2(L)}2 (μ–O2C–(CH2)2–CO2] 3

This complex was synthesized similarly to complex 2 using sodium
succinate (0.135 g, 0.5 mmol) instead of sodium malonate.

Yield; 62%, Anal. Calc. forC40H34Br2Cl2Cu4N4O12(1247.62):C, 38.51;
H, 2.75; N, 4.49: Pract. C, 38.59; H, 2.49; N, 4.20%: FT-IR (KBr, in cm�1):
1596 cm�1 for ν(C¼N). ESI-Mass (m/z): 1242.99.

2.5. [{Cu2(L)}2 (μ–O2C–C6H4–CO2] 4

To methanolic H3L solution (0.441 g, 1.0 mmol) terephthalic acid
(0.083 g, 0.50 mmol), a methanolic copper(II) perchlorate hexahydrate
solution (0.740 g, 1.0 mmol) and KOH (1.0 ml, 1.0 mmol) was mixed.
After 2 h stirring and filtration, the filtrate was left for slow evaporation
at room temperature. After several days give green crystalline compound
appeared that was collected by filtration, washed with methanol, and
stored in a calcium chloride desiccator.

Yield; 62%, Anal. Calc. for C44H34Br2Cl2Cu4N4O12 (1295.66):C,
40.79; H, 2.65; N, 4.32: Found C, 40.59; H, 2.49; N, 4.20 %: FTIR (KBr, in
cm�1): 1638 cm�1 for ν(C¼N). ESI-Mass (m/z): 1290.44.

Caution! Perchlorate salts are potentially explosive and should be
handled with care. Although, no problems were encountered with the
complexes reported herein.

2.6. Physical measurements

Elemental analyses were carried out using an elemental analyzer. IR
spectra were obtained through Bruker Spectrophotometer (4000-400
cm�1 range, KBr pallets). Electronic spectra measured on Shimadzu
model UV-1601 spectrophotometer 10�3 DMSO solution. The electro-
chemistry of complexes was carried out by BAS-100 Epsilon Electro-
chemistry Analyzer, having a three-electrode system containing cells.
3

Ag/AgCl, Pt wire, glassy carbon, and TBAP (Tetra butyl ammonium
perchlorate) were used as reference electrodes, auxiliary electrodes,
working electrodes, and supporting electrolytes. 1H-NMR and 13C-NMR
analysis of ligand was carried out on FT-NMR spectrometer (BRUKER) in
DMSO-d6 solution, using tetramethylsilane (TMS) as the internal stan-
dard chemical shifts (δ) and were reported in δ units downward from
TMS. ESR with X-band was obtained through the Varian E-line century
series ESR Spectrophotometer. ESI Mass spectrometry was recorded on a
XEVO G2-XS QTOF. Electronic conductivities were measured using a
Systronics digital conductivity meter (Model TDS-308). X-ray diffraction
patterns of polycrystalline samples of complexes were recorded on a
Phillips PW 1130 diffractometer with Cu-Ka radiation of wavelength
1.54056 Å. The diffraction angle 2θ was in the range of 0–90�.

2.7. Catecholase activity

At 25 �C, the complexes catecholase–like activity for the air oxidation
of 3,5-ditert-butyl catechol (3,5-dtbc) to the corresponding quinone (3,5-
3,5-dtbq) was measured spectrophotometrically by using the same pro-
cedure as reported in the literature [20, 21, 22]. Using the
Michaelis-Menten method, Lineweaver-Burk plots were used to deter-
mine kinetic parameters after applying a kinetic treatment.

2.8. Superoxide dismutase (SOD)

As mentioned in the literature, the SOD-like pastime of complexes
1–4 became measured [23, 24, 25, 26].

2.9. Computational calculations

All computational calculations were performed to study geometrical
optimization studies by using GAUSSIAN 09 software program [27].



Figure 1. The conformations of (a) complex 1 (b) complex 2 (c) complex 3 and
(d) complex 4 are optimised utilizing DFT.
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B3LYPwith the 6-31G and LANL2DZ basis set was utilized to improve the
molecular geometries of the singlet ground state of complexes [28, 29].
The unrestricted method B3LYP/6–311þþG (d,p) GIAO was used to
4

compute theoretical NMR data in the gaseous phase. The structures have
been envisioned using a Gaussian view [30].

3. Results and discussion

As indicated in Scheme 2, synthesized ligand H3L was made using
equimolar solutions containing modified salicylaldehyde and 1,3-dia-
mino-2-propanol in ethanol. In general, tetranuclear copper(II) com-
pounds were made by combining stoichiometric amounts of H3L,
Cu(ClO4)2.6H2O, and carboxylate linking mediator throughout MeOH
(Scheme 3).

After double deprotonation, carboxylate bridging ligands (sodium
oxalate, sodium malonate, sodium succinate, and terephthalic acid) co-
ordinate as μ-bridging ligands. Our suggested general formula agrees
with the elemental analyses of the H3L and complexes 1–4. These pre-
pared compounds successfully recovered with good yields and were
examined using various spectrophotometric methods. Attempts to obtain
X-ray-grade crystals of these complexes were unsuccessful. In CH3OH,
estimated molar conductance parameters were obtained to be in the
range of 25–35 Ω�1 cm�1 M�1 [31]. Figure S1 (Supplementary Infor-
mation) shows the ESI-Mass of complexes 1–4.

3.1. Powder X-ray diffraction

The molecular structures based on quantum chemical calculations
(DFT) are given in Figure 1. The powder X-ray diffraction (XRD) mor-
phologies from these compounds were carried out from the 2θ region ¼
0-90� to get the crystallinity of the compounds, as shown in Figure S2
(Supplementary Information). The most significant diffraction peaks are
reported in Table 1. All complexes in their XRD pattern show a strong
peak of ~25�, indicating that complexes 1–4 are crystalline and fine
nanoparticles [32, 33]. The diffraction pattern of 3 and 4with low angles
with significant reflections at 14.19, 16.11, 26.69, and 28.11� and 17.30,
25.13, and 27.76�, respectively, indicate a higher crystallinity for these
complexes to 1 and 2.

3.2. Quantum chemistry

Using GAUSSIAN 09 application was used to conduct theoretical in-
vestigations (quantum chemical calculations) on the electronic structures
of complexes 1–4 so terms of explaining its theorized geometric prop-
erties in the gaseous form [27, 28, 29]. Table S1 (Supplementary Infor-
mation) contains the determined bond variables. This B3LYP basis set
optimised the complex geometry (Figure 1). Figure S3 (Supplementary
Information) displays contour plots of highly occupied molecular orbitals
(HOMO) and lowest occupied molecular orbitals (LUMO), as well as the
energy gap ΔEg (HOMO-LUMO) [34]. The HOMO essentially acts as an
electron donor and the LUMO as the electron acceptor [35]. Table 2
shows the predicted transition energy that was calculated. ThisΔEg value
reflects upon its catalytic activity [36, 37]. The ΔEg for 4 is the lowest,
reflecting a relationship with SOD activity and could be regarded as an
active centre for SOD mimics [36, 37, 38].

The graphical representations of the Mulliken spin densities for 1–4
are shown in Figure S4 (Supplementary Information). The delocalization
of the single unpaired electron around the copper centres relates to dx2-y2

with a less contribution dz2 and donor atoms of complexes.
The energy gap (ΔEg) of the present complexes (1–4) is observed to

have the following order: 3 > 1 > 2 > 4. Several global reactivity pa-
rameters are predicted using energy gap (ΔEg), EHOMO, and ELUMO values,
which also describe the internal charge transport, stabilization, and
reactivity of the molecules [38, 39] (Table 2). In HOMO and LUMO, three
upper and three lower orbitals show distinct localization in all com-
plexes, showing intramolecular electron charge transfer inside the
molecule. The ΔEg value is generally inversely proportional to the mol-
ecule's reactivity and softness and corresponds to its stability and hard-
ness. Furthermore, modest energy gap numbers showed easy charge



Table 1. Data from X-ray diffraction of the complexes 1–4.

Observed 2θ Calculated 2θ d spacing h K l Δ 2θ

Complex 1

22.79 22.76 3.903 4 1 0 0.03

27.91 27.87 3.198 4 1 1 0.04

31.80 31.78 2.813 5 3 0 0.02

Complex 2

17.41 17.39 5.095 1 1 2 0.02

21.99 21.98 4.00 0 1 4 0.01

28.94 28.93 3.083 -2 2 1 0.01

36.06 36.01 2.492 1 2 5 0.05

Complex 3

14.19 14.17 6.244 -1 1 1 0.02

16.11 16.08 5.506 3 0 1 0.03

26.62 26.60 3.347 0 2 1 0.02

28.11 28.09 3.174 0 2 4 0.02

Complex 4

17.30 17.28 5.128 0 0 4 0.02

25.13 25.10 3.551 -1 1 5 0.03

27.76 27.74 3.213 1 1 5 0.02

Table 2. Global reactivity descriptors for copper(II) complexes in eV.

Molecular properties Mathematical description 1 2 3 4

EHOMO Energy of HOMO -7.294 -6.715 -7.140 -6.947

ELUMO Energy of LUMO 6.639 -6.236 -5.176 -6.808

Energy gap ΔEg ¼ EHOMO - ELUMO 0.655 0.479 1.964 0.139

Ionization potential (IP) IP ¼ -EHOMO 7.294 6.715 7.140 6.947

Electron Affinity (EA) EA ¼ -ELUMO 6.939 6.236 5.176 6.808

Electronegativity (χ) (χ) ¼ -½ (EHomo þ ELumo) 7.116 6.475 6.158 6.878

Chemical Potential (μ) μ ¼ ½ (EHomo þ ELumo) -7.116 -6.475 -6.158 -6.878

Global Hardness (η) ¼ - ½ (EHomo - ELumo) 0.327 0.240 0.982 0.069

Softness (S) (S) ¼ 1/2η 1.526 2.083 0.510 7.194

Electrophilicity index (ω) ω ¼ μ2/2η 77.427 87.345 20.431 340.337

Table 3. Geometry Index (τ4) variables for copper(II) complexes.

Complex Geometry Index (τ4)

Cu1 Cu2 Cu3 Cu4

1 0.723 0.483 0.741 0.760

2 0.850 0.690 0.846 0.816

3 0.705 0.513 0.789 0.829

4 0.743 0.463 0.829 0.753

Table 4. FTIR spectral assignments (cm�1) for Schiff base ligand H3L and com-
plexes 1–4.

Compounds ν(C¼N) ν(C–H) ν(Cu–O) ν(Cu–N)

H3L 1649 3058 - -

1 1600 3089 460 437

2 1569 - 464 447

3 1596 1550 622 419

4 1668 1550 568 461
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transfer inside the molecule, which might boost the complex biological
processes even more.

Each copper(II) ion in complexes (1–4) is four coordinated. The
copper centres are coordinated by phenolic oxygen, azo nitrogen, alkoxy
oxygen, and carboxylic oxygen atoms. Cu–N/Cu–O bond lengths antici-
pated for such complexes appear close to those described in four coor-
dinate copper complexes based on X-ray data [40]. The geometry index
number with each Cu ion was distinct. Yet, a review among those index
values reveals that Cu1, Cu3, and Cu4 (τ4 ¼ 0.850-0.705) centres are
approximately tetrahedral, whereas Cu2 (τ4 ¼ 0.690-0.463) centre has
neither tetrahedral nor square planar [41] (Table 3).

3.3. NMR spectra

The mutual utilization of experimental and Gaussian computational
tools provides exciting information about the structures of molecules.
Figures S5 and S6 (Supplementary Information) show the results of the
1H and 13C NMR experiments. The 1H NMR spectrum in DMSO has peaks
at δ ¼ 13.571 and 13.586 ppm due to phenolic proton (s, 2H, OH), while
the peak at δ¼ 8.524 ppm has two azo protons (s, 2H, CH¼ N). The peak
has a chemical shift of 3.807 due to methoxy proton (s, 3H, OCH3). The
peaks having medium-range chemical shifts (6.888–7.571 ppm) are due
to the aromatic protons (s, 5H, ArH). The peak corresponding to the
alkoxy group of H3L appears to be δ ¼ 4.026 (s, 14, C–OH). At the lowest
δ (s/d, 3.767-3.407), the peaks are due to methylene protons attached to
nitrogen atoms (s, 4H, N–CH2).13C NMR spectrum reveals peaks at δ ¼
160.51 and 166.42 ppm because the benzene ring's C-atoms are linked to
5

OH (s, 2C, Ar-ring). Two peaks at 131.01 and 132.49 ppm are attribut-
able to the group's azo (HC ¼ N) of H3L (m, 2C CH ¼ N). The peaks at
62.97 and 69.54 ppm are due to methoxy (s, 1C, OCH3) and CH2 moiety
of methylene (s, 2C, CH2–N) carbon atoms. The peaks observed in the
range of δ¼ 119.17–122.03 ppm are due to carbon atoms of the benzene



Table 5. Electronic spectral values in CH3OH solvent.

Compound λmax (nm)

π→π*/n→π* CT band d-d band

H3L 350 - -

1 325 390 630

2 326 391 631

3 325 390 631

4 327 392 629

Figure 2. LMCT spectra of complexes 1–4 in 1 � 10�3 M DMSO solution.

Figure 3. Absorption spectra of complexes 1–4 showing d-d transitions in 1 �
10�3 M DMSO solution.

Figure 4. Cyclic voltammograms of Complexes 1–4 in DMSO solvent at a scan
rate of 300 mV s�1 and a temperature of 25 �C on an Ag/AgCl electrode.
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ring (s, 5C, Ar-ring). Theoretically calculated 1H NMR and 13C NMR
spectral peak positions compare well with experimental peak positions
(Table S2) (Supplementary Information). The theoretical spectral peaks
showed a good correlation with experimental values.
3.4. FTIR spectral studies

The infrared spectral data of the ligand H3L and complexes 1–4 are
given in Table 4, with their tentative assignments. Complexes demon-
strated ν(C¼N) stretching band, a feature of Schiff base ligands at 1668-
1569 cm�1, which shifted to the lower frequency side by ~10–26 cm�1

[42, 43, 44]. Characteristic bands of the aromatic ν(C–H) vibrations
appear at 3057-3173 cm�1. The coordinated azomethine nitrogen atoms
in complexes confirmed the appearance of new bands within the range
622-460 cm�1 ascribed to ν(Cu–N). In all complexes, the –OH (hydroxyl)
proton is removed in the basic medium, and the oxygen atom is
6

coordinated to copper. With the addition of such band to the lineup, ~
461-419 cm�1 and 460-622 cm�1 in spectra complexes are ascribed to
ν(Cu–N) and ν(Cu–O), respectively [44]. The optimized geometries of
H3L and complexes (1–4) were used to calculate FTIR absorption fre-
quencies at the same B3LYP/6-311G level to explore their stability. The
DFT calculations correlate with these assignments and exhibit the same
trend as found with experimentally observed peaks for ν(C¼N). From
theoretical calculated peaks ν(C¼N) for H3L and complexes observed at
1693, 1685, 1690, 1680, and 1653 cm-1, respectively. These values are
compared with experimentally observed peaks (Table 4).
3.5. UV-visible analysis

H3L compounds and complexes 1–4 had their electronic spectra re-
ported by 1.0 � 10�3 DMSO solution, and the λmax (nm) are summarized
in Table 5. UV-visible absorption spectra are shown in Figures 2 and 3.
For comparison, the electronic spectrum H3L is also measured. H3L and
its compounds have bands in the 300–350 nm range that match the
π→π*/n→π* transitions. The LMCT band may be seen from the 391 � 1
nm range (Figure 2). The copper(II) ions are in the planner setting
because all complexes have d-d transition bands in the region 630� 1 nm
(Figure 3) [45, 46]. TD-DFT calculations were carried out with
B3LYP/LANL2DZ with implicit solvation to aid in the electronic spectra
of complexes. When comparing the theoretical absorption peaks of four
coordinated double bridged complexes (1–4) to the experimentally
observed, the DFT predicts the only two peaks at ~ 325 and ~700 nm.
These absorption peaks, which are 325 and 630 nm, are in accord with
experimental findings. The higher energy bands are owing to the π→π*
transition in the ligand backbone, and lower energy bands are due to the
d-d transition.
3.6. Electrochemistry of complexes

In an N2 environment, the cyclic voltammogram of complexes 1–4 in
DMSO 1 � 10-3 M was obtained at room temperature with 0.1M TBAP
like a supporting electrolyte (Figure 4). All complexes show quasi
reversible cathodic reduction peaks, and redox data are given in Table 6.
The two reduction processes vs the Ag/AgCl reference, as demonstrated
by the DPV studies, both involve roughly equivalent electrons (Figure 5).
The formal potentials of two reduction potentials vary by over 180 Mv,
according to DPV [47, 48]. Reduction process for the Cu(II)/Cu(I) couple
(a process I) comes out ~ -0.05 V in relation to it Ag/AgCl electrode.
These reduction waves are quasi reversible. The observed additional
peaks in the DPV may be due to the reduction of the ligand moieties
(Figure 5). The reduction at more negative potential (process II)



Table 6. Electrochemical parameters for complexes 1–4.

Complex Epc1(V) Epc2(V) Epc1(V) Epa2(V) DEc1(V) DEc2(V) ΔDpc(V) E1½(V) E1½(V) ΔE½(V) Kcon

1 -0.864 -1.184 -0.736 -1.12 -0.683 -0.923 -0.240 -0.80 -1.152 0.352 5.887�108

2 -0.902 -1.238 -0.224 -0.821 -0.693 -0.966 -0.273 -0.563 -1.029 0.466 7.749�108

3 -0.926 -1.291 -0.221 -0.818 -0.715 -1.008 -0.190 -0.579 -1.054 0.475 8.105�108

4 -0.923 -1.238 -0.331 -0.838 -0.704 -0.998 -0.294 -0.627 -1.038 0.411 6.881�108

Figure 5. Differential pulse voltammograms of complexes 1–4 at 25 �C using a
scan rate of 20 mVs-1 in DMSO.

Figure 6. Epr spectra in the polycrystalline state (RT) and DMSO solution

A.K. Patel et al. Heliyon 8 (2022) e09373
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corresponds to CuIICuICuICuI redox couples. As indicated in Eqs. (1) and
(2), these reduction processes (I and II) are provisionally attributed to
one-electron processes [49, 50].

CuIICuII→CuIICuI (1)

CuIICuI→CuICuI (2)

Complexes 1–4 have a reduction potential similar to those described
in the literature. For 3, an significantΔE1/2¼ 0.475 V result is calculated,
indicating strong metal-metal interactions and combination to strong
spin-spin interactions [50]. The conproportionation constant (Kcon),
which shows the stability of mixed valent complexes (CuIICuI), was also
evaluated for the following Eq. (3).

CuII CuII þ CuI CuI⇌
Kcon

2CuII CuI (3)

Due to the enormous Kcon values, it is clear that adding a second
electron is difficult, and hence the CuIICuI mixed-valence species is
conproportionation stable. Multinuclear complexes are more prone to
this phenomenon. The Kcon of 3was highest than other complexes, which
shows that complex 3 is the most stable.
at LNT for (a) complex 1 (b) complex 2 (c) complex 3 (d) complex 4.



Table 7. Epr values of copper(II) complexes 1–4.

Compounds RT LNT

gk g? D(cm�1) E (cm�1) G gk g? Ak(G)

1 2.189 2.053 0.062 0.002 3.734 2.209 2.060 170

2 2.194 2.051 0.058 0.002 3.996 2.246, 2.215 2.071 170, 170

3 2.205 2.054 0.055 0.002 3.920 2.205 2.071 160

4 2.223 2.074 0.056 0.002 3.078 2.267, 2.220 2.071 115, 120

Scheme 4. The mechanism for the 3,5-dtbc oxidation is catalyzed by copper(II) complexes.
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3.7. Epr studies of copper(II) tetranuclear complexes

At ambient temperature in the polycrystalline form and liquid nitro-
gen temperature in 1.0� 10�3 M DMSO, Epr spectra for four tetranuclear
compounds are generated. The room temperature polycrystalline spectra
are broad, and a broad signal appears in each spectrum. Figure 6 shows
the overall Epr spectra of complexes 1–4 and the computed Epr values in
Table 7.

In complex 4, at high field, one additional broad signal appears.
Similar spectral features have already been observed for other copper(II)
tetranuclear complexes [51]. These Epr spectra are satisfactorily
analyzed owing to an S¼ 2 species with gk g? D and E. The inner aspects
of these Epr spectra may be attributed to the tetramer's quintet state (S ¼
2), while the outer resonance can be attributed to the tetramer's triplet
state (S ¼ 1) [51]. Using such hypotheses, the D numbers for zero-field
splitting in tetramer complexes were estimated and shown in Table 7.
The zero-field energy E was also evaluated and collected in Table 7. The
Spin-spin exchange parameter (G) is less than 4, showing spin-spin ex-
change interactions in all complexes.

Epr spectra at LNT in DMSO frozen solution were already obtained
and analyzed at low temperatures. The Epr spectra for 1 and 3 arise from
the mononuclear copper(II) complex. Such spectral features suggest that
the polynuclear complex is dissociated into mononuclear species after
dissolving in DMSO [52, 53, 54]. The spectral pattern and Epr parameters
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of both complexes are typical of an axial copper(II) complex of a Schiff
base [55, 56]; on the other hand, the spectra' of the remaining two
complexes (2 and 4) show septet feature in gk the region. Such features
are due to the presence of more than one species due to intradimer
spin-exchange interactions indicative of undissociated complex in solu-
tion. Analogous spectrum characteristics were described in polynuclear
Cu(II) complexes [57].
3.8. Kinetics for 3, 5-di-tert-butyl catechol activity

All synthesized complexes (1–4) were created as both structure and
function prototypes of catechol oxidase enzyme; hence determining
catecholase-like performance becomes critical. All complexes (1–4) show
moderate catalytic activity. Scheme 4 depicts the hypothesized catalytic
activity mechanism. The two-electron oxidation of 3,5-dtbc to quinone
was evaluated by the transmission of pair of an electron from the Cu(II)–
Cu(II) active site leading to its lowering into Cu(I)–Cu(I). So when
quinone becomes disorganized, it interacts with oxygen molecules (O2)
in the precursor solution, causing the Cu(I)–Cu(I) core to reoxidize,
releasing a water molecule and recovering a catalyst [20, 21, 22, 23]. The
reaction product 3,5-tertbutyl-o-quinone (3,5-dtbq) is appreciable stable
and shows a strong absorption at ~ 400 nm due to quinone formation
(C¼O). A rise in quinone band increasing duration was seen in all 1–4
complexes, as illustrated in Figure 7. A technique using initial rates was



Figure 7. Time-dependent growth of 3,5-dtbc catalyzed through (a) complex 1 (b) complex 2 (c) complex 3 and (d) complex 4.

Table 8. Kinetic data of dtbc oxidation reaction catalyzed by binuclear complexes 1–4.

Complex Vmax (min-1) Km (M) Kass (M-1) kcat (h-1) kcat/Km (M h-1)

1 0.018 42 238(2.38�102) 0.125 (7.50 min�1) 2.976 � 10�4

2 0.019 24 417(4.17�102) 0.129 (7.74 min�1) 5.375 � 10�4

3 0.014 25 400(4.0�102) 0.099 (5.94 min�1) 3.960 � 10�4

4 0.020 28 357(3.57�102) 0.125 (7.50 min�1) 4.400 � 10�4

Figure 8. A plot of % inhibition of NBT reduction vs concentration of com-
plexes 1–4.
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used to study its kinematics of 3,5-dtbc oxidation by complexes 1–4,
which involved measuring its growth mainly in a typical 3,5-dtbq band
around 400 nm at a time-dependent. The slope of the first-order kinetics
fitting data at the beginning of the reaction, whenever the backward
response is presumed inconsequential, can be used to derive the starting
rate [V0] for each substrate concentration. All acquired results were
analyzed using Michaelis-Menten enzymatic kinetics technique [21]. The
enzymatic kinetic parameters estimated from the Lineweaver-Burk plots
are shown in Figure S7 (Supplementary Information), and calculated
parameters are summarized in Table 8. Scheme 4 depicts the suggested
process of 3,5-dtbc oxidation catalyzed with complexes.

The medium behaviour of complexes 1–4 is indicated by increased Km
and small kcat readings. Complex 2 (kcat ¼ 0.129 h�1) is a better catalyst
model than the remaining complexes when compared to reported cata-
lytic variable (Km and kcat) data for those other metal complexes having
comparable enzymatic catalytic properties [58, 59]. A coordination ring
surrounding metal(II) ions and metal-metal spacing are two main vari-
ables that govern the catalytic performance of metal complexes [11, 60,
61, 62]. The variation in exercise among complexes 1–4 might be due to
the second component.
9



Table 9. SOD activity data (IC50, KMcCF, and SOD activity) of copper(II) complexes.

Compound IC50 (μM) SODactivity (μM-1) kcat � 104

M-1s-1
Reference

VC 852 1.17 0.39 [66]

[Cu2μ(SCN)2L12] 24 41.66 13.84 [65]

[Cu(L2) (NO3) (μ-2-aminopyrazine)Cu(L2) (NO3)2].2H2O 15 66.67 22.17 [67]

[(L3)Cu(μ-CH3COO)2Cu(L3)] 35 28.57 9.50 [68]

[(L3)Cu (μ-NO3)2Cu(L3)] 26 38.46 12.79 [68]

[Cu2(Z-(2-pyridyl)benzimidazole)2(L42)]ClO4 17 58.82 19.57 [49]

1 31 32.26 10.73 This work

2 40 25.00 8.31 This work

3 23 43.48 14.46 This work

4 35 40 9.50 This work

L1 ¼(Z)-N'-(phenyl(pyridin-2-yl)methylene)acetohydrazide, L2 ¼ N'-[(E)-phenyl (pyridine-2-yl)methylidene]benzohydrazide, L3 ¼ L ¼ N'- [phenyl(pyridin-2-yl)
methylidene]benzohydrazone), L4 ¼ N'-[(E)-phenyl (pyridine-2-yl)methylidene]furon-2- carbo-hydrazide.
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3.9. SOD activity

All four complexes exhibit catalytic activity toward the dismutation of
O2
⋅- at physiological pH, O2

⋅- enzymatically supplied from the alkaline
DMSO and SOD activities were evaluated by NBT assays [25, 63, 64],
following the reduction of NBT to MFþ at ~ 500 nm kinetically. Figure 8
depicts the Superoxide plot. The evaluated IC50 values of present com-
plexes remain in the range of 23–40 μM. The structural variation among
the existing complexes might explain the slight variances in activity
statistics. A observed trend in Superoxide dismutase for all these com-
pounds is 3> 1> 4> 2. These values are in the same order of magnitude
as the SOD mimics (IC50 ¼ 15–852 μm) reported in the literature [65, 66,
67]. The above compounds' SOD activity was also measured and
compared to that of similar SOD mimics (Table 9).

Another possible reason may be the very high binding constants be-
tween the dicarboxylate ions and dinuclear complexes. The above
Scheme 5. Catalytic mechanism of O2
⋅-
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compound catalytic rate constant (kcat) was determined [49, 66, 67, 68].
Similar to other compounds mentioned in the literature, its topology
surrounding a copper(II) centre stays deformed square planar, indicating
acceptable SOD activity [65, 66, 67, 68]. Scheme 5 depicts the hypoth-
esized process for a typical complex catalytic activity.

3.10. Structure-activity relationship analysis

Calculated SOD value for complexes (1–4) demonstrates how SOD
activity is significantly higher with catecholase efficiency for such com-
plexes. The CuIINO3 structural motif seems to be to blame for this dis-
covery. The active sites of Cu–Zn SOD are almost identical to the binding
sites of catechol oxidase. Furthermore, the catecholase activity demon-
strated by Cu–N functional component could be harmed by the Cu–O
functional component. So, the SOD and catecholase activity. Electro-
chemical experiments and quantum chemistry simulations also provided
dismutation through the complex.
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insight into the structural-activity connection for such CuNO3 analogues,
complexes 1–4. The results show that such complexes have electron-
accepting capacities and coordination situations that have been influ-
enced by the complexes' connecting groups. The action of SOD and cat-
echolase is affected by such bridged groups. SOD development is linked
to the transformation of O:�

2 O2, during which action, the copper(II)
centre obtains extra electrons from O:�

2 [69]. As a result, it is therefore
believed that indeed more excellent the complex's electron-accepting
capacity, the more advantageous the electron transfer from O:�

2 cop-
per(II) will be; therefore, SOD activity will increase. Similarly, the cat-
echolase function involves a method of transferring electrons that are
obtained via copper (II) [70]. As a result, it is therefore envisaged that
enhancing a metal complex's acceptors potential will increase cat-
echolase efficiency.

The catalytic performance of a compound is related to its electro-
chemical features. The quasi reversible reduction waves are assigned to
CuII/CuI pairs. E results indicate its electron-accepting powers are already
in the 4 > 3 > 2 > 1 range, which corresponds to the catecholase (kcat)
task variability trend. According to the mechanism of bioactivity infor-
mation and electrolytic information, increasing the electron-accepting
potential of complexes seems to have a significant impact on their
mimetic behaviours.

Furthermore, quantum chemical calculations were carried out to
show an additional analysis of the enzymatic activities of the complexes.
Similarly, ΔEg is an essential criterion for showing enzymatic biological
activities [71, 72]. According to ΔEg, the biological activity pattern is
almost the same as that seen in SOD/catecholase activities. Considering
the findings mentioned above, it is clear that the electron-accepting ca-
pacity of complexes plays an integral part in describing their bioactivity.

4. Conclusions

The tetranuclear copper(II) complexes were produced utilizing a tri-
dentate Schiff base and μ-carboxylate bridging binder. Spectral, electro-
chemical, and catalytic studies have been conducted on these
compounds. Epr spectral features can be assigned to quintet (S ¼ 2)
central part and outer resonance of triplet (S ¼ 1) of the tetramer. To
acquire molecule structures and investigate reactivity characteristics,
quantummechanical simulations have been used. The used ligand and its
complexes are stable, less polarizable, and of hard nature from the values
of reactivity parameters signifying the resistance toward deformation of
the electron density of molecule under small perturbation. Furthermore,
all catecholase and SOD activity data were assessed and compared to
reported duplicates. According to with findings, present complex 3 now
had maximum Scavenging activity.
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