
Orbital: Electron. J. Chem. 2025, 17(2), 164-170  
 

 

a Chemistry Department, Federal Technological University of Paraná, zip code 86812-460 Apucarana, Paraná, Brazil. b São Carlos Institute 

of Chemistry, University of São Paulo, 13566-590, São Carlos, São Paulo, Brazil. *Corresponding author. E-mail: 

samulewski@utfpr.edu.br 

 

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br                                                                       164 

 
           

  

 

 

 

 

 

Full Paper | http://dx.doi.org/10.17807/orbital.v17i2.19507   

Synthesis, Characterization, and Antioxidant Activity of 

a New Copper(II)-imidazole Derivative Complex  
 

Ariel Colaço de Oliveira  a, Ana Claudia Pedrozo da Silva  a, Antonio Gustavo Sampaio de Oliveira-
Filho  b, Lilian Tatiani Dusman Tonin  a, André Luiz Tessaro  a, Felipe N. Pererira b,  Jonas de Arruda 
Leite Junior b, and Rafael Block Samulewski*  a 

  

Degenerative diseases such as cancer, cataract, and cerebral dysfunction are increasingly associated with free 

radicals. Copper(II) complexes exhibit antioxidant activity and can act in the treatment of these diseases altering 

or inhibiting cellular functions by intercalations with nitrogenous bases of DNA. Those complexes can be 

employed in the development of new drugs and materials for the treatment of these diseases or as preventive 

agents. In this work, we present the synthesis and characterization of a complex formed by an imidazole-type 

ligand and copper(II). NMR data confirm the structure of ligand and that its interaction with copper(II) ions 

produces the complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2 with a coordinated binding between copper(II) ion and 

nitrogen of the imidazole ring. Density functional theory (DFT) calculations performed at the B3LYP-D3(BJ)/def2-

SVP level of theory for both the complex and ligand reveal that the formation of the complex is spontaneous, 

exhibiting a copper-nitrogen bond length of 1.988 Å. The antioxidant assays showed a high-speed inhibition of 

complex radicals regarding free ligand. IC50 value is 1.5 times higher than the BHT standard, demonstrating the 

high antioxidant power of this compound. [Cu(3NIMDZ-H)(OH2)5]2+  shows a fast kinetics behavior for DPPH 

inhibition, which shows the possibility of new material application in antitumoral drug development. 

 

Graphical abstract 

                   

1. Introduction  

Free radicals are reactive compounds that tend to capture 
electrons from stable biological molecules. Overproduction of 

free radicals happens when a pathologic condition due to the 
presence of pro-oxidants compounds and other risk factors, 
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such as smoking and stress, give rise to oxidative stress [1]. 
Degenerative diseases - such as cancer, cataract, 
cardiovascular diseases, immune system weakness, and 
cerebral dysfunction - are increasingly related to excess free 
radicals and insufficient quantity of antioxidants [2]. These 
antioxidants are molecules capable of delaying or inhibiting 
cell damage through their free radical scavenging property. 

The therapeutic potential of transition metal complexes in 
cancer treatments has attracted much scientific interest [3-7]. 
Among metals, copper is an essential ion present in biological 
processes as many enzymes cofactor and plays a key role in 
transport, activation, and metabolism [8-11]. This metal has 
been frequently selected for the synthesis of antitumor drugs 
due to its lower systemic toxicity when compared to platinum 
[12, 13]. Copper(II) complexes can act on DNA through 
cavitation interactions, external electrostatic interactions, 
covalent interactions, and intercalations with nitrogenous 
bases of DNA, inhibiting cellular function [14-21]. 

Imidazole structure is a five-membered heterocyclic with 
an aromatic amine [22]. This group is present in several 
biological molecules, such as adenine, guanine, histidine, and 
natural products [23, 24]. The imidazole group stands out in 
chemistry, biology, and medicine due to its miscellaneous 
applications, such as complexes with antitumor activities [25-
31]. The versatility of the imidazole group is mainly due to its 
structure containing two nitrogen atoms. Deprotonated 
nitrogen has a great potential for coordination with metal ions, 
and when protonated, it becomes a good donor of hydrogen 
bonds, interesting for supramolecular chemistry. 

In this research, we developed a copper-imidazole 
complex, where the ligand 6-carboxy-4-(3-nitrophenyl)-
imidazo-[4,5-c]-4,5,6,7-tetrahydropyridine (3NIMDZ-H) was 
synthesized from L-histidine. In addition to structural 
characterization and spectroscopic studies, Density 
Functional Theory (DFT) calculations were performed to 
investigate the charge distribution of the complex. Finally, the 
antioxidant activity of the complex was also evaluated 
through the inhibition of 2,2-diphenyl-1-picrylhydrazyl (DPPH). 

2. Material and Methods  

2.1 Materials 

L-histidine, sodium carbonate, and 3-nitrobenzaldehyde 
were purchased from Synth, and butyl-hidroxytoluene (BHT), 
Copper(II) perchlorate [Cu(OH2)6](ClO4)2, and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich. 
The water used was double-distilled. All solvents employed 
were of analytical grade and were used without further 
purification. 

 

2.2 Synthesis of compound 6-carboxy-4-(3-nitrophenyl)-
imidazo-[4,5-c]-4,5,6,7-tetrahydropyridine (3NIMDZ-H) 

The ligand 3NIMDZ-H was synthesized by adding 6.0 
equivalents of sodium carbonate (36.0 mmol, 3.82 g) and 1.0 
equivalent of 3-nitrobenzaldehyde (6.0 mmol, 0.91 g) to 150 
mL of a L-histidine ethanolic solution (0.04 mol L-1). The 
reaction was kept under a reflux  for 7 hours, and its evolution 
was accompanied by thin layer chromatography (TLC) using 
CHCl3/MeOH as eluent and developed with iodine vapors. 
After cooled, the mixture was filtered and washed with 
ethanol. The filtrate was collected, and the solvent was 
removed using a rotary evaporator. The yield was 97 %. [32] 

 

2.3 Synthesis of complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2  

[Cu(OH2)6](ClO4)2 solution (0.116 g, 0.3 mmol in 10 mL of 
ethanol) was slowly dropped on ligand 3NIMDZ-H solution 
(0.08 g, 0.3 mmol in 20 mL of ethanol). The result solution was 
kept under stirring for 10 min. Blue-green powder was 
isolated, washed with ethanol, ether, and air dried.  

 

2.4 Physical Measurements 

NMR 1H and 13C measurements were performed by Varian 
nuclear spectrometer model Mercury Plus BB 300 MHz at 20 
°C on (DMSO-d6). UV-Vis spectra in the range 190-900 nm 
were obtained on a Cary-60 spectrophotometer in water:DMF 
(1:1 v/v). Infrared spectra were obtained with a Cary-630 FTIR 
spectrophotometer (400-4000 cm-1) in KBr pellets. 
Conductivity was measured in a conductometer BEL W3B 
comparing the complex with different 1 M inorganic salts 
solutions. 

 

2.5 Computational Details   

Geometry optimization, frequency, and thermochemical 
calculations for all structures were performed using the 
B3LYP density functional [33-36]. The D3 version of Grimme’s 
dispersion with Becke–Johnson damping (D3BJ) [37] was 
used, with the def2-SVP basis set [38] within Orca 6.0 [39]. 
This level of theory, herein referred to as B3LYP-D3BJ/def2-
SVP, has been shown to have satisfactory performance in 
predicting transition metal complexes, harmonic vibrational 
frequencies, and bond energies when compared to highly 
correlated electronic structure methods [40]. The UV-Vis 
absorption spectrum of the [Cu(3NIMDZ-H)(OH2)5]2+ was 
calculated using time dependent DFT (TDDFT) with the B3LYP 
density functional and the def2-TZVP basis set, at the B3LYP-
D3(BJ)/def2-SVP optimized geometry for the ground 
electronic state. All structures studied in this work were 
optimized in an aqueous solution using the polarizable 
continuum model (PCM) [41]. The nature of all stationary 
points was confirmed as minima by the harmonic vibrational 
frequency calculations with no imaginary frequencies. 

 

2.6 Determination of DPPH Scavenging Activity 

Several techniques have been used to determine in vitro 
antioxidant activity of substances to allow a rapid selection of 
potentially interesting compounds in the prevention of chronic 
degenerative diseases. Among these methods, the free 
radical scavenging method through DPPH is known to have 
purple staining absorbing at a maximum wavelength of 517 
nm. At this method, by the action of an antioxidant or a radical 
species, the purplish DPPH is reduced by yellowish diphenyl-
picryl-hydrazine formation, which can be monitored by 
absorbance decrease.  

The DPPH scavenging method was used to measure the 
antioxidant activity of the 3NIMDZ-H ligand and the copper(II) 
complex [42, 43]. A methanolic solution of DPPH (60 µmol       
L-1) was used for IC50 measurements (IC50 is the concentration 
at which 50% of the initial DPPH reacted). Methanolic 
solutions of ligand and complex were prepared with 
concentrations of 31.3, 62.5, 125, 50, and 100 mg mL-1. For 
comparison, a BHT solution (600 mg mL-1) was used as a 
standard. 

In a cuvette, 2.0 mL of DPPH solution and 1.0 mL of ligand 
or complex solution at different concentrations were mixed. 
Control was prepared by adding 1.0 mL of methanol to 2.0 mL 
of DPPH solution. Spectrophotometric data were collected at 
517 nm for 30 minutes. Antioxidant activity was expressed as 
the percentage of inhibition (% AA), according to Equation 1, 
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where Ac represents absorbance of control, Ab is the 
absorbance of blank sample, and Aa the absorbance of the 
compound solutions. 

 

%AA=
𝐴𝑐−(𝐴𝑎−𝐴𝑏)

𝐴𝑐
     

   (1) 

 

3. Results and Discussion 

3.1 NMR description of ligand 

L-histidine was condensed with 3-nitrobenzaldehyde by 
Pictet-Spengler reaction. The proposer mechanism was 
described in Scheme 1. A mixture of cis (4S, 6S) and trans (4R, 
6S) diastereoisomers of 3NIMDZ-H was observed and 
confirmed by 1H and 13C NMR data. (1H NMR and 13C NMR 
spectra can be visualized as Supplementary Material) 

 

 

Scheme 1. Mechanistic proposal for the synthesis of imidazo-[4,5-c]4,5,6,7-tetraidropiridyne unity by Pictet-Spengler reaction. 

 

The imidazo-[4,5-c]4,5,6,7-tetrahydropyridine unity of 
ligand was confirmed by H-4 shifts (δH 5.06 for cis and e δH 

5.14 for trans) at 1H NMR and C-4 shifts (δC 59.0 for cis and δC 
58.3 for trans) at 13C NMR. Furthermore, phenyl group 
presence at the C-H position can be observed. All data of 1H 
and 13C signals were visualized in Table 1. The numbered 

structure of the synthesized ligand can be visualized in Figure 
1. Three distinct large signals with shifts greater than 8.5 ppm 
are observed in the 1H spectrum and are related to two 
hydrogens of the amine group and one of the carboxylic 
group.  

 

Table 1. NMR signals of 1H and 13C for cis (4S, 6S) and trans (4R, 6S) 3NIMDZ-H diastereoisomers in DMSO-d6. Atom numbers are 
according to Figure 1. 

 cis trans  cis trans 

H 
δH 

(multiplicity, J=Hz) 
δH 

(multiplicity, J=Hz) 
C C (assignment) 

C 

(assignment) 

2 7.32 (s) 7.47 (s) 2 134.0 (CH) 134.3 (CH) 
4 5.06 (s) 5.14 (s) 3 147.1 (C) 147.6 (C) 
6 3.26 (dd, 3.0; 9.0) 3,11 (dd, 3,0; 9.0) 4 59.0 (CH) 58.3 (CH) 
7α 2.72-2.83 (m) 2,72-2.83 (m) 6 53.7 (CH) 54.3 (CH) 
7β 2.55-2.64 (m) 2.55-2,64 (m) 7 27.3 (CH2) 27.3 (CH2) 
2’ 8.17 (d, 3.0) 8.17 (d, 3,0) 1’ 134.9 (C) 134.9 (C) 
4’ 8.09-8.12 (m) 8.09-8.12 (m) 2’ 122.5 (CH) 121.8 (CH) 
5’ 7.60 (t, 7.0) 7,59 (t, 7.0) 3’ 148.0 (C) 148.0 (C) 
6’ 7.84 (d, 6.0) 7,84 (d, 6.0) 4’ 123.2 (CH) 122.3 (CH) 
   5’ 129.7 (CH) 129.7 (CH) 
   6’ 135.9 (CH) 135.9 (CH) 

 

3.2 Complex characterization 

The conductivity measurements of the complex solution 
(67.3 µS cm-1) are comparable to the CaCl2 solution 1.0 mol 
L-1 (63.8 µS cm-1) and the NaCl solution 1.0 mol L-1 (5.8 µS 
cm-1), indicating a cation:anion ratio of 1:2 and suggesting 
coordination through the nitrogen of the imine ring. 
Interaction of copper(II) ion by carboxylic group changes 
total complex charge by deprotonated ligand form (COO-) 
and cation:anion ratio 1:1 would be observed. The 
conductivity measurements can give a clue about complex 
structures. It is expected that complex formation happens 
through coordination between copper(II) ion and the imine 
nitrogen of the imidazole ring in 3NIMDZ-H ligand. The other 

coordination positions are occupied by water molecules and 
perchlorate, which function as a counter ion to charge 
neutrality to product the complex [Cu(3NIMDZ-
H)(OH2)5](ClO4)2. This proposal is corroborated by Gibbs 
free energy (ΔG°) for the [Cu(OH2)6]2+ + 3NIMDZ-H → 
[Cu(3NIMDZ-H)(OH2)5]2+ + H2O reaction  (ΔG° = -12.9 kcal 
mol–1) and by the geometry optimization. This Gibbs free 
energy indicates the spontaneity of the exchange between a 
water molecule and the 3NIMDZ-H ligand in the first 
coordination sphere of the copper(II) ion. In addition, the 
optimized geometry for the [Cu(3NIMDZ-H)(OH2)5]2+ 

complex is displayed in Figure 2a, featuring a copper-
nitrogen bond length of 1.988 Å.  Figure 2b illustrates the 
electrostatic potential map of the complex, revealing a 
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pronounced positive charge distribution in the vicinity of the 
copper(II) cation, while negative potential regions are 
observed near the electronegative groups of the ligand. 
Figure 2c depicts the lowest unoccupied molecular orbital 
(LUMO) of the transition metal complex which is 
predominantly centered on the nitrophenyl group of the 

ligand. The highest occupied molecular orbital (HOMO), 
Figure 2d, is a singly occupied orbital predominantly 
centered on the copper atom, exhibiting characteristic d 
orbital features. The orbital energy associated with the 
LUMO orbital is -3.133 eV and the energy of the HOMO 
orbital is -6.725 eV. 

 

 

Fig. 1. (a) Structure of 3NIMDZ-H. The atom numbering follows Table 1. Hydrogen atoms have the same number as the carbon atom to 
which they are bonded. (b) B3LYP-D3(BJ)/def2-SVP optimized geometry for 3NIMDZ-H. (c) Electrostatic potential map generated for 

3NIMDZ-H at the B3LYP-D3(BJ)/def2-SVP level of theory. The red region corresponds to a negative electrostatic potential, whereas the 
blue color corresponds to the positive potential. 

 

  

 

Fig. 2. (a) B3LYP-D3(BJ)/def2-SVP optimized geometry for 
[Cu(3NIMDZ-H)(OH2)5]2+. (b) Electrostatic potential map 

generated for [Cu(3NIMDZ-H)(OH2)5]2+ at the B3LYP-D3(BJ) 
/def2-SVP level of theory. The red region corresponds to a 

negative electrostatic potential, whereas the blue color 
corresponds to the positive potential. (c) Lowest unoccupied 

molecular orbital and (d) Singly occupied molecular orbital for 
[Cu(3NIMDZ-H)(OH2)5]2+ at the B3LYP-D3(BJ) /def2-SVP level 

of theory. 

 

The spectroscopic characterization of the samples was 
conducted through UV-Vis and FTIR analyses, which are 
illustrated in Figure 3. UV-Vis spectra (Figure 3b) show a large 
band at 700 nm after complexation (ε = 82,58 L mol-1 cm-1). 
This band is assigned as a sum of three electronic d-d 
transitions (eg-b1g, b2g-b1g and a1g-b1g), typical of the tetragonal 
distortion of the d9 copper(II) electronic system. The 
calculated natural transition orbitals [44,45] confirm this 
assignment and show that the three electronic transitions, 
involving electronic excited states S2, S3, and S4, with 
energies between 1.6 and 1.8 eV, are best described as pure 
(0.999 weight) transitions between particle/hole pairs 

centered on the metal, more specifically involving the d 
orbitals. The pairs of NTOs for each of these transitions 
clearly represent d-d transitions and are displayed in Fig. 4: (a) 
the S0 → S2 transition, at 773 nm; (b) the S0 → S3 transition, 
at 769 nm; and the S0 → S4 transition, at 676 nm. The 
calculated electronic spectrum with TDDFT, at the B3LYP-
D3(BJ)/def2-TZVP level of theory, for [Cu(3NIMDZ-H)(OH2)5]2+ 
is available in the Supporting Information as Figure 6S. FTIR 
characterization of ligand and complex is not trivial because 
the main bands were overlapping (Figure 3a). The calculated 
vibrational spectra, at the B3LYP-D3(BJ) level of theory, for 
3NIMDZ-H and [Cu(3NIMDZ-H)(OH2)5]2+ is available in the 
Supporting Information, as Fig. 5S.The 3NIMDZ-H ligand 
shows a large band at 1580 cm-1, which was attributed to three 

bands overlapping: (C=O), (C=N), and (C=C), consistent 
with the computed vibrational spectrum at the B3LYP-
D3(BJ)/def-SVP level of theory that displays such band at 
1627 cm-1. The bands at 1520 and 1351 cm-1 are 

correspondent to symmetric and asymmetric stretch (sN-O 

and asN-O) of the nitro group and corroborate with NMR 
obtained data. In the B3LYP-D3(BJ)/def2-SVP vibrational 

spectra, the asN-O is at 1386 cm-1. Finally, the band at 1406 
cm-1 corresponds to another overlapping of C-N and C-O 
stretch [46, 47]. When ligand and complex spectra were 
compared, is perceived a large new band at 1100 cm-1 
assigned to a typical Cl-O stretch of perchlorate as a counter 
ion. The major changes occur at 1406 and 1622 cm-1 after 
copper(II) coordination. This indicates that ligand 
coordination with copper(II) ion occurs by nitrogen of the 
imino ring, corroborating the conductimetric analysis. 
However, this analysis is not trivial, since the C=O and C-O 
bands of the carboxyl group occur in the same region and this 
group is a possible coordination site. Literature data report 
that histidine complexation occurs by imidazole ring as well 
as proposed complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2 [47]. 
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Fig. 3. (a) FTIR spectra of 3NIMDZ-H (-) and complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2 (-); (b) UV-Vis spectra of [Cu(OH2)6]2+ (-), 3NIMDZ-H (-
) and [Cu(3NIMDZ-H)(OH2)5]2+

 (-). 

 

 

Fig. 4. Pairs of natural transition orbitals for the electronic 
transitions of the [Cu(3NIMDZ-H)(OH2)5]2+ complex around 700 

nm. 

 

3.4  DPPH Scavenging Activity 

Antioxidant activities of 3NIMDZ-H and its complex 
[Cu(3NIMDZ-H)(OH2)5]2+ were measured by free radical DPPH 
inhibition. The BHT synthetic standard was chosen for its wide 
use in the food industry. IC50 values obtained were 122.54 µg 
mL-1 (0.56 mmol L-1) for BHT, 430.98 µg mL-1 (1.51 mmol L-1) 
for ligand, and 379.22 µg mL-1 (0.88 mmol L-1) for copper(II) 
complex. These values indicate a higher antioxidant activity 
for complex compared to ligand, suggesting that Cu2+ ion 
presence significantly changes chemical properties of the 
ligand. Bukhari and coworkers also observed this for quercetin 
[48]. Kohen and coauthors show that imidazole derivate 
ligands have an antioxidant activity due to hydrogen donation 
by the imidazole ring [49]. Esmaeili and coworkers show that 
copper(II) complex [Cu(His)2Cl2] (His = histidine) presented 
higher scavenging activity than free ligand histidine, 
representing that imidazole group function as an efficient 
electron donator group [50]. Thus, complexation with metal 
ions decreases the oxidation potential of the ligand, and the 
complex becomes more readily oxidized by DPPH due to 
greater availability of electron-donating by the imidazole ring. 
It is noted that IC50 of the complex is 1.5 times higher than the 
BHT standard, demonstrating the significant antioxidant 
power of this compound. 

The percentage of DPPH scavenging at times zero, 5, and 
30 minutes for ligand and complex at 1000 mg mL-1 are shown 
in Table 3. Figure 5 presents the kinetic behavior of ligand and 
complex solutions. The kinetic behavior of the compounds 
can be classified according to the time of 50% DPPH radical 
consumption (TC50) radical. When TC50 is less than 5 minutes, 
the kinetics is classified as fast. TC50 values between 5 and 
30 minutes correspond to intermediate and slow classes [51]. 

These results show that the complex has faster kinetics than 
the ligand, inhibiting 81.31 ± 1.37% of the radical at zero time 
(t = 0). After 30 minutes of reaction, stabilization was 
notorious, and percentage values of DPPH inhibition higher 
than 91% for the two compounds was observed. According to 
this classification, the complex [Cu(3NIMDZ-H)(OH2)5]2+  
shows a fast kinetics, and the ligand intermediate kinetics. 

 

Table 3. Percentage of DPPH scavenging activity at different 

times for ligand and complex at 1000 g mL-1 and the BHT 

standard at 600 g mL-1 

Time 
(min) 

BHT 
(3NIMDZ-

H) 
[Cu(3NIMDZ-

H)(OH2)5]2+ 

0.0 
45.27 ± 

0.25 
36.19 ± 

1.97 
81.31 ± 1.37 

5.0 
70.48 ± 

0.44 
54.47 ± 

2.15 
88.41 ± 1.14 

30.0 
92.38 ± 

0.24 
91.58 ± 

0.54 
93.28 ± 1.11 

 

 

Fig. 5. Kinetic behavior of DPPH inhibition for (●) 3NIMDZ-H 
ligand and (●) complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2. [Sample] 

= 1.0 mg mL-1. 
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4. Conclusions  

Copper(II) interaction with 3NIMDZ-H (imidazole type 
ligand) produces the complex [Cu(3NIMDZ-H)(OH2)5](ClO4)2 
and shows a coordinated binding between copper(II) ion and 
nitrogen of imidazole ring. NMR data confirmed the structure 
of the 3NIMDZ-H ligand, and FTIR analysis and computational 
calculation also confirmed the binding. Antioxidant assays 
showed a high rate of inhibition of the complex concerning the 
free ligand. In addition, IC50 values highlighted the antioxidant 
power of the complex. Finally, the results demonstrate that 
both the ligand and the complex are potential precursors for 
the development of materials for biomedical applications. 
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