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Chapter V 

Schiff Base Triggering Synthesis of Copper(II) Complex and its 

Catalytic Fate towards Mimics of Phenoxazinone Synthase Activity 

 

5.1. Introduction 
Copper based coordination compounds containing Schiff base ligands have been widely 

employed in different organic transformations of laboratory and industrial 

significance.[1-3] In living system, copper ion has played a pivotal role as an essential 

bio-element. In addition, copper complexes have been widely distributed as the 

functional sites of various metal dependent enzymes like catechol and galactose 

oxidase, phenoxazinone synthase, superoxide dismutase, lysine oxidase, N2O reductase 

etc.[4-7] Enormous efforts have been made by renowned research groups to mimic 

structural and functional sites of copper dependent enzymes aiming to develop better 

catalysts by tuning the electronic and geometric factors associated with the surrounding 

ligands.[8-10] It has commonly been observed that proper tuning of electronic and steric 

factors in ligand may lead to improve molecular properties for metal complexes.[4-11]   

Among the copper(II) complexes of varied nuclearities, dicopper compounds have 

played significant role in mimicking the functional activities of type-3 copper proteins 

with high efficiency.[4-7] Focusing on those structural and functional aspects, synthetic 

inorganic chemists have actively engrossed in designing and synthesizing coordination 

compounds aiming to explore the bio-functions of various metal-dependent enzymes.[11] 

Type-3 copper proteins have a dinuclear copper(II) active site and both the copper(II) 

centers were antiferromagnetically coupled that makes them EPR silent.[12-14] The 

magnetic interactions involving phenoxo-bridged complex 4 have been widely 

investigated in the scientific literature.[15-21] There were lots of examples where 

dinuclear copper complexes have formed by bridging phenolates and other atomic or 

molecular bridges (oxides, pyrazoles, phosphates, acetates etc).[22-29] 

On the other hand, catalytic oxidative coupling from 2-aminophenol (2-AP) to 2-amino-

3H-phenoxazine-3-one (2-APX) by copper(II) based coordination compounds have 

drawn considerable attention for its important mechanistic insights in the course of 

oxidative catalysis.[30-37] It has been experimentally observed that a naturally occurring 

antineoplastic agent, actinomycin D behaves as an inhibitor towards the preparation of 

DNA-directed RNA. Actinomycin D was related to questiomycin A which was familiar 
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as 2-Amino-3H-phenoxazine-3-one.[38] This species was used clinically for the 

treatment of certain types of cancer.[39] It was well observed that in the final step of the 

biosynthesis of actinomycin D, the enzyme phenoxazinone synthase catalyzes the 

oxidative coupling of 2-aminophenol to the phenoxazinone chromophore.[39-41] On 

account of the significance of the oxidative catalysis, this research work presented the 

preparation, structural characterization and DFT study of a dinuclear copper(II)-Schiff 

base complex and its potential bio-mimicking activity towards catalytic oxidative 

coupling of 2-aminophenol under aerobic atmosphere. [L4= (Z)-2-methoxy-6-(((2-

methoxyphenyl)imino) methyl)phenol), Scheme 5.1] 

 

   

 

 

                                   Scheme 5.1. Schematic diagram of the ligand L4 

5.2. Experimental Section 

5.2.1. Preparation of the complex 

 5.2.1.1. Materials and Methods       
Highly pure o-vanilin (Sigma Aldrich, USA), o-anisidine (Sigma Aldrich, USA), 

copper(II) perchlorate hexahydrate (E-Merck, India) and o-aminophenol (Sigma 

Aldrich, USA) were purchased from the respective concerns and used as received. All 

other chemicals and solvents were of analytical grade and were used as received without 

further purification. 

Caution!  Metal perchlorate salts are potentially explosive, especially in presence of 

organic ligands. Hence, metal perchlorate salts should only be handled with proper 

precautions (in small amount, avoid heat and fire). 

 

5.2.1.2. Synthesis of the Schiff base L4 and copper complex 4  
The Schiff base ligand, L4 was prepared following the reported procedure.[42-44] The 

Schiff base ligand was synthesised by refluxing o-anisidine (0.123 g, 1 mmol) with o-

vanilin (0.152 g, 1 mmol) in 20 ml ethanol for 6 h. Thereafter, the reddish coloured 

solution was filtered and dried. Then, the compound was stored in vaccuo over CaCl2 

for use. The Cu complex 4 was synthesized in methanolic solution of Cu(ClO4)2 (0.730 
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g, 2 mmol)  was added drop wise to the acetonitrile solution of L4 (0.771 g, 3 mmol). 

Consequently, it was observed that the red coloured Schiff base solution was turned into 

green immediately. The, the reaction solution was kept in open atmosphere for slow 

evaporation. After 10-15 days, fine microcrystalline green coloured compound was 

separated out from the solution. Thereafter, the crystalline compound was washed with 

toluene and dried over silica gel to get pure crystals of 4. Finally, different 

spectroscopic and analytical techniques were performed to characterize the compound. 

The results are as follows.  

Yield of L4: 0.219 g (~85.2%). 

Yield of 4: 0.630 g (~76% based on metal salt). 

 

5.2.2. Physical measurements 
IR spectra of the ligand L4 and 4 were recorded with a FTIR-8400S SHIMADZU 

spectrophotometer (Shimadzu, Kyoto, Japan) in the range 400-3600 cm–1 with KBr 

pellet. 1H and 13C NMR spectra of the ligand (L4) were recorded on a Bruker Advance 

400 MHz spectrometer (Bruker, Massachusetts, USA) in CDCl3 at 298 K. Steady-state 

absorption and other spectral data were recorded with a JASCO V-730 UV-Vis 

spectrophotometer (Jasco, Tokyo, Japan). Electrospray ionization (ESI) mass spectrum 

of the ligand and 4 were recorded using a Q-tof-micro quadruple mass spectrometer. 

Operating parameters of the instrument like sample cone, source temperature, and pump 

flow were kept as fixed at 30V, 80 ºC and 20 µL/min respectively during the 

measurement of ESI-MS for this dicopper(II) complex. The pH values of different 

solutions were measured by Labman pH meter (Wensar, Chennai, India) at room 

temperature. Elemental analyses were performed on a Perkin Elmer 2400 CHN 

microanalyser (Perkin Elmer, Waltham, USA). X-band EPR spectra were recorded on a 

Magnettech GmbH MiniScope MS400 spectrometer (equipped with temperature 

controller TC H03, Magnettech, Berlin, Germany), where the microwave frequency was 

measured with an FC400 frequency counter.                                                 

Table 5.1. CHN analysis of the Schiff base ligand L4 and complex 4 

Compound 

(Mol. formula) 

                       Found (Calcd)% 

C H         N 

L4 (C15H15NO3) 70.09 (70.02) 5.80 (5.88) 5.93 (5.44) 
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Complex 4 (C45H42N3O13ClCu2) 54.35 (54.30) 4.19 (4.25) 4.28 (4.22) 

              

5.2.3. Crystal structure determination and refinement 
 Single crystal X-ray diffraction data of 4 were collected using a Rigaku XtaLABmini 

diffractometer equipped with Mercury 375R (2 × 2 bin mode) CCD detector. The data 

were collected with graphite monochromated Mo-Kα radiation (λ=0.71073 Å) at 

100.0(2) K using  scans. The data were reduced using CrysAlisPro 1.171.38.46[45] and 

the space group determination was done using Olex2. The structure was resolved by 

dual space method using SHELXT-2015[46] and refined by full-matrix least-squares 

procedures using the SHELXL-2015 [47] software package through OLEX2 suite.[48] 

 

5.2.4. Hirshfeld surface analysis of complex 4  
Crystal Explorer 17.5[49] progam package was employed to generate Hirshfeld surfaces 
[50] and 2D fingerprint plots [51] of 4 using its single crystal X-ray diffraction data. It has 

already been established that Hirshfeld Surface analysis was a very important tool to 

study and locate intermolecular interactions within a crystal packing.[51,52] The function 

dnorm was a ratio of the distances of any surface point to the nearest interior (di) and 

exterior (de) atom and the van der Waals radii of the atoms.[53-55] The normalized contact 

distance (dnorm) could be expressed as 

             ...(5.1) 

Where, re
vdW and ri

vdW denote the corresponding van der Waals radii of atoms. The 

negative value of dnorm indicates that the sum of di and de was shorter than the sum of 

the relevant van der Waals radii, which was considered to be a closest contact and was 

visualized in red colour. The white colour denotes intermolecular distances close to van 

der Waals contacts with dnorm equal to zero whereas contacts longer than the sum of van 

der Waals radii with positive dnorm values were coloured with blue. A plot of di versus de 

was a fingerprint plot that identifies the presence of different types of intermolecular 

interactions. 

 

 5.2.5. Phenoxazinone synthase activity of complex 4 
 Phenoxazinone Synthase like activity was examined by treating 1×10−4 M solution of 4 

in MeCN medium with 10 equiv. of 2-aminophenol (2-AP) under aerobic conditions at 
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room temperature. To study this activity, absorbance vs. wavelength (wavelength scans) 

of the solution was monitored spectrophometrically at a regular time interval of 5 

minutes for 1h in the wavelength range from 300-800 nm.[6,32,42]  

     Kinetic experiments were also performed spectrophotometrically to enumerate the 

aminophenol oxidation efficacy with this complex 4 in presence of 2-AP in MeCN at 

298 K.[6,32,42] 0.04 mL of the complex solution with a constant concentration of 1×10–4 

M was added to 2 mL of 2-AP of a particular concentration (varying its concentration 

from 1×10–3 M to 1×10–2 M)  to achieve the ultimate concentration of the complex as 

1×10–4 M.  The conversion of 2-aminophenol to 2-aminophenoxazine-3-one was 

monitored with time at a wavelength 434 nm (time scan) in MeCN.[6,32,42,56-59] To 

determine the dependence of rate on substrate concentration, kinetic analyses were 

performed in triplicate.  

Column chromatography was employed to extract the product, phenoxazinone in pure 

form from the catalytic oxidation of 2-AP. Neutral alumina was used as column support 

and benzene-ethyl acetate solvent mixture was treated as an eluant mixture in this 

chromatographic separation. The oxidation product was found in high yield (~77% for 

4). 1H NMR spectral analysis helped to identify the species. 1H NMR data for 2-amino-

3H-phenoxazine-3-one (APX), (CDCl3, 400 MHz,) H: 7.62 (m, 1H), 7.44 (m, 3H), 6.47 

(s, 1H), 6.39 (s, 1H), 6.28 (s, 1H). The identification of this phenoxazinone product was 

further consolidated in ESI-Ms spectrometry from the appearance of base peak at m/z 

213. 

 

5.2.6. Detection of presence of hydrogen peroxide in the catalytic oxidation 

of 2-aminophenol 
 To ensure the active participation of molecular oxygen in the course of catalysis, the 

formation of hydrogen peroxide was checked based on some previously reported 

literatures.[56-59] It was well known that molecular oxygen in oxidative catalytic 

reactions may convert itself to hydrogen peroxide or water as byproduct. In this course 

of oxidative catalytic reaction, the solution was acidified with H2SO4 to reach the pH of 

the solution at 2.  After a certain time, an equal volume of water was added to stop 

further oxidation. The phenoxazinone species were extracted three times with 

dichloromethane. 1 mL of 10 % solution of KI and three drops of a 3 % solution of 

ammonium molybdate were added to the aqueous layer. The formation of I3
− was 
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monitored spectrophotometrically to check the development of the characteristic I3
− 

band (λmax= 353 nm) which is assignable to the production of hydrogen peroxide. 

 

5.2.7. Electro-chemical analysis   
The electro analytical instrument, BASi Epsilon-EC for cyclic voltammetric experiment 

in CH2Cl2 solutions containing 0.2 M tetrabutylammonium hexafluorophosphate as 

supporting electrolyte was used. The BASi platinum working electrode, platinum 

auxiliary electrode, Ag/AgCl reference electrode were used for the measurements. 

5.2.8. Computational details 
All the computational calculations were performed using Gaussian 09 W Programme 

Suite[60] avoiding symmetrical restrictions. Employing density functional theory (DFT), 

all the ground state calculations were performed with widely used B3LYP 

computational model and 6-311G basis set (for both metal and non-metallic 

elements).[61] Initially, complex 4 was optimized in vacuum. Thereafter, to incorporate 

solvent effect, 4 was optimized in MeCN (ε = 35.668) employing integral equation 

formalism polar continuum model (IEFPCM).[62-65] solvent model. Global minimum of 

each structure was confirmed through stability calculations and IR frequency check-up 

with no imaginary frequency. All the optimized structures were stable under the 

perturbation considered. The images of frontier molecular orbitals (FMOs) were 

extracted from corresponding check point files. For further details of computational 

methods, readers might follow somewhere else.[66-68]  To compare the XRD structure 

and computationally optimized structure visually, the structures were superimposed 

using PyMOL 1.3 software package.[70] 

 

5.3. Results and discussion 

 5.3.1. Synthesis and formulation of the Schiff base L4 and complex 4 
 The reddish coloured Schiff base ligand, L4 was synthesized by refluxing o-anisidine 

with o-vanillin in ethanol medium. Single crystals of the Schiff base were grown in the 

saturated solution of Schiff base in ethanol medium using slow evaporation technique 

(Scheme 5.2). The Schiff base exhibited good solubility in methanol, ethanol, and 

dimethylsulphoxide. The synthesis of the complex 4 were obtained by adding hydrated 

copper(II) perchlorate to polydentate Schiff base ligand (Scheme 5.2). Different ratio 

between hydrated Cu(ClO4)2 and L4 (1:1, 1:2) have also been applied to prepared the 
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single crystals to divulge the mode of coordination of the Schiff base with Cu(II) ion. 

However, no crystals were found. Different Cu(II) salts like bromide, acetate and 

sulphate have been combined with the polydentate Sciff base to prepare Cu(II) 

complexes of varied dimension and nuclearities but remains unsuccessful. This copper 

compound showed good solubility in common polar solvents as such methanol, 

acetonitrile, dichloromethane etc. This synthesis may be successfully prepared using 

methanol-dichloromethane or methanol-acetonitrile medium. 

  

  

           

 

 

 

 

     

 

                                      Scheme 5.2. Synthetic route for the complex 4 

 5.3.2. Infrared spectral analysis 
The Schiff base L4 ligand exhibited the characteristic peaks at 3432 and 1614 cm-1 for 

hydroxyl and imine groups respectively. The complex 4 showed the characteristic peaks 

at 1611 and 1095 cm-1 for methylene and perchlorate groups respectively. These 

characteristic peak of the Schiff base L4 ligand and complex 4 were tabulated in the 

given below Table 5.2. 

Table 5.2. Infrared spectral dataa of L4 and 4 
                          

 

 

 

                   aKBr disc 

 

 

Compounds                 ν (cm-1) Functional groups 

  L4 3432 1614  –OH, –C=N– 

Complex 4 1095, 1611  –ClO4-, –C=N– 
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Fig. 5.1. FT-IR spectrum of the Schiff base L4 and complex 4 

 

5.3.3. Electronic spectral analysis 
The electronic spectra of the L4 and complex 4 were recorded in acetonitrile medium 

(MeCN) from 200 to 900 nm at room temperature. The Schiff base, L4 displayed high 

intensity electronic bands at 278, 340 nm and a broad band at 460 nm while the 

complex 4 exhibited electronic transitions at 240, 293 and 400 nm. The optical bands 

for L4 & 4 were displayed in Fig. 5.2. The highly intense electronic bands at 278, 340 

nm in UV region for L4 are assignable to π→π* and n→π* electronic transitions of 

ligand chromophore, however the development of optical band at 460 nm is assignable 

for charge transition of ligand origin.[71] The 3A2g(F) → 3T2g(F) transition that 

commonly appears above 700 nm was missing for this copper complex 4.[72-74]  The 

absorption at 400 nm corresponds to charge transfer transition and can be assignable to 

phenoxo to Cu(II) ion electron transfer transition.[73,74] The highly intense electronic 

bands at 240 and 293 nm for 4 may be attributed to π→π* and n→π* electronic 

transitions of ligand chromophore.[71] 

Table 5.3. UV-Vis spectral datab of L4 and 4 

Compounds λmax, nm 

  L4 278 (0.21), 340 (0.28), 460 (0.09) 

Complex 4 240 (0.78), 293(0.44), 400 (0.18) 
                             bAcetonitrile solution in 298K 
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Fig.5.2. UV-Vis spectrum of the Schiff base L4 and complex 4 in MeCN medium 

 

5.3.4. Fluorescence property 
The fluorescence behaviour of the ligand and the complex 4 has been examined through 

recording of fluorescence spectra in MeCN medium & are presented in Fig.5.3. The 

Schiff base exhibited moderate intensity in fluorescence behaviour while complex 4 

behaves as a non-fluorescent or poorly fluorescent compound at room temperature. The 

quenching of fluorescence intensity for Schiff base upon coordination of Cu(II) ion may 

be explained in terms of spin-orbit coupling or heavy atom effect.[76-78] Previously, 

Rathod et al, reported the similar kind of reduction of fluorescent intensity for highly 

fluorescent fluorescein-based Schiff base upon incorporation of Cu2+ ion in solution 

phase.[77] 

 

 

 

 

 

 

Fig.5.3. Steady-state fluorescence spectra of L4 (left) & complex 4 (right) in MeCN 
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5.3.5. Molar conductance measurement 
The electrolytic nature of the complex 4 has also been examined through recording 

molar conductance values in MeCN medium at room temperature. The molar 

conductance values for 1.50×10–3 M concentration solution of 4 produces 147 Scm2mol-

1 which certainly recommends the 1:1 electrolytic nature in MeCN medium. The 

electrolytic nature of 4 was attributed for the existence cationic dicopper(II) species 

with counter anionic perchlorate ion.[75] 

 

5.3.6. NMR spectral analysis  
The NMR spectral analysis of L4 was carried out in CDCl3. Fig. 5.4 and 5.5 displayed 

the 1H and 13C NMR spectra of L4, respectively. The L4 ligand characteristic peak 

showed at 14.47 ppm for hydroxyl proton and 8.72 ppm assigning the methylene 

containing proton. The proton signals corresponding to aromatic-H appeared in the 

range 7.27 to 6.98 ppm while the -OCH3 protons showed at 3.94 to 3.90 ppm. 

The 13C NMR was also recorded to assign the characteristics of the C-atom in L4. The 

signals exhibited at 161.33 ppm attributed the azomethine-C. The ph-C bound to -OMe 

and ph-C bound to -OH were attributed at 153.87, 152.68 and 148.77 ppm, respectively 

while the signals in the range 136.31 to 111.97 ppm corresponded to the aromatic-Cs 

and OCH3 carbons showed at 56.12 to 55.85 ppm respectively in the L4. 

 

Fig. 5.4. 1H NMR spectrum of the ligand, L4 in CDCl3 
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Fig. 5.5. 13C NMR spectrum of the ligand, L4 in CDCl3 

5.3.7. ESI-Ms spectra analysis  
ESI-Ms spectra of L4 and its Cu(II) compound were also measured in MeCN medium 

and the spectra were presented in Fig.5.6 and 5.7. Presence of molecular ion peaks at 

m/z 258.6663 (257.11) and 894.2371 (894.15) for L4 and 4 justify the molecular 

integrity of the compounds in solution phase. The experimental m/z values agree very 

well with the calculated values of molecular mass for both the compounds. 

 

 

 

 

 

 

 

 
                     
   

                           Fig. 5.6. ESI-Ms spectrum of the Schiff base L4 in MeCN medium 
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Fig. 5.7. ESI-Ms spectrum of the complex 4 in MeCN medium 

5.3.8. Theoretical calculation of complex 4  
To get an idea about the electronic transitions and molecular level reactivity, energy of 

frontier molecular orbitals of 4 have been computed and presented in Fig. 5.8. 

Electronic charge density of HOMO, HOMO–1 and HOMO–2 were located majorly 

both on the ligand and metal centres and electronic charge density of LUMO, LUMO+1 

and LUMO+2 were exclusively located on the ligand. Besides, the transition energies or 

energy gap among the frontier molecular orbitals, HOMO-LUMO, (HOMO–1)-

(LUMO+1) and (HOMO–2)-(LUMO+2) were calculated as 2.69 eV (525 nm), 3.42 eV 

(473 nm) and 3.95 eV (435 nm) respectively. This transition energy values suggested 

the molecular level reactivity of the complex 4. 
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Fig. 5.8. Images of frontier molecular orbitals of binuclear copper complex obtained 

using DFT/B3LYP/6-311G theoretical method and IEFPCM/MeCN solvent system 

 

5.3.9. Description of crystal structure 
X-ray structural analysis exhibited that the complex 4 crystallizes in orthorhombic 

system with Pbca space group. Very interestingly, in this complex 4, each of the 

copper(II) centres adopted different coordination geometry–octahedral and square 

planar geometries. An ellipsoidal diagram of 4 was shown in Fig. 5.9. The structural 

refinement parameter for this complex 4 was specified in Table 5.4. 

 

Table 5.4. Crystallographic data and structure refinement parameters for 4 

Parameters         4 
CCDC Number        1957033 

Empirical formula C45H42N3O13C1Cu2 

Formula weight 995.34 

Temperature (K) 100 

Crystal system Orthorhombic 

Space group Pbca 

a (Å) 20.6993(10) 

b (Å) 15.1138(9) 

c (Å) 26.913(2) 

Volume (Å3) 8419.6(9) 
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Z 8 

ρ (gcm–3) 1.571 
μ (mm–1) 1.146 

Temperature (K) 100 

F (000) 4096 
Rint 0.088 

θ ranges (º) 2.5-25.0 

Number of unique reflections 7402 

Total number of reflections 40939 

Final R indices 0.0685, 0.2393 

Largest peak and hole (eA˚-3) 1.19, -1.24 

 

Weighting Scheme: R= Fo-Fc/Fo, wR2=[w(Fo2-Fc2)2/w(Fo2)2]1/2, Calc. w = 

1/[2(Fo2) + (0.1260P)2+ 18.6138P] (4); where P = (Fo2+2Fc2)/3. 

The bond angles as well as bond distances were given in Table 5.5. Three units of L4 in 

coupling with two Cu(II) ions produce a monocationic complex 4 and the cationic 

charge was satisfied by perchlorate ion in the secondary zone of coordination. L4 may 

be considered as a tetradentate chelator for consisting of four donor centres in its 

structure although it only coordinates using three donor centres and behaves as a 

flexidentate ligand system. The square planar geometry for Cu1 centre in 4 deviated 

slightly from ideal square planar geometry and it was evident from the measurements of 

bond angles (Table 5.5).[53,54] The origin of distorted square planar geometry may be 

assigned to the presence of bond constraints in Schiff base ligand during coordination to 

copper ion. The Cu2 centre in 4 adopted a distorted octahedral geometry. The equatorial 

plane of the octahedron was effectively formed by the donor groups (O1, O2, N3, O4) 

those were closer to the Cu(II) center while the two oxygen atoms (O3,O8) were placed 

at longer distance giving a distorted octahedron (Fig.5.9). This tetragonally flattened 

octahedral geometry of Cu2 centre about Z axis with two shorter and four longer bonds 

was caused by Jahn-Teller distortion and formally called as Zin distortion.[55] Cu1 and 

Cu2 centres in the complex 4 were interconnected by µ1,1-type phenoxo bridges with a 

separation distance of 3.182 Å. 
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Fig. 5.9. An ORTEP plot of complex 4 with 30% ellipsoid probability (H atoms are 

removed to enhance clarity) 

 

Table 5.5. Bond distances and bond angles for the complex 4 

Bond lengths (Å) 
 XRD DFT  XRD DFT 

Cu1-O1 1.931(4) 1.952 Cu2-O1 2.010(4) 1.968 
Cu1-O2 1.931(4) 1.958 Cu2-O2 2.340(4) 2.406 
Cu1-N1 1.991(5) 1.996 Cu2-O3 1.903(5) 1.955 
Cu1-N2 1.970(5) 1.980 Cu2-O4 2.425(4) 2.377 

   Cu2-O8 2.083(5) 2.035 
   Cu2-N3 1.939(5) 1.966 

Bond angles (˚) 
O1-Cu1-O2 83.52(18) 82.64 O1-Cu2-O3 95.96(18) 94.98 
O1-Cu1-O5 123.35(16) 117.16 O1-Cu2-O4 72.17(15) 74.51 
O1-Cu1-O7 96.57(17) 92.61 O1-Cu2-O8 88.58(17) 91.05 
O1-Cu1-N1 92.18(18) 91.22 O1-Cu2-N3 166.27(18) 170.36 
O1-Cu1-N2 161.37(19) 155.88 O2-Cu2-O3 96.23(17) 83.17 
O2-Cu1-O5 92.24(16) 92.29 O2-Cu2-O4 144.03(14) 145.33 
O2-Cu1-O7 128.50(17) 123.01 O2-Cu2-O8 89.50(16) 95.70 
O2-Cu1-N1 147.02(19) 152.44 O2-Cu2-N3 116.97(17) 115.57 
O2-Cu1-N2 94.58(19) 92.74 O3-Cu2-O4 90.94(17) 93.02 
O5-Cu1-O7 127.14(14) 138.85 O3-Cu2-O8 173.57(17) 173.15 
O5-Cu1-N1 63.04(15) 68.64 O3-Cu2-N3 93.33(18) 92.44 
O5-Cu1-N2 75.17(16) 86.40 O4-Cu2-O8 86.10(16) 91.73 
O7-Cu1-N1 84.45(17) 83.96 O4-Cu2-N3 97.64(16) 98.98 
O7-Cu1-N2 70.11(17) 70.05 O8-Cu2-N3 81.43(17) 81.94 
N1-Cu1-N2 99.2(2) 103.01 Cu1-O1-Cu2 107.66(19) 109.46 
O1-Cu2-O2 72.04(16) 71.55 Cu1-O2 -Cu2 95.82(17) 93.77 
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The complex 4 was optimized in vacuum for ground state employing unrestricted 

density functional theory (DFT) and optimized structure was shown in Fig. 5.10. The 

DFT optimized structure was correlated with XRD structure to reveal the degree of 

similarity in structural connectivity and coordination geometries of copper(II) centres. 

The DFT computed geometrical parameters for the complex 4 were listed in Table 5.5. 

These bond length and bond angle data exactly reproduced the XRD data. These 

observations provide additional support in favour of the geometrical orientation of the 

ligand around the metal centres. Additionally, superimposition of the XRD structure 

(orange, Fig. 5.11) with DFT optimized structure (violet, Fig. 5.11) was performed 

using PyMOL 1.3 software. The DFT optimized structure exactly reproduced the XRD 

structure which stands with the diverse coordination motif of Cu(II) at two different 

position within 4. The crystal structure exhibited same degree of coordination linkages 

between Cu(II) and L4 and coordination geometries of each of the copper(II) centres in 

complex 4. 

 

 

 

 

 

 

 

 

 

Fig. 5.10. Optimized structure of 4 in vacuum employing DFT/B3LYP/6-311G 

theoretical model 
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Fig. 5.11. XRD structure and DFT structure superimposed with each other using 

PyMOL 1.3. software 

5.3.10. Hirshfeld analysis of complex 4 
Hirshfeld surface of Cu(II) complex (Fig. 5.12) over a definite dnorm has been calculated 

using Crystal Explorer software. The calculated surface volume was found as 963.85 Å3 

and surface area was determined as 687.91 Å2. The red highlighted area showed the 

dnorm area and close non-covalent interactions of 4 with its surrounding analog within 

the 3D crystal. Percentage share of each element in close interaction with others was 

given in Table 5.5. In this dnorm, the blue area was showing the weak π…π interactions 

between aromatic rings of the ligands and most of area remains white which means 

there was no interaction. Red area presents weak C-H…O H-bonding between C-H of 

benzene ring and O of ClO4. This molecule was interacted by surrounding molecules 

through C-H…O hydrogen bond, C-H…π and π…π interactions as display in Fingerprint 

plots (Fig. 5.13). Quantitative information of different intermolecular interactions by 

each pair of elements was given in Table 5.6. In the fingerprint plot, the direction of 

interaction was towards weak interactions employing hydrogen atoms (inside and 

outside of hirshfeld surface centre peak) and carbon atoms of C-H…π interactions. 
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Fig. 5.12. Hirshfeld surface of complex 4 

 

                                 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.13. Fingerprint plot of complex 4 
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Table 5.6. Percentage share of the interaction of each atom with other atoms when they 

were in or out of the Hirshfeld surface 

Atom inside the surface Atom outside the surface % Contributing in interaction 
Cu All 0.1 
Cl All 0.0 
O All 4.9 
N All 0.4 
C All 16.0 
H  All 78.7 
All Cu 0.1 
All Cl 0.0 
All O 17.0 
All N 0.4 
All C 14.2 
All H 68.3 

 

 

5.3.11. Phenoxazinone synthase mimicking activity of the complex 4 
 The 2-aminophenol oxidation activity by the complex 4 was examined using a model 

substrate 2-aminophenol (2-AP) under the aerobic condition in MeCN at room 

temperature (25°C) (Scheme 5.3).  

 

 

 

 

 

Scheme 5.3. Catalytic oxidation of 2-aminophenol by phenoxazinone synthase  

  To study the catalytic oxidation of 2-aminophenol, 1×10–4 M solution of Cu(II) 

complex was added to a 1×10−3 M solution of 2-AP in MeCN medium. The course of 

catalysis was monitored using UV–Vis spectrophotometer. The time-dependent scan 

was recorded at a time interval of 5 min for 2h (Fig. 5.14). 2-AP in MeCN solution 

displays a single band at 267 nm which was an indication for its pure form in solution. 

On addition of complex 4 to 2-AP in MeCN, a new band at 434 nm with incremental 

absorbance was observed (Fig. 5.14) and concomitantly, solution in cuvette starts to 
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turn brown. Appearance of this new electronic band at 434 nm in presence of complex 4 

was a pure signature for the production of aminophenoxazinone species in MeCN.[6,42,79]  

 

 

 

 

 

 

 

 

 

Fig. 5.14. Rise of optical band at 434 nm for the growth of APX in solution upon 

addition of complex 4 to 100 equivalents of 2-AP in acetonitrile medium. (The spectra 

are recorded after every 5 min). Inset: Time vs Absorbance plot at defined wavelength 

 

The controlled experiment was also carried out to find out the role of Schiff base in this 

phenoxazinone synthase mimicking activity using 2-AP in MeCN solvent under the 

aerobic atmosphere at room temperature.  Controlled experiment was also carried out 

using catalytic amount of Schiff base in 2-AP under identical reaction conditions (Fig. 

5.15). Although, no considerable amount of growth for phenpxazinone species is noted 

up to 3h. The titration curves got saturated after 1h of catalysis by the complex 4.  

 

 

 

 

 

Fig. 5.15. Controlled experiment using catalytic amount of Schiff base in 2-AP under 

identical reaction conditions 
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 The details of kinetic investigations for the catalytic oxidation of 2-AP were performed 

to realize the efficacy for this copper(II) catalyst. The method of initial rates was 

followed to unveil the nature of kinetic for this catalytic oxidation of 2-AP. The growth 

of phenoxazinone species was monitored at 434 nm as a function of time (Fig. 

5.16.).[6,32,42,56,57,58,59] The plot of rate constants versus concentration of the substrate 

displays the saturation kinetics (Fig. 5.16.) where Michaelis−Menten equation looks to 

be appropriate (Fig. 5.16.). The catalyst–substrate adduct (CS) that decomposes in a 

second step to release free catalyst (C) and product (P) was represented below.  

 

 

 

 

 

 

Fig. 5.16. Plot of Rate of reaction vs [2-AP] for the catalytic oxidation of 2-AP by 

complex 4 in acetonitrile 

 

Table 5.7. Comparison of kcat (h-1) values for catalytic oxidation of 2-AP by reported 

copper complexes and 4 

 

L1 = 2-(a-Hydroxyethyl)benzimidazole (Hhebmz), L2 = (E)-4-Chloro-2-((thiazol-2-

ylimino)methyl)phenol, L3 = (E)-4-Bromo-2-((thiazol-2-ylimino)methyl)phenol, L4 = 

N-(2-hydroxyethyl)-3-methoxysalicylaldimine. 

Complex 
 

[L1Cu(µ-Cl)2CuL1]  
 

[Cu4(L2)4] 
[Cu4(L3)4] 
[Cu4(L4)4] 

[Cu(µ-Cl)(Phen)Cl] 

[(CH3CN)Cu(Ls)2Cu]2+
 

[Cu2(L)3]ClO4 

kcat (h-1)(Solvent)   
 

1065 (CH3OH) 

213 (CH3CN) 

86.3 (CH3OH) 

340.26 (CH3OH) 

1.21 105(CH3OH)      

     1.69104(CH3OH)   
        11.1 (CH3OH)  
       78.14 (CH3OH)    

CCDC No 
 

1572023 
 

1507035 
1507036 
1455999 
1524680 
1940162 
1957033 

Ref 
 

[80] 
 

[81] 
[81] 
[82] 
[6] 

 [83] 
This work 
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The Michaelis–Menten equation may be written as:  

 

 

Where, V was the reaction velocity (the reaction rate), Km was the Michaelis–Menten 

constant, Vmax was the maximum reaction velocity, and [S] was the 

substrate concentration. 

The values of kinetics parameters were determined from Michaelis−Menten approach of 

enzymatic kinetics 4 as Vmax(MS-1) = 2.1710-6; KM = 4.4010-4 [Std. Error for Vmax 

(MS-1) = 1.1710-7; Std. Error for Km (M)= 1.4010-5].  

A comparison of phenoxazinone synthase reactivity was drawn between this complex 4 

and some other reported copper(II) and presented in Table 5.7.[80-83] The catalytic 

efficiency for 4, kcat/KM = 1.77×105 towards catalytic aminophenol oxidation was also 

encountered as high. 

Electrochemical and electron paramagnetic resonance (EPR) analysis were also carried 

out to cope the catalytic efficiency of the complex 4 towards the catalytic oxidation of 

2-AP in acetonitrile medium. The electrochemical behavior was recorded in 

dichloromethane medium at 298 K using cyclic voltammetry. N-tetrabutylammonium 

hexafluorophosphate was used to record the electrochemical data under aerobic 

condition and presented in Fig. 5.17. The electrochemical data in reference with 

ferrocenium/ferrocene (Fc+/Fc) couple were summarized in Table 5.8.  This complex 4 

exhibited one irreversible cathodic wave at -1.40 V which was assignable to electron 

transfer in Cu2+ to Cu+ redox couple in solution phase. Another irreversible peak was 

appeared at 0.0095 V which may probable for the deposition of Cu.  The active 

participation of copper(II) centre in catalytic oxidation of 2-AP was confirmed by 

measurement of redox potentials of Cu(II) complex in presence of 2-AP under identical 

reaction conditions. The mixture of complex 4 in presence of 2-AP produces 

irreversible anodic peak at 0.134 V which strongly suggest the oxidation of 2-

aminophenol to iminoquinone (Fig. 5.17). To view more insights of this complex 4 

mediated oxidative coupling of 2-AP, EPR spectra of the Cu(II) complex in presence 

and absence of 2-AP are recorded in MeCN medium. The EPR spectrum of complex 4 

with X-band frequency at room temperature in MeCN medium displayed silent nature 

of spectral profile and suggests the possibility of phenoxo-bridged magnetically coupled 

copper(II) centres through antiferromagnetic interactions. Bond angle measurements 

V max

KM

[S]
V =

[S]+

https://en.wikipedia.org/wiki/Michaelis%E2%80%93Menten_constant
https://en.wikipedia.org/wiki/Michaelis%E2%80%93Menten_constant
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[Cu2-O1-Cu1, 107.66°; Cu2-O2-Cu1, 95.82°] and literature reviews recommend 

further about the dominance of antiferromagnetic interactions between the copper(II) 

centres. [15-24]  

 

              

 

 

 

 

 

 

Fig. 5.17. Left: Cyclic voltammogram of the complex 4 in anhydrous DCM medium; 

Right: Cyclic voltammogram of the mixture of complex 4 and 2-AP under molecular 

oxygen atmosphere in anhydrous DCM in CH2Cl2 (0.20 M [N(n−Bu)4]PF6) at 295 K  

Table 5.8. Redox potentials data of complex 4 in presence and absence of 2-AP 

referenced to Fc+/Fc couples determined by cyclic voltammetry in CH2Cl2 (0.20 M 

[N(n−Bu)4]PF6) at 295 K 

Compounds E1/2
1 (V) (ΔEa, 

mV) 
E½

2,V (ΔEa, 
mV) 

Metal Complex  -1.4V, 0.0095 V 
Metal Complex+ 
2AP 

0.134 V  

apeak to peak separation in mV, banodic peak, ccathodic peak 
 

The EPR spectral analysis of the copper complex in presence of 2-AP in acetonitrile 

medium at room temperature strongly suggested the generation of radical species for the 

appearance of additional signal at g ca 2.057 (Fig. 5.18). The reported g value for 

oxidised 2-AP radical (iminobenzoquinone) was 2.0051 in 10-1 M Bu4NPF6
.[6,10,42]   
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Fig. 5.18. X- band EPR spectra of the complex 4 in presence of 2-AP after 20 min in 

CH3CN solution at 298 K 

 Furthermore, electrospray ionization (ESI) mass spectrum of the complex 4 in presence 

of 2-AP was recorded after mixing of 15 mins to reveal the binding aspects of the 

complex 4 and 2-AP in MeCN medium. It was observed that the ESI-Ms of the reaction 

mixture (Fig. 5.19) exhibited the base peak at m/z 214.56 which was attributed to the 

existence of aminophenoxazinone compound, [(2-amino-3H-phenoxazine-3-ones)+H+] 

in the solution. Furthermore, another characteristics peak at m/z 1004.6951 was defined 

as the binding adduct between complex 4 and 2-AP, [[4+(2-AP)]+H+]. It was supposed 

to consider that square planar copper centre facilitates the formation of adduct with 2-

AP for its existence in less hindered coordinative environment. In this context, to view 

the chemical fate of molecular oxygen during the course of phenoxazinone mimics 

activity, the production of hydrogen peroxide has been examined following a reported 

procedure. [56-59] The production of hydrogen peroxide (Fig. 5.20) has been detected 

through rise of spectral band at λmax 353 nm and this observation justifies the active 

involvement of molecular oxygen in this course of catalysis. 
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Fig. 5.19. ESI-Ms spectrum of the complex 4 in presence of 2-AP in MeCN medium 

 

 

 

 

 

 

 

 

                                       

 

Fig. 5.20. Absorbance profile of I3
- 

Previously studied by P. Chaudhury and co-workers [84] about the bio-mimicking 

activities of the oxidation of 2-AP involving tetracopper complex strongly recommends 

and accounts on an “on-off” mechanism mediated via radical generation in active 

participation with the metal centers favouring 6e oxidative coupling of substrate. 

Another renowned scientist, T.P. Begley etal.[85-87] suggested the production of 2-

aminophenoxazinone through a sequence of three consecutive 2e oxidation of 2-AP. 

The tautomerization reactions were the controlling unit in regeneration of the 2-Ap 

during this course of catalytic oxidation reaction. 
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Based upon important spectroscopic and electro-analytical methods, it may be proposed 

that the oxidation coupling of 2-AP (Scheme. 5.4) undergoes through formation of 

catalyst-substrate intermediate (B1) in the primary stage. Later on, the Cu2 centre 

activated molecular oxygen (C) leading to production of hydrogen peroxide and 

iminobenzoquinone in the course of catalytic oxidation. Iminobenzoquinone undergoes 

coupling with another 2-AP and leads to aminophenoxazinone species. 

 

 

 

 

 

 

 

 

 

Scheme. 5.4. Plausible mechanistic pathways for the catalytic oxidative coupling of 2-

AP by complex 4 

To correlate the experimental observation, ground state geometries of both the B1 and 

B2 molecular adducts were optimized computationally and presented in Fig. 5.21. The 

potential energy of B2 was found to be slightly higher (E = – 6223.82988265 au) than 

B1 (E = – 6224.43218979 au). The theoretical calculation strongly supports the 

formation of enzyme-substrate adducts (B1 and B2) and denoted that B1 might easily be 

converted into B2 by prevailing over slight potential energy difference. Therefore, it 

could be stated that A interacts with aminophenol to form B1 which might be converted 

into B2. Then, B2 might interact with molecular oxygen to form C. Hence, 

computational calculation moderately supports the plausible catalytic pathways in the 

oxidative coupling of 2-AP (Scheme 5.4). 
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Fig. 5.21. Ground state optimized geometries of B1 and B2 with corresponding 

potential energy values employing DFT/B3LYP/6-311G theoretical method 

 

5.4. Conclusions                                                                                                                                                                                                                       
A new dinuclear copper(II) complex, [Cu2(L4)3]ClO4 (4) has been developed based on a 

Schiff base ligand,. The structural geometry of the dicopper(II) compound was 

confirmed principally by single crystal X-ray diffraction study with routine analytical 

techniques. The copper(II) complex crystallizes in orthorhombic system with Pbca 

space group. X-ray structure of 4 revealed that L4 behaves as a tridentate chelator 

towards Cu(II) ion during chelation although L4 was actually a tetradentate chelating 

ligand. Moreover, three Schiff base units with two Cu(II) ions build a dinuclear 

copper(II) complex through phenoxido bridges of Schiff base ligands. Interestingly, two 

Cu(II) centres in 4 adopted hetero-geometries (octahedral and square pyramidal) in 4. 

Evaluation of bio-mimetic efficiency of the Cu(II) compound towards 2-aminophenol 

(2-AP) as a model substrate in acetonitrile medium, it was observed that this Cu(II) 

complex catalyzes the oxidative coupling of 2-AP to aminophenoxazinone species with 

a significant turnover number, 78.14 h–1. EPR, cyclic voltagram and ESI-MS strongly 

suggested the formation of enzyme-substrate adduct which subsequently produces 

iminibenzoquinone and the course of bio-oxidative catalysis undergoes through radical 

species along with the development of aminophenoxazinone species and hydrogen 

peroxide as products. Theoretical calculations employing DFT supports the structural 

aspects and observed reaction pathways of phenoxazinone synthase activity of the 

copper complex very well. This compound represents an example where two hetero-

geometric copper(II) centres were co-existed through phenoxo bridged. Magnetic aspect 

will be investigated in future and this compound may be a suitable candidate to 

exhibited potential biological activity. 
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