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Abstract: In this work, we report on the catalytic activity of a manganese complex [(Cl)2Mn(RCOOET)],
where RCOOET is ethyl-5-methyl-1-(((6-methyl-3-nitropyridin-2-yl)amino)methyl)-1H-pyrazole-3-
carboxylate, in the oxidation of phenol or catechol by atmospheric oxygen to form o-quinone. The
[(Cl)2Mn(RCOOET)] catalyzes the oxidation of catechol at a rate of 3.74 µmol L−1 min−1 in tetrahydro-
furan (THF), in a similar manner to catecholase or tyrosinase.

Keywords: (nitropyridin-2-yl)(aminomethyl)-1H-pyrazole substituted-complex [(Cl)2Mn(RCOOET)];
catecholase/tyrosinase catalytic activity; catechol; phenol

1. Introduction

Oxidation is one of the fundamental reactions of organic synthesis. In the bulk chem-
ical industries, molecular oxygen is used as the primary oxidant owing to its economic
considerations and environmental compatibility [1–5]. Efficient oxygen transport and aero-
bic metabolism are very crucial in most living organisms, and these are accomplished by
iron or copper-containing metalloproteins [6]. The copper-containing metalloproteins have
homeostatic functions such as providing defense (as antioxidants) against reactive oxygen
species and pigment formation. The copper-containing metalloproteins can be divided
into three groups, which contain different kinds of active sites based on their spectroscopic
characteristics [7–11]: type 1 (blue), type 2 (normal), and type 3 (binuclear). The type 2
and 3 copper active sites form a trinuclear cluster, which is found in all structurally known
multicopper oxidases, and this cluster is the site for oxygen binding and oxidation [12,13].

In the present study, two enzymatic oxidative transformations are discussed, i.e.,
those catalyzed by catecholase or tyrosinase. Catecholase is a lesser-known member of
the type 3 copper-containing metalloproteins [14]. Using molecular oxygen, catecholase
catalyzes the oxidation of a wide range of o-diphenols to their respective o-quinones, for
which two electrons are transferred [15]. The catalytic activity of catecholase has been
extensively investigated by modeling the active sites and incorporating various metals,
namely copper [16–29], iron [30–33], cobalt [34–38], manganese [39–50], and zinc [51].
Mn(II) better catalyzes the oxidation reaction of phenol to o-quinone, that is why our
work focuses on this kind of metal. Tyrosinase catalyzes two different reactions [52,53],
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namely the hydroxylation of monophenols to dihydroxyphenylalanine and the oxidation
of o-diphenols to o-quinones.

This study discusses the development of a new catechol oxidase metalloenzyme,
mimetic complex [(Cl)2Mn(RCOOET), for the catalytic oxidation of catechol or phenol to
o-quinones. The manganese(II) complex catalyzed the catechol’s oxidation, and its catalytic
activity increased with the reaction time with a rate of 3.74 µmol L−1 min−1 in THF.

2. Results and Discussion
2.1. Crystal Structure of C14H17N5O4 (RCOOET)

The triclinic P1 unit cell of C14H17N5O4 contains two molecules symmetry-related by
the inversion center. The main crystalline characteristics and refinement data are reported
in Table 1. The full results are available in a CIF file by giving the CCDC number 2178103
at the Cambridge Crystallographic Data Center [54].

Table 1. Crystal data and structure refinement for C14H17N5O4.

Formula C14H17N5O4

CCDC 1912583
Space group, P1

Z, Formula weight 2, 318.33
Temperature (K) 298 (2)

Lattice (Å, ◦) a = 6.8641(3), b = 11.2751(6), c = 11.6535(6)
α = 112.886(2), β = 104.104(2), γ = 99.536(2)

Volume (Å3) 770.87(7)
Crystal (mm) 0.14 × 0.14 × 0.30

Recorded/unique reflections 21,566/3384 [Rint = 0.0354]
Goodness-of-fit on F2 1.017

Final R1, wR2 indices [I > 2σ(I)] 0.059, 0.1489
∆ρ Fourier residuals (e.Å−3) 0.25/−0.26

The structure of the RCOOET complementary moieties of the molecules of the ligand
are arranged in two planes which are at an angle of about 66.8◦ (Figure 1). The first plane
contains N3 and the methyl nitropyridinyl atoms, while the second contains the rest of
the molecule. The deviation of atoms from their mean plane does not exceed 0.004 Å.
The packing of the molecules in the crystal is stabilized by hydrogen-type intermolecular
bonding. The current structural data brings an improvement to the previous structural
report [55].
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Figure 1. Ortep representation of RCOOET(the free ligand) and packing in the triclinic cell. Figure 1. Ortep representation of RCOOET (the free ligand) and packing in the triclinic cell.

2.2. IR Analysis

Figure 2 exhibits the important spectral bands of the ligand and its metal complex.
The IR spectra of both the ligand and the complex show a band in the zone of 3365 cm−1,
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which corresponds to the N–H band. Other bands at 1711 cm−1, 1644 cm−1, and 1583 cm−1

are assigned to the C=O, C=N and C=C vibrations, respectively. The strong and sharp
vibrational peak at 1491 cm−1 is due to C–NO2, while in the Mn complex, C–O and C–N
bands are localized at 1249 cm−1 and 1100 cm−1, respectively. Moreover, the presence of a
weak broad band at 542 cm−1 in the IR spectrum of the complex suggests the coordination
of the ligand to the Mn(II) ion.
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Figure 2. FT-IR spectra of: (pink) the ligand (RCOOET) and (green) [(Cl)2Msdn(RCOOET)].

2.3. Thermal Analysis

TGA and DTA were performed to monitor the thermal stability of the ligand and its
Mn complex. The temperature was increased from room temperature to 950 ◦C, at a rate of
10 ◦C/min under a nitrogen atmosphere. The resulting TGA and DTA thermal curves for
the manganese complex are shown in Figure 3.
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The mass losses and the respective gaseous (volatile) product obtained from the TGA
curves are collected in Table 2 with the species proposed as mass loss. As can be seen in



Catalysts 2022, 12, 1642 4 of 13

the table, at higher temperatures the complex undergoes further decomposition in several
stages, with the loss of one or more fragments.

Table 2. Mass losses.

Compound Temperature (◦C) Mass Loss (%) Proposed Lost
Species

Cl2MnRCOOET 0–82 5.35 Solvent

82–172 4.24 Chlorine

172–278 16.18 C5H5N2

278–467 19.77 C3H5O2

467–635 23.43 C5H6N3

2.4. Catecholase Mimicking Activity of [(Cl)2Mn(RCOOET)]

The catecholase-mimicking activity of [(Cl)2Mn(RCOOET)] towards catechol oxidation
in aerated THF (saturated with molecular oxygen) was investigated spectrophotometrically
by following the absorption of the corresponding o-quinone at 390 nm over time. The
evolution of the absorption of o-quinone in the presence of the complex prepared in situ in
THF and the synthesized complex in THF is shown schematically in Figure 4.
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Figure 4. Absorption reading at 390 nm accompanying the [(Cl)2Mn(RCOOET)]-catalyzed ox-
idation of catechol to o-quinone, (a) [(Cl)2Mn(RCOOET)] formed in situ in MeOH, (b) pre-
synthesized [(Cl)2Mn(RCOOET)] in MeOH, (c) pre-synthesized [(Cl)2Mn(RCOOET)] in THF and
(d) [(Cl)2Mn(RCOOET)] formed in situ in THF.

Figure 5 shows the UV-visible spectrum of the absorption of o-quinone in the presence
of the synthesized complex in THF. It is clear that no peak occurs when catechol is used
alone, and that the intensity of the absorption peak of o-quinone at 390 nm increases due
to the presence of the synthesized complex in the catechol solution. The evolution of
o-quinone absorption was followed up for 3 h, and the spectra were recorded every 30 min.
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Figure 5. UV-visible spectra of absorbance of o-quinone from the oxidation of catechol in the presence
of the [(Cl)2Mn(RCOOET)] in THF.

In both cases, it was observed that the absorbance of o-quinone increased with time,
indicating that [(Cl)2Mn(RCOOET)] catalyzed the aerial oxidation of catechol to o-quinone
over time. To understand the effect of the solvent, similar experiments were run under the
same thermodynamic conditions with MeOH as the solvent. Again, the aerial oxidation
of catechol in the presence of the Mn(II) complex was evidenced by the evolution of the
absorption of o-quinone in the presence of the synthesized complex in MeOH or the in situ
prepared complex in MeOH, and this is shown schematically in Figure 4. The calculated
catechol oxidation rates are reported in Table 3. It is observed that the rate of oxidation of
catechol in THF is higher (ν = 3.74 µmol L−1 min−1). It can be speculated that THF showed
excellent catalytic activity for the oxidation of catechol to o-quinone. Polar solvents such as
THF can strongly solvate Cl− anions by creating hydrogen bonds. Furthermore, THF is a
good σ donor and poor π acceptor.

Table 3. Oxidation rate of [(Cl)2Mn(RCOOET)] catalyzed oxidation of catechol (µmol.L−1.min−1).

Solvent
Complex

MeOH THF

The synthesized complex 0.16 3.74

the prepared complex in situ 0.2 1.51

2.5. Kinetic Study

The mechanism and the rate of the oxidation of catechol to o-quinone by dioxygen,
and catalyzation by [(Cl)2Mn(RCOOET)], were studied by the method of initial rates.
For the procedure, 0.3 mL of the complex solution (2 × 10−3 mol L−1) and 2 mL of the
catechol solution (concentration varied from 10−3 mol L−1 to 3× 10−1 mol L−1) were mixed
together, and the absorbance of o-quinone at 390 nm was noted every 5 min. As shown in
Figure 6, a plot of the initial rate, V, versus [Catechol] shows saturation kinetics. To test the
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enzymolysis kinetics, the Michaelis–Menten model was applied. A plot of the reciprocals
of rate and [catechol] is shown in Figure 7. It is almost linear only in the concentration
range 10−3 M–3 × 10−1 M. The linear fit gave the kinetic parameters shown in Table 4 for
the catechol oxidation in the presence of catalytic amounts of [(Cl)2Mn(RCOOET)]. The
smaller Km is, the more maximal enzyme activity is reached for a low level of substrate
concentration. The affinity of the enzyme for the substrate is high.
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Table 4. Values of the Vmax and Km of the reaction catalyzed by the complex in THF.

Complex Vmax (µmol. L−1. min−1) Km (mol. L−1)

[(Cl)2Mn(RCOOET)] 0.307 0.083

2.6. Tyrosinase Mimicking Activity of [(Cl)2Mn(RCOOET)]

To study the tyrosinase-mimicking activity of [(Cl)2Mn(RCOOET)] towards the aerial
oxidation of phenol, a kinetic method analogous to that described for the catecholase-
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mimicking activity was used, using phenol as a substrate. The evolution of the absorption
of o-quinone due to the oxidation of phenol by oxygen in MeOH in the presence of the
[(Cl)2Mn(RCOOET)], which had been formed in situ in MeOH or pre-synthesized, is shown
schematically in Figure 8. The spectral changes indicated that the complex catalyzes the
oxidation of phenol.

Catalysts 2022, 12, x FOR PEER REVIEW  9  of  16 
 

 

 

Figure 8. Phenol oxidation in the presence of (a) [(Cl)2Mn(RCOOET)] formed in situ and (b) pre‐

synthesized [(Cl)2Mn(RCOOET)] in MeOH. 
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Figure 9 shows the UV-visible overlay spectra of the absorption of o-quinone in the
presence of the synthesized [(Cl)2Mn(RCOOET)] in MeOH. A peak appears at 390 nm
after the addition of the complex solution to the phenol solution, and the absorbance of
o-quinone increases over time. The evolution of o-quinone absorption was followed up for
2 h 30 min, and the spectra were recorded every 15 min.

Catalysts 2022, 12, x FOR PEER REVIEW  10  of  16 
 

 

 

Figure 9. UV‐visible spectrum of absorption of o‐quinone  in  the presence of  the pre‐synthesized 

[(Cl)2Mn(RCOOET)] in MeOH. 

2.7. Proposed Mechanism of Action of Catechol Oxidase 

Different approaches have been used by different research groups to study the mech‐

anism of complexes with catecholase‐like activity. In this work, we propose that the diox‐

ygen  is reduced by catechol to hydrogen peroxide (Scheme 1). Similar to the catalyzed 

oxidation  of  catechol  by  catecholase,  the  substrate  is  primarily  coordinated  to  the 

[(Cl)2Mn(RCOOET)] complex monodentately, and this is followed by its rapid oxidation 

to o‐quinone and the concurrent reduction of Mn(II) to Mn(I). 

 

Scheme 1. The proposed catalytic mechanism for the oxidation reaction of catechol. 

3. Materials and Methods 

3.1. Materials 

Figure 9. UV-visible spectrum of absorption of o-quinone in the presence of the pre-synthesized
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2.7. Proposed Mechanism of Action of Catechol Oxidase

Different approaches have been used by different research groups to study the mecha-
nism of complexes with catecholase-like activity. In this work, we propose that the dioxygen
is reduced by catechol to hydrogen peroxide (Scheme 1). Similar to the catalyzed oxidation
of catechol by catecholase, the substrate is primarily coordinated to the [(Cl)2Mn(RCOOET)]
complex monodentately, and this is followed by its rapid oxidation to o-quinone and the
concurrent reduction of Mn(II) to Mn(I).
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3. Materials and Methods
3.1. Materials

The chemicals and solvents, 6-methyl-3-nitropyridinamine (97%), methanol, acetoni-
trile, tetrahydrofuran, diethyl ether, dihydroxy-1,2-benzene (catechol), phenol, magnesium
sulfate, dichloromethane, as well as the metal salt (MnCl2,4H2O) were purchased from
Sigma-Aldrich and used without any further purification. 1H NMR and 13C NMR spec-
tra were recorded on a Bruker Advance Digital 400 NMR spectrometer. Chemical shifts
were recorded in parts per million (ppm) using SiMe4 (TMS) as an internal standard. The
elemental analysis was conducted using a 2400 Series II CHNS/O Elemental Analyzer.

3.2. Methods
3.2.1. Synthesis of Ethyl-5-Methyl-1-(((6-Methyl-3-Nitropyridin-2-yl)Amino)Methyl)
-1H-Pyrazole Carboxylate (RCOOET)

The ligand (RCOOET) was prepared by using a procedure described in the literature [56].
The solution of ethyl 1-(hydroxymethyl)-5-methyl-1H-pyrazole-3-carboxylate in CH2Cl2 (1 eq.)
was added to the solution of 6-methyl-3-nitropyridin-2-amine in CH2Cl2 (1 eq.) (Scheme 2).
The mixture was stirred at room temperature for 4 days and then dried over MgSO4. The
product was recrystallized from the resultant solution using a mixture of methanol with
a few drops of ether. After 3 days, the obtained yellow product was filtered and washed
with methanol (2 × 50 mL), followed by washing with Et2O (2 × 50 mL) to yield the ligand
RCOOET as the final product. The structure of RCOOET is shown in Scheme 2.

Yellow product (1.5 g, 52.3% yield). mp = 454 K. FT-IR, cm−1: 1100 (C-N), 1249 (C-
O), 1491 (C-NO2), 1583 (C=C), 1644 (C=N), 1711 (C=O), 3365 (N-H). UV-vis (λ = 335 nm,
347 nm, and 368 nm). 1H NMR (400 MHz, CDCl3): δH = 1.40 (t, 3H, CH3), 2.54 (s, 3H,
CH3Pyr), 2.57 (s, 3H, CH3Ar), 4.4 (q, 2H, CH2), 5.99 (d, 2H, CH2), 6.55 (s, 1H, CPyr), 6.65
(d, 1H, CHAr), 8.33 (d, CH, CHAr), and 8.98 (t, 1H, NH). 13C NMR (100 MHz, CDCl3):
δC = 11.35 (CH3), 14.42 (CH3), 24.95 (CH3), 53.73 (CH2), 60.99 (CH2), 108.27 (CHPyr), 113.93
(CHAr), 126.53 (CHAr), 135.68 (CPyr), 140.64 (CAr), 143.73 (CAr), 150.25 (CAr), 162.42 (CAr),
and 165.59 (Cest). Elemental Analysis: C, 52.66%; H, 5.37%; N, 21.93% (calculated); C,
52.73%; H, 5.31%; N, 22.01% (found).
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Scheme 2. Synthesis of the ligand, RCOOET.

3.2.2. X-ray Single Crystal Study of RCOOET

Yellow stick-shaped crystals of the free ligand were selected for the singularity using
a stereo microscope with a polarizing filter. The measurement of diffracted intensities
was performed at ambient temperature on a 4-circle diffractometer, a Bruker D8 Venture
device, using a Mo micro-source (Incoatec IµS 3.0, 110 µm beam, Kα radiation) and a
Photon II CPAD detector. Reflections (27,294, up to θmax of 27.04◦) were handled in the
Apex software suite [57] and indexed in a triclinic lattice, a = 6.8641(3), b = 11.2751(6),
c = 11.6535(6) Å, α = 112.886(2), β = 104.104(2), γ = 99.536(2)◦. The SHELX programs were
used for the structure solution and full-matrix least-square refinements [58]. Non-H atoms
were considered with anisotropic displacement parameters.

3.2.3. Synthesis of [(Cl)2Mn(RCOOET)]

The solution of 1 equivalent of MnCl2.4H2O (123.95 mg, 0.626 mmol) in 5 mL of
methanol was added to a solution of 1 equivalent of RCOOET (200 mg, 0.626 mmol) in 10 mL
of acetonitrile. A yellow-colored solution was filtered to remove the solid impurities. Then,
the filtrate was allowed to evaporate at room temperature for more than one week to obtain
a yellow powder of [(Cl)2Mn(RCOOET)]. The structure of the expected [(Cl)2Mn(RCOOET)]
is shown in Scheme 3.
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3.2.4. Catecholase and Tyrosinase Activity of [(Cl)2Mn(RCOOET)]

The biochemical oxidation of phenol and catechol by molecular oxygen to form o-
quinone is catalyzed by tyrosinase and catecholase, respectively. The general catalytic cycle
is shown in Scheme 4. The synthesized complex, [(Cl)2Mn(RCOOET)], has the potential
to mimic these two enzymes for the catalytic oxidation of phenols by dioxygen to form
their respective quinones. To study the catecholase- and tyrosinase-mimetic activity of
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[(Cl)2Mn(RCOOET)], catechol or phenol was reacted with O2 (from the aerated solvent),
in the presence of catalytic amounts of the complex. The catalytic-mimetic activity and,
hence, the progress of the reactions were monitored spectrophotometrically in THF or
methanol under ambient conditions. Two sets of experiments were carried out. In the first
set, initially, 0.15 mL of MnCl2.4H2O (2 mmol) and 0.15 mL of RCOOET solution (2 mmol)
were mixed in a spectrophotometric cell to prepare the complex in situ, followed by the
addition of 2 mL of the substrate. In the second set, 0.3 mL of the previously prepared
complex solution (10−1 mol.L−1) was mixed with 2 mL of the substrate. The evolution of
the absorption of o-quinone over time (from 0 to 65 min) was noted for both sets at 390 nm
using UV-Vis spectroscopy.
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4. Conclusions

A pyrazole-based ligand, ethyl-5-methyl-1-(((6-methyl-3-nitropyridin-2-yl)amino)methyl)-
1H-pyrazole-3-carboxylate, and its complex were successfully synthesized. These compounds
were analyzed using different characterization techniques, such as FTIR, DRX, and ATG-ATD,
and later dual activity, mimicking the catecholase activity towards the oxidation of the catechol
to o-quinone, and mimicking the tyrosinase activity towards the oxidation of phenol to catechol
and then to o-quinone. The pre-synthesized [(Cl)2Mn(RCOOET)] complex showed a higher
oxidation rate in THF (3.74 µmol.L−1.min−1) than in MeOH (0.16 µmol.L−1.min−1) for the
oxidation of catechol to o-quinone, indicating that the type of solvent plays an important role in
the catalytic activity of the complex.
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