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Synthesis, characterization, molecular modeling, and thermal
analyses of bioactive Co(II) and Cu(II) complexes with
diacetylmonoxime and different amines
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Condensation of diacetylmonoxime with 2-amino-5-mercapto-1,3,4-thiadiazole, 2-amino-1,3,
4-thiadiazole or 3-amino-5-methylisoxazole in the presence of Co(Il) and Cu(Il) salts with
different anions produced nine complexes. The synthesized complexes have been characterized
by elemental analyses, molar conductivities, thermal analyses, magnetic moments, IR, electron
spin resonance, and UV-Vis spectral studies. The spectral data show that sulfur, oxygen, and
nitrogen participate in chelation with the metal ions. The complexes are tetrahedral, octahedral,
or square planar based on the amine used and the nature of anion. Molar conductance
measurements of the complexes in DMF indicate non-electrolytes. CS Chem 3-D Ultra
Molecular Modeling and Analysis Program has been used for optimization of the molecular
structures of some complexes. In vitro cytotoxicities of the complexes were tested against
different carcinoma cell lines. Antimicrobial activities of the complexes were screened against
Gram-positive (Staphylococcus aureus), Gram negative bacteria (Escherichia coli), and fungal
species (Aspergillus flavus, Candida albicans, and Microsporum canis).

Keywords: Synthesis; Characterization; Co(II) and Cu(II) complexes; Diacetylmonoxime

1. Introduction

Interest in 3-D metal complexes with biologically active heterocyclic ligands, in
particular, with thiadiazoles and isoxazole, arises from potential applications in
medicine and agriculture [1-6]. Chelating ligands containing O, S, and N donors show
broad biological activity and are of special interest because of the variety of ways in
which they are bonded to metal ions [7-9]. Oximes and their complexes have played a
role in the development of transition metal chemistry [10—12]; oxime derivatives are very
important in medicinal and chemical industries [13] with broad pharmacological
activity, encompassing antibacterial, antidepressant, anti-carcinogenic, and antifungal
activities [14-16]. Oximes are well known for their coordinating abilities and versatile
behavior [17], but much remains to be learned about the types of structures that are
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formed as well as the factors that dictate structure. In general, the oxime function
coordinates to the metal ions in four ways (I-1V):

OlH O|_>M (l)_H ..... 0
|
N N N N N—O—>M
\Cl// Ny N\ Ny Ne” N\ \C Ne”
1 | I | 111 | v

Coordination modes I and III are quite common among metal complexes but oxime is a
poor donor unless it is part of a chelate ring [18].

We report here the synthesis, characterization, and biological activities of Co(II) and
Cu(Il) complexes with diacetylmonoxime (DAM) and 2-amino-5-mercapto-1,3,4-
thiadiazole (2A5MT), 2-amino-1,3,4-thiadiazole (2AT) or 3-amino-5-methylisoxazole
(3A5MO).

2. Experimental

All chemicals and solvents used were of reagent grade from Merck, Aldrich, or Sigma.

2.1. Synthesis of metal complexes

(CH53CO,),Co0-4H,0 (1.99g, 10mmol), (CH3CO,),Cu- H,O (10mmol, 2.00g),
CuCl, - H,O (10mmol, 1.52g), or Cu(NO3),-2H,0O (10 mmol, 1.46g) were dissolved
in 30 mL methanol and mixed with methanolic solution of diacetylmonoxime (10 mmol,
1.01g). To this, a solution of 2-amino-5-mercapto-1,3,4-thiadiazole (10 mmol, 1.33 g),
2-amino-1,3,4-thiadiazole (10 mmol, 1.01 g), or 3-amino-5-methylisoxazole (10 mmol,
0.98 g) was added dropwise with constant stirring. The reaction mixtures were refluxed
with stirring for 48h. On cooling and concentration, colored solid metal complexes
were precipitated, filtered off, washed with cold methanol, and dried under vacuum
over dried silica gel. Purities of the complexes were checked by TLC and melting point
constancy.

2.2. Apparatus and working procedures

Carbon, hydrogen, and nitrogen analyses were carried out at the Micro-analytical Unit
of Tanta University and Cairo University. The molar conductivities of the complexes
(Anm) were measured in DMF at room temperature using a conductance bridge of the
type 523 conductometer. IR spectra were recorded in the 4000-200cm ™' region with a
Perkin-Elmer 1430 double beam spectrophotometer as KBr discs. UV-Vis spectra were
measured from 900 to 190nm by a Shimadzu UV-Vis 160A double beam spectro-
photometer using Nujol mulls. Magnetic susceptibility measurements at room temper-
ature were performed by modified Gouy’s technique using magnetic susceptibility
balance (Johnson Matthey) 436 Devon Park Drive, Wayne, PA 19087, USA (60 Hz).
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Electron spin resonance (ESR) spectra were recorded on a Jeol spectrometer model
JES-FE2XG equipped with an E101 microwave bridge. Measurements were done in the
X-band on microcrystalline powder at room temperature using DPPH as standard.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) measure-
ments were recorded on Shimadzu TG-50 and DT-50 thermal analyzers.

2.3. Molecular modeling

The molecular structures of the complexes were supported by molecular modeling of
some representative complexes using CS Chem 3-D Ultra Molecular Modeling and
Analysis Program [19], an interactive graphics program that allows rapid structure
building, geometry optimization with minimum energy, and molecular display. It has
ability to handle transition metal complexes [20-23]. The correct stereochemistry was
assured through manipulation and modification of the molecular coordinates to obtain
reasonable, low energy molecular geometries. The potential energy of the molecule was
the sum of the following terms:

E= Estr + Eang + Elor + Evdw + Eoop + Eele:

where all E’s represent the energy values corresponding to the given types of interaction
(kcalmol™"). The subscripts str, ang, tor, vdw, oop, and ele denote bond stretching,
angle bending, torsion, van der Waals interactions, out-of-plane bending, and electronic
interaction, respectively. The molecular mechanics describe the application of classical
mechanics for the determination of molecular equilibrium structures, enabling
calculation of the total static energy of a molecule in terms of deviations from
reference unstrained bond lengths, angles, and torsions plus non-bonded interactions.
It has been found that off-diagonal terms are usually largest when neighboring atoms
are involved, and so we have to take account of non-bonded interactions, but only
between nearest neighbors [23].

2.4. Measurement of the potential cytotoxicity

In vitro potential cytotoxicity of the complexes was tested using the method of Skehan
et al. [24] in Pharmacology Unit, Cancer Biology Department, National Cancer
Institute, Cairo University. Different concentrations of the compounds (0, 1, 2.5, 5, 10,
15, 20, and 50 ugmL~") were added to the cell monolayer and triplicate wells were
prepared for each individual dose. Monolayer cells were incubated with the compounds
for 48h at 37°C in atmosphere of 5% CO,. After 48 h, cells were fixed, washed, and
stained with Sulfo-Rhodamine-B (SRB) stain. Color intensity was measured in a
microplate reader. The relation between fraction of live cells and drug concentrations is
plotted to get the survival curve of each tumor cell line after treatment with the specified
compound.

2.5. In vitro antibacterial and antifungal assay

Antimicrobial activities of the tested samples were determined using a modified Kirby—
Bauer disc diffusion method [25] in the Micro-analytical Unit of Cairo University.
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100 pL of the test bacteria/fungi were grown in 10 mL of fresh media until they reached
a count of approximately 108 cellsmL ™" for bacteria or 105cellsmL ™" for fungi [26].
100 pL of microbial suspension was spread onto agar plates corresponding to the broth
in which they were maintained. Isolated colonies of each organism were selected from
primary agar plates and tested for susceptibility by the disc diffusion method [27-29].
Plates were inoculated with filamentous fungi such as Aspergillus flavus at 25°C for 48 h;
Gram (+) bacteria such as Staphylococcus aureus and Gram (—) bacteria such as
Escherichia coli were incubated at 35-37°C for 2448 h and yeast such as Candida
albicans and Microsporum canis incubated at 30°C for 24—48 h, and then the diameters
of the inhibition zones were measured in millimeters [30]. When an organism is placed
on the agar it will not grow in the area around the disc if it is susceptible to the chemical.
This area of no growth around the disc is known as a ““zone of inhibition™ or “clear
zone.” For disc diffusion, the zone diameters were measured with slipping calipers of
the National Committee for Clinical Laboratory Standards [30]. Agar-based methods
such as Etest and disc diffusion can be good alternatives because they are simpler and
faster than broth-based methods [31, 32].

3. Results and discussion

The isolated complexes are stable in air and soluble in polar organic solvents. Molecular
formulae, colors, formula weights obtained from thermal analysis, elemental analyses,
and molar conductances of metal chelates are listed in table 1. Metal contents were
estimated complexometrically using standard EDTA titration [33]. The calculated and
found values of C, H, N, and metal are in satisfactory agreement supporting
the suggested molecular formulae. The molar conductances of the complexes in
DMF (table 1) indicate that they are non-electrolytes having Ay; in the range
4.0-9.10hm ™" em*mol ™" [34].

3.1. IR spectra

Tentative assignment of the most characteristic IR bands of T{—T, diacetylmonoxime,
2-amino-5-mercapto-1,3,4-thiadiazole, 2-amino-1,3,4-thiadiazole, and 3-amino-5-
methylisoxazole are given in table 2. The strong absorption at 1676cm™' in the
spectrum of diacetylmonoxime due to v(C=0) disappeared in spectra of all complexes,
indicating the absence of residual C=0. The v(NH,) bands observed in the amine
spectra at 3210-3339cm™" shifted to higher values in spectra of T,-Ts and did not
appear in spectra of Ty and T¢Te. The v(S-H) at 2642cm ™' for 2-amino-5-mercapto-
1,3,4-thiadiazole disappeared in spectra of Ty and T, and appeared at 2557 and
2561 cm™" in spectra of Ty and T, All the complexes show a strong absorption at
1567-1629cm™" attributed to coordinated C=N, indicating condensation of the
carbonyl and amino groups [35].

For T;, T,, and T¢Tg, acetates display asymmetric and symmetric vibrations at
15691629 (s)em ™' and 1364-1414cm™", respectively, with Av=205-215cm™" charac-
teristic of monodentate coordination [36, 37]. The band at 1364-1414cm™" is due to
vs(CO») of acetate. Chloro complexes T3, Ts, and Toe showed bands at 220, 292, and
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222cm™ !, respectively, assigned to M—CI [38]. The spectrum of T, showed bands at
1450 (v1), 1362 (v5), 1030 (v3), and 710cm™" (vy) with v;—vs separation of 740cm ™'
characteristic of monodentate nitrate [37]. The absorption at 1212-1140cm™" is
assigned to v(N-O) [39]. The shift of these bands to high frequency is an indication
of coordination of nitrogen of neutral oxime or coordination of the oxime [40].
These observations are confirmed by the appearance of non-ligand bands at 561-583
and 390-466 due to v(M—0) and V(M-N), respectively [41]. W(C-S) at 641 and 682 cm ™"
in spectra of 2-amino-5-mercapto-1,3,4-thiadiazole and 2-amino-1,3,4-thiadiazole shift
to high frequencies, indicating participation of sulfur in coordination [42]. Except for
T4, all complexes display broad bands at 3369-3450 cm ™' due to v(OH) from water [43].
This band is absent in the ligands and has been confirmed with TGA/DTA.

3.2. ESR spectra

X-band ESR spectra of powdered Cu(Il) complexes T,, T3, and Tg have been recorded
at room temperature (figure 1). ESR spectrum of T, shows a sharp signal with g, g,
and g, values equal to 2.0880, 2.2680, and 2.0830. That g, > g, > g. (2.00023) shows
the unpaired d-electron is in the d,._,. orbital for complex having tetrahedral structure
[44]. The spectrum of T3 displayed a sharp signal with g, g, and g, values equal to
2.2356, 2.0835, and 2.2536. The ESR pattern and the fact that ESR parameters
g1 > g > 2.0023 prove octahedral geometry and indicate that the unpaired d-electron
is present in the d.. orbital with slight distortion of the symmetry around the z-axis [45].

The G factor defined as G=(g—2)/(gL—2) equals 3.2 and 3.3 for T, and T;,
respectively. These values are less than 4.00, indicating the existence of an interaction
between Cu(Il) centers in the solid state [44].

ESR spectrum of Cu(Il) complex Tg showed a broad signal with no hyperfine
structure with g value 2.0719, which indicates that Tg has square-planar geometry [46].

T T Ts

2500 3000 3500 2500 3000 3500 | 2750 3250 3750

Gauss Gauss Gauss

Figure 1. ESR spectra of solid Cu(Il) complexes T,, T3, and Tg at 298 K.
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Figure 2. 3-D molecular modeling of T.

3.3. Molecular modeling and analysis of bonding modes

Molecular mechanics attempts to reproduce molecular geometries, energies, and other
features by adjusting bond length, bond angles, and torsion angles to equilibrium values
that are dependent on the hybridization of an atom and its bonding scheme. To obtain
structural details of these complexes, we have optimized the molecular structure of T,
(figure 2) and TTo (Supplementary material) using CS Chem 3-D Ultra Molecular
Modeling and Analysis Program [17]. For convenience, the atoms are numbered in
Arabic numerals. Energy minimization was repeated several times to find the global
minimum [47]. The energy minimization values for tetrahedral Ty, T¢, T7, and Tg are
165.454, 51.963, 53.391, and 18.455kcalmol~! whereas the minimum energy value for
square planar Tg is 24.091 kcal mol~'. The energy minimization value of the complexes
increases with increasing number of metal ions and is also affected by the nature of the
metal. Bond lengths are in the range 1.786-2.202 A. Molecular modeling for Ty, Tg, T,
and Ty shows the angles around metal ions are 91.53-115.7, indicating distorted
tetrahedral geometry [21, 22, 47]. The bond angles around Cu(Il) in Tg are 104.88°,
109.65°, 111.16°, and 109.70°, confirming square-planar geometry [17, 18]. The details
of bond lengths and angles as per the 3-D molecular structures of the investigated
complexes are given in “Supplementary material.”

Based on the information gained from the above studies, the structure of the
complexes under investigation can be represented (figure 2 and Supplementary
material).

3.4. Electronic spectra and magnetic data

The electronic spectrum of Co(II) complex T, displayed bands at 18116 and 20410 cm ™

and T, showed bands at 18,018 and 20,000 cm ™', corresponding to *4, — *T(P) and
4T1g(F)—>4T »g transitions, respectively [48]. The shape of the spectra and magnetic
moment values of Ty and T (4.73 and 4.77 B.M.) are consistent with tetrahedral
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geometry around Co(II) [49] (table 2). T3 showed three bands at 21,270, 17,850, and
15,150 cm™! corresponding to the charge transfer, 2Blg—>2Eg and %B, g—>232g transitions
[50]. The broadness of the band is due to the ligand field and the Jahn-Teller effect [S1].
These observations and the magnetic moment value (1.76 B.M.) favor octahedral Cu(II)
[50, 51]. Tg showed two bands at 18,180 and 22,220 cm ™', assignable to zBlg — 24, and
2Blg—> 2Eg transitions in square-planar geometry [52]. The magnetic moment value of
Tg equals 1.77 B.M. The spectra of the other Cu(Il) complexes display a band at
20,830-22,220 cm ™" due to *B,, — *Th, electronic transition in tetrahedral arrangement
[49]. The room temperature magnetic moments of Cu(Il) complexes (table 2) are
1.57-1.78 B.M. The magnetic moment values for Co(II) and Cu(II) complexes are lower
than those for the spin only value of d” and d° ions, which indicates the existence of
anti-ferromagnetic interactions between the metal ions in multinuclear complexes [53].

3.5. Thermal analyses

By thermal analyses of the metal complexes, information on their properties, nature of
intermediate, and final products of their thermal decomposition can be obtained [54].
TGA and DTA curves were performed from ambient temperature to 1000°C under N,
gas at a heating rate of 10°Cmin~'. From TGA curves, the mass loss was calculated for
the different steps and compared with those theoretically calculated for the suggested
formula based on the results of elemental analyses. Also, TGA denoted the formation
of metal oxide as the end product from which the metal content is determined and
found to be in satisfactory agreement with that obtained from analytical determination.
The stages of decomposition, temperature ranges, calculated, and found mass losses as
well as final products observed in each step of TGA/DTA curves are shown in table S2
“Supplementary material.”” The results show that all complexes decomposed in three
steps (except T4 which decomposes in two steps). In the first step, the complexes showed
mass loss within the temperature range 80-250°C corresponding to elimination of
hydration, coordinated water and/or solvent molecules, associated with endothermic
peaks within the range 49-105°C in the DTA thermogram. The second step from 130°C
to 360°C with exothermic peak at 152-323°C is attributed to removal of anions
attached to the metal. The final decomposition step from 195°C to 680°C with broad
exothermic peak at 369-536°C included the thermal decomposition of the complexes
[55] and loss of their organic parts with formation of the metal oxide as a final product.

3.6. Cytotoxicity in vitro diagnostic

Novel cancer agents or treatments are urgently needed to improve the outcome for the
large number of patients who relapse after receiving the currently available cancer
therapies [56]. In the present study, the effects of Ty, Ts, and Tg were examined on
viability and proliferation of different human cancer cell lines. Tg was screened in vitro
against five human cancer cell lines; HELA (cervical carcinoma cell line), HCT116
(colon carcinoma cell line), MCF7 (breast carcinoma cell line), HEP2 (larynx carcinoma
cell line), and HEPG?2 (liver carcinoma cell line). Complexes T; and T were screened
in vitro against HEPG2. The inhibitions of cell growth by the complexes were
determined by SRB assay [24]. The complexes inhibit the growth of HELA, HCT116,
MCF7, HEP2, and HEPG2 cells in a dose dependent manner (figures 3 and 4).
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Figure 3. In vitro cytotoxicity of Tg against HELA, HCT116, MCF7, and HEP2 human cancer cell lines
using different concentrations of the complex.
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Figure 4. In vitro cytotoxicity of Ty, Ts, and Tg against HEPG2 human cancer cell line using different
concentrations of the complexes.

Each data point is an average of three independent experiments and expressed as
M + SD. Growth inhibition of 50% (ICs) is calculated as the complex concentrations,
which caused a 50% reduction in cell proliferation during the drug incubation [57]. The
mean ICsq is the concentration of drug that reduces cell growth by 50% under the
experimental conditions and is the average with scanning electron microscopy from at
least three independent determinations. Tg showed inhibition of cell viability giving ICs
values of 18.2, 3.3, 41.4, and 44.1pug mL~! against HELA, HCT116, MCF7, and
HEPG?2, respectively, but Tg did not reach 1Cs, value for HEP,. The cytotoxicity of Tg
was found to be more effective toward HCT116 cell lines than that of doxorubicin
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Table 3. Antimicrobial activities of Ty, T,, and T;—T,.

Inhibition zone diameter® (mmmg~' sample)

M. canis A. flavus C. albicans S. aureus E. coli
Compound (fungus) (fungus) (fungus) (G™) (G)
Tetracycline (antibacterial agent) - - - 31.13£0.75 34.224+0.64
Amphotericin B (antifungal agent) 19.234+0.12 17.08+0.11 19.06£0.19 - -
Control: Ethyl alcohol 0.0+0.0 0.0+0.0 0.0+0.0 0.0£0.0 0.0+0.0
T, N.D. 13.06+£0.39 0.0+£0.0 14.00+0.13  15.140.21
T, N.D. N.D. 20.69 £0.33 N. D. N.D.
T, 25.23+£0.16 N.D. 20.09 £0.72 N.D N.D.
Tg N.D. 13.16+£0.72 0.0+£0.0 1519+0.82 14.47+0.34
To 39.43+£0.42 N.D. N.D. N.D. N.D.

#Each experiment is conducted at least three times. Mean + S.D. = standard deviation.

which gives ICs, value of 3.7 ugmL™". These results indicate that Tg is more cytotoxic
against HCT116 cancer cells compared to doxorubicin. Ty and Tg showed inhibition of
cell viability giving ICs, values of 24.3 and 17.5 pugmL ™", respectively, against HEPG2
human cancer cell line (figures 3 and 4). The slight increase in the fraction of live cells at
higher concentrations of the complexes in some cases may be attributed to increase of
the cells viability due to association of the complexes at higher concentrations which
decrease the activity of the metal complexes against the tumor cells [57]. As these results
are preliminary, further study on the anti-tumor effects of these compounds is
recommended.

3.7. In vitro antimicrobial assay

T, and Tg were tested by a modified Kirby—Bauer diffusion method [24] and the results
are presented in table 3. The activities of these compounds against E. coli and S. aureus
were studied using tetracycline as a reference drug. The bactericidal activity of Ty and
Tg are fairly good but low in comparison to the reference drug. The magnitude of
antimicrobial properties of the complexes is related to the ease with which they
participate in ligand exchange reactions [58]. For example, it has been speculated that
weak M-O [59] and M—N [60] bonds might play an important role in exhibiting wider
spectrum antimicrobial and antifungal activities and that the potential target sites for
inhibition of bacterial and yeast growth by metal complexes might be sulfur containing
residues of proteins [61].

Generally, the key factors determining antibacterial and antifungal activities of the
complexes are the group coordinated to the metal atom (M-N, M-0O, or M-S) and its
bonding properties (i.e., the ease of ligand replacement), rather than the solid-state
structure, solubility, charge, and degree of polymerization [62, 63].

Mueller—Hinton agar method was employed to test antifungal activities of Ty, T,, and
T;—To against three types of fungi, C. albicans, A. flavus, and M. canis, using
Amphotericin B as a reference drug (table 3). The antifungal activities of T; and Tg
show inhibition ability against 4. flavus only.
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T,, T, and Ty are more effective against C. albicans, A. flavus, and M. canis than
Amphotericin B. The antimicrobial activity of the metal complexes is due to either
killing the microbes or inhibiting their multiplication by blocking their active site [64].

4. Conclusion

Nine new complexes (T;—Ty) were prepared by condensation of diacetylmonoxime
with 2-amino-5-mercapto-1,3.,4-thiadiazole, 2-amino-1,3,4-thiadiazole or 3-amino-
S-methylisoxazole in the presence of Co(II) and Cu(Il). The complexes were
characterized by elemental and thermal analyses, molar conductance, spectral, and
magnetic data. Sulfur, oxygen, and nitrogen participate in chelation with the metals.
The investigated structures of the investigated complexes were supported by 3-D
molecular modeling of Ty and T¢—Ty. Some of the Co(II) and Cu(IT) complexes have
better in vitro biological activities than the reference drugs when screened for
antibacterial, antifungal, and cytotoxicity against human carcinoma cell line studies,
thus giving a new thrust of these compounds in the field of metallo-drugs (bio-inorganic
chemistry).
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