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1. Introduction

Synthesis and theoretical calculations of
metal-antibiotic chelation with thiamphenicol:

in vitro DNA and HSA binding, molecular docking,
and cytotoxicity studies¥

C

Abeer A. Sharfalddin, €22 Abdul-Hamid Emwas,® Mariusz Jaremko
Mostafa A. Hussien (2 *2¢

and

Thiamphenicol (TM) is an antimicrobial drug and a methyl-sulfonyl analogue of chloramphenicol. New
metal complexes of TM with Zn(i), Cu(n), Ni(i), Co(i) and Fe(i) were synthesized and characterized using
elemental analyses, infrared (IR) and proton nuclear magnetic resonance spectroscopy (*H-NMR),
magnetic susceptibility, electron paramagnetic resonance (EPR) spectroscopy, and thermogravimetric
analysis (TGA). The IR spectra revealed coordination of the deprotonated ligand to the metal through
one oxygen and the nitrogen atom of the amide group. Moreover, EPR analysis of the Cu(i) solid sample
indicated a distorted tetrahedral structure with a negligible exchange interaction between the Cuf(i) ions.
The UV-vis spectral results from the Co(i) and Fe(i) complexes showed a distorted tetrahedral geometric
arrangement for both compounds. The DFT calculation approach was used to study the nature of the
interaction between the metal ions and the ligand where the molecular stability and bond strengths
were evaluated by Natural Bond Orbital (NBO) and quantum parameters. The biological activity of the
metal complexes was investigated by several different bioassays. The DNA binding constant K,
showed an intercalation binding mode for both the free drug and the metal compounds. An in vitro
protein (HSA) binding study showed binding with TM-Zn K, = 9.87 x 10° ML The cytotoxic activity
of each divalent complex was tested against two cell lines: (1) a human colon carcinoma (HCT-116) cell
line and (2) a human breast carcinoma (MCF-7) tumor cell line and demonstrated anti-cancer cell
activities. Molecular docking was utilized to explain the biological inhibition of the Cu(i) and Zn(n)
complexes.

and stability.” Some transition metals are essential components
of biological systems, playing diverse roles including as

Metal-based drugs derived from transition metals have been
extensively studied for their biological activity." Enhancing
their bioactivity is key to designing new and more effective
medical drugs. Metal-based drug bioactivity can be increased
by modulating the metal chelation, which in turn decreases
their toxicity and enhances their lipophilicity, absorbance,
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cofactors in the enzyme oxidation process, controlling the
geometry of the enzymic active sites, and activating enzymatic
reactions.> Moreover, they are present in vitamins such as
Co(un) in Bj,. Copper is essential for nervous system
development and it exists in many enzymes and proteins with
a range of functions such as in energy metabolism.* Zinc is the
most abundant transition metal in the human body
playing several important roles including in immunity and
metabolism, and is crucial for the function of more than 300
enzymes.>”

Thiamphenicol (TM), also known as dextrosulphenidol,® is
an antimicrobial drug with broad antibiotic activity. It is an
analogue of chloramphenicol by NO, substitution with
methyl sulfinyl, and is 2.5 to 5 times more potent than
chloramphenicol.” The chemical structure of TM has three
donor atoms that could coordinate to a metal ion: the
primary alcohol, the secondary alcohol, and the amide group.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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However, until now, the reaction of TM with biological metals
or other inorganic metals has not been well investigated.

Attempting to improve the efficiency of the free drug, five
new metal complexes were synthesized in ethanol solution and
characterized by analytical, spectroscopic, and thermal techniques.
DNA helix is a biomolecule that represents a major target in the
development strategies of the drugs designed.® Among many
other transporting proteins human serum albumin (HSA) is the
main carrier of ions and molecules in the blood plasma. The
interaction of a biological target such as DNA or specific protein
to drugs could change their structure or inhibit their activity.
For this purpose, we evaluated the binding affinity of the metal
complexes to a pharmacological target using spectroscopic
experiments with CT-DNA and human serum albumin (HSA).
The cytotoxic activity of the prepared compounds was tested
theoretically via molecular docking against two proteins, 4FM9
and 1H7K. Finally, we tested the complexes’ in vitro activity
against human colon carcinoma (HCT-116) and human breast
carcinoma (MCF-7) tumor cell lines.

2. Experimental methods

2.1. Chemicals and reagents

Thiamphenicol of 99% purity was purchased from Aldrich. All
chemicals used in this study, including the metal(n) salts and
solvents, were of analytical reagent grade, commercially available
from BDH and used without further purification.

2.2. Synthesis of the metal(un) complexes

A refluxing method was used to prepare the divalent metal
complexes at a 1:2 (M : TM) molar ratio. Appropriate amounts
of CuCl,, CoCl,, ZnCl,, NiCl,, or FeCl, were dissolved in
ethanol and added to 2 mmol of TM (0.712 g) ligand solution
in ethanol, pH = 8.9 adjusted by KOH. The mixture was
incubated on a hotplate for 2-3 h. Solid precipitates were
formed after leaving the mixtures overnight till the volumes
reduced by half. This was followed by filtering and washing
with a few drops of ethanol and diethyl ether. Finally, the
complexes were dried in a vacuum desiccator over anhydrous
CaCl, in preparation for characterization. There were many
attempts to get single crystals from the metal complexes using
the diffusion method with DMS and chloroform or ethanol and
benzene but all failed.

2.3. Physicochemical measurements

Infrared spectra of the TM ligand and its complexes were
recorded on a Bruker infrared spectrophotometer in the range
of 400-4000 cm ™~ '. The molar conductance and the electronic
spectra of 10> M solutions of the metal complexes in DMF
solvent were measured on a HACH conductivity meter and
Shimadzu UV/vis spectrometer in the range of 200-800 nm.
All the measurements were taken at room temperature for
freshly prepared solutions. Microanalytical analyses (% carbon,
% hydrogen and % nitrogen) were carried out on a Vario EL
Fab. CHNS. The content of metal ions was calculated
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gravimetrically as metal oxides. "H-NMR spectra were recorded
in DMSO d® solutions on a Bruker 850 MHz spectrometer using
TMS as the internal standard. The mass susceptibility of the
metal complexes was measured at room temperature using
Gouy’s method using a magnetic susceptibility balance from
Johnson Matthey (Sherwood model). EPR spectra in the solid
state were acquired using a continuous wave Bruker EMX PLUS
spectrometer operating at an X band frequency (9.5 GHz).
Thermogravimetric analysis TG-DTG experiments were conducted
using a Mettler Toledo STARe thermal analysis system with the
STARe software. All experiments were performed using a single
loose top loading platinum sample pan under air at a flow rate
of 30 ml min™' and a 10 °C min~' heating rate for the
temperature range 25-800 °C.

2.4. Theoretical aspects

The Gaussian 09 software package® was used for the optimization
calculations of the free ligand and its metal complexes. The DFT
method using the hybrid density functional B3LYP was used with
the 6-311G(d,p) for the ligand and the LANL2DZ basis set was
used for the metal ions for the metal complexes in the gas phase.
Vibrational frequencies were calculated to ensure that the
optimized geometry corresponds to a true energy minimum.
The calculated harmonic frequencies were scaled by a factor of
0.966 and 0.961 for 6-31G(d,p) and LANL2DZ basis set,
respectively.'® GaussView software'’ was used to visualize the
output files and to prepare the figures showing the molecular
orbitals (MOs). HOMO and LUMO energies were obtained
and used to calculate essential quantum parameters using the
following equations: energy gap (Egap = ELumo — Ernomo), absolute
electronegativities (y = —Enomo + ELumo/2), absolute hardness (17 =
Erumo — Enomo/2), chemical potentials (¢ = —y), global softness
(S = 1/21), and global electrophilicity (w = n*/21).">'*> MEP maps
were projected by applying the BALYP/LANL2DZ level within DFT.

2.5. Biological application

2.5.1 DNA-binding experiments. All DNA-binding experiments
were performed at room temperature. First, a fresh CT-DNA
solution was prepared in buffer solution with a UV absorbance
ratio of 1.8 at 260 and 280 nm, indicating that the DNA was
sufficiently free of proteins.'*" The stock solution was maintained
at 5 °C and used within one week. A fixed concentration of 4 M
was prepared in a minimum amount of DMSO to maintain the
compounds’ solubility during the experiment in buffer and used in
spectroscopic investigations with varying CT-DNA concentrations
in the range 1.57-5.15 pM. The mixture was allowed to incubate for
one hour before recording the absorbance. The binding constant
Ky, was computed with the Benesi-Hildebrand equation, which is
defined as'®"”

[DNAJ/(eq — &) = [DNA]/(er, — &) + 1/Kp(ea — &)

Here, [DNA] = the concentration of CT-DNA in base pairs. ¢, =
the extinction coefficient observed for A,ps/[compound] at the
given DNA concentration. & = the extinction coefficient of
the free compound in solution. ¢, = the extinction coefficient
of the compound when binding to DNA. K, = the ratio
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of the slope to the intercept of the plot [DNA]/(es — &)
versus [DNA].

The slope-to-intercept ratio was collected by plotting [DNA]/
(e — &) versus [DNA], which is the K;, value. The standard
Gibbs free energy (AG) for DNA binding was evaluated
from the following relationship: AG{ = —RTIn Ky, '® where R =
8.314 ] K ' mol ! and T = 298 K.

2.5.2 In vitro HSA binding study. A stock solution of
human serum albumin (HSA (A1887; globulin and fatty acid
free)) was prepared in Tris-HCI buffer at pH 7.2. Spectrometry
method was used to determine the protein concentration with
the extinction coefficient 35219 M~ ecm ™' at 280 nm using
quartz cuvettes of 1 cm path-length. Complex solutions with
1.1 x 107* M~" were prepared in DMS. The HSA concentration
was kept constant during the titration experiment while the
complex concentration was varied in the range 1.57 x 10> to
5.15 x 107> pM. The intrinsic binding constants (k) of the
metal complexes with HSA were calculated using the following
equation:

EHSA 1

Ao énsa
'gbK Ccomplcx

A—A4Ay &

where A, and A are the absorbance of HSA at 280 nm in the
absence and presence of the complex, respectively. egsa and &,
are the molar extinction coefficient of HSA and the HSA bound
complex. The relation of 1/A — Ay vs. 1/Ccomplex iS linear and K,
could be estimated from the ratio of the intercept to the slope.

2.5.3 Molecular docking. Molecular docking modeling was
performed using the MOE program. The crystal structures of
the target proteins for breast and colon cancer receptors were
downloaded from the Protein Data Bank (PDB codes 1H7K and
4FM0, respectively). We used the docking process described in
previous work."”” After finding potential binding sites on
the protein using Site Finder, the bound water, ligands and
cofactors were removed from the protein. Then, the metal
complexes were minimized to the lowest energy using the
MMFF94 force field. The general docking scenario was run on
the rigid receptor atoms, and the ligand and metal complexes
were placed in the site with the triangle matcher method.
London dG was utilized as a scoring function and the GBVI/
WSA dG methods for rescoring. The five best poses were ranked
by the binding free energy (S) and the hydrogen bonds between
the compounds and amino acids in the protein whose lengths
did not exceed 3.5 A. Moreover, RMSD and RMSD-refine
fields were used to compare the results pose-with-pose in the
co-crystal ligand position and before and after amendment,
respectively.

2.5.4 Anti-cancer activities. The cytotoxicity of the metal-TM
complexes was evaluated using the MTT protocol*® with human
colon carcinoma (HCT-116) cells and human breast cancer
(MCF-7) cells. The cell cultures were propagated as reported.*
Samples in 0.1% DMSO were used to prepare different con-
centrations in fresh medium (serial two-fold dilutions) and were
then incubated at 37 °C for 24 h. The test was performed
three times for each sample concentration. Control cells were
incubated without a test sample and with or without DMSO.
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After 24 h incubation, the medium was aspirated and a 1%
solution of crystal violet was added to each well and left for at
least 30 minutes. The excess stain was removed from the plates
and rinsed using tap water before measuring the absorbance of
the plates at 490 nm. To calculate the percentage of viable cells,
the mean of three measured values of the optical density of the
well treated with a metal-TM complex (ODt) was divided by the
mean of the optical density of untreated cells (ODc), ie.,
[(ODt/ODc)] x 100. Graphpad Prism software (San Diego, CA,
USA) was used to plot the relationship between the percentage of
surviving cells and the drug concentration to obtain survival curves
for each cancer cell line, from which the IC5, value was estimated.

3. Results and discussion

3.1. Analytical and physical data

The new metal complexes were prepared by reacting the T™M
ligand with transition metal salts in ethanoic solution with the
pH adjusted to 8.9 with KOH, Scheme 1. The prepared metal
complexes were tested using elemental analysis, infrared
spectroscopy (IR), "H-NMR, UV-vis, conductometric measurements
and magnetic susceptibility measurements, as well as density
functional theory (DFT) analysis.

The physical properties of TM and the metal complexes and
elemental analysis are listed in Table 1. The colored solid TM
complexes were stable in air, insoluble in some polar solvents,
such as H,O0 and ethanol solvents, and readily soluble in DMSO
and DMF. Moreover, they had low conductance values in DMF,
1 x 107° M, indicating that the complexes are neutral
complexes.”® TM has two sites to coordinate to the metal ion
as a bidentate ligand: the two hydroxyl groups or the oxygen and
nitrogen atoms of the amide group.>” The calculated elemental
values were in good agreement with the experimental results.

3.2. Infrared (IR) spectra

The IR spectra of TM and the Cu(u), Co(u), Fe(u), Ni(i) and Zn(n)
complexes are shown in Fig. S1 (ESIt) while Table 2 illustrates
the main bands and their assignments for the free TM ligand
and its metal complexes. Experimentally, the bands observed
between 3490 and 3450 cm ™" were assigned to stretching v(OH)
and ¥(NH) in the free ligand spectrum. Upon complexation,
both (OH)and ©(NH) frequency shifted to a higher frequency.

MCl,.nH,0

Wy

M=Cu(ll),Co(ll),Fe(ll),Ni(ll) and Zn(ll)

Scheme 1 Chemical reactions for metal

complexes.

the preparation of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 1 Analytical and physical data of the free TM ligand and the metal-TM complexes
Elemental analysis % calc. (% found) .
M. wt., Am, Melting

Metal complex g mol '  Color C N S H M Qecm?mol™'  point, °C
™ 356.22 White 40.50 (40.46)  3.90 (3.93)  8.90(8.95)  4.80 (4.78) — <1 165
Cu(TM), 771 Dark gold  37.34 (37.33)  3.63(3.69) 8.31(8.35) 3.40 (3.42) 8.23 (8.26) 3.13 212
Co(TM), 767.3 Dim gray  37.57 (37.53)  3.60 (3.59)  8.36 (8.36) 3.40 (3.38) 7.70 (7.71)  3.13 326
Ni(TM), 767.1 Pale green  37.58 (37.60)  3.60 (3.59)  8.36 (3.36)  3.41(3.39) 7.62(7.70)  20.31 227
Fe(TM), 764.2 Dark red 37.72 (37.70)  3.64 (3.61)  8.39(8.35) 3.42(3.39) 7.28(7.30) 1.56 207
Zn(TM), 773.8 White 37.25 (37.26)  3.60 (3.62)  8.45(8.42) 3.40 (3.41) 8.45(8.44) 1.56 259

Table 2 Analysis of the main IR peaks for the experimental (theoretical) spectral bands and their assignments for the free TM ligand and its complexes

Metal complex C=0 NH H,C-O primary HC-O secondary M-N M-O

™ 1690 (1692) 1520 (1519) 1086 (1090) 1146 (1140) — —
Cu-TM 1690 (1692) 1515 (1490) 1084 (1093) 1141 (1137) 504 (510) 406 (396)
Co-TM 1690 (1691) 1514 (1485) 1084 (1093) 1142 (1138) 504 (511) 410 (396)
Ni-TM 1689 (1691) 1515 (1488) 1084 (1093) 1141 (1137) 507 (511) 406 (397)
Fe-TM 1689 (1691) 1515 (1490) 1084 (1093) 1140 (1136) 506 (511) 405 (396)
Zn-T™M 1689 (1691) 1514 (1500) 1084 (1093) 1142 (1137) 506 (511) 406 (396)

Moreover, in the metal-TM complexes, {C—0) stretching was
still present at 1690 cm™ ', which revealed that it was not
involved in metal coordination. The NH bending appearing at
1515 em™ ' showed a small shift with increasing intensity, which
indicated the association of NH in the metal coordination. The
free ligand had two strong bands in the C-O region, namely at
1186-1146 cm ™', which were assigned to the secondary and
primary alcohol, respectively.” The clear blue shift upon
complexation for the CH-OH peak proved that the ligand coordi-
nates to the metal through the hydroxyl group. The new bands in
the IR spectra for all the metal-TM complexes in the 500-420 cm ™
range were assigned to the vM-O and vM-N bands.****

The theoretical spectra calculated with B3LYP/6-311G(d,p)
for the ligand and using the LANL2DZ basis set for the metal
complexes strongly correlated with the experimental bands as
presented in Table 2 and the comparison spectra are shown in
the ESL.{

3.3. Proton nuclear magnetic resonance (‘H-NMR)

The spectral data of the free TM ligand and the Zn(ir) complex
were recorded in de dimethyl sulfoxide solvent and are presented
in Fig. 1. The signals at 4.99-5.95 ppm represent the OH group
in the free ligand’ for the primary and secondary alcohol,
respectively. The primary alcohol at 4.99 ppm was affected via
the metal magnet in the spectrum of Zn(TM), and vanished. This
revealed that the coordination was through the oxygen atom of
the OH groups. In contrast, the secondary OH was maintained at
5.95 ppm. Additionally, the NH signal in the "H-NMR spectrum
of the ligand at 8.31 ppm appeared at the same position with a
slight shift and showed a change in multiplicity from a doublet
to a singlet. The characteristic signals for the free TM ligand and
the metal complexes are presented in Table 3.

3.4. Magnetic susceptibility and the electronic spectra

Electronic absorption spectroscopy was performed in DMSO
solution at room temperature for TM as a free ligand and the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

colored divalent metal complexes; the Ni(u), Co(u), Cu(u) and
Fe(un) complexes are shown in Fig. 2. The essential maximum
peaks for the ligand at 266 and 339 nm were due to the
transitions n — w* and © — =¥, respectively, which were
absorbed within the amide group” and shifted to high or low
wavelengths after complexation.

The Ni-TM compound presented two bands, at 14.286 and
12.820 cm™ ', which were assigned to the transitions *T,(F) — *A,
and *T,(F) — °Ty(P), respectively. These bands demonstrate
an intermediate structure between a square planar and a
tetrahedral geometry.”>?® Moreover, the effective magnetic
moment (gegr) of 1.29 BM for the Ni-TM compound verified
this result.”” The Fe(n) complex had a tetrahedral structure
and paramagnetic nature (uer = 4.63 BM), which usually
indicates electronic transitions in the near-infrared region.**°
We attributed the complex color to an electron transition located
by an obscured band that overlapped with 390 nm, which was
assigned to charge transfer transitions from the metal to empty
orbitals of the ligand, causing the intensely colored complex.*®
The Co-TM compound presented two bands at 550-667 nm
corresponding to ‘A, — Ty(P) and *A, — *Ty(F). Although
the electronic spectra of tetrahedral Co(u) always show three
spin-allowed transitions, the transition of *A, — “Ty(F) often
dominates.”” Moreover, the obtained magnetic moment value
for Co(i) was in the reported range of the tetrahedral geometry.””
The Cu(u) complex displayed one prominent broad band at
10917 cm ™', which we assigned to the d — d transition.** The
Zn(n) complex was diamagnetic in nature and has a tetrahedral
structure. Table 4 summarizes the main electronic bands and
the assignments for the Ni(i) and Co(u) metal complexes.

3.5. Electron paramagnetic resonance analysis (EPR)

Electron spin resonance (ESR), also known as electron para-
magnetic resonance (EPR), is a powerful analytical tool that
selectively detects species with unpaired electrons such as
paramagnetic transition metal complexes like copper and iron

New J. Chem., 2021, 45, 9598-9613 | 9601
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Fig. 1 The *H-NMR spectra of Zn-TM and the free ligand (TM).

Table 3 Chemical shift of the free TM ligand and Zn(i) complex

Assignments 0 (ppm) free TM o (ppm) Zn-TM
-CH; 3.16 3.16

-CH,-OH 3.6 3.56

CH-N 3.94 3.93

_CH,-OH 4.99 -

CH-OH 4.97 5.1

CH-OH 5.97 5.97

COCHC, 6.5 6.5

Ar 7.85-7.58 7.85-7.58

NH 8.31 8.32
complexes®*** and organic free radicals.>*™” In addition to

structural information, EPR spectra provide important information
on the atoms that coordinate with the transition metal.**™*°
The solid sample spectrum of the Cu-TM compound obtained in
X-band EPR spectroscopy at room temperature is shown in Fig. 3.
Based on the g-values, it showed a characteristic axial symmetry
with g, (2.32) and g, (2.07) > 2.0023 and is a distorted
tetrahedron.*' Therefore, the ground state will be d,z_,. and has
a highest half-occupied orbital that repels the ligand in the
equatorial plane.*>** The g, value, calculated by the equation
2w = (g + 2¢.)/3,"** was 2.14 and indicates a covalent environ-
ment around the Cu() metal ion.*® To study the exchange inter-
action between the Cu(u) ions in a powder solid sample, the G value
was computed using”**”

G=(g - g)gL — £

According to the reported literature, if G is between 3 and 5,
then the magnetic environment in the cell is equivalent; if
5 < G < 3, then the exchange coupling in the unit cell is not

9602 | New J. Chem., 2021, 45, 9598-9613
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Fig. 2 UV spectra for the TM and metal complexes.

equivalent.*® The calculated value of G = 4.27 reflects that the
exchange interaction is negligible between the Cu(u) ions.***®

3.6. Thermal analysis (TGA)

The crystal water content in the complexes and the mass loss
percentage for the transition metal coordination complexes
were studied by a thermal technique in order to analyze
their stability. All the metal-TM complexes had a similar
decomposition step over the temperature range 70-500 °C, with
the exception of the Co(u) and Zn(u) compounds. In atmospheric
air, Cu-TM, Fe-TM and Ni-TM were stable up to ~119 °C
and the decomposition occurred in three stages. The first
decomposition stage began with the loss of HCI in the range
150-200 °C. The formed compounds underwent further
decomposition from 207 to 280 °C with a mass loss percentage

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 4 Summary of the main magnetic and spectral parameters and the assignments for the TM ligand, and Ni(i) and Co(i) complexes

Bands nm (cm ')

Complex \ V3 V2 Assignment Magnetic moment (B.M.)
Co(TM), 400 (25.000) 558 (18 000) 631 (16 000) ‘A, - 'Ty(P), A, — “Ty(F) 4.63
Ni(TM), 377 (26 525) 700 (14.286) 780 (12.820) *hog = “Tog, *Asg = Ty 1.29

Fig. 3 Powdered EPR spectrum of Cu-TM at room temperature.

range of 20-30%. The final stage started between 350 and 600 °C,
and the maximum temperature produced a metal oxide as the
final product.

In contrast, the Co(n) compound showed only two
decomposition steps. In the first step, starting at 147-246 °C,
it lost 20.7% of its mass. The second step occurred at 327-
436 °C, with a gradual but minor mass loss that resulted in a
metal oxide with 45.85%. Interestingly, Zn-TM was stable up to
~260 °C in atmospheric air; then it decomposed in a single
stage. The decomposition was indicated by the DTG peak and
the corresponding endothermic reaction. All the final products
had some amount of hydrocarbon with the metal oxide as the
final residue. The thermal degradation behavior of the metal
complexes is presented in Fig. 4. The thermal mass loss and
decomposition stages are illustrated in Table 6. These results
agree with the speculated formulas for the coordinated
compounds.

100 1
90;
80%
70+

60°

Mass percent %

50-
40°

30

20 Temperature °C e

3.7. Thermodynamics

The thermodynamic parameters of the ligand and complexes
were calculated by employing two methods, the Coast-Redfern
integral’® and the approximation of Horowitz-Metzger,*®
to obtain the activation energy (E,). Next, thermodynamic
activation parameters, namely the activation enthalpy (AH),
activation entropies (AS) and AG Gibbs free energy, were
calculated using the relationships

AH =E — RT,

AS = R[In(Ah/kT)]
and

AG = AH — TAS,

where £ is Boltzmann’s constant and % is Planck’s constant.
Their values for each step are summarized in Tables S2 and S3
(ESIT), and the drawn relation of both methods is presented for
the individual complexes.

The thermodynamic behavior of all complexes of TM with
transition metal ions is a non-spontaneous and slow reaction
due to the negative values of AS.>"*> The E, values increased at
the second stage for all compounds, and then reduced after
degradation, which indicates high stability of the complexes.
Moreover, the reactions were endothermic (AH > 0) and
endergonic (AG > 0) (Table 5).>

3.8. Molecular orbital calculations

3.8.1 Geometry of the complexes. The ligand and the metal
complexes were also studied using DFT calculations in order to

T

50 100 150 200 250 300 350

400 450 500 550 600 650 700 750

METTLER TOLEDO

STAR® SW 16.20

Fig. 4 TG curves of the Fe—-TM, Co-TM, Cu-TM, Ni-TM and Zn-TM complexes.
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Table 5 Thermal data for the TM metal complexes
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Temp. Weight loss % found Total mass loss/% found Final solid state
Complex Step range (cale.) Assignments (cale.) residue
Cu-TM  1st 166-200 12.7 (12.9) Cl, + CO 65.9(66.3) CuO + 10C,
and 252-305  24.5 (24.9) CsHg + 2NO + 2HCI 25.6(25.69)
3rd 310-454  28.7 (29) 2CO, + 2580, + H,0 + C,H,
Fe-TM 1st 169-202 9.1 (9.3) 2HCI 66.4(67.0) Fe,0; + 10C, 35.7(36)
2nd 207-218 28.3 (28.6) 4C,H, + 2NO + 2HCI
3rd 352-390 29 (29.1) 280, + 2CO,
Ni-TM  1st 164-220 9.3 (9.4) 2HCI 65.4(66.7) NiO + 12C, 32.3(32.9)
2nd 227-379  21.9 (22) 2HCI + 2NO + 2C,H,
3rd 384-664  33.5 (34) 2C,H, +2S0, + 2CO,
Co-TM 1st 147-246  20.3 (20.7) 2NO+ 2HCI + C,H, 46.7(46.9) CoO +12C, 45.85(45.6)
2nd 327-436 26.4 (26.2) 2CO, + 2SO0, + 2HCI
Zn-TM One  259-303  51.9 (52.5) 7C,H, + 280, + 2NO + 4HCl +  51.9(52.5) ZnO + 10C, 33.61(33.6)
step 4H,0

obtain the optimum geometries and compare them with the
experimental values. Investigation results from elemental
analysis, spectroscopic analysis (IR and 'H-NMR), and TGA
confirmed the optimized structures, which are shown with
the atom numbers and labels in Fig. 5.

Selected geometric parameters around the coordination
sphere were extracted as bond lengths and bond angles for

the free ligand and its metal complexes and are tabulated in
Table 6.

In the metal complexes, the bond lengths of C11-O12
and C12-C14 were longer than the free ligand by 0.01-0.02 A.
The bond length of C11-013 was compressed after coordination
to the metal ions while C12-N16 elongated after binding to the
metal. The M-O bonds between the metal and free ligand site

Fig. 5 The optimized geometry and numbering system for TM and its metal complexes.
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Table 6 Selected geometric bond lengths, bond angles, and dihedral
angles of the optimized ligand and its complexes

™ Cu-TM Co-TM Ni-TM Fe-TM Zn-TM

Bond lengths

C11-C12 1.55 1.56 1.58 1.57 1.57 1.58
C12-C14 1.53 1.54 1.54 1.54 1.54 1.54
C12-N16 1.48 1.51 1.51 1.53 1.52 1.49
C11-013 1.46 1.38 1.38 1.39 1.39 1.39
N16-M — 2.16 1.99 1.95 2.03 2.46
013-M — 1.84 1.81 1.92 1.84 1.82
035-M — 1.84 1.81 1.82 1.85 1.82
N43-M — 2.16 1.99 1.96 2.08 2.40
Bond angles

013-C11-C12 107 110.67 110.23 110.76 110.63 110.49
N16-C12-C11 105 106.81 107.0 105.59 108.89 108.31
013-M-N16 — 84.35 88.36 87.9 86.14 80.80
013-M-N43 — 95.02 92.5 92.39 93.82 101.45
N42-M-035 — 84.84 84.12 87.35 85.43 81.65
N16-M-035 95.35 94.6 92.30 94.21 100.05
Dihedral angles

M-013-C11-H29 — —63.25 —66.9 —71.86 —88.79 —64.69
M-035-C38-H42 — —66.89 —70.7 —68.45 —72.83 —63.20
M-013-C11-C12 — 53.54 29.26 45.16 28.74 —52.76
M-N16-C12-C11 — 22.16 27.35 24.77 35.16 31.08
M-N43-C41-C38 — 26.68 25.68 20.20 29.81 25.88

were in the reported metal to oxygen range,** which reflected the
ionic character of these bonds. In contrast, the covalent bond
between the metal and NH group showed a range of small and
medium ionic character (bond length > 2 A).

There was a practical change of the bond angles after
coordination with the transition metals. The bond angles
013-C11-C12 and N16-C12-C11 increased by 0.03-0.04° due
to the electric repulsion after complexing. Moreover, the angles
around the respective central metal ion indicated that the
complex adopted a distorted tetrahedral geometry,”® as
observed for Cu(u) and Zn(u), and the values of the bond angles
of O-M-N emphasized this distortion. The complexes of Fe(u),
Ni(n) and Co(u) suggested a highly distorted tetrahedral
arrangement around the metal.

In addition, the dihedral angles around the metal ions were
far from 0° or 180°. Thus, the metal ions in the studied
compounds are not in the same molecular plane as the
donating sites.

3.8.2 Global reactivity descriptors of the ligand and its
complexes. Studying the molecular orbital compositions and
energy levels of a molecule is a practical approach to describe
the electronic characteristics of molecular systems."® Frontier
molecular orbital (FMO) maps were generated via the HOMO
and LUMO for the studied ligand and its complexes in the
ground state and are presented in Fig. 6. The molecular orbital
diagrams for the ligand showed that the HOMO orbitals are
distributed mainly over most of the ligand molecule while the
LUMO orbitals are located on the acetamide group and Cl
atoms. The extracted values for the HOMO and LUMO for the
metal complexes are tabulated with the essential quantum
parameters in Table 7. The difference between the orbital
energies gives the energy gap, E,, which is a good indicator of
molecule hardness and softness:*” a small E indicates soft and
reactive complexes, and vice versa. Therefore, E, decreased after

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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coordination to the metal ions by stabilizing the HOMO orbitals
for the complexes. Among the metal complexes, Cu-TM was the
softest compound, with a small E, 3.15 eV. The absolute hard-
ness values () for the investigated compounds could be
arranged as: TM > Co(u) > Zn(u) > Ni(u) > Fe(u) > Cu(u),
and the absolute softness (¢) values as: Cu(u) > Zn(u) > Fe(u) >
Ni() > Co(u) > TM. Thus, the Cu complex had the lowest 1 and
the maximum ¢ values, which indicates high reactivity. The
negative chemical potential (Pi) of the metal complexes indicates
a spontaneous addition process. Moreover, the electrophile was
able to obtain electronic charge from other molecules and
increase the biological activity descriptor. Cu-TM had the high-
est electrophilicity index among the other complexes, Table 7,
which suggests favourable toxicity and inhibition activity.”®

3.8.3 Natural charges and natural population. Studying the
electronic characteristics of complexes by estimating the
atomic charges emphasizes the electrophilic and nucleophilic
sites in the molecules. The natural bond orbital (NBO) charges
of the coordinated atoms in the free ligand TM and its metal
complexes are illustrated in Table 8, and the natural electronic
configurations of the metal ions in the coordination sphere are
presented in Table 9.

In the TM ligand, most electronegative charges were found
positioned on the oxygen of sulfonyl, primary and secondary
alcohol, and carboxamide. The two alcohol oxygens were more
electronegative (—0.765, —0.786) than the carboxamide group
(—0.636, —0. 592) and could be possible donating atoms that
could react with the electropositive metal ions Cu(u), Co(u),
Ni(u), Fe(u) and Zn(u) by ionic bonds. In this complex, the NH
group donated its electron via a covalent bond.

All the studied first row transition metal ions in the com-
plexes have a +2 oxidation state, but the calculated natural
charges for Cu**°, Ni*%°*, Zn"*°" and Co***° were lower than
+2 due to receipt of electrons from the ligand.””> Additionally,
Table 9 shows that the metal ions received varied electrons
from the ligand: the highest ion that received 1.43e was
Zn(d®*>?), while Ni-TM(d®>?) received 1.26e, and Cu-TM(d*>)
had fewer electrons (0.67). Co-TM(d*?°) was > Fe-TM and
received 0.79e (d***) from the ligand.

3.9. Biological studies

3.9.1 CT-DNA binding study. The DNA binding ability of
the metal complexes was measured using UV-absorption by
adding various concentrations of CT-DNA. The maximum
absorption band for the fixed-concentration solution in DMSO
for the metal-TM compounds in the range 263-270 nm had a
red shift and hyperchromic molar absorptivity, indicating
strong binding to DNA (Fig. 7). This proves three changes:

(1) The modification of the structure of the target DNA after
adding the metal complexes.*

(2) Charged cations in the process bind to the phosphate
group in DNA by electrostatic attraction, thus damaging the
secondary structure of the DNA.®°

(3) Unraveling of the helix structure of DNA by external
contact or partial effects, causing more bases of the DNA to
unravel.®!
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Fig. 6 HOMO and LUMO charge density maps of the studied complexes using the B3LYP/LAND level.
Table 7 Epomo. ELumo. Eg and the quantum parameters for the ligand and its complexes using B3LYP/LAND
Compound HUMO LUMO AE x n Pi o S w ANpax
™ —7.61 —1.87 5.73 4.74 2.87 —4.74 0.35 1.43 3.92 1.65
Ni-TM —6.64 —2.98 3.65 4.81 1.83 —4.81 0.91 0.91 2.40 2.63
Co-TM —6.91 —2.73 4.18 4.82 2.09 0.48 —4.82 1.05 1.05 2.41
Zn-T™M —7.37 —2.53 4.85 4.95 2.42 —4.95 1.21 1.21 2.48 2.04
Cu-T™M —7.12 —-3.97 3.15 5.54 1.57 —5.54 1.30 0.79 2.77 3.52
Fe-TM —6.59 —2.70 3.89 4.64 1.95 —4.64 0.97 0.97 2.32 2.38

However, the TM ligand and the Fe(i1) complex had adverse
behavior as well, showing a blue shift and hypochromic
absorptivity, indicating weak intercalation to the base pairs of
DNA®* (Fig. 7b).

9606 | New J Chem., 2021, 45, 9598-9613

The computed binding constant (K};) and absorption data
of the metal-TM complexes are listed in Table S4 (ESIY).
According to the literature, the range of 10°-10"" reflects an
intercalator binding type, which is less cytotoxic and could be
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Table 8 NBO charges calculated for the metal complexes using B3LYP/
LAND

™ Cu-TM Co-TM Ni-TM Fe-TM  Zn-TM
013 —0.765  —0.933 —0.854 —0.867 —0.894 —1.00
015 —0.78  —0.716 —0.795 —0.715 —0.715 —0.714
N16 —0.592 —0.762 —0.863 —0.747 —0.754 —0.741
019 —0.636  —0.929 —0.796 —0.492 —0.501  —0.540
M — 1.344 0.767 1.09 1.204 1.568

promising therapeutically.’>®* The AG values indicate high
spontaneous binding of the metal compounds to DNA.'® The
investigated compounds in order of intercalative mode are
arranged as follows: Zn(u) > Cu(u) > Ni(u).

3.9.2 In vitro binding study with human serum albumin
(HSA). Serum albumin constitutes ~55% of the total blood
plasma protein and plays a role in the transportation of drugs

View Article Online

NJC

(e.g., metal complexes) and metabolism.**°>

We investigated
the morphological changes in the secondary structure of HSA
upon complex formation between the drug and HSA by electronic
absorption spectroscopy. Protein-ligand complex formation can
be estimated by the difference change in absorbance before and
after the incremental addition of the metal complex. Fig. 8
illustrates the UV absorption spectra of HSA in the absence and
presence of TM-Cu, while that for the TM-Zn complex is shown
in Fig. S2 (ESIt). Generally, the absorption peak of HSA at 280 nm
is attributed to the protein chromophores phenylalanine, tyrosine,
and tryptophan, which have absorbance at 260, 270 and 280 nm,
respectively.®*® /... of free HSA at 280 nm was blue shifted to
273 nm in both the Cu(u) and Zn(u) complexes. A sharp increase
in absorption intensity, which is a hyperchromism effect, was
observed after incremental titration of TM-Cu with HSA, while
TM-Zn presented a hypochromic effect. The results demonstrate

Table 9 Calculated natural charge, natural population and natural electronic configuration of the metals in the studied complexes using the B3LYP/

LAND level
Natural population
Complex Natural charge Core Valence Rydberg Total Natural electronic configuration
Cu-TM 0.50 74.98 121.62 0.678 197 [core]4S5°263d°>°4p>*'5p O
Co-TM 0.50 74.98 120.61 0.396 196 [core]as®*3d” 265P° 18
Ni-TM 0.01 149.96 243.24 1.35 394 [core]4S°-263d%>34p®-01550-3¢
Fe-TM 1.0 74.98 119.34 0.673 195 [core]4S°-3*3d°%**4p®-
Zn-TM 0.01 149.97 245.20 1.34 396 [core]as®*93d* 924p° 01550-01
Co-TM
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Fig. 7 The hypochromic and hyperchromic reactions of (a) Co—TM and (b) the TM ligand (arrows indicate changes with increasing DNA concentration).
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Fig. 8 The change in the UV-vis absorption spectra of HSA in the absence and presence of different concentrations of metal complexes at pH 7.2 and

25 °C.

practical changes in the micro-environment of the tryptophan
residues®” leading to reduced extension of the peptide strands.
The observed alteration resulted from non-covalent interactions
of the metal complex with HSA such as electrostatic attraction or
by hydrogen-bond formation.** The calculated intrinsic binding
constants (K},) of complexes TM—-Cu and TM-Zn with HSA were
1.74 x 10°> and 9.87 x 10° M ', respectively. The K, values
suggested that both complexes have practical binding propensity
with HSA, and that TM-Zn has higher binding susceptibility due
to conformational changes in the HSA structure.

3.9.3 Cytotoxicity. The in vitro cytotoxicity of the metal-TM
complexes was tested against a human colon carcinoma
(HCT-116) cell line and a human breast carcinoma (MCF-7) cell
line. Their performance was compared to cisplatin, an
anticancer chemotherapy drug, within the 0-500 pg ml™*
concentration range. The standard deviation for the 50 pg ml™"
sample and ICs, are listed in Table 10. The obtained results are
the average of three replicate experiments, with Zstandard
deviation (SD) indicated. The results (Fig. 8) revealed that most
complexes displayed greater cytotoxicity than the TM ligand.
Moreover, the Zn(un) complex showed the highest cytotoxicity,
with an ICs, value of 28.6 ng ml™* for the MCF-7 cell line and
55.2 pg ml~* for the HCT-116 cell line. Although the ICs, value
is lower than for cisplatin, the results indicate that changing
the nature of the metal ion impacted its biological activity.
The Cu(u) complex was the next most cytotoxic, with a medium

Table 10 Cytotoxicity of TM and its metal complexes for MCF-7 and
HCT-116. Shown is the mean of three replicates + standard deviation

S.D. (£) ICs0 (ng ml™)
Complex MCEF-7 HCT-116 MCF-7 HCT-116
™ 3.84 3.79 475 £ 9.8 426 £ 9.2
Cu-T™M 0.78 0.95 48.8 + 0.92 60.5 £ 1.8
Ni-TM 1.31 0.94 92.5 £ 2.7 57.5 £ 1.5
Zn-T™M 0.69 0.73 28.6 + 0.38 55.2 + 1.6
Co-TM 0.97 0.87 106 £ 1.9 81.6 £ 2.1
Fe-TM 1.82 2.93 208 £+ 4.3 216 £ 4.5
Cisplatin 0.12 0.07 5.71 2.43
9608 | New J. Chem., 2021, 45, 9598-9613

IC5o value compared to the other metal compounds against
the breast cancer cells. This could be due to the focal metal
atom; according to Tweedy’s chelation theory, the prediction of a
metal atom’s polarity is reduced after chelation due to
partial sharing of the metal’s positive charge with the donor
groups, resulting in delocalization of the electron over the
chelation ring. Therefore, the lipophilic nature of the chelates
increases and smooths permeation through the cell membrane
(Fig. 9).9%%°

3.9.4 Molecular docking. The synthesized metal complexes
exhibited diverse cytotoxicity effects, as shown in Table 10.
Interestingly, the Zn(u) and Cu(u) compounds with TM exerted
high anticancer activities. Therefore, we performed a docking
process for these two complexes with a colon protein (ID: 4FM9)
and a breast protein (ID: 1H7K), which were chosen from the
literature, to investigate the binding mode and the conformation
structure that contributes to the interaction between the proteins
and the complexes.

Tables S5 and S6 (ESIt) reveal the following results:

(1) Both complexes have a higher negative score of free
binding energy than the free ligand, indicating that the metal
ion overlapped with the ligand orbitals upon chelation and

ETM ECu(Il)T™M Co(ll) TM Ni(I)TM EFe (I)TM E2zn (1) TM & Cisplatin
500
450
400
350
E 300
~
oo
3 250
2
£ 200
150
100 4 ‘
50 72
0 ZZZ
MCF-7 HCT-116
Fig. 9 ICsp values of the TM ligand and its metal complexes against a

human breast carcinoma (MCF-7) cell line and a human colon carcinoma
(HCT-116) cell line.
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Table 11 Molecular docking mode and interaction for the TM ligand, the Cu(i) complex, and the Zn(i) complex with the (4FM9) colon protein and (1H7K)

breast protein

Protein 2D

Cu-T™M

Colon protein (ID: 4FM9)

Zn-T™M

Cu-T™M

Breast protein (ID: 1H7K)

Zn-T™

reduced the metal polarity, thus increasing the lipophilicity and
penetration through the lipid plasma membrane.®*”*
(2) The docking score values for Cu(n) and Zn(u) against
colon receptors were —8.18 and —9.22 kcal mol !, respectively.
(3) The colon protein (4FM9) interacted via amino acid
pocket molecules with Cu(u) through SO, oxygen and NH
groups by donating their H atoms or accepting H atoms.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

The H contact between the methyl group in Zn-TM and an
amino residue increased the binding with this protein com-
pared to the Cu(u) complex.

(4) Similarly, the breast protein (1H7K) docking score was
—7.09 kecal mol™!, which resulted in the interaction with the
Cu-TM complex by donating different amino acid hydrogens
forming H bonds with Cl and O ions and the two NH groups,
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whereas Zn-TM showed H-accepting interactions with ARG 672
and Lys 675, as shown in Table 11.

(5) Increasing the interaction between the complex
molecules and the receptors might increase the docking
scores and prove the in vitro inhibition activities (Table S6,
ESIT). The best possible conformations of the two compounds
inside the protein minor groove are presented in Table 11.

4. Conclusion

New complexes of divalent transition metals of the antibiotic
thiamphenicol were successfully synthesized. All prepared
complexes were characterized by various analytical techniques
such as IR, EPR, elemental analysis, and thermal analysis. The IR
and 'H-NMR results confirmed that a metal cation was
coordinated to the one deprotonated alcohol and NH atom.
The electronic spectrum of the Ni-TM complex at 14.286 and
12.820 cm ' and the low magnetic moment value indicated the
square planar geometry around the ion metal. The electronic
spectrum of the Fe-TM complex did not show absorption in the
UV-vis range, which indicates a tetrahedral geometry. The observed
color of the complex is due to the charge transfer transitions,
which presented as an overlapped band at 390 nm in the spectrum.
The solid sample of Cu(n) displayed g; (2.32) > g, (2.07) values,
indicating a distorted tetrahedral complex. The DFT study showed
that Zn(u) has a distorted tetrahedral geometry. The lower values of
the energy gap, E,, for the complexes indicated that the complexes
are more reactive than the free ligand. Among the prepared
complexes, Cu(u) showed the highest softness and electrophilicity,
which could indicate favourable biological activity. Moreover,
kinetic data collected from the thermal study showed high-
stability compounds by increasing the E, value with an endother-
mic reaction (AG > 0) through the decomposition process.

The binding constant (K;,) and Gibbs free energy (AG) values
from the DNA-binding study for the metal complexes and the free
ligand revealed an intercalation binding mode with high
unprompted binding. The addition of the Cu-TM compound
resulted in hyperchromism in the HSA absorption peak, while
Zn-TM showed hypochromism and practical binding to the HSA
protein, 9.87 x 10° M~ '. The zinc-based and copper-based TM
complexes showed good cytotoxic activity against the MCF-7 and
HCT-116 cancer cell lines. The energy scores of the molecular
docking study of the ligand and its zinc-based and copper-based
complexes were in good agreement with the experimental results.
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