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ABSTRACT

In the present work the reaction of hydrazone ligand with AuCl, was investigated. The ligand
that could be obtained by the condensation of thiosemicarbazide with p-diaminobenzaldehyde
belong to the class of mononegative or binegative bidentate ligands. The structure of the prepared
samples has been defined by infrared spectroscopy, elemental analyzes, 'H-'3C NMR, SEM, and
Powder XRD techniques. The ligand is present in both solid and liquid states in the thione form.
The ligand is binding to Au via, azomethine nitrogen and thione sulfur atoms. Powder XRD pattern
of ligand and [AuHLCL,]CI complex show several diffraction peaks with high intensity indicating the
crystalline nature of them. The observation of new diffraction peaks at different positions indicates
the successful formation of the complex. The synthesized ligand and complex have crystallites sizes
of 103 and 46 nm, respectively indicating the nanostructure of them. The ligand and it complex
shows different particles shapes of plates, sheets, and spheres. Optimizations of the geometries of
the formed complex with gold and the ligand were carried out by using DFT in a gaseous state. The
excited states of various multiplicities were examined by the TD-DFT.
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INTRODUCTION

Thiosemicarbazones appear as ligands in
complexes with transition metal ions. The formation
of coordination bonds involves the sulfur and nitrogen
atoms of hydrazine. Like thiosemicarbazones,
metal complexes have also been extensively

studied for potential pharmacological activities.
Their metal complexes are generally more active
than free thiosemicarbazone. The coordination
chemistry of nitrogen compounds is undergoing
significant progress due to the diversity of the
chemical and catalytic properties of complexes
containing, in their coordination sphere, one or
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more nitrogen functions'S. Thiosemicarbazones
are of impressive intrigued because of their uses
in pharmacological field, and their flexibility as
ligands to create a wide assortment of modes of
coordination*. Their importance as coordinating
ligands is due to the presence of donor N and
S atoms. Indeed, thiosemicarbazones signify to
an expansive family of compounds with greatly
different pharmacological properties, especially in
the antimicrobial®, anticonvulsant®, antimalaria’,
antiviral®, and especially antitumor®'2. Gold(l) and
gold(lll) based complexes have demonstrated a wide
range of biological features (anticancer, antiviral,
and antiparasitic activity) and can be used as a
substitute for cisplatin'®. Apart from DNA, several
peptides and enzymes have been identified as
potential targets of gold(lll) complexes''. Gold
complexes with an oxidation state of *1 or *3 have
been utilized in the treatment of many diseases for
decades, particularly rheumatoid arthritis'®. They are
ductile and malleable elements which have a very
good corrosion resistance and therefore have found
many applications through the ages. We resumed
our previous reporting'” on HL coordination manners
with the spectroscopic, optical band gap, ADMET
and computational methods with Au(lll).

EXPERIMENT

Materials and Physicochemical characterizations

The chemicals and solvents were
purchased from Sigma-Aldrich and used as such
in experiments. Elemental analyzes of nitrogen,
hydrogen, carbon atoms were carried out by a GmbH
VariuoEL V3.00 automatic elemental analyzer, IRIS
ER/S-WP-1 ICP atomic emission spectrometer
was used to evaluate the concentration of metals.
VERTEX-70 FT-IR spectrophotometer was used
to were measured the FT-IR spectra of samples
mixed with KBr in the 400-4000 cm~' margin.
UV-Vis absorptions spectra of prepared materials
were measured using the Shimadzu UV-2550
spectrometer and 970 CRT spectrofluorometer
(Spectro Shanghai) in DMSO solution. 'H-*CNMR
spectra of the ligand were carried out with a Mercury
Plus (400 MHz) spectrometer in D,O-DMSO solution,
and the chemical shifts determined in ppm relatives
to the internal TMS (H). Agilent SuperNova Dual
area detector diffractometer was used to measure
the X-ray diffraction patterns of the complexes. SEM
was used to investigate the powder's morphology
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(JSM-6380LA, JEOL-Japan Electron Optics
Laboratory, Tokyo, Japan).

Synthesis of ligand
The ligand was prepared as previously
described™.

Synthesis of gold complex [AuHLCIL]CI

The gold complexes were produced by
mixing a 1:1 ligand-to-metal molar ratio ethanolic
solution of the thiosemicarbazone ligand (1 mmol)
with (HAuCl,-3H,0) at room temperature with stirring
for 2 hours. The particles were then filtered out,
washed in acetone, and dried under vacuum.

Yield 71%; colour golden yellow, elemental
anal. Calc. for C, H,,AuCI,N,S (525.63) calculated:
C 22.85, H 2.68, N 10.66, Cl 20.23, S 6.54. Found
C 22.76, H 2.73, N 11.09, CI 20.78, S 6.21. FT-IR
(KBr, cm™): 3375 v(NH,) 3228 v(NH), 1599 v(C=N)
a, 1180 and 790 v(C=S), 945 v(N-N), 430 v(Au-S),
372 v(Au-N). UV-Vis (A__, nm, DMSO): 255, 345,
465, Mol. Cond. (DMF, Q'cm'mol™): Qm 78.

Molecular modeling

The optimization of the molecular structure
of the composition is calculated from the functional
hybrid B,LYP'®®which is the functionally correlation
of Lee- Yang-Parr associated with a functional hybrid
exchange proposed by Becke and 6-31G (d, p),
implemented in Gaussian 092°. The Gauss View
5 program was used to visualize the theoretical
data obtained?!, the HOMO and LUMO energies
were calculated using the DFT method from state
geometry fundamentals of the molecule taken to the
gaseous state as well as in different solvents such
as that water and ethanol. Atomic charges were
also present were studied at the average B,LYP/6-
31G (d, p) level of the DFT. Two essential steps are
necessary to obtain the absorption wavelengths.
The first step consists in optimizing the ground
state of each molecule at the level of the restricted
spin, without symmetry constraint, by performing
standard DFT calculations using the B3PW91
functional, associated with the augmented LANL2DZ
base for Au with polarization functions on all
atoms, except for hydrogen??24, In the second step,
TD-DFT is implemented to determine the absorption
wavelengths of all the molecules studied, ten excited
states having been calculated in this work.
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RESULTS AND DISCUSSION

The ligand and its Au complex were
synthesized by precipitation reactions and
characterized by analytical methods and
spectroscopic techniques. Au complex is non-
electrolyte, suggesting that the chlorides are
inside the coordination sphere. The elementary
analyzes show a good harmony between the
values found and calculated corresponding to
the proposed structure.
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Spectroscopic characterization

The 'H-"*C NMR spectra of HL in DMSO-d6
(Figs.1,2) were recorded. With D,O, the NH protons
disappeared, indicating that they can be easily
replaced. The IR spectra of the coordination
compounds and the ligand were related to each
other to compare. The significant differences in the
displacement of the IR bands indicate the coordination
modes. The ligand can coordinate as a neutral ligand
in the thione form. This mode can be based on the
shifts in the corresponding bands in comparison to
the uncoordinated ligand can be demonstrated.
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Fig. 1. '"H NMR spectrum of HL
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Fig. 2. *C NMR spectrum of HL

The ligand's IR spectra lacks the v(S-H)
band, which is normally situated about 2570 cm.
The (NH) band, on the other hand, may be found at
3243 cm™. The ligand is thus within thione form within
the solid state. This confirmed via the observation
of the v(C=S) band at 812 and 1165 cm™" "%,

In [AUHLCL,]CI complex in which the
nitrogen atom of the groups of imine and the sulfur
atom of the groups of thione are linked to the Au (lIl)
ion. This mode of complexation is verified through:

1. The decreased of the azomethine's v(C=N)

vibration in the complexes designates that
the nitrogen of azomethine is shared in the
coordination.

2. v(C=S) band has decreased by 22 cm.

3. Appearance of new bands attributable to
v(M-N), and v(M-S), at 430 and 372 cm!
respectively.

4. Shift of v(N-N) band to higher wavenumber.

Electronic spectra
Electronic spectra for the ligand and
its [AuHLCL]CI complex were shown in a
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dimethylsulfoxide (DMSO) solution. The ligand's
electronic spectrum revealed three strong bands at
282, 307, and 350nm indicating n=—»>n* and c—c*
transitions. The electronic spectra of Au(lll) complex
showed bands at 255, 345, and 465nm which may
be assigned to 'A, —'B, , 'A, —»'E, and 'A, —>'A
respectively. A charge transfer transition occurs
around 345nm. As a result, the Au(lll) complex might
have a square planar geometry?.

Molecular modeling

Bond length and bond angles measurements
DFT has shown to be a potent, high-

precision method for reproducing experimental values

of frequencies of vibration, geometry of molecules,

polar moments, atomic charges, and thermodynamic

characteristics, among other things.?”2,

Optimizations of the geometries of the
complex with gold and ligand were approved
via using DFT, the structures are represented in
Figs. 3 and 4, with the numbering of atoms. The
main geometric parameters of the complex with gold
and ligand are given in Table 1 where the lengths of
bonds are represented in angstroms and the angles
in degrees.
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Fig. 3. Optimized molecular structure of HL
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Fig. 4. Optimized molecular structure of
[AuHLCL]CI complex

The first observation on the molecular
structure obtained is that the complex adopts a
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square planner geometry, with the ligand bound in a
bidentate manner through the nitrogen and sulphur
atoms, the coordination sphere being completed by
two chlorine atoms. Not having experimental values
on the geometric parameters (X-ray single crystal
experimental technique could not be performed for
the complex), we therefore compared our values
with the results found in the study of ligand.

It can be seen, on reading the results given
in Table 1, that the lengths of the different bonds such
as C(12)-S(13), N(11)-N(15) and C(10)-N(15) of the
[AUHLCI,]CI complex are slightly greater than those
obtained in the uncoordinated ligand because of the
presence of the metal ion bound to the ligand'"2°.
As has been observed with the ligand, the Au(lll)
complex formed with the ligand are in the plane.

Table 1: Main geometric parameters of ligand and

its Au(lll) complex distances are in angstroms (A)
and angles in degrees (°).

H,L [AuHLCL,]CI
Bond Length(A) Bond Length(A)
C(12)-S(13) 1.65 C(12)-S(13) 1.74
C(12)-N(14) 1.38 C(12)-N(14) 1.37
C(12)-N(11) 1.43 C(12)-N(11) 1.37
N(11)-N(15) 1.39 N(11)-N(15) 1.45
C(10)-N(15) 1.30 C(10)-N(15) 1.41
C(10)-C(6) 1.46 C(10)-C(6) 1.46
C(3)-N(7) 1.47 C(3)-N(7) 1.38
Angle Degree(°) Angle Degree(°)
S(13)-C(12)-N(14)  123.32 S(13)-C(12)-N(14)  120.16
N(11)-C(12)-N(14)  116.04 N(11)-C(12)-N(14)  115.37
C(12)-N(11)-N(15)  117.38 C(12)-N(11)-N(15)  122.30
C(10)-N(15)-N(11)  120.60  C(10)-N(15)-N(11)  119.42
C(6)-C(10)-N(15)  120.38 C(6)-C(10)-N(15) 130.53
C(5)-C(6)-C(10) 122.63 C(5)-C(6)-C(10) 125.63

Mulliken charge

The analysis of the Mulliken net atomic
charges, given in Table 2, shows that the negative
charge of the nitrogen of the azomethine group and
S of thione group are the greatest negative charge
in comparison with other atoms of ligand. This
result suggests that the nitrogen atom azomethine
group and S atom of thione group are reactive sites
for metal attack, thereby leading to coordination of
ligand to metal ions through nitrogen and sulphur
which agree with experimental results.
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Table 2: Net Mulliken charges
of the atoms for the ligand in
the ground state in the gas

phase an
Atom Charge
C1 -0.35
c2 -0.05
Cc3 -0.87
c4 -0.52
C5 -0.15
c6 1.19
N7 0.26
c8 -0.25
C9 -0.26
Cc 10 0.81
N 11 0.06
c12 -0.03
S13 -0.41
N 14 -0.27
N 15 -0.80

TD DFT studies

In UV-Visible absorption, fluorescence
and phosphorescence spectroscopy, molecular
orbitals (MO) are used to describe the fundamental
state and the excitation state of a molecule. High-
energy molecular orbitals are called HOMOs and
unoccupied molecular orbitals of low-energy are
called LUMOs.

The molecule, in the resting state, has the
property to absorb the energy emitted by a luminous

source in the form of a photon and obtain a higher
energy level; such a transition corresponds to the
promotion of an electron into an orbit free of higher
energy. The molecule is said to be excited by energy
gain®2, The absorption of an appropriate energy
photon (UV-Visible domain) causes a molecule
from the fundamental state to pass into an excited
electronic state; the UV-Visible absorption bands
of the molecules are characterized by a maximum
absorption wavelength (A__ ).

The geometries of the complex with gold
and ligand were completely optimized, without
symmetry constraint in the first excited state S1 using
the TDDFT method with the BBPW91 functional and
the Lanl2dz base.

TDDFT calculations demonstrate that the
ligand's UV-Visible spectra have 3 major peaks that
are extremely similar to observed peaks, the peak at
282nm is due to HOMO-1 — LUMO, 307nm
correspond to HOMO-2 ———= LUMO and 350nm
correspond to HOMO ——= LUMO transition. In
case of [AuUHLCIL,]CI complex the peak at 255nm is
due to HOMO-2 —— LUMO, 345nm correspond
to HOMO-1 ——— HOMO and 465nm correspond
to HOMO ——— HOMO transition Table 3.

Table 3: Calculated and experimental absorption wavelengths, data in nanometers
(electronvolt), and oscillator force (f) of ligand and its Au(lll) complex

H,L f

2

A exp max nm (eV) A cal max nm (eV)

[AuHLCL]CI f
A exp max nm (eV) A cal maxnm (eV)

350 358 0.057
(3.463)

307 314 0.004
(3.949)

282 296 0.504
(4.189)

465 445 0.004
(2.786)

345 410 0
(3.024)

255 286 0
(4.335)

Table 4: In silico ADME predictions physiochemical
properties of synthesized compounds

H,L [AuHLCL]CI
Molecular weight 222.31 g/mol 490.18 g/mol
Num. heavy atoms 15 18
Num. arom. heavy atoms 6 6
Fraction Csp3 0.20 020
Num. rotatable bonds 4 2
Num. H-bond acceptors 1 0
Num. H-bond donors 2 2
Molar Refractivity 67.41 96.35
TPSA 85.74 A? 85.74 A?

TPSA: Topological polar surface area
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XRD analysis

Due to the difficulty of synthesis single crystal
of gold complex with ligand containing sulphur and
nitrogen as donor atoms which can form a polymeric
state by the intramolecular interactions® 34, Thus,
powder X-ray diffraction analysis was measured
to identify its phase structure, crystallinity, and the
purity of samples.

XRD was used to determine whether
the generated samples were polycrystalline or
amorphous. Powder XRD pattern of H,L and
[AUHLCL]CI complex were carried out over
the 26 (scattering angle) = 10-80° range and
represented in Fig. 5a. It was observed that the
XRD pattern of ligand shows several diffraction
peaks with main peak at 26=22.82°. The pattern
exhibited sharp crystalline peaks indicating
the high crystallinity (Fig. 5b). On the other
hand, The XRD pattern of [AUHLCI ]CI complex
shows completely different peaks observed at
20 at 37.37°, 43.58°, 63.91°, 76.97° and 81.2°,
respectively. The Shift observed in XRD peaks
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especially for the main peak from 22.82° of
ligand to 37.37° of complex was indicating the
change of phase structure and the successful
formation of complex through chelation of Au(lll)
with HL.
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Fig. 5. XRD patterns of a) ligand and b)
[AuHLCL]CI complex

Table 5: In silico ADME predictions lipophilicity and water
solubility of synthesized compounds

H,L [AuHLCL]CI

Log Po/w (iLOGP) 2.04 0.00

Log Po/w (XLOGP3) 0.79 3.63

Log Po/w (WLOGP) 0.92 1.53

Log Po/w (MLOGP) 1.14 1.32

Log Po/w (SILICOS-IT) 1.62 -0.95

Consensus Log Po/w 1.30 1.1

Log S (ESOL) -1.75 -5.28

Solubility 3.97e+00 mg/ml; 1.79e-02 mol/l 2.57e-03 mg/ml; 5.24e-06 mol/l
Class Very soluble Moderately soluble

Log S (Ali) -2.17 -5.12

Solubility 1.50e+00 mg/ml; 6.74e-03 mol/l 3.73e-03 mg/ml; 7.61e-06 mol/l
Class Soluble Moderately soluble

Log S (SILICOS-IT) -2.45 -4.42

Solubility 7.82e-01 mg/ml; 3.52e-03 mol/l 1.88e-02 mg/ml; 3.83e-05 mol/l
Class Soluble Moderately soluble

The average size of crystals (D,;) of the  sizes of ligand and [AuHLCL]CI complex are 103

crystalline complexes was estimated via line broadening
of the main peaks through the Scherrer's relation.®

D,ro = 0.9 k/BcosB

Where k is the Ni K radiation's X-ray
wavelength (k = 0.154nm), is Bragg's angle, and 3
is the whole width of the diffraction peak at half of
its greatest intensity. It was found that, the crystal

and 46nm. This is indicating the high crystallinity of
synthesized ligand and the successful synthesis of
nano-complex within nano-sized range.

The high crystallinity and the diffraction
peaks observed in ligand may be attributed to the
stacking structure of the layered structure due to the
intermolecular ©-7%®37. The slightly low crystallinity
(46nm) and decreasing of diffraction intensity of
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the [AuHLCL,]CI complex compared to the ligand
can be ascribed to metal ion coordination and
counter anions doping which may weakened the
intermolecular n-n stacking®.

SEM Analysis

The shape, organization, and degree of
aggregation of nanoparticles were all studied using
SEM. The SEM micrographs (morphology) of the H,L
and [AuHLCI,]CI complex have been taken in different
magpnification and given in Fig. 6. The SEM images
of ligand (H,L) (Fig. 6a, b, c) showed clusters of
particles in the form of large rectangular plates on the
micrometer scale and showed merged nanosheets
(Fig. 6a). On the other hand, the morphology of
complex has some changes in the shape of particles
(Fig. 6d, e, f). The SEM image of complex showed
different particles spherical and sheet like shapes.
From these results we can conclude the modification
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of the complex structure compared to the structure of
ligand indicates the formation of complex.

18kU  X18,888  lum

Fig. 6. SEM images of ligand (a, b, c) and [AuHLCL]CI
complex (d, e, f) with different magnifications

Table 6: In silico ADME predictions pharmacokinetics
and druglikeness of synthesized compounds

H,L [AuHLCI,]CI
Gl absorption High High
BBB permeant No No
P-gp substrate No No
CYP1A2 inhibitor Yes Yes
CYP2C19 inhibitor No Yes
CYP2C9 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor No Yes
Log Kp (skin permeation) -7.10 cm/s -6.71 cm/s
Lipinski Yes; 0 violation Yes; 0 violation
Ghose Yes No; 1 violation: MW>480
Veber Yes Yes
Egan Yes Yes
Muegge Yes Yes
Bioavailability Score 0.55 0.55

Optical band gap calculation

The optical absorption spectrum is one of the
most important methods used to calculate the energy
gap. Electrons are excited from the HOMO to LUMO
as a result of light absorption with an appropriate
energy higher than the difference between the two
orbitals. This process gives important information
about the nature and value of the band gap.

The optical band gap (E) of ligand
and Au complex was determined using the Tauc

equation3®40;

ahv=k (hv-E)" (1)

Where o is the coefficient of absorption,
k is constant, and Eg is the material's optical band
gap and The exponent n primarily based totally at
the kind of the elecronic transition; for transitions
that direct allowed and not allowed n = 1/2 and 3/2,
respectively, for transitions that indirect allowed and
not allowed n = 2 and 3, respectively. The values of
energy gap were determined from the relationship (1)
via plot (ahv)? vs. hv as shown in Fig. 7, intersection
of the straight line of the curve at (ahv)? = 0, a direct
band gap was discovered.

It was found the n exponent equal 1/2
indicating the direct transition (allowed). The
Eg-values of ligand and [AuHLCI,]JCI complex
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were found experimentally to be 3.32 eV and
2.44 eV, respectively. The results show the
energy gap of complex is lower than the gap
of the ligand, demonstrating that (E ) decrease
upon complexation with metal ions. This suggest
that the [AuHLCL]CI complex is semiconductor
and as shown by the band gap values, fall
within the same region of highly effective solar
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materials. As a result, the current materials
could be evaluated as interested materials
for applications of solar cell that gather solar
energy from the home*'. On the other hand, the
theoretical band gap was found to be 3.36 eV
and 2.46 eV for ligand and [AuHLCL,]CI complex,
respectively. These values in good matching with
the experimental values.
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Fig. 7. Band gap curves of a) ligand, b) [AuHLCI,]CI complex experimentally and
band gap curves of c) ligand and d) [AuHLCIL,]CI theoretically

In silico ADME predictions

Using the Swiss ADME web tool,
an in silico ADME (Absorption, Distribution,
Metabolism, and Excretion) research of
ligand and its Au(lll) complex were done, and
essential physiochemical parameters were
estimated*?#3. Tables 4-6 show the values of
Physiochemical properties, lipophilicity, water
solubility, Pharmacokinetics and Drug likeness
of ligand and its Au(lll) complex. Both of The
complex with gold and the ligand exhibit
good membrane permeability (BBB) with high
gastrointestinal absorption Gl. The complex
with gold and the ligand pharmacophore or

drug-like characteristics revealed that they all
follow and satisfy the Lipinski rule, with all of
their attributes falling within a tolerable range.
Furthermore, as shown in Fig. 8, the ligand and
its Au(lll) complex oral bioavailability radar chart
revealed their projected oral bioavailability as
well as their favorable pharmacokinetic. Also,
features the Radar plot displays a zone with
the optimal range of drug likeness, with the
exception of a minor polarity deviation**. The
compounds that met the conditions of Lipinski's
rule of five with zero violation in this in silico
ADME prediction had the potential to evolve
into a good oral drug candidate.
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FLEX

INSATU ~ POLAR

INSOLU
HoI.

SIZE!

INSATU POLAR

INS é)LT:
[AuHLC1,]CI1

Fig. 8. bioavailability radar chart of ligand and its Au(lll) complex [Pink area in plotted graph represents a favorable set of
properties for excellent oral bioavailability. LIPO (Lipophilicity), XLOGP between -0.7 and + 5.0, SIZE (Molecular weight
and range = 150 to 500 g/mol), POLAR (Polarity), TPS (20 and 130 A2), INSOLU (Solubility), LogS not higher than 6,
INSATU (Saturation), FLEX (Flexibility), and no more than 8 rot able bond]

CONCLUSION

The bibliographic analysis of the work
carried out on thiosemicarbazone and its gold
complex have shown that the behavior of functional
groups with respect to gold chloride. [AuHLCI,]CI
complex has square planner geometry. The bonding
of the ligand and Au(lll) occurs through nitrogen
atoms of azomethine and sulfur atoms of thione.
XRD reveals the high crystallinity of synthesized
ligand and the efficacious synthesizing of nano-
complex in nano-sized range. The SEM image of
complex showed different particles spherical and
sheet like shapes. The theoretical band gap was
found to be 3.36 eV and 2.46 eV for ligand and
[AUHLCI,]CI complex, respectively. These values

in good matching with the experimental values.
Excellent agreement between DFT studies and
Experimental results. Finally, the in silico ADME
results show that the materials follow Lipinski's
rule of 5 with zero violations and have good oral
bioavailability.
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