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Coordinating behavior of hydrazone ligand bearing
chromone moiety towards Cu(II) ions: Synthesis, spectral,
density functional theory (DFT) calculations, antitumor,
and docking studies
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A new hydrazone ligand (FCSH; HL) was successfully synthesized by the reac-
tion of salicylaldehyde hydrazone with 3-formylchromone. Seven copper(II)

Correspondence hydrazone complexes have been synthesized by using several copper(II) salts
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(acetate, nitrate, sulfate, perchlorate, chloride, and bromide). Elemental analy-
sis, electronic, infrared, mass, nuclear magnetic resonance, electron spin
resonance spectra, thermal analysis, molar conductivity, and magnetic suscep-
tibility measurements were used to characterize structures of the hydrazone
ligand and its complexes. The ligand behaves as monobasic tridentate for all
complexes except complex 2 (monobasic tetradentate) and complex 4 (neutral
tridentate). All metal complexes exhibited octahedral geometries. With the aid
of Coats—Redfern equations, the kinetic parameters (E,, A, AH, AS, and AG)
of the thermal decomposition stages were calculated and discussed. At the
B3LYP/6-311G(d,p) level engaged in the Gaussian 09 program, density
functional theory (DFT) calculations were carried out to inspect the optimized
structures of the chelating agent and its complexes. The hydrazone ligand and
its copper(I) complexes showed antitumor activity towards HepG2 cell line.
The docking study of the hydrazone ligand and its copper(II) complexes was
investigated with the active site of the CDK2 kinase.
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1 | INTRODUCTION (HL), (b) nature and oxidation state of the metal, (c) the

metal to ligand ratio, (d) pH of the medium, and

Because of their easy synthesis, excellent complexation
with different metal ions and various applications,
hydrazones have become a subject of great interest in
coordination chemistry. With metal ions, hydrazones
form mononuclear and polynuclear (binuclear, tri-
nuclear, and tetranuclear) complexes depending on some
factors including (a) nature of the hydrazone ligand

(e) presence of additional donor atoms (usually nitrogen
or oxygen) in an appropriate position for chelation.!
Hydrazones and their metal complexes possess important
applications such as antioxidant,’? antimicrobial,!®
antitumor,'¥ antiviral 51 antitubercular,!® and
antlhypertenswe properties as well as other potential
appllcatlons.[ !
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There is a continuous interest in synthesis of chro-
mones and chromone-based ligands and their complexes
because of variable applications of these compounds,
namely, antimicrobial,”® antitumor,*®! antiplasmodial
and anti-inflammatory,!**! antioxidant,"?! and anti-
Alzheimer®! properties as well as other biological and
pharmaceutical applications./**!

Synthesis and characterization of copper(Il) com-
plexes have been of great interest due to the importance
of copper(Il) ion in different biological processes.
Amongst the first row transition metal complexes, copper
complexes have been extensively synthesized because of

their important biological and pharmaceutical
applications.!**!

Based on the foregoing facts, the present study
aims to investigate the new HL; G-{(E)-[QE)-(2-

hydroxybenzylidene)hydrazinylidene|methyl}-4H-chromen-
4-one) (FCSH) derived from the condensation of
3-formylchromone and salicylaldehyde hydrazone. The
ligational behavior of FCSH towards copper(Il) ion was
investigated with focus on the effect of anion on complexa-
tion process. Thus, the HL was allowed to react with
various copper(Il) salts, acetate, nitrate, sulfate, perchlorate,
chloride, and bromide, to investigate the effect of these
anions on complex -formation and properties of the
obtained complexes. Characterization of FCSH and its
copper(Il) complexes was accomplished by elemental
analysis, electronic, infrared (IR), mass, proton nuclear
magnetic resonance ("H NMR), electron spin resonance
spectra, thermal analysis, molar conductivity, and magnetic
susceptibility measurements. The density functional theory
(DFT) at 6-311G (d,p) level was used to calculate the struc-
tural parameters of the optimized structures of the prepared
compounds. FCSH and its copper(Il) complexes showed
antitumor activity towards HepG2 cell line. The docking
study of FCSH ligand and its complexes showed that the
ligand and its complexes have a strong binding propensity
to CDK2 proteins.

2 | EXPERIMENTAL

2.1 | Materials

Following the literature method, salicylaldehyde
[16] [17]

hydrazone and 3-formylchromone were synthe-
sized. Copper(Il) salts (Cu (OAc),.H,0, Cu (NO3),.3H,0,
CuS0,.5H,0, Cu (ClO,),.6H,0, CuClL,.2H,0, and CuBr,),
Na,EDTA, and murexide were Merck, BDH, or Aldrich
products. Organic solvents were reagent grade chemicals
and were used as received. Human Hepatocellular
carcinomas (HepG-2 cells) were attained from VACSERA
Tissue Culture Unit. HEPES buffer solution, fetal bovine

serum, L-glutamine, gentamycin, DMEM, RPMI-1640,
and Trypsin-EDTA (0.25%) were obtained from Lonza.
Trypan blue dye and crystal violet were obtained from
Sigma.

2.2 | Measurements

Microanalyses of C, H, N, and S were performed at the
Micro-analytical Center, Cairo University, Egypt. A digi-
tal Stuart SMP3 melting point apparatus was utilized to
determine melting points (decomposition temperatures)
of the synthesized compounds. Copper(Il) ion was esti-
mated by EDTA complexometrically after decomposition
of the complexes with conc. HNO;. Fourier-transform IR
(FTIR) Nicolet IS10 spectrometer was employed to record
the IR spectra (as KBr discs). A Bruker WP 200 SY spec-
trometer was employed to record proton NMR of FCSH
ligand at room temperature. The solvent was dimethyl
sulfoxide, DMSO-d,, and the internal reference was tetra-
methylsilane. A Jasco V-550 UV/Vis spectrophotometer
was utilized to record electronic spectra. Measurements
were carried out as solutions in dimethylformamide
and/or Nujol mulls. An Elexsys (E500), Bruker company,
was utilized to record electron spin resonance spectra of
the complexes. DPPH; 2,2'-diphenyl-1-picrylhydrazyl was
utilized to calibrate the magnetic field. A gas chromato-
graphic GCMSqp 1000 Ex Shimadzu instrument was
employed to record mass spectra. A Shimadzu-50 thermal
analyzer was employed for measurements of thermal
gravimetric analysis under nitrogen (at a heating rate of
10°C/min). A corning conductivity meter NY 14831
(model 441) was employed for molar conductivities
measurements (concentration = 1 x 107> M in
dimethylformamide). A Johnson Matthey magnetic sus-
ceptibility balance (Alfa product) Model No. MKI was
employed for magnetic susceptibility measurements at
room temperature. Pascal's constants for the diamagne-
tism of all atoms that exist in the complexes''®! were used
to correct the calculated effective magnetic moments.

2.3 | Synthesis of FCSH ligand

FCSH ligand (Figure 1) was synthesized by adding
salicylaldehyde hydrazone (1.95 g, 14.32 mmol) in
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FIGURE 1 Structure of the hydrazone ligand
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absolute ethanol (~25 ml) to 3-formylchromone (2.5 g,
14.36 mmol) in absolute ethanol (~30 ml). The reaction
mixture was stirred for 2 h. The product was collected,
filtered off, and washed with ethanol then diethylether
and recrystallized from ethanol (yield = 76%).

2.4 | Synthesis of the metal complexes

To FCSH in ethanol, copper(Il) salt was added in the
molar ratio 1:1 (FCSH:M) and heated under reflux for
6 h. In case of acetate anion, 1:2 (FCSH:M) molar ratio
was also carried out. The resultant precipitates were
collected by filtration, washed with ethanol then ether,
and dried over CacCl,.

2.5 | Computational method

DFT calculations were carried out for FCSH and its com-
plexes using Gaussian 09 program package.[w] Gauss
View 5.0 package was employed to get various graphic
views of molecular charges and shapes of distinctive
molecular orbitals.

2.6 | Biological activity
2.6.1 | Antitumor activity

Antitumor activity of FCSH and its complexes was
checked on HepG2 cells by determining the effect of the
test samples on cell morphology and cell viability
following literature protocol.%2!)

2.6.2 | Molecular docking study

All the molecular modeling studies were carried out
using Molecular Operating Environment (MOE, 2015.10)
software. All minimizations were performed with MOE
until an root mean square deviation (RMSD) gradient of
0.05 kcal mol™" A" with MMFF94x force field and the
partial charges were automatically calculated.

The X-ray crystallographic structure of CDK-2
enzyme (PDB ID: 3IG7) was downloaded from the pro-
tein data bank.??! For the co-crystallized enzyme, water
molecules and ligands that are not involved in the
binding were eliminated; the protein was prepared for
the docking study by means of Protonate 3D protocol in
MOE with default options. Triangle Matcher placement
method and London dG scoring function were utilized in
docking. FCSH and its Cu(II) complexes were then

Chemistry

docked within the active site of the crystallized structure
using the MOE dock tool in MOE, performed with
the default values. The active site was defined by all the
amino acid residues involved in the interaction with the
co-crystallized ligand (inhibitors).

3 | RESULTS AND DISCUSSION

31 | The HL
The important analytical and physical data of FCSH and
its Cu(IT) complexes are summarized in Table 1.

Table 2 lists the "H NMR spectral data of FCSH rela-
tive to TMS in DMSO-ds, and Figure 2 depicts the
spectra. The signal observed at 11.07 ppm may be due to
the OH proton. The specific singlet signals of the two
azomethine protons (2CH=N) are observed at § 8.92 and
8.99 ppm. The signal characteristic to H-2 of the
chromone nucleus (H-2¢romone) appeared at 8 8.77 ppm.
Finally, the signals due to aromatic protons are detected
in the range § 6.96-8.16 ppm.

Table 3 lists the main IR spectral data of FCSH and
its copper(Il) complexes. The IR spectrum of FCSH
displayed four clear bands at 3,424, 1,629, 1,613,
and 1,270 cm™!, which may be related to v (OH),
UC=0), pyrones WC=N), and 1(C-O) phenolic,
respectively. 162324

Table 4 lists the electronic spectral data of FCSH and
its copper(Il) complexes in dimethylformamide. The
spectrum of FCSH displayed three bands at 280, 307, and
345 nm. The higher energy band may be related to n—x*
transitions of the chromone ring, azomethine linkage,
and the aromatic benzene ring. The second energy band
may be due to charge transfer transitions regarding the
whole molecule as well as n—n* transitions including the
chromone and phenyl rings and/or azomethine groups.
The lower energy band may be due to the n-rn* transi-
tions of the azomethine group.

Figure 3 depicts the mass spectrum of FCSH. The
spectrum displayed the molecular ion peak at m/z 292.29,
verifying its formula weight (F. Wt = 292.30).

3.2 | Metal complexes

Reactions of FCSH with different copper(Il) salts
(acetate, nitrate, sulfate, perchlorate, chloride, and
bromide) yielded seven stable and non-hygroscopic
complexes. The prepared complexes are characterized by
elemental analysis, electronic, IR, mass, electron spin
resonance spectra, thermal analysis, molar conductivity,
and magnetic susceptibility measurements. Elemental
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TABLE 2 'H nuclear magnetic resonance (NMR) spectral data
of the hydrazone ligand

Chemical shifts in

ppm (DMSO) Assignment

6.961-8.16 (m, 8H, Ar-H)

8.77 (Ss 1H,(C2_H)chromone)

8.92, 8.99 (s, 2H,2-CH=N)

11.07 (s, 1H, OH, exchangeable with D,0)

Abbreviation: DMSO, dimethyl sulfoxide.

analyses data (Table 1) showed the formation of 1:1 and
1:2; FCSH:Cu complexes.

3.21 | IR spectra

Table 3 lists the main IR spectral data of the complexes.
In all complexes, the broad bands observed in the range
3,409-3,563 cm™' may be due to v (OH) of the non-
coordinated or coordinated water and/or ethanol

Chemistry

molecules connected to the complexes. The bands at
1,629 and 1,613 cm™" ascribed to UC=0), pyrone and
Y(C=N), respectively, in the uncomplexed FCSH were
shifted to lower wave number in the complexes, demon-
strating the contribution of the these groups in complex-
formation.[*”! As the stretching frequency of Y (C=0) is
shifted to lower wave number (Avc—p), the extent of
interaction with the Cu(II) ion increases (high stability of
complex formation that respective to Eg,p, vide infra).
This interpretation is emphasized by the positive slope
of the linear relationship of (Eg,p,) versus (Avc—o),
Egap/€V = —20.462 + 0.889Avc_p cm™ ', r = 087 (n = 5
points, except CuSO, and CuCl, complexes).
Moreover, the negative slope of vM-O versus C=N,
VM-O/cm™" = 20.336-12.605 vC=N/cm™', r = 0.98,
n = 5, except Cu (OAc),, Cu (ClO,),, reveals that the
strong interaction of C=0 with copper(I[) was
accompanied by high extent of back donation to the
azomethine group that enhances its interaction with
copper ion (shift to a lower frequency). Further evidence,
M-N/cm™ = 416.83 + 0.694 Avc_o/cm™, r = 0.87,
n = 4, except Cu (NO3),, CuCl,, and CuBr, complexes,
the positive slope reveals that the strong M-N bond

s
(a) w
ia > 1z l
(b)
E,
l

FIGURE 2

"H NMR spectrum (8 ppm) of the hydrazone ligand (a) in dimethyl sulfoxide (DMSO) and (b) after addition of D,0
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TABLE 3 Characteristic infrared (IR) spectral data of the hydrazone ligand and its complexes
IR spectra (cm™%)
v(C-0)
No. Complex Vv(OH) v(C=0) v(C=N) phenolic V(M-0) v(M-N) Other bands
HL 3,424 1,629 1,613 1,270 — — —
1 [Cu(L)(OAC) 3,563 1,602 1,578 1,279 502 432 1,485, 1,(CO07); 1,229, 1(COO™);
(H,0),].0.5H,0 (monodentate OAc")
2 [Cuy(L) 3,420 1,605 1,568 1,287 545 438 1,477, va(COO™); 1,229, v(COO™);
(OAc)3(H;0)s].H,0 (monodentate OAC")
3 [Cu(L)(NO5)(EtOH) 3,445 1,603 1,570 1,282 593 424 1,385, 833; v (NO5~) (monodentate)
(H,0)].0.5H,0
4 [Cu (HL)(SO,) 3,419 1,617 1,570 1,279 560 424 1,112, 1,068; v (SO,*)
(H,0),].2H,0 (monodentate)
5 [Cu(L)(ClO,) 3,419 1,619 1,605 1,278 515 424 1,136, 1,063, 969; v (ClO,")
(EtOH),] (monodentate)
6 [Cu(L)CI (EtOH) 3,446 1,603 1,568 1,278 500 410 —
(H;0)]
7 [Cu(L)Br (EtOH),]. 3,409 1,604 1,570 1,275 590 424 =
H,0

TABLE 4 Electronic spectra, magnetic moments, and molar conductivity data of the hydrazone ligand and its complexes

Electronic spectral bands® (nm) T Conductance®
No. Complex Amax (DM)/(gmax L cm ™ mol™) Meged B.M. B.M. (@' cm?® mol™)
HL (280, 307, 345)* — — —
1 [Cu(L)(OAC)(H,0),].0.5H,0 (287, 402)* (672)° (434, 709)° 1.80 1.84 4.62
2 [Cuy(L)(OAC)5(H,0)s].H,0 (414)* (666)° (404, 683, 710)° 1.81,(2.56)°  1.81 9.59
3 [Cu(L)(NO;)(EtOH) (560)* (680)° (694)° 1.8 1.85 31.84
(H,0)].0.5H,0
4 [Cu (HL)(SO,)(H,0),].2H,0 (321, 438)* (665)° (713)° 1.97 1.88 14.02
5 [Cu(L)(C1O,)(EtOH),] (291, 332, 419, 665)* (484, 687)° 2.40 1.81 25.16
6 [Cu(L)Cl (EtOH)(H,0)] (287, 401)* (471, 706)° 1.72 1.84 13.47
7 [Cu(L)Br (EtOH),].H,0 (295, 342, 456, 674)* (653)° (404, 710)°  2.03 — 29.92

3Solutions in dimethylformamide (DMF) (10~ M).

*Nujol mull.

“Concentrated solutions.

9yiegr. is the magnetic moment of one cationic species in the complex.
ePcompl_ is the total magnetic moments of all cations in the complex.

feg is the magnetic moment calculated from electron spin resonance (ESR) spectral data.

accompanied by higher shift of C=0 to a lower fre-
quency. However, the band ascribed to ¥(C-O) phenolic
was shifted to higher wave number in the complexes,
indicating chelation via deprotonated phenolic OH
group.l?*?”l In acetato complexes (1 and 2), the new
bands detected at 1485 and 1,229 cm™" for 1 and at 1477
and 1,229 cm™" for 2 may be due to v, (COO™) and v

(COO™) of the acetate group, respectively.l”®! As the dif-
ference between the two bands in 1 and 2; (Av = v, — vg)
is equal to 256 and 248 cm ™, respectively, that is, higher
than 200 cm™!, a monodentate nature of the acetate
anion was suggested.[”] The nitrato complex 3 displayed
new bands at 1,384 and 833 cm™, demonstrating the
monodentate nature of the nitrate group.m] In sulphato
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FIGURE 3 Mass spectrum of the hydrazone ligand

complex 4, the new bands detected at 1,112 and
1,068 cm™' may be attributed to the sulfate group in a
monodentate fashion.*'! The perchlorato complex
5 exhibited three new bands observed at 1,136, 1,063 (v3),
and 969 (v¢) cm™', which may be ascribed to the
monodentate perchlorate group.’%! At last, the previ-
ous interpretation is confirmed by new bands at 500-593
and 410-438 cm ™, which may be due to v (Cu-O) and v
(Cu-N), respectively.[**>!

3.2.2 | Conductivity measurements

Table 4 lists the molar conductance values of copper-
FCSH complexes in dimethylformamide. The results
illustrated the non-electrolytic nature of all complexes.[36]

3.2.3 | Magnetic moment measurements
and electronic spectra

The calculated magnetic moment values of copper-FCSH
complexes (Table 4) are in the range 1.72-2.03 B.M.,
which is compatible with the presence of an unpaired
electron in d°-system, excluding the presence of antiferro-
magnetic interaction.*”*®! The spin-orbit coupling may
be the reason for the higher magnetic moment value (2.4
B.M.) given by the perchlorato complex 5.°°! In the
binuclear copper(II) complex 2, the low value of

magnetic moment (Heompr = 2.56 B.M.) may be due to a
weak coupling of the unpaired electrons, one on each
Cu(II) ion.

The electronic spectra of copper-FCSH complexes
exhibited absorption bands in the range 560-713 nm,
which may be attributed to the *E, — *T» transition in a
distorted octahedral geometry.***!! Some complexes
(Table 4) exhibited another band (within the range
401-456 nm), which may be caused by charge transfer.!®!
It was found that the complexes retain its stability and
integrity in the solution where the profile of the spectra
and positions of the bands are nearly the same as that
recorded as Nujol mulls. This reflects the irrelevant effect
of dimethylformamide on the complex configuration.

3.2.4 | Electron spin resonance spectra

The electron spin resonance spectra of copper-FCSH
complexes (1-6)—as solid samples—were recorded. As
representative complexes, the spectra of the acetato 2 and
sulphato 4 complexes are depicted in Figure 4. The spec-
tra of the complexes (1, 3, and 6) exhibit two signals with
two g values while the complexes (2, 4, and 5) show
rhombic symmetry with three g values (Table 5). The
shapes of the spectra revealed octahedral geometry for
the prepared complexes.[****! Table 5 lists the calculated
spin Hamiltonian parameters of the copper-FCSH
complexes. The spectra of the complexes exhibit an
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( a) FIGURE 4 X-band electron spin resonance
(ESR) spectra of the complexes (a) [Cuy(L)
(OAC)3(H;0)s]. H,0 (2) and (b) [Cu (HL)(SO,)
(H20),].2H,0 (4)
6 1 0'00 20'00 30'00 40‘00 50100 GOIOO 70'00
[G]
o 1000 2000 3000 4000 5000 6000 7000
[G]
TABLE 5 Electron spin resonance (ESR) data of some copper(II) complexes at room temperature
Ay
x10™*

Complex & 2 g5 g gL (cm™) R G & > 7 K| KL

[Cu(L)(OAC)(H,0),].0.5H,0 (1) 223 209 205 26 087 059 091 072 089

[Cu2(L)(OAC)3(H20)5].H20 (2) 2.18 2.07 2.01 0.61

[Cu(L)(NOs)(EtOH) 226 208 226 33 09 06 072 076 083

(H,0)].0.5H,0 (3)

[Cu (HL)(SO,)(H,0),].2H,0 (4) 228 216 2.07 0.72

[Cu(L)(C1O,)(EtOH),] (5) 219 208 201 0.60

[Cu(L)CI1 (EtOH)(H,0)] (6) 219 21 227 1.9 09 045 093 0.63 091

axially g-tensor parameters with g, > g, > 2.0023. The g
value is an important function for demonstrating cova-
lent character of metal-ligand bonds!*! ( g is higher than
2.3 for ionic character, and g is lower than 2.3 for
covalent character). Based on g values (see Table 5), a
covalent character for the Cu-FCSH bond was indicated.
In addition, the exchange interaction parameter term
G was calculated by the relation; G = (g — 2)/
(g1 — 2).14%! A5 G values are lower than four, copper-
copper exchange interactions were indicated.

The electron spin resonance (ESR) spectra of the com-
plexes 2, 4, and 5 are characterized by three g values.
Commonly, the higher value is indicated as g; and lower
as gs. This suggests that the ground state is a combination
of the dz* and dx®>-y? orbitals. For complexes of this type,
a parameter R = (g, — g1)/(gs — &) can be indicative of
the predominance of the dz* or dx’~y* orbital in the gro-
und state, with g; > g, > gs. If R > 1, the greater contri-
bution to the ground state arises from dz* orbital; if
R < 1, the greater contribution to the ground state arises
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from dx®>-y* orbital. The present complexes have values
R < 1, suggesting distorted octahedral geometry with a
dx*-y? ground state.[*’”! Magnetic moment values are also
calculated from ESR technique by the following relation,
p soc = [g* s(s + 1)]®°, where “s” is theoretical value of
the spin. The calculated values are in the range 1.81-1.88
B.M., which agree well with the experimental data for all
complexes except complex 5.

Furthermore, molecular orbital coefficients, o
(a quantity of the covalency of the in-plane o-bonding
between copper 3d orbital and FCSH orbitals), f* (cova-
lent in-plane n-bonding), and y* (covalent out-of plane
n-bonding) were successfully computed.!*®! p? values are
smaller than those of o* demonstrating that the in-plane
n-bonding is more covalent than the in-plane c-bonding.
The observed values of y* indicate that there is substan-
tial interaction in the out-of-plane x-bonding.!****! This
is also confirmed by the orbital reduction factors,
K|l = o p? and KL = o y?, which were calculated using
the following expressions:

K* = (g — 2.0023)Eq.q/8hg, K’ = (gL — 2.0023)
Eg.a/2Mho,

Where ), is the spin-orbit coupling constant, with a
value of —828 cm™ for a copper(II) d°-system. According
to Hathaway,[45] for pure o-bonding, K| ~ K+ ~ 0.77,
and for in-plane m-bonding K| < Ky, while for out-of-
plane n-bonding, K1 < K. In the present complexes, it is
observed that K < K1, indicating the presence of signifi-
cant in-plane n-bonding.

2

3.2.5 | Thermal analysis

The nature of water or solvent molecules (which are
linked to the complex) can be judged by thermal

TABLE 6 Thermal analysis data of some metal complexes

Temperature

Complex range (°C)

[Cu(L)(OAC)(H,0),].0.5H,0 (1) 40-156
157-298

[Cux(L)(OAC);(H,0)s].H,0 (2) 40-129
130-270

[Cu(L)(NO,)EtOH) 32-100

(H,0)].0.5H,0 (3)

101-308

[Cu (HL)(SO,)(H,0),].2H,0 (4) 39-159
160-270

[Cu(L)Br (EtOH),].H,0 (7) 28-127
128-250

Chemistry

gravimetric analysis. This technique helps researchers to
decide the nature of linked molecules to be within the
internal or external coordination sphere of the metal
ion.*" In the present work, complexes 1-4 and 7 were
selected for thermal analysis and the results are listed in
Table 6. Figure 5 depicts the thermograms of complexes
4 and 7 as representative examples.

The thermogram of the mononuclear acetato complex
1 displayed two degradation steps within the temperature
range 40-298°C, which may be due to loss of half non-
coordinated water molecule for the first stage and two
coordinated water, one AcOH, and two C,H, molecules
for the second step (weight loss; calc./found%; 1.96/1.54
and 32.25/32.42%, respectively). However, the thermo-
gram of the binuclear acetato complex 2 displayed two
weight losses steps in the ranges 40-129°C and
130-270°C, which may be related to the loss of one non-
coordinated water molecule and five coordinated water
in addition to 3AcOH molecules, respectively (weight
loss; calc./found%; 2.56/2.34 and 38.37/38.28%,
respectively).

The nitrato complex 3 exhibited two degradation
steps in the ranges 32-100°C and 101-308°C, which may
be due to loss of half non-coordinated water molecule for
the first step and one coordinated water, one coordinated
ethanol, one NO,, and one C,H, molecules for the second
step (weight loss; calc./found%; 1.84/2.3 and 27.76/27.7%,
respectively).

The thermogram of the sulphato complex 4 displayed
two degradation steps in the ranges 39-159°C and
160-270°C, which may be due to loss of two non-
coordinated water molecules and two coordinated water
in addition to one SO, molecules, respectively (weight

loss; calc./found%; 6.87/6.10 and 19.09/19.4%,
respectively).
% Wt. loss
found/(calc.) Lost fragment (no. of molecules)
1.54/(1.96) 0.5 H,O (solv.)
32.42/(32.25) 2 H,0 (coord.) + 1 AcOH + 2 CH = CH
2.34/(2.56) 1 H,O0 (solv.)
38.28/(38.37) +5 H,0 (coord.) + 3 AcOH
2.3/(1.84) 0.5 H,O (solv.)
27.7/(27.76) 1 EtOH (coord.) + 1 H,0 (coord.) + 1
NO, +1CH=CH
6.10/(6.87) 2 H,0 (solv.)
19.4/(19.09) 2 H,0 (coord.) + 1 SO,
3.12/(3.3) 1 H,O0 (solv.)
16.82/(16.88) 2 EtOH (coord.)
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FIGURE 5 Thermograms of the complexes
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Finally, the thermogram of the bromo complex 7 dis-
played two decomposition steps in the ranges 28-127°C
and 128-250°C, which may be due to loss of one
non-coordinated water and two coordinated ethanol mol-
ecules, respectively (weight loss; calc./found%; 3.3/3.12
and 16.88/16.82%, respectively).

In addition, the order n and the activation parameters
of the various degradation steps of copper-FCSH com-
plexes were determined from the TG thermograms using
the Coats-Redfern equations,'®*! and the kinetic parame-
ters are summarized in Table 7. The following points can

T
700

T

T

T
800 900

be concluded: (a) As AH values are +ve, the decomposi-
tion processes are endothermic. (b) Since the energy of
activation values E for the second stage of degradation of
complexes 1-3 are lower than the first stage, the rate of
decomposition for this stage is higher than that of the
first stage. In case of complexes 4 and 7, the second step
of decomposition is higher than the first step. This con-
firms that the rate of decomposition for this stage is lower
in the second step.[sz] (c) As AS values for complexes are
—ve, the activated complex is more ordered than the reac-
tants and/or the reactions are slow.!>) (d) AG values are

TABLE 7 Temperatures of decomposition and the kinetic parameters of complexes
n T AE AH AS AG
Compound Step Order (K) A(S™ (kImol™) (KImol™) (kImol'’K™) (kJmol™?)
[Cu(L)(OAC)(H,0),].0.5H,0 (1) First 1 331 280x107  14.52 11.77 -0.112 48.68
Second 1 520 1.8 x 10° 0.838 —3.48 —0.195 97.83
[Cuy(L)(OAC);(H,0)s].H,0 (2) First 0.66 370 9.1899  541.08 38.01 —0.237 125.5
Second 0 517 1.95x 10° 37.88 33.58 -0.214 144.32
[Cu(L)(NO5)(EtOH) First 1 337 211x10°  44.02 41.22 -0.133 86.12
(H20)].0.5H;0 (3) Second 0 415 1.03x10° 949 6.04 ~0.084 40.81
[Cu (HL)(SO4)(H,0),].2H,0 (4) First 1 355 8.05x10*  36.15 33.20 -0.161 90.28
second 0.33 513 1.28 x 10° 39.91 35.65 -0.141 107.95
[Cu(L)Br (EtOH),].H,0 (7) First 1 333 249 x 103 2.03 —0.74 -0.189 62.33
Second 0 510 2.03x 10’ 26.22 21.98 —0.118 82.07
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comparatively low and of +ve sign, demonstrating the
autocatalytic action of metal ions on thermal degradation
of the complexes and non-spontaneous processes.>*!

3.2.6 | Mass spectra
The mass spectra of the investigated copper-FCSH com-
plexes 1-4 and 7, as representative examples, were
recorded. Figures 6-8 depict the mass spectra of com-
plexes 1, 2, and 4. The mass spectra of the complexes 1-4
and 7 displayed the molecular ion peaks with m/z
449, 685, 481, 488, and 526, respectively, which are con-
sistent with their anhydrous formula weights [(L)Cu
(OAC)(H0),]; (F. Wt = 449.92), [(L)Cuy(OAc)s(H0)s];
(F. Wt = 68557), [(L)Cu NNO;)(EtOH)(H,0);
(F. Wt = 480.91), [(L)Cu (SO,)(H,0),]; (F. Wt = 487.93),
and [(L)CuBr (EtOH),]; (F. Wt = 526.87), respectively.
With the aid of the forgoing results of analytical and
spectral methods, Figure 9 represents the suggested struc-
tures of copper-FCSH complexes.

3.3 | Molecular orbital calculations

The molecular geometry for FCSH ligand (HL) and its
copper complexes was fully optimized by DFT at
B3LYP/6-311G (p,d) by the Gaussian 09 program in the

S WILEY-L 2
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of FCSH ligand and
complex 1 were shown in Figures 10-13. The calculated
structure parameters of FCSH ligand and its complexes
are tabulated in Table 8. Molecular parameters and
chemical quantum factors including absolute electroneg-
ativity (), absolute hardness (n), absolute softness (o),
global softness (S), chemical potential (pi), global electro-
philicity (0), and additional electronic charge (ANp.y)
were evaluated such as reported.!>¢>8!

The HOMO-LUMO energy gap, Eg,p, which is an
important stability index, is applied to develop theoretical
models for explaining the structure and conformation
barriers in many molecular systems.>®! The energies of
the LUMO and HOMO are of negative values, showing
the stability of isolated complexes.®” Correlations
of frontier orbitals data in Table 8 versus the
experimental data supported the assignments given
above. Linear correlation between (Erymo) versus the
stretching frequency of the C=0 group (vc—o), ELumo/
eV = —14.375 + 0.43846 Avc—ocm™', r = 0.895 (n = 5
points, except complexes 4 and 5). The positive slope of
the linear relationship reveals that the increase in Eyymo
was accompanied by a higher shift of the stretching fre-
quency of the vc_g to a lower wave number.

The chemical reactivity and stability of each
nominated molecule depend on the eigen values of
HOMO-LUMO and energy gaps. The energy gap (Egap) of

gas phase.*>! The geometrical structures, highest the studied complexes varied between 0.436 for complex 2,
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FIGURE 6 Mass spectrum of complex 1; [Cu(L)(OAc)(H,0),].0.5H,0
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Mass spectrum of complex 2; [Cu,(L)(OAc);(H,0)s].H,O
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FIGURE 8 Mass spectrum of complex 4; [Cu (HL)(SO4)(H,0),].2H,0

which is more reactive, and 3.620 eV for complex 4, which
is less reactive (more stable). This order agrees with the
positive slope of Eg,;, versus Ave—o cm™! mentioned in IR
section that is well-matched with that obtained from
Erumo Versus Avc—o,cm™ . Moreover, the relation of the
dipole moment (p) versus the shift of the stretching
frequency of the C=0 group (analogous of high stability of
complex) is p/D = —1.986 + 0.590 Avc—o,cm™’, ¥ = 0.95,
n = 5, except 3 and 4, indicating an increase of complex
polarity with the increasing of complex stability.

From Table 8 (Figure 14), the values of E,,, for the
copper complexes were found to be 2.842, 0.436,
2.939, 3.620, 2.708, 3.374, and 1.956 eV. In all copper
complexes, energy gap (Egp) was small, which
indicated the high reactivity of the prepared
complexes. So the reactivity order of the compounds are
2>7>5>1>3>6>4> HL, which agrees with anti-
tumor results (vide infra), Eg,, = 2.410 + 0.0966 ICsp,
r = 0.86, n = 6, except complex 1. The positive slope indi-
cates a decrease in the antitumor activity (ICso) with the
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FIGURE 10 Molecular modeling of
hydrazone ligand (HL)
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increase in stability of the complex (Eg,,). Similar trend
is obtained from E;ymo Versus ICsy, Epumo/
eV = —3.757 4+ 0.1345 ICsy, r = 0.97, n = 4, except HL
and complex 4, whereas the high positive slope of E;ymo
with the ICs indicates that the electron-donating groups
are favorable for the activity.

3.3.1 | Structure-activity analysis

The inhibitory activity (ICs,) values of the current com-
plexes, as usual, were changed to log 1/ICs, (pICsp) to be
in practical use in the analysis, which is modeled by
using a linear regression technique. Linear regression
analyses were carried out for gas phase by considering
the experimental cytotoxic activity pICs, as a dependent
variable and the DFT-based global reactivity descriptors

LUMO HL
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FIGURE 12 Molecular modeling of Cu(II) complex 1

obtained from BLYP/DNP method as an independent
variable.

The positive value of absolute electronegativity ()
and the negative value of chemical potential (pi) indicate
that the complexes can accept electrons from the envi-
ronment thereby decreasing its energy.!®*!

Furthermore, increasing the dipole moment ()
values of the complexes improved the potent biological
activities of the complexes. The dipole moment (p) is
found in the range 4.021-15.266 D; the less polar one is
complex 5, but the highest polar is complex 1.

HOMO complex 1

FIGURE 13
Cu(II) complex 1

The global electrophilicity (w/eV) values that were
estimated by using the electronegativity and chemical
hardness parameters (Table 8) are found in the range:
5.402-36.704 eV.I*’! Since the global electrophilicity
(w/eV) is a useful reactivity descriptor that can be used to
compare the electron-donating abilities of molecules,!®?
that is, a high value of electrophilicity describes a good
electrophile whereas a small value of electrophilicity
describes a poor nucleophile,®® so the poor electrophile
of the current complexes is the complex 6, while the good
electrophile is complex 2. It is observed that reactivity
descriptors calculated in the gas phase help to predict the
cytotoxic activity of the complexes, indicating the impor-
tance of this model in the study of biomolecules. The
modeled regression equation in the gas phase is given by
a plot between the experimental pICs, and calculated
reactivity descriptors of the complexes—given in
Table 8—shows that the electrophilicity indices (o) are
capable of predicting the cytotoxicity in a reasonable
way; pICso = —1.818 + 0.180 w/eV, r = 0.89, n = 5, except
complex 2.

The chelation of FCSH ligand can occur through
the nitrogen atoms of hydrazono group NI19, the
oxygen atom of C=0 group (chromone) O15, and 031
(OH group) as tridentate ligand except complex 2
“binuclear complex.” The net charge on coordinating
centers in the chelating agent (HL) and its complexes are
summarized in Table 9. The charges accumulated on 015
and O31 are —0.317 and —0.319 and on N19 and N33 are
—0.136 and —0.287, respectively. These values of charges
suggest the chelation through the O15 and 031 of keto,
N19, and N33 of the hydrazone. The quantity of charge
migrated from the chelating agent to the metal ion
(HL — M) is shown in Table 9. The data indicated that
the metal ion received apparent electronic charge from

4  *
DR, 2,9
a3 e f%:
oy &

LUMO complex 1

The electron density of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
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FIGURE 14 Relation between energy gap of the complexes and their antitumor activity
TABLE 9 The selected bond lengths and charge of Cu(Il)complexes of HL ligand
Charges Bond length
015 031 N19 N33 Cc=0 C-0 (31) C= C=N
Compounds Chrom OH C=N chr C=N (15) phenolic (19) (33) N-N
HL -0.317 -0.319 —0.136 —0.287 1.219 1.355 1.279 1.278 1.389
1 —0.457 —0.782 —0.349 —0.213 0.875 1.256 1.352 1.293 1.298 1.422
2 —0.547 —0.657 —0.368 —0.282 0.824 1.268 1.337 1.295 1.300 1.414
3 —0.450 —0.580 —0.293 —0.230 0.774 1.257 1.349 1.298 1.295 1.369
4 —0.467 -0.503 —0.189 —0.680 1.293 1.263 1.275 1.293 1.371 1.386
5 —0.442 —0.565 —0.218 —0.238 0.564 1.256 1.320 1.296 1.307 1.353
6 —0.561 —-0.476 —-0.296 —0.362 0.671 1.257 1.321 1.285 1.296 1.473
7 —0.482 —0.683 —0.184 —0.252 0.498 1.263 1.356 1.288 1.295 1.473

FCSH ligand (HL) proposing the great back donation
from metal ion to the donation centers, revealing rises in
the charge density on the donation site. The magnitude
on the 015 and 031 donor atom of the HL (—0.317 and
—0.319) increases in all complexes (natural charges range
from —0.442 to —0.561 and from —0.476 to 0.782 for O15
and 031, respectively). This shows that HL-to-metal back
donation of electrons happens through O15. However,
N19 donor atom of ligand HL — 0.136 increases in all
complexes to the range —0.189 to —0.368, showing
that HL-to-metal back donation of electrons happens
through N19.

The selected bond lengths extracted from the opti-
mized structures are reported in Table 9. The bond
lengths of the free ligand, HL, in the vicinity of coordinat-
ing centers are generally more or less elongated for most

complexes. The theoretical data in Table 9 showed that
elongation of C=015 (1.219 of HL) and C-031 (1.355 of
HL) to become in the range 1.256 to 1.268 A and 1.275 to
1.356 A, respectively, in all complexes. Also, elongation
of C=N19 (1.279 of HL) to become in the range 1.285 to
1.298 A in all complexes. While elongation of C=N33
(1.278 of HL) to become 1.300 A for complex 2. This elon-
gation observed at coordinating centers confirmed the
coordination of HL with copper ion via C=015, C-031,
and C=N19.[°4

3.4 | Anticancer activity

The antitumor activity of FCSH and its complexes was
examined in vitro against human hepatocellular
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carcinoma (HepG-2) cell line. Doxorubicin (DOX), which
is one of the most potent anticancer agents, was employed
as reference drug. The activity results are expressed as
ICsy, which is the compound concentration (in pg/ml)
that inhibits a proliferation rate of the tumor cells by 50%
as compared with control untreated cells (Table 10).

The obtained results illustrated that FCSH and all the
synthesized complexes exhibited a growth inhibition
activity on the tested cell line. FCSH exhibited weak
activity (ICso = 123 pg/ml), but all complexes are more
active with strong activity. Complexes 2, 5, and
7 exhibited the strongest activity (ICs, = 0.7-0.92 pg/ml),
which is close to that of the reference anticancer; doxoru-
bicin (ICsy = 0.36 pg/ml). Also, complexes 1, 3, 4, and
6 exhibited moderate activity (ICso = 2.21-13.6 pg/ml).
The potent activity of the complexes than FCSH
ligand may have arised from the increased
conjugation occurring in FCSH skeleton owing to
complexation process.[®*! The order of activity is: acetate
(binuclear) > bromide > perchlorate > acetate
(mononuclear) > nitrate > chloride > sulfate. This order
reflects that the reactive complex (lower Egap) is highly
reactive antitumor (lower ICsy). Since the stability of
complex also depends upon the Lewis basicity of anion
(DNx), the type of anion affects the antitumor activity of
the present complexes.

However, the mechanism of action is complicated as
the current system consists of a heterocyclic ligand
(FCSH) with various coordinating sites giving an oppor-
tunity of interaction either with nucleoside bases or with
biologically important metal ions that exist in the
biosystem.!®®! Apart from this mechanism of action, the
investigated compounds may form H bonds via the coor-
dinated anions in addition to the azomethine group, with
the active centers of the cell constituents leading to an
interference with the normal cell process.”! Thus, we
can conclude that anion coordination affects the anti-
tumor activity of the synthesized complexes.

TABLE 10 Antitumor activity of the ligand and its Cu(II)
complexes
Compound IC5o (pg/ml)
HL 123 + 6.2
1 [Cu(L)(OAC)(H,0),].0.5H,0 2.21 + 0.29
2 [Cuy(L)(OAC);(H,0)s].H,0 0.70 + 0.02
3 [Cu(L)(NO,)(EtOH)(H,0)].0.5H,0 3.68 + 0.18
4 [Cu (HL)(SO,)(H,0),].2H,0 13.6 + 1.4
5 [Cu(L)(CIO4)(EtOH),] 0.96 + 0.03
6 [Cu(L)CI (EtOH)(H,0)] 9.25 + 0.64
7 [Cu(L)Br (EtOH),].H,0 0.92 + 0.02
Doxorubicin 0.36 + 0.04

Chemistry

The correlations containing the descriptors derived
from this model show that there are no collinearity
problems between descriptors (Table 8). The equation
describing the ICs, for this model contains the Egonmo,
Erumo, and electronic descriptors. The obtained statisti-
cal model has a correlation coefficients r in the range
0.82-0.99, which supports the reliability and goodness of
the model.

The main points of interest from the linear regression
of pICs, versus the structural parameters and reactivity
descriptors are as follows:

1. Exomo indicates the importance of electrostatic inter-
actions of the ligand with an enzyme when a molecule
acts as electron pair donor in bond formation; the
electrons are supplied from the HOMO of the mole-
cule. HOMO descriptor denotes the nucleophilicity of
the molecules, pICso = —4.407 + 5.827 nucleophilic-
ity/eV, r = 0.98, n = 5, except complexes 2 and 7. The
highest positive coefficient in the equation indicates
that the increase in the electron energy of the
molecules increases the activity.

2. Energy of low molecular orbital measures the electro-
philicity of the molecule. The high positive correlation
of LUMO with the ICs, indicates that the electron-
donating groups are favorable for the activity.

3. Dipole moment is negatively correlated with the
inhibition activity with a small coefficient.

4. The hardness (n/eV) measures the stability of com-
plexes, pICsy = 1.7524-1.5446 n/eV, r = 0.91, n = 6,
except complex 2. The negative slope indicates that a
less reactive complex has high antitumor activity.
This is emphasized by the positive slope of
softness that measures the reactivity of complex;
pICsq = —4.387 + 11.595 S/eV, r = 0.98, n = 5, except
complexes 2 and 7.

5. The electronegativity (x/eV) of complex enhanced its
antitumor activity as indicated from the positive slope
of pICsy vesus y, pICso = —7.361 + 1.518 y/eV,
r = 0.88, n = 4, except complexes 1, 2, and 4. The
increasing of y and ® might be attributed to the
enhancement of conjugation in the ligand skeleton
upon complexation and may be the reason for
improved antitumor activity.

It is concluded from the DFT calculations that the
calculated quantum chemical parameters could explain
the factors affecting on the ICs, of the investigated
compounds, which is in a good agreement with the
experimental observations. Structure-activity relation-
ship study shows that Epomo, Egap, hardness, and
ionization potential are the most significant descriptors
for the correlation with the ICs,.
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Finally, the present study shows that the quantum
chemical parameters and molecular docking analysis are
successful tools for better description of ICs,.

3.5 | Molecular docking study

Molecular docking simulation is one of the most
important methods to expect the inhibitory potential

and the binding mode as well as mechanistic informa-
tion of chemical moieties in the pocket of the
enzyme. It is a reliable computational protocol that
can be employed to suppose the interactions between
synthesized compounds and enzyme receptors.
Furthermore, it is used to investigate the optimized
orientations and binding features of any molecule that

results in a new complex with total minimum
[68,69]

energy.

O polar = sidechain acceptor O solvent residue

O acidic  + sidechain donor O metal complex

O basic = backbone acceptor - solvent contact

O greasy *— backbone donor == metal contact
proximity ligand receptor

O contour . exposure O contact

ene-arene
O+ arene-cation

FIGURE 15 2D interaction
diagram showing the co-crystallized
ligand docking pose interactions with
the key amino acids in CDK-2 binding
site (PDB: 31G7)

FIGURE 16
the superimposition of the co-
crystallized (red) and the docking pose
(green) of the ligand in CDK-2 binding
site with RMSD of 1.7453 A

3D representation of
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In the present work, PDB ID: 31G7 was used, which has
CDK-2 co-crystallized with the N-{1-[cis-3-(acetylamino)
cyclobutyl]-1H-imidazol-4-yl}-2-(4-methoxyphenyl)acetamide
as inhibitor.

Validation of the molecular docking protocol was first
achieved by self-docking of the co-crystallized ligand,
N-{1-[cis-3-(acetylamino)cyclobutyl]-1H-imidazol-4-yl}-2-(4-
methoxyphenyl)acetamide, in the CDK-2 active site. The
self-docking validation step reproduced the experimental
binding pattern of the co-crystallized ligand -efficiently

.

2D and 3D diagrams of complex 5 showing its interaction with the tyrosine CDK-2 binding site
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2D and 3D diagrams of hydrazone ligand (HL) showing its interaction with the tyrosine CDK-2 binding site

demonstrating the suitability of the used docking setup
for the planned docking study as evidenced by a binding
score of —11.2371 kcal/mol and the small RMSD of
1.7453 A between the docking pose and the co-crystallized
ligand (according to the literature,!”®! if the RMSD of
the best docked conformation of the native ligand is
<20 A from the experimental one, the used scoring
function is successful) and by its ability to reproduce all
the key interactions accomplished by the co-crystallized
ligand with the key amino acids (hot spots) in the active
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TABLE 11 Docking results of the hydrazone ligand and its Cu(II) complexes
Compound S (kcal/mol) Amino acids  Interacting groups  Type of interaction = Length
HL —11.0562 Leu83 CH (Arom.) Side chain donor 2.86
Lys89 0 (C=0) Backbone acceptor 3.04
1 [Cu(L)(OACc)(H,0),].0.5H,0 —10.8693 Lys33 =N Backbone acceptor 2.21
Aspl45 =CH Backbone donor 2.00
Aspl45 CH; Backbone donor 2.67
2 [Cuy(L)(OACc);(H,0)s].H,O —10.1109 Asp86 NH Backbone donor 2.85
Lys89 O (C=0) Backbone acceptor 2.08
GIn131 CH; Side chain donor 3.19
3  [Cu(L)(NO3)EtOH)(H,0)].0.5H,0  —11.1534 Lys33 0 (0=N) Backbone acceptor 3.14
Asp86 CH; (O) Backbone donor 2.53
Asp86 CH; (N) Backbone donor 2.98
Lys89 C™ (Pyran) Tonic 3.23
GIn131 CH; (N) Side chain donor 3.42
4  [Cu (HL)(SO4)(H,0),].2H,0 —11.1212 Leu83 CH; (N) Side chain donor 3.43
Asp86 CH (Arom.) Backbone donor 3.56
Lys89 C™ (Pyran) Ionic 3.92
5 [Cu(L)(CIO4)(EtOH),] —12.4192 Glu8 CH (Arom.) Backbone donor 2.82
Leu83 CH; (N) Side chain donor 2.21
GIn85 0O (CD Backbone acceptor 3.54
GIn85 0O (CD Side chain acceptor 3.01
Asp86 CH; (Et) Backbone donor 1.88
Lys89 O™ (0-0) Tonic 1.60
6 [Cu(L)Cl (EtOH)(H,0)] —10.6345 Leu83 OH Side chain acceptor 2.45
Leu83 CH; (N) Side chain donor 3.07
Asp86 CH; (O) Backbone donor 3.00
Lys89 C™ (Pyran) Ionic 3.25
7  [Cu(L)Br (EtOH),].H,O -9.3017 Ile10 =CH Side chain donor 3.30
Lys89 C™ (Pyran) Tonic 2.83
Gln131 Cu Ionic 2.80
Asn132 Br Side chain donor 2.70
Asn132 (¢} Backbone acceptor 2.59
site (Lys33, Glu81, Phen82, and Leu83). The results are favorable interactions with the crucial amino acid
represented in Figures 15 and 16. The function of  residues.
molecular docking study is to expect the possible Also, the binding energies of FCSH and its

binding mode of FCSH ligand and its Cu(Il) complexes
and to investigate their interactions with the key amino
acids (hot spots) in the active site of the CDK-2 enzyme
with the aim of elucidation of their promising inhibitory
activity.

Two- and three-dimensional structures of docking of
the FCSH and complex 5—as representative example—
are shown in Figures 17 and 18. As observed from
Figures 17 and 18, the synthesized compounds revealed
that they docked well into the binding site and displayed

Cu(II) complexes were calculated using computational
docking studies. These energy values were listed in
Table 11. As indicated in Table 11, the current com-
pounds have negative binding free energy, suggesting
effective binding with protein. In addition, the molecular
docking data revealed that FCSH and its complexes
showed good binding interactions with the binding sites
with a good binding score ranging from -9.3017 to
—12.4192 kcal/mol (Table 11). The more negative relative
binding energy of complex 7 suggests more ability to bind
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to protein compared with the free ligand and other
Cu(IT) complexes.

4 | CONCLUSION

A new tridentate HL (FCSH) was synthesized by reaction
of salicylaldehyde hydrazone with 3-formylchromone.
Reactions of the ligand with different copper(Il) salts
yielded seven complexes, which were characterized by sev-
eral analytical and spectroscopic methods. The ligand
behaves as monobasic tridentate for all complexes except
complex 2 (monobasic tetradentate) and complex 4
(neutral tridentate). The coordinating sites are phenolic
oxygen, azomethine nitrogen, and y-pyrone oxygen atoms.
By using of Coats-Redfern equations, the kinetic parame-
ters of the thermal decomposition stages were calculated
and discussed. At the B3LYP/6-311G(d,p) level engaged in
the Gaussian 09 program, DFT calculations were carried
out to inspect the optimized structures of the chelating
agent and its complexes. The ligand and its copper(Il)
complexes showed antitumor activity towards HepG2 cell
line. The docking study of FCSH and its Cu(II) complexes
was reported. Docking results showed that FCSH and its
complexes showed good binding interactions with the
binding sites with a good binding score.
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