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Abstract

In the present study, the acid-base equilibria of 1,4-bis(2-hydroxyethyl)piperazine (BHEB) and the formation equilibria of
complexes with the metal ions Cu(Il), Ni(II), Co(II),and Zn(II) are investigated using the potentiometric technique. The acid-
dissociation constants of BHEP in the protonated form and the formation constants of the complexes are determined using the
Miniquad-75 program in the temperature range (of150C - 350C). The thermodynamic parameters were determined and
discussed. The concentration distribution diagrams of the complexes are evaluated. The effect of metal ion properties such as
atomic number, ionic radius, electronegativity, and ionization potential are investigated. The complexes were synthesized and
characterized by elemental analysis and mass spectra. Density Functional Theory (DFT) calculations have been performed to
study the equilibrium geometry of 1,4-bis(2-hydroxyethyl)piperazine and its complexes. The optimization of the structure of
the complexes reveals that Culland Collcomplexes have distorted octahedral geometry. Nillcomplex has a distorted square
planar geometry.Znllcomplex has a distorted tetrahedral geometry. The calculated total energies, energies of the highest
occupied molecular orbital (HOMO), energies of the lowest unoccupied molecular orbital (LUMO), and dipole moments are
reported. The N---N distance for uncoordinated 1,4-bis(2-hydroxyethyl)piperazine is calculated to be 2.870 A and decreased
t0 2.588 A, 2.491 A, 2.502 A, 2.479 A, and 2.552 A for Cu(Il), Co(II), Ni(II) and Zn(II) complexes respectively. Also, bonds
connected to N atoms are elongated upon complex formation. The interactions with the receptors as breast cancer
oxidoreductase were feasible as evidencedby Docking analysis.

Keywords: 1,4-bis(2-hydroxyethyl)piperazine, metal complexes, speciation study, DFT calculation, docking.

1. Introduction
The piperazine moiety has significant activities.

Piperazine  derivatives have useful diverse
pharmacological activities. [1-5] They have
antianginal [6,7] antidepressant [8,9],

antipsychotic[10,11], antidiabetic [4], antihistaminic5,
and hypolipidemic [6] activities. Some piperazine
derivatives are used as flavoring agents6. Now drug
companies produce piperazine derivatives through
various research development processes and will

become available commercially for therapeutic uses.
Shortly piperazine drugs will have a role in various
disease treatments and will replace the existing
organic-based pharmaceuticals.

The behavior of piperazine derivatives and their
interaction with metal ions existing in biological
fluids did not receive significant attention. The
investigation of complex formation equilibria of
piperazines with metal ions commonly existing in

biological fluids 1is supporting the biological
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significance of this class of compounds. In
continuation of our previous
complexes of biological significance including those
with piperazine compounds[12-17] the present
investigation deals with the interaction of some
1,4-bis(2-
hydroxyethyl)piperazine. The complex formation
equilibria are investigated. The solid complexes were
synthesized, and characterized and the antitumor

work on metal

selected metal ions with

activity was screened. The equilibrium geometry of
homopiperazine and its complex was studied by
Density Functional Theory (DFT) calculations.
Molecular docking analysis has been carried out to
investigate the interaction with the receptors of breast
cancer oxidoreductase.

2. Experimental

2.1 Materials and reagents

The ligand 1,4-bis(2-hydroxyethyl)piperazine was
purchased from Sigma Chem. Co. The metal salts
used are CuCl,.2H,0, CoCl,.6H,0, NiCl,.6H,0, and
ZnCl,.2H,0. They were obtained from Sigma Chem.
Co. Metal salt prepared and
standardized as reported previously[18]. NaOH
solution (titrant) was prepared and standardized
against potassium hydrogen phthalate solution. The
ligand solution was prepared in the diportonated form
in HCI solution. All solutions were prepared in
deionized water.

solutions were

2.2. Synthesis of metal complexes

1.0 mmoleof CuCl,.2H,0, CoCl,.6H,0, NiCl,.6H,0,
or ZnCl,.2H,O was dissolved in 10 ml of
water and mixed with 1.0 mmole portions of 1,4-
bis(2-hydroxyethyl)-piperazine. The mixture was
stirred and refluxed at 70 °C for 4 hours. The
complexes were precipitated on cooling. The
precipitated complexes were filtered off and washed
with water, ethanol and diethyl ether. The yield was
from 80 to 90%. Anal. Calcd. data for the complexes
are:

Cu(BHEP)Clz(Hzo)z blue COIOI', CUC8H22C12N204
(MW = 344.72): C, 27.87; H,6.43; N, 8.13 Found: C,
27.69; H, 6.48; N, 8.09%.

Co(BHEP)Cl,(H,0),: pink color
CoC8H,,CI,N,0,(MW = 340.11): C, 28.25; H,
6.52; N, 8.24; Found: C, 28.16; H, 6.61; N, 8.12%.
Ni(BHEP)CI,: green color NiCgH;3C1,N,0,(MW
= 303.84): C, 31.62; H, 5.97; N, 9.22; Found: C,
31.57; H, 6.02; N, 9.10%.
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Zn(BHEP)Cl,: white colorZnCgH;3C1,N,O,(MW
= 310.52): C, 30.94; H, 5.84; N, 9.02; Found: C,
30.81; H, 5.91; N, 8.97%.

2.3. Procedure and Measuring Techniques

The solid complex compositions were evidenced by
elemental analysis; carbon, hydrogen, and nitrogen
were carried out on a Perkin-Elmer 240C elemental
analyzer. The mass spectrum was recorded by EI
ionization mode using MS-5988 GS-MS Hewlett-
Packard instrument at 70 eV.

Potentiometric measurements were used to determine
the acid-dissociation of the ligand and formation
constants of the metal complexes in 0.1IM NaNO;
solution at the temperature of 15, 20, 25, 30 and 35°C.
The titrations were carried out in a computer-
controlled Metrohm 751 Titrino. The temperature of
the titration cell was maintained by circulating water
from a thermostat water bath. Standard buffer
solutions [19]as potassium hydrogen phthalate, (pH=
4.008) and a mixture of KH,PO; and Na,HPO,
(pH=6.865) were used to calibrate the titroprocessor
and electrode.

The acid dissociation constants of the ligand were
determined by titrating 40 ml of the
diprotonatedligand solution (1.25 x 10°M). The
formation complexes were
determined by titrating 40 ml of the solution
containing metal ions (1.25 x 10°M) and Ligand
(2.5x10° M). All potentiometric titrations were
carried out at 25°+ 0.05°C, in a double-walled glass
cell of 50 ml capacity. The temperature of all
solutions was adjusted by
thermostated water through the outer jacket of the
cell. The solutions were stirred with a magnetic
stirrer, and all titrations were performed in triplicate at
an ionic strength of 0.1M (KCI).

All titrations were performed in a purified nitrogen
atmosphere, using aqueous 0.05 M NaOH as titrant.
The pH meter readings were converted into hydrogen
ion concentration by titrating HCI solution
(0.05 mol-dm™) with NaOH solution (0.05 mol-dm™)
at 25°C and 1 = 0.1 mol-dm™ NaNO;. The pH is
plotted against p[H]. The relationship pH—p[H] = 0.05
was observed. [OH™] value was calculated using a
pKy value of 13.90. For the variable temperature
studies the following values of pK, were employed
[20,21] at 15°C (pK,, = 14.25) at 20°C (pK,, = 14.07),
at 25°C (pK,, = 13.90), 30°C (pK,, = 13.74) and 35°C
(pK,, = 13.69)

constants of the

the circulation of
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The equilibrium constant of the protonation of BHEP
and the formation constant of its metal complexes was
evaluated from titration data. The equilibrium was
defined by Eq. 1.

IM + pL + rH == M,L,H,(1)

Where M, L and H represent metal ion and ligand and
proton; respectively.

The formation constants were evaluated using the
computer program MINIQUAD-75 [22]. The
stoichiometry and stability constants of the complexes
formed were determined by trying various possible
composition models. The model selected was that
which gave the best statistical fit and was chemically
consistent with the magnitude of various residuals, as
described elsewhere [22]. The fitted model was tested
by comparing the experimental titration data points
and the theoretical curve calculated from the values of
the acid dissociation constant of the ligand and
formation  constants of  the  corresponding
complexes.Tables 1 and 2, list the equilibrium
constants together with their standard deviation
MINIQUAD  output. The
Concentration distribution diagram was
using the program SPECIES [23].

derived from the

obtained

2.4. Molecular modeling studies

Density Functional Theory (DFT) calculations have
been executed to study the equilibrium geometry of
the ligand and complexes at the B3LYP level of
theory, where C, H, N, O and ClI atoms with basis set
6-311G++(dp) and metal atoms with basis set
LANL2DZ, respectively using Gaussian 09

program[24].

2.5 Molecular docking

The molecular docking investigations were done
using MOA2019 software [25]. The binding modes of
the most active site of the receptor of breast cancer
oxidoreductase (PDB ID: 3HBS5) [26] were estimated.
The optimized structure of BHEP and complexes
from the output of Gaussian09 calculations were
created in PDB file format. The crystal structures of
the receptors were downloaded from the protein data
bank (http://www.rcsb.org/pdb).

3. Results and discussion
3.1. Characterization of the complex

Egypt. J. Chem. 66, No. 10 (2023)

The solid complexes synthesized and
characterized by elemental analysis. The analytical
data revealed the formation of the complexes of 1:1
stoichiometry. The composition of the complexes was
further evidenced by the mass spectra. The molecular
ion peaks of the Cu(Il),Co(Il), Ni(Il) and Zn(Il)
complexes were detected at m/z = 345, 340, 336,
303and 311, respectively Figure 1.Single crystal of
Pd(BHEP)CI, was obtained previously and shows the
coordination of Pd to the two N atoms and two Cl in
two OH

were

square planar structure
uncoordinated [13].

The potentiometric titration curves of protonated
BHEP in the presence and absence of metal ions are
compared. The metal ion-BHEP curves are lower than
that of BHEP, Figure 2. This corresponds to the
formation of the complex through the release of

hydrogen ions
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Fig. 1: The Mass spectra of the Cu (A), Co (B), Ni (C), and Zn
(D) complexes

3.2. Acid-Base
hydroxyethyl)piperazine

equilibria  of  1,4-bis(2-
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Fig. 2: Potentiometric titration curves of protonated BHEP (H,L**
The potentiometric titration curve of 1,4-bis(2-
hydroxyethyl)-piperazine in the protonated form
(H,L**) shows two buffer regions, in Figure 2. The
first one is corresponding to the neutralization of the
first more acidic protonated imino group (pK, =
3.70 at 25°C), yielding HL" species. The next buffer
region corresponds to the deprotonation of the second
protonated imino group, giving the species L (pKy, =
7.65 at 25°C). The concentration distribution of the
protonated forms of BHEP is given in Figure 3. The
diprotonated form predominates at low pH up to pH =
3.8. The mono-protonated species prevails between a
pH of 3.8 to 7.8, with a maximum concentration of
~98% at a pH of 5.6. The neutral form of BHEP
prevails above the pH of 7.8.

3.3. Complex formation equilibria of 1,4-bis(2-
hydroxyethyl)piperazine

) and its metal complexes at 25°C

The potentiometric data are fitted assuming the
formation of metal complexes of stoichiometric ratios
1:1 and 1:2 (metal: BHEP). The validity of the
complex formation model was tested by comparing
the potentiometric titration data with the theoretically
simulated curve obtained from the protonation
constants of BHEP and the formation constants of the
corresponding complex species. The complex-
forming abilities of the transition metal ions are
frequently characterized by stability orders. The value
of logK1 arranged in the order Co< Ni< Cu > Zn is by
Irving-Williams order [27,28] for divalent metals of
3d series. The ligand field will give Cu** some extra
stabilization due to the tetragonal distortion of the
symmetry  [29-31].
equilibrium concentrations (speciation) of metal (II)
complexes as a function of pH provides a useful
picture of metal ion binding in solutions.

octahedral Estimation  of

Stepwise stability constants for the complexation of (BHEP) with divalent metal ions in aqueous solution at 0.1 mole dm™ NaNOj at 25 °C

Table 1
MLH* ]ong
HL CuL
011 7.64(0.02) -
012 11.35(0.03) -
110 - 7.72(0.02)
120 - 14.01(0.04)
Ni-L Co-L Zn-L
110 3.66(0.02) 3.45(0.03) 3.18(0.02)
120 5.98(0.04) 5.36(0.04) 5.02(0.03)

"M, L and H are the stoichiometric coefficients corresponding to divalent metal ions, BHEP and H*, respectively; ®Standard deviations are

given in parentheses

Egypt. J. Chem. 66, No. 10 (2023)
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The concentration distribution diagrams are given in
Figure 3. The of metal-ligand
complexes increase with increasing pH. In the species
distribution pattern for Cu(BHEP) complex, taken as a
representative of metal-ligand complexes, the 1:1
complex starts to form at pH 2 and predominates at

concentrations

pH 3.8 with a maximum formation percentage of
72%. The 1:2 complex starts to form at pH 3 and its
concentration increases with the increase in pH. From
the biological point of view, both 1:1 and 1:2
complexes are existing in the biological pH range.
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Fig. 3: Concentration distribution diagrams of protonated BHEP and its metal complexes

3.4. Effect of temperature
The thermodynamic parameters AH° and AS°
were obtained by linear least-squares fit of InK vs.
1/T with an intercept of AS°/R and a slope of —
AH®/R according to the following equation®".

AG® = AH°-TAS®

AG°® =-RT InK

InK= -AH°/RT + AS°/R

3.4.1 Effect of temperature on protonation of
BHEP

Dissociation constants of protonated BHEP, H2L2+ at
different temperatures and 0.1M ionic strength are
given in Table 2.

18 —e—————— "

16 ¥ =3811.9x + 4.8697

Ln K

¥ =4273x - 5.7154

$ —_——,

0.0033 0.0034 0.0035

T

Fig. 4. Effect of temperature on the protonation of BHEP, where a
and b correspond to equations 1 and 2 in Table 3, respectively
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Table 2
Dissociation constants of BHEP in water at different temperatures
at 0.1M ionic strength

L H* logp®
15°C 20°C 25°C
11 7.89(0.01) 7.740.01) 7.65(0.01)
12 11.91(0.02) 11.5400.02)  11.35(0.02)
PKal 7.89 774 7.65
pKa2 :
402 3180 3.70
30 °C 35°C
11 7.5700.01) 7.51(0.01)
12 11.21(0.02) 11.09(0.02)
pKal 7.57 7.51
pKa2 3.64 358

L and H are the stoichiometric coefficients corresponding to BHEP
and H*, respectively; "Standard deviations are given in parentheses

The thermodynamic parameters AH°, AS® and AG°
are summarized in Table 4 and interpreted as follows:
The protonated reactions of BHEP (1) and (2),
indicated in Table 4, are exothermic. Three factors’>>’
affect protonation reactions: (i) the interaction of
hydrogen ions with BHEP is an exothermic process,
(ii)the desolvation of BHEP which is endothermic (iii)
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the configuration and the rearrangement of the
hydrogen bonds around the free and protonated
BHEP. The positive AS° in equation (1) indicates
that BHEP (L) is highly solvated by water molecules
(more order) than the protonated ligand, HL".

3.4.2 Effect of temperature on the stability constant of
Metals- BHEP complexes

The stability constants of Metals-BHEP complexes at
different temperatures are given in Table 3 and Figure
4. Figures 5 and 6 show the stepwise complex

formation reactions (M>* + L = ML*" and ML** +

L = ML,”, respectively).

The complexation reactions in Table 4 between metal
ions and BHEP are exothermic. The stability
constants of the complexes formed at different
temperatures were calculated and included in Table 4.

Table 3
Stepwise Formation constants of Metal-BHEP complexes in water
at different temperatures and 0.1M ionic strength

Metal logKk

M2++L =— ML2+

15°C 20 °C 25°C
Co2+ 3.39(0.05)  3.28(0.03) 3.18(0.02)
Zn2+ 3.68(0.06)  3.56(0.04) 3.45(0.03)
Ni2+ 3.89(0.03)  3.78(0.05) 3.66(0.02)
Cu2+ 8.13(0.03) 7.91(0.01) 7.72(0.02)
30°C 35°C
Co2+ 3.07(0.02) 2.95(0.01)
Zn2+ 3.36(0.03) 3.25(0.02)
Ni2+ 3.53(0.03) 3.42(0.01)
Cu2+ 7.61(0.02) 7.45(0.01)
ML2++ L = ML22+
15°C 20 °C 25°C
Co2+ 2.08(0.05) 1.96(0.03) 1.84(0.02)
Zn2+ 2.21(0.06) 2.11(0.04) 1.91(0.03)
Ni2+ 257(0.03)  2.45(0.05) 2.32(0.02)
Cu2+ 6.58(0.01) 6.42(0.01) 6.29(0.04)
30°C 35°C
Co2+ 1.72(0.02) 1.60(0.01)
Zn2+ 1.81(0.03)  1.71(0.02)
Ni2+ 2.21(0.03) 2.11(0.01)
Cu2+ 6.15(0.03) 5.99(0.01)
19
¥ = 6794.6x - 4.9329
v 18 /u
17 T T
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Fig. 5. Effect of temperature on Metals-BHEP system (M>" +L

= ML%»)
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Fig. 6. Effect of temperature on Metals-BHEP system (M*+ 2L

— ML22+)

These values decrease with increasing temperature,
confirming that the complexation process is more
favorable at lower temperatures The thermodynamic
parameters of metal complexes were calculated by a
procedure like that used for the dissociation of BHEP
and are recorded in Table 4. It is known that the
divalent metal ions exist in solution as octahedrally
hydrated species’® and the obtained values of AH® and
AS° can then be considered as the sum of two
contributions: (a) release of H,O molecules and (b)
metal-ligand bond formation.

From these results the following conclusions can be
made:

1. All values of AG® for complexation are negative,
indicating the spontaneity of the chelation process.

2. The negative values of AH®, show that the chelation
process is exothermic, indicating that the
complexation  reactions are  favoredat low
temperatures.

3.The high negative enthalpy change contributes to
the favorable free energy change of the complex
formation reactions.
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Table 4
Thermodynamic parameters for the stepwise stability constants of
protonated BHEP and Metals-BHEP complexes. *

Metal AH° AS° AG®
kJmol! JK'mol’ kImol!

DL+H* ~— LH*

-31.7(0.5) 40.5(0.6) -43.8(0.6)
2)LH*+ HY ~— LH*

-35.5(0.5) -47.5(0.7) -21.4(0.3)
IMH* + L = ML*
Co** -37.0(0.5) -63.5(0.9) -18.1(0.2)
Zn** -36.0(0.5) -54.7(0.8) -19.7(0.3)
Ni** -40.4(0.6) -65.7(0.9) -20.8(0.3)
Cu** -56.5(0.8) -41.1(0.6) -44.3(0.7)
4HM* + 2L = ML*
Co™ -40.7(0.6) -101.6(1.1) -10.5(0.2)
n* -44.2(0.7) -111.1(1.2) -11.1(0.2)
Ni%* -39.4(0.6) -87.7(0.9) -13.3(0.3)
Cu® -49.2(0.7) -44.9(0.2) -35.8(0.5)

“where L is unprotonated BHEP; standard deviations are given in
parentheses

3.5. Molecular DFT Calculation

3.5.1 Molecular DFT Calculation of Ligand BHEP
Figure 7 shows the optimized structures of the ligand
BHEP as the lowest energy configurations. The
natural charges obtained from Natural Bond Orbital
Analysis (NBO) show that the more negative active
sites are in order O1 (-0.731) > O2 (-0.730) > N2 (-
0.576) > N1 (-0.571). The metal ions prefer bidentate
coordination to N1 and N2 forming a 5-membered
ring.

re N1 f

a J
cs
’—

J 02

J

Fig. 7. Effect of temperature on Metals-BHEP

3.5.2 Molecular DFT Calculation of Copper and
Cobalt Complexes

The optimized structures of Cu(BHEP)(H,0),Cl,,
andCo(BHEP)(H,0),Cl, complexes as the lowest
energy configurations are shown in Figure 8.
respectively, which indicates that these atoms are
almost in one plane. The bite angles (N1-Cu-N2 =
72.53° and N1-Co-N2 = 74.42°) are lower than 90°
due to chelation. The bond angles in the octahedral

geometry of Cu- and Co-complexes are ranging from
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72.53° to 104.3°, from 74.42° to 99.28°, and 71.06° to
96.90°, respectively, Table 5.

The distance between donor atoms N1----N2 involved
in coordination is decreased upon complex formation
from 2.860A (in free ligand) to 2.588A, 2.488A and
2.500A in Cu- and Co-complexes, respectively. The
copper and cobalt atoms are six-coordinate in a
distorted-octahedral geometry with O3 and O4 of
water molecules in the axial position. The dihedral
angles of atoms N1, N2, C/1 and CI2 in Cu-, and Co-
complexes are -7.196°, -0.795° and -1.316°; The
natural charges computed from the NBO analysis on
the coordinated atoms are (Cu (+0.683), N1 (-0.524),
N2 (-0.524), O3 (-0.913), O4 (-0.913), CI1(-0.625)
and CI2(-0.625) in Cu-complex) and (Co (+0.483), N1
(-0.490), N2 (-0.490), O3 (-0.898), 04 (-0.898), CI1(-
0.587) and CI2(-0.587) in Co-complex).

Table 5

Important optimized bond lengths (A) and bond angles (°) of
Cu(BHEP)(H,0),Cl,, Co(BHEP)(H,0),Cl,, Ni(BHEP)Cl, and
Zn(BHEP)CI, complexes

Cu(II) complex Co(IT) complex
Cu-N1=2.132 Co-N1=2.057
Cu-N2=2.132 Co-N2=2.057
Cu-Cl1=2.416 Co-Cl1=2.392
Cu-CI2=2.416 Co-CI2=2.392
Cu-03=2.473 Co-03=2.324
Cu-04=2.473 Co-04=2.324

5

N1-Cu-N2=72.53

N1-Co-N2=74.42

N1-Cu-CI2=96.07

N1-Co-Ci2=96.18

N2-Cu-CI1=96.07

N2-Co-Ci1=96.18

CI1-Cu-CI2=95.71

CI1-Co-CI2=93.23

03-Cu-N1=104.3

03-Co-N1=97.84

03-Cu-N2=97.48

03-Co-N2=99.28

03-Cu-C/1=81.84

03-Co-Ci1=84.06

03-Cu-Ci2=80.04

03-Co-Ci2=81.19

04-Cu-N1=97.48

04-Co-N1=99.28

04-Cu-N2=104.3

04-Co-N2=97.84

04-Cu-CI1=80.04

04-Co-Ci1=81.19

04-Cu-Ci2=81.84

04-Co-Ci2=84.06

N1-Cu-Ci1=167.5

N1-Co-Ci1=170.6

N2-Cu-CI2=167.5

N2-Co-Ci2=170.6

03-Cu-04=152.9

03-Co0-04=158.5

N1-N2-Cl1-C12=-7.196*

N1-N2-CI1-CI2=-0.795*

Ni(IT) complex Zn(II) complex
Ni-N1=2.016 7Zn-N1=2.185
Ni-N2=2.016 7Zn-N2=2.185
Ni-Cl1=2.246 Zn-Cl1=2.327
Ni—CI2=2.246 Zn-Cl2=2.327

N1-Ni-N2=75.87

N1-Zn-N2=71.37

N1-Ni-Ci2=96.49

N1-Zn-C11=109.9

N2-Ni-Cl1=96.49

N2-Zn-CI2=109.9

Cl1-Ni-C12=93.96

Cl1-Zn-CI2=128.6

N1-Ni-Cl1=164.4

N2-Ni-Ci2=164.4

NI1-N2-CI1-CI2=-7.51*

*dihedral angle
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Fig. 8. The optimized structure, the vector of the dipole moment, and the natural charges on active centres of
Cu(BHEP)(H,0),Cl,(A), Co(BHEP)(H,0),CLx(B), Ni(BHEP)CL(C) and Zn(BHEP)CL,(D) complexes

3.5.3 Molecular DFT Calculation of Nickel(Il) and
Zinc(1l) complexes:

Ni(II) complex has a distorted square planar geometry
as found from the optimization of its structure, Figure
8. The atoms N1, N2, C/1 and CI2 are coordinated to
Ni(Il) ion and exist in one plane deviated by -7.51°
(dihedral angle). The bite angle N1-Ni-N2 (75.87°) is
lower than 90° due to chelation. The bond angles in
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the square are ranging from 75.87° to 96.49°, Table 5.
NI1-N2-CI1-C2=-7.51*

A distorted-tetrahedral geometry is deduced from the
optimization of the Zn(II) complex structure, Figure
9. The Zn atom is tetracoordinate with a bit angle N1-
Zn-N2 71.37°. This is lower than the expected bond
angle for a regular tetrahedral structure (109°), due to
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chelation. The other bond angles are close to 109 in
the range of 71.9° to 110.4°, Table 5.

The distance between the coordinated donor atoms
N1----N2 is decreased upon complex formation from
2.860A (in free ligand) to 2.480A and 2.549 A in Ni-
and Zn-complexes, respectively.

The natural charges computed from the NBO analysis
on the coordinated atoms are (Ni (+0.434), N1 (-
0.489), N2 (-0.489), CI1(-0.481) and CI2(-0.481) in
Ni-complex and Zn (+1.188), N1 (-0.618), N2 (-
0.618), CI1 (-0.701), CI2 (-0.701) in Zn-complex.

Table 6
Calculated energies of BHEB and the complexes at
B3LYP/LANL2DZ

E' HOMO® LUMO* E. Dipole

moment*

BHEP -575.77 -5.9596 04210 5.5386  1.9066
Cucomplex  -1845.16 -6.5828 -3.6415 29413  6.7514
Cocomplex  -1794.11 -6.2834 -2.1007 4.1827  9.3720
Ni complex -1665.44 -6.2301 -2.4934 377367  9.5784
Zn complex  -1561.77 -7.4677 -0.5834 6.8843  7.6938

*E: the total energy (a.u.). "HOMO: highest occupied molecular
orbital (V). ‘LUMO: lowest unoccupied molecular orbital (eV).
dEg: the energy gab =Erumo- Enomo (€V). © dipole moment (Debye).

Cu(BHEP)Cl,(H,0), Co(BHEP)CL,(H,0),
* N
Y T
L2 ' &2
Ni(BHEP)C, Zn(BHEP)C,

Fig. 9. Molecular electrostatic potential (MEP) surface of ligand
(BHEP) and complexes (Cu(BHEP)CLy(H20)»,)s,
Co(BHEP)CL,(H,0),, Ni(BHEP)CL,, and Zn(BHEP)Cl,

Egypt. J. Chem. 66, No. 10 (2023)

2 5
a*

] Eg=7.1669 eV

HOMO ’ ?’

BHEP

»d
LUMO @ ‘J 3

5 1’.“ «

90/ S

<2

f

LUMO

Eg=52934 ¢V
I Eg=5.8311eV
'R
. .:J “. - . JJ;‘
HOMO

° 2

2 ? K

>

) o

Co(BHEP)CL(H:20):

LUMO
Eg- 37841V T Eg=7.0673 ¢V
HOMO a
% 3? ; JG
Ni(BHEP)CL Zn(BHEP)Ch

Fig. 10. HOMO and LUMO charge density maps of ligand and
complexes Cu(BHEP)CL(H,0),, o(BHEP)Cl,(H,0),,Ni(BHEP)Cl,
and Zn(BHEP)Cl,

Figure 9 shows the MEP surface to locate the positive
(blue color) and negative (red color, it is bound
loosely or excess electrons) charged electrostatic
potential in the molecule. The calculated total energy,
the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO)
energies, and the dipole moment for the ligand and
complexes were listed in Table 6. The more negative
values of the total energy of the complexes than that
of the free ligand indicate that the complexes are more
stable than the free ligands. Also, the energy gaps (E,)
= ELumo - Enomo of complexes are smaller in the case
than that of ligand due to the chelation of ligand to
metalions. The polarity of the complex is much larger
than the free ligand, Table 6 and Figure 10.
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3.6. Antitumor activity

The in vitro antitumor activity results show that the
complexes exhibit a low cytotoxic effect for breast
cancer (Mcf7 cell line) as indicated by their ICs
values, Figure 11. The activity order isCo(II) complex
(16 pg/ml) >Cu(Il) complex (19 pg/ml) >Ni(Il)
complex (35 pg/ml) >Zn(I) complex(42 pg/ml)
>BHEP (45 pg/ml).

60 | = Mcf7 N @ o
40 |
2 16 18 19
© 20 4 ‘
0 | - ‘7 ‘ ) i
& Q) ) $ » S $
& S S S N S &
o
&

Fig. 11.IC50 Values of ligand and its complexes against breast
cancer cell lines compared to Doxorubicin

3.7. Molecular docking

The structure of ligand and complexes were created in
PDB file format from the output of Gaussian09
software.

The crystal structure of the receptor of breast cancer
(PDB ID: 3HBS5) was downloaded from the protein

data bank (http://www.rcsb.org./pdb).

The molecular docking studies were performed using
MOA2019 software, to find the possible binding
modes of the most active sites.

3.7.1. Docking on breast cancer oxidoreductase
(PDB ID: 3HBS)

In the present study, the binding free energy of ligand,
and complexes with protein (PDB ID: 3HBS)
receptors are found to be -8.0, -8.4, -9.7, -37.9, -38.7
and -41.9 kcal/mol for BHEP and complexes: Zn(Il),
Ni(Il), Cu(Il)and Co(II); respectively, Table 8. The
more negative the binding energy the stronger
interaction. So, the interactions are in the order of

Co(Il) complex>Cu(Il) complex>Ni(Il) complex

>7Zn(Il) complex>BHEP, Table 8 and Figure 12.

The 2D and 3D plots of the interactions of ligand
(BHEP), and complexes (Cu(Il), Co(II), Ni(II), and
Zn(II)) with the active site of the receptor of breast
cancer oxidoreductase (PDB ID: 3HB5) are shown in
Figure 12.

Fig. 12. Molecular docking simulation studies of the interactions between Ligand (A), Cu(Il) complex (B), Co(Il) complex (C), Ni(I)
complex (D) and Zn(II) complex (E) with the active site of the receptor of breast cancer oxidoreductase (PDB ID: 3HBS). The docked

conformation of the compound isshown in ball and stick representation.

Egypt. J. Chem. 66, No. 10 (2023)
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Table 8

The Docking interaction data calculations of ligand (BHEP), and complexes (Cu(Il), Co(II), Ni(II) and Zn(II)) with the active site of

the receptor of breast cancer oxidoreductase (PDB ID: 3HBS)

Receptor Interaction Distance(A)* E (Kcal/mol)

BHEP

O 12 O LEU 64 H-donor 2.84 (1.90) 2.0
N 2 NH2 ARG 37 H-acceptor 3.05 (2.27) 2.9
O 11 OG SER 12 H-acceptor 2.94 (2.12) -0.9
O 12 N VAL 66 H-acceptor 2.93 (1.94) 2.2
Cu(II) complex

O 11 O GLY 145 H-donor 3.35(2.41) -0.8
0 32 OEl GLU 167 H-donor 2.63 (1.63) 253
O 32 OEl GLU 167 ITonic 2.63 -1.4
0 32 OE2 GLU 167 Tonic 3.01 4.4
Co(II) complex

O 32 OE2 GLU 228 H-donor 2.66 (1.67) -27.2
O 11 NH1 ARG 258 H-acceptor 3.01 (2.16) -2.0
O 12 NH2 ARG 281 H-acceptor 2.93 (1.98) 3.4
O 32 OEl GLU 228 ITonic 345 2.1
0 32 OE2 GLU 228 ITonic 2.66 -1.2
Ni(II) complex

O 11 NH1 ARG 258 H-acceptor 3.37 (2.48) -1.9
O 12 NH1 ARG 281 H-acceptor 3.06 (2.33) 2.9
O 12 NH2 ARG 281 H-acceptor 3.11 (2.40) 2.0
NI 29 OE2 GLU 282 Metal 243 -2.9
Zn(II) complex

O 11 OE2 GLU 228 H-donor 2.94 (1.96) -3.7
o 12 OE2 GLU 282 H-donor 3.04 (2.15) 2.8
O 12 NH1 ARG 281 H-acceptor 3.15 (2.26) -1.9

4. Conclusions

The present study shows that the measured acid
dissociation constants of the protonated BHEP are
corresponding to the piperazine nitrogen atoms. The
investigation of complex formation with different
metal ions reveals the formation of 1:1 and 1:2
complexes. The formation constants were calculated.
The log B, values were found in the order Co < Ni <
Cu > Zn, which is following Irving-Williams order.
The concentration distribution diagrams were
evaluated. The thermodynamic parameters as AG, AH
and ASforthe protonation of BHEP and its metal
complexes were estimated and discussed. DFT
calculations were performed to deduce the optimized
structure of BHEP and its complexes. Selected bond
distances and bond angles were interpreted based on
the structure of the complexes. Metal complexes were
synthesized andthe compositionswere deduced from
elemental analysis and mass spectra. The antitumor
activity wasscreened. The computational exploration
by molecular docking simulation has been carried out
with the receptors of breast cancer.
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