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6-mercaptopurine (6-MP) is used for treating various cancers and autoimmune
disorders. A few examples of transition metal complexes of 6-MP have been
shown to enhance its anticancer activity, but many remain untested. We
isolated five highly stable and colored metal complexes of 6-MP and confirmed
their structures by elemental analysis, spectral, and thermal techniques.
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Infrared (IR) spectra revealed that 6-MP is a bidentate ligand that interacts
through sulfur and pyrimidine nitrogen in a 1:2 (M:L) molar ratio. The mag-
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Cu(II) complex revealed an octahedral arrangement around the metal ion with
strong covalent bonding. The fully optimized geometries of the metal structures
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netic susceptibility and electron paramagnetic resonance (EPR) spectra for the

obtained using density function theory (DFT)/B3LYP calculations were used to
verify the structural and biological features. DNA titration revealed that the
octahedral Cu(II) complex has a critical binding constant value of Kb = 8 × 105.
Docking studies using three different cancer protein receptors were used to predict the biological applications of the synthesized drug-metal complexes.
Finally, cytotoxicity assays against a myeloma cancer cell line (MM) and a colon
cancer cell line (Caco-2) revealed favorable anticancer activity for the copper
complex, exceeding that of the gold-standard chemotherapeutic cisplatin.
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1 | INTRODUCTION
Cancer chemotherapy is an aggressive treatment that
uses chemical drugs to halt or stagger uncontrolled cell
growth in the body. It is usually combined with other
treatments such as surgery or radiotherapy, either to first
reduce the tumor volume before surgery (neoadjuvant
chemotherapy) or to destroy the remaining cancer cells

after radiotherapy or surgery (adjuvant chemotherapy).[1]
There are various chemotherapeutic drugs, such as
cisplatin,[2] docetaxel,[3] and oxaliplatin,[4] which are
most often used for lung cancer, breast cancer, and colon
cancer, respectively.[1] 6-Mercaptopurine (6-MP) is one of
the antineoplastic agents most widely used for children's
leukemia.[5] This purine derivative was approved in 1953
by the Food and Drug Administration (FDA) as an
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antileukemia drug[6] and has additional applications as
an immuno-suppressor[7] and in inflammatory bowel diseases.[8] The configuration of (6-MP) includes sulfur and
nitrogen donor sites that convert into respective
ribosides.[9] The coordination of these sites with other
ions increases the antitumor properties of the molecule.
Hence, 6-MP and its complexes with different metal ions
are of interest to the scientific community, and several
metal-based 6-MP complexes have been reported, such as
Pt(II), Pd(II),[10] and Au(I).[11] The anticancer activities of
those compounds are higher than the free 6-MP
drug.[6,12] Additionally, the antibacterial ability of
Ag(I) and some Au(I) 6-MP complexes have been tested
and reported.[13] Reacting divalent transition metal with
6-MP ligand has been described in the literature with the
formula [MII(6-MP)2X2] or [MII(6-MP)n]X2,[12c] which
they coordinated via S and N(7) donor atoms.[6,12b] Most
transition metal complexes of 6-MP have been obtained
and characterized, but some of their biological activities
have not yet been discussed.
The present work aimed to synthesize first-row, transition metal-based 6-MP complexes in an ethanolic solution and characterize them by spectroscopic analysis
(infrared [IR], ultraviolet–visible [UV/Vis], electron paramagnetic resonance [EPR]) and thermogravimetric techniques. Moreover, theoretical optimization using density
function theory (DFT) for all metal complexes aims to
distinguish the change in the 6-MP ligand after complexing with ion metals. Studies regarding the
intermolecular strength of the molecule and electron
density over the molecule's atoms have been performed
by correlating the theoretical vibration modes with
experimental analysis. The biological abilities were tested
experimentally using the DNA binding assays and
theoretically using a molecular docking technique with
different cancer-relevant protein receptors. The resulting
values clarified the anticancer activity of the complexes.
As a final verification, in vitro cytotoxicity assays were
performed with myeloma cancer cells and colon cancer
cells.

2 | EXPERIMENT
2.1 | Materials and instruments
Metal chloride hydrate, MCl2.nH2O, (M = Cu(II), Co(II),
Ni(II), Fe(II), and Zn(II)) were purchased from Acros
Organic. Pure material 6-MP (99%) was purchased from
Sigma-Aldrich Inc. All solvents, such as ethanol,
dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF), were commercially available from Sigma-Aldrich
and used without additional purification.
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The solid samples were used to record the IR on a
PerkinElmer Spectrum 100 instrument (Waltham, MA,
USA). Elemental analyses for C%, H%, N%, and S% were
performed using a CHNS-O EA1108 Analyzer, CE Instruments. The molar conductance of 10−3 M solutions of the
M(II) complexes in the DMF solvent was measured on a
HACH conductivity meter model. The previous solution
in the electronic spectroscopic analysis used a Shimadzu
UV/Vis spectrometer in the range of 200–800 nm; all
measurements were taken at room temperature.
Thermogravimetric analysis (TGA) experiments were
conducted using a Mettler Toledo STARe thermal
analysis system consisting of the STARe software. Electronic paramagnetic resonance study in solid and DMF
solutions were recorded using the continuous wave
Bruker EMX PLUS spectrometer (Bruker BioSpin,
Rheinstetten, Germany) and collected with Bruker
Xenon software.

2.2 | General procedure of synthesis
A freshly prepared solution of ethanol (25.0 ml) containing 1.0 mmol of metal chloride was added to
2.0 mmol 6-MP solution in ethanol (25.0 ml). The
mixed reactant was stirred on a hotplate at 80 C for
1 and 2 h. After 2 h of constant stirring, the complex
was left at room temperature until the volume of the
solution had decreased. The colored complex was collected and washed with cold ethanol and dried in a
desiccator.

2.3 | DNA binding
The UV/Vis spectroscopy monitoring method used to
study the binding characteristics of the ligand and metal
complexes to the CT-DNA molecule is the same as that
used in our previous work.[14] The DNA stock solution
was prepared in a buffer solution (pH = 7.4). UV absorbance at 260 and 280 nm was used to confirm
that the DNA was free of protein and adequately prepared; the ratio of A260/A280 was in the range of 1.8 and
1.9. The DNA concentration was estimated using the UV
absorbance at 260 nm and a molar absorptivity
Ɛ = 6,600 M−1 cm−1.[15] Furthermore, all DNA binding
experiments were done at room temperature, and the
DNA stock was stored for 1 week at 4 C. A gradual
increase in the DNA concentration (1.21 × 10−4 mol L−1)
was added to the constant volume of ligand or metal
complexes (4.54 × 10−4 mol L−1) and carried out in the
spectroscopic study in the range 200–800 nm. The
mixture was allowed to incubate for 5 min before
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where [DNA] = the concentration of CT-DNA in base
pairs
extinction
coefficient
observed
for
the
ϵa =
Aobs/[compound] at the given DNA concentration,
ϵf = extinction coefficient of the free compound in
solution,
ϵb = extinction coefficient of the compound when bonded
to DNA,
Kb = the ratio of the slope to the intercept of the plot
[DNA]/(єa−єf ) versus [DNA].

The cells were incubated with 0.1 ml of each dilution in
different wells; three wells were left as controls containing maintenance medium only at 37 C. After 27 h, a
20 μl MTT solution was added to each well and incubated
for 1–5 h under 37 C and 5% CO2 conditions. The media
were removed by aspiration, and the plate was subjected
to air drying for 10 min. Two hundred microliters of
DMSO were added to resuspend the redaction product,
MTT formazan, and the mixture was put on a shaking
table for 5 min at 150 rpm. Measurements were carried
out spectrophotometrically to determine the optical densities at 560 and 620 nm (background). The difference
between the two values should be directly correlated with
cell number. The experiments were repeated three times.

2.4 | Molecular modeling methodology

2.6 | Molecular docking

The computational study was performed using Gaussian
09 software. Gauss View 5 was used to visualize and prepare the input files.[2,17] The optimization calculation was
obtained in the gas phase using the DFT method with
B3LYP functionality.[18] For the organic 6-MP ligand
molecule, the popular polarized basis sets 6-31+G(d,p)
was used, which added the P function to H atoms and
the d function to the heavy atoms. The effective core
potential LanL2DZ[19] was used for the metal complexes.
The vibrational frequency calculation followed the geometry optimization with the same parameters to confirm
the optimized structures were for the local minima; they
did not have imaginary frequencies. Essential quantum
parameters were estimated according to known equations[20] as follows: energy gap (ΔE = ELUMO − EHOMO),
absolute electronegativities ( χ = −EHOMO + ELUMO/2),
absolute hardness (ɳ = ELUMO − EHOMO/2), absolute
softness (σ = 1/ɳ), chemical potentials (pi = −χ), global
softness (S = 1/2ɳ), global electrophilicity (ω = π 2/2ɳ),
and additional electronic charge (ΔNmax = −π/ɳ).

The crystal structures of Bruton's tyrosine kinase (a leukemia protein receptor; PDB code = 3PIY),[22] human topoisomerase II alpha (a colon cancer receptor; PDB
code = 4FM9),[23] and aromatase cytochrome P450 (a
breast cancer receptor protein; PDB code = 3EQM)[24]
were retrieved from the protein databank (PDB). Those
receptor proteins were chosen based on research demonstrating their key roles in leukemia,[21,22] colon cancer,[25]
and breast cancer treatments.[24,26] The molecular docking protocol has been reported previously using Molecular
Operating Environment (MOE) software.[23,27] The water
molecules and ions were removed from the target receptors with the energy minimized by the three-dimensional
(3-D) protonation process. The 6-MP molecule structure
and its metal complexes were built, and their energy was
minimized with the MMFF9x force field and gradient
0.05. The active binding sites for each protein were generated using the MOE site finder to dock the obtained
compounds. The default docking parameters were as
follows: triangle matcher for replacing the molecule and
London dG for rescoring. Five scores of proper orientation
of the compound inside the binding pocket were retained.
The binding free energy and the formed hydrogen
bonds between proteins and complexes were utilized to
estimate the binding ability and mode. The higher negative values of protein-ligand docking scores were saved
along with two-dimensional (2-D) and 3-D structures.

recording the response absorption. The binding constant
Kb was computed using the following equation[16]:


½DNA Ɛa −Ɛf = ½DNA=ðƐb −Ɛf Þ + 1=K b Ɛa −Ɛf ,

2.5 | Cytotoxicity assay
Cytotoxic activity was evaluated by determining the number of viable cells using the MTT colorimetric assay
whereby mitochondria catalyze the reduction of yellow
MMT to blue MMT formazan. Two cell lines were
utilized to assess anticancer activity: the human colonic
epithelial cell line (Caco-2) and the human multiple
myeloma cell line (SK-MM-1), both cultured as
reported.[21] The cells were seeded in 96 wells at 1 × 105
to 2 × 105 cells per well in RPMI medium and at 37 C for
24 h. The samples in DMSO were diluted twice in the
RPMI medium with 2% serum (maintenance medium).

3 | R E S U L T S AN D D I S C U S S I O N
3.1 | Chemistry
The precipitated color complexes after reflexing in
ethanoic solution with the ratio of two moles of the
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3.2 | Theoretical aspects

that the bond length of C6-S10 is longer in complexes of
Ni(II), Fe(II), and Zn(II), whereas the bond in Cu(II) and
Co(II) is shorter due to coordination with the sulfur
atom. Additionally, the difference of the bond angle of
C1-C6-S10 and N5-C6-S10 with the ligand confirmed the
binding of S10 to the metal ion. The bond length and
bond angle around N7 remained the same or showed a
slight change after complexation.
The new bonds between the metal and the donor
atoms presented a distorted octahedral. The Cu(II) and
Co(II) complexes were displayed as a normal octahedral
with M N and M S bond lengths of 1.8 and 1.9 A ,
respectively. The coordination sphere for those compounds was completed with two Cl atoms placed apically
at a distance of 2.16 A . The bond length of M-S10 in Ni
(II) is longer than the other bond (2.78 A ), which revealed the presence of an elongated octahedral structure.
Similarly, Zn(II) is an elongated octahedral with a longer
M S10 (2.74 A ) bond. In contrast, the F(II) complex
presented a compressed distortion with a bond length of
1.99 A for Fe N7; the equatorial plane consisted of two
nitrogen and chloride atoms with sulfur in an apical (see
Figure 2).

3.2.1 | Geometry of 6-MP and the metal
complexes

3.2.2 | Theoretical parameters

Due to the absence of a single crystal structure for the
metal complexes, the molecular geometry of the metal
complexes and the free ligand were optimized using DFT
with the B3LYP method and 6-311G(d,p) basis set for the
ligand, whereas its metal complexes were optimized with
LANL2DZ. The collected bond length and the bond
angles of the 6-MP were in good agreement with the
reported experimental results in the literature.[28] Essential structural parameters of 6-MP and its metal complexes are presented in Table 2. The optimized geometry
and the numbering system of all studied compounds are
presented in Figure 2. Comparing the bond length of free
drugs with that of the formed metal complexes, one sees

The frontier molecular orbital is an important approach
to study the electronic characteristics of the compound
system.[29] Moreover, it determines the interaction path
of the molecular orbitals with other species.[30] Figure 3
presents the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
levels of 3-D images of the 6-MP drug and the five metal
complexes. The HOMO energy for the organic 6-MP
ligand has EHOMO = −5.17 eV centered at the donor sulfur atom and pyridine moiety, whereas the LUMO
orbitals have energy ELUMO = −1.9 eV and are distributed
over all molecules. The energy value of HOMO is lower
than LUMO for MP, indicating the ability of the MP

F I G U R E 1 The proposed 6-mercaptopurine (6-MP) metal
complexes: M = Cu(II), Co(II), Ni(II), Fe(II), and Zn(II)

ligand to one mole of the metal ions (2:1) were obtained.
Moreover, the proposed structure, Figure 1, was confirmed by elemental analysis, conductometric, and physical measurements. The newly formed complexes are
stable in air and light and insoluble in common organic
solvents exception of DMSO and DMF. Elemental results
are in good agreement with the calculated metal percentage and molecular formula for both 6-MP and metal complexes. The molar conductivity data in the 10−3 M in the
DMF solution indicate the nonelectrolytic nature of the
synthesized compounds. All elemental analyses and
physical properties of the prepared compounds are illustrated in Table 1.

TABLE 1

Elemental analyses and physical properties of 6-mercaptopurine (6-MP) and its compounds

M.Wt

Color

C

N

S

H

M

Λm
Ωcm2
mol−1

6-MP
[Cu(6-MP)2Cl2].
H2O
[Co(6-MP)2Cl2].
H2O
[Ni(6-MP)2Cl2]

152.18
367.90

yellow
Sap green

39.50 (39.50)
27.35 (27.37)

36.80 (36.81)
25.53 (25.54)

21 (21.07)
14.60 (14.61)

2.64 (2.65)
1.83 (1.84)

14.47 (14.48)

1
21.88

>300
242

362.96

27.90 (27.86)

25.45 (25.41)

14.70 (14.75)

1.81 (1.85)

13.58 (13.57)

3.13

263

27.67 (27.68)

25.80 (25.82)

14.80 (14.78)

1.83 (1.84)

13.50 (13.53)

10.93

234

[Fe(6-MP)2Cl2].
H2O
[Zn(6-MP)2Cl2].
H2O

360.20

Naphthol
red
dark
green
Light
brown
sandy

27.80 (27.78)

26 (25.99)

14.88 (14.87)

1.84 (1.85)

12.96 (12.95)

12.50

230

27.30 (27.28)

25.40 (25.43)

14.50 (14.55)

1.80 (1.79)

14.90 (14.86)

1.56

200

Elemental analysis, % found % (calc.)
Metal
complex

363.04

369.73

Melting
point/ C
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Selected geometric bond lengths and bond angles of the optimized ligand and its complexes
6-MP ligand

Parameter

Reported

DFT

[Cu(6-MP)2Cl2]

[Co(6-MP)2Cl2]

[Ni(6-MP)2Cl2]

[Fe(6-MP)2Cl2].

[Zn(6-MP)2Cl2].

DFT

DFT

DFT

DFT

DFT

Bond length
C1-N7

1.373

1.400

1.38

1.38

1.39

1.39

1.40

C6-S10

1.678

1.696

1.56

1.59

1.71

1.71

1.69

C8-N7

1.350

1.317

1.29

1.30

1.32

1.32

1.33

M-N7

-

-

1.88

1.89

2.15

1.99

2.11

M-S10

-

-

1.96

1.90

2.78

2.49

2.74

M-Cl

-

-

2.160

2.16

2.37

2.37

2.35

C1-C6-S10

126.99

125.67

109.86

109.98

121.37

118.17

125.1

N5-C6-S10

122.55

120.37

133.59

133.69

123.66

126.4

120.86

C1-N7-C8

106.30

106.09

107.84

107.98

106.63

106.35

107.26

S-M-S

-

-

179.47

179.49

166.64

179.21

75.6

Cl-M-N

-

-

177.2

177.3

173.8

175.28

97.9

Cl-M-N

-

-

175.63

175.66

174.2

175.29

97.9

Cl-M-Cl

-

-

123.52

123.52

101.98

95.9

115.5

N-M-N

-

-

118.46

118.67

94.17

98.16

120.8

Bond angle

Abbreviations: 6-MP, 6-mercaptopurine; DFT, density function theory.

molecule to donate electrons to the metal ion and to
accept electrons as a charge transfer.[31]
The electron density in the HOMO of the Cu(II) and
Fe(II) complexes is distributed over the two imidazole
rings, two Cl ions, and the metal ion in the coordination
sphere, whereas in Zn(II) orbitals, it is partially located
on one ligand molecule and the ion metal. In the case of
the Ni(II) complex, the HOMO level is centered on the
chloride ions only. In contrast, the LUMO orbital
extended over almost the entire molecule for the
Cu(II) and Ni(II) compounds and was distributed on one
ligand and one metal ion for the Zn(II), Fe(II), and
Co(II) compounds.
The energy of the HOMOs and LUMOs in the ground
state for the free ligand 6-MP and metal complexes were
used to collect the quantum chemical data and are presented in Table 3, from which we can deduce the
following:
1. The energy gap is the separation between HOMO and
LUMO, which is a good indicator of the extent of stability and reactivity of the molecule. Among the metal
complexes, Ni(II) was the most stable, needing high
excited energy to start the reaction.[30a] It was
observed that the energy gap value for
Co(II) significantly decreased compared with other
metal complexes, indicating the low kinetic stability
of the compound.[32]

2. Reducing the energy gap (ΔE) values corresponding
to metal complexes compared with the free 6-MP drug
reflected the high softness of Cu(II), Co(II), Ni(II),
Fe(II), and Zn(II) and predicts good biological activity.[29] The lowest values were for copper and cobalt
compounds, which might have better inhibition
efficiencies.[33]
3. Global hardness (η) is the reverse of global softness
(σ), and they indicate reactivity and the extent of stability; metal complexes represent higher reactivity
than the organic molecule in binding to biological
targets.[29]
4. The electrophilicity index (ω) is an indication of the
ability to react to negative pieces and accept electrons;
it follows this trend: 6-MP > Fe(II) > Zn(II) > Cu
(II) > Ni(II) > Co(II). The ligand has the highest
value, which confirms its good capacity to accept the
charge transfer electrons.[30a]

3.3 | IR spectroscopic analysis
The experimental IR spectra of the ligand and divalent
metal complexes were performed in the range
4,000–400 cm−1 under the same conditions to discriminate changes after complexation. Moreover, the theoretical harmonic frequency vibration was calculated to test
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FIGURE 2
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Optimized geometry, numbering system, and bond length of 6-mercaptopurine (6-MP) and its metal complexes

the accuracy of the obtained metal-optimized geometries.
A comparison between the experimental IR spectra of
MP and the metal complexes and the calculated spectra
are presented in Figure 4. The main assignment bands
are summarized for the experimental and DFT values in
Table 4. Three important peaks confirm the complex
structure: N H, C N, and C S vibrations. The
stretching band for N H in the imidazole and pyrimidine rings is located between 3,522 and 3,375 cm−1 in the
IR spectrum for the free ligand. The corresponding theoretical values are presented as small peaks at
3,669–3,635 cm−1 for imidazole and pyrimidine, respectively. These bands have vanished in the metal complexes
spectra due to the hydration water molecules present in

drug complexes,[6] except in Co(II) and Zn(II), which
have shifted to the low wavelength and are not observed
in the DFT calculation due to the absence of water lattice
molecules.
The sharp peak at 1,619 cm−1 for stretching C N in
the free ligand shifted to low frequency for all complexes
due to the deprotonation of the rings, increasing the
shifting value illustrated to complete deprotonation.[6] For
all complexes, the 6-MP rings were monoprotonated, and
stretching C N appeared between 1,567 and 1,569 cm−1,
whereas the Co(II) complex was completely deprotonated.
The influence of coordination and deprotonation for both
imidazole and pyrimidine rings is indicated in the
literature.[12c] The C S stretching vibration intensity at
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F I G U R E 3 Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) charge density maps and
their energies (eV) of the studied complexes

T A B L E 3 HOMO and LUMO energy, energy gap (ΔE, eV), ionization energy (pi, eV), and the essential quantum parameters of the
ligand and its complexes
Compound

HUMO
(eV)

LUMO
(eV)

ΔE
(eV)

χ
(eV)

ɳ
(eV)

pi
(eV)

σ
(eV)

S
(eV)

ω
(eV)

ΔN
max

6-MP

−5.17

−1.9

3.29

3.43

1.65

−3.43

0.61

0.82

3.58

2.09

[Cu(MP)2Cl2].
H2O

−4.9

−3.54

1.41

4.16

0.71

−4.16

0.35

0.35

2.08

5.89

[Co(MP)2Cl2].
H2O

−4.08

−2.99

1.29

3.54

0.64

−3.54

0.32

0.32

1.77

5.50

[Ni(MP)2Cl2]

−4.9

−2.45

2.42

3.76

1.21

−3.76

0.61

0.61

1.88

3.10

[Fe(MP)2Cl2]. H2O

−4.9

−3.27

1.96

4.27

0.98

−4.27

0.49

0.49

2.14

4.35

[Zn(MP)2Cl2].
H2O

−4.9

−3.54

1.55

4.20

0.77

−4.20

0.39

0.39

2.10

5.44

Abbreviations: 6-MP, 6-mercaptopurine; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

1,192 cm−1 was completely diminished or reduced from
medium to very small in the metal complexes. According
to the literature,[6,12a] this is a strong indication that the S
atom is one of the atom donors for metal complexes.
Moreover, this stretching band vanished in the
DFT/B3LYP method using a 6-113G basis set.
The presence of new bands at lower wavenumber
500–400 cm−1 can be assigned to (M N) and
790–650 cm−1 for (M S). These theoretical results are in
the same region as the experimental results and correlate
with each other.

3.4 | Thermogravimetric analysis
TGA is an essential tool that has been used to study compound stability and lattice water molecules and to characterize the structure. TGA measurements were carried out

from RT up to 800 C, and the obtained curves are illustrated in Figure 5 for the metal complexes. As can be seen
clearly from Table 5, all metal complexes present three
decomposition steps except Fe(II), which has four stages
and Co(II), which has two stages. The first degradation
step for the Cu(II) complex started with losing one water
molecule with some solvent in the sample. The organic
decomposition began at 240 C with 23.83% weight loss,
followed by the formation of the metallic residue CuO
when 32.2% of the complex had decomposed. Nickel and
zinc have similar behaviors, losing two water molecules
from the outer safer. The organic chelating part of the
complex degraded in two steps, between 200 C and 260 C
with 23.79% and 42.97% of the Ni(II) and Zn(II) complex
weight lost, respectively. Upon further heating, HCl and
N2 gases evaporated, and metal oxide was left as the final
residue. There were two degradation steps for Co(II): the
loss of one water molecule and two HCl until 250 C,
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obtained at 382 C had 25.5% of the FeO. All the metallic
residue was coupled with counted carbon. Table 5 presents the TGA data for the metal complexes.

3.5 | Kinetic analysis for
thermogravimetric data
Kinetic parameters were evaluated using two different
methods: the integral of the Coats–Redfern equation
(CR)[34] and the approximation of the Horowitz–Metzger
equation (HM)[35] to calculate the activation energy Ea
(KJ mol−1). The kinetic parameters were calculated using
the following equations:
The entropy of activation, ΔS = RIn(Ah/KT), enthalpy
activation, ΔH = Ea − RT, and Gibbs free energy,
ΔG = ΔH − TΔS, in which K, h, and R are the Boltzmann,
Planck, and universal gas constants, respectively.
According to the kinetic parameters given in Table 6
for each decomposition step, the Ea values for all complexes showed high thermal stability. The positive ΔH
and ΔG values revealed that the degradation processes
were endothermic and non-spontaneous. ΔS results indicated that the activated complexes system was not random but more ordered than the starting molecules. The
drawn plots of Coats-Redfern (CR) and HorowitzMetzger (HM) of the ligand MP and their metal complexes are presented in Table 7.

F I G U R E 4 Comparison between the ligand infrared
(IR) spectrum and its metal complex spectra; (a) experimental
spectra and (b) calculated spectra

when the compound began full decomposition with a
mass loss of 40.7%. In contrast, Fe(II) is thermally stable
and lost two lattice water molecules at 100 C. The endothermal reaction at 155 C decreased the mass weight to
14.4%, followed by 14.6% at 227 C. The final product
TABLE 4

3.6 | EPR analysis
EPR is a powerful analytical tool used to study the coordination structure in the metal–ligand system.[36] EPR
spectroscopy was used to elucidate the structure of

The main assignment bands and the experimental and DFT results for MP and its metal complexes
N H
(imidazole)

N H
(pyrimidine)

δC N
(imidazole)

δC N
(pyrimidine)

C S

Metal complex

Exp

DFT

Exp

DFT

Exp

DFT

Exp

DFT

Exp

DFT

MP

3,522

3,641

3,375

3,632

1,619

1,591

1,393

1,373

1,192

122

-

-

-

-

[Cu(6-MP)2Cl2].
H2O

3,392

3,813

3,392

3,813

1,575

1,586

1,394

1,394

-

-

411

430

748

699

[Co(6-MP)2Cl2].
H2O

3,508

3,816

3,370

3,775

1,567

1,604

1,393

1,454

-

-

405

428

760

758

[Ni(6-MP)2Cl2]

3,296

3,816

3,296

3,633

1,570

1,648

1,404

1,503

-

-

410

429

760

765

[Fe(6-MP)2Cl2].
H2O

3,484

3,680

3,356

3,639

1,655

1,603

1,354

1,501

-

-

407

437

665

685

[Zn(6-MP)2Cl2].
H2O

3,512

3,676

3,640

3,812

1,604

1,652

1,393

1,497

-

-

418

449

760

671

Abbreviations: 6-MP, 6-mercaptopurine; DFT, density function theory.

M N
Exp

M S
DFT

Exp

DFT
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F I G U R E 5 Thermogravimetric
analysis (TGA) curves of the MP metal
complexes

TABLE 5

Thermogravimetric analysis data for the metal complexes

Complex

Step

Temp.
range ( C)

[Cu(6-MP)2Cl2].H2O

1st

133–178

5.95 (4.2)

[Ni(6-MP)2Cl2].2H2O

[Co(6-MP)2Cl2].H2O
[Fe
(6-MP)2Cl2].2H2O

[Zn
(6-MP)2Cl2].2H2O

Weight loss %
found (calc)

Assignments

Total mass loss/%
found (calc)

Final solid state
residue %

H2O

61,38 (60.5)

CuO + 6C 35.34 (34.9)

4CN + 2H2S

2nd

240–279

23.83 (24.2)

3rd

359–392

32.2 (32.5)

2HCl + 2.5 N2

1st

99–171

11.1 (12.1)

2 H 2O

2nd

218–261

23.79 (24.1)

4CN + 2H2S

3rd

368–413

30.98 (30.99)

2HCl + 2 N2

1st

139–156

19.35 (19.39)

H2O + 2HCl

2nd

257–301

40.7 (40.6)

4N2 + 2H2S

1st

82–102

8.1 (8.4)

2H2O

2nd

155–196

14.4 (13.9)

H2N2

3rd

227–244

14.6 (14.6)

2CN

4th

342–382

34.88 (35)

1st

155–183

7.45 (8.1)

2nd

254–280

42.97 (42.1)

2H2S + N4

3rd

351–387

25.97 (26)

2HCl + 2 N2

paramagnetic Cu(II) metal compounds. Figure 6 shows
the frozen liquid in DMF at 116 K spectra and the solid
analysis at the RT EPR spectrum of the Cu(II) complex.
The solid spectrum shows one signal at 3,150 G, which
revealed an isotropic symmetry with ( gy = gx = gz),
gav = 2.14. Moreover, this revealed that the octahedron
complex has an equal coordination distance between the
Cu(II) and six donor atoms.[37] To obtain more information about the symmetry around the ion metal, the frozen
sample in DMF exhibits a set of four resolved peaks at
the low field attributed to the hyperfine coupling spitting
of gjj and one intense peak at high field for g⊥. The
extracted gjj and g⊥ values were 2.16 and 2.04, respectively. They indicated an axial symmetry with
gjj > g⊥ > 2.032, suggesting a tetragonal geometry for the
six donor atoms systems.[38] Therefore, the unpaired

41.21 (40.95)

59.95 (59.99)

NiO + 5C 29.1 (28.9)

CoO + 10C 31.7 (32)

71.98 (71.9)

FeO + 8C 25.5 (26.3)

76.37 (76.2)

ZnO + 7C 31.9 (32.1)

2HCl + 2 N2
2H2O

electron will be at the ground state dx2 − y2 (2B1g). There
is a small splitting in the four peaks at the low field due
to the presence of other species with Cu(II) in the DMF
sample.[39] Studying the gjj tensor value for the
Cu(II) complex characterized various functions: the gjj
value is less than the value for the ionic compounds
(2.3), which reveals the covalency of the copper bond to
the coordinated atoms in the compound.[40] Specifically,
increasing gjj is a result of a strong interaction between
the Cu(II) and Cl ions along the Z axis and a strong
covalency in the X-Y plane with short bond length.[41]
Additionally, the axial symmetry parameter G calculated
from (gjj −2.0023)/(g⊥ −2.0023) was 4.18 and indicates
that there is no exchanging interaction between the copper centers in the solid complex.[41,42] The value of α2
(covalence of in-plane σ-bonding) is relatively covalent,

CR HM
Average

368–413

[Fe(6-MP)2Cl2].H2O

[Co(6-MP)2Cl2].H2O

CR HM
Average
CR HM
Average
CR HM
Average
CR HM
Average

82–102

155–196

227–244

342–382

CR HM
Average

CR HM
Average

218–261

257–301

CR HM
Average

99–171

CR HM
Average

CR HM
Average

359–392

139–156

CR HM
Average

240–279

[Ni
(6-MP)2Cl2].2H2O

CR HM
Average

133–179

[Cu(6-MP)2Cl2].H2O

Method

Complex
1.87 × 102
2.99 × 102
2.49 × 102
1.56 × 102
1.65 × 102
1.61 × 102
1.97 × 102
2.93 × 102
2.45 × 102
1.55 × 102
2.10 × 102
1.82 × 102
1.89 × 102
8.66 × 10
1.38 × 102
1.73 × 102
1.35 × 102
1.54 × 102
1.51 × 102
1.96 × 102
1.73 × 102
1.63 × 102
1.74 × 102
1.68 × 102
1.99 × 102
2.81 × 102
2.40 × 102
1.99 × 102
1.73 × 102
1.86 × 102
1.50 × 102
2.06 × 102
1.78 × 102
1.69 × 102
1.30 × 102
1.50 × 102

4.43 × 102
2.33 × 103
2.23 × 102
9.72 × 104
3.13 × 104
6.42 × 104
5.99 × 102
4.98 × 103
2.99 × 102
6.94 × 104
8.94 × 104
7.94 × 104
1.93 × 103
4.12 × 103
3.02 × 103
1.25 × 104
1.25 × 105
6.87 × 104
2.89 × 102
1.96 × 102
2.43 × 102
3.64 × 104
9.79 × 103
2.31 × 104
3.96 × 102
2.11 × 102
1.98 × 102
4.27 × 102
9.75 × 103
5.16 × 103
1.47 × 102
1.96 × 102
1.71 × 102
2.06 × 104
2.05 × 104
2.05 × 104

2.31 × 104
6.18 × 103
1.46 × 104
1.87 × 104
8.54 × 104
5.21 × 104
3.03 × 104
8.15 × 103
1.92 × 104
1.89 × 104
3.31 × 104
2.60 × 104
3.12 × 104
1.36 × 105
8.37 × 104
2.61 × 104
1.06 × 105
6.60 × 104
1.54 × 104
4.44 × 104
2.99 × 104
2.29 × 104
6.64 × 104
4.47 × 104
2.08 × 104
1.24 × 104
1.56 × 104
2.09 × 104
5.93 × 104
4.01 × 104
1.42 × 104
4.63 × 104
3.02 × 104
2.42 × 104
1.06 × 105
6.49 × 104

−ΔS (J mol−1 K−1)

A (s−1)

Ea (kJmol−1)

Parameter

Kinetic parameters of the main thermal decomposition step

Temp.
range C

TABLE 6

1.88 × 104
1.00 × 105
5.95 × 104

9.93 × 103
4.21 × 104
2.60 × 104

1.68 × 104
5.52 × 104
3.60 × 104

1.68 × 104
8.26 × 103
1.25 × 104

1.83 × 104
6.19 × 104
4.01 × 104

1.08 × 104
5.06 × 104
3.07 × 104

2.06 × 104
1.00 × 105
6.05 × 104

2.57 × 104
1.31 × 105
7.82 × 104

1.56 × 104
2.98 × 104
2.27 × 104

2.62 × 104
4.06 × 103
1.51 × 104

1.33 × 104
8.00 × 104
4.67 × 104

1.90 × 104
2.10 × 103
1.04 × 104

ΔH (kJmol−1)

1.27 × 105
1.84 × 105
1.55 × 105

8.67 × 104
1.47 × 105
1.17 × 105

1.14 × 105
1.40 × 105
1.27 × 105

1.13 × 105
1.46 × 105
1.31 × 105

1.07 × 105
1.57 × 105
1.32 × 105

9.35 × 104
1.58 × 105
1.26 × 105

1.35 × 105
1.89 × 105
1.62 × 105

1.50 × 105
1.88 × 105
1.69 × 105

7.74 × 104
1.14 × 105
9.55 × 104

1.22 × 105
1.48 × 105
1.35 × 105

1.14 × 105
1.87 × 105
1.51 × 105

1.16 × 105
1.49 × 105
1.33 × 105

ΔG (kJ mol−1)

(Continues)

0.9539 0.9650
0.9590

0.9934 0.9939
0.9940

0.9706 0.9860
0.9780

0.9789 0.9666
0.9731

0.9874 0.9931
0.9903

0.9722 0.9838
0.9780

0.9653 0.9866
0.9759

0.9938 0.9899
0.9918

0.99078 0.99652
0.99365

0.98344 0.98381
0.98362

0.99208 0.95653
0.974305

0.98344 0.95272
0.96810

Correlation
coefficient (r)
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0.9866 0.99907
0.992835
1.17 × 105
1.63 × 105
1.40 × 105
1.70 × 102
1.58 × 102
1.64 × 102
1.48 × 104
6.44 × 104
3.96 × 104
CR HM
Average
351–387

2.42 × 104
7.78 × 104
5.10 × 104

1.95 × 104
7.31 × 104
4.63 × 104

0.99795 0.96656
0.982255
8.86 × 104
1.24 × 105
1.06 × 105
1.60 × 102
1.36 × 102
1.48 × 102
4.17 × 104
7.66 × 105
4.04 × 105
CR HM
Average
254–280

2.20 × 104
6.77 × 104
4.49 × 104

1.83 × 104
6.41 × 104
4.12 × 104

0.98622 0.99403
0.990125
9.45 × 104
1.53 × 105
1.24 × 105
1.27 × 104
5.14 × 104
3.21 × 104
1.54 × 102
1.91 × 102
1.72 × 102
9.98 × 104
1.24 × 103
5.05 × 104
1.71 × 104
5.59 × 104
3.65 × 104
CR HM
Average
155–183
[Zn(6-MP)2Cl2]

A (s−1)
Ea (kJmol−1)
Method
Complex

(Continued)

TABLE 6
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Temp.
range C

Parameter

−ΔS (J mol−1 K−1)

ΔH (kJmol−1)

ΔG (kJ mol−1)

Correlation
coefficient (r)
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and β2 (covalence of out-of-plane π bonding) is not close
to unity, indicating the covalency of the out-of-plane π
bonding.[43] Table 8 illustrates the extracted value of
Spin-Hamiltonian parameters from the EPR spectrum, in
which f = (gk/Ak), α2 = (Ak/0.036) + (gk − 2.0023) + 3/7
(g⊥ − 2.0023) + 0.04 and β2 = (gk − 2.0023)E/−8λα2,
where λ (spin–orbital coupling) = −828 cm−1 for the free
copper ion and E (11,764.71 cm−1) is the electronic transition energy.

3.7 | Electronic spectra and magnetic
moments
The UV/Vis absorption spectra were obtained to confirm the suggested structures of the synthesized complexes. Absorption of the freshly prepared solution of
the complexes and their free ligand in DMSO
(10−3 mol L−1) were measured in the range
200–800 nm, and the values are recorded in Table 9.
Also, magnetic moment values for Ni(II) and
Fe(II) were calculated to obtain detailed information
about the structural geometry. The 6-MP spectrum
exhibited a band at 36,900 cm−1 assigned to the π-π*
transition originating from the aromatic ring. This
band shifted to high frequency in Cu(II) and Fe(II),
whereas Ni(II) and Co(II) showed low frequency
shifting due to coordination with the metal ion. The
octahedral Cu(II) complex presented a well-known
band at 11,760 cm−1, proposing the octahedral geometry. Moreover, there are two new bands for Ni(II) at
27,000 and 16,000 cm−1 assigned to 3A2g (F) ! 3T2g
(υ3) and 3A2g (F) ! 3T1g (υ2)[44] transitions, respectively, and indicated in the octahedral structure. The
experimental magnetic moment for [Ni(MP)2Cl2] was
3.24 BM in the range of the paramagnetic nick complexes.[44] Similarly, Co(II) has two bands for the octahedral complex at 26,300 and 18,300 cm−1, which
revealed the 4T1g ! 4T2g (υ3) and 4T1g ! 4A2g (υ2)
transition. The [Fe(6-MP)2Cl2] magnetic moment was
0.796 BM, which is in the range of the low spin d6
Fe(II) complexes and for diamagnetic properties.[45]
Thus, the electron spectrum between 800 and
1,100 nm does not have any observed peak, which
indicates the octahedral arrangement around the
metal.[45,46] The Racah and nephelauxetic parameter
values of Ni(II) and Co(II) were calculated using standard equations.[47] The value for the Co(II) complex
indicated a considerable ionic character for new σ
bonds because they were close to their unity value,
whereas Ni(II) has a combination of covalence and
ionic character for the newly formed bonds.[48]
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Coats-Redfern (CR) and Horowitz–Metzger (HM) of the ligand MP and their metal complexes

Compound

Stage

[Cu(6-MP)2Cl2].H2O

133–179

Horowitz–Metzger

Coats–Redfern

240–279

359–392

[Co(6-MP)2Cl2].H2O

139–156

257–301

[Zn(6-MP)2Cl2]

155–183

254–280

(Continues)
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(Continued)

Compound

Stage

Horowitz–Metzger

Coats–Redfern

351–387

[Fe(6-MP)2Cl2].H2O

82–102

155–196

227–244

342–382

[Ni(6-MP)2Cl2].2H2O

99–171

218–261

(Continues)
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(Continued)

Compound

Stage

Horowitz–Metzger

Coats–Redfern

368–413

concentrations of DNA to the fixed concentration of the
metal complexes. The 6-MP drug did not show significant
shifts in the spectrum with a hyperchromic effect
(Figure 7), indicating different interaction modes
between the DNA helix and the MP molecule[49] with
binding constant Kb = 5 × 105. All metal complexes
showed a blue shift and a diverse chemochromic effect;
Cu(II), Co(II), and Ni(II) have hypochromic interactions,
which indicate an intercalation binding mode. In contrast, Zn(II) and Fe(II) presented a hyperchromic mode
resulting from changing the DNA structure or conformation after complexation.[50] Hypochromism is an intercalative reaction between the aromatic part of the
compound, resulting in a decrease of the distance
between them and the π electron in the aromatic ring,
combined with the base pair π electrons of the DNA.[51]
The spectral parameters for the interaction of the tested
complexes with DNA are shown in Table 10, whereas the
chromismic absorption spectra are illustrated in Figure 7.
The Kb values revealed the intercalation binding types for
the metal compound with the sequence: Cu(II) > Zn
(II) > Fe(II) > Co(II) > Ni(II).

F I G U R E 6 Electron paramagnetic resonance (EPR) spectra
for the frozen solution in dimethylformamide (DMF) and the
powder solid sample at RT (inside)

3.8 | Biological application
3.8.1 | DNA binding
A DNA binding assay is a potent technique for investigating the biological activity of a new compound and studying its ability to interfere with DNA replication and
transcription.[49] Among the different methods, we
selected spectroscopic titration experiments to determine
the binding modes of the 6-MP ligand drug and the metal
complexes. The primary observation was that the absorption intensities varied along with increasing the

3.8.2 | Molecular docking
Molecular docking is an approach used in drug design
that functions by placing a small molecule into a receptor

Complex

gjj

g⊥

Ajj (×10−4)

f

G

α2

β2

[Cu(6-MP)2Cl2]

2.16

2.04

135.75

159.12

4.18

0.591

0.474

TABLE 9

T A B L E 8 Spin-Hamiltonian
parameter values of experimental EPR
spectra

Electronic spectral data for metal complexes
Ligand υ

υ3

υ2

υ1

10Dq

B

β

MP ligand

271 (36,900)

[Cu(6-MP)2Cl2]

294 (3,400)

850 (11,760)

11,760

[Co(6-MP)2Cl2]

267 (37,453)

380 (26,300)

546 (18,300)

-

9,800

1,000

1.03

[Ni(6-MP)2Cl2]

268 (37,313)

370 (27,000)

620 (16,000)

-

6,610

800

0.78

[Fe(6-MP)2Cl2]

279 (35,842)

-

-

-

-
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F I G U R E 7 Absorption spectra of (a) the
6-mercaptopurine (6-MP) ligand and (b) the
Cu(II) complex in a Tris–HCl buffer upon
addition of DNA. The change in the absorbance
upon increasing the concentration of DNA is
indicated with arrows

TABLE 10

The spectral parameters for the interaction of the tested complexes with DNA

Complex

Kb (M−1)

[Cu(6-MP)2Cl2]. H2O

8 × 10

5

[Co(6-MP)2Cl2]. H2O

6 × 10

5

[Ni(6-MP)2Cl2]

5 × 105

λmax free (nm)

λmax bound (nm)

Type of chromism

269

257 blueshift

Hypochromic

290

250 blue shift

Hypochromic

26

255 blue shift

Hypochromic

[Fe(6-MP)2Cl2]. H2O

6.7 × 10

5

267

260 blue shift

Hyperchromic

[Zn(6-MP)2Cl2]. H2O

7 × 10

5

244

254 blue shift

Hyperchromic

6-MP Ligand

5 × 10

5

426

426

Hyperchromic

site and studying the fit orientation bind mainly via
noncovalent mode. MOE software was used to obtain the
interaction mode of the new metal complexes with
selected target cancer proteins and to compare their binding affinity with the free ligand. The dock processes were
tested against three different cancer proteins: Bruton's
tyrosine kinase for the leukemia receptor (3PIY), human
topoisomerase II alpha for the colon cancer receptor
(4FM9), and aromatase cytochrome P450 for the breast
cancer receptor (3EQM). Table 11 presents the binding
energy scores for MP and the synthesized compounds.
Initially, the metal compounds exhibited stronger binding energy than the free ligand for all tested proteins.
This indicates that the modified metal complexes
enhance the binding affinity of the 6-MP ligand. For the
3PIY leukemia protein, the Cu(II)MP complex had the

highest binding with the lowest negative scoring value
amongst all metal complexes (−6.1938 KJ mol−1). The
best confirmation structure of this compound was inside
the pocket by donating both pyridine nitrogen hydrogens
to GLU445 and GLY541, respectively. Moreover, pyridine
nitrogen binds to GLU445 with ionic interaction (see
Figure 8).
Despite the docking scores of the metal compounds to
the colon receptor protein (4FM9) being close to each
other, the copper coordination complex displayed the
highest binding affinity towards the colon protein receptor (4FM9). Additionally, the interaction between free
6-MP and the breast cancer protein was the weakest; this
binding affinity increased after complexing with metal
ions. Hence, Zn(II) followed by Cu(II) complexes were
the highest affinity binders to the breast cancer protein.
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The docking scores for the metal complexes against different cancer receptor proteins

Protein
3PIY leukemia protein

Compound

[Cu
(6-MP)2Cl2]

[Co
(6-MP)2Cl2]

[Ni
(6-MP)2Cl2]

[Zn
(6-MP)2Cl2]

[Fe
(6-MP)2Cl2]

6-MP

S

−6.193841

−5.12905

−4.97256

−5.69039

−5.60218

−4.49809

RMSD-refine
3EQM Breast cancer
receptor protein

S
RMSD-refine

4FM9 colon cancer
receptor protein

RMSD-refine

S

2.0458629

2.373472

2.12792

−6.4648161

−6.0767918

−5.7321491

1.8458613

1.3890011

2.2566366

1.043871
−6.365390
4.8822336

2.0569

1.41802

−6.2337656

−4.77029

3.7786243

3.21477

−6.6683

−5.8528

−5.7395

−5.7955

−5.7612

−4.5829

1.0583

3.0643

2.3659

0.9048

0.9765

0.9795

F I G U R E 8 The interaction
of Cu(II) and the snapshot in
three-dimensional (3-D)
presented with leukemia protein
(3PIY), colon receptor protein
(4FM9), and breast receptor
protein (3EQM)

The Cu(II) complex pyridine nitrogen atoms interacted
by H-bond with O in the PRO and 429. This ring played a
role in fitting the molecule inside the minor groove by

π-H with PHE 430 in the protein. The comparison
between the three calculated values for the newly formed
copper compound towards the targeted cancer proteins

SHARFALDDIN ET AL.
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Anticancer activities of the MP and the metal

complexes
In vitro cytotoxicity IC50 (μM)
Compound

SK-MM-1

6-MP

204.911

98.79

22.38

6.67

[Cu(6-MP)2Cl2]
[Zn(6-MP)2Cl2]

375.3

[Ni(6-MP)2Cl2]

125

CaCo-2

96.02
207.7

[Co(6-MP)2Cl2]

46.45

85.2

[Fe(6-MP)2Cl2]

95.82

97.18

revealed that the inhibition activity increased in the following order: leukemia < breast cancer < colon cancer.
Docked poses of selected proteins and the best complex
configurations are presented in Figure 8.

3.8.3 | Cytotoxicity assay
The biological activity of the five synthesized complexes
and the MP ligand were evaluated in two cancer cell
lines: a human colon epithelial cell line (Caco-2) and a
human multiple myeloma cell line (SK-MM-1). The
results revealed that introducing metal ions to the 6-MP
increased its anticancer activity. The inhibition effect was
measured with the half maximal inhibitory concentration
(IC50), which is the concentration of the complex that
inhibits 50% of cancer cell growth; these results are presented in Table 12. The obtained values correspond to the
scores of molecular docking. The [Cu(6-MP)2Cl2] has a
comparable IC50 value amongst the metal complexes,
and for the organic 6-MP ligand.
For the SK-MM-1 cell line, the IC50 for [Cu
(6-MP)2Cl2] was 22.38 μM, indicating strong anticancer
activity compared with the standard chemotherapy drug,
cisplatin, which has IC50 = 39.8 ± 9.9 μM.[52]
Notably, the copper complex also had strong anticancer
activity in the colon cancer cell line, with an IC50 of
6.67 μg ml−1. This was again lower than the reported IC50
value for cisplatin in these cells, which is in the range of
96.38–105.88 μM.[53] Thus, we conclude that the [Cu
(6-MP)2Cl2] complex could be a valuable anticancer therapy.

4 | C ON C L US I ON
The structural and molecular properties of coordinated
[M(6-MP)2Cl2] complexes, where M = Cu(II), Co(II),
Ni(II), Fe(II), or Zn(II), were evaluated using various
approaches, such as elemental analysis, spectroscopic

analysis, thermal analysis, and magnetic measurement.
The molecular geometry of the 6-MP ligand and the
metal complexes were fully optimized using the
DFT/B3LYP method and revealed that both Cu(II) and
Co(II) have normal octahedral structures, whereas Fe(II),
Ni(II), and Zn(II) compounds show a distorted octahedral
structure. The bioactivity study involved DNA-binding,
molecular docking, and cytotoxicity analyses. This revealed that the copper complex has a high binding affinity
for DNA and higher anticancer activity against both
colon cancer and multiple myeloma cells than the standard cisplatin chemotherapy drugs.
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