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Co(II) and Cu(II) complexes with distorted octahedral and distorted square planar geometries of the type
[Co(L2)2(H2O)2](NO3)2 and [Cu(L1)2Cl2] have been prepared and characterized using elemental analysis, IR
and crystal X-ray studies. The two complexes were prepared with two novel formamidine ligands,
N0-(benzothiazol-2-yl)-N,N-dimethylformamidine (L1) and N-(pyridin-2-yl)formamidine (L2). [Cu
(L1)2Cl2] crystallized in the space group P21/c, a = 8.5987(3) Å, b = 15.9778(6) Å, c = 10.6308(7) Å,
V = 1321.07(11) Å3, Z = 4. [Co(L2)2(H2O)2](NO3)2 crystallized in the space group P21/c, a = 7.9187(2) Å,
b = 10.8117(4) Å, c = 11.6687(5) Å, V = 902.13(6) Å3, Z = 4. The existence of H-bonding in the complex
[Co(L2)2(H2O)2](NO3)2 is discussed. The negative values of the electronic energies (�2329.59 to
�4461.21 a.u.), the highest occupied molecular orbital energies (�0.2311 to �0.2590 a.u.) and the lowest
unoccupied molecular orbital energies (�0.063 to �0.08525 a.u.) of the complexes indicate the stability
of the complexes. The complexes have noticeable cytotoxicity with IC50 (mmole/well) values of 0.002 and
0.047 (MCF-7), 0.0048 and 0.051 (HCT-116), 0.0014 and 0.044 (HepG-2) for the copper and cobalt com-
plexes; respectively.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Transition metal complexes with heterocyclic compounds con-
taining nitrogen and sulfur atoms are of great importance in many
areas, such as medicinal chemistry, material science, catalysis,
photochemical activation of CO2 and magnetism [1–11]. Since
the discovery of the antitumor activity of cisplatin [12,13], many
attempts have been carried out to design other inexpensive transi-
tion metal complexes, like copper and cobalt complexes, with dif-
ferent ligands [14]. Both Cu and Co can form a wide range of
complex geometries due to their stereochemical flexibility that
allows them to coordinate N-based heterocyclic compounds, which
play an important role in many biological systems [15]. For-
mamidine derivatives and their related compounds have been
extensively used as biologically active complexing and analytical
reagents [16–20]. Due to the feasibility of the synthesis of for-
mamidine ligands, different studies involve the development of
formamidine based ligands to get more biologically active ligands.
Ligands with different coordinating atoms (N and S) can interact
with soft and hard Lewis acid metal centers through either the N
or S atoms, or both, giving dimers, linkage isomers or polymeric
structures.

Co(II) metal is essential for human metabolism and it plays a
vital role (within vitamin B12) in DNA synthesis. Co(II) complexes
also exhibit biological activities, like antitumor activity for leuke-
mia and lymphoma cell lines [21] and antimicrobial activity [22].
Density Functional theory (DFT) has been used to study the elec-
tronic structures together with the vibrational and absorption
spectra of metallic complexes [23–27].

Cu(II) metal exists in enzymes in biological systems [28] and its
metal complexes exhibit several biological activities, like antineo-
plastic activity [29] and antifungal/antibacterial [30] and antitu-
mor activities [31]. Cu(II) metal complexes with N, O and S donor
based ligands show good antitumor activities due to their strong
binding abilities with the DNA base pair [32,33]. The Cu(II) ion acts
as an intermediate Lewis acid and it can interacts with N and S
atoms with a higher tendency towards the nitrogen atom [34–
37] and is expected to form metal complexes with the for-
mamidine ligand.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2018.12.020&domain=pdf
https://doi.org/10.1016/j.poly.2018.12.020
mailto:asoliman@sci.cu.edu.eg
mailto:maa580@york.ac.uk
https://doi.org/10.1016/j.poly.2018.12.020
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly


214 A.A. Soliman et al. / Polyhedron 161 (2019) 213–221
In continuation of our previous studies on formamidine ligands
[38–40], we report here the structures of trans cobalt and copper
complexes with two different formamidine ligands. DFT calcula-
tions were performed in order to highlight the relationship
between the structures and electronic properties of the complexes.
The structures of the formamidine ligands are given in Scheme 1.
2. Experimental

2.1. Materials and physical measurements

All the chemicals used in this study were of the highest purity
available. The infrared spectra of the compounds were recorded
using a Jasco FT-IR – 460 plus (range 400–4000 cm�1). UV–Vis
spectra were recorded using an Optizen UV–Vis spectrophotome-
ter with a 1 cm path length quartz cell. 1H NMR spectra were
recorded in DMSO-d6 using a Varian-Oxford Mercury VX-300
NMR (300 MHz) spectrometer.

2.2. X-ray crystal structure determination of the complexes

The crystals were obtained by recrystallization of the com-
plexes from ethanol by slow evaporation. The crystal data were
collected on a Nonius Kappa-CCD area detector diffractometer
[41] equipped with graphite monochromated Mo Ka radiation
(k = 0.71073 Å). All calculations were performed using the MAXUS
crystallographic software package (Bruker Nonius, Delft & MacS-
cience, Japan). The structures of the Cu(II) and Co(II) complexes
were solved by the direct method and refined by the full-matrix
least-squares method on F2. The non-hydrogen atoms have been
refined anisotropically. The H-atoms were placed in calculated
positions and refined isotropically with a riding model. Atomic
scattering factors were taken from the International Tables for
Crystallography [42]. Molecular graphics for the complexes are
from ORTEP [43]. A summary of the crystal data and refinement
results of [Cu(L1)2Cl2] and [Co(L2)(H2O)2](NO3)2 is listed in Table 1.
The molecular structures and crystal packing diagrams are given in
Figs. 1–4.

2.3. DFT calculations

The molecular structures of the complexes in the ground state
were computed with DFT using the UB3LYP correlation functional
[44,45] in addition to the 6-31G(d+) basis set [46,47] using GAUSSIAN

09 [48] in the gas phase and the output files were viewed by the
GaussView 05 program. The X-ray structural data of the complexes
were used to generate the initial structures of the prepared com-
plexes. The optimized complexes were subjected to a frequency
calculation at the DFT level. The electronic spectra of the ligands
and complexes were calculated with the TD-DFT method. The opti-
mized geometries of the prepared complexes and ligands are
shown in Figs. S1–S4. Selected bond angles, bond lengths and
atomic charges of the compounds are listed in Tables S12 and S2.
The infrared vibrational band assignments of the ligands and com-
(Z)-N'-(benzo[d]thiazol-2-yl)-N,N-dimethylformamidi

Scheme 1. The form
plexes have been made using the GaussView molecular visualiza-
tion software.

2.4. Evaluation of the antitumor activity

The cytotoxicity testing was carried out using a rapid colorimet-
ric assay for cellular growth and survival [49]. The human breast
cancer cell line (MCF-7 cells), human colon carcinoma cell line
(HCT-116 cells), human hepatocellular cancer cell line (HepG-2
cells), HEP-2 (larynx carcinoma cells) and HELA (cervical carci-
noma cells) were used as cell lines to test for the cytotoxicity of
the complexes under study. All cell lines were obtained from the
Tissue Culture Unit (Vacsera). The tumor cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) or RPMI-1640,
depending on the type of cell line, supplemented with 10% heat-
inactivated fetal bovine serum, 1% L-glutamine, HEPES buffer and
50 mg/ml gentamycin. The cells were incubated at 37 �C in a
humidified atmosphere with 5% CO2 and were sub cultured two
times a week during the experimentation. The cytotoxicity exper-
iments were repeated three times to get the best statistical results.
The experiments were carried out in the Tissue Culture Unit at the
Regional Centre for Mycology and Biotechnology RCMB, Al-Azhar
University, Cairo, Egypt.

2.5. Synthesis of the formamidine ligands

A mixture of dimethoxy-N-dimethylmethanamine (0.238 g,
2.0 mmol) and either of benzothiazole-2-amine (L1) or pyridine-
2-amine (L2) (0.188 g, 2 mmol) were mixed together in toluene
and heated to reflux for 8 hours (Schemes 2 and 3) [50]. The color
of the reaction mixture changed from transparent to white, and a
precipitate was formed. The reaction mixture was cooled and the
solvent was rotatory evaporated. The isolated white ligand was
washed several times with methyl alcohol. The ligand was left to
dry at room temperature under a vacuum. The isolated precipitate
was found to be soluble in most common solvents (ethyl alcohol,
benzene, toluene, tetrahydrofurane, dioxane, hexane and
dimethylformamide). It is worth mentioning that L2 is formed with
the removal of the dimethyl groups; Scheme 1.

L1: Anal. Calc. for C10H11N3S (205.28), Calc.: C, 58.51; H, 5.40; N,
20.47; Found: C, 58.32; H, 5.28; N, 20.18 %. IR (KBr, cm�1): 3018–
2920 m(CAH), 1620 m(C@N), 1242 m(CAN). 1H NMR (d, ppm): 8.37
s (1H; CH aldimine), 7.17–7.71 m (4H; Ph), 3.08–3.13 m (6H;
2CH3).

L2: Anal. Calc. for C6H7N3 (121.19), Calc.: C, 59.41; H, 5.82; N,
34.66; Found: C, 59.32; H, 5.74; N, 34.70%. IR (KBr, cm�1): 3043–
2916 m(CAH), 1631 m(C@N), 1265 m(CAN). 1H NMR (d, ppm): 8.07
s (1H; CH aldimine), 6.49–7.19 m (4H; 4CH pyridine), 2.62–2.67
m (6H; 2CH3).

2.6. Synthesis of the [Cu(L1)2Cl2] and [Co(L2)2(H2O)2](NO3)2 complexes

The ligand L1 (0.21 g, 1.0 mmol) was dissolved in 10 mL of etha-
nol and gradually added to CuCl2�H2O (0.17 g, 1.0 mmol), also dis-
solved in 10 mL of ethanol. The mixture was left in a refrigerator
ne (L1)              N-(pyridin-2-yl)formamidine (L2) 

amidine ligands.



Table 1
X-ray structural data.

Compound HOMO LUMO v g r Pi DE x DNmax

L1 �0.20 �0.048 0.127 0.079 12.64 �0.127 0.158 0.103 1.61
L2 �0.22 �0.028 0.125 0.097 10.31 �0.125 0.194 0.081 1.29
[Cu(L1)2Cl2] �0.23 �0.063 0.146 0.083 11.97 �0.146 0.167 0.128 1.75
[Co(L2)(H2O)2](NO3)2 �0.25 �0.085 0.167 0.082 12.12 �0.167 0.165 0.170 2.03

Fig. 1. ORTEP diagram of [Cu(L1)2Cl2].

Fig. 2. Packing of [Cu(L1)2Cl2].
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for several weeks, after which monoclinic blue crystals of [Cu
(L1)2Cl2] separated out. The [Co(L2)(H2O)2](NO3)2 complex was pre-
pared in a similar way, mixing ligand L2 (0.12 g, 1.0 mmol) with Co
(NO3)2�6H2O (0.29 g, 1.0 mmol). The complexes were filtered off
and dried.
[Cu(L1)2Cl2]: Anal. Calc. for C10H11Cl2N3SCu, Calc.: C, 35.32; H,
3.24; N, 12.36; Found: C, 35.54; H, 3.21; N, 12.14%. IR (KBr,
cm�1): 1636 m(C@N), 1292 m(C@N), 427 m(CuACl), 361 m(CuAN).

[Co(L2)2(H2O)2](NO3)2: Anal. Calc. for C6H11N5O8Co, Calc.: C,
21.17; H, 3.23; N, 20.58, Found: C, 21.01; H, 3.14; N, 20.64%. IR
(KBr, cm�1): 1655 m(C@N), 1277 m(C@N), 536 m(CoAO), 434 m
(CoAN).
3. Results and discussion

3.1. Spectroscopic data

The IR spectra of the Co(II) and Cu(II) complexes were compared
with those of the free ligands in order to investigate any change in
the vibration frequencies upon coordination with the metal cen-
ters. All the characteristic peaks of the ligands and the complexes
are given in Table S3. The IR spectrum of N0-(benzothiazol-2-yl)-
N,N-dimethylformamidine (L1) (Fig. S5) shows a characteristic
band at 1279 cm�1 which is assigned to the stretching vibration
of the CAN group. A strong band appears at 1619 cm�1, which
could be due to the stretching frequency of the (C@N) group. These
CAN and C@N stretching bands remain in the spectrum of the
complex but are shifted to 1292 and 1636 cm�1; respectively
[51], indicating the involvement of these groups in coordination
with the Cu(II) ion. The Cu(II) complex also shows also a character-
istic peak at 512 cm�1, which is assigned to the CuAN bond [52].
This coordination mode was also confirmed by the X-ray crystal
structure. The theoretical vibrational spectrum of the copper com-
plex is in good agreement with the experimental one, as shown in
Figs. S5 and S6. The calculated C@N strong absorptions occurs at
1672 cm�1 for the copper complex and this value is in agreement
with the corresponding experimental one, with an error percent-
age of less than 2%. Similarly, the calculated peak due to the CAN
modes of the ligand appears at 1275 cm�1, falling within the exper-
imental range. The experimental absorption spectrum of the ligand
L1(Fig. S7) shows two bands at 265–270 nm, which may be attrib-
uted to the p? p* and n? p* transitions. The absorption spectrum
of the copper complex (Fig. S8) also shows a peak at 445 nm
(22,472 cm�1) which may be attributed to the 2B2g ?

2B1g transi-
tion for the square planar geometry of the copper complex [53].
The electronic data of L1 and the copper complex are listed in
Table S4.

The IR spectrum of the N-(pyridin-2-yl)formamidine ligand (L2)
(Fig. S9) shows characteristic peaks at 1239 and 1629 cm�1 which
are assigned to the stretching vibration of the CAN and (C@N)
bands, respectively. Upon coordination with the Co(II) ion, the
CAN and C@N bands are shifted to higher frequencies at 1279
and 1641 cm�1, respectively, indicating the involvement of these
groups in coordination [51]. This coordination mode was also con-
firmed by the X-ray crystal structure. [Co(L1)2(H2O)2](NO3)2 also
shows characteristic peaks at 536 and 434 cm�1 which are
assigned to CoAO and CoAN, respectively [52]. The experimental
and theoretical vibrational spectra of the cobalt complex (Figs. S9
and S10) are in good agreement, as shown in Table S3. The theoret-
ical IR data fall within the experimental ranges with a relative error
in the range �0.01–0.145 cm�1. The electronic spectrum of the L2



Fig. 3. ORTEP diagram of the [Co(L2)(H2O)2](NO3)2 complex.

Fig. 4. Packing of [Co(L2)(H2O)2](NO3)2.
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ligand shows two bands at 270 and 315 nm (Fig S11) which may be
attributed to the p? p* and n? p* transitions, respectively. The
electronic data of the Co(II) complex are listed in Table S4. The
spectrum of the Co(II) complex [Co(L2)2(H2O)2](NO3)2 shows two
additional bands at 530 nm (18,868 cm�1) and 505 nm
(19,802 cm�1) in the UV–Vis spectrum (Fig. S12) which are attrib-
uted to the 4T1g(F)? 4A2g(F) and 4T1g(F)? 4T1g(P) transitions,
respectively, confirming the octahedral structure of the cobalt(II)
complex [54].

3.2. Crystal structure description

All diagrams and calculations were performed using maXus
(Bruker Nonius, Delft & MacScience, Japan) [55–59]. The crystal
data and structure refinement are given in Table 1. The crystal
structure of the Cu(II) complex consists of monomeric species
(Figs. 1 and 2). The compound crystallizes in the space group
P21/c, a = 8.5987(3) Å, b = 15.9778(6) Å, c = 10.6308(7) Å,
V = 1321.07(11) Å3, Z = 4, with the Cu(II) center having a distorted
square planar structure. The ligand L1 is coordinated to the Cu(II)
center in a monodentate mode via the N4 atom. The chloride anion
is also coordinated as a monodentate ligand. Selected bond length
and angle data are collected in Table S1. The CuACl (2.2766 Å) and
CuAN (1.964 Å) bond lengths are similar to those found in other Cu
(II) complexes (reported values for CuACl bonds ranged between
2.33 and 2.25 Å, while those for CuAN bonds ranged between
1.98 and 2.01 Å) [53]. The values of the ClACuAN bond angles ran-
ged between 89.63 and 90.37�, showing small deviations from the
ideal values for a square planar geometry, which may arise from
the different sizes of the coordinated ligands.

The crystal structure of the Co(II) complex consists of mono-
meric species (Figs. 3 and 4). The compound crystallizes in the
space group P21/c, a = 7.9187(2) Å, b = 10.8117(4) Å, c = 11.6687
(5) Å, V = 902.13(6) Å3, Z = 4, with the Co(II) ion at the center of a
distorted octahedral structure. The ligand L2 is coordinated to the
cobalt ion as bidentate via the N5 and N6 atoms, forming a 6-mem-
bered chelate, while water is coordinated as a monodentate ligand.
Selected bond length and angle data are given in Table 2. The CoAO
bond lengths (2.073 Å) are comparable with Co-O distances
reported in the literature (2.067–2.122 Å) [60,61]. The CoAN bond
length for the pyridine nitrogen atom of 2.121 Å is slightly longer
than that of the imine nitrogen atoms (2.066 Å), whilst both of
them are similar to those reported in the literature (2.142 Å for a
CoAN pyridine bond and 1.976 Å for a CoAN imine bond)
[62,63]. The single crystal X-ray diffraction study of the cobalt
complex shows the existence of hydrogen bonding between the
uncoordinated nitrate anion and the hydrogen atom of the coordi-
nated water molecule, O(2)-H2A� � �O(11) and O(2)-H2B� � �O(7),
with bond lengths of 2.047 and 1.990 Å respectively; such interac-
tions help in packing the complex within the unit cell and
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influences the space group; Table S5 [53]. This packing structure
indicates that molecules of the cobalt complex are linked together
via the OAH∙∙∙O hydrogen bonds. The values of O2-Co-N5 range
between 88.92 and 91.07�, showing small deviations from those
of an ideal octahedral geometry.
3.3. Theoretical studies

The molecular structures of the singlet ground state of the com-
plexes were carried out with DFT using the UB3LYP correlation
functional [41,42], in addition to the 6-31G(d+) basis set [43,44],



Table 2
The calculated quantum chemical parameters of the ligands and their complexes.

[Cu(L1)2Cl2] [Co(L2)(H2O)2](NO3)2

C10H10ClCuN3S Dx = 1.525 Mg m�3 C6H9CoN4O4 Dx = 1.915 Mg m�3

Mr = 303.274 Mo Ka radiation Mr = 260.095 Mo Ka radiation
Monoclinic k = 0.71073 Monoclinic k = 0.71073
P21/c Cell parameters from 2664 P21/c Cell parameters from 2029
a = 8.5987(3) Å h = 2.910–27.485� a = 7.9187(2) Å h = 2.910–27.485�
b = 15.9778(6) Å l = 1.99 mm�1 b = 10.8117(4) Å l = 1.90 mm�1

c = 10.6308(7) Å T = 298 K c = 11.6687(5) Å T = 298 K
a = 90.00� Prismatic a = 90.00� Prismatic
b = 12. (18) � 101� Dark green b = 12. (18)x 101� Orange
c = 90.00� Crystal source: Local laboratory c = 90.00� Crystal source: Local laboratory
V = 1321.07(11) Å3 Refinement on F2 V = 902.13(6) Å3 Refinement
Z = 4 Full matrix least squares refinement Z = 4 Refinement on F2

Data collection Data collection Full matrix least squares refinement
Absorption correction: none R(all) = 0.099 Absorption correction: none
5221 measured reflections R(gt) = 0.050 3756 measured reflections R(all) = 0.061
3358 independent reflections wR(ref) = 0.101 2166 independent reflections R(gt) = 0.046
1799 observed reflections wR(all) = 0.111 1643 observed reflections wR(ref) = 0.093
Criterion: I > 3.00 sigma(I) wR(gt) = 0.101 Criterion: I > 3.00 sigma(I) wR(all) = 0.095
Rint = 0.026 S(ref) = 1.888 Rint = 0.021 wR(gt) = 0.093
hmax = 27.48� S(all) = 1.857 hmax = 27.51� S(ref) = 1.492
h = �11? 11 S(gt) = 1.893 h = �10? 10 S(all) = 1.440
k = �20? 18 1797 reflections k = �12? 14 S(gt) = 1.492
l = �13? 13 160 parameters l = �15? 15 1641 reflections
h = 0? 11 0 restraints h = 0? 10 133 parameters
k = 0? 20 Only coordinates of H atoms k = 0? 14 0 restraints
l = �13? 12 refined l = �15? 13 Only coordinates of H atoms refined
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using Gaussian 09 (Institutional copy of the Faculty of Science,
Cairo University) [45] in the gas phase and the output files were
viewed by the GaussView 05 program. The optimized geometries
of the ligands and complexes are given in Figs. S1–S4. Different
quantum parameters were calculated to focus on the stability of
the prepared complexes compared to those of the prepared
ligands. TD-DFT (time-dependent density functional linear
response theory) calculations were made to investigate the UV–
Vis spectra of the complexes. Frequency calculations were per-
formed using the optimized structures. The absence of negative
frequencies confirms the full optimization of the complexes. The
optimization data were in good agreement with the values of
experimental X-ray data. Selected bond lengths and angles, com-
pared to the experimental ones, are listed in Tables S1 and S2.
The differences between the experimental and theoretical values
are expected as the calculations were made in the gas phase. In
the copper complex, the Cu-Cl bond length was 2.3257 Å, which
is larger than the CuAN bond length (2.033 Å), due to the large
atomic radius of the Cl atom compared to that of the N atom.
The bond angles surrounding the Cu(II) ion, ranging between
89.38 and 90.61�, indicate a slight distortion in the square planar
geometry. Such a distortion may be due to the bulky formamidine
ligands [35–37]. The bond angles between the Co(II) ion and the
surrounding atoms of the water and formamidine ligands, varying
from 87.55� to 92.45�, and the dihedral angles (179.98�) are devi-
ated from those of a perfect octahedron (90�, 180�), indicating dis-
torted octahedral structures. The determination of the atomic
charges was used to study the electronic properties of the molecu-
lar systems. In the Cu(II) complex, there are three nitrogen atoms
in the L1 ligand with charge densities ranging from �0.429 to
�0.644 (Fig S1). It was observed that the electron density on the
coordinated nitrogen atom N4 increased after coordination due
to MLCT – charge transfer from the copper ion to the p* orbitals
of the ligand. It is worth noting that the Cu(II) ion is coordinated
to the nitrogen atom rather than the sulfur atom in this mode of
coordination due to the fact that the sulfur atom possesses a pos-
itive charge, unlike the nitrogen atom which has a negative charge
localized on it.
In the cobalt complex, there are three nitrogen atoms in the L2
ligand with charge densities ranging between �0.690 and �0.500
(Fig S2). The Co(II) ion is coordinated to two nitrogen atoms (the
nitrogen atom of a pyridyl group and the terminal nitrogen atom)
in order to form a stable six membered ring including the cobalt
ion; X-ray data confirm this suggested geometry. The electronic
spectra of the ligands and the complexes were simulated in a vac-
uum environment. The excitation energies along with oscillator
strengths for the complexes have been computed using the TD-
DFT/6-31G*(d)/(U)B3LYP level of theory, with the calculations at
the doublet level (S = 1/2) for the two complexes. The values for
the excitation energies and oscillator strengths, along with the
major transitions, are tabulated in Table S4. The energy diagrams
of the complexes are shown in Figs. 5 and 6. The simulated and
experimental electronic spectra of the complexes and ligands are
shown in Figs. S7, S8, S11 and S12. The ligand L1 showed peaks
in DMF at 320 and 275 nm, while the ligand L2 showed peaks at
315 and 270 nm. These energy bands are assigned to a mixture
of ILCT (n -> p* and p -> p*), Table S4. In the copper complex, three
low intensity peaks are obtained at 535 (MLCT), 445 (d-d transi-
tion) and 395 nm (LMCT), along with sharp bands at 290–360 nm
(ILCT). In the cobalt complex, three low intensity peaks are
obtained at 530 (d–d transition) and 505 nm (MLCT), along with
sharp bands at 275–335 nm (ILCT).

The quantum chemical parameters of the formamidine ligands
and complexes have been studied (Table 2). The calculated param-
eters include EHOMO, ELUMO, the energy gap (DE), absolute elec-
tronegativitiy (v), chemical potentials (Pi), absolute hardness (g),
absolute softness (r), global electrophilicity (x), global softness
(S) and additional electronic charge (DNmax) [61–66]. In a complex-
ation reaction, the metal usually acts as a Lewis acid (electron
acceptor) and the ligand behaves like a Lewis base (electron
donor). It is noted that the L1 ligand possess a good softness r value
for coordinating the copper ion efficiently [67], the chemical
potential Pi value also supports this suggestion. The frontiers
molecular orbitals (HOMO and LUMO) determine the method of
interaction for a compound with other species and they are key
for studying the chemical reactivity of ligands and complexes.



Fig. 5. HOMO�LUMO diagrams of the two complexes.

Fig. 6. The energy (eV), character and some contours of the molecular orbitals of the [Cu(L1)2Cl2] complex.
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Negative charges of both the HOMO and LUMO energy levels sug-
gest the stability of both the ligand and complex [68]. The HOMO-
�LUMO diagrams of the copper and cobalt complexes are shown in
Fig. 7 and the energy gaps are equal to 4.60 and 4.75 eV, respec-
tively; these energy gaps indicate that the two complexes are
stable transition metal complexese [69].

Natural Bond Orbital (NBO) calculations [70] were performed at
the B3LYP/6-31G(d+) level of theory. According to the NBO analysis
for the copper complex, the electronic configuration of the Cu atom
is: [core] 4s0.41 3d9.42 4p0.45 4d0.01 5p0.02, 18 core electrons, 10.27
valence electrons and 0.0334 Rydberg electrons, which gives a total
of 28.26 electrons and a +0.688 charge on the Cu atom. From the
NBO analysis for the cobalt complex the electronic configuration
of the Co atom is: [core]4s0.26 3d7.63 4p0.40 4d0.05, 18 core electrons,
8.29 valence electrons and 0.0524 Rydberg electrons, which gives a
total of 43.84 electrons and a +0.661 charge on the Co atom. The
occupancies of the Co 3d orbitals are: dxy 0.953, dxz 0.977, dyz

0.862, dx
2
-y
2 0.518 and dz2 0.966. The formal charges on the donor

atoms show that the electron distribution is not limited to the coor-
dination bonds as the values of the computed formal charges of Cu
(0.688 a.u.) and Co (0.661 a.u.) are smaller than +2. Such a decline
in the charge value is expected upon complexation, with charge
transfer from the metal centers to the ligands (MLCT) [70]. The
molecular electrostatic potentials (MEPs) were used to show the
electrophilic and nucleophilic moieties of the ligand. In the MEPs,
the more reddish regions are regions with more negative parts of



Fig. 7. The energy (eV), character and some contours of the molecular orbitals of
the [Co(L2)(H2O)2](NO3)2 complex.
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the compound. The MEPs explain why the coordination of the
ligands to the metals ions happen in this way (Figs. S15–S17). In
the case of the L2 ligand, the electron density is between the two
nitrogen atoms. The cobalt ion is chelated to the ligands through
these two nitrogen atoms because of the fact that the region
between the two nitrogen atoms is more negative than any other
regions in the ligand. In the L1 ligand, the more negative region (red-
dish) is on the nitrogen atom N4 and that explains the reason why
the copper ion is coordinated to it.
3.4. Evaluation of the antitumor activity using a viability assay

The cytotoxic activities of the ligands and complexes were
investigated in vitro against human breast adenocarcinoma
(MCF-7), liver carcinoma (HEPG-2) and colon carcinoma (HTC-
116) cell lines. The IC50 value, defined as the drug concentration
causing a 50% reduction in cellular viability, was calculated for
each ligand and complex. The IC50 values (lg) of the tested ligands
and complexes were compared with doxorubicin as a standard and
the results are shown in Table 3 [35]. The cobalt complex showed
higher IC50 values (less cytotoxicity) compared to the L1 ligand for
all the cell lines, and this may be attributed to the fact that the
complex is charged and not neutral, thus there is a difficulty for
passive diffusion into the cells. In contrast, the trans-copper com-
plex showed lower IC50 values compared to the L2 ligand; this is
may be due to its neutrality and the presence of the chloride anion
as a leaving group. Many trans-complexes of platinum [71,72], tita-
nium [73] and copper [74] showed cytotoxic activity by different
binding mechanisms than cis-platin. Preclinical studies in both
murine and human tumor cell lines have identified the biochemi-
cal mechanisms affecting acquired resistance and cytotoxicity [72].
Table 3
IC50 values of the formamidine ligands and the metal complexes.

IC50 lg/well (lmole/well)

MCF-7 HCT-116 HepG-2

L1 5.09 (0.012) 5.23 (0.012) 8.32 (0.019)
L2 1.35 (0.003) 1.47 (0.005) 0.83 (0.002)
[Cu(L1)2Cl2] 1.12 (0.0020) 2.66 (0.0048) 0.78 (0.0014)
[Co(L2)(H2O)2](NO3)2 21.9 (0.047) 23.8 (0.051) 20.4 (0.044)
Ref. (Doxorubicin) 0.44 (0.0008) 0.47 (0.0008) 0.467 (0.0008)
These may be grouped into three broad classes, (a) differential
uptake and/or efflux, (b) modulation of the platinum-DNA interac-
tion, with subsequent effects on either the synthesis of DNA or
repair capacity for the platinum-DNA lesions, and (c) enhanced
sequestering of platinum by intracellular thiols, such as GSH and
metallothionein.
4. Conclusion

Two new formamidine ligands and their homoleptic copper and
cobalt complexes were prepared. The geometries of the complexes
were confirmed using X-ray diffraction. Both the ligands and the
complexes showed cytotoxic activity and the copper complex
was more active compared to the ligand. The electronic structures
and spectral properties of the ligands and the complexes have been
explained by DFT and TD-DFT calculations.
Appendix A. Supplementary data

CCDC 1867161 and 1867162 contains the supplementary crys-
tallographic data for [Co(L2)2(H2O)2](NO3)2 and [Cu(L1)2Cl2]. These
data can be obtained free of charge via http://www.ccdc.cam.ac.
uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
poly.2018.12.020.
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