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a b s t r a c t

The copper(I) coordination compounds of general formula [CuBr(PPh3)(N^N)] (N^N = 2,20-bipyridine (1),
1,10-phenanthroline (2), 4,40-dimethyl-2,20-bipyridine (3), 4,40-dimethoxy-2,20-bipyridine (4), 3-(2-pyri-
dyl)-4,5-diphenyl-1,2,4-triazine (5), 4,7-diphenyl-1,10-phenanthroline (6), 5-nitro-1,10-phenanthroline
(7), dipyrido[3,2-a:20 ,30-c]phenazine(8)) have been synthesized and characterized by elemental analysis,
31P NMR spectroscopy and mass spectrometry. The structure of 5 and 7 were confirmed by X-ray crystal-
lography. 5 is the second example to be reported with an unusual 4 N-triazine-ligated coordination mode
of the 3-(2-pyridyl)-4,5-diphenyl-1,2,4-triazine. Calculated energies of the two possible bidentate modes
of the ligand (2 N- and 4 N-triazine) at the copper center showed no significant difference, consistent with
the absence of the steric hindrance at the metal center. Preliminary biological studies were conducted,
highlighting the effect of the diimine ligands. 5 and 8 exhibited good cytotoxicity against prostate
(PC-3), leukemia (MOLT-4) and breast (MCF-7) cancer cell lines, consistent with the presence of nitrogen
heteroatoms and extended delocalized systems correlating with strong cytotoxic performance. Binding
affinity studies against ct-DNA and docking studies with B-DNA and MDM2 protein highlighted the
strong p interactions of 5 and 8, with the planarity of the diimine ligand of the latter contributing to
its better binding and cytotoxicity. The present results afford structural design requirements for new
copper(I) coordination compounds with enhanced biological/physiochemical properties.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Drug resistance and severe side-effects are well-known prob-
lems associated with platinum-based anticancer drugs [1,2] that
have motivated extensive research in developing alternative
metal-based therapeutic agents [3,4]. The cisplatin mechanism of
action involves interference with DNA replication, interference
with transcription, and modification of chromatin [5,6]. Therefore,
development of new metal-based drugs is directed toward finding
different metals and ligands that can non-covalently bind to DNA,
aiming to reduce toxicity and enhance the therapeutic efficacy [7].
Among several modes of non-covalent binding, intercalation has
received special interest in cancer therapy due to the potential
to obstruct DNA replication and control the growth of cancer cells
[8]. Polypyridyl ligands can bind to DNA in a non-covalent manner
[9]. Hence, they are among the most used ligands in designing
intercalating coordination compounds with promising anticancer
properties [10].

In this context, copper polypyridyl coordination compounds
have been of significant interest in DNA binding and cancer treat-
ment, since copper ions play a key role in various biochemical
processes [11]. Early work by Sadler and coworkers described
the cytotoxic activities of copper(II) coordination compounds
with salicylate and diimine ligands [12]. In a subsequent report,
[Cu(phen)(LL-threonine)(H2O)]+ was shown to exhibit strong
cytotoxic effects against human leukemia (HL-60) and human
stomach cancer (SGC-7901) cell lines, DNA binding by intercalation
being observed for this coordination compound [13]. A set of com-
pounds of general formula [Cu(O,N,N,O-HOCH2CH2NHCH2CH2N =
CHC6H4O-2)(diimine)]+ was assessed as potential anticancer
agents, the IC50 values revealing that the example containing
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3,4,7,8-tetramethyl-1,10-phenanthroline exhibits anticancer activ-
ity superior to cisplatin against human cervical epidermoid carci-
noma cell line (ME180) [14]. A series of copper(II) polypyridyl
compounds of general formula [Cu(diimine)2(H2O)]2+ showed
cytotoxicity towards several cancer cell lines, possibly through
the formation of intracellular reactive oxygen species (ROS) and
induction of apoptosis [15].

Recently, the interest in copper therapeutics has extended to
the copper(I) polypyridyls. Copper(I) requires the use of soft
ligands such as phosphines or carbenes to stabilize its coordination
compounds by formation of strong metal-L bonds, exploiting the
r-donor and p-acceptor ability. Several copper(I) coordination
compounds involving P-donor ligands have been reported to show
significant cytotoxic activity. Coordination compounds of general
formula CuBr(PR3)(phen) showed cytotoxic activity against a vari-
ety of cancer types including cisplatin-resistant phenotypes [16–
18]. The effect of the phosphines on the anticancer, DNA binding,
and physiochemical properties has been highlighted [16–18].

Motivated by our previous study with the anticancer-active
CuBr(PPh3)(phen), our strategy in the current work is to assess
the impact on DNA binding and anticancer activities of replace-
ment of the phenanthroline with other polypyridyl ligands (poten-
tial DNA intercalating agents). In this paper, eight copper(I)
compounds (Fig. 1) are reported, their interaction with DNA has
been assessed spectroscopically, and their activity against four
tumor cell lines has been evaluated. Docking studies have been
undertaken to rationalize the DNA-binding and anticancer
activities.
2. Experimental section

2.1. Chemicals and reagents

The HPLC grade solvents were used without further purifica-
tion. 4,40-Dimethyl-2,20-bipyridine, 4,40-dimethoxy-2,20-bipyridine,
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine, 4,7-diphenyl-1,10-
phenanthroline, and 5-nitro-1,10-phenanthroline were obtained
commercially and used as received. CuBr(PPh3)3 was prepared
according to the literature [19] by stirring copper(II) bromide with
ca. four molar equivalents of triphenylphosphine in refluxing etha-
nol under a nitrogen atmosphere. The product was obtained as a
white precipitate after a few minutes. The known coordination
compounds CuBr(PPh3)(2,20-bipyridine) (1) [20] and CuBr(PPh3)
(1,10-phenanthroline) (2) [21] were synthesized in accordance
with established procedures. The dipyrido[3,2-a:20,30-c]phenazine
Fig. 1. Synthesis of coordina

2

(dppz) was prepared by the literature procedure [22] from the
reaction of 1,10-phenanthroline-5,6-dione and o-phenylene dia-
mine in refluxing ethanol.
2.2. Methods and instrumentation

Infrared spectra were recorded for powder samples of the com-
pounds using a Bruker Alpha FT-IR; peaks are reported in cm�1. 31P
NMR (242 MHz) spectra were recorded using a Bruker Avance
600 MHz spectrometer. The spectra are referenced to external
H3PO4 (0.0 ppm, 31P). High-resolution electrospray ionization
(ESI) mass spectra were recorded using an Agilent Q-TOF 6520
instrument; all mass spectrometry data are reported as m/z.
Absorption spectroscopy was performed using a MultiSpec-1501
UV–VIS spectrophotometer and 1 cm path-length quartz cells;
bands are reported in the form: wavelength (nm).
2.3. Synthesis and characterization

2.3.1. General procedure for the synthesis of copper(I) compounds
Equimolar amounts of CuBr(PPh3)3 and the diimine ligand were

stirred under nitrogen atmosphere in the appropriate amount of
dichloromethane. The colorless solution turned yellow, orange or
brown in a few minutes and was left stirring for 2 h. The reaction
solution was then reduced in volume and 50 mL petroleum spirit
(40–60 �C boiling point range) was added, leading to the precipita-
tion of the product. The product was collected by filtration, washed
with diethyl ether, and dried.

CuBr(PPh3)(4,40-dimethyl-2,20-bipyridine) (3). 4,40-Dimethyl-
2,20-bipyridine (0.118 g, 0.642 mmol) and CuBr(PPh3)3 (0.596 g,
0.642 mmol) were reacted to yield 3 as a yellow powder
(0.258 g, 73%). HR ESI MS [C30H27

79Br63CuN2P]+: calcd 588.0491,
found 588.0471; [C30H27

81Br63CuN2P]+: calcd 590.0491, found
590.0435. Anal. Calcd for C30H27BrCuN2P: C, 61.07; H, 4.61; N,
4.75%; found: C, 60.23; H, 4.19; N, 4.26%. IR (solid): 522 cm�1 m
(P-Cu), 500 cm�1 m(Cu–N). 31P NMR d: 31.5 (s, P(C6H5)3).

CuBr(PPh3)(4,40-dimethoxy-2,20-bipyridine) (4). 4,40-
Dimethoxy-2,20-bipyridine (0.107 g, 0.494 mmol) and CuBr
(PPh3)3 (0.460 g, 0.494 mmol) were reacted to yield 4 as a yellow
powder (0.148 g, 48%). HR ESI MS [C30H27

79Br63CuN2O2P]+: calcd
620.0389, found 620.106; [C30H27

81Br63CuN2O2P]+: calcd 622.0369,
found 622.0849. Anal. Calcd for C30H27BrCuN2O2P: C, 57.93; H,
4.38; N, 4.50%; found: C, 58.41; H, 4.71; N, 4.27%. IR (solid):
521 cm�1 m (P-Cu), 489 cm�1 m (Cu–N). 31P NMR d: 29.5 (s, P
(C6H5)3).
tion compounds 1 – 8.
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CuBr(PPh3)(3-[2-pyridyl]-5,6-diphenyl-1,2,4-triazine) (5).
CuBr(PPh3)3 (0.203 g, 0.218 mmol) and 3-(2-pyridyl)-5,6-diphe-
nyl-1,2,4-triazine (0.071 g, 0.229 mmol) were reacted to yield 6
as a brown powder (0.127 g, 81%). HR ESI MS [C38H29

79Br63CuN4P]+:
calcd 712.0804, found 712.0910; [C42H31

81Br63CuN4P]+: calcd
714.0784, found 714.0890. Anal. Calcd for C38H29BrCuN4P: C,
63.74; H, 4.08; N, 7.82%; found: C, 63.98; H, 3.91; N, 7.46%. IR
(solid): 525 cm�1 m (P-Cu), 487 cm�1 m(Cu–N). 31P NMR d: 30.4
(s, P(C6H5)3).

CuBr(PPh3)(4,7-diphenyl-1,10-phenanthroline) (6). 4,7-
Diphenyl-1,10-phenanthroline (0.106 g, 0.319 mmol) and CuBr
(PPh3)3 (0.296 g, 0.318 mmol) were reacted to yield 6 as an orange
powder (0.202 g, 86%). HR ESI MS [C42H31

79Br63CuN2P]+: calcd
736.0804, found 736.1240; [C42H31

81Br63CuN2P]+: calcd 738.0708,
found 738.1005. Anal. Calcd for C42H31BrCuN2P: C, 68.34; H, 4.23;
N, 3.80%; found: C, 68.09; H, 3.91; N, 3.36%. IR (solid): 522 cm�1

m (P-Cu), 489 cm�1 m (Cu–N). 31P NMR d: 30.2 (s, P(C6H5)3).
CuBr(PPh3)(5-nitro-1,10-phenanthroline) (7). 5-Nitro-1,10-

phenanthroline (0.107 g, 0.475 mmol) and CuBr(PPh3)3 (0.439 g,
0.472 mmol) were reacted to yield 8 as a bright orange powder
(0.274 g, 92%). HR ESI MS [C30H22

79Br63CuN3O2P]: calcd 629.0029,
found 629.0114; [C30H22

81Br63CuN3O2P]: calcd 631.0009, found
631.0072. Anal. Calcd for C30H22BrCuN3O2P: C, 57.11; H, 3.51; N,
6.66%; found: C, 56.58; H, 3.28; N, 5.92%. IR (solid): 522 cm�1 m
(P-Cu), 501 cm�1 m (Cu–N). 31P NMR d: 30.1 (s, P(C6H5)3).

CuBr(PPh3)(dppz) (8). Dipyrido[3,2-a:20,30-c]phenazine
(0.104 g, 0.409 mmol) and CuBr(PPh3)3 (0.380 g, 0.409 mmol) were
reacted to yield 9 as an orange powder (0.301 g, 84%). HR ESI MS
[C36H25

79Br63CuN4P]: calcd 686.0396, found 686.0146; [C36H25
81Br63-

CuN4P]: calcd 688.0376, found 688.0137. Anal. Calcd for C36H25-
BrCuN4P: C, 62.84; H, 3.66; N, 8.14%; found: C, 62.71; H, 3.48; N,
7.92%. IR (solid): 522 cm�1 m (P-Cu), 496 cm�1 m(Cu–N). 31P NMR
d: 30.6 (s, P(C6H5)3).

2.4. Crystallographic studies

Crystals of 5 and 7 suitable for analysis were obtained by vapor
diffusion of hexane into solutions of the compounds in dichloro-
methane at 7 �C. Crystals were examined under a microscope
and suitable samples were selected and mounted on an Agilent
SuperNova (dual source) Agilent Technologies Diffractometer,
equipped with microfocused Cu/Mo Ka radiation for data collec-
tion. The data collections were accomplished using CrysAlisPro
software [23] at 296 K with Mo Ka radiation. The structure
solutions were performed using SHELXS–97 [24] and refined by
full–matrix least–squares methods on F2 using SHELXL–97 [24],
interfaced with WinGX [25]. All non–hydrogen atoms were refined
anisotropically by full–matrix least-squares methods [24]. The
figures were generated through PLATON [26] and ORTEP [27]
interfaced with WinGX. All hydrogen atoms were positioned
geometrically and treated as riding atoms with CAH = 0.93 Å and
Uiso(H) = 1.2Ueq(C) for all carbon atoms. For 7, disorder correspond-
ing to solvent could not been modelled satisfactorily, so was
removed using Solvent Mask in Olex2. The crystal data were
deposited at the Cambridge Crystallographic Data Centre with
deposition numbers 1,892,006 (5) and 2,007,025 (7 with solvent
suppression using Solvent Mask). Crystal data can be obtained free
of charge from CCDC, 12 Union Road, Cambridge CB21 EZ, UK (Fax:
(+44) 1223 336–033; e-mail: data_request@ccdc.cam. ac.uk).

2.5. DNA binding studies

An aqueous solution of ct-DNA was prepared and the concen-
tration was obtained from the absorbance values at 260 nm using
the reported e value of 6600 M�1 cm�1, with the ratio of absor-
bances at 260 nm to that at 280 nm being 1.8 [28]. Spectroscopic
3

investigations were carried out at pH 7.4 (using a phosphate buf-
fer), keeping the molarity of the compounds at 20 mMwhile succes-
sively changing the concentration of ct-DNA. The photometric
responses were followed after incubating the solutions for 2 min.
From the absorbance values, the binding constants (Kb) of the com-
pounds with ct-DNA were extracted from the Benesi-Hildebrand
equation (Eq. (1)):

Ao= A ��Aoð Þ½ �¼ eg= eh�g�eg
� �� �þ eg= eh�g�eg

� �� ��1= Kb DNA½ �ð Þ� �

ð1Þ
Ao/A � Ao (where Ao and A are the absorbance values of the com-
pounds in the absence and presence of ct-DNA, respectively) was
plotted against 1/[DNA] and the Kb values were calculated from
the ratio of intercept to slope [29].

2.6. Anticancer studies

The cells were delivered by the Egyptian Holding Company for
Biological Products and Vaccines (VACSERA), Giza, Egypt, and then
reserved in the tissue culture unit. The cells were grown in RBMI-
1640 medium, supplemented with 10% heat inactivated FBS, 50
units/mL of penicillin, and 50 mg/mL of streptomycin, and reserved
in a humidified atmosphere containing 5% CO2 [30,31]. The cells
were maintained as monolayer cultures by serial sub-culturing.
Cell culture reagents were sourced from Lonza (Basel, Switzerland).
The anticancer activities of the compounds were evaluated against
MCF-7 cells (breast cancer), HEPG-2 cells (liver cancer), PC-3 cells
(prostate cancer), and MOLT-4 cells (leukemia cancer).

The sulforhodamine B (SRB) assay method was used to deter-
mine the cytotoxicity, as described by Skehan et al. [32]. Exponen-
tially-growing cells were collected using 0.25% Trypsin-EDTA and
seeded in 96-well plates at 1000-2000 cells/well in RBMI-1640
supplemented medium. After 24 h, cells were incubated for 72 h
with various concentrations of the tested compounds. Following
72 h treatments, the cells were fixed with 10% trichloroacetic acid
for 1 h at 4 �C. Wells were stained for 10 min at room temperature
with 0.4% SRBC dissolved in 1% AcOH. The plates were air dried
for 24 h and the dye was dissolved in Tris-HCl for 5 min with
shaking at 1600 rpm. The optical density (OD) of each well was
assessed spectrophotometrically at 564 nm with an ELISA micro-
plate reader (ChroMate-4300, FL, USA). The measurements for each
compound were undertaken three times. The IC50 values were
calculated from a Boltzman sigmoidal concentration response
curve using nonlinear regression fitting models (Graph Pad, Prism
Version 5).

2.7. Molecular docking Studies:

Molecular docking studies were conducted with Molecular
Operating Environment (MOE) 2008.10 (Chemical Computing
Group Inc., Quebec, Canada, 2008). The docking scores were first
attained utilizing the London dG scoring function in the MOE soft-
ware, and were then improved using two unrelated refinement
methods. Grid-Min pose and Force-field were employed to confirm
that the refined poses of the coordination compounds were geo-
metrically correct. Bond rotations were allowed, and the best five
binding poses were then examined. To assess the binding free
energy of the compounds toward DNA, the docking poses of the
compounds and the co-crystallized structure of the B-DNA were
docked (RSCP PDB code: 1BNA). RMSD values were used to assess
the best binding pose. To evaluate the interaction between each
compounds and MDM2 protein binding site, the docking poses of
the compounds and the crystal structure of MDM2 bound to the
transactivation domain of p53 (RSCP PDB code: 1YCR) were used
for the docking calculation.
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2.8. Computational Studies:

All quantum chemical calculations reported here used the
GAUSSIAN 09 package [33]. Two methods were employed indepen-
dently for the evaluation of the energy of CuBr(PPh3)(3-[2-pyri-
dyl]-5,6-diphenyl-1,2,4-triazine) (5) to compare the coordination
compounds with 4 N-triazine ligated and the 2 N-triazine ligated.
The density functional theory (DFT) [34] and second-order
Møller-Plesset (MP2) perturbation [35] methods were used for
geometry optimization and electronic structure determination.
Our general protocol for DFT calculations employed the B3LYP
[36] three-parameters hybrid functional and the Gen basis set
[37], which consists of LANL2DZ [38] for Cu(I) and 6–311 + G(d,
p) [39] for the other atoms. The dispersion-correction (D3) [40]
function was also included in the DFT calculations and gave better
structure results compared to the calculation without D3 correc-
tion. In regard to the MP2 calculations, the LANL2DZ basis set
was employed to reduce the computational expense. All calcula-
tions were carried out in the gas phase and provided excellent
results compared to the experimental data. Visualization of
geometries, structure parameters, molecular orbitals, and vibra-
tional modes were effected with GaussView 5 [41] software.
3. Results and discussion

3.1. Synthesis and characterization of the coordination compounds

The present study examines the effect of diimine ligand struc-
tural variation on the DNA-binding and anticancer activities of
copper(I) compounds of general formula [Cu(N^N)(PPh3)Br]. Tris
(triphenylphosphine)copper(I) bromide is a key precursor for neu-
tral copper-phosphine compounds; its importance as a building
block arises from the bulkiness of the phosphine ligands, which
cause considerable distortion in its tetrahedral geometry, leading
to facile displacement of one or two of the phosphines. Stirring
CuBr(PPh3)3 with the various diimine ligands in CH2Cl2 afforded
1–8, the identities of which were confirmed by mass spectrometry,
elemental analysis, and IR spectroscopy. 1H NMR data of all com-
pounds show only signals corresponding to PPh3. The high dissoci-
ation rate of the phosphine ligand causes broadening of the
diimine signals, to the extent that they are undetectable unless a
small amount of free PPh3 is added to the NMR tube. 31P NMR spec-
tra of 1–8 show singlet resonances for the ligated PPh3 in the range
29–35 ppm Fig. S1. Further confirmation of the structures of 5 and
7 were provided by single-crystal X-ray diffraction studies (Fig. 3
and Fig. 4). Although the quality of the crystallographic data for
Fig. 2. Different coordination modes of 3-(

4

4 is poor, the studies were sufficient to confirm atomic connectiv-
ity; details are provided in the Supporting Information file
(Figure S2).

Although the present study is directed toward the biological
activities of the copper(I) compounds, the result of the reaction
of the bulky diimine ligand 3-(2-pyridyl)-5,6-diphenyl-1,2,4-tri-
azine with CuBr(PPh3)3 attracted our attention. The single-crystal
diffraction study of the brown compound revealed an unusual
coordination of the triazine ring to the copper atom. Recently
reported coordination modes of the ligand at metal centers are
summarized in Fig. 2. Coordination mode A is seen with the vast
majority of reported coordination compounds, including those
with Mn(II) [42], Ni(II) [43,44], Cu(I) [45], Cu(II) [46,47], Zn(II)
[48,49], Ru(II) [50,51], Cd(II) [52], Sn(IV) [53], Re(I) [54], Re(III)
[55], Re(V) [56], Pb(II) [57], and lanthanide [58,59] metal centers.
Coordination mode C was reported for a dinuclear silver coordina-
tion compound of formula [Ag2(L)(NO3)2] [60]. There is only one
example reported thus far with coordination mode B [46]. We pre-
sume that this is due to steric hindrance caused by the phenyl
group at position 5. The current work has afforded the second
example of coordination mode B.

To rationalize the unusual coordination mode (mode B), compu-
tational calculations were undertaken to evaluate the energies of
the as-obtained mode B compound (5) and the unobserved mode
A alternative. The two structures were optimized and the energies
were evaluated using two methods (DFT-D3 and MP2: Table 1).
The two methods suggest that the energies of both modes are
almost the same (that of mode B is slightly less using both meth-
ods). The main finding from the calculated energies and geometries
of the computed compounds (mode A and mode B) is that binding
mode B does not afford a sterically congested structure.

In order to evaluate the accuracy of the data obtained by both
methods, we compared selected bond lengths and angles obtained
theoretically for mode B with that obtained from crystallography.
MP2 afforded a better match with the experimental data, espe-
cially in predicting the bond angles (Table 2).
3.2. Crystallographic studies

Crystal and structure refinement data, hydrogen bonds, and
bond lengths and angles for 5 and 7 are given in Tables S1–S12,
respectively. The geometry around the Cu atom is trigonal pyrami-
dal; the geometry indexes (s4) are 0.84 for 5 and 0.81 (molecule 1)
and 0.83 (molecule 2) for 7 [18]. In 5, the pyridyl and triazine rings
are twisted out of coplanarity (dihedral angle: 12.691(9)�). The
copper atom is ligated by two nitrogen atoms of the 3-pyridin-2-
2-pyridyl)-5,6-diphenyl-1,2,4-triazine.



Fig. 3. ORTEP diagram for 5; thermal ellipsoids are drawn at the 20% probability level.

Fig. 4. ORTEP diagram for 7 showing the two independent molecules; thermal ellipsoids were drawn at the 20% probability level.

Table 1
Energies of optimized structures for binding modes A and B of the pyridyltriazine
ligand with the CuBr(PPh3) fragment.

Computational method Mode A model Mode B model

MP2 �1891.4103 a.u �1891.4210 a.u
DFT-D3 �4796.9070 a.u �4796.9174 a.u

B.A. Babgi, K.H. Mashat, M.H. Abdellattif et al. Polyhedron 192 (2020) 114847

5

yl-[1,2,4]triazine, generating a five-membered ring motif (root-
mean-square deviation: 0.1051(1) Å). The largest deviations from
the plane (Cu1/N1/C1/C4/N2) are observed for N1 (-0.1433(1) Å)
and C1 (0.1171(2) Å), while the puckering of this ring is described
by parameters Q = 0.2418 Å, h = 14.31(45)�, and u = 17.59�. The two
phenyl rings (C9-C14) and (C15-C20) attached to the triazine ring
are twisted from its plane by 51.969(8)� and 49.439(7)�,



Table 2
Selected bond lengths and angles from crystallography and the corresponding data obtained using different theoretical methods.

Bond lengths/angles Theoretical (MP2) Theoretical (DFT-D3) Experimental

Cu-P 2.325 Ǻ 2.281 Ǻ 2.1995(7) Ǻ
Cu-Br 2.426 Ǻ 2.406 Ǻ 2.3842(4) Ǻ
Cu-Npy 2.093 Ǻ 2.145 Ǻ 2.061(2) Ǻ
Cu-Ntriazine 2.166 Ǻ 2.189 Ǻ 2.1761(19) Ǻ
Br-Cu-Npy 109.8900 110.3520 106.33(6)0

Br-Cu-Ntriazine 133.2400 134.6380 115.35(5)0

Br-Cu-P 122.3450 118.4350 121.14(2)0

P-Cu-Npy 111.2470 110.2610 119.69(6)0

P-Cu-Ntriazine 93.2490 98.6830 108.95(5)0

Npy-Cu-Ntriazine 78.6820 76.3540 77.66(8)0

Table 3
UV–vis spectroscopic data and binding constants (Kb) for 1–8

Compound Absorption Maxima
[kmax (nm)]

Binding Constant
[Kb (M�1) � 105]

1 278, br sh 349 6.7
2 272, br sh 373 1.4
3 287, br sh 342 5.0
4 265, br sh 322 5.0
5 285, br sh 401 14.0
6 289, br sh 360 10.0
7 272, br sh 368 10.0
8 273, br sh 400 20.0

*br sh (broad shoulder)
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respectively. The most acute angle at copper is 77.66(8)� (N1-Cu-
N2). Carbon atom C8 at (x,y,z) acts as a donor via H8 to the halogen
atom Br1 at (-x,-y,-z) (Fig. S3), an interaction that generates dimers

having a ten-membered ring motif that can be written as R22 (10)

[61] in mathematical notation. The molecules in the unit cell also
participate in p. . . p interactions: the centroid–centroid distance
is 3.975 Å and angle is 26.318� between the plane of (C33-C38)
and the plane (N2/C4-C8), following the symmetry operation
(-1/2 + x,1/2-y,+z) [62].

In 7, there are two independent molecules in an asymmetric
unit [Molecule I = C1-C32, Molecule II = C33-C63]. The N6-Cu1-
Br1, N5-Cu1-Br1, N6-Cu1-P2, and N5-Cu1-P2 bond angles are
100.81(2), 108.79(17), 120.95(2) and 122.24(2), respectively, for
molecule I, while the values are slightly different for molecule II
[the N3-Cu2-Br2, N4-Cu2-Br2, N3-Cu2-P1, and N4-Cu2-P1 bond
angles are 101.49(2)�, 107.30(16)�, 120.52(2)� and 1224.88(2)�,
respectively]. The dihedral angles for the three phenyl rings around
the P atoms are 82.07(3)�, 82.65(3)�, and 75.184(3)� for molecule I
and 83.14(1)�, 82.88(3)�, and 75.91(3)� in molecule II. The 1,10
phenanthroline is twisted with dihedral angles of 83.77(3)�,
70.78(2)�, and 16.59(1)� for molecule I and 84.63(3)�, 66.71(2)�,
and 18.24(2)� for molecule II. The availability of halogen and oxy-
gen atoms gives rise to formation of hydrogen bonding interac-
tions. The bromo (Br1), as acceptor atom, is connected to the
C25, as donor atom, via H25. Similarly, bromo (Br2) is connected
to the C56 through H56. The oxygen atom O4a is connected to
hydrogen atoms of two adjacent carbon atoms (C51 and C52), gen-

erating five-membered rings that can be presented as R12 (5) [61]

Figs. S4–S6. These interactions generate a two-dimensional net-
work across the ac plane.

In comparison with 5, the Cu-Br bond length in 7 is longer
[2.4337(12) Ǻ & 2.4400 cf. 2.4183(9) Ǻ]. Although there are two
independent molecules in the unit cell, there are no p . . . p inter-
actions between the planes of the aromatic groups in the
molecules.

3.3. DNA-binding studies

The electronic absorption spectra of the copper(I) compounds
were collected in dimethyl sulfoxide (DMSO) solutions at room
temperature, the absorption maxima data being presented in
Table 3. The electronic spectra of 1–8 display intense absorption
bands around 265–295 nm corresponding to p ? p* transitions.
In addition, broad low-intensity bands are observed in the range
340 to 410 nm for 1–4, in the range 360 to 450 nm for 6, and in
the range 360 to 500 nm for 5, 7, and 8. These broad bands are
assigned as metal-to-ligand charge transfer (MLCT) in character
[63].
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Metal compounds can bind to DNA via different modes of inter-
action, including minor groove binding, major groove binding,
intercalation interactions, and electrostatic interactions [64]. UV–
vis absorption spectroscopy can be used as an effective tool to
study the general interactions between metal compounds and
DNA, by following the changes in the absorption of the DNA or
the compound [65] Fig. S7. The absorption spectra of the com-
pounds were measured while gradually increasing the concentra-
tions of DNA in solutions containing a constant concentration of
the compounds. The compounds show reductions in molar absorp-
tivity of the p ? p* absorption band (hypochromic shifts), indicat-
ing binding of the compounds to DNA. The calculated Kb values of
1 – 8 are listed in Table 3, the data indicating that there are signif-
icant variations in Kb values, consistent with a strong influence of
the diimine ligands. In general, the more extended the p-delocal-
ized system, the greater the binding affinity toward ct-DNA. 8
has the largest Kb value due to the planar and highly delocalized
dipyrido[3,2-a:20,30-c]phenazine ligand; compounds of this ligand
with some metal centers are known to intercalate with DNA
[66,67].
3.4. Anticancer activity

1–8 were examined against four cancer cell lines, the cytotoxi-
city of the compounds being listed in Table 4. From the obtained
data, our compounds show good anticancer activity against the
prostate (PC-3) cancer cell line. More specifically, 4, 5, 6 and 8
show the best cytotoxicity against PC-3, due possibly to their more
electron rich and highly extended delocalized systems. Only 5 and
8, with the largest number of nitrogen heteroatoms, exhibit good
cytotoxicity against the leukemia (MOLT-4) and breast (MCF-7)
cancer cell lines. None of the compounds display strong activity
against the liver cancer cell line. In summary, 5 and 8 have good
anticancer potential against several cell lines.



Table 4
Cytotoxicity of Cu(I) compounds in DMSO solutions.

Compound IC50 (lM) ± SD

MCF-7 (breast cancer) HEPG-2 (liver cancer) PC-3 (prostate cancer) MOLT-4 (leukemia cancer)

1 108.66 ± 0.06 69.46 ± 0.04 49.03 ± 0.03 47. 41 ± 0.50
2 25.00 ± 0.04 66.04 ± 0.06 33.18 ± 0.01 88.06 ± 0.01
3 57.10 ± 0.05 106.33 ± 0.09 69.70 ± 0.03 96.28 ± 0.08
4 57.24 ± 0.07 90.70 ± 0.07 23.04 ± 0.03 79.43 ± 0.00
5 26.67 ± 0.00 51.31 ± 0.02 26.67 ± 0.00 27.19 ± 0.02
6 55.97 ± 0.02 66.44 ± 0.00 23.61 ± 0. 03 54.29 ± 0.12
7 106.15 ± 0.05 66.28 ± 0.01 37.12 ± 0.05 59.60 ± 0.21
8 21.38 ± 0.00 47.47 ± 0.02 21.38 ± 0.00 31.03 ± 0.05
Cisplatin 16.00 ± 0.06 – 39.99 ± 0.05 –
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3.5. Molecular docking studies

The most common mechanisms identified for copper(I) com-
pounds similar to our current compounds are (1) interactions with
DNA [68] and (2) the induction of cellular apoptosis [17,69,70].
Molecular docking studies were conducted to obtain insight into
the contribution of the diimine ligands in the DNA-binding and
the p53-MDM2 binding inhibition. The compounds were con-
strained to possess tetrahedral geometries while maintaining dii-
mine planarity, in order to avoid unlikely distortions. The
compounds were computationally docked with all the possible
sites on the B-DNA to aid in rationalizing the trends from the bind-
ing constant values, the data obtained being collected in Table S9.
5, 6 and 8 scored the highest binding affinities according to the
docking results (Table S9); all three have extended p -delocalized
diimine ligands that are capable of establishing p interactions.
Among these three compounds, 8 has the best binding affinity
value, which can be rationalized from the planarity of the ligand
and the extended delocalization allowing formation of several H-
p interactions (Fig. 5).
Fig. 5. 3D and 2D views of interactions of 8 with B-DN
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We also explored docking our compounds with MDM2, which is
an important inhibiting protein that binds to the p53 tumor sup-
pressor. The dissociation of MDM2 from p53 causes the activation
of p53, inducing a cell cycle arrest which leads to apoptosis. The
inactivation of MDM2 by its strong binding with compounds may
therefore induce apoptosis [71]. In the present studies, MCL0527
was employed as a benchmark because it is a known inhibitor of
p53-MDM2 interactions [71]. Compared to MCL0527, all eight cop-
per compounds have better binding scores to MDM2. The presence
of the highly delocalized planar systems improves the binding
capabilities through various p interactions (Table S13). In particu-
lar, 8 has the ability to establish strong interactions with MDM2 via
the planar dppz ligand (Fig. 5).
4. Conclusion

Copper(I) compounds with a diimine-phosphine ligand set have
been synthesized and characterized by elemental analysis, 31P
NMR spectroscopy, and mass spectrometry. Confirmation of the
A (left) and MDM2 (right) as calculated by MOE.



B.A. Babgi, K.H. Mashat, M.H. Abdellattif et al. Polyhedron 192 (2020) 114847
structures of 5 and 7 was provided by X-ray crystallography, the
study of 5 revealing the second example of an unusual bonding
mode (4 N-triazine ligated) of the bidentate ligand 3-(2-pyridyl)-
4,5-diphenyl-1,2,4-triazine. Computational studies indicated no
significant difference in the energies of the obtained compound
(mode B) and the alternative isomer (mode A), consistent with
an absence of steric hindrance at the metal center of 5. Preliminary
biological studies were conducted aiming to assess the effect of the
diimine ligands. All the studied compounds showed good cytotox-
icity against the prostate (PC-3) cancer cell line. However, only 5
and 8 exhibited good cytotoxicity against leukemia (MOLT-4) and
breast (MCF-7) cancer cell lines. In these cases, the additional
nitrogen heteroatoms and more extended p -systems are proposed
to be key factors inducing the enhanced anticancer activities. DNA-
binding and docking studies with intracellular targets highlighted
the ability of the compounds with highly delocalized diimine
ligands to exploit stronger p interactions and achieve stronger
binding; the planarity is an important feature here, resulting in
better targeting and better cytotoxicity in 8. Overall, the current
results afford structural indicators for the design of derivatives
with improved biological profiles.
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