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A B S T R A C T   

Three new coordination complexes of Cu(II) ions made from two hydrazone ligands, 7-chloro-2-oxo-1,2-dihydro-
quinoline-3-carbaldehyde-2-furoyl-hydrazone (HL1) and 6-chloro-2-oxo-1,2-dihydroquinoline-3-carbaldehyde- 
2-furoyl-hydrazone (HL2) have been synthesized and fully characterized by spectroscopic techniques. Their 
crystal and molecular structures revealed distorted square pyramidal mononuclear complexes: [(L1)Cu(H2O)2] 
(NO3)⋅3H2O, 1(NO3), [(L2)Cu(H2O)2](NO3)⋅2H2O⋅CH3OH, 2(NO3), and [(L2)Cu(NO3)(CH3OH)]⋅2CH3OH, 3, 
comprising the ligand (L1 and L2) in tridentate fashion (ONO) with two water molecules in 1þ and 2þ, and a 
single methanol molecule and a nitrate ion in 3 in their respective copper coordination spheres. EPR spectra in 
frozen methanol revealed the occurrence of several species arising from different coordination environments. A 
detailed DFT investigation on the energetics of solvents exchange (H2O, MeOH, and DMSO) and simulation of the 
EPR parameters showed that the exchange processes occur easily in solution. The value gz indicated the 
occurrence of a dimeric aggregate for 2+. The new copper complexes exhibited a noticeable antiproliferative 
activity with IC50 values in the micromolar range against HCT-15, H157, BxPC3, PNS-1, and A431 cell lines and 
they were found to be 3-fold more effective than cisplatin against pancreatic PSN-1 cell lines. Cross-resistance 
tests on A2780 and LoVo cancer cell lines and the corresponding multidrug or oxaliplatin resistant sublines 
showed that complexes 1(NO3) and 2(NO3) were equally cytotoxic to sensitive and resistant cells, thus over-
coming multidrug and oxaliplatin resistance.   

1. Introduction 

Ever since the discovery of cisplatin for the treatment of cancer, there 

has been a continuous interest in the synthesis of other platinum com-
plexes due to the fact that cisplatin and related compounds exhibited 
significant side effects such as nephrotoxicity, emetogenesis, 
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neurotoxicity and the emergence of resistance [1–10]. As a result, 
attention was focused on to design metal complexes which are less toxic, 
target-specific and with less resistance. It is well known that metal 
complexes exert the anticancer properties through their binding to DNA 
and inhibiting the growth of the tumor cells and hence, the design of 
small complexes that can bind and react at specific sequences of DNA 
has become essential. While DNA is considered the primary target for 
platinum-based drugs, other metal complexes have been subjected to 
multiple targets, such as proteins and other cell components [11]. The 
use of bio-essential metal centers in the rational design of anticancer 
drugs is considered an opportunity that could help facing both the 
selectivity and the resistance problems. Among the many bio-essential 
metals, copper is considered as a promising alternative to platinum 
since cisplatin itself was considered as most promising anticancer ther-
apeutic due to the fact that it is able to use copper-transporting proteins 
to reach intracellular compartments [12–14]. In this area copper-based 
antineoplastic agents have been developed to act on the altered meta-
bolism of cancer cells, which showed a differential response between the 
latter and normal cells [15–19]. Moreover, there have been few reports 
of copper complexes exhibiting an ability to hydrolytically cleave DNA 
[20–27]. In this respect, there has been continuous interest over the 
years in determining the mode and extent of binding of metal complexes 
to DNA and protein, as such information are important to understand the 
cleavage properties of metal complexes [22,23]. In this connection, 
copper complexes containing heterocyclic bases have been extensively 
explored by virtue of their strong interactions with DNA and cytotoxic 
activity [24–27]. So, by possessing the required biologically accessible 
redox potentials and high nucleobase affinity, they are potential re-
agents for further studies on DNA cleavage [21,22]. Furthermore, their 
interactions at the protein binding level also significantly affect their 
apparent distribution volume and elimination rate. Therefore, their in-
teractions with serum albumins is important and has been central in the 
many studies of antitumoral metal-pharmaceutical pharmacokinetics 
and structure–activity relationships [10]. 

In addition to the metal ions present in the complexes, the ligands 
bound to the metal centre also have some influence in determining the 
possible interactions between the drug and the biological environment. 
Since the ligands bound to the metal centres are strategic in defining the 
possible interactions between the drug and the biological environment, 
a wide range of ligands have been tried with copper and among them, 
most notable ones are hydrazones [X-C(Z) = N-NH-C(=O)-Y], which can 
have a great variety of functional groups available, thus modulating 
structural, chemical, physical and coordination properties [28,29]. In 
this connection, many hydrazones and their copper complexes have 
provoked immense interest in their diverse biological and pharmaceu-
tical activities such as anticancer and antioxidative activities [30–54]. 

Though a lot of hydrazones have been tried, those derived from 
dihydroquinoline and furan moieties, which themselves show potential 
biological activities, have not been well explored. This has aroused our 
interest in the synthesis of new ligands, namely, 7- and 6-chloro-2-oxo- 
1,2-dihydroquinoline-3-carbaldehyde derivatives bearing a furan moi-
ety, and prepared the corresponding Cu(II) complexes. A very promising 
cytotoxic activity has been demonstrated by the new complexes against 
several human cancer cell lines derived from solid tumors, some of 
which are platinum-resistant or displaying multidrug resistance (MDR). 

2. Experimental 

2.1. General 

All starting precursors were of analytical grade. 6-chloro-2-oxo-1,2- 
dihydroquinoline-3-carbaldehydes and 7-chloro-2-oxo-1,2-dihydroqui-
noline-3-carbaldehydes were prepared according to literature proced-
ures [46,49]. CT-DNA was obtained from Sigma Aldrich and used as 
received. Elemental analyses (C, H, N) were performed on Vario EL III 
Elemental analyzer instrument. Melting points were determined with a 

Lab India instrument. The infrared spectra were obtained on a Perkin- 
Elmer Spectrum 100 FT IR spectrophotometer (KBr disks) in the range 
4000–400 cm− 1. The electronic spectra of the complexes were recorded 
with a Perkin Elmer Lambda 25 spectrophotometer using DMSO as the 
solvent. 1H and 13C NMR spectra were obtained at 298 K on a Bruker 
Avance Neo 600 NMR operating at 600.13 and 150.9 MHz, respectively; 
δ values (ppm) are relative to Me4Si for 1H and 13C. Suitable integral 
values for the proton spectra were obtained with a pre-scan delay of 10 s. 
The assignments of the proton resonances were performed by standard 
homonuclear chemical shift correlations (COSY, NOESY, TOCSY). The 
13C resonances were attributed through 2D-heterocorrelated COSY ex-
periments: heteronuclear multiple quantum correlation (HMQC) with 
bilinear rotation decoupling [55] and quadrature along F1 have been 
achieved using the time proportional phase increment method for the 
hydrogen-bonded carbon atoms, heteronuclear multiple bond correla-
tion (HMBC) [56,57] for the quaternary ones. EPR measurements were 
carried out by preparing 10-3 M solutions of the complexes in methanol. 
The EPR spectra have been collected in X band in frozen matrix (powder 
spectra) at 140 K, setting 0.5 mT modulation amplitude, sweep 200 mT, 
power 20 mW by using an EPR Bruker ECS106, equipped with TMH9019 
cavity. ESI-MS analyses were performed using a Finningan LCQ-Duo ion- 
trap instrument, operating in positive ion mode (sheath gas flow N2 
30 au, source voltage 4.0 kV, capillary voltage 21 V, capillary temper-
ature 200 ◦C). The He pressure inside the trap was kept constant. The 
pressure, directly read by an ion gauge (in the absence of the N2 stream), 
was 1.33 × 10− 5 Torr. Sample solutions were prepared by dissolving the 
compounds (3 mg) in DMSO (5 mL) and diluting 1 mL of the solution in 
CH3CN (5 mL) immediately before analysis. 

2.2. Synthesis of the ligands and copper(II) complexes 

7-Chloro-2-oxo-1,2-dihydroquinoline-3-carbaldehyde hydra-
zone (HL1) 

2-Furoic hydrazide (0.126 g, 1 mmol) dissolved in warm methanol 
(20 mL) was added to a methanol solution (20 mL) containing 0.207 g 
(1 mmol) of 7-chloro-2-oxo-1,2-dihydroquinoline-3-carbaldehyde. The 
mixture was refluxed for 5 h, during which a yellow precipitate was 
formed. The reaction mixture was then cooled to room temperature, and 
the yellow solid compound was filtered off, washed with methanol and 
dried under vacuum. Yield: 0.324 g (88.5 %). Mp: 317–318 ◦C, 
Elemental Anal. Calcd. for C15H10N3O3Cl.MeOH⋅H2O (MW 365.77): C, 
52.54; H, 4.41; N, 11.49; Cl, 9.69. Found (%): C, 51.84; H, 4.14; N, 
11.53; Cl 9.60. IR (KBr disks, cm− 1): 3450 (ms,br) νNH+OH; 1664 (s,br) 
νC=O+C––N; 1597 (s) νC=C; 1560 (m); 1188 (s); 1298 (m); 1017 (s); 961 
(s); 772 (s). UV–visible (H2O; λmax, nm; ε, cm− 1 M− 1): 348 (11798); 404 
(17217). 1H NMR (600 MHz, DMSO‑d6): δ = 8.47 (C3-H, 1H, s); 7.93 
(C5-H, 1H, d, 3JHH 8.50 Hz); 7.27 (C6-H, 1H, dd, 3JHH 8.50 Hz, 4JHH 
1.96 Hz); 7.36 (C8-H, 1H, d, 4JHH 1.96 Hz); 8.68 (C10-H, 1H, s); 7.34 
(C13-H, 1H, d, 3JHH 3.58 Hz); 6.61 (C14-H, 1H, dd, 3JHH 3.58 Hz, 3JHH 
3.44 Hz); 7.96 (C15-H, 1H, d, 3JHH 3.44 Hz); 12.10 (N1-H, 1H, s); 12.05 
(N3-H, 1H, s). 13C{1H} NMR (600 MHz, DMSO‑d6): δ = 160.64 (C1 = O); 
125.60 (C2); 134.12 (C3); 117.94 (C4); 130.71 (C5); 122.42 (C6); 
135.62 (C7); 114.20 (C8); 138.54 (C9); 142.10 (C10); 154.10 (C11 = O); 
146.10 (C12); 114.74 (C13); 111.90 (C14); 145.83 (C15). ESI (m/z, rel. 
ab.%, L1 = C15H9N3O3Cl, MM 314.70): [L1 + Na]+, m/z 337 (90 %); 
[2L1 + Na]+, m/z 652 (100 %); [3 L1 + Na]+, m/z 967 (25 %); [4L1 +
Na]+, m/z 1281 (20 %); [5L1 + Na]+, m/z 1596 (20 %); [6L1 +Na]+, m/ 
z 1911 (5 %). 

6-Chloro-2-oxo-1,2-dihydroquinoline-3-carbaldehyde hydra-
zone (HL2) 

2-furoic hydrazide (0.126 g, 1 mmol) dissolved in warm methanol 
(20 mL) was added to a methanol solution (20 mL) containing 0.207 g 
(1 mmol) of 6-chloro-2-oxo-1,2-dihydroquinoline-3-carbaldehyde. The 
mixture was refluxed for 5 h, during which a yellow precipitate was 
formed. The reaction mixture was then cooled to room temperature, and 
the yellow solid compound was filtered off, washed with methanol and 
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dried under vacuum. Yield: 0.319 g (87.3 %). Mp: 314–316 ◦C, 
Elemental Anal. Calcd. for C15H10N3O3Cl.MeOH⋅H2O (MW 365.77): C, 
52.54; H, 4.41; N, 11.49; Cl, 9.69. Found (%): C, 51.95; H, 4.26; N, 
11.63; Cl, 9.58. IR (KBr disks, cm− 1): 3497 and 3407 (ms,br) νNH+OH; 
1651 (s) νC=O; 1598 (s) νC=N+C––C; 1294(s); 1188 (s); 1008 (s); 858 (s); 
773 (m). UV–visible (H2O; λmax, nm; ε, cm− 1 M− 1): 255 (19771); 360 
(12072). 1H NMR (600 MHz, DMSO‑d6): δ = 8.46 (C3-H, 1H, s); 8.03 
(C5-H, 1H, d, 4JHH 1.7 Hz); 7.57 (C7-H, 1H, dd, 3JHH 8.78 Hz, 4JHH 1.7 
Hz); 7.35 (C8-H, 1H, d, 3JHH 8.78 Hz); 8.69 (C10-H, 1H, s); 7.34 (C13-H, 
1H, d, 3JHH 3.50 Hz); 6.71 (C14-H, 1H, dd, 3JHH 3.50 Hz, 3JHH 3.28 Hz); 
7.96 (C15-H, 1H, d, 3JHH 3.28 Hz); 12.16 (N1-H, 1H, s); 12.07 (N3-H, 
1H, s). 13C{1H} NMR (600 MHz, DMSO‑d6): δ = 160.40 (C1 = O); 126.26 
(C2); 133.82 (C3); 119.91 (C4); 127.73 (C5); 126.00 (C6); 130.82 (C7); 
117.22 (C8); 137.46 (C9); 142.3 (C10); 154.60 (C11 = O); 146.00 (C12); 
116.84 (C13); 111.90 (C14); 145.83 (C15). ESI (m/z, rel.ab.%, L2 =
C15H9N3O3Cl, MM 314.70): [L2 + Na]+, m/z 337 (100 %); [2L2 + Na]+, 
m/z 652 (85 %); [3L2 + Na]+, m/z 967 (30 %); [4L2 + Na]+, m/z 1281 
(15 %); [5L2 + Na]+, m/z 1596 (25 %); [6L2 + Na]+, m/z 1911 (15 %). 

[(L1)Cu(H2O)2](NO3)⋅3H2O, 1(NO3) 
Cu(NO3)2⋅3H2O (0.5 mmol, 0.120 g) was taken in methanol (20 mL) 

and HL1 (0.5 mmol, 0.155 g) was added to it. The mixture was 
continuously heated under reflux for 2 h. The resulting solution was 
allowed to cool. Slow evaporation of the solvent gave green crystals 
suitable for X-ray studies. They were filtered off, washed with cold 
methanol, and dried under vacuum. Yield, 0.226 g (85.2 %). Mp. 
334–337 ◦C (dec). Elemental Anal. Calc. for C15H19N4O11ClCu (MW 
530.33): C, 33.97; H, 3.61; N, 10.56; Cl 6.68. Found (%): C, 33.71; H, 
3.48; N, 10.28; Cl, 6.31. UV–visible (DMSO; λmax, nm; ε, cm− 1 M− 1): 435 
(28820). IR (KBr disks, cm− 1): 3417 (ms, br) νNH+OH; 1634 (s,br) 
νC=O+C––N+C––C; 1463 (s); 1290 (s); 1196 (s); 802 (s); 770 (s). ESI (m/z, 
rel.ab.%, 1+ = C15H9N3O3ClCu, MM 378): [1 + H2O]+, m/z 396 (25 %); 
[1 + K]+, m/z 417 (100 %). 

[(L2)Cu(H2O)2](NO3)⋅2H2O⋅CH3OH, 2(NO3) 
Cu(NO3)2⋅3H2O (0.5 mmol, 0.120 g) was taken in methanol (20 mL) 

and HL2 (0.5 mmol, 0.155 g) was added to it. The mixture was 
continuously heated under reflux for 2 h. The resulting solution was 
allowed to cool. Slow evaporation of the solvent gave green crystals 
suitable for X-ray studies. They were filtered off, washed with cold 
methanol, and dried under vacuum. 

Yield, 0.223 g (84.8 %). Mp. 330–332 ◦C (dec). Elemental Anal. Calc. 
for C16H21N4O11ClCu (MW 544.36): C, 35.30; H, 3.89; N, 10.29; Cl, 
6.51. Found (%): C, 35.72; H, 3.68; N, 10.13; Cl, 6.29. UV–visible 
(DMSO; λmax, nm; ε, cm− 1 M− 1): 434 (22978). IR (KBr disks, cm− 1): 
3433 (ms,br) νNH+OH; 1646 (s) νC=O; 1568 (s) νC=N+C––C; 1461 (s), 1298 
(s), 1194 (s); 771(s). ESI (m/z, rel.ab.%, 2+ = C15H9N3O3ClCu+, MM 
378): [2 + H2O]+, m/z 396 (35 %); [2 + K]+, m/z 417 (100 %). 

Upon dissolution of complex 2(NO3) in CH2Cl2 and slow evaporation 
in the presence of Et2O, suitable crystals of [(L2)Cu(NO3)(CH3OH)]⋅ 
2CH3OH, 3, have been obtained. 

2.3. X-ray crystallography 

Data collection parameters (Tables S1, S9, S16), extended crystal-
lographic data (Tables S2–S8, S10–S15, S17–S21), details of the solution 
and refinement of the structures and the crystallographic references are 
given in the Supplementary Information and in the cif files. Suitable 
crystals of 1(NO3) and 2(NO3) were obtained from methanol solutions 
(see Experimental §2.2) while those of [(L2)Cu(NO3)(CH3OH)]⋅ 
2CH3OH, 3 have been obtained by redissolving the powder of 2(NO3) in 
CH2Cl2 and upon slow evaporation in presence of Et2O. The low tem-
perature data collections (T = 100 K) were carried out for 1(NO3) and 3 
on a Rigaku XtaLAB Synergy diffractometer equipped with a HyPix 
Hybrid Pixel Array Detector (Cu Kαλ = 1.54184 Å), and for 2(NO3) on a 
Bruker APEX II diffractometer equipped with CCD detector (Mo Kαλ =
0.71073 Å). The structures were solved by direct methods (Superflip for 
2(NO3) and ShelXT for 1(NO3) and 3) and refined by full matrix least- 

squares using F2 in ShelXL as implemented in WingX v 2021.3. All 
non-hydrogen atoms were refined anisotropically. The contribution of 
the hydrogen atoms in their calculated positions was included in the 
refinement using a riding model with isotropic displacement parameters 
(U(H) = 1.5 × Ueq(O), U(H) = 1.2 × Ueq(N)). The O–H protons, where 
possible, were located in the difference Fourier maps. The presence of 
hydrogens bonded to the N atoms was checked in the difference Fourier 
maps. Only the N1 atoms have bonded H atoms that were freely refined 
with isotropic displacement parameter. 

2.4. Computational methods 

Geometry optimizations were performed by using the Gaussian 16 
package [58]. All the system models were treated at the DFT level by 
employing the B3LYP functional in conjunction with the third order 
Grimme’s empirical correction for dispersion interactions, D3, [59] and 
the 6-311G(d,p) basis set. Calculations have been carried out both in 
vacuum and by considering methanol as bulk solvent by means of the 
SMD approach [60]. All the optimized structures were confirmed to be 
true minima by inspection of the harmonic frequencies (cartesian co-
ordinates are given in Table S23). The same protocol has been used to 
calculate EPR parameters. Gibbs free energies have been used to discuss 
the coordination thermodynamics of water and methanol towards the 
metal centre. 

2.5. DNA binding studies 

The UV–VIS absorption spectroscopic studies and the DNA binding 
experiments were performed at room temperature. The purity of the CT- 
DNA in the buffer solution was verified by taking the ratio of the 
absorbance values at 260 and 280 nm, which was found to be 1.8:1, 
indicating that the DNA was sufficiently free of protein. The DNA con-
centration per nucleotide was determined by absorption spectroscopy 
using the molar extinction coefficient value of 6600 dm3mol− 1 cm− 1 at 
260 nm. The complexes were dissolved in a mixed solvent of 5 % DMSO 
and 95 % Tris-HCl buffer for all the experiments. Absorption titration 
experiments were performed with a fixed concentration of the com-
pounds (25 μM) by gradually increasing the concentration of DNA 
(5–25 μM). While measuring the absorption spectra, an equal amount of 
DNA was added to both the test solution and the reference solution to 
eliminate the absorbance of DNA itself. 

2.6. Experiments with human cancer cells 

The compounds were dissolved in DMSO just before the experiment, 
and calculated amounts of drug solution were added to the cell growth 
media to a final solvent concentration of 0.5 %, which had no detectable 
effect on cell killing. Cisplatin was dissolved in 0.9 % NaCl solution. 
Cisplatin, oxaliplatin, and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di- 
phenyltetrazolium bromide) were obtained from Merck KGaA, Darm-
stadt, Germany. 

2.7. Cell cultures 

Human colon (LoVo and HCT-15), lung (H157) and pancreatic 
(BxPC3 and PSN-1) carcinoma cell lines were obtained from American 
Type Culture Collection (ATCC, Rockville, MD). The human ovarian 
cancer A2780 and its resistant subline, A2780 ADR, were kindly pro-
vided by Prof. Rigobello (Dept. of Biomedical Science of Padova Uni-
versity, Italy). Human cervical carcinoma cells A431 were kindly 
provided by Prof. F. Zunino (Division of Experimental Oncology B, 
Istituto Nazionale dei Tumori, Milan, Italy). LoVo-OXP cells were 
derived, using a standard protocol, by growing LoVo cells in increasing 
concentrations of oxaliplatin and following months of selection of 
resistant clones [61]. Cell lines were maintained in the logarithmic 
phase at 37 ◦C in a 5 % carbon dioxide atmosphere using the following 
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culture media containing 10 % fetal calf serum (Euroclone, Milan, Italy), 
antibiotics (50 units/mL penicillin and 50 μg/mL streptomycin) and 2 
mM L-glutamine: RPMI-1640 medium (Euroclone) for HCT-15, H157, 
BxPC3, PSN-1, A431 cells; F-12 HAM’S (Sigma Chemical Co.) for LoVo, 
A2780ADR, and LoVo-OXP cells. 

2.8. Cytotoxic activity 

The growth inhibitory effect toward tumor cells was evaluated by 
means of the MTT assay. Briefly, (3–8) × 103 cells/well, depending upon 
the growth characteristics of the cell line, were seeded in 96-well 
microplates in growth medium (100 μL). After 24 h, the medium was 
removed and replaced with fresh medium containing the compound to 
be studied at the appropriate concentration. Quadrupled cultures were 
established for each treatment. After 72 h, each well was treated with 10 
μL of a 5 mg/mL MTT saline solution and, following 5 h of incubation, 
100 μL of a sodium dodecyl sulfate (SDS) solution in 0.01 M HCl were 
added. After an overnight incubation, cell growth inhibition was 
detected by measuring the absorbance of each well at 570 nm using a 
Bio-Rad 680 microplate reader. The mean absorbance for each drug dose 
was expressed as a percentage of the control untreated well absorbance 
and plotted vs drug concentration. IC50 values, the drug concentrations 
that reduce the mean absorbance at 570 nm to 50 % of those in the 
untreated control wells, were calculated by the four-parameter logistic 
(4-PL) model. The evaluation was based on means from at least four 
independent experiments. 

2.9. Statistical analysis 

All the values are the means ± SD of not less than three measure-
ments. Multiple comparisons were made by ANOVA followed by 
Tukey–Kramer multiple comparison test (P < 0.05), using GraphPad 
software. 

3. Results and discussion 

3.1. Synthesis and characterization 

The synthetic route for the ligands and their corresponding copper 
complexes are shown in Scheme 1. The ligands HL1 and HL2 were 
synthesized by condensation of either 7-chloro- or 6-chloro-2-oxo-1,2- 
dihydroquinoline-3-carbaldehyde with 2-furoic hydrazide in methanol, 
respectively, as described in the Experimental section, and have been 
characterized by elemental analysis, ESI mass spectrometry, FTIR, 
UV–Vis, 1H and 13C NMR spectroscopic studies. A very small broad 
signal at 11.84 and 11.85 ppm in the 1H NMR spectra in DMSO solution 
of HL1 and HL2, respectively, can be attributed to the presence of an 
amide-iminol tautomerism (inset in Scheme 1), whose equilibrium will 

be shifted towards the iminol species upon copper coordination [62,63]. 
The NOESY spectra indicated the expected E-conformation of the 
ligands. 

Cu(II) complexes were prepared by the reactions of the Schiff base 
ligands in methanol with Cu(NO3)2⋅3H2O (1:1 M ratio) and obtained in 
good yields. They are air stable and soluble in ethanol, methanol, DMF, 
and DMSO. The compounds have been characterized by FTIR, UV–Vis 
spectroscopic studies and ESI-MS. The structures of all the copper 
complexes have been confirmed by single crystal X-ray diffraction 
studies. The decreasing of the ν(C––N) and ν(C––O) frequencies in the IR 
spectra of the Cu(II) complexes compared to that of the free ligands 
(Δν(C––N+C––O) = 30 cm− 1 for 1(NO3); Δν(C––N+C––C) = 30 cm− 1 and 
Δν(C––O) = 5 cm− 1 for 2(NO3)) clearly indicated the coordination of the 
ligands to the metal centre. 

3.2. Crystal structures of the Cu(II) complexes 

3.2.1. Solid state structure of 1(NO3): [(L1)Cu(H2O)2][NO3]⋅3H2O 
Fig. 1 shows an ORTEP view of the complex 1þ. A list of relevant 

bond lengths and angles is given in Table 1 together with the corre-
sponding DFT calculated values for comparison. The N2, O2 and O3 
atoms of the L1 ligand and an oxygen-bound water molecules (Cu-O5 
1.946 (2) Å) define the immediate coordination sphere of the Cu(II), 
showing a slightly distorted square planar geometry, with the Cu atom 
ca. 0.15 Å above the lsq-square plane defined by the Cu, O1, O2, N2 
atoms (see Table S8). There is a weak interaction with a second H2O 
molecule (at 2.217(2) Å) in apical position. Thus, the overall coordi-
nation geometry of the Cu centre is square pyramidal as often observed 
in related Cu complexes [46,49] bearing hydrazone ligands. Three more 
water molecules were found in the difference Fourier maps. The Cu-O 
and Cu-N bond distances fall in the expected range and are compara-
ble with those in similar complexes reported in the literature [46,49]. 
The difference between the Cu-O1 and Cu-O2 separations may be 
explained by the different strain resulting from the formation of six and 
five atoms rings upon ligand-coordination to the Cu atom. 

The agreement between the calculated and observed geometry is 
quite good as can be seen from the data in Table 1 and the overlay of the 
two structures shown in Fig. S7. The most significant differences be-
tween the observed and calculated distances are found in the Cu-O 
separations, and are easily explained by the different packing in-
teractions. Upon coordination, the ligand is only slightly distorted with 
the planar dihydroquinoline and furan moieties making angles of ca. 
3.1◦ and 6.2◦ respectively with the above defined lsq-plane. The mo-
lecular packing is dictated by a complex network of hydrogen-bonds 
between the oxygens of H2O molecules (Figs. S5 and S6), the N atoms 
of the ligand and of the NO3

− counterions (in the range 2.7–3.2 Å). Fairly 
weak π- π stacking interactions (at ca. 4.4 Å) between the planar quin-
oline and furan rings (see Figs. S4 and S6) are also present. 

3.2.2. Solid state structure of 2(NO3): [(L2)Cu(H2O)2][NO3]⋅ 
2H2O⋅CH3OH 

The structure solution revealed, in the asymmetric unit, the presence 
of two crystallographically independent 2(NO3) units, four H2O and two 
CH3OH molecules. Both the 2þ cations, the NO3

− counterions, and the 
solvent molecules are related by two non-crystallographic inversion 

Scheme 1. The synthetic route for the ligands and of the corresponding Cu 
(II) complexes. Fig. 1. Ortep view of the cation (1þ) (ellipsoid drawn at 50 % probability).  
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centers (pseudo inversion symmetry, see experimental and Fig. S8). The 
bond lengths and angles in the two independent 2(NO3) units (Mol A, 
Fig. 2, and B, respectively) are equal within 2σ (the only significant 
differences being in the Cu1-O4/Cu1a-O4a, Cu1-O5/Cu1a-O5a separa-
tions at 7σ and 5σ respectively). Thus, the values listed in Table 2 refer to 
one molecule only (A, Figs. S9 and S10) without averaging. The coor-
dination around the Cu(II) centre may be described as a distorted square 
planar coordination as in 1(NO3) with the Cu atom 0.06 Å above and the 
O5 atoms 0.15 Å below the lsq-plane defined by the atoms Cu, O1, O2, 
N2 (see Table S15). There is a weak interaction with a second H2O 
molecule (at 2.342(2) Å) in apical position leading to a square pyramidal 
coordination as in 1þ. The Cu-O and Cu-N bond distances fall in the 
expected range and are comparable with those in similar complexes 
reported in the literature [46,49] and to those found in 1(NO3). The only 
significant differences are those involving the Cu-OH2 separations due to 
the different molecular packing interactions in the two complexes. 

Upon coordination, the ligand is distorted only slightly with the 
planar dihydroquinoline and furan rings making angles of ca. 3.2◦ and 
4.5◦, respectively with the above defined mean coordination plane. The 
slightly different deformations of the ligand in 1+ and 2þ are shown in 
Figs. S14 and S15, where the overlays of the X-ray structures and that of 
the free ligand (DFT optimized geometry) are shown. 

The molecular packing (see Figs. S12 and S13) consists of a complex 
network of hydrogen-bonds between the oxygens of H2O molecules, the 
N atoms of the ligand and of the nitrate counterions (in the range 
2.8–3.2 Å) and π- π stacking interactions (at ca. 3.8 Å) between the li-
gands (see Figs. S16 and S17). 

3.2.3. Solid state structure of 3: [(L2)Cu(NO3)(CH3OH)]⋅2CH3OH 
Fig. 3 shows an ORTEP view of complex 3, while a list of relevant 

bond lengths and angles is given in Table 3. The immediate coordination 
sphere of the Cu centre is defined by the O2, N2 and O3 atoms of the L2- 

ligand (Scheme 1) and the O5 atom of the η1-coordinated nitrate. The 
oxygen atom of a weakly interacting solvent molecule (CH3OH, Cu1-O4 
2.246(1) Å) completes a slightly distorted square pyramidal coordina-
tion, with the Cu atom ca. 0.4 Å above the plane defined by atoms O1, 
O2 and N2 (Table S22). 

The bond lengths and angles are in the expected range and compa-
rable to those found in related Cu-hydrazone complexes [46,49]. There 
are no significant differences in the geometrical parameters of complex 3 
and those of 1(NO3) and 2(NO3) except for those involving the weakly 
bonded H2O, CH3OH and NO3

− ion that, in the solid state, are strongly 
affected by the packing interactions. We also note that these molecules 
are those that are easily exchanged in solution. 

As in the complexes previously discussed, upon coordination, the 
ligand is only slightly distorted making a dihedral angle between the 
planar dihydroquinoline and furan rings of ca. 4.6◦. 

The molecular packing is dictated by a network of strong hydrogen- 
bonds. The relevant atoms are the oxygen atoms of the two uncoordi-
nated H2O molecules (or the symmetry related ones) and the N1 and O2 
atoms (O–N 2.77 Å, O–O 2.76 Å, respectively, Figs. S20–S22). We also 
note π- π stacking interactions (in the range 3.3–3.4 Å) between the 
planar quinoline and furan rings (Fig. S23). Moreover, there is a weak 
electrostatic interaction between the O6 atom of the coordinated nitrate 

Table 1 
Selected Bond Lengths (Å) and Angles (deg) for Complex (1þ) together with the 
corresponding DFT calculated values.   

X-ray Methanola Vacuuma 

Cu1-O1 1.947(2)  1.986  1.932 
Cu1-O2 1.957(2)  1.971  1.913 
Cu1-O4 2.217(2)  2.507  2.328 
Cu1-O5 1.946(2)  2.033  2.038 
Cu1-N2 1.954(2)  1.986  1.937 
Cl1-C7 1.735(2)  1.757  1.738 
O1-C1 1.265(3)  1.265  1.262 
O2-C11 1.293(3)  1.298  1.302 
N2-N3 1.385(3)  1.370  1.360 
N2-C10 1.284(6)  1.297  1.296 
N1-C1 1.351(3)  1.362  1.361 
O1-Cu1-O2 165.28(7)  172.77  175.63 
O1-Cu1-O4 97.48(7)  88.89  87.96 
O2-Cu1-O4 95.77(7)  92.11  95.89 
O1-Cu1-O5 90.19(7)  89.18  91.08 
O2-Cu1-O5 93.88(7)  97.70  93.17 
N2-Cu1-O5 167.53(8)  174.79  168.9 
N2-Cu1-O4 92.24(7)  88.84  104.07 
N3-N2-C10 117.4(2)  118.23  118.73 
N2-N3-C11 109.6(2)  109.68  110.01  

a Data calculated at B3LYP-GD3/6-311G(d,p) both in a vacuum and by 
considering the bulk solvent, methanol. 

Fig. 2. Ortep view of one of the two independent cations (Mol A) in the unit 
cell of 2(NO3) (ellipsoid drawn at 50% probability). 

Table 2 
Selected Bond Lengths (Å) and Angles (deg) for the cation (2þ, Mol A) together 
with the corresponding DFT calculated values.   

X-ray Methanola Vacuuma 

Cu1-O1 1.931(2)  1.981  1.931 
Cu1-O2 1.942(2)  1.981  1.914 
Cu1-O4 2.349(2)  2.395  2.326 
Cu1-O5 1.960(2)  2.038  2.038 
Cu1-N2 1.935(3)  1.972  1.938 
Cl1-C6 1.745(3)  1.764  1.744 
O1-C1 1.260(4)  1.258  1.262 
O2-C11 1.288(4)  1.289  1.302 
N2-N3 1.392(4)  1.372  1.359 
N2-C10 1.288(4)  1.290  1.296 
N1-C1 1.354(4)  1.360  1.369 
N1-C9 1.384(4)  1.378  1.383 
O1-Cu1-O2 172.28(9)  172.62  175.76 
O1-Cu1-O4 92.89(9)  89.42  94.86 
O2-Cu1-O4 94.09(9)  92.28  86.87 
O1-Cu1-O5 91.98(9)  91.44  93.14 
O2-Cu1-O5 92.69(9)  95.83  90.99 
N2-Cu1-O5 169.9(1)  175.96  168.88 
N2-Cu1-O4 98.7(1)  93.21  109.24 
N3-N2-C10 117.1(3)  117.82  118.70 
N2-N3-C11 108.6(2)  109.94  110.02  

a Data calculated at B3LYP-GD3/6-311G(d,p) both in a vacuum and by 
considering the bulk solvent methanol. 

Fig. 3. Ortep view of complex 3 (ellipsoid drawn at 50% probability).  
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and the Cu centre at 2.63 Å. 

3.3. EPR data 

The EPR spectra of the 1(NO3), 2(NO3) and 3 in frozen matrix 
(MeOH) at 140 K are reported in Figs. 4–6. The EPR spectra of the Cu(II) 
complexes were characterized by a quartet of lines at low-fields (the so- 
called parallel region) and a strong line at higher field (perpendicular 
region). The parallel region is the most informative: the position of the 
quartet (related to the gz parameter) and the distance between the lines 
(the Az parameter) give information concerning the copper coordination 
sphere. The gz values (higher than gx and gy) are in agreement with Cu 

(II) complexes in the fundamental state dx2-y2. The spectrum of 1(NO3) 
(Fig. 4a) shows the presence of two further quartets, with significantly 
less intense lines, according to the data reported in Table 4. The different 
species can be originated by H2O, MeOH or NO3

− ion differently inter-
acting with the copper atom. Species A1 shows a reduced gz and an 
increased Az with respect to species B1 and C1, which is indicative of an 
increased covalent bonding and/or a decreased complex charge with 
respect to B1 and C1 [64,65]. In addition, the main quartet lines of A1 
exhibit “shoulders” (Fig. 4b) indicative of hyperfine splitting with a 
coordinated nitrogen, in agreement with the ONO coordination. B1 and 
C1 have higher gz values, suggesting species with a higher positive 
charge. 

The EPR spectrum of 2(NO3) also shows the presence of three species 
where, A2 reasonably similar to A1, is not the most abundant one 
(Fig. 5). B2 and C2 species, quite similar to each other, with the B2 the 
most abundant, show parameters quite different from A2, and also 
different from B1 and C1: a particularly low value of the hyperfine 

Table 3 
Selected Bond Lengths (Å) and Angles (deg) for complex 3 together with the 
corresponding DFT calculated values.   

X-ray Methanola Vacuuma 

Cu1-O1 1.947(1)  1.981  2.044 
Cu1-O2 1.970(1)  1.981  1.999 
Cu1-O4 2.246(1)  2.439  2.286 
Cu1-O5 1.970(1)  2.000  1.933 
Cu1-N2 1.947(1)  1.975  1.980 
Cl1-C6 1.741(2)  1.765  1.755 
O1-C1 1.261(2)  1.257  1.243 
O2-C11 1.290(2)  1.288  1.276 
N2-N3 1.390(2)  1.373  1.355 
N2-C10 1.286(2)  1.291  1.298 
N1-C1 1.350(2)  1.360  1.369 
N1-C9 1.379(2)  1.377  1.380 
O1-Cu1-O2 169.51(5)  171.34  167.70 
O1-Cu1-O4 98.72(5)  96.30  84.26 
O2-Cu1-O4 89.79(5)  87.47  90.22 
O1-Cu1-O5 90.76(5)  93.00  91.74 
O2-Cu1-O5 95.28(5)  94.91  99.82 
N2-Cu1-O5 172.91(5)  174.87  169.30 
N2-Cu1-O4 95.16(5)  94.02  94.18 
N2-Cu1-O1 92.15(5)  91.36  89.10 
N2-Cu1-O2 80.91(5)  80.57  80.34 
N3-N2-C10 117.0(1)  117.49  117.02 
N2-N3-C11 109.5(1)  109.96  109.78 
O6-N4-O5 118.0(1)  119.19  116.02 
O7-N4-O5 118.7(1)  118.01  119.35 
O7-N4-O6 123.4(1)  122.79  124.63  

a Data calculated at B3LYP-GD3/6-311G(d,p) both in a vacuum and by 
considering the bulk solvent methanol. 

Fig. 4a. EPR spectrum of 1(NO3) (blue) and simulated (red). On the abscissa, 
the field values in mT. 

Fig. 4b. Parallel region of the EPR spectrum of 1(NO3) with highlighted hy-
perfine nitrogen structure. 

Fig. 5a. EPR spectrum of 2(NO3) (blue) and simulated (red). On the abscissa, 
the field values in mT. 
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coupling, with a very high value of gz, which are not fully consistent 
with an ONO coordination geometry around the copper. A possible 
explanation could be the formation of supramolecular dimeric aggre-
gates, due to weak dispersive forces, resulting in spin-delocalization and 
reduction of the hyperfine coupling. 

In Fig. 6 the EPR spectra of 2(NO3) and 3, dissolved in methanol, are 
shown: the pattern of the species is very similar, with just minor dif-
ferences, related to a slightly different ratio of species and/or different 
line widths. Calculated EPR data showed that the species guessed from 
the EPR spectra are ascribable to the occurrence of a complex dynamic 
in solution involving several configurations due to the coordinated 
water and/or methanol and/or the proximity of the NO3

− anion to the 
metal complexes (see Table S24 and further details as Supplementary 
Materials). Moreover, consistent with the calculations, is the presence of 
2(NO3) supramolecular dimeric aggregates (Fig. S8). This possibility 
was suggested by the relatively close intermolecular contacts between 
MolA and MolB in the asymmetric unit of 2(NO3) that may indicate that 
a dimeric supramolecular moiety in the solid may persist in solution, an 
assumption confirmed by the experimental and calculated spectra. 

Due to the similarity of the EPR spectra for 2(NO3) and 3, we can 
infer that also 3 shows the same tendency to aggregate in the conditions 
used to acquire the EPR spectra, whereas 1(NO3) seems less prone to do 
this. 

3.4. Computational study of the solvent exchange on the complexes’ inner 
coordination sphere 

EPR spectra showed, on the timescale of the EPR experiment, the 
occurrence in frozen matrix (MeOH) of three main resonance patterns 
for both the complexes 1(NO3) and 2(NO3) (Table 4). It was guessed that 
these patterns could correspond to transient species characterized by 
different solvent molecules (water and/or methanol) coordinated to 
CuII, by different interactions/orientation of the negative counterion 
NO3

− , and by the probable occurrence of a dimeric aggregate for 2(NO3), 
the latter conceivably due to the low temperature condition needed for 
EPR spectra. Thus, the calculation of the EPR parameters early discussed 
(see EPR data §3.3) was performed on several model systems to assess 
the hypotheses guessed from the experimental data. Due to the complex 
dynamic in solution caused by the occurrence of several configurations, 
we have set up some limiting species potentially present in solution, to 
picture the general trend of solvent exchanges occurring in the system. 
In this context, the EPR calculations were preceded by a preliminary 
investigation concerning the coordination thermodynamics of water and 
methanol in the complexes on the models considered. Incidentally, the 
standard Gibbs free energy variations (ΔG◦) associated with the solvent 
replacement process (Table 5) were calculated by considering both the 
cationic species – where the NO3

− has been assumed quite far from the 
metal complex – and neutral species where the nitrate ion is close to the 
first coordination sphere of the metal center, being these ones consid-
ered in order to evaluate the anion proximity effects. 

The calculated ΔG values in Table 5 indicate that, for both com-
plexes, the solvent exchange process occurs easily in slightly different 
ways. Indeed, exchange seems ergonically more unfavored for those 
models where is considered the NO3

− . Nonetheless, the energies involved 
are quite low indicating that each of the solvent exchange processes 
could occur quite easily at room temperature and suggesting the 
occurrence of several species in frozen methanol matrix. 

Finally, we also investigated the solvent exchange involving the 
DMSO to assess the probable chemical species occurring in the samples 
for any biological assays. In this context, we studied in detail the ther-
modynamics of the coordination chemistry of the exchange process 
involving DMSO, H2O, and methanol towards 1(NO3) and 2(NO3) in 
water solution. The calculated coordination Gibbs free energies 
confirmed the higher coordination behavior of the DMSO than water 
and methanol towards the complexes. Nonetheless, the ΔG variations, 
ranging from about 20 to 30 kJ/mol, indicate that the replacement of the 

Fig. 5b. Parallel region of the EPR spectrum of 2(NO3).  

Fig. 6a. EPR spectrum of 3 (black) and of 2(NO3) (red). On the abscissa, the 
field values in mT. 

Fig. 6b. Parallel region of the EPR spectra of 3 (black) and 2(NO3) (red).  
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DMSO by the H2O in water solution, should not be a difficult process 
(results are given in Table S25). 

3.5. DNA binding studies 

The binding modes of the copper complexes 1(NO3) and 2(NO3) 
were investigated through electronic absorption titrations in the pres-
ence of calf thymus (CT)-DNA. Due to solubility problems, it was not 
possible to perform this study with the free ligands. Usually, the binding 
of any compound to DNA through intercalation results in hypochromism 
with or without a small red or blue shift due to the strong stacking 
interaction between the planar aromatic chromophore and the DNA base 
pair [66,67]. 

Fig. 7 shows representative UV–VIS spectra of the copper complexes 
in the absence and in the presence of CT-DNA. Upon increasing the DNA 
concentration, the absorption bands of the complex 1(NO3) exhibited 
hypochromism of 28.7 % at 249 nm, 27.1 % at 359 nm, and 39.6 % at 
393 nm, while those of complex 2(NO3) of 23.8 % at 260 nm, 29.2 % at 
363 nm, 32.2 % at 396 nm, respectively, with blue shifts of 0–3 nm. The 
hypochromism suggests that the copper complexes bind to the DNA 
helix via intercalation. To find out the magnitude of the binding strength 
of the compounds with DNA, their intrinsic binding constants (Kb) were 
determined according to the following equation:  

[DNA]/(εa − εf) = [DNA]/{(εb − εf) + 1 Kb(εb − εf)}                                

where [DNA] is the concentration of DNA in base pairs, εa is the 
apparent absorption coefficient corresponding to Aobs/[compound]; εf is 
the extinction coefficient of the free compound and εb is the extinction 
coefficient of the compound when fully bound to DNA. 

From the plot of [DNA]/(εa-εf) vs [DNA] (Fig. 8) the intrinsic con-
stant Kb were calculated by the slope of the intercept. The Kb values were 
found to be 4.23(±0.01)⋅104 M− 1 and 3.52(±0.07)⋅104 M− 1, for com-
pounds 1(NO3) and 2(NO3), respectively. These values are in agreement 
with those reported for many NxOy-Cu(II)-coordinated systems 
[25,46,47,49,51,52,68]. 

3.6. Cytotoxicity studies 

The in vitro antitumor activity of the new Cu(II) complexes 1(NO3) 
and 2(NO3) and of the uncoordinated ligands (HL1 and HL2) has been 

evaluated against some human cancer cell lines derived from solid tu-
mors with different sensitivity to the reference metal-based chemo-
therapeutic cisplatin. The cytotoxicity parameters, expressed in terms of 
IC50 calculated from dose-survival curves obtained after 72 h exposure 
to the MTT test, are listed in Table 7. Cell lines representative of 
pancreatic (BxPC3 and PSN-1), cervical (A431), colon (HCT-15) and 
lung (H157) have been selected for the preliminary screening. 

The cytotoxicity results showed that both copper complexes exhibi-
ted a noticeable antiproliferative activity, with IC50 values in the 
micromolar range against all tested cancer cell lines when compared to 
that of the ligands HL1 and HL2 that proved to be scarcely effective (the 
average IC50 values were over 25 μM).The cytotoxic profiles of 1(NO3) 

Table 4 
EPR data for 1(NO3) and 2(NO3).   

Species gx gy gz Ax (MHz) Ay (MHz) Az (MHz) % 

1(NO3) A1  2.060  2.105  2.275 30 30 534 80 
B1  2.090  2.095  2.320 50 50 480 10 
C1  2.100  2.110  2.355 50 50 540 10  

2(NO3) A2  2.070  2.070  2.275 50 50 540 24 
B2  2.060  2.080  2.430 50 50 360 48 
C2  2.070  2.070  2.380 50 50 350 28  

Table 5 
Calculated standard Gibbs free energies values concerning the solvent exchange 
process at the copper centre. Data have been obtained by considering the 
methanol as bulk solvent by the SMD approach.  

Solvent replacement reaction (methanol as bulk solvent) ΔG (kJ/mol) 

[1⋅⋅2H2O]þ + MeOH<==>[1⋅H2O,MeOH]þ + H2O  − 4.98 
[1⋅H2O,MeOH]þ + MeOH<==>[1⋅2MeOH]þ + H2O  3.22 
[1⋅⋅2H2O][NO3] + MeOH<==>[1⋅H2O,MeOH][NO3] + H2O  14.94 
[1⋅H2O,MeOH][NO3] + MeOH<==>[1⋅2MeOH][NO3] + H2O  − 13.64 
[2⋅⋅2H2O]þ + MeOH<==>[2⋅H2O,MeOH]þ + H2O  − 1.93 
[2⋅H2O,MeOH]þ + MeOH<==>[2⋅2MeOH]þ + H2O  − 5.48 
[2⋅⋅2H2O][NO3] + MeOH<==>[2⋅H2O,MeOH][NO3] + H2O  12.85 
[2⋅H2O,MeOH][NO3] + MeOH<==>[2⋅2MeOH][NO3] + H2O  4.77  

Fig. 7. Electronic spectra of copper complex 1(NO3) and 2(NO3) in tris-HCl 
buffer (pH = 8.2) upon addition of increasing concentrations of CT-DNA. 
[Compound] = 25 μM; [DNA] = 0–25 μM. 
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and 2(NO3) were on the average very similar, thus suggesting that the 
chlorine position in the coordinated ligands does not significantly in-
fluence the cytotoxic efficacy. Both copper complexes were more 
effective or at least as effective as cisplatin in inhibiting cancer cell 
growth. It is to be mentioned that both the complexes were markedly 
very effective against pancreatic PSN-1 cells showing IC50 values about 
3-fold lower than those calculated for the reference drug. The data re-
ported in Table 7 demonstrate that 1(NO3) and 2(NO3) showed a similar 
or slightly lower cytotoxic potential if compared to previously reported 
copper complexes containing 2-oxo-1,2-dihydrobenzo[h]quinoline-3- 
carbaldeyde bearing phenol groups as Y moieties in the hydrazones X-C 
(Z) = N-NH-C(=O)Y, [47] but higher with respect to other quinoline 
copper derivatives [46,47,49,51]. 

Considering that drug resistance represents a key determinant for the 
variable efficacy of anticancer therapy, the antiproliferative activity of 
the newly synthesized copper complexes was investigated on additional 
ovarian (A2780) and colon (LoVo) cancer cell lines whose sublines were 
suitably selected for the multidrug resistant phenotype (A2780 MDR) or 
the resistance to oxaliplatin (LoVo OXP). The cytotoxicity was evaluated 
by means of the MTT test after 72 h treatment with increasing concen-
trations of the test compounds. IC50 values, calculated from dos-
e–survival curves, are shown in Table 8. Cross-resistance profiles were 
expressed in terms of the resistance factor, RF, which is defined as the 
ratio between the IC50 value for the resistant cells and that arising from 
the parent cells. Compared to human ovarian A2780 cells, A2780 MDR 
cells were about 16-fold more resistant to doxorubicin, a drug belonging 
to the MDR spectrum, whereas LoVo OXP cells were about 17-fold more 
resistant to oxaliplatin than parental cells. Here again, both 1(NO3) and 
2(NO3) showed a similar pattern of activity, being both equally cyto-
toxic to sensitive and resistant cells, thus proving to be capable of 
overcoming the multidrug and oxaliplatin resistances. 

Though if it is not easy to compare the results reported in the liter-
ature due to the different cancer cell lines tested, we could observe that 
in the case of Cu(II) complexes bearing X  = benzoquinoline, Z = H and 
Y = C6H5-OH moieties in the hydrazone X-C(Z) = N-N––C(-O)Y ligands, 
the IC50 values against A431 cell lines were comparable to those 
observed for the complexes 1(NO3) and 2(NO3) here reported, while in 
the case of the HCT-15 cell lines, 1(NO3) and 2(NO3) showed a lower 
efficacy, with IC50 values in all cases lower than 10 μM. [47]. On the 
contrary, in the case of the copper complexes bearing X  = dihy-
droquinoline, Z = H and Y = o-C6H5-OH, the IC50 values were about 
20–30 μM [46]. As for the influence of the furan group present as the Y 
moiety in 1(NO3) and 2(NO3), it was reported that for hydrazone Cu(II) 
complexes of the ligands Py-CH-N = NH-C(––O)-W, when W = pyridine, 
the compound was able to protect methionine from oxidation but his-
tidine oxidation was promoted, while with W = furan, prevention of 
both methionine and histidine oxidation was observed [41]. In the case 
of hydrazone ruthenium complexes [69,70], the presence of a furan 
moiety has not significantly influenced the cytotoxicity even in the 
presence of phenyl, pyridine or thiophene groups. Finally, a comparison 
can be also done with the cytotoxic activity of complex reported in 
Ref. [71] bearing the 6-Cl-dihydroquinoline moiety as the ligand, which 
showed results similar to that of cisplatin against A549 and MCF7 cell 
lines. 

4. Conclusions 

The formation of three new Cu(II) complexes from two different 

Fig. 8. Plots of [DNA]/(εa-εf) vs [DNA] of the complexes 1(NO3) and 2(NO3).  

Table 7 
Cytotoxicity studies.  

IC50 (µM) ± S.D. 

Compounds HCT-15 H157 BxPC3 PSN-1 A431 

1(NO3) 16.4 ± 3.5 5.4 ± 0.9 10.4 ± 2.5 3.9 ± 0.3 3.5 ± 0.2 
HL1 > 25 17.5 ± 2.6 > 25 20.5 ± 3.1 > 25 
2(NO3) 14.5 ± 3.6 9.0 ± 0.5 11.8 ± 1.6 4.7 ± 0.8 2.3 ± 0.7 
HL2 > 25 > 25 > 25 > 25 > 25 
cisplatin 15.5 ± 3.8 6.2 ± 1.3 13.9 ± 5.9 13.5 ± 4.1 2.1 ± 0.9 

Cells (3–8⋅103 ml− 1) were treated for 72 h with increasing concentrations of 
tested compounds dissolved in DMSO. Cytotoxicity was assessed by MTT test. 
IC50 values were calculated by four parameter logistic model (P < 0.05). 

Table 8 
Cross-resistance profiles.  

IC50 (mM) ± S.D. 

Compound A2780 A2780 
ADR 

R.F. LoVo LoVoOxPt R.F. 

1(NO3) 2.7 ± 0.4 3.4 ± 0.2 1.3 4.6 ±
0.6 

4.2 ± 0.5 0.9 

2(NO3) 2.6 ± 0.6 3.7 ± 0.6 1.4 2.3 ±
0.4 

2.1 ± 0.9 0.9 

Doxorubicin 0.01 ±
0.005 

0.16 ±
0.03 

16.0 – – – 

Oxaliplatin – – – 3.1 ±
0.3 

53.4 ±
0.8 

17.1 

S.D. = standard deviation. IC50 values were calculated by four parameter logistic 
model (P < 0.05). Cells (3-8⋅103⋅ml− 1) were treated for 72 h with increasing 
concentrations of tested compounds dissolved in DMSO. Cytotoxicity was 
assessed by MTT test. R.F. = IC50 (resistant subline)/IC50 (wild-type cells). 
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hydrazones depended on the crystallization conditions giving rise to 
complexes 1(NO3) and 2(NO3) where two H2O molecules are coordi-
nated, but in 3 a MeOH and a NO3

− bonded to the copper centre. The 
formation of three species was also observed in the EPR spectra for 1 
(NO3) and 2(NO3) in frozen MeOH. A detailed computational study 
demonstrated that the solvent molecules can be easily exchanged in the 
Cu(II) coordination sphere, thus different species could be formed in the 
presence of excess water or MeOH. A good agreement was observed 
between the experimental EPR data and the calculated ones. As ex-
pected, the DMSO used to dissolve the complexes for the DNA binding 
and the cytotoxicity studies showed that DMSO can easily substitute 
both H2O and MeOH in the coordination sphere, but can in turn be 
replaced by water in the cell culture medium. Thus, we could reasonably 
imagine that the LCu(H2O)2 species are the compounds interacting with 
DNA and the cells. Even if other cellular targets can be present for 
complexes 1(NO3) and 2(NO3), they showed DNA binding with intrinsic 
constant Kb of about 4 × 104 and exhibited a noticeable antiproliferative 
activity against a panel of human cancer cell lines together with the 
ability to overcome multidrug and oxaliplatin resistance. 

To achieve further insight on the biological activity of this type of 
complexes, it is worthwhile to investigate the role of chlorine, or in 
general of a halogen atom in the structure for their possible involvement 
in halogen-bonding within the cellular environment which is rich in 
polar electrophilic and nucleophilic sites, thus stabilizing inter- and/or 
intramolecular interactions that can affect the compounds binding and 
molecular folding. 
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