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Abstract

:

Some ten million cancer deaths occurred in 2020, highlighting the fact that the search for new anticancer drugs remains extremely topical. In the search for new coordination compounds with relevant biological properties, the choice of a metal ion is important for the design of the complex. In this regard, copper plays a peculiar role, thanks to its distinct properties. Thiosemicarbazones are, analogously, a unique class of ligands because they are easily modifiable, and therefore, extremely versatile in terms of modulating molecular properties. In this work, we synthesized and characterized, by means of X-ray diffraction, four new naphthaldehyde and anthraldehyde thiosemicarbazone derivatives and their copper complexes to be used in interaction studies with biological systems. The objective was to evaluate the antileukemic activity of these compounds. Reactions of these ligands with Cu(II) salts produced unexpected oxidation products and the isolation of Cu(I) metal complexes. One ligand and its related Cu(I) complex, which is stable in physiological conditions, were subjected to in vitro biological tests (UV-Vis and CD titration). An important interaction with DNA and an affinity toward BSA were observed in FT-IR experiments. Preliminary in vitro biological tests against a histiocytic lymphoma cell line revealed an interestingly low IC50 value, i.e., 5.46 µM, for the Cu(I) complex.
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1. Introduction


It was recently reported that worldwide, an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred in 2020 [1]. It is therefore apparent that the search for new anticancer drugs is still extremely topical. The discovery of cis-{[PtCl2(NH3)2]}, cisplatin, a platinum-based drug, was a major breakthrough in cancer treatment strategies [2]. However, the toxicity and drug resistance associated with this compound steered drug discovery research toward the rational development of metal-containing agents with more specific activity and less toxicity, and a mode of action different from cis-{[PtCl2(NH3)2]} and its derivatives. Metallodrugs have been used for centuries, but only now are methods and techniques becoming available to characterize such drugs more precisely, to identify their target sites, and to elucidate their often unique mechanisms of action [3]. It is also noteworthy that a better understanding of the roles played by metal compounds at a mechanistic level will help in the implementation of new metal-based therapies by providing an alternative, targeted, and rational approach to supplement non-targeted screening of novel chemical entities for biological activity [4]. In the search for new coordination compounds with promising biological properties, the choice of the metal ion is crucial [3,4]. Amongst metal ions, copper plays an important role thanks to its distinct properties [5,6]. Copper is a bioessential element in biology with truly unique chemical characteristics in its two biologically relevant oxidation states, i.e., +1 and +2. Its most notable features are its almost exclusive function in the metabolism of O2 or N/O compounds (NO2−, N2O) and its frequent association with the oxidation/generation of organic and inorganic radicals such as tyrosyl, semiquinones, superoxide, or nitrosyl [7]. Many ligands can be chosen to bind copper and create valuable coordination complexes. Thiosemicarbazones are particularly interesting ligands because they present at least a couple of N, S donor atoms that can modulate the hard and soft character. Moreover, they can be suitably modified to increase the denticity of the ligand or the number of donor atoms, or to adjust parameters such as solubility and the partition coefficient [8,9,10,11], thereby modulating the biological activity of the compound in question. Thiosemicarbazones are a class of compounds which are known to exert different biological properties, e.g., catalysis [12] antibacterial [13,14], antifungal [15,16,17,18,19,20,21], antiparasitic [22], antiviral [23,24] and anticancer [25,26,27,28,29,30,31,32]. The antitumor activity provided by thiosemicarbazones is usually enhanced upon complexation. Many mechanisms of action have been proposed, including ribonucleotide reductase and topoisomerase II inhibitors, ROS generators (which, it is assumed, interact with DNA) and others which are attributed, for example, to their strong iron chelating ability [8,29]. With these hypotheses, we decided to synthesize new thiosemicarbazones and their copper complexes and perform interaction studies with in vitro biological systems in order to preliminarily evaluate their antitumor activity. As mentioned, DNA is a major target for both anticancer therapy and metal based drugs, and it is also known that polycyclic aromatic hydrocarbons tend to intercalate into DNA nitrogenous bases stackings [33]. Based on these hypotheses, analogues of naphthaldehyde and anthraldehyde thiosemicarbazone derivatives were synthesized and characterized, because naphthaldehyde [34,35,36,37,38,39,40,41] and anthraldehyde [37,42,43,44,45,46,47,48] have already shown interesting and promising chemical and biological properties. Structural modifications on the thiosemicarbazide terminal nitrogen, which seems to play a relevant role in its biological activity, have been investigated. Unexpectedly, reaction of the ligands with Cu(II) salts produced ligand oxidation products and the isolation of Cu(I) metal complexes. The nature of these compounds, formed upon reduction of copper, was assessed by means of X-ray crystallography. The ligand and its Cu(I) complex were subjected to biological tests (UV-Vis and CD titration) and showed important interaction with DNA which was not ascribable to intercalation. The same compounds also showed affinity toward BSA, as established by FT-IR experiments. Preliminary in vitro biological tests against a histiocytic lymphoma cell line resulted in a very low IC50 value, i.e., 5.46 µM, for the Cu(I) complex, highlighting the interesting behavior of this compound.




2. Materials and Methods


1H NMR were recorded on a Bruker Anova spectrometer at 300 MHz, with chemical shift reported in δ units (ppm). NMR spectra were referenced relative to residual NMR solvent peaks. Coupling constants (J) are reported in hertz (Hz). The solvent used in the acquisitions of spectra was DMSO-d6.



The FT-IR measurements were recorded on Perkin Elmer’s Spectrum Two in the 4000–400 cm−1 range, equipped with the ATR accessory. The shapes and signal intensities are reported as w (weak), m (medium), s (strong), sh (sharp), b (broad).



Elemental analyses were performed using Flashsmart CHNS Elemental Analyzer (Thermofisher Scientific, Waltham, MA, USA).



Mass analyses were carried out using a Waters Acquity Ultraperformance ESI-MS spectrometer with Single Quadrupole Detector (Mode used: Flow Injection; Source temperature (°C) 150; Desolvation Temperature (°C) 300; Cone Gas Flow (L/Hr) 100; Desolvation Gas Flow (L/Hr) 480; Solvent Flow (mL/min) 0.2; Capillary voltage (kV) 3, Cone voltage (V) 20/50/80). The compounds were dissolved in MeOH.



Melting points were determined using a SPM3 apparatus (Stuart Scientific, Nicosia, Cyprus).



Circular dichroism spectra were recorded with a Jasco J-715 spectropolarimeter.



UV-Vis spectra were collected using Thermofisher Scientific’s Evolution 260 Bio Spectrophotometer in a quartz cuvette.



The crystallographic data of compounds L1, L2, L3, L5 and [CuI2(SO4)(L2)5] (2) were collected with a SMART APEX2 diffractometer using Mo-Kα radiation and a graphite crystal monochromator [λ(Mo-Kα) 0.71073 Å]. Intensities data for compounds L4 and [CuI(L1)2](HSO4) (1) were collected on a Siemens AED diffractometer using Cu-Kα radiation [λ(Cu-Kα) 1.54178 Å]. For the data collected on the SMART APEX2 diffractometer, the SAINT [49] software was used for integrating reflection intensities and scaling, and SADABS [50] for absorption correction. The structures were solved by direct methods using SHELXS [51]] and refined by full-matrix least-squares on all F2 using SHELXL97 [52] implemented in the OLEX package [53]. The structure drawings were obtained with the ORTEPIII [54] and Mercury [55] programs.



2.1. Synthetic Procedures


2.1.1. General Information


The following compounds were used: 4-methyl-3-thiosemicarbazide, 97% (Aldrich, St. Louis, MO, USA), 4,4-dimethyl-3-thiosemicarbazide, 98% (TCI Europe N.V., Zwijndrecht, Belgium), 2-naphthaldehyde (Aldrich), 10-chloro-9-anthraldehyde, 97% (Aldrich), Cu(SO4)2∙5H2O (Aldrich), disodium salt of calf thymus DNA (CT DNA) (Serva), bovine serum albumin (BSA) (Aldrich).




2.1.2. Synthesis of the Ligands


L1, 2-naphthaldehyde 4,4-dimethyl-3-thiosemicarbazone was synthesized as follows.



First, 2-naphthaldehyde (0.0826 g, 0.529 mmol) was placed in a round bottomed flask with 25 mL of absolute ethanol. Subsequently, a slightly larger amount of 4,4-dimethyl-3-thiosemicarbazide (0.0815 g, 0.684 mmol) was added to the reaction flask. A representation of the synthesis is presented in Scheme 1. The mixture was gently heated until dissolution of both reagents, and then the flask was placed in an ice bath to limit the formation of by-products for one day under magnetic stirring. The solution took on a more intense yellow color over time, until a yellow suspension formed which was filtered on Buchner and then analyzed. The analyses highlighted the purity of the product, which was then recrystallized from acetonitrile, yielding straw yellow, needle-like crystals which were subjected to X-ray diffractometric analysis (Figure 1). Crystal data details are reported in the Supplementary Materials.



Yield: 52%.



1H NMR (300 MHz, ppm, DMSO d6): 11.05 (s, 1H, N–NH–C=S), 8.36 (s, 1H, CH=N), 7.97 (m, 5H, aromatic), 7.55 (q, 2H, aromatic), 3.33 (s, 6H, N–(CH3)2).



FT–IR: 3139 cm−1, m, sh, ν N–H; 3008 cm−1, w, broad, ν sp2 C–H; 2980 cm−1, w, broad, ν CH3; 1550 cm−1, s, ν C=C; 1520 cm−1, s, ν C=N; 1282 cm−1, s, ν C–N; 1121 cm−1, m, ν C=S.



L2, 2-naphthaldehyde 4-methyl-3-thiosemicarbazone was synthesized as follows.



First, 2-naphthaldehyde (0.0947 g, 0.606 mmol) was placed in a round bottomed flask with 25 mL of ethanol and a slight excess amount of 4-methyl-3-thiosemicarbazide (0.0769 g, 0.727 mmol) was added. A representation of the synthesis is reported in Scheme 1. The mixture was then gently heated to dissolve both reagents, and then the reaction flask was placed in an ice bath under magnetic stirring for three days, monitoring the reaction by means of TLC. The product was then extracted from the solution by evaporation of the solvent under vacuum and analyzed. Due to the presence of reagent impurities, the product was then subjected to a purification silica column (ethyl acetate/cyclohexane 1/5 as mobile phase). The central fraction was then dried and recrystallized from acetonitrile, yielding white crystals in the shape of rice grains, which were suitable for diffractometric analysis (Figure 2). Crystal data details are reported in the Supplementary Materials.



Yield: 61%.



1H NMR (300 MHz, ppm, DMSO d6): 11.58 (s, 1H, N–NH–C=S); 8.60 (d, J = 4.75 Hz, 1H, S=C–NH–CH3); 8.19 (m, 2H, aromatic); 8.10 (s, 1H, CH=N); 7.95 (m, 3H, aromatic); 7.55 (q, 2H, aromatic); 3.05 (d, J = 4.57 Hz, 3H, NH–CH3).



FT–IR: 3294 cm−1, w, ν N–H; 3167 cm−1, w, b, ν sp2 C–H; 2980 cm−1, w, b, ν CH3; 1550 cm−1, s, ν C=C; 1517 cm−1, s, ν C=N; 1282 cm−1, s, ν C–N; 1093 cm−1, m, ν C=S.



L3, 10-chloro-9-anthraldehyde 4,4-dimethyl-3-thiosemicarbazone was synthesized as follows.



First, 10-chloro-9-anthraldehyde (0.105 g, 0.436 mmol) was mixed with an equimolar amount of 4,4-dimethyl-3-thiosemicarbazide, in 25 mL isopropanol in a round bottomed flask. A representation of the synthesis is presented in Scheme 2. A few drops of glacial acetic acid were added and the suspension was left with magnetic stirring at a reflux temperature for 2 h. Next, the mixture was allowed to reach room temperature and left under stirring for three days during which the formation of a precipitate was observed. The solid product, in the form of a red powder, was then filtered by gravity and finally extracted three times using acetone (3 × 25 mL). From an acetone saturated solution, red-orange crystals were obtained which were suitable for X-ray diffraction (Figure 3). Crystal data details are reported in the Supplementary Materials.



Yield: 74%.



1H NMR (300 MHz, ppm, DMSO d6): 11.245 (s, 1H, N–NH–C=S), 9.47 (s, 1H, CH=N), 8.92–8.50 (m, 4H, aromatic), 7.82–7.69 (m, 4H, aromatic), 3.38 (s, 6H, N(CH3)2).



FT–IR: 3156 cm−1, w, b, ν N–H; 2947 cm−1, w, b, ν CH3; 1545 cm−1, s, broad ν C=C/ν C=N; 1258 cm−1, m, ν C–N; 1061 cm−1, m, ν C=S; 750 cm−1, s, sh, ν C–Cl.



L4, 10-chloro-9-anthraldehyde 4-methyl-3-thiosemicarbazone was synthesized as follows.



First, 10-chloro-9-anthraldehyde (0.2676 g, 1.11 mmol) together with 4-methyl-3-thiosemicarbazide (0.1609 g, 1.53 mmol) were placed in a 25 mL round bottomed flask. A representation of the synthesis is presented in Scheme 2. Then, 10 mL of ethyl acetate was added, a solvent in which 10-chloro-9-anthraldehyde is very soluble, while 4-methyl-3-thiosemicarbazide is relatively insoluble. The suspension was left for three days at room temperature under vigorous stirring until the formation of a pale green precipitate was observed, which was then filtered using a Buchner. To obtain crystals suitable for an XRD analysis, a small quantity of product was dissolved in a CCl4-CHCl3-CH2Cl2 mixture (1-1-1 v/v) in a test tube. Pale green square microcrystals were obtained; these were used as crystallization germs for supersaturated solutions until a crystal of suitable size was obtained (Figure 4). Crystal data details are reported in the Supplementary Materials.



Yield: 76%.



1H NMR (300 MHz, DMSO d6): ppm 11.78 (s, 1H, N–NH–C=S), 9.21 (s, 1H, CH=N), 8.55–8.49 (m, 4H, aromatic), 8.40 (q, J = 4.50 Hz, 1H, NH–CH3), 7.82–7.70 (m, 4H, aromatic), 3.00 (d, J = 4.50 Hz, 3H, NH–CH3).



FT–IR: 3342/3169 cm−1, m, sh, ν N–H; 2960 cm−1, w, broad, ν CH3; 1550 cm−1, s, ν C=C; 1517 cm−1, s, ν C=N; 1238 cm−1, s, ν C–N; 1079 cm−1, m, ν C=S, 745 cm−1, s, sh, ν C–Cl.




2.1.3. Synthesis of the Complexes


[CuI(L1)2](HSO4) (1)



Ligand L1 (0.0318 g 0.124 mmol) was placed in a round bottomed flask together with CuSO4·5H2O (0.0164 g, 0.0657 mmol) in order to obtain a 2:1 = ligand:metal stoichiometry. Then, 12 mL of 1/1 acetonitrile/methanol mixture was added. After the addition of the solvent, the solution immediately turned light brown and traces of a brown precipitate remained on the bottom. The solution was then filtered on Buchner and the mother liquors were left to evaporate slowly. Red crystals in the shape of prisms mixed with a powdery brown solid were obtained. The crystals were subjected to XRD analysis, which characterized them as a copper (I) complex, having a 2:1 = ligand:metal stoichiometry (Figure 5). Crystal data details are reported in the Supplementary Materials.



The brown powder was then dissolved in CHCl3 and the product was allowed to crystallize, giving rise to crystals which were suitable for X-ray diffraction. This compound was identified as L5 (Figure 6). Crystal data details are reported in the Supplementary Materials.



Yield: 49%.



FT-IR: 3142 cm−1, m, sh, ν N–H; 3005 cm−1, w, broad, ν sp2 C–H; 2984 cm−1, w, broad, ν CH3; 1551 cm−1, s, ν C=C; 1505 cm−1, m, ν C=N; 1274 cm−1, m, ν C–N; 1084 cm−1, m, ν C=S.



Melting point: 250 °C



[CuI2(SO4)(L2)5] (2)



L2 (0.0522 g, 0.215 mmol) dissolved in 10 mL of acetonitrile and CuSO4∙5H2O (0.0287 g, 0.115 mmol), dissolved in 10 mL of methanol, were combined in a 25 mL flask. The two solutions, respectively initially colorless and light blue, once joined gave rise to a clear light green colored solution. The resulting mixture was left under magnetic stirring at room temperature for 30 min and then placed in a crystallizer to evaporate. The slow evaporation of the solvent took place over about 10 days, leaving a heterogeneous mixture, in which light yellow crystals and brown/green powdery agglomerates (L6) were present. The crystals were identified as [CuI2(SO4)(L2)5] (Figure 7).



FT–IR: 3290 cm−1, w, ν N-H; 3165 cm−1, w, b, ν sp2 C–H; 2983 cm−1, w, b, ν CH3; 1550 cm−1, s, ν C=C; 1500 cm−1, s, ν C=N; 1278 cm−1, s, ν C-N; 1081 cm−1, m, ν C=S.



Melting point: 188 °C.



L5



FT–IR: 3008 cm−1, w, broad, ν sp2 C–H; 2985 cm−1, w, broad, ν CH3; 1552 cm−1, s, ν C=C; 1520 cm−1, s, ν C=N; 1275 cm−1, s, ν C–N; 1125 cm−1.





2.2. Measurements


L1



Melting point: 172 °C.



Elemental analysis. Calculated C(65.34%) H(5.87%) N(16.33%) S(12.46%). Found: C(65.85%) H(5.54%) N(16.75%) S(12.33%).



ESI-MS: 258.15 (MH+).



Soluble in: acetonitrile, toluene, DMSO, partially in ethanol and methanol.



L2



Melting point: 221 °C.



Elemental analysis. Calculated: C(64.17%) H(5.39%) N(17.27%) S(13.18%). Found C(64.38) H(5.20), N(17.25), S(13.44).



ESI-MS: 244.18 (MH+).



Soluble in: acetonitrile, DMSO, partly in ethanol and methanol.



L3



Melting point: 204 °C.



Elemental analysis. Calculated: C(63.24%), H(4.72%), N(12.29%), S(9.38%). Found: C(63.55%), H(4.64%), N(12.40%), S(9.15%).



ESI-MS: 342.78 (MH+).



Soluble in: THF, 1,4-dioxane, DMSO, partially in acetone and chloroform.



L4



Melting point: 238 °C. (A decomposition into a glassy dark red substance occurs around 220 °C which then melts normally at the indicated temperature).



Elemental analysis. Calculated: C(62.28%), H(4.30%), N(12.82%), S(9.78%). Found C(62.43%), H(4.28%), N(12.58%), S(9.66%).



ESI-MS: 328.48 (MH+).



Soluble in: THF, 1,4-dioxane, partially in acetone/methanol (1/1 v/v), chloroform, very weakly in pure alcohols.



L5



Melting point: 180 °C



Elemental analysis. Calculated C(65.85%) H(5.13%) N(16.46%) S(12.56%). Found: C(65.63%) H(5.24%) N(16.37%) S(12.34%).



ESI-MS: 256.40 (MH+).



[CuI(L1)2](HSO4) (1)



Elemental analysis. Calculated C(49.80%) H(4.63%) N(12.44%) S(14.24%). Found: C(50.08%) H(4.95%) N(12.35%) S(14.48%).



ESI-MS: 578.10 (M+-HSO4−).



Circular dichroism (CD) spectra were recorded at 25 °C with buffer compensation. Each spectrum is the average of three independent measurements. Cuvettes with a 1-cm path-length quartz were used. CT-DNA was used as received and stored at 4 °C. Solutions of DNA in 10 mM of PBS (pH = 7.4) 137 mM NaCl, 2.7 mM KCl gave a ratio of UV absorbance at 260 and 280 nm, A260/A280, of 1.9, indicating that the DNA was sufficiently free of protein. The concentration of stock solutions of DNA, expressed in moles of nucleotide phosphate [NP] was determined by UV absorbance at 260 nm. The extinction coefficient, ε260, was taken as 6600 M−1 cm−1 [56]. Stock solutions were stored at 4 °C and used after no more than four days. Tested compounds were dissolved in DMSO. The final concentration of DMSO in the buffered solution never exceeded 5%. Ligand L1 and its copper complex [CuI(L1)2](HSO4) (1) were subjected to analyses. The effect of the ligand and its complex on the conformation of the DNA secondary structure, explored with CD, was studied, keeping the CT-DNA concentration constant at 4.5 × 10−5 M for the ligand and at 5 × 10−5 M for its copper complex. The concentration of the studied molecules in the 10 mL buffer solution of PBS (pH = 7.4) varied following the ratio r = [ligand or complex]/[DNA] = 0, 0.1, 0.2, 0.4, 0.6. The spectrum of CT-DNA and those with the added substances were monitored in the 220–320 nm range. Each spectrum is the average of 3.



Interactions of compounds with CT-DNA were also investigated by means of UV/Vis titrations in order to find the binding constants. Measured volumes of the ligand and, separately, its complex at known concentrations were added to the PBS solution containing different amounts of DNA.



The titrations took place at room temperature with an incubation time of approximately 4 h at 37 °C. Changes in absorbance were monitored at absorption maxima of 313 nm for the ligand and 393 nm for the complex.



Binding constants for the interaction of the studied compounds with nucleic acid were determined as described in [33] by means of UV–vis titrations. The intrinsic binding constant Kb for the interaction of the compounds under study with CT-DNA was calculated by absorption spectra titration data using the following equation:


1/Δεap = 1/(ΔεKbD) + 1/Δε



(1)




where Δεap = |εA − εf|, Δε = |εB − εf|, D = [DNA], and εA, εB, and εf are the apparent, bound, and free extinction coefficients of the compound, respectively. The constant Kb is given by the ratio of the slope to intercept when it is reported in plot form [DNA]/(εA − εf) versus [DNA], and it is expressed as M−1. The previous equation, originally used to calculate the binding constants for hydrophobic derivatives, is now broadly used to investigate a wide variety of metal complexes containing phenanthroline and its derivatives, and has subsequently been adopted to evaluate binding constant values from metal complexes with different ligands [34,57,58,59,60,61,62]. Fixed amounts of the ligands and complexes were dissolved in DMSO because their high solubility in this solvent allowed us to prepare concentrated solutions, and therefore, to utilize reduced volumes in titrations. It was also verified that the DMSO percentage added to the DNA solution did not interfere with the nucleic acid; in fact, the 260 nm absorption band was not subject to modifications in intensity and position. Calculated amounts of stock solutions were taken to final concentration values of 10 mM of PBS, and increasing amounts of DNA over a range of ratios r = [DNA]/[complex] = 0, 0.5, 1, 1.5, 1.9. The final concentration of the ligand was kept constant at 2.57 × 10−5 M, while that of the complex was kept constant at 3.10 × 10−5 M. The changes in absorbance of an intraligand (IL) band upon each addition of DNA were monitored at the maximum wavelengths 313 for L1, and 393 nm for [CuI(L1)2](HSO4) (1).



Drug effects on cell viability were analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay, based upon the ability of metabolically active cells to reduce MTT into formazan by the action of mitochondrial dehydrogenases. U937 (150,000 mL−1) cells were seeded into 96-well plates overnight, and then exposed to compounds at indicated concentrations. At the end of the treatment, MTT was added (final concentration 0.5 mg mL·mL−1) for 3 h at 37 °C and formazan crystals were dissolved in 100 mL for each well of acidic isopropanol (0.08 N HCl). After mixing, absorbance was evaluated using a Multiskan Ascent microwell plate reader equipped with a 550 nm filter (Thermo Labsystems, Helsinki, Finland). At least three independent experiments were performed with eight replicate wells per sample. The percentage of cell viability was calculated using the following equation: % viability = (Mean ODsample)/(Mean ODblank) × 100. The half maximal inhibitory concentration (IC50) was determined as the concentration resulting in 50% cell growth reduction compared with untreated control cells (Figure S1).





3. Results and Discussion


3.1. Synthetic Comments


During the synthesis of L2 an alternative strategy was attempted that produced an already pure product obtained in a single step but with lower yields (55%), by mixing a stoichiometric quantity of reagents in ethanol with a few drops of acetic acid and heating the mixture at reflux temperature for 24 h. The product precipitates and can be filtered.



A second procedure was attempted also for the synthesis of L4, that gave better results in terms of speed and yield (90%). Equimolar amounts of reagents in absolute ethanol at reflux temperature were placed in a round bottomed flask, together with a few drops of glacial acetic acid as catalyst. The aldehyde is insoluble as well as the product, which was obtained in the form of a pale green powder that was filtered on Buchner within 4 h.



The brown/green powder agglomerates, named L6, obtained while synthesizing [CuI2(SO4)(L2)5] (2), were subject to IR, AE and MS analyses but it was not possible to clearly identify their nature. Different attempts were made to redissolve the heterogeneous powdery system in an acetonitrile/methanol mixture. The most of the product was solubilized, but a dark brown precipitate remained on the bottom of the beaker; the two phases were then separated by gravity filtration. The soluble part was placed in a crystallizer to evaporate while an IR was made of the insoluble part, which showed that it was mostly composed of CuSO4 and traces of the ligand. The soluble part was dried in a few days, and the IR spectrum was very similar to both the spectra of the crystals and of the agglomerates. An elemental analysis was performed on it but the result was not perfectly congruent with none of the hypotheses proposed. Neither MS could help.



The major surprises raised from the syntheses of the copper complexes with L1 and L2 ligands that produced unexpected but reproducible results. It is noteworthy that thanks to X-ray diffractometry it has been possible to understand the nature of the isolated pure products. By reacting the naphthyl derivatives with the Cu(II) salt, in fact, only Cu(I) complexes were isolated. Unfortunately, it was not possible to isolate the byproduct L6 in a crystal form apt for X-ray diffractometry. Also its characterization by means of spectroscopic, spectrometric and elemental analysis did not allow to get a stoichiometry of the compound that contain the oxidation products associated to the reduction of the complex. Likely, it contains a mixture of oxidized ligand together with a part of a Cu(II) complex, but unfortunately it was not possible to separate the different species present in the mixture. Also in the case of the syntheses of the complexes with the anthraldehyde derivatives, it could not be possible to isolate the products probably because of the formation of a mixture of different redox products promoted by the electron withdrawing behaviour of the chloroanthraldehyde that could not be properly separated.



The red [CuI(L1)2](HSO4) (1) crystals exposed to air, do not undergo to a re-oxidation process and therefore are kinetically stable. The same crystals dissolved in a methanol/acetonitrile = 1/1 solution, seem stable for a period of circa 3 days, but with the slow evaporation of the solvent and the concentration of the mixture, it can be observed the formation of the red [CuI(L1)2](HSO4) (1) crystals together with the green/brown powder associated to L5. This leads to the conclusion that the copper (I) complex in crystalline form is kinetically stable in air. In solution, in the presence of oxygen for a medium/long period of time, [CuI(L1)2](HSO4) (1) partially degrades. The exact degradation mechanism is still unknown.




3.2. Description of the Structures


For what L1 and L2 is concerned, from the X-ray analysis it can be seen that the molecule exhibits an E conformation around the C1-N2 bond (Figure 1) as found in other uncoordinated thiosemicarbazones.



The mean planes of the thiosemicarbazone group and that of the naphthyl group form a dihedral angle of 15.9°. Also L2 shows the same behaviour (Figure 2).



On the contrary, the L3 ligand shows a Z conformation around the C1-N2 (Figure 3), therefore the sulfur and the iminic nitrogen atoms are already in the proper position for chelation. The mean planes of the thiosemicarbazone group and that of the anthracene aromatic structure form a dihedral angle of about 70°.



For what L4 is concerned, if the dihedral angle is still of about 70°, the conformation around the C1–N2 bond is E instead (Figure 4).



The X-ray analysis of the compound obtained by reaction of L1 with Cu(II) ions revealed the copper complex in its reduced oxidation state. The structure of [CuI(L1)2](HSO4) (1) (Figure 5) is formed by a Cu(I) ion which coordinates two molecules of non-deprotonated S,N bidentate ligand to form a distorted tetrahedron. The positive charge of the Cu(I) ion is neutralized by the negative charge of a hydrogensulfate ion. The coordination distances are Cu1-S1 = 2.252(1) Å, Cu1-S2 = 2.246(1) Å, Cu1-N3 = 2.153(2) Å, Cu1-N6 = 2.150(3) Å. The ligand molecule is strongly distorted due to the coordination. In fact the dihedral angle between the mean plane of thiosemicarbazide and that of naphthalene is 50.9°. The packing is determined by hydrogen bonds between the hydrazine nitrogen atoms and two oxygen atoms of the hydrogen sulfate ion (N5-H.....O1e N2-H.....O4 (x − 1, y, z) with the value of 2.885(5) Å) and by a short hydrogen bond O3-H…..O3 (−x + 1, −y + 1, −z + 1) between two hydrogen sulfate ions of only 2.615(5) Å.



The oxidation product isolated L5 (Figure 6) has a thiadiazole aromatic heterocyclic ring coplanar with the naphthyl moiety. The bond distances are within the mean values observed in similar structures.



Comparing the dimethylated derivative with the monomethylated one, the structure of the corresponding copper complex [CuI2(SO4)(L2)5] (2) (Figure 7 and Figure S2), dramatically changes. In fact, the crystalline structure is formed by two independent copper atoms in the oxidation state +1 and by five ligand molecules that behave as monodentates through the sulfur atom. One of the five ligands acts as a bridging ligand through the sulfur atom between two Cu(I) ions. All the ligand molecules are neutral and the positive charge of the complex is neutralized by the sulfate group arranged as a bridge between the two copper atoms. Each Cu(I) therefore has a tetrahedral coordination determined by three sulfur atoms of the ligands (one of which is a bridge) and by an oxygen atom of the sulfate group. The coordination distances are respectively Cu1-S: 2.308(2), 2.305(2), 2.276(2) Å; Cu1-O1: 2.281(2) Å and Cu2-S: 2.349(2), 2.271(2), 2.265(2) Å; Cu2-O2: 2.293(2) Å. The five molecules of the ligand, unlike what has been observed for the [CuI(L1)2](HSO4) (1) complex, are markedly planar, in fact the dihedral angles between the thiosemicarbazidic group and the naphthalene plane in the five ligands are 3.51°, 8.76°, 11.63°, 11.69° and 15.66°. The crystalline structure contains three water molecules of crystallization that contribute to the packing.



Beside the reduction of copper, an oxidation of the ligands occurred that in the case of the L1 derivative could also be detected and clarified by means of X-ray diffraction (L5, Figure 6). The oxidation of the thiosemicarbazone leading to a 1,3,4-thiadiazole derivative promoted by metal salts is an already known process [63,64,65]. Usually, this kind of oxidation is promoted by Fe(III) as metal ion, while Cu(II) has been observed to produce only the 1,2,4-triazolines species [65]. It has also been observed that very different results—both in terms of reaction regiochemistry and yields, and in terms of reaction kinetics—can be achieved by the use of different salts, depending on the hardness/softness of the metal cation, as well as on its intrinsic oxidizing strength. The formation of the 1,3,4-thiadiazole ring seems to be induced by an electrophilic attack of the metal cation as a Lewis acid on the imine nitrogen atom, followed by the ring closure step, and finally by the metal reduction and-deprotonation step [66]. Also the role of the substituent plays a fundamental role in the oxidation process [67].




3.3. DNA and BSA Interaction Studies and Cell Viability Assay


Among the synthesized compounds, we decided to carry out biological testing only on the L1 ligand and its [CuI(L1)2](HSO4) (1) complex, since the main interest of our research was to verify whether complexation with copper could significantly improve the effect of the ligand on the biological substrate. The [CuI2(SO4)(L2)5] (2) complex had to be excluded because it proved to be poorly soluble and stable in the biological medium and the anthraldehyde derivatives were also not taken into consideration due to the impossibility to isolate their well characterized copper complexes.



As a first biological approach, we started by studying if these compounds could give direct interactions with DNA. To establish in detail whether the interaction of the molecules under study leads to a significant conformational change of the DNA double helix, Circular Dichroism (CD) spectra were recorded as the compound/CT-DNA ratio increased. The CD spectrum observed for calf thymus DNA consists of a positive band at 280 nm (UV: λ max, 260 nm) due to the nitrogenous base stacking and a negative band at 250 nm, due to helicity. This behaviour is characteristic of right-handed DNA in B form. It is known that at wavelengths over 230 nm, the CD spectrum of DNA in its B form consists of a positive band at longer wavelengths and a negative band at shorter wavelengths of almost equal magnitude with the point of intersection at maximum absorption [31]. As shown in Figure 8 (left) regarding the L1 ligand, the CD spectrum of DNA shows a moderate monotone decrease in the band to ca. 250 nm with a blueshift of a few nm.



The most important feature is observed for the positive band at approx. 280 nm. Usually, a slight interaction with the DNA groove and electrostatic interactions with small molecules show small perturbations or even no interaction on the bands attributed to base stacking or helicity [68]. In our case, both the ligand and its complex reveal an interaction with the nucleic acid. For both compounds, the observed behaviour at circular dichroism is consistent with a possible conformational change of DNA from B to C [69]. This aspect is more marked in the case of the ligand in which the positive band becomes practically absent as the concentration increases. For both compounds, the absence of isodichroic points also suggests the simultaneous presence of more than one mode of interaction with respect to DNA.



This last aspect could also justify the different spectral behaviour of the negative band, especially when the DNA interacts with the complex (Figure 8, right). In fact, in the CD spectrum of DNA in form C the negative band is similar in position and size to that of form B. In our case, the slightest deviation in the case of the interaction with the ligand and the more marked one in the case of the complex could lead us to think to an interaction of the condensed aromatic system with the nitrogenous bases of DNA. In conclusion, the results of the circular dichroism studies are indicative of a conformational change of the DNA double helix following the interaction of the DNA macromolecule with the tested compounds, and an intercalating interaction can be excluded.



From the data obtained from Figure 9; Figure 10 the constants Kb have been obtained, which are 1.3 × 104 M−1 and 2.1 × 102 M−1 for the ligand and the complex respectively. These values are significantly lower than those found for classical intercalators (for example ethidium bromide has a Kb of 1.4 × 106 in 25 mM Tris-HCl/40 mM NaCl buffer, pH = 7.8 [70]), and indicate that the compounds studied have a low affinity for DNA.



It is very interesting to note that the metal complex binds to DNA with less affinity than the free ligand. This data can be justified by the ionic character of the complex which could exert a greater electrostatic affinity towards the negatively charged nucleic acid. Furthermore, the overall structure of the compound strongly deviates from the planarity, as verified by X-ray diffraction, accentuating the distortions already present in the ligand (clearly visible in the packing that both molecules assume in the crystalline phase), making the aromatic condensed moiety less accessible to a stacking with the nitrogenous bases.



Hypochromism and red shift (bathochromism) in the absorption spectra of DNA bound to different compounds is generally attributed to intercalation, involving a strong stacking between the aromatic chromophores and the DNA base pairs. In our case this phenomenon is observed only for the ligand and in any case up to values of r = 1.5. This behaviour shows that a partial intercalation cannot be excluded for the ligand. In any case, this phenomenon is strongly dependent on the concentration. With the increase of the dilution of the ligand with respect to DNA, weaker interactions prevail which justify the not excessively high Kb values and also confirm the possibility that the ligand has to act in different ways against DNA, as also already verified by CD experiments. In the case of the complex, a marked hyperchromism is observed. This phenomenon, not yet well understood, suggests an external mode of action towards DNA, determined more by electrostatic interactions [71] and by the possibility to form a great network of hydrogen bonds. Since an hypochromic increase is normally associated with an increase in hydrophobic character, again this is in agreement with the ionic nature of the complex [72]. In conclusion, with our UV experiments we observe a strong interaction with the nucleic acid, as already verified in the CD experiments. However, the Kb values and the spectral behaviour exclude an intercalative action for the complex, behaviour that can only be partially provided by the ligand.



To better understand if the ligand or its complex could have a higher affinity for cellular proteins than for DNA, FT-IR spectra of bovine albumin (BSA) titrated with the ligand and the complex were recorded and reported in Figure 11.



The studies were performed following the procedure reported in the literature [73]. The infrared spectra of BSA, BSA with the compound (5 µM solution) in a 1:1 molar ratio and the compound alone were recorded after evaporating the solvent. The BSA-compound solutions were incubated for 24 h prior to measurement. The absorbance of the buffer was subtracted from the spectra of the solutions. Then, difference spectra were calculated using the instrument’s software package.



The infrared spectra of proteins [73] show the amide I bond (attributed to the C=O stretching of the functional group of the peptide moiety) between 1600 and 1700 cm−1. The exact position is determined by the backbone conformation. Since the band is associated with the secondary structure of the protein, perturbations of the bond on interaction with the tested compounds can provide a qualitative assessment of the binding, assuming that the binding induces a conformation change. As can be seen from Figure 11, the considered peak undergoes a red shift of about 20 cm−1 (1606 cm−1 for L1, 1605 cm−1 for [CuI(L1)2](HSO4) (1)). Since this peak is associated with the secondary structure of the protein, a significant perturbation of this type probably indicates that both the ligand and the complex have an affinity for BSA to induce a modification in its conformation. Although there could be other explanations, it is probably the thiosemicarbazone part of the compounds that interacts, since there is no large shift difference in the spectra of BSA treated with the ligand or with the complex.



The last biological test that has been performed is the study on tumour cell viability. The U937 cell line, originally established from a histiocytic lymphoma, has been widely used as a powerful in vitro model for hematological studies [74]. In our experiments, we found no activity exerted by the ligand alone on the cell line, while its complex [CuI(L1)2](HSO4) (1) showed an important inhibition on cell viability, reaching remarkably low IC50 value of 5.46 µM, considering that on the same cell line, the most famous metal based antitumor drug, cis-{[PtCl2(NH3)2]}, owns an IC50 value of 3 µM [75].





4. Conclusions


A set of four thiosemicarbazone ligands derived from naphthaldehyde and anthraldehyde have been synthesized and characterized also X-ray diffraction. The reactivity of the ligands toward Cu(II) ions revealed unexpected behavior. Cu2+ was able to oxidize a part of the naphthaldehyde thiosemicarbazones to a 1,3,4-thiadiazole derivative; this was unusual, given that this reactivity is usually associated with Fe3+ ions and not with other redox metal ions. The remaining naphthaldehyde thiosemicarbazone molecules present in solution yielded a Cu(I) complex. The anthraldehyde thiosemicarbazones were even more reactive towards Cu(II) ions and were oxidized to multiple species (not clearly identifiable) that probably contained not only 1,3,4-thiadiazole derivatives, but also 1,2,4-triazolines derivatives. Between the two Cu(I) complexes isolated, only [CuI(L1)2](HSO4) (1) was stable under the tested conditions, and moreover, did not undergo reoxidation, at least for the duration of the biological tests. Therefore, it was selected, together with its parent ligand, for further biological investigations. Both the ligand and its complex revealed an interaction with DNA. For both compounds, the observed circular dichroism behavior was consistent with a possible conformational change of DNA from B to C, and with the simultaneous presence of more than one mode of interaction. The UV experiments confirmed multiple ways for both compounds to interact with DNA, excluding complex intercalation as the prevalent interaction, and suggesting an external mode of action toward DNA, as determined by electrostatic interactions and by the formation of a great network of hydrogen bonds. Both the ligand and the complex had an affinity for BSA; this was probably due to the thiosemicarbazone moiety of the compounds that interacted with the protein, since there was no significant difference between the ligand and the complex behavior. The most interesting outcome of this research is that complex [CuI(L1)2](HSO4) (1) showed an important inhibition effect on U937 leukemic cell line viability, reaching a very low IC50 value of 5.46 µM, a property that is absent in the ligand alone.
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Scheme 1. Representation of the syntheses of ligands L1 and L2. 
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Figure 1. X-ray structure of L1 with ellipsoid probability at 50%. 
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Figure 2. X-ray structure of L2 with ellipsoid probability at 50%. 
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Figure 3. X-ray structure of L3 with ellipsoid probability at 50%. 
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Scheme 2. Representation of the syntheses of ligands L3 and L4. 
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Figure 4. X-ray structure of L4 with ellipsoid probability at 50%. 
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Figure 5. X-ray structure of [CuI(L1)2](HSO4) (1) with ellipsoid probability at 50%. 
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Figure 6. X-ray structure of L5 with ellipsoid probability at 50%. 






Figure 6. X-ray structure of L5 with ellipsoid probability at 50%.



[image: Compounds 02 00011 g006]







[image: Compounds 02 00011 g007 550] 





Figure 7. X-ray structure of [CuI2(SO4)(L2)5] (2) with ellipsoid probability at 50%. 
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Figure 8. Circular dichroism titration of CT-DNA with L1 (left) and [CuI(L1)2](HSO4) (1) (right) at different r values (r = [compound]/[DNA]). 
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Figure 9. UV–vis spectra of CT-DNA treated with L1 at different [DNA]/[ligand] ratios. 
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Figure 10. UV–vis spectra of CT-DNA treated with [CuI(L1)2](HSO4) (1) at different [DNA]/[complex] ratios. 
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Figure 11. IR spectra of BSA alone (lower spectrum) and after incubation with L1 (left) and [CuI(L1)2](HSO4) (1) (right) (higher spectrum). 
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