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Abstract

:

Three neutral nickel(II) complexes of 3,5–dibromo–salicylaldehyde (3,5–diBr–saloH) were synthesized in the presence or absence of 1,10–phenanthroline (phen) or its derivative 2,9–dimethyl–1,10–phenanthroline (neoc) as co–ligands, namely [Ni(3,5–diBr–salo)2(neoc)] (complex 1), [Ni(3,5–diBr–salo)2(phen)] (complex 2) and [Ni(3,5–diBr–salo)2(H2O)2] (complex 3), and were characterized by various techniques. The crystal structure of [Ni(3,5–diBr–salo)2(neoc)] was determined by single-crystal X-ray crystallography. According to employed studying techniques, the complexes interact tightly with calf-thymus DNA by an intercalative fashion. Furthermore, compounds 1–3 bind tightly and reversibly to human and bovine serum albumin.
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1. Introduction


In medicinal chemistry, the quest for novel drugs is directed towards the synthesis and evaluation of either novel organic compounds that will operate as potential drugs or novel metal-based compounds incorporating (potentially) biologically active compounds as ligands [1,2]. An interesting group of bioactive molecules are the derivatives of salicylaldehyde. Salicylaldehyde or 2–hydroxy–benzaldehyde (saloH) is an organic compound found in the defensive secretion of some leaf beetle species [3]. Salicylaldehyde-based compounds are derivatives of saloH formed either by reactions through the carbonyl group leading to novel classes of compounds bearing the salicylaldehyde scaffold, such as Schiff bases [4,5,6,7], hydrazides [8,9], hydrazones [10,11,12,13], or thiosemicarbazones [14,15,16], or by the insertion of diverse substituents on one or more positions of the aromatic leading to substituted salicylaldehydes.



Halogens, nitro, alkyl, and alkoxy groups are the most common substituents (X) on the aromatic ring of salicylaldehydes leading to the formation of mono-substituted (X–saloH) or di-substituted salicylaldehydes (diX–saloH). Such modifications on the aromatic ring may alter the biological effect of the compounds [17,18]. In particular, the insertion of halogen substituents is important and may lead to ameliorated biological properties against bacteria and yeasts. It should be noted that halogen-containing compounds are almost 50% of the most active drugs [19] contributing to better membrane permeability [20]. 3,5–dibromosalicylaldehyde (3,5–diBr–saloH, Figure 1) is a dibromo-substituted salicylaldehyde which has been reported to inhibit the inositol-requiring enzyme 1, which may be related to the treatment of ischemic stroke [21,22].



Substituted salicylaldehydes can act as mono-, bi-, or even tri-dentate ligands when coordinating with metal ions and contribute to a wide spectrum of biological activity including DNA-interaction, albumin-binding, anticancer, antimicrobial, and antioxidant activity [19,23,24,25,26,27]. In the literature, the structures of diverse metal complexes with 3,5–dibromo–salicylaldehyde as ligand have been reported, including a series of mononuclear zinc(II) [28] and copper(II) [29] complexes and a tetranuclear nickel(II) complex [30]. In addition, a mononuclear palladium(II) complex with 3,5–dibromo–salicylaldehyde was also evaluated for its biological activity [31].



Nickel is an element involved in life evolution before the accumulation of oxygen [32]. However, the biological relevance of nickel is still significant [33,34], although nickel is deemed as dangerous for the health of nickel metallurgy workers [34,35,36,37] and responsible for diverse contact allergies related with nickel-coated jewelries and other routine objects [34,38]. Urease is an enzyme involved in the biological cycle of urea and is considered the most important nickel-bearing enzyme [33,34,39]. Nickel is also present in the active center of other metalloenzymes [32,33,34,40]. In modern bioinorganic chemistry, a significant number of nickel-based bioactive compounds have been reported [41,42] including examples presenting significant in vitro anticancer [43,44,45], antiepileptic [46], antifungal [47], anti–inflammatory [48], antimicrobial [49,50], and antioxidant [51,52,53,54] activity. In particular, nickel(II) complexes with substituted salicylaldehydes have recently gained an increasing interest regarding structural characterization and biological profile. More specifically, a plethora of mononuclear nickel(II) complexes with a series of substituted salicylaldehydes, such as the mono-substituted ones 5–chloro–salicylaldehyde, 5–bromo–salicylaldehyde, 5–fluoro–salicylaldehyde, 3–methoxy–salicylaldehyde, 5–methyl–salicylaldehyde, and 5–nitro–salicylaldehyde, and the di-substituted derivative 3,5–dichloro–salicylaldehyde, have been reported in the literature, and their interaction with biomacromolecules and antibacterial activity has been evaluated [55,56,57]. Furthermore, heterocubane-like nickel(II) complexes of dihalogen-substituted salicylaldehydes (i.e., 3,5–dichloro–salicylaldehyde, 3,5–iodo–salicylaldehyde, 3,5–dibromo–salicylaldehyde, and 3–bromo–5–chloro–salicylaldehyde) bearing the formula [Ni4(diX–salo)4(μ3–OMe)4(MeOH)4] have been recently reported by M. Aryaeifar et al. [30].



As a continuation of our research concerning metal complexes of substituted salicylaldehydes, three novel neutral mononuclear Ni(II) complexes of 3,5–diBr–saloH in the presence or absence of the N,N′–donors 2,9–dimethyl–1,10–phenanthroline (neocuproine, neoc) and 1,10–phenanthroline (phen) (Figure 1), formulated as [Ni(3,5–diBr–salo)2(neoc)] (complex 1), [Ni(3,5–diBr–salo)2(phen)] (complex 2) and [Ni(3,5–diBr–salo)2(H2O)2] (complex 3), were synthesized. The characterization of complexes 1–3 was afforded by physicochemical and spectroscopic (FT-–IR and UV–vis) techniques. In addition, the molecular structure of [Ni(3,5–diBr–salo)2(neoc)] was determined by single-crystal X-ray crystallography. The interaction of compounds 1–3 with calf-thymus (CT) DNA was evaluated by DNA viscosity measurements and UV–vis spectroscopy titration studies, and through the ability to replace ethidium bromide (EB) in the EB–DNA adduct. The affinity of the compounds for bovine serum albumin (BSA) and human serum albumin (HSA) was monitored by fluorescence emission spectroscopy, and the corresponding binding constants were calculated.




2. Results


2.1. Synthesis and Characterization


Complexes 1–3 were efficiently synthesized in methanol through the aerobic reaction of NiCl2·6H2O with the sodium salt of 3,5–dibromo–salicylaldehyde (generated in situ by the addition of CH3ONa) in the presence or absence of the N,N′–donors. In all cases, a 1:2 Ni2+:(3,5–diBr–salo−) ratio was employed, while for complexes 1 and 2, the corresponding N,N′–donor (neoc, phen) was added in a 1:2:1 Ni2+:(3,5–diBr–salo):(N,N′–donor) ratio (Figure 2). The characterization of the resulting complexes 1–3 was achieved through physicochemical and spectroscopic techniques (FT-IR and UV–vis), and, especially for complex 1, by single-crystal X-ray crystallography.



According to the molar conductivity values of the complexes in 1 mM of DMSO solution found in the range 10–15 mho∙cm2∙mol−1, complexes 1–3 are neutral in nature [58], possessing a 1:2:1 Ni(II):(3,5–diBr–salo):(N,N′–donor) composition (complexes 1 and 2) or a 1:2 Ni(II):(3,5–diBr–salo) composition (complex 3). Room-temperature (RT) magnetic measurements performed for complexes 1–3 derived μeff values in the range 2.90–3.00 BM, which were slightly higher than the RT spin-only values (=2.83 BM) and confirmed the mononuclear nature of the complexes in solid state [33]. These data were also confirmed by elemental analyses data and were in good agreement with the suggested molecular formulas.



The FT-IR spectra (Figure S1) confirmed the deprotonation and the coordination mode of 3,5–dibromo–salicylaldehyde, as well as the presence of the N,N′–donor co-ligands in the complexes (complexes 1 and 2). In the IR spectrum of free 3,5–diBr–saloH, the sharp bands located at ~3200 cm−1 and ~1400 cm−1 are assigned to the vibrations of the phenolic –OH. The first band disappears in the spectra of the complexes, indicating the deprotonation of the salicylaldehyde, while the second one is shifted towards 1315–1340 cm−1, implying the coordination through the phenolic oxygen (C–O→Ni). The band at 1679 cm−1 attributed to the ν(C=O) in the free 3,5–diBr–saloH [28,29] is shifted to lower wavenumbers (1622–1647 cm−1), revealing its coordination with the metal through the carbonyl oxygen [59]. For complexes 1 and 2, the band attributed to the characteristic out-of-plane ρ(C–H) vibrations of the N,N′–donor ligand is observed at 726 cm−1 and 732 cm−1, respectively [59].



The electronic spectra of complexes 1–3 were recorded both in solid state (in the form of nujol mull) and in DMSO solution (and over time intervals spanning up to three days) in order to evaluate their stability in solution and during time (Figures S2 and S3). For the solution investigations, the complexes were dissolved either in DMSO or a DMSO:buffer (150 mM of NaCl and 15 mM of trisodium citrate, pH = 7) mixture. In the visible region of the spectra of complexes 1–3 in DMSO, three bands attributed to d–d transitions were located at 1025–1040 nm (ε = 5–10 M−1cm−1), 630–670 nm (ε = 25–70 M−1cm−1), and 420–422 nm (ε = 1260–1300 M−1cm−1) and may be assigned to 3A2g→3T2g, 3A2g→3T1g(F) and 3A2g→3T1g(P) transitions, respectively [33]. These three d–d bands are characteristic for octahedral nickel(II) complexes [33]. The values of 10Dq and the Racah B parameters were also determined. The existence of these bands attributed to d–d transitions as well as the values of the ratio 10Dq/B (which were calculated in the range 14.0–15.5) are characteristic for distorted octahedral Ni2+ complexes [33,57,60].



The overall behavior of complexes 1–3 in solution (the similarity with electronic spectra in solid state and the non-electrolytic nature according to the molar conductivity measurements) serves also as evidence of their stability in solution.




2.2. Structure of the Complexes


Among the complexes under study, single-crystals were obtained only for [Ni(3,5–diBr–salo)2(neoc)] (complex 1), and the molecular structure was determined by single-crystal X-ray crystallography. The experimental X-ray crystallography details for this compound are summarized in Table 1. Complex 1 crystallized in the monoclinic crystal system and P21/c space group. The molecular structure of the complex is depicted in Figure 3, and selected bond lengths and angles are summarized in Table 2.



The asymmetric unit of complex 1 contains two crystallographically independent complex molecules notated as A and B, i.e., 1A and 1B, respectively. In both complexes, the 3,5–diBr–salo− ligands are deprotonated and coordinate bidentately to Ni(II) ions through the phenolato oxygens (O2 and O4 in 1A; O6 and O8 in 1B) and the aldehyde (O1 and O3 in 1A; O5 and O7 in 1B) oxygen atoms forming six-membered chelate rings (the chelate Ophenolato–Ni–Oaldehydo angles are in the range 86.99(16)–89.41(17)°).



The Ni(II) ions are six-coordinate with a NiN2O4 chromophore and a distorted octahedral geometry. Four of the six vertices of the octahedron are occupied by the oxygen atoms of the 3,5–diBr–salo− ligands and the remaining two sites by the nitrogen atoms of the neoc ligand. In both complexes, the Ni–Ophenolato (1.953(4)–2.037(4) Å) are the shortest and the Ni–Nneoc (2.103(5)–2.160(5) Å) are the longest bond lengths in the coordination sphere. In both complexes (1A and 1B), the corresponding oxygen atoms are lying at cis positions to each other (Ophenolato–Ni–Ophenolato = 85.41(18)–86.70(16)°; Oaldehydo–Ni–Oaldehydo = 85.80(18)–94.37(17)°).



Such cis arrangement of the phenolato and aldehyde oxygen atoms around the metal ion is the least often found in the crystal structures of complexes bearing the formula [M(X–salo)2(N,N′–donor)] reported so far. In addition to complex 1, this arrangement has been observed in the structures of [Zn(3,5–diCl–salo)2(bipyam)] (3,5–diCl–saloH = 3,5–dichloro–salicylaldehyde; bipyam = 2,2′–bipyridylamine) [27], [Mn(5–NO2–salo)2(phen)], and [Mn(5–NO2–salo)2(bipy)] (5–NO2–saloH = 5–nitro–salicylaldehyde; bipy = 2,2′–bipyridine) [61]. The most often case is the arrangement of the phenolato oxygen atoms in trans positions, as found in a series of Zn(II) [26,28,62], Cd(II) [63,64], and Co(II) [65,66,67,68] mononuclear complexes. Quite often found is the trans arrangement of the aldehyde oxygens, as reported in a series of Zn(II) [62], Mn(II) [24,61], Cd(II) [64], and Co(II) [68] complexes. It should also be noted that complex 1 is the first neutral Ni(II) complex bearing X–salo− and N,N′–donor ligands that is structurally characterized by X-ray crystallography; till now, the reported crystal structures refer to cationic Ni(II) complexes of the general formula [Ni(X–salo)(N,N′–donor)2]+ [55,56,57].



From the experimental data collected from elemental analysis, RT magnetic and ΛM measurements, infrared and electronic spectroscopies, and from a comparison with similar reported crystal structures, the structures for complexes 2 and 3 may be proposed (Figure 2). In both compounds, the deprotonated 3,5–diBr–salo− ligands are coordinated to Ni(II) ions in a bidentate mode through the aldehydo and phenolato oxygen atoms. In complex 2, a NiN2O4 coordination sphere is expected around Ni(II) formed by two bidentate 3,5–diBr–salo− ligands and a bidentate phen ligand leading to a structure (Figure 3) similar to that of complex 1 and other reported complexes with formula [M(X–salo)2(N,N′–donor)] [24,26,27,28,61,62]. On the other hand, complex 3 is expected to have a NiO6 coordination sphere originated from the coordination of two bidentate 3,5–diBr–salo− and two methanol ligands and a structure (Figure 2) similar to those reported for complexes [Ni(3,5–diCl–salo)2(H2O)2] [57], [Ni(5–Cl–salo)2(CH3OH)2] (5–Cl–saloH = 5–chloro–salicylaldehyde), and [Ni(5–Br–salo)2(CH3OH)2] (5–Br–saloH = 5–bromo–salicylaldehyde) [56].




2.3. Interaction of the Complexes with CT DNA


Coordination compounds can interact with linear DNA through either covalent (base-binding) or noncovalent mechanisms (intercalation, electrostatic interactions, groove-binding) or may induce cleavage in the DNA helix [69]. The interaction between complexes 1–3 and CT DNA was explored by UV–vis spectroscopy and viscosity measurements, and via their ability to displace EB for EB–DNA adduct, which was monitored by fluorescence emission spectroscopy.



UV–vis spectroscopy is used preliminarily to obtain information regarding the DNA-interaction of the complexes and to determine the corresponding DNA-binding constant (Kb). In the UV–vis spectra of complexes 1–3, two main bands were located in the regions 277–278 nm and 422–425 nm. Upon addition of a CT DNA solution, these two bands exhibited a hypochromism and a hyperchromism, respectively, accompanied by a slight red shift in most cases (Figure 4, Table 3). These spectral changes are indicative of interaction between the complexes and CT DNA, although drawing a definitive conclusion for the type of this interaction is not feasible. Consequently, additional experiments, such as viscosity and EB-displacement studies, were undertaken to shed light on the DNA interaction mode of the complexes [70,71].



The DNA-binding constants of complexes 1–3 (Kb) were calculated with the Wolfe–Shimer equation (Equation (S1)) [72] and the corresponding plots of [DNA]/(εA–εf) vs. [DNA] (Figure S4). The calculated Kb values indicate a strong binding affinity of the complexes to DNA and are higher than that of the known intercalator EB (Kb = 1.23 × 105 M−1) [73], showing that complexes 1–3 may be tighter DNA-binders than EB. The DNA-binding constants of complexes 1–3 are in the range 2.83(±0.70) × 105–4.22(±0.86) × 105 M−1 and are of the same magnitude with those calculated for a series of coordination compounds bearing substituted salicylaldehydes as ligands [24,25,26,27,28,57,61,62,63,64,74].



The DNA-interaction mode of the complexes was also evaluated by viscosity measurements. When a compound intercalates into the double DNA-helix, the nitrogen DNA-base pairs are separated, leading to an increase in DNA-length and, consequently, an increase in the DNA-viscosity. On the other hand, a compound interacting externally with DNA may cause DNA bending, leading to a slight decrease in DNA-length and, consequently, a slight decrease in DNA-viscosity. When a compound induces cleavage of a DNA-helix, much shorter fragments will be produced, resulting in a significant decrease in DNA-viscosity [75].



In the present case, the viscosity changes in a CT DNA solution (0.1 mM) were recorded in the presence of increasing amounts of complexes 1–3 (Figure 5). For complexes 1 and 2, the initial incremental addition (up to r~0.12) resulted in a slight decrease in DNA-viscosity, thus suggesting an external approach to DNA. Further addition of the complexes (r = 0.15–0.36) resulted in an increase in the relative DNA-viscosity. For complex 3, the increase in DNA-viscosity was quicker and more pronounced than the other two complexes. The overall behavior of complexes 1–3 suggests that intercalation is their most probable mode of interaction with CT DNA [75].



Ethidium bromide has the ability to fluoresce, especially when it intercalates in between a double DNA-helix via its planar phenanthridine ring. Given the known interaction mode of EB with DNA, EB is often used as a reference compound to study the interaction of potentially intercalating compounds [76]. The formed EB–DNA adduct presents a strong emission band at 594 nm, when excited at 540 nm. With the addition of a competitor of EB, this fluorescence emission intensity is quenched, assuming that the added compound does not fluoresce under similar conditions and may imply the displacement of EB by the added compound [76].



Solutions of complexes 1–3 were added incrementally in a pretreated solution containing the EB–CT DNA adduct (20 μM of EB, 26 μM of CT DNA), and the fluorescence emission spectra were recorded for each addition (Figure 6A). For all complexes, a quenching of the initial EB–DNA emission band at 594 nm was observed (up to 58.7% of the initial fluorescence was observed for complex 3, Figure 6B, Table 4) and was obviously assigned to the displacement of the EB from the preformed EB–DNA adduct by the complex under study.



The Stern–Volmer constant (KSV) and the quenching constant (Kq) of complexes 1–3 were calculated with the Stern–Volmer equations (Equations (S2) and (S3)) and the corresponding Stern–Volmer plots (Figure S5). The complexes present relatively high KSV values which reveal their potency to displace EB from the EB–DNA adduct in order to bind tightly to DNA. The Kq values were calculated with Equation (S3) [76] using the value of 23 ns as the fluorescence lifetime of EB–DNA (τ0) [77] and are within the range reported for other metal complexes containing X–salo as ligands [24,25,26,27,28,57,61,62,63,64,74]. All complexes exhibited quenching constants higher than the value of 1010 M−1s−1, implying the presence of a static quenching mechanism for their interaction with the EB–DNA adduct, which indicates the formation of a new adduct between DNA and the complexes under study, and confirms indirectly intercalation as the most possible mode of interaction.




2.4. Interaction of the Complexes with Albumins


Serum albumins (SAs) play a crucial role, being the major proteins in the bloodstream of mammals. Their main function is to act as carriers for drugs and metal ions, facilitating their transport to different biological targets (cells and tissues). HSA is characterized by a solitary tryptophan at position 214. In comparison, BSA is extensively examined due to its structural resemblance to HSA and features two tryptophan residues, Trp–134 and Trp–212 [78,79]. BSA and HSA are quite similar, as their tryptophan residues are responsible for the appearance of an intense fluorescence emission band at λmax = 343 nm and λmax = 340 nm, respectively, when excited at 295 nm. The decrease in the intensity of this emission band when interacting with another compound indicates changes in their secondary structure, which is due to the binding of the compound [76].



The fluorescence emission spectra of albumins (3 μM) in buffer solution were recorded in the presence of incremental amounts of complexes 1–3 (Figure 7A,C). Upon addition of complexes 1–3, a significant decrease in the intensity of the bands was observed, which was more pronounced for BSA (Figure 7B,D), and indicates the interaction between BSA and HSA with the complexes [80]. For the quantitative studies, the spectra of free complexes 1–3 were recorded under the same conditions and were subtracted from the overall spectra. In addition, the inner-filter effect was evaluated with Equation (S4) [81], and it was found negligible to affect the measurements.



The interaction of complexes 1–3 with both albumins was further assessed with Stern–Volmer and Scatchard equations and plots (Figures S6–S9) in order to calculate the SA-quenching constants (Kq) and SA-binding constants (K), respectively. The values of Kq were calculated with the Stern–Volmer equation (Equations (S2) and (S3)) and plots (Figures S6 and S7) with τ0 = 10−8 s [76] as the fluorescence lifetime of tryptophan in SAs and are summarized in Table 5. The Kq values for both albumins are much higher than the value of 1010 M−1s−1, indicating the existence of a static quenching mechanism [76], which confirms subsequently the interaction between the albumins and the complexes [80].



The values of K were calculated with the Scatchard equation (Equation (S5)) [82] and plots (Figures S8 and S9), revealing tight binding of complexes 1–3 with both albumins. The calculated Kq and K values of complexes 1–3 for both albumins (Table 5) are comparable with those reported for metal(II) complexes with substituted salicylaldehydes as ligands [23,24,25,26,27,28,29,57,61,74,83]. In addition, the binding of the complexes to the albumins may be considered tight and reversible, when the albumin-binding constants are compared with the average value (K ~1015 M−1) of the binding constants of avidin with various compounds; this is the known borderline value for noncovalent interactions [84].





3. Materials and Methods


3.1. Materials–Instrumentation—Physical Measurements


All chemicals (3,5–diBr–saloH, phen, neoc, NiCl2·6H2O, CH3ONa, sodium citrate, NaCl, CT DNA, EB, BSA, and HSA) were used as purchased (reagent grade) from Sigma-Aldrich Co., St. Louis, MI, USA, and all solvents were purchased from ChemLab, Washington, DC, USA. The DNA stock solution was prepared by dilution of CT DNA to a buffer solution (containing 150 mM of NaCl and 15 mM of sodium citrate at pH 7.0) followed by stirring at 4 °C, and it was kept at 4 °C for no longer than two weeks. The stock solution of CT DNA gave a ratio of UV absorbance at 260 and 280 nm (A260/A280) in the range of 1.85–1.90, indicating that DNA was sufficiently free of protein contamination [85]. The DNA concentration was determined by the UV absorbance at 260 nm after 1:20 dilution using ε = 6600 M−1cm−1 [86].



FT-infrared (FT-IR) spectra were recorded in the range (400–4000 cm−1) on a PerkinElmer (Waltham, MA, USA) FT-IR Spectrum BX spectrometer with samples prepared as KBr pellets (abbreviations used: vs = very strong; s = strong; sm = strong-to-medium; m = medium). The UV–vis spectra were recorded in the range of 200–1100 nm on a dual-beam spectrophotometer Hitachi U–2001 (abbreviation used: sh = shoulder). The spectra were recorded in DMSO solutions using quartz cells with an optical path of 1 cm sealed tightly with Teflon caps. The fluorescence emission spectra were recorded in solution on a Hitachi F–7000 fluorescence spectrophotometer. C, H, and N elemental analyses were performed on a PerkinElmer 240B elemental analyzer. The molar conductivity measurements were carried out on 1 mM of DMSO solution of the complexes with a Crison Basic 30 conductometer. RT magnetic measurements were carried out on a magnetic susceptibility balance of Johnson Matthey Chemicals Limited by the Faraday method (the μeff values were calculated via the equation:     μ   e f f   = 2.83    χ   M   c o r r   × T   , where     χ   M   c o r r     is the corrected magnetic susceptibility of the compound. The viscosity experiments were carried out using an ALPHA L Fungilab rotational viscometer equipped with an 18-mL LCP spindle.




3.2. Synthesis of the Complexes


All complexes were prepared at room temperature according to the following procedure: CH3ONa (0.5 mmol, 27 mg) was added into a methanolic solution (10 mL) of 3,5–diBr–saloH (0.5 mmol, 70 mg) under stirring for 30 min in order to deprotonate 3,5–dibromo–salicylaldehyde. Afterwards, the resultant solution was added dropwise to a methanolic solution of NiCl2.6H2O (0.25 mmol, 59 mg). For complexes 1 and 2, a methanolic solution of the corresponding N,N′–donor (0.25 mmol) was added simultaneously to the reaction solution. The final solution was stirred for additional 45 min and was left to evaporate slowly. The formation of the desired product was observed after a few days.



[Ni(3,5–diBr–salo)2(neoc)] (complex 1): For the synthesis of complex 1, neoc (0.25 mmol, 52 mg) was used as the N,N′–donor. After ten days, green single-crystals of [Ni(3,5–Br–salo)2(neoc)] suitable for X-ray structural determination were collected. Yield 80 mg, 40%. Anal. calcd. for C28H18NiBr4N2O4 (MW = 824.79): C 40.77, H 2.20, N 3.40; found: C 40.52, H 2.31, N 3.23%. FT-IR (KBr disk), νmax/cm−1: ν(C=O)aldehydo, 1641 (s); ν(C–O)phenolato, 1340 (sm); ρ(C–H)neoc, 726 (m). UV–vis: solid, λ/nm: 625, 415; in DMSO, λ/nm (ε/M−1 cm−1): 1025 (sh) (10), 630 (70), 420 (1600), 298 (sh) (5700); 10Dq = 9756 cm−1, B = 694 cm−1, 10Dq/B = 14.0. Complex 1 is soluble in DMF and DMSO. ΛM = 12 S·cm2·mol−1, 1 mM in DMSO. μeff at RT = 2.95 BM.



[Ni(3,5–diBr–salo)2(phen)] (complex 2): For the synthesis of complex 2, phen (0.25 mmol, 45 mg) was used as the N,N′–donor. After a few days, green product of [Ni(3,5–Br–salo)2(phen)] (100 mg, 50%) was collected. Anal. calcd. for C26H14NiBr4N2O4 (MW = 796.75): C 39.19, H 1.77, N 3.52; found: C 39.37, H 1.61, N 3.29%. FT-IR (KBr disk), νmax/cm−1: ν(C=O)aldehydo, 1622 (s); ν(C–O)phenolato, 1327 (sm); ρ(C–H)phen, 732 (m). UV–vis: solid, λ/nm: 645, 425; in DMSO, λ/nm (ε/M−1 cm−1): 1025 (sh) (5), 665 (50), 422 (1300), 296 (sh) (5800); 10Dq = 9756 cm−1, B = 631 cm−1, 10Dq/B = 15.5. Complex 2 is soluble in DMF and DMSO. ΛM = 15 S·cm2·mol−1, 1 mM in DMSO. μeff at RT = 2.98 BM.



[Ni(3,5–diBr–salo)2(CH3OH)2] (complex 3): Complex 3 was prepared in the absence of a N,N′–donor. After a few days, light-green product of [Ni(3,5–Br–salo)2(MeOH)2], (95 mg, 55%) was collected by filtration. Anal. calcd. for C16H14Br4NiO6 (MW = 680.63): C 28.23, H 2.07; found: C 27.95, H 2.25%. FT-IR (KBr disk), νmax/cm−1: ν(C=O)aldehydo, 1647 (vs); ν(C–O)phenolato, 1315 (s). UV–vis: solid, λ/nm: 655, 415; in DMSO, λ/nm (ε/M−1 cm−1): 1040 (sh) (5), 670 (25), 421 (1260), 302 (sh) (6500); 10Dq = 9615 cm−1, B = 655 cm−1, 10Dq/B = 14.7. Complex 3 is soluble in DMSO, DMF, and MeOH. ΛM = 10 S·cm2·mol−1, 1 mM in DMSO. μeff at RT = 3.00 BM.




3.3. Single-Crystal X-ray Crystallography


A crystal of complex 1 suitable for X-ray structural determination was mounted at RT on a Bruker Kappa APEX2 diffractometer equipped with a Triumph monochromator using Mo Kα (λ = 0.71073 Å, source operating at 50 kV and 30 mA) radiation. Unit cell dimensions were determined and refined by using the angular settings of at least 168 high-intensity reflections (>10σ(I)) in the range 10° < 2θ < 20°. Intensity data were recorded using φ and ω scans. All crystals presented no decay during the data collection. The frames collected for each crystal were integrated with the Bruker SAINT Software package (Version 2) using a narrow-frame algorithm [87]. Data were corrected for absorption using the numerical method (SADABS) based on crystal dimensions [88]. All structures were solved using SUPERFLIP [89] incorporated in Crystals. Data refinement (full-matrix least-squares methods on F2) and all subsequent calculations were conducted using the Crystals version 14.61 build 6720 program package [90]. All non-hydrogen non-disordered atoms were refined anisotropically. Hydrogen atoms were located from difference Fourier maps and refined at idealized positions riding on the parent atoms with isotropic displacement parameters Uiso(H) = 1.2Ueq(C) at distances C–H 0.95 Å.



Crystallographic data for complex 1 are presented in Table 1. Further details on the crystallographic studies as well as atomic displacement parameters are given as Supporting Information in the form of cif files. CCDC deposition number 2346279 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223–336–033; or deposit@ccde.cam.ac.uk).




3.4. Study of the Biological Profile of the Complexes


The in vitro evaluation of the biological activity of the complexes, i.e., interaction with CT DNA and albumins, was conducted following the dissolution of the complexes in DMSO (1 mM) due to their limited solubility in water. The experiments were carried out in the presence of aqueous buffer solutions, ensuring that the ratio of DMSO in the final solution did not exceed 5% (v/v). Control experiments were implemented to evaluate the impact of DMSO on the data. Minimal-to-no alterations were observed in the spectra of albumins or CT DNA, and appropriate adjustments were made as necessary. The interaction of the compounds with CT DNA was examined thoroughly by DNA-viscosity measurements, UV–vis spectroscopy titrations, and through competitive studies with EB by fluorescence emission spectroscopy. The albumin-binding was studied through tryptophan fluorescence quenching experiments. All the experimental protocols and the equations employed for these studies are described in the Supplementary File (Sections S1 and S2).





4. Conclusions


Three nickel(II) complexes with 3,5–dibromo–salicylaldehyde (3,5–diBr–saloH) were synthesized, in the presence or absence of two phenanthroline derivatives, i.e., 1,10–phenanthroline (phen) and 2,9–dimethyl–1,10–phenanthroline (neoc). The 3,5–diBr–salo– ligands are bound to the nickel(II) ion bidentately through the deprotonated phenolato and the carbonyl oxygen atoms. The nickel(II) ions are six-coordinated with a distorted octahedral geometry.



The complexes interact with linear calf-thymus DNA via intercalation and bind tightly and reversibly to human and serum albumins, as revealed by the corresponding binding constants determined. The presence of a N,N′–donor co-ligand (neoc in complex 1 and phen in complex 2) resulted in higher DNA-binding constants when compared with complex 3 (absence of N,N′–donor co-ligand), while the opposite tendency was found for the albumin-binding constants where complex 3 presented the highest constants.



In total, complexes 1–3 showed promising features regarding the interaction with biomolecules, thus constituting the trigger for further bioactivity studies in future projects.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/inorganics12050138/s1, Cif file for compound 1; checkcif file for compound 1; Supplementary file containing: S1. Protocols for interaction studies with CT DNA; S2. Protocols for interaction studies with serum albumins; Figure S1: IR spectra of complexes 1–3; Figure S2: UV–vis spectra of complexes 1–3 in DMSO solution; Figure S3. UV–vis spectra of complexes 1–3 in solid state; Figure S4: Plot of [DNA]/(εA-εF) vs. [DNA] for complexes 1–3; Figure S5: Stern–Volmer quenching plot of EB–DNA fluorescence for complexes 1–3; Figure S6: Stern–Volmer quenching plot of BSA fluorescence for complexes 1–3; Figure S7: Stern–Volmer quenching plot of HSA fluorescence for complexes 1–3; Figure S8: Scatchard plot of BSA of complexes 1–3; Figure S9: Scatchard plot of HSA of complexes 1–3 [72,76,77,81,82].
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3,5–diBr–saloH = 3,5–dibromo–salicylaldehyde; 3,5–diCl–saloH = 3,5–dichloro–salicylaldehyde; 5–Br–saloH = 5–bromo–salicylaldehyde; 5–Cl–saloH = 5–chloro–salicylaldehyde; 5–NO2–saloH = 5–nitro–salicylaldehyde; bipy = 2,2′–bipyridine; bipyam = 2,2′–bipyridylamine; BSA = bovine serum albumin; CT = calf thymus; EB = ethidium bromide, 3,8–diamino–5–ethyl–6–phenyl–phenanthridinium bromide; HSA = human serum albumin; K = SA-binding constant; Kb = DNA-binding constant; Kq = quenching constant; KSV = Stern–Volmer constant; neoc = 2,9–dimethyl–1,10–phenanthroline, neocuproine; phen = 1,10–phenanthroline; r = [compound]/[DNA] ratio or [compound]/[albumin] ratio; RT = room -temperature; SA = serum albumin; saloH = salicylaldehyde; X–saloH = substituted salicylaldehyde.
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Figure 1. Syntax formula of (A) 3,5–dibromo–salicylaldehyde (3,5–diBr–saloH), (B) 2,9–dimethyl–1,10–phenanthroline (neoc), and (C) 1,10–phenanthroline (phen). 
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Figure 2. Synthetic routine and proposed structures for complexes 1–3. 
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Figure 3. Molecular structure of [Ni(3,5–diBr–salo)2(neoc)] (complex 1). Aromatic hydrogen and methyl hydrogen atoms have been omitted for clarity. 
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Figure 4. UV–vis spectra of a DMSO solution of [Ni(3,5–diBr–salo)2(neoc)] (complex 1) and [Ni(3,5–diBr–salo)2(phen)] (complex 2) (1 × 10−4 M) in the presence of increasing amounts of CT DNA. The arrows show the changes upon increasing amounts of CT DNA. 
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Figure 5. Relative viscosity (η/η0)1/3 of CT DNA (0.1 mM) in buffer solution (150 mM of NaCl and 15 mM of trisodium citrate at pH 7.0) in the presence of complexes 1–3 at increasing amounts (r = [complex]/[DNA]). 
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Figure 6. (A) Fluorescence emission spectra (λexcitation = 540 nm) for EB–DNA adduct ([EB] = 20 µM, [DNA] = 26 µM) in buffer solution (150 mM of NaCl and 15 mM of trisodium citrate at pH = 7.0) in the presence of increasing amounts of [Ni(3,5–diBr–salo)2(H2O)2] (complex 3). (B) Plot of relative EB–DNA fluorescence emission intensity at λemission = 594 nm (I/Io, %) vs. r (r = [complex]/[DNA]) in the presence of complexes 1–3 (up to 45.2% of the initial EB–DNA fluorescence for [Ni(3,5–diBr–salo)2(neoc)] (complex 1), 48.2% for [Ni(3,5–diBr–salo)2(phen)] (complex 2), and 41.3% for [Ni(3,5–diBr–salo)2(H2O)2] (complex 3)). 
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Figure 7. (A) Fluorescence emission spectra (λexcitation = 295 nm) of BSA (3 µM) in buffer solution (150 mM of NaCl and 15 mM of trisodium citrate at pH = 7.0) in the absence and presence of increasing amounts of [Ni(3,5–diBr–salo)2(neoc)] (complex 1). (B) Plot of relative BSA-fluorescence emission intensity at λem,max = 345 nm (I/Io, %) vs. r (r = [complex]/[BSA]) for complexes 1–3 (up to 14.4% of the initial BSA fluorescence for [Ni(3,5–diBr–salo)2(neoc)] (complex 1), 10.3% for [Ni(3,5–diBr–salo)2(phen)] (complex 2), and 16.0% for [Ni(3,5–diBr–salo)2(H2O)2] (complex 3)). (C) Fluorescence emission spectra (λexcitation = 295 nm) of HSA (3 µM) in buffer solution (150 mM of NaCl and 15 mM of trisodium citrate at pH = 7.0) in the absence and presence of increasing amounts of [Ni(3,5–diBr–salo)2(H2O)2] (complex 3). (D) Plot of relative HSA-fluorescence emission intensity at λem,max = 340 nm (I/Io,%) vs. r (r = [complex]/[HSA]) for complexes 1–3 (up to 31.0% of the initial HSA fluorescence for [Ni(3,5–diBr–salo)2(neoc)] (complex 1), 20.9% for [Ni(3,5–diBr–salo)2(phen)] (complex 2), and 26.2% for [Ni(3,5–diBr–salo)2(H2O)2] (complex 3)). 
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Table 1. Experimental X-ray crystallography details for [Ni(3,5–diBr–salo)2(neoc)] (complex 1).
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	Complex 1





	Crystal data
	



	Chemical formula
	C28H18Br4N2NiO4



	Mr
	824.79



	Crystal system
	Monoclinic



	Space group
	P21/c



	Temperature (K)
	295



	a (Å)
	16.604 (8)



	b (Å)
	24.002 (13)



	c (Å)
	14.571 (8)



	β (°)
	103.381 (12)



	V (Å3)
	5649 (5)



	Z
	8



	Radiation type
	Mo Kα



	µ (mm−1)
	6.38



	Crystal size (mm)
	0.15 × 0.12 × 0.11



	Data collection
	



	Diffractometer
	Bruker Kappa Apex2



	Absorption correction
	Numerical Analytical Absorption (De Meulenaer and Tompa, 1965)



	Tmin, Tmax
	0.46, 0.50



	No. of measured reflections
	58,802



	No. of independent reflections
	10,738



	No. of observed [I > 2.0σ(I)] reflections
	7018



	Rint
	0.042



	(sin θ/λ)max (Å−1)
	0.613



	Refinement
	



	R[F2 > 2σ(F2)]
	0.038



	wR(F2)
	0.085



	S
	1.00



	No. of reflections
	7018



	No. of parameters
	703



	H-atom treatment
	H-atom parameters constrained



	Δρmax, Δρmin (e Å−3)
	0.49, −0.98










 





Table 2. Selected bond lengths (Å) and bond angles (°) for [Ni(3,5–diBr–salo)2(neoc)] (complex 1).
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	1A
	
	1B





	Bond
	Length (Å)
	Bond
	Length (Å)



	Ni1—O1
	2.106(4)
	Ni2—O5
	2.092(4)



	Ni1—O2
	2.018(4)
	Ni2—O6
	2.033(4)



	Ni1—O3
	2.097(5)
	Ni2—O7
	2.060(4)



	Ni1—O4
	1.953(4)
	Ni2—O8
	2.037(4)



	Ni1—N1
	2.115(5)
	Ni2—N3
	2.134(5)



	Ni1—N2
	2.160(5)
	Ni2—N4
	2.103(5)



	Bonds
	Angle (°)
	Bonds
	Angle (°)



	O1—Ni1—O2
	86.99(16)
	O5—Ni2—O6
	89.41(17)



	O1—Ni1—O4
	170.44(17)
	O5—Ni2—O8
	173.40(18)



	O2—Ni1—N1
	173.05(19)
	O6—Ni2—N3
	172.78(17)



	O3—Ni1—O4
	87.93(19)
	O7—Ni2—O8
	88.58(17)



	O3—Ni1—N2
	172.04(17)
	O7—Ni2—N4
	171.09(17)



	N1—Ni1—N2
	78.3(2)
	N3—Ni2—N4
	78.54(19)










 





Table 3. UV–vis spectroscopic features of the interaction of 3,5–diΒr–saloH and complexes 1–3 with CT DNA. UV band (λmax, nm) (percentage of the observed hyper-/hypo-chromism (ΔA/A0, %), red/blue shift (Δλ, nm)) and DNA-binding constants (Kb, in M−1).
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	Compound
	λmax (nm) ((ΔA/Aο, %) a (Δλ, nm) b)
	Kb (M−1)





	3,5–diΒr–saloH [28]
	337 (<–50 c, elim d), 427(>+50 c, 0)
	3.71(±0.14) × 105



	Complex 1
	277 (–10, +1); 422 (+35, +3)
	4.22(±0.86) × 105



	Complex 2
	277 (–8, 0); 425(+25, +4)
	3.26(±0.75) × 105



	Complex 3
	278(–6, 0); 422 (+30, +3)
	2.83(±0.70) × 105







a “+” denotes hyperchromism; “–” denotes hypochromism. b “+” denotes red shift; “–” denotes blue shift. c “>+50” denotes intense hyperchromism; “<–50” denotes intense hypochromism. d “elim” denotes elimination of the band.













 





Table 4. Percentage of EB–DNA fluorescence quenching (ΔI/Io, %) and the Stern–Volmer (KSV, in M−1) and EB–DNA quenching constants (Kq, in M−1s−1) for 3,5–diΒr–saloH and complexes 1–3.
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	Compound
	ΔΙ/Ι0(%)
	Κsv (M−1)
	Kq (M−1s−1)





	3,5–diΒr–saloH [28]
	46.6
	3.95(±0.10) × 104
	1.72(±0.04) × 1012



	Complex 1
	54.8
	4.11(±0.11) × 104
	1.78(±0.05) × 1012



	Complex 2
	51.8
	8.56(±0.15) × 104
	3.72(±0.06) × 1012



	Complex 3
	58.7
	5.33(±0.09) × 104
	2.32(±0.04) × 1012










 





Table 5. Albumin-quenching constants (Kq, in M−1s−1) and albumin-binding constants (K, in M−1) for 3,5–diΒr–saloH and complexes 1–3.






Table 5. Albumin-quenching constants (Kq, in M−1s−1) and albumin-binding constants (K, in M−1) for 3,5–diΒr–saloH and complexes 1–3.





	Compound
	Kq(BSA) (M−1s−1)
	Κ(BSA) (M−1)
	Kq(HSA) (M−1s−1)
	Κ(HSA) (M−1)





	3,5–diΒr–saloH [28]
	1.63(±0.02) × 1014
	5.76(±0.30) × 106
	5.08(±0.15) × 1013
	1.55(±0.10) × 106



	Complex 1
	1.20(±0.10) × 1013
	1.01(±0.10) × 105
	8.72(±0.21) × 1012
	2.23(±0.21) × 104



	Complex 2
	3.43(±0.70) × 1013
	8.21(±0.70) × 104
	1.62(±0.15) × 1013
	2.50(±0.15) × 104



	Complex 3
	8.97(±0.50) × 1012
	1.89(±0.50) × 105
	6.00(±0.23) × 1012
	9.13(±0.23) × 104
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