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Abstract


Salinomycin is a polyether ionophorous antibiotic with promising antineoplastic properties. Published studies have revealed that the compound also exerts pronounced antidotal activity against cadmium (Cd) and lead (Pb) intoxications. It has been proven that salinomycin with Cd(II) forms a coordination compound of a composition [Cd(C42H69O11)2(H2O)2] and an octahedral molecular geometry, while the coordination compound of the antibiotic with Pb(II) has a square pyramidal structure and composition [Pb(C42H69O11)(NO3)]. To date, there is no published information about the ability of salinomycin to form complexes with the mercury ion (Hg(II)). Herein, we report, for the first time, a synthetic procedure for a complex compound of salinomycin with Hg(II). The coordination compound was characterized by a variety of methods, such as elemental analysis, attenuated total reflectance–Fourier transform infrared spectroscopy (ATR-FTIR), electrospray ionization–mass spectrometry (ESI-MS), powder X-ray diffraction, nuclear magnetic resonance spectroscopy (NMR), thermogravimetry with differential thermal analysis (TG-DTA), and thermogravimetry with mass spectrometry (TG-MS). The elemental analysis data revealed that the new compound is of the chemical composition [Hg(C42H69O11)(H2O)(OH)]. Based on the results from the spectral analyses, the most probable structure of the complex was proposed.
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1. Introduction


Salinomycin (C42H70O11, Figure 1) belongs to the group of natural polyether ionophorous antibiotics. It was isolated from the Streptomyces albus species by Miyazaki et al. [1]. The chemical structure of the compound comprises a unique spiroketal system, with a carboxyl group, ether, hydroxyl, and carbonyl oxygen atoms, and is essential for its broad biological activity [2,3,4,5,6,7]. In Europe, the antibiotic has been approved for the treatment of coccidiosis in chickens [8]. In 2009, Gupta et al. found that among 16,000 compounds, salinomycin exerted pronounced cytotoxicity against breast cancer stem cells responsible for metastases [9]. Since then, many literature reviews have demonstrated the potential of the antibiotic as a new antineoplastic agent [10,11,12,13,14,15,16,17,18,19].



The coordination of salinomycin to essential metal ions has been used to enhance its biological activity and to decrease its toxicity [20,21,22]. It has been proven that the coordination compounds of salinomycin with divalent essential metal ions are of the composition [M(C42H69O11)2(H2O)2], where M is calcium (Ca), magnesium (Mg), cobalt (Co), copper (Cu), manganese (Mn), or zinc (Zn) [20,21,22]. The structure of these complexes was studied by different spectral methods such as Fourier transform infrared (FTIR) spectroscopy and mass spectrometry with fast atom bombardment (FAB-MS) [20] and with electrospray ionization (ESI-MS) [21,22]. The diamagnetic compounds were also characterized by nuclear magnetic resonance (NMR) spectroscopy, while the structure of the paramagnetic complexes of salinomycin with divalent metal ions was explored by electron paramagnetic resonance (EPR) spectroscopy. All these metal complexes had identical FTIR spectra, confirming that they were isostructural [20,21,22]. Based on the obtained spectral data and the published spectral properties and crystal structures of homonuclear metal complexes of the polyether ionophorus antibiotic monensin with the general formula [M(C36H61011)2(H2O)2] (M is a divalent metal ion) [23], it has been proposed that the metal complexes of salinomycin with essential divalent metal ions possess a distorted octahedral molecular geometry [20,21,22]. It has also been suggested that the antibiotic was coordinated to the metal center bidentately by a deprotonated carboxyl group and a terminal secondary hydroxyl group. It has been proposed that the coordination of two water molecules to the metal center stabilized the structure of the complexes by intramolecular hydrogen bonding with salinomycin [20,21,22]. The antitumor activity of the metal complexes of salinomycin with divalent metal ions was shown to depend both on the metal ion and the tested tumor cell line [20,21,22].



In contrast to the essential divalent metal ions, salinomycin forms complexes with toxic divalent metal ions with varying molecular geometries [24]. It has been demonstrated that the cadmium (Cd(II)) complex of salinomycin is of the composition [Cd(C42H69O11)2(H2O)2] with a distorted octahedral molecular geometry, similar to the structure of the complexes of salinomycin with the essential divalent metal ions [20,24]. Unlike Cd(II) disalinomycinate, the antibiotic has been coordinated to lead ion (Pb(II)) in a square pyramidal geometry [24]. The structures of Cd(II) disalinomycinate and Pb(II) salinomycinate have been proposed as the result of comprehensive studies of both compounds by FTIR spectrometry, NMR spectroscopy, and FAB-MS. It has been suggested that the salinomycinate monoanion was coordinated to Pb(II) tetradentately by carboxylate oxygen, ether oxygen atoms (O-3 and O-24), and the oxygen atom from the terminal hydroxyl group (O-28) [24]. The neutrality of the complex was achieved by a binding of nitrate ion to Pb((II)) [24]. In vivo studies have reported that salinomycin decreased the concentration of the toxic metal ions Pb(II) and Cd(II) in mice exposed to lead and cadmium intoxications and ameliorated the toxicity induced by both toxic metal ions [25,26,27]. Compared to other known chelating agents, such as deferiprone and 2,3-dimercaptosuccinic acid (DMSA), the antibiotic did not disturb the homeostasis of the essential metal ions Cu(II), iron (Fe (III)), and Zn(II) in cadmium- and lead-exposed animals [25,26,27]. Moreover, salinomycin did not induce the redistribution of the toxic metal ions in vivo.



These studies provoked our interest in the coordination chemistry of salinomycin with other toxic metal ions.



Presently, there is no available information about the ability of salinomycin to form coordination compounds with the mercury ion (Hg(II)).



Herein, we synthesized and characterized, for the first time, a metal complex of salinomycin with Hg(II).




2. Results and Discussion


2.1. Elemental Analysis


In this study, we explored, for the first time, the chemical reaction between salinomycin sodium (SalNa) (dissolved in CH3CN:CH3OH = 1:10) and an aqueous solution of Hg(II) nitrate. Published data have revealed that the hydrolysis of Hg(II) occurred through a three-step mononuclear mechanism [28]. The first stage of Hg(II) hydrolysis involved the formation of [Hg(OH)]+ species and H3O+. It was reported that the subsequent hydrolysis of the [Hg(OH)]+ ion produced Hg(OH)2 and H3O+. According to the literature data, the generation of a negatively charged [Hg(OH)3]− ion was observed only in a basic environment [28]. Another study revealed that Hg(II) is hydrated and could act as an acid, donating one or two protons [29]. Florez et al. 2023 proved the coordination of water molecules to Hg(II) [30]. The pH of our solution, measured immediately after dissolving Hg(NO3)2, was 2.2, indicating hydrolysis of Hg(II) nitrate. The elemental analysis data, presented in Table 1, revealed that the interaction of SalNa solution with the aqueous solution of Hg(II) nitrate produced a neutral mononuclear compound with a molar ratio of 1:1 between salinomycin and the metal ion. Most likely, the organic ligand reacted with [Hg(H2O)5(OH)]+, formed as a result of the first-step hydrolysis of Hg(II), as proposed in Scheme 1.



Similar to other metal complexes of salinomycin [20,21,22,24], Hg(II) salinomycinate (SalHg) did not crystallize to a single crystal suitable for molecular geometry refinement by X-ray analysis. To obtain detailed information about the structure of the complex in the solid state and in solution, we applied attenuated total reflectance–Fourier transform infrared spectroscopy (ATR-FTIR), electrospray ionization–mass spectrometry (ESI-MS), powder X-ray diffraction (XRD), nuclear magnetic resonance spectroscopy (NMR), thermogravimetry with differential thermal analysis (TG-DTA), and thermogravimetry with mass spectrometry (TG-MS).




2.2. ATR-FTIR Spectral Analysis


The ATR-FTIR spectrum of the new complex compound is presented in Figure 2a. Figure 2b depicts a comparison of the ATR-FTIR spectrum of SalHg to the ATR-FTIR spectra of salinomycin and salinomycin sodium in the region from 4000 to 2500 cm−1. The signal observed at 3666 cm−1 in the ATR-FTIR spectrum of SalHg (Figure 2a) could be attributed to the stretching vibration of a free (not involved in hydrogen bonds) hydroxyl group [31]. The band at 3442 cm−1, assigned to the stretching vibration of the hydroxyl groups in the ATR-FTIR spectrum of SalHg, was shifted to a higher wavenumber compared to the spectrum of SalNa (blue line) and a lower wavenumber compared to the spectrum of salinomycinic acid (black line). It should be noted that the band for the stretching vibrations of the hydroxyl groups in the ATR-FTIR spectrum of SalHg was broader compared to the same band in the spectrum of SalH and could be associated with a coordinated water molecule. The band of the stretching vibration of the hydroxyl groups in the FTIR spectra of other metal complexes of salinomycin was registered at 3450 cm−1 [20,21,22]. This result is close to the wavenumber of the stretch of the hydroxyl groups, observed in the ATR-FTIR spectrum of the complex of salinomycin with Hg(II), and proves the participation of the hydroxyl group in the complexation of the ligand with the metal ion. Figure 2c demonstrates a comparison of the ATR-FTIR spectrum of SalHg to the ATR-FTIR spectra of salinomycin (SalH) and salinomycin sodium for the carbonyl and carboxyl group region. In the ATR-FTIR spectrum of SalNa, the band for the stretching vibration of the carbonyl group was registered at the highest wavenumber (1716 cm−1) compared to the spectrum of SalH (1702 cm−1) and SalHg (1698 cm−1). The small shift of this band (about 4 cm−1) in the spectrum of SalHg compared to the spectrum of SalH could be attributed to the participation of this group in hydrogen bonding. This observation corresponds well to the FTIR data of other metal (II) complexes of salinomycin [20,21,22] and confirms that the carbonyl group is not coordinated to Hg(II). The asymmetric and symmetric stretching vibrations of the carboxylate anion in the spectrum of SalHg were registered at 1604 and 1373 cm−1, respectively. Related to the ATR-FTIR spectrum of salinomycin sodium, the difference between both stretching vibrations of the carboxylate anion for SalHg was higher (231 cm−1 for SalHg versus 150 cm−1 for salinomycin sodium). Data from previous studies revealed that there are four possible binding modes of the carboxylate anion to a metal center: monodentate, chelate (bidentate), bridged, and ionic. It has been reported that the difference (Δ) between the wavenumbers of the asymmetric and symmetric stretch of the carboxylate anion could be useful for the determination of its coordination type in the metal complexes [32,33,34,35,36,37]. It has been documented that the large splitting of the stretching vibrations of the carboxylate ion (Δ > 200 cm−1) could be assigned to its monodentate coordination to the metal center [32,35,36]. Other studies supported by crystallographic data, however, demonstrated that lower values of the difference (Δ from 140 to 150 cm−1) between both stretching vibrations of the carboxylate ion can also be observed in a monodentate coordination mode of this ion to a divalent metal center [23,38]. Obviously, the splitting of the asymmetric and symmetric stretches of the monodentate-bound carboxylate ion varies in a broad range from ~140 to higher than 200 cm−1 [23,35,36,37]. The bidentate coordination mode of the carboxylate ion to a metal center has been associated with differences between the asymmetric and symmetric stretching vibrations lower than 100 cm−1 [32]. The reduced separation between both vibrations was explained by the equal contribution of both oxygens to the binding of the carboxylate ion [35]. In some cases, when the lengths of the bonds between the metal ion and carboxylate oxygens are different, the bidentate coordination mode could be associated with a large splitting of the asymmetric and symmetric stretching vibrations of the carboxylate group [37,38]. Other factors could also affect the separation of both stretching vibrations of the carboxylate group [35,37]. The observed value of 231 cm−1 in the ATR-FTIR spectrum of SalHg could be attributed to a monodentate binding mode of the carboxylate anion to Hg(II), but a bidentate coordination mode with different lengths of the bonds between mercury and carboxylate oxygens could not be completely excluded.



Several differences in the fingerprint region of the ATR-FTIR spectrum of the SalHg complex compared to the spectra of SalNa and SalH were observed (Figure 2d). The bands at 809 cm−1 and 713 cm−1 in the ATR-FTIR spectrum of SalHg were assigned to ρr(H2O) and ρw (H2O) and are indicative of a coordinated water molecule. The binding of the ligand to the metal center was also confirmed by a band at 450 cm−1 assigned to the stretching vibration of the Hg-O bond (Figure 2a).




2.3. ESI-MS Analysis


The ESI-MS spectra of SalHg, SalNa, and SalH were recorded in methanol. The mass spectral data were interpreted according to the published guidelines [39]. The peaks at 750.53 m/z and 773.39 m/z in the ESI-MS spectrum of SalHg were assigned to [C42H71O11]+ (calcd., m/z: 750.49 (100%); 751.49 (45.4%)) and [C42H70O11Na]+ (calcd. 773.48 (100%); 774.48 (45.4%)), respectively (Supplementary Information, Figure S1). Peaks at 986.09 m/z and 1985.74 m/z, which were attributed to [Hg(C42H69O11)(OH)NH4]+, (calcd., m/z (986.49 (100.0%), 984.48 (77.4%), 983.48 (56.5%), 987.49 (45.4%), 985.49 (44.1%)) and [Hg2(C42H68O11)2(CH3OH)2Na]+ (calcd. m/z, 1985.93 (100.0%), 1986.93 (93.0%), 1984.93 (73.0%), 1985.93 (67.9%), 1987.93 (64.6%), 1988.93 (60.1%), 1982.93 (56.5%), 1983.93 (52.6%), 1983.93 (43.2%), 1987.94 (42.8%), 1984.93 (40.1%)), were also detected (Supplementary Information, Figure S2). The last two peaks were not observed in the ESI-MS spectra of SalH and salinomycin sodium, which further confirmed the coordination of the ligand to the metal center. It should be noted that dimerization is not an unusual process in a gas phase, and dimeric ionic fragments were observed both in FAB-MS [38] and ESI-MS [39] spectra of coordination and organometallic compounds.




2.4. Powder X-Ray Diffraction


Powder diffractograms of SalH and SalNa were reported in our previous study [40]. The diffraction pattern of SalH was presented by two broad peaks at 2Θ = 8.8° and 14.2°. The diffractogram of SalNa consisted of many sharp and intense signals [40].



No peaks that could be assigned to SalH or SalNa were observed in the diffractogram of SalHg (Figure 3). The diffraction pattern of the complex consisted of only one sharp peak at 2Θ = 10.81°.



According to published data, the powder X-ray diffractogram of crystalline sodium nitrate was characterized by many sharp and intense peaks in the region from 30° to 50° [41]. Such signals were not detected in the diffractogram of SalHg (Figure 3). Figure 3 revealed that the isolated compound did not contain measurable amounts of sodium nitrate, SalH, or SalNa.




2.5. NMR Studies


NMR 13C spectra of the compounds in CDCl3 are presented in Table S1, Supplementary Information. The assignment of the peaks for SalH and SalNa was conducted based on the published data for the 13C NMR spectra of both compounds in CDCl3 [42,43]. There was good agreement between our results and the published values for the shifts of the carbon atoms. It was interesting to observe that the peaks assigned to C-1, C-17, C-18, C-19, and C-21 carbon atoms were not registered in the NMR spectrum of SalHg. The peaks, marked with an asterisk in Table 1, were of very low intensity. The absence of peaks in the 13C NMR spectra of SalHg could be attributed to the insufficient solubility of the compound in CDCl3. Small alterations in the chemical shifts for the other carbon atoms in the isolated compound compared to the NMR 13C spectra of salinomycin and salinomycin sodium were observed. Most likely, these changes are related to different conformations of the ligand in the structure of Hg(II) salinomycinate.



Solid-state NMR 13C spectra of SalNa and SalHg were also recorded. The 13C CPMAS NMR spectra are presented in Figure 4. The results for the assigned peaks in 13C CPMAS NMR spectra of both compounds are given in Table S2, Supplementary Information. Literature data for the peaks in the 13C CPMAS NMR spectrum of SalH were also presented. Due to the amorphous character of the SalHg, many of the carbon signals overlapped and appeared as broad peaks in the 13C CPMAS NMR spectrum. However, the peaks for the carboxyl and carbonyl C atoms were clearly established. The signal for the carbon atom of the carboxyl group in the 13C CPMAS NMR spectrum of SalHg had a higher frequency than the signal for the corresponding atom in the SalH spectrum [21] and a lower frequency compared to the same signal in the SalNa spectrum.




2.6. TG-DTA and TG-MS Analysis


The thermal decomposition of the new metal complex started at 170 °C and was accompanied by three endothermic peaks (at 232.72, 332.74, and 642.49 °C) and one exothermic event at 448.95 °C (Figure 5a). The results from TG-MS of SalHg are presented in Figure 5b,c. The N2 peak with a maximum at 400 °C is due to the presence of a small amount of nitrogen-containing impurities in the complex compound (Figure 5c). Compared to other metal complexes of salinomycin, the thermal stability of SalHg was either similar [22] or higher [44]. It should be noted that the thermal decomposition of another metal complex of salinomycin with a divalent metal ion ([Mn(C42H69O11)2(H2O)2]) was accompanied by two peaks for CO2 release at 220 °C and 460 °C, respectively (unpublished results). In our study, the maximum CO2 loss was observed at 400 °C. The observed differences in the TG-MS spectrum of SalHg compared to the TG-MS of [Mn(C42H69O11)2(H2O)2] could be attributed to the different molecular geometry of both complexes. TG-MS studies confirmed that no lattice water was present in SalHg (Figure 5b).




2.7. Proposed Structure of SalHg


The structure of salinomycin sodium has been refined in a solid state by single-crystal X-ray analysis and in solution by NMR spectroscopy [45]. It has been proven that in a solid state, salinomycin sodium exists as two conformers with distorted trigonal and distorted tetragonal bipyramid molecular geometries, respectively [45]. In both conformers, the organic ligand is coordinated to the metal center in a tetradentate coordination mode by carboxyl, carbonyl, and two ether oxygen atoms (corresponding to oxygen numbers 2, 5, 9, and 10 in Figure 1) [45]. The coordination of one and two water molecules in both conformers, correspondingly, has also been reported. The NMR structure in CDCl3 has been found to be similar to the solid-state structure of both conformers. Therefore, in our study, we selected this solvent to explore, by NMR spectroscopy, the structure of our new compound in solution. In the NMR spectra of metal complexes of salinomycin with divalent toxic metal ions, recorded in acetonitrile-d3, the signals of the carboxyl and carbonyl carbon atoms have been registered at a higher frequency compared to the same signals in the NMR spectrum of salinomycinic acid and at a lower frequency compared to the NMR spectrum of salinomycin sodium, respectively [24]. The alteration of the chemical shift for the carboxyl carbon atom in the NMR spectra of the metal complexes compared to the NMR spectrum of salinomycin sodium has been related to the coordination of the carboxylate ion to the divalent metal center [24]. The lower chemical shift for the carbonyl carbon atom in the NMR spectra of the metal complexes of salinomycin compared to the NMR spectrum of salinomycin sodium has been associated with the breaking of the chemical bond between the sodium ion and the carbonyl oxygen atom [24]. In the 13C CPMAS NMR spectrum of SalHg, the signal for the carboxyl atom was observed at a lower frequency compared to the NMR spectrum of salinomycin sodium. Related to the CPMAS NMR spectrum of SalH [21], in the 13C CPMAS NMR spectrum of SalHg, a shift (Δ = 2.6 pm) of the signal of the carboxyl carbon atom to a higher frequency was registered (Table S2, Supplementary Information) [21]. This result is in good agreement with the results from the ATR-FTIR analysis and confirms the coordination of the carboxylate ion to the metal center. It should be noted that the band assigned to the stretching vibration of the carbonyl group in the spectrum of SalHg was not significantly shifted compared to the ATR-FTIR spectrum of salinomycin. Therefore, it could be concluded that this group did not participate in the binding of the ligand to Hg(II).



To date, there is only one published X-ray structure of a homonuclear Hg(II) complex of a polyether ionophorous antibiotic [38]. It has been demonstrated that the polyether ionophorous antibiotic monensin forms with Hg(II), a homonuclear metal complex of the composition [Hg(C36H60O11)(H2O)] [38]. Similar to salinomycin, the structure of monensin consists of one carboxyl group, hydroxyl groups, and ether oxygen atoms. The crystallographic data confirmed that monensin was coordinated in a tetradentate coordination mode to Hg(II) by a bidentately bound carboxylate ion, a deprotonated secondary hydroxyl group, and a primary hydroxyl group. The ether oxygen atoms were not involved in the binding of the ligand to the metal center. The study proved the coordination of one water molecule to the divalent metal center and its location in the cavity of the organic ligand.



Based on all the results in this study and the published crystallographic data for the structure of [Hg(C36H60O11)(H2O)], it could be suggested that salinomycin is coordinated to Hg(II) by a terminal deprotonated carboxylate group and a terminal hydroxyl group (Figure 6). The neutrality of the complex was achieved by the binding of the hydroxide anion to the metal center. Most likely, the coordination of one water molecule to Hg(II) stabilized the structure of the complex by intramolecular hydrogen bonding with the organic ligand. Coordination of the terminal hydroxyl group of salinomycin to divalent metal ions has also been reported for other metal complexes of salinomycin [20,21,22,24].





3. Materials and Methods


3.1. Chemicals


Salinomycin sodium (C42H69O11Na; SalNa) with high purity (>95%) was gifted by Biovet Ltd. (Peshtera, Bulgaria). Organic solvents (CH3CN, CH3OH, DMSO) and Hg(NO3)2 of analytical grade were supplied by Fisher Scientific (Loughborough, UK).



Synthesis of Complex of Salinomycin with Hg(II)


To synthesize the Hg(II)–salinomycin complex, 0.1041 g of Hg(II) nitrate (0.3 mmol) was dissolved in water (3 mL). A solution of salinomycin sodium was prepared by dissolving 0.1150 g (0.15 mmol) of the compound in 11 mL mixed solvent (CH3CN:CH3OH = 1:10). The aqueous solution of Hg(II) nitrate (C = 0.1 M) was added dropwise to the solution of the ligand. The reactants were stirred at ambient temperature for 30 min. The solvents were evaporated, and the solid phase was isolated by filtration. The pale yellow precipitate was washed with water and dried over P2O5. Yield: 105 mg, 68%. The complex is sparingly soluble in water and partially soluble in organic solvents (DMSO, CHCl3, CH5CN, CH3OH).





3.2. Methods


3.2.1. Elemental Analysis


Elemental analysis was conducted at Mikroanalytisches Laboratorium of the University of Vienna, as described in detail [34]. Briefly, an EA 3000 CHNS-O instrument (Eurovector Srl, Pavia, Italy) was used for C/H/N/S-analysis. Oxygen determination was performed with a high-temperature pyrolysis oven HT 1500 (Fa. Hekatech, Wegberg, Germany). Two duplicate analyses run on two different days confirmed the results. The reproducibility of the results was in line with typical method uncertainty. The elemental analysis was performed according to the guidelines of Kandioller et al. 2021 [46].



To map the content of heavier elements, one equivalent of the sample was characterized by XRF analysis. An Epsilon 1.0 instrument (Malvern Panalytical, Malvern, UK) was equipped with an Ag-X-ray tube. No significant content of any element with Z > 12 (Mg), except mercury, was detected. The quantitative evaluation was performed using the instrument software Epsilon 3. The algorithm applied used the empirical organic composition as determined by elemental micro-analysis to fit the signals. As we had no specific calibration, the uncertainty of the resulting Hg content was estimated to be ±2.5 wt-%.



As the total elements determined added up to a total of about 96 wt-% and minor nitrogen content was determined with high reproducibility, we prepared two aqueous extracts of the material that were filtered by a 0.4 µm membrane filter and characterized by capillary ion electrophoresis. The CE 7100 (Agilent Technologies, Santa Clara, CA, USA) was equipped with a TraceDec contactless conductivity detector (Innovative Sensor Technologies, GmbH, Strasshof, Austria). Anions and cations were both determined using the same buffer solution (30 mM N-morpholino-ethane-sulphonic acid/30 mM L-cystine, pH = 6.0) in different analytical runs. The absence of Na, K, Ca, Mg, and ammonium was proven at a level of 0.05 wt-%. Also, no small anions, such as chloride, nitrate, sulphate, or trifluoroacetate, were detected at levels above 0.1 wt-%.



The sample solutions prepared for ion analysis contained 25 to 30 µM.L−1 of the target compound. Thus, it is expected that any sodium salt or complex dissociates to release Na+(aq) with a high yield. Trifluoroacetate is known to form rather stable ion pairs. However, it can be detected with a yield of 100 ± 2% under those conditions.




3.2.2. Attenuated Total Reflectance–Fourier Transform Spectroscopy


ATR-FTIR spectral analyses were conducted on an IRAffinity-1 spectrophotometer (Shimadzu Co., Kyoto, Japan).




3.2.3. Electrospray Ionization–Mass Spectrometry (ESI-MS)


ESI-MS analyses were conducted on a Waters Micromass ZQ2000 Single Quadrupole mass spectrometer (Waters, Milford, MA, USA), positive mode, in the range of 0–2000 m/z.




3.2.4. Powder X-Ray Diffraction (XRD)


A PANalytical Empyrean X-ray diffractometer (Malvern Panalytical, Malvern, UK) with CuKα radiation (λ = 0.15418 nm), functioning at 40 kV, 30 mA, was used for powder X-ray analysis of the new complex. The measurement conditions were the same as those published in our previous study [40]. The limit of quantification of the method for crystalline solids was 1%.




3.2.5. Nuclear Magnetic Spectroscopy


The 1H and 13C NMR spectra of SalH, SalNa, and SalHg in CDCl3 were recorded on a Bruker Avance III HD spectrometer (Billerica, MA, USA) equipped with a double resonance broadband probe-head with working frequencies of 500.13 MHz for the proton and 125.8 MHz for 13C and a temperature of 298.0 ± 0.1K. A 2.5 mm CP/MAS cross-polarization probe-head with double resonance 1H/X was used to record the solid-state NMR spectra. α-glycine was used as an external reference. The chemical shift for the carboxyl carbon atom signal was set to 176.0 ppm.




3.2.6. Thermogravimetric Analysis with Differential Thermal Analysis (TG-DTA) and Mass Spectrometry Thermogravimetric Measurements (TG−MS)


TG-DTA and TG-MS analyses were performed on a Setaram Labsys Evo 1600 (25–600 °C) (Caluire-et-Cuire, France), with a heating rate of 10 K/min in an argon atmosphere. The detection of water and CO2 was performed with the Omnistar GSD 301 O2 mass spectrometer, Pfeiffer Vacuum (Gottingen, Germany).






4. Conclusions


In this study, we reported, for the first time, a synthetic procedure for a new complex of salinomycin with Hg(II). The compound was characterized by a variety of methods. Based on the spectroscopic data and elemental analysis data, it could be proposed that the ligand is coordinated with Hg(II), a deprotonated carboxyl group, and a terminal hydroxyl group. The hydroxide ion, bound to Hg(II), secured the neutrality of the complex. Further studies are needed to elucidate the potential of salinomycin as an antidote for the treatment of Hg(II) poisoning.
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Figure 1. Structure and numbers of carbon and oxygen atoms of salinomycin. 
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Scheme 1. Chemical equations of the first step hydrolysis of Hg(NO3)2 and the interaction of SalNa with an aqueous solution of Hg(NO3)2. 
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Figure 2. ATR-FTIR spectrum of Hg(II) salinomycinate (SalHg) (a); comparison of ATR-FTIR spectra of salinomycin (SalH), SalNa, and SalHg from 4000 to 2500 cm−1 (b); comparison of ATR-FTIR spectra of SalH, SalNa, and SalHg (2500–1000 cm−1) (c); comparison of ATR-FTIR spectra of SalH, SalNa, and SalHg (fingerprint region) (d). 
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Figure 3. Powder X-ray diffractogram of SalHg. 
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Figure 4. The 13C CPMAS NMR spectra of SalNa (A) and SalHg (B). 
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Figure 5. TG/DTA/MS analysis of SalHg. (a) TG curve (black line), DTA curve (blue line). (b) CO2 release (pink line), water release (dark blue). (c) N2 release (green line). 






Figure 5. TG/DTA/MS analysis of SalHg. (a) TG curve (black line), DTA curve (blue line). (b) CO2 release (pink line), water release (dark blue). (c) N2 release (green line).



[image: Inorganics 13 00220 g005]







[image: Inorganics 13 00220 g006] 





Figure 6. Proposed structure of [Hg(C42H69O11)(H2O)(OH)]. 
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Table 1. Elemental analysis.
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	Element
	Experimental Values, %
	Molar Ratios
	Calculated Value 2





	C
	48.73 ± 0.32
	
	51.18



	H
	6.79 ± 0.12
	
	7.36



	O
	20.51 ± 0.32
	
	21.10



	N 1
	0.320 ± 0.003
	
	-



	Hg
	19.34 ± 2.50
	C:Hg = 42.27

H:Hg = 70.17

O:Hg = 13.35
	20.35



	Na
	<0.05
	
	-



	NO3
	<0.1
	
	-







1 Nitrogen was considered an impurity. 2 Chemical composition for the calculated values: [Hg(C42H69O11)(H2O)(OH)], MW = 985.62 g/mol (100% purity).
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