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Abstract

:

The new ligand HMeATSM, derived from condensation of 2-3-butanedione with 4-methyl-3-thiosemicarbazide and 2,4-dimethyl-3-thiosemicarbazide, has been synthesized. Its reactivity with nickel(II) and zinc(II) nitrates was explored and the resulting complexes were thoroughly characterized by elemental analysis, conductivity, mass spectrometry, IR, 1H and 13C NMR spectroscopies and their structures were confirmed by single-crystal X-ray diffraction. The results showed that the complex [Ni(MeATSM)]NO3 1 is formed under every reaction condition. In contrast, the reaction with zinc(II) nitrate depends on the temperature and the presence of LiOH·H2O, leading to the obtaining of complexes [Zn(MeATSM)(OH2)](NO3) 2 and [Zn(Me2TS)2(OH2)](NO3)2 3. The crystal structures of complexes 1 and 2 show that the dissymmetric ligand acts as a N2S2 tetradentate monoanionic ligand. The structural preferences of the metals also determine the structure of the complexes: whereas nickel(II) is in a square-planar environment, the zinc atom prefers a distorted square-base pyramid geometry imposed by the coordination mode and the planarity of the bis(thiosemicarbazone) ligand. In contrast, in complex 3, containing two bidentate Me2TS ligands, the Zn(II) is in a trigonal bipyramid arrangement. In all the complexes, the nitrate ion is not coordinated to the metal and acts as a counterion.
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1. Introduction


The structure of coordination compounds, both from a molecular and supramolecular point of view, has a direct influence on their properties, so it is very important to understand how we can modulate or control the architectures of those systems. Synthetically, we can rationally design the ligands incorporating the most suitable binding groups, taking into account metal preferences such as coordination geometries and for hard or soft donor atoms. However, there are other factors that can also be controlled, such as ligand deprotonation, the use of anions with different donor abilities or reaction conditions such as temperature or solvent. Although sometimes the reactivity can be somehow predicted, in many other cases this may be challenging, especially if polydentate ligands with several groups that can be deprotonated are used.



The kind of ligands that can perfectly fit this approach are thiosemicarbazones (TSCs). The main advantages of these donor systems are the presence of both hard (N) and soft (S) donor atoms and the possibility of acting as neutral or anionic donor due to NH deprotonation. This confers to these ligands a huge versatility in terms of coordination modes [1,2]. The most common one is as N,S bidentate chelate [3,4], coordination mode that affords the formation of a very stable five-membered chelate ring, but many others are described in the literature, for example S monodentante [5,6], N,S bidentate chelate and S bridge [7,8] or N,S bidentate chelate and N bridge [9]. This, together with the control of protonation/deprotonation and the nature of auxiliary anions, lead to the formation of different structures such as monomers [10,11,12], dimers [13,14,15] or coordination polymers [16,17,18]. In addition to their fascinating structural properties, TSCs have a wide range of applications in different fields as catalysis [19,20,21], metal detoxification [22,23,24], metal sensing [25,26,27] or medicine [28,29,30,31].



Following our interest in the chemistry of TSC ligands [32,33,34,35], in this paper we report the synthesis and structure of a dissymmetric bis(TSC) ligand and its complexes with Ni(II) and Zn(II), as well as a compound isolated after ligand decomposition. The compounds are characterized by several spectroscopic techniques as well as by single-crystal X-ray diffraction. The synthesis of dissymmetric ligands is always complicated, since the symmetrical [1 + 2] or the cyclic [1 + 1] molecules are usually more stable than the dissymmetric ones. In addition, even if the ligand is successfully isolated, symmetrization or decomposition can take place, as evidenced in the results presented in this article.




2. Materials and Methods


2.1. Measurements


Microanalyses were carried out using a LECO CHNS-932 Elemental Analyzer. IR spectra in the 4000–400 cm−1 range were recorded as KBr pellets on a Jasco FT/IR-410 spectrophotometer. The ESI mass spectra in positive mode were recorded on a Q-STAR PULSAR I instrument using a hybrid analyzer QTOF (Quadrupole time-of-flight). 1H and 13C NMR spectra were recorded on a spectrometer Bruker AVIII HD-300 MHz using DMSO-d6 as solvent and TMS as internal reference. 13C CP/MAS NMR spectra were recorded at 298 K in a Bruker AV400WB spectrometer equipped with a 4 mm MAS (magnetic angle spinning) NMR probe and obtained using a cross polarization pulse sequence using spinning rates of 10–14 KHz, pulse delay of 30 s, contact times of 8 ms and TPPM (two-pulse phase-modulated) high-power proton decoupling. Chemical shifts are reported relative to TMS and the CH of adamantane (29.5 ppm) as a secondary reference. Conductivity was measured using a freshly prepared DMF solution (ca. 10−3 M) at 25 °C with a Crison EC-Meter BASIC 30+ instrument. Magnetic susceptibilities were collected on a Sherwood Scientific balance at room temperature.



Crystallographic data were collected on a Bruker Kappa Apex II diffractometer equipped with an Apex-II CCD area detector using a graphite monochromator (Mo kα radiation, λ = 0.71073 Å). The substantial redundancy in data allows empirical absorption corrections (SADABS) [36] to be applied using multiple measurements of symmetry-equivalent reflections. The raw intensity data frames were integrated with the SAINT program, which also applied corrections for Lorenz and polarization effects [37]. The software package SHELXTL version 6.10 was used for space group determination, structures solution and refinement. The structures were solved by direct methods (SHELXS-97) [38], completed with difference Fourier syntheses, and refined with full-matrix least squares using SHELXL 2014 minimizing ω(F02 –Fc2). Weighted R factors (Rw) and all goodness of fit S area based on F2; conventional R factors (R) are based on F [39]. All non-hydrogen atoms were refined with anisotropic displacements parameters. The hydrogen atoms bonded to carbon atoms were positioned geometrically and those on nitrogen and oxygen atoms were located in a difference Fourier map and their coordinates and isotropic thermal parameters subsequently refined.



CCDC numbers 2149688–2149691 for the ligand and complexes 1–3, respectively, contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html accessed on 1 February 2022 (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).




2.2. Starting Materials


All the chemicals were purchased from standard commercial sources and used without further purification.




2.3. Synthesis of the Organic Molecules


2.3.1. Synthesis of 2,4-Dimethyl-3-Thiosemicarbazide, Me2TS


In total, 2.00 g (41.2 mmol) of methylhydrazine was dropwise added to a solution of 3.00 g (41.0 mmol) of methylisothiocyanate in 50 mL of diethyl ether cooled in an ice bath. The mixture was stirred for one hour and the white solid formed was filtered off, washed several times with diethyl ether and dried under vacuum (yield 92%). Elemental analysis calc for C3H9N3S (%): C, 30.24; H, 7.62; N, 35.29; S, 26.86. Found: C, 29.98; H, 7.59, N, 35.04; S, 26.71. IR (KBr, cm−1): 3315s, 3265s, 3176m (NH), 1633s (δNH2), 1527s (thioamide I+CN), 877s (thioamide IV). 1H NMR (DMSO-d6) 8.09 (H6a, 1H, d, 3J = 3.2 Hz), 4.77 (NH2, 2H, s), 3.30 (H9, 3H, s), 2.85 (H6, 3H, d, 3J = 4.6 Hz).




2.3.2. Synthesis of Diacetyl-2-(4-Methyl-3-Thiosemicarbazone), HAMeTS


In total, 10.50 mL (119.7 mmol) of 2,3-butanodione (diacetyl) was added to a solution of 4.07 g (39.9 mmol) of 4-methyl-3-thiosemicarbazide (MeTS) in water and the mixture was stirred at room temperature for 1.5 h. The white solid formed was filtered off, washed several times with cold water and dried under vacuum (yield 89%). Elemental analysis calc for C3H11N3OS (%): C, 26.26; H, 8.08; N, 30.63; S, 23.37. Found: C, 25.98; H, 8.01; N, 30.35; S,23.24. ESI+ m/z 174.1 [M+H]+ IR (KBr, cm−1): 3324s, 3290s, (NH), 1673s (CO), 1636w, 1594s, 1542vs (thioamide I+CN), 836m (thioamide IV). 1H NMR (DMSO-d6) 10.60 (H2, 1H, s), 8.60 (H1a, 1H, d, 3J = 4.4 Hz), 3.10 (H1, 3H, d, 3J = 4.6 Hz), 2.40 (H8, 3H, s), 1.90 (H7, 3H, s). 13C NMR (DMSO-d6): 197.4 (CO), 178.9 (C2), 145.4 (C3), 31.3 (C1), 24.7 (C8), 9.9 (C7).




2.3.3. Synthesis of Diacetyl-(2,4-Dimethylthiosemicarbazone)-2-(4-Methyl-3-Thiosemicarbazone), HMeATSM


A solution of 0.88 g (7.8 mmol) of Me2TS in 10 mL of dry methanol was added to 0.68 g (3.9 mmol) of HAMeTS in 20 mL of dry methanol. The mixture was stirred at room temperature for one hour. The pale-yellow solid formed was filtered off, washed with methanol and dried under vacuum (yield 97%). Elemental analysis calc for C9H18N6S2 (%): C, 39.40; H, 6.62; N, 30.52; S, 23.33. Found: C, 39.22; H, 6.50; N, 30.56; S, 23.39. IR (KBr, cm−1): 3331s, 3300s, (NH), 1588w, 1531vs, 1497vs (thioamide I + CN), 832m (thioamide IV). 1H NMR (DMSO-d6) 10.50 (H2, 1H, s), 8.40 (H1, 1H, q, 3J = 4.4 Hz), 7.52 (H6, 1H, q, 3J = 4.2 Hz), 3.40 (H9a-c, 3H, s), 3.03 (H1a-c, 3H, d, 3J = 4.3 Hz), 2.90 (H6a-c, 3H, d, 3J = 4.4 Hz), 2.18, 2.17 (H7a-c, 3H, s + H8a-c, 3H, s). 13C NMR (DMSO-d6): 180.9 (C5), 179.3 (C2), 169.6 (C4), 147.6 (C3), 41.8 (C9), 32.7 (C6), 31.7 (C1), 15.6 (C8), 12.6 (C7). 13C NMR (CP/MAS): 178.6 (C5), 175.1 (C2), 148.0, 146.0 (C4 + C3), 42.7 (C9), 33.5 (C6), 32.0 (C1), 15.8 (C8), 12.4 (C7). Yellow crystals for X-ray analysis were formed after slow evaporation of the mother liqueur.





2.4. Synthesis of Complexes


2.4.1. Synthesis of [Ni(MeATSM)]NO3 (1)


A solution of 0.18 g (0.6 mmol) of nickel(II) nitrate hexahydrate in 15 mL of ethanol was added to a suspension of 0.15 g (0.6 mmol) of HMeATSM in 15 mL of ethanol and immediately the yellow mixture turns to brown. The mixture was stirred at room temperature for one hour, then the brown solid was filtered off, washed with ethanol and dried in vacuum (yield 86%). Elemental analysis calc for C9H17N7O3S2Ni (%): C, 27.36; H, 4.60; N, 24.83; S, 16.20. Found: C, 27.32; H, 4.50; N, 24.81; S, 16.07. ESI+ m/z 331.0 [Ni(MeATSM)]+. Л (Scm2/mol, DMF): 65.5. IR (KBr, cm−1): 3224s, (NH), 1592vs, 1565vs, 1492vs (thioamide I+CN), 827m (thioamide IV). 1H NMR (DMSO-d6) 10.30 (H1, 1H, s), 8.10 (H6, 1H, q, 3J = 4.5 Hz), 3.50 (H9a-c, 3H, s), 2.85 (H6a-c, 6H, d, 3J = 4.6 Hz), 2.24, 2.03 (H7a-c, 3H, s + H8a-c, 3H, s). 13C NMR (DMSO-d6): 182.9 (C5), 177.3 (C2), 164.0 (C4), 156.4 (C3), 45.5 (C9), 32.9 (C6), 33.1 (C1), 19.2 (C8), 14.7 (C7). Crystals suitable for single-crystal X-ray diffraction were obtained by recrystallization in a mixture or ethanol/water 1:1. The same complex was obtained, but with lower yield (50%), in the presence of one equivalent of lithium hydroxide monohydrate.




2.4.2. Synthesis of [Zn(MeATSM)(OH2)]NO3 (2)


A solution of 0.27 g (0.9 mmol) of zinc(II) nitrate hexahydrate in 3 mL of ethanol was added to a suspension of 0.24 g (0.9 mmol) of HMeATSM and 0.04 g (0.9 mmol) of lithium hydroxide monohydrate in 15 mL of ethanol and the mixture was stirred at room temperature for 24 h. The scarce amount of solid was filtered off and discarded and the solution was slowly evaporated until yellow crystals suitable for single-crystal X-ray diffraction were obtained (yield 65%). Elemental analysis calc for C9H19N7O4S2Zn (%): C, 25.81; H, 4.58; N, 23.42; S, 15.28. Found: C, 25.66; H, 4.53; N, 23.38; S, 15.24. ESI+ m/z 335.0 [Zn(MeATSM)]+. Л (Scm2/mol, DMF): 67.5. IR (KBr, cm−1): 3332s, 3207m, 3100m (NH), 1583m, 1570w, 1564m, 1520m (thioamide I + CN), 836m (thioamide IV). 13C NMR (CP/MAS): 185.0 (C5), 181.6 (C2), 163.7, 146.1 (C4 + C3), 43.1 (C9), 33.0 (C6), 30.9 (C1), 20.9 (C8), 17.5 (C7). In the absence of lithium hydroxide monohydrate the reagents were recovered.




2.4.3. Synthesis of [Zn(Me2TS)2(OH2)](NO3)2 (3)


Following the procedure described for the synthesis of 2, but heating the mixture for 2 h, a white solid was obtained, which was filtered, washed with ethanol and vacuum dried (yield 35%). Elemental analysis calc for C6H20N8O7S2Zn (%): C, 16.16 H, 4.52; N, 25.14; S, 14.38. Found: C, 16.17; H, 4.45; N, 25.23; S, 14.35. Л (Scm2/mol, DMF): 117.2. IR (KBr, cm−1): 3267s, 3160s (NH), 1571s (δNH2+thioamide I), 824m (thioamide IV). 1H NMR (DMSO-d6) 8.10 (H6, 1H, q, 3J = 4.5 Hz), 4.85 (NH2, 2H, s), 3.41 (H9a-c, 3H, s), 2.85 (H6a-c, 3H, d, 3J = 4.4 Hz). 13C NMR (DMSO-d6): 181.2 (C5), 30.2 (C6), 41.3 (C9). The same complex was formed under reflux in the absence of lithium hydroxide monohydrate (yield 36%) and was also obtained by direct synthesis from Me2TS and zinc(II) nitrate hexahydrate stirring at room temperature for one hour (yield 66%).






3. Results and Discussions


3.1. Synthesis


A new dissymmetric bis(thiosemicarbazone) ligand HMeATSM was synthesized by reaction of 2,4-dimethylthiosemicarbazide (Me2TS) with diacetyl-2-(4-methyl-3-thiosemicarbazone), HAMeTS. The synthesis of the monothiosemicarbazone HAMeTs was achieved following the procedure previously reported in the literature by the group [16]. The condensation of Me2TS with the residual carbonyl group of HAMeTS was carried out with a 2:1 molar ratio (Scheme 1) to prevent the symmetrization reaction, since with 1:1 stoichiometry H2ATSM was obtained.



Reactions with the metal nitrates were carried out in ethanol, both in the absence and in the presence of one equivalent of lithium hydroxide monohydrate (Scheme 2). With nickel(II), all the reaction conditions yielded complex [Ni(MeATSM)]NO3 1, with the ligand singly deprotonated. However, reactions with zinc(II) afforded different complexes depending on the presence of base and the temperature. At room temperature without base the reagents were recovered, but in the presence of base, complex [Zn(MeATSM)(OH2)]NO3 2 was obtained. In contrast, if the mixture was heated under reflux, with or without base, complex [Zn(Me2TS)2(OH2)](NO3)2 3 was isolated, due to a symmetrization reaction to give H2ATSM and Me2TS. This complex can also be synthesized by reaction with Me2TS at room temperature. This reactivity confirms the difficulty of working with dissymmetric ligands and proves that, even when the ligand is isolated, a symmetrization reaction can take place at any step of the complex formation, so control of the reaction conditions is essential.



The analytical data of complexes 1 and 2 confirm a 1:1 ligand to metal stoichiometry and the presence of a nitrate group; thus, the ligand acts as a monoanionic donor in both complexes. However, complex 3 is in agreement with a 1:2 Zn:ligand stoichiometry and the presence of two nitrate groups, so Me2Ts behaves as a neutral ligand. The mass spectra of complexes 1 (Figure S4) and 2 (Figure S7) only show the peak corresponding to the molecular ion, confirming the proposed stoichiometry. For both peaks, the found and calculated isotopic patterns are identical. Conductivity values in DMF for complexes 1 and 2 correspond to 1:1 electrolytes, and complex 3 is in agreement with a 1:2 electrolyte [40], showing that in the three complexes the nitrate groups act as counterions.




3.2. Crystal Structures


The molecular structures of HMeATSM and the three complexes have been determined by single-crystal X-ray diffraction. Significant crystal structure and refinement data are listed in Table 1 and relevant bond distances in the thiosemicarbazone skeleton and in the metal coordination environment are summarized in Table 2 and Table 3, respectively. For the complexes, the different degrees of deprotonation of the ligands, together with the presence of one or two nitrate groups and the water molecules bonded to the zinc, make possible the existence of different supramolecular architectures based on different hydrogen bond arrays.



Figure 1 shows the molecular structure of HMeATSM. It crystalizes in the triclinic P-1 space group. The compound is in the thione form, which is supported by the C-S bond distances (Table 2), which are intermediate between those of single and double bonds (1.82 and 1.56, respectively) and the presence of the hydrazinic hydrogen H2. The azometine bonds are 1.2888(2), which is in agreement with double bonds and the N–N bonds are shorter than 1.44 Å, which agrees well with those of similar thiosemicarbazones. The two arms of the molecule are E with respect to the single bond C(3)–C(4) and both azomethine nitrogen atoms N(3) and N(4) are in E with respect to the sulfur atoms Figures S1 and S2, which is the conformation usually found in the solid state for these kind of molecules [41,42]. The ligand is not planar and the two arms form an angle of 73.51°. The molecules are held together in the crystal packing through an extended network of intermolecular hydrogen bonds involving the amine nitrogen atoms N(1) and N(6) and the sulfur atoms Figures S1 and S2 giving chains along the c axis.



Figure 2 represents the molecular structure of complex 1. It crystallizes with a water molecule in the monoclinic P2(1)/n space group. The asymmetric unit contains a single [Ni(MeATSM)]+ cation, a nitrate group as counterion and a water molecule of crystallization. The nickel(II) ion is coordinated to a N2S2 tetradentate anionic ligand. The pseudomacrocyclic coordination mode of the ligand affords three five-member chelate rings that confer high stability to the complex. The value of the τ4 parameter is 0.12, which indicates a square planar geometry for the metal (τ4 = 1 for tetrahedral geometry and τ4 = 0 for square planar [43]). This is in agreement with the magnetic susceptibility measurement, which indicates the complex is diamagnetic. Bond lengths shows a considerable electronic delocalization through the thiosemicarbazone backbone, which is enhanced upon ligand deprotonation. Thus, both thione bond distances are longer than in the free ligand, with the greater change observed in the 4-methyl-3-thiosemicarbazone branch which is deprotonated. The different behavior of the two arms are reflected on the values of 1.294(5) and 1.301(5) Å for the N(3)–C(3) and N(4)–C(4) with respect to the free ligand [1.288(2)]. In addition, the bond N(2)–N(3) is longer, but N(4)–N(5) is shorter than in the free ligand. The ligand is almost planar with a maximum deviation from the least-squares-planes of 0.12 Å for C(4). Bond lengths involving the Ni(II) ion have similar values than other nickel complexes with thiosemicarbazone ligands [9,44]. There is an extended network of intermolecular hydrogen bonds involving both amino groups, the NO3- and the water molecule leading to a 3D architecture.



Compound 2 also crystallizes in the monoclinic P2(1)/n space group. The asymmetric unit is made up of a [Zn(MeATSM)(OH2)]+ cation and a nitrate group as counterion (Figure 3). The ligand behavior is analogous to that of complex 1. In the cation, the zinc(II) ion is in a slightly distorted square-base pyramid arrangement, with τ5 = 0.14 (τ5 = 1 for a trigonal bipyramid geometry and τ5 = 0 for a square-based pyramid, [45]) with the water molecule occupying the apical position. Changes in the bond distances in the ligand skeleton upon coordination to zinc are similar to those described for complex 1. Zn(II)–N and Zn(II)–S bond lengths are in the same range of related compounds [46,47]. Both NH groups are involved in a hydrogen bond network with the nitrate group and the water molecule, leading to the formation of zig-zag ribbons in the ac plane.



The crystal structure of 3 (Figure 4) confirms the formation of a Me2TS complex and that the symmetrization reaction takes place under reflux. It crystallizes in the monoclinic C2/c space group and the centrosymmetric complex is made up by one [Zn(Me2TS)2(OH2)]2+ cation and two nitrate groups as counterions. In the cation, both ligands act as bidentate chelate through the sulfur atom and the primary amine, with the coordination sphere completed by a water molecule. The arrangement around the zinc(II) ion is a strongly distorted trigonal bipyramid (τ5 = 0.69), in which the equatorial positions are occupied by the two sulfur atoms and the oxygen atom with the amine groups in the axial positions. This coordination environment is not very frequent in thiosemicarbazide derivatives, which usually displays tetrahedral or octahedral environments [48,49]. The bond lengths between the metal ion and the ligand are analogous to other complexes with thiosemicarbazide ligands [49,50]. The NH groups, the nitrate ions and the water molecule participate in the formation of an extended network of hydrogen bonds leading to a 3D architecture.




3.3. Spectroscopy


The formation of HAMeTS is confirmed by the presence of bands corresponding to the stretching vibrations of the amine and carbonyl groups at 3324, 3290 and 1673 cm−1, respectively, together with the bands due to the imine, thioamide I and thioamide IV. The 1H NMR spectrum shows the signals expected for the [1 + 1] condensation product and the 13C NMR spectrum also confirms its structure.



The IR spectrum of HMeATSM (Figure S1) shows the absence of the carbonyl group of HAMeTS and the δ(NH2) vibration of the primary amine, that together with the additional ν(N–H) and ν(CN) bands indicate the formation of the dissymmetric bis(thiosemicarbazone). In the 1H NMR spectrum, seven signals are observed, corresponding to the amine and methyl hydrogen atoms expected for the new molecule. The 13C NMR (Figures S2 and S3) spectra show signals corresponding to the imine and thiocarbonyl carbon atoms and for three different methyl groups, confirming the formation of the ligand.



In the IR spectra of complexes 1 and 2, the shifts observed in the bands assigned to ν(CN) and ν(CS) are consistent with the imine and the thiocarbonyl groups are bonded to the metal ion, confirming that the ligand acts as a N2S2 donor. The spectra of all the complexes also show a band at 1384 cm−1 assigned to the nitrate ion. In the 1H NMR spectrum of complex 1 (Figure S4), the signal corresponding to H2 has disappeared due to ligand deprotonation. The spectrum of complexes 2 and 3 could not be acquired due to their decomposition in DMSO and their low solubility in other solvents. In the 13C NMR spectra of complexes 1 (Figure S6) and 2 (Figure S8), the signals corresponding to the imine and thiocarbonyl carbon atoms are shifted with respect to the free ligand, supporting that the ligand is bonded through both groups in the complexes. The IR spectrum of complex 3 suggests the presence of nitrate groups and the decomposition of HAMe2TS, which is confirmed with the 1H (Figure S9) and 13C (Figure S10) NMR spectra that show signals consistent with the ligand symmetrization and subsequent coordination of Me2TS.
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Scheme 1. Synthesis of the ligand HMeATSM. 
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Scheme 2. Synthesis of the coordination compounds. 
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Figure 1. Molecular structure of HMeATSM. Thermal ellipsoids at 50% probability level. 






Figure 1. Molecular structure of HMeATSM. Thermal ellipsoids at 50% probability level.



[image: Crystals 12 00310 g001]







[image: Crystals 12 00310 g002 550] 





Figure 2. Molecular structure of 1·H2O. Thermal ellipsoids at 50% probability level. 
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Figure 3. Molecular structure of 2. Thermal ellipsoids at 50% probability level. 
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Figure 4. Molecular structure of 3. Thermal ellipsoids at 50% probability level. 
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Table 1. Crystal data and structure refinements parameters for HMeATSM and complexes 1. H2O, 2 and 3.
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	Compound
	HMeATSM
	1. H2O
	2
	3





	Empirical formula
	C9H18N6S2
	NiC9H19N7O4S2
	ZnC9H19N7O4S2
	ZnC6H20N8O7S2



	Formula weight
	274.41
	412.14
	418.80
	445.79



	Crystal system
	Triclinic
	Monoclinic
	Monoclinic
	Monoclinic



	Space group
	P-1
	P2(1)/n
	P2(1)/n
	C2/c



	a/Å
	7.6648(5)
	7.0335(3)
	8.3270(2)
	18.7868(5)



	b/Å
	9.5516(6)
	20.9318(6)
	9.4816(3)
	7.6851(2)



	c/Å
	9.8740(6)
	11.6271(4)
	21.9498(7)
	13.3178(4)



	α/°
	89.227(3)
	90
	90
	90



	β/°
	68.306(3)
	103.110(2)
	76.974(3)
	120.374(2)



	γ/°
	85.152(3)
	90
	92.567(2)°
	90



	Volume/Å3
	669.16(7)
	1667.17(10)
	1237.95(15)
	1731.27(9)



	Z
	2
	4
	2
	4



	Density (calculated)/Mg/m3
	1.362
	1.642
	1.607
	1.785



	Absorption coefficient mm−1
	0.387
	1.444
	4.500
	4.894



	F(000)
	292
	856
	864
	920



	GOF
	1.151
	1.118
	1.063
	1.173



	Reflections collected
	31,283
	20,749
	15,964
	7988



	Independent reflections
	3568 [R(int) = 0.0353]
	3272 [R(int) = 0.0508]
	3296 [R(int) = 0.0365]
	1564 [R(int) = 0.0412]



	Final R indices [I > 2sigma(I)]
	R1 = 0.0414

wR2 = 0.1067
	R1 = 0.0357

wR2 = 0.0948
	R1 = 0.0432

wR2 = 0.1127
	R1 = 0.0333

wR2 = 0.0841



	Largest diff. peak and hole/e·Å−3
	0.586 and −0.306
	0.531 and −0.825
	1.821 and −0.737
	0.581 and −0.332
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Table 2. Selected bond distances (Å) for HMeATSM, 1. H2O, 2 and 3.
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	HMeATSM
	1. H2O
	2
	3





	M(1)−N(3)
	−
	1.850(3)
	2.110(3)
	2.209(2)



	M(1)−N(4)
	−
	1.867(3)
	2.151(3)
	



	M(1)−S(1)
	−
	2.1454(10)
	2.3459(9)
	2.3209(6)



	M(1)−S(2)
	−
	2.1383(10)
	2.3714(9)
	



	M(1)−O(4)
	−
	−
	2.006(2)
	−



	M(1)−O(1)
	−
	−
	−
	2.024(3)



	C(2)−S(1)
	1.6804(19)
	1.756(4)
	1.731(3)
	1.719(2)



	N(1)−C(2)
	1.322(3)
	1.336(5)
	1.340(4)
	1.329(3)



	N(2)−C(2)
	1.371(2)
	1.328(4)
	1.347(4)
	1.340(3)



	N(2)−N(3)
	1.359(2)
	1.375(4)
	1.363(4)
	1.419(3)



	N(3)−C(3)
	1.288(2)
	1.294(5)
	1.290(4)
	−



	N(4)−C(4)
	1.288(2)
	1.301(5)
	1.281(4)
	−



	N(4)−N(5)
	1.432(2)
	1.391(4)
	1.390(4)
	−



	N(5)−C(5)
	1.358(3)
	1.364(5)
	1.368(4)
	−



	C(5)−N(6)
	1.335(3)
	1.311(5)
	1.313(4)
	−



	C(5)−S(2)
	1.6956(19)
	1.722(4)
	1.716(3)
	−
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Table 3. Selected bond angles (o) for complexes 1. H2O, 2 and 3.
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	1. H2O
	2
	3





	N(3)−M(1)−S(1)
	87.55(10)
	81.90(7)
	81.41(5)



	N(3)#1−Zn(1)−S(1)
	−
	−
	101.18(5)



	N(3)#1−Zn(1)−N(3)
	−
	−
	173.73(12)



	S(1)−Zn(1)−S(1)#1
	−
	−
	132.00(3)



	O(1)−Zn(1)−N(3)
	−
	−
	86.86(6)



	O(1)−Zn(1)−S(1)
	−
	−
	114.001(17)



	O(4)−M(1)−N(3)
	−
	103.62(10)
	−



	O(4)−M(1)−N(4)
	−
	95.60(10)
	−



	N(3)−M(1)−N(4)
	83.62(13)
	73.72(10)
	−



	O(4)−M(1)−S(1)
	−
	104.83(8)
	−



	N(4)−M(1)−S(1)
	170.36(10)
	151.28(8)
	−



	O(4)−M(1)−S(2)
	−
	104.59(8)
	−



	N(3)−M(1)−S(2)
	172.72(10)
	142.65(7)
	−



	N(4)−M(1)−S(2)
	89.35(10)
	79.62(7)
	−



	S(1)−M(1)−S(2)
	99.34(4)
	113.48(3)
	−
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  crystals-12-00310


  
    		
      crystals-12-00310
    


  




  





media/file8.jpg
o1





media/file11.png





media/file6.jpg
o1

N7

03






media/file1.png
>~

oH MeNH, HN—N (o)
H — > s=<( Cg / Hga.
+ /NHz MeOH H7ac /C( / a-c
0 S NH MeOH, 0°C NHMe C3—C4
HCI, r.t- H2 \ // \\ /Cg / Hga_c
/ \
< S=C¢C, Cs=S
N1_H1 H6_N6
H2N\ Cq/Hyac Ce / Heac
MeNCS + MeHN—NH, — Jg= | NHMe HMeATSM

Et,0, r.t.





media/file10.jpg
oz

o3

o4

oy






media/file7.png
Qa3






media/file9.png





media/file5.png





media/file3.png
no reaction

Zn(NO3).6H,0

/

HNMe—&

r.t.

rt. / LIOH.H,0

/

HN—N
S
NHMe
Zn(NO3),.6H,0

Me
/
\N

>—NHMe
Nl\ /

Ni(NO3).6H,0

\

N—NMe

MeHN

/ rt. / LIOH.H,0
r.t. \

reflux

N—N

NHMe{\

(NO3),

OH,

>_<Me

N—N

/>—NHMe

NO,

(2)





media/file4.jpg
Hoe. HeC Hic





media/file0.jpg
MeoH.o°C

o Jom o

HMoATSM






media/file2.jpg





