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Abstract

:

The synthesis of the first Ag(I) complexes with ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) is presented. The reaction of AgClO4 with the ligand in a molar ratio of 1:1 gives a bis(ligand) complex [AgL2]ClO4 (1) in the presence of 4-formylbenzonitrile, monoperiodic polymer {[AgL2]ClO4}n (2). Characterization involved IR spectroscopy, conductometric measurements, thermogravimetric analysis, antioxidant tests, powder, and single crystal X-ray diffraction. Structural analysis revealed ligand coordination in a monodentate manner through the nitrogen atom of the pyrazole ring in both complexes. Complex 1 displayed a linear coordination environment for Ag(I), whereas, in complex 2, square-planar coordination was achieved with the additional involvement of two oxygen atoms from bridging perchlorate anions. Notably, the thermal properties of both isomers are found to be nearly identical. The significant antioxidant activity of the isomer with a reverse-oriented pyrazole-type ligand suggests its potential relevance in biological studies.
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1. Introduction


Pyrazole derivatives are used in different fields due to the aromatic character of the pyrazole ring. Their metal complexes are also the focus of different studies and development activities in preparing new materials with better photophysical, magnetic, or even pharmaceutical activities. In the literature, complex compounds of pyrazole derivatives with good photoluminescence [1] and good magnetic properties [1,2,3] can be found. Bi- and tri-functional derivatives may be used to prepare 1D–3D coordination polymers, enlarging the field of possible applications of coordination compounds with pyrazole-type ligands [4,5,6]. On the other hand, numerous pyrazoles and their complexes show significant antimicrobial [7,8,9], antipyretic [10], anti-inflammatory [11], and even antiproliferative activity [12,13].



Silver(I) compounds are known as good antimicrobial agents [7,14]. The Ag(I) ion can also form coordination polymers with photocatalytic and photoluminescent properties [15,16]. In complex compounds, Ag(I) is often bicoordinated, but in coordination polymers, it forms three or four coordinative bonds. In considering the coordinative and biological properties of silver(I) ions and the good coordination ability of ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) and earlier results achieved with it [17,18], our group is focused on research related to L and its coordination complexes.



Since the most economic syntheses are those where product properties can be finely tuned by reaction conditions, the detailed structural and physicochemical characterization of new compounds is crucial for further compound design. Therefore, in this paper, the synthesis, structure, spectral, and thermoanalytical characterization, as well as the antioxidative properties of the two isomers of a silver(I) complex with ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) and perchlorate, are presented.




2. Results and Discussion


2.1. Compound Syntheses


The reaction between silver perchlorate and ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) was examined in two solvents, methanol and acetonitrile, to obtain single crystals. It was found that the solvent did not affect the product of the synthesis. These syntheses gave [AgL2]ClO4 (1) with pyrazole moieties of the same orientation in either case. Experiments were repeated with the addition of 4-formylbenzonitrile to the ligand solution before the addition of AgClO4 to the reaction mixture. In this case, a monoperiodic polymer {[AgL2ClO4]}n (2) with reverse-oriented pyrazoles and a perchlorate anion as a bridging ligand was obtained. These results suggest that the solvent does not affect the properties of the product of the synthesis. Despite this, the addition of 4-formylbenzonitrile to the ligand solution does not modify the pyrazole-type ligand, nor coordinates to the silver(I) ion, but it changed the orientation of coordinated pyrazole-type ligands. This led us to the conclusion that 4-formylbenzonitrile induced different reaction mechanisms and thus has a modulator role.



Molar conductivity values measured in freshly prepared DMF solutions of the compounds show that their solutions are electrolytes 1:1 type [19]. It suggests that 1 dissociated to [AgL2]+ and ClO4− ions. Although 2 also dissociates to [AgL2]+ and ClO4− ions, in the last complex cation, pyrazole moieties are reverse-oriented, which is a significant difference compared to the complex cation of 1. It might play a role in the differences between the antioxidative activities of compounds 1 and 2. On the other hand, the slightly different values of molar conductivity may suggest the slightly different mobility of two different complex cations, which also suggests that the two cations have different physicochemical and/or biological properties. These results are in accordance with the crystal structure of 1, which proves the ionic nature of the perchlorate ion in 1 and the expected low stability of monoperiodic polymer 2 in solution. Since the compounds crystallize in the form of single crystals, their molecular and crystal structures are determined by X-ray diffraction.




2.2. Crystal and Molecular Structure


The molecular structure of 1 (Figure 1a) consists of an Ag+, two L in their neutral form, and a perchlorate ion. Silver atom is situated in a linear environment, composed of two ligands that are coordinated in a monodentate manner through the nitrogen atoms N1A and N1B, respectively. Angle N1A–Ag1–N1B value of 174.05 (8)° shows deformation from an ideal angle of 180° for linear geometry, which can be explained by electrostatic attraction of Ag1 towards O1C (the closest oxygen atom from the perchlorate anion) with an Ag∙∙∙O1C distance of 2.907(14) Å. Coordination bond lengths for Ag1–N1A and Ag1–N1B were 2.111(2) and 2.1116(19) Å, respectively, which were in accordance with values found in structures containing fragments of the type Ag–N(pz)2 (CSD refcodes: ISAHUH [20], JAXKOL [21], UNONER [22], and ZULJUN [23]). Both pyrazole rings of L show a high level of planarity and the dihedral angle between those rings is 4.04(12)°.



The asymmetric unit of 2 is constituted by half a unit each of Ag+ and perchlorate ion, situated in special positions, and one unit of L. Silver ion occupies a special position with site symmetry     1  ¯    (inversion center) while a chlorine atom occupies a special position with site symmetry 2 (two-fold rotation axis). The organic ligand is coordinated in the same way as observed in 1. In contrast to the weaker coordination ability of the perchlorate anion, the distance between Ag1 and O1C (2.778(4) Å) in 2 is shorter than the distance between Ag1 and O1C found in 1 and can be considered as a coordination bond. Additionally, the Ag–O1C distance in 2 is comparable to those observed in structures with a square-planar AgN2(ClO4)2 fragment (CSD refcodes: LITBAT (d = 2.798 Å) [24] and CEZPUU (d = 2.819 Å) [25]). Therefore, in 2 perchlorate anion acts as bidentate coligand and had a bridging role connecting two silver atoms through O1C atoms, forming a monoperiodic polymer (Figure 2b). This rearrangement of atoms resulted in Ag+ ions situated in a square planar environment. Because N donor atoms of the ligand are inversion related, the angle N1–Ag1–N1(ii) has an ideal value of 180° while N1–Ag1–O1C and N1(ii)–Ag1–O1C have values of 94.51 (11)° and 85.49 (11)°, respectively, forming perfectly planar geometry.



The electrostatic attraction of complex cations and perchlorate anions is dominant in structure 1 (Figure 2a), but there is also N–H···O hydrogen bonding that additionally stabilizes the crystal structure. The coordinated ligand in 1 forms the chain that extends along the crystallographic [3 0 1] direction via N3A–H3AB···O1B(i) and N3B–H3BB···O1A(ii) hydrogen bonds while a perchlorate ion interconnects two chains via N3A–H3AA···O4C(iii) and N3B–H3BA···O3C(iv) hydrogen bonds. Additionally, two intramolecular N3A–H3AB···O1A and N3B–H3BB···O1B hydrogen bonds are present in L, both between amine and carbonyl groups of the ester fragment. Table 1 lists all geometry parameters of the hydrogen bonds present in complexes 1 and 2.



Polymeric chains of 2 propagate along crystallographic axis c (Figure 2b). Those chains are interconnected in two ways by hydrogen bonding. One is through a N3–H3B···O1(v) hydrogen bond which results in the formation of a chain extending along the crystallographic [1 3 0] direction. This chain connects coordinated ligand molecules in a similar way to structure 1.



The second way of interconnecting two polymeric chains is through an N3–H3A···O2C(vi) hydrogen bond which also shows the second role of the perchlorate anion as a hydrogen bond acceptor, besides its primary role bridging two silver atoms. This way of packing results in the formation of a complex three-periodic network consisting of covalent and hydrogen bonds.



To check the phase purity of complexes, powder X-ray diffraction (PXRD) patterns of bulk samples of 1 and 2 were recorded at room temperature. Results are presented in Figure 3 and Figure 4, together with simulated diffractograms derived from crystal structures. A near-perfect agreement was observed in diffractograms for complex 2, indicating excellent phase purity of the compound. Conversely, the diffractogram of 1 exhibited additional peaks corresponding to an unidentified phase, implying the possible presence of unreacted species. This observation lends support to the idea that the inclusion of 4-formylbenzonitrile in the reaction mixture during the synthesis of complex 2 contributes to an enhanced crystallinity in the final product. It further confirms the aforementioned hypothesis that this compound acts as a modulator in the process.




2.3. IR Spectra of L, 1, and 2


The IR spectra of 1 and 2, compared to the spectrum of the pure ligand show some differences (Figure 5). Since L is coordinated as a monodentate through the free N atom of the pyrazolic ring, differences between spectra are small and mostly result from different interactions in the crystal lattice of the new compounds. The most significant changes are observed between 3500 and 2800 cm−1 in the region of O–H, N–H, and C–H vibrations. The free ligand has bands between 3300 and 3100 cm−1, while in the spectra of 1 and 2 instead of them two partially overlapped strong bands somewhat above 3300 cm−1 are observed. Differently, the strong bands in the range 1700–1500 cm−1 in the spectra of the complexes are shifted toward lower wavenumbers compared to the spectrum of the L. Differences can be observed in the range 1300–1200 cm−1 also. Below 1200 cm−1 the bands of the ligand are shifted toward lower wavenumbers, but also the characteristic wide band of the perchlorate appears at ~1100 cm−1, thus it cannot be assigned with certainty. The main reason for this is that the wavenumbers of the split bands of ClO4− are very close to each other, and if some other bands, e.g., bands of organic ligands are detected at close wavenumbers, they are overlapping and difficult to assign split bands. Thus, the small band detected at 1123 cm−1, which looks like a result of splitting, can not with certainty be assigned to it because of the overlapping with the intensive bands of the ligand at 1125 and 1110 cm−1. It looks like the splitting of perchlorate, due to coordination, is not enough to separate into a triplet as can be expected due to the coordination of the perchlorate ion [26]. However, a similar situation was found in other silver perchlorate complexes [27,28,29]. On the other hand, the splitting of the characteristic perchlorate band at ~620 cm−1 may prove the different nature of the perchlorate group [30]. In the spectrum of 1, one intensive band at 619 cm−1 is detected, while in the spectrum of 2, two bands at 622 and 603 cm−1 were identified. In this range (below 700 cm−1), the spectra of the complexes are also different compared to the same range in the IR spectrum for L.




2.4. Thermal Properties


For complexes 1 and 2, with the same composition but differently oriented pyrazole moieties, it was interesting to determine if the orientation of the ligand affects the thermal properties of the compound, and if the polymer is more stable than the monomer complex. With this aim, measurements were carried out in both inert and oxidizing atmospheres. Firstly, a pre-experiment was performed in an inert atmosphere to determine the safest conditions for measurements considering the perchlorate content of 1 and 2. Both complexes were analyzed in nitrogen (Figure 6). Up to ~270 °C, the only significant difference between thermal curves (TG DTG, and DSC) is that 1 contains some solvent, most probably absorbed moisture, which evaporates somewhat above room temperature. This evaporation results in a mass loss of 0.4% and finished up to 60 °C. Compound 2 does not contain an absorbed solvent. Both compounds are stable up to relatively high temperatures. DTG curves suggest that above 180 °C, compound 1 begins to decompose in overlapped processes, but the differences in DTG and TG curves between 1 and 2 are very small. Above 200 °C, two partially overlapped DTG peaks are detected in both cases with maximums of 238 and 266 for 1 and 235 and 268 for 2, respectively. In this step, 1 lost 40.1% of its mass, but this step does not finish before the beginning of the next step, in which the mass loss is 11.6%. In the case of 2, these two steps overlapped more, therefore the overall mass loss was determined as 59.2% up to 400 °C. These mass loss steps may be correlated to the partial decomposition of pyrazole-type ligands (62.01% for two L molecules) and the decomposition of perchlorate. Above this temperature, one more step is observed in both cases, in which 1 loses 8.4% while 2 lost 10.7%. DTG maximums were 450 and 447 °C for 1 and 2, respectively.



DSC curves (Figure 7) support the supposed decomposition. The beginning is endothermic, which is in accordance with the decomposition of the organic part of the complex. The sharp endothermic peak also suggests that the complex melts at the beginning of the decomposition. On the other hand, the endothermic peak turns into overlapped exothermic peaks above 260 °C. This exothermic effect suggests that perchlorate, which may easily generate the explosion of the compound, decomposes between 260 and 380 °C. The very low endothermic peaks at 453 °C for 1 and 451 °C for 2 suggest that during the decomposition process, AgCl also forms and melts at 455 °C [31].



Online coupled TG-MS measurements showed that the slight mass loss from room temperature is a water loss process with peaks of 17 and 18 m/z, characteristic for water MS spectrum [32]. This result suggests that compound 1 slightly absorbs moisture from the atmosphere during storage. The intensive peaks at ~300 °C (Figure 8) prove that occurs the oxidative degradation of pyrazole-type ligands. Due to the presence of perchlorate, oxidation in an inert atmosphere is also possible and gives the characteristic fragments of oxidative decomposition of the organic fragments of the compound: 14 m/z for N+ or CH2+, 16 m/z for O+ or NH2+, 17 and 18 m/z are together characteristic for H2O+, besides, 17 also partially corresponds to NH3+ too [32]. The 29 fragment m/z most probably corresponds to NCH3+ or CH3CH2+, 36 m/z is usually the mass value of molecular ion HCl+, which would prove redox reactions between perchlorate and L, but also may correspond to the C3+ fragment of the organic ligand. The mass value 44 m/z may have corresponded to two different fragments, CO2+ or N2O+, which are both possible to get by oxidation of the pyrazole moiety.




2.5. Antioxidative Properties


Following that, the used pyrazole derivative gave complexes with zinc(II), and some of them showed significant antioxidative capacity, it was interesting to analyze the com-plexes formed by ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) and silver(I) ions to investigate the potential antioxidative properties. Considering that silver is very often biologically active, the effect of the formation of new complexes of Ag(I) with L on the antioxidative capacity of L by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was determined.



As presented in Figure 9, the antioxidative capacity of the pyrazole-type ligand is 257.76 μg Trollox equivalent per g of the dry sample mass. It is in range with the earlier determined antioxidative capacity of Zn complexes with L [18]. Compound 1, with pyrazole moieties oriented in the same way, shows somewhat lower activity than that of L (195.53 µg ek. TE/g.s.m), but polymer 2, with reverse-oriented pyrazole ligands, shows significantly higher antioxidative activity, 330.60 µg ek. TE/g.s.m. Considering the almost identical molar conductivity of compounds in N,N-dimethylformamide (DMF), they are most probably dissociated in the same way in both DMF and DMSO, used in antioxidative tests. Thus, in solution, the most probable ions are ClO4− and [AgL2]+ and the most significant difference between 1 and 2 is the orientation of L in their cations. Based on our earlier results [18], we concluded that most probably, the amino substituent of the pyrazole ring neutralizes the DPPH• radical. Taking it into account, most probably, differently oriented pyrazole rings in the complexes’ structure result in different hindrances and interactions of this group in the solutions of the compounds, therefore, in different free radical scavenging capacities.





3. Materials and Methods


Caution! Perchlorate compounds are potentially explosive; thus, they have to be handled with great care. All chemicals were commercial products and used without further purification.



3.1. Synthesis of [AgL2]ClO4 (1) with Same-Oriented Pyrazole-Type Ligands


The solution of the ligand (0.5 mmol, 0.085 g) dissolved in 5 cm3 acetonitrile was mixed with the solution of AgClO4 (0.25 mmol, 0.052 mg) in 5 cm3 acetonitrile. The mixture was shortly heated and covered with aluminum foil. After two days rod-like transparent single crystals were filtered. The synthesis was repeated in methanol and the same product was obtained. Yield: 0.075 g (55%). Molar conductivity (λM(DMF)) 82.7 S cm2 mol−1.




3.2. Synthesis of {[AgL2]ClO4}n (2) with Reverse-Oriented Pyrazole-Type Ligands


The mixture of the ligand (0.5 mmol, 0.085 g) and 4-formylbenzonitrile (0.5 mmol, 0.069 g) was dissolved in 10 cm3 methanol and refluxed for 2 h. The reaction mixture became yellowish. After the reflux was finished, AgClO4 (0.5 mmol, 0.113 mg) was added to the reaction mixture, and all that was shortly heated, then covered with aluminum foil. After three days transparent prismatic single crystals with rose shine were filtered. Yield: 0.090 g (33%). Molar conductivity (λM(DMF)) 79.6 S cm2 mol−1.




3.3. Analytical Techniques


IR spectra were recorded on a Thermo Nicolet iS20 FTIR spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) with Smart iTR™ ATR Sampling accessories, in the range of 4000–400 cm−1. Molar conductivities of freshly prepared complex solutions (c = 1 × 10−3 mol dm−3) were measured on a Jenway 4510 conductivity meter. Thermal data were collected by measurements on a TA Instruments SDT Q600 thermal analyzer in the range from room temperature to 600 °C at 10 °C min−1 heating rate in nitrogen (flow rate = 100 cm3·min−1). Sample holder/reference: alumina crucible/empty alumina crucible. Sample mass 2.5–3 mg. The TG-MS data were collected on the same thermal instrument, coupled to the Hiden Analytical HPR20/QIC mass spectrometer. The analyses were carried out in the range from room temperature to 600 °C at 10 °C min−1 heating rate in argon (flow rate = 50 cm3·min−1). Selected ions between m/z = 1–81 were monitored in multiple ion detection mode (MID).




3.4. Crystal Structure Determination


Crystallographic and refinement details are listed in Table 2. All data were collected at room temperature. CrysAlisPro8 [33] was used for instrument control and data reduction. Crystal structures were solved using the iterative dual-space routine in SHELXT [34] and refined with SHELXL [35]. All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were placed in idealized positions and refined using a riding model.



The final structures underwent internal validation using PLATON [36] and external validation using the Cambridge Structural Database (CSD) [37] via MOGUL [38] knowledge bases, accessible through Mercury CSD [39].



Powder X-ray diffraction (PXRD) measurements were performed on a Rigaku Miniflex 600 (U = 40 kV, I = 15 mA, Cu Kα radiation λ = 0.15406 nm) instrument using a counting step of 0.03° and counting time per step of 3 s. All samples were mounted on a zero-background silicon sample holder and measured at room temperature in the 2θ range of 5–55°. Obtained data were compared against simulated patterns from single crystal data collections at 295 K.




3.5. Determination of DPPH• Radical Neutralization Capability


The synthesized samples were tested for scavenging effect on the DPPH radical (DPPH) according to a slightly modified method by Soler-Rivas et al. [40]. The method is based on the spectrophotometric monitoring of the transformation of the violet-colored, stable, nitrogen-centered DPPH• radical (2,2-diphenyl-12-picrylhydrazyl) into the reduced, yellow-colored form of DPPH-H. The DPPH• radical is a relatively stable radical whose solution in methanol is purple with an absorption maximum at λmax = 515 nm. The presence of potential electron donors or H atoms leads to the neutralization of DPPH radicals and transition to a neutral form, which is followed by a change in absorbance and the disappearance of the purple color of the solution. The tested samples were dissolved in 15% DMSO in methanol (15% v/v) solution, and a series of concentrations (ranging from 10 to 40 mg/mL) were prepared. The solutions have been tested using 96-well microplates. Fifty microliters of the sample’s solution were added to the 160 microliters of DPPH solution (previously prepared as a 0.4 mmol/l solution in 96% ethanol, which was then diluted four times in methanol to give an absorbance at 515 nm of 0.9) and 90 microliters of methanol were added to reach the final volume of 300 µL. Blank (the tested sample is substituted with the used solvent) and matrix blank (solvent and samples without DPPH solution) probes have also been added. At the same time, the series of Trolox solutions (ranging from 1 to 100 mg/mL) for the calibration curve were prepared. The DPPH solution and methanol were added to the Trolox samples in the same amounts as the tested samples. Absorbance at 515 nm was measured after 60 min. The antioxidant activity is expressed as micrograms of Trolox equivalents per gram of dry samples weight (µg TE/g dsw).





4. Conclusions


The reaction of AgClO4 and the ligand, ethyl-5-amino-1-methyl-1H-pyrazole-4-carboxylate (L) resulted in the formation of a new silver(I) complex with the formula [AgL2]ClO4. In this complex, two pyrazole-type ligands are coordinated in the same orientation (1). When the same reaction was performed in the presence of 4-formyl benzonitrile, the monoperiodic polymer (2) was obtained, with the reverse-orientation of the pyrazole-type ligands. The thermoanalytical measurements showed that differently oriented pyrazole moieties and polymerization do not affect thermal properties nor compound stability. However, antioxidant activity is significantly better in the case of complex 2, i.e., the polymer with the reverse orientation of two L molecules.
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Figure 1. Molecular structures of complexes 1 (a) and 2 (b). Symmetry operations: (i) −x, y, 1/2 − z; (ii) −x, −y, −z. Color code: silver—light gray, carbon—black, nitrogen—blue, oxygen—red, chlorine—green, and hydrogen—white. 
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Figure 2. Crystal structures of complexes 1 (a) and 2 (b). A capped sticks model was used to increase the visibility of crystal packing while a Ball and Stick model was used to emphasize donors and acceptors of hydrogen bonds and perchlorate anion roles in packing. Color code: silver—light gray, carbon—black, nitrogen—blue, oxygen—red, chlorine—green, and hydrogen—white. 
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Figure 3. X-ray powder diffraction data for complex 1 showing patterns simulated from single crystal data at 273 K (black) and measured as synthesized (red, room temperature). Intensities of simulated data are inverted for ease of comparison. 
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Figure 4. X-ray powder diffraction data for complex 2 showing patterns simulated from single crystal data at 273 K (black) and measured as synthesized (red, room temperature). Intensities of simulated data are inverted for ease of comparison. 
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Figure 5. IR spectra for L and compounds 1 and 2. 
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Figure 6. TG and DTG curves for 1 and 2 were recorded in nitrogen. 
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Figure 7. DSC curves of 1 and 2 recorded in nitrogen. 
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Figure 8. Characteristic fragments of 1 found by TG-MS measurements in argon. 
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Figure 9. The antioxidative capacity of L and complexes 1 and 2. 
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Table 1. Hydrogen bonding geometry parameters for complexes 1 and 2.
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