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Abstract


Transition metal (II) complexes stabilized by 2,6-di(pyrazol-3-yl)pyridine as a novel coplanar tridentate nitrogen-donor ligand have been reported for their unusual structures and photoluminescent properties. In this work, the ligand 2,6-bis(5-isopropyl-1H-pyrazole-3-yl)pyridine (denoted as L) and its transition metal (II) halogenido complexes viz [ZnCl2(L)] (1), [ZnBr2(L)] (2), [CuCl2(L)] (3), and [CuCl(L)(thf)](PF6) (4) were synthesized and characterized by single crystal X-ray crystal analysis. Its structures contained N–H groups in its pyrazole rings and hydrogen bonds between these N–H donors and the coordinated halogenide ions and lattice solvent molecules. Tautomers between 3-pyridyl and 5-pyridyl substitutes were also observed. In L, the N–H group at the pyrazole nitrogen was located adjacent to the pyridine ring to form hydrogen bonds with adjacent pyrazoles. However, on complexation, the H atoms at the pyrazole nitrogens are shifted remotely to the pyridine. The zinc (II) complexes [ZnCl2(L)] (1) and [ZnBr2(L)] (2) possessed distorted trigonal pyramidal structures in the solid state. By comparison, the copper (II) complexes [CuCl2(L)] (3) and [CuCl(L)(thf)](PF6) (4) adopted square pyramidal geometry with a Jahn–Teller distortion resulting from their d9 electron configurations.
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1. Introduction


In recent years, N-heterocyclic ligands derived from pyridine, pyrazole, and imidazole have been investigated for their coordination behavior [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. N-heterocycles are π-electron deficient, behaving as π-acceptors and soft donor sites in transition metal complexes. By comparison, the π-excessive pyrazole is a poorer π-acceptor and hard donor [3].



N-heterocyclic ligand 2,2’:6’,2’’-terpyridine (terpy) has been extensively investigated over 30 years, paralleling the maturity of supramolecular chemistry [1,2,4,5,6,10,12,13,14] (Figure 1a). The terpy motif is a typical metal-binding domain containing three nitrogen-donor atoms. Another coplanar nitrogen-donor ligand is 2,6-bis(pyrazolyl)pyridine [3,7,11,17,18], which substitutes two pyrazole rings for the two terminal pyridine rings of the terpy structure, leading to differences in basicity and π-orbital energy, and therefore differences in kinetic stability, coordination structures, and physicochemical properties of its coordination metal complexes [7].



2,6-Bis(pyrazolyl)pyridines can be classified into two types: 2,6-bis(N-pyrazolyl)pyridine derivatives with covalent Npyrazole–Cpyridine bonds (bispzpy) (Figure 1b), and 2,6-bis(1H-pyrazol-3-yl)pyridine derivatives with covalent Cpyrazole–Cpyridine bonds (bispzHpy) (Figure 1c). The former bispzpy ligand is aprotic and provides only one of the two pyrazole nitrogen atoms for coordination, while the latter bispzHpy is neutral on coordination with the N–H available for hydrogen bonding, or deprotonated, in which case both pyrazole nitrogens are available for coordination to metal ions [11].



Although these two types of ligands have been widely studied [7,11,17,18], in this work, we have focused on 2,6-bis(1H-pyrazol-3-yl)pyridine derivatives (bispzHpy) (Figure 1c). This ligand has a Lewis basic donor together with a Lewis acid N–H group and so can form many hydrogen bonds in the solid state. Complexes of 2,6-bis(1H-pyrazol-3-yl)pyridine (bispzHpy) derivatives have been employed as catalysts [18,19,20,21] and functional materials [11,22,23,24]. Most common derivatives possess methyl, trifluoromethyl, phenyl, or tertiary butyl substituents on the pyrazolyl rings [18,19,20,21,22,23,24], but the isopropyl substituted ligand has not hitherto been reported. We previously studied different substituents on the pyrazolyl rings of the tripodal nitrogen-containing hydrotris(pyrazolyl)borate ligands to explore the influence of their bulkiness and electronic characteristics on the structure and reactivity of metal complexes [25,26,27,28,29]. Copper (II) complexes of bispzpy ligands bearing methyl and isopropyl-substituted pyrazoles have been reported [17].



We herein report the synthesis and characterization of a new 2,6-bis(1H-pyrazol-3-yl)pyridine (bispzHpy) ligand (Figure 1c), viz 2,6-bis(5-isopropyl-1H-pyrazole-3-yl)pyridine (denoted as L), and of four transition metal (II) halogenido complexes, [ZnCl2(L)] (1), [ZnBr2(L)] (2), [CuCl2(L)] (3), and [CuCl(L)(thf)](PF6) (4), in order to evaluate the influence of this bulky substituent on the structural, physicochemical, and spectroscopic properties of the resulting metal (II) complexes.




2. Results and Discussion


2.1. Synthesis of Ligand


2,6-Bis(5-isopropyl-1H-pyrazol-3-yl)pyridine (L) was synthesized by a modification of a procedure reported by Ikariya et al. [30] (Figure 2). The bis-β-diketone intermediate, 2,6-bis(1,3-dioxo-4,4-dimethylpentyl)pyridine, was synthesized by condensation of 3-methyl-2-butanone and diethyl 2,6-pyridinedicaraboxylate in an approximate 1:20 ratio of β-keto/enol tautomers in chloroform, judging from the integration of the broad signals at 15.8 ppm, which is assignable as the enol OH proton (Figure S1). This assignment was confirmed by the broad peak at ca. 16 ppm of 2,6-bis(1,3-dioxo-3-phenyl-1,3-propyl)pyridine [22]. Further treatment of this bis-β-diketone intermediate with hydrazine monohydrate in ethanol yielded the expected 2,6-bis(5-isopropyl-1H-pyrazol-3-yl)pyridine (L). This ligand was insoluble in dichloromethane, chloroform, and n-heptane but soluble in polar solvents such as acetone and methanol because of the N–H groups on the pyrazolyl rings. The broad 1H NMR signal in (CD3)2CO solution at 12.37 ppm is assignable to these N–H groups (Figure S2). This value is commensurate with the corresponding peaks observed at 12.57 ppm for 2,6-bis(5-methyl-1H-pyrazol-3-yl)pyridine and at 13.61 ppm for 2,6-bis(5-phenyl-1H-pyrazol-3-yl)pyridine [22]. The 13C-NMR spectrum of this ligand is shown in Figure S3. However, in the CD3OD solution, more complicated 1H NMR signals were observed because the 2,6-di(pyrazol-3-yl)pyridine framework exists as a mixture of 3-pyridyl and 5-pyridyl tautomers (Figure 3) [7,11,31,32,33,34,35,36,37].




2.2. Synthesis of Complexes


The reaction of ligand L with one equivalent of zinc (II) chloride, zinc (II), bromide, and copper (II) chloride dihydrate in methanol afforded the dichlorido complexes [ZnCl2(L)] (1), [ZnBr2(L)] (2) and [CuCl2(L)] (3), respectively, in high yields (Figure 4). In addition, the reaction of 3 with an equimolar amount of the AgPF6 in methanol afforded the monochlorido copper (II) complex [CuCl(L)(thf)](PF6) (4) after recrystallization from thf/heptane. These complexes were insoluble in nonpolar solvents and soluble in polar solvents, mirroring the solubility of ligand L. The 1H NMR spectra of the zinc (II) complexes 1 and 2 in (CD3)2CO solution showed the appropriate signals, which were shifted relative to L (vide infra). EPR spectra were recorded for the paramagnetic copper (II) complexes 3 and 4 and indicated mononuclear structures (vide infra).




2.3. Structure of Ligand


A single crystal X-ray diffraction study showed that L crystallized in a tetragonal system with I41/a (#88) space group (Table S1, Figure 5). Both pyrazole rings adopted the pyrazol-5-yl tautomer in the solid state (Figure 3), with the N–H group adjacent to the pyridine ring. This trend has been previously reported for 2,6-bis(3-phenyl-1H-pyrazol-5-yl)pyridine [34] with a cis-cis configuration of the terminal nitrogen atoms relative to the central pyridine ring [1,33,34,35]. This contrasts with the coplanar trans-trans configuration of terpy [35] and 2,6-bis(N-pyrazolyl)pyridine (bispzpy) [1,17]. Hydrogen bonding in the solid state results in a cis-cis configuration for bispzHpy (Figure 5). In bispzHpy, this configuration is likely driven by the interlocked hydrogen bonding network that results (vide infra). Complexes are arranged in tetranuclear stacks, with each offset from its neighbors giving rise to effective offset face-to-face interactions (Figures S4 and S5).



The bonds linking the rings in both L and 2,6-bis(3,5-diisopropyl-N-pyrazolyl)pyridine (denoted as L1py) [17] were in the single bond range for sp2 carbons and carbons C6–C13, 1.4636(18) and C12–C17, 1.4623(19) Å. The N–N bond lengths were N1–N2, 1.3574(16); N3–N4, 1.3503(17) for L. The C–N bond length in the pyridine ring was N5–C13, 1.3399(17), N5–C17, 1.3434(17), also matching the literature values [1,33,34,35]. The angles between these bonds linking the rings were different. The pyrazolyl rings were almost coplanar with the pyridine ring, with dihedral angles of 2.2 and 4.6°. By comparison, the dihedral angles between the two pyrazole rings were 55.9° for 2,6-bis(3,5-diisopropyl-N-pyrazolyl)pyridine [17] and 7.1° for the equivalent angle in terpy [1]. Therefore, this bispzHpy type ligand would lead to planar coordination with metal (II) ions.




2.4. Structures of Halogenido Metal (II) Complexes


The solid-state structure of [ZnCl2(L)] (1) is similar to that of [ZnBr2(L)] (2). Both 1 and 2 crystallized in the monoclinic space group I2/a (#15) with 2 equiv. of MeOH as a solvate (Table S1, Figure 6 and Figures S6–S9) and the crystal structure of both complexes is bisected by a mirror plane through Zn, N5, and C9 with symmetry operators: –X + 1/2, Y, –Z. Both complexes were five-coordinated structures involving the three nitrogen atoms of N2, N2’, and N5 and two halogenide ions, Cl1 and Cl1’, for 1 and Br1 and Br1’ for 2. The coordination geometry was a distorted trigonal bipyramidal geometry, which was characterized by the τ5 structural parameter, 0.43 for 1 and 0.42 for 2, where the structural parameter τ5 was calculated using the equation (β − α)/60, where α and β are the largest angles (β > α) around a five-coordinate metal center [36]. The three nitrogen atoms were in the equatorial plane, and the two halogenide anion atoms occupied the axial positions.



The coordination bond distances for Zn–Npz were in the range of 2.2670(19) for 1 and 2.252(2) Å for 2, and the bond distances for Zn–Npy were 2.095(2) for 1 and 2.096(2) Å for 2. These Zn–Npz bond lengths were only slightly longer than those of Zn–Npy. This trend has previously been observed in other complexes with ligands of similar frameworks [21,22,30,35]. The Npz–Zn–Npz bond angles were 148.76(6)° for 1 and 148.85(7)° for 2, which was not influenced by the different halogenide ions. The Zn–Cl distance was 2.2655(4) Å with a Cl–Zn–Cl’ angle of 114.54(2)° compared to the longer Zn–Br distance of 2.4030(4) Å, and the more acute Br–Zn–Br’ angle of 113.25(2)°. These differences are caused by the relative size of these halogenide anions. This Zn–Cl distance (2.2655(4) Å) and Cl1–Zn1–Cl1’ angle (114.54(2)°) in 1 is almost the same with the corresponding distances (2.25 and 2.27 Å) and angle (112°) in [ZnCl2(terpy)] [37].



In the molecular packing of these compounds, there were two types of hydrogen bonds, as illustrated in Figures S8 and S9: (i) O–H···X (O1–H1···Cl1’: 3.131(2) Å, 164.97° for 1 with symmetry operator X, –Y + 1, +1, and O1–H1D···Br1’: 3.255(3) Å, 141.75° for 2 with symmetry operator –X + 1, –Y + 1, –Z + 1) between the oxygen from the crystalline methanol molecule and the halogenide anions and (ii) N–H···O (N1–H1D···O1: 2.763(2) Å, 172.84° for 1 and N1–H1A···O1: 2.765(3) Å, 172.74° for 2 between the nitrogen from pyrazolyl ring and the oxygen atom from the crystalline methanol molecule. These hydrogen bonds stabilize the solid-state structures and create an infinite zig-zag chain structure.



Complex 3 crystallized in an orthorhombic space group with P212121 (#19), including 3 equiv. of MeOH as crystalline solvates (Table S2 and Figure 7a and Figures S10–S11). The coordination environments of the copper atom are depicted in Figure 6a. The copper (II) is coordinated by three nitrogen atoms (N2, N4, N5) from L and two Cl atoms to form a square pyramidal geometry, which is best described based by the τ5 parameter = 0.08 [36]. In the molecular structure, the planar three nitrogen atoms from L and one Cl anion (Cl2) occupy the equatorial (basal) plane, and the other Cl atom (Cl1) is in the axial position. The distance between the copper (II) ion and its basal plane is 0.30 Å. The Cu–Npz bond lengths (2.022(2) and 2.013(2) Å) are slightly longer than those of Cu–Npy (1.986(2) Å), as observed in the corresponding zinc (II) complexes 1 and 2. However, these bond lengths are considerably shorter than those of the Zn (II) complexes due to the ionic radius difference. The Npz–Cu–Npz bond angle is 155.14(10)° and the Cl1–Cu1–Cl2 angle is 108.18(3)°. The Cu1–Cl1 distance (2.5963(8) Å) is much longer than that of Cu1–Cl2 (2.2096(8) Å) due to the Jahn–Teller distortion in this d9 complex [38]. Moreover, the Cu–Cl distances (2.5963(8) and 2.2655(4) Å) and the Cl1–Cu1–Cl1’ angle (108.18(3)°) in 1 are almost the same as the corresponding distances (2.469 and 2.252 Å) and angle (104.5°) of [CuCl2(terpy)] [38] and the corresponding structural parameters (2.4167(7) and 2.2587(7) Å, 115.96(3)°) of [CuCl2(L1py)] [17]. The dihedral angles between the two pyrazole rings were 9.88° with planar coordination to the copper (II) ion.



The molecular packing of 3 (Figure S11) contains three hydrogen bonds, (i) O–H···X (O2–H2···Cl1: 3.134(3) Å, 171.22° and O1–H1D···Cl1’: 3.083(5) Å, 112.39° with symmetry operator: X + 1/2, –Y + 1/2 + 2, –Z) between the oxygen from the crystalline methanol molecule and the halogenide anions, (ii) N–H···O (N1–H1···O3: 2.693(4) Å, 174.29° and N3–H3···O2’’: 2.767(4) Å, 163.33° with symmetry operator –X + 1/2 + 1, –Y + 2, Z + 1/2–1) between the nitrogen from the pyrazolyl ring and the oxygen atom of the crystalline methanol molecule, and (iii) O–H···O (O1–H1D···O3: 2.592(6) Å, 84.31° and O3–H3A···O1: 2.592(6) Å, 161.04°) between oxygens from two crystalline methanol molecules.



Complex 4 crystallized in a monoclinic space group with C2/c (#15) with 2 equiv. of THF as coordinated solvent and crystalline solvate (Table S2 and Figure 7b and Figures S12–S13). The coordination environments of the copper atom are depicted in Figure 6b. The copper (II) is coordinated by three nitrogen atoms (N2, N4, N5) from L, one Cl atom in the equatorial (basal) plane, and an oxygen atom of thf (O1) in the axial position to form a square pyramidal geometry, which is best described by τ5 parameter = 0.17 [36]. The distance between the copper (II) ion and its basal plane is 0.20 Å. The Cu–Npz bond lengths (2.0086(17) and 2.0096(17) Å) are slightly longer than those of Cu–Npy (1.9770(16) Å), as observed in zinc (II) and copper (II) complexes 1–3. However, these bond lengths are considerably shorter than those of the Zn (II) complexes due to the difference in ionic radius. The Npz–Cu–Npz bond angle is 156.43(7)°. In 4, the Cu1–O1 distance (2.2905(19) Å) is much longer than that of all other bond distances due to the Jahn–Teller distortion in this d9 complex. The dihedral angle between the two pyrazole rings was 6.04° with planar coordination to the copper (II) ion.



In the dimeric structure of 4 (Figure S13), there are two hydrogen bonds, (i) N–H···Cl (N3–H3A···Cl1’: 3.1947(17) Å, 159.14° with symmetry operator –X, Y, –Z + 1/2) between the nitrogen from the pyrazolyl ring and the halogenide anions, and (ii) N–H···O (N1–H1···O2: 2.694(3) Å, 157.67°) between the nitrogen from the pyrazolyl ring and the oxygen atom from the crystalline thf molecule. These hydrogen bonding interactions stabilize the solid-state dimeric structure.




2.5. Infrared and Far-Infrared Spectroscopy


IR spectral data for the free ligand L and the zinc (II) complexes [ZnCl2(L)] (1) and [ZnBr2(L)] (2) and copper (II) complexes [CuCl2(L)] (3) and [CuCl(L)(thf)](PF6) (4) together with their assignments, are listed in the experimental section, and these spectra are shown in Figure S14. Raman spectra are shown in Figure S15. Spectral assignments were made with reference to the corresponding spectra of [ZnCl2(2,6-benzimidazol-2-yl)] [39]. The N–H stretching of the ligand L at 3069 cm−1 undergoes a slight shift on complexation at 3181 cm−1 for 1, 3197 cm−1 for 2, 3152 cm−1 for 3, and 3151 cm−1 for 4, suggesting that the pyrazole protons remain attached at the N1 and N3 positions. The broad stretching vibration is likely due to intramolecular hydrogen bonding. In addition, broad O–H stretching bands were also observed around 3400 cm−1. The characteristic C–H stretching modes of the ring residues are about 3100 cm−1, with the C–H stretching vibrations of the isopropyl residue below 3000 cm−1.



The lower frequency region (Figure 8) is characteristic of M–X (M = Zn and Cu, X = Cl and Br) stretching. The most intense bands appeared at 301 and 278 cm−1 for [ZnCl2(L)] (1), 232 and 200 cm−1 for [ZnBr2(L)] (2), 341 and 307 cm−1 for [CuCl2(L)] (3), and 351 cm−1 for [CuCl(L)(thf)](PF6) (4). The corresponding stretching bands are observed at 287 and 278 cm−1 for [ZnCl2(terpy)], 222 and 213 cm−1 for [ZnCl2(terpy)] [40], 331 and 296 cm−1 for [ZnCl2(py)2] and 260 and 213 cm−1 for [ZnBr2(py)2] [41]. For 3, the higher energy shift at 341 and 307 cm−1 is due to the different metal (II) ion. Only one Cu–Cl band at 351 cm−1 was observed in the spectrum of 4 due to the different coordination atom pair. The ν(P-F) absorption bands in 4 appeared at 840 and 558 cm−1 [42].




2.6. 1H-NMR Spectroscopy


1H and 13C NMR data for the free ligand L and the zinc (II) complexes [ZnCl2(L)] (1) and [ZnBr2(L)] (2) together with their assignments are listed in the experimental section, and the corresponding spectra are shown in Figures S2, S3 and S16–S19. As mentioned above, the ligand L exhibits a singlet broad peak at 12.3 ppm assigned to the N–H group. Signals for the two equivalent isopropyl groups are located at 3.04 and 1.31 ppm, while the pyridine moiety was associated with two resonances, a triplet at 7.84 and a doublet at 7.77 ppm. After coordination of zinc (II) halogenide, the broad signals at 12.8 ppm for both 1 and 2 (Figures S16 and S17) were slightly shifted due to the change of the N–H moiety from the 5-pyridyl tautomer to the 3-pyridyl tautomer (Figure 3). The corresponding signals also shifted from 3.04 and 1.31 ppm for L to 3.23 and 1.40 ppm for 1, and 3.24, 1.40 ppm for ,; and from 7.84 and 7.77 ppm for L to 8.23 and 7.98 ppm for 1 and 8.26, 8.01 ppm for 2. However, the 1H-NMR signals of L in protonic solvents such as CD3OD were clearly broadened (Figure S18) due to pyrazole protons in the 3-pyridyl and 5-pyridyl tautomers (Figure 3). To see if the hydrogen bonds to the pyrazole caused this broadening, the reaction of the bispzHpy ligand with NaH was performed. These signals narrowed by the reaction of 2 equivalents of NaH with L (Figure S19).




2.7. EPR Spectroscopy


The EPR spectra of [CuCl2(L)] (3) and [CuCl(L)(thf)](PF6) (4) were acquired as MeOH glass samples at 130 K (Figure 9) and in the solid state (Figure S20). The g values of the MeOH samples at 130 K were g‖ > g⊥ > 2.00, having a large A‖ value (15.8 mT for 3 and 16.7 mT for 4). All EPR signals were consistent with typical square-based copper (II) complexes, having a dx2−y2 ground state, matching the crystal structures of 3 and 4 [17,36,38]. This is consistent with the square pyramidal geometry and τ5 parameter = 0.08 for 3 and 0.17 for 4. In the solid-state, EPR signals of both [CuCl2(L)] (3) and [CuCl(L)(thf)](PF6) (4) were broadened with g values g‖ 2.26; g⊥ 2.07 for 3 and g‖ 2.21; and g⊥ 2.08 for 4 (Figure S20).




2.8. UV-Vis Absorption Spectroscopy


Solution UV-Vis spectra of ligand L, [ZnCl2(L)] (1), [ZnBr2(L)] (2), [CuCl2(L)] (3), and [CuCl(L)(thf)](PF6) (4) are shown in Figure 10 and Figure S21. The π-π* and n-π* transition bands of the pyridine and pyrazole at 242 and 307 nm were red-shifted on complexation [17,19,20], viz 254 and 319 nm for 1, 254 and 319 nm for 2, 256 and 326 nm for 3, and 255, 324 nm for 4. The d–d transition bands appeared at 700 nm for 3 and 713 nm for 4. Solid UV-Vis and diffuse reflectance (DR) spectra for all complexes were plotted (Figures S22–S25), and the d-d transition peaks of [CuCl2(L)] (3) and [CuCl(L)(thf)](PF6) (4) were slightly shifted to 724 nm for 3 and 670 nm for 4 from the equivalent d-d transition absorption bands in MeOH solution (~710 nm). This small difference is likely due to distortion in the solid-state structures caused by hydrogen bonding, resulting in a small geometrical change. In solution, the influence of this hydrogen bonding would be weak. This difference was also observed in DR spectra (Figure S25) at 724 nm for 3 and 690 nm for 4.





3. Materials and Methods


3.1. Material and General Techniques


Ligand L and metal (II) complexes 1–4 were prepared and handled using Schlenk tubes under an argon atmosphere. Tetrahydrofuran (THF) was dried by refluxing over sodium benzophenone ketyl and distilled before use. Super dehydrated methanol (MeOH), ethanol (EtOH), and ethyl acetate (EtOAc) were degassed by argon bubbling before use. Other reagents were commercially available and used without further purification.




3.2. Instrumentation


Elemental analyses (C, H, and N) were performed by the Open Facility Centre for Research of Ibaraki University. IR spectra were acquired as KBr pellets in the 4000–400 cm−1 region using a JASCO FT/IR-6300 spectrophotometer (JASCO, Tokyo, Japan). Far-IR spectra were recorded as CSI pellets in the 680–150 cm−1 region using a JASCO FT/IR-6700 spectrophotometer (JASCO, Tokyo, Japan). FT-Raman spectra were recorded as powders on slide glass in the 4000–100 cm−1 region using a JASCO FT/IR-6300 spectrophotometer (JASCO, Tokyo, Japan) with a 600 mW YAG laser. 1H (500.13 MHz) NMR spectra were acquired on a Bruker AVANCE III-500 NMR spectrometer (Bruker Japan, Yokohama, Japan) at room temperature (298 K) in CDCl3-d1 or (CD3)2CO-d6. 1H NMR shifts are relative to residual, CD3OD (δ 3.31) and (CD3)2CO (δ 2.05) signals, respectively. 13C (125.77 MHz) NMR spectra were obtained on the same instrument, and shifts are relative to the signal of the residual CD3OD (δ 49.00). Room temperature UV-Vis spectra (MeOH solution in 200–1040 nm) were measured with a JASCO V-570 spectrophotometer using a quartz cell (0.10 cm path length) (JASCO, Tokyo, Japan). Solid samples for UV-Vis spectroscopy were prepared as Nujol mulls (Nujol, poly(dimethylsiloxane), viscosity 10,000) (Aldrich, Milwaukee, WI, USA)) and run on quartz plates equipped with an integrating sphere apparatus (JASCO ISN-470 Tokyo, Japan). Diffuse reflectance (DR) spectra were obtained by finely grinding microcrystalline material into powders at 200–1000 nm on a JASCO V-570 spectrophotometer equipped with an integrating sphere apparatus (JASCO ISN-470) (JASCO, Tokyo, Japan). EPR spectra were acquired on a JEOL JES-X320 EPR spectrometer (JEOL, Tokyo, Japan) in frozen MeOH glass at 130 K in quartz tubes (diameter 5 mm) at a frequency of ~9.2 GHz, a microwave power of 1 mW, a field modulation 0.1 mT, and time constant 0.03 sec. Solid samples were run as fine powders in 5 mm quartz tubes.




3.3. Preparation of Ligand and Complexes


	
2,6-Bis(3-isopropyl-1H-pyrazol-5-yl)pyridine (bispzHpy) (L)






3-Methyl-2-butanone (3.50 mL, 32.7 mmol) was added to a suspension of sodium hydride (0.768 g, 32.0 mmol) in thf (40 mL) and the mixture was stirred for 40 min at room temperature and then heated to reflux for 20 min. Diethyl 2,6-pyridinedicaraboxylate (2.384 g, 10.7 mmol) in thf (10 mL) was added to the boiling mixture over 15 min, and the mixture was maintained at reflux for 30 min. After cooling, a saturated sodium chloride solution (25 mL) was added, and 1 M hydrochloric acid was added until the pH reached 7 before extraction with ether (total 110 mL). The combined organic layer was washed with saturated sodium chloride solution (30 mL × 3) and dried over MgSO4. Evaporation of the solvent in vacuo afforded 2,6-bis(1,3-dioxo-4-methylpenthyl)pyridine as a yellow oil (2.216 g, 7.31 mmol, 68%). Hydrazine monohydrate (2.0 mL, 41.23 mmol) in EtOH (10 mL) was added to a boiling solution of the bis-β-diketone intermediate in EtOH (30 min) over the course of 10 min, and the mixture was maintained at reflux for an additional 2 h. The solvent was evaporated to dryness, and the residue was triturated with dichloromethane until a colorless precipitate appeared. The resulting precipitate was collected and afforded L as a white powder (1.360 g, 4.60 mmol, 43%). Single crystals suitable for X-ray diffraction were obtained by slow recrystallization from EtOH.



Anal. Calcd for C17H21N5: C 69.12, H 7.17, N 23.71. Found: C 68.94, H 7.20, N 23.50. IR (KBr) ν/cm−1: 3214 (br, O–H, N–H, C–H), 2960 (C–H), 2929 (C–H), 2870 (C–H), 1602, 1579, 1562, 1479, 1465, 1306, 1280, 1173, 1150, 1107, 996, 981, 813, 798, 655. Far–IR (CsBr) ν/cm−1: 658, 491, 427, 329. Raman (neat) ν/cm−1: 3131 (O–H), 3069 (N–H), 2964 (C–H), 2929 (C–H), 2870 (C–H), 1602, 1581, 1482, 1463, 1457, 1410, 1373, 1282, 994, 959. 1H NMR ((CD3)2CO) δ/ppm (assignment): 12.37 (br, 2H, N–H), 7.84 (t, 1H, 8 Hz, 4–pyH), 7.77 (d, 2H, 8 Hz, 3,5–pyH), 6.83 (s, 2H, 4–pzH), 3.04 (m, 2H, 7 Hz, CH(CH3)2), 1.31 (d, 12H, 7 Hz, CH(CH3)2). 13C-NMR ((CD3)2CO) δ/ppm (assignment): 151.1 (2–py), 138.4 (4–py), 118.7 (3–py), 100.9 (4–pz), 27.9 (CH(CH3)2), 23.1 (CH(CH3)2), 3,5-pz were not detected. UV-Vis (solution, MeOH) λmax/nm (ε/M−1cm−1): 242 (24,000), 307 (12,900). UV-Vis (solid, Nujol) λmax/nm: 280, 332. DR (neat) λmax/nm: 288, 332.



	
Reaction of L with NaH






L (164.5 mg, 0.557 mmol) in THF (10 mL) was added to a suspension of sodium hydride (26.6 mg, 1.108 mmol) in THF (6 mL) over 30 min. The mixture was stirred for 3 h at room temperature, and evaporation of the solvent in vacuo afforded a white powder.



1H NMR (CD3OD) δ/ppm (assignment): 7.84 (t, 1H, 8 Hz, 4–pyH), 7.70 (d, 2H, 8 Hz, 3,5–pyH), 6.77 (s, 2H, 4–pzH), 3.08 (m, 2H, 7 Hz, CH(CH3)2), 1.35 (d, 12H, 7 Hz, CH(CH3)2).



	
[ZnCl2(L)] (1)






BispzHpy (50.00 mg, 0.167 mmol) in MeOH (10 mL) was added to ZnCl2 (22.5 mg, 0.171 mmol) in MeOH (5 mL), and the solution was stirred for 1 day at room temperature. Evaporation of the solvent under reduced pressure afforded a white residue. Recrystallization from MeOH (6 mL)/ EtOAc (8 mL) afforded [ZnCl2(bispzHpy)] as colorless crystals (60.2 mg, 0.139 mmol, 84%). Single crystals suitable for X-ray diffraction were obtained by slow recrystallization from the same solvent.



Anal. Calcd for C17H21Cl2N5Zn·(H2O): C 45.40, H 5.16, N 15.57. Found: C 45.18, H 4.94, N 15.37. IR (KBr) ν/cm−1: 3466 (br, O–H), 3182 (N–H), 3128 (C–H), 3100 (C–H), 3070 (C–H), 2962 (C–H), 2934 (C–H), 2873(C–H), 1613, 1577, 1511, 1455, 1290, 1014, 818, 787. Far–IR (CsI) ν/cm−1: 671, 640, 505, 302 (Zn–Cl), 276 (Zn–Cl). Raman (neat) ν/cm−1: 3136 (O–H), 3058 (N–H), 2976 (C–H), 2933 (C–H), 2895 (C–H), 1613, 1576, 1421, 1020, 975, 270. 1H NMR ((CD3)2CO) δ/ppm (assignment): 12.83 (br, 2H, N–H), 8.23 (t, 1H, 8 Hz, 4–pyH), 7.98 (d, 2H, 8 Hz, 3,5–pyH), 6.90 (s, 2H, 4–pzH), 3.23 (m, 2H, 7 Hz, CH(CH3)2), 1.40 (d, 12H, 7 Hz, CH(CH3)2). UV-Vis (solution, MeOH) λmax/nm (ε/M−1cm−1): 237 (19,800), 254 (18,500), 319 (11,900). UV-Vis (solid, Nujol) λmax/nm: 256, 332. DR (neat) λmax/nm: 266, 338.



	
[ZnBr2(L)] (2)






BispzHpy (97.9 mg, 0.331 mmol) in MeOH (10 mL) was added to ZnBr2 (75.9 mg, 0.337 mmol) in MeOH (5 mL) and the solution was stirred for 1 day at room temperature. Evaporation of the solvent in vacuo afforded a white residue. Recrystallization from THF afforded [ZnBr2(bispzHpy)] as a colorless solid (96.6 mg, 0.186 mmol, 56%). Crystals, suitable for X-ray analysis, were obtained by recrystallization from MeOH/EtOAc.



Anal. Calcd for C17H21Br2N5Zn: C 39.22, H 4.07, N 13.45. Found: C 39.08, H 3.91, N 13.39. IR (KBr) ν/cm−1: 3498 (br, O–H), 3303 (br, O–H), 3197 (N–H), 3125 (C–H), 3096 (C–H), 3066 (C–H), 2968 (C–H), 2932 (C–H), 2874 (C–H), 1613, 1575, 1508, 1455, 1280, 1010, 813, 796. Far–IR (CsI) ν/cm−1: 671, 631, 588, 503, 375, 232 (Zn–Br), 201 (Zn–Br). Raman (neat) ν/cm−1: 3314 (O–H), 3197 (O–H), 3133 (O–H), 3070 (N–H), 3056 (C–H), 2975 (C–H), 2932 (C–H), 2896 (C–H), 1612, 1575, 1452, 1421, 1020, 975, 883. 1H NMR ((CD3)2CO) δ/ppm (assignment): 12.83 (br, 2H, N–H), 8.26 (t, 1H, 8 Hz, 4–pyH), 8.01 (d, 2H, 8 Hz, 3,5–pyH), 6.92 (s, 2H, 4–pzH), 3.24 (m, 2H, 7 Hz, CH(CH3)2), 1.40 (d, 12H, 7 Hz, CH(CH3)2). UV-Vis (solution, MeOH) λmax/nm (ε/M−1cm−1): 237 (20,100), 254 (18,800), 319 (12,100). UV-Vis (solid, Nujol) λmax/nm: 264, 330. DR (neat) λmax/nm: 274, 338.



	
[CuCl2(L)] (3)






BispzHpy (75.4 mg, 0.255 mmol) in MeOH (5 mL) was added to CuCl2‧2H2O (43.8 mg, 0.255 mmol) in MeOH (10 mL) and the solution was stirred for 3 h at room temperature. Evaporation of the solvent in vacuo afforded a green powder. Recrystallization from MeOH/EtOAc afforded [CuCl2(bispzHpy)] as green crystals (95.1 mg,0.204 mmol, 80%).



Anal. Calcd for C17H21Cl2N5Cu·2(H2O): C 43.83, H 5.41, N 15.03. Found: C 44.01, H 5.33, N 14.78. IR (KBr) ν/cm−1: 3520 (br, O–H), 3412 (br, O–H), 3152 (N–H), 3128 (C–H), 3092 (C–H), 3056 (C–H), 2968 (C–H), 2929 (C–H), 2877 (C–H), 1614, 1574, 1518, 1464, 1303, 1025, 821, 797. Far–IR (CsI) ν/cm−1: 647, 584, 514, 475, 434, 377, 341 (Cu–Cl), 308 (Cu–Cl), 213, 201. UV-Vis (solution, MeOH) λmax/nm (ε/M−1cm−1): 254 (17,300), 323 (6940), 700 (80). UV-Vis (solution, THF) λmax/nm (ε/M−1cm−1): 256 (18,650), 326 (6890), 706 (70). UV-Vis (solid, Nujol) λmax/nm: 342, 382, 432, 724. DR (neat) λmax/nm: 226, 260, 342, 724. EPR (MeOH, 130 K): g‖ 2.25 (A‖ 15.8 mT); g⊥ 2.07. EPR (solid, 130 K): g‖ 2.26; g⊥ 2.07.



	
[CuCl(L)(thf)](PF6) (4)






BispzHpy (51.3 mg, 0.174 mmol) in MeOH (10 mL) was added to CuCl2‧2H2O (30.7 mg, 0.180 mmol) in MeOH (5 mL) and the solution was stirred for 24 h at room temperature. To this mixture was added AgPF6 (49.7 mg, 0.197 mmol) in MeOH (10 mL) and the solution was stirred for 5 h at room temperature. Evaporation of the solvent in vacuo afforded a green powder. Recrystallization from thf/heptane afforded [CuCl(bispzHpy)(thf)](PF6) as blue crystals (98.0 mg, 0.160 mmol, 92%). Single crystals suitable for X-ray diffraction were obtained by slow recrystallization under the same mixed solvent.



Anal. Calcd for C21H28ClN5CuF6OP·2(H2O): C 38.95, H 5.14, N 10.82. Found: C 39.23, H 4.63, N 10.55. IR (KBr) ν/cm−1: 3527 (br, O–H), 3409 (br, O–H), 3151 (N–H), 3058 (C–H), 2971 (C–H), 2934 (C–H), 2878 (C–H), 1615, 1576, 1558, 1518, 1465, 1304, 1026, 840 (P–F), 558 (P–F). Far–IR (CsI) ν/cm−1: 654, 558 (P–F), 469, 431, 379, 351 (Cu–Cl), 308, 202. UV-Vis (solution, MeOH) λmax/nm (ε/M−1cm−1): 253 (15,400), 323 (7600), 710 (100). UV-Vis (solution, THF) λmax/nm (ε/M−1cm−1): 255 (21,200), 324 (7800), 713 (90). UV-Vis (solid, Nujol) λmax/nm: 256, 334, 670. DR (neat) λmax/nm: 252, 260, 340, 690. EPR (MeOH, 130 K): g‖ 2.25 (A‖ 16.7 mT); g⊥ 2.07. EPR (solid, 130 K): g‖ 2.21; g⊥ 2.08.




3.4. X-Ray Crystal Structure Determinations


Diffraction data of ligand L and its metal (II) complexes 1–4 were obtained on a Rigaku XtaLAB P200 diffractometer (Rigaku Oxford Diffraction, Oxfordshire, UK) using multilayer mirror monochromated MoKα radiation (λ = 0.71073 Å) at −95 ± 2 °C. A crystal of suitable size and quality was coated with Paratone-N oil (Hampton Research, Aliso Viejo, CA, USA) and mounted on a Dual-Thickness MicroLoop LD (200 µM) (MiTeGen, New York, NY, USA). The unit cell parameters were determined using CrystalClear from 18 images [43]. Data were collected at 0.5° intervals in ϕ and ω to a maximum 2θ value of 55.0°. The crystal-to-detector distance was ca. 45 mm. Data reduction, including empirical absorption correction, was accomplished with CrysAlisPro (Rigaku Oxford Diffraction, Oxfordshire, UK) [44]. The structures were solved by direct methods (SIR2008 [45]) and refined (anisotropic displacement parameters and C-bound H atoms in the riding model approximation) on F2 [46]. All calculations were performed with the CrystalStructure [47] crystallographic software package except for refinement, which was performed using SHELXL 2013 [46]. Hydrogen atoms were placed in calculated positions. A weighting scheme of the form w = 1/[σ2(Fo2) + (aP)2 + bP], where P = (Fo2 + 2Fc2)/3, was applied toward the latter stages of each refinement. The absolute configuration of [CuCl2(L)] (3) was confirmed from the values of the Flack parameters (0.002(2)) refined using 2408 Parsons’ quotients pairs [48]. The solvent molecules in [ZnCl2(L)] (1) and [ZnBr2(L)] (2) were too disordered to be modeled properly; thus, the program SQUEEZE, a part of the PLATON package of crystallographic software [49], was used to calculate the solvent disorder area and remove its contribution to the overall intensity data. Crystallographic data and structure refinement parameters, including the final discrepancies (R and Rw), are listed in Tables S1 and S2. All crystallographic data have been deposited in the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, and copies can be obtained on request, free of charge, by quoting the publication citation and the deposition numbers (see Tables S1 and S2).





4. Conclusions


We have reported the synthesis of tridentate planar ligand 2,6-bis(5-isopropyl-1H-pyrazol-3-yl)pyridine and observed the influence of the ligand substituents on the resulting zinc (II) and copper (II) complexes. This ligand has an N–H group on its pyrazole ring, leading to 3-pyridyl and 5-pyridyl tautomers. This N–H group also reduced solubility in nonpolar solvents and increased solubility in polar solvents. Various hydrogen bonds between N–H groups and the coordinated halogenide ions/some lattice solvent molecules were observed in the solid-state structures. On complexation, the positions of the H atoms on the pyrazole nitrogens were shifted remotely to the pyridine (i.e., N1 and N3) from adjacent to the pyridine ring (N2 and N4). In the zinc (II) complexes, the coordination geometry of 1 and 2 are both distorted trigonal bipyramidal with the three nitrogen atoms (N2, N2’, and N5) from L in the equatorial plane and two halogenide anion atoms in the axial positions. By contrast, in the copper (II) complexes, the coordination geometry of 3 and 4 is square pyramidal, with the basal plane occupied by three nitrogen atoms (N2, N4, and N5) from L, and the chloride ions are in the equatorial plane.



The structure and properties of these complexes provide useful data for further understanding of this tridentate planar ligand system and pave the way for the synthesis of new coordination complexes based on N3 tridentate planar ligands for improved catalytic performance and as models of the active sites of transition metal containing proteins with hydrogen bonding.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/inorganics13060189/s1, the CIF files for L and 1–4. Figure S1: 1H-NMR spectrum of the β-diketone intermediate; Figure S2: 1H-NMR spectrum of L in (CD3)2CO; Figure S3: 13C-NMR spectrum of L in (CD3)2CO; Table S1: summary of crystallographic data of L and its zinc (II) complexes; Figure S4: representation showing the hydrogen bonding interactions of L; Figure S5: packing diagram of L; Figure S6: molecular structure of 1·2(CH3OH); Figure S7: molecular structure of 2·2(CH3OH); Figure S8: packing diagram of 1·2(CH3OH); Figure S9: packing diagram of 2·2(CH3OH); Table S2: summary of crystallographic data of the copper (II) complexes; Figure S10: molecular structure of 3·3(CH3OH); Figure S11: packing diagram of (3·3(CH3OH)); Figure S12: molecular structure of 4·thf; Figure S13: dimeric structure of cation part of 4·thf; Figure S14: IR spectra of L and complexes 1–4; Figure S15: Raman spectra of L and complexes 1–2; Figure S16: 1H-NMR spectrum of 1 in (CD3)2CO; Figure S17: 1H-NMR spectrum of 2 in (CD3)2CO; Figure S18: 1H-NMR spectrum of L in CD3OD; Figure S19: 1H-NMR spectrum of the reaction product of L with NaH in CD3OD; Figure S20: EPR spectra of the solid state of 3–4; Figure S21: UV-Vis absorption spectra of 3–4; Figure S22: solid-state UV-Vis absorption spectra of L, and 1–2; Figure S23: solid-state UV-Vis absorption spectra of 3–4; Figure S24: diffuse reflectance spectra of L, and 1–2; Figure S25: diffuse reflectance spectra of 3–4.





Author Contributions


Conceived and designed the project, K.F.; performed the experiments, Y.M.; analyzed the data, Y.M. and K.F.; writing—original draft preparation, K.F. and Y.M.; writing—review and editing K.F. and D.J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Joint Usage/Research Centre for Catalysis (Proposal 22DS0143, 23DS0198, and 24ES0584) and Koyanagi Foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The crystallographic data are available from the Cambridge Crystallographic Data Centre (CCDC).




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	EPR
	Electron Paramagnetic Resonance



	EtOH
	Ethanol



	EtOAc
	Ethyl acetate



	DR
	Diffuse Reflectance



	IR
	Infrared



	NMR
	Nuclear Magnetic Resonance



	MeOH
	Methanol



	terpy
	2,2’:6’,2’’-Terpyridine



	thf
	Tetrahydrofuran



	UV-Vis
	Ultraviolet-Visible









References


	



Bessel, C.A.; See, R.F.; Jameson, D.L.; Churchill, M.R.; Takeuchi, K.J. Structural considerations of terdentate ligands: Crystal structures of 2,2’: 6′,2″-terpyridine and 2,6-bis(pyrazol-1-yl)pyridine. J. Chem. Soc. Dalton Trans. 1992, 1992, 3223–3228. [Google Scholar] [CrossRef]

	



Thompson, A.M.W.C. The synthesis of 2,2′:6′,2″-terpyridine ligands–versatile building blocks for supramolecular chemistry. Coord. Chem. Rev. 1997, 160, 1–52. [Google Scholar] [CrossRef]

	



Mukherjee, R. Coordination chemistry with pyrazole-based chelating ligands: Molecular structural aspects. Coord. Chem. Rev. 2000, 203, 151–218. [Google Scholar] [CrossRef]

	



McMillin, D.R.; Moore, J.J. Luminescence that lasts from Pt(trpy)Cl+ derivatives (trpy = 2,2’: 6′,2″-terpyridine). Coord. Chem. Rev. 2002, 229, 113–121. [Google Scholar] [CrossRef]

	



Baranoff, E.; Collin, J.; Flamigni, L.; Sauvage, J. From ruthenium(II) to iridium(III): 15 years of triads based on bis-terpyridine complexes. Chem. Soc. Rev. 2004, 33, 147–155. [Google Scholar] [CrossRef]

	



Hofmeiera, H.; Schubert, U.S. Recent developments in the supramolecular chemistry of terpyridine–metal complexes. Chem. Soc. Rev. 2004, 33, 373–399. [Google Scholar] [CrossRef]

	



Halcrow, M.A. The synthesis and coordination chemistry of 2,6-bis(pyrazolyl)pyridines and related ligands—Versatile terpyridine analogues. Coord. Chem. Rev. 2005, 249, 2880–2908. [Google Scholar] [CrossRef]

	



Durand, J.; Milani, B. The role of nitrogen-donor ligands in the palladium-catalyzed polyketones synthesis. Coord. Chem. Rev. 2006, 250, 542–560. [Google Scholar] [CrossRef]

	



Gibson, V.C.; Redshaw, C.; Solan, G.A. Bis(imino)pyridines: Surprisingly reactive ligands and a gateway to new families of catalysts. Chem. Rev. 2007, 107, 1745–1776. [Google Scholar] [CrossRef]

	



Constable, E.C. 2,2′:6′,2″-Terpyridines: From chemical obscurity to common supramolecular motifs. Chem. Soc. Rev. 2007, 36, 246–253. [Google Scholar] [CrossRef]

	



Olguín, J.; Brooker, S. Spin crossover active iron(II) complexes of selected pyrazole-pyridine/pyrazine ligands. Coord. Chem. Rev. 2011, 255, 203–240. [Google Scholar] [CrossRef]

	



Denat, F.; Gros, C.P. Introduction to the nitrogen ligands themed issue. New J. Chem. 2016, 40, 5643. [Google Scholar] [CrossRef]

	



Wei, C.; He, Y.; Shi, X.; Song, Z. Terpyridine-metal complexes: Applications in catalysis and supramolecular chemistry. Coord. Chem. Rev. 2019, 385, 1–19. [Google Scholar] [CrossRef]

	



Pombeiro, A.J.L. Nitrogen ligands. Dalton Trans. 2019, 48, 13904–13906. [Google Scholar] [CrossRef] [PubMed]

	



Soroceanu, A.; Bargan, A. Advanced and biomedical applications of schiff-base ligands and their metal complexes: A review. Crystals 2022, 12, 1436. [Google Scholar] [CrossRef]

	



Nguyen, L.H.; Tran, D.P.; Truong, T.N. Computational study on the nature of bonding between silver ions and nitrogen ligands. ACS Omega 2022, 7, 45231–45238. [Google Scholar] [CrossRef]

	



Fujisawa, K.; Yamada, A.; Koyama, M.; Young, D.J. The copper(II) coordination chemistry of alkyl substituted bispyrazole pyridine ligands: Structure and spectral properties. Inorg. Chim. Acta 2023, 555, 121567. [Google Scholar] [CrossRef]

	



Lin, W.-S.; Kuwata, S. Recent developments in reactions and catalysis of protic pyrazole complexes. Molecules 2023, 28, 3529. [Google Scholar] [CrossRef]

	



Zhang, X.; Xing, N.; Bai, F.; Wan, L.; Shan, H.; Hou, Y.; Xing, Y.; Shi, X. Multi-functional d10 metal–organic materials based on bis-pyrazole/pyridine ligands supported by a 2,6-di(3-pyrazolyl)pyridine with different spanning flexible dicarboxylate ligands: Synthesis, structure, photoluminescent and catalytic properties. CrystEngComm 2013, 15, 9135–9147. [Google Scholar] [CrossRef]

	



Guan, Q.-L.; Liu, Z.; Wei, W.-J.; Xing, Y.-H.; Liu, J.; Zhang, R.; Hou, Y.-N.; Wang, X.; Bai, F.-Y. Synthesis, structure, spectroscopy of four novel supramolecular complexes and cytotoxicity study by application of multiple parallel perfused microbioreactors. New J. Chem. 2014, 38, 3258–3268. [Google Scholar] [CrossRef]

	



Milutinović, M.M.; Bogojeski, J.V.; Klisurić, O.; Scheurer, A.; Elmrothd, S.K.C.; Bugarčić, Ž.D. Synthesis and structures of a pincer-type rhodium(III) complex: Reactivity toward biomolecules. Dalton Trans. 2016, 45, 15481–15491. [Google Scholar] [CrossRef]

	



Zhou, Y.; Chen, W.; Wang, D. Mononuclear, dinuclear, hexanuclear, and one-dimensional polymeric silver complexes having ligand-supported and unsupported argentophilic interactions stabilized by pincer-like 2,6-bis(5-pyrazolyl)pyridine ligands. Dalton Trans. 2008, 11, 1444–1453. [Google Scholar] [CrossRef]

	



Kuei, C.-Y.; Liu, S.-H.; Chou, P.-T.; Lee, G.-H.; Chi, Y. Room temperature blue phosphorescence: A combined experimental and theoretical study on the bis-tridentate Ir(III) metal complexes. Dalton Trans. 2016, 45, 15364–15373. [Google Scholar] [CrossRef]

	



Galstyan, A.; Naziruddin, A.R.; Cebrián, C.; Iordache, A.; Daniliuc, C.G.; Cola, L.D.; Strassert, C.A. Correlating the structural and photophysical features of pincer luminophores and monodentate ancillary ligands in PtII phosphors. Eur. J. Inorg. Chem. 2015, 2015, 5822–5831. [Google Scholar] [CrossRef]

	



Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto, S.; Kitagawa, T.; Toriumi, T.; Tatsumi, K.; Nakamura, A. A new model for dioxygen binding in hemocyanin. Synthesis, characterization, and molecular structure of the μ-η2:η2 peroxo dinuclear copper(II) complexes, [Cu(HB(3,5-R2pz)3)]2(O2) (R = i-Pr and Ph). J. Am. Chem. Soc. 1992, 114, 1277–1291. [Google Scholar] [CrossRef]

	



Fujisawa, K.; Kobayashi, T.; Fujita, K.; Kitajima, N.; Moro-oka, Y.; Miyashita, Y.; Yamada, Y.; Okamoto, K. Mononuclear copper(II) hydroxo complex: Structural effect of a 3-position of tris(pyrazolyl)borates. Bull. Chem. Soc. Jpn. 2000, 73, 1797–1804. [Google Scholar] [CrossRef]

	



Fujisawa, K.; Tada, N.; Ishikawa, Y.; Higashimura, H.; Miyashita, Y.; Okamoto, K. The most hindered hydrotris(pyrazolyl)borate ligand, X-ray structure of chlorocopper(II) complex: [Cu(Cl){HB(3-Ad-5-Pripz)3}] as compared with [Cu(Cl){HB(3-But-5-Pripz)3}]. Inorg. Chem. Commun. 2004, 7, 209–212. [Google Scholar] [CrossRef]

	



Fujisawa, K.; Ono, T.; Ishikawa, Y.; Amir, N.; Miyashita, Y.; Okamoto, K.; Lehnert, N. Structural and electronic differences of copper(I) complexes with tris(pyrazolyl)methane and hydrotris(pyrazolyl)borate ligands. Inorg. Chem. 2006, 45, 1698–1713. [Google Scholar] [CrossRef]

	



Fujisawa, K. A personal perspective on the discovery of dioxygen adducts of copper and iron by Nobumasa Kitajima. J. Biol. Inorg. Chem. 2017, 22, 237–251. [Google Scholar] [CrossRef]

	



Yoshinari, A.; Tazawa, A.; Kuwata, S.; Ikariya, T. Synthesis, structures, and reactivities of pincer-type ruthenium complexes bearing two proton-responsive pyrazole arms. Chem. Asian J. 2012, 7, 1417–1425. [Google Scholar] [CrossRef]

	



Minkin, A.I.; Garnovskii, A.D.; Elguero, J.; Katritzky, A.R.; Denisko, G.V. The tautomerism of heterocycles: Five-membered rings with two or more heteroatoms. Adv. Heterocycl. Chem. 2000, 76, 157–323. [Google Scholar] [CrossRef]

	



Aguilar-Parrilla, F.; Limbach, H.-H.; Foces-Foces, C.; Cano, F.H.; Jagerovic, N.; Elguero, J. Structure and dynamics of 3,5-di-tert-butylpyrazole probed by combined X-ray crystallography and 15N solid state NMR. J. Org. Chem. 1995, 60, 1965–1970. [Google Scholar] [CrossRef]

	



Sugiyarto, K.H.; Scudder, M.L.; Craig, D.C.; Goodwin, H.A. Electronic and structural properties of the spin crossover systems bis(2,6-bis(pyrazol-3-yl)pyridine)iron(II) thiocyanate and selenocyanate. Aust. J. Chem. 2000, 53, 755–765. [Google Scholar] [CrossRef]

	



Dong, J.-Y.; You, T.-P. 2,6-Bis(3-phenyl-1H-pyrazol-5-yl)pyridine monohydrate. Acta Cryst. 2008, E64, o820. [Google Scholar] [CrossRef] [PubMed]

	



Cook, B.J.; Chen, C.-H.; Pink, M.; Lord, R.L.; Caulton, K.G. Coordination and electronic characteristics of a nitrogen heterocycle pincer ligand. Inorg. Chim. Acta 2016, 451, 82–91. [Google Scholar] [CrossRef]

	



Addison, A.W.; Rao, T.N.; Reedijk, J.; van Rijn, J.; Verschoor, G.C. Synthesis, structure, and spectroscopic properties of copper(II) compounds containing nitrogen–sulphur donor ligands; the crystal and molecular structure of aqua[1,7-bis(N-methylbenzimidazol-2’-yl)-2,6-dithiaheptane]copper(II) perchlorate. J. Chem. Soc. Dalton Trans. 1984, 7, 1349–1356. [Google Scholar] [CrossRef]

	



Einstein, F.W.D.; Penfol, B.R. The crystal structure of terpyridylzinc chloride: A refinement. Acta Cryst. 1966, 20, 924–926. [Google Scholar] [CrossRef]

	



Henke, W.; Kremer, S.; Reinen, D. Cu2+ in five-coordination: A case of a pseudo-Jahn-Teller effect. 1. Structure and spectroscopy of the compounds Cu(terpy)X2·nH2O. Inorg. Chem. 1983, 22, 2858–2863. [Google Scholar] [CrossRef]

	



Aghatabay, N.M.; Neshat, A.; Karabiyik, T.; Somer, M.; Haciu, D.; Dülger, B. Synthesis, characterization and antimicrobial activity of Fe(II), Zn(II), Cd(II) and Hg(II) complexes with 2,6-bis(benzimidazol-2-yl)pyridine ligand. Eur. J. Med. Chem. 2007, 42, 205–213. [Google Scholar] [CrossRef]

	



Postmus, C.; Ferraro, J.R.; Woznizk, W. Low-frequency infrared spectra of nitrogen-ligand complexes of zinc(II) halides. Inorg. Chem. 1967, 6, 2030–2032. [Google Scholar] [CrossRef]

	



Thornton, D.A. Metal complexes of pyridine: Infrared and Raman spectra with particular reference to isotopic labelling studies. Coord. Chem. Rev. 1990, 104, 251–295. [Google Scholar] [CrossRef]

	



Fujisawa, K.; Chiba, S.; Miyashita, Y.; Okamoto, K. Copper complexes with neutral N4 tripodal ligands: Influence of the number of nitrogen donors on their structures, properties, and reactivity. Eur. J. Inorg. Chem. 2009, 26, 3921–3934. [Google Scholar] [CrossRef]

	



CrystalClear, Data Collection and Processing Software; Rigaku Corporation: Tokyo, Japan, 2001.

	



Rigaku Oxford Diffraction. CrysAlis PRO; Oxford Diffraction Ltd.: Oxfordshire, UK, 2015. [Google Scholar]

	



Burla, M.C.; Caliandro, R.; Camalli, M.; Carrozzini, B.; Cascarano, G.L.; De Caro, L.; Giacovazzo, C.; Polidori, G.; Siliqi, D.; Spagna, R. IL MILIONE: A suite of computer programs for crystal structure solution of proteins. J. Appl. Crystallogr. 2007, 40, 609–613. [Google Scholar] [CrossRef]

	



Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [Google Scholar] [CrossRef]

	



Crystal Structure; Version 4.3. Crystal Structure Analysis Package; Rigaku Corporation: Tokyo, Japan, 2003.

	



Parsons, S.; Flack, H. Precise absolute-structure determination in light-atom crystals. Acta Cryst. 2004, A60, S61. [Google Scholar] [CrossRef]

	



Spek, A.L. PLATON SQUEEZE: A tool for the calculation of the disordered solvent contribution to the calculated structure factors. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 9–18. [Google Scholar] [CrossRef]








[image: Inorganics 13 00189 g001] 





Figure 1. (a) 2,2’:6’,2’’-terpyridine (terpy), (b) 2,6-bis(N-pyrazolyl)pyridine (bispzpy), and (c) 2,6-bis(1H-pyrazol-3-yl)pyridine (bispzHpy). 
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[image: Inorganics 13 00189 g001]







[image: Inorganics 13 00189 g002] 





Figure 2. Synthesis of bispzHpy. 
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Figure 3. 3-Pyridyl and 5-pyridyl tautomers [7]. 
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Figure 4. Syntheses of zinc (II) and copper (II) complexes. 
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Figure 5. The molecular structure of the bispzHpy ligand, L, showing 50% displacement ellipsoids and the atom-labeling scheme. Hydrogen atoms are omitted for clarity. Relevant bond lengths (Å) and angles (◦): N1–N2, 1.3574(16); N3–N4, 1.3503(17); C6–C13, 1.4636(18); C12–C17, 1.4623(19), N5–C13, 1.3399(17), N5–C17, 1.3434(17); N1–N2–C6, 112.32(11); N2–N1–C4, 105.11(11); N3–N4–C12, 113.18(11), N4–N3–C10, 104.64(11); N5–C13–C6, 115.62(11); N5–C13–C14, 123.00(12); C6–C13–C14, 121.38(12); N5–C17–C12, 115.24(11); N5–C17–C16, 122.51(12); and C12–C17–C16, 122.24(12). 
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Figure 6. The molecular structures of the zinc (II) complexes showing 50% displacement ellipsoids and the atom-labeling scheme, (a) [ZnCl2(L)] (1); and (b) [ZnBr2(L)] (2). Hydrogen atoms and crystalline solvents are omitted for clarity. Symmetry operators for 1 and 2: –X + 1/2, Y, –Z. Relevant bond lengths (Å) and angles (°) are given in the Figure S6 and Figure S7 captions, respectively. 






Figure 6. The molecular structures of the zinc (II) complexes showing 50% displacement ellipsoids and the atom-labeling scheme, (a) [ZnCl2(L)] (1); and (b) [ZnBr2(L)] (2). Hydrogen atoms and crystalline solvents are omitted for clarity. Symmetry operators for 1 and 2: –X + 1/2, Y, –Z. Relevant bond lengths (Å) and angles (°) are given in the Figure S6 and Figure S7 captions, respectively.



[image: Inorganics 13 00189 g006]







[image: Inorganics 13 00189 g007] 





Figure 7. The molecular structures of the copper (II) complexes showing 50% displacement ellipsoids and the atom-labeling scheme, (a) [CuCl2(L)] (3) and (b) the cation portion of [CuCl(L)(thf)](PF6) (4). Hydrogen atoms and crystalline solvents are omitted for clarity. Relevant bond lengths (Å) and angles (°) are given in the Figure S10 and Figure S12 captions, respectively. 
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Figure 8. Far-IR spectra (CsI pellets) of bispzHpy (L) (black trace), [ZnCl2(L)] (1) (green trace), [ZnBr2(L)] (2) (purple trace), [CuCl2(L)] (3) (red trace), and [CuCl(L)(thf)](PF6) (4) (blue trace) in the range 400 to 150 cm−1. 
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Figure 9. EPR spectra of [CuCl2(L)] (3) (red trace) and [CuCl(L)(thf)](PF6) (4) (blue trace) in methanol at 130 K. 
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Figure 10. Solution UV-vis spectra of L (black trace), [ZnCl2(L)] (1) (green trace), and [ZnBr2(L)] (2) (purple trace) in MeOH solution. 






Figure 10. Solution UV-vis spectra of L (black trace), [ZnCl2(L)] (1) (green trace), and [ZnBr2(L)] (2) (purple trace) in MeOH solution.



[image: Inorganics 13 00189 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commo