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Abstract

:

Schiff bases have played significant roles in the development of inorganic or coordination chemistry. Three Schiff base (NB, CB and HB) ligands, prepared for the reaction of 2-amino-6-methoxy-benzothiazole with 2-Nitrobenzaldehyde, 2-chlorobenzaldehyde and 2,4-Dihydroxybenzaldehyed, respectively, were investigated for their transition metal complexes, which were prepared by reacting the ligand (2:1 molar ratio) with Co(II), Ni(II), Cu(II), Cd(II), Cr(III) and Fe(III) chlorides. The nature of the interaction between the metal ions and ligands (L) was studied with the aid of magnetic susceptibility, elemental analysis, FTIR and 1H-NMR spectroscopy. Based on the magnetic superstability and elemental analysis results, octahedral structures of the complexes, such as [ML2Cl2] or [ML2Cl(OH)], were proposed for Cu(II), Cd(II), Co(II) and Ni(II) in which the ligand (L:NB, CB or HB) is bidentate through the azomethine and benzothiazole nitrogen. For Cr(III) and Fe(III) complexes, octahedral ML2Cl(OH)2 or ML2(OH)3 structures were proposed, where one ligand is monodentate and the other is bidentate. The azomethine ν(-HC=N-) and 1H-NMR peaks of NB and CB were shifted to a higher frequency and downfield, respectively, upon complexation with metal ions. The bonding of OH groups of HB to Co(II), Cu(II) and Ni(II) enables π-backdonation from these metals to the azomethine of Schiff bases and the consequent shift of ν(-HC=N-) to a lower frequency and changes in the intensity of the 1H-NMR peak of OH. On the other hand, this backdonation was not evidenced in the FTIR of HB complexes with high-charge Cr(III) and Fe(III) ions.
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1. Introduction


Schiff bases are organic compounds that have a general formula of R1R2C=NR′ (R′ ≠ H), named by German chemist Hugo Schiff [1]. Schiff bases are usually synthesized from the condensation of an aliphatic or aromatic amine and carbonyl compound (aldehyde, ketone or acetyl compound) by nucleophilic addition. Aromatic Schiff bases are more stable than alkyl ones, and consequently, the former can be easily synthesized [2]. Schiff bases can be employed in many fields, including analytical, biological and as a ligand in inorganic chemistry [3]. Imine or azomethine groups (R-CH=NR′ where R′ ≠ H) are present in several natural and biologically active compounds [2]. Ancistrocladidine and N-salicylidene-2-hydroxyaniline are promising imine-based natural and synthetic molecules [4]. Furthermore, Schiff base amino acid complexes have special importance in inorganic chemistry due to their physiological and pharmacological activities [5]. Examples include the complexes of Co (II) with vitamin B12 and the complexes of Pd (II) with anticancer and antitumor agents [6].



At the present time, there is a great and growing interest in the binding of metal complexes with DNA, because this provides important information for new cancer therapeutic agents and potential probes for DNA structure and conformation. Hence, much attention has been focused on the design of metal-based complexes, particularly transition metal complexes, which can bind to or cleave DNA effectively [7].



The carbon-nitrogen double bond of Schiff bases, similar to the carbon-oxygen double bond, is readily reduced by metal complexes. Therefore, Schiff bases are versatile ligands, which coordinate to metal ions via nitrogen atoms located in azomethine [8]. Generally, Schiff bases are bi, tri or tetra-dentate chelate ligands and can form stable complexes with metal ions [9]. Thus, Schiff bases have played a significant role in the development of coordination chemistry and are involved as a key point in the development of inorganic biochemistry [3].



Schiff bases have a wide range of pharmacological effects and biological activities, including antibacterial, antimalarial, anti-inflammatory, antiviral and antipyretic properties, due to having an imine (-C=N-) linkage [10]. On the other hand, transition metal–Schiff base complexes have been found to possess certain biological and pharmacological properties such as antibacterial and antifungal activities [9,11].



Benzothiazoles, the precursors used in the present work, are found rarely in various marine or terrestrial natural compounds, which have useful biological activities. However, their derivatives are used in various branches of chemical research, for instance, in polymer chemistry, dyes, drugs and other fields [12]. 2-Substituted-1,3-benzothiazoles and their derivatives are part of bicyclic heteroaromatic compounds, which are widely used in many fields such as the medicine, pesticide and dye industries [13]. Recently, Schiff bases containing benzothiazole derivatives have been shown to have antimicrobial and antifungal activity [14].



The aim of the present work is to study the transition metal complexes of three Schiff base ligands (NB, CB and HB), which are prepared by the condensation of 2-amino-6-methoxybenzothiazol with 2-nitrobenzaldehyde, 2-chlorebenzaldehyde and 2,4-dihydroxybenzaldehyed, respectively (Scheme 1). The complexes with Cu(II), Co(II), Ni(II), Cd(II), Cr(III) and Fe(III) will be investigated for their spectroscopic properties, which include NMR and FTIR spectra, magnetic susceptibility and elemental compositions.




2. Results and Discussion


2.1. Synthesis of Schiff Bases Ligands


The ligands used in the present work were prepared previously using the same precursors and similar conditions [15,16,17,18,19]. The NB, CB and HB ligands (Scheme 1) were successfully synthesized with % yield ranges of 80 to 86%. The presence of either electron-withdrawing groups (NO2 and Cl) or electron-donating groups (OH) on the aromatic aldehyde does not affect the % yield significantly. The colors of the ligands were yellow in the case of CB and HB and orange in the case of NB. The relatively high melting point of HB (214–216 °C), which was much higher than that of NB (174–176 °C) and CB (122–124 °C), can be attributed to the strong H-bonding in the hydroxy-substituted HB.



The FTIR spectra of NB, CB and HB reflected the disappearance of sharp bands of the amine ν(NH2) at 3387 cm−1 found in the spectrum of 2-amino-6-methoxybenzothiazole and the appearance of stretching vibration of the azomethine group ν(-HC=N-) at 1606, 1602 and 1639 cm−1, respectively. The nitro stretching vibrations ν(NO2) at 1526 and 1349 cm−1 in the spectrum of 2-nitrobenzaldehyde shifted to a lower frequency at 1586 cm−1, 1517 and 1337 cm−1, respectively, upon formation of NB. Furthermore, the stretching vibrations of hydroxyl groups ν(C-OH) at 1494 and 1434 cm−1 in the spectrum of 2,4-dihydroxybensaldehyde were shifted to a lower frequency at 1472 and 1462 cm−1 in the case of HB. On the other hand, the stretching vibration of C-Cl at 753 cm−1 in the spectrum of 2-chlorobenzaldehyde was shifted to a higher frequency at 755 cm−1 in the case of CB.



The 1H-NMR (400 MHz, DMSO-d6) spectra of NB, CB and HB ligands showed two singlet peaks. The first was observed at δ = 3.86, 3.84 and 3.83 ppm, respectively, which was assigned to the methoxy group (-O-CH3). The second peak at δ = 9.44, 9.42 and 9.17 ppm, respectively, were assigned to the azomethine proton (-HC=N-). The sets of peaks observed in the range of 6 to 8.5 ppm were ascribed to the aromatic rings. Two broad singlet peaks at δ = 10.68 ppm and δ = 12.01 ppm were attributed to the two hydroxyl protons of HB.



The 13C-NMR resonances of the imine of benzothiazole ring (-C=N-) of NB, CB and HB occurred at δ = 168.3, 168.8 and 168.3 ppm, respectively, and the Schiff base azomethine carbon atom (-HC=N-) was observed at δ = 163.09 and 161.63 ppm, respectively. The peaks at δ = 56.24, 56.23 and 56.19 ppm, respectively, were assigned to the methoxy group (-O-CH3). The peaks at δ = 145.9 and 136.8 ppm were assigned to carbon linked to the nitro group (-C-NO2) and carbon linked to the chloride group (-C-Cl), respectively. The peaks at δ = 165.12 and 163.6 ppm were assigned to the two carbons linked to the hydroxyl groups (-C-OH). The unsubstituted aromatic carbons were observed in the range of 105 to 136 ppm.




2.2. Synthesis of Metal Complexes


The metal complexes were prepared following the procedures of [20] and [21] with some modifications, as shown in Scheme 2. The metal complexes were prepared by mixing a hot ethanolic solution of the Schiff base ligand (NB, CB and HB) with an ethanolic solution of the metal ion at a molar ratio of 2:1 and refluxing for 1 h. The resulting solution was concentrated by evaporating some of the solvent to precipitate the product, which was collected by suction filtration, then washed with cold ethanol and dried at 60 °C in a vacuum oven.




2.3. Physical Properties of Complexes


All the complexes have distinct colors from the free ligand except Cd-NB and Cd-HB. Remarkably, the melting points of HB complexes were much lower than that of the free HB ligand, except for Cd. Similarly, Cr-NB, Fe-NB, Cu-CB and Fe-CB have lower melting points than their corresponding ligands. Such low melting points may be due to either the hydroxyl or water molecules in the complexes (Section 3.3.1). The melting points of Cd-NB and Cd-HB are distinguished by their relatively high values. All metal complexes are insoluble in water, diethyl ether and petroleum ether but are soluble in ethanol, dimethylformamide and dimethyl sulfoxide.




2.4. Magnetic Susceptibility of Metal Complexes


The measured values of the magnetic moment (µeff, B.M) are given in Table 1. These values were compared with those of previously reported ranges and those expected from calculating the spin-only magnetic moment: (µ s.o. = √(S4(S + 1)) B.M.) where S = spin quantum number of unpaired electrons. The comparison with µ s.o. allows for predicting the orbital contribution to the magnetic moment, which is dependent on the electronic configuration of complexes. The observed magnetic moments of Cu-NB, Cu-CB and Cu-HB complexes were 1.88, 1.88 and 1.84 B.M, respectively, which agreed with the literature experimental range for Cu(II) octahedral complexes which is 1.7–2.2 B.M. [22,23] and µ s.o. (d9, S = 1/2) = √(4(1/2) (1/2 + 1)) = 1.73 B.M. Similarly, the observed values of Cr-NB, Cr-CB and Cr-HB complexes (3.77, 3.73 and 3.87 B.M., respectively) were within the reported range for Cr(III) octahedral complexes, which is 3.7–3.9 [22] and µ s.o. (d3, S = 3/2) = √(4(3/2) (3/2 + 1)) = 3.87. Furthermore, the observed values of Fe-NB, Fe-CB and Fe-HB complexes (6.01, 5.85 and 5.15 B.M., respectively) were within the reported range for high-spin Fe(III) octahedral complexes, which is 5.7–6.0 [22] and µ s.o. (d5, S = 5/2) = √(4(5/2) (5/2 + 1)) = 5.92. Since the measured magnetic moments of Cu(II), Cr(III) and Fe(III) complexes agree with µ s.o., the orbital contribution to magnetic moment is minimal. This can be ascribed to the symmetrical occupation of the electronic configuration of t2g in octahedral geometries [24,25].



The unsymmetrical t2 occupation of electrons in tetrahedra Cu(II) and Cr(III) (e4 t25 and e2 t21, respectively) results in an orbital contribution to the magnetic moment [25], thus the tetrahedral geometry for Cu(II) and Cr(III) complexes may be not plausible. On the other hand, symmetrically occupied e2 t23 in a tetrahedral Fe(III) configuration does not possess orbital magnetism and, thus, tetrahedral geometry for Fe(III) complexes is possible. Using the same approach, the symmetrical electron occupation of (dxz, dyz) (dx2 − y2, dxy) (dz2) in trigonal bipyramidal and (dxz, dyz) (dxy) (dz2) (dx2 − y2) in square pyramidal Cu(II) and Fe(III) complexes implies the absence of orbital magnetism and, thus, these geometries may be possible. Furthermore, the unsymmetrical electron occupation (dxz, dyz)2 (dx2 − y2, dxy)1 in trigonal bipyramidal and symmetric electron occupation (dxz, dyz)2 (dxy)1 in square pyramidal Cr(III) complexes indicates that trigonal bipyramidal geometry is not possible, while square pyramidal geometry may be plausible.



The observed magnetic moments of Ni-CB and Ni-HB complexes (3.37 and 2.90 B.M., respectively) were in agreement with that reported for Ni(II) octahedral complexes (2.8–3.5) [22] and µ s.o. (d8, S = 1) = √(4(1) (1 + 1)) = 2.83 B.M. The range in the literature for Ni(II) tetrahedral complexes, which is 4.2–4.8 [22], is far from our values, supporting an octahedral geometry for Ni(II). The higher magnetic moment for Ni(II) tetrahedral complexes is due to the unsymmetrical electron occupation in the tetrahedral e4 t24 Ni(II) configuration, which possesses an orbital contribution to the magnetic moment. Square planar geometry for Ni(II) complexes is excluded since it is diamagnetic [26,27]. The unsymmetrical electron occupation (dxz, dyz)4 (dx2 − y2, dxy)3 (dz2)1 in trigonal bipyramidal and symmetrical occupation (dxz, dyz)4 (dxy)2 (dz2)1 (dx2 − y2)1 in square pyramidal Ni(II) complexes [28] reflect orbital magnetism in the former. Since no orbital contribution to the magnetic moment was observed in Ni(II) complexes, trigonal bipyramidal is not possible, while square pyramidal may be plausible.



The observed magnetic moments of Co-NB, Co-CB and Co-HB complexes (4.84, 5.28 and 5.73 B.M., respectively) were in agreement with that reported for Co(II) high-spin octahedral complexes (4.3–5.2) [22,29], but higher than the µ s.o. (d7, S = 3/2) = √(4(3/2) (3/2 + 1)) = 3.87 B.M. Thus, an orbital contribution to the magnetic moment is expected due to the unsymmetrical electron occupation t2g5 eg2 in the high-spin octahedral Co(II) configuration. Symmetrical electron occupation in the tetrahedral e4 t23 Co(II) configuration has no orbital magnetism [24] and, consequently, tetrahedral geometry could be excluded. The range for Co(II) tetrahedral complexes in the literature, which is 4.2–4.8 [22], is far from our values, supporting the octahedral geometry for Co(II) complexes. Square planar geometry for Co(II) is very rare [28]. The symmetrical electron occupation (dxz, dyz)4 (dx2 − y2, dxy)2 (dz2)1 in trigonal bipyramidal and (dxz, dyz)4 (dxy)1 (dz2)1 (dx2 − y2)1 in square pyramidal Co(II) complexes [28] implies no orbital magnetism. Since an orbital contribution to the magnetic moment was observed in Co(II) complexes, these geometries are not plausible. As expected, the Cd(II) complexes in Table 1 were diamagnetic [30].




2.5. FTIR Spectra of Metal Complexes


The FTIR spectral bands of the NB ligand and its complexes are shown in Table 2. The FTIR spectrum of free NB shows sharp bands at 1606 cm−1 and 1597 cm−1, which were assigned to the stretching vibration of azomethine ν(-HC=N-) and benzothiazole imine ν(C=N), respectively. However, these bands may overlap with ν(C=C), which makes their complete interpretation difficult [18]. The nitro group of NB has two absorption bands at 1517 and 1337 cm−1, which were assigned to asymmetric and symmetric vibrations of the NO2 group [31]. The azomethine ν(-HC=N-) was shifted to a higher frequency upon complexation with metal ions. Moreover, the low-frequency regions of the spectra indicate the appearance of two weak-intensity bands in the range of 431 to 598 cm−1 in the FTIR spectra of the complexes, which were assigned to metal-nitrogen vibrations ν(M-N).



The FTIR spectral bands of the CB ligand and its complexes are shown in Table 3. The FTIR absorption bands at 1602 cm−1 and 1557 cm−1 in the spectrum of CB, which were assigned to the stretching vibration of azomethine ν(-HC=N-) and benzothiazole imine ν(C=N), respectively, were shifted to a higher frequency upon complexation with metal ions. Thus, the nitrogen atoms of CB are the coordination sites of metal complexes, as in the case of NB. The low-frequency regions of the spectra indicated the appearance of two weak-intensity bands in the range of 428 to 692 cm−1 in the FTIR spectra of the complexes, which were assigned to metal–nitrogen vibrations ν(M-N) [32].



The FTIR spectral bands of HB and its complexes are shown in Table 4. The most distinguished feature of HB complexes is the shift of the azomethine ν(-HC=N-) bond at 1639 cm−1 to a lower frequency upon complexation with Co(II), Cu(II) and Ni(II) (Figure 1) in contrast to what was observed in the case of NB and CB. Yeap et al. observed a shift of the azomethine ν(-HC=N-) bond at 1638 cm−1 in HB to a lower frequency upon complexation with Cu(II) [18]. Furthermore, Salehi et al. reported similar shifts of the ν(-HC=N-) bond to a lower frequency upon complexation of (E)-2-(5-bromo-2-hydroxybenzylideneamino) phenol with Cu(II) and Ni(II) [33]. The common feature of these ligands may be the possible donation of phenolate groups to the metals, which enable the metal to exhibit backdonation to the C=N bond of azomethine. This backdonation is not possible for the high-charge Cr(III) and Fe(III) complexes with HB, which exhibit a shift of azomethine ν(-HC=N-) to a higher frequency as shown in Table 4.



Intramolecular H-bonding is common in Schiff base compounds derived from aromatic aldehydes with a hydroxyl group in position 2 to the aldehyde group (Figure 2) [34]. Thus, the free HB ligand exhibited broad bands in the range of 2500 to 2800 cm−1 that can be ascribed to intramolecular (OH···N) H- bonding. These bands disappeared upon complexation with metal ions due to the involvement of O and N of HB in coordination with the metals. In their study of intramolecular hydrogen bonding in N-salicylideneaniline, Moosavi-Tekyeh and Dastani attributed the weak band between 2700 and 3100 cm−1, which was sensitive to deuteration, to the OH group involved in strong intramolecular OH···N hydrogen bonding (in CCl4 solvent) [35]. The higher-frequency broad bands at 3200–3500 cm−1 in HB can be attributed to the second phenolic OH group.




2.6. 1H-NMR Study of Complexes


Owing to the paramagnetic nature of Cu (II), Ni (II), Co (II), Fe (III) and Cr (III) complexes, the 1H-NMR spectra were complicated, and it was not possible to follow the shifts exhibited by all the peaks of ligands upon complexation. However, the singlet peak of azomethine of NB at 9.44 ppm was shifted downfield (about 10.2 ppm, Figure S1 from Supplementary Materials) upon complexation with Cu, Cr and Cd (Table 5, Figures S2, S4 and S5). Similarly, the singlet peak of azomethine of the CB ligand at 9.44 ppm was shifted downfield (about 10.3 ppm, Figure S6) upon complexation with Cu, Cr and Ni (Table 5, Figures S7, S9 and S10), reflecting the fact azomethine nitrogen is the site of interaction. Furthermore, the singlet peak of azomethine of the HB ligand at 9.18 ppm (Figure S11) was shifted downfield (about 9.17 ppm) upon complexation with Cu and Cr (Table 5, Figures S12 and S14) and was not affected in the case of the Cd complex (Figure S13). The broad hydroxyl peaks of HB at 10.69 and 12.01 ppm exhibited a decrease in intensity and disappearance in the case of Cd and Cr complexes, respectively (Figures S13 and S14), indicating the involvement of hydroxyl groups in bonding. The sharpening of the hydroxyl groups in the Cu-HB complex reflects the decrease in intramolecular hydrogen bonding in HB upon complexation with Cu (Figure S12). The Cd-HB complex was partially dissociated in DMSO since the 1H-NMR of the HB ligand (Figure S11) and Cd-HB (Figure S13) are almost identical, with more splitting of peaks in the case of the complex.



Despite the paramagnetic nature of the complexes, some relatively sharp peaks were observed in the spectra of some complexes such as Cu-NB (Figure S2), Cu-CB (Figure S7) and Cu-HB (Figure S12). This may be due to the fact that some protons are far from the metal center, and they are outside the paramagnetic sphere of the metal. There are some examples in the literature that report similar observations where some peaks appear in the range of 0–10 ppm for paramagnetic complexes [36,37,38]. An alternative explanation may be that the DMSO solvent undergoes partial exchange with ligands, such as that reported for the ethylenediamine complex with Cu(II) [39].



Due to the high-spin configuration of Co(II) complexes, as shown by the magnetic susceptibility data (Section 2.4), the 1H-NMR signals are expected to be spread over a wide range (−60 to 220 ppm [40] and −10 to 215 ppm [36]). Consequently, we believe that the Co-NB (Figure S3) and Co-CB (Figure S8) complexes are oxidized in air to Co(III) complexes, which is the reason for the noisy spectrum in the range of 0 to 11 ppm.





3. Materials and Methods


3.1. Materials and Instruments


The precursor 2-amino-6-methoxybenzothiazol,2-chlorebenzaldehyde, copper (II) chloride dihydrate, nickel (II) chloride hexahydrate and cobalt (II) chloride hexahydrate were obtained from Sigma-Aldrich. 2,4-Dihydroxybenzaldehyed, cadmium (II) chloride monohydrate and chromium (III) chloride hexahydrate were obtained from Acros Organics. 2-Nitrobenzaldehyde and iron (III) chloride hexahydrate were obtained from Fluka and Riedel-de Haën, respectively. Elemental analysis was carried out using an automated elemental analyzer EuroEA3000 (Euro Vector, Pavia, Italy). NMR spectra were recorded at room temperature by means of the AVANCE-III 400 MHz FT-NMR NanoBay spectrometer (Bruker, Fällanden, Switzerland) in dimethyl sulfoxide (DMSO-d6) with tetramethyl silane (TMS) as an internal standard.



FTIR spectra were recorded using the Bruker Vertex 70-FT-IR Spectrometer (Bruker, Switzerland) using the KBr disc method in the region between 4000 and 400 cm−1. Melting points were determined on the Stuart scientific melting apparatus (Stuart, UK). The magnetic susceptibility measurements were performed at room temperature (25 ± 2 °C) using a Johnson–Matthey balance (Johnson-Matthey Company, Germany). The effective magnetic moment (µeff) was calculated using (Equation (1)), where Xm is the molar magnetic susceptibility (m3/mol) and T is the temperature (°C).


µeff = 2.84√ (Xm T)



(1)








3.2. Synthesis of Schiff Base Ligands


The Schiff base ligands (NB, CB and HB) were prepared via the condensation of 2-amino-6-methoxybenzothiazol with 2-nitrobenzaldehyde, 2-chlorebenzaldehyde and 2,4-dihydroxybenzaldehyed, respectively (Scheme 1). A solution of aromatic aldehyde (5.548 mmol) in 30 mL of ethanol acidified with 3 drops of acetic acid was added to a solution of 2-Amino-6-methoxybenzothiazol (5.548 mmol) in 30 mL of ethanol. The reaction mixture was refluxed for 5 h and then concentrated by evaporating some of the solvent to precipitate the product, which was collected via suction filtration. The product was recrystallized using hot ethanol and dried at 60 °C in a vacuum oven. The nitro-, chloro- and hydroxy-substituted Schiff bases ligands are referred to as NB, CB and HB, respectively.



3.2.1. (E)-N-(6-methoxybenzo[d]thiazol-2-yl)-1-(2-nitrophenyl) methanimine (NB)


80% yield of an orange powder with melting point = 175–176 °C. Anal.Calcd for C15H11N3OS3 (%): C, 57.50; N, 13.41; H, 3.45; S, 10.23. found: C, 57.26; N, 13.26; H, 3.30; S, 10.00. FTIR data (KBr disc, cm−1): 1606 ν(-HC=N- azomethine), 1560 ν(-C=N- benzothiazole), 1518, 1336 ν(-NO2), 1227 ν(methoxy-O-CH3). 1H-NMR (400 MHz, DMSO-d6) δ/ppm: 9.44 (s, 1H, azomethine -HC=N-), 8.28 (d, J3 = 7.7 Hz, 1H), 8.20 (d, J3 = 7.9 Hz, 1H), 7.97 – 7.84 (m, 3H), 7.71 (d, J4 = 2.7 Hz, 1H), 7.16 (dd, J3 J4 = 8.9, 2.6 Hz, 1H), 3.87 (s, 3H, methoxy-O-CH3). 13C NMR (100 MHz, DMSO-d6) δ/ppm: 168.38 (-C=N- benzothiazole), 163.13 (azomethine -HC=N-), 158.11, 150.13, 145.95, 136.26, 134.53, 133.78, 130.30, 129.33, 125.38, 124.24, 116.69 and 105.61 were assigned to the aromatic carbons, 56.24 (-O-CH3). The assignment of all 1H and 13C-NMR chemical shifts of the NB ligand was accomplished via the assistance of 2D-NMRm which include COSY, HMQC and HMBC experiments (Table S1 and Figures S15–S17).




3.2.2. (E)-1-(2-chlorophenyl)-N-(6-methoxybenzo[d]thiazol-2-yl) methanimine (CB)


86% yield of a yellow powder with m.p = 122–124 °C. Anal.Calcd for C15H11ClN2OS (%): C, 59.50; N, 9.25; H, 3.66; S, 10.59. found: C, 59.26; N, 9.15; H, 3.40; S, 10.21. FTIR data (KBr disc, cm−1): 1606 ν (azomethine -HC=N-), 1550 ν(-C=N- benzothiazole), 1273 ν(methoxy -O-CH3), 755 ν(C-Cl). 1H NMR (400 MHz, DMSO-d6) δ/ppm: 9.44 (s, 1H, azomethine -HC=N-), 8.26 (d, J3 = 7.7 Hz, 1H), 7.90 (d, J3 = 8.9 Hz, 1H), 7.71 – 7.65 (m, 3H), 7.61 – 7.50 (m, 1H), 7.15 (dd, J3 J4 = 8.9, 2.7 Hz, 1H), 3.86 (s, 3H, methoxy-O-CH3). 13C NMR (100 MHz, DMSO-d6) δ/ppm: 168.82 (-C=N- benzothiazole), 161.63 (azomethine -HC=N-), 157.96, 145.96, 136.85, 136.38, 135.18, 131.79, 130.95, 129.45, 128.48, 124.14, 116.62 and 105.56 were attributed to the aromatic carbons, 56.23(-O-CH3).




3.2.3. (E)-4-(((6-methoxybenzo[d]thiazol-2-yl)imino) methyl) benzene-1,3-diol (HB)


85% yield of a yellow powder with m.p = 214-216 (dec) °C. Anal.Calcd for C15H12N2OS3, (%): C, 59.99; N, 9.33; H, 4.03; S, 10.68. found: C, 59.82; N, 9.26; H, 3.99; S, 10.48. FTIR data (KBr disc, cm−1): 1640 ν(azomethine -HC=N-), 1603 ν(-C=N- imine BTA), 1493,1455 ν(phenolic -C-OH), 1248 ν(methoxy -O-CH3). 1H NMR (400 MHz, DMSO-d6) δ/ppm: 12.01 (s, 1H, OH), 10.69 (s, 1H, OH), 9.18 (s, 1H, azomethine -HC=N-), 7.79 (d, J3 = 8.9 Hz, 1H), 7.72 (d, J3 = 8.6 Hz, 1H), 7.63 (d, J4 = 2.6 Hz, 1H), 7.09 (dd, J3J4 = 8.9, 2.6 Hz, 1H), 6.47 (dd, J3J4 = 8.6, 2.2 Hz, 1H), 6.38 (d, J4 = 2.3 Hz, 1H), 3.84 (s, 3H, methoxy-O-CH3). 13C NMR (100 MHz, DMSO-d6) δ/ppm: 168.35 (-C=N- benzothiazole), 165.27 (azomethine -HC=N-), 165.18 (phenolic -C-OH), 163.69 (phenolic -C-OH), 157.56, 145.97, 135.30, 134.76, 123.30, 116.62, 112.37, 109.80, 105.56, 102.89, which were ascribed to the aromatic carbons; 56.18 (-O-CH3). The assignment of all 1H and 13C-NMR chemical shifts was verified using 2D-NMR, which include COSY, HMQC and HMBC experiments (Table S1 and Figures S18–S20)



All organic reactions were monitored by thin-layer chromatography (TLC) silica gel sheet, F254; 20 cm × 20 cm (Merk Aluminum, Germany) and detected by visualization of the sheet under a UV lamp (354 nm).





3.3. Synthesis of Metal Complexes


3.3.1. Synthesis of NB Complexes


The NB complexes were prepared by dissolving 0.33 mmol of the metal salt (CuCl2 2H2O, NiCl2 6H2O, CoCl2 6H2O, CdCl2 H2O, CrCl3 6H2O, FeCl3 6H2O) in 5.0 mL of ethanol and dissolving 0.66 mmol of the NB ligand in 40 mL of hot ethanol (50 °C), mixing the two solutions and refluxing for 1 h. Then the solvent was partially evaporated to half of its volume until obtaining a precipitate, which was collected after suction filtration, washing with ethanol, and drying in a vacuum oven at 60 °C.



The yield, color and elemental analysis data for NB complexes are summarized as follows:




	
Cu-NB: Yield: 58%, color: Dark green, m.p.: 195–197 °C, analysis: C 46.87, H 2.87, N 10.89, S 8.21%, calculated for CuL2Cl2 0.5H2O: C 46.76, H 3.01, N 10.91, S 8.33%.



	
Cd-NB: Yield: 64%, color: Orange, m.p.: 292–294 °C (dec), analysis: C 44.98, H 2.95, N 10.78, S 8.01%, calculated for CdL2Cl(OH) 0.5H2O: C 45.01, H 3.02, N 10.50, S 8.01%.



	
Cr-NB: Yield: 66%, color: Dark green, m.p.: 70–72 °C, analysis: C 48.67, H 3.30, N 11.52, S 8.78%, calculated for CrL2(OH)3 0.5H2O: C 48.78, H 3.55, N 11.38, S 8.68%.



	
Fe-NB: Yield: 57%, color: Brown, m.p.: 134–136 °C, analysis: C 47.98, H 3.11, N 11.85, S 8.89%, calculated for FeL2Cl(OH)2: C 47.92, H 3.22, N 11.18, S 8.53%.



	
Co-NB: Yield: 62%, color: Blue, m.p.: 285–287 °C, analysis: C 47.87, H 3.27, N 11.45, S 8.89%, calculated for CoL2Cl(OH) 0.5H2O: C 48.23, H 3.24, N 11.25, S 8.58%.









3.3.2. Synthesis of CB Complexes


The CB complexes were prepared by dissolving 0.33 mmol of the metal salt (CuCl2 2H2O, NiCl2 6H2O, CoCl2 6H2O, CdCl2 H2O, CrCl3 6H2O, FeCl3 6H2O) in 5.0 mL of ethanol and dissolving 0.66 mmol of the CB ligand in 25 mL of hot ethanol (50 °C), mixing the two solutions and refluxing for 1 h. Then the solvent was partially evaporated to half of its volume until obtaining a precipitate, which was collected after suction filtration, washing with ethanol and drying in a vacuum oven at 60 °C.



The yield, color and elemental analysis data for CB complexes are summarized as follows:




	
Cu-CB: Yield: 55%, color: Dark green, m.p.: 53–55 °C, analysis: C 48.89, H 2.91, N 7.89, S 8.81%, calculated for CuL2Cl2: C 48.69, H 3.00, N 7.57, S 8.67%.



	
Cr-CB: Yield: 62%, color: Blue, m.p.: 278–280 °C (dec.), analysis: C 49.85, H 3.54, N 7.75, S 8.78%, calculated for CrL2Cl(OH)2: C 49.56, H 3.33, N 7.71, S 8.82%.



	
Fe-CB: Yield: 57%, color: Black, m.p.: 88–90 °C, analysis: C 49.87, H 3.60, N 7.96, S 8.97%, calculated for FeL2(OH)3 0.5H2O: C 49.95, H 3.63, N 7.77, S 8.89%.



	
Co-CB: Yield: 55%, color: Navy-blue, m.p.: 285–287 °C, analysis: C 49.60, H 3.22, N 7.75, S 8.98%, calculated for CoL2Cl(OH) 0.5H2O: C 49.63, H 3.33, N 7.72, S 8.83%.



	
Ni-CB: Yield: 54%, color: Green, m.p.: 228–230 °C, analysis: C 48.88, H 2.89, N 7.47, S 8.35%, calculated for NiL2Cl2: C 49.01, H 3.02, N 7.62, S 8.72%.









3.3.3. Synthesis of HB Complexes


The HB complexes were prepared by dissolving 0.33 mmol of the metal salt (CuCl2 2H2O, NiCl2 6H2O, CoCl2 6H2O, CdCl2 H2O, CrCl3 6H2O, FeCl3 6H2O) in 5.0 mL of ethanol and dissolving 0.66 mmol of the HB ligand in 50 mL of hot ethanol (60 °C), mixing the two solutions and refluxing for 1 h. Then the solvent was partially evaporated to half of its volume until obtaining a precipitate, which was collected after suction filtration, washing with ethanol and drying in a vacuum oven at 60 °C.



The yield, color and elemental analysis data for HB complexes are summarized as follows:




	
Cu-HB: Yield: 68%, color: Dark green, m.p.: 93–95 °C, analysis: C 49.50, H 3.54, N 7.91, S 8.41%, calculated for CuL2Cl(OH) 0.5H2O: C 49.65, H 3.61, N 7.72, S 8.84%.



	
Cd-HB: Yield: 59%, color: Yellow, m.p.: 270–272 °C (dec.), analysis: C 46.23, H 3.21, N 7.25, S 8.56%, calculated for CdL2Cl(OH) 0.5H2O: C 46.52, H 3.38, N 7.23, S 8.28%.



	
Cr-HB: Yield: 66%, color: Reddish-brown, m.p.: 92–94 °C, analysis: C 49.75, H 3.87, N 7.51, S 9.12%, calculated for CrL2Cl(OH)2: C 49.90, H 3.63, N 7.76, S 8.88%.



	
Fe-HB: Yield: 67%, color: Black, m.p.: 95–97 °C, analysis: C 49.87, H 3.64, N 7.88, S 8.91%, calculated for FeL2Cl(OH)2: C 49.63, H 3.61, N 7.72, S 8.83%.



	
Co-HB: Yield: 63%, color: Green, m.p.: 110–112 °C (dec.), analysis: C 49.89, H 3.81, N 8.01, S 9.11%, calculated for CoL2Cl(OH) 0.5H2O: C 49.97, H 3.63, N 7.77, S 8.89%.



	
Ni-HB: Yield: 66%, color: Reddish-green, m.p.: 190–192 °C (dec.), analysis: C 49.04, H 3.11, N 7.27, S 8.20%, calculated for NiL2Cl2: C 49.34, H 3.31, N 7.67, S 8.78%.











4. Conclusions


Based on the values of magnetic susceptibility elemental analysis of complexes of NB, CB and HB with Cu(II), Cd(II), Co(II) and Ni(II), octahedral [ML2Cl2] and [ML2Cl(OH)] structures were suggested where the ligand (L:NB, CB or HB) is bidentate through the nitrogen atoms of azomethine and benzothiazole. In the Cr(III) and Fe(III) complexes, octahedral ML2Cl(OH)2 or ML2(OH)3 structures were proposed in which one ligand is monodentate and the other is bidentate. The nitro- (NB) and chloro- (CB) substituted Schiff base ligands exhibited different FTIR and NMR spectroscopic behavior from the electron-donating OH-substituted (HB) ligand. The azomethine ν(-HC=N-) and 1H-NMR peaks of NB and CB were shifted to a higher frequency and downfield, respectively, upon complexation with Co(II), Ni(II), Cu(II), Cd(II), Cr(III) and Fe(III). The bonding of OH groups of HB to Co(II), Cu(II) and Ni(II) enables π-backdonation from these metals to the azomethine of Schiff bases and a consequent shift of ν(-HC=N-) to a lower frequency and changes in the intensity of the 1H-NMR peak of OH.
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Scheme 1. Synthesis of Schiff bases ligands. 
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Scheme 2. Synthesis of metal complexes and their general structure. Detailed proposed structures are given in Section 3.3.1 depending on elemental analysis. 
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Figure 1. FTIR spectra of HB and its complexes with Cu, Co and Ni. 
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Figure 2. Intramolecular hydrogen bonding in the HB ligand. 
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Table 1. Magnetic susceptibility (B.M., Bohr Magnetons), of NB, CB and HB complexes.
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Ligand

	
NB

	
CB

	
HB




	
Metal

	
µeff (B.M)

	
µeff (B.M)

	
µeff (B.M)






	
Cu

	
1.88

	
1.88

	
1.84




	
Cd

	
Dia

	
***

	
Dia




	
Cr

	
3.77

	
3.73

	
3.87




	
Fe

	
6.01

	
5.85

	
5.15




	
Co

	
4.84

	
5.28

	
5.73




	
Ni

	
***

	
3.37

	
2.90








*** Preparation of complexes was not successful.
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Table 2. FTIR main stretching absorption bands (cm−1) of NB and its metal complexes.
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	Code
	-HC=N-, Azomethine
	-C=N-, Benzothiazole
	C-NO2
	M-N
	M-N





	NB
	1606
	1597
	1517, 1337
	
	



	Cu-NB
	1637
	1607
	1528, 1344
	500
	442



	Cd-NB
	1630
	1611
	1505, 1340
	474
	431



	Cr-NB
	1639
	1598
	1522, 1342
	576
	536



	Fe-NB
	1643
	1599
	1573, 1307
	598
	537



	Co-NB
	1613
	1576
	1518, 1348
	531
	512
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Table 3. FTIR main stretching absorption bands (cm−1) of CB and its metal complexes.
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	Code
	-HC=N-, Azomethine
	-C=N-, Benzothiazole
	C-Cl
	M-N
	M-N





	CB
	1602
	1557
	755
	
	



	Cu-CB
	1694
	1603
	758
	653
	631



	Cr-CB
	1612
	1577
	796
	496
	428



	Fe-CB
	1634
	1598
	712
	620
	600



	Co-CB
	1611
	1576
	795
	692
	649



	Ni-CB
	1693
	1635
	755
	641
	630
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Table 4. FTIR main stretching absorption bands (cm−1) of HB and its metal complexes.
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	Code
	-HC=N-, Azomethine
	-C=N-, Benzothiazole
	C-OH Phenolic
	M-N
	M-N





	HB
	1639
	1604
	1472, 1462
	
	



	Cu-HB
	1620
	1611
	1489, 1475
	598
	428



	Cd-HB
	1632
	1614
	1485, 1423
	552
	442



	Cr-HB
	1647
	1575
	1485, 1423
	558
	496



	Fe-HB
	1644
	1583
	1488, 1428
	527
	494



	Co-HB
	1612
	1584
	1480, 1435
	549
	497



	Ni-HB
	1623
	1613
	1489, 1475
	576
	546
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Table 5. Some 1H-NMR peaks of NB, CB and HB and their metal complexes (ppm).
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	Code
	-HC=N-, Azometh
	CH3-O
	Code
	-HC=N-, Azometh
	CH3-O
	Code
	-HC=N-, Azometh
	CH3-O
	OH





	NB
	9.44
	3.86
	CB
	9.44
	3.86
	HB
	9.18
	3.84
	10.69, 12.01

(broad)



	Cu-NB
	10.24
	3.84
	Cu-CB
	10.33
	3.79
	Cu-HB
	9.91
	3.61
	10.61, 10.88

(sharp)



	Cr-NB
	10.25

9.20
	3.76
	Cr-CB
	10.32
	3.70
	Cr-HB
	9.94
	3.78
	disappeared



	Cd-NB
	10.22
	3.76
	Ni-CB
	10.34
	3.72
	Cd-HB
	9.17
	3.84
	10.68, 12.02

(broad, lower intensity)
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