


New Co(II) complex of N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide. Synthesis, Spectral Characterization, X-ray Structure

ABSTRACT
[bookmark: _Hlk97634234]The reactions of Schiff base N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide (H2L) with CoCl2.6H2O provided one new mononuclear complex formulated as {[Co(H2L)2(H2O)4]·2Cl·2H2O} (1). The study aims to study and characterise the compound by elemental analysis, infrared, and ultraviolet-visible (UV-vis) spectroscopy. The structure of the complex has been resolved by Single-Crystal X-ray crystallography. The mononuclear complex 1 crystallizes in the triclinic space group Pī with unit cell parameters a = 6.8412 (5) Å, b = 10.0690 (7) Å, c = 12.2548 (9) Å, with V = 825.54 (10) Å3 and Z = 1. The asymmetric unit of complex 1 contains one half of the cobalt(II) cation, one  ligand molecule, three water molecules, two coordinated and one uncoordinated, and one chloride anion. The ligand binds the metal in a monodentate fashion through the pyridine nitrogen atom. The cobalt ion is hexacoordinated and its environment is best described as a slightly distorted octahedron. Numerous hydrogen bonds between the ligand, the anion and the water molecules complete the three-dimensional network.
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INTRODUCTION
The term Schiff base is derived from the name of the German chemist Hugo Schiff, who in 1864 first reported the formation of imine products through the reaction of primary amines with carbonyl compounds [53]. Schiff base hydrazones constitute an important subclass of these compounds and are typically synthesised via condensation reactions between hydrazine derivatives of the general form R₁R₂C=NNH₂ and carbonyl-containing species such as aldehydes or ketones (R₃R₄C=O or R₅HC=O) [55]. Owing to the presence of heteroatoms such as oxygen, nitrogen, and sulphur, which act as electron-donating sites, these compounds exhibit strong coordinating ability and are therefore extensively employed as ligands in coordination chemistry. In addition to their coordination properties, Schiff base compounds have attracted considerable attention as effective and environmentally benign corrosion inhibitors, particularly in acidic media. Their inhibitory action is primarily attributed to their adsorption onto metal surfaces, where they block active corrosion sites and thereby impede electrochemical reactions responsible for metal dissolution. The efficiency of corrosion inhibition by Schiff base derivatives is largely governed by their molecular structure and electronic properties, including the nature and position of substituents, the presence of conjugated systems, and the availability of donor atoms [54]. These factors collectively influence the strength of interaction between the inhibitor molecules and the metal surface, ultimately determining their protective performance. Depending on their topology and the nature of the substituents, they can interact with the metal ion in a bidentate, tridentate, or tetradentate and even pentadentate and hexadentate manner [1–5]. These types of ligands can act in neutral or deprotonated forms due to the tautomerization of keto-enols, which can occur in both solution and solid states [6–9]. Schiff bases derived from nicotinic and isonicotinic hydrazides have been extensively investigated in coordination chemistry due to their versatile chelating behaviour. These ligands are capable of coordinating to metal ions through multiple donor sites, notably the azomethine nitrogen, the carbonyl oxygen, and the pyridine nitrogen atoms, thereby forming stable and often structurally diverse metal complexes [10–15]. This multidentate binding capacity significantly enhances their relevance and sustains continued interest in both these ligands and their structural analogues. Studies involving transition metal complexes of nicotinic and isonicotinic hydrazide-derived Schiff bases have revealed a wide spectrum of physicochemical and biological properties. Reported functionalities include notable fluorescence characteristics [16–19], magnetic behaviour [20], and superoxide radical scavenging activity [21]. In addition, these compounds have demonstrated promising biological activities such as antibacterial [22,23], antituberculosis [24], and antitumour effects [27], alongside exhibiting catalytic potential in various chemical transformations [25,26]. Collectively, these findings underscore the significant potential of such Schiff base systems in both applied and fundamental research domains. In this context, we prepared the hydrazone ligand (E)-N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide (H2L) and its Co(II) complex. The structures of the compounds are elucidated by spectroscopic analysis and X-ray diffraction technic for the complex.  
Materials and Methods
Isonicotinic hydrazide (isoniazid), 4-hydroxy-3-methoxybenzaldehyde (vanillin), and cobalt(II) chloride hexahydrate were procured from Sigma-Aldrich and used without further purification. All solvents employed in the study were of analytical reagent grade and used as received. The ligand, N′-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide (H₂L), was synthesised according to a previously reported method [28].
Melting points were determined using a Büchi 570 melting-point apparatus and are reported without correction. Elemental analyses for carbon, hydrogen, and nitrogen were carried out using a VxRio EL elemental analyser. Infrared spectra were recorded on a PerkinElmer FTIR Spectrum Two spectrophotometer over the range 4000–400 cm⁻¹. Electronic (UV–Visible) spectra were obtained using a PerkinElmer Lambda UV–Vis spectrophotometer.
The molar conductance of the metal complex was measured in N,N-dimethylformamide (DMF) at a concentration of 1 × 10⁻³ M and a temperature of 25 °C, using a WTW LF-330 conductivity meter equipped with a WTW conductivity cell. Magnetic susceptibility measurements of powdered samples were performed at room temperature using a Johnson Matthey scientific magnetic susceptibility balance, with Hg[Co(SCN)₄] employed as the calibrant.

Synthesis and characterization of N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide (H2L)
The ligand H2L was synthesized following the procedure reported in literature [28]. To a solution of 4-hydroxy-3-methoxybenzaldehyde (3.4 g, 21.88 mmol) in 20 mL of ethanol was added a solution of isonicotinic hydrazide (3.0 g, 21.88 mmol) in 30 mL of ethanol and two drops of glacial acetic acid. The mixture was heated under reflux for three hours. Upon cooling, a white precipitate forms. The solid was recovered by filtration and washed thoroughly with cold ethanol before being dried in air. Yield : 85 %. Mp : 260°C. Anal. calcd. for C14H13N3O3: C, 61.99; H, 4.83; N, 17.69. Found: C, 61.97; H, 4.81; N, 17.66%. FT-IR (KBr; cm-1): 3446 [ν(H–O)], 3236 [ν(N–H)], 1664 [ν(C=O) amide]; 1593 [ν(C=N)], 1564–1410 [(ν(C=N) + ν(C=C))], 1279 [(ν(C–O)], 1172 [(ν(C–O)], 1032 [ν(N–N)]. 1H NMR [dmso-d6, δ(ppm)]: 11.98 (S, 1H, OH-iminole), 8.36 (S, 1H, HC=N), 6,88 (S, 1H, OH-iminole), 6.85–8.75 (mult, 7H, HAr), 3.85 (S, 1H, (-O-CH3), 3.32 (H2O - DMSO). 

Synthesis and characterization of complex 1

To a solution of N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide (H2L) (0.2712 g, 1 mmol) in 10 mL of ethanol was added a solution of CoCl2·6H2O (0.2379 g, 1 mmol) in 5 mL of methanol. The mixture was stirred at room temperature for two hours. The precipitate was discarded, and the filtrates were left for slow evaporation. Upon standing for five days, green prismatic crystals suitable for X-ray single crystal diffraction analysis were formed and collected. Yield : 65 %. Anal. calcd. for CoC28H38N6Cl2O12: C, 43.09; H, 4.91; N, 10.77; Cl, 9.08. Found: C, 43.06; H, 4.88; N, 10.74; Cl, 9.04. FT-IR (, cm-1): 3346, 3247, 1658, 1592, 1552, 1463, 1389, 1290, 1231, 1136, 1032, 848, 811, 701, 621. UV-Vis (, nm): 253,297. 370. ΛM (S.cm2.mol-1): 23. µeff (µB): 4.44. 
X-ray Data Collection, Structure Determination, and Refinement
Single crystals of complex 1 suitable for X-ray diffraction analysis were obtained by the slow evaporation of its methanolic solution under ambient conditions. Diffraction data were collected using microfocused Mo Kα radiation (λ = 0.71073 Å). During data acquisition, the crystals were maintained at 200(2) K to ensure stability and minimise thermal motion. Standard Lorentz–polarisation and absorption corrections were applied to all measured reflections. Data reduction and initial processing were carried out using the APEX v4 software package [29].
The crystal structures were solved by direct methods employing the SHELXT program [30] and subsequently refined by full-matrix least-squares techniques on F² using SHELXL2016/6 [31], as implemented within the Olex2 crystallographic suite [32]. All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were treated using appropriate riding models. Absorption corrections were further refined using a multi-scan approach with SADABS. Final structural validation and analysis were performed with the aid of the PLATON software package [33].
The hydrogen atoms were calculated in ideal positions with isotropic displacement parameters set to 1.2 Ueq of the attached atom. Molecular graphics were generated using ORTEP-3 [34]. The crystallographic details of compound 1 is summarized in Table 1, and the bond lengths, bond angles are listed in Tables 2 and 3, respectively.

Results and discussion
The ligand N'-(4-hydroxy-3-methoxybenzylidene) isonicotinohydrazide (H2L) was prepared by a facile condensation   of   4-hydroxy-3-methoxybenzaldehyde and isonicotinic hydrazide in methanol.  The  complex  was  obtained  by  adding  to  solution  of N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide an  equimolecular  methanolic  solution  of  CoCl2.6H2O. The reaction proceeds with quantitative yield, and the resulting product exhibits good solubility in polar organic solvents such as methanol and acetonitrile. The elemental analytical data for both the ligand and its cobalt complex are consistent with the proposed molecular formulae, as corroborated by spectroscopic characterisation and single-crystal X-ray diffraction studies.
[bookmark: _GoBack]The infrared spectrum of the ligand displays a strong absorption band at 1664 cm⁻¹, which is assigned to the ν(C=O) stretching vibration of the amide functional group [35]. A distinct band observed at 1593 cm⁻¹ is attributed to the ν(C=N) stretching vibration of the azomethine group [36,37]. Additionally, bands appearing in the region 1564–1410 cm⁻¹ are associated with ν(C=C) and ν(C=N) stretching vibrations of the aromatic rings [38]. Further spectral features include absorption bands in the 1279–1172 cm⁻¹ range, corresponding to ν(C–O) and ν(C–N) stretching vibrations, while the band at 1032 cm⁻¹ is assigned to the ν(N–N) vibration. The presence of the C–N stretching vibration supports the existence of the ligand in its amide form in the solid state. This assignment is further substantiated by the appearance of a ν(N–H) stretching band at 3428 cm⁻¹. Moreover, the bands at 1279 and 1172 cm⁻¹ can be specifically attributed to the valence vibrations of the phenolic and methoxy C–O groups, respectively [39].
The 1H NMR spectrum of the ligand revealed the presence of thirteen signals consistent with the expected proton count of the ligand. The singlet observed at 8.36 ppm was assigned to the imine proton (s, 1H, HC=N). The signals appearing in the 6.85–8.75 ppm region, integrating for seven protons, were attributed to the protons of the two rings. The singlet observed at 3.85 ppm, integrating for three protons, was assigned to the methoxy group (-O-CH3). the hydroxyl ptoton (OH) appeared as singlet at 6.88 ppm. The singlet at 11.98 ppm was assigned to the iminol proton [-N=C(OH)-]. This indicates the tautomerization from the amide group to the iminol form in DMSO solution. The signal at 2.52 ppm is due to protons from residual DMSO, while the signal appearing at 3.32 ppm is attributed to water protons from DMSO.The amide–iminol tautomerism is only observed in solution 
In solution, NMR showed that the iminol form of the ligand dominates, whereas in the solid state, IR confirmed the presence of the amide form of the Schiff base ligand. Comparison of the infrared data of the ligand and those of the complex obtained upon coordination with cobalt ion shows that no iminolization undergoes during the complexation. In the spectrum of the complex band due to the ν(C=O) of the amide group shift fairly to lower frequencies and appears at 1658 cm-1. This slight shift does not allow us to conclude whether the oxygen atom participates in the complexation. Furthermore, the band due to the ν(C=N) which appears at 1593 cm-1 in the free ligand spectrum remains at 1592 cm-1 in that of the complex, suggesting the no-involvement of the nitrogen azomethine atom in the coordination [40]. In the high-frequency region of spectrum of the complex, valence vibration bands are observed around 3346 and 3247 cm⁻¹ attributed to ν(O–H)phenolic and ν(N–H)hydrazinyl, respectively, are indicative of non-deprotonation and non-iminolisation of the ligand during the complexation.  The broadband at 3247 cm-1 can also envelope vibration bands due to water molecules. In fact, the presence of coordinated water molecules is indicated by the presence of δ(OH) at 848 cm-1 in the spectrum of the complex. Molar conductivity measurements of the complex taken from a freshly prepared millimolar DMF solution (23 S.cm2.mol-1) and after two weeks of storage (24 S.cm2.mol-1)  indicate that the complex is neutral electrolyte according to Geary [41] . The slight variation in values allows us to conclude that the complex is stable in DMF solutions. The electronic spectrum recorded in millimolar DMF solution, exhibits absorptions pointed at 253, 297 and 370 nm. These bands are assigned respectively to the π → π* transitions of the aromatic rings and n → π* of the imine function of the ligand [42, 43]. The  absorption at 370 nm is assigned to the ligand → metal charge transfer band [44]. 
Room temperature magnetic susceptibility measurement on 1 indicates that the compound is paramagnetic with magnetic moment value 4.44 BM. The µeff value of 1 shows the expected spin-only values for discrete mononuclear high spin Co(II) with 3d7 system [45].

Table 1. Crystal data and structure refinement for compound 1.
	Empirical formula
	C28H38Cl2CoN6O12

	Formula weight
	780.47

	Temperature/K
	200.00

	Crystal system
	Triclinic

	Space group
	P-1

	a (Å)
	6.8412(5)

	b (Å)
	10.0690(7)

	c (Å)
	12.2548(9)

	 (°)
	78.957(2)

	 (°)
	85.303(2)

	 (°)
	87.856(2)

	V (Å3)
	825.54(10)

	Z
	1

	Dcalc (g/cm3)
	1.570

	 (mm‑1)
	0.753

	F(000)
	405.0

	Crystal size (mm3)
	0.4 × 0.3 × 0.2

	MoKα
	(λ = 0.71073)

	2θ range for data collection (°)
	4.82 to 52.824

	Index ranges
	-8 ≤ h ≤ 8, -12 ≤ k ≤ 12, 0 ≤ l ≤ 15

	Reflections collected
	3375

	Independent reflections
	3375 [Rint = 0.073, Rsigma = 0.0512]

	Observed reflections
	2926

	Data/restraints/parameters
	3375/0/234

	Goodness-of-fit on F2
	1.044

	Final R indexes [I>=2σ (I)]
	R1 = 0.0680, wR2 = 0.1705

	Final R indexes [all data]
	R1 = 0.0756, wR2 = 0.1768

	Largest diff. peak/hole (e Å-3)
	0.53/-0.59



Crystal structure determination
The crystallographic data of compound 1 are listed in Table 1, whereas selected bond lengths and angles are listed in Table 2. Complex [Co(H2L)2(H2O)4]·2Cl·2H2O crystallizes in the triclinic space group Pī. The asymmetric unit of the structure (Figure 1) consists of one-half cobalt (II) ion, one neutral molecule ligand, two coordinated water molecules, one free water molecule and one uncoordinated chloride ion. The cobalt atom is coordinated by two pyridine nitrogen atoms from two different ligand molecules, and four water molecules resulting in a hexacoordinated unit. All the donor sites of the ligand, except  the pyridine nitrogen atom remain uncoordinated. The N2O4 environment around the Co(II) is best described as a slightly distorted octahedral geometry, the basal plane being occupied by O1, O2, O1i and O2i. The values of the transoid angle are O1–Co1–O1i = 180° and O2–Co1–O2i = 180° while the cissoid angle are in the range 87.97 (10)° - 90.03 (10). These values are close proximity to the ideal values of 180° and 90° confirming the slight distortion of the octahedron. Additionally, the value of the angle defined by the atoms N2 and N2i occupying the apical positions which is 180° is equal to the ideal value of 180°. The two ligand molecules are quite coplanar (maximum deviation for C11and C11i of 0.197 Å) and form a dihedral angle of 0°.  The Co(II) ions and the atoms occupying the basal plane are located in a perfect plane (rms = 0.00 Å). This plane is quite perpendicular to the mean planes defined by the atoms of the ligand molecules and form with them a dihedral angles of 83.83°. The C7–N4 and C6–N3 bond lengths of 1.281 (4) Å and 1.347 (4) Å are compatible with double bond character and single bond character, respectively [46]. The  N3–N4 distances of 1.383 (3) Å is compatible with a single bond character and the C6-O3 bond length of 1.232 (4) Å corresponds to a double bond [47]. These facts are indicative that the atoms of the hydrazone moiety are not coordinated to the Co(II) as observed by infrared spectroscopy. The Co–Npyridine [Co1–N2 and Co1–N2i] distances of 2.185(3) Å are slightly longer than those reported for the complexes [Co(L)(µ1,5-dca)(ClO4)2.MeOH]n where L is (N1,N3)-2,2-dimethyl-N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine [48]. The coordination is completed by four water oxygen atoms. The Co–Owater distances values of 2.080 (3) Å [Co1–O2 and Co1–O2i] and 2.143 (2) Å [Co1–O1 and Co1–O1i] are in the range observed for similar complexes [49–51]. The structure of the compound present intramolecular hydrogen bonding of type O–H···O involving coordinated water molecule as acceptor and phenolic hydroxy as donor [O5—H5···O6] and O–H···Cl involving coordinated water molecule as donor and free chloride ion as acceptor [O1—H1B···Cl1 and O2—H2A···Cl1] forming five-membered S(5) and six-membered S(6) rings [52]. Additional weak hydrogen bond of type C—H···O involving coordinated water molecule [C5—H5A···O1] forms a five-membered S(5) ring (Figure 2,Table 3). The structure of the complex is consolidated by numerous intermolecular hydrogen-bonds. The molecules are connected by intermolecular hydrogen bonds involving coordinated water molecule and uncoordinated water molecule [O1—H1A···O6ii, ii = x, y−1, z−1],  coordinated water molecule and phenolic hydroxy [O2—H2B···O5v, v = −x+1, −y+1, −z+1]. Intermolecular hydrogen bond involving hydrazinyl moiety and free chloride [N3—H3···Cl1iv, iv = −x+1, −y+1, −z] is also present. Numerous hydrogen bonds involving C—H as donor reinforced the structure  : C1—H1···O1i [i = −x+1, −y, −z], C13—H13···O3iii [iii = x, y+1, z], C7—H7···Cl1iv, C4—H4···Cl1iv [iv = −x+1, −y+1, −z], C11—H11C···Cl1v [v = −x+1, −y+1, −z+1]. The combined hydrogen bonds links give rise to three-dimensional network architecture viewed along the b axis (Figure 3, Table 3).
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Figure 1. Asymmetric unit of the single crystal structure of complex 1.
[image: ]
Figure 2. Plot showing the intramolecular hydrogens bonds in the crystal
[image: ]Figure 3. Packing diagram of complex 1 viewed along the b‐axis.
Table 2. Selected geometric parameters (Å, °).
	Co1—O2
	2.080 (3)
	Co1—N2
	2.185 (3)

	Co1—O2i
	2.080 (3)
	O3—C6
	1.232 (4)

	Co1—O1i
	2.143 (2)
	N3—N4
	1.383 (4)

	Co1—O1
	2.143 (2)
	N3—C6
	1.347 (4)

	Co1—N2i
	2.185 (3)
	N4—C7
	1.281 (4)

	O2—Co1—O2i
	180.00 (6)
	O2—Co1—N2
	89.18 (10)

	O2i—Co1—O1
	92.03 (10)
	O1—Co1—O1i
	180.00 (19)

	O2i—Co1—O1i
	87.97 (10)
	O1i—Co1—N2
	90.11 (10)

	O2—Co1—O1
	87.97 (10)
	O1i—Co1—N2i
	89.89 (10)

	O2—Co1—O1i
	92.03 (10)
	O1—Co1—N2i
	90.11 (10)

	O2i—Co1—N2
	90.81 (10)
	O1—Co1—N2
	89.89 (10)

	O2i—Co1—N2i
	89.19 (10)
	N2—Co1—N2i
	180.0

	O2—Co1—N2i
	90.82 (10)
	
	


Symmetry code: (i) −x+1, −y, −z.
Table 3. Hydrogen-bond geometry (Å, °).
	D—H···A
	D—H
	H···A
	D···A
	D—H···A

	O5—H5···O6
	0.84
	1.91
	2.733(4)
	165.8

	O2—H2A···Cl1
	0.87
	2.25
	3.122(3)
	176.2

	O1—H1A···O6ii
	0.87
	1.96
	2.782(4)
	156.1

	O1—H1B···Cl1
	0.87
	2.28
	3.129(3)
	164.2

	C13—H13···O3iii
	0.95
	2.58
	3.300(4)
	133.1

	C1—H1···O1i
	0.95
	2.57
	3.136(4)
	118.5

	C7—H7···Cl1iv
	0.95
	2.71
	3.599(4)
	156.8

	C4—H4···Cl1iv
	0.95
	2.70
	3.643(4)
	174.2

	C11—H11C···Cl1v
	0.98
	2.98
	3.811(4)
	143.7

	C5—H5A···O1
	0.95
	2.42
	3.051(4)
	123.8

	N3—H3···Cl1iv
	0.77(4)
	2.64(4)
	3.395(3)
	165(4)

	O2—H2B···O5v
	0.81(5)
	1.94(5)
	2.740(4)
	171(5)



Symmetry codes: (i) −x+1, −y, −z; (ii) x, y−1, z−1; (iii) x, y+1, z; (iv) −x+1, −y+1, −z; (v) −x+1, −y+1, −z+1.

Conclusion
Schiff base ligands result from the condensation of an amine with a carbonyl compound (aldehyde or ketone). These ligands and their metal complexes exhibit numerous biological activities (antibacterial, anticancer, antifungal, etc.) thanks to the imine functional group (RC=N-), whose effectiveness is enhanced by chelation with metal ions.
[bookmark: _Hlk216669956]New mononuclear Co(II) complex of N'-(4-hydroxy-3-methoxybenzylidene)isonicotinohydrazide has been successfully synthesized and characterized by elemental analysis, spectroscopic techniques (FT-IR, UV, NMR), room temperature magnetic moment determination, conductivity measurements and single-crystal X-ray diffraction. The X- ray structure determination reveals that the ligand coordinates in its neutral form through the pyridine nitrogen atom, with the cobalt (II) center adopting a slightly distorted octahedral geometry, completed by four water molecules. The magnetic measurement confirms the paramagnetic nature of the complex with a magnetic moment value of 4.44 BM, consistent with a high-spin Co(II) center. Conductivity measurements demonstrated that the complex behaves as a neutral electrolyte in DMF solution, confirming its stability in polar organic solvents. The crystal structure is stabilized by an extensive network of hydrogen bonds involving coordinated water molecules, free chloride ions, uncoordinated water molecules and hydrazinyl moiety forming a three-dimensional supramolecular architecture.
In the continuation of our work, we plan to study the antioxidant properties of the ligand and its complex in order to compare them with reference molecules.
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