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Abstract

 The mononuclear Nickel(II) complex [Ni(Lp)2(CH3OH)2]Cl2 has been synthesized by reacting benzoylacetonacetohydrazone ligand, HL with NiCl2 in methanol solutions.  The structures of the complex has been established by X-ray crystallography. In the reaction, the tridentate ligand, HL in situ in the presence of NiCl2 at room temperature followed by cyclization reaction was converted into dihydro-pyrazole ligand, (Lp). The dihydro-pyrazole ligand acts as bidentate neutral ligand and the hydroxyl group left uncoordinated. While in the reaction of copper(II) salts with ligand HL did not cyclization reaction at all. The structur of the Ni(II) complex has been established by X-ray crystallography. In the complex, nickel ion is six-coordinate and has a distorted octahedral geometry. Ni is bonded to two nitrogen and two oxygen atoms of the two dihydro-pyrazole ligands and two oxygen atoms of methanol molecules. The Hirshfeld surface analysis and the 2D the fingerprint plot are used to analyses all of the intermolecular contacts in the crystal structures. The main intermolecular are H/H and Cl/H interactions.
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1. Introduction
Flexidentate ligands are a class of ligands with two or more donor atoms which may coordinate to the metal ions to form a wide range of structure with variations in the coordination number and geometry around of the metal centers.1-5 Studies of metal complexes with the flexidentate ligands have played an important role in the development of the influence of the key factors on coordination behavior of these ligands.5-8 Coordination varieties depend on many factors such as metal ion is employed, counter anion, stoichiometric ratio of the reactants, etc.8-10 The hydrazone type ligands are prominent representatives of flexible ligand that can coordinate to the metal in various modes. These ligands have the potential of keto-enol tautomerism and have the ability to coordinate to the metal as a neutral ligand or as a deprotonated anion or the hydroxyl/carbonyl group do not coordinate.11-14
 In our previous work, we reported the synthesis of CuLX complexes where HL is benzoylacetonacetohydrazone (Scheme 1).15 In these complexes, the hydrazone ligand was in keto form and acts as a tridentate monoanionic. In order to investigate the effect of the metal on the coordination behavior of the hydrazone ligand, we report the reaction of nickel(II) salts and benzoylacetonacetohydrazone ligand. In the reaction, the ligand in situ was converted into dihydro-pyrazole ligand, (Lp) and acts as bidentate neutral and the hydroxyl group left uncoordinated (Scheme 1). 

2. Experimental section
2.1. Starting materials
All chemicals were of analytical reagent grade and were used without further purification.
Caution! Transition-metal complex perchlorate salts are known to be hazardous and must be treated with care, especially in the presence of organic solvents.

2.2. Physical measurements
Infrared spectra were taken with an Equinox 55 Bruker FT-IR spectrometer using KBr pellets in the 400-4000 cm-1 range. Absorption spectra were determined using methanol and dimethylformamide (DMF) solutions in a GBC UV-Visible Cintra 101 spectrophotometer with a 1 cm quartz cell, in the range 200-800 nm. Elemental analyses (C, H, N) were performed by using a CHNS-O 2400II PERKIN-ELMER elemental analyzer.

2.3. X-ray crystallography and Hirshfeld surfaces analyses
Diffraction images were measured at 150 K on an Agilent SuperNova diffractometer using Cu Kα (λ = 1.54180 Å) radiation. Data were extracted using the CrysAlis PRO package.16 The structures were solved by direct methods with the use of SIR92.17 The structures were refined on F2 by full matrix last-squares techniques using the CRYSTALS program package.18 Atomic coordinates, bond lengths and angles and displacement parameters have been deposited at the Cambridge Crystallographic Data Centre.   The H atoms were initially refined with soft restraints on the bond lengths and angles to regularize their geometry (C—H in the range 0.93–0.98 Å, O—H = 0.83 Å) and with Uiso(H) in the range 1.2–1.5 times Ueq of the parent atom. After this, the positions of the H atoms bonded to O and N were refined without constraints whereas those bonded to C ride on the atoms to which they are bonded. Crystallographic data and refinement details for the complex is given in Table 1.
[bookmark: OLE_LINK204][bookmark: OLE_LINK205]
[bookmark: OLE_LINK203]Table 1. Crystallographic data of the nickel complex 
	Compound
	[Ni(Lp)2(CH3OH)2]Cl2	

	Chemical formula
	C26H36Cl2N4NiO6

	Formula weight
	630.21

	Temperature (K)
	150

	Space group
	[bookmark: OLE_LINK195][bookmark: OLE_LINK196]Orthorhombic, Pbca, Z=4

	
Unit cell dimensions
	

	[bookmark: OLE_LINK253][bookmark: OLE_LINK254]a (Å)
	7.3033 (1) 

	b (Å)
	19.2677 (1)

	[bookmark: _Hlk273641110]c (Å)
	20.4218 (1)  

	
	

	F(000)
	1320

	DCalc (g cm−3)
	1.457 

	Crystal size (mm)
	0.22×0.12×0.11 mm

	µ (mm−1)
	3.08 

	  range (°)
	4-72

	Limiting indices
	-9  h  6
-23  k  23 
-25 l  25

	R[F2 > 2σ(F2)]
	0.029

	wR(F2) (all data)
	0.072*


[bookmark: OLE_LINK199][bookmark: OLE_LINK200]*w = 1/[σ2(F2) + (0.04P)2 + 2.1P] , where P = (max(Fo2,0) + 2Fc2)/3 


Hirshfeld surfaces analysis and the associated two-dimensional fingerprint plots for the complexes were calculated with CrystalExplorer 3.1 program.19 The dnorm surface and 2D fingerprint were used to analyses intermolecular interaction in the crystal packing.

2.4. Syntheses of benzoylacetonacetohydrazone ligand, HL
The benzoylacetonacetohydrazone Schiff base, HL, was prepared as previously reported elsewhere by us.15
 Briefly, the ligand was obtained by condensation an equimolar amount of benzoylacetone (20 mmol, 3.24 g) and acetohydrazide (20 mmol, 1.48g) in methanol (30 ml). The mixture was refluxed for 2 hours during which a light yellow precipitate was formed. The reaction mixture was then cooled to room temperature and the solid compound formed was filtered. The compound was recrystallized from warm acetone. Yield 67%. IR (KBr, cm–1): υC=N = 1610, υC=O = 1650. Electronic spectra in acetone: max(nm), (log ε): 333 (2.66), 232 (4.29).

2.5. Synthesis of nickel(II) complex, [Ni(Lp)2(CH3OH)2]Cl2, 1.
	This complex was obtained as an unexpected product from following reaction: NiCl2.6H2O (2 mmol, 0.475 g) was added to a stirred solution of the ligand HL, aminoethylethanolaminebenzoylacetone (2 mmol, 0.434 g) in methanol (30 mL) and the resulting solution was stirred at room temperature for 2 h. The solution’s color turned green, after two days blue block-shaped crystals of the [Ni(Lp)2(CH3OH)2]Cl2 complex suitable for X–ray analysis appeared at the bottom of the vessel upon slow evaporation of the solvents and dried in air.  Yield: 61% based on HL. Anal. Calc. for C26H36Cl2N2NiO6: C, 49.55; H, 5.76; N, 8.89%. Found: C, 49.47; H, 5.62; N, 8.84%. IR (KBr, νmax/cm−1): υC=N = 1587, υC=O = 1605. UV-Vis, λmax(methanol)/nm: 784 (log ε, 0.93), 371 (3.50) and 207 (4.54).
For comparison, the corresponding reaction of NiX2 (X = NO3 and ClO4) with the benzoylacetonacetohydrazone ligand were studied under the same conditions. It was found that synthesize of nickel complexes failed and the sole product isolated from the preparative mixtures were the initial salt, i.e. NiX2.

3. Results and discussion
3.1. Synthesis and characterization of the complexes
The [Ni(Lp)2(CH3OH)2]Cl2 complex was obtained by the reactions of NiCl2 with an equimolar amount of the ligand HL in methanol solution at room temperature. The reaction of NiCl2 with aminoethylethanolaminebenzoylacetone ligand did not lead to form NiLCl complex. The ligand, was converted into the dihydro-pyrazole ligand in situ under reaction conditions. The dihydro-pyrazole ligand, Lp coordinates to the nickel(II) center act as a neutral bidentate ligand and leading to unexpected product, (Ni(Lp)2(CH3OH)2]Cl2. When other different of nickel(II) salts were used, the sole product was initial salts. 
While in the reaction of copper(II) salts with this ligand did not cyclization reaction at all, and copper complexes were formed which the ligand act as a monoanionic tridentate ligand, i.e. [CuLX].15 
The IR spectrum of the free HL ligand shows bands at 1610 and 1650 cm-1, which is assigned as C=N and C=O, respectively.13,20,21 In the IR spectra of complex, these bands were shifted toward lower energy in comparison with the free ligand, which indicates coordination of the imine nitrogen atom and the carbonyl group to the nickel ion [39 esteghamat].21-23 The fairly broad band of medium intensity appearing at around 3400 cm−1 corresponds to the intramolecular hydrogen bonding in the free ligand, this band in the complex is observed in around the 3050 cm−1 region, which indicates that the hydroxyl group remains as an uncoordinated OH group.9, 24, 25

3.2. Description of Crystal Structure of the nickel Complex
The molecular structure of the nickel complex is shown in Fig. 1. The complex crystallizes in monoclinic space group Pbca and there is four molecules in the unit cell (Z = 4).  As shown Fig. 1, the asymmetric is one-half of the molecule consists of a Ni(II) atom, one Lp ligand, a coordinated methanol and chloride counter anion. The remainder generated by a crystallographic inversion symmetry operation in center located at the metal.

[image: E:\Rasoul\X Ray\X-ray Mansouri\ras1515SNortep130%.tiff]
Fig. 1. The molecular structure of nickel complex with labeling of selected atoms.

The Ni–O and Ni-N bond lengths of the complex have good agreement with Ni(II) complexes previously reported.26-28 The nickel atom is six-coordinate (N2O4 donor atoms) and has a distorted octahedral geometry. The equatorial plane is formed by two nitrogen and two oxygen atoms from two the dihydro-pyrazole ligands coordinates to the metal center. The ligands with Ni(II) atom formed five-membered chelate rings. The two axial positions are occupied by oxygen atoms of the two methanol molecules.
The NiN bond length in the complex, is 2.067(1) Å, which similar to the corresponding distances with Ni(II) complexes previously reported.26-28 The Ni–O distance in axial position (2.061(1) Å) is slightly longer than the corresponding bond in the equatorial plane (2.037(1) Å). The chelating N−Ni−O angle is 79.37(4)°, whereas the non-chelating N−Ni−O angles is 100.63(4)°.  The O3–Ni1–O1 and O3–Ni1–N1 angles are 88.20(4)° and 89.47(5)°, respectively. The C4-O1 bond distance of 1.232(3) Å agrees well with the value of C=O bond as already observed in similar compounds.29 The C8–O4 bond length of the alcohol group (1.391(2) Å) is longer than the bond length of carbonyl group (C4–O1). The sum of the internal angles of the dihydro-pyrazole ring [N1–N2 –C1 –C2 –C3 = 539.78°] showed the planarity of this ring since value deviating slightly from the ideal value of 540°. Selected bond lengths and angles, are summarized in Table 2.

Table 2. Selected bond lengths (Å) and angles (°) in the Ni(II) complex 
	[bookmark: _Hlk279149852]Ni1–O1
	2.0372 (10)
	O1– Ni1–N1
	79.37 (4)

	Ni1–O3
	2.0606 (11)
	O1– Ni1–O3
	88.20 (4)

	Ni1–N1
	2.0674 (12)
	O1– Ni1–N1a
	100.63 (4)

	C4–O1
	1.2476 (18)
	N1– Ni1–O3
	89.47 (5)

	C3–O2
	1.3914 (18)
	C3– N2–N1
	112.21 (10)

	C4–N2
	1.3434 (18)
	N2– N1–C1
	109.12 (11)

	C3–N2
	1.5160 (17)
	O1– C4–N2
	120.44 (13)

	C1–N1
	1.2814 (18)
	C3– O2–H2
	107.90 (17)






Symmetry transformations used to generate equivalent atoms: a = -x+1, -y+1, -z+1

The chloride counter anions are involved in intermolecular and intramolecular hydrogen bonding interaction with the OH groups of the uncoordinated hydroxyl of the ligand and coordinated methanol molecule (Fig. 2). Full details of the hydrogen bonding are given in Table 3.
[image: E:\Rasoul\paper\Paper Mansouri\Data\plain yz.jpg]
Fig. 2. The hydrogen bonding interactions between uncoordinated hydroxyl group of ligand and the chloride counter anions in nickel complex along b axis.


Table 3. Hydrogen bonding (Å) and angles (°) in Nickel complex
	D–H···A
	D–H
	H···A
	D…A
	D–H···A
	Symmetry code

	O2–H2···Cl1*
	0.77 (2)
	2.33 (2)
	3.093 (1)
	174.9 (19)
	

	O3–H3···Cl1
	0.83 (2)
	2.16 (2)
	2.987 (1)
	173.0 (20)
	-x, -y+1, -z+1




3. 3. Hirshfeld Surface Analyses
The Hirshfeld surface analyses and the fingerprint plots provide some useful quantitative information about the strength and role of the intermolecular contacts, and to estimate their importance for the in the crystal packing stability.5,9,30,31  In Fig. 3, the 3D Hirshfeld surface mapped are shown over a dnorm (normalized contact distance) range of -0.7051.148 Å. The value of the dnorm can be positive or negative when intermolecular contacts are longer or shorter than the sum van der Waals radii of the atoms (vdW), respectively. The dnorm values are mapped onto the Hirshfeld surface using a red–blue–white color scheme. Red regions correspond to closer contacts and negative dnorm value, the blue regions correspond to longer contacts and positive dnorm value. The white-colored regions correspond to weak contacts and the distance of contacts is around the vdW separation (dnorm  0).30-32

[image: E:\Rasoul\paper\Paper Mansouri\Data\ras1515SN.tif]
Fig. 3. Hirshfeld surface mapped with dnorm for nickel complex.

The 2D fingerprint plot and the contribution of each type of interaction describe in Fig. 4. The main intermolecular are H/H (54.1%) and Cl/H (16.4%) interactions which correspond to the Van der Waals and hydrogen bond interactions, respectively.

[image: E:\Rasoul\paper\Paper Mansouri\Data\Figures\Fig 4.tiff]
Fig. 4. The 2D fingerprint plots and relative contributions to the percentage of Hirshfeld surface for various interactions in nickel complex.

4. Conclusion
The Ni(Lp)2(CH3OH)2]Cl2 complex was obtained as an unexpected product from reaction of NiCl2 with aminoethylethanolaminebenzoylacetone ligand at room temperature. In the nickel(II) complex, metal center is hexacoordinated with a distorted octahedral geometry. The ligand coordinates to the metal center act as a neutral bidentate ligand, while in the reaction of copper(II) salts with this ligand, as previously reported, the ligand act as a monoanionic tridentate ligand. The ligand, in the reaction with NiCl2 was converted into the dihydro-pyrazole ligand in situ in a cyclized reaction. The Hirshfeld surface analyses and the fingerprint plots provide some useful quantitative information about the role of intermolecular contacts in the crystal packing.

Supplementary material
The deposition numbers of the studied complex is CCDC 1949210. This data can be obtained free-of-charge via www.ccdc.cam.ac.uk/data_request/cif, by emailing data-request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax +44 1223 336033.
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