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Abstract 

The self-assembly reactions of Ni(OAc)2·2H2O with Schiff base ligands 5-bromo-2-((cyclopentylimino)methyl)phenol (HL1) and 5-bromo-2-(((2-(isopropylamino)ethyl)imino)methyl)phenol (HL2)  in methanol afforded two discrete trinuclear complexes [Ni3(L1)2(μ2-η1:η1-OAc)2(DMF)2(BrSal)2] (1) and [Ni3(L2)2(μ2-η1:η1-OAc)2(μ2-η2:η1-OAc)2] (2), where BrSal is the monoanionic form of 4-bromosalicylaldehyde. The complexes were characterized by microanalytical, IR and UV spectra. The crystal structures of the complexes have been determined by X-ray crystallography. In both complexes, the nickel atoms are in octahedral coordination geometries. The L1 ligand coordinates to the nickel atoms through the phenolate O and imino N atoms, and the L2 ligand coordinates to the nickel atoms through the phenolate O, imino N and amino N atoms. The antimicrobial activities of the complexes were assayed. 
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1. Introduction

Studies on supramolecular interaction and the self-assembly resulting from them have attracted remarkable attention in recent years. Schiff bases and their metal complexes exhibit biological activity as antibiotics, antiviral, antibacterial and antitumour agents because of their specific structures.1 Among Schiff bases, those derived from the mono-condensation of organic amines with carbonyl compounds, are a group of classical NO or NNO donor ligands.2 These ligands react readily with nickel salts to occupy its equatorial coordination sites whereas several anionic or neutral ligands can be coordinated to the fourth coordination site of the square plane to yield different type of complexes.3 Among the co-ligands, acetate has received remarkable attention because it can coordinate to the metal centers through versatile modes, such as monodentate, chelating, bidentate bridging, monoatomic bridging, chelating bridging, etc (Scheme 1).4 To date, a number of acetato-coordinated complexes have been prepared from various types of ligands.5 However, there still no explicit method to prepare such complexes with aiming structures. Herein, we report the synthesis and crystal structures of two new nickel(II) complexes, [Ni3(L1)2(μ2-η1:η1-OAc)2(DMF)2(BrSal)2] (1) and [Ni3(L2)2(μ2-η1:η1-OAc)2(μ2-η2:η1-OAc)2] (2), where L1 = 5-bromo-2-((cyclopentylimino)methyl)phenolate, L2 = 5-bromo-2-(((2-(isopropylamino)ethyl)imino)methyl)phenolate (Scheme 2), BrSal = 4-bromosalicylaldehyde. 
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Scheme 1. Chelating modes of acetate ligand. 
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Scheme 2. HL1 and HL2. 
2. Experimental Section
2.1. Materials and physical measurements

4-Bromosalicylaldehyde, cyclopentylamine, N-isopropylethane-1,2-diamine and nickel acetate were purchased from Sigma-Aldrich. All other chemicals were commercially available and used as received. Elemental analysis was carried out using model 2400 Perkin-Elmer CHN analyzer. Infrared spectra were collected by using KBr pellets on a Jasco-5300 FT-IR spectrophotometer. Electronic spectra were carried out with a Lambda 35 spectrometer. 
2.2. Preparation of complex 1

4-Bromosalicylaldehyde (0.20 g, 10 mmol) and cyclopentylamine (0.085 g, 10 mmol) were dissolved and stirred at ambient temperature in methanol (30 mL). Thirty minutes later, nickel acetate tetrahydrate (0.50 g, 20 mmol) was added to the solution. The color turned from yellow to deep green, and some insoluble residue was produced. Then, a few drops of DMF was added until the insoluble residue was disappeared. The reaction mixture was stirred for about 1 h and filtered. The filtrate was allowed to slow evaporate for a few days, generating green block shaped single crystals. Yield: 0.13 g (38%). Anal. Calcd for C48H54Br4N4Ni3O12: C, 41.94; H, 3.96; N, 4.08. Found: C, 41.72; H, 4.11; N, 3.97. IR data (KBr; νmax, cm-1): 3097, 3052, 2936, 2868, 1643, 1581, 1517, 1456, 1429, 1408, 1285, 1183, 1101, 1064, 914, 863, 785, 672, 601, 553, 451. UV-Vis data in methanol (λ, nm (ε, L mol-1 cm-1)]: 220 (1.71 × 104), 245 (1.34 × 104), 273 (9.17 × 103), 380 (3.70 × 103). 
2.3. Preparation of complex 2 
4-Bromosalicylaldehyde (0.20 g, 10 mmol) and N-isopropylethane-1,2-diamine (0.102 g, 10 mmol) were dissolved and stirred at ambient temperature in methanol (30 mL). Thirty minutes later, nickel acetate tetrahydrate (0.50 g, 20 mmol) was added to the solution. The color turned from yellow to deep green. The reaction mixture was stirred for about 1 h and filtered. The filtrate was allowed to slow evaporate for a few days, generating green block shaped single crystals. Yield: 0.21 g (43%). Anal. Calcd for C32H44Br2N4Ni3O10: C, 39.19; H, 4.52; N, 5.71. Found: C, 38.96; H, 4.61; N, 5.82. IR data (KBr; νmax, cm-1): 3107, 3075, 2935, 2858, 1627, 1582, 1550, 1473, 1430, 1409, 1396, 1295, 1188, 1157, 1102, 987, 862, 785, 667, 610, 565, 463. UV-Vis data in methanol (λ, nm (ε, L mol-1 cm-1)]: 222 (1.56 × 104), 240 (1.70 × 104), 265 (5.32 × 103), 335 (4.81 × 103). 
2.4. X-ray crystallography 
X-ray data for the complexes were collected on a Bruker SMART 1000 CCD single crystal diffractometer at 298(2) K, equipped with a graphite monochromator and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å) by the ω scan method. Reflections were corrected for Lorentz and polarization effects, and for absorption by semi-empirical methods based on symmetry-equivalent and repeated reflections. The SMART software was used for data acquisition and the SAINT-PLUS software was used for data extraction.6 The absorption corrections were performed with the help of SADABS program.7 The structures were solved by direct methods and refined on F2 by full-matrix least-squares procedures. All non-hydrogen atoms were refined using anisotropic thermal parameters. The hydrogen atoms were included in the structure factor calculations at idealized positions by using a riding model but not refined. The SHELX-97 programs were used for structure solution and refinement.8 Selected crystallographic data for the complexes are listed in Table 1. 
Table 1. Crystal data and structure refinement parameters for complexes 1 and 2
	
	1
	2

	Formula
	C12H14BrCuN3OS
	C32H44Br2N4Ni3O10

	M
	391.8
	980.7

	Temperature (K)
	298(2)
	298(2)

	Radiation, wavelength (Å)
	Mo Kα, 0.71073
	Mo Kα, 0.71073

	Crystal system
	Orthorhombic
	Monoclinic

	Space group
	Pca21
	P21/c

	a (Å)
	12.875(1)
	11.4402(13)

	b (Å)
	6.788(1)
	19.8179(17)

	c (Å)
	16.531(1)
	8.6384(15)

	β (°)
	
	100.8150(10)

	V (Å3)
	1444.8(2)
	1923.7(4)

	Z
	4
	2

	Dc( g/cm3)
	1.801
	1.693


	μ (mm-1)
	4.416
	3.588

	F(000)
	780
	996

	Crystal colour
	Blue
	Green

	θ range for data collection
	3.16-26.49
	2.06-25.50

	Index ranges (h, k, l)
	-16, 15; -8, 8; -20, 20
	-11, 13; -23, 24; -10, 10

	Reflections collected
	12900
	10436

	Independent reflections
	2978
	3581

	Rint
	0.0448
	0.0998

	Reflections with F2 > 2σ(F2)
	2644
	1552

	Absorption correction
	Multi-scan
	Multi-scan

	Minimum and maximum transmission
	0.4299, 0.4721
	0.4026, 0.4442

	R1 [F2 > 2σ(F2)]
	0.0405
	0.0491

	wR2 (all data)
	0.1020
	0.0907

	Goodness-of-fit on F2
	1.082
	0.931


3. Results and discussion

3.1. Chemistry 

Both complexes were readily prepared by reacting nickel acetate tetrahydrate with Schiff base ligands. The elemental analysis data are consistent with the general molecular formulae of the complexes. In complex 1, the acetate ligands act as bidentate bridging groups. In complex 2, two acetate ligands act as bidentate bridging groups, and the other two act as chelating bridging groups. The complexes are soluble in common organic solvents like dimethylsulphoxide, dimethylformamide, methanol, and ethanol. 
3.2. Infrared and electronic spectra of the complexes 
The absence of the O–H stretching and bonding vibrations from the spectra of the complexes indicates coordination through the phenolate groups. Infrared spectra of complexes 1 and 2 display strong bands at 1643 and 1627 cm-1, which represent the C=N stretches of the Schiff base ligands.9 The bands at about 1582 and 1408 cm-1 are assigned to the acetate ligands.4a,5b The occurrence of new bands in the 450–670 cm-1 region confirms the presence of metal-nitrogen and metal-oxygen bonds, respectively.10 In the electronic spectra of the complexes, the absorption centered at 380 nm for complex 1 and 335 nm for complex 2 are assigned to ligand-to-metal charge transfer.11 The absorption frequencies ascribed to the aromatic π-π* and n-π* transitions are located at 240-280 nm.12 
3.3. Structure description of complex 1 
The molecular structure of complex 1 is depicted in Fig. 1. Bond parameters associated with the metal atom are listed in Table 2. The molecular structure is centrosymmetric with Ni2 atom on an inversion center. The structure shows a trinuclear complex consisting of three Ni atoms in a linear array, which are bridged by two acetate ligands and four phenolate groups. The Ni···Ni distance is 3.053(2) Å. The Schiff base ligand coordinates to the Ni atoms through phenolate O and imino N atoms. The ligand 4-bromosalicylaldehyde coordinates to the Ni atoms through carbonyl O and phenolate O atoms. The acetate ligand acts as a bidentate bridging group. The Ni2 atom is located at the inversion centre of the complex in an octahedral geometry. This atom is coordinated by the four phenolate O atoms from the Schiff base and 4-bromosalicylaldehyde ligands that form a plane and, near-perpendicularly to it, by two O atoms from two acetate bridging ligands that connect the central Ni atom to the outer Ni atoms. The greatest deviation of the bond angles from those expected for an ideal octahedral geometry is found for O1-Ni2-O3 with 79.3(3)° and O1-Ni2-O3A with 100.7(3)°. The remaining bond angles are close to the ideal values for the octahedral coordination. The cis and trans coordinate bond angles for Ni2 are in the region 79.3(3)-100.7(3)° and 180°. The terminal Ni1 atom is in an octahedral environment and is coordinated by the four donor atoms of the Schiff base and 4-bromosalicylaldehyde ligands in the equatorial plane, and by two O atoms from one bridging acetate group and one coordinated DMF ligand in the axial positions. The greatest deviations from an ideal octahedral geometry are found in the O2-Ni1-O6 (84.9(3)°) and in N1-Ni1-O2 (100.8(4)°) angles. The remaining bond angles are close to the ideal values for the octahedral coordination. The cis and trans coordinate bond angles for Ni1 are in the region 84.9(3)-100.8(4)° and 168.8(3)-176.6(3)°. The Ni–O and Ni–N bond lengths are similar to those reported previously.13  
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Fig. 1. ORTEP diagram of complex 1 with thermal ellipsoids at 30% probability level. Selected bond lengths and angles are given in Table 2. Unlabeled atoms are related to the symmetry operation 1 – x, 1 – y, 1 – z.

3.4. Structure description of complex 2 
The molecular structure of complex 2 is depicted in Fig. 2. Bond parameters associated with the metal atom are listed in Table 2. The molecular structure is centrosymmetric with Ni2 atom on an inversion center. The structure shows a trinuclear complex consisting of three Ni atoms in a linear array, which are bridged by four acetate ligands and two phenolate groups. The Ni···Ni distance is 3.043(2) Å. The Schiff base ligand coordinates to the Ni atoms through phenolate O, imino N and amino N atoms. Two of the acetate ligands act as bidentate bridging groups, and the other two act as chelating bridging groups. The Ni2 atom is located at the inversion centre of the complex in an octahedral geometry. This atom is coordinated by the two phenolate O atoms from the Schiff base ligands and two O atoms from two bidentate bridging acetate groups that form a plane and, near-perpendicularly to it, by two O atoms from two chelating bridging acetate groups that connect the central Ni atom to the outer Ni atoms. The greatest deviation of the bond angles from those expected for an ideal octahedral geometry is found for O1-Ni2-O2 with 79.97(16)° and O1-Ni2-O2A with 100.03(16)°. The remaining bond angles are close to the ideal values for the octahedral coordination. The cis and trans coordinate bond angles for Ni2 are in the region 79.97(16)-100.03(16)° and 180°. The terminal Ni1 atom is in an octahedral environment and is coordinated by the three donor atoms of the Schiff base ligand and the O2 atom of the chelating bridging acetate group in the equatorial plane, and by the O3 atom of the chelating bridging acetate group and the O4 atom of the bidentate bridging acetate group in the axial positions. The greatest deviations from an ideal octahedral geometry are found in the O2-Ni1-O3 (60.69(19)°) and in O2-Ni1-N2 (103.6(3)°) angles. The remaining bond angles are close to the ideal values for the octahedral coordination. The cis and trans coordinate bond angles for Ni1 are in the region 60.69(19)-103.6(3)° and 157.1(2)-174.1(2)°. The Ni–O and Ni–N bond lengths are comparable to those of complex 1. 
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Fig. 2. ORTEP diagram of complex 2 with thermal ellipsoids at 30% probability level. Selected bond lengths and angles are given in Table 2. Unlabeled atoms are related to the symmetry operation 1 – x, 1 – y, 1 – z.

Table 2. Selected bond distances (Å) and angles (°) for complexes 1 and 2 
	1
	
	
	

	Bond distances
	
	
	

	Ni1-N1
	2.035(10)
	Ni1-O1
	2.014(7)

	Ni1-O2
	2.062(9)
	Ni1-O3
	2.023(7)

	Ni1-O4
	2.023(7)
	Ni1-O6
	2.125(8)

	Ni2-O5
	2.022(7)
	Ni2-O1
	2.048(6)

	Ni2-O3
	2.071(6)
	
	

	Bond angles
	
	
	

	O1-Ni1-O4
	91.2(3)
	O1-Ni1-O3
	81.3(3)

	O4-Ni1-O3
	90.9(3)
	O1-Ni1-N1
	89.7(4)

	O4-Ni1-N1
	93.2(4)
	O3-Ni1-N1
	170.2(4)

	O1-Ni1-O2
	168.8(3)
	O4-Ni1-O2
	92.0(3)

	O3-Ni1-O2
	88.0(3)
	N1-Ni1-O2
	100.8(4)

	O1-Ni1-O6
	92.1(3)
	O4-Ni1-O6
	176.6(3)

	O3-Ni1-O6
	90.5(3)
	N1-Ni1-O6
	85.8(4)

	O2-Ni1-O6
	84.9(3)
	O5-Ni2-O5A
	180

	O5-Ni2-O1A
	92.3(3)
	O5-Ni2-O1
	87.7(3)

	O1-Ni2-O1A
	180
	O5-Ni2-O3A
	90.7(3)

	O1-Ni2-O3A
	100.7(3)
	O5-Ni2-O3
	89.3(3)

	O1-Ni2-O3
	79.3(3)
	O3-Ni2-O3A
	180

	2
	
	
	

	Bond distances
	
	
	

	Ni1-N1
	1.976(6)
	Ni1-N2
	2.152(8)

	Ni1-O1
	2.010(4)
	Ni1-O2
	2.100(4)

	Ni1-O3
	2.201(6)
	Ni1-O4
	2.015(4)

	Ni2-O5
	2.009(4)
	Ni2-O1
	2.057(4)

	Ni2-O2
	2.117(4)
	
	

	Bond angles
	
	
	

	N1-Ni1-O1
	90.5(3)
	N1-Ni1-O4
	100.9(2)

	O1-Ni1-O4
	93.11(17)
	N1-Ni1-O2
	159.8(2)

	O1-Ni1-O2
	81.45(16)
	O4-Ni1-O2
	98.00(18)

	N1-Ni1-N2
	83.7(3)
	O1-Ni1-N2
	174.1(2)

	O4-Ni1-N2
	89.3(2)
	O2-Ni1-N2
	103.6(3)-.

	N1-Ni1-O3
	101.4(2)
	O1-Ni1-O3
	91.91(19)

	O4-Ni1-O3
	157.1(2)
	O2-Ni1-O3
	60.69(19)

	N2-Ni1-O3
	88.0(3)
	O5-Ni2-O5A
	180

	O5-Ni2-O1
	90.09(16)
	O5-Ni2-O1A
	89.91(16)

	O1-Ni2-O1A
	180
	O5-Ni2-O2A
	90.16(17)

	O1-Ni2-O2A
	100.03(16)
	O5-Ni2-O2
	89.84(17)

	O1-Ni2-O2
	79.97(16)
	O2-Ni2-O2A
	180


Symmetry operation for A: 1 – x, 1 – y, 1 – z.

3.5. Antimicrobial activity

The complexes were assayed against the bacteria Escherichia coli and Salmonella typhi, and the fungi Aspergillus niger and Candida albicans by MIC (Minimum Inhibitory Concentration) method with three different concentrations of 100, 50 and 25 μg.14 The activity was also assayed for the pure solvent DMF and the standard Gentamycine for each of antibacterial and Flucanazole for antifungal cultures. Final adjustments were made using optical density measurement for bacteria (absorbance 0.05 at 580 nm). The zone of inhibition in millimeter for the complexes are presented in Table 3. The two complexes have similar activities against the bacteria and fungi. It is interesting that the two complexes have higher activity than the bacteria Escherichia coli and Salmonella typhi than Gentamycine. The complexes are more susceptible toward bacterial cells than fungicidal cells. Thus, it can be concluded that although these compounds are not good fungicides yet may serve as bactericides. 
Table 3. Antimicrobial activities of the complexes (zone of inhibition in mm)

	Compound
	Bacteria
	Fungi

	
	Escherichia coli 
	Salmonella typhi
	Aspergillus niger
	Candida albicans

	1
	29
	31
	15
	18

	2
	30
	30
	16
	18

	Gentamycine
	28
	28
	-
	-

	Flucanazole
	-
	-
	23
	23

	DMF
	12
	14
	12
	12


The concentration is 100 μg L-1. 

4. Conclusion

A pair of novel acetato-bridged trinuclear nickel(II) complexes were prepared and characterized. The nickel atoms are in octahedral coordination geometries. The complexes have interesting antimicrobial activities. 
5. Supplementary material

CCDC Nos. 1974759 (1) and 1974760 (2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif. Crystal data and details of the data collection and refinement for the complexes are collected in Table 1. 
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