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Abstract
Zinc complexes with Schiff base ligands have important biological activities. The structures of Schiff base complexes are sensitive. By changing the anions of zinc salts, three different zinc(II) complexes, [Zn2(HL)2(NCS)4]·2CH3OH (1), [Zn2L(μ2-η1:η1-CH3COO)2(NCS)] (2) and [Zn(HL)I2]·CH3OH (3), where L = 5-bromo-2-((2-(diethylamino)ethylimino)methyl)phenolate, HL = 5-bromo-2-((2-(diethylammonio)ethylimino)methyl)phenolate, have been synthesized and characterized by IR and UV-Vis spectra, as well as single-crystal X-ray diffraction. X-ray analysis indicates that the Zn atoms in the complexes are in trigonal bipyramidal, square pyramidal and tetrahedral coordination. The anions of the zinc salts lead to the formation of different structures of the complexes. Antibacterial activity of the complexes against Staphylococcus aureus, Escherichia coli, Klebsielle pneumoniae and Candida albicans strains was studied. 
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1. Introduction
Schiff base compounds play important role in the pharmaceutical industry as antibacterial, antiradical, antifungal, anticancer and antiviral agents.1 Salen type Schiff bases are privileged ligands in coordination chemistry that can form versatile structures of complexes with various metals.2 Among the large number of Schiff base complexes, those with zinc atoms have received particular attention due to their remarkable biological activities.3 Zinc is the second most abundant trace metal in the human body and can be considered as non-toxic to humans. It is essential for the structures, regulation and catalytic action of over 300 enzymes.4 A number of zinc complexes have shown antimicrobial activities,5 and therefore zinc complexes deserve further attention in this regard. In this paper, three new zinc(II) complexes, [Zn2(HL)2(NCS)4]·2CH3OH (1), [Zn2L(μ2-η1:η1-CH3COO)2(NCS)] (2) and [Zn(HL)I2]·CH3OH (3), where L = 5-bromo-2-((2-(diethylamino)ethylimino)methyl)phenolate, HL = 5-bromo-2-((2-(diethylammonio)ethylimino)methyl)phenolate, have been synthesized, characterized, and assayed for the antibacterial effects. 
2. Experimental
2. 1. General Methods and Materials 
Zinc nitrate, zinc acetate, zinc iodide, ammonium thiocyanate, 4-bromosalicylaldehyde and N,N-diethylethane-1,2-diamine were obtained from Sigma-Aldrich. All other reagents were of analytical reagent grade. Elemental analyses (C, H, N) were performed with a PE-2400 II apparatus. Infrared spectra were recorded on KBr pellets with a Nicolet Nexus 670 FT-IR spectrometer in the 400–4000 cm–1 range. UV-Vis spectra were obtained on a Lambda 900 spectrometer. Molar conductance was measured with a Shanghai DDS-11A conductometer. X-ray diffraction was carried out on a Bruker SMART 1000 CCD diffractometer. 

2. 2. Synthesis of [Zn2(HL)2(NCS)4]·2CH3OH (1)
4-Bromosalicylaldehyde (1.0 mmol, 0.20 g) and N,N-diethylethane-1,2-diamine (1.0 mmol, 0.12 g) were dissolved in methanol and refluxed for 10 min. After cooling to room temperature, zinc nitrate hexahydrate (2.0 mmol, 0.38 g) was added to the solution, and stirred for 10 min. Then, ammonium thiocyanate (2.0 mmol, 0.15 g) was added and stirred for another 10 min and filtered. The filtrate was allowed to evaporate slowly for 3 days at room temperature and colorless crystals were obtained. The crystals were isolated by filtration, washed with methanol and dried in air. Yield: 0.23 g (45%). Anal. Calcd. for C32H46Br2N8O4S4Zn2 (%): C, 37.47; H, 4.52; N, 10.93. Found (%): C, 37.33; H, 4.63; N, 11.12. IR data (KBr, νmax/cm–1): 3616 (OH), 3381 (NH), 2095, 2070 (NCS), 1634 (C=N), 1578, 1530, 1474, 1455, 1391, 1273, 1192, 1133, 1085, 1023, 961, 919, 857, 793, 598, 583, 523, 477, 455. UV-Vis data (MeOH; λmax, nm): 227, 247, 266, 322, 365. 
2. 3. Synthesis of [Zn2L(μ2-η1:η1-CH3COO)2(NCS)] (2)
4-Bromosalicylaldehyde (1.0 mmol, 0.20 g) and N,N-diethylethane-1,2-diamine (1.0 mmol, 0.12 g) were dissolved in methanol and refluxed for 10 min. After cooling to room temperature, zinc acetate dihydrate (2.0 mmol, 0.22 g) was added to the solution, and stirred for 10 min. Then, ammonium thiocyanate (2.0 mmol, 0.15 g) was added and stirred for another 10 min and filtered. The filtrate was allowed to evaporate slowly for 5 days at room temperature and colorless crystals were obtained. The crystals were isolated by filtration, washed with methanol and dried in air. Yield: 0.34 g (56%). Anal. Calcd. for C18H24BrN3O5SZn2 (%): C, 35.73; H, 4.00; N, 6.94. Found (%): C, 35.87; H, 4.12; N, 6.85. IR data (KBr, νmax/cm–1): 2083 (NCS), 1648 (C=N), 1592, 1538, 1477, 1443, 1394, 1345, 1277, 1205, 1173, 1076, 1042, 936, 910, 851, 795, 736, 668, 617, 600, 543, 460. UV-Vis data (MeOH; λmax, nm): 240, 275, 343.
2. 4. Synthesis of [Zn(HL)I2]·CH3OH (3)
4-Bromosalicylaldehyde (1.0 mmol, 0.20 g) and N,N-diethylethane-1,2-diamine (1.0 mmol, 0.12 g) were dissolved in methanol and refluxed for 10 min. After cooling to room temperature, zinc iodide (2.0 mmol, 0.32 g) was added to the solution, and stirred for 10 min. Then, ammonium thiocyanate (2.0 mmol, 0.15 g) was added and stirred for another 10 min and filtered. The filtrate was allowed to evaporate slowly for 6 days at room temperature and colorless crystals were obtained. The crystals were isolated by filtration, washed with methanol and dried in air. Yield: 0.41 g (64%). Anal. Calcd. for C13H21BrI2N2O2Zn (%): C, 24.53; H, 3.33; N, 4.40. Found (%): C, 24.66; H, 3.24; N, 4.47. IR data (KBr, νmax/cm–1): 3528 (OH), 3286 (NH), 1626 (C=N), 1580, 1515, 1462, 1429, 1401, 1287, 1233, 1180, 1133, 1066, 1053, 923, 870, 803, 779, 683, 602, 570, 527, 498, 462. UV-Vis data (MeOH; λmax, nm): 218, 245, 267, 366.
2. 5. X-ray Crystallography 
The program SAINT was used for integration of the diffraction profiles.6 Structures were solved by direct methods using the SHELXS program of the SHELXTL package and refined by full-matrix least-squares methods with SHELXL (semi-empirical absorption corrections were applied using the SADABS program).7 The positions of the non-hydrogen atoms were located in difference Fourier syntheses and least-squares refinement cycles, and finally refined anisotropically. The C8-C9-N2-C10-C11-C12-C13 moiety of complex 2 is disordered over two sites, with occupancies of 0.52(1) and 0.48(1). The water hydrogen atoms of complex 3 were located from the electronic density map and refined isotropically, with O–H and H···H distances restrained to 0.85(1) and 1.37(2) Å, respectively. The remaining hydrogen atoms of the complexes were placed theoretically onto the specific atoms and refined isotropically as riding atoms. Crystallographic data and experimental details for structural analyses are summarized in Table 1. Selected bond lengths and angles for the complexes are listed in Table 2. 
Table 1. Crystallographic and refinement data for the complexes
	
	1
	2
	3

	Molecular formula
	C32H46Br2N8O4S4Zn2
	C18H24BrN3O5SZn2
	C13H21BrI2N2O2Zn

	Formula weight
	1025.57
	605.11
	636.40

	T, K
	298(2)
	298(2)
	298(2)

	Crystal system
	Monoclinic
	Monoclinic
	Monoclinic

	Space group
	P21/n
	P21/c
	P21/n

	a, Å
	8.9614(19)
	15.6123(13)
	8.1733(11)

	b, Å
	22.7484(17)
	8.3289(12)
	14.3725(13)

	c, Å
	10.5794(13)
	18.4164(15)
	17.1426(13)

	(, °
	97.195(2)
	93.024(1)
	92.850(1)

	V, Å3
	2139.7(5)
	2391.4(4)
	2011.3(4)

	Z
	2
	4
	4

	ρcalcd, g cm–3
	1.592
	1.681
	2.102

	((MoK( , mm–1)
	3.228
	3.796
	6.282

	F(000)
	1040
	1216
	1200

	Measured reflections
	11876
	13619
	10379

	Unique reflections
	3945
	4451
	3737

	Observed reflections 
(I ( 2((I))
	2467
	2659
	2501

	Parameters
	238
	326
	198

	Restraints
	0
	90
	3

	Goodness of fit on F2
	0.996
	1.006
	0.998

	R1, wR2 (I ( 2((I)*
	0.0628, 0.1840
	0.0380, 0.0909
	0.0502, 0.1209

	R1, wR2 (all data)*
	0.1109, 0.2397
	0.0802, 0.1090
	0.0809, 0.1392


* R1 = ∑||Fo| – |Fc||/∑|Fo|, wR2 = {∑[w(Fo2 – Fc2)2]/∑[w(Fo2)2]}1/2
Table 2. Selected bond distances (Å) and angles (°) for the complexes
	1

	Zn1–O1
	1.965(5)
	Zn1–N1
	2.123(6)

	Zn1–N3
	1.971(7)
	Zn1–N4
	1.994(7)

	Zn1–O1A
	2.224(5)
	
	

	O1–Zn1–N3
	118.5(3)
	O1–Zn1–N4
	123.9(3)

	N3–Zn1–N4
	116.1(3)
	O1–Zn1–N1
	90.1(2)

	N3–Zn1–N1
	97.0(3)
	N4–Zn1–N1
	95.2(3)

	O1–Zn1–O1A
	77.4(2)
	N3–Zn1–O1A
	90.0(2)

	N4–Zn1–O1A
	91.0(2)
	N1–Zn1–O1A
	167.48(19)

	2

	Zn1–O1
	2.110(3)
	Zn1–O2
	1.987(3)

	Zn1–N1
	1.997(5)
	Zn1–N2
	2.220(4)

	Zn2–N3
	1.926(5)
	Zn1–O4
	1.981(4)

	Zn2–O1
	1.959(3)
	Zn2–O3
	1.961(3)

	Zn2–O5
	1.945(3)
	
	

	O4–Zn1–O2
	107.45(15)
	O4–Zn1–N1
	143.47(16)

	O2–Zn1–N1
	109.05(16)
	O4–Zn1–O1
	90.47(13)

	O2–Zn1–O1
	96.39(13)
	N1–Zn1–O1
	86.86(15)

	O4–Zn1–N2
	94.51(16)
	O2–Zn1–N2
	94.36(15)

	N1–Zn1–N2
	81.48(18)
	O1–Zn1–N2
	166.22(16)

	N3–Zn2–O5
	111.59(17)
	N3–Zn2–O1
	119.37(16)

	O5–Zn2–O1
	101.44(14)
	N3–Zn2–O3
	107.47(16)

	O5–Zn2–O3
	110.21(14)
	O1–Zn2–O3
	106.46(13)

	3
	
	
	

	Zn1–I1
	2.5498(10)
	Zn1–I2
	2.5906(10)

	Zn1–O1
	1.955(5)
	Zn1–N1
	2.033(5)

	O1–Zn1–N1
	94.6(2)
	O1–Zn1–I1
	111.47(16)

	N1–Zn1–I1
	115.92(17)
	O1–Zn1–I2
	111.73(17)

	N1–Zn1–I2
	106.76(17)
	I1–Zn1–I2
	114.61(3)


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

2. 6. Antibacterial Assay 
The complexes and ligands were tested for their in vitro antibacterial activity against Staphylococcus aureus, Escherichia coli, Klebsielle pneumoniae and Candida albicans strains using the paper disc diffusion method (for the qualitative determination) and the serial dilutions in liquid broth method (for determination of MIC).8 Suspensions in sterile peptone water from 24 h cultures of microorganisms were adjusted to 0.5 McFarland. Muller–Hinton Petri dishes of 90 mm were inoculated using these suspensions. Paper disks (6 mm in diameter) containing 10 μL of the substance to be tested (at a concentration of 2048 μg/mL in DMSO) were placed in a circular pattern in each inoculated plate. Incubation of the plates was done at 37 ºC for 18–24 h. Reading of the results was done by measuring the diameters of the inhibition zones generated by the tested substances. Tetracycline and fluconazole were used as a reference substance.

Determination of MIC was done using the serial dilutions in liquid broth method. The materials used were 96-well plates, suspensions of microorganism (0.5 McFarland), Muller–Hinton broth (Merck) and stock solutions of each substance to be tested (2048 μg/mL in DMSO). The following concentrations of the substances to be tested were obtained in the 96-well plates: 1024, 512, 256, 128, 64, 32, 16, 8.0, 4.0 and 2.0 μg/mL. After incubation at 37 ºC for 18–24 h, the MIC for each tested substance was determined by macroscopic observation of microbial growth. It corresponds to the well with the lowest concentration of the tested substance where microbial growth was clearly inhibited. 
3. Results and Discussion
3. 1. Synthesis and Characterization 
The Schiff base ligand was prepared by the condensation reaction of 4-bromosalicylaldehyde and N,N-diethylethane-1,2-diamine in methanol, which was used to prepare the complexes directly. The three complexes were facile synthesized by reaction of the freshly synthesized Schiff base ligand, ammonium thiocyanate and different zinc salts, viz. zinc nitrate for 1, zinc acetate for 2, and zinc iodide for 3 (Scheme 2). The anions of the zinc salts lead to the formation of different structures of the complexes. The thiocyanate ligand was incorporated in the preparation of the complexes, and it coordinated to complexes 1 and 2, while absent in complex 3. All the complexes are soluble in methanol, ethanol, acetonitrile, DMF and DMSO, and stable in air at room temperature. Elemental analyses of the complexes are in accordance with the molecular structures proposed by the X-ray analysis. The molar conductivity values in methanol in 20-35 Ω–1 cm2 mol–1 range indicated that they are non-electrolytes.9 
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Scheme 2. The synthesis of the complexes

3. 2. Structure Description of Complex 1 
The molecular structure of complex 1 is shown in Figure 1. The complex bears crystallographic inversion center symmetry. The inversion center is located at the midpoint of the two Zn atoms, which are bridged by two phenolate O atoms, and has a separation of 3.273(1) Å. Besides, there are two methanol molecules which are connected to the dinuclear zinc complex molecule via N2–H2A···O2 hydrogen bonds. Each Zn atom is coordinated in a trigonal bipyramidal geometry, as evidenced by the τ value of 0.73.10 The basal plane is defined by the phenolate oxygen (O1) and two thiocyanate nitrogen (N3 and N4), and the two axial positions are occupied by the imino nitrogen (N1) and the symmetry related phenolate oxygen (O1A). The Zn-O/N bonds are comparable to those observed in similar zinc complexes with Schiff base ligands.11 The bond angles in the basal plane vary from 116.1(3) to 123.9(3)º, which are close to the ideal value of 120º. The axial bond N1-Zn1-O1A form an angle of 167.5(2)º, which deviates larger from the ideal value of 180º. The Schiff bases act as bidentate ligands and adopt zwitterionic form, with the amino nitrogen protonated. The four thiocyanate ligands coordinate to the Zn atoms with terminal coordination mode. 
[image: image2.png]



Figure 1. A perspective view of complex 1 with the atom labeling scheme. Thermal ellipsoids are drawn at the 30% probability level. 

3. 3. Structure Description of Complex 2
The molecular structure of complex 2 is shown in Figure 2. The two Zn atoms are bridged by one phenolate O atom, and two acetate ligands, with a distance of 3.131(1) Å. The Zn1 atom is coordinated in a square pyramidal geometry, as evidenced by the τ value of 0.38.10 The basal plane is defined by the phenolate oxygen (O1), imino nitrogen (N1) and amino nitrogen (N2) of the Schiff base ligand, and one acetate oxygen (O4). The apical position is occupied by the acetate oxygen (O2). The cis and trans angles in the basal plane are in the ranges of 81.5(2)-94.5(2)º and 143.5(2)-166.2(2)º, respectively. The bond angles between the apical and basal donor atoms are 94.4(2)-109.0(2)º. Thus, the square pyramidal coordination is severely distorted. The Zn1 atom deviates from the least-squares plane defined by the four basal donor atoms by 0.412(2) Å. The Zn2 atom is coordinated by the phenolate oxygen (O1) of the Schiff base ligand, the thiocyanate nitrogen (N3) and two acetate oxygens (O3 and O5), forming a tetrahedral geometry. The bond angles are in the range of 101.4(2)-119.4(2)º. The Zn-O/N bonds are comparable to those observed in similar zinc complexes with Schiff bases.12 The Schiff base acts as a tridentate ligand. The thiocyanate ligand coordinates to the Zn atom with terminal coordination mode.
[image: image3.png]



Figure 2. A perspective view of complex 2 with the atom labeling scheme. Thermal ellipsoids are drawn at the 30% probability level. Only the major component of the disordered group is shown. 

3. 4. Structure Description of Complex 3

The molecular structure of complex 3 is shown in Figure 3. The water molecule is linked to the zinc complex molecule via O2–H2A···O1 hydrogen bond. The Zn atom is coordinated by the phenolate oxygen (O1) and imino nitrogen (N1) of the Schiff base ligand, and two I atoms (I1 and I2), forming a tetrahedral geometry. The bond angles are in the range of 94.6(2)-115.9(2)º. The Zn-O/N bonds are comparable to those observed in similar zinc complexes with Schiff bases.13 The Schiff base acts as a bidentate ligand and adopts zwitterionic form, with the amino nitrogen protonated. 
[image: image4.png]



Figure 3. A perspective view of complex 3 with the atom labeling scheme. Thermal ellipsoids are drawn at the 30% probability level. 

3. 5. Infrared and UV-Vis Spectra

Infrared spectra provide valuable information regarding the functional group attached to the zinc center. Complex 1 contains non-coordinating methanol molecules, and complex 2 contains non-coordinating water molecule, which are clear from the well-defined bands at 3616 cm-1 for 1 and 3528 cm-1 for 2. The weak and sharp bands at 3381 m-1 for 1 and 3286 cm-1 for 3 can be attributed to the N–H vibrations. The intense absorptions at 2070-2095 cm-1 for 1 and 2 arise from the thiocyanate ligands.14 The bands at 1270–1290 cm-1 may be assigned to the Ar–O stretching vibrations. The typical absorptions at 1626–1648 cm-1 are caused by the vibrations of the azomethine groups of the Schiff base ligands.15 The spectrum of complex 2 displays the characteristic bands of acetate ligands at 1592 cm-1 for νas(CO2) and 1394 cm-1 for νs(CO2).16 The bands in the region 400–600 cm-1 may be attributed to Zn–O and Zn–N vibrations.
The electronic spectra of these complexes were recorded in methanol solution. The bands at 245-275 nm are attributed to π→π* transitions of the Schiff base ligands.17 The charge-transfer bands are observed at 320-370 nm.18 
3. 6. Antibacterial Activity
The three complexes were screened for antibacterial activities. The results are listed in Table 3. Complexes 1 and 3 have similar activities against the four bacteria. They show strong activity against Staphylococcus aureus, medium activity against Escherichia coli, and weak activities against Klebsielle pneumonia and Candida albicans. Complex 2 has strong activity against Staphylococcus aureus, medium activity against Klebsielle pneumonia, and weak activities against Escherichia coli and Candida albicans. In general, complexes 1 and 3 have stronger activities against Staphylococcus aureus, Escherichia coli and Candida albicans than complex 2. While for Klebsielle pneumonia, complex 2 has stronger activity than the other two. 
Notably, complexes 1 and 3 have similar activity against Staphylococcus aureus, and complex 3 has similar activity against Escherichia coli when compared with Tetracycline. The chelation of the Schiff base ligand may reduce the polarity of the metal ion because of partial sharing of its positive charge with the donor group and possible electron delocalization over the whole chelate ring. The coordination may facilitate the ability of a complex to cross the lipid layer of the bacterial cell membrane and in this way may be affected the mechanisms of growth and development of microorganisms.19 
Table 3. Antibacterial activity as MIC values (μg/mL)

	Compound
	Staphylococcus aureus
	Escherichia coli
	Klebsielle pneumoniae
	Candida albicans

	1
	0.50
	4.0
	16
	32

	2
	2.0
	8.0
	4.0
	64

	3
	0.50
	2.0
	8.0
	32

	Tetracycline
	0.25
	2.0
	1.0
	-

	Fluconazol
	-
	-
	-
	2.0


4. Conclusion

Three new zinc complexes derived from the Schiff base ligand 5-bromo-2-((2-(diethylamino)ethylimino)methyl)phenol have been synthesized and characterized. Single crystal structures of the complexes indicates that two of them are dinuclear zinc complexes, and the third one is mononuclear zinc complex. The anions of the zinc salts result in the variation of the final structures. The complexes have interesting antibacterial activities against Staphylococcus aureus, Escherichia coli, Klebsielle pneumoniae and Candida albicans strains. 
5. Supplementary Data
CCDC 2059026 (1), 2059027 (2) and 2059029 (3) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 
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