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Abstract   
Two new ethyl maltolato coordinated mononuclear oxidovanadium(V) complexes [VOLa(emt)]·DMF (1) and [VOLb(emt)] (2), where H2La = N’-(4-bromo-2-hydroxybenzylidene)-3-hydroxybenzohydrazide, H2Lb = N’-(4-bromo-2-hydroxybenzylidene)benzohydrazide, Hemt = ethyl maltol, have been synthesized and characterized on the basis of CHN elemental analysis, FT-IR, UV-Vis and XRD spectra. Structures of the complexes were further characterized by single crystal X-ray diffraction, which indicated that the V atoms in the complexes adopt octahedral coordination. The hydrazones behave as NOO tridentate ligands. The catalytic epoxidation properties on cyclooctene of the complexes were investigated. 
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1. Introduction
Schiff bases are interesting ligands in the formation of versatile complexes with various metal ions.1 The complexes with Schiff base ligands have received particular attention for their facile synthesis and remarkable biological, catalytic and magnetic applications.2 Catalytic epoxidation of olefins is an important type of reactions in industrial chemistry. A number of complexes with transition metal ions are active catalysts for this process.3 In particular, among the complexes, vanadium and molybdenum complexes seem more interesting because of their excellent catalytic ability in the oxidation of olefins and sulfides.4 Vanadium complexes with hydrazones are reported to possess catalytic properties. In order to study the influence of the substituent groups of the hydrazones on the catalytic property of the vanadium complexes, in this paper, two new oxidovanadium(V) complexes, [VOLa(emt)]·DMF (1) and [VOLb(emt)] (2), where H2La = N’-(4-bromo-2-hydroxybenzylidene)-3-hydroxybenzohydrazide, H2Lb = N’-(4-bromo-2-hydroxybenzylidene)benzohydrazide, Hemt = ethyl maltol (Scheme 1), are presented. 
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Scheme 1. The hydrazones and Hemt.

2. Experimental
2.1. Materials and Methods
3-Hydroxybenzohydrazide, benzohydrazide, 4-bromosalicylaldehyde, ethyl maltol and VO(acac)2 were purchased from Alfa Aesar and used as received. Reagent grade solvents were used as received. Microanalyses of the complexes were performed with a Vario EL III CHNOS elemental analyzer. Infrared spectra were recorded as KBr pellets with an FTS-40 spectrophotometer. Electronic spectra were recorded on a Lambda 900 spectrometer. The powder XRD spectra were recorded in a 2θ range of 2–50° using a Bruker D8 Advance detector under ambient conditions. The catalytic reactions were followed by gas chromatography on an Agilent 6890A chromatograph equipped with an FID detector and a DB5-MS capillary column (30 m × 0.32 mm, 0.25 μm). Molar conductance measurements were made by means of a Metrohm 712 conductometer in acetonitrile. 
2.2. Synthesis of the complex [VOLa(emt)]·DMF

3-Hydroxybenzohydrazide (10 mmol, 1.52 g) and 4-bromosalicylaldehyde (10 mmol, 2.01 g) were refluxed in methanol (50 mL). Then, VO(acac)2 (10 mmol, 2.63 g) and ethyl maltol (10 mmol, 1.40 g) dissolved in methanol (30 mL) were added to the mixture and refluxed for 1 h in oil bath to give a deep brown solution with some insoluble substance. Then, a few drops of DMF were added until the insoluble substance dissolved. Single crystals of the complex were formed during slow evaporation of the reaction mixture in air. The crystals were isolated by filtration, washed with cold methanol and dried over anhydrous CaCl2. Yield: 0.38 g (61%). IR data (KBr pellet, cm-1): 1667 ν(C=O), 1592 ν(C=N), 1524, 1455, 1408, 1353, 1250 ν(C–Ophenolate), 1188 ν(N–N), 1107, 1066, 1030, 973 ν(V=O), 926, 850, 796, 727, 630, 522, 468. UV-Vis data in methanol (nm): 210, 269, 320, 398. Molar conductance (10-3 mol·L-1, methanol): 25 Ω-1·cm2·mol-1. Analysis: Found: C 46.89, H 3.85, N 6.77%. Calculated for C24H23BrN3O8V: C 47.08, H 3.79, N 6.86%. 
2.3. Synthesis of the complex [VOLb(emt)]
  Benzohydrazide (10 mmol, 1.36 g) and 4-bromosalicylaldehyde (10 mmol, 2.01 g) were refluxed in methanol (50 mL). Then, VO(acac)2 (10 mmol, 2.63 g) and ethyl maltol (10 mmol, 1.40 g) dissolved in methanol (30 mL) were added to the mixture and refluxed for 1 h in oil bath to give a deep brown solution. Single crystals of the complex were formed during slow evaporation of the reaction mixture in air. The crystals were isolated by filtration, washed with cold methanol and dried over anhydrous CaCl2. Yield: 0.21 g (40%). IR data (KBr pellet, cm-1): 1595 ν(C=N), 1529, 1458, 1407, 1338, 1252 ν(C–Ophenolate), 1196 ν(N–N), 1131, 1070, 973 ν(V=O), 919, 835, 786, 695, 639, 598, 515, 466. UV-Vis data in methanol (nm): 210, 267, 322, 396. Molar conductance (10-3 mol·L-1, methanol): 33 Ω-1·cm2·mol-1. Analysis: Found: C 48.37, H 3.16, N 5.22%. Calculated for C21H16BrN2O6V: C 48.21, H 3.08, N 5.35%. 
2.4. Crystal structure determination
Data were collected on a Bruker SMART 1000 CCD area diffractometer using a graphite monochromator Mo Kα radiation (λ = 0.71073 Å) at 298(2) K. The data were corrected with SADABS programs and refined on F2 with Siemens SHELXL software.5 The structures of the complexes were solved by direct methods and difference Fourier syntheses. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed in calculated positions and included in the last cycles of refinement. Crystal data and details of the data collection and refinement are listed in Table 1. Selected coordinate bond lengths and angles are listed in Table 2. 
Table 1. Crystallographic data for the complexes 

	Parameters
	1
	2

	Empirical formula
	C24H23BrN3O8V
	C21H16BrN2O6V

	Formula weight
	612.30
	523.21

	Crystal system
	Triclinic
	Monoclinic

	Space group
	P-1
	P21/n

	a [Å]
	10.0508(11)
	12.2708(11)

	b [Å]
	11.6192(12)
	7.4066(7)

	c [Å]
	12.8769(12)
	22.6657(12)

	α [º]
	63.7350(10)
	90

	β [º]
	68.8460(10)
	94.5300(10)

	γ [º]
	86.6150(10)
	90

	V [Å3]
	1248.5(2)
	2053.5(3)

	Z
	2
	4

	ρcalcd. [g cm–3]
	1.629
	1.692

	μ [mm–1]
	2.052
	2.471

	F(000)
	620
	1048

	Measured reflections
	27647
	11744

	Independent reflections
	4646
	3809

	Observed reflections (I > 2σ(I))
	3541
	2765

	Parameters
	338
	281

	Restraints
	0
	0

	Final R indices [I > 2σ(I)]
	0.0491, 0.1387
	0.0385, 0.0914

	R indices (all data)
	0.0674, 0.1518
	0.0632, 0.1020

	Goodness-of-fit on F2
	1.037
	1.030

	Largest difference in peak and hole (e Å-3)
	0.941 and –0.696
	0.542 and –0.482


Table 2. Selected bond lengths (Å) and angles (º) for the complexes 

	1
	
	
	

	V1-O1
	1.843(3)
	V1-O2
	1.918(3)

	V1-O4
	1.585(3)
	V1-O5
	2.263(3)

	V1-O6
	1.862(2)
	V1-N1
	2.094(3)

	O4-V1-O1
	100.49(16)
	O4-V1-O6
	100.18(12)

	O1-V1-O6
	95.62(11)
	O4-V1-O2
	94.89(14)

	O1-V1-O2
	155.78(12)
	O6-V1-O2
	99.96(11)

	O4-V1-N1
	101.11(12)
	O1-V1-N1
	83.47(12)

	O6-V1-N1
	158.50(11)
	O2-V1-N1
	75.24(11)

	O4-V1-O5
	174.17(14)
	O1-V1-O5
	85.16(13)

	O6-V1-O5
	77.68(10)
	O2-V1-O5
	80.23(11)

	N1-V1-O5
	80.84(10)
	
	

	2
	
	
	

	V1-O1
	1.849(2)
	V1-O2
	1.922(2)

	V1-O3
	1.588(2)
	V1-O4
	1.872(2)

	V1-O5
	2.255(2)
	V1-N1
	2.083(2)

	O3-V1-O1
	99.32(12)
	O3-V1-O4
	98.75(11)

	O1-V1-O4
	102.31(9)
	O3-V1-O2
	99.79(11)

	O1-V1-O2
	153.12(10)
	O4-V1-O2
	93.26(9)

	O3-V1-N1
	98.47(11)
	O1-V1-N1
	83.71(9)

	O4-V1-N1
	160.56(10)
	O2-V1-N1
	74.93(9)

	O3-V1-O5
	176.08(11)
	O1-V1-O5
	83.49(10)

	O4-V1-O5
	77.91(9)
	O2-V1-O5
	78.47(9)

	N1-V1-O5
	84.52(9)
	
	


3. Results and Discussion
3.1. Synthesis
The hydrazone compounds and the complexes were synthesized in a facile and analogous way (Scheme 1). 
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Scheme 1. The syntheses of the hydrazones and the complexes
The hydrazones H2La and H2Lb act as tridentate dianionic NOO donor ligands toward the VO3+ cores. The two complexes were obtained from refluxing mixtures of the hydrazones with VO(acac)2 in 1:1 molar proportion in the presence of ethyl maltol in methanol. Complex 1 is not soluble well in methanol, so DMF was added to improve the solubility. The complexes were isolated as single crystals from the reaction mixtures by slow evaporation at room temperature. Crystals of the complexes are stable at room temperature. The low molar solution conductance of the complexes in methanol indicates their non-electrolyte behavior. 
The experimental X-ray powder diffraction patterns of the bulk samples of the complexes agree well with the simulated patterns calculated from single crystal X-ray diffraction (Figures 1 and 2). The results prove the purity of the bulk samples. 
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Figure 1. Experimental and simulated powder XRD patterns of complex 1. 
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Figure 2. Experimental and simulated powder XRD patterns of complex 2. 

3.2. IR and electronic spectra
The IR spectra of the hydrazones show bands centered at about 3215 cm-1 for ν(N–H), 3437 cm-1 for ν(O–H), and 1635 cm-1 for ν(C=O).6 The peaks attributed to ν(N–H) and ν(C=O) are absent in the spectra of the complexes as the ligands bind in dianionic form resulting in losing proton from carbohydrazide group. An intense band at 1667 cm-1 for complex 1 ascribes to the C=O band of DMF molecule. Strong bands observed at 1592 and 1595 cm-1 for the vanadium complexes are attributed to ν(C=N), which are located at lower frequencies as compared to the free hydrazones.7 The complexes exhibit characteristic bands at 973 cm-1 for the stretching of V=O bonds.8 Based on the IR absorption, it is obvious that the hydrazone ligands exist in the uncoordinated form in keto-amino tautomer form and in the complexes in imino-enol tautomeric form. This is not uncommon in the coordination of the hydrazone compounds.9 
Electronic spectra of the complexes recorded in methanol displays strong absorption bands centered at about 400 nm, which are assigned as charge transfer transitions of N(pπ)–V(dπ) LMCT. The medium absorption bands centered at about 320 nm for the complexes are assigned as charge transfer transitions of O(pπ)–V(dπ) LMCT.10 
3.3. Description of the structures of the complexes
The molecular structures of complexes 1 and 2 are depicted in Figures 3 and 4, respectively. There is a solvated DMF molecule in complex 1. The V atoms in both complexes are in distorted octahedral coordination with NO5 chromophore. The dianionic tridentate hydrazones coordinate to the V atoms with the phenolate oxygen (O1), the enolate oxygen (O2) and the imine nitrogen (N1). The emt ligand coordinates to the V atom with the carbonyl oxygen (O5) and phenolate oxygen (O6). The octahedral coordination is defined by the three donor atoms of the hydrazone and the O6 atom at the equatorial plane, and by the oxido oxygen (O4 for 1 and O3 for 2) and the O5 atom at the axial positions. The V atoms in complex 1 and 2 deviated from the least-squares planes defined by the equatorial donor atoms by 0.306(1) Å and 0.302(1) Å, respectively. The V1–O5 bond lengths (2.26 Å) in both complexes are longer than the remaining V–O bonds (1.58-2.10 Å), which is caused by the trans effects generated by the oxido groups. The bond lengths of V–O and V–N are within the values observed in other vanadium(V) complexes.2f,4e,11 The bond lengths of C8–O2 (1.31 Å) indicate they are more close to single bonds, which is due to the conjugation effects of the ligands.12 In addition, the bond lengths of C8–N2 (1.30 Å) and N1–N2 (1.40 Å) are intermediate between single and double bonds, which also supports the electron cloud delocalization in the hydrazone ligands. The five-membered chelate rings (V1-N1-N2-C8-O2) are nearly planar, while the six-membered chelate rings (V1-O1-C2-C1-C7-N1) are obviously distorted from planarity. The benzene rings of the hydrazone ligands form dihedral angles of 1.8(3)º (1) and 8.7(4)º (2). The distortion of the octahedral coordination can be observed from the trans angles (157.8(1)–174.2(1)º for 1 and 153.8(1)–176.1(1)º for 2). 
In the crystal structures of complexes 1 and 2 (Figures 5 and 6), the complexes molecules are linked together by hydrogen bonds (Table 3). 
Table 3. Hydrogen bond distances (Å) and bond angles (°) for the complexes
	D–H∙∙∙A
	d(D–H), Å
	d(H∙∙∙A), Å
	d(D∙∙∙A), Å
	Angle (D–H∙∙∙A), º

	1
	
	
	
	

	O3–H3∙∙∙O8i
	0.82
	1.81
	2.628(5)
	178(3)

	C19–H19∙∙∙O5ii
	0.93
	2.51
	3.357(5)
	151(3)

	C20–H20A∙∙∙O4iii
	0.97
	2.53
	3.264(5)
	132(3)

	2
	
	
	
	

	C17–H17∙∙∙O3iv
	0.93
	2.48
	3.330(5)
	153(3)

	C21–H21B∙∙∙O5v
	0.96
	2.52
	3.440(5)
	160(3)


Symmetry codes: i) –1 + x, y, z; ii) 1 – x, – y, 1 – z; iii) 1 – x, 1 – y, – z; iv) x, 1 + y, z; v) 2 – x, 2 – y, – z. 
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Figure 3. ORTEP plots (30% probability level) and numbering scheme for complex 1. 
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Figure 4. ORTEP plots (30% probability level) and numbering scheme for complex 2. 
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Figure 5. The molecular packing diagram of complex 1, viewed down the b axis. Hydrogen bonds are shown as dashed lines. 
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Figure 6. The molecular packing diagram of complex 2, viewed down the b axis. Hydrogen bonds are shown as dashed lines. 

3.4. Catalytic epoxidation property
The catalytic epoxidation experiment was described in the literature.13 The complexes showed good properties on the cyclooctene epoxidation reaction by using aqueous TBHP as oxidant with no extra addition of organic solvents. Kinetic profiles of complexes 1 and 2 as the catalysts are presented in Figure 7. The cyclooctene conversions for complexes 1 and 2 are 91% and 90%, respectively after 5 h, and the selectivities for cyclooctene oxide are 67-69%. The proposed mechanism is shown in Scheme 2. The TBHP molecule was considered to be coordinated to the V atom with the formation of a O–H···O hydrogen bond (Scheme 2). 
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Scheme 2. Proposed mechanism for the catalytic reaction. X = OH for 1, and X = H for 2. 
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Figure 7. Kinetic monitoring of cis-cyclooctene epoxidation with TBHP–H2O in the presence of the complexes 1 and 2. 

4. Conclusion
In summary, two new structurally similar oxidovanadium(V) complexes derived from the tridentate hydrazones N’-(4-bromo-2-hydroxybenzylidene)-3-hydroxybenzohydrazide and N’-(4-bromo-2-hydroxybenzylidene)benzohydrazide, and the bidentate ligand ethyl maltol were prepared and structurally characterized. The hydrazone ligands coordinate to the vanadium atoms through the NOO donor set. The V atoms of the complexes are in octahedral coordination. The ethyl maltol ligand can be substituted by TBHP during the catalytic processes. The complexes have effective catalytic epoxidation properties on cyclooctene with high conversions. 
5. Supplementary data
CCDC numbers 1979493 for 1 and 1979494 for 2 contain the supplementary crystallographic data. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Center, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk. 
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