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Abstract
[bookmark: OLE_LINK6][bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Two oxidovanadium(V) complexes, [VOL1L](1) and [VOL2L] (2) (L = ethyl maltolate), derived from the aroylhydrazones 4-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohydrazide (H2L1) andN’-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxybenzohydrazide (H2L2), respectively, have been synthesized and characterized by elemental analysis, infrared and electronic spectra. Structures of the complexes were further confirmed by single crystal X-ray determination. The V atoms in the complexes are coordinated by the ONO donor atoms of the aroylhydrazone ligand, OO donor atoms of the ethyl maltolate ligand, and one oxo O atom, forming octahedral coordination. The complexes function as effective olefin epoxidation catalysts with hydrogen peroxide as terminal oxidant and sodium hydrogen carbonate as a co-catalyst. 
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1. Introduction
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Schiff base complexes have gained remarkable attention due to their interesting applications in the development of new materials like catalysts, and biological applications like DNA cleavage, antibacterial, antiviral and antifungal agents.1 Metal complexes of hydrazone type Schiff bases were used as catalysts for the organic synthesis, such as olefin polymerization and epoxidation reactions.2 Among the various metal ions, the complexes of vanadium have received considerable interest in their biochemical significance and industrial catalytic processes.3 For instance, the use of vanadium complexes in asymmetric synthesis, in C–C bond formation as well as in C–C, C–O and C–H bond cleavages, catalytic oxidation of various olefins, oxidative halogenation and selective epoxidation of unsaturated hydrocarbons and allyl alcohols.4 Aroylhydrazones bearing typical –CO–NH–N=CH–group are interesting ligands in the preparation of various metal complexes which have considerable biological and catalytic properties.5 To date, a number of vanadium complexes have been obtained. However, the vanadium complexes with hydrazones are rarely reported with catalytic oxidation on olefins. Recently, our research group has reported some vanadium complexes and their catalytic epoxidation property.6 As a continuation of such work, we report in this paper two new vanadium(V) complexes [VOL1L] (1) and [VOL2L] (2) (L = ethyl maltolate), derived from the aroylhydrazones 4-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohydrazide (H2L1) and N’-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxybenzohydrazide (H2L2). 

2. Experimental
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]2.1. Materials and methods
5-Methylsalicylaldehyde, 3,5-dibromosalicylaldehyde, 4-bromobenzohydrazide and 4-methoxybenzohydrazide were purchased from Sigma-Aldrich. VO(acac)2 and the solvents with analytical reagent grade were purchased from Xiya Chemicals Co. Ltd. Micro analyses for C, H, N were carried out using a Perkin Elmer 2400 CHNS/O elemental analyzer. 1H NMR spectra were recorded on a Bruker AVANCE 500 MHz spectrometer. FT-IR spectra were recorded on a FT-IR 8400-Shimadzu as KBr discs in the range of 400–4000 cm–1. UV-Vis spectra were recorded on a Lambda 35 spectrometer. X-ray diffraction data were collected using a Bruker Smart 1000 CCD diffractometer.

2.2. Synthesis of 4-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohydrazide (H2L1) 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]An ethanolic solution (20 mL) containing 2-hydroxy-5-methylbenzaldehyde (1.0 mmol, 0.14 g) was added dropwise to an ethanolic solution of 4-bromobenzohydrazide (1.0 mmol, 0.22 g) with constant stirring. The mixture was refluxed for 30 min, then with the solvent removed by distillation. The white precipitate was re-crystallized from ethanol and obtained by filtration. Yield: 0.25 g, 76%. For C15H13BrN2O2: anal. calcd., %: C, 54.07; H, 3.93; N, 8.41. Found, %: C, 54.26; H, 4.02; N, 8.32. FT-IR (KBr), cm–1: ν(OH) 3427, ν(NH) 3241, ν(CH) 2820–3100, ν(C=O) 1645, ν(C=N) 1612, ν(C–O) 1157. UV-Vis data in ethanol (λ, nm (ε, M–1cm–1)]: 231 (19,270), 285 (18,125), 303 (17,430), 345 (12,653). 1H NMR (500 MHz, DMSO-d6, ppm): δ = 12.03 (s, 1H; OH), 11.12(s, 1H; NH), 8.62 (s, 1H; CH=N), 7.87 (d, 2H; ArH), 7.73 (d, 2H; ArH), 7.45 (s, 1H, ArH), 7.12 (d, 1H; ArH), 6.95 (d, 1H, ArH), 2.32 (s, 3H, CH3). 

2.3. Synthesis of N’-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxybenzohydrazide (H2L2) 
An ethanolic solution (20 mL) containing 3,5-dibromo-2-hydroxybenzaldehyde (1.0 mmol, 0.28 g) was added dropwise to an ethanolic solution of 4-methoxybenzohydrazide (1.0 mmol, 0.17 g) with constant stirring. The mixture was refluxed for 30 min, then with the solvent removed by distillation. The white precipitate was re-crystallized from ethanol and obtained by filtration. Yield: 0.31 g, 72%. For C15H12Br2N2O3: anal. calcd., %: C, 42.09; H, 2.83; N, 6.54. Found, %: C, 41.85; H, 2.92; N, 6.46. FT-IR (KBr), cm–1: ν(OH) 3447, ν(NH) 3221, ν(CH) 2820–3100, ν(C=O) 1653, ν(C=N) 1612, ν(C–O) 1153. UV-Vis data in ethanol (λ, nm (ε, M–1cm–1)]: 221 (21,250), 272 (17,610), 310 (15,455), 332 (16,820). 1H NMR (500 MHz, DMSO-d6, ppm): δ = 12.02 (s, 1H; OH), 11.13 (s, 1H; NH), 8.67 (s, 1H; CH=N), 7.88 (d, 2H; ArH), 7.79 (s, 1H; ArH), 7.71 (s, 1H, ArH), 7.13 (d, 2H; ArH), 3.80 (s, 1H, CH3). 

2.4. Synthesis of [VOL1L] (1) 
H2L1 (0.10 mmol, 33 mg) was dissolved in ethanol (15 mL). To the solution was added with stirring an ethanolic solution (10 mL) of VO(acac)2 (0.10 mmol, 26 mg) and ethyl maltol (0.10 mmol, 14 mg). The mixture was stirred at room temperature for 30 min to give deep brown solution. After keeping the solution in air for a few days, brown block-shaped single crystals, suitable for X-ray crystal structure determination were obtained. The crystals were isolated by filtration. Yield: 0.18 g, 33%. For C22H18BrN2O6V: anal. calcd., %: C, 49.18; H, 3.38; N, 5.21. Found, %: C, 49.35; H, 3.31; N, 5.12. FT-IR (KBr), cm–1: ν(C=N) 1611, ν(C–O) 1176, ν(V=O) 971. UV-Vis data in ethanol (λ, nm (ε, M–1cm–1)]: 271 (18,223), 325 (10,370), 410 (2,738).

2.5. Synthesis of [VOL2L] (2)
H2L2 (0.10 mmol, 43 mg) was dissolved in ethanol (15 mL). To the solution was added with stirring an ethanolic solution (10 mL) of VO(acac)2 (0.10 mmol, 26 mg)and ethyl maltol (0.10 mmol, 14 mg). The mixture was stirred at room temperature for 30 min to give deep brown solution. After keeping the solution in air for a few days, brown block-shaped single crystals, suitable for X-ray crystal structure determination were obtained. The crystals were isolated by filtration. Yield: 0.26 g, 41%. For C22H17Br2N2O7V: anal. calcd., %: C, 41.80; H, 2.71; N, 4.43. Found, %: C, 41.61; H, 2.83; N, 4.51. FT-IR (KBr), cm–1: ν(C=N) 1608, ν(C–O) 1173, ν(V=O) 972. UV-Vis data in ethanol (λ, nm (ε, M–1cm–1)]: 265 (19,560), 332 (12,451), 413 (3,890).

2.6. X-Ray structure determination
The crystal structures of the complexes were measured on a Bruker SMART 1000 CCD diffractometer using Mo-Kα radiation (λ = 0.71073 Å) and a graphite monochromator at 25 °C. Unit cell and reflection data were obtained by standard methods and are summarized in Table 1.7 The structures were solved, refined, and prepared for publication using the SHEXTL package (structure solution refinements and molecular graphics),8 and using full-matrix least-squares techniques by using F2 with anisotropic displacement factors for all non-hydrogen atoms. The amino H atoms were located from difference Fourier maps and refined isotropically, with N–H distances restrained to 0.90(1) Å. Positions of the remaining hydrogen atoms were calculated from the geometry of the molecular skeleton and their thermal displacement parameters were refined isotropically on a group wise basis. Selected bond lengths and angles are reported in Table 2. H-bonding distances and angles are shown in Table 3. 


Table 1. Crystal data and structure refinement for the complexes
	Parameters
	1
	2

	Molecular formula
	C22H18BrN2O6V
	C22H17Br2N2O7V

	Formula weight
	537.23
	632.14

	Crystal system
	Triclinic
	Triclinic

	Space group
	P-1
	P-1

	a (Å)
	7.4116(9)
	9.7299(8)

	b (Å)
	11.8466(11)
	11.1554(10)

	c (Å)
	13.2718(12)
	11.4937(11)

	α(°)
	107.525(1)
	69.303(1)

	β(°)
	93.496(1)
	88.575(1)

	γ(°)
	90.253(1)
	88.952(1)

	V (Å3)
	1108.8(2)
	1166.6(2)

	Z
	2
	2

	Dcalc(g/cm3)
	1.609
	1.800

	μ (mm–1)
	2.290
	3.897

	F(000)
	540
	624

	Reflections collected
	5921
	10918

	Independent reflection (Rint)
	4075 (0.0134)
	4312 (0.0405)

	Reflections observed (I> 2σ(I))
	3102
	3227

	Data/restraints/parameters
	4075/0/291
	4312/0/309

	Goodness-of-fit on F2
	1.025
	1.049

	Final R indices (I> 2σ(I))
	0.0537, 0.1333
	0.0399, 0.0824

	R indices (all data)
	0.0740, 0.1465
	0.0643, 0.0921

	Highest peak and deepest hole (e Å–3)
	1.034, –1.007
	0.529,–0.450



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

	Bond lengths (Å)
	
	
	

	V(1)−O(1)
	1.841(3)
	V(1)−O(2)
	1.941(3)

	V(1)−O(3)
	1.580(3)
	V(1)−O(4)
	2.261(3)

	V(1)−O(5)
	1.871(3)
	V(1)−N(1)
	2.097(3)

	Bond angles (°)
	
	
	

	O(3)−V(1)−O(1)
	100.96(19)
	O(3)−V(1)−O(5)
	97.98(14)

	O(1)−V(1)−O(5)
	98.68(13)
	O(3)−V(1)−O(2)
	95.33(17)

	O(1)−V(1)−O(2)
	155.11(14)
	O(5)−V(1)−O(2)
	97.53(12)

	O(3)−V(1)−N(1)
	101.16(14)
	O(1)−V(1)−N(1)
	83.29(13)

	O(5)−V(1)−N(1)
	160.03(12)
	O(2)−V(1)−N(1)
	75.14(12)

	O(3)−V(1)−O(4)
	173.29(17)
	O(1)−V(1)−O(4)
	84.75(14)

	O(5)−V(1)−O(4)
	77.53(10)
	O(2)−V(1)−O(4)
	80.45(12)

	N(1)−V(1)−O(4)
	82.89(11)
	
	

	2
	
	
	

	Bond lengths (Å)
	
	
	

	V(1)−O(1)
	1.921(2)
	V(1)−O(2)
	1.847(2)

	V(1)−O(3)
	1.583(3)
	V(1)−O(4)
	2.259(3)

	V(1)−O(5)
	1.863(2)
	V(1)−N(1)
	2.091(3)

	Bond angles (°)
	
	
	

	O(3)−V(1)−O(2)
	99.93(13)
	O(3)−V(1)−O(5)
	98.05(12)

	O(2)−V(1)−O(5)
	100.77(11)
	O(3)−V(1)−O(1)
	97.23(12)

	O(2)−V(1)−O(1)
	154.62(11)
	O(5)−V(1)−O(1)
	95.16(10)

	O(3)−V(1)−N(1)
	99.59(13)
	O(2)−V(1)−N(1)
	83.99(11)

	O(5)−V(1)−N(1)
	160.64(12)
	O(1)−V(1)−N(1)
	74.78(11)

	O(3)−V(1)−O(4)
	175.04(13)
	O(2)−V(1)−O(4)
	83.34(11)

	O(5)−V(1)−O(4)
	77.60(10)
	O(1)−V(1)−O(4)
	80.93(11)

	N(1)−V(1)−O(4)
	84.41(11)
	
	



Table 3. Hydrogen bonding interactions (Å, °)
	D−H∙∙∙A
	d(D−H)
	d(H∙∙∙A)
	d(D∙∙∙A)
	Angle(D−H∙∙∙A)

	1
	
	
	
	

	C(6)−H(6)∙∙∙O(3)i
	0.93
	2.50(3)
	3.367(5)
	154(6)

	C(7)−H(7)∙∙∙O(3)ii
	0.93
	2.53(3)
	3.143(5)
	124(6)

	C(14)−H(14)∙∙∙O(6)iii
	0.93
	2.57(3)
	3.399(5)
	148(6)

	C(21)−H(21)∙∙∙O(4)iv
	0.93
	2.42(3)
	3.246(5)
	148(6)

	2
	
	
	
	

	C(6)−H(6)∙∙∙O(3)v
	0.93
	2.56(3)
	3.237(4)
	130(5)

	C(11)−H(11)∙∙∙Br(2)vi
	0.93
	2.80(3)
	3.563(4)
	140(5)

	C(19)−H(19)∙∙∙O(7)vii
	0.93
	2.47(3)
	3.340(4)
	156(5)


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

2.7. Catalytic epoxidation of olefins
To a solution of olefins (0.28 mmol), NaHCO3 (0.11 mmol, 9.24 mg) and catalyst (9.4×10−4 mmol) in the mixture of CH3OH/CH2Cl2 (1.2 mL; V:V = 7:3) was added H2O2 (1.1 mmol, 30% H2O2in water) as oxidant. After the reaction was over at 74.5 min, for the products analysis, the solution was subjected to multiple ether extraction, and the extract was also concentrated down to 0.5 mL by distillationin a rotary evaporator at room temperature and then a sample (2 μL) was taken from the solution and analyzed by GC. The retention times of the peaks were compared with those of commercial standards, and chlorobenzene was used as aninternal standard for GC yield calculation. 


3. Results and Discussion
3.1. Synthesis and characterization
The reaction of VO(acac)2 with the tridentate aroylhydrazone ligands in ethanol led to the formation of the vanadium complexes. The aroylhydrazone ligands contribute in their enolic form in the complexes. The complexes are stable at room temperature and soluble in DMSO, DMF, ethanol, acetonitrile and less soluble in other common solvents like dichloromethane, chloroform, and insoluble inbenzene, n-hexane and CCl4. 

3.2. IR and UV-Vis spectra of the complexes
The ν(C=N) absorptions are observed at 1611 cm–1 for 1 and 1608 cm–1 for 2.9 The intense bands indicative of the C=O vibrations and the sharp bands indicative of the N–H vibrations are absent in the complexes, indicating the enolization of the aroylhydrazone ligands. The weak peaks in the low wave numbers in the region 450–700 cm–1 may be attributed to V–O and V–N bonds in the complexes. The complexes exhibit typical bands at 971-972 cm–1, which are assigned to the V=O vibrations.10
The UV-Vis spectra of the complexes were recorded in 10–5 mol L–1 in ethanol, in the range 200–500 nm. The weak bands centered at 325-332 nm for the complexes are attributed to intramolecular charge transfer transitions from the pπ orbital on the nitrogen and oxygen to the empty d orbitals of the metal.10 The intense bands observed at 265-270 nm are assigned to intraligand π–π* transition. The bands centered at about 410 nm are attributed to the ligand-to-metal charge transfer transitions (LMCT).11

3.3. Structure description of the complexes
The perspective views of complexes 1 and 2 together with the atom numbering schemes are shown in Figs. 1 and 2, respectively. The coordination geometry around the V atom reveals a distorted octahedral environment with an NO5 chromophore. The aroylhydrazone ligands coordinate to the V atoms through the phenolate oxygen, the enolate oxygen and the imine nitrogen at the three positions in the basal plane. The fourth donor of the basal plane is furnished by the hydroxylate O atom of the ethyl maltolate ligand. The oxo group and the carbonyl O atom of the ethyl maltolate ligand are located atthe axial positions. The V atoms are found to be deviated from the corresponding mean basal planes by 0.295(2) Å for 1 and 0.290(2) Å for 2. The C(8)–O(2) bond length (1.316(5) Å) in 1 and C(8)–O(1) bond length (1.312(4) Å) in 2 are closer to single bond length rather than C=O double bond length. However, the shorter length compared to C–O single bond may be attributed to extended electron delocalization in the aroylhydrazone ligands. Similarly shortening of C(8)–N(2) bond lengths (1.285(5) Å in 1 and 1.293(5) Å in 2) together with the elongation of N(1)–N(2) bond lengths (1.395(4) Å in 1 and 1.397(4) Å in 2) also support the electron cloud delocalization in the ligand system. The aroylhydrazone ligands form five-membered and six-membered chelate rings with the V centers. The ethyl maltolate ligand coordinates to the V atom with bi-dentate manner. The bond lengths related to the V atoms are similar to those observed in other vanadium complexes.12
In the crystal structure of complex 1, the vanadium complex molecules are linked through C−H∙∙∙O hydrogen bonds to form layers along the ab plane (Fig. 3). In the crystal structure of complex 2, the vanadium complex molecules are linked through C−H∙∙∙O and C−H∙∙∙Br hydrogen bonds to form three-dimensional network (Fig. 4).

[image: ]
Fig. 1. An ORTEP diagram of complex 1 with atom labeling scheme and 30% probability thermal ellipsoids for all non-hydrogen atoms. 

[image: ]
Fig. 2. An ORTEP diagram of complex 2 with atom labeling scheme and 30% probability thermal ellipsoids for all non-hydrogen atoms.

[image: ]
Fig. 3. Hydrogen bonds linked structures of complex 1, viewed along the a axis. Hydrogen bonds are shown as dashed lines.

[image: ]
Fig.4. Hydrogen bonds linked structures of complex 2, viewed along the a axis. Hydrogen bonds are shown as dashed lines.

3.4. Catalytic property
The reactions were performed in (70:30) mixture of CH3OH/CH2Cl2 (1.2 mL) under air at room temperature. The molar ratios for catalyst:substrate:NaHCO3:H2O2 are 1:298:117:1170. The GC conversion (%) is measured relative to the starting olefin after 74.5 min. The complexes show effective catalytic property in the oxidation of various olefins to their corresponding epoxides. The details of catalytic properties with respect to epoxidation of olefins with the complexes as catalysts are given in Table 4. Excellent epoxide yields and selectivity were observed for all aliphatic and aromatic substrates. The results of catalytic studies using the catalysts reveal that the efficiency of catalyst toward all the substrates is similar with maximum conversion, TON, and selectivity. When H2O2 (1.1 mmol, 30% H2O2 in water) was used as a sole oxidant the catalytic efficiency is not high, but when NaHCO3 (0.11 mmol, 9.24 mg) was added as a co-catalyst the efficiency of the system increases many times. The key aspect of such a reaction is that H2O2 and hydrogen carbonate react in an equilibrium process to produce peroxy monocarbonate, HCO4−, which is a more reactive nucleophile than H2O2 and speeds up the epoxidation reaction. 

Table 4. The catalytic oxidation results
	Substrate
	Product
	
	Conversion (%) (TON)a

	

	

	1
	100 (351)

	
	
	2
	100 (367)

	

	

	1
	98 (343)

	
	
	2
	100 (327)

	

	

	1
	93 (310)

	
	
	2
	96 (307)

	

	

	1
	95 (282)

	
	
	2
	97 (291)


a TON=(mmol of product)/mmol of catalyst.
4. Conclusion
Two new similar oxidovanadium(V) complexes with aroylhydrazone ligands have been prepared and structurally characterizedusing X-ray structure analysis. The complexes have octahedral geometry with positions around the central atom being occupied with donor atoms of the aroylhydrazone ligand, the ethyl maltolate ligand and oneoxo group.The complexes show effective catalytic property in the oxidation of various olefins to their corresponding epoxides.
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