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Abstract
Two oxidovanadium(V) complexes, [VOL1L] (1) and [VOL2L] (2) (L = ethyl maltolate), derived from the aroylhydra-
zones 4-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohydrazide (H2L1) and N’-(3,5-dibromo-2-hydroxyben-
zylidene)-4-methoxybenzohydrazide (H2L2), respectively, have been synthesized and characterized by elemental anal-
ysis, infrared and electronic spectroscopy. 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 oxido 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

Schiff base complexes have gained remarkable atten-
tion due to their interesting applications in the develop-
ment of new materials like catalysts, and biological appli-
cations like DNA cleavage, antibacterial, antiviral and 
antifungal agents.1 Metal complexes of hydrazone type 
Schiff bases were used as catalysts for the organic synthe-
sis, such as olefin polymerization and epoxidation reac-
tions.2 Among the various metal ions, the complexes of 
vanadium have received considerable interest in their bio-
chemical significance and industrial catalytic processes.3 

For instance, the use of vanadium complexes in asymmet-
ric synthesis, in C–C bond formation as well as in C–C, 
C–O and C–H bond cleavages, catalytic oxidation of vari-
ous olefins, oxidative halogenation and selective epoxida-
tion 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 com-
plexes have been obtained. However, the vanadium com-
plexes with hydrazones are rarely reported with catalytic 

oxidation of olefins. Recently, our research group has re-
ported some vanadium complexes and their catalytic ep-
oxidation 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), de-
rived from the aroylhydrazones 4-bromo-N’-(2-hy-
droxy-5-methylbenzylidene)benzohydrazide (H2L1) and 
N’-(3,5-dibromo-2-hydroxybenzylidene)-4-methoxyben-
zohydrazide (H2L2). 

2. Experimental
2. 1. Materials and Methods

5-Methylsalicylaldehyde, 3,5-dibromosalicylalde-
hyde, 4-bromobenzohydrazide and 4-methoxybenzohy-
drazide were purchased from Sigma-Aldrich. VO(acac)2 
and the solvents with analytical reagent grade were pur-
chased from Xiya Chemicals Co. Ltd. Microanalyses 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 
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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 1000CCD diffractometer.

2. 2. �Synthesis of 4-bromo-N’-(2-hydroxy-
5-methylbenzylidene)benzohydrazide 
(H2L1) 
An ethanolic solution (20 mL) containing 2-hy-

droxy-5-methylbenzaldehyde (1.0 mmol, 0.14 g) was add-
ed dropwise to an ethanolic solution of 4-bromobenzohy-
drazide (1.0 mmol, 0.22 g) with constant stirring. The 
mixture was refluxed for 30 min, after which the solvent 
was removed by rotary evaporator. The white precipitate 
was re-crystallized from ethanol and obtained by filtra-
tion. 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-dibro-

mo-2-hydroxybenzaldehyde (1.0 mmol, 0.28 g) was added 
dropwise to an ethanolic solution of 4-methoxybenzohy-
drazide (1.0 mmol, 0.17 g) with constant stirring. The mix-
ture was refluxed for 30 min, after which the solvent was 
removed by rotary evaporator. 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 the complexes [VOL1L] (1) 
and [VOL2L] (2)
The aroylhydrazones H2L1 (0.10 mmol, 33 mg) or 

H2L2 (0.10 mmol, 43 mg) was dissolved in ethanol (15 
mL). To each solution an ethanolic solution (10 mL) of 
VO(acac)2 (0.10 mmol, 26 mg) and ethyl maltol (0.10 
mmol, 14 mg) was added with stirring. Mixtures were 
stirred at room temperature for 30 min to give deep brown 

solution. Brown block-shaped single crystals suitable for 
X-ray analysis were obtained after slow evaporation of the 
solvent over a few days. The crystals were isolated by filtra-
tion. 

Complex 1: 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). 
Complex 2: 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. 5. �X-Ray Structure Determination
Crystal structures of complexes were measured on a 

Bruker SMART 1000CCD 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 publica-
tion using the SHEXTL package (structure solution refine-
ments and molecular graphics),8 and using full-matrix 
least-squares techniques by using F2 with anisotropic dis-
placement factors for all non-hydrogen atoms. The amino 
H atoms were located from difference Fourier maps and 

Table 1. Crystal data and structure refinement for the complexes

Parameters	 1	 2

Molecular formula	 C22H18BrN2O6V	 C22H17Br2N2O7V
Formula weight	 537.23	 632.13
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, 0.0829
R indices (all data)	 0.0740, 0.1465	 0.0644, 0.0926
Max/min Dρ (e Å–3)	 1.034, –1.007	 0.530,–0.449
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refined isotropically, with N–H distances restrained to 
0.90(1) Å. Positions of the remaining hydrogen atoms 
were calculated from the structure of the molecular skele-
ton and their displacement parameters were refined iso-
tropically on a group-wise basis. 

3. Results and Discussion
3. 1. Synthesis and Spectral Characterization

The two complexes were readily prepared from the 
reaction of the corresponding aroylhydrazone ligands and 
VO(acac)2. The single crystals of the complexes are stable 
at ambient condition.

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 emp-
ty 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. 2. Structure Description of the Complexes
The molecular structures of complexes 1 and 2 are 

shown in Figs. 1 and 2, respectively. Selected bond lengths 

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

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

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

and angles are reported in Table 2. The V atoms in both 
complexes are six-coordinated in octahedral geometry, 
with the phenolate oxygen (O(1)), the enolate oxygen 
(O(2)) and the imine nitrogen (N(1)) of the aroylhydra-
zone ligands, and the hydroxylate oxygen (O(5)) of the 
ethyl maltolate ligand in the equatorial plane, and with the 
oxido group (O(3)) and the carbonyl oxygen (O(4)) in the 
axial positions. The V atoms deviated from the least-
squares planes defining by the four equatorial donor at-
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oms by 0.295(2) Å for 1 and 0.290(2) Å for 2. The bond 
lengths related to the V atoms are comparable to the sim-
ilar vanadium complexes.6b,12 The benzene rings 
C(1)–C(6) and C(9)–C(14) form dihedral angles of  
2.1(3)º for 1 and 2.7(3)º for 2. There exists weak 
Br(1)···O(7)i (i: –1 + x, y, 1 + z) contact with distance of 
2.96(5) Å representing 87.8 % of the sum of van der Waals 
radia in complex 2. 

In the crystal structure of complex 1, the vanadium 
complex molecules are linked through C−H∙∙∙O hydrogen 
bonds (Table 3) to form layers along the ab plane (Fig. 3). 
In the crystal structure of complex 2, the vanadium com-
plex molecules are linked through C−H∙∙∙O and C−H∙∙∙Br 
hydrogen bonds (Table 3) to form three-dimensional net-
work (Fig. 4).

3. 3. Catalytic Property

The catalytic experiment was carried out according 
to the literature method.6b A mixture of CH3OH/CH2Cl2 
(V:V = 7:3, 1.2 mL) was used for the reactions at 25 °C. The 
molar ratios for the catalyst:substrate:NaHCO3:H2O2 are 
1:298:117:1170. The conversion was measured after 74.5 
min. Both vanadium complexes have good property in the 
olefin oxidation processes with epoxides as the products. 
The results are summarized in Table 4. Interestingly, both 
complexes have similar catalytic properties with high ep-
oxide yields and good selectivity toward the aliphatic and 
aromatic substrates. However, when H2O2 was used as sin-
gle oxidant the catalytic efficiency is not good. When 
NaHCO3 was added as a co-catalyst to the above reactions, 

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)ii	 0.93	 2.50(3)	 3.367(5)	 154(6)
C(7)−H(7)∙∙∙O(3)iii	 0.93	 2.53(3)	 3.143(5)	 124(6)
C(14)−H(14)∙∙∙O(6)iv	 0.93	 2.57(3)	 3.399(5)	 148(6)
C(21)−H(21)∙∙∙O(4)v	 0.93	 2.42(3)	 3.246(5)	 148(6)
2	 			 
C(6)−H(6)∙∙∙O(3)vi	 0.93	 2.56(3)	 3.237(4)	 130(5)
C(11)−H(11)∙∙∙Br(2)vii	 0.93	 2.80(3)	 3.563(4)	 140(5)
C(19)−H(19)∙∙∙O(7)viii	 0.93	 2.47(3)	 3.340(4)	 156(5)

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

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

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

	 1	 2

Bond lengths (Å)
V(1)−O(1)	 1.841(3)	 1.847(2)
V(1)−O(3)	 1.580(3)	 1.583(3)
V(1)−O(5)	 1.871(3)	 1.863(2)
V(1)−O(2)	 1.941(3)	 1.921(2)
V(1)−O(4)	 2.261(3)	 2.259(3)
V(1)−N(1)	 2.097(3)	 2.090(3)
Bond angles (°)
O(3)−V(1)−O(1)	 100.96(19)	 99.93(13)
O(1)−V(1)−O(5)	 98.68(13)	 100.77(11)
O(1)−V(1)−O(2)	 155.11(14)	 154.62(11)
O(3)−V(1)−N(1)	 101.16(14)	 99.60(13)
O(5)−V(1)−N(1)	 160.03(12)	 160.64(12)
O(3)−V(1)−O(4)	 173.29(17)	 175.04(13)
O(5)−V(1)−O(4)	 77.53(10)	 77.60(10)
N(1)−V(1)−O(4)	 82.89(11)	 84.41(11)
O(3)−V(1)−O(5)	 97.98(14)	 98.05(12)
O(3)−V(1)−O(2)	 95.33(17)	 97.23(12)
O(5)−V(1)−O(2)	 97.53(12)	 95.16(10)
O(1)−V(1)−N(1)	 83.29(13)	 83.99(11)
O(2)−V(1)−N(1)	 75.14(12)	 74.78(11)
O(1)−V(1)−O(4)	 84.75(14)	 83.34(11)
O(2)−V(1)−O(4)	 80.45(12)	 80.93(11)
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the efficiency of the catalytic property can increase obvi-
ously. This might be attributed to the equilibrium process 
between H2O2 and hydrogen carbonate to produce per-
oxymonocarbonate, HCO4

−, which is a more reactive nuc-
leophile than H2O2 and facilitated the epoxidation reac-
tions. The two vanadium complexes have better catalytic 
properties than the cobalt(II) complex derived from 
2-bromo-N’-(2-hydroxy-5-methylbenzylidene)benzohy-
drazide,13 and similar catalytic properties with the oxido-
vanadium(V) and dioxidomolybdenum(VI) complexes of 
hydrazones and Schiff bases.14

4. Conclusion
Two new similar oxidovanadium(V) complexes with 

aroylhydrazone ligands have been prepared and structur-
ally characterized using X-ray structure analysis. The com-
plexes have octahedral geometry with positions around 
the central atom being occupied with donor atoms of the 
aroylhydrazone ligand, the ethyl maltolate ligand and one 
oxido group. The complexes show effective catalytic prop-
erty in the oxidation of various olefins to their correspond-
ing epoxides.
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Povzetek
Sintetizirali smo dva oksidovanadijeva(V) kompleksa, [VOL1L] (1) in [VOL2L] (2) (L = etil maltolat), pripravlje-
na z aroilhidrazonoma 4-bromo-N’-(2-hidroksi-5-metilbenziliden)benzohidrazidom (H2L1) in N’-(3,5-dibromo-2-
-hidroksibenzilidene)-4-methoksibenzohidrazidom (H2L2) ter ju okarakterizirali z elementno analizo, infrardečo in ele-
ktronsko spektroskopijo. Strukturi kompleksov smo nadalje potrdili z monokristalno rentgensko difrakcijo. Vanadijev 
atom v obeh kompleksih je koordiniran z ONO donorskimi atomi aroilhidrazonskega liganda, OO donorskimi atomi etil 
maltolatnega liganda in z enim oksido O atomom, ki skupaj tvorijo oktaedrično koordinacijo. Kompleksa sta učinkovita 
katalizatorja za epoksidacijo olefinov z vodikovim peroksidom kot oksidantom in natrijevim hidrogenkarbonatom kot 
kokatalizatorjem.
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