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Abstract
A pair of new oxidovanadium(V) complexes, [VOL1L]·EtOH (1) and [VOL2L]·EtOH (2) (L = acetohydroxamate), de-
rived from the aroylhydrazones N’-(5-bromo-2-hydroxybenzylidene)-4-methoxybenzohydrazide (H2L1) and N’-(5-bro-
mo-2-hydroxybenzylidene)-4-methylbenzohydrazide (H2L2), have been prepared and characterized by elemental analy-
ses, FT-IR, 1H and 13C NMR spectroscopy and single-crystal structural X-ray diffraction. The complexes have octahedral 
structures in which the aroylhydrazone ligands behave as binegative donors. Single-crystal structure analyses reveal that 
the V centers are coordinated by the donor atoms of the aroylhydrazone ligands, the acetohydroxamate ligands and the 
oxido groups. Crystal structures of the complexes are stabilized by hydrogen bonds. The complexes function as effective 
olefin epoxidation catalysts. 
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1. Introduction
In recent years, remarkable attention has focused on 

vanadium compounds because of their biochemical signifi-
cance1 and industrial catalytic processes.2 For instance, the 
use of oxovanadium complexes in asymmetric synthesis,3 in 
C–C bond formation as well as in C–C, C–O and C–H 
bond cleavages,4 catalytic oxidation of various olefins,5 oxi-
dative halogenation and selective epoxidation of unsaturat-
ed hydrocarbons and allyl alcohols.6 Aroylhydrazones bear-
ing typical –CO–NH–N=CH– group are interesting ligands 
in the preparation of various metal complexes which have 
considerable biological and catalytic properties.7 A number 
of vanadium complexes with various types of ligands have 
been prepared, yet, those derived from hydrazones only few 
have been reported with catalytic oxidation on olefins. In 
this paper we are concerned about the structural investiga-
tion and catalytic activity of two vanadium complexes with 
hydrazone ligands, which have similar structures except for 
the terminal substituted groups, Me and OMe. In the pres-
ent work, a pair of new vanadium(V) complexes [VOL1L] · 
EtOH (1) and [VOL2L] · EtOH (2) (L = acetohydroxamate), 

derived from the aroylhydrazones N’-(5-bromo-2-hydroxy-
benzylidene)-4-methoxybenzohydrazide (H2L1) and N’-(5- 
bromo-2-hydroxybenzylidene)-4-methylbenzohydrazide 
(H2L2; Scheme 1), are presented. 

Scheme 1. H2L1 (X = OMe) and H2L2 (X = Me)

2. Experimental
2.1. Materials and Methods

All chemicals and solvents used were of analytical 
reagent grade and used as received. Micro analyses for C, 
H, N were carried out using a Perkin Elmer 2400 CHNS/O 
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elemental analyzer. FT-IR spectra were recorded on a FT-
IR 8400-Shimadzu as KBr discs in the range of 400–4000 
cm–1. 1H and 13C NMR spectra were recorded at 25 °C on 
the Bruker AVANCE 300 MHz spectrometer. X-ray dif-
fraction data were collected using a Bruker Smart Apex II 
diffractometer.

2. 2. Synthesis of the Aroylhydrazones 
An ethanolic solution (20 mL) containing 5-bro-

mo-2-hydroxybenzaldehyde (1.0 mmol, 0.201 g) was add-
ed dropwise to the ethanolic solution of 4-methoxybenzo-
hydrazide (1.0 mmol, 0.166 g) for H2L1, and 
4-methylbenzohydrazide (1.0 mmol, 0.150 g) for H2L2, 
respectively, with constant stirring. The mixtures were re-
fluxed for 30 min, and the resulting precipitate was filtered 
off, washed with cold ethanol and dried in desiccator over 
silica gel. 

H2L1: Yield: 0.29 g, 83%. For C15H13BrN2O3: anal. 
calcd., %: C, 51.60; H, 3.75; N, 8.02. Found, %: C, 51.75; H, 
3.83; N, 7.94. FT-IR (KBr), cm–1: ν(OH) 3455, ν(NH) 
3237, ν(CH) 2810–3120, ν(C=O) 1647, ν(C=N) 1609, 
ν(C–O) 1255. 1H NMR (300 MHz, DMSO-d6, ppm): δ = 
12.08 (s, 1H; OH), 11.38 (s, 1H; NH), 8.59 (s, 1H; CH=N), 
7.94 (d, 2H; ArH), 7.78 (s, 1H; ArH), 7.43 (d, 1H, ArH), 
7.08 (d, 2H; ArH), 6.90 (d, 1H, ArH), 3.86 (s, 3H, CH3). 
13C NMR (75 MHz, DMSO-d6, ppm) δ = 162.24, 156.40, 
145.26, 133.38, 130.58, 129.63, 124.72, 121.32, 118.66, 
113.80, 110.37, 55.46. 

H2L2: Yield: 0.30 g, 90%. For C15H13BrN2O2: anal. 
calcd., %: C, 54.07; H, 3.93; N, 8.41. Found, %: C, 54.23; H, 
4.02; N, 8.35. FT-IR (KBr), cm–1: ν(OH) 3445, ν(NH) 
3229, ν(CH) 2815–3120, ν(C=O) 1647, ν(C=N) 1617, 
ν(C–O) 1280. 1H NMR (300 MHz, DMSO-d6, ppm): δ = 
12.14 (s, 1H; OH), 11.35 (s, 1H; NH), 8.63 (s, 1H; CH=N), 
7.89-7.80 (m, 3H; ArH), 7.47-7.35 (m, 3H, ArH), 6.93  
(d, 1H; ArH), 2.41 (s, 3H, CH3). 13C NMR (75 MHz,  
DMSO-d6, ppm) δ = 162.20, 156.38, 145.31, 142.27, 133.35, 
130.22, 129.54, 126.89, 121.32, 118.66, 113.80, 110.37, 
21.12. 

2. 3. Synthesis of the Complexes
An ethanolic solution (10 mL) of VO(acac)2 (0.1 

mmol, 0.026 g) was added to the ethanolic solution of ace-
tohydroxamic acid (0.1 mmol, 0.0075 g) and H2L1 (0.1 
mmol, 0.035 g) for 1 and H2L2 (0.1 mmol, 0.033 g) for 2, 
respectively, and the resulting orange mixture was refluxed 
for 30 min. After cooling, the solution was filtered and left 
to stand overnight. Orange single crystals suitable for crys-
tallographic analysis separated after a week and dried in a 
vacuum desiccator over silica gel. 

[VOL1L] · EtOH (1): Yield: 0.027 g, 51%. For  
C19H21BrN3O7V: anal. calcd., %: C, 42.72; H, 4.00; N, 7.87. 
Found, %: C, 42.61; H, 3.89; N, 7.78. IR (KBr) cm–1: ν(OH) 
3427, ν(NH) 3217, ν(CH) 2820–3100, ν(C=N) 1610, 

ν(C–O) 1176, ν(VO) 968. 1H NMR (300 MHz, DMSO-d6, 
ppm): δ = 14.05 (s, 1H; NH), 9.05 (s, 1H; CH=N), 7.99  
(d, 1H; ArH), 7.85 (m, 2H; ArH), 7.65 (q, 1H, ArH), 7.03 
(d, 2H; ArH), 6.86 (d, 1H, ArH), 3.80 (s, 3H, OCH3), 2.10 
(t, 3H, CH3).

[VOL2L] · EtOH (2): Yield: 0.022 g, 43%. For C19H-
21BrN3O6V: anal. calcd., %: C, 44.04; H, 4.08; N, 8.11. 
Found, %: C, 43.87; H, 4.22; N, 8.27. IR (KBr) cm–1: ν(OH) 
3434, ν(NH) 3231, ν(CH) 2820–3130, ν(C=N) 1608, 
ν(C–O) 1192, ν(VO) 968. 1H NMR (300 MHz, DMSO-d6, 
ppm): δ = 14.06 (s, 1H; NH), 9.08 (s, 1H; CH=N), 7.99  
(d, 1H; ArH), 7.81 (m, 2H; ArH), 7.65 (q, 1H, ArH), 7.30 
(d, 2H; ArH), 6.86 (d, 1H, ArH), 2.38 (s, 3H, CH3), 2.11 (t, 
3H, CH3).

2. 6. X-Ray structure Determination 
The crystal structures of the complexes were mea-

sured on a Bruker SMART Apex II 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 methods8 and are summarized 
in Table 1. The structures were solved, refined, and pre-
pared for publication using the SHEXTL package (struc-
ture solution refinements and molecular graphics),9 and 
using full-matrix least-squares techniques by using F2 with 
anisotropic displacement factors for all non-hydrogen at-
oms. The amino H atoms were located from difference 
Fourier maps and refined isotropically, with N–H distanc-

Table 1. Crystal data and structure refinement for the complexes

Parameters	 1	 2

Molecular formula	 C19H21BrN3O7V	 C19H21BrN3O6V
Formula weight	 534.24	 518.24
Temperature (K)	 298(2)	 298(2)
Crystal system	 Monoclinic	 Monoclinic
Space group	 P21/n	 P21/n
a (Å)	 8.3528(5)	 8.4310(8)
b (Å)	 16.0871(10)	 15.1788(14)
c (Å)	 16.5986(10)	 16.8336(16)
β (°)	 95.496(2)	 93.271(2)
V (Å3)	 2220.1(2)	 2150.7(4)
Z	 4	 4
Dcalc (g/cm3)	 1.598	 1.600
μ (mm–1)	 2.291	 2.359
F(000)	 1080	 1048
Reflections collected	 20456	 10964
Independent reflection (Rint)	 4269 (0.0554)	 3996 (0.0242)
Reflections observed 	 3054	 3278
(I > 2σ(I))	
Data/restraints/parameters	 4269/1/287	 3996/1/276
Goodness-of-fit on F2	 1.028	 1.029
Final R indices (I > 2σ(I))	 0.0485, 0.1020	 0.0342, 0.0805
R indices (all data)	 0.0833, 0.1184	 0.0470, 0.0867
Highest peak and deepest 	 0.447, –0.425	 0.428,–0.365
hole (e Å–3)	
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es restrained to 0.90(1) Å. Positions of the remaining hy-
drogen atoms were calculated from the geometry of the 
molecular skeleton and their thermal displacement pa-
rameters were refined isotropically on a groupwise basis. 
Selected bond lengths and angles are reported in Table 2. 
H-bonding distances and angles are shown in Table 3. 

H2O2 (1.1 mmol, 30% H2O2 in 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 
distillation in a rotary evaporator at room temperature and 
then a sample (2 μL) was taken from the solution and ana-
lyzed by GC. The retention times of the peaks were com-
pared with those of commercial standards, and chloroben-
zene was used as an internal standard for GC yield 
calculation.

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

The reaction of VO(acac)2 and acetohydroxamic acid 
with the tridentate aroylhydrazone ligands H2L1 and H2L2 
in ethanol led to the formation of the complexes. Crystals 
of the complexes are stable at room temperature and solu-
ble in DMSO, DMF, ethanol, acetonitrile and less soluble 
in other common solvents like dichloromethane, chloro-
form, and insoluble in benzene, n-hexane and CCl4. 

3. 2. 1H NMR Spectra
1H NMR data of the aroylhydrazone ligands when 

compared with the complexes reveal that the ligands serve 
as tridentate binegative ONO donor. The azomethine C–H 
signal in the complexes is shifted up-field from its original 
position in the free ligands upon coordination of the –
CH=N– groups, on account of reduction of electron den-
sity at the azomethine C–H. The aromatic protons also 
show some deviation in the complexes as compared to the 
free ligand since in the complexes they are in direct conju-
gation to the coordinated O and N of the hydrazone li-
gands. 

3. 3. IR Spectra
IR spectra of the free aroylhydrazone ligands show 

bands at 3220–3240 cm–1 for ν(N–H), 1647 cm–1 for 
ν(C=O) and 3445–3455 cm–1 for ν(O–H).10 The ν(C=O) 
bands are absent in the spectra of the complexes as the li-
gands bind in binegative mode losing protons from the 
carbohydrazide groups. The strong peak at about 1610 
cm–1 can be assigned to ν(C=N).11 The complexes exhibit 
characteristic bands at 968 cm–1 for the stretching of V=O 
groups.12 

3. 4. Structure Description
The perspective views of the complexes together 

with the atom numbering schemes are shown in Figs. 1 
and 2. The asymmetric units of the complexes contain one 
complex molecule and one ethanol molecule. The coordi-
nation geometry around each V atom reveals a distorted 

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

1			 

Bond lengths (Å)			 
V(1)−O(1)	 1.861(3)	 V(1)−O(2)	 1.942(3)
V(1)−O(4)	 2.216(3)	 V(1)−O(5)	 1.850(3)
V(1)−O(6)	 1.581(3)	 V(1)−N(1)	 2.080(3)
Bond angles (°)			 
O(6)−V(1)−O(5)	 96.64(14)	 O(6)−V(1)−O(1)	 99.49(15)
O(5)−V(1)−O(1)	 105.02(12)	 O(6)−V(1)−O(2)	 97.41(14)
O(5)−V(1)−O(2)	 90.35(11)	 O(1)−V(1)−O(2)	 155.56(12)
O(6)−V(1)−N(1)	 100.73(14)	 O(5)−V(1)−N(1)	 158.40(12)
O(1)−V(1)−N(1)	 84.74(11)	 O(2)−V(1)−N(1)	 74.84(11)
O(6)−V(1)−O(4)	 172.74(14)	 O(5)−V(1)−O(4)	 76.12(11)
O(1)−V(1)−O(4)	 82.16(12)	 O(2)−V(1)−O(4)	 83.30(11)
N(1)−V(1)−O(4)	 86.43(11)		

2			 

Bond lengths (Å)			 
V(1)−O(1)	 1.8570(19)	 V(1)−O(2)	 1.9468(19)
V(1)−O(3)	 2.2276(19)	 V(1)−O(4)	 1.8444(18)
V(1)−O(5)	 1.580(2)		
V(1)−N(1)	 2.080(2)		
Bond angles (°)			 
O(5)−V(1)−O(4)	 96.43(10)	 O(5)−V(1)−O(1)	 99.41(11)
O(4)−V(1)−O(1)	 105.00(8)	 O(5)−V(1)−O(2)	 97.60(10)
O(4)−V(1)−O(2)	 90.28(8)	 O(1)−V(1)−O(2)	 155.59(9)
O(5)−V(1)−N(1)	 100.43(10)	 O(4)−V(1)−N(1)	 158.73(8)
O(1)−V(1)−N(1)	 84.99(8)	 O(2)−V(1)−N(1)	 74.79(8)
O(5)−V(1)−O(3)	 172.15(10)	 O(4)−V(1)−O(3)	 75.72(7)
O(1)−V(1)−O(3)	 82.97(8)	 O(2)−V(1)−O(3)	 82.53(8)
N(1)−V(1)−O(3)	 87.20(7)		

Table 3. Hydrogen bonding interactions (Å, °)

D−H∙∙∙A	 d(D−H)	 d(H∙∙∙A)	 d(D∙∙∙A)	 Angle
				    (D−H∙∙∙A)

1	 			 
N(3)−H(3)∙∙∙O(7)	 0.90(1)	 1.85(3)	 2.697(5)	 156(6)
O(7)−H(7)∙∙∙N(2)i	 0.82	 2.00(3)	 2.814(5)	 176(5)
2	 			 
O(6)−H(6)∙∙∙N(2)ii	 0.82	 2.02	 2.839(3)	 172(5)
N(3)−H(3)∙∙∙O(6)	  0.90(1)	 1.82(2)	 2.697(3)	 163(4)

Symmetry codes: i) x + ½, –y + 3/2, z – ½; ii) ½ + x, 3/2 – y, –½ + 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 mix-
ture of CH3OH/CH2Cl2 (1.2 mL; V:V = 7:3) was added 
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octahedral environment with an NO5 chromophore. The 
ligand molecule behaves as binegative tridentate one bind-
ing through the phenolate oxygen, the enolate oxygen and 
the imine nitrogen and occupies three positions in the bas-
al plane. The fourth donor of the basal plane is furnished 
by the hydroxyl O atom of the acetohydroxamate ligand. 
The oxo group and the carbonyl O atom of the acetohy-
droxamate ligand are located at the axial positions. The V 
atoms are found to be deviated from the corresponding 
mean basal planes by 0.283(2) Å for 1 and 0.279(2) Å for 2. 
The C(8)–O(2) bond lengths 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 at-
tributed to extended electron delocalization in the ligand. 
Similarly shortening of C(8)–N(2) bond lengths together 
with the elongation of N(1)–N(2) lengths also supports the 
electron cloud delocalization in the ligand system. The li-
gand molecules form five-membered and six-membered 
chelate rings with the V centers. The bond lengths related 
to the V atoms are similar to those observed in other vana-
dium complexes.13 In the crystal structures of the com-
plexes, the vanadium complex molecules are linked by eth-
anol molecules through hydrogen bonds (Figs. 3 and 4). 

Figure 1. An ORTEP diagram of complex 1 with atom labeling 
scheme and 30% probability thermal ellipsoids for all non-hydro-
gen atoms. Hydrogen bonds are shown as dashed lines. 

Figure 2. An ORTEP diagram of complex 2 with atom labeling 
scheme and 30% probability thermal ellipsoids for all non-hydrogen 
atoms. Hydrogen bonds are shown as dashed lines. 

Figure 3. Hydrogen bonds linked structures of complex 1. 

Figure 4. Hydrogen bonds linked structures of complex 2.

3. 5. 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 rela-
tive 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 cata-
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lytic properties with respect to epoxidation of olefins with 
the complexes as catalysts are given in Table 4. Excellent 
epoxide yields and selectivity (> 99%) were observed for all 
aliphatic and aromatic substrates. The results of catalytic 
studies using the catalysts reveal that the efficiency of cata-
lyst toward all the substrates is similar with maximum con-
version, TON, and selectivity. When H2O2 (1.1 mmol, 30% 
H2O2 in water) was used as a sole oxidant the catalytic effi-
ciency 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 peroxymonocarbonate, HCO4

−, which 
is a more reactive nucleophile than H2O2 and speeds up the 
epoxidation reaction. The catalytic properties of the pre-
sented complexes are comparable to the molybdenum and 
vanadium complexes reported in literature.14 

article. These data can be obtained free of charge at http://
www.ccdc.cam.ac.uk, or from Cambridge Crystallograph-
ic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; 
Fax: +44 1223 336 033; Email: deposit@ccdc.cam.ac.uk. 
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4. Conclusion
A pair of new oxidovanadium(V) complexes with 

aroylhydrazone ligands have been prepared and structur-
ally characterized using X-ray structure analysis, FT-IR 
and 1H NMR spectra. The complexes have octahedral ge-
ometry with positions around the central atom being oc-
cupied with donor atoms of the aroylhydrazone ligand, the 
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plexes show effective catalytic property in the oxidation of 
various olefins to their corresponding epoxides. 
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Povzetek
Sintetizirali smo dva nova oksidovanadijeva(V) kompleksa, [VOL1L] · EtOH (1) in [VOL2L] · EtOH (2) (L = acetohi-
droksamat), pripravljenega iz aroilhidrazona N’-(5-bromo-2-hidroksibenziliden)-4-metoksibenzohidrazida (H2L1) in 
N’-(5-bromo-2-hidroksibenziliden)-4-metilbenzohidrazida (H2L2) ter ju okarakterizirali z elementno analizo, FT-IR, 
1H in 13C NMR spektroskopijo in monokristalno rentgensko strukturno difrakcijo. Kompleksa imata oktaedrično struk-
turo, v kateri je aroilhidrazonski ligand dianion. Monokristalna strukturna analiza razkrije, da je V center koordiniran 
z donorskimi atomi aroilhidrazonskega liganda, acetohidroksamatnega liganda in oksido skupino. Kristalna struktura 
kompleksov je stabilizirana z vodikovimi vezmi. Kompleksa sta učinkovita katalizatorja za epoksidacijo olefinov. 


