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Three mono oxovanadium(V) complexes of tridentate Schiff base ligands [VO(OMe)L1] (1), [VO(OMe)L2]
(2) and [VO(OMe)L3] (3) obtained by monocondensation of 3-hydroxy-2-naphthohydrazide and aromatic
o-hydroxyaldehydes have been synthesized (H2L1 = (E)-3-hydroxy-N0-(2-hydroxy-3-methoxybenzyli-
dene)-2-naphthohydrazide, H2L2 = (E)-3-hydroxy-N0-(2-hydroxybenzylidene)-2-naphthohydrazide and
H2L3 = (E)-N0-(5-bromo-2-hydroxybenzylidene)-3-hydroxy-2-naphthohydrazide). The complexes were
characterized by spectroscopic methods in the solid state (IR) and in solution (UV–Vis, 1H NMR). Single
crystal X-ray analyses were performed with 1 and 2. The catalytic potential of these complexes has been
tested for the oxidation of cyclooctene using H2O2 as the terminal oxidant. The effects of various param-
eters including the molar ratio of oxidant to substrate, the temperature, and the solvent have been stud-
ied. The catalyst 2 showed the most powerful catalytic activity in oxidation of various terminal, cyclic and
phenyl substituted olefins. Excellent conversions have been obtained for the oxidation of cyclic and bicy-
clic olefins.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The catalytic epoxidation of olefins has been a subject of grow-
ing interest in the production of chemicals and fine chemicals since
epoxides are key starting materials for a wide variety of products
[1,2]. Much effort has been made to develop new active and selec-
tive oxidation catalysts for those processes that require an elimina-
tion of by-products. This transformation using environmentally
benign oxidants like H2O2 has aroused much interest because the
chemical industry continues to require cleaner oxidation, which
is an advance over environmentally unfavored oxidations and a
step up from more costly organic peroxides.

Two classes of vanadium enzymes, viz. vanadium-nitrogenases
and vanadate-dependent haloperoxidases, have so far been found
in nature, and their structures and properties have stimulated
the search for structural and functional model compounds [3–8].
The use of oxovanadium complexes in oxidation and oxotransfer
catalysis has been noted [9,10]. Alpha-olefin polymerization cata-
lyzed by some vanadium(V) complexes has been reported
[11,12]. Moreover, the role of vanadium complexes in catalytically
conducted redox reactions [13,14], and potential medicinal appli-
cations such as in the treatment of diabetes type I and type II
[15] have stimulated the interest in the stereochemistry and reac-
ll rights reserved.

: +98 241 5283203.
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tivity of its coordination compounds. In most cases the active site
contains either of these two motifs (VO3+ or VO2+) coordinated by
oxygen–nitrogen atoms. The strong affinity of these two motifs to-
wards O, N-donor ligand is probably due to their hard acidic nat-
ure, and selective stabilization of these two motifs depends upon
the basicity of donor atoms.

The remarkable biological activity of acid hydrazides R–CO–
NH–NH2, their corresponding aroylhydrazones, R-CO-NH–N@CH–
R0, and the dependence of their mode of chelation with transition
metal ions present in the living system have been of significant
interest [16,17] The coordination compounds of aroylhydrazones
have been reported to act as enzyme inhibitors [18] and are useful
due to their pharmacological applications [19]. Aroylhydrazones
complexes, on the other hand, seem to be a good candidate for cat-
alytic oxidation studies because of their stability to resist oxida-
tion. Hydrazone ligands can act as bidentate, tridentate or
tetradentate ligands depending on the nature of heterocyclic ring
substituents attached to the hydrazone unit. These ligands due to
their facile keto-enol tautomerization and the availability of sev-
eral potential donor sites can coordinate to metals. Hydrazides
and hydrazones have interesting ligation properties due to pres-
ence of several coordination sites. These ligands have a tendency
to stabilize the vanadium in its highest oxidation state [20–26].

To continue exploring structural and electronic effects of the
ortho and para substituents in the aryloxy ring of the hydrazone
ligands on vanadium in [VVO(ONO)(O)] complexes applied in
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Fig. 1. Structural formulae of methoxylatooxovanadium(V) complexes with depro-
tonated 1:1 condensation products of 3-hydroxy-2-naphthohydrazide with salicyl-
aldehyde and its derivatives.
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oxidation catalysis and as part of our research in the study of coor-
dinating capabilities of aroylhydrazones and their coordination
compounds [27–31] we report here the synthesis, characterization
and efficiency in mediated hydrocarbon oxidation of a series of
methoxylato oxovanadium(V) complexes comprising coordinated
single condensation products of 3-hydroxy-2-naphthohydrazide
with aromatic o-hydroxybenzaldehydes along with the X-ray
structure analysis carried out on two complexes. Structural formu-
lae of the synthesized catalysts are displayed in Fig. 1.
2. Experimental

Vanadium(IV) oxide acetylacetonate ([VO(acac)2]), olefins, sol-
vents and other materials were purchased in the highest possible
purity from Merck and Fluka and used as received. Melting points
were recorded on an Electrothermal 9100 apparatus (up to 300 �C).
IR spectra were recorded in KBr disks with a Matson 1000 FT-IR
spectrophotometer. UV–Vis spectra of solution were recorded on
a Shimadzu 160 spectrometer. 1H NMR spectra of ligands in
DMSO-d6 solution were recorded on a Bruker 250 MHz spectrom-
eter and chemical shifts are indicated in ppm relative to tetrameth-
ylsilane. The reaction products of oxidation were determined and
analyzed by HP Agilent 6890 gas chromatograph equipped with a
HP-5 capillary column (phenyl methyl siloxane 30 lm � 320 lm �
0.25 lm) and gas chromatograph–mass spectrometry (Hewlett-
Packard 5973 Series MS-HP gas chromatograph with a mass-selec-
tive detector). The elemental analyses (carbon, hydrogen, and
nitrogen) of compounds were obtained from Carlo ERBA Model
EA 1108 analyzer. Vanadium percentages of complexes were mea-
sured by a Varian spectrometer AAS-110.

2.1. Synthesis of H2L1–3 ligands

All the three hydrazone ligands (H2L1–3) were synthesized by
the same general method. To a methanol solution (10 ml) of 3-hy-
droxy-2-naphthohydrazide (1.63 mmol), methanol (10 ml) solu-
tion of 2-hydroxybenzaldehyde (1.63 mmol) or its substituted
derivatives were drop-wise added and the mixture was refluxed
for 3 h. The solution was then evaporated on a steam bath to
5 cm3 and cooled to room temperature. Yellow crystals of H2L1–3

were separated and filtered off, washed with 5 ml of cooled meth-
anol and then dried in air.

2.1.1. (E)-3-hydroxy-N0-(2-hydroxy-3-methoxybenzylidene)-2-
naphthohydrazide (H2L1)

Yield 0.54 g (98%). Mp (dp) 297 �C. Anal. Calc. for C19H16N2O4

(MW = 336.34): C, 67.85; H, 4.79; N, 8.33. Found: C, 67.80; H,
4.8; N, 8.43%. IR (KBr, cm�1): 3462 (w, br) (�mO–H) 3169 (s,vb)
(�mN–H), 3085 (s, br), 2946 (m), 1654 (vs) (�mC@O), 1615 (m) (�mC@N),
1562 (vs), 1469 (s), 1362 (s), 1262 (vs), 1231 (s), 1100 (m), 977
(w), 892 (w), 731 (m), 623 (m), 515 (w), 477 (w). UV–Vis spectrum
in CH3OH [kmax, (e, M�1 cm�1)]: 225 (59 850), 290sh (27 200),
313 nm (36 250). 1H NMR DMSO-d6 (ppm): 12.123 (1H, s) (N–H),
11.250 (1H, s) (aryl-OH), 10.866 (naphthyl-OH), 8.672 (1H, s) (azo-
methine), 8.473 (1H, s) (naphthyl-3-H), 6.837–7.915 (8H, m) (aro-
matic), 3.812 (3H, s) (OCH3).

2.1.2. (E)-3-hydroxy-N0-(2-hydroxybenzylidene)-2-naphthohydrazide
(H2L2)

Yield 0.475 g (95%). Mp (dp) 317 �C. Anal. Calc. for C18H14N2O3

(MW = 306.32): C, 70.58; H, 4.61; N, 9.15. Found: C, 70.57; H,
4.64; N, 9.18%. IR (KBr, cm�1): 3469 (w, br) (�mO–H), 3346 (w, br,
�mO–H), 3192 (vs) (�mN–H), 3031 (vs, vbr), 2669 (m), 2546 (m), 2392
(m, br), 1653 (vs) (�mC@O), 1631 (s) (�mC@N), 1561 (vs), 1453 (s),
1362 (s), 1277 (vs), 1223 (s), 1169 (m), 1077 (m), 762 (s), 646
(m), 477 (s). UV–Vis spectrum in CH3OH [kmax, (e, M�1 cm�1)]:
237 (62 000), 286 (17 900), 306sh (13600), 338 nm (12800). 1H
NMR DMSO-d6 (ppm): 12.140 (1H, s) (N-H), 11.211 (2H, s) (OH),
8.667 (1H, s) (azomethine), 8.445 (1H, s) (naphthyl-3-H), 6.894-
7.917 (9H, m) (aromatic).

2.1.3. (E)-N0-(5-bromo-2-hydroxybenzylidene)-3-hydroxy-2-
naphthohydrazide (H2L3)

Yield 0.60 g (96%). Mp (dp) 336 �C. Anal. Calc. for C18H13BrN2O3

(MW = 385.21): C, 56.12; H, 3.40; N, 7.27. Found: C, 56.10; H, 3.45;
N, 7.30%. IR (KBr, cm�1): 3662 (w, br) (�mO–H), 3189 (s, vbr) (�mN–H),
3062 (m, br), 1647 (vs) (�mC@O), 1625 (m) (�mC@N),1552 (s), 1520
(m),1472 (m), 1352 (s), 1268 (vs), 1115 (m), 940 (w), 868 (w),
740 (s), 629 (s), 468 (m). UV–Vis spectrum in CH3OH [kmax, (e,
M�1 cm�1)]: 231 (34 350), 287 (10 800), 296sh (10 200), 308 (10
100) 346 nm (7 750). 1H NMR DMSO-d6 (ppm): 11.953 (1H, s)
(N–H), 11.257 (2H, s) (OH), 8.611 (1H, s) (azomethine), 8.419
(1H, s) (naphthohydrazide 3-H), 6.678-7.907 (8H, m) (aromatic).

2.2. Synthesis of the complexes [VVO(OCH3)(L)] (1–3)

These complexes were synthesized by the same general meth-
od. General procedure: The appropriate ligand (H2L1, H2L2, or
H2L3) (1.2 mmol) was dissolved in methanol (10 ml). [VO(acac)2]
(0.24 g, 1.2 mmol) was added and the solution was gently refluxed
for 4 h. After cooling, the resulting solid was filtered off, washed
with cooled absolute ethanol, recrystallized from methanol/etha-
nol (50:50 v/v) and then dried at 100 �C.

2.2.1. [Vvo(och3)(l1)] (1)
Yield 0.44 g (85%). Anal. Calc. for C20H17N2O6V (MW = 432.30):

C, 55.57; H, 3.96; N, 6.48; V, 11.78. Found: C, 55.55; H, 3.96; N,
6.46; V, 11.81%. IR (KBr, cm�1): 3422 (w, br) (�mO–H), 2967 (m, br),
2924 (m), 2858 (m), 1638 (s) 1598 (vs), 1573 (m), 1524 (vs),
1465 (m), 1438 (m), 1380 (m), 1340 (s), 1304 (s), 1272 (m), 1240
(m), 1215 (s), 1173 (m), 1035 (s), 997 (vs, V@O), 908 (s), 870
(m), 817 (w), 761 (s), 670 (w), 640 (s), 476 (m). UV–Vis spectrum
in CH3OH [kmax, (e, M�1 cm�1)]: 203 (45 600), 230 (39 900), 268sh

(24 150), 318 nm (20 200). 1H NMR DMSO-d6 (ppm): 11.253 (1H,
s) (O–H), 9.092 (1H, s) (naphthohydrazide, 3-H), 8.468 (1H, s) (azo-
methine), 6.852-7.982 (8H, m) (aromatic), 3.782 (3H, s) (aryl-
OCH3), 3.148 (3H, s) (V–OCH3)

2.2.2. [Vvo(och3)(l2)] (2)
Yield 0.41 g (86%). Anal. Calc. for C19H15N2O5V (MW = 402.27):

C, 56.73; H, 3.76; N, 6.96; V, 12.66. Found: C, 56.74; H, 3.77; N,
6.92; V, 12.70%. IR (KBr, cm�1): 3421 (w,vb), 3011 (m, b), 2954
(m, b), 2908 (m, b), 2808 (m, b), 1636 (s) 1595 (vs), 1548 (m),
1514 (vs), 1462 (s, b), 1382 (m), 1335 (m), 1297 (s), 1217 (s),
1146 (m), 997 (vs, V@O), 987 (s), 898 (m), 865 (w), 836 (w), 800
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(w), 762 (s), 695 (w), 634 (vs), 571 (m), 468 (m). UV–Vis spectrum
in CH3OH [kmax, (e, M�1 cm�1)]: 203 (45 550), 227 (53 800), 267sh

(40 100), 326 nm (33 150). 1H NMR DMSO-d6 (ppm): 11.254 (1H,
s) (O–H), 9.106 (1H, s) (naphthohydrazide, 3-H), 8.464 (1H, s) (azo-
methine), 6.817–7.977 (9H, m) (aromatic), 3.142 (3H, s) (V–OCH3).

2.2.3. [Vvo(och3)(l3)] (3)
Yield 0.47 g (82%). Anal. Calc. for C19H14BrN2O5V

(MW = 481.17): C, 47.43; H, 2.93; N, 5.82; V, 10.59. Found: C,
47.40; H, 3.00; N, 5.85; V, 10.55%. IR (KBr, cm�1): 3415 (w, b),
2913 (w, b), 2858 (w, b), 2805 (m, b), 1637 (s) 1600 (vs), 1534
(s), 1461 (s), 1273 (s), 1215 (s), 1144 (m), 1073 (s), 1034 (m),
999 (vs, V@O), 960 (w), 823 (s), 750 (s), 695 (w), 665 (w), 572
(m), 478 (m). UV–Vis spectrum in CH3OH [kmax, (e, M�1 cm�1)]:
203 (31 350), 226 (46 150), 266sh (36 650), 310sh (28 000),
329 nm (29 100). 1H NMR DMSO-d6 (ppm): 11.211 (1H, s) (O–H),
9.073 (1H, s) (naphthohydrazide, 3-H), 8.468 (1H, s) (azomethine),
6.784–7.980 (8H, m) (aromatic), 3.141 (3H, s) (V-OCH3).

2.3. X-ray Crystallography

X-ray quality crystals of [VVO(OCH3)(L1)] (1) and [VVO(OCH3)-
(L2)] (2) could be grown from methanol and methanol–acetonitrile
(50:50, v/v), respectively. Dark brown crystals of 1 (0.29 mm �
0.07 mm � 0.02 mm) and 2 (0.43 mm � 0.29 mm � 0.16 mm)
were investigated in diffraction experiments at 200(2) K on an Ox-
ford XCalibur diffractometer and with monochromated Mo Ka
radiation (k = 0.71073). The structures were solved by Direct Meth-
ods with SIR97 [32], and refined with full-matrix least-squares
techniques on F2 with SHELXL-97 [33]. The crystal data and refine-
ment parameters are presented in Table 1. The C-bonded hydrogen
atoms were calculated in idealized geometry riding on their parent
atoms. The O-bonded hydrogen atoms were located from the dif-
ference map and refined freely. The molecular structure plot was
prepared using ORTEPIII [34].
Table 1
Crystal data and structure refinement for [VVO(OCH3)(L1)] (1) and [VVO(OCH3)(L2)]
(2).

[VVO(OCH3)(L1)] (1) [VVO(OCH3)(L2)] (2)

Net formula C20H17N2O6V C19H15N2O5V
Mr (g mol�1) 432.300 402.274
Crystal system monoclinic monoclinic
Space group P21/c P21/n
a (Å) 14.9240(11) 13.8626(4)
b (Å) 6.3680(4) 8.0484(2)
c (Å) 19.4747(15) 15.4054(5)
a (�) 90 90
b (�) 98.836(8) 101.739(3)
c (�) 90 90
V (Å3) 1828.8(2) 1682.85(8)
Z 4 4
Calculated density (g cm�3) 1.57013(17) 1.58779(8)
l (mm�1) 0.585 0.625
Absorption correction multi-scan multi-scan
Transmission factor range 0.98090–1.00000 0.94668–1.00000
Reflections measured 6862 12023
Rint 0.0657 0.0226
Mean r(I)/I 0.1806 0.0259
h Range 3.84–25.45 3.78–26.27
Observed reflections 1604 2803
x, y (weighting scheme) 0.0077, 0 0.0472, 0.1170
Reflections in refinement 3338 3407
Parameters 268 249
Restraints 0 0
R(Fobs) 0.0453 0.0285
Rw(F2) 0.0537 0.0826
S 0.735 1.100
Shift/errormax 0.001 0.001
Max electron density (e Å�3) 0.277 0.324
Min electron density (e Å�3) �0.411 �0.304
2.4. Experimental set up for catalytic oxidation

The liquid phase catalytic oxidations were carried out under air
(atmospheric pressure) in a 25 ml round bottom flask equipped
with a magnetic stirrer and immersed in a thermostated oil bath.
In a typical experiment, H2O2 (1–4 mmol) was added to a flask con-
taining the catalyst [VO(OMe)L] (2.5 � 10�3 mmol) and a represen-
tative olefin, namely cyclooctene (1 mmol) in a solvent (3 ml). The
course of the reaction was monitored using a gas chromatograph
equipped with a capillary column and a flame ionization detector.
The oxidation products were identified by comparing their reten-
tion times with those of authentic samples or alternatively by 1H
NMR and GC–Mass analyses. Yields based on the added olefin were
determined by a calibration curve. Control reactions were carried
out in the absence of catalyst, under the same conditions as the
catalytic runs. No products were detected.
3. Results and discussion

3.1. Synthesis of ligands and V-complexes

The reaction of 3-hydroxy-2-naphthohydrazide with several
benzaldehyde derivatives containing donor and withdrawing
groups in methanol gave the desired dissymmetric tridentate
Schiff base ligands in excellent yields and purity (Scheme 1). Vana-
dium(V) complexes with hydrazone Schiff base ligands were pre-
pared by treating a methanolic solution of the appropriate ligand
with an equimolar amount of [VO(acac)2] (Scheme 1).

A list of IR spectral data is presented in Table 2. A comparison of
the spectra of the complexes with the ligands provides evidence for
the coordination mode of the ligands in the catalysts. The non-
observation of the �m (C@O) bands, present in the ligands at
1647–1654 cm�1, indicates the enolization of the amide function-
ality upon coordination to the VV-centre. Instead strong bands at
ca. 1636–1638 cm�1 are observed, which can be attributed to the
asymmetric stretching vibration of the conjugated CH@N–N@C
group, characteristic for the coordination of the enolate form of
the ligands.

On complexation the absence of N–H band, red shifts in azome-
thine (–C@N–) and carbonyl bands of the ligands show coordina-
tion of H2L1–3 as dianionic ligands in enol form (Scheme 1)
through the deprotonated hydroxyl group (Ophenolate), azomethine
nitrogen (Nazomethine) and enol oxygen groups (OO–C(naphthyl)@N) in
the complexes 1, 2, 3 (Table 2). Strong C@N stretch (around
1637 cm�1) indicates the C@N group of the coordinated Schiff base
ligands [35]. The strong �m (VO) band around 997 cm�1 could be
clearly identified for all the complexes.

Methanol solutions of the complexes are brown-yellow in color.
These solutions have been used to record the electronic spectra.
The hydrazone ligands and their vanadium(V) complexes have
bands in the range 203–237 and 318–346 nm (Figs. 2 and 3, Table
3). Based on their extinction coefficients these are assigned as due
to p ? p* and n ? p * transitions, respectively. All bands shift to
lower energy in complexes indicating the coordination of ligands
to the metal ions. The shoulder at about 270 nm for complexes 1,
2 and 3 corresponds to LMCT band of V@O which it is seen at
274 nm for [VO(acac)2]. Selected data of 1H NMR data of the li-
gands and 1, 2 and 3 are shown in Table 4. The chemical shifts
for the three complexes are comparable and very close to each
other.
3.2. X-ray structures of [VVO(OCH3)(L1)](1) and [VVO(OCH3)(L2)] (2)

The molecular structures and labeling of the atoms for com-
plexes 1 and 2 are displayed in Figs. 4 and 5, and selected bond



Table 2
IR spectral data of the ligands and the vanadium complexes.

Compound Selected IR bands (cm�1)

�m (C@N)a + d(NH) �m(C@O) �m(NH) �m(OH) �m (V@O)

H2L1 1615, 1562 1654 3169 3462
H2L2 1631, 1561 1653 3192 3469, 3346
H2L3 1625, 1552 1647 3189 3662
1 1598 1638 3442 997
2 1595 1636 very broad 997
3 1600 1637 3415 999

a The bands assigned to �m (C@N) (azomethyne) may not be pure, as they may be
associated with the aromatic (C@C) stretching bands.
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Table 3
UV-Vis data for 1, 2, 3 and [VO(acac)2] in methanol.

Compound kmax (nm)/e (M�1 cm�1)

H2L1 225 (59 850), 290sh (27 200), 313 (36 250)
H2L2 237 (62 000), 286 (17 900), 306sh (13600), 338 (12800)
H2L3 231 (34 350), 287 (10 800), 296sh (10 200), 308 (10 100) 346 (7

750)
[VO(acac)2] 459 (80) (d–d), 546 (90) (d–d), 274 (19 350)
1 203 (45 600), 230 (39 900), 268sh (24 150), 318 (20 200)
2 203 (45 550), 227 (53 800), 267sh (40 100), 326 (33 150)
3 203 (31350), 226 (46 150), 266sh (36 650), 310sh (28 000), 329

(29 100)

Table 4
Chemical shifts for the protons of ligands H2L1, H2L2 and H2L3 and complexes 1, 2 and
3 (d/ppm).

Compound –NH– OH
(aryl)

OH
(naphthyl)

–CH@N– –OCH3 V–OCH3

H2L1 12.123 11.250 10.866 8.672 3.812
H2L2 12.140 11.211 11.211 8.667
H2L3 11.953 11.257 11.257 8.611
1 11.253 8.468 3.782 3.148
2 11.254 8.464 3.142
3 11.211 8.468 3.141
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lengths and angles are given in Table 5. In 1 and 2, the vanadium
atom has a five-coordinated structure as a VO(ONO)(O) with nitro-
gen and two oxygen atoms provided by the Schiff base, an oxygen
atom from methoxylato and an oxo ligands. The geometry around
the vanadium center in 1 is a square pyramidal with little distor-
tion (s = 0.03) and remains approximately square pyramidal but
the coordination around V in 2 becomes distorted square-pyrami-
dal (s = 0.23) [36]. The doubly deprotonated Schiff base ligand form
a basal plane (O1, N1, O2, O5 for molecules 1 and 2) through the
phenolate oxygen atom O1, imine nitrogen atom N1 and enolate



Fig. 4. Thermal ellipsoid plot of [VVO(OCH3)(L1)] (1) at 50% probability level, bond lengths and angles in Table 5. Hydrogens omitted for clarity.

Fig. 5. Thermal ellipsoid plot of [VVO(OCH3)(L2)] (2) at 50% probability level; bond lengths and angles in Table 5. Hydrogens omitted for clarity.
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oxygen atom O2 together with the oxygen atom from the meth-
oxylate ligand The apical position is occupied by the oxo ligand
O4. Relative to this plane, the vanadium atom is displaced toward
the apical oxygen atom O4 by 0.483(1) and 0.367(1) Å in com-
plexes 1 and 2, respectively. Moreover, the nitrogen atom N1 of
the Schiff base ligand is located trans to the methoxylato group
O5 with an angle O5–V–N1 of 146.50(10)� in 1 and 160.75(6)� in
2. The vanadium to terminal oxo group (O4) bond lengths for com-
plexes 1 (1.5758(19) Å) and 2 (1.5857(13) Å) are at the lower end
of the typically observed range for oxovanadium(V) complexes
[37,38], which is consistent with the reported values of analogous
hydrazone complexes [39,40]. The short V–O4 distance indicates
the presence of a vanadium–oxygen double bond which is com-
monly found in the VO3+ complexes.

In both compounds the Schiff base ligands form one six-mem-
bered and one five-membered chelate ring with bite angles of
about 82� (O1–V–N1) and 74� (N1–V–O2), respectively. The double
deprotonated form of the N-arylidene naphthohydrazide ligands is
consistent with the observed O2–C8 and N2–C8 bond lengths of
1.303(4) Å and 1.310(3) Å, respectively in 1 and 1.316(2) Å and
1.302(2) Å in 2. This is in agreement with reported titanium and
copper complexes containing the enolate form of N-arylidene ben-
zohydrazide ligands [30,31], whereas the O2–C8 bond is consider-
ably short for reported complexes with the coordinated keto form
of the N-arylidene benzohydrazide system [27]. The vanadium to
oxygen bond lengths within the defined tetragonal plane follows
the order V–O5 (methoxylato oxygen) < V–O1 (phenolate oxy-
gen) < V–O2 (enolate oxygen). On the other hand, the V–N bond
length to nitrogen atom N1 of the Schiff base is considerably elon-
gated due to the trans influence of the methoxylato group O5. The
oxovanadium(V) complexes reported here crystallize in the mono-
clinic space groups P21/c (1) and P21/n (2) with common structural
features. Differences among them can be observed regarding the
orientation of the N-arylidene and methoxylato groups. The dihe-
dral angle between vanadium coordinated atoms plane (O1, N1,
O2, O5) and N-arylidene plane (C1–C6) in 2 is 28.21(7)�, while in
1 is 6.82(13)�.

3.3. Catalytic activity studies

3.3.1. Oxidation of cyclooctene
The catalytic oxidation of cyclooctene with hydrogen peroxide

was studied in the presence of [VVO(OCH3)(L2)] (2). All reactions
were carried out with 1 mmol of cyclooctene in CH3CN and in
the presence of 2.5 lmol catalyst at 60 �C temperature for 5 h.
Cyclooctene oxide was the sole product. The results of control



Table 5
Selected bond lengths (Å) and angles (�) for 1 and 2.

1 2

V1–O1 1.834(2) V1–O1 1.8862(12)
V1–O2 1.944(2) V1–O2 1.9141(12)
V1–O4 1.576(2) V1–O4 1.5858(12)
V1–O5 1.741(2) V1–O5 1.7577(12)
V1–N1 2.108(3) V1–N1 2.1260(14)
O1–C1 1.338(4) O1–C1 1.367(2)
O2–C8 1.304(4) (C–O) O2–C8 1.316(2) (C–O)
O5–C19 1.402(5) O5–C19 1.414(3)
N1–C7 1.301(4) (N@C) N1–C7 1.292(2) (N@C)
N1–N2 1.398(4) N1–N2 1.388(2)
N2–C8 1.310(4) (N@C) N2–C8 1.302(2) (N@C)
O1–V1–O2 148.14(10) O1–V1–O2 146.71(5)
O1–V1–O4 105.71(10) O1–V1–O4 100.68(6)
O1–V1–O5 98.83(10) O1–V1–O5 100.09(5)
O1–V1–N1 83.06(10) O1–V1–N1 81.88(5)
O2–V1–O4 100.99(10) O2–V1–O4 104.28(6)
O2–V1–O5 88.79(10) O2–V1–O5 95.20(6)
O2–V1–N1 74.13(10) O2–V1–N1 74.40(5)
O4–V1–O5 108.41(12) O4–V1–O5 103.44(6)
O4–V1–N1 103.11(11) O4–V1–N1 94.92(6)
O5–V1–N1 146.50(11) O5–V1–N1 160.75(5)
V1–O1–C1 134.9(2) V1–O1–C1 122.64(10)
V1–O2–C8 118.88(19) V1–O2–C8 119.27(11)
V1–O5–C19 137.1(2) V1–O5–C19 132.36(12)
V1–N1–C7 128.2(2) V1–N1–C7 125.56(12)
V1–N1–N2 116.41(19) V1–N1-N2 115.70(10)
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Fig. 7. Reaction conditions: catalyst [VVO(OCH3)(L2)] (2), 2.5 lmol; solvent, 3 ml;
cyclooctene, 1 mmol; temperature, 60 �C; aqueous H2O2, 2 mmol; the reaction
time, 5 h.
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Fig. 8. Reaction conditions: catalyst [VVO(OCH3)(L2)] (2), 2.5 lmol; CH3CN, 3 ml;
cyclooctene, 1 mmol; aqueous H2O2, 2 mmol.
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experiments revealed that the presence of catalyst and oxidant are
essential for the oxidation. The oxidation of cyclooctene in the ab-
sence H2O2 does not occur and in the absence of catalyst the oxida-
tion proceeds only up to 6% after 24 h.

In search of suitable reaction conditions to achieve the maxi-
mum oxidation of cyclooctene, the effect of oxidant concentration
(moles of H2O2 per moles of cyclooctene), solvent and temperature
of the reaction were studied. The effect of H2O2 concentration on
the oxidation of cyclooctene is illustrated in Fig. 6. Different
H2O2/cyclooctene molar ratios (1:1, 2:1, 3:1 and 4:1) were consid-
ered while keeping the fixed amount of cyclooctene (1.0 mmol)
and catalyst 2 (0.0025 mmol) in 3 ml of acetonitrile at 60 ± 1 �C.
Increasing the H2O2/cyclooctene ratio from 1:1 to 2:1 increased
the conversion from 33 to 90%. Further increment resulted in
reduction of conversion. The maximum cyclooctene conversion
was obtained with a molar ratio of 2:1.

Fig. 7 illustrates the influence of the solvent nature in the cata-
lytic epoxidation of cyclooctene by 2. Carbon tetrachloride, meth-
anol, ethanol, acetonitrile, chloroform, tetrahydrofurane (THF),
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Fig. 6. Reaction conditions: Catalyst [VVO(OCH3)(L2)] (2), 2.5 lmol; CH3CN, 3 ml;
cyclooctene, 1 mmol; temperature, 60 �C; aqueous H2O2, 2 mmol.
acetone, N,N0-dimethylformamide (DMF) and ethyl acetate were
used as solvents. The highest conversion was obtained in acetoni-
trile, 92%. It was observed that the catalytic activity of the complex
2 decreases in order acetonitrile (relative dielectric constants [41],
e/e0 = 37.5) > methanol (32.7) > ethanol (26.6) > THF (7.3) > ace-
tone (20.7) > chloroform (4.9) > ethyl acetate (6.0) > CCl4 (2.24) >
DMF (36.7). In Fig. 7, the solvents are shown in order of their
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Fig. 9. Reaction conditions: catalyst, 2.5 lmol; CH3CN, 3 ml; cyclooctene, 1 mmol;
aqueous H2O2, 2 mmol.



Table 6
Oxidation of olefins with [VVO(OCH3)(L2)] / H2O2 /CH3CN.

Entry Olefin Conversion (%) Product(s)/yield(s) (%)

1 90

O

90

2 92

O
29 OH 55 O 8

3 97

O
67

CHO

8
O

8

O

14

4 98

O

74

O

24

5 25 CHO CHO 25

6

Ph

Ph 74a CHO 69

Ph

Ph

O

5

7

Ph Ph
75a CHO 75

Reaction conditions: catalyst [VVO(OCH3)(L2)] (2), 2.5 lmol; CH3CN, 3 ml; cyclooctene, 1 mmol; aqueous H2O2, 2 mmol, reaction time, 4 h and temperature, 60 ± 1 �C.
a =0.5 mmol. Yields are based on the starting olefin.
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Fig. 10. Titration of [VVO(OCH3)(L2)] with H2O2. Spectra were recorded after the
successive addition of one drop portions of H2O2 dissolved in methanol to 5 ml of
3.11 � 10�5 M solution of [VVO(OCH3)(L2)].
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relative dielectric constants (e/e0). In general, there was a good
correlation between the solvent polarity (e/e0) and cyclooctene
conversion percent. The highest conversion in acetonitrile possibly
is caused by its high dielectric constant. The lowest conversion in
DMF is likely due to the highest coordinating ability of DMF (donor
number = 24.0[42]). This conclusion was confirmed by the reduc-
tion of cyclooctene conversion when the oxidation was carried
out in the presence of a co-catalyst imidazole (a good p donor axial
ligand). The fine balance between the solvent polarity and its coor-
dinating ability determines its role in the oxidation of cyclooctene
by the [VVO(OCH3)(L2)]/H2O2 system.

In order to get the best reaction temperature, the reaction mix-
ture was stirred at various temperatures (for results see Fig. 8). At
room temperature the oxidation of cyclooctene was very low. By
increasing the reaction temperature the cyclooctene conversion in-
creased and a maximum conversion of cyclooctene (92%) was ob-
tained after 5 h at 60 �C. A temperature rise up to 80 �C lowered
the cyclooctene conversion.

The catalytic activities of 1, 2, and 3 were examined under the
optimized conditions for catalyst 2 (H2O2/cyclooctene molar ra-
tio = 2, acetonitrile, reaction temperature 60 �C). Catalyst 1 of
shows the lowest and catalyst 2 shows the highest rate of the
activity in the oxidation of cyclooctene with H2O2 (Fig. 9). Both
electron donation and steric effect of ortho methoxy substituent
in the aryloxy ring of hydrazone Schiff base ligand decrease the
catalytic activity of catalyst 1 relative to catalyst 2. Since bromo
substituent in catalyst 3 is not close to the catalyst active center
and also due to its weak electron donation through mesomeric
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effect, it slightly decreases the catalyst activity. In general, elec-
tronic and steric effects of the ligand substituents are rather subtle
since they are far from the reaction center.

3.3.2. Oxidation of various olefins
Finally, in order to explore further the oxidation potential of the

hydrazone Schiff base catalyst 2, oxidation of various olefins was
performed under the same reaction conditions which proved to
be the best for cyclooctene. We have studied terminal, cyclic and
VV
O

O
N

OCH3

O H2O2

A
B

VV
O

O N

OCH3

O

O
OH

H

V
O

N

O

D

VV
O

O
N

OCH3

O
O

C

VV
O

O
N

OCH3

O

A

O

V

HO O

-H2O

E

A

D

B

OH

O

Step-2F
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olefins by H2O2 in the presence of 2 proceeded quantitatively
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metalloporphyrin systems [43,44] in the oxidation of alkenes such
as cyclohexene. The oxidation of phenanthrene was proceeded by
breaking the double bond and 2,20-biphenyldicarbaldehyde was
the only product. The complex 2 was also tested for the oxidation
of cis- and trans-stilbene where benzaldehyde was obtained as ma-
jor oxidation product (Table 6, Entry 6 and 7). The presence of elec-
tron withdrawing aryl groups on the olefin double bound
decreased the conversion percent of the olefin. Phenanthrene and
cis- and trans-stilbene conversion were lower than cyclic and bicy-
clic olefins and proceeded with the breaking of the double bound.
Electron-rich cyclohexene and cyclooctene displayed a greater
reactivity than terminal olefins. This reflects the electrophilic nat-
ure of the oxygen transfer from the plausible vanadium–oxo inter-
mediate to the olefinic double bond. The higher reactivity of
cyclohexene relative to cyclooctene might be due to the greater an-
gle strain in the former. In the oxidation of cis- and trans-stilbene
the steric effects were not distinct. The sterically demanding
trans-stilbene was a little less reactive than the cis isomer. The
main product of the oxygenation of cis- and trans-stilbenes was
formed by the breaking of the plausible epoxide and resulted in
benzaldehyde.

Overall, activity of the electron rich olefins was higher than the
electron poor olefins (phenantheren, cis- and trans-stilbenes) and
there were only relatively small differences in the reactivity of
the various electron rich olefins (cyclohexene, cyclooctene, nor-
bornene and a-methylstyrene).

3.4. Possible reaction pathway of the catalysts

In order to establish possible reaction pathway, the methanolic
solutions of the neat complex [VVO(OCH3)(L2)] were treated with
H2O2 dissolved in methanol and the progress of the reaction was
followed by electronic absorption spectroscopy. Thus, the addition
of one-drop portions of 30% H2O2 dissolved in methanol to 5 ml of
ca. 10�5 M solution of [VVO(OCH3)(L2)] caused increase in the
intensity of 227 nm band and red shift of all bands, Fig. 10. All this
suggests the interaction of peroxo group with V(V) center. The ob-
served result is similar to that reported earlier for V@O complexes
and is due to the generation of oxomonoperoxovanadium(V) spe-
cies [45–48]. Peroxovanadium complexes very probably are inter-
mediates in halide oxidation by vanadate-dependent peroxidases,
as inferred from the structure results on the peroxo enzyme and
by model studies [49]. They are also potential intermediates in
the in vitro oxidation reactions of various organic substrates cata-
lysed by vanadium catalyst systems in oxidations carried out with
oxygen or peroxides [13].

The total mechanism of the reaction is not fully clear. However,
on the basis of the electronic absorption spectroscopy studies and
the oxidation products of the various olefins (Table 6), it is pre-
dicted that the key step in these processes is the epoxidation of
olefins by a peroxo-vanadium-hydrazone Schiff base species
formed in the reaction mixture in the presence of hydrogen perox-
ide. A tentative catalytic pathway for catalytic oxidation of a typi-
cal olefin namely cyclohexene is shown in Scheme 2. Cyclohexene
is very prone to both allylic and double bond oxidation [43]. The
reaction starts from the formation of an active catalytic species
[VV(OO)(OCH3)(L2)] (Scheme 2, C) upon interaction of oxovana-
dium complex with H2O2 which is in equilibrium with a biradical
peroxo complex (Scheme 2, D). The peroxo complex, thus, transfers
one of its oxygen atoms to the substrate in a concerted, highly syn-
chronous attack of the olefin to intermediated D [50] and yielding
the epoxide and catalyst [VV(@O)(OCH3)(L2)]. Allylic oxidation of
cyclohexene occurs via the vanadium(IV)-peroxo biradical
(Scheme 2, D) which abstracts a hydrogen atom from the substrate
to produce intermediate F (Scheme 2). Reduction of the substrate
radical by V(IV) gives 2-cyclohexene-1-ol and V(V). The product
2-cyclohexene-1-one is formed in step 2. A similar mechanism
has been reported for the catalytic oxidation with oxovanadium(V)
complexes of aminebis(phenolate) ligands [51].

In oxidation of a-methyl styrene, phenanthrene, cis- and trans-
stilbene, the high yield of ketone or aldehyde is possibly due to fur-
ther oxidation of epoxide formed on the first step by the nucleo-
philic attack of hydroperoxide on epoxide followed by cleavage
of the intermediate [48]. The product benzaldehde from further
oxidation of styrene is observed by others as well [52].
4. Conclusion

Our work has revealed that coordination complexes of VO3+ and
tridentate naphthohydrazone Schiff base ligands obtained by reac-
tion of 3-hydroxy-2-naphthohydrazide and aromatic o-hydroxyal-
dehydes derivatives afford a new class of VO3+catalysts for the
oxidation of olefins.

Three mono oxovanadium(V) complexes of tridentate Schiff
base ligands [VO(OMe)L1] (1), [VO(OMe)L2] (2) and [VO(OMe)L3]
(3) were synthezied and characterized by spectroscopic and single
crystal X-ray analyses. The catalytic abilities of these complexes
were investigated by using the environmentally benign and clean
oxidant H2O2 for oxidation of olefins. The effects of various param-
eters including the molar ratio of oxidant to substrate, the temper-
ature, and the solvent have been studied and the optimized
conditions were obtained. The catalyst 2 showed the most power-
ful catalytic activity in oxidation of various olefins. Excellent con-
versions were obtained for the oxidation of cyclohexene,
cyclooctene, norbornene and a-methylstyrene.
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