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Abstract

Alumina-supported vanadyl complexes with ligands of ethylenediamine (en); [VO(en)]SO -Al O 2-alum; tetramethylethylenediamine
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TMED); [VO(TMED)2]SO4-Al2O33-alum; bipyridine (bpy); [VO(bpy)2]SO4-Al2O34-alum; 1,10-phenantroline (phen); [VO(phen)2]SO4-
l 2O35-alum; acetylacetonato (acac); [VO(acac)2]-Al 2O3; 6-alum; N,N′-ethylenebis(salicylideneiminato) (salen); [VO(salen)]-Al2O37-
lum;N,N′-phenylenebis(salicylideneiminato) (salophen); [VO(salophen)]-Al2O38-alum; catalyzed the oxidation of cyclohexene withtert-
utylhydroperoxide (TBHP). The major products of the reaction were 2-cyclohexene-1-one. The influence of solvent and time for the
eaction has been studied. The selectivity of the 2-cyclohexene-1-(tert-butylperoxy) varied with reaction time. Alumina-supported van
atalysts with the nitrogen donor ligands show significantly higher catalytic activity than oxygen donor ligands at the same surface
VO(bpy)2](SO4)-Al2O3 shows significantly higher catalytic activity than other alumina supported vanandyl complexes. These cata
lso be reused in the oxidation of cyclohexene for several times.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Heterogenized vanadium catalysts have found wide
ommercial application as oxidation catalysts,e.g., for the
elective oxidation ofo-xylene to phthalic anhydride, am-
oxidation of alkyl aromatics, selective catalytic reduction

SCR) of NOx with NH3, and controlling the oxidation of
O2 to SO3 during SCR[1–5]. Furthermore, supported vana-
ium catalysts are active in the oxidative dehydrogenation of
lkanes to olefins, oxidative of butane to maleic anhydride,
nd the selective oxidation of methanol to formaldehyde
r methyl formate[6,7]. In addition, vanadium catalysts
re generally known as a poison for fluid catalytic cracking
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(FCC) catalysts by destroying the Brönsted acid sites an
the structure of the ultra stable zeolite Y (USY),[8–10].

A prerequisite for understanding the behavior of suppo
vanadium catalysts is a through knowledge of their sur
chemistry and reactivity as a function of the type and c
position of the supports and of the environmental conditi
Despite numerous-mostly qualitative-characterization s
ies, many fundamental questions concerning the oxid
states and coordination geometries of surface vanadia sp
still remain unanswered, and this has been the subjec
recent review[11].

In this study, we synthesized several VO2+ com-
plexes of various ligands of ethylenediamine, tetr
ethylethylenediamine, bipyridine, 1,10-phenantrol
acetylacetonato,N,N′-ethylenebis (salicylideneiminato) a
N,N′-phenylenebis(salicylideneiminato) supported on ac

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

alumina (Scheme 1). These solids were then used as catalysts
in cyclohexene oxidation reaction by TBHP.

2. Experimental

2.1. Materials and physical measurements

All the solvents were purchased from Merck (pro analysi)
and were distilled and dried using molecular sieves (Linda
4Å). Vanadyl sulfate pentahydrate, VO(acac)2, ethylenedi-
amine (en), tetramethylethylenediamine (TMED), bipyridine
(bpy), 1,10-phenantroline (phen), 1,2-phenylenediamine,
salicylaldehyde, andtert-butlhydroperoxide (solution 80% in
di-tert-butylperoxide) were obtained from Merck Co. Cyclo-
hexene was distilled under nitrogen and stored over molec-
ular sieves (4̊A). Cyclohexanone was used as an internal
standard for the quantitative analysis of the product using
gas chromatography. Reference samples of cyclohexene ox-
ide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one (Aldrich)
were distilled and stored in the refrigerator. Acidic alumina
was purchased from Merck (Art. No. 1078, aluminum oxide

90 active acidic, 0.063–0.200 mm). It was activated at 500◦C
for 8 h before use.

Elemental analyses were obtained from Carlo ERBA
Model EA 1108 analyzer. The vanadium contents of the sam-
ples were measured by Atomic Absorption Spectrophotome-
ter (AAS-Perkin-Elmer 4100-1319) using a flame approach.
The products were analyzed by GC-MS, using a Philips
Pu 4400 Chromatograph (capillary column: DB5MS, 30 m),
Varian 3400 Chromatograph (15 m capillary column of HP-
5; FID) coupled with a QP Finnegan MAT INCOF 50, 70 eV.
DRS spectra were taken with a Varian Cary 5 UV–vis-NIR
spectrometer at room temperature.

2.2. Preparation of heterogeneous catalysts

2.2.1. Preparation of VOSO4-Al2O3 (1-alum)
Acidic alumina (6 g) was added to a well-stirred solution

of vanadyl sulfate pentahydrate (1 g) in methanol (50 ml).
The mixture was then heated at 40◦C for 24 h. The light
blue solid was filtered and washed with methanol and dried
at 50◦C under vacuum. The resulting light blue powder was
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stored in a lightly closed bottle and used without reactiva-
tion. The concentration of vanadium determined by AAS was
0.014 mmol g−1.

2.2.2. Preparation of [VO(en)2](SO4)-Al2O3 (2-alum)
Ethylenediamine (4.5 mmol) was dissolved in 50 ml of

ethanol, and the solution was stirred. To this solution was
added vanadyl sulfate pentahydrate (2.25 mmol) dissolved
in 25 ml of ethanol. The color of the solution changed to
green. The mixture was then heated at 40◦C for 4 h. Upon
cooling the solution, a green solid was obtained which was
filtered, washed with chloroform, and dried in vacuum and
purified by recrystallization from ethanol. Anal. Calcd for
C4H16N4O5SV: V, 17.98; C, 16.96; H, 5.69; N, 19.78%.
Found: V, 17.88; C, 16.82, H, 5.59; N, 19.83%. A solution
of the [VO(en)2](SO4) in CH3OH was added to a suspension
of Al2O3 in CH3OH. The resulting suspension was stirred at
40◦C for 8 h. The green solid was filtered, and washed with
CH3OH. The [VO(en)2](SO4)-Al2O3 catalyst was dried at
60◦C under vacuum overnight prior to use.

2.2.3. Preparation of [VO(TMED)2](SO4)-Al2O3
(3-alum)

This compound was prepared by a method similar to
di-
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2.2.6. Preparation of [VO(salen)]-Al2O3 (7-alum) and
[VO(salophen)]-Al2O3 (8-alum)

The Schiff-base was obtained by condensation of the
appropriate diamine and salicylaldehyde[12–16]. Ligands
were recrystallized from ethanol at least once before met-
alation. The vanadyl Schiff-base complexes were prepared
under ambient condition. To a hot solution of Schiff-base lig-
and (2 mmol) in a mixed solvents (chloroform 15 ml/ethanol
15 ml), a hot solution of VO(acac)2 (2 mmol) in methanol
(15 ml) was added. The mixture was heated and a few drops
of triethylamine were added. The reaction mixture was re-
fluxed for 30 min. The colored solution concentrated and
cooled to yield crystals. Analytical data and physical prop-
erties for vanadyl complexes are similar to their complexes
were prepared by literature methods[17–19]. Acidic alumina
was stirred with [VO(salen)] or [VO(salophen)] in CH3Cl and
after 40◦C for 8 h, the solid colour changed to light green.
It was then washed with CH3Cl and dried at 60◦C under
vacuum.

2.2.7. Oxidation of cyclohexene; general procedure
A mixture of 1.0 g catalyst, 25 ml solvent and 10 mmol cy-

clohexene was stirred under nitrogen atmosphere in a 50 ml
round bottom flask equipped with a condenser and a drop-
ping funnel at room temperature for 30 min. Then 16 mmol
o d.
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3

3

om-
p n of
1 i-
a hiff-
b com-
p sol-
v that
c ce a
l l
c ge
9 ve
c

3

ld of
c nsi-
t rties
( te in-
t cult
a tero-
that for [VO(en)2]SO4] except that tetramethylethylene
amine was used instead of ethylenediamine. Anal. Calc
C12H32N4O5SV: V, 12.88; C, 36.45; H, 8.16; N, 14.17
Found: V, 12.76; C, 36.35, H, 8.07; N, 14.22%. T
[VO(TMED)2](SO4) in CH3OH was added to a suspe
sion of acidic alumina in CH3OH. The suspension w
heated at 40◦C for 8 h. The green solid was filtered, was
with methanol. The [VO(TMED)2](SO4)-Al2O3 catalyst wa
dried at 60◦C under vacuum overnight prior to use.

2.2.4. Preparation of [VO(bpy)2](SO4)-Al2O3 (4-alum)
and [VO(phen)2](SO4)-Al2O3 (5-alum)

This compound was prepared by a method simila
that for [VO(en)2]SO4] except that bipyridine or phenantr
line was used instead of ethylenediamine. Anal. Calcd
C20H16N4O5SV: V, 10.72; C, 50.53; H, 3.39; N, 11.79
Found: V, 10.68; C, 50.42, H, 3.34; N, 11.82%. Anal. Ca
for C24H16N4O5SV: V, 9.73; C, 55.07; H, 3.08; N, 10.70%
Found: V, 9.67; C, 54.12, H, 2.98; N, 10.81%. Acidic alum
was stirred with [VO(bpy)2](SO4) or [VO(phen)2](SO4)-
Al2O3 in CH3OH and after 40◦C for 8 h, the solid colo
changed to light green. It was then washed with CH3OH and
dried at 60◦C under vacuum.

2.2.5. Preparation of [VO(acac)2]-Al2O3 (6-alum)
Acidic alumina was added to a well stirred solution

[VO(acac)2] (from Merck) in methanol. The mixture w
then heated at 40◦C for 8 h. The light green solid was fi
tered, washed with methanol and dried at 60◦C under vacuum
overnight prior to use.
f TBHP (solution 80% in di-tert-butylperoxide) was adde
he resulting mixture was then refluxed for 8 h under2
tmosphere. After filtration and washing with solvent,
ltrate was concentrated and then subjected to GC ana

. Results and discussion

.1. Synthesis of neat complexes

Elemental analyses indicate that all of the vanadyl c
lexes are monomeric species formed by coordinatio
mol of the vanadyl ion (VO2+) and 2 mol of bidentate d
mine (en, TMED, bpy, phen) or 1 mol of tetradentate Sc
ase (salen, slaophen) ligands. The vanadyl Schiff-base
lexes are insoluble in water but soluble in most organic
ents. Infrared and UV–vis spectral analyses indicate
oordination of diamine groups on the vanadyl produ
ess electrophilic metal-oxo center (Table 1). Green vanady
omplexes have V=O stretching frequencies in the ran
76–993 cm−1, which are characteristic of monomeric fi
oordinate structures[20].

.2. Heterogenisation of complexes

The heterogenisation of homogenous catalysts is a fie
ontinuing interest. Although some of homogeneous tra
ion metal complexes exhibit remarkable catalytic prope
activities and selectivity), they are unsuitable to separa
act, from the reaction medium making their reuse diffi
nd contaminating the reaction products. Thus, the he
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genisation is always a toxicological and environmental chal-
lenge; moreover, it has an economical significance unless
the activities of the homogeneous catalysts are exception-
ally high. We have done the heterogenisation by supporting
the catalysts on acidic alumina. Acidic alumina was chosen
because neither of neutral nor basic alumina did adsorb the
complex on its surface. The adsorbing tendency of the acidic
alumina might arise from the presence of oxygen groups on
the surfaces, which are able coordinate to the metal ion cen-
ter (Scheme 1). This hypothesis was further confirmed when
we observed that the complex with three bidentate ligands
cannot be adsorbed on the acidic alumina surface[21c].

Vanadium contents of the alumina-supported catalysts
were estimated by dissolving the known amount of the cata-
lyst in concentrated HCl and from these solutions, vanadium
contents were estimated by atomic absorption spectrometer
(AAS). The concentration of vanadium was 0.014 mol g−1.

The IR bands of all catalysts are weak due to their low
concentration of the complex on alumina. The IR spectra of
supported complexes are essentially similar to that of the neat
complexes (Table 1). The adsorbing tendency of the acidic
alumina might arise from the presence of oxygen groups on
the surface in order to coordinate to the metal ion center
(Scheme 1).

The DRS spectra of alumina-supported vanadyl com-
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t are
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1 (1.93) )
2 (17.98)
2 (2.06)
3 (12.88)
3 (1.89)
4 (10.72)
4 (1.83)
5 (9.73)
5 (1.79)
6 (19.21) h)
6 (1.93)
7 (15.13) h)
7 (2.11) h)
8 (13.36)
8 (1.96)

iven in

vacancy is most probably filled by additional lattice oxygen,
which completes the coordination sphere. A pictorial repre-
sentation is given inScheme 1.

3.3. Catalytic activity

We have recently reported the activation of CH bond
with TBHP and H2O2 in the presence of exchanged zeo-
lite NaY with transition metal elements, alumina-supported
and zeolite-encapsulation of metal complexes[21]. We
showed that some complexes of Mn (II) included in ze-
olite Y, catalyzed the oxygen transfer from TBHP to cy-
clohexene and concluded that such simple systems mimic
the behavior of cytochrome P-450 type oxidation systems
[21b]. We also showed the [Mn(haacac)]-Al2O3; (haacac
= bis(2-hydroxyanil)acetylacetone], catalyzed cyclohexene
oxidation with the highest reactivity and selectivity and 2-
cyclohexene-1-one was formed as the main product[21d],
and we showed a simple catalyst system of alumina supported
Mn (II) complexes with a number of bidentate ligands of N,
N; N, O and O, O donors atoms in the oxidation of cyclohex-
ene[21c]. Since, alumina-supported metal systems exhibit
catalytic activity in a wide ranging of the industrially impor-
tant processes and have been extensively studied, we decided
to investigate the effect of vanadyl complexes with different
c d on
a P.

-
m alu-
m mina-
s xene
t ctiv-
i f the
c

na-
s with
lexes are characterized by ligand field transitions, and
nergies are dependent on the coordination environme

he d↔d region the alumina-supported vanadyl catalysts
haracterized by a week absorption band and a sho
Table 1). Both transitions are typical for V4+ in pseudoocta
edral coordination. The DRS spectra for alumina-suppo
anadyl complexes are quite similar to the reported for
ral reference compounds of V4+ [13–16]. The observation o
seudooctahedrally coordinated V4+ by DRS, point towar

he presence of a distorted octahedral structure with on
rdination vacancy along the other axial position. The la

able 1
hemical composition, DRS absorption, UV–visa and IR stretching frequ

ample C (%) H (%) N (%) V (%

– – – –
-Alum – – – 1.76

16.82 (16.96) 5.59 (5.69) 19.83 (19.78) 17.88
-Alum 1.76 (1.81) 1.09 (1.12) 2.20 (2.23) 2.17

36.35 (36.45) 8.07 (8.16) 14.22 (14.17) 12.76
-Alum 5.06 (5.19) 1.60 (1.67) 2.16 (2.09) 1.78

50.42 (50.53) 3.34 (3.39) 11.82 (11.79) 10.68
-Alum 8.30 (8.41) 0.98 (1.07) 2.02 (2.12) 1.84

54.12 (55.07) 2.98 (3.08) 10.81 (10.70) 9.67
-Alum 9.79 (9.87) 0.91 (1.07) 2.06 (1.95) 1.66

45.13 (45.29) 5.22 (5.32) – 19.10
-Alum 4.30 (4.54) 0.96 (1.04) – 1.76

57.67 (57.51) 4.23 (4.15) 8.41 (8.56) 15.29
-Alum 7.06 (7.11) 1.03 (1.09) 1.05 (1.13) 2.01

62.89 (63.01) 3.75 (3.70) 7.50 (7.37) 13.18
-Alum 8.67 (8.71) 1.02 (1.14) 1.07 (1.12) 1.90

a In methanol solutions at 25◦C.
b Infrared spectra measured as KBr pellets. Estimated values are g
of neat and alumina-supported vanadyl complexes

C/N C/V vV=Ob (cm−1) d↔d (cm−1)

– – 999 794, 658(sh)
– – 991 798, 662(sh
0.85 (0.86) 0.94 (0.95) 987 618, 558(sh)
0.80 (0.81) 0.81 (0.88) 985 623, 563(sh)
2.56 (2.57) 2.85 (2.83) 981 614, 554(sh)
2.34 (2.48) 2.84 (2.75) 978 625, 565(sh)
4.27 (4.29) 4.72 (4.71) 981 570, 510(sh)
4.11 (4.17) 4.52 (4.61) 978 575, 515(sh)
5.01 (5.14) 5.60 (5.66) 973 566, 505(sh)
4.76 (5.07) 5.89 (5.51) 971 569, 515(sh)
– 2.36 (2.35) 935 658.8, 591(s
– 2.44 (2.35) 934 693, 601(sh)
6.86 (6.72) 3.77 (3.80) 979 580.2, 443(s
6.72 (6.67) 3.52 (3.50) 978 586.4, 451(s
8.39 (8.55) 4.77 (4.75) 970 546, 436(sh)
8.12 (8.23) 4.56 (4.58) 968 553, 441(sh)

parentheses.

helates of N, N; N, O and O, O donor atoms, supporte
cidic alumina in the oxidation of cyclohexene with TBH

Results ofTable 2 show the catalytic activity of ho
ogeneous catalysts. Comparing between neat and
ina supported complexes as catalyst evidence that alu

upported catalysts gave higher conversion of cyclohe
han their corresponding neat complexes. The higher a
ty of supported complexes is because of site isolation o
omplexes.

The selectivity and activity results of these alumi
upported catalysts on the oxidation of cyclohexene



M. Salavati-Niasari et al. / Journal of Molecular Catalysis A: Chemical 221 (2004) 169–175 173

Table 2
Oxidation of cyclohexene with TBHP catalyzed by vanadyl complexes in
CH3CN

Catalyst Conversion (%) Selectivity (%)

Peroxidea Epoxyb Alcoholc Ketoned

1 38.4 3.9 25.6 19.0 51.5
2 54.7 4.5 35.3 16.1 44.1
3 53.5 5.6 38.5 15.4 40.5
4 83.9 6.1 56.9 13.2 23.8
5 80.2 7.2 53.2 12.1 27.5
6 37.1 3.2 29.5 20.2 47.1
7 47.2 3.7 52.5 12.0 31.8
8 49.6 5.2 59.2 12.3 23.3

Solvent=10 ml; catalyst = 1.02× 10−5 mol; duration=8 h, at reflux; cyclo-
hexene=1 ml; TBHP = 2 ml.

a 1-(tert-butylperoxy)-2-cyclohexene.
b Cyclohexene oxide.
c 2-Cyclohexene-1-ol.
d 2-Cyclohexene-1-one.

TBHP are given inTables 3–6. At the end of the reaction,
the catalyst was separated by filtration, thoroughly washed
with solvent and reused under similar conditions. Although
the analysis of the recovered catalysts by Atomic Absorption
Spectroscopy showed no reduction in the amount of vana-
dium ion, they showed a slightly lower catalytic activity (3%)
(Table 3).

The effect of VO2+ complexes supported on alumina
was studied on the oxidation of cyclohexene with TBHP
in CH2Cl2 and the results are shown inTable 3. As shown
in Fig. 1, only allylic oxidation has occurred with the for-
mation of 2-cyclohexene-1-o1, 2-cyclohexene-1-one and 1-
(tert-butylperoxy)-2-cyclohexene. Oxidation with the same
oxidant in the presence of VO(SO4)-Al2O3 was 26.5%
(Table 3). The increase of conversion from 26.5 to 94.1%
compared to VOSO4-Al2O3 with [VO(bpy)2](SO4)-Al2O3
indicates that the existence of ligand has increased the activ-

Table 3
Oxidation of cyclohexene with TBHP catalyzed by vanadyl complexes on
alumina in CH2Cl2

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec

1-Alum 26.5 6.1 37.2 56.7
2-Alum 53.2 18.6 31.2 50.2
3-Alum 51.5 19.2 32.1 48.7
4
4
4
4
5
6
7
8

Table 4
Oxidation of cyclohexene with TBHP catalyzed by vanadyl complexes on
alumina in CHCl3

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec

1-Alum 25.1 6.4 38.1 55.5
2-Alum 52.5 18.9 32.3 48.8
3-Alum 49.6 19.3 33.5 47.2
4-Alum 89.6 5.7 12.1 82.2
4-Alumd 89.1 5.6 11.8 82.6
4-Alume 88.3 5.3 11.6 83.1
4-Alumf 86.8 5.1 11.2 83.7
5-Alum 84.1 6.6 13.4 80.0
6-Alum 43.5 20.1 34.6 45.3
7-Alum 79.1 8.7 14.9 76.4
8-Alum 84.1 8.5 13.8 77.7

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d First reuse.
e Second reuse.
f Third reuse.

Table 5
Oxidation of cyclohexene with TBHP catalyzed by vanadyl complexes on
alumina in CH3CN

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec

1-Alum 18.3 10.7 40.2 49.1
2-Alum 36.5 24.5 43.6 31.9
3-Alum 31.2 26.7 41.5 31.8
4-Alum 69.2 11.7 16.5 71.8
4-Alumd 68.4 11.5 16.1 72.4
4-Alume 67.2 11.2 15.7 73.1
4-Alumf 66.1 10.9 15.3 73.8
5-Alum 59.6 12.6 19.6 67.8
6-Alum 27.6 27.2 38.5 34.3
7-Alum 58.6 16.1 19.2 64.7
8-Alum 52.4 16.9 18.8 64.3

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d First reuse.
e Second reuse.
f Third reuse.

Fig. 1. Oxidation products distribution on alumina in dichloromethane with
vanadyl complexes/TBHP.
-Alum 94.1 5.6 11.7 82.7
-Alumd 93.1 5.2 11.6 83.2
-Alume 91.3 5.2 11.3 83.5
-Alumf 91.1 5.2 11.1 83.7
-Alum 86.4 6.4 12.6 81.0
-Alum 46.3 19.8 33.2 47.0
-Alum 80.2 8.6 14.7 76.7
-Alum 85.2 8.1 13.6 78.3

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d First reuse.
e Second reuse.
f Third reuse.
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Table 6
Oxidation of cyclohexene with TBHP catalyzed by vanadyl complexes on
alumina in cyclohexene

Catalyst Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec

1-Alum 29.8 4.5 31.2 64.3
2-Alum 57.4 11.2 28.2 60.6
3-Alum 56.3 11.8 29.1 59.1
4-Alum 95.2 4.1 10.1 85.8
4-Alumd 95.1 4.0 10.0 86.0
4-Alume 94.8 3.9 9.8 86.3
4-Alumf 94.6 3.8 9.6 86.6
5-Alum 88.9 4.2 9.3 86.5
6-Alum 48.5 13.2 28.4 58.4
7-Alum 86.2 7.1 12.6 80.3
8-Alum 90.1 7.2 13.1 79.7

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.
d First reuse.
e Second reuse.
f Third reuse.

ity of the catalyst by a factor 3.55. From the results indicated
in Table 3, it is evident that cyclohexene-2-one is selectivity
formed in the presence of all catalysts.

The trend observed inTables 2–6could be explained by
the donor ability of ligands (en, TMED, bpy, phen, salen,
salophen) available in the complex catalyst. As Wang et al.
have pointed out recently, the key point in the conversion of
cyclohexen to the products is the reduction of L-Mn+ to L-
M(n−1)+. This reduction to L-M(n−1)+ is facilitated with the
ligands available around the metal cation[22].

The formation of the allylic oxidation products, 2-
cyclohexene-1-one and 2-cyclohexene-1-o1 shows the pref-
erential attack of the activated C-H bond over the C=C bond.
The formation of 1-(tert-butylperoxy)-2-cyclohexene shows
the presence of radical reactions[23]. That TBHP as oxidant
promotes the allylic oxidation pathway and epoxidation is
minimized, especially under the highly acidic properties of
alumina-supported with transition metal ions and complexes,
has been observed by us and others[21c,24](Fig. 2).

Table 7gives the effect of time on product distribution.
By increasing time, while conversion percentage and 2-
cyclohexene-1-one, the yield of 2-cyclohexene-1-o1 and 1-

F ith
v

Table 7
Effect of time oxidation of cyclohexene with TBHP catalyzed by
[VO(bpy)2](SO4)-Al2O3 in CH3CN

Time (h) Conversion (%) Selectivity (%)

Peroxidea Alcoholb Ketonec

2 42.9 20.2 24.7 55.1
4 51.8 18.5 22.1 59.4
6 60.6 14.7 19.6 65.7
8 69.2 11.7 16.5 71.8

10 71.9 10.9 13.7 75.4
12 82.3 10.1 10.8 79.1

a 1-(tert-Butylperoxy)-2-cyclohexene.
b 2-Cyclohexene-1-ol.
c 2-Cyclohexene-1-one.

(tert-butylperoxy)-2-cyclohexene decreases at the presence
of [VO(bpy)2](SO4)-Al2O3/CH3CN.

3.4. Effect of solvent

The effect of various solvents for the oxidation of cyclo-
hxene with alumina-supported vanadyl complexes as cata-
lyst was also studied. The oxidation reactions were carried
out in protic and aprotic solvents. The results are given in
Tables 3–6. In all the oxidation reaction, 2-cyclohexene-
1-one was formed as the major product. The selectivity
for 2-cyclohexene-1-one formation was 82% while the se-
lectivity for 2-cyclohexene-1-o1 and 1-(tert-butylperoxy)-2-
cyclohexene was less than 18% for [VO(bpy)2]SO4-Al2O3
catalyst in CH2Cl2 (Table 3). When the reaction was car-
ried out in acetonitrite as solvent, the conversion percentages
decrease by a factor of 1.36 (Table 5). This might be at-
tributed to the donor number of acentonitrile (14.1) and there-
fore, its higher ability to occupy the vacant spaces around
the vanadium center and prevent the approaching of oxi-
dant molecules toward the catalyst center. In dichloromethane
and chloroform, the yields of 2-cyclohexene-1-o1 and 2-
cyclohexene-1-one were higher and lower yield of the peroxy
species was obtained as compared to the other solvents.

4

m of
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b OO)
l lic
s ent-
a ina-
s ing.
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211.
33
ig. 2. Oxidation products distribution on alumina in acetonitrile w

anadyl complexes/TBHP.
. Conclusion

In this study, we have used a simple catalysis syste
lumina-supported vanandyl complexes with a numbe
identate (N, N; O, O) and tetradentate Schiff-base (NN

igands in the oxidation of cyclohexene. Oxidation of ally
ite was resulted with TBHP as oxidant. The high perc
ge yield of reactions especially in the presence of alum
upported vanandyl bipyridine complex seems promis
he extension of the method to different olefines is curre
nder investigation in our laboratory.
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