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bstract

The coordination chemistry of two aminebis(phenolate) ligands (H2L1 and H2L2) around vanadium(V) is described. Vanadium(V) oxo complexes
1, 2 and 3) of all the ligands were obtained readily by the reaction between the ligand precursors and [VO(acac)2]. Single crystal X-ray structure
nalysis showed that all of the complexes are penta-coordinated with trigonal bipyramidal geometry in NO4 coordination environment. The tripodal
itrogen atom of the respective ligands and monodentate alkoxo group occupy apical positions. These complexes structurally resemble very closely

o the active sites of vanadium haloperoxidases (VHPO) and were found to catalyze the oxidation of toluene to benzoic acid and isomers of xylene
o the corresponding hydroxy acids with turn over numbers ranging between 134 and 188. Based on mass spectra the mechanism of the catalytic
rocess was proposed to proceed through the formation of hydroxo–hydroperoxo intermediate, which is different from halo peroxidase reactions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The interest in vanadium chemistry both from biological
nd pharmacological perspectives has exploded over the past
5 years because of the discovery of the role of vanadium
s an insulin mimic, and the presence of vanadium in certain
aloperoxidases and nitrogenases (Azotobacter chroococcum
nd Azotobacter vinelandii) [1,2]. In an attempt to gain an insight
nto the biological roles of vanadium, many recent studies have
een focused on the coordination chemistry of this metal as well
s their reactivity in the oxidation states +3, +4 and +5, with
iologically relevant ligands [3,4].
Inorganic vanadium(V) peroxo-complexes, some of which
ave been suggested to be functional models for the vana-
ium peroxidases [5], mediate oxygen-transfer reactions to
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variety of organic compounds including sulfides [6]. Sev-
ral chiral Schiff-base-ligated vanadium(V) peroxo-complexes
atalyze the formation of optically active sulfoxides, with selec-
ivities up to 78% enantiomeric excess [7,8]. It has recently
een demonstrated that the vanadium haloperoxidases are also
apable of mediating selective sulfoxidation reactions in the
resence of hydrogen peroxide [9–11]. Vanadium bromoperox-
dase (VBPO) from the brown seaweed Ascophyllum nodosum
romotes formation of the (R)-enantiomer of the methyl phenyl
ulfoxide with 91% enantiomeric excess under optimal reac-
ion conditions, whereas VBPO from the red seaweed Corallina
ilulifera mediates formation of the (S)-enantiomer with 55%
nantiomeric excess.

Soil and sediment bacteria have been found to mineral-
ze many organic chemicals containing one or more benzene

ings [12]. In many instances the genetic information for
he biodegradative process is harbored by plasmids, which
ct as efficient vehicles for the spread of such information.
he TOL (toluene biodegradation) plasmid of Pseudomonas

mailto:m_ali2062@yahoo.com
dx.doi.org/10.1016/j.molcata.2007.01.041
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utida is the most extensively characterized catabolic plas-
id; it encodes enzymes for the mineralization of toluene,
- and p-xylene, m-ethyltoluene and 1,3,4-trimethylbenzene

13,14]. In the degradation of these compounds, the methyl
roup at carbon-1 in the aromatic ring is sequentially oxi-
ized to yield the corresponding carboxylic acid. The carboxylic
cid is then oxidized to its corresponding catechol, which
ndergoes meta fission to produce a semialdehyde, which is
urther transformed into products, e.g., pyruvate plus aldehydes
15].

Chemical catalytic oxidation of hydrocarbon to their alco-
olic, phenolic, carbonyl or carboxylic acid functions is an
xtremely fascinating research area [16–18], since, these are
idely used as precursors for a wide variety of organic syn-

hesis in the laboratory as well as in the industry. In this
espect, very recently it has been observed that many transi-
ion metal complexes, in combination with various oxidizing
gents, can catalyze the conversion of a wide variety of
ydrocarbons including lower alkanes [18,19]. More specif-
cally, oxoperoxo molybdenum(VI) complexes, in presence
f H2O2, catalyze the oxidation of alkyl benzenes [20]. On
he contrary, vanadium compounds have been widely used as
atalyst in H2O2 as well as O2 oxidation of hydrocarbons
16,17,21], but so far yields and TON (turn over num-
er) obtained are not very remarkable. Barnhard and Huged
sed vanadium complexes as catalyst, but the assistance of
reducing agent, namely, substituted hydrocarbons, in high

mount was necessary [22], which makes the process less cost-
ffective.

It has been observed previously that vanadium(V) as well as
roup-4 metal complexes of tri- (ONO) and tetra- (ONNO) den-
ate aminebis(phenolate) ligand have proved to be highly active

lefin polymerization catalysts [23–25]. Again, [VO(ONO)]
omplexes of two aminebis(phenol) ligands (H2L1 and H2L2)
esemble closely with the recently reported active sites in vana-
ium haloperoxidases (Scheme 1) [26].
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All these lead us to design and synthesize structural and
unctional models of the biomolecules, which has the potential
bility to catalyze hydrocarbon oxidation. The model complexes
escribed here, are believed to catalyze the oxidation of aromatic
ydrocarbon through the formation of hydroxo–hydroperoxo
V(ONO)(OH)(OOH)(OMe)] intermediate. We report here the
ynthesis, crystal structures (1–3) catalytic oxidation of aromatic
ydrocarbons by H2O2.

. Experimental

.1. Physical measurements

Elemental analyses were carried out using a Perkin-Elmer
40 elemental analyzer. Infrared spectra (400–4000 cm−1) were
ecorded from KBr pellets on a Nickolet Magna IR 750 series-II
TIR spectrophotometer. Electronic spectra were recorded from
gilent 8453 UV–vis diode array Spectrophotometer. Mass

pectra were recorded on a Micromass Q-TOF spectrometer with
lectron spray ionization source. Electrochemical measurements
ere carried out using a computer controlled PAR model 263A
ERSASTAT electrochemical instruments with Platinum work-

ng electrode and saturated calomel electrode (SCE) as reference
ne.

.2. Materials

Starting materials for the synthesis of ligands (H2L1) and
H2L2), namely, 2,4-di-tert-butylphenol (Lancaster), formalde-
yde (Merck India), n-butylamine (Loba Chemie, India),
-propylamine (Loba Chemie, India), are of reagent grade and
sed as received. Solvents like methanol, ethanol, petroleum
ther, acetonitrile (Merck India) were of reagent grade and dried
y standard methods before use. Substrates namely toluene and
somers of xylene (Merck India) used in the catalytic reaction
re of spectroscopic grade and used as received. Thirty per-
ent of H2O2 (Merck India) was used in the catalytic oxidation
eactions.

.3. Synthesis of the ligands

The ligands (H2L1and H2L2) have been synthesized accord-
ng to the published procedure [27] and further characterized by
HN and NMR spectroscopic analysis.

.4. Preparation of the complexes

.4.1. General methods for the synthesis of complexes (1),
2) and (3)

[VO(acac)2] (1.0 mmol, 0.256 g) was dissolved in appro-
riate alcohol and equimolar quantity of the respective ligand
H2L1 or H2L2) dissolved in the same solvent was added to it
nd refluxed for 2 h. On cooling to room temperature the sus-

ended material initially formed was filtered off and the filtrate
as subjected to slow evaporation at room temperature where-
pon dark brown crystals suitable for X-ray study were obtained
ithin a week.
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[VVO(L1)(OMe)] (1). Yield, 86%. Anal. Calc. for
C35H56NO4V: C, 69.42%; H, 9.26%; N, 2.31%. Found:
C, 69.25%; H, 9.20%; N, 2.35%. FTIR (KBr disc; cm−1)
ν(V O) 966.
[VVO(L2)(OMe)] (2). Yield, 85%. Anal. Calc. for
C34H54NO4V: C, 69.04%; H, 9.14%; N, 2.37%. Found:
C, 68.87%; H, 9.25%; N, 2.45%. FTIR (KBr disc; cm−1)
ν(V O) 970.
[VVO(L2)(OEt)] (3). Yield, 84%. Anal. Calc. for
C35H56NO4V: C, 69.42%; H, 9.26%; N, 2.31%. Found:
C, 69.21%; H, 9.25%; N, 2.40%. FTIR (KBr disc, cm−1)
ν(V O) 972.

.5. X-ray crystallography

Intensity data for [VVO(L1)(OMe)] (1) were collected at
93(2) K on a smart CD defractometer using graphite monochro-
atized Mo K� radiation (λ= 0.71073 Å and the ω− 2θ scan
ode in the range 2.75 < 2θ < 27.50◦). No decomposition of the

rystal occurred during the data collection. The intensities were
orrected for Lorentz and polarization effects and for absorption
sing the ψ-scan data. The structure was solved by direct meth-
ds using SHELXS-97 [28] and was refined anisotropically on
2 using the full-matrix least-squares procedure of SHELXL-97
29] and hydrogen atoms were included in the model at their cal-
ulated positions with d(C–H = 0.93–0.97 Å) and Uiso(H) values
f 1. Five equivalents of (C) for methyl protons and 1.2 equiv.
C) for other protons at convergence [σ weights, i.e., 1/σ2(F)],

2

a

able 1
ummary of crystallographic data

Complex

1

mpirical formula C35H56NO4V
ormula weight 605.75
emperature (K) 293(2)
avelength (Å) 0.71073
rystal system Monoclinic
pace group P21

nit cell dimensions
a (Å) 10.582(3)
b (Å) 15.270(3)
c (Å) 11.148(3)
β (◦) 102.52(3)
Volume (A3) 1758.5(8)
Z 2
ρcalc (g/cm3) 1.127
μ (mm−1) 0.316
Maximum and minimum transmission 0.687 and 0.647
Crystal size (mm3) 0.35 × 0.51 × 0.60
θ limit (◦) 2.75–27.5
Index ranges (h; k; l) −1, 13; −1, 19; −14, 14
Reflections collected 5105
Independent reflections 4423
Observed reflections [I > 2σ(I)] 3572
Data/restraints/parameters 4423/24/379
Goodness-of-fit-on F2 1.04
Final R indices [I > 2σ(I)] R1 = 0.0540, ωR2 = 0.1567
Largest diff. peak and hole (e A−3) 0.87 and −0.22
ysis A: Chemical 270 (2007) 153–159 155

1 = 0.054 and wR2 = 0.143 for 1 [I > 2σ(I)]; final refinement
etails are given in Table 1. The maximum peak in the final
ifference map was 0.87 e Å−3 the minimum peak −0.22 e Å−3.

The diffraction data for complexes 2 and 3 were collected
ith a KM4CCD diffractometer with a four-circle area-detector

KUMA Diffraction, Poland), and equipped with an Oxford
ryostream Cooler (Oxford Cryosystems, UK). Mo K� radi-
tion (monochromator Enhance, Oxford Diffraction, UK) was
sed in all measurements. The ω-scan technique with different
and ϕ offsets for covering an independent part of reflections

n the 3.2–25.0◦ θ range was performed. The cell parameters
ere refined from all strong reflections. The data reductions
ere carried out using the CrysAlis RED (Oxford Diffrac-

ion, UK) program, and analytical absorption corrections were
pplied. The structures were determined by direct methods
nd SHELXS-97 [28]. Both structures were refined anisotrop-
cally on F2 using the full-matrix least-squares procedure of
HELXL-97 [29]. H atoms attached to C atoms were positioned
eometrically, with C–H = 0.95–0.98 Å, and with Uiso(H) values
f 1.2Ueq(C) [1.5 Ueq(C) for methyl atoms]. The data for pub-
ication were prepared by SHELXL and PARST [30] and the
gures by ORTEP-III [31]. The crystal and the procedure for
ata refinement are listed in Table 1 for all three complexes.
.6. Experimental set up for catalytic oxidation

A mixture of complex 2 (the catalyst) (0.0592 g, 0.10 mmol),
representative substrate, namely toluene (20 mmol), was

2 3

C34H54NO4V C35H56NO4V
591.72 605.75
120(2) 426(2)
0.71073 0.71073
Monoclinic Monoclinic
P21 P21

10.400(8) 0.201(7)
14.923(12) 15.565(10)
11.221(9) 11.194(8)
103.211(8) 104.108(7)
1695.4(2) 1723.6(2)
2 2
1.159 1.167
0.327 0.323
0.938 and 0.894 0.9381 and 0.8815
0.20 × 0.30 × 0.35 0.20 × 0.40 × 0.40
3.31–25 3.22–24.99
−12, 12; −17, 16; −13, 12 −12, 12; −18, 18; −13, 12
9723 10348
5305 5679
4389 4725
5305/1/375 5679/1/384
0.98 0.93
R1 = 0.0532, ωR2 = 0.1318 R1 = 0.0346, ωR2 = 0.0615
0.80 and −0.34 0.37 and −0.30
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issolved in 10 ml MeCN solvent and the resulting solution was
aken in a 50 ml capacity Parr type hydrogenation apparatus.
o the above solution was then added 2 ml of 30% H2O2 and

he resulting solution turned yellow. The assembly was then
lunged in water to assure that the system was airtight. The
olution was then heated on an oil bath to reflux for 5–12 h
s required and 0.5 ml of H2O2 was added intermittently at
time interval of 60 min. The reaction was quenched at a

ertain interval of time lowering the temperature to −5◦ and
he solution was analyzed thereafter by GC.

.7. Recovery of catalyst

After each set of catalytic oxidation had been quenched, the
eaction mixture left was thoroughly shaken with diethyl ether
hereupon the substrates and the products were extracted in

he ether layer almost quantitatively. The ether layer containing
he catalyst, product and the unreacted substrate was separated
ut by a separating funnel and then added to appropriate alcohol
nd refluxed for 2 h in air. The resulting dark brown solution was
hen allowed to cool, filtered and kept for slow evaporation where
pon shiny crystals of the catalyst (complex 2) were deposited
ithin few days. The crystals were separated by filtration and
ried in air and characterized by comparing elemental as well
s IR spectrum with the original complex.

. Results and discussion

.1. Description of the crystal structures

[VOL1(OMe)] (1), [VVO(L2)(OMe)] (2) and [VVO(L2)
OEt)] (3). Crystal Structure determination of complexes 1, 2
nd 3 reveal the similar features. The asymmetric unit cells
onsist of discrete molecules of the complexes. The ORTEP
iews with atom numbering scheme of complexes 1, 2 and 3 are
hown in Figs. 1–3, respectively. Selected interatomic parame-

ers are listed in Table 2. In each of the three cases vanadium
tom adopts the relatively uncommon TBP geometry under NO4
onor environment that usually occurs only in a sterically con-
ested ligand environment to relieve some steric strain [32].

ig. 1. ORTEP view with atom numbering scheme for complex 1 drawn at 30%
robability ellipsoid. Hydrogen atoms are omitted for clarity.

3
H
o

F
p

ig. 2. ORTEP view with atom numbering scheme for complex 2 drawn at 30%
robability ellipsoid. Hydrogen atoms are omitted for clarity.

n all three penta-coordinated complexes basal coordinates are
ccupied by phenolate oxygen atoms O(1) and O(2) of the lig-
nd and an oxo function O(3). The tripodal nitrogen atom of the
espective ligand and a monodentate alkoxo group occupy apical
ositions. The vanadium atoms do not lie on the O(1), O(2) and
(3) plane but are displaced slightly above the plane towards the
–O(4) bond. This deviation is fairly equal for complexes 1 and
with 0.193 and 0.191 Å respectively and slightly higher for

omplex 2 (0.20 Å). The distortion from ideal geometry may
e caused by the smaller bite angles between the phenolate

atom and the imine nitrogen atom of the tridentate ligand.
he O(phenolate)–V–N angles are in the order of 80.46–81.83◦
hich are remarkably narrower than the ideal angle. V–O oxo
istances are in good agreement for all three complexes but the
–N distances differ significantly in complex 3 being 2.228(2) Å
hereas these distances are 2.237(4) and 2.238(3) for complexes
and 2 which is typical for a tertiary N atom sited axially trans

o an oxo function [33]. The angular parameter τ calculation
34] clearly indicates that all the three structures are trigonal
ipyramidal but distorted somewhat towards a square-pyramid

2

(66.4% and 64.5%, respectively) are more distorted than the
2L1 ligated complex 1 (τ = 68.8%), but the reason for this state
f affairs is not clear.

ig. 3. ORTEP view with atom numbering scheme for complex 3 drawn at 30%
robability ellipsoid. Hydrogen atoms are omitted for clarity.
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Table 2
Selected bond lengths and bond angles in the complexes 1, 2 and 3

1 2 3

Bond length (Å)
V(1)–O(1) 1.835(3) V–O(1) 1.825(2) V–O(1) 1.835(2)
V(1)–O(2) 1.832(3) V–O(2) 1.828(2) V–O(2) 1.833(1)
V(1)–O(3) 1.579(4) V–O(3) 1.581(3) V–O(3) 1.576(2)
V(1)–O(4) 1.782(5) V–O(4) 1.798(3) V–O(4) 1.796(2)
V(1)–N(1) 2.237(3) V –N 2.238(3) V–N(1) 2.228(2)

Bond angles (◦)
O(1)–V(1)–O(2) 128.65(2) O(1)–V–O(2) 128.63(1) O(1)–V–O(2) 128.76(7)
O(1)–V(1)–O(3) 114.16(2) O(1)–V–O(3) 113.59(1) O(1)–V–O(3) 113.84(8)
O(1)–V(1)–O(4) 93.78(2) O(1)–V–O(4) 94.22(1) O(1)–V–O(4) 93.30(8)
O(1)–V(1)–N(1) 81.63(1) O(1)–V–N 81.18(1) O(1)–V–N(1) 81.46(7)
O(2)–V(1)–O(3) 113.53(2) O(2)–V–O(3) 113.82(1) O(2)–V–O(3) 113.81(9)
O(2)–V(1)–O(4) 95.33(2) O(2)–V–O(4) 94.21(1) O(2)–V–O(4) 93.70(7)
O(2)–V(1)–N(1) 80.82(1) O(2)–V–N 80.71(1) O(2)–V–N(1) 80.96(7)

–O(4
–N 8
–N 1
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O(3)–V(1)–O(4) 100.5(2) O(3)–V
O(3)–V(1)–N(1) 89.53(2) O(3)–V
O(4)–V(1)–N(1) 169.93(2) O(4)–V

In all the three complexes the tridentate tripodal ligands H2L1

nd H2L2 behave in a very similar way wrapping the metal cen-
er facially and the non-symmetry related phenyl rings flip back
o the same side of the vanadium center giving rise to a fac-cis
somer in each case. All the phenyl rings retain their aromatic-
ty and the two planes formed by the respective aromatic rings
ntersects at an angle of about 34◦ in the complexes 1 and 2 and
omewhat narrower angle for 3.

.2. Electrochemical study

The electrochemical behavior of complex 2 was studied by
yclic voltammetry in the range +2.00 to −0.5 V at a scan rate
00 mV/s in MeCN at platinum electrode versus SCE using tetra-

utylammonium perchlorate (TBAP) as supporting electrolyte.
omplex 2 showed (Fig. 4) a quasi-reversible peak at −0.20 V.
ontrolled coulometric experiment shows that the wave is one-
lectron transfer process. Since the phenolate ligand as well as

ig. 4. Cyclic voltammogram of complex 2 in acetonitrile solution containing
mM complex and 0.1 M n-Bu4NClO4 (scan rate = 0.1 V/s).

t
p
e
b
t

F
o
s

) 102.15(2) O(3)–V–O(4) 102.79(9)
9.37(1) O(3)–V–N(1) 89.77(8)
68.47(1) O(4)–V–N(1) 167.43(8)

ethoxy group could not be reduced in this potential range [35],
e assign this as a metal centered reduction potential for the
O3+/VO2+ couple.

.3. Catalytic oxidation

The yield of the reaction products were monitored by GC at
ifferent times and the plots of % yield versus time (h) (Fig. 5)
or three representative substrates, viz. toluene, o- and p-xylenes
ive reasonable straight lines for the later points, taking ori-
in as one of the points and the rate constants evaluated to
e 8.42 ± 0.43, 5.78 ± 0.30 and 7.28 ± 0.51 h−1, respectively.
otably, decrease in rate as well as in the product percentage

rom toluene to o-xylene (Table 3) clearly indicates that lower
he steric crowding in the substrate higher is the yield of the

roduct. The mechanism of the reaction is not fully clear. How-
ver, sensitivity of the catalytic reactions towards AIBN and
enzoquinone lead us to assume a radical mechanism and the
entative sequence of reaction steps could be framed as shown

ig. 5. Plots of % yield vs. time (h) for the catalytic oxidation of toluene,
-xylene, and p-xylene by H2O2 using complex 2 as catalyst with sub-
trate:catalyst = 200:1.
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n Scheme 2. On addition of H2O2 to an acetonitrile solution of
omplex 2 changes from brown to green rendering an electronic
ransition at 531 nm (ε= 164 mol−1 cm2), which is characteris-

ic for a d–d transition. Cyclic voltametric study also reveals the
uasi-reversible regeneration of initial complex. ESI-MS study
f the toluene oxidation reaction mixture shows the existence

able 3
etails of catalytic oxidation of hydrocarbons by H2O2 using complex 2 as

atalyst

ubstrate Product % Yield Turn over
number

k (h−1)

94 188 8.42

67 134 5.78

87 174 7.28
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(

(

. .

f benzyl alcohol and benzaldehyde and hydroxo–hydroperoxo
V(ONO)(OH)(OOH)(OMe)] species (Supplementary Fig. 1)
roving the self-consistency of the proposed mechanistic path-
ays [18] (Scheme 2). The model complexes described here

atalyze the oxidation of aromatic hydrocarbons through the for-
ation of hydroxo–hydroperoxo [V(ONO)(OH)(OOH)(OMe)]

ntermediate, unlike the previously proposed mechanism of
aloperoxidase reactions, where, an oxo–peroxo intermediate
as been proposed [17].

. Conclusion

1) The coordination properties of two aminebis(phenolate) lig-
ands (H2L1 and H2L2) around vanadium(V) are described
here.

2) Vanadium(V) oxo complexes [VOL1(OMe)] (1),
[VVO(L2)(OMe)] (2) and [VVO(L2)(OEt)] (3) were
readily obtained by the simple reaction between the ligand
precursors and VO(acac)2 in MeCN.

3) Single crystal X-ray structure analyses reveal that all the
complexes have trigonal bipyramidal geometry under NO4
coordination environment.

4) These complexes structurally resemble very closely to the
active sites of “haloperoxidases”.
5) Complex 1 showed a quasi-reversible peak at −0.20 V and
corresponds to the VO3+/VO2+ couple.

6) These were found to catalyze the oxidation of toluene to
benzoic acid and isomers of xylene to the correspond-
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ing hydroxy acids with turn over numbers ∼188 and
hydroxo–hydroperoxo species [VOH(OOH)(L2)(OMe)] as
the active intermediate.
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Appendix A

Crystallographic data have been deposited with the
ambridge Crystallographic Data Center, 12 Union Road,
ambridge CB2 1EZ, UK (fax: +44 1223 336033: e-mail:
eposit@ccdc.cam.ac.uk) and are available on request quoting
he deposition numbers ccdc-278611 and 278610 for complexes
and 3, respectively.

ppendix B. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.molcata.2007.01.041.
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