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Abstract Encapsulation of Oxovanadium(IV) complexes

of 12-membered macrocyclic ligands having N2O2, N2S2

and N4 donor atoms in the nanocavity of zeolite-Y by the

Flexible-Ligand Method (FLM) have been described.

Oxovanadium(IV) complexes with macrocyclic ligands

were entrapped in the nanocavity of zeolite-Y by a two-

step process in the liquid phase: (i) adsorption of precursor

ligand; 1,2-di(o-aminophenyl-, amino, oxo, thio)ethane,

(N2X2); in the supercages of VO(IV)-Y; ([VO(N2X2)]2?-Y

(X = NH, O, S); and (ii) in situ condensation of the oxo-

vanadium(IV) precursor complex with glyoxal or biacetyl;

[VO([R]2–N2X2)]2?-Y (R = H, CH3). The new Host–

Guest Nanocomposite Materials (HGNM, [VO([R]2–

N2X2)]2?-Y) have been characterized by FT-IR, DRS and

UV–Vis spectroscopic techniques, XRD and elemental

analysis, as well as nitrogen adsorption. Liquid-phase

selective hydroxylation of phenol with H2O2 to a mixture

of catechol and hydroquinone in CH3CN has been reported

using [VO([R]2–N2X2)]2?-Y as catalysts. Reaction condi-

tions have been optimized by considering the concentration

of substrate and oxidant, amount of catalyst, effect of time,

volume of solvent and temperature. Under the optimized

reaction conditions, [VO([H]2–N4)]2?-Y gave 50.1% con-

version of phenol after 6 h. All these catalysts are more

selective toward catechol formation.

Keywords Nanocomposite materials � Host–guest �
Oxovanadium(IV) � Hydroxylation of phenol �
Zeolite encapsulation

Introduction

One of the main targets of advanced organic synthesis is

represented by the achievement of highly efficient, cheap

and environmentally acceptable process. This result allows

the formation of unwanted waste to be minimized, tedious

and expensive purification procedures to be avoided. In the

last decade, much effort has been paid to attach homoge-

neous transition metal complexes to insoluble supports,

such as organic polymers or metal oxides. Reaction of

transition metal complexes with solid surfaces may lead to

stable solid catalysts, in which a transition-metal complex

remains hooked or anchored to the surface atoms. These

heterogenised catalysts may combine the ease of product

separation with reactivity and selectivity founded with

homogeneous catalysts [1–8].

Zeolites are crystalline aluminosilicates whose internal

voids are formed by nanocavities and nanochannels of

strictly regular dimensions and of different sizes and

shapes. In particular, the structure of Y zeolite consists of

almost spherical 1.3 nm cavities interconnected tetrahe-

drally through smaller apertures of 0.74 nm diameter. The

metal complex can be easily accommodated inside the

supercages of Y zeolite.

The term nanoporous materials have been used for those

porous materials with pore diameters of less than 100 nm.

Many kinds of crystallines and amorphous nanoporous

materials such as framework silicates and metal oxides,

zeolites, pillared clays, nanoporous silicon, carbon nano-

tubes and related porous carbons have been described
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lately in the literature [1]. Nanopores encapsulated metal

complexes are mostly used as heterogeneous and redox

catalysts in petroleum industry and in the production of

chemicals for various types of shape-selective conversion

and separation reactions [9]. They form the basis of new

environment-friendly technologies, involving cheaper,

more efficient and more environment-friendly ways for

carrying out chemical reactions. Transition metal-modified

nanoporous molecular sieves with aluminosilicate frame-

works catalyse a wide variety of synthetically useful oxi-

dative transformations with clean oxidants such as H2O2 or

O2 under relatively mild conditions with the advantage of

facile recovering and recycling, if compared to homoge-

neous liquid phase catalyst, like sulfuric acid [10–18].

The encapsulation of oxovanadium(IV) is widely used to

modify the original properties of porous catalyst hosts in

nanoporous structures. Both the acidity and redox properties

can be modified by inserting oxovanadium(IV) into super-

cage of zeolite. Oxovanadium(IV)-containing nanoporous

catalysts have been attracted considerable attention due to

their remarkable activity in the catalytic [19–26]. In this

paper, I described the preparation, physico-chemical char-

acterization oxovanadium(IV) complexes of 12-membered

macrocyclic ligand; 1,4-diaza,7,10-dioxo,5,6:11,12-dibenzo-

[e,k]-cyclododeca-1,3-diene[N2O2]ane; [H]2–N2O2, 2,3-

dimethyl-1,4-diaza,7,10-dioxo,5,6:11,12-dibenzo-[e,k]-cycl-

ododeca-1,3-diene[N2O2]ane; [CH3]2–N2O2, 1,4,7,10-tet-

raaza-5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene[N4]ane;

[H]2–N4, 2,3-dimethyl-1,4,7,10-tetraaza-5,6:11,12-dibenzo-

[e,k]-cyclododeca-1,3-diene[N4]ane; [CH3]2–N4, 1,4-diaza,

7,10-dithia,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene

[N2S2]ane; [H]2–N2S2) and 2,3-dimethyl-1,4-diaza,7,10-

dithia,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene[N2S2]

ane; [CH3]2–N2S2; encapsulated within the nanopores of

zeolite-Y by the template condensation of glyoxal or

biacetyl and precursor ligand; 1,2-di(o-aminophenyl-,

amino, oxo, thio)ethane, N2X2; [VO([R]2–N2X2)]2?-Y (R =

H, CH3). Application of these complexes in the oxidation

of phenol with H2O2 as oxygen donor has been shown.

(Scheme 1, 2).

Experimental

Materials and physical measurements

Y-zeolite (Si/Al*2.53) was purchased from Aldrich (Lot

No. 67812). All other reagents and solvent were purchased

from Merck (pro-analysis) and dried using molecular

sieves (Linde 4 Å). FT-IR spectra were obtained as KBr

pellets in the range of 400–4,000 cm-1 with Shimadzu

Varian 4300 spectrophotometer. The electronic spectra of

the neat complexes were recorded on a Shimadzu UV–Vis

scanning spectrometer (Model 2101 PC). Diffuse reflec-

tance spectra (DRS) were registered on a Shimadzu UV/

3101 PC spectrophotometer the range 1,500–200 nm, using

MgO as reference. The elemental analysis (C, H and N) of

the materials were performed using a Carlo ERBA Model

EA 1108 analyzer. FAB mass spectra were recorded on a

Kratos MS50TC spectrometer. IH-NMR spectra were

obtained on a Bruker NMR 400 (400 MHz) spectropho-

tometer using CDCl3 and (CD3)2SO as solvents. XRD

patterns were recorded by a Rigaku D-max C III, X-ray

diffractometer using Ni-filtered Cu Ka radiation. Nitrogen

adsorption measurements were performed at 77 K using a

Coulter Ofeisorb 100CX instrument. The samples were

degassed at 150 �C until a vacuum better than 10-3 Pa was

obtained. Micropore volumes were determined by the

t-method, a ‘‘monolayer equivalent area’’ was calculated

from the micropore volume [27, 28]. The stability of the

encapsulated catalyst was checked after the reaction by

UV–Vis and possible leaching of the complex was inves-

tigated by UV–Vis in the reaction solution after filtration of

the zeolite. The amounts of oxovanadium(IV) complexes

encapsulated in zeolite matrix were determined by the

elemental analysis and by subtracting the amount of oxo-

vanadium(IV) complex left in the solutions after the syn-

thesis of the catalysts as determined by UV–Vis

spectroscopy, from the amount taken for the synthesis.

Atomic absorption spectra (AAS) were recorded on a

Perkin-Elmer 4100–1319 Spectrophotometer using a flame

approach, after acid (HF) dissolution of known amounts of

the zeolitic material and SiO2 was determined by gravi-

metric analysis.

Preparation of 1,2-di(o-nitrophenoxy)ethane

Ortho-nitrophenol (4.78 g) in hot dimethylformamide

(5.0 mL) was treated slowly with potassium carbonate

(2.39 g). The resulting solution was boiled gently and 1,2-

dibromoethane (1.54 mL) was added dropwise with con-

stant stirring for 30 min. The mixture was then refluxed

gently for 2 h and concentrated under reduced pressure. On

pouring the solution into cold water a granular yellow solid

was filtered, washed with dilute aqueous NaOH, dried and

recrystallized from glacial acetic acid, m.p. 169 �C, 1H-

NMR: (CDCl3) d 8.18 (2H, d), d 7.35 (2H, m), d 7.76 (2H,

m), d 7.08 (H, d), d 4.08 (4H, O-CH2) (Scheme 1).

Preparation of 1,2-di(o-aminophenyloxo)ethane

1,2-Di(o-nitrophenyloxo)ethane was heated under a nitro-

gen atmosphere with 5% Pd–C (0.5 g). N2H4 � H2O

(20.0 mL) was added in (5 mL) portions and the mixture

refluxed until the solution become colourless (30 min).

After filtration to remove the precipitate (if any), the
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solution was evaporated to dryness and the solid residue

recrystallized from hot ethanol under a nitrogen atmo-

sphere. A residue of white plates was obtained. M.P.

131 �C. 1H-NMR: (CDCl3) d 6.35 (2H, d), d 7.16 (2H, m),

d 6.65 (2H, m), d 7.08 (2H, d), d 4.03 (4H, O-CH2)

(Scheme 1).

Preparation of 1,2-di(o-nitrophenylamino)ethane

1,2-Di(o-nitrophenylamino)ethane was prepared by heating

BrC6H4NO2 (2.0 g) with 1,2-diaminoethane (0.26 mL).

The mixture was stirred rigorously until complete reaction

had occurred. The heating was then reduced to keep the

mass molten for a further use. The melt was poured into

ethanol (50.0 mL), the solid so obtained was washed with a

mixture of diethyl ether (30.0 mL), benzene (30.0 mL) and

1 N NaOMe solution (10 mL). It was recrystallized from

1,2-dichloroethane give 1,2-di(o-nitrophenylamino)ethane

(3.1 g) as bright orange needle shaped crystals. M.P.

193 �C. 1H-NMR: (CDCl3) d 8.1 (2H, d), d 7.33 (2H, m), d
7.75 (2H, m), d 7.06 (H, d), d 4.07 (4H, NH–CH2)

(Scheme 1).

Preparation of 1,2-di(o-aminophenylamino)ethane

1,2-Di(o-nitrophenylamino)ethane was heated under a

nitrogen atmosphere with 5% Pd–C (0.5 g). N2H4 � H2O

(20.0 mL) was added in (5 mL) portions and the mixture

refluxed until the solution become colourless (30 min). After

filtration to remove the precipitate (if any), the solution was
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evaporated to dryness and the solid residue recrystallized

from hot ethanol under a nitrogen atmosphere. A residue of

white plates was obtained. M.P. 135 �C. 1H-NMR: (CDCl3)

d 6.36 (2H, d), d 7.15 (2H, m), d 6.65 (2H, d), d 6.73 (2H, d), d
3.04 (4H, m, NH–CH2) (Scheme 1).

Preparation of 1,2-di(o-aminophenylthio)ethane (N2S2)

This diamine was prepared by heating o-HSC6H4NH2

(1.09 g) with absolute (99%) ethanol (3 mL) containing

sodium (0.201 g). 1,2-dibromoethane (0.372 mL) in etha-

nol (1 mL) was then added dropwise with constant stirring

to the refluxing solution. The mixture was then cooled and

poured into water (300 mL). The solid mass so obtained,

was filtered, washed with water and dried. The product was

recrystallized from ethanol, and a yellowish residue was

obtained. M.P. 75 �C. 1H-NMR: (CDCl3) d 6.35 (2H, d), d
7.15 (2H, m), d 6.63 (2H, m), d 7.24 (2H, d), d 2.88 (4H, m,

S–CH2) (Scheme 1).

Preparation of 12-membered macrocyclic ligands

([R]2–N2X2, R = H, CH3; X = NH, O, S)

1,4-diaza,7,10-dioxo,5,6:11,12-dibenzo-[e,k]-cyclododeca-

1,3-diene[N2O2]ane; [H]2–N2O2, 2,3-Dimethyl-1,4-diaza,

7,10-dioxo,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene

[N2O2]ane; [CH3]2–N2O2, 1,4,7,10-tetraaza-5,6:11,12-dibenzo-

[e,k]-cyclododeca-1,3-diene[N4]ane; [H]2–N4, 2,3-Dime-

thyl-1,4,7,10-tetraaza-5,6:11,12-dibenzo-[e,k]-cyclododeca-1,

3-diene[N4]ane; [CH3]2–N4, 1,4-diaza,7,10-dithia,5,6:11,

12-dibenzo-[e,k]-cyclododeca-1,3-diene[N2S2]ane; [H]2–

N2S2) and 2,3-Dimethyl-1,4-diaza,7,10-dithia,5,6:11,12-

dibenzo-[e,k]-cyclododeca-1,3-diene[N2S2]ane; [CH3]2–N2S2

were obtained as described. To an ethanol solution (25 mL)

of 0.05 mol glyoxal or biacetyl, an ethanol solution (25 mL)

of precursor ligand; 1,2-di(o-aminophenyloxo)ethane,

1,2-di(o-aminophenylamino)ethane, 1,2-di(o-aminophenyl-

thio)ethane (0.05 mol); was added in the presence of a few

drops of conc. HCl and the resulting solution boiled under

reflux for 8 h. The solution was then concentrated to half its

volume under reduced pressure and kept overnight. The

white/white off crystals which formed were filtered, washed

with ethanol and dried under vacuum over P4O10. 1H-NMR,

(CDCl3); [H]2–N4: d 8.01 (2H, s), 6.93 (2H, d), d 7.14 (2H,

m), 6.65 (2H, m), 6.76 (2H, d), 3.12 (4H, NH–CH2); [CH3]2–

N4: d 2.09 (6H, s), 6.92 (2H, d), d 7.13 (2H, m), 6.65 (2H, m),

6.75 (2H, d), 3.11 (4H, NH–CH2); [H]2–N2O2: d 8.05 (2H, s),

6.92 (2H, d), d 7.12 (2H, m), 6.63 (2H, m), 6.74 (2H, d), 4.13

(4H, O–CH2); [CH3]2–N2O2: d 2.13 (6H, s), 6.91 (2H, d), d

7.12 (2H, m), 6.62 (2H, m), 6.73 (2H, d), 4.13 (4H, O–CH2);
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XX

NH2NH2
XX

NH2
NH2

O O

R RN N

X

R R

X

X = O, NH, S

R = H, CH3

V

O

V

O

VO(SO4)2. 5H2O

[VO(N2X2)]2+-Y

[VO([R]2-N2X2)]2+-Y

Scheme 2 Encapsulation of oxovanadium(IV) complexes of 12-membered macrocyclic ligands nanocomposite within the zeolite-Y
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[H2]–N2S2: d 7.92 (2H, s), 6.90 (2H, d), d 7.11 (2H, m), 6.60

(2H, m), 6.72 (2H, d), 4.11 (4H, S–CH2); [CH3]2–N2S2: d
1.94 (6H, s), 6.90 (2H, d), d 7.10 (2H, m), 6.60 (2H, m), 6.72

(2H, d), 4.10 (4H, S–CH2) (Scheme 1).

Preparation of neat complexes ([VO([R]2–

N2X2)](ClO4)2 (R = H, CH3; X = NH, O, S)

The oxovanadium(IV) 12-membered macrocyclic com-

plexes were prepared under ambient condition. To a hot

solution of 12-membered macrocyclic ligand ([R]2–N2X2);

2 mmol) in a mixed solvent (chloroform 20 and methanol

20 mL), a hot solution of VO(SO4)2 � 5H2O (2 mmol) in

methanol (15 mL) was added. The mixture was heated and

a few drops of triethylamine were added. The reaction

mixture was refluxed for 50 min. Excess lithium perchlo-

rate dissolved in methanol was added to the filtrate, and the

mixture was kept in the refrigerator until green solid

formed. The solids were filtered, washed thoroughly with

cold ethanol and dried in vacuum.

Preparation of VO(IV)-Y

An amount of 5.0 g of NaY zeolite was suspended in

300 mL of distilled water and to this was added

VOSO4 � 5H2O (3.0 g, 12 mmol) with stirring. The reac-

tion mixture was then heated with stirring at 90 �C for

24 h. The solid was filtered, washed with hot distilled

water until the filtrate was free from any oxovanadium(IV)

ion content, and dried for 12 h at 150 �C in air. The ionic

exchange degree was determined by AAS.

Preparation of ([VO(N2X2)]2?-Y (X = NH, S, O)

Encapsulated complex was performed with the Flexible

Ligand Method (FLM). First, VO(IV)–Y was uniformly

mixed with an excessive amount of precursor ligand

(N2X2; 1,2-Di(o-aminophenyloxo)ethane, 1,2-Di(o-amin-

ophenylamino)ethane, 1,2-Di(o-aminophenylthio)ethane)

(nligand/nmetal = 3), and sealed into a round flask. The

complexation was carried out under high vacuum condi-

tions for 24 h at the temperatures of 150 �C. The

uncomplexed ligands and the complex adsorbed on the

exterior surface were removed by full Soxhlet extraction

with ethanol. The extracted sample was ion-exchanged

with 0.1 M NaCl aqueous solution to remove uncoordi-

nated VO(IV) ions, followed by washing with deionized

water until no Cl- anions could be detected with AgNO3

aqueous solution. The products were dried at 150 �C for

several hours.

Preparation of [VO([R]2–N2X2)]2?-Y (R = H, CH3;

X = NH, O, S)

To a stirred methanol suspension (100 mL) of precursor

nanocatalyst ([VO(N2X2)]2?-Y) (2 g) was slowly added

glyoxal or biacetyl (under N2 atmosphere). The mixture

was heated under reflux condition for 24 h until a pale

green suspension resulted. The solution was filtered and the

resulting zeolites, were Soxhlet extracted with ethanol (for

4 h) and then with dichloromethane (for 4 h) to remove

excess unreacted products from amine-carbonyl conden-

sation and any VO(IV) complexes adsorbed onto the

external surface of the zeolite crystallites. The resulting

pale green solids were dried at 70 �C under vacuum for

12 h. The remaining precursor ions in zeolite were

removed by exchanging with aqueous 0.1 M NaNO3

solutions. The stability of the encapsulated catalyst was

checked after the reaction by UV–Vis and possible leach-

ing of the complex was investigated by UV–Vis in the

reaction solution after filtration of the zeolite. The amounts

of oxovanadium(IV) complexes encapsulated in zeolite

matrix were determined by the elemental analysis and by

subtracting the amount of oxovanadium(IV) complex left

in the solutions after the synthesis of the catalysts as

determined by UV–Vis spectroscopy, from the amount

taken for the synthesis.

Hydroxylation of phenol

Catalytic experiments were carried out in a 50 mL reaction

flask fitted with a water condenser. A general procedure

was applied for all reactions. In a typical reaction, phenol

(4.7 g, 0.05 mol) and 30% aqueous hydrogen peroxide

(5.67 g, 0.05 mol) were mixed in 2 mL of MeCN and the

reaction mixture was heated in an oil bath with continuous

stirring at 80 �C. The catalyst to be tested (0.013 mmol)

was added to it and the reaction was considered to begin.

The reaction products were analyzed using a gas chro-

matograph after a specific interval of time by withdrawing

a small aliquot. The effects of various parameters, such as

hydrogen peroxide concentration (moles of H2O2 per mole

of phenol), phenol concentration (moles of phenol per mole

of H2O2), amount of catalyst, temperature, volume of

MeCN solvent, etc., have been studied in detail for the

catalyst [VO([H]2–N4)]2?-Y; however, the basic procedure

is the same as outlined above.

Results and discussion

Oxovanadium reacted with 12-membered macrocyclic

ligands (1,4-diaza,7,10-dioxo,5,6:11,12-dibenzo-[e,k]-cycl-

ododeca-1,3-diene[N2O2]ane; [H]2–N2O2, 2,3-Dimethyl-1,
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4-diaza,7,10-dioxo,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,

3-diene[N2O2]ane; [CH3]2–N2O2, 1,4,7,10-tetraaza-5,6:

11,12-dibenzo-[e,k]-cyclododeca-1,3-diene[N4]ane; [H]2–N4,

2,3-Dimethyl-1,4,7,10-tetraaza-5,6:11,12-dibenzo-[e,k]-cycl-

ododeca-1,3-diene[N4]ane; [CH3]2–N4, 1,4-diaza,7,10-di-

thia,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene[N2S2]

ane; [H]2–N2S2 and 2,3-Dimethyl-1,4-diaza,7,10-di-

thia,5,6:11,12-dibenzo-[e,k]-cyclododeca-1,3-diene[N2S2]

ane; [CH3]2–N2S2) ligands in presence of LiClO4 to yield

the cationic complexes, [VO([R]2–N2X2)]2?-Y (R = H,

CH3, X = NH, S, O) (Scheme 1). Acetonitrile solutions

of these complexes were conductive (Table 1). Unfortu-

nately, I could not grow any single crystals suitable for

X-ray crystallographic studies. The molar conductance

values of macrocyclic complexes (246–260 X-1 mol-1

cm2) and measured correspond to 1:2 electrolytes.

The results of chemical analysis of the samples are

given in Tables 1, 2. The parent NaY zeolite has Si/Al

molar ratio of 2.53 which corresponds to a until cell for-

mula [Na56[(AlO2)56(SiO2)136]. The unit cell formula of

metal-exchanged zeolites show a vanadium dispersion of

10.4 moles per unit cell (Na34.4(VO)10.4[(AlO2)56(-

SiO2)136] � nH2O). The analytical data of each complex

indicate V:C:N molar ratios ‘‘almost close to’’ those cal-

culated for the mononuclear structure. The chemical

compositions (Tables 1, 2) confirmed the purity and stoi-

chiometry of the neat and of the zeolite-Y nanopore

encapsulated complexes. The chemical analyses of the

samples reveal the presence of organic matter with an C/N

ratio roughly similar to that for neat complexes. The Si and

Al contents in OV-Y and the zeolite complexes are almost

in the same ratio as in the parent zeolite. This indicates

little changes in the zeolite framework due to the absence

of de-alumination in metal ion exchange.

The absence of absorption at ca. 3,400 cm-1 in the IR

spectra of ligands shows that the free amino groups are

absent, and the absence of a strong band at ca. 1,670–

1,750 cm-1 shows the absence of ketonic groups. It con-

firms the elimination of water molecules and, as a result,

cyclization takes places with formation of a macrocyclic

ligand. In the IR spectra of [H]2–N2O2 and [CH3]2–N2O2

(*1,615 cm-1), [H]2–N4 and [CH3]2–N4 (*1,620 cm-1)

and [H]2–N2S2 and [CH3]2–N2S2 (*1,605 cm-1) a new

band appears in all the ligands corresponding the t(C = N)

group. The IR spectra of these complexes show a moderate

intensity absorption in the 1,590–1,614 cm-1 range

attributed to the imine, t(C = N) (Table 1). This moderate

intensity absorption band is showing a shift to the lower

side in the complexes, suggesting coordination through the

nitrogen of the t(C = N) group. The spectrum of ligand

([H]2–N4 and [CH3]2–N4) shows a band at *3,310 cm-1)

corresponding to t(N–H) [29]. On complexation this band

is shifted towards the lower side 3,290 cm-1. This T
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indicates diversion of the electron cloud from the nitrogen

of the imidazole or amino group, thus resulting in a low-

ering of the N–H stretching frequency. A partial list of IR

spectral data of all catalysts is also presented in Tables 1, 2.

The intensity of the peaks of the encapsulated complexes is

weak due to the low concentration of the complexes in

zeolite. The band due to t(V = O) could not be located due

to the appearance of a strong and broad band of the zeolite

framework in the *970 cm-1 region. Oxovanadium(IV)

complexes with 12-membered macrocyclic ligands have

green monomeric structures with square-pyramidal coor-

dination or orange linear chain structures (���V =

O���V = O���) with distorted octahedral coordination in the

solid state. IR spectra of these complexes show the V = O

stretching bands around 967–976 cm-1 for monomeric

ones, and around 850–880 cm-1 for polymeric ones [30].

IR spectroscopy provides information on the integrity of

the encapsulated complexes, as well as the crystallinity of

the host zeolite. The IR bands of all heterogenised com-

plexes are weak due to their low concentration in the

zeolite. Oxovanadium(IV) complexes encapsulated in the

zeolite nanopores did not show any significant shift in

C = N stretching modes. We did not notice any appre-

ciable changes in the frequencies of VO(IV)-complexes

after incorporation into zeolite matrix.

The X-ray powder diffraction (XRD) patterns of NaY

and VO(IV)-Y along with all encapsulated complexes were

recorded at 2h values between 10 and 70o to study their

crystallinity. No significant variation were observed in the

diffraction pattern during the encapsulation procedures

which suggest that only little or negligible loss in crystal-

linity of the zeolite occurs.

The electronic spectra of all the complexes, in DMSO,

show intraligand transition bands at 276 and 321 nm, while

the MLCT bands fall near 375 nm. The position of the

MLCT band depends on functional group. The electronic

spectra of all nanocatalysts are collected in Tables 1, 2. As

shown in the table, all complexes; [VO([R]2–N2X2)]2?,

exhibit one broad band between 360 and 390 nm, which is

assigned to a ligand to metal charge transfer (LMCT)

transition. A weak band usually appears in the *553 nm

region in oxovanadium(IV) complexes [31]. This band is

visible only for ([VO([R]2–N2X2)]2?-Y as a very weak

band. Three spin-allowed transitions in the range 755–765,

468–484 and 553–571 nm are observed for the present

complexes (Tables 1, 2), which are assigned to 2B2 ? E,

2B2 ? 2B1 and 2B2 ? 2A1 transitions, respectively, as

expected for C4V symmetry [32]. Thus, IR and UV–Vis

data indicate the encapsulation of oxovanadium(IV) com-

plexes in the supercages of zeolite-Y. The diffuse reflec-

tance spectra of oxovanadium(IV) complexes are almost

identical before and after heterogenisation process, indi-

cating that the complexes maintain their geometry and their

electronic surrounding even after heterogenisation without

significant distortion.

The surface area and pore volume of the catalysts are

shown in Table 3. The inclusion of oxovanadium(IV) 12-

membered macrocyclic complexes dramatically reduces

the adsorption capacity and the surface area of the zeolite.

It has been reported [33–37] that the BET surface area of X

Table 3 Surface area and pore volume data of 12-membered mac-

rocyclic oxovanadium(IV) complexes encapsulated in nanopores of

zeolite Y

Sample Surface area

(m2/g)a
Pore volume

(mL/g)b

NaY 545 0.31

VO(IV)-Y 516 0.29

[VO([H]2–N4)]2?-Y 480 0.26

[VO([CH3]2N4)]2?-Y 477 0.25

[VO([H]2–N2O2)]2?-Y 482 0.26

[VO([CH3]2–N2O2)]2?-Y 477 0.25

[VO([H]2–N2S2)]2?-Y 472 0.24

[VO([CH3]2–N2S2)]2?-Y 466 0.23

a Surface area is the ‘‘monolayer equivalent area’’ calculated as

explained in the Refs. [21, 22]
b Calculated by the t-method

Table 2 Chemical composition and IR stretching frequencies (as KBr pellets) of nanopores of zeolite encapsulated 12-membered macrocyclic

oxovanadium(IV) complexes

Sample C (%) H (%) N (%) C/N Si (%) Al (%) Na (%) V (%) Si/Al t
C¼N cm�1ð Þ d$d (nm)

NaY – – – – 21.76 8.60 7.50 – 2.53 – –

VO(IV)-Y – – – – 21.84 8.63 4.30 3.64 2.53 – –

[VO([H]2–N4)]2?-Y 3.96 2.63 1.23 3.21 20.50 8.10 5.72 2.40 2.53 1,613 551

[VO([CH3]2–N4)]2?-Y 3.98 2.69 1.10 3.62 20.44 8.08 5.70 2.39 2.53 1,608 554

[VO([H]2–N2O2)]2?-Y 3.95 2.65 0.59 3.64 20.53 8.11 5.71 2.41 2.53 1,614 549

[VO([CH3]2–N2O2)]2?-Y 3.97 2.61 0.53 7.48 20.51 8.11 5.68 2.38 2.53 1,610 550

[VO([H]2–N2S2)]2?-Y 3.91 2.58 0.59 6.60 20.41 8.07 5.67 2.36 2.53 1,607 572

[VO([CH3]2–N2S2)]2?-Y 3.93 2.62 0.53 7.43 20.46 8.08 5.65 2.35 2.53 1,600 575
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and Y zeolite containing phthalocyanine complexes are

typically less than 100 m2 g-1. The lowering of the

nanopore volume and surface area indicate the presence of

12-membered macrocyclic oxovanadium(IV) complexes

within the nanocavities of the zeolites and not on the

external surface.

The catalytic hydroxylation of phenol using [VO([R]2–

N2X2]2?-Y (R = H, CH3; X = NH, S, O) as catalysts and

H2O2 as oxidant was studied (Tables 4, 5 and Figs. 1, 2).

As the hydroxyl group of phenol is ortho- and para-

directing, the oxidation of phenol is expected to give two

major products, i.e., catechol and hydroquinone. The

experimental results confirmed the presence of these two

major products with a mass balance of [97%. Polymeric

material or other products, if any, present as minor con-

stituents could not be detected by GC and were neglected.

During catalytic oxidation, oxovanadium(IV) complexes

react with H2O2 to give oxoperoxo complexes, which

ultimately transfer oxygen to the substrate.

Table 4 Hydroxylation of

phenol to catechol and

hydroquinone with H2O2

catalyzed by homogeneous

oxovanadium(IV) 12-membered

macrocyclic complexes in

CH3CN (Temperature, 80 �C;

H2O2/phenol molar ratio, 1:1;

Time (6 h)

Compound Amount of

catalyst (mmol)

Conversion (%) Selectivity (%)

Catechol Hydroquinone

[VO([H]2–N4)](ClO4)2 0.006 30.3 70.4 29.6

[VO([H]2–N4)](ClO4)2 0.013 38.7 76.3 23.7

[VO([H]2–N4)](ClO4)2 0.025 36.2 74.5 25.5

[VO([H]2–N4)](ClO4)2 0.050 30.9 70.3 29.7

[VO([CH3]2–N4)](ClO4)2 0.013 32.6 63.6 36.4

[VO([H]2–N2O2)](ClO4)2 0.013 34.8 68.5 31.5

[VO([CH3]2–N2O2)](ClO4)2 0.013 29.4 56.7 43.3

[VO([H]2–N2S2)](ClO4)2 0.013 25.8 60.3 39.7

[VO([CH3]2–N2S2)](ClO4)2 0.013 19.6 52.4 47.6

VOSO4 � 5H2O 0.013 10.6 53.9 46.1

Table 5 Hydroxylation of phenol to catechol and hydroquinone with

H2O2 catalyzed by HGNM (VO([R]2–N2X2]2?-Y in CH3CN (amount

of catalyst: 0.013 mmol; temperature: 80 �C; H2O2/phenol molar

ratio: 1:1; time: 6 h)

Compound Conversion (%) Selectivity (%)

Catechol Hydroquinone

[VO([H]2–N4)]2?-Y 50.1 85.7 14.3

[VO([H]2–N4)]2?-Ya 49.3 84.5 15.5

[VO([H]2–N4)]2?-Yb 48.8 83.7 16.3

[VO([H]2–N4)]2?-Yc 47.9 83.1 16.9

[VO([CH3]2–N4)]2?-Y 46.4 73.4 26.6

[VO([H]2–N2O2)]2?-Y 47.2 75.2 24.8

[VO([CH3]2–N2O2)]2?-Y 44.5 62.8 37.2

[VO([H]2–N2S2)]2?-Y 36.7 68.9 31.1

[VO([CH3]2–N2S2)]2?-Y 32.5 59.1 40.9

NaY 3.9 46.0 54.0

VO(IV)-Y 16.7 60.6 39.4

a First reuse
b Second reuse
c Third reuse
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One of the major drawbacks of homogeneous metal

complexes as catalysts is their irreversible deactivation due

to formation of l-oxo and l-peroxo dimeric and other

polymeric species especially when using oxidant. This

problem may be avoided by isolating the metal X2-haacac

complexes from each other by encapsulation in the

nanopores of a molecular sieve. The conversion increase by

several orders of magnitude when the oxovanadium(IV)

complexes are isolated from each other by encapsulation

within the nanopore of the faujasite zeolites (Table 5 and

Fig. 2).

The catalytic hydroxylation of phenol using the corre-

sponding neat complexes as catalyst and H2O2 as oxidant

in 2 mL CH3CN have also been studied (Table 4 and

Fig. 1). Interestingly, neat complexes have also shown

good activity, though, conversion is lower as expected. The

following general features were observed during this study:

(1) the oxovanadium(IV) complexes containing electron

donation (R = CH3) are less active than their nonsubsti-

tuted analogs. (2) The zeolite-encapsulated complexes did

not undergo any color change during the reaction and could

be easily separated and reused many times. In contrast, the

neat complexes, while they were active in the first cycle,

were completely destroyed during the first run and changed

color. (3) The [R]2–N2X2 alone in the absence of metal

were not catalytically active. (4) The activity of phenol

hydroxylation decreases in the series [VO([H]2–N4)]2?-Y

[ [VO([H]2–N2O2)]2?-Y [ [VO([CH3]2–N4)]2?-Y [ [VO

([CH3]2–N2O2)]2?-Y [ [VO([H]2–N2S2)]2?-Y [ [VO

([CH3]2–N2S2)]2?-Y. (5) The zeolites alone without the

oxovanadium(IV) complexes were also catalytically inac-

tive. Since the concentration of uncomplexed oxovana-

dium(IV) ions in the catalysts is also negligible, their

contribution to catalytic activity may be neglected. Further

evidence to confirm that the oxidation of cyclohexene is

indeed catalysed to a significant extent by the solid zeolite

catalyst containing the encapsulated oxovanadium(IV)

complex and not by the free complex dissolved in solution

was obtained as follows: In one set of two identical exper-

iments, the solid catalyst; [VO([H]2–N4)]2?-Y; was

removed by centrifugation after a reaction time of 6 h.

While the conversion of phenol proceeded further in the

presence of the solid catalyst, there was no further conver-

sion of phenol when the catalyst was removed from the

reaction system. (6) The integrity of oxovanadium(IV)

complexes encapsulated in the nanopores of zeolite-Y was

confirmed by elemental, chemical analysis as well as spec-

troscopic studies. This was further supported by the fact that

no leaching of oxovanadium(IV) ion was detected in the

solution when a blank reaction was carried out (5.67 g H2O2

and 0.013 mmol catalyst in 2 mL CH3CN at 80 �C).

The effect of amount of catalyst ([VO([H]2–N4)]2?) on

the hydroxylation reaction is illustrated in Table 4. Among

three different amounts (e.g., 0.006, 0.013, 0.025 and

0.050 mmol) of catalyst an amount of 0.013 mmol gave

almost comparable results for the fixed amount of oxidant

and substrate in 2 mL of MeCN. Thus, 0.013 mmol of

catalyst is sufficient to give its best performance.

Table 5 and Fig. 2 presents all these data along with

percent selectivity for the formation of catechol and

hydroquinone. The presence of these two products was also

observed with a mass balance of about 97% when phenol

was catalysed by [VO([H]2–N4)]2?-Y encapsulated in the

nanopore of zeolite-Y using H2O2 as an oxidant. On

increasing the reaction time from 6 to 12 h (Fig. 3), only

minor increase in the transformation of phenol as well as

percent selectivity for the formation of catechol and

hydroquinone were observed for [VO([H]2–N4)]2?-Y cat-

alyst. 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 AAS showed no reduction in the

amount of metal ions, they showed a slightly lower cata-

lytic activity (0.5%, Table 5).

The results in Fig. 4 show the effect of H2O2 concen-

tration on the phenol oxidation reaction. Four different

molar ratios of oxidant to phenol were used (1:1, 2:1, 0.5:1,

0.33:1, 1:2 mol) in which the amount of phenol was kept

fixed at 4.7 g (0.05 mol) in 2 mL of CH3CN. The per-

centage phenol conversion also increased with the increase

of H2O2 to phenol ratio. The reason for increasing may be

due to the dilution of the reaction mixture by the presence

of larger amount of water molecules in H2O2 solution. This

result shows that large H2O2 concentration is not an

essential condition to maximize phenol transformation.

While keeping parameters such as amount of catalyst

(0.013 mmol), volume and type of solvent (2 mL CH3CN)

and amount of oxidant (5.67 g) fixed, the catalytic reaction

was performed using four different molar ratios of phenol
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Fig. 3 Effect of time on hydroxylation of phenol with H2O2 (catalyst:

[VO([H]2–N4)]2?-Y; solvent: CH3CN; amount of catalyst:

0.013 mmol; temperature: 80 �C; H2O2/phenol molar ratio: 1:1)
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to H2O2 at 80 �C, maximum conversion was observed with

1:1 molar ratio. Increasing or decreasing the concentration

of phenol beyond this molar ratio under the same reaction

conditions led to lower conversions.

The effect of various solvents for the hydroxylation of

phenol with [VO([H]2–N4)]2?-Y catalyst was also studied

(Table 6; Fig. 5). In the present study, five different sol-

vents viz. acetonitrile, ethyl acetate, hexane, ethanol and

1,2-dichloroethane were used to see their effect on the

conversion. Although it is difficult to explain here as to

which property of the solvent influenced the phenol con-

version most, it is clear from the results that CH3CN is the

best solvent. The maximum percent phenol conversion

obtained with various solvents is in the order, CH3CN

(50.1%) [ ethyl acetate (37.4%) [ hexane (33.6%) [
ethanol (17.5%) [ 1,2-dichloroethane (3.8%). It was also

discovered that 2 mL of CH3CN was found to be sufficient

to perform the reaction to give best result. Increasing the

amount of solvent, the catalytic reaction always led to

reduced performance. A decreased solvent amount (1 mL)

was found insufficient to dissolve the substrate and formed

a non-homogeneous reaction mixture.

Temperature of the reaction also has influence on the

performance of the catalyst for phenol conversion (Fig. 6).

Four different temperatures (50, 60, 70 and 80 �C) were

used while keeping other parameters fixed (i.e.,

0.013 mmol of [VO([H]2–N4)]2?-Y), 5.67 g H2O2 and

4.7 g phenol) for the catalytic tests in 2 mL of CH3CN.

The conversion of the catalyst was found to increase as the

temperature was raised from 50 to 80 �C.

Catalyst [VO([H]2–N4)]2?-Y shows the highest con-

version of 50.1%. It is interesting to note that even

VO(IV)-Y has catalytic activity comparable with that of

[VO([H]2–N4)]2?-Y. However, for VO(IV)-Y leaching of

the oxovanadium(IV) ion is always possible. Increasing the

reaction time from 6 to 24 h does not show any appreciable

change in hydroxylation products. Figure 3 gives data

for phenol conversion along with the selectivity of cate-

chol and hydroquinone formation for these catalysts after

2–12 h of reaction time.

Table 6 Effect of solvent on hydroxylation of phenol (catalyst:

[VO([H]2–N4)]2?-Y; amount of catalyst: 0.013 mmol; temperature:

80 �C; time: 6 h; H2O2/phenol molar ratio: 1:1)

Solvent Conversion (%) Selectivity (%)

Catechol Hydroquinone

Acetonitrile 50.1 85.7 14.3

Ethyl acetate 37.4 80.6 19.4

Hexane 33.6 74.5 25.5

Ethanol 17.5 66.3 33.7

1,2-Dichloroethane 3.8 54.9 45.1
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Fig. 5 Hydroxylation of phenol with hydrogen peroxide in various

solvent with [VO([H]2–N4)]2?-Y (solvent: CH3CN; amount of

catalyst: 0.013 mmol; temperature: 80 �C; time: 6 h; H2O2/phenol

molar ratio: 1:1)
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Fig. 6 Effect of temperature on hydroxylation of phenol (catalyst:

[VO([H]2–N4)]2?-Y; solvent: CH3CN; amount of catalyst:

0.013 mmol; time: 6 h; H2O2/phenol molar ratio: 1:1)
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Fig. 4 Effect of H2O2/phenol molar ratio on hydroxylation of phenol

(catalyst: [VO([H]2–N4)]2?-Y; solvent: CH3CN; amount of catalyst:

0.013 mmol; temperature: 80 �C; time: 6 h)
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The results clearly suggest that [VO([H]2–N4)]2?-Y

efficiently catalyses conversion of phenol to catechol with

85.7% selectivity. The greater activity of [H]2–N4 system

has clearly arisen from the existence of electron donating

ligand which facilitate the electron transfer rate, a process

that has previously observed by us in other oxidation

reactions [30]. All conversions efficiencies with high

selectivity obtained in this study are significantly higher

than that obtained using oxovanadium(IV) Schiff-base

complexes [38].

Conclusion

In summary, the results show that [VO([R]2–N2X2)]2?-Y

(R = H, CH3; X = NH, O, S) can be encapsulated in the

nanopores of zeolite. 12-Membered macrocyclic oxovana-

dium(IV) complexes were entrapped in the nanocavity of

zeolite-Y by a two-step process in the liquid phase: (i)

adsorption of precursor ligand (1,2-di(o-aminophenyl-,

amino, oxo, thio)ethane; N2X2) in the supercages of the

zeolite, and (ii) in situ condensation of the oxovanadium(IV)

precursor complex with glyoxal or biacetyl ([VO([R]2–

N2X2)]2?-Y (R = H, CH3; X = NH, O, S). This strategy

appears to be effective for the encapsulated of oxovana-

dium(IV) complexes with tetradentate 12-membered mac-

rocyclic ligand. Furthermore, the spectroscopic data

suggests that the encapsulated complexes experience very

little distortion in the supercage and that the chemical liga-

tion to the zeolite surface is minimal. Phenol was catalyti-

cally oxidized in the presence of H2O2 (5.5 g) and host–guest

nanocomposite (0.013 mmol) in 2 mL of MeCN at 80 �C,

affording catechol and hydroquinone with good catechol

selectivity. Under the same reaction conditions the catalytic

activity of these complexes follow the order: [VO([H]2–

N4)]2?-Y [ [VO([H]2–N2O2)]2?-Y [ [VO([CH3]2–N4)]2?

-Y[ [VO([CH3]2–N2O2)]
2?-Y[ [VO([H]2–N2S2)]2?-Y [

[VO([CH3]2–N2S2)]2?-Y after 6 h of reaction time (Fig. 2).

The effect of temperature, type of solvents, amount of nan-

ocatalyst, oxidant used on the catalytic activity and product

selectivity were discussed. Neat complexes are also good

catalysts but result in considerably less conversion of phenol

in comparison to encapsulated one. Comparable IR spectral

patterns of fresh and used encapsulated catalysts suggest that

these can be used further for catalytic study.
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