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Abstract

Copper(II) complexes with tetraaza[14]annulene ligands “5,7,12,14-tetramethyldibenzo-1,4,8,11-tetraazacyclotetradecine [Cu(Me4R2Bzo-
[14]tetraeneN4)] (R = H, CH3, Cl and NO2)” have been prepared from the one-pot template condensation reaction of substituted-1,2-
phenylenediamine (4-methyl-; 4-chloro-; 4-nitro-1,2-phenylenediamine) with 2,4-pentanedione in the presence of copper(II) ion within the
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anocavity pores of zeolite-Y “[Cu(Me4R2Bzo[14]tetraeneN4)]–NaY”. The new materials were characterized by several techniques: ch
nalysis and spectroscopic methods (FT-IR, UV/vis, XRD, BET and DRS). The analytical data indicated a composition correspond
ononuclear complex of tetraaza[14]annulene. The characterization data showed the absence of extraneous complexes, retention o

alline structure and encapsulation in the nanocavities. Encapsulated copper(II) complex is catalytically very efficient as compared to
omplexes for the partial oxidation of benzyl alcohol and is stable to be recycled without much deterioration.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nanocavity of zeolite encapsulated metal complexes is one of
he subjects of the current catalysis research due to their poten-
iality as biomimetic heterogeneous catalysts for the oxidation
f alkanes, alkenes and alcohols[1–15]. The as-prepared hybrid

norganic–organic material not only has heterogeneous catalysis
haracteristics, but also retains high catalytic efficiency originat-
ng in homogeneous catalysis due to the “site isolated effect”.
hese encapsulated catalysts are often referred to as zeozymes
s they behave functionally similar to many enzyme catalysts in
ome selective oxidation. They possess the advantages of solid
eterogeneous catalysts like easy separation, ruggedness, etc.,
hare many advantageous features of homogeneous catalysts
nd minimize the disadvantages of both. In addition, the steric
onstraints imposed on the transition metal complex by zeolite
hannels, the negative charge of the zeolite framework and dis-
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tribution of the positive charge of the cations as well as su
properties of the zeolite can also lead to specific interact
inducing structural and functional modification, as compare
pure complexes[16–19].

In previous paper, we reported a series of complexes
polyaza macrocyclic ligands, by the template condensatio
diamine, formaldehyde and amine in the presence of m
salt [4,23]. Also, we have reported the synthesis and cha
terization of copper(II) and nickel(II) complexes of 14- a
18-membered polyaza macrocyclic ligand encapsulation w
the nanocavity of Y-zeolite by the one-pot template con
sation reaction. In this paper, I report the synthesis and
acterization of copper(II) complexes of 14-membered tetr
macrocyclic ligands “5,7,12,14-tetramethyldibenzo-1,4,8
tetraazacyclotetradecine [Cu(Me4R2Bzo[14]tetraeneN4)] (R =
H, CH3, Cl and NO2)” encapsulated within the nanocavit
of Y-zeolite by the template reactions of 4-substitu
1,2-phenylenediamine (4-methyl-; 4-chloro-; 4-nitro-1,2-p
nylenediamine) with 2,4-pentanedione [Cu(Me4R2Bzo[14]-
tetraeneN4)]–NaY, shown inScheme 1, and used in the oxidatio
of benzyl alcohol with hydrogen peroxide as oxygen donor
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.09.046
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Scheme 1.

2. Experimental

2.1. Materials and physical measurements

Safety note-perchlorate salts of transition metal complexes
with organic ligands are often explosive and should be han-
dled with caution. All other reagents and solvent were pur-
chased from Merck (pro-analysis) and was dried using molecular
sieves (Linda 4̊A). NaY with the Si:Al ratio of 2.53 was pur-
chased from Aldrich (Lot No. 67812). After completely destroy-
ing the zeolitic framework with hot and concentrated HCl,
sodium, aluminum and copper were analyzed by atomic absorp-
tion spectrophotometer (AAS, Perkin-Elmer 4100–1319), and
SiO2 was determined by gravimetric analysis. FT-IR spectra
were recorded on Shimadzu Varian 4300 spectrophotometer
in KBr pellets. The electronic spectra of the neat complexes
were taken on a Shimadzu UV–vis scanning spectrometer
(Model 2101 PC). Diffuse reflectance spectra (DRS) were
registered on a Shimadzu UV/3101 PC spectrophotome-
ter the range 1500–200 nm, using MgO as reference. The
elemental analysis (carbon, hydrogen and nitrogen) of the
materials was obtained from Carlo ERBA Model EA 1108
analyzer. XRD patterns were recorded by a Rigaku D-max
C III, X-ray diffractometer using Ni-filtered Cu K� radia-
tion. Nitrogen adsorption measurements were performed at
77 K using a Coulter Omnisorb 100CX instrument. The sam-
p n
1 ined
b cal-
c
t on b

UV–vis and possible leaching of the complex was investi-
gated by UV–vis in the reaction solution after filtration of the
zeolite.

2.2. Preparation of [Cu(RC6H7N2)2](ClO4)2 (R = H, CH3,
Cl and NO2)

The complexes “[Cu(RC6H7N2)2](ClO4)2” were prepared
according to the similar reported procedure of [Cu(en)2](ClO4)2
[21].

2.3. Preparation of [Cu(Me4R2Bzo[14]tetraeneN4)]
(R = H, CH3, Cl and NO2)

The neat complexes were prepared according to literature
through the well-know, as follows. A 100 ml round-bottomed
flask was charged with a stirbar, Cu(OAc)2·4H2O (2.00 g,
8.03 mmol), substituted-1,2-phenylenediamine (4-methyl-; 4-
chloro-; 4-nitro-1,2-phenylenediamine) (16.0 mmol), dry butan-
1-ol (30 ml), and acetylacetone (1.7 ml, 17 mmol) added by
syringes. The flak was set up in an oil bath on a hot plate stirrer
(alternatively a heating mantle may be used instead, but a few
boiling chips must be added) and equipped with a reflux con-
denser. The mixture was brought to a brisk reflux and stirred
under reflux for 3 h, noting any color changes. (It is especially
important to stir well in the initial stage of the reaction before
a from
t uch
( was
c non-
p

les were degassed at 150◦C until a vacuum better tha
0−3 Pa was obtained. Micropore volumes were determ
y the t-method, a “monolayer equivalent area” was
ulated from the micropore volume[20]. The stability of
he encapsulated catalyst was checked after the reacti
 y

ll of the reagents have dissolved.) The flask was removed
he heat source and allowed to cool until just warm to to
∼30◦C). Methanol (30 ml) was added and the mixture
ooled in an ice-salt bath for at least 15 min to precipitate the
olar macrocyclic complex (overnight cooling at−4◦C gives
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much higher yield (about 65%). The mixture was filtered onto
a glass frit and washed with MeOH (about 2 ml× 10 ml; the
washings should be colorless to pale green) to give dark purple
microcrystal.

2.4. Preparation of Cu(II)–NaY

A 2 g NaY zeolite was suspended in 100 ml distilled water,
which contained copper(II) nitrate (0.025 M). The mixture was
then heated while stirring at 90◦C for 24 h. The solid was filtered,
washed with hot distilled water till the filtrate was free from any
copper(II) ion (by AAS of filtrate) content and dried for 10 h at
80◦C under vacuum. The ionic exchange degree was determined
by atomic absorption spectrophotometer.

2.5. Preparation of [Cu(Me4R2Bzo[14]tetraeneN4)]–NaY

For preparation of [Cu(Me4R2Bzo[14]tetraeneN4)]–NaY; to
a stirred methanol solution of Cu–NaY (4 g) was added 0.37 g
of 1,2-phenylenediamine suspended in 100 ml of methanol and
then refluxed for 8 h. The light yellow solid consisting of
[Cu(RC6H7N2)2]2+ denoted as [Cu(RC6H7N2)2]2+–NaY was
collected by filtration, washed with ethanol and then dried at
80◦C under vacuum for 14 h. To a stirred methanol suspension
(100 ml) of [Cu(RC6H7N2)2]2+–NaY (2 g) were slowly added
2,4-pentanedione. The mixture was heated at reflux for 24 h
u s fil-
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3. Results and discussion

3.1. Synthesis and characterization of
[Cu(Me4R2Bzo[14]tetraeneN4)]–NaY (R = H, CH3, Cl and
NO2)

The macrocyclic ligand “5,7,12,14-tetramethyldibenzo-
1,4,8,11-tetraazacyclotetradecine”, a dianion which is usually
abbreviated H2tmtaa, shares many common characteristics with
porphyrins, but it features some important differences. Thus,
while it is of bioinorganic interest, it also has many other
characteristics that make it of fundamental interest in its own
right. The similarities to porphyrins are as follows: (1) the four
nitrogen atoms of H2tmtaa are confined to a plane, as in the
porphyrins; (2) upon metal complexation, the ligand usually
deprotonates to give a dianion and (3) tmtaa has a completely
conjugated system of double bonds. The differences between
tmtaa and the naturally occurring systems, however, account for
the non-bioinorganic interest and hence for the proliferation of
new and interesting compounds. The 14-membered ring size
of tmtaa, as compared to a 16-membered one in porphyrins,
favors shorter metal–nitrogen distances. Secondly, in contrast
to the completely delocalized framework of porphyrins, each of
tmtaa’s two negative charges tends to be localized only over the
2,4-pentanediiminato chelate rings. Lastly, even though tmtaa
can be described as conjugated, it is anti-aromatic (4n) sys-
t .
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ntil a pale yellow suspension resulted. The solution wa
ered and the resulting zeolites, were Soxhlet extracted
,N′-dimethylformamide (for 4 h) and then with ethanol (
h) to remove excess unreacted products from amine-ald
ondensation and any Cu(II) complexes adsorbed onto
xternal surface of the zeolite crystallites. The resulting s
ere dried at 90◦C under vacuum for 12 h. The remain
is(substituted 1,2-phenylenediamine)copper(II) ions in

ite were removed by exchanging with aqueous 0.1 M Na3
olutions.

.6. Catalytic activity measurements

The catalytic reaction was carried out in a thermos
eactor of 100 ml volume equipped with a reflux conde
t the neck. The reaction mixture consisting of 50 mg c

yst, 5.0 ml of benzyl alcohol, 10 ml of benzene and hyd
en peroxide required to keep the oxidant to benzyl alc
olar ratio at 2.0 was shaken for 8 h at the specified tem
ture. After the reaction, the organic layer was separated

he traces of substrate and product in aqueous layer wer
ected by extracting with diethyl ether. The components
ubjected to GC and GC-mass analysis using a Philips
400 chromatograph (1.5 m, 3% OV-17 column), varian 3
hromatograph (2.5 m, DB-5 column) coupled with a QP fi
an MATINCOF 50, 19 ev, respectively. The catalyst in
eaction mixture was filtered, washed with acetone and re
or the reaction at identical conditions to check the recyc
bility. After this test, the catalyst was filtered and subje

o IR analysis to identify changes, if any, in the coordina
nvironment.
e
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em, whereas porphyrins exhibit a 4n + 2π electron aromaticity
etraaza[14]annulene was first synthesized by Jager[22,23]via
template condensation reaction. Its modified synthesis

rystal structure were reported much later by Goedken an
orkers[24,25].
The chemical compositions (Table 1) confirmed the purit

nd stoichiometry of the neat and nanocavity of zeolite-Y en
ulated complexes. The chemical analyses of the samples
he presence of organic matter with a C/N ratio roughly simil
hat for neat complexes. InTable 1the mol ratios Si/Al obtaine
y chemical analysis for zeolites are presented. The Si a
ontents in Cu(II)–NaY and the zeolite complexes are al
n the same ratio as in the parent zeolite. This indicates
hanges in the zeolite framework due to the absence of d
ination in metal ion exchange. The X-ray diffraction patte
f zeolite contained tetraaza complexes are similar to tho
u(II)–NaY and the parent NaY zeolite. The zeolite crystalli

s retained on encapsulating complexes. Crystalline phase o
etal ions or encapsulation ligand complexes were not det

n any of the patterns as their fine dispersion in zeolite m
ave rendered them non-detectable by XRD.

The “flexible ligand synthesis (FLS)” (Scheme 1) lead to
he encapsulation of Cu(II) complexes of tetraaza ligand in
he zeolite nanopore. The results of chemical analyses o
amples are given inTable 1. The parent NaY zeolite h
i/Al molar ratio of 2.53 which corresponds to a unit cell f
ula Na56[(AlO2)56(SiO2)136]. The unit cell formula of meta

xchanged zeolites show a copper dispersion of 10.8 mo
nit cell (Na34.4Cu10.8[(AlO2)56(SiO2)136]·nH2O). The analyt

cal data of each complex indicate Cu:C:N molar ratios alm
lose to those calculated for the mononuclear structure.
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Table 1
Chemical composition, DRS absorption and IR stretching frequencies of neat and zeolite-encapsulated copper(II) complexesa

Sample C (%) H (%) N (%) C/N Si (%) Al (%) Na (%) Cu (%) Si/AlνC N

(cm−1)
Surfac area
(m2/g)b

Pore volume
(mL/g)c

d↔ d
(cm−1)

NaY 21.76 8.60 7.50 2.53 545 0.31
Cu(II)–NaY 21.45 8.48 4.47 3.86 2.53 532 0.31
[Cu{C6H8N2}2](ClO4)2 30.08 (29.91) 3.37 (3.26) 11.70 (11.83) 2.57 (2.53) 13.27 (13.16) 15160d

[Cu{C6H8N2}2]2+–NaY 5.11 1.05 2.12 2.41 21.45 8.48 5.65 2.99 2.53 489 0.28 15350
[Cu{(CH3)C6H7N2}2](ClO4)2 33.18 (33.06) 3.98 (3.83) 11.06 (1.80) 3.00 (2.97) 12.54 (12.42) 15100d

[Cu{(CH3)C6H7N2}2]2+–NaY 5.14 1.13 1.80 2.85 21.44 8.47 5.64 3.01 2.53 478 0.25 15240
[Cu(ClC6H7N2)2](ClO4)2 26.32 (26.21) 2.58 (2.47) 10.23 (10.34) 2.57 (2.53) 11.60 (11.49) 15210d

[Cu(ClC6H7N2)2]2+–NaY 5.08 1.06 2.12 2.40 21.45 8.48 5.64 3.05 2.53 475 0.27 15400
[Cu{(NO2)C6H7N2}2](ClO4)2 25.34 (25.21) 2.48 (2.34) 14.78 (14.89) 1.71 (1.69) 11.17 (11.08) 15270d

[Cu{(NO2)C6H7N2}2]2+–NaY 5.06 1.04 3.33 1.52 21.43 8.47 5.65 2.98 2.53 470 0.24 15450
[Cu(Me4Bzo[14]tetraeneN4)] 65.08 (94.90) 5.46 (5.35) 13.80 (13.92) 4.72 (4.66) 15.65 (15.51) 1647 15920d

[Cu(Me4Bzo[14]tetraeneN4)]–NaY 5.36 1.11 1.16 4.61 21.40 8.46 5.60 2.94 2.53 1650 428 0.25 16100
[Cu(Me4(CH3)2Bzo[14]tetraeneN4)] 66.41 (66.29) 6.04 (5.91) 12.91 (13.04) 5.14 (5.08) 14.64 (14.52) 1645 15880b

[Cu(Me4(CH3)2Bzo[14]tetraeneN4)]–NaY 5.62 1.18 1.13 4.97 21.39 8.45 5.63 2.95 2.53 1647 421 0.22 16050
[Cu(Me4Cl2Bzo[14]tetraeneN4)] 55.63 (55.50) 4.24 (4.11) 11.80 (11.93) 4.71 (4.65) 13.38 (13.24) 1650 16000b

[Cu(Me4Cl2Bzo[14]tetraeneN4)]–NaY 5.34 1.09 1.18 4.54 21.37 8.45 5.62 2.97 2.53 1653 423 0.24 16160
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 53.27 (53.12) 4.06 (3.94) 16.94 (17.09) 3.14 (3.11) 12.81 (12.70) 1654 16080b

[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 5.30 1.06 1.78 2.98 21.41 8.46 5.59 2.93 2.53 1657 417 0.21 16250

a Calculated values are given in parentheses.
b Surface area is the “monolayer equivalent area” calculated as explained in the Ref.[20].
c Calculated by thet-method (see the text).
d In chloroform solutions at 25◦C as never specified for neat complexes.
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Electronic absorption data for the complexes (neat and encap-
sulated) are given inTable 1. The absorption bands appear-
ing around∼37040 cm−1 are attributed to� ↔ �* transitions
within ligand molecules[26]. The absorption bands around
∼25640 cm−1 can be attributed to charge transfer (CT) transition
form metal to ligand because the molar extinction coefficients
are much larger than those normally assigned to ligand–field
transitions[27]. The absorption bands in the 15150–16390 cm−1

range can be attributed to ligand–field transitions. This behavior
is compatible with that observed for square-planar copper(II)
complexes with four nitrogen donors[27,28]. The ligand–field
transitions for encapsulated copper(II) complexes in nanocavity
of zeolite-Y are complied inTable 1. The results are attributed
to the electronic properties of the substituent group and are
supported by similar observations with copper(II) tetraaza N4
macrocycles[29].

IR spectra of the neat complexes showed three intense bands
about 1645, 1530 and 1472 cm−1 in the 1400–1700 cm−1 range.
A strong imine (C N) absorption due to the macrocyclic frame-
work was observed at 1645 cm−1. Two absorptions due to the
diiminate were observed at 1530 and 1472 cm−1 assignable to
νC N andνC C but noνN H absorption around 3200 cm−1. The
IR bands of zeolite–encapsulated copper(II) complexes occur
at frequencies shifted within∼4–6 cm−1 from those of the free
complex; furthermore, some changes in band intensities can be
observed in the region of the CN stretching vibration. These
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H2O2 to convert alcohols to carbonyl compounds is an impor-
tant challenge[32]. One favorite oxidant to resort to is H2O2
due to its environmental impact, since water is the only by
product of such oxidative reactions[33]. Although, a variety
of different catalytic systems for the hydrogen peroxide oxida-
tion of alcohols has been developed[34], there is a growing
interest in the search for new efficient metal catalysts for this
concern. Many molybdenum- and tungsten-based catalytic sys-
tems using hydrogen peroxide have been reported[35]. The
oxidation of alcohols plays an important role in organic syn-
thesis while the development of new oxidative processes con-
tinues drawing attention in spite of the availability of numerous
oxidizing reagents. Such oxidizing reagents often used in sto-
ichiometric amounts are often hazardous or toxic. Hence, in
terms of economical and environmental concern, catalytic oxi-
dation processes with inexpensive and environmental oxidants
are extremely valuable.

The catalytic oxidation of benzyl alcohol was studied
with [Cu(Me4R2Bzo[14]tetraeneN4)]–NaY (R = H, CH3, Cl and
NO2), using hydrogen peroxide as the oxidant. Blank reactions
performed over NaY zeolite under identical conditions show
only negligible conversion indicating that zeolite host is inactive
for oxidation. Furthermore, hydrogen peroxide alone is unable to
oxidize the substrates in the absence of any catalyst. In represen-
tative tests, zeolite complex was filtered out and the filtrate was
analyzed for metal content using atomic absorption spectropho-
t cates
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bservation not only confirm the presence of copper(II) com
f 14-membered tetraaza macrocycle in the zeolite, but also
est that its structure is not identical to that of the neat com

hus, stereochemically induced distortion of the complex, ch
cal ligation of the zeolite framework (NaY can act as a str
igand), or some host–guest interactions (electrostatic) wit
eolite, cannot be ruled out. The entrapped complexes e
ery similar IR spectra with bands at all regions that are sh
4–6 cm−1 relative to those of the corresponding free c
lexes. These vibrations in band frequency can also be attri

o: (i) distortions of the complexes, or to (ii) interactions w
he zeolite matrix (by electrostatic effects or coordination—
igher negative charge of the zeolite host makes it a stron
nd) (Table 1).

The surface area and pore volume of the catalys
resented inTable 1. The encapsulation of [Cu(Me4R2Bzo-

14]tetraeneN4)] complexes in zeolite reduced the adsorp
apacity and the surface area of the zeolite. The lowerin
he pore volume and surface area indicated the presen
Cu(Me4R2Bzo[14]tetraeneN4)] complexes within the zeolit
ages and not on the external surface.

.2. Catalytic testing

The catalytic oxidation of alcohols into their correspond
ldehydes and ketones is an essential reaction in organic s
is [30,31]. Traditional methods for performing such trans
ations generally involve the use of stoichiometric quant
f inorganic oxidants, e.g. Cr(VI), and generate large qu

ies of waste. The development of effective, greener cata
ystems that use clean, inexpensive oxidants, such as2 or
-
,
-

it

d
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f
of

e-

ometry. The absence of metal ions in solution phase indi
hat no leaching of complexes has occurred during reactio
hey are too intact in the pores. These observations sugge
he oxidations occur due to the catalytic nature of the enca
ated tetraaza[14]annulene complexes and no significant r
layed by either the zeolite support or free complexes.

Zeolite complexes were screened with respect to
ctivity for the oxidation of benzyl alcohol at 70◦C and the
esults are shown inTables 2 and 3. [Cu(Me4(NO2)2Bzo-
14]tetraeneN4)]–NaY is distinctly better than other com
lexes for the oxidation. The activity was found to vary

Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY > [Cu(Me4Cl2Bzo-
14]tetraeneN4)]–NaY] > [Cu(Me4Bzo[14]tetraeneN4)]–NaY >
Cu(Me4(CH3)2Bzo[14]tetraeneN4)]–NaY.

able 2
ubstrate conversion and product selectivity in the oxidation of benzyl al
ith hydrogen peroxide in the presence of homogeneous tetraaza[14]an
opper(II) complexesa

atalyst Amount of
catalyst (mg)

Conversion
(%)

Selectivity
(%)

Cu(Me4Bzo[14]tetraeneN4)] 15 38.5 90.1
Cu(Me4(CH3)2Bzo[14]tetraeneN4)] 15 23.8 88.6
Cu(Me4Cl2Bzo[14]tetraeneN4)] 15 51.5 95.7
Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 10 50.5 100
Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 15 57.5 100
Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 20 53.6 97.6
Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 25 45.9 95.7
Cu(Me4(NO2)2Bzo[14]tetraeneN4)] 30 36.4 94.3

a Conditions: benzyl alcohol = 5 ml, benzene = 10 ml, H2O2/benzylalcoho
olar ratio = 2, temperature = 70◦C, reaction time = 8 h, theconcentrations wer
etermined using internal standard procedure.
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Table 3
Substrate conversion and product selectivity in the oxidation of benzyl alcohol with hydrogen peroxide in the presence of tetraaza[14]annulene copper(II) complexes
within the nanocavity pores of zeolite-Ya

Catalyst Amount of catalyst (mg) Temperature (◦C) Conversion (%) Selectivity (%)

[Cu(Me4Bzo[14]tetraeneN4)]–NaY 50 70 64.3 100
[Cu(Me4(CH3)2Bzo[14]tetraeneN4)]–NaY 50 70 49.8 100
[Cu(Me4Cl2Bzo[14]tetraeneN4)]–NaY 50 70 78.4 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 20 70 46.5 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 30 70 58.6 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 40 70 77.4 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 50 70 82.3 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 60 70 83.1 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 50 40 13.7 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 50 50 48.5 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY 50 60 67.1 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaYb 50 70 81.0 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaYc 50 70 79.8 100
[Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaYd 50 70 79.1 100

a Conditions: benzyl alcohol = 5 ml, benzene = 10 ml, H2O2/benzylalcohol molar ratio = 2, reaction time = 8 h, theconcentrations were determined using internal
standard procedure.

b First reuse.
c Second reuse.
d Third reuse.

The oxidation reactions may involve the coordination of oxy-
gen atoms at the vacant sites of copper(II) in the complex[36].
This intermediate transfers the coordinated oxygen atoms to the
substrate to obtain the product. Thus, the observed catalytic per-
formance of the encapsulated complexes could be attributed to
their geometries which govern the availability of vacant coordi-
nation sites.

[Cu(Me4R2Bzo[14]tetraeneN4)]–NaY, the promising sam-
ple from the screening test, was further evaluated for cat-
alytic activity for the oxidation of benzyl alcohol with
hydrogen peroxide at various temperatures and the results
are given in Table 3. The conversion in each case was
found to increase with increasing reaction temperature.
[Cu(Me4R2Bzo[14]tetraeneN4)] as soluble catalysts (Table 2)
are more prone to deactivation by the dimerization of active
centers, which is expected to be reduced by encapsulating
them in zeolites. [Cu(Me4R2Bzo[14]tetraeneN4)]–NaY was
recycled for the oxidation of benzyl alcohol with hydrogen
peroxide with a view to establish the effect of encapsula-
tion on stability. The initial run has showed a conversion
of 82.3% and it is only marginally reduced to 79.1% on
recycling the catalyst (third reuse). The results indicate that
[Cu(Me4R2Bzo[14]tetraeneN4)]–NaY are almost stable to be
recycled for the oxidation of benzyl alcohol without much
loss in activity (Table 3). Thus, the encapsulation of com-
plexes in zeolites is found to increase the life of the catalyst
b tric-
t cy-
c cat-
i lene
a that
t ver
z lusiv
p

4. Conclusion

In summary, the results show that [Cu(Me4R2Bzo[14]te-
traeneN4)] can be encapsulated in the nanocavity of
zeolite by template condensation between pre-entrapped
[Cu(RC6H7N2)2]2+ complexes and 2,4-pentanedione. This
strategy appears to be effective for the encapsulated of metal
complexes with 14-membered tetraaza macrocycle ligands
derived from [Cu(RC6H7N2)2]2+–NaY, as template conden-
sation in the supercage is still possible and no unreacted
[Cu(RC6H7N2)2]2+ ions was detected. Furthermore, the spectro-
scopic data suggest that the encapsulated complexes experience
very little distortion in the nanocavity and that the chemical lig-
ation to the zeolite surface is minimal. Nanocavity of zeolite-Y
encapsulated copper(II) complexes of tetraaza[14]annulene are
a novel solid catalyst system for the partial oxidation of benzyl
alcohol. [Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY was found
to be very active as compared to other complexes. The zeolite
framework keeps the guest complexes dispersed and prevents
their dimerization leading to the retention of catalytic activity.
Future work on this system is expected to envisage its industrial
applications for partial oxidation reaction. The following points
may be noted:

1. The major product of oxidation of benzyl alcohol in this study
is benzaldehyde.

2 ange
eused

the
and

3 ses
y reducing dimerization due to the site isolation and res
ion of internal framework structure. IR spectrum of the re
led sample is quite similar to that of fresh sample indi
ng little changes in the coordination of tetraaza[14]annu
fter the oxidation reactions. It is interesting to note

he oxidation of benzyl alcohol with hydrogen peroxide o
eolite complexes leads to benzaldehyde as the exc
roduct.
e

. The supported catalysts did not undergo any color ch
during the reaction and could be easily separated and r
many times. In contrast, the neat complexes active in
first cycle were completely destroyed during the first run
changed color.

. The activity of benzyl alcohol oxidation decrea
in the series: [Cu(Me4(NO2)2Bzo[14]tetraeneN4)]–NaY >
[Cu(Me4Cl2Bzo[14]tetraeneN4)]–NaY] > [Cu(Me4Bzo[14]-
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tetraeneN4)]–NaY > [Cu(Me4(CH3)2Bzo[14]tetraeneN4)]–
NaY.

4. The conversion increase by several orders of magnitude when
the copper(II) tetraaza[14]annulene are isolated from each
other by encapsulation within the supercages of the faujasite
zeolites.

5. The catalytic system is stable and can be recycled and reused
several times without loss of activity.
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