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Y-encapsulated CuII–purine complexes were synthesized,
characterized and studied in the catalytic oxidation of cyclo-
hexene. Encapsulation was achieved by ion-exchanging the
complex from aqueous solutions containing both the purine
ligand, 9-methyl-6-(methylamino)purine, and copper, in dif-
ferent pH, with a purine/CuII molar ratio of 5:1. The resulting
materials were characterized by surface analysis (XPS, SEM
and XRD), chemical analysis, spectroscopic methods (EPR,
FTIR and UV/Vis) and thermal analysis (TGA), which indi-
cated that the CuII–purine complexes were effectively encap-
sulated in NaY, most probably inside the supercages, without
any modification of the morphology and structure of the zeo-

Introduction

During the last two decades the preparation and catalytic
activity of transition-metal complexes encapsulated in zeo-
lite structures have been extensively investigated because of
their industrial significance. The use of metal complexes im-
mobilized into solid supports as heterogeneous catalysts has
become very important for ecofriendly industrial processes.
These new catalysts can be easily separated from the reac-
tion mixture and which also improves the recycling of the
expensive catalyst.[1,2]

Encapsulation of transition-metal complexes with redox
properties, in zeolites or other molecular sieves, is a theme
of current research because of their potential use as hetero-
geneous redox catalysts. The peculiar adsorptive properties
of Y zeolites originate from the positively charged ex-
changeable ions, which are located inside the 3D pore struc-
ture of the solid to balance the negative charge on the
framework Al atoms and which can be coordinated by dif-
ferent functionalized ligands.[3]

The oxyfunctionalization of inexpensive hydrocarbons to
produce more valuable organic compounds, such as
alcohols, aldehydes and ketones, requires the selective oxi-
dation of strong C–H bonds.[4,5] In this field, homogeneous
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lite. Different CuII–purine complexes were formed, de-
pending on the pH during synthesis. The coordination geom-
etry of Y-encapsulated CuII–purine complexes was obtained
with preferentially 1:2 and 1:3 Cu/L stoichiometry: com-
plexes A and B (1:2) and complex C (1:3). Complex A was
formed at pH � 7, and complexes B and C (Scheme 2) were
formed at pH = 5.4. Oxidation of cyclohexene with tBuOOH
(TBHP) as the oxygen source, gave 2-cyclohexene-1-one, 2-
cyclohexene-1-ol, cyclohexene oxide and 3-tert-butylcy-
clohexenyl peroxide.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

catalysis is not suitable for applications on a large scale,
because of low conversions, catalyst deactivation, the cost
of the complexes and lack of recycling methods.

Y-encapsulated CuII–histidine complexes showed good
catalytic activity in the oxidation of alcohols and alkenes in
the presence of hydrogen peroxide at ambient tempera-
tures.[6–10] Alkene oxidation led to different products, de-
pending on the structure of both the substrate and the oxi-
dant.[11] Heterogenized copper(II)–amino-acid complexes
[Cu(AA)n]m+ were obtained by Weckhuysen et al.[6] by en-
capsulation in Y zeolites through ion exchange from aque-
ous solutions containing both the amino acid (AA) and
copper(II), with an AA/CuII ratio of 5:1. Copper(II) was
chosen as the transition-metal ion because it forms the most
stable coordination complexes, which typically consist of
four nearby donor atoms approximately arranged in a plane
around the transition-metal ion.[6–8]

The present work deals with the multistep preparation,
characterization and catalytic studies of new heterogeneous
materials, namely CuII–purine complexes encapsulated in Y
zeolites. The preparation procedure includes (i) the synthe-
sis of purine ligands and (ii) the ion-exchange procedure for
encapsulating the metal complex in the NaY zeolite. The
obtained samples were fully characterized by chemical
analysis, spectroscopic methods (EPR, FTIR and UV/Vis),
powder X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM) and
thermal analysis (TGA). The cyclohexene oxidation reac-
tion was performed in liquid phase, at 30 °C, by using tert-
butyl hydroperoxide (tBuOOH) as the oxygen source.
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Results and Discussion

The 9-Methyl-6-(methylamino)purine Ligand

The biomonomer under investigation, 9-methyl-6-(meth-
ylamino)purine, a potentially polydentate ligand, can offer
only nitrogen atoms as donor atoms. It was suggested that

Scheme 1. Molecular structures of the used ligand and possible
models of purine coordination in copper complexes: a: 9-methyl-6-
(methylamino)purine; b: NamN7OwOw; c: Nam(1)N7(1)Nam(2)N7(2);
d: Nam(1)Nam(2)OwOw; e: Nam(1)Nam(2)Nam(3)Ow; f: Nam(1)-
Nam(2)Nam(3)Nam(4); g: Nam(1)Nam(2)Nam(3)N7(3); h: Nam(1)-
N7(1)Nam(2)N1(2); and i: Nam(1)N1(1)Nam(2)N1(2) coordination.
The axial ligands are omitted in these representations.
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the most basic centre in purine resides in the pyrimidine
ring, especially at N1. However, protonation can also occur
at N7 and N9.[12]

Since N9 is substituted in the 9-methyl-6-(methylamino)-
purine ligand, the coordination of the ligand with the cop-
per ion can occur at N1 and N7 on the purine ring and at
the N-amino nitrogen (Nam), which is bonded to C6 carbon
of the six-membered ring. Accordingly, different models of
purine coordination in copper complexes can be derived
(Scheme 1).

As shown in Scheme 1, the purine ligand can coordinate
with the copper ion to generate complexes with four- and
five-membered chelating rings; however, the latter ones lead
to minor ring tension and to less steric hindrance, being
thus preferred.

The purine ligand was characterized by spectroscopic
methods. The electronic absorption spectrum of the purine
ligand for pH = 7.0 and 10.0 exhibits three slight bands at
λmax(EtOH) = 305, 320 and 335 nm, which can be assigned
to ligand n-π* transitions, and a high intense broad band
at λmax(EtOH) = 269 nm due to π-π* transitions.[13,14] A
similar spectrum was obtained for pH = 5.4, however, a
small shift to higher transition energies due to N1 nitrogen
protonation was observed.

The FTIR spectrum of the ligand in KBr is dominated
by the characteristic bands of the purine ring (ν̃max = 1617–
1300 cm–1) and by bands of the methylamino group on the
6-position of the ring (ν̃max = 3273 and 1679 cm–1). The
strong and medium bands appearing between ν̃max = 1617
and 1300 cm–1 can be attributed to skeletal vibrations of
the purine ring, while the methylamino group is indicated
by the typical free N–H stretching vibrations at ν̃max =
3273 cm–1 and by the N–H bending vibration at ν̃max =
1679 cm–1.[13]

Ion-Exchange Encapsulation Process of CuII–Purine
Complexes

As it is commonly known, NaY zeolite is a microporous
aluminosilicate based on sodalite cages joined by O bridges
between the hexagonal faces. Eight such sodalite cages are
linked together, forming a large central cavity or supercage,
with a diameter of 12.5 Å. The supercages share a 12-mem-
bered ring with an open diameter of 7.4 Å. Thus, CuII–
purine complexes can be ion-exchanged and encapsulated
into the zeolite cavities.[15] In earlier studies, we showed that
the methodologies used for the encapsulation/immobiliza-
tion of the metal complexes in zeolites[16] and clays[17] are
largely determined by the supports.

In this work, the modified zeolites with the entrapped
metal complex were prepared by ion exchange in aqueous
solutions, using an excess of the purine ligand (purine/CuII

molar ratio = 5:1). Chemical analysis (ICP-AES), and
FTIR and UV/Vis spectroscopic analyses were performed
at different stages of the preparation procedure in order to
better characterize the prepared materials. In particular, the
residual solutions obtained from the encapsulation process
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were analyzed before and after Soxhlet extraction. The re-
sults are summarized in Table 1.

Table 1. Chemical analysis of the residual solutions after the ion-
exchange procedure for the preparation of the [CuIIL]nY samples.

Sample CuII [a] [mmol] CuII [b] [mmol] CuII [c] [mmol] CuII [d] [mmol]

[CuIIL]5.4Y 3.52�10–2 1.65�10–5 3.518�10–2 –
[CuIIL]7Y 3.52�10–2 3.15�10–5 3.517�10–2 3.38�10–2

[CuIIL]10Y 3.52�10–2 1.57�10–5 3.518�10–2 –

[a] Initial copper amount in the ion-exchange solution. [b] Residual
copper amount. [c] Copper loading on NaY. [d] Copper loading on
NaY after the treatment with NaNO3.

It appears that the residual CuII content was very low,
indicating that about 99% of the copper initially present
was retained inside the zeolite. This finding was also con-
firmed by the disappearance of the brown-green colour of
the starting solution after six hours under ion exchange
with the zeolite.

For the sample of [CuIIL]7Y submitted to the treatment
with NaNO3, the amount of uncomplexed copper ions in
solution was equal to 1.40�10–3 mmol, implying a copper
loading on NaY of 3.38�10–2 mmol. The small decrease
observed in the loaded amount of CuII, on the [CuIIL]7Y
sample after the NaNO3 treatment, seems to indicate that
almost all the adsorbed metal (96%) reacted with the pu-
rine ligand and the resulting complex became entrapped in-
side the zeolite.

[CuIIL]nY before Soxhlet Extraction
To obtain information about the adsorption of the pu-

rine ligand on zeolite, the residual solutions of the ion-ex-
change procedure were further analyzed by UV/Vis and
FTIR spectroscopy. The presence of the purine ligand in
the residual solutions is shown by the appearance of the
band at λmax(EtOH) = 269 nm in the UV/Vis spectra, thus
indicating that the excess ligand in the initial solutions, not
adsorbed by zeolite, was removed by filtration. The IR mea-
surements also reveal the presence of bands due to the li-
gand, thus confirming the UV/Vis spectra results.

[CuIIL]nY after Soxhlet Extraction
Zeolites with the hosted metal complex, which were a

brown-green colour, were extracted with ethanol to remove
both the residual metal complex physically adsorbed on the
external surface and the uncomplexed ligand. The resulting
samples retained their initial colour after extraction. FTIR
and UV/Vis spectroscopic analyses were performed on the
extracting solvent; typical absorption bands of the purine
ligand and complexes were present in the obtained spectra.
These results confirmed that Soxhlet extraction was able to
remove the entire adsorbed complex on the external surface
and the uncomplexed ligand. This finding might indicate
that the adsorbed ligand is fully coordinated with copper
ions and that the encapsulated complex can not exit the
zeolite.

Characterization of the Modified Zeolite

The final [CuIIL]nY samples obtained after the ion-ex-
change encapsulation process were characterized by surface
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analysis (XRD, SEM and XPS), spectroscopic methods
(FTIR and EPR), chemical analysis (CA) and thermal
analysis (TGA).

Powder X-ray diffraction patterns of the [CuIIL]nY sam-
ples and the parent NaY are very similar. The unit-cell pa-
rameters were calculated from the (5 3 3), (6 4 2) and
(5 5 5) reflection peak positions which were determined
using the (1 1 1) reflection of the quartz (2θ = 26.64187) as
an internal standard by ASTM D 3942–80. No variation
was observed in the zeolite lattice parameters after the en-
capsulation process. This result shows that no significant
structural changes in the zeolite framework occur (i.e., crys-
tallinity of NaY is preserved) during the encapsulation pro-
cess and that the zeolite structure is retained upon metal-
complex encapsulation. Peaks due to the neat complex were
not detected, probably because of its very low percentage
loading.

[CuIIL]nY samples obtained after the ion-exchange en-
capsulation process were analyzed by SEM. Analysis of the
SEM micrographs of the parent and modified samples indi-
cates that there were no changes in the NaY morphology
and structure upon complex encapsulation (Figure 1).
Furthermore, the SEM results confirm that Soxhlet extrac-
tion is a suitable method for removing all the uncomplexed
ligand and the residual metal complex physically adsorbed
on the external surface of zeolite.

Figure 1. Scanning electron micrograph of [CuIIL]10Y after Soxhlet
extraction.

The infrared spectra of the parent NaY (A), [CuIIL]7Y
(B) and purine ligand (C) are presented in Figure 2. As the
FTIR spectroscopic patterns of the [CuIIL]nY samples pre-
pared at different pH values were very similar, the sample
[CuIIL]7Y was chosen as a representative example.

The spectra of the parent zeolite and [CuIIL]7Y are
dominated by the strong bands attributable to the zeolite
structure. No shift or broadening of the zeolite vibration
bands are observed upon inclusion of the complex, which
provides further evidence that the zeolite structure remains
unchanged after the encapsulation procedure. In the
[CuIIL]7Y spectrum, the presence of the encapsulated or-
ganic complexes can be detected by small bands at ν̃max =
1503, 1465 and 1395 cm–1, typical of the purine ring, which
appear shifted relative to those of the free ligand. The ab-
sence of N–H stretching vibration at ν̃max = 3273 cm–1 is
evidence of the copper-ion coordination with the purine
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Figure 2. FTIR spectra of (A) NaY, (B) [CuIIL]7Y and (C) purine
ligand.

ligand and of the absence of free ligand within the zeolitic
matrix. The obtained FTIR spectroscopic data indicate that
the metal complex has been encapsulated in the Y zeolite
and also suggest the presence of host–guest interactions
with the zeolite structure.

Chemical analyses were also carried out on the solid
[CuIIL]nY samples. The obtained results, together with the
molar Si/Al ratio and the estimated number of copper ions
per unit cell, are presented in Table 2.

Table 2. Chemical analysis of the solid [CuIIL]nY samples.

Elemental analysis [wt.-%] Cu/C Cu/N

Si/Al CuII [a] CuII/UC C H N (w/w) (w/w)

NaY 2.88 – – – – – – –
[CuIIL]5.4Y 2.95 0.43 1.10 1.70 3.20 1.50 0.25 0.28
[CuIIL]7Y 2.98 0.32[b] 0.76[b] 1.00 3.00 0.90 0.32 0.35
[CuIIL]10Y 2.93 0.41 0.96 1.30 2.90 1.10 0.32 0.37

[a] Copper loading on NaY. [b] Copper loading after the NaNO3

treatment on NaY.

Table 2 shows that the maximum of one metal ion per
unit cell is obtained on the [CuIIL]5.4Y sample. It can also
be calculated that the (AlO4)– charges in the modified sam-
ples are not fully compensated by Cu2+ and Na+ ions. Most
likely, protons balance the remaining charges through the
following reaction taking place in aqueous solution:

purine(aq) + Cu2+(aq) + H+(aq) + Na+(Z) �
Cu[purine]n(Z) + Na+(aq) + H+(Z)

Charge compensation by co-exchange of protons led to
some residual acidity in the zeolite, even in the samples for
which NaOH was used to adjust the pH value during the
preparation procedure. This residual acidity could have an
effect on the catalytic behaviour of the samples in the cyclo-
hexene oxidation reaction.[8]

The molar Si/Al ratio in [CuIIL]nY samples did not
change substantially upon CuII complex exchange, indicat-
ing that dealumination does not occur during the encapsul-
ation procedure. The comparisons of the molar Si/Al ratios
for NaY and the modified samples confirm that the prepa-
ration method used in this work does not modify the zeolite
structure, in agreement with XRD and FTIR results.
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The success of the encapsulation of CuII–purine com-
plexes in NaY was confirmed by the analytical data of car-
bon and nitrogen obtained by elemental analysis and by the
copper loading obtained by ICP-AES (Table 2). The results
suggest the presence of different structures of CuII–purine
complexes with preferential Cu/ligand stoichiometry of 1:2
and 1:3.

For the 9-methyl-6-(methylamino)purine ligand, with a
cation pKa value equal to 4.2,[18] the ratio of ligand·H+/
ligand observed at different pH syntheses is 5�10–2 for pH
= 5.4, 1.3�10–3 for pH = 7.0 and 1.3�10–7 for pH = 10.0.
In acidic media, the purine ring can be protonated at N1

(the more basic centre in the purine ring). This protonation
hinders the coordination of the purine-ring nitrogen atoms
(N1 and N7) with the copper ion; the formation of com-
plexes such as g and h (Scheme 1) may be then favoured. In
neutral medium, complex h is mainly present with two pu-
rine ligands that coordinate through the nitrogen atoms
(NNNN) around the copper ion.[19,20] In more basic solu-
tions, the nitrogen atoms of the purine ring are activated
to coordinate with the copper ion, and complex c may be
formed.

The XPS technique, which allows an analysis of the inner
structure and cavity contents up to a depth of about
50 Å,[21] can provide information about the presence and
distribution of CuII–purine complexes through the surface
layer of NaY as well as on the oxidation state of the metal.
All samples revealed the presence of oxygen, silicon and
aluminium in their XPS resolution spectra. In the
[CuIIL]nY samples, the presence of the copper and nitrogen
from the metal complexes was detected. In the Cu 2p3/2 and
N 1s region, bands typical of the CuII complexes, scarcely
intense because of their low loading (as confirmed by XRD
analyses), were identified. Table 3 presents the surface
atomic content of sodium, silicon, aluminium and copper,
obtained from the area of the relevant bands in the XPS
spectrum for [CuIIL]nY samples.

Table 3. Areas under the XPS Al 2p, Si 2p, Na 1s, C 1s, N 1s and
Cu 2p bands for the samples.

XPS [atom-%]

Si Al Na CuII Si/Al

NaY 23.8 7.4 11.4 – 3.10
[CuII]Y 23.5 7.6 8.5 0.30 2.98
[CuIIL]5.4Y 25.1 5.6 3.3 0.10 4.32
[CuIIL]7Y 22.4 7.1 7.0 0.50 3.03
[CuIIL]10Y 22.1 7.3 8.6 0.40 2.92

The increase in the Si/Al ratio in the modified
[CuIIL]5.4Y sample suggests that a certain dealumination
takes place at the surface of the material during the encap-
sulation process in this case.

For [CuIIL]7Y and [CuIIL]10Y samples, the amount of
Cu from XPS is very similar to the bulk copper content
(Table 2). Probably, the CuII–purine complexes are homoge-
neously distributed throughout the NaY structure. How-
ever, for [CuIIL]5.4Y the metal complexes diffuse through
NaY and are preferentially located within the inner cavities.
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A medium binding-energy value of 932.2 eV for Cu

2p3/2 is obtained from the XPS spectra of [CuIIL]nY sam-
ples, which confirms that the metal is in a +2 oxidation
state, in agreement with the copper coordination sphere of
the free complex. The same oxidation state is observed for
the [CuII]Y sample. All samples exhibit N 1s as a band
centred at 400 eV, due to the contribution of the amine ni-
trogen atom of the 9-methyl-6-(methylamino)purine ligand.
This result shows that the host matrix environment does not
affect the valence state of the metal atom of the complexes.

Powder EPR spectra of all [CuIIL]nY samples obtained
at room temperature are typical of magnetically diluted
samples, implying that the CuII–purine complexes are dis-
persed within the supercages of NaY, which acts as a dia-
magnetic matrix. The corresponding g� and A� values, sum-
marized in Table 4, are axial type and exhibit well-resolved
hyperfine couplings with copper (63Cu/65Cu, I = 3/2) in the
region of low magnetic fields.[9,10]

Table 4. EPR data of the solid [CuIIL]nY samples.

Sample g� g� A� / 10–4 cm–1

[CuIIL]5.4Y 2.490 2.045 150
[CuIIL]7Y 2.309 2.049 180
[CuIIL]10Y 2.302 2.047 175

EPR spectra of the samples prepared at pH = 7.0 and
pH = 10.0 (Figure 3) show g and A values typical of planar
coordination of nitrogen and/or oxygen in the first coordi-
nation sphere around CuII.[8,9,16,19] In contrast, the EPR
spectrum of the [CuIIL]5.4Y sample is complex, probably
because of the presence of more than one complex species.
The increase in A� and the decrease in g� values (see Table 4)
suggest an NNNN coordination around the Cu2+

ion.[20,22–24]

Figure 3. EPR spectra of (A) [CuIIL]7Y and (B) [CuIIL]10Y.

In agreement with Weckhuysen et al. who reported two
different coordination modes of the CuII–histidine com-
plexes encapsulated in NaY zeolite,[6–10,20] three different
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CuII–purine complexes are proposed for inside the zeolitic
supercage: (i) complexes A and B with a 1:2 Cu/L stoichi-
ometry and (ii) complex C with a 1:3 Cu/L stoichiometry.
As shown in Scheme 2, CuII is coordinated with the 9-
methyl-6-(methylamino)purine ligands in complex A by me-
ans of two NamN7 chelating groups [with an Nam(1)N7(1)-
Nam(2)N7(2) coordination, where the numbers in brackets
refer to the 9-methyl-6-(methylamino)purine molecule],
while complex B is characterized by an Nam(1)Nam(2)OwOz

coordination, in which Ow and Oz symbolize a water and a
zeolite framework oxygen, respectively. An Nam(1)Nam(2)-
Nam(3)Oz coordination is finally observed for complex C.

Scheme 2. Structures of copper(II)–purine complexes in Y zeolite:
complex A with Nam(1)N7(1)Nam(2)N7(2) coordination; complex B
with Nam(1)Nam(2)OzOw coordination; complex C with Nam(1)-
Nam(2)Nam(3)Oz coordination.

Although complex A is the dominant configuration for
all samples, the relative amount of the different structures
depends on the preparation conditions of the samples. It
seems that the pH value during the synthesis determines the
mode of coordination of the CuII ion with the purine li-
gand; higher values (pH = 7.0 and 10.0) foster the forma-
tion of complex A, which accounts for 80% in both cases,
while at lower pH (5.4) an increase in the amount of com-
plexes B and C was observed.

Complementary studies performed by using thermal
analysis (TGA) contributed to a better understanding of
the different configurations of the encapsulated metal (de-
pending on the pH value during the synthesis) on the ther-
mal properties of the samples. The TGA curve of NaY
shows a weight loss at 120 °C which can be attributed to the
removal of intrazeolite water. After encapsulation of CuII–
purine complexes, two major stages of weight loss can be
found in a broad temperature range (i.e., 110–490 °C). The
first stage occurs above 110 °C with comparable weight
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losses for the three [CuIIL]nY samples, and it is most likely
caused by intrazeolite water desorption and by desorption
of water associated with the encapsulated complexes. How-
ever, differences were observed at higher temperatures in the
second stage of the TGA curves, which corresponds to the
decomposition of the encapsulated complexes, both in the
onset temperature of the decomposition process and in the
weight-loss extent. Results are summarized in Table 5.

Table 5. Thermogravimetric analysis results of the solid [CuIIL]nY
samples.

Sample T1
[a] [°C] T2

[b] [°C] Weight loss[c] [%]

NaY 120 – –
[CuIIL]5.4Y 110 350 5.4
[CuIIL]7Y 110 420 3.2
[CuIIL]10Y 110 480 3.7

[a] Temperature of water desorption obtained from DTG curve. [b]
Temperature of complex decomposition obtained from DTG curve.
[c] Weight loss due to complex decomposition obtained from DTG
curve.

Differences in weight losses and onset temperatures of
the complex decomposition are most probably related to (i)
different coordination configurations of the CuII ion with
the 9-methyl-6-(methylamino)purine ligand which leads to
three CuII–purine complexes, in agreement with chemical
analysis and EPR results, and (ii) predominance of one of
these CuII–purine complexes for high pH syntheses.

Catalytic Behaviour of the Modified Zeolite

The effect of CuII–purine complexes encapsulated in
NaY zeolite on the oxidation of cyclohexene with tBuOOH
(TBHP) in decane was studied, and the results are shown
in Table 6.

Table 6. Catalytic performance of the [CuIIL]nY samples in cyclo-
hexene oxidation.[a]

Catalyst Conversion[a] Selectivity [%]

[%] Ketone[b] Alcohol[c] Oxide[d]

– 40.3 62.7 37.3 0.0
NaY 40.8 59.0 41.0 0.0
[CuII]Y 46.4 65.9 34.1 0.0
[CuIIL]5.4Y 47.6 49.3 42.4 8.3
[CuIIL]7Y 55.8 48.4 37.0 14.6
[CuIIL]10Y 65.9 48.9 41.3 9.8

[a] In decane, 30 °C, TBHP/cyclohexene molar ratio = 5:3. [b] 2-
Cyclohexene-1-one. [c] 2-Cyclohexene-1-ol. [d] Cyclohexene oxide.

Cyclohexene conversion and product selectivity were
compared at 24 hours on-stream. Blank runs were per-
formed to check the contribution of the radical mechanism;
it was found that it accounted for about 40% of cyclohex-
ene conversion. Only allylic oxidation occurred with the for-
mation of 2-cyclohexene-1-one, 2-cyclohexene-1-ol and 3-
tert-butylcyclohexenyl peroxide, as also reported in ref.,[25]

while the formation of cyclohexene oxide was not observed.
The NaY sample showed a quite similar behaviour.

When sodium was ion-exchanged with copper in NaY
([CuII]Y), a slight increase was observed both in conversion
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and in 2-cyclohexene-1-one selectivity. The increase in con-
version from 46.4% to 65.9%, which is found by comparing
the [CuII]Y and [CuIIL]10Y samples, indicates that in the
presence of the purine ligand the catalytic activity is in-
creased by a factor of 1.42. From the results in Table 6, it
is evident that 2-cyclohexene-1-one is selectively formed in
the presence of all catalysts. However, cyclohexene oxide is
formed only on the [CuIIL]nY catalysts, when CuII is coor-
dinated to the purine ligands. The selectivity value towards
the epoxide seems to have a slight maximum for the
[CuIIL]7Y sample, while conversion increases continuously
with the pH value used during the catalyst preparation. The
2-cyclohexene-1-ol selectivity also shows an increase for all
the [CuIIL]nY catalysts with respect to the [CuII]Y sample.
Further, in agreement with the findings of other au-
thors,[7,25] the presence of 1,2-cyclohexanediol was not ob-
served.

The formation of the allylic oxidation products, 2-cyclo-
hexene-1-one and 2-cyclohexene-1-ol, suggests the preferen-
tial attack of the activated C–H bond over the C=C bond.
Furthermore, the formation of 3-tert-butylcyclohexenyl per-
oxide is an indication of the occurrence of radical reac-
tions.[25–28] TBHP as the oxidant promotes the allylic oxi-
dation pathway and the extent of epoxidation is reduced.
The effect of molecular oxygen in the cyclohexene epoxid-
ation reaction with tBuOOH has also been reported.[29,30]

It was found that when molecular oxygen acts as an oxidant
in the reaction, 2-cyclohexene-1-one and 2-cyclohexene-1-
ol are mainly formed.

Conclusions

In light of the obtained results, it can be concluded that
CuII–purine complexes coordinated with a 9-methyl-6-
(methylamino)purine ligand can be encapsulated in NaY
zeolite by an ion-exchange adsorption process, without
structural modification or loss of crystallinity of the zeolite
framework. Depending on the pH of the exchange solution,
three different structures for the CuII–purine complexes
have been proposed in the Y zeolite supercage: (i) complex
A is located in the centre of the supercage, for which all
equatorial coordination sites are provided by the purine
molecules; (ii) complex B is coordinated to two purine
molecules, for which the other two ligands are supplied by
the zeolite and a water molecule; and (iii) complex C is
coordinated to three purine ligands and to one framework
oxygen atom from the zeolite.

[CuIIL]nY catalysts are active in the cyclohexene oxi-
dation reaction with TBHP. The product distribution is
mainly consistent with the allylic oxidation to 2-cyclohex-
ene-1-one and 2-cyclohexene-1-ol.

Experimental Section
Materials: NaY zeolite (Si/Al = 2.88) was supplied by Grace
GmbH. Chemicals for the purine ligand synthesis, the encapsul-
ation procedure [EtOH, NaOH, HCl, Cu(NO3)2·3H2O and
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NaNO3] and the oxidation reaction (cyclohexene, decane, tBuOOH
[70% solution in water]) were purchased from Aldrich. All used
materials were reagent grade.

Sample Preparation: The 9-methyl-6-(methylamino)purine ligand
was synthesized as described in detail elsewhere.[31] Zeolite-encap-
sulated CuII–purine complexes were prepared according to the fol-
lowing experimental procedure: aqueous solutions of Cu(NO3)2·
3H2O (8.5 mg, 3.52�10–2 mmol) and the 9-methyl-6-(meth-
ylamino)purine ligand (29.0 mg, 1.76�10–1 mmol) in distilled
water (100 cm3) (purine/CuII = 5:1; this molar ratio ensures that the
purine ligand is not the limiting reactant during the encapsulation
process) were added to NaY (0.5 g; previously calcined at 500 °C
during 8 h under a dry air stream) at different pH (5.4, 7.0 and
10.0). Aqueous solutions of NaOH and/or HCl (0.1 moldm–3) were
used to adjust the pH value, which was continuously monitored.
The resulting mixtures were stirred at room temp. for 24 h, until
the brown-green aqueous solutions became colourless, indicating
that the complex was adsorbed by the zeolite. Then the suspension
was filtered off, and the solid was washed with distilled water and
dried at 60 °C for 8 h. The excess or uncoordinated ligand, as well
as the residual metal complex physically adsorbed on the external
surface, was removed by Soxhlet extraction with ethanol for 6 h.
Finally, the samples were dried in an oven at 100 °C, under vac-
uum, for 12 h. The obtained samples are denoted as [CuIIL]nY,
where L represents the 9-methyl-6-(methylamino)purine ligand and
n is the pH value. A [CuII]Y sample, with the same amount of
copper as [CuIIL]nY, was also prepared for comparison. A portion
of the [CuIIL]7Y sample was further treated, for 6 h at room temp.,
with an aqueous solution of NaNO3 (0.1 moldm–3) in order to re-
move the remaining uncomplexed copper ions from the zeolite; it
was subsequently filtered off, washed with hot distilled water and
finally dried at 60 °C for 12 h.

Characterization: Elemental chemical analyses (Si, Al, Na and Cu)
were performed by inductively coupled plasma atomic emission
spectrometry (ICP-AES) using a Philips ICP PU 7000 Spectrome-
ter. The decomposition of solid samples was carried out by alkaline
fusion; the method involves the use of lithium metaborate as the
fluxing agent, which grants thermal stabilization of elements during
the fusion stage at 1050 °C.[15] Chemical analysis of C, H and N
were carried out with a Leco CHNS-932 analyzer. X-ray photoelec-
tron spectroscopy analyses were obtained at the C. A. C. T. I. (Vigo
University, Spain) with a VG Scientific ESCALAB 250iXL spec-
trometer using monochromatic Al-Kα radiation (1486.92 eV). Pow-
der EPR spectra were obtained with a Bruker EMX spectrometer
working at the X-band microwave frequencies (ca. 9.5 GHz) at
room temp. Phase analysis was performed by XRD using a Philips
PW1710 diffractometer. Scans were taken at room temp. in a 2θ
range between 4 and 80°, using Cu-Kα radiation. The SEM micro-
graphs were collected with a LEICA Cambridge S360 Scanning
Microscope equipped with an EDS system. To avoid the surface
charging, samples were coated with gold in vacuo, by using a Fi-
sons Instruments SC502 sputter coater, before being observed.
Room temp. FTIR spectra of ligand and sample materials were
obtained from powdered samples on KBr pellets, using a Bomem
MB104 spectrometer in the range 4000–500 cm–1 by averaging 20
scans at a maximum resolution of 4 cm–1. The electronic UV/Vis
absorption spectra of the purine ligand and residual solutions were
collected in the range 600–200 nm with a Shimadzu UV/2501PC
spectrophotometer using quartz cells at room temp. Thermogravi-
metric analyses (TGA) of the samples were carried out using a
TGA 50 Shimadzu instrument under a high-purity helium flow
(50 cm3 min–1). All samples were characterized between 25 and
600 °C with a heating rate of 6 °Cmin–1.
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Catalytic Runs

Experimental runs lasting 24 h were performed in a magnetically
agitated batch reactor, equipped with an external water jacket and
with a refrigerant, each connected with a cryothermostat in order
to control the reaction and condensation temperatures, respectively.
Prior to the catalytic tests, samples were activated in an oven at
250 °C for 2 h. The reaction conditions were T = 30 °C, catalyst:
30 mg, cyclohexene: 100 µL, tBuOOH (5.5 moldm–3 in decane):
945 µL, oxidant/substrate molar ratio = 5:3 and solvent: decane.

Chromatographic analyses of the reaction mixture, sampled at 1-h
intervals, were carried out using a GC HP 6890 (equipped with a
capillary column SUPELCO Petrocol DH and a FID) and allowed
qualitative and quantitative determination of (by the internal stan-
dard method) the reactant, cyclohexene and the following reaction
products: cyclohexene oxide, 2-cyclohexene-1-one, 2-cyclohexene-
1-ol and 1,2-cyclohexanediol. Other products were also observed
(but not quantified) and identified by GC-MS: 3-tert-butylcy-
clohexenyl peroxide and very small amounts of 2,3-epoxycy-
clohexanone and 2,3-epoxycyclohexanol, together with those de-
rived from the thermal decomposition of the tBuOOH.
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