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Nanoscale microreactor-encapsulation 14-membered nickel(II)
hexamethyl tetraaza: synthesis, characterization and catalytic activity
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Abstract

Nanoscale microreactor containing (5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane-4,11-diene)nickel(II) were successfully
have been prepared by the template condensation of tris(ethylenediamine)nickel(II) complex with acetone within the nanodimensional pores
of zeolite Y. This complex were entrapped in the supercage of zeolite Y by a two-step process in the liquid phase (i) inclusion of a nickel(II)
precursor complex [Ni(en)3]2+-NaY and (ii) in situ template reaction of the nickel(II) precursor complex with the acetone. The new material
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Ni(Me6[14]ane N4] -NaY characterized by several techniques: chemical analysis and spectroscopic methods(FT-IR, UV–vis, XP
ET, DRS). Analysis of the data indicates that the nickel(II) complex are encapsulated in the nanodimensional pores zeolite a
ifferent from the free this of complex, which can arise from distortions caused steric effects due to the presence of sodium catio

nteractions with the zeolite matrix. The host–guest nanoscale tetraaza macrocycle was found catalytic activity. Cyclohexene was c
xidized in the presence of molecular oxygen and [Ni(Me6[14]ane N4)]2+-NaY in the absence of solvent at 70◦C, affording 2-cyclohexene-1-
nd 2-cyclohexene-1-one. The effect of temperature, and the amount of [Ni(Me6[14]ane N4)]2+-NaY used on the catalytic activity and prod
electivity were discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Oxidation is an important reaction in organic chemistry.
n attractive oxidant in these oxidation reactions is molec-
lar oxygen because it is an inexpensive and environmen-

ally friendly reactant. Many processes based on molecular
xygen, however, require elevated temperatures. As a conse-
uence, there is a demand for mild and selective aerobic oxi-
ation processes. Macrocyclic metal complexes have recently
ttracted attention as dioxygen activation catalysts in oxida-

ion reactions. The catalytic ability of nickel(II) macrocyclic
omplexes towards hydrocarbon oxidation has been well doc-
mented in[1–6]. Some square-planar nickel(II) complexes
f macrocyclic ligands such as cyclam and Schiff-base have
een shown to act as catalysts for epoxidation of alkenes
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when PhIO[1,2] or NaOCl[3,8–11]was used as a termin
oxidant. However, catalytic efficiency of these complexe
mains inexplicable with regards to the general consider
of the systematic of the metal redox as a function of c
dination environment and the nature of terminal oxida
The full capacity of these oxidation reactions, however,
be realized only if the metal complexes can be made s
towards self-oxidation and degradation and can be us
subsequent catalytic cycles.

Metal macrocycles encapsulated in nanoscale mic
actors such as zeolites seem to be a solution to
come the above-mentioned problems. In these catalys
large, electrostatic metals macrocycle species is held i
zeolite cavities topologically rather than electroneutr
These combine successfully the advantages of hom
neous catalysts, especially their selectivity and controll
ity, with the ease of separation and stability of heterogen
catalysts.

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

In this paper, we report the synthesis and character-
ization of nickel(II) complex of 14-membered tetraaza
macrocyclic ligand “5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacycloteradeca-4,11-dienenickel(II)”, encapsulated
within the nanodimensional pores of zeolite Y by template
reaction of tris(ethylenediamine)nickel(II) complex with
acetone, “[Ni(Me6[14]ane N4]2+-NaY (Scheme 1). In con-
tinue we report here the oxidation of cyclohexene catalyzed
by [Ni(Me6[14]ane N4]2+-NaY. The reaction was performed
in the presence of atmospheric pressure of molecular oxygen
in the absence of solvent at 70◦C, without the use of
any special oxidant or conductant. Under these reaction
conditions, 2-cyclohexene-1-ol and 2-cyclohexene-1-one
were product. The effect of temperature and the amount of
catalyst used on the reactivity and product selectivity were
discussed.

2. Experimental

2.1. Materials

All other reagents and solvent were purchased from Merck
(pro-analysis) and was dried using molecular sieves (Linda
4Å). NaY with the Si:Al ratio of 2.53 was purchased from
A ore
u for the
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i ose
o lt of
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ith
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analyzed by atomic absorption spectrophotometer (AAS,
Perkin-Elmer 4100-1319) and SiO2 was determined by gravi-
metric 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 spectrophotometer the range 1500–200 nm, us-
ing MgO as reference. The elemental analysis (carbon, hydro-
gen 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� radiation. Nitrogen adsorption measurements
were performed at 77 K using a Coulter Omnisorb 100CX
instrument. The samples were degassed at 150◦C until a
vacuum better than 10−3 Pa was obtained. Micropore vol-
umes were determined by thet-methanol[20]; a “monolayer
equivalent area” was calculated from the micropore volume
[20]. The stability of the encapsulated catalyst was checked
after the reaction by UV–vis and possible leaching of the
complex was investigated by UV–vis in the reaction solution
after filtration of the catalyst. The products were analyzed by
GC–MS, using a Philips Pu 4400 Chromatograph (1.5 m, 3%
OV-17 Column), Varian 3400 Chromatograph (25 m, DB-
5 Column) coupled with a QP Finnegan MAT INCOF 50,
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ldrich (Lot No. 67812). Cyclohexene was distilled bef
se. Cyclohexanone was used as an internal standard
uantitative analysis of the product using gas chroma
aphy. 2-Cyclohexene-1-ol and 2-cyclohexene-1-one
dentified by comparisons of their retention times with th
f pure compounds (obtained from Merck). The acid sa

he ligand (Me6[14]ane N4)·2HClO4) was prepared by th
ethod of Curtis et al.[12].

.2. Physical measurements

After completely destroying the zeolitic framework w
ot and concentrated HCl, sodium, aluminum and nickel
0 eV. X-ray photoelectron spectroscopy (XPS) analysis
erformed at room temperature on a PHI-500 ESCA/S
pectrometer with the use of Mg K� radiation (hν = 1254 eV)
he typical X-ray powder was 320 W. All XPS spectra w
nergy referenced to the C 1s photoemission peak at 284

.3. Preparation of neat complex

The [Ni(Me6[14]ane N4)](ClO4)2 was prepared by hea
ng 50 ml of a 1:1 methanol–water mixture with an exces
ickel(II) carbonate and 2 g of [Me6[14]ane N4]·2HClO4 on
steam bath for 5–10 min. The yellow solution thus form
as filtered from the unreacted nickel(II) carbonate and e
rated to a small volume. On cooling the concentrated

ion the yellow nickel(II) complex crystallized. The prod
as recrystallized from hot water[12].

.4. Preparation of Ni(II)-NaY

A 2 g NaY zeolite was suspended in 100 ml distil
ater, which contained nickel(II) nitrate (0.025 M). T
ixture was then heated while stirring at 90◦C for 24 h. The

olid was filtered, washed with hot distilled water till
ltrate was free from any nickel(II) ion (by AAS of filtrat
ontent and dried for 10 h at 80◦C under vacuum. Th
onic exchange degree was determined by atomic abso
pectrophotometer.

.5. Preparation of [Ni(en)3]2+-NaY

A solution of three-fold excess ethylenediamine in
ethanol was added to a suspension of dry Ni(II)-N
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in CH3OH. The resulting suspension was stirred at 50◦C
under Ar atmosphere. The light yellow solid was filtered,
washed with CH3OH.The samples were Soxhlet-extracted
with ethanol for 8 h to remove excess ethylenediamine and
Ni(II) complexes from the external surface of zeolite crys-
talline. The resulting light yellow solid [Ni(en)3]2+-NaY,
was dried at 90◦C for 24 h. The remaining uncomplexed
nickel(II) ions were removed by exchanging with aqueous
0.1 M NaNO3 solutions.

2.6. Preparation of [Ni(Me6[14] ane N4)]2+-NaY

[Ni(en)3]2+-NaY (2 g) was mixed in acetone (200 ml) and
the suspension kept at reflux and after 24 h reflux the solid
changed color to light orange. The samples were Soxhelt-
extracted with ethanol for 12 h to remove nickel(II) com-
plexes from the external surface of zeolite crystallites. The
resulting light orange solid [Ni(Me6[14]ane N4]2+-NaY, was
dried at 60◦C for 10 h.

3. Results and discussion

3.1. Characterization of [Ni(Me6[14]ane N4)]2+-NaY

t
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Table 2
DRS absorption and IR stretching frequencies of ligand, complexes and
nanoscale microreactor-encapsulated of 14-membered nickel(II) complexes

Sample IR (KBr, cm−1) d–d (cm−1)

νN H νNH2 νC=N νC−H

[Me6[14]aneN4]·2HClO4 3145 1544 1670 2910 –
[Ni(Me6[14]aneN4](ClO4)2 3170 – 1662 2932 2320a

NaY – – – – –
Ni(II)-NaY – – – – 25300
[Ni(en)3]2+-NaY – 1537 – 2925 29000
[Ni(Me6[14]ane N4]2+-NaY 3158 – 1658 2936 23400

a In aqueous solutions at 25◦C as never specified.

content is slightly higher than the stoichiometric requirement
only a portion of [Ni(en)3]+2 in exchanged zeolite has under-
gone complexation and the rest is expected to be removed on
re-exchange with sodium nitrate solution.

The chemical compositions (Table 1) confirmed the pu-
rity and stoichiometry of the neat and zeolite-encapsulated
complexes. The chemical analyses of the samples reveal the
presence of organic matter with a C/N ratio roughly similar
to that for neat complexes. InTable 1the mol ratios Si/Al
obtained by chemical analysis for zeolites are presented. The
Si and Al contents in NiNaY 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 X-ray diffraction
patterns of zeolite contained tetraaza complexes are similar to
those of NiNaY and the parent NaY zeolite. The zeolite crys-
tallinity is retained on encapsulating complexes. Crystalline
phase of free metal ions or encapsulation ligand complexes
were not detected in any of the patterns as their fine disper-
sion in zeolite might have rendered them non-detectable by
XRD.

IR spectroscopy can provide information on the encap-
sulated metal complexes and on the crystallinity of the host
zeolite. The spectra of all samples are dominated by bands
due to the zeolite[13] (surface hydroxyl groups,νOH, in
t −1 e
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Refluxing of the [Ni(en)3]2+-NaY with acetone for abou
4 h effected template formation of the 14-membered tetr
acrocyclic in the cavity followed by complex form

ion with metal ion (Scheme 1). The crude mass was
ally purified by Soxhlet-extraction method. The rem

ng tris(ethylenediamine)nickel(II) ions in nanodimensio
ores of zeolite Y were removed by exchanging with aqu
.1 M NaNO3 solution. The flexible ligand synthesis lead

he encapsulation of Ni(II) complexes of tetraaza ligand
ide the zeolite pore. The results of chemical analyse
he samples are given inTable 1. The parent NaY zeolite h
i/Al molar ratio of 2.53 which corresponds to a until cell f
ula Na56[(AlO2)56(SiO2)136]. Metal ion exchange at 39

eads to a metal loading 3.8% in zeolite. The unit cell form
f metal-exchanged zeolites show a nickel dispersion of
oles per unit cell (Na33.8Ni11.1[(AlO2)56(SiO2)136]·nH2O).
he analytical data of each complex indicate Ni:C:N m
atios almost close to those calculated for the mononu
tructure. However, the presence of minute traces of
Ni(en)3]+2 in the lattice could be assumed as the [Ni(en)3]+2

able 1
hemical composition of ligand, complexes and nanoscale microrea
arentheses)

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

Me6[14]aneN4]·2HClO4 40.01 (39.11) 7.10 (6.86) 11.71 (11
Ni(Me6[14]aneN4](ClO4)2 35.71 (35.11) 5.99 (5.70) 10.40 (10
aY – – –
i(II)-NaY – – –

Ni(en)3]2+-NaY 2.27 2.16 2.64
Ni(Me6[14]aneN4]2+-NaY 3.45 2.24 1.04
he range 3700–3300 cm; lattice vibrations in the rang
300–450 cm−1), even though the presence of nickel(II) co
lexes can be detected (Table 2). No significant dealumina

ion or expansion of the cavities took place, as the ze
tructure-sensitive vibrations (e.g. the asymmetric stret
130 cm−1 and the symmetric stretch at 810 cm−1) did not
hift or broaden significantly upon inclusion of the co
lexes. This result supports the observation that the enc

capsulated of 14-membered nickel(II) complexes (calculated valuesiven in

C/N Si (%) Al (%) Na (%) Ni (%) Si/A

3.42 (3.28) – – – – –
3.43 (3.34) – – 10.91 (10.78) –
– 21.76 8.60 7.50 – 2.5
– 21.79 8.62 3.28 3.72 2.53
0.86 19.84 7.84 5.29 1.85 2.53
3.31 19.83 7.83 5.28 1.16 2.53
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lation process dose not modifies the zeolite framework. The
bands due to the complexes are weaker (due to a low con-
centration of the complexes) and thus can only be observed
in the regions where the zeolite matrix does not absorb, i.e.
from 1200–1620 cm−1. The IR bands of zeolite-encapsulated
nickel(II) complexes occur at frequencies shifted within
∼10 cm−1 from those of the free complex; furthermore, some
changes in band intensities can be observed in the region of
the N H stretching vibration. These observation not only
confirm the presence of nickel(II) complex of 14-membered
tetraaza macrocycle in the zeolite, but also suggest that its
structure is not identical to that of the neat complex, thus,
stereochemically induced distortion of the complex, chem-
ical ligation of the zeolite framework (NaY can act as a
strong ligand), or some host–guest interactions (electrostatic)
with the zeolite, can not be ruled out[14,15]. The entrapped
tetraaza complex exhibit very similar IR spectra with bands
at all regions that are shifted∼10 cm−1 relative to those of
the corresponding free complex (Table 2). These vibrations
in band frequency can also be attributed to (i) distortions of
the complexes, or to (ii) interactions with the zeolite matrix
(by electrostatic effects or coordination—the higher negative
charge of the zeolite host makes it a strong ligand) (Table 2).

Electronic data for neat and encapsulated nickel(II)
complex within the nanodimensional pores of zeolite Y
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XPS have shown the Ni (2p3/2) binding energy (Eb)
is 859.2 in the [Ni(Me6[14]ane N4)]2+-NaY and 856.3 eV
in NiCl2. The Ni (2p3/2) binding energy of the tetraaza
complex was increased 2.9 eV compared with that of the
Ni(II) chloride. The results indicate that the charge on
the nickel atoms is decreased when complex was formed.
The N 1s binding energy is 400.3 eV in complex and
399.6 eV in [Me6[14]ane N4]·2HClO4. Compared with that
of [Me6[14]ane N4]·2HClO4, the N 1s bonding energy of
complex is increased 0.7 eV. The resolved N 1s XPS spec-
trum of the tetraaza complex shows two N 1s XPS peak that
correspond to the one component of the nitrogen. The low
energy (394.5 eV) component belongs to the coordinate ni-
trogen of the N H bonds, and the high energy (400.3 eV)
component may belong to the coordinated nitrogen of imines.
The change of both Ni (2p3/2) and N 1s binding energy of the
tetraaza macrocycle complex suggests that the charge on the
nickel atoms is decreased while that on nitrogen atoms is
increased when the complex was formed. The result sug-
gest that the back-donation from the nickel atoms to the
anti-� orbitals of the 5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacycloteradecane-4-11-diene rings prevails over the
donation from the nitrogen atoms to the d orbitals of the
nickel ions. We tentatively suggest that for a metal ions rich
in d-electrons such as nickel(II) ions (3d8), the back donation
f s-
t toms
s the
m

3
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p e to
f y-
m for-
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l ould
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l psu-
l lvent
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Y ation
o ese
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-
m eolite
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e exene
re summarized inTable 2. Bands due to [Ni(Me6[14]ane
4)]2+-NaY appear at 23,400 cm−1, and charge transf
ands appear in the near-UV region (at 46,800,ε = 17,000)

hese values are very similar to those obtained for the dis
omplex (Table 2). Electronic spectra of the encapsula
4-membered tetraaza macrocycle complex are very si
nd show d↔ d bands in the visible region: again, they
lso similar to those obtained for the corresponding dis
omplexes and to those of other N4 macrocycle nickel(II
omplexes[12,16,17].

Surface area and pore volume values estimated by the
emperature nitrogen adsorption at relative pressures (P/P0)
n the range 0.05–0.9 are given inTable 3. There is a drast
eduction of surface area and pore volume of zeolites o
apsulating the nickel(II) complexes. Since the zeolite fra
ork structure is not affected by encapsulation as show

he XRD pattern, the reduction of surface area and pore
me provides direct evidence for the presence of comp

n the cavities[18].

able 3
itrogen adsorption isotherm data for parent zeolite and nickel mo
eolites

ample Surface areaa

(m2/g)
Pore volumeb

(ml/g)

aY 545 0.31
iNaY 528 0.31

Ni(en)3]2+-NaY 415 0.24
Ni(Me6[14]ane N4]2+-NaY 390 0.23

a Surface area is the “monolayer equivalent area” calculated as exp
n Ref. [20].

b Calculated by thet-method.
rom metal ions to the anti-� orbitals of the conjugated sy
em prevails over the donation from the coordinated a
uch as nitrogen to d orbitals or hybridized orbitals of
etal ions.

.2. Catalytic activity

One of the major drawbacks of homogeneous metal
lexes as catalysts is their irreversible deactivation du

ormation of�-oxo and�-peroxo dimeric and other pol
eric species especially when using oxidant. Since the
ation of these bulky dimeric/polymeric species is steric

mpossible when the monomeric complex is encapsulate
hysical confined within the nanodimensional pores of

ite Y, it was anticipated that encapsulated catalysts w
e more rugged and can be recycled for use. The da
able 5support the above hypothesis. As mentioned ea
he neat complexes could not be recycled even once a
ost their catalytic activity after use. By contrast, the enca
ated, solid catalysts could be filtered, washed with a so
nd reused without major loss in activity (Table 4) [19].

In our recent publications, we reported the role of s
ransition metals and their complexes included within ze

and supported on alumina as catalysts in the activ
f C H bond[19]. In both cases, it was observed that th
atalysts were able to transfer oxygen from TBHP to subs
nd hydroxylate the hydrocarbons.

Results ofTable 5 show the catalytic activity of ho
ogeneous catalysts. Comparing between neat and z
ncapsulated complexes as catalyst evidence that ze
ncapsulated catalysts gave higher conversion of cycloh
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Table 4
Effect of temperature on the reactivity and product selectivity

Temperature Conversion
(%)

Selectivity (%)

2-Cyclohexene-1-ol 2-Cyclohexene-1-one

50 4.8 60.2 39.8
60 10.6 62.6 37.4
70 61.6 65.5 34.5
70a 61.2 65.2 34.8
70b 60.9 64.6 35.4
70c 60.6 62.5 37.5
80 20.6 68.6 31.4

Reaction condition: 1 atm of O2; time 8 h; catalyst 10 mg; substrate, cyclo-
hexene 10 ml.

a First reuse.
b Second reuse.
c Third reuse.

than their corresponding neat complexes. The higher activity
of encapsulated complexes is because of site isolation of the
complexes.

The selectivity and activity of this zeolite-encapsulated
catalyst on the oxidation of cyclohexene with O2 are given
in Tables 4 and 5. At the end of reaction, the catalyst was
separated by filtrations, thoroughly washed with solvent and
reused under similar conditions by atomic absorption spec-
troscopy showed no reduction in the amount of copper; they
exhibited slightly lower catalytic activities (0.80%).

3.2.1. Effect of temperature on the reactivity and
product selectivity

Generally, 10 ml of cyclohexene and 10 mg of heteroge-
neous catalyst were added to a glass reactor with a gas inlet
tube connected to a gas burette and an oxygen storage bottle
The mixture was heated to 70◦C in water bath and stirred
with a magnetic stirring bar. The oxidation reactions were
performed under atmospheric pressure of molecular oxygen
in the absence of solvent, giving 2-cyclohexene-1-ol and
2-cyclohexene-1-one as the major products. To investigate

Table 5
Effect of the amount of heterogeneous catalyst used on the reactivity

Amount of
catalyst (mg)

Conversion
(%)

Selectivity (%)

ne

5
6
7
8
9
1
1
1
1
2
3
4

R l at
7

e-
n

the effect of temperature on the reactivity and product
selectivity of catalyst, the oxidations were carried out only
at temperatures >50◦C. The results are shown inTable 4.
At temperatures ranging from 50 to 80◦C, the reactivity and
product selectivity of the complex varies with the tempera-
ture. At 70◦C the conversion is 61.6% and the selectivity to
2-cyclohexene-1-ol and 2-cyclohexene-2-one is 65.5% and
34.5%, respectively, while at 50◦C. The conversion is 4.8%
and the selectivity to 2-cyclohexen-1-ol and 2-cyclohexen-
1-one is 60.2% and 39.8%, respectively. The typical trend
shows that reactivity and the selectivity to 2-cyclohexen-1-ol
are increased with the temperature in the range of 50–70◦C.

3.2.2. Effect of the amount of catalyst used on the
reactivity

To investigate the effect of catalyst used on the reaction,
the oxidation were carried out at 70◦C by varying the amount
of catalyst; [Ni(Me6[14]ane N4)]2+-NaY; while holding the
amount of cyclohexene constant. The results are shown in
Table 5. The catalytic conversion was found to be related to
the amount of catalyst used is 10 mg in 10 ml cyclohexene.
Although the amount of catalyst used obviously influenced
the reactivity of the catalyst, it showed a relatively small effect
on the product distribution.

4

-
c by in
s n)
c ective
f ered
t
a ge is
s d.
F capsu-
l in the
s rface
i the
p talyst
i -
1 , and
t and
p

R

988)

tal.

) 5.
2-Cyclohexene-1-ol 2-Cyclohexene-1-o

53.2 53.6 46.4
54.5 55.4 44.6
56.3 57.6 42.4
57.4 59.4 40.6
59.6 61.3 38.7

0 61.6 65.5 34.5
1 59.1 60.6 39.4
2 58.3 51.4 48.6
a 51.6 53.2 36.8
a 53.9 54.7 35.3
a 46.7 60.5 29.7
a 44.8 64.3 21.8

eaction condition: 1 atm of O2; time 8 h; substrate, cyclohexene 10 m
0◦C.
a Reaction condition: 1 atm of O2; time 8 h; cyclohexene 10 ml; homog
eous catalyst.
.

. Conclusion

The results show that [Ni(Me6[14]ane N6)]2+ can be en
apsulated in the nanodimensional pores of zeolite NaY
itu template condensation between pre-entrapped Ni(e3

2+

omplexes and acetone. This strategy appears to be eff
or the encapsulated of metal complexes with 14-memb
etraaza macrocycle ligands derived from [Ni(en)3]2+-NaY,
s in situ one-pot template condensation in the superca
till possible and no unreacted [Ni(en)3]2+ ions was detecte
urthermore, the spectroscopic data suggest that the en

ated complexes do not experience extensive distortions
upercage and that chemical ligation to the zeolitic su
s minimal. Cyclohexene was catalytically oxidized in
resence of molecular oxygen and host–guest nanoca

n the absence of solvent at 70◦C, affording 2-cyclohexene
-ol and 2-cyclohexene-1-one. The effect of temperature

he amount of nanocatalyst used on the catalytic activity
roduct selectivity were discussed.
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