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Abstract

MCM-41 was found to be the most effective heterogeneous catalyst for the synthesis of calix(4)pyrrole. Various metal ion substituted
MCM-41 samples were synthesized and were used to improve the yields of calix(4)pyrrole. Co-MCM-41 was found to give maximum yields.
T reaction
h
©

K

1

c
a
c
i
c
S
a
g
t
m
S
b
s
l

E

to be
vity
tial
nal-
ch as
e
heir
rect

oles
he
s of

ect
ing
sts.
ition
ted
her
ratio
-41

1
d

he effects of varying Si/Al ratio in MCM-41, molar ratio of various reactants, and the role of solvent towards this macrocyclization
ave been studied.
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. Introduction

Calix(4)pyrroles exhibit exceptional chemical and physi-
al properties that have suggested a vast number of potential
pplications in host–guest chemistry[1–4]. The chelating
apabilities of these calixpyrroles have been the subject of

ntensive research aimed at gaining both understanding and
ontrol on guest recognition and binding[5,6]. Recently,
essler and coworkers[7–9] reported that calix(4)pyrroles
re effective and selective receptors for anions and neutral
uest species. They find novel applications as coordina-

ion complexes, catalytic materials, nano-sponges, molecular
achines, nanoentities and semi conducting materials[10].
elective synthesis of these calix(4)pyrroles in high yields
y an environmentally clean process is of topical interest,
o as to meet the increasing demand of reducing the pol-
ution hazards caused by the usage of homogeneous acid
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catalysts. Heterogeneous catalytic synthesis is known
one of the most effective ways to control the selecti
to calix(4)pyrrole with high yield and it has the poten
to be scaled-up at relatively low cost. Properly functio
ized and structurally ordered mesoporous materials, su
MCM-type silicas and alumina[11–15], with tunable por
size distributions have attracted much attention for t
potential applications as new catalytic scaffolds to di
and orient the conformation of desired products[16–21].
For example, recent interest in synthesis of calix(4)pyrr
over Al-MCM-41 [22–24] catalysts has highlighted t
future application of these materials for the synthesi
macrocycles.

In this work, we basically aim to investigate the eff
of pore size, role of different transition metal ions dur
the synthesis of calix(4)pyrroles over MCM-41 cataly
Here, we have intensively investigated the effect of trans
metal ions including Mn-, V-, Cr-, Fe- and Co-incorpora
MCM-41 for the synthesis of macrocycles. Among ot
parameters studied are the effect of solvent, molar
between the reactants and also Si/Al ratio of Al-MCM
dmonton, Canada. catalyst.
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2. Experimental

2.1. Catalyst preparation

Al-MCM-41 has been synthesized according to reported
literature[25]. Metal ions have been isomorphously substi-
tuted into the framework. The metal precursors for Ti, V
are titanium isopropoxide, vanadylacetylacetonate, respec-
tively and the corresponding metal nitrates for remaining
metal ions. The method of synthesis is similar to that
of Al-MCM-41 [26–28], except that the metal precursor
is dissolved in NaOH and aluminum isopropoxide solu-
tion before adding TEAOH. The molar composition used was
0.5MXOY/0.5Al2O3/31.0SiO2/2.2(surfactant)2/3.16(TEA)2
O/1.89 Na2O/615H2O.

Al-MCM-41 with different Si/Al ratios has been synthe-
sized by varying the Si/Al ratio from 0 to 45 during its synthe-
sis. The catalysts of HZSM-5, H�, TS-1 have been obtained
from Conteka (Sweden), HY from PQ Corporation (USA)
and HX from Aldrich (USA). The reactants pyrrole, acetone,
methylethyl ketone, methylisobutylketone, 1,3-diphenyl ace-
tone, ethylacetoacetate are obtained from Aldrich (USA).

2.2. Catalyst characterization
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ture. The reaction was carried out under vigorous stirring
condition for duration of 10 h. The catalyst is then sepa-
rated by filtration and washed thoroughly with 100 ml of
dichloromethane (DCM) in around five equal installments
(20 ml× 5 times). Then the solvent is removed under reduced
pressure to give a viscous residue. The products1a, 1band1c
(Table 1) are fractionated by column chromatography using
silica (100–200 mesh size) withn-hexane as eluent. They are
characterized by (1H and13C) NMR, FTIR, CHNS (EI, HR).
Mass spectrometry and quantification has been done by using
HPLC. The detailed characterization by mass spectrometry
is reported elsewhere[29].

3. Results and discussion

3.1. Effect of zeolite structure on synthesis of
calix(4)pyrrole (1a)

Equimolar ratio of pyrrole and acetone are refluxed over
various zeolite and mesoporous molecular sieves. The cyclic
tetramer, viz., meso-octamethyl calix(4)pyrrole,1ahas been
formed with substantial yields over Al-MCM-41 and HZSM-
5 (Si/Al = 30) catalysts. The formation on Al-MCM-41 can
be attributed for its mesoporous nature (pore size∼ 30Å) but
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A 2.4
T .7
C 9.2
M 9.3
F 9.7
C 0
N 9.9
C 9.4
Z 9.1
Z .6
N .8

P : 20 h;
The BET surface areas were determined by single
ethod using pulse Chemisorb 2700 (Micromeretics, U
H3-TPD studies are carried out using AutoChem 2

Micromeritics, USA) instrument.

.3. Catalytic reaction

Catalytic reactions were carried out according to the
owing procedure. Pyrrole (7.2 mmol) and suitable keton
:1 molar ratio are mixed in 20 ml dichloromethane (DC

aken in a 100 ml round bottom flask. To this reaction m
ure, 0.5 g of the calcined and dried catalyst is added. A
he catalyst was added, the reaction was started by imme
he flask into oil bath preheated at the reaction temp

able 1
ffect of metal ion substitution in M-MCM-41 on the synthesis of mes

-MCM-41 SBET (m2 g−1) NH3 uptake (mmol g−1) Con

l 912.2 0.442 9
i 878.8 – 97
r 844.6 0.417 9
n 868.2 0.312 9
e 838.1 0.276 9
o 951.6 0.598 10
i 846.2 0.160 9
u 856.9 – 9
n 842.1 0.165 9
r – 0.343 99
b – – 99

yrrole:acetone = 1:1 (mole ratio); solvent: DCM (20 ml); reaction time
a Others: linear trimer1cand tetramer1d, respectively.
ZSM-5, with smaller pore size of 5.6̊A, is found to promot
oth dimer1b and cyclic tetramer1a as shown inFig. 1. To
nderstand the formation of the macrocycles over Al-MC
1 and HZSM-5 catalysts, we poisoned the surfaces of
atalysts by chemical vapor deposition (CVD) of Ph2SiCl2
30] and tetraethoxysilane (TEOS)[31], respectively, to ge
l-MCM-41-P and HZSM-5-P. Then the macrocyclizat
as performed on both these catalysts. As expected, the
o1aformation over poisoned HZSM-5-P where as the yi
f 1aover Al-MCM-41-P did not have much effect, as sho

n Fig. 1. From this, it clearly indicates that in case of HZS
, macrocyclization is taking place on external surface o
atalyst whereas Al-MCM-41, the macrocyclization is tak
lace inside the mesopores. The mesoporous nature c

ethyl calix(4)pyrrole

n of pyrrole (%) Yield of product (wt%)

Calix(4)pyrrole (1a) Dimer (1b) Othersa

67.5 3.1 21.8
51.1 28.2 18.4
42.7 42.6 13.9
47.6 37.9 13.8
45.5 31.9 22.2

95.6 1.7 2.7
36.9 50.3 12.7
30.1 49.8 19.5
33.4 14.4 51.3
45.7 39.6 14.3
46.3 35.9 17.6

catalyst weight: 0.5 g.
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Fig. 1. Effect of catalyst structure on the formation of calix(4)pyrrle1a.

seen by a representative TEM picture given inFig. 2, which
confirms the hexagonal structure where straight channels par-
allel to each other with no branching, except possibility at the
particle edges, where some channels bend to form a bundle.
The channel diameter is found to be uniformly 30Å and is
favoring1a formation.

We also performed the macrocyclization over HY, where
significant quantity of linear dimer1b is formed with no
cyclic 1a formation (Fig. 1). Since the molecular size of1a
(∼ 13.1Å) is lower that that of supercage of HY (∼13.4Å),
1a formation in the super cages of HY zeolite is expected.
After the reaction, the catalyst without washing has been sub-
jected to solid-state NMR studies (1H and 13C NMR) and
compared the generated data with liquid state NMR of1a.
These studies confirmed that cyclic tetramer is not formed
in supercages of HY zeolite. SAPO-5 with∼7.3Å pore size
and mild acidity contributed to lower levels of conversion.
Formation of calix(4)pyrrole1a has also been investigated
employing mordenite and montmorillonite. Low conversion
of pyrrole with negligible amounts of1a and1b is observed
due to their low acidic nature.

Thus, Al-MCM-41 is found to be better catalyst for the
synthesis of calix(4)pyrroles. Various transition metal ions

F its
h

Fig. 3. Powder XRD pattern of calcined (a) Al-MCM-41; (b) Fe-MCM-41;
(c) Co-MCM-41; (d) Ni-MCM-41 and (e) Cu-MCM-41.

were substituted hydrothermally in the framework of MCM-
41 and their catalytic activity has been studied towards this
macrocyclization reaction.

3.2. Macrocylization over several metal ion-containing
MCM-41

Table 1 shows the catalytic role of several metal
ion-containing MCM-41 towards the macrocylization of
calix(4)pyrroles1a, from pyrrole and acetone in DCM sol-
vent. All samples of M-MCM-41 were characterized by XRD
and the patterns show all four different characteristic peaks of
mesoporous materials with hexagonal arrangement of their
channelsFig. 3. This indicates that all the prepared catalysts
have a structure comparable to that of Si-MCM-41[32] sug-
gesting that the mesoporous structure was retained after the
introduction of each metal ion.

When acetone and pyrrole are condensed in dichloro-
methane in presence of Co-MCM-41, calix(4)pyrrole1ayield
up to 95% has been obtained as compared to 67.5% yield in
the case of Al-MCM-41, as was reported to be effective for
the macrocyclization in a previous study[24]. The enhanced
yield has been attributed to cobalt ion behaving as a template
between pyrrole rings for directing the reacting groups to the
correct position for cyclization reaction. This cation, however
s late
w ts on
ig. 2. Transmission electron micrograph (TEM) of MCM-41 showing
exagonal pore structure.
howed no tendency to form complexes which could iso
ith 1a. It has been demonstrated that when cobalt exis
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the surface of silica, the multiple silanol bonds to a cobalt
atom contract the pore wall, which results in the decrease
of the pore size[33]. But, our results of increase in sur-
face area (951.6 m2 g−1) and high acidity (0.598 mmol g−1)
of Co-MCM-41 suggest that cobalt was successfully incor-
porated into the silica framework thus favoring the formation
of 1a. Because the incorporation of cobalt increases the pore
size about 0.1 nm in comparison to siliceous MCM-41. This
may be due to the differences in the bond lengths between
the cations and oxygen. The CoO bond length is longer in
comparison to that of SiO. On the basis of this rationale the
increase of pore size suggests that cobalt is incorporated in
the silica framework so that the longer CoO bond leads to
an increase of the pore size[34] which favours more to the
formation of1awith high yield and selectivity.

Generally, heterogeneous catalysts often suffer exten-
sively from leaching of active metal species during reactions
and eventually lose their catalytic activity. To our surprise,
CoMCM-41, catalysts maintained their high catalytic activ-
ity even after four recycling and reuse of the catalystsFig. 4.
Here, experiments of macrocyclization were carried out,
where the catalyst was filtered and the mother liquor was
allowed to react further. But after the catalyst was removed, no
further reaction was observed and no traces of Co ions were
observed in the mother liquor when analyzed by ICP–MS.
Further, the reaction was carried out three to four times over
t h and
g

F
a

Table 2
Solvent effects on synthesis of meso-octamethyl calix(4)pyrrole (1a)

Entry Solvent Conversion of
pyrrole (%)

Yield of product (wt%)

Calix(4)pyrrole
(1a)

Dimer
(1b)

Othersa

1 DCM 92.4 67.5 3.1 21.8
2 CHCl3 99.5 45.7 28.3 25.4
3 CCl4 95.1 53.2 16.3 25.6
4 Methanol 97.3 33.4 50.9 12.9
5 Ethanol 96.6 28.3 39.2 29.1
6 Acetonitrile 97.8 84.1 1.7 11.9
7 Acetone 100 83.7 1.3 15.0

Pyrrole:acetone = 1:1 (mole ratio); catalyst: Al-MCM-41; reaction time:
20 h; catalyst weight = 0.5 g.

a Others include trimer1cand tetramer1d, respectively.

On the other metal ion, viz., Cr, Mn, Fe, Ni and Cu, substi-
tuted MCM-41 catalysts, the overall conversions of pyrrole is
(Table 2) found to exceed 90%. However, the yields of1avar-
ied from 30% (Cu-MCM-41) to a maximum of 47.6% (Mn-
MCM-41). The decrease in yields is attributed to low acidity
and low surface of M-MCM-41 as compared to Al-MCM-41.
The Ni-MCM-41 has provided a maximum dimer1b yield
(50.3%), which indicates its least acidity (0.160 mmol g−1)
which seems to be adequate for dimer formation and which
does not promote further macrocyclization towards tetramer
formation.

3.3. Effect of solvent

A synergy exists between the molecular sieves and sol-
vents employed for the synthesis of macromolecules. The
molecular sieve itself can be viewed as the second solvent,
which can selectively extracts the substrate molecules from
the bulk solvent depending upon their size and hydrophobic
nature. Our investigations have shown that non-polar chlo-
rinated solvents, viz., CHCl3, CH2Cl2 and CCl4, which are
hydrophobic in nature, promote the formation of1aas com-
pared to hydrophilic polar solvents. The aprotic solvents like
acetone and acetonitrile favors1a formation in comparison
to the protic solvents like methanol and ethanol as shown in
T

T
R ethyl
c

E

1
2
3

S lyst
he same catalyst, where the catalyst was activated for 2
ot approximately similar yields repetitively.
ig. 4. Powder XRD pattern of Co-MCM-41 (1) uncalcined; (2) calcined
nd (3) regenerated.

w

able 2.

able 3
eactant molar ratio variation on the synthesis of meso-octam
alix(4)pyrrole (1a)

ntry Pyrrole:acetone Conversion of
pyrrole (%)

Yield of product (wt%)

Calix(4)pyrrole
(1a)

Dimer
(1b)

Othersa

1:1 92.4 67.5 3.1 21.8
1:1.5 100 82.3 5.8 11.9
1:∞ 100 88.4 3.0 8.6

olvent = DCM (20 ml); reaction time: 20 h; catalyst: Al-MCM-41; cata
eight = 0.5 g.
a Others include trimer1cand tetramer1d, respectively.
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Table 4
Si/Al ratio variation effects in Al-MCM-41 on synthesis of meso-octamethyl
calix(4)pyrrole (1a)

Entry Al-MCM-41
(Si/Al)

Conversion of
pyrrole (%)

Yield of product (wt%)

Calix(4)pyrrole
(1a)

Dimer
(1b)

Othersa

1 15 92.4 67.5 3.1 21.8
2 30 98.7 43.7 16.8 38.2
3 45 97.2 35.3 18.4 43.4
4 0 99.4 1.8 94.8 2.8

Reaction time: 20 h; catalyst weight: 0.5 g; solvent = DCM (20 ml), molar
ratio: 1:1; reaction time = 20 h.

a Others include trimer1cand tetramer1d, respectively.

3.4. Effect of reactant molar ratio

The effect of molar ratio of pyrrole to acetone has been
studied in 1:1 to 1:∞ range. It has been observed that by
increasing the molar ratio of pyrrole to ketone, the yield of1a
increased from 67.5 to 88.3% with simultaneous increase in
conversion of pyrrole from 92.8 to 100% (Table 3). At lower
stoichiometric ratio of pyrrole and acetone, other products
like linear dimmer1b, trimer 1c and tetramer1d formation
is favoured. But as the molar ratio is increased, the formation
of other products has shown a declining trend favoring the
formation more cyclic tetramer1a.

3.5. The effect of Si/Al ratio in Al-MCM-41

We also report the effect of Al substitution in the
framework of MCM-41 on the macrocyclization towards
calix(4)pyrrole1a. This study is believed to be of great inter-
est because, from a practical point of view, the potential
application of MCM-41 is very likely to involve the pres-
ence of aluminum in the materials generally improves the
acidity and ion exchange capability which is crucial for the
acid catalysis. An increase in Al content in the framework of
MCM-41 enhances the acidity and has accordingly a strong
effect on macrocyclization, viz., enhanced yield of1a as
s io
h hich
c uate
f ding
d t
f s of
c m
4 r
t ing
c

4

for
t cles
c so-

morphously in the framework. Further, substitution of such
small amount in the framework made the catalyst more resis-
tant towards leaching in comparison to various impregnated
catalysts. Shape selectivity and acidity were found to be the
crucial parameters for this macrocyclization reaction.
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