
A

i
w
w
w
w
i
d
©

K

1

c
u
f
b
p

s
b
t
m
t

Q
C

1
d

Available online at www.sciencedirect.com

Journal of Molecular Catalysis A: Chemical 283 (2008) 99–107

Immobilization of metalloporphyrins into nanotubes of natural halloysite
toward selective catalysts for oxidation reactions

Guilherme Sippel Machado a, Kelly Aparecida Dias de Freitas Castro a,
Fernando Wypych b,c, Shirley Nakagaki a,c,∗
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bstract

This paper describes the immobilization of anionic and cationic metalloporphyrins into the nanotubes/nanoscrolls of natural halloysite and
nvestigates the catalytic activity of these novel materials in the oxidation of organic substrates. Two methods for metalloporphyrin immobilization
ere tested: immobilization under pressure and immobilization under stirring/reflux conditions. The best immobilization rate (100%) was obtained
ith the anionic iron(III) porphyrin immobilized via the pressurized system. A cationic iron(III) porphyrin was also immobilized into the support

ith relatively good yields, but no encouraging results were obtained for the immobilization of a neutral iron(III) porphyrin. The obtained materials
ere characterized by UV–vis and infrared spectroscopies, X-ray diffraction, and transmission electron microscopy. The catalytic activity of a fully

mmobilized iron(III) porphyrin was evaluated in the oxidation of cyclo-octene, cyclohexane and n-heptane, using iodosylbenzene as the oxygen
onor. It has been shown that these novel immobilized catalysts are a promising system for selective oxidation reactions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metalloporphyrins are important examples of macrocyclic
omplexes. Their ability to perform hydrocarbon oxidation
nder mild conditions has attracted much interest in the last
ew decades [1–4]. Iron(III) and manganese(III) porphyrins have
een the most successful metalloporphyrins used for this pur-
ose [5,6].

Even though very efficient homogeneous metalloporphyrin
ystems for hydrocarbon hydroxylation and epoxidation have
een found, problems such as oxidative catalyst degradation in

he presence of inert substrates are challenges that are still to be

et for the large-scale use of these complexes. One approach
o the mitigation of metalloporphyrin degradation is through

∗ Corresponding author at: Universidade Federal do Paraná, Departamento de
uı́mica, Laboratório de Bioinorgânica e Catálise, CP 19081, CEP 81531-990
uritiba, Paraná, Brazil. Fax: +55 41 33613186.
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heir immobilization/encapsulation into supports such as silica
7], zeolites [8], cationic exchanger montmorillonite clay [9],
ilanized kaolinite [10], intercalated/delaminated kaolinite [11],
hrysotile [12,13] and other matrices [14].

Other advantages of metalloporphyrin immobilization
nclude (i) site-isolation of the metal center, which minimizes
atalyst self-destruction and metalloporphyrin dimerization; (ii)
asy isolation of the heterogeneous catalyst from the reaction
edia; (iii) possibility of using the catalysts in flow reactors; (iv)

acile reuse/recycling of the catalyst, which minimizes environ-
ental impact. The way the metalloporphyrin is attached to the

upport is extremely important because different binding modes
an lead to different selectivities in the oxidation reactions (e.g.
egioselectivity).

Selective catalytic materials may result from controlling
he formation of either the pore structure of the support or

he three-dimensional network of the matrix [15]. In fact,
ontrol of particle morphology is one of the major chal-
enges regarding the industrial use of silica. Based on their
unusual” structures and properties, layered materials, fibres

mailto:shirley@quimica.ufpr.br
dx.doi.org/10.1016/j.molcata.2007.12.009
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nd open nanotubes/nanoscrolls are potential materials for
he immobilization/encapsulation of active metallocomplexes.
pon immobilization, the homogeneous active species is trans-

ormed into a heterogeneous catalyst, while its selectivity and
igh activity are retained. In this context, halloysite, a tubular
ineral clay belonging to the same family as kaolinite [16], is
promising support for metalloporphyrin immobilization. The

hape of its crystal offers interesting immobilization alternatives,
hich can takes place at the surface or inside the tubes/scrolls,

hus leading to highly active and selective oxidation catalysts.
Halloysite is a mineral clay (1:1, Al:Si) that can be found

n some soil in wet tropical and subtropical regions, weathered
ocks, and soil generated from volcanic ashes [17,18].

Halloysite can be found in two different forms, namely dehy-
rated (Al2Si2O5(OH)4: basal distance of 7 Å) and hydrated
alloysite (Al2Si2O5(OH)4·2H2O: basal distance of 10 Å). From
he morphological point-of-view, halloysite consists typically
f nanotubes/nanoscrolls [16,18], but other forms such as the
seudo-spherical and platy shapes have also been reported [17].
he curled crystals originate from the mismatch of the octahe-
ral gibbsite-like sheet and the silica-like sheet, exposing Si–O
roups at the outer surface, Al–OH groups at the inner surface,
nd Al–OH and Si–OH groups at the edges of the material.

Halloysite can easily intercalate water monolayers as well
s other organic and inorganic compounds, such as formamide
19] and others [20]. This characteristic of fast intercalation of
ineral clays with small organic molecules [17] can be used

o distinguish 7 Å kaolinite and 7 Å halloysite in some specific
oils.

The immobilization of metallocomplexes in halloysite clay
an be performed both inside and outside of the tubes.
he immobilization can prevent the molecular aggregation
nd bimolecular self-destruction reactions, frequent problems
bserved in homogeneous catalysis, facilitate the recovery and
euse of the catalyst, reduce the cost of material prepara-

ion, being very stable chemically and thermally, having good

echanical properties and being based on non-toxic elements
Al and Si). The empty tube having a pre-defined diameter,
llowing the entrance of molecules with specific sizes can give

s
s
T
[

ig. 1. Structure of the metalloporphyrins used in this study: [Fe(TDFPP)
Na4[M(TDFSPP)]}Cl: [tetrasodium-5,10,15,20-tetrakis(2,6-difluorphenyl-3-sulfon
Na4[Zn(TDFSPP)]}: {[5,10,15,20-tetrakis(2,6-difluorphenyl-3-sulfonatophenyl) po
ethyl-4-pyridylporphyrinate iron(III) tetrachloride salt]chloride.
talysis A: Chemical 283 (2008) 99–107

hape selectivity to the catalyst. Regioselectivity can also be
chieved when only part of the molecule can penetrate the
ube and come in contact with the active site, allowing selec-
ive reactions, which are not selective in homogeneous media.
rucial aspects to consider when environmentally benign chem-

cal processes for industrial applications are designed and high
ost catalysts are used can be summarized in some keywords:
mprove the catalytic activity of different molecular species such
s metalloporphyrins, reduce the cost, facilitate the catalysts sep-
ration from the reaction media, allow an easy recycling and
isposal of the catalysts after use.

The reactivity and higher cationic exchange capacity of
alloysite as compared to kaolinite [21] make the former
potentially useful support for the immobilization of cat-

lytically active molecules. Our research group has recently
eported immobilization of both the anionic iron(III) por-
hyrin Na4[Fe(TDFSPP)Cl] and the neutral iron(III) porphyrin
Fe(TPFPP)]Cl into a tubular kaolinite derived from platelet
aolinite by an intercalation/delamination procedure [11]. We
ave also described the use of these catalysts in the oxidation of
rganic compounds [11].

Based on the examples cited above, the present work is
imed at developing a simple method for the preparation of
fficient and selective heterogeneous catalysts consisting of
etalloporphyrins immobilized into natural halloysite nan-

tubes/nanoscrolls for hydrocarbon oxidation. Fig. 1 shows the
tructure of the metalloporphyrins studied in the present work.

. Experimental

.1. Reagents

Chemicals used in this study were of an analytical grade and
sed without any further treatment. They were purchased from
ldrich, Sigma or Merck. Iodosylbenzene (PhIO) was synthe-
ized by the hydrolysis of iodosylbenzenediacetate [22]. The
olid was carefully dried under reduced pressure and kept at 5 ◦C.
he purity was periodically monitored by iodometric titration

23].

]Cl: [5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate iron(III)]chloride,
atophenyl)porphyrinate metal M(III)]chloride (M = Fe(III) or Mn(III)).
rphyrinate zinc(II)]tetrasodium}, [Fe(TMPyP)Cl4]Cl: [5,10,15,20-tetrakis-1-
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The halloysite mineral clay was obtained from Matauri Bay,
ew Zealand, by Imerys Tableware New Zealand Ltd. Halloysite

xtracted from Mataury Bay is very pure and it is formed from
hyolite and dacite by low temperature hydrothermal alteration
18].

.2. Porphyrins and metalloporphyrins

The free base porphyrins [H2(TDFPP)] (neutral) and
a4[H2(TDFSPP)] (anionic) and their corresponding Fe(III),
n(II) and Mn(III) porphyrin complexes were synthesized,
urified and characterized following a previously described
ethod [10,24,25]. The tosylate salt of the free base por-

hyrin [H2(TMPyP)]4+ was purchased from Aldrich and
he resulting iron(III) porphyrin complex was synthesized,
urified and characterized in our laboratory [11–14]. The Soret
ands of the metalloporphyrins obtained after the metalla-
ion reaction were as follows: [Fe(TDFSPP)]3− (methanol)
92 nm (ε = 15 × 103 L mol−1 cm−1), [Zn(TDFSPP)]4−
methanol) 418 nm (ε = 38 × 104 L mol−1 cm−1),
Mn(TDFSPP)]3− (methanol) 460 nm
ε = 10 × 104 L mol−1 cm−1), [Fe(TMPyP)]5+ (methanol)
20 nm (ε = 53 × 103 L mol−1 cm−1), and [Fe(TDFPP)]1+

chloroform) 410 nm (ε = 64 × 103 L mol−1 cm−1).1

.3. Heterogeneous catalyst preparation

Raw halloysite was characterized by powder X-ray diffrac-
ion (XRD), infrared spectroscopy (FTIR), and transmission
lectron microscopy (TEM). Two immobilization procedures
ere tested. The first procedure was carried out under

olvothermal pressure and, in a typical experiment, the solid
etalloporphyrin (2.5 × 10−3 mmol) was transferred to a glass

eactor (reactor total volume: 2 mL) containing raw halloysite
100 mg, previously dried under vacuum) and the selected sol-
ent (1.5 mL). Methanol was used as a solvent in the case
f the polar metalloporphyrins [Fe(TDFSPP)], [Zn(TDFSPP)],
Mn(TDFSPP)], and [Fe(TMPyP)]; chloroform was chosen for
he neutral porphyrin [Fe(TDFPP)]. The glass reactor was sealed
nd transferred to a Teflon flask placed inside a steel jar. The
ystem was kept in a drying oven at 100 ◦C for 48 h. After
eaction, the suspension was centrifuged, the solution was trans-
erred to a volumetric flask (25 mL), and the solid was washed
ve times with the respective solvent. The supernatant solutions
ere analyzed by ultraviolet–visible spectroscopy (UV–vis).
he obtained solids were dried at 50 ◦C and characterized by
RD, FTIR (using KBr pellets), and UV–vis (in Nujol mineral
il).

The second immobilization procedure was carried out under

tirring/reflux conditions, at room pressure. For this purpose,
aw halloysite (100 mg) was added to the solid metalloporphyrin
2.5 × 10−3 mmol) dissolved in either methanol (5 mL, in the
ase of the polar metalloporphyrins) or chloroform (5 mL, in the

1 Hereafter no mention of charges of metalloporphyrins is made in the text to
void repetition.

t
w
s
a

H
l

talysis A: Chemical 283 (2008) 99–107 101

ase of the neutral metalloporphyrin) and the resulting mixture
as subjected to magnetic stirring and reflux conditions for 48 h.
he supernatant solutions were also analyzed by UV–vis.

All the reagents were discarded in an appropriate container
or later treatment and reuse, or for final disposal after each
xperiment.

.4. Cyclo-octene, cyclohexane and n-heptane oxidation by
odosylbenzene (PhIO) catalyzed by a novel supported
etalloporphyrin

The polar iron(III) porphyrin [Fe(TDFSPP)] immobilized on
aw halloysite by means of the pressurized method was used
s catalyst in the oxidation reactions. This solid was desig-
ated as Fe-Hallo and this system was chosen because it led
o the highest immobilization rate. Catalytic oxidation reactions
ere carried out in a thermostatic glass reactor (2 mL) equipped
ith a magnetic stirrer bar. In a typical reaction, Fe-Hallo

nd iodosylbenzene were suspended in the solvent (0.300 mL
ichloromethane/acetonitrile 1:1 v/v). The substrate (cyclo-
ctene, cyclohexane or n-heptane) was then added to the reaction
ixture, resulting in a constant compound/oxidant/substrate
olar ratio of 1:20:2000. The oxidation reaction was carried

ut for 1 h, under magnetic stirring. Sodium sulfite was added
o the reaction mixture to eliminate excess iodosylbenzene and
o quench the reaction after the experiment was completed. The
eaction products remained in solution. They were separated
rom the solid catalyst by centrifugation and transferred to a vol-
metric flask. Then, the solid catalyst was washed several times
ith dichloromethane and acetonitrile and these washings were

ransferred to the same volumetric flask containing the reaction
roducts, until the flask was full. The products were analyzed
y gas chromatography. Product yields were quantified based
n PhIO, using the internal standard method with n-octanol
high purity degree, 99.9%) as an internal standard (n-octanol
.0 × 10−2 mol L−1 in acetonitrile solution). Control reactions
ere carried out following the same procedure with (a) substrate,

b) substrate + PhIO, and (c) substrate + PhIO + raw halloysite.
he parent homogeneous iron(III) porphyrin was tested as cat-
lyst, the procedure employed being similar to that used for the
eterogeneous one.

.5. Characterization techniques

For the X-ray diffraction measurements, self-oriented films
ere placed on neutral glass sample holders. The measurements
ere performed in the reflection mode using a Shimadzu XRD-
000 diffractometer operating at 40 kV and 40 mA, using Cu K�
adiation (λ = 1.5418 Å) and a dwell time of 1◦ min−1.

FTIR spectra were recorded on a Biorad 3500 GX spec-
rophotometer in the 400–4000 cm−1 range. The KBr pellets
ere obtained by crushing the solids (1 mg) around spectro-

copic grade KBr (100 mg). All the spectra were collected with

resolution of 4 cm−1 and accumulation of 32 scans.

UV–vis spectra were recorded in the 200–800 nm range on an
P 8452A Diode Array Spectrophotometer, using a 1-cm path

ength cell.
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Transmission electron microscopic studies were carried out
n suspended powder samples evaporated on 300 mesh copper
rids covered with parlodium or amorphous formvar carbon.
his was carried out using a JEOL-JEM 1200 equipment oper-
ting at 100 kV.

Electron paramagnetic resonance (EPR) measurements were
erformed using a Bruker ESP 300E spectrometer operating at
he X-band (approximately 9.5 GHz), at 293 K or 77 K, using
iquid N2.

All the products from the catalytic oxidation reactions were
dentified using a Shimadzu GC-14B gas chromatograph (flame
onization detector) equipped with a 30-m long and 0.25 mm
nternal diameter DB-WAX capillary column (J&W Scientific).
he oven temperature program used for cyclo-octene and cyclo-
exane determination was starting at 100 ◦C, increasing to
50 ◦C at 10 ◦C min−1 followed by further increase to 200 ◦C at
0 ◦C min−1 and stabilizing at this temperature for 1 min. For
-heptane, the temperature program used was starting at 80 ◦C,
ncreasing the temperature to 100 ◦C at 5 ◦C min−1 and stopping
or 1 min, increasing the temperature to 200 ◦C at 10 ◦C min−1

nd stabilizing at this temperature for 1 min.

. Results and discussion

Fig. 2 shows the transmission electron micrographs of hal-
oysite of different conditions. Fig. 2(a) and (b) is the raw
alloysite, Fig. 2(c) and (d) is that of halloysite on which
Fe(TDFSPP)] was immobilized under the pressurized system
Fe-Hallo) and Fig. 2(e) and (f) is that of halloysite on which
Fe(TDFSPP)] was immobilized under magnetic stirring/reflux
onditions. The TEM micrographs showed that the raw hal-
oysite consisted mainly of thick tubes/scrolls ca. 100 nm in
iameter and several micrometers in length, thus confirming the
igh purity of the samples. It may be seen that in most cases, the
ubes are still under formation, looking like agglomerates and
ound crystals due to improper rolling. From the TEM results,
t is difficult to observe any change in the surfaces after the
mmobilization.

Table 1 shows the metalloporphyrin immobilization rates for
he two evaluated systems. The supernatant obtained after met-
lloporphyrin immobilization was analyzed by UV–vis (results
ot shown). Names were designated to the four solids obtained
ia the pressurized method, as described in Table 1. The anionic
nd the cationic metalloporphyrins gave high immobilization
ates, while the neutral iron(III) porphyrin immobilization gave
one. This result is expected because mineral clays belonging to
he kaolinite group have affinity for charged species only. There-
ore, only small polar molecules can be directly intercalated into
aolinite and intercalation of non-charged metalloporphyrins is
mpossible [16].

Halloysite has negative charges on its surface and nega-
ive/positive charges at its edges at pH values ranging from 3
o 10 [18]. The surface charges remain practically unaffected

ith varying pH [26]. With respect to the charges at the edges,

he structure of the mineral clay is disrupted and bond cleavages
ccur at different pH values, thus exposing hydroxyl groups
27]. The charges at the edges are therefore attributed to the pro-

t
r
1
1
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onation/deprotonation of silanol and aluminol groups, which
re pH-dependent [26]. In the present study, metalloporphyrin
mmobilization was accomplished in organic solvents (methanol
nd chloroform), which hindered the determination of solution
H. The pH of an aqueous suspension of halloysite usually lies
etween 5 and 6, which is close to the pH of the organic solu-
ions. Therefore, in this discussion, we assume that the pH of
he immobilization solution also lies in this range.

In the case of the anionic metalloporphyrins, the aluminol
roups were identified as their preferential immobilization sites
n the support, which largely occur at the ends of the tube.
n the pH ranging from 5 to 6, these sites are protonated and
herefore present a positive charge: Al(OH2)+ [18,27]. Bearing
n mind that the isoelectric point of kaolinite and halloysite is
round pH 3.0, the silanol groups at the edge must be completely
eprotonated at pH higher than 3, SiO− being the predominant
pecies in the product [26]. The anionic iron(III) porphyrin (Fe-
allo) was more efficiently immobilized compared to Zn-Hallo

nd Mn-Hallo. In fact, the immobilization rates of Zn-Hallo and
n-Hallo were lower than that of Fe-Hallo. One explanation

or this behavior is the higher acidity of Fe3+than that of Mn3+

nd Zn2+. The Fe3+ metallic center increases the solution acidity,
hereby the number of protonated aluminol sites also increases.
his higher acidity allows immobilization of a large amount of

ron(III) porphyrin compared to that of other metalloporphyrins.
As for the cationic metalloporphyrin (Py-Hallo), its immo-

ilization can occur through the SiO− groups or/and on the
urface of the clay. The negatively charged surface in the hal-
oysite can be the result of replacing structural Si4+ with Fe3+ or
l3+ [18,21]. In fact, the presence of Fe3+ was confirmed in this

lay by EPR. Fig. 3 shows the EPR spectrum of raw halloysite,
here the presence of high-spin Fe3+ in the rhombic symmetry

s clear from the lines present at g = 8.0, 4.3, and 2.0 [12]. The
ntense iron(III) signals in the mineral clay makes the character-
zation of the immobilized metalloporphyrins by this technique
mpossible.

Finally, no immobilization was observed for the neutral
ron(III) porphyrin, which suggests absence of entrapped met-
lloporphyrin inside the nanotubes/nanoscrolls, and reinforces
he idea that the immobilization probably occurs via ionic inter-
ction between the halloysite charges and the metalloporphyrin
olar groups.

The pressurized system has led to higher immobilization rates
han the stirring/reflux method. This is because the metallopor-
hyrin and halloysite come into closer contact during the former
rocess, which results in more effective immobilization. In the
tirring/reflux process, the system is open and water molecules
an be adsorbed by the catalyst and the clay, which could deac-
ivate the immobilization sites.

Fig. 4 shows the FTIR spectra of raw halloysite (a), Fe-
allo (b), Zn-Hallo (c), Mn-Hallo (d), and Py-Hallo (e). The

pectrum of raw halloysite displays two intense characteristic
ands at 3698 cm−1 and 3622 cm−1 [21,28], which correspond

o the O–H group vibration and to the surface hydroxyl groups,
espectively. The band due to water deformation is observed at
634 cm−1 [21], the band attributed to Si–O group appears at
036 cm−1, and the band relative to the Al–OH group can be
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ig. 2. Transmission electron micrographs of raw halloysite (a and b), Fe-Hallo
eflux (e and f).

een at 912 cm−1 [18]. In all immobilized metalloporphyrins
Fe-Hallo, Zn-Hallo, Mn-Hallo and Py-Hallo), only the intense
ands of the support are observed. Based on the low concentra-
ion of the adsorbate in the support, the characteristic vibration
ands of the groups present on the metalloporphyrins are not

bserved.

As the proposed immobilization mechanism suggests that
he interaction of the metalloporphyrin with the edge alumi-
ol groups take place and the concentration of the immobilized

p

7

h
f

d d) and [Fe(TDFSPP)]3− immobilized into halloysite by magnetic stirring and

pecies is very low, a study of the band intensities in the region
f 3000–4000 cm−1 would be merely speculative.

Fig. 5 shows the powder X-ray diffraction patterns of raw
alloysite (Fig. 5(a)), Fe-Hallo (Fig. 5(b)), Zn-Hallo (Fig. 5(c)),
n-Hallo (Fig. 5(d)), and Py-Hallo (Fig. 5(e)). Raw halloysite
resents a series of diffraction peaks with a basal distance of

.4 ´̊A [17]. The characteristic basal diffraction peak of hydrated

alloysite at 10.0 ´̊A is not observed, which is expected for the
ully dehydrated halloysite extracted from Matauri Bay [29].
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Table 1
Metalloporphyrin immobilization into raw halloysite

Metalloporphyrin Immobilization rate (%) Immobilization system Denomination Concentration (mol g−1)a

[Fe(TDFSPP)]3− 100

Pressure

Fe-Hallo 1.59 × 10−5

[Zn(TDFSPP)]4− 47 Zn-Hallo 7.25 × 10−6

[Mn(TDFSPP)]3− 43 Mn-Hallo 7.38 × 10−6

[Fe(TMPyP)]5+ 98 Py-Hallo 2.11 × 10−5

[Fe(TDFPP)]1+ 0 – –

[Fe(TDFSPP)]3− 80

Stirring/reflux

– 1.27 × 10−5

[Zn(TDFSPP)]4− 35 – 5.57 × 10−6

[Mn(TDFSPP)]3− 38 – 6.23 × 10−6

[Fe(TMPyP)]5+ 92 – 1.97 × 10−5

[Fe(TDFPP)]1+ 0 – –

a Concentration of metalloporphyrin (mol) in halloysite (1.00 g).
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Fig. 3. EPR spectrum of raw halloysite at 77 K.
he samples containing metalloporphyrin (Fe-Hallo, Zn-Hallo,
n-Hallo and Py-Hallo) display the basal diffraction peaks in

he same positions as those of the raw halloysite, suggesting
hat immobilization of the metalloporphyrin takes place on the

ig. 4. FTIR spectra of raw halloysite (a), Fe-Hallo (b), Zn-Hallo (c), Mn-Hallo
d), and Py-Hallo (e).
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ig. 5. Powder X-ray diffraction patterns of raw halloysite (a), Fe-Hallo (b),
n-Hallo (c), Mn-Hallo (d), and Py-Hallo (e).

urface and at the edges of the support. No other crystalline
mpurity was detected by powder X-ray diffraction, thus con-
rming the high purity of the sample both before and after the

mmobilization process.
The presence of the metalloporphyrins in the Fe-Hallo, Zn-

allo, Mn-Hallo and Py-Hallo solids was confirmed by the
V–vis spectra of the solids in Nujol mineral oil (Fig. 6).
he metalloporphyrin Soret bands were identified at 412 nm

or Fe-Hallo, 424 nm for Zn-Hallo, 468 nm for Mn-Hallo, and
32 nm for Py-Hallo, as shown in Fig. 6(a–e), respectively.
ig. 6(a) shows the spectrum of raw halloysite, where no peaks
re present. This suggests that no demetallation (characterized
y a blue shift of the Soret band typical of the presence of a
ignificant amount of free base porphyrin [13]) or significant
etallic ion exchange between the metallocomplex and the sup-

ort occurred during the preparation process. The Soret peaks
howed red-shift compared to those of the metalloporphyrins
n solution (methanol): 392 nm for [Fe(TDFSPP)], 418 nm for

Zn(TDFSPP)], 460 nm for [Mn(TDFSPP)] and 420 nm for
Fe(TMPyP)]. Similar behavior has been previously observed
12] for metalloporphyrins immobilized onto different inorganic
upports [10], and it has been attributed to steric constraints of



G.S. Machado et al. / Journal of Molecular Ca

F
M

t
s

[
i
w
n
a
T
u
b
i
i

o
o
o
t
b

T
C
d

C

F
[
F
R

w
p
i

w
o
h
h

l
o
i
d
p
a
c

m
h
m
n
o
b
p
p

b
(
(
c
h

o
a
H
p
d
p
e
p
m
l
i
b

ig. 6. UV–vis spectra of solid raw halloysite (a), Fe-Hallo (b), Zn-Hallo (c),
n-Hallo (d), and Py-Hallo (e).

he support, which substantially modify the metalloporphyrin
tructure in these supported catalysts [12].

The catalytic activities of both the anionic iron(III) porphyrin
Fe(TDFSPP)] (homogeneous catalyst) and the correspond-
ng supported catalyst, Fe-Hallo (heterogeneous catalysis)
ere investigated in the oxidation of three organic substrates
amely the cyclic hydrocarbons cyclo-octene and cyclohex-
ne and the linear alkane n-heptane. The results are given in
ables 2 and 3, for cyclohexane products and n-heptane prod-
cts, respectively. For comparison, the results recently published
y the authors for the same metalloporphyrin [Fe(TDFSPP)]
mmobilized into synthetic halloysite-like tubes obtained from
ntercalated/delaminated kaolinite are also included [11].

Cyclo-octene was the first substrate used for the evaluation
f the catalytic activity of Fe-Hallo, using iodosylbenzene as an

xidant. The catalytic results are promising since cyclo-octene
xide has been obtained with a yield of 99%, which is better
han that achieved (68%) with the homogeneous catalyst. It has
een frequently reported that the catalytic activity of the metal-

able 2
yclohexane oxidation by PhIO catalyzed by an anionic iron(III) porphyrin in
ifferent mediaa

atalyst Alcohol
yield (%)b

Ketone
yield (%)b

Alcohol/
ketone

Run

e-Hallo 39 3 13 1
Fe(TDFSPP)]3− 19 7 3 2
e-Kao-Hallo 28 – 28 3
aw halloysite Trace Trace – 4

a Conditions: catalyst:oxidant:cyclohexane molar ratio = 1:20:2000; reactions
ere carried out in a dichloromethane/acetonitrile 1:1 mixture (v/v) at room tem-
erature, under argon. Homogeneous catalyses were performed under conditions
dentical to those employed for the heterogeneous catalyses.

b Yields based on starting PhIO (it was assumed that 2 mol of iodosylbenzene
ere necessary for ketone formation). Fe-Hallo: [Fe(TDFSPP)] immobilized
n raw halloysite by means of the pressurized method. [Fe(TDFSPP)]3−:
omogeneous catalysis. Fe-Kao-Hallo: [Fe(TDFSPP)] immobilized on synthetic
alloysite-like nanotubes [11].
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oporphyrin is reduced upon immobilization because the access
f both the substrate and the oxidant to the active site is limited;
n the present study, however, the catalytic site has been exposed
ue to the distortion of the iron(III) porphyrin structure. Another
ositive factor which has been achieved in the present solid cat-
lyst is the isolation of the iron(III) porphyrin complex active
enter through the low clay coverage with the catalyst.

Cyclohexane oxidation by iodosylbenzene in the presence of
etalloporphyrins generally produces cyclohexanol and cyclo-

exanone as the major products, making them good biomimetic
odels of cytochrome P-450. Table 2 shows that the homoge-

eous iron(III) porphyrin used in this work gives low yields of
xidation product (homogeneous catalysis—run 2), which can
e attributed to the poor solubility of this anionic iron(III) por-
hyrin in the solvent mixture used in the catalytic reactions, as
reviously reported [11].

These insolubility problems were minimized by immo-
ilizing the anionic iron(III) porphyrin into raw halloysite
Fe-Hallo—run 1) or into synthetic halloysite-like nanotubes
Fe-Kao-Hallo—run 3 [11]). Compared to the homogeneous
atalyst, catalyst efficiency and the alcohol production rate were
igher with the heterogeneous iron(III) porphyrins.

The catalyst Fe-Hallo led to higher alcohol yields than those
btained with Fe-Kao-Hallo. But a small amount of ketone was
lso observed in the case of the former solid. Therefore, Fe-
allo is less selective for alcohol than Fe-Kao-Hallo. The higher
roduct yields obtained with Fe-Hallo can be explained by the
ifferent metalloporphyrin immobilization modes on the sup-
orts. The metalloporphyrin is preferentially immobilized at the
dges of raw halloysite. Though a small amount of the metallo-
orphyrin is immobilized at the edges in synthetic halloysite-like
aterial, the remaining metalloporphyrin is probably immobi-

ized inside the nanotubes. Entrapment of the metalloporphyrin
n this case is possible because the rolling of the nanotubes has
een performed in the presence of the metallocomplex. We sup-
ose that in Fe-Hallo there are more active sites available for
ubstrate oxidation, whereas in the case of Fe-Kao-Hallo, part
f the catalytic sites are located inside the tubes, hindering the
ccess of the cyclic substrates to the iron(III) porphyrin difficult.

Metalloporphyrins and other transition metal complexes,
ither in solution or immobilized, are frequently used in the
xidation of linear alkanes such as n-heptane [10,11,30–32].
he regioselectivity of the n-heptane oxidation process is essen-

ially thermodynamically controlled when metalloporphyrins
re used as catalysts in the absence of steric constraints [33],
o the observed product distribution is consistent with the for-
ation of a radical intermediate species obtained via hydrogen

tom abstraction [34]. In other words, the observed product ratio
epends on the strength of the alkane C–H bonds, with oxida-
ion taking place preferentially at tertiary and secondary carbons
nstead of primary carbons [31].

However, in the presence of steric constraints posed by the
upport [10] or by the porphyrin structure itself [35], the effi-

iency and selectivity of linear alkane oxidation can be changed.
his was in fact observed for the anionic iron(III) porphyrin

n solution and immobilized into halloysite. The yields of n-
eptane oxidation products (Table 3) exhibited similar behavior
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Table 3
n-Heptane oxidation with PhIO catalyzed by an anionic iron(III) porphyrin in different mediaa

Catalyst Alcohol yield (%)b,c Ketone yield (%)b,c Alcohol/ketone Regioselectivity (%)d Run

C-2 C-3

ol one ol one

Fe-Hallo 55 8 7 60 – 40 100 5
[Fe(TDFSPP)]3− 31 12 3 100 – – 100 6
Fe-Kao-Hallo 71 4 18 61 – 39 100 7
Raw halloysite – – – – – – – 8

a Conditions: catalyst:oxidant:cyclohexane molar ratio = 1:20:2000; reactions were carried out in a dichloromethane/acetonitrile 1:1 mixture (v/v) at room
temperature, under argon. Homogeneous catalyses were performed under conditions identical to those employed for the heterogeneous catalyses.

b Yields based on starting PhIO (it was assumed that 2 mol of iodosylbenzene were necessary for ketone formation).
c C-2 and C-3 heptane products of oxidation (alcohol and ketone). The yield for products corresponding to the C-1 and C-4 heptane positions was not observed.
d Relative proportions of products (%) at positions C-2 and C-3 of heptane. The positions C-1 and C-4 of heptane did not present product yields. ol = heptanol and
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e-Hallo: [Fe(TDFSPP)] immobilized on raw halloysite by means of the pressuriz

mmobilized on synthetic halloysite-like nanotubes [11].

o that observed for the cyclohexane oxidation; homogeneous
Fe(TDFSPP)] converted less substrate to alcohol compared to
e-Hallo. In addition, oxidation preferentially occurred at car-
ons 2 and 3. No quantitative yields below 2% for products from
-1 or C-4 oxidation were observed, contrary to what would be
xpected for the oxidation of this linear alkane.

The charged [Fe(TDFSPP)] (run 6) was highly selective for
lcohol formation at the C-2 position and for ketone formation
t the C-3 position (Table 3, regioselectivity % data). Metal-
oporphyrins do not normally discriminate between secondary
ites (C-2 and C-3), with the product ratio 2-heptanol/3-heptanol
eing close to 1. This was in fact observed in the case of
he unhindered metallotetraphenylporphyrin [36]. But the pres-
nce of the sulfonate groups at the meta positions of the meso
henyl rings of the porphyrin in [Fe(TDFSPP)] and their nega-
ive charges probably make substrate access to the metal center
ifficult. So this iron(III) porphyrin poses more steric hindrance
o the approach of the secondary C-3 site of heptane, but once
-heptanol is produced, this iron(III) porphyrin is capable of
onverting it into 3-heptanone.

The catalytic behavior of the anionic iron(III) porphyrin
hanges upon immobilization. The catalytic efficiency for
ydroxylation appears to arise from controlling the access of
he substrate to the active site or from controlling the access
f iodosylbenzene to generate the oxidizing species. Com-
ared to the homogeneous iron(III) porphyrin, Fe-Hallo (run
) and Fe-Kao-Hallo (run 7) led to increased alcohol yields and
ecreased ketone yields. Furthermore, the solid catalysts were
ore selective for alcohol than the homogeneous one. Although

he total product yields obtained with Fe-Hallo (71% = 55
alcohol) + 8 × 2 (ketone)) and Fe-Kao-Hallo (79% = 71 (alco-
ol) + 4 × 2 (ketone)) were similar, the selectivity for alcohol
ver Fe-Kao-Hallo was higher. This behavior, as explained in
he case of cyclohexane oxidation, can be attributed to the dif-
erent ways the anionic iron(III) porphyrin is immobilized on

he supports. In the case of Fe-Hallo, the catalyst is immobi-
ized at the edges, making a closer contact between the substrate
nd the generated alcohol molecules possible, which results in
igher ketone yields. As for Fe-Kao-Hallo, some molecules of

g
e
b
m

ethod. [Fe(TDFSPP)]3−: homogeneous catalysis. Fe-Kao-Hallo: [Fe(TDFSPP)]

Fe(TDFSPP)] can be immobilized inside the nanotubes, and n-
eptane, a linear alkane, can be inserted into the nanotubes and
e oxidized to the alcohol, but the new polar molecule formed
herein can somehow be removed from the interior of the sup-
ort before being further oxidized to the ketone. Because in the
ase of Fe-Kao-Hallo a lower amount of metalloporphyrin is
mmobilized at the edges, a lower amount of alcohol molecules
as oxidized to the corresponding ketone.
Fe-Hallo and Fe-Kao-Hallo led to similar alcohol yields at

ositions C-2 and C-3, at the rates comparable to those observed
or iron(III) porphyrins in general [36]. No [Fe(TDFSPP)] leach-
ng was observed during the heterogeneous catalytic reaction,
o justify the drastic catalytic behavior changes observed ongo-
ng from the homogeneous catalyst to the heterogeneous ones.
t is therefore reasonable to assume that the immobilization
f [Fe(TDFSPP)] occurs through the strong charge interaction
etween the solid support and the iron(III) porphyrin sulfonate
roups. Such interaction should expose the catalytic active site,
acilitating greater of C-2 compared to that of C-3.

Finally, no oxidation products arising from cyclohexane or
-heptane were detected in the presence of the raw halloysite
ithout iron(III) porphyrin (runs 4 (Table 2) and 8 (Table 3)).
his shows that iron(III) porphyrin really mediates oxygen atom

ransfer from iodosylbenzene to the substrates. In the case of
yclo-octene the behavior was different (not shown); raw hal-
oysite gives 20% epoxide yield and the reaction of the substrate
ith iodosylbenzene gives 10% epoxide yield, performed in the

ame conditions. This is possible because cyclo-octene is easily
xidized even in the absence of a catalyst.

. Conclusions

Anionic and cationic metalloporphyrin immobilization into
he natural nanotubes/nanoscrolls of halloysite is reported here
or the first time. Investigation of different immobilization strate-

ies and the use of different metalloporphyrins enabled the
stablishment of an efficient method for [Fe(TDFSPP)] immo-
ilization, using a closed vessel and autogeneous pressure. As
etalloporphyrin immobilization occurs at the edges/surfaces
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