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Abstract

This paper describes the synthesis of a first-generation iron porphyrin catalyst immobilized in a tubular/delaminated kaolinite. Kaolinite was
mechanochemically intercalated with urea followed by n-hexylamine, and the catalyst was prepared by submitting the kaolinite/hexylamine
intercalation compound to a sonication procedure in the presence of two different iron porphyrin solutions. The materials thus obtained were
characterized by UV-vis and IR spectroscopies, XRD, and TEM. The procedure delaminated part of the kaolinite, yielding scroll-like nanotubes,
with the metalloporphyrins immobilized in the mixture. The catalytic activity of the materials for cyclohexane and n-heptane oxidation was
investigated using iodosylbenzene as the oxygen donor and the products were analyzed by gas chromatography. The results show a promising

catalytic system for selective oxidation reactions.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Selective catalytic oxidation of hydrocarbons by metallopor-
phyrins using different oxygen atom donors is one of the most
attractive transformations in organic synthesis [1-3]. Synthetic
metalloporphyrins, mainly iron(Ill) and manganese(Ill) com-
plexes, have been identified as effective catalysts for a wide
range of selective oxidations, mimicking cytochrome P-450
monooxygenases [4,5]. In recent years, several generations of
metalloporphyrins have been prepared [2-7].

Even though very efficient homogeneous systems have been
found for hydrocarbon hydroxylation and epoxidation, such
problems as oxidative catalyst degradation in the presence of
inert substrates are challenges that must be overcome if large-
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scale utilization is desired. One approach to reducing metallo-
porphyrin degradation is immobilization/encapsulation in dif-
ferent materials [6-9], which also provides site isolation of
the metal center, thus minimizing catalyst self-destruction and
dimerization of unhindered metalloporphyrins.

The major advantages of encapsulated catalysts are control
of the reaction medium and conditions, prevention of chemical
degradation, cost-effective catalyst recycling, and enhanced sta-
bility [8,9]. Selective catalytic materials may result from con-
trolled formation of either the pore structure of the material or
the solid three-dimensional network [10]. In fact, morphologi-
cal control of particles is one of the major challenges associated
with the industrial use of silica.

Based on the “unusual” structures and properties, layered
materials, fibers, and open nanotubes are promising materials
for the immobilization/encapsulation of active catalysts, which
need to be transformed from homogeneous to heterogeneous
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Fig. 1. Structure of the iron porphyrins used in this study: [Fe(TPFPP)]Cl1
= [5,10,15,20-tetrakis (pentafluorphenyl) porphyrinate iron(III)] chloride;
[Fe(TDFSPP)Nay ]C1 = [tetrasodium-5,10,15,20-tetrakis (2,6-difluorphenyl-3-
sulfonatophenyl) porphyrinate iron(III)] chloride.

catalysis while retaining selectivity and high activity. A typi-
cal example of layered structures, kaolinite or Al;Si;Os5(OH)4,
is a dioctahedral aluminosilicate of the 1:1 type with two dis-
tinct interlayer surfaces. One side of the layer is gibbsite-like
with aluminum atoms octahedrally coordinated to corner oxy-
gen atoms and hydroxyl groups. The other side of the layer
constitutes a silica-like structure in which the silicon atoms are
tetrahedrally coordinated to oxygen atoms. The adjacent layers
are linked by hydrogen bonds involving aluminol (AI-OH) and
siloxane (Si—O) groups. These binding forces hinder the inter-
calation processes, but the hydroxyl groups on the aluminum
side of the layer are passive to solvation and covalent graft-
ing reactions [11-13]. In the case of large molecules, only the
surface would be expected to be grafted. In this sense, a delam-
ination process would be helpful for providing a small number
of stacked layers, producing crystals with large basal surface
area [14]. Mechanochemical intercalation of urea and treatment
with water under ultrasonic stirring is a very easy way to pro-
mote the delamination of kaolinite and produce high-basal area
surface crystals, ideal for the grafting reaction and subsequent
immobilization of metalloporphyrins.

Although kaolinite has a neutral structure and belongs to
the same category of clay minerals, no report has been found
so far of its use as support for the immobilization of mole-
cules with catalytic activity. Recently, our research groups re-
ported the immobilization of the anionic iron(Ill) porphyrin
Nay[Fe(TDFSPP)CI] in silanized kaolinite and its use as a cat-
alyst for oxidation reactions [15]. Fig. 1 shows the structure of
the metalloporphyrins studied here.

Recently, it was observed that after intercalation and graft-
ing of kaolinite, single layers or even small stacks of layers
can curl, producing the so-called ‘“halloysite-like” morphol-
ogy [16], tubular or scroll-like kaolinite. The curled tubes have
a silica-like surface and an inner surface with the gibbsite-
like structure. As in the grafted kaolinite, the average inner
diameter of the tubes is close to 250 A [16,17], then the
kaolinite nanotubes and layers can interact with the porphy-
rin.

The purpose of the present work was to try to develop a
simple method for preparing an efficient and selective hetero-
geneous catalyst consisting of iron porphyrin immobilized in
delaminated/curled kaolinite.

2. Experimental
2.1. Reagents

All chemicals used in this study were purchased from
Aldrich, Sigma, or Merck and were of analytical grade. lodosyl-
benzene (PhIO) was synthesized by hydrolysis of iodosylben-
zenediacetate [18]. The solid was carefully dried under reduced
pressure and kept at 5°C. The purity was periodically con-
trolled by iodometric titration [19].

2.2. Porphyrins

Free base porphyrin Nas[H>(TDFSPP)] and the resulting
iron porphyrin complex were synthesized, purified, and charac-
terized as described previously [20-22]. The iron complex was
obtained also as described previously [15]. The iron porphyrin
Fe(TPFPP)CI was purchased from Aldrich and previously pu-
rified by a silica column.

2.3. Heterogeneous catalysts preparation

Kaolinite, previously intercalated with urea and character-
ized by X-ray diffraction and IR spectroscopy, was used. The
solid (2 g) was magnetically stirred with methanol (50 mL) for
24 h and centrifuged, and then the supernatant was discarded.
This process was repeated six more times with methanol and
then repeated twice more with water (50 mL) for 2 h to interca-
late water between the kaolinite layers. The solid was character-
ized by XRD while still moist and after 2 days of drying under
air. The moist solid was magnetically stirred with n-hexylamine
(10 mL) for 24 h twice, the suspension was centrifuged, and the
supernatant was discarded. The solid (KUH) was characterized
by XRD while still moist, after 2 h of drying under air, and after
2 days of the same air-drying process.

Kaolinite intercalated with n-hexylamine (KUH), still moist
(100 mg), was suspended in 50 mL of toluene and submit-
ted to an delamination process in an ultrasonic bath for 2 h
in the presence of the catalyst, an iron porphyrin Fe(TPFPP)
(2.0 x 10™3 mmol) toluene solution, resulting in an orange-
colored suspension. The suspension was centrifuged, and the
solid (yellow color) was washed with toluene five times.
The supernatant was kept for later determination of the non-
immobilized iron porphyrin by UV-vis spectroscopy. The
solid was characterized by XRD and IR spectroscopy (KUH-
FP-1).

The same procedure was repeated to obtain the solid interca-
lated with the anionic-charged iron porphyrin Fe(TDFSPP). An
aqueous iron porphyrin solution (1.6 x 1073 mmol) was used
for this purpose. After the immobilization process, the super-
natant was colorless and clear, suggesting by naked-eye inspec-
tion that all of the iron porphyrin content was immobilized in
the solid KUH used, producing a green solid (KUH-FP-2).

The solid was characterized by XRD, IR spectroscopy,
and transmission electronic microscopy (TEM). After use, all
reagents were discarded in an appropriate container for later
treatment for reuse or for final disposal.
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2.4. Oxidation of cyclohexane and n-heptane by
iodosylbenzene (PhIO)

Catalytic oxidation reactions were carried out in a 2-mL
thermostatic glass reactor equipped with a magnetic stirrer. In a
typical heterogeneous catalysis reaction, the catalyst compound
(KUH-FP-1 or KUH-FP-2) and iodosylbenzene was sus-
pended in 0.300 mL of solvent (dichloromethane:acetonitrile,
1:1, V/V), and the substrate (either cyclohexane or n-heptane)
was added, resulting in a constant compound:oxidant:substrate
molar ratio of 1:20:2000. The oxidation reaction was carried
out during a controlled time interval (1 h) under magnetic
stirring. Sodium sulfite was added to eliminate the excess io-
dosylbenzene. The reaction products in solution were separated
from the solid by centrifugation, and the solid catalyst was
washed with dichloromethane and acetonitrile solvents. All of
the extracted solution and supernatant were transferred to a vol-
umetric flask and analyzed by gas chromatography. Product
yields were determined based on PhIO with the internal stan-
dard method. The same procedure was followed in the control
reactions using (a) only the substrate, (b) substrate + PhIO, and
(c) substrate + PhIO + KUH. The procedure for homogeneous
catalysis reactions was similar to that used for the heteroge-
neous catalysis reaction.

2.5. Techniques used

For the XRD measurements, self-oriented films were placed
on neutral glass sample holders. The measurements were per-
formed in reflection mode using a Shimadzu XRD-6000 dif-
fractometer operating at 40 kV and 40 mA (CuK« radiation
A =1.5418 A) with a dwell time of 1°/min.

FTIR spectra were recorded on a Biorad 3500 GX spec-
trophotometer in the range of 400-4000 cm™', using KBr pel-
lets. KBr was crushed with a small amount of the solids, and
the spectra were collected with a resolution of 4 cm~! and ac-
cumulation of 32 scans.

UV-vis spectra were recorded in the 200-800 nm range in an
HP 8452A Diode Array Spectrophotometer. All analyses were
obtained with a 1-cm path length cell.

TEM was performed in a JEOL-JEM 1200-100 kV system.
A drop of powder suspension of the samples was deposited on
a copper grid, and the transmission electron micrographs were
recorded.

Products from catalytic oxidation reactions were identified
using a Shimadzu CG-14B gas chromatograph (with a flame
ionization detector) with a DB-WAX capillary column (J&W
Scientific).

3. Results and discussion

Fig. 2 shows the FTIR spectra of raw kaolinite (Fig. 2a)
and urea-intercalated kaolinite (Fig. 2b); hydrated kaolinite pro-
duced by washing with water (Fig. 2c); and kaolinite interca-
lated with n-hexylamine (Fig. 2d). Raw kaolinite presented the
typical highly ordered kaolinite, identified by the characteris-
tic hydroxide group bands positioned at 3695, 3669, 3652, and
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Fig. 2. FTIR spectra of raw kaolinite (a), urea intercalated kaolinite (b), hy-
drated kaolinite (c) and KUH (d), both after drying under air.

3620 cm~!. After intercalation with urea, two new bands ap-
peared in the OH region (3503 and 3388 cm™), attributed to
interactions of the hydroxyl groups with urea, and the charac-
teristic multiple bands in the region of 1650 cm™!, attributed to
internal kaolinite hydroxyl groups [23,24]. After washing the
phase intercalated with urea, a typical spectrum of hydrated
kaolinite was obtained with the fingerprint band positioned at
3600 and 3540 cm~!. In addition, the bands attributed to urea
were absent in hydrated kaolinite. The same behavior was ob-
served after washing KUH, where a typical FTIR spectrum
was observed, with several new bands at 3552, 3484, 3415,
and 3239 cm™!, attributed to the interaction of water and hexy-
lamine molecules with the hydroxide groups of kaolinite. The
FTIR spectra of KUH-FP-1 and KUH-FP-2 were very similar
to the spectra of hydrated kaolinite (not shown).

Fig. 3 shows the powder XRD patterns of raw kaolinite
(Fig. 3a), kaolinite intercalated with urea (Fig. 3b), kaolinite in-
tercalated with water and still moist (Fig. 3c), KUH while still
moist (Fig. 3d), KUH-FP-1 (Fig. 3e), and KUH-FP-2 (Fig. 3f).
Raw kaolinite presented the characteristic 7.1 A basal diffrac-
tion peak, which, after intercalation with urea, migrated to the
basal distance of 10.69 A. This distance is close to the value
reported in the literature of 10.76 A [14,17]. After the urea-
intercalated kaolinite was washed with water and measured in
slurry, a diffraction peak was observed near 9° (20), attributed
to fully hydrated kaolinite with a basal distance of 9.8 A. Af-
ter the hydrated kaolinite was dried under air for some hours,
the basal distance collapsed to 8.4 A, attributed to the keying of
water molecules into the kaolinite layer [17].

KUH that was still moist exhibited an intense peak near
3° (26) with a basal distance of 26.16 A, attributed to the in-
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Fig. 3. Powder X-ray diffraction of raw kaolinite (a), kaolinite intercalated with
urea (b), kaolinite intercalated with water and still moist (c), KUH—still moist
(d), KUH-FP-1 (e) and KUH-FP-2 (f).

tercalation of the n-hexylamine in kaolinite in a double-layer
arrangement [25]. KUH-FP-1 exhibited two peaks near 10°
(26) with basal distances of 9.78 and 8.60 A, respectively. The
first basal distance of 9.78 A was attributed to fully hydrated
kaolinite; the second, to hydrated kaolinite. According to our
proposed mechanism, the presence of water is essential to layer
curling, with the diffraction peaks similar to those of layered
hydrated kaolinite. In the case of grafted kaolinite, the organic
molecules seem to play an important role in the curling process,
leading to single-walled nanotubes [16].

KUH-FP-2 exhibited two diffraction peaks near 10° (26),
with basal distances of 9.86 and 8.45 A, with the same inter-
pretation as for KUH-FP-1. The small differences between the
values can be related to the experimental error or an influence
of the different porphyrin. It is important to emphasize that the
presence of interstratified phases, where random mixtures of
phases are present, are characterized by the broad diffraction
peaks in the final phases.

Analysis of the supernatant of the immobilization of the
iron porphyrins was performed by UV-vis spectroscopy (not
shown). Using the Lambert—Beer law, the percentages of immo-
bilization were calculated; the results were 59% for KUH-FP-1
[Fe(TPFPP) in toluene, 406 nm (¢ = 89 x 103 Lmol~!ecm™1)]
and 100% for KUH-FP-2 [Fe(TDFSPP) in water, 390 nm (¢ =
37 x 10> Lmol ™' em™1)].

The formation of kaolinite nanotubes (or scroll-like struc-
tures) was confirmed by TEM (Fig. 4), but with the predomi-
nance of layered or nonexfoliated kaolinite (Figs. 4c and 4d).
This can be attributed to the low power of the ultrasonic bath,
because the nanotubes were frequently observed when the pro-
cedure was repeated (not shown). The tubes had different outer

diameters, and some had a ragged structure (Fig. 4b), attributed
to the incomplete curling process. Considering that the raw
kaolinite had a crystal size around 0.2 /3 um, it can be supposed
that the curling process occurred without breaking the original
layers, but by detaching the outer layers of the crystals (small
amounts or even single layers) and curling until the crystal lay-
ers were totally transformed into rolled-up structures. Actually,
in kaolinite the curling process is thermodynamically favorable
when the hydrogen bonds of the kaolinite structure are weak-
ened by the intercalation of large molecules like n-hexylamine
or others. The inner diameter of the tubes was variable, with the
smallest around 250 A. It is possible to trap a single molecule
of iron porphyrin with diameters close to one-tenth that size.

We cannot infer much about the position of the iron por-
phyrin molecules in the solid, but we can exclude intercalation
between the layers and assume the presence inside the rolled-up
tubes, because the inner diameter is large enough to lodge sin-
gle iron porphyrin molecules. Because the surface area of the
compound is likely high, the presence of a catalytic active site
between the crystals and/or tubes is also possible, especially for
the charged iron porphyrin, where the interaction with the alu-
minol surface groups is most likely.

Fig. 5 shows a schematic representation for catalyst inter-
calation and preparation. Step 1 involves the mechanochemical
intercalation of urea, and step 2 involves the intercalation of
n-hexylamine. Step 3 occurs after the addition of iron porphy-
rins in the presence of an ultrasonic bath. Step 4 refers to the
process of washing the urea-intercalated kaolinite, and step 5
refers to washing the KUH. The phases obtained from steps 4
and 5 are also present in step 3, whether curled or not.

The catalytic activities of both iron porphyrins (homoge-
neous catalysis) and the corresponding supported catalysts,
KUH-FP-1 and KUH-FP-2 (heterogeneous catalysis), were
investigated on the oxidation of two substrates: cyclic (cyclo-
hexane) and linear alkane (n-heptane). The results are displayed
in Table 1 for cyclohexane and n-heptane products. The oxi-
dation of cyclohexane with iodosylbenzene in the presence of
metalloporphyrins was generally found to yield cyclohexanol
and cyclohexanone as major products as a biomimetic cy-
tochrome P-450 model. High selectivity for the alcohol product
was also observed.

Table 1 shows that both iron porphyrins exhibited catalytic
activity for the oxidation of cyclohexane (homogeneous catal-
ysis). Both iron porphyrins studied here would be expected to
exhibit high efficiency for oxidation, because they are robust
and efficient porphyrin structures due to the presence of elec-
tronegative substituents on the phenyl ring, which contribute
to reducing the electronic density on the porphyrin ring, stabi-
lizing it against oxidative degradation [7]. In fact, high yield
(69%) and high selectivity for cyclohexanol were observed for
the Fe(TPFPP). The opposite behavior was observed for the
charged porphyrin Fe(TDFSPP), which can be attributed to the
poor solubility of this complex in the solvent mixture used for
the catalytic reactions. The insolubility problems were mini-
mized when the anionic iron porphyrin was immobilized on
kaolinite (KUH-FP-2). In this situation, the efficiency was im-
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Fig. 4. Transmission electron micrographs of KUH-FP-2.

proved, and only alcohol was produced using KUH-FP-2 (het-
erogeneous catalysis).

Different reaction solvents were also tried (acetonitrile
[ACN], dichloromethane [DCM], and dichloroethane) to study
their influence in the behavior of the catalyst. Interesting re-
sults were obtained for the polar iron porphyrin Fe(TDFSPP)
and the heterogeneous catalyst KUH-FP-2. The results ob-
tained in dichloroethane were also similar to those obtained
in dichloromethane (not shown in Table 1).

It can be seen that in the oxidation of cyclohexane in homo-
geneous catalysis, the solubility of the catalyst is an important
factor, with the best results obtained in acetonitrile (where the
solubility of the polar iron porphyrin is higher) compared with
pure DCM or a DCM—-ACN mixture. On the other hand, for the
heterogeneous catalysis, the best results were obtained in the
DCM-ACN mixture. In this case, the results suggest that the
access of the oxidant iodosylbenzene and the substrate to the
immobilized active site are the most important factors. When
heptane was used as a substrate, similar results were also ob-
served, but it is interesting to note that in pure dichloromethane,

where both substrates are soluble, the lower yields were always
produced. In this condition, the presence of ketone can suggest
that when the alcohol was produced, the solvent with low polar-
ity was not efficient in removing it away from the surrounding
catalytic site, and the oxidation proceeded to ketone.

The strong interaction that probably occurs between the
charged iron porphyrin [Fe(TDFSPP)] and the kaolinite sup-
port (layered crystals or tubes) probably keeps the catalyst on
the solid during the catalytic reaction; consequently, no iron
porphyrin traces were detected after all of the catalytic reac-
tions using KUH-FP-2. This behavior creates the opportunity
to reuse the catalysts.

On the other hand, immobilization of the neutral Fe(TPFPP)
on the kaolinite (KUH-FP-1) mostly deactivated the catalyst,
and only 8% of alcohol was observed. Because no iron por-
phyrin trace was observed after any of the catalytic reactions
using KUH-FP-1, similar to what was observed with KUH-
FP-2, it is reasonable to suppose that there is also a strong
interaction between the neutral complex and the support. The
very low yields observed suggest that the catalytic site is in-
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Table 1

Oxidation of cyclohexane and heptane catalyzed by iron porphyrins and immobilized iron porphyrins

Catalyst Solvent Cyclohexane oxidation® Heptane oxidation®
Alcohol Ketone Alcohol Ketone Total Alcohol Regioselectivityd (%)
yield? yield? yield? yieldb yield? ketone c2 c3
t' a
(%) (%) (%) (%) (%) rato ol one ol one
KUH-FP-1 ACN-DCM 8.0 - 0 0 0 - - - - -
[Fe(TPFPP)] ACN-DCM 69 5.0 46 11.5 69 4 61 82.6 39 17.4
KUH-FP-2 ACN-DCM 28 - 71 4.0 79 18 60.6 - 39.4 100
DCM 14 - - 9.0 18 0 - - - 100
ACN 21 - 55 5.0 65 11 100 - - 100
[Fe(TDFSPP)] ACN-DCM 19 7.0 31 6.0 43 5.2 100 - - 100
DCM 9.0 2.0 - 7.0 14 0 - - - 100
ACN 33 Trace 33 3.0 39 11 100 - - 100
Raw kaolinite Trace Trace - - - - - - - -

4 Conditions: catalyst:oxidant:cyclohexane molar ratio = 1:20:2000; solvent mixture acetonitrile/dichloromethane, ACN-DCM (1:1, v/v) or dichloromethane
(DCM) or acetonitrile (ACN) at room temperature under argon. Homogeneous catalyses were made under identical conditions as heterogeneous catalyses.

b Yield based on starting PhIO (it was assumed that 2 mol of iodosylbenzene were used for the ketone formation).
¢ C-2 and C-3 heptane products of oxidation (alcohol and ketone); it was not observed yield for products correspondent for the C-1 and C-4 heptane positions.
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 presented product yields. ol = heptanol

and one = heptanone.

3  Hydrated kaolinite
" scrollHike-nanotube

8.54
s

)+ 9.8A

Multiple layer

Fig. 5. Schematic representation of the steps followed during the preparation of the catalyst.

accessible to the substrate and oxidant. This could occur be-
cause the iron porphyrin is firmly attached inside the tubes or in
layered kaolinite crystal agglomerates. The site could even be
located in single-layer agglomerates with a “castle of cards”
morphology, resulting from the exfoliation process. Another
possibility could be that both the fifth and sixth coordinative
positions of the iron are blocked by the bond of ligands from
the support, preventing interaction with the oxidant iodosylben-
zene and, consequently, the catalytic active species [26,27]. Yet

another possibility is coordination of the iron porphyrin with
hexylamine/urea, which can deactivate the catalyst.
Frequently, metalloporphyrins or other complexes, transition
metal ions either in solution or immobilized, are used for oxida-
tion of linear alkanes such as n-heptane [15,27-31]. The regio-
selectivity in the oxidation process using metalloporphyrins and
in the absence of steric restraints is essentially under thermody-
namic control [32]. The product distribution observed is consis-
tent with formation of a radical intermediate species produced
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by hydrogen atom abstraction [33]. Consequently, the rate of
the products observed is related to the C—H bond strength,
with more products expected from oxidation at tertiary and sec-
ondary carbon than from oxidation at primary carbon [29].

On the other hand, in the presence of steric constraints,
caused by the support when the metalloporphyrin is immobi-
lized [15] or by the porphyrin structure [34], the efficiency and
selectivity in the oxidation of linear alkanes can be altered. This
behavior was observed with the two iron porphyrins in solution
or immobilized in kaolinite.

The yields of heptane oxidation products (Table 1) re-
flect the same result observed for cyclohexane oxidation: In
homogeneous catalysis, Fe(TPFPP) was more efficient than
Fe(TDFSPP) for converting the substrate to alcohol at positions
2 and 3 (because quantitative yields below 2% were not ob-
served for products at position C-1 or C-4, as would be expected
for oxidation of the linear alkane). A tendency for selectivity to-
ward alcohol instead of ketone was also observed.

For the neutral iron porphyrin, the rate of the products ob-
served is as expected, with more alcohol (61% of the total)
and more ketone (2.6% of the total) produced at position C-2
than at position C-3. Instead of the lower efficiency, the charged
Fe(TDFSPP) presented high selectivity for the C-2 position of
alcohol and the C-3 position of ketone (Table 1, regioselectivity
% data).

Normally in metalloporphyrins, there is no discrimina-
tion between secondary sites (i.e., C-2 and C-3), with the
ratio of yield products at these sites (2-heptanol/3-heptanol
yields) close to 1, as observed for the unhindered metallote-
traphenylporphyrin [35]. The selectivity observed in the het-
erogeneous catalysis for the most accessible secondary site
(C-2) was higher for Fe(TDFSPP) (31% of 2-heptanol) than
for Fe(TPFPP). The presence of the sulphonate groups at the
meta position of the meso phenyl groups of the porphyrin rings
of Fe(TDFSPP) and the negative charges probably would make
it difficult for the substrate to gain access to the metal center,
with this iron porphyrin more hindered for the secondary C-3
heptane position. If any 3-heptanol was produced, it was prob-
ably converted to 3-heptanone.

After immobilization, the catalytic behavior changed for the
two catalyst complexes; for example, for KUH-FP-1, no ac-
tivity was observed in the oxidation of heptane. The catalytic
efficiency for the hydroxylation appeared to arise by controlling
the access of the substrate to the active oxidant site or the ac-
cess of iodosylbenzene to generate the oxidant site. The access
of the alkane to the metal was restricted by the kaolinite support
in the case of the KUH-FP-1, because both substrates showed
low or zero activity for catalytic oxidation even for the more
thermodynamically favorable C-2 and C-3 positions in linear
alkanes.

KUH-FP-2, on the other hand, exhibited high yields of al-
cohol and ketone (total yield, 79%), but in contrast to the iron
porphyrin in solution, alcohol at positions C-2 and C-3 was ob-
served with rates similar to those observed for iron porphyrins
in general [35]. Because no Fe(TDFSPP) leaching was ob-
served during the heterogeneous catalytic reactions with KUH-
FP-2, which might justify the drastic catalytic behavior changes

observed, it is reasonable to assume that the immobilization
of Fe(TDFSPP) occurs through the strong charge interaction
between the solid support and the porphyrin ring sulphonate
groups. This interaction would expose the catalytic active site,
facilitating mainly the access of C-2 and to a lesser extent the
secondary site C-3.

In summary, the catalytic results in cyclohexane and heptane
oxidation presented here show that the catalytic solid obtained
from the interaction of iron porphyrin and kaolinite was directly
dependent on the structure of the ring complex. The mater-
ial resulting from the interaction of the neutral iron porphyrin
[Fe(TPFPP)] and the kaolinite generated a catalytic solid that
was more inaccessible to the substrate. Another possibility is
that the active site was partially inactivated by the coordination
of residual hexylamine/urea. On the other hand, the immobi-
lization of the tetra negatively charged Fe(TDFSPP) in kaolinite
generated a more efficient catalyst in comparison with the neu-
tral compound and homogeneous catalysis.

Finally, none of the oxidation products from cyclohexane or
heptane were found in the absence of iron porphyrins or using
just raw kaolinite. This demonstrates that the iron complexes
in fact mediated the oxygen atom transfer from the iodosylben-
zene to the substrates.

4. Conclusion

The process of intercalating urea between the layers of kaoli-
nite is believed to weaken the interlayer hydrogen bonds, al-
lowing the access of larger molecules and consequently de-
lamination of the layers, which can curl and produce the so
called “halloysite-like” morphology [16], tubular or scroll-like
kaolinite. This curling process is performed with the aid of an
ultrasonic bath. The curled nanotubes and delaminated crystals
thus obtained, having high surface areas, can immobilize neu-
tral [Fe(TPFPP)] or anionic-charged [Fe(TDFSPP)] iron por-
phyrins, which can be used as oxidation catalysts.

The activity differences for catalysts in homogeneous and
heterogeneous media can be explained by the different inter-
actions of the metalloporphyrins and kaolinite. In KUH-FP-1,
the neutral porphyrin was probably inserted in the nanotubes
or trapped between the crystals, impairing access of iodosyl-
benzene and/or the substrate to the catalytically active site. An-
other possible explanation is deactivation of the catalytic site
by hexylamine/urea used in the catalyst preparation. In KUH-
FP-2, the anionic porphyrin probably interacted with the outer
surface of the tubes and/or layers through aluminol bonds.
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