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Oxidation Reactions
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ABSTRACT The preparation, characterization, and application in oxidation reactions of new biomimetic catalysts are reported.
Brazilian Sao Simao kaolinite clay has been functionalized with [meso-tetrakis(pentafluorophenyl)porphinato]iron(lll), Fe(TPFPP). To
obtain the functionalized clay, the natural clay was purified by dispersion—sedimentation, expanded by insertion of dimethyl sulfoxide
(DMSO), and functionalized with amino groups by substitution of DMSO with ethanolamine. These previous steps allowed clay
functionalization with Fe(TPEPP), leading to a layered material with a basal spacing of 10.73 A. Clay functionalization with the porphyrin
was confirmed by formation of the secondary amine, as demonstrated by FTIR bands at 3500—3700 cm™'. UV—vis spectroscopy
revealed a red shift in the Soret band of the iron porphyrin in the functionalized material as compared to the parent iron porphyrin
catalyst in solution, indicating Fe'P — Fe!'P reduction. The catalytic performance of the functionalized clay was evaluated in the
epoxidation of cyclooctene, with complete selectivity for the epoxide (100% epoxide yield), and ketonization of cyclohexane,
cyclohexanone being the major product. The novel catalyst was also evaluated in the Baeyer—Villiger (BV) oxidation of cyclohexanone,

with 85% conversion of cyclohexanone in e-caprolactone, with total selectivity to e-caprolactone.

KEYWORDS: Kkaolinite ® functionalization ® hybrid materials ® porphyrin ® heterogeneous catalysis ® green oxidation.

1. INTRODUCTION
he preparation, characterization, and application of

new catalysts with properties similar to those of the

active sites of enzymes comprise a research area
known as bioinspired or biomimetic catalysis. There has
been considerable growing interest in the use of metallopor-
phyrins as biomimetic catalysts in recent years (1). Special
attention has been focused on the ability of metalloporphy-
rins to act as models of cytochrome P450 monooxygenases
by selectively catalyzing several oxidation reactions of or-
ganic and inorganic compounds, under mild conditions
(1—3). Metalloporphyrins are also useful building blocks for
the design and synthesis of molecular-based solids. The use
of hydrogen bonding or metal ion coordination provides a
wide range of solid frameworks (4).

Although very efficient homogeneous catalytic systems
based on metalloporphyrins have been developed for hy-
drocarbon hydroxylation and epoxidation, problems such
as the oxidative degradation of the catalysts by interaction
with the substrates remain unsolved. One approach to
minimizing metalloporphyrin degradation is its immobiliza-
tion in an adequate support (1—3), which provides site
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isolation of the metal center, thus minimizing catalyst self-
destruction and dimerization of unhindered metalloporphy-
rins (5).

Several materials, such as alumina (6), bentonites (7),
montmorillonites (8), polystyrene (9), and silica (10), have
been reported in the literature as supports for the prepara-
tion of metalloporphyrin heterogeneous catalysts. In these
matrices, immobilization of the metalloporphyrin is obtained
by polymerization, simple adsorption of an ionic metal-
loporphyrin, axial ligation of the metal, covalent binding of
the metalloporphyrin to the support, intercalation of the
metallo complex into layered mineral clay, metalloporphyrin
adsorption on the surface of solid matrices, or metallopor-
phyrin entrapment inside the pores of porous solids (5, 11).

In this context, we have previously reported the success-
ful anchoring of iron and manganese porphyrins onto
several supports such as silica and alumina, as well as the
use of the obtained solids as catalysts for hydrocarbon
oxidation using hydrogen peroxide or iodosylbenzene as
oxidants (6, 10).

Even though various approaches to metalloporphyrin
immobilization have been considered, progress is still re-
quired to further improve metalloporphyrin-based catalytic
systems for use in industries regarding the green chemistry
context. Major drawbacks of conventional supported cata-
lysts such as low stability, catalyst leaching, and restricted
accessibility of the reactants to the reactive centers, as well
as catalyst recovery and reuse, must be overcome. Catalyst
stability is essential to recycling procedures and to the
recovery of valuable metalloporphyrins (12).
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The use of modified clays as catalyst supports in the
oxidation of organic compounds has been encouraged,
because these systems lead to low waste generation. More-
over, they enable the use of mild conditions and the design
of highly selective and active heterogeneous catalysts, which
is desirable in an age when the control of environmental
pollution and the reduction of energy consumption are
mandatory. Moreover, some kinds of clays such as Kaolinite
provide the advantage of their relatively easy functionaliza-
tion with organic groups by host—guest interactions. Thus,
functionalization of kaolinite is based on the substitution of
previously intercalated molecules by others of greater inter-
est, followed by formation of covalent bonds (13).

A variety of organic molecules have been grafted onto the
interlayer surface of kaolinite through a covalent link with
the inner aluminol groups of the clay. This method has
proven to be a useful route for the preparation of hybrid
materials and can be interesting for the synthesis of hetero-
geneous metalloporphyrin catalysts covalently bound to the
clays, thereby avoiding catalyst leaching and improving its
reuse. In this sense, the grafting of organic groups such as
amino can potentially function as a binding site for clay
functionalization with second-generation metalloporphyrin
bearing several electron-withdrawing substituents at each
meso-aryl position, as in the case of Fe(TPFPP) ([meso-
tetrakis(pentafluorophenyl)porphinato]iron(Ill)) and Fe(TD-
CPP) (Imeso-tetrakis(2,6-dichlorophenyl)porphinato]iron(l-
1D)).

Although synthetic metalloporphyrin catalysts have been
studied in several oxidation reactions mimicking P450, only
a few studies have been devoted to the use of these systems
asbiomimetic catalysts of enzymessuchasthe Baeyer—Villiger
(BV) monooxygenases (14, 15), which catalyze this reaction
in nature. The BV oxidation of ketones is a reaction of
considerable interest in organic chemistry because the
products, lactones or esters, are important synthetic inter-
mediates in the agrochemical, chemical, and pharmaceutical
industries. The oxidants used in the traditional BV oxidation
are organic peracids, which potentially produce large amounts
of harmful wastes. Much recent effort has been devoted to
finding chemically green oxidants and recyclable catalysts
(14). The use of supported catalysts together with hydrogen
peroxide as oxidant, in particular, leads to environmentally
friendly systems, since easy separation of the products and
catalyst reuse are allowed, with both operational and eco-
nomic advantages. Recently, numerous research groups
have focused on the study of this reaction in the presence
of various catalysts such as aluminas, clays, and transition
metals based on several matrices (14, 16, 17).

The aim of the present work is the preparation and
catalytic application of a Brazilian kaolinite functionalized
with a second-generation metalloporphyrin, Fe(TPFPP). For
simplicity, we will refer to the porphyrin used in this work,
Fe(TPFPP), as FeP. Clay functionalization was achieved by
successive treatments with dimethyl sulfoxide (DMSO),
displaced by ethanolamine, and this solid was grafted by
FeP. The obtained catalyst was used in green oxidation
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reactions, namely the epoxidation of cyclooctene and ke-
tonization of cyclohexane, as well as in the BV oxidation of
cyclohexanone.

2. EXPERIMENTAL SECTION

2.1. Materials. The clay used in the present work is kaolin
from the deposit of Sao Simao, Sao Paulo State, Southwestern
Brazil, kindly supplied by the mining company Darcy R. O. Silva
& Cia. (Sao Simao-SP, Brazil). Natural clay was purified by
means of the dispersion—decantation method (see the Support-
ing Information); the purified clay is composed of very pure
kaolinite and is hereafter designated “Ka”.

All solvents and reagents were of high-purity commercial
grade (Merck and Aldrich), and most of them were used as
received. Dichloromethane (DCM) was dried over anhydrous
CaCl, for 2.5 h, filtered, distilled over P,Os, and stored over 4 A
molecular sieves. Pyrrole was distilled under reduced pressure
immediately before use. N,N-Dimethylformamide (DMF) was
stirred over KOH at room temperature overnight, decanted, and
then distilled at reduced pressure. The purity of (2)-cyclooctene
was determined by gas chromatography, and it was purified by
column chromatography on basic alumina immediately prior
to use.

2.2. Synthesis of the Catalysts. 2.2.1. Preparation of
DMSO—Kaolinite. Intercalation of kaolinite with DMSO was
carried out by mixing purified kaolinite (27 g) with DMSO (100
mL) and distilled water (20 mL). The suspension thus obtained
was stirred for 10 days at 60 °C (18—20). Then, the clay was
separated by centrifugation, washed with ethanol, and dried at
50 °C. This material was designated “Ka-DMSO”.

2.2.2. Preparation of Ethanolamine—Kaolinite. Grafting
of ethanolamine onto Ka-DMSO was carried out by refluxing a
suspension containing Ka-DMSO (2 g) and ethanolamine (100
mL) for 24 h. The resulting solid was separated by centrifuga-
tion, washed with ethanol, dried at 50 °C (21, 22), and hereafter
designated “Ka-et”.

2.2.3. Preparation of [meso-Tetrakis(pentafluorophe-
nyl)porphinato]iron(Ill) ([Fe(TPFPP)]Cl). First, the free base
porphyrin, H,(TPFPP), where TPFPP is a meso-tetrakis(pen-
tafluorophenyl)porphinato divalent anion, was prepared ac-
cording to the procedure reported in the literature (23), pro-
ducing the porphyrin with a yield of 42%. Its purity was
evaluated by its UV—vis spectrum, in a dichloromethane (DCM)
solution, where absorption was observed at Amz, 410 (Soret
band), 508, 582, and 630 nm.

Insertion of iron into the free base porphyrin H,(TPFPP) was
performed by refluxing 50 mg (0.05 mmol) of the free base
protonated porphyrin with 250 mg (1.97 mmol) of iron(ll)
chloride in 10 mL of dimethylformamide (DMF), under an argon
atmosphere, according to a method in the literature (24). The
iron porphyrin was obtained in its chloride form, [Fe(TPFPP)]CI,
with a yield of 95%. Its purity was evaluated by UV—vis
spectroscopy, also in DCM solution: Ama.y 352, 412 (¢ = 1.8 x
10° mol™' L cm™!, Soret band), 504 (¢ = 1.7 x 10%, 576, and
630 nm.

2.2.4. Preparation of Iron Porphyrin Kaolinite
Catalyst. A mixture of 16 mg of [Fe(TPFPP)]Cl (1.50 x 107°
mol) and Ka-et (600 mg) in DMF (60 mL) was submitted to
reflux and stirred for 48 h under an argon atmosphere. Then,
the mixture was slowly cooled and aged overnight in the mother
liquor, at room temperature. The solvent was then slowly
removed in a rotary evaporator. The obtained solid, designated
“Ka-FeP”, was washed with dichloromethane and dried at
130 °C for 3 h. The amount of FeP leached from the support
was quantified by measuring the amount of FeP in the succes-
sive washings by UV—vis spectroscopy. Thus, the percentage
of FeP in this catalyst, ignoring the possible variation in the
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degree of hydration of the solid in the several steps of the
synthesis procedure, was 2.6 % (m/m).

In order to test whether FeP can incorporate into the clay
without carrying out all the synthesis steps described above,
suspensions of FeP and Ka or Ka-et solids were stirred for 3 h
and then washed with DCM and dried at 120 °C. In both cases,
total leaching of the FeP complex was observed, clearly con-
firming the importance of the synthesis procedure used for the
preparation of a functionalized catalyst. Although these solids
do not contain FeP, they were submitted to catalytic tests and
denoted as “FeP/Ka” and “FeP/Ka-et”, respectively.

2.2.5. Preparation of Other Iron Porphyrin Catalysts. For
comparative purposes, other catalysts containing Fe(TPFPP)
were prepared from various supports.

2.2.5.1. Supported Fe(TPFPP)/Silica Catalyst. A 0.7 mL
portion of TEOS, 8.50 mL of isopropyl alcohol, and 1.15 mL of
ammonia were hydrolyzed in the presence of 1.00 x 107> mol
of [Fe(TPFPP)]CI, with magnetic stirring at room temperature.
After 30 min of stirring, the solvent was evaporated at room
temperature for 1 week, and then the solid was dried at 65 °C.
This solid was designated “FeP/Si”.

2.2.5.2. Supported Fe(TPFPP)/Aluminosilicate Catalyst. A
10 g portion aluminum chloride and 16 mL of diisopropyl ether
were reacted in the presence of [Fe(TPFPP)]CI (1.40 x 1 07°mol,
14.92 mg), in dry DCM (50 mL, previously distilled), with reflux
at 110 °C, under an argon atmosphere, for 1 h. The resulting
material was reacted with TEOS (3 mL), and then the solvent
was removed under vacuum. The solid was washed with several
solvents in the order DCM, acetonitrile, and methanol and dried
at 65 °C. This solid was designated “FeP/AlSi”.

2.3. Characterization Techniques. X-ray diffraction (XRD)
patterns of non-oriented powder samples were obtained on a
Siemens D-500 diffractometer with Ni-filtered Cu Kat radiation,
at 40 kV and 30 mA, at a scanning rate of 2°/min.

FT-IR spectra were recorded in the 350—4000 cm™' range
in a Perkin-Elmer 1730 infrared Fourier transform spectrom-
eter, using the KBr pellet technique. About 1 mg of sample and
300 mg of KBr were used in the preparation of the pellets.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were carried out in a Thermal Analysis TA
instrument SDT Q 600 simultaneous DTA-TGA-DSC from 25 to
1000 °C, under a nitrogen atmosphere, at a heating rate of
20 °C/min.

Specific surface areas were determined by applying the BET
method (25) to the corresponding nitrogen adsorption iso-
therms, obtained by using a Micrometrics ASAP 2020 physical
adsorption analyzer. The samples were previously degassed for
1 h at room temperature, at a pressure lower than 50 umHg.
The nitrogen adsorption data were obtained using 0.2 g of the
sample.

Electronic spectra of the materials were recorded with a
Hewlett-Packard 8453 diode array UV—vis spectrophotometer.
The spectra of the solids suspended in DCM were recorded in a
2.0 mm path length cell. DCM was used as solvent because it
led to improved UV—vis spectra when the suspension was
prepared. The spectra were preprocessed by using a wavelet
filter with Dubauchie (db4) base function for noise minimiza-
tion, subtraction of the isotonic medium spectrum, multiplica-
tive scattering correction (MSC) to minimize Rayleigh scattering
due to variation in the refraction index of the matrix, and a
second-degree polynomial fit to minimize matrix fluorescence.

Electron paramagnetic resonance (EPR) measurements of the
powder materials were accomplished with a Bruker ESP 300E
spectrometer operating at X-band (ca 9.5 GHz), —198 °C, using
liquid N,. The EPR spectra of the solids were recorded after
adding the dry material to an EPR quartz tube.

Scanning electron microscopy (SEM) of the materials was
performed with a Zeiss DSM 960 digital scanning microscope.
The samples were coated with a thin gold layer by evaporation
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using a Bio-Rad ES100 SEN coating system. Transmission
electron microscopy (TEM) was performed using a Phillips CM
200 transmission electron microscope. Specimens for TEM
analysis were prepared by grinding the material into fine
particles, which were subsequently deposited on carbon-coated
palladium films supported on 300 mesh capped grids.

2.4. Catalytic Performance. 2.4.1. Oxidation Reactions.
lodosylbenzene was first obtained through hydrolysis of iodo-
sylbenzene diacetate (26); the purity of the obtained compound
was evaluated by iodometric titration (27). lodosylbenzene
(0.023 mmol) was added to a 4.0 mL vial sealed with a Teflon-
coated silicone septum containing the catalyst (10 mg), 1,2-
dichloroethane (1 mL), (2)-cyclooctene, previously purified on
alumina column, or cyclohexane as the substrate (1.15 mmol)
and di-n-butyl ether as an internal standard (10 uL). The reaction
products were analyzed by gas chromatography. These analyses
were carried out on an HP 6890 chromatograph equipped with
a hydrogen flame ionization detector and capillary column (HP-
INNOWax-19091N-133, polyethylene glycol length 30 m, in-
ternal diameter 0.25 um). The products were quantified using
a calibration curve obtained with a standard solution, and the
yields were based on the added oxidant, iodosylbenzene.

The BV oxidation reaction was carried out in a 4.0 mL glass
reactor. A 50 uL portion of cyclohexanone (0.48 mmol), 850
uL of benzonitrile (7.95 mmol), 5.0 uL of di-n-butyl ether (2.94
umol), 176 uL. of 60 wt % hydrogen peroxide (4.53 mmol), and
20 mg of the catalyst were added to the reactor; the mixture
was then heated to 80 °C and stirred for 48 h. The reaction
products were analyzed by gas chromatography (HP 6890).

In both cases, a control of the reaction was carried out in the
absence of catalyst.

2.4.2. Reuse of the Catalysts. At the end of the reaction,
the Ka-FeP catalyst was recovered by centrifugation and washed
5 times with 1 mL of methanol, to ensure that any remaining
iodosylbenzene would be removed from the catalyst. The
catalyst was then dried for 3 h at 60 °C, before being used again
in (2)-cyclooctene oxidation.

In the BV oxidation, the catalyst was recovered by centrifuga-
tion and then dried for 3 h at 65 °C, before being used again.

2.4.3. Catalytic Intermediates from Ka-FeP and
Iodosylbenzene. The experiment was adapted from ref 28.
Briefly, the intermediates from the reactions between Ka-FeP
and iodosylbenzene were studied by initially placing 100 mg
of Ka-FeP and 450 uL of dichloroethane in a quartz cell (path
length 2 mm). After sinking of the Ka-FeP, the cell was trans-
ferred to a homemade low-temperature optical Dewar flask
containing methanol previously cooled to —55 °C, and the
spectrum of the Ka-FeP suspension was recorded. Next, 0.023
mmol of PhIO in 150 uL of dichloroethane was added to the
cell and the mixture was stirred. The cell was placed in the
optical Dewar and the suspension was left to stand again, until
the Ka-FeP was totally sunk. The UV—vis spectra were recorded.
The Ka-FeP and iodosylbenzene mixture was stirred every 20
min, until 80 min of reaction.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Materials. As indicated
before (29), purification of natural kaolin by dispersion—
decantation gave rise to a very pure kaolinite. Its basal spacing
is 7.14 A, and all the characterization data are in accord with
very pure kaolinite (see the Supporting Information).

Kaolinite was initially treated with DMSO, in order to
expand its layers and enable the later insertion of other
molecules. The DMSO-treated sample has a basal space of
11.20 A; thus, the expansion of the interlayer space pro-
duced by the incorporation of DMSO molecules is 4.06 A,
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FIGURE 1. X-ray powder diffraction patterns of Ka (a), Ka-et (b), and
Ka-FeP (c).

which agrees with literature data (30—32) and demonstrates
excellent expansion of the clay, as confirmed by all the
characterization techniques. This reaction has been exten-
sively reported in the literature (33). Recently, we have
expanded Sao Simao kaolinite with DMSO as a first step in
the functionalization of this clay with carboxylic acids
derived from pyridine (20); details on the characterization
of this solid can be found in ref 20, and some data are
included now in the Supporting Information.

The expansion of kaolinite with DMSO allowed the inser-
tion of a new guest molecule, ethanolamine, by displace-
ment of DMSO. The basal spacing of the Ka-et solid is 10.6
A (Figure 1), slightly lower than that of Ka-DMSO because
of the orientation of the molecules but clearly larger than in
the original kaolinite. It is observed that the peak at 11.2 A
completely disappears, which suggests the complete substi-
tution of DMSO by ethanolamine and the effective function-
alization of kaolinite with the latter compound. In fact, this
hypothesis has been confirmed by other techniques.

The X-ray diffractogram of the solid functionalized with
FeP is shown in Figure 1, where it is compared with the
diffractogram of the parent kaolinite and the Ka-et solid
intermediate used for its preparation. The interlayer space
was maintained in relation to Ka-et, but the X-ray diffraction
shows the amorphization of the solid, as evidenced by the
widening of the peaks compared with the solid functional-
ized with ethanolamine. This demonstrates that FeP was
incorporated into the interlayer space of the solid, which is
also confirmed by other techniques. The functionalization
of the clay with FeP was based on the property of the
pentafluorophenyl substituents in this metallo complex to
react with the nucleophile NH, groups of the previously fixed
ethanolamine, with selective substitution of the —F substit-
uents in the para position of the meso-aryl groups (34).

In comparison to the bands in the spectrum of kaolinite
(Supporting Information), the bands at high wavenumbers
in the FTIR spectrum of the Ka-et solid are shifted (Figures
2 and 3). The band corresponding to the internal hydroxyls
(3618 cm™! in kaolinite) shifts to 3627 cm™!, while the
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FIGURE 2. Infrared absorption spectra, high-wavenumber region, of
Ka (a), Ka-et (b), and Ka-FeP (c).

vibration at 3696 cm™! in Ka shifts to 3691 cm™" in Ka-et.
These shifts are characteristic of clay functionalization with
amine groups (21, 22). At the same time, other typical bands
of amino group vibrations are found at 3068, 3311, and
3355 cm™!, whereas bands typical of C—H bonds are
detected at 2940 and 2885 cm™! (21, 22). Vibrations at 3200
and 1625 cm™' are characteristic of N—H bonds, thereby
confirming the grafting reaction between the amine groups
and the surface of kaolinite (21, 22).

The band corresponding to inner AlI—OH vibrations at
912 cm™!' (see Figure 3) also shifts to 900 cm™' upon
reaction, which is further evidence of the functionalization
of kaolinite with ethanolamine. The band characteristic of
surface Al—OH vibrations in Ka at 938 cm™! shifts to 974
cm™' upon reaction, indicating that the outer hydroxyl
groups of kaolinite are also functionalized, as previously
reported by Detellier et al. (21, 22). Thus, ethanolamine
molecules functionalize both the interlamellar space and the
surface of kaolinite. Vibrations at 1006 and 1045 cm™' are
also typical of ethanolamine incorporation into the kaolinite
matrix, revealing that a strong interaction takes place (21, 22).

The band characteristic of the amine group at 3481 cm™!
is displaced to 3425 cm™! (see Figure 2), a consequence of
the interaction of the fluoro substituents on FeP with the NH,
groups present in the clay functionalized with ethanolamine.
The two sharp N—H stretching bands at 3349 and 3311 cm™!
are not observed in the solid functionalized with FeP, while
C—H stretching bands are detected at 2946 and 2889 cm™!
(21, 22). Thus, the reaction between Ka-et and FeP and the
subsequent intercalation of FeP into the interlayer region of
kaolinite are shown in Scheme 1. It is noteworthy that this
reaction must be carried out at temperatures around 150 °C,
as obtained in refluxing DMF, since it has been previously
reported that it does not occur at lower temperatures
(34, 35). DMF was bubbled with argon prior to the function-
alization reaction, to avoid its decomposition into dimethy-
lamine, which could lead to complicating side reactions
where dimethylamine could act as a nucleophile, thus
competing with the amino groups on the matrix in the
halogen substitution reaction.
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FIGURE 3. Infrared absorption spectra, low-wavenumber region, of Ka (a), Ka-et (b), and Ka-FeP (c).

Scheme 1.

HN /\/04
HN /\/0—

The porphyrin ring exhibits characteristic absorbance
properties in the UV—vis region: it has an intense absorption
near 400 nm (¢ & 10° mol™' Lcm ™), referred to as the Soret
band, which is characteristic of the macrocyclic systems, and
it is normally the band of choice for spectrophotometric
determinations(36). TheUV—visspectrumofthe FeP—ethanolamine
functionalized kaolinite displays a Soret band at 422 nm,
which is red-shifted compared to FeP in solution: 411 nm
(Figure 4). This suggests that the Fe(lll)/Fe(ll) reduction
process has taken place, because of bis-coordination of the
NH; groups on the support to FeP. Another explanation for
this shift could be the fact that FeP is located in a very
confined space, as in the case of metalloporphyrins inside
zeolites or glasses (37). Preliminary EPR analysis showed g
~ 6, typical of high-spin Fe(lll), and could not indicate
whether part of the Fe(lll) sites have actually been reduced
to Fe(Il), since the latter are EPR silent.

EPR analysis of Ka-et and Ka-FeP materials are shown in
Figure 5. The EPR spectrum of the kaolinite—ethanolamine
material (Figure 5A) revealed the presence of a component,
in small amounts, at g = 4.3 (intensity 7000), attributed to
various iron species in rhombic symmetry, which are fre-
quently present in natural clays and had been previously
observed in chemical analyses of the kaolinite clay used here
(37). The EPR spectrum of Ka-FeP (Figure 5B) displays a
more intense signal at g = 4.3 (intensity 40 000) in com-

www.acsami.org

VOL. 1 «NO. 11 ¢ 2667-2678 « 2009

Schematic Representation of the Functionalization of Ka-et with Fe(TPFPP)

FeTFPv—Q— " o
FeTva—Qf —/\

FQTFPP—Qf NH —/\0—
F 3
F 3

FeTFPP—{ )—NH_/\D__
F 3

parison with the spectrum of the Ka-et solid. A broad signal
in the region of g = 2 is also observed, which can be
attributed to Fe—Fe couplings (38). Thus, on the basis of the
EPR experiments, we can conclude that FeP is located in a
very confined space in the clay.

+ 4HF

SEM micrographs of the Ka-et and Ka-FeP solids are very
different (Figure 6). The shapes of the particles change
considerably; they agglomerate in the presence of FeP,
giving rise to large and spongy particles. This may be related
to the creation of hydrophilic regions in the environment of
each particle, which promotes the aggregation of new ones.

Figures 7 and 8 show the thermal curves of the Ka-et and
Ka-FeP samples, respectively. First, it should be indicated
that original Kkaolinite (see the Supporting Information)
undergoes loss of adsorbed water as a weak endothermal
effect at 65 °C, as well as loss of structural water, derived
from the decomposition of hydroxyl groups with formation
of the phase known as metakaolinite, as an endothermal
effect at 520 °C (21, 22, 30, 39). In the high-temperature
region, the structural reorganization of the material, with
nucleation of mullite, is observed as an exothermal process
close to 1000 °C (21, 22).

The thermal curves of the Ka-DMSO sample (not shown)
showed the typical behavior of this complex (20). The
observed mass loss allowed calculation of the amount of
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FIGURE 4. UV—vis spectra of Fe(TPFPP) in solution (A) and in solid
Ka-FeP (B).

DMSO fixed by the solid, leading to a stoichiometry of Ka-
(DMSO)g 448.

The TG curve of Ka-et (Figure 7) displays two intense
mass loss steps, centered at 220 and 550 °C. The detailed
analysis of the curve by means of its derivative shows a first
mass loss step actually composed of two processes. The
second mass loss step, composed of three processes cen-
teredat 211,303, and 390 °C, is assigned to the elimination
of ethanolamine molecules intercalated into the mineral clay
layers. The first process, which is much more intense, may
be due to the removal of the more easily accessible etha-
nolamine molecules, while the other two are due to less
accessible molecules and/or ethanolamine very strongly
bound to the inorganic matrix. In fact, there is not true
separation between these last processes. The dehydroxyla-
tion of Kaolinite is centered at 476 °C; the intercalation
makes the dehydroxylation take place 44 °C below this
same process in the case of pure kaolinite. All the processes
are slightly endothermal. The total mass loss from room
temperature to 1000 °C is 29 % of the initial weight of the
sample, while the mass loss between 165 and 410 °C, the
interval in which the loss of ethanolamine can be situated,
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FIGURE 5. EPR spectra of Ka-et (A) and Ka-FeP (B) solids. Conditions:
temperature, 4 K; microwave power, 20 mW; modulation amplitude,
4.0 GHz; gain, 500.

is 13.8 % . This value allows us to calculate the stoichiometry
of the formed complex, which is Ka-(et) ea.

Thermal analysis of the solid Ka-FeP is shown in Figure
8. Small amounts of adsorbed water and perhaps solvent
are removed below 200 °C. The loss of organic matter,
namely ethanolamine and porphyrin, is observed as an
endothermal effect centered at 370 °C, followed by kaolinite
dehydroxylation. The DTG curve reveals an interesting en-
dothermal effect centered at 639 °C, which can be tenta-
tively assigned to the elimination of residual carbon trapped
in the kaolinite matrix or to changes in the oxidation state
of the Fe ion. The oxide of this element that is stable at high
temperature is the spinel; in addition, spinels involving Al
from kaolinite may also be formed. The thermal stability of
the kaolinite-FeP adduct up to a temperature as high as 370
°C is highly remarkable. The profile of the curve and also
the mass loss are similar to those of the Ka-et solid, as may
be expected because of the low amount (2.6 %) of FeP
incorporated into the solid. In this respect, transforming
these mass values to moles, the following formula is calcu-
lated for the kaolinite—ethanolamine—iron porphyrin com-
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FIGURE 6. SEM images at a magnification of 1500x of Ka-et (left) and Ka-FeP (right) solids.
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FIGURE 7. Thermal curves of the Ka-et sample, obtained under an
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FIGURE 8. Thermal curves of the Ka-FeP sample, obtained under
an N, atmosphere.

pound: Ka(et)o s4(FEP)o 0067. Thus, the ratio iron porphyrin/
ethanolamine is found to be 0.0105, ca. 24 times lower than
the maximum ratio allowed by the stoichiometric reaction
between these compounds, which is 0.25. The latter ratio is
calculated by taking into account that in each of the phenyl
rings of the porphyrin only the F in a position para with the
core of the molecule can react with the amine groups and
that there are four of these rings in each molecule, as can
be seen in Scheme 2. Probably, steric constraints do not
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allow all four groups of a molecule to bind to the kaolinite
layers, and in fact, in Scheme 2 only one of the groups is
bound. Incorporation of higher amounts into the clay inter-
layer region may be restricted by steric constraints, but this
is not at all a negative factor for its catalytic activity. The
incorporation of a limited amount of porphyrin, and mainly
the fact that these molecules are isolated from the others,
may favor the catalytic activity. This is because the active
phase is “diluted” into the solid matrix, making the active
site of the catalyst more accessible.

The surface area and porosity of the materials, deter-
mined from nitrogen adsorption, are summarized in Table
1. Data from purified kaolinite are also included for com-
parison. In all cases, low values of surface area are found,
indicating that the organic species almost completely fill the
interlayer space of kaolinite. This effect is mainly observed
in the solids treated with DMSO, ethanolamine, and FeP. The
number of Brensted acid sites, determined by retention of
cyclohexylamine (40), considerably increased on going from
the natural kaolinite (0.21 mmol/g) to the Ka-FeP solid (1.00
mmol/g), which can also be an important factor influencing
the catalytic activity of the solids.

With all the data obtained by characterization of the
solids, the successive processes involved in the functional-
ization of the clay may be summarized as indicated in
Scheme 2.

3.2. Catalytic Performance. In order to test the
catalytic performance of FeP immobilized on kaolinite, the
substrate (Z)-cyclooctene was submitted to the oxidation
reaction using iodosylbenzenene (PhlO) as oxygen donor,
in the presence of the Ka-FeP solid, at room temperature
and pressure. (2)-Cyclooctene is often used as a diagnostic
substrate whenever a new catalytic system is synthesized
for various reasons. First, its main oxidation product, cy-
clooctenoxide, enables easy evaluation of catalyst efficiency
because of its stability (41). In addition to that, epoxides are
very useful intermediates in the chemical industry, since
they are the starting point for the preparation of various
products.

Furthermore, PhIO was chosen as the oxygen source
because it gives good oxidant conversion, it is relatively inert
in the absence of FeP, and its reaction with these catalysts
generates the ferryl radical FeV(O)P'* and Phl. Moreover,
this oxidant is a polymeric solid that does not contain weak
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Scheme 2.

o e ® e o
C N H O S F Fe

Kaolinite— 7.14 A Ka-DMSO — 11.2 A

Table 1. Textural Properties of the Samples

sample BET surface area (m?/g) pore volume (cm?®/g)
Ka 19+ 1 0.103 £ 0.001
Ka-DMSO 4+ 1 0.085 £ 0.001
Ka-et 16 £1 0.090 £ 0.001
Ka-FeP 10£1 0.068 £ 0.001

Table 2. Characteristics of FeP Immobilized in
Various Supports and Yield using the Solids
Obtained as Catalysts and Iodosylbenzene as
Oxidant

yield C-ox* (%)°

catalytic ~ UV—vis Soret FeP loading 1h 24 h
solid band (nm) (%)

Ka-et 0 0
Ka-FeP 422 £ 1 2.6 +0.1 100 £ 10 100 £ 10
[Fe(TPFPP)]* 412 £ 1 85+ 8 85+ 8
FeP/Si 410+ 1 2.5+0.1 30+ 3 50+ 5
FeP/AlSi 410+ 1 2.8+ 0.1 10+ 1 65+ 6
FeP/Ka-et 0 0
FeP/Ka 0 0

“C-ox = cyclooctenoxide. ?The yield was based on

iodosylbenzene. © FeP was used as homogeneous catalyst in solution.

O—H bonds, thus eliminating the occurrence of free radical
chain reactions normally initiated by oxidants such as alkyl
hydroperoxides, R—O—O—H (42).

The overall accountability for the oxidant was achieved
by measuring the iodobenzene (Phl) yield in all the reactions.
As Phl yields are almost 100 % in all cases, the competitive
reaction between PhlO and the active catalytic species ferryl
radical, Fe™(O)P'*, probably does not occur in our system
2).

Catalytic results are shown in Table 2. When the Ka-FeP
catalyst is employed, 100 % epoxide yield is achieved after
1 hof reaction, and no decrease in product yield is detected
after 24 h of reaction, suggesting the high stability of the
catalytic solid. This activity is superior to that observed using
the parent FeP in solution (100 % yield; cf. 85% in homo-
geneous catalysis), giving evidence that immobilization of
FeP on the clay improves the catalytic activity of the metallo
complex. The differences in the catalytic performance of
homogeneous and heterogeneous catalysts may be partly
due to differences in the stability of the active catalytic
species because of the site-isolation principle (5).

Control reactions, or blank tests, were carried out with
the Ka-et matrix containing no FeP and with a solution blank
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Schematic Representation of the Synthesis Procedure and the Structure of the Various Solids

Ka-et— 10.6 A

Ka-FeP - 10.7 A

without any solid; these reactions did not lead to any product
yield. Blank tests were also carried out in the absence of
oxidant, and they did not give any detectable conversion,
either. This fact confirms that the observed catalytic activity
is really due to the FeP complex.

For comparison purposes, reactions were also carried out
with FeP immobilized or adsorbed onto the following sup-
ports: (a) silica with spherical particles and (b) synthetic
aluminosilicate. The reactions were performed in the pres-
ence of solid catalysts containing FeP loadings very similar
to that found in the Ka-FeP catalyst. As expected for this
second-generation FeP, all the catalysts catalyzed the ep-
oxidation of (Z)-cyclooctene by iodosylbenzene, but the
epoxide yields were inferior to that observed with Ka-FeP.
In contrast to the Ka-et matrix, a fraction of the active sites
may be inaccessible to the reactants in the case of the
supports Si and AlSi. Alternatively, these supports may
create internal diffusion of the reactants, causing extra
difficulties.

Despite the low product yield obtained for FeP im-
mobilized on the supports Si and AlSi as compared to
kaolinite, the UV—vis spectra of the supernatant solutions
obtained after the oxidation reactions using the three solid
heterogeneous catalysts revealed that there was no catalyst
leaching from the supports in any of the conditions consid-
ered here, since the typical FeP Soret band at 412 nm was
not detected in such solutions. This fact suggests that im-
mobilization of this FeP on kaolinite, the best catalyst, or
even on the other two supports, has the advantage of
enabling catalyst reuse.

The FeP solution was also magnetically stirred with either
the Ka or the Ka-et solid for incorporation of FeP into these
solids, in order to investigate whether the immobilization
procedure influenced the catalytic activity. The solids result-
ing from the incorporation process, FeP/Ka and FeP/Ka-et,
respectively, presented total FeP leaching, 100 % , during the
washing step. It is therefore not surprising that the reactions
with these catalysts did not give any epoxide yield. This
confirms the importance of the functionalization procedure
adopted for the synthesis of the Ka-FeP catalyst.

Table 2 shows that, after only 1 h of reaction, the Ka-FeP
catalyst already leads to higher epoxide yield than the other
catalysts, which implies a higher initial epoxidation rate in
this case. As for the FeP/Si and FeP/AlSi catalysts, maximum
epoxide yields were achieved after only 24 h of reaction, but
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the yields were clearly lower than that obtained with the Ka-
FeP catalyst.

This observation suggests that the higher reaction rate
and product yields obtained in the case of Ka-FeP compared
to the two other supports are due to the structure of the
particles constituting these systems. Also, in the Ka-FeP
catalyst the particles are positioned in such a way that
substrate access and product diffusion are very much facili-
tated when kaolinite is employed as matrix, and the catalytic
activity of the clay system is thus remarkably higher, as will
be discussed in the reuse experiments.

To prove that catalysis is genuinely heterogeneous and
to confirm the participation of FeP in the reactions, the
catalyst Ka-FeP was filtered off from the reaction mixture,
extra oxidant was added to the resulting supernatant, and
the oxidation reaction was allowed to proceed under the
same initial conditions for another 72 h. After this period,
no (2)-cyclooctene oxide yields were observed, indicating
that the catalytic activity of the FeP-catalyst materials is truly
heterogeneous and FeP plays an essential role in the catalysis.

The high efficiency and stability of the Ka-FeP system can
be confirmed via catalyst reuse. For this purpose, the solid
catalysts were separated from the reaction mixture after
each experiment by simple filtration and dried before being
used in a subsequent run. In the case of Ka-FeP, the catalyst
was reused in five consecutive runs without any decrease
in activity. The epoxide yield was maintained at 100 %
throughout the five reuse reactions, while for FeP/Si and FeP/
AlSi only one recycling cycle was possible, and this reuse
led to significantly decreased epoxide yields: for FeP/Si, 20 %
epoxide yield after the first reuse, 2% epoxide yield after
the second, and 0 % epoxide yield after the third reuse, while
in the case of FeP/AlSi, 21 % epoxide yield was found after
the first reuse, 4% epoxide after the second, and 0%
epoxide yield for subsequent reuse. These results were very
similar to those previously observed by us in the case of the
FeP/Al system.

Some authors have observed deactivation of the catalysts
in the epoxidation reaction and have attributed their results
to catalyst leaching or metalloporphyrin dimerization. In
fact, it is very often reported in the literature that formation
of the active catalytic species Fe!V(O)P-" is difficult when
dimeric species are produced (2, 5, 34). In our case, both
hypotheses were discarded once no leaching was observed
by UV—vis of the supernatant, and the UV—vis spectra of
both solids FeP/Si and FeP/AlSi after the first reuse cycle
were the same as the respective starting spectrum, before
the first reaction. Indeed, it has been reported that im-
mobilization of second- and third-generation metallopor-
phyrins on inorganic supports can improve the stability of
these catalysts against oxidative self-degradation and dimer-
ization, thus leading to better catalytic results (34).

Sacco et al. (43) have observed that in some solvents
there is a competition between PhIO and cyclooctene for the
active oxidant, resulting in the formation of iodoxybenzene
(PhlO,) and a consequent decrease in the epoxide yields. In
our case, no formation of PhlO, was detected by iodometric
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assay; therefore, as observed by McDonald et al. (12), PhIO,
does not act as deactivator of the catalyst.

McDonald et al. (12) used a heterogeneous silica—
manganese—porphyrin as a catalyst for (2)-cyclooctene
oxidation by iodosylbenzene and observed that the cata-
lyst became gradually less active over four reuse cycles;
after the fifth cycle, the catalyst was completely inactive.
These authors attributed the catalyst deactivation to side-
product accumulation on the silica surface, which hinders
the access of the reactants to the active site in the
metalloporphyrin. Alternatively, access to the active site
could be blocked due to pulverization of the silica support.
In the present work, after the first reuse reaction the
materials FeP/Si and FeP/AlSi were transformed into a
finer powder compared to the initial material. In fact,
porous solids commonly employed in catalysis are found
in the form of powders because the mechanical stress of
grinding makes them more compact. Apparently, the
stirring procedure used during the oxidation reaction
fragments the support, resulting in the formation of fine
particles in the reaction medium. These particles may
block the access to the active sites, thereby leading to
lower catalytic yields in the second cycle. It is important
to remark that this effect was not observed in the case of
the Ka-FeP solid.

Indeed, as observed by Sacco et al. (43), one limitation
of the metalloporhyrin heterogeneous reuse procedure is the
physical stability of the support to prolonged stirring. Reac-
tion in the presence of the Ka-FeP catalyst was also pro-
longed up to 72 h, and the quantitative yield of the epoxide,
100 %, was maintained within this period. This fact indicates
that no competitive reactions took place during this long
period and that the catalyst remained active, thus confirming
the stability of the immobilized FeP in the clay support. In
our case, it is reasonable to propose that the supports
prepared by sol—gel methodologies are less stable compared
to the clay catalyst.

The ferryl radical, FeV(O)P™, is described in the literature
as the active species responsible for the oxidation carried
out by biological enzymes such as cytochrome P-450 (42).
Several studies involving oxidation reactions by PhIO in the
presence of synthetic iron porphyrins have provided a
consensus mechanism where PhlO transfers an oxygen
atom with two oxidizing equivalents, to form a high-valent
oxo—iron complex, FeV(O)P*, capable of epoxidizing olefins.

Reaction efficiency depends on the facility for generating
this active species and transferring the oxygen atom to the
substrate. The results presented in Table 2 suggest that
kaolinite contributes to the stabilization of the active species
and, as previously observed by Kameyama et al. for
cobalt—porphyrin—montmorillonite systems (8), the clay is
also responsible for accelerating the epoxidation.

Experiments performed at low temperature to investigate
the reaction between Ka-FeP and iodosylbenzene (Figure 9)
gave evidence for the formation of the active species
FeV(O)P*. Indeed, a lower intensity of the Soret band
characteristic of the metal—oxo species was detected in this
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FIGURE 9. UV—vis spectra of the reaction between Ka-FeP and
iodosylbenzene after 1 h at low temperature.

reaction. This phenomenon is due to the replacement of the
red color of the FeP by the green color typical of the high-
valent oxo—iron complex Fe'V(O)P*. lamamoto et al. (28)
have already reported on the formation of this active inter-
mediate species in the case of iron porphyrin immobilized
on functionalized silica. In the present case, it was possible
to visualize the Soret band only, because of the low concen-
tration of FeP in the Ka-FeP system.

In order to confirm whether the high-valent oxo—iron
complex Fe!V(O)P* is the only active species responsible for
the oxidation reaction when Ka-FeP is used as catalyst, (2)-
cyclooctene oxidation reactions were performed in the
presence of tert-butyl alcohol, a well-known radical scaven-
ger. There were no changes in the epoxide yields in the
presence of this compound, thus allowing us to dismiss the
radical mechanism.

There is a generalized consensus on the promotion of a
number of oxidative biotransformations, including the hy-
droxylation of inactive hydrocarbons, by the high-valent
oxo—iron complex Fe'V(O)P* produced from biological cy-
tochrome P-450 via the rebound mechanism. To confirm the
versatility of the intermediates formed in our present sys-
tem, its efficiency for the oxidation of an inert substrate,
namely cyclohexane, was tested. This substrate also enables
evaluation of catalyst selectivity because it can generate
cyclohexanol and/or cyclohexanone as oxidation products.
Another reason for studying cyclohexane oxidation is its
great industrial importance; the mixture cyclohexanol/cy-
clohexanone, the so-called KA-oil, is employed in the syn-
thesis of textile fibers, such as nylon-6 and nylon-6,6 (44).

The use of Ka-FeP as catalyst for cyclohexane oxidation
by iodosylbenzene led to a yield of 30 %, the product being
formed by a mixture of cyclohexanol (14 %) and cyclohex-
anone (16 %). Thus, the catalyst is slightly more selective for
the ketone (ketone/alcohol = 1.15). Usually, cyclohexanone
may be formed via a radicalar mechanism (45), but as
mentioned before, the experiments carried out in the pres-
ence of a radical scavenger allow us to dismiss the existence
of such a mechanism. Thus, it is reasonable to think that the
ketone is produced by reoxidation of the alcohol initially
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Table 3. Conversion of Cyclohexanone in
e-Caprolactone in the Baeyer—Villiger Reaction from
Ka-FeP Catalyst and Hydrogen Peroxide as Oxidant

e-caprolactone (conversion %)“
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time(h) run 1 run 2 run 3 run 4
2 11£1 10£1
18+2 16 £2
24 85+ 8 85+ 8 85+ 8 33+ 3

“The conversion is based on cyclohexanone.

produced in the catalytic reaction (46). In our case, the
structure of the clay catalyst may create a suitable environ-
ment for the produced alcohol, which can then become an
alternative substrate in the neighborhood of the catalytic
active site. As in the case of (2)-cyclooctene epoxidation, FeP
leaching from the support does not occur, and the blank tests
did not reveal any catalytic activity.

The ability of FeP to react with nucleophile NH groups
has been studied before by Battioni et al. (47) and Ciuffi et
al. (35). These authors have described various approaches
to metalloporphyrin immobilization using the sol—gel meth-
odology, all consisting of coordinative binding to ligands
attached to a silica support. Battioni et al. (47) reported that
a FeP-supported silica system catalyzed the epoxidation of
cyclooctene by PhIO with high epoxide yields (>90 %), by
employing materials with high surface area (about 700 m?/
@) and catalyst loading of 150 mg/g support (15%). The
catalytic yields are similar to those achieved with the Ka-
FeP catalyst prepared by us, but it may be considered that
the catalyst prepared by Battioni et al. (47) has a porphyrin
content 5-fold higher than the content in our catalysts Ka-
FeP. It is also interesting to note that our catalyst presents a
lower surface area (10 m2/g) compared to the catalysts
prepared by other authors.

The surface area and catalyst loading of FeP on the
support seems to influence cyclohexane hydroxylation, once
this substrate is less reactive. Indeed, Battioni’s catalysts are
more efficient, 40 % of cyclohexanol + cyclohexanone: cf.
30% in the case of Ka-FeP. Our epoxidation results are very
similar to those reported by Ciuffi et al. (35) (90 % ; cf. 85%
yields of cyclooctene), in spite of the fact that Ka-FeP
presents a lower surface area (10 m?/g; cf. 140 m?/g).

As seen from the comparisons, the surface area was not
decisive for catalyst performance. These comparisons once
again emphasize the influence of the clay matrix in the
catalytic system. Unfortunately, no reuse of the catalysts was
mentioned in the reports of Battioni et al. (47) or Ciuffi et al.
(35). Thus, we can say that our catalyst is economically more
viable, because it employs a lower FeP amount and allows
catalyst reuse for five consecutive cycles, not to mention the
fact that it uses a cheaper matrix, the kaolinite clay.

Because the Ka-FeP system is potentially biomimetic for
cytochrome P-450, it seems attractive to test the efficiency
of our catalyst in the cyclohexanone Baeyer—Villiger oxida-
tion reaction with H,O, as oxidant, to produce &-caprolac-
tone (Scheme 1). Table 3 shows that Ka-FeP efficiently

Bizaia et al. www.acsami.org



catalyzes the oxidation of cyclohexanone, selectively pro-
ducing the lactone (85 % conversion).

Various blank reactions were carried out, in order to gain
information on the behavior of this system. It was observed
that some parameters are essential for ketone conversion.

(i) Benzonitrile must be present. As previously observed
by Ruiz (48), nitrile acts as an oxygen transfer agent and, in
our case, the reaction does not take place when this com-
pound is absent.

(i) The temperature is a decisive factor. The catalytic tests
were carried out at room temperature and at 60 and 80 °C,
and the best conversion results were achieved at 80 °C
(85%; cf. 40 % conversion of cyclohexanone in e-caprolac-
tone).

(iii) In the absence of FeP and using the solid Ka-et (blank
test) as catalyst, there is no formation of e-caprolactone, once
again demonstrating that FeP plays a fundamental role in
oxygen transfer.

To ensure that FeP really acts in the process of oxygen
transfer, this catalyst was reacted with excess imidazole
prior to the BV reaction. It is well established that the
pentafluorophenyl-substituted FeP tends to bis-coordinate
to nitrogen bases, which can result in the formation of low-
spin Fe(ll) or in the reduction of Fe(lll) to Fe(ll). It has been
previously observed that Me(Il)P reduction to Me(I)P can
occur during the preparation of catalysts through the sol—gel
process in the presence of a nitrogen base catalyst, thereby
leading to materials with low catalytic activity (35). In our
case, as expected, the conversion observed in the BV reac-
tion is drastically reduced in the presence of excess imida-
zole, confirming the participation of FeP in the oxygen
transfer. The results were largely dependent on the reaction
time; the highest conversion, 85% of e-caprolactone, was
achieved after 24 h. This can be explained by the localization
of FeP in the clay interlayer region which, despite being
disordered, may render the access of the substrate to the
catalyst and the further diffusion of the products difficult. It
can again be remarked that all the reactions involved herein
proceed by a typical heterogeneous catalysis mechanism,
since FeP did not leach from the support during the entire
process.

Zhou et al. (49) pioneered the use of iron porphyrins as
catalyst in the Baeyer—Villiger reaction. They described the
efficient selective BV reaction of ketones to lactones cata-
lyzed by [meso-tetraphenylporphinato]iron(lll), Fe(TPP), us-
ing dioxygen as oxidant, in a homogeneous system. High
lactone conversion (96 %) was obtained by these authors.
Although our results are lower than that reported by these
authors (85 %), it is possible to reuse our catalyst, which once
more demonstrates its economic viability.

The catalyst reuse was available in the oxidation reaction
(Table 3) using hydrogen peroxide as oxidant. The catalysts
were separated from the reaction mixture after each experi-
ment by simple filtration and dried before being used in the
subsequent run. Good conversions, 85 %, were obtained for
the first three reuses. However, after the third reuse, it was
very difficult to dry the used catalyst because it was con-
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verted into a gel-type solid. Once dried, the catalyst was used
for a new catalytic cycle, but the conversion strongly de-
creased to 33 % . It is remarkable that, even after this fourth
use, no leaching was observed. New studies must be carried
out to explain the transformation of the catalyst into a gel-
like solid after three catalytic cycles.

SUMMARY AND CONCLUSIONS
Natural kaolinite is an excellent candidate for organo-

functionalization, and it has been effectively functionalized
with synthetic second-generation iron porphyrin. The im-
mobilization process is very simple and allows for the
preparation of an efficient catalyst for various oxidation
reactions. This catalyst is more active than comparable
homogeneous counterparts. It seems that both reactants can
easily access the active sites, and product diffusion is easier
compared with similar silica and aluminosilicate systems.
The layer structure of the support resulted in good mainte-
nance of its properties. Even under various catalytic cycles,
problems related to the diffusion of the reactants to the
active sites or of the products out of the catalyst were not
observed, in contrast with what is observed for other sup-
ports, such as silicas and aluminas.

Iodosylbenzene was successfully employed in (2)-cy-
clooctene epoxidation. The catalyst was reused up to five
times without any decrease in yield. Hydrogen peroxide,
a clean oxidant, was also successfully used in the conver-
sion of cyclohexanone into e-caprolactone, the so-called
Baeyer—Villiger reaction. Conversion of 85% showed the
catalytic ability of the system. To the best of our knowl-
edge, this is the first work describing the Baeyer—Villiger
reaction catalyzed by a heterogeneous iron porphyrin and
reporting the reuse of the catalyst. Thus, the preparation
of kaolinite-based compounds enables the large-scale use
of iron porphyrins, usually expensive catalysts, enabling
its reuse. In conclusion, a relatively inexpensive, largely
selective, reusable oxidation catalyst has been prepared.
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