
Contents lists available at ScienceDirect

Molecular Catalysis

journal homepage: www.elsevier.com/locate/mcat

Aminoiron(III)–porphyrin–alumina catalyst obtained by non-hydrolytic
sol-gel process for heterogeneous oxidation of hydrocarbons
Michelle Saltarellia, Emerson H. de Fariaa, Katia J. Ciuffia,⁎, Eduardo J. Nassara,⁎,
Raquel Trujillanob, Vicente Rivesb, Miguel A. Vicenteb

aUniversidade de Franca, Av. Dr. Armando Salles Oliveira 201 – Pq. Universitário, 14404-600 Franca, SP, Brazil
bGIR-QUESCAT, Departamento de Química Inorgánica, Facultad de Ciencias Químicas, Universidad de Salamanca, 37008 Salamanca, Spain

A R T I C L E I N F O

Keywords:
Alumina
Immobilization
Aminoiron(III) porphyrin
Sol-gel process
Heterogeneous oxidation catalysis

A B S T R A C T

An aminoiron(III) porphyrin immobilized on an alumina matrix was prepared and used as catalyst for the
oxidation of organic substrates. Powder alumina had been prepared by a non-hydrolytic sol-gel method through
condensation of aluminum chloride with anhydrous ethanol. Then, iron(III) [5,10,15,20-tetrakis(2,6-dichloro-3-
aminophenyl)-porphyrin] was immobilized on the alumina powder under magnetic stirring, reflux, and inert
atmosphere. Ultraviolet–visible and infrared spectroscopies, powder X-ray diffraction, scanning electron mi-
croscopy and thermal analysis were applied for characterizing the resulting material, confirming that the ir-
onporphyrin was immobilized on the alumina support. The catalytic activity of ironporphyrin/alumina was
evaluated in the oxidation of (Z)-cyclooctene and cyclohexane and in the Baeyer-Villiger oxidation of cyclo-
hexanone using iodosylbenzene or hydrogen peroxide as oxygen donors. The novel immobilized catalyst proved
to be a promising system for the efficient and selective oxidation of the organic substrates with 85–92% se-
lectivity to the epoxide in the oxidation of alkenes and 25–41% to the ketone in the oxidation of cyclohexane. As
for the Baeyer-Villiger oxidation of cyclohexanone, good conversion to ԑ-caprolactone was observed as well. The
material is a reusable heterogeneous catalyst, which makes it more economically feasible than its homogeneous
counterpart.

1. Introduction

The development of environmentally friendly and economically
viable processes to obtain fine chemicals is certainly one of the greatest
challenges that humankind has to face to ensure sustainable growth on
our planet [1]. Catalysis is a science that substantially contributes to
meeting this challenge: it promotes sustainability, preserves the en-
vironment, saves energy, and improves health conditions and quality of
life [2].

Inspired by effective biological oxidation systems, several authors
have attempted in recent years to develop efficient, selective, acces-
sible, low-cost, and reusable biomimetic catalysts to oxidize organic
molecules under mild conditions [2–5]. The family of cytochrome P-
450 monooxygenases has attracted much interest for over 50 years, as
these enzymes can use molecular oxygen (O2) to oxidize organic sub-
strates generating water as a byproduct: they insert an oxygen atom
into the substrate while the other oxygen atom is used to generate
water. In addition, these monooxygenases are key to the oxidative
metabolism of drugs and xenobiotics in living organisms [6]. However,

comparison between cytochrome P-450 models like metalloporphyrins
(MePs) and the enzyme itself reveals significant differences. First, the
enzyme bears a protein matrix that isolates ironprotoporphyrin IX, the
active site that catalyzes the oxidation reactions, controls the reactivity
of the oxidant, and prevents the enzyme from being inactivated. This
protein matrix also provides a hydrophobic environment favoring the
bonding between the substrate and the active site and controlling the
accessibility of the substrate to the active species, thereby increasing
the selectivity of the oxidation [7].

The use of MePs in homogeneous medium in an industrial setting
possess difficulties, namely, its recovery, reuse, and high cost of the
catalyst as well as the dimerization and oxidative self-destruction of
MePs [8]. These issues have been mitigated by strategies such as the
synthesis of heterogeneous organic-inorganic catalysts and the im-
mobilization of MePs on different materials like silica [9], clays [10],
alumina [11] and MOFs [12], among other supports. Encapsulated
catalysts are advantageous because they promote the control of the
reaction medium and conditions, prevent the chemical degradation of
the catalyst, enable cost-effective catalyst recycling, and enhance the
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stability of the catalyst. Selective catalytic materials may result from
the controlled formation of either a pore structure or a solid three-di-
mensional network [12,13].

Sol-gel processes have opened promising possibilities to prepare
hybrid organic–inorganic advanced materials containing MePs en-
trapped into matrixes to catalyze oxidation reactions. The sol-gel pro-
cess offers the best experimental conditions to obtain silica [3,12] as a
solid matrix for MePs. Amorphous aluminosilicates [8] and aluminum
oxide (alumina) [11] can also be used to immobilize MePs.

The hydrolytic sol-gel (HSG) route consists of two steps: (1) hy-
droxylation of the inorganic or organic-metal precursor, and (2) con-
densation of the hydroxyl groups in the presence of an acid or basic
catalyst. However, the HSG route requires water as solvent, a medium
where controlling the microstructure of the oxide is difficult [14,15].
Therefore, much work has been recently focused on the non-hydrolytic
sol-gel (NHSG) [16–19] route.

Most of the reactions reported in the literature to obtain materials
by the NHSG route for application in catalysis are based on the con-
densation of a metal or semi-metal alkoxide with a metal or semi-metal
halide, to yield an oxide under non-aqueous conditions. The NHSG
route has many advantages, as the alkoxide originates in situ by reaction
of the metal halide with ethers or alcohols, which reduces the reaction
costs and facilitates the synthetic process [19].

We have previously reported on the synthesis of MePs encapsulated
in amorphous networks of alumina and derivatives by the NHSG route
[11,20,21]. This route has also been used to prepare efficient catalysts
based on metal complexes and Jacobsen catalysts. Table 1 lists selected
catalytic materials that have been synthesized by NHSG routes. The
non-hydrolytic route was fundamental for the feasible functionalization
of these complexes, allowing the construction of more active catalysts,
avoiding their destruction under the conditions of the reaction, and
preventing dimerization or leaching of the catalyst.

In an attempt to develop a heterogeneous catalyst, inspired by
biological systems, to increase efficiency, selectivity and catalytic reuse,
in the present paper amorphous alumina has been prepared by the
NHSG process. Alumina is a porous solid and finds applications mainly
as adsorbent, catalyst and catalyst support. Based on the experience in
our research group with the non-hydrolytic sol-gel method
[11,20,21,25], it is believed that, even with so many advantages, it can
still be improved mainly as a promising route using environmentally
friendlier solvent (ethanol) and oxidant (H2O2). Sol-gel processing of
alumina has created novel applications and has improved some of its
properties [11]; thereby, the ethanol route was used. The resulting
alumina was used to immobilize a MeP, namely a FeP, of catalytic in-
terest. The immobilized MeP/alumina catalyst was applied in green
oxidation reactions, namely the epoxidation of (Z)-cyclooctene, the
ketonization of cyclohexane, and the Baeyer-Villiger (BV) oxidation of
cyclohexanone.

2. Experimental

Analytical grade chemicals were purchased from Aldrich, Sigma, or
Merck, and were used without any further treatment.

Iodosylbenzene (PhIO) was synthesized by hydrolysis of iodo-
sylbenzene diacetate according to the method described by Sharefkin
and Saltzman [27]. The purity of PhIO (98%) was determined by ti-
tration with sodium thiosulfate in the presence of starch as indicator.

The anhydrous solution of hydrogen peroxide (H2O2, 24 wt.%) in
ethyl acetate was prepared by azeotropic distillation as described pre-
viously by Stefen et al. [28]. An aqueous solution of H2O2 was used as
the starting material to prepare the anhydrous solution of H2O2. The
azeotropic distillation was carried out in a system where the oxygen
generated by decomposition of H2O2 was released to the atmosphere.
The aqueous solution of H2O2 was kindly supplied by Peróxidos do
Brasil S.A. and was standardized by permanganometric titration.

The purity of the substrates (Z)-cyclooctene, cyclohexane, and cy-
clohexanone was determined by gas chromatography. (Z)-cyclooctene
was purified by column chromatography on basic alumina immediately
prior to use.

To obtain iron(III) [5,10,15,20-tetrakis(2,6-dichloro-3-amino-
phenyl)-porphyrin], [FeP], 5,10,15,20-tetrakis(2,6-dichloro-3-ni-
trophenyl)porphyrin (H2TDC(NO2)P) was first synthesized as pre-
viously described by Oliveira et al. [29] following the method described
by Lindsey [30]. Briefly, 7.5 g (0.35 mmol) of 2,6-dichloro-3-ni-
trobenzaldehyde, 2.4 mL (35.0 mmol) of pyrrole, and 0.5 mL of
BF3·Et2O (1.4 mmol) were reacted, and the resulting porphyrinogen was
oxidized by addition of 5.7 g of tetrachloro-1,4-benzoquinone (p-
chloranil) (33.0 mmol) in 400 mL of toluene. The crude product was
first purified by column chromatography on alumina, using di-
chloromethane (DCM) as eluent. Then, the resulting porphyrin was
purified again by column chromatography on silica gel, using DCM as
eluent. After re-crystallization from a DCM/cyclohexane mixture, the
desired product was obtained in 26% yield (UV–vis (DCM), λmax = 418
(Soret band), 512, 588 nm).

To obtain 5,10,15,20-tetrakis(2,6-dichloro-3-aminophenyl)por-
phyrin (H2TDC(NH2)P), the nitro groups of H2TDC(NO2)P were re-
duced. To this end, 1.1 g (1.1 mmol) of H2TDC(NO2)P was dissolved in
70.0 mL of HCl containing 4.1 g (18.2 mmol) of SnCl2.H2O. The solution
was stirred at 70 °C for 1 h. After cooling in an ice bath, the solution was
neutralized with ammonia and stirred at 20 °C for 12 h. The solvent was
removed under vacuum, and the solid residue was extracted with
acetone, to afford H2TDC(NH2)P in 95% yield (UV–Vis (DCM),
(λmax = 416 (Soret band), 512, 589 nm).

Metal insertion into H2TDC(NH2)P was performed as described by
Adler and Longo [31]. H2TDC(NH2)P was refluxed with iron(II)
chloride in dimethylformamide (DMF), which was then removed under
vacuum. FeP was washed with water to remove iron salts in excess. This
procedure afforded MeP in 80% yield (UV–Vis (acetone), λmax = 369,
419 (Soret band), 508, 655 nm).

The immobilized catalyst was prepared by the NHSG alcohol route
adapting the previous methods [11,32,33]. An amount of 7.5 g of an-
hydrous aluminum chloride (AlCl3) was dissolved in 30.0 mL of anhy-
drous ethanol (EtOH – oxygen donor and solvent) in a three-neck flask,
and kept under magnetic stirring for 10 min. A solution prepared with
52.012 mg (0.0469 mmol) of FeP and 30.0 mL of EtOH was then added
to the flask. The reaction solution was refluxed in argon at 110 ± 10 °C

Table 1
Catalysts and photocatalysts prepared by the non-hydrolytic sol-gel (NHSG) route.

Material Route/precursors Reaction Reference

Fe–Al Ether route: AlCl3, FeCl3, iPr2O Mild oxidation with hydrogen peroxide [21]
Co–Al Ether route: AlCl3, CoCl2, iPr2O Epoxidation of olefin with iodosylbenzene [22]
Co–Si–Al Ether route: SiCl4, AlCl3, CoCl2, iPr2O Mild oxidation with iodosylbenzene [20]
Ti–Si Ether route: SiCl4, TiCl4, iPr2O Mild oxidation with hydrogen peroxide [23]
TiO2 Benzyl alcohol route: TiCl4 in benzyl alcohol Photo-oxidation [24]
Jacobsen catalyst entrapped into Al2O3 Ether route: AlCl3, iPr2O, Mn- or Fe-salen complexes Selective oxidation with various oxidants [25]
MePs entrapped into Al2O3 Ether route: AlCl3, iPr2O, MeP Epoxidation with iodosylbenzene [26]
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for 4 h. The obtained gel was cooled and aged in the reaction medium at
room temperature for 24 h. After that the solvent was removed under
vacuum, and a final drying step was carried out at 70 °C. The dry gel
was then washed with EtOH/water, filtered, and submitted to heat
treatment at 100 °C. The final material was designated Al-FeP. Iron was
not detected in the mother liquors, indicating that all the ironporphyrin
was retained by the alumina formed, leading to a concentration of
9.62 mg of ironporphyrin per gram of alumina. An alumina blank, de-
signated Al2O3, was also synthesized by the same procedure, but in the
absence of MeP.

To study the oxidation of (Z)-cyclooctene by PhIO, 10 mg of Al-FeP,
5 mg of PhIO, 150 μL of (Z)-cyclooctene (previously purified on alumina
column), 1000 μL of a dichloroethane (DCE)/acetonitrile (ACN) mix-
ture (1:1 v/v), and 10 μL of di-n-butyl ether as internal standard were
added to a 2-mL vial sealed with a Teflon-coated silicone septum. The
mixtures were kept under magnetic stirring at room temperature
(∼27 °C). The catalyst/substrate/oxidant molar ratio was 1:1000:2000,
and molar ratios of 1:2000:2000 and 1:1000:4000 were also tested.
When H2O2 was used as an oxidant, different relative concentrations of
the oxidant were used. More specifically, oxidation of (Z)-cyclooctene
was first carried out with 220 μL of anhydrous H2O2, 20 mg of Al-FeP,
80 μL of (Z)-cyclooctene, 961 μL of a DCE/ACN mixture (1:1 v/v), and
6 μL of di-n-butyl ether as internal standard. Oxidation reactions with
70% wt. H2O2 as oxidant were also accomplished; the same proportions
described above were used, except for the oxidant (130 μL) and the
solvent (1114 μL). All the reactants were added to a 2-mL vial sealed
with a Teflon-coated silicone septum. The tests were accomplished at
room temperature (∼27 °C) or 55 °C, and the catalyst/substrate/oxi-
dant molar ratio was 1:3000:1500. In the same way, the tests performed
to the supernatant solutions, before and after the reaction, did not de-
tect catalytic activity of the materials and this ruled out the presence of
any active metal for catalysis. It is also important to note that the
UV–vis spectra did not show in any case the de-metallization of ir-
onporphyrin, ruling out the presence of iron species.

The Al-FeP sample was tested as a catalyst in the oxidation of a
saturated hydrocarbon, namely cyclohexane. When PhIO was used as
oxidant, the conditions were the same as those described above for the
oxidation of (Z)-cyclooctene by PhIO. When H2O2 was the oxidant,
different relative concentrations of the oxidant were used: oxidation of
cyclohexane was carried out by using 220 μL of anhydrous H2O2, 20 mg
of Al-FeP, 60 μL of cyclohexane, 981 μL of a DCE/ACN mixture (1:1 v/
v), and 6 μL of di-n-butyl ether as internal standard. When H2O2 70 wt.
% was used as oxidant, the same proportions were used, except for the
oxidant (130 μL) and the solvent (1134 μL). All the reactants were
added to a 2-mL vial sealed with a Teflon-coated silicone septum. The
tests were accomplished at room temperature (∼27 °C) and 55 °C. The
catalyst/substrate/oxidant molar ratio was 1:3000:1500.

To study the catalysis under homogeneous conditions, the amount
of catalyst was 0.2 mg (the same as it was calculated to be on the
support).

The Baeyer−Villiger oxidation reaction was carried out in a 4.0 mL
glass reactor. For this reaction, 60 μL of cyclohexanone, 1134 μL of
benzonitrile, 6 μL of di-n-butyl ether, 220 μL of anhydrous H2O2, and
20 mg of Al-FeP were added to the reactor. When 70 wt.% H2O2 was
used as oxidant, the same proportions were used, except for the oxidant
(130 μL) and the solvent (1114 μL). The tests were accomplished at
room temperature (∼27 °C) and 55 °C. The catalyst/substrate/oxidant
molar ratio was 1:3000:1500.

The products of the oxidation reactions were analyzed by gas
chromatography at different times of injection (at 2, 4, 24, and 48 h
after the reaction started). The yields were determined by comparison
with a high purity commercial reagent samples and by using calibration
curves. At the end of the oxidation of (Z)-cyclooctene with anhydrous
H2O2 as oxidant, Al-FeP was recovered by centrifugation, washed five
times with methanol (1 mL), dried at 70 °C for 24 h, and reused under
the same conditions as in the initial oxidation reaction.

To study the mechanisms involved in the oxidation of (Z)-cyclooc-
tene and cyclohexane, the reactions that provided the best results were
repeated in the presence of the well known radical trap scavenger hy-
droquinone (HQ); this was added at a 1:1 oxidant/HQ molar ratio. The
reactions were monitored by gas chromatography for 48 h.

To investigate the acidity of the materials, the samples previously
dried in a vacuum oven at 80 °C for 24 h were pressed into self-sup-
porting wafers and placed in an infrared cell under vacuum for 2 h at
room temperature for adsorption of pyridine. Subsequently, the FTIR
spectra were recorded. The Brönsted and Lewis acid contents, qH and qL

(μmol g−1), were calculated with the equation [34]:

qH,L = (AIπD2) (4wЄI)−1 (1)

where D (cm) is the diameter of the wafer, and w (g) the sample weight.
The integrated areas AI (in arbitrary units) of the bands at 1535 (Py-B),
1485 (Py-B/Py-L) and 1450 cm−1 (Py-L) were provided by the software
of the instrument, after baseline optimization. The extinction coeffi-
cients ЄI of the bands originated by pyridine interacting with Brønsted
and Lewis sites given by Emeis [35], 1.67 ± 0.12 cm mmol−1 and
2.22 ± 0.21 cm mmol−1, respectively, were used.

The powder X-ray diffraction (PXRD) patterns of non-oriented
powder samples were obtained on a Siemens D-500 diffractometer with
Ni-filtered Cu Kα radiation, at 40 kV and 30 mA, at a scanning rate of
2°(2θ) min−1.

The Fourier-transform infrared (FTIR) spectra were recorded in the
4000–350 cm−1 range on a Perkin-Elmer Spectrum-One spectrometer.
The KBr pellet technique was used. About 1 mg of the sample and
300 mg of KBr were mixed to prepare the pellets.

Thermogravimetric analysis (TG) and differential thermal analysis
(DTA) were carried out on a Thermal Analysis TA Instruments SDT
Q600, from 25 to 1000 °C, under oxygen flow (30 mL min−1), at a
heating rate of 20 °C min−1.

The ultraviolet–visible (UV–vis) spectra of the solids in DCM were
recorded on a Hewlett-Packard 8453, Diode Array UV–vis spectro-
photometer. The samples were placed in an optical cell with a path
length of 2.0 mm. DCM was selected as a solvent because it led to im-
proved UV–vis spectra when the suspension was prepared.

The specific surface areas (SBET) were determined by applying the
BET method to the corresponding nitrogen adsorption isotherms, re-
corded in a Micrometrics ASAP 2020 physical adsorption analyzer. The
samples were previously degassed for 1 h at room temperature, at a
pressure lower than 50 μmHg. The nitrogen adsorption data were ob-
tained using 0.2 g of the sample.

The cationic exchange capacity (CEC) of the materials was calcu-
lated by adsorption of methylene blue (MB), as previously detailed by
us [36], which also allowed to calculate the total surface area accessible
to this molecule (SSA).

For scanning electron microscopy (SEM) images, a VEGA 3 SBH -
EasyProbe model, TESCAN, was used. The samples were first coated
with a thin gold film.

The reaction products were analyzed by gas chromatography (GC)
on an HP 6890 chromatograph equipped with a hydrogen flame ioni-
zation detector and capillary column (HPINNOWax-19091 N-133,
polyethylene glycol, length = 30 m, internal diameter = 0.25 mm).
Quantification was carried out by using a calibration curve obtained
with a standard solution, and the yields were based on the added PhIO
or on the conversion of the substrate when H2O2 was used as oxidant,
given as percentage (mol product/mol substrate × 100).

3. Results and discussion

Our group has previously reported the use of ether-based NHSG
route to remove alkyl halides in the preparation of inorganic oxide-
based materials such as alumina [22,21], aluminosilicate [20], titano-
silicate [37] and titania [38]. In all these cases, the reactions were
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carried out in DCM, a chlorinated solvent. To avoid the use of this
solvent, EtOH was used in the present work. Mutin and Vioux [16] have
previously used the alcohol route to obtain catalysts and photocatalysts,
while Niederberger et al. [39] used chloride precursors and benzyl al-
cohol as solvent and oxygen donor to prepare crystalline oxide nano-
particles. In the current case, the use of EtOH offers a further ad-
vantage: the mixture of the reactants AlCl3 and FeP was more
homogeneous in the ethanolic reaction medium [16]. A priori, this
should provide a higher number of collisions between the chemical
species during the synthesis of Al-FeP.

The Soret band at 420 nm in the UV–vis spectrum of Al-FeP (Fig. 1),
demonstrated that FeP was immobilized on the alumina matrix. How-
ever, no α and β bands (between 500 and 700 nm) were recorded. Ciuffi
et al. [40] have reported that these bands are absent from the spectra
when MePs is supported on silica, suggesting that these less intense
bands were suppressed due to background noise and interference from
the support. In the present case, an additional reason for the absence of
these bands might be the low FeP loading on the support (9.62 mg/g),
that is, FeP was diluted within the matrix, which made detection of the
bands difficult. The fact that the color of the support changed from
white to brown also indicated the presence of FeP on the alumina
matrix.

The small red shift in the Soret band of Al-FeP as compared to the
Soret band of FeP in solution suggested that the immobilization
somewhat distorted the porphyrin ring, and that the FeP was probably
immobilized on the surface of the solid [41].

Fig. 2 includes the TG and DTA curves for Al2O3, FeP, and Al-FeP.
The TG curve of the Al2O3 sample evidenced three mass losses. The first
loss, between 25 and 200 °C, was associated with an endothermic peak
in the DTA curve and was assigned to the removal of the solvent and

water molecules that were weakly adsorbed onto the surface of alu-
mina. The second mass loss step occurred between 200 and 350 °C, and
corresponded to the release of the solvent used during the synthesis and
which had been entrapped in the matrix, together with desorption of
water chemically bound to the surface of the alumina. The third mass
loss, between 400 and 600 °C, was small and was associated to the
pyrolysis of residual halide groups as HCl and alkoxides from the
synthesis. Any mass loss above 600 °C corresponded to residual dehy-
dration of γ-Al2O3 [42].

The curves obtained for FeP revealed that the organic component of
the MeP decomposed in the 340–460 °C range through a strong exo-
thermic process splitted in two steps, although only a single, continuous
mass loss was recorded in the TG curve, after a first mass loss up to ca.
100 °C, which can be assigned to removal of weakly retained water
molecules. The curve then showed an almost flat aspect, and the strong
mass loss, probably corresponding to combustion of the organic com-
ponents, started around 340 °C, ending at ca. 460 °C; above this tem-
perature the curve was also flat. The DTA curve showed, prior to the
strong exothermic effect due to combustion, some weak endothermic
effects close to 90 and 230 °C, respectively. A weak exothermic effect
close to 900 °C, followed by loss of mass, referred to the phase trans-
formation.

Concerning Al-FeP, it underwent three mass loss steps, just like
Al2O3 (actually, both curves are very similar to each other). The sig-
nificant mass loss from 200 to 400 °C corresponded to pyrolysis and
removal of residual groups (chlorides and alkoxides) [43], observed in
the DTA curve as an endothermic event with a minimum at ca. 180 °C
with a shoulder at lower temperatures. Due to the low amount of FeP
supported onto the alumina matrix the effects associated to the de-
composition of the porphyrin are not clearly recorded. Immobilization
of MePs onto solid matrixes can change the temperature at which the
porphyrin ring decomposes due to interactions between the MeP and
the support. In any case, the most evident difference between the DTA
curves of the alumina support and sample Al-FeP was the splitting in
two effects, in the second case, of the strong endothermic effect at low
temperature; this can be ascribed to an effect associated to the presence
of the hydrophobic organic supported phase.

The amount of porphyrin in sample Al-FeP was determined using
Eq. (2) from the mass loss between 200 and 700 °C corresponding to the
removal of the alkoxide and porphyrin degradation.

= °

°
L W

W M(1 )
C

C

200 700

200 700 (2)

where L is the porphyrin loading (mol porphyrin per gram of alumina),
W200–700 ºC is the mass loss corresponding to porphyrin decomposition,
normalized excluding losses due to alumina dehydroxylation, water or
solvent adsorbed, and alkoxide degradation; and M is the molar mass of
porphyrin.

The amount of porphyrin calculated was about 10.0 mg/g of alu-
mina, very close to the theoretical value targeted in the experiment for

Fig. 1. UV–vis spectra of (a) FeP and (b) Al-FeP in DCM.

Fig. 2. TG (left) and DTA (right) curves recorded for (a) Al2O3, (b) FeP and (c) Al-FeP.
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iron(III)-porphyrin immobilization (9.62 mg/g). The results confirmed
the high affinity between the porphyrin and the alumina matrix; almost
all the porphyrin used was fixed onto the alumina surface and was not
leached during the exhaustive solid washing.

Fig. 3 includes the FTIR spectra of Al2O3, FeP and Al-FeP. The
spectrum of Al2O3 shows an intense, very broad band centered at
around 3412 cm−1, due to the OeH stretching mode of hydroxyl groups
in the surface of the particles and of adsorbed water molecules; the
presence of molecular water was confirmed by the medium intensity
band at 1636 cm−1, due to the bending mode. The double band around
1000 cm−1 (1108 and 1010 cm−1) was due to Al−OH vibrations and
those at lower wavenumber to Al-O vibration modes. Concerning
sample FeP, many sharp peaks were recorded, in agreement with the
mostly organic nature of this compound. It is noteworthy the splitting
in several components of the broad band above 2500 cm−1, mostly
related to different NeH vibration modes. Finally, the spectrum for
sample AlFeP resembled that of Al2O3, probably due to the low FeP
loading. The main differences were the change in the relative intensities
of the two bands recorded around 1000 cm−1, probably because of the
formation of hydrogen bonds between the supported molecules and the
surface hydroxyl groups, as well as the development of a new, weak
band at ca. 1400 cm−1.

Another confirmation of the presence of porphyrin in the matrix
would be given by the peak corresponding to NH stretching, which
usually arises in the region of 3300 cm−1. This band was not present in
the spectrum of FeP (Fig. 3b), maybe indicating the purity of the Fe-
porphyrin, that is, that iron has completely replaced hydrogen at the
center of the porphyrin ring after iron insertion into H2TDC(NH2)P.
However, the presence of a broad band at 3700–3000 cm−1, due to the
stretching of the OeH bonds may mask the NH region, mainly con-
sidering the low loading of the porphyrin in the matrix.

Fig. 4 includes the PXRD patterns of Al2O3, FeP and Al-FeP. The lack
of defined maxima in the diagram of the alumina support evidences its
mostly amorphous nature. The diffraction halo between 20 and 30° was
related to the amorphous phase of the matrix. This resulted from the
dispersion halo at angles and bond distances between the basic struc-
tural units (aluminates), which destroyed the periodicity of the struc-
ture, to afford a non-crystalline material [8]. However, bulk FeP
showed some sharp, well defined maxima which ascription is outside
the scope of this study. Concerning sample Al-FeP, its diffraction dia-
gram was very similar to that of Al2O3, due to the low FeP loading in
the sample.

The specific surface areas of the materials, Table 2, were determined
from the nitrogen adsorption isotherms, according to the BET method
[44]. The alumina supports have high specific surface areas, 100 and
309 m2 g−1 for Al2O3ether and Al2O3, respectively, evidencing that this

parameter is dependent on the synthesis method followed, and con-
firming the possibility of obtaining by this method materials with dif-
ferent morphologies, modifying the synthesis parameters. After ir-
onporphyrin insertion, the specific surface area decreased almost to
zero (< 1 m2 g−1), in agreement with the incorporation of bulky mo-
lecules into porous supports, blocking the pores. With the aim of
overcoming this situation, the CEC and SSA were calculated using
methylene blue (MB) method (Table 2). For both solids, the CEC – and
consequently the MB-measured specific surface area – increased after
insertion of the porphyrin, indicating that ironporphyrin is located on
the surface of the solid contributing to increase its specific surface area.
The BET specific surface areas depend on the solvent used in the pre-
paration of the materials, the solid prepared using ethanol as oxygen
donor showing a larger specific surface area. These results also agreed
with the data obtained by the SEM (Fig. 6) technique, the morphology
of the solids also depend on the solvents used in the preparation, sug-
gesting that the use of ethanol led to a better distribution of the ir-
onporphyrin on the alumina matrix.

3.1. Catalytic tests

3.1.1. Epoxidation of (Z)-cyclooctene
(Z)-Cyclooctene has been used to test the activity of both homo-

geneous and heterogeneous catalysts. This substrate is frequently used
as a model of epoxidation reactions for various reasons: (i) (Z)-cy-
clooctene is a suitable “diagnostic substrate” for initial studies on cat-
alytic oxidation systems [10,45]; (ii) it generally affords (Z)-cyclooc-
tene oxide as major product; (iii) (Z)-cyclooctene oxide is significantly
more stable and easier to analyze than other epoxides [46].

First, the efficiency and stability of Al-FeP in the epoxidation of (Z)-
cyclooctene by PhIO was evaluated; the results are summarized in
Table 3. A control test was performed in the absence of the oxidant, not
observing the formation of any product, confirming that the transfer-
ence of oxygen is a concerted mechanism.

FeP and Al-FeP efficiently catalyzed the conversion of (Z)-cyclooc-
tene to (Z)-cyclooctene epoxide. Neither aldehyde nor ketone was

Fig. 3. Infrared absorption (FTIR) spectra of (a) Al2O3, (b) FeP, and (c) Al-FeP. Fig. 4. PXRD diffractograms of (a) Al2O3, (b) FeP and (c) Al-FeP.

Table 2
Specific surface area (SBET, accessible to N2) and total surface area (SSA, ac-
cessible to methlylene blue) for the supports and porphyrin containing solids.

Sample SSA (m2/g) SBET (m2/g)

Al2O3 78 309
Al-FeP 203 < 1
Al2O3ether 47 100
Alether-FeP 62 < 1
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detected after reaction in any case. In both cases, the conversion re-
mained almost constant with time, close to 70% under homogeneous
conditions and to 87% in the heterogeneous one. Al-FeP provided the
best catalytic performance among the tested catalysts. Interestingly, the
yield of (Z)-cyclooctene epoxide (87%) was higher than the yield of (Z)-
cyclooctene epoxide obtained with FeP (70%). This is opposite to the
results obtained for other heterogeneous catalysts reported in the lit-
erature [47], which generally show lower conversion than their
homogeneous counterparts. The lower yield achieved with the homo-
geneous catalyst herein could be attributed to the low solubility of FeP
in the reaction solvent. In the case of heterogeneous catalysis, im-
mobilization of the complex may developed a larger number of active
sites, and the product yield will reflect the actual capacity of FeP to
oxidize substrates.

Oxidation of (Z)-cyclooctene is rather easy, and with catalysts of the
type here studied the likely active catalytic species is the ferryl por-
phyrin π-cation radical (FeIV(O)P%+), which is greatly reactive toward
the double bond of cyclic alkenes [48]. Traylor et al. [49] have de-
scribed the mechanism for the epoxidation of (Z)-cyclooctene in the

following steps (Fig. 5): First, FeP reacts with the oxygen donor, to
generate the intermediate FeIV(O)P%+. The electron is then transferred
from the π bond of the alkene substrate to the FeIV(O)P%+ intermediate,
followed by the collapse of the cage and the release of an intermediate
carbocation that can react according to three competitive routes: (i)
nucleophilic attack of the lone pair of oxygen on the positively charged
intermediate carbocation, to yield an epoxide; (ii) alkyl substitution;
(iii) pinacol rearrangement, to produce an aldehyde or a ketone after
cleavage of the oxygen-iron bond.

The reaction was studied under different conditions, maintaining
the time of reaction constant at 4 h (Table 4). On increasing the sub-
strate ratio in the reaction medium (catalyst/substrate/PhIO molar
ratio = 1:2000:2000) increased the product yield by 5%, while in-
creasing the oxidant (PhIO) ratio (catalyst/substrate/PhIO molar
ratio = 1:1000:4000) decreased the product yield by ca. 3%, which

Table 3
Yield of (Z)-cyclooctene oxide (%) as a function of the reaction time for the
oxidation of (Z)-cyclooctene by PhIO catalyzed by FeP in homogeneous and
heterogeneous conditions.a

Catalyst Conversion (%)

2 h 4 h 24 h 48 h TON TOF (h−1)

FeP 66 69 69 69 1.80 108 7.50 106

Al-FeP 86 88 87 87 2.27 105 9.46 103

a Al2O3 was inactive.

Fig. 5. Mechanism of the Fe(III) aminoporphyrin-catalysed oxidation of alkanes by PhIO and H2O2, showing alternative competing pathways following formation of
initial solvent-caged alkyl radical and hydroxyiron(IV) aminoporphyrin (Adapted from Traylor et al. [49]).

Table 4
Yield (%) of (Z)-cyclooctene oxide after 4 h reaction of (Z)-cyclooctene with
PhIO catalyzed by FeP in homogeneous and heterogeneous conditions under
different catalyst/substrate/PhIO molar ratios.

Catalyst Catalyst/Substrate/PhIO
molar ratio

Product yield
(%)

TON TOF
(h−1)

Al2O3 1:1000:2000 0
1:2000:2000 0
1:1000:4000 0

FeP 1:1000:2000 0
1:2000:2000 71 1.85 108 7.71 106

1:1000:4000 68 1.77 105 7.38 103

Al-FeP 1:1000:2000 0
1:2000:2000 92 2.40 108 1.00 107

1:1000:4000 85 2.21 105 9.21 103
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indicated a deactivation if the catalyst intermediate by competitive
reaction with PhIO or FeP [50]. Catalyst Al-FeP under heterogeneous
conditions showed the best results in all tested conditions. This might
have been due to the way FeP was immobilized on the support, which
probably made the active catalytic complex more accessible (less hin-
dered) for interaction with the substrate, resulting in improved catalytic
performance. In addition, since the active site is more accessible, the
support minimizes the occurrence of parallel competitive reactions.

The high yield obtained under homogenous conditions indicated
that FeP was a good catalyst itself, but it became evident that the use of
the heterogeneous catalysts led to a higher yield. The positive effect of
using the heterogeneous catalyst was reinforced by its low FeP loading,
the low cost of the process of inserting the FeP into the matrix, and
especially on the possible reuse of the heterogeneous catalyst.

The reactions were also tested using H2O2 as oxidant and conducted
in the presence of anhydrous (24% w/w) or aqueous (70% w/v) H2O2,
at room temperature (27 °C) or 55 °C. 70% H2O2 was used on the basis
of the results reported by Rinaldi et al. [51], who found that this con-
centration increased the lifetime and productivity of the catalysts be-
cause of a lesser decomposition of H2O2. In our case, this concentration
would allow to achieve good yields of epoxide and lower formation of
molecular oxygen. According to some authors, catalyst deactivation has
prevented the use of 70% H2O2 in numerous reactions [28,52] but
surprisingly, low yields were obtained for the reactions carried out at
room temperature and 70% H2O2, while the yields were even lower,
less than 2%, at 55 °C.

So, the presence of water with the oxidant probably deactivated
FeP, and the water existing in the reaction medium may also deactivate
it when supported on the alumina matrix. As an excess 70% H2O2 was
used in the tests, the amount of water present in the reaction medium
was extremely high, which may explain the results here reported.
However, as observed by Rinaldi et al. [53], aqueous H2O2 introduced
water into the reaction medium, which led to the formation of a water
“layer” on the surface of the relatively hydrophilic catalyst, thereby
hindering the approach of the highly hydrophobic substrate (Z)-cy-
clooctene. Indeed, the catalyst (Ti(IV)/SiO2) used by Shell to produce
propylene oxide cannot be used with aqueous H2O2 because a dense
layer of water emerges on the surface of the catalyst, poisoning the Ti
(IV) active site and making it inaccessible to the olefin molecule [54].

On the contrary, tests with anhydrous H2O2 at both temperatures
afforded considerable results (Table 5). These data are promising,
especially considering that mild conditions were used (non-polluting
oxidant and room temperature or 55 °C). The best yields were achieved
after 24 h and 48 h of reaction for the homogeneous and the hetero-
geneous system, respectively. The fact that the heterogeneous system
required a longer reaction time to attain the same product yield than
the homogeneous system was expected, as the matrix slowed down the
diffusion of reactants and products to and from the active site of the
substrate [10].

Anhydrous H2O2 increased the conversion of (Z)-cyclooctene to (Z)-
cyclooctene epoxide considerably because ethyl acetate, a much less
hydrophilic solvent, probably replaced water and facilitated the access
of the substrate to the active site in the catalyst. Interestingly, the use of

PhIO as oxidant had the opposite effect. Hence, the hydration and the
hydrophilicity of the alumina surface are key factors for understanding
the catalytic activity of Al-FeP: exposure to moisture under ambient
conditions easily rehydrates the surface of alumina, or the reaction
mixture may form a dense layer on the surface of alumina, hindering
the access of the olefin to the active site.

As for the tests involving PhIO as an oxidant, an increase in the
amount of oxidant decreased the catalytic activity. As PhIO was already
in excess in the reaction conditions adopted here, the reactions were
repeated using H2O2 as oxidant instead. Table 6 shows the product
yields obtained by setting up such reactions for 4, 24, and 48 h, as
determined by the best values found in previous catalytic tests.

The product yields obtained in this reaction were considerably
higher than those obtained previously with 70% H2O2. The use of a
large excesss of the oxidant might have determined the low product
yields, but the presence of water might have had an even more negative
effect on the outcome of the reaction because of the deactivation of the
catalytic matrix. The use of certain concentrations of anhydrous H2O2

circumvented such problems and made this oxidant an environmentally
friendly alternative. These results are similar to those reported by
Carvalho et al. [55] for Fe(TCPP) immobilized on kaolinite when using
anhydrous H2O2 as oxidant and verified that the product yields re-
sembled the product yields achieved when using PhIO as oxidant.

As FeP was active in homogeneous catalysis, the Sheldon test [54]
was carried out after the catalytic reactions to determine if the catalytic
activity of Al-FeP was truly heterogeneous and to prove the importance
of immobilizing porphyrin in an inorganic support. This test consists of
filtering off the solid after the oxidation reaction, adding an additional
amount of oxidant to the resulting supernatant liquid, and allowing the
oxidation reaction to proceed under the same initial conditions for
further 48 h. Electronic spectra of the supernatant liquids were re-
corded and the Soret band was not detected in the spectra, that is, the
amount of (Z)-cyclooctene epoxide in the supernatant liquid did not
increase significantly as compared to the amount of epoxide formed at
the end of the reaction conducted using Al-FeP as catalyst, indicating
that the supported solids played an essential role in the reaction. So, the
catalytic activity of Al-FeP was actually related to an heterogeneous
process, confirming the importance of immobilizing the porphyrin on
the inorganic support.

For comparison, the synthesis of Al-FeP was repeated in the same
conditions, except that diethyl ether (ether route) was used instead of

Table 5
Yields of (Z)-cyclooctene epoxide (%) as a function of the reaction time in the oxidation of (Z)-cyclooctene by anhydrous H2O2 catalyzed by FeP in homogeneous and
heterogeneous conditions.a

Catalyst Conversion (%)

2 h 4 h 24 h 48 h TON TOF (h−1)

27 °C 55 °C 27 °C 55 °C 27 °C 55 °C 27 °C 55 °C 27 °C 55 °C 27 °C 27 °C

FeP 6 8 7 10 16 24 14 21 4.17 107 6.25 104 1.73 106 3.60 103

Al-FeP 7 10 6 11 8 18 9 20 2.08 104 4.69 104 1.17 103 1.95 103

a Al2O3 was inactive.

Table 6
Yields of cyclooctene epoxide (%) as a function of the reaction time (4, 24, or
48 h) in the oxidation of (Z)-cyclooctene by anhydrous H2O2 catalyzed by FeP
in homogeneous and heterogeneous conditions at 55 °C.a

Catalyst Conversion (%)

4 h 24 h 48 h TON TOF (h−1)

FeP 38 43 47 1.12 108 4.66 106

Al-FeP 53 62 68 1.61 105 6.71 103

a Al2O3was inactive.
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ethanol (alcohol route) [11], obtaining the material designated Alether-
FeP. Mutin and Debecker observed that the use of different oxygen
donors (e.g., alcohol or ether) led to distinct NHGR mechanisms, pro-
ducing materials with specific characteristics [19]. For this reason, the
ether route was explored to prepare the catalyst in an attempt to ex-
plain the catalytic behavior of Alether-FeP as compared to the catalytic
behavior of Al-FeP in oxidation reactions where hydrogen peroxide was
the oxidant. Although the ether route followed by Lima et al. [11] was
efficient to obtain catalysts for the oxidation of hydrocarbons, the
structural character of the matrixes generated by this route produced
fragile materials after thermal treatment, with the presence of acidic
sites that deactivated hydrogen peroxide when it was used as the oxi-
dant in oxidative processes catalyzed by Alether-FeP.

Indeed, catalyst Alether-FeP afforded 28% epoxide yield in the oxi-
dation of (Z)-cyclooctene by iodosylbenzene, as compared to 53%
achieved with catalyst Al-FeP. When catalyst Alether-FeP was used in the
oxidation of (Z)-cyclooctene by hydrogen peroxide, no epoxide was
formed, which indicated that the different preparation routes gave
products with specific, different characteristics. In general, aluminas
have been reported as efficient catalysts for the oxidation of olefins
[56]. Their non-toxicity can be combined with the advantages of en-
vironmentally friendly oxidants, like hydrogen peroxide. Therefore, we
attempted to understand the mechanisms involved in the two different
preparation routes.

Three parameters are crucial for the catalytic activity of hetero-
geneous solids in the oxidation of alkenes: (1) the presence of Brönsted
and Lewis acidic sites, (2) a hydrophilic surface, and (3) the texture of
the catalyst (morphology). In this sense, the acidity sites in the solids
Al2O3, Al2O3ether, Al-FeP and Alether-FeP were analyzed by vibrational
spectroscopy. The areas of the bands arising from the interaction be-
tween pyridine and alumina or between alumina-porphyrin were used
to calculate the surface concentration of Brönsted and Lewis sites [57].
This analysis revealed bands at 1535, 1485 and 1450 cm−1, which
corresponded to Brönsted sites, interaction between Brönsted and Lewis
sites, and Lewis sites or hydrogen bonds, respectively [35,57–59]. The
estimated concentrations of Brönsted (qB) and Lewis (qL) and qB/L sites
are given in Table 7.

The data showed that both Al2O3 and Al2O3ether had structural hy-
droxyls. As expected, the ether route resulted in complete condensation
of the alkoxide generated in situ, so Al2O3ether had not surface hydroxyl
groups (or only a minor concentration): the ether route consisted in a
direct route that produced Al-O-Al and alkyl halide. Debecker and
Mutin [19] highlighted that the ether route provides oxo bridges in the
first step after in situ formation of alkoxide groups and their reaction
with chloride groups, Eq. (3). In a second step, ether reacts with
chloride groups according to Eq. (4):

M–Cl + M–OR → M–O–M + R–Cl (3)

M–Cl + ROR → M–OR + R–Cl (4)

where M–Cl = metal chloride, M–OR = alkoxide, M–O–M = oxo
bridge, and R–Cl = alkyl chloride.

The results obtained here agreed with the expected properties of the
solids considering the synthesis routes followed. The ether route did not
generate hydroxyl groups, Eqs. (3) and (4). The presence of small

amounts of Brönsted sites was a result of the exposure of the samples to
ambient air. As for the alcohol route, the use of a primary alcohol such
as ethanol should not produce hydroxyl groups, either Eq. (5). How-
ever, the hydrochloric acid generated during the reaction may have
promoted secondary reactions producing hydroxyl groups, responsible
for acidic sites.

M–Cl + ROH → M–OR + H–Cl (5)

Several authors [60,61], have reported that the hydroxyl groups of
alumina perform essential roles in catalysis. Schuchardt and Rinaldi
[60] studied the epoxidation of cis-cyclooctene by hydrogen peroxide
and observed that hydrogen peroxide was probably activated through
reaction with weak acidic sites (AleOH) on the surface of alumina, to
form hydroperoxide groups that could transfer oxygen to the alkene.

Hydrophilicity is essential to ensure rapid reaction between alumina
and hydrogen peroxide to form surface Al−OOH groups. Thus, ther-
mogravimetry was used to measure the different concentrations of
water molecules on the surface of samples Al2O3, Al2O3ether, Al-FeP, and
Alether-FeP. First, the samples were dried at 100 °C and then they were
submitted to thermal analyses to determine the amount of water that
was adsorbed onto the solids. The results are summarized in Table 8.

Once again, it was confirmed that Al2O3ether contained fewer hy-
droxyl groups and therefore had less affinity for water molecules as
compared to Al2O3, which was more hydrophilic. However, when FeP
was supported on the alumina matrixes, the hydrophilic character of
the solids was reversed, and Alether-FeP was more hydrophilic than Al-
FeP.

The presence of water can deactivate the heterogeneous catalyst
because the water molecules can coordinate to the active site of the FeP.
Further investigations on the hydrophilicity of Al-FeP catalysts were
therefore necessary because this is an essential parameter considering
that the use of hydrogen peroxide as an oxidant requires an aqueous
medium.

On the basis of the results concerning acidic sites and hydro-
philicity, it became clear that the FeP molecule was bound to Al2O3 and
to Al2O3ether in different ways. Interaction between the matrix and
pyridine groups on the FeP generated acidic sites, which indicated that
the active catalytic sites (FeP) were on the surface of Al-FeP, whereas
FeP was entrapped into the pores of Alether-FeP. This justified the dif-
ferent results concerning acidic sites, catalytic activity toward alkenes,
and hydrophilicity obtained for Al-FeP and Alether-FeP.

When examining the morphology of the materials (Fig. 6), it was
confirmed that the use of different solvents led to the formation of
materials with distinct morphologies, indicating that FeP was located at
different positions of the alumina matrix in Al-FeP and in Alether-FeP.

3.1.2. Oxidation of cyclohexane
To confirm the versatility of FeP and Al-FeP systems, they were

evaluated for the oxidation of saturated hydrocarbons, which are less
reactive than the unsaturated ones. Cyclohexane was chosen as a sa-
turated substrate because it is relatively inert and has been extensively
used in the literature [8,10,62]. This substrate provides information not
only on the catalytic efficiency, but also on the selectivity of a given
catalyst to a particular product.

Table 7
Brönsted and Lewis acidity of alumina and alumina-porphyrin materials.

Brönsted and Lewis sites Concentration (μmol g−1)

Al2O3 Al-FeP Al2O3ether Alether-FeP

qB (1535 cm−1) 31.03 24.59 2.32 28.60
qB/L (1485 cm−1) 1.33 1.33 1.33 1.33
qL (1450 cm−1) 7.72 2.20 13.01 23.14

Table 8
Amount of water (% of the mass of the solid)
removed between 25–900 °C of alumina and
alumina-porphyrin materials.

Catalyst W (%)

Al2O3 2.63
Al-FeP 2.38
Al2O3ether 2.49
Alether-FeP 2.80
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Table 9 lists the results obtained in the oxidation of cyclohexane. All
the materials selectively catalyzed the oxidation to cyclohexanone
(formation of cyclohexanol was not observed in any case), which was
produced in yields higher than those reported by the industry [63],
wherein the oxidation of cyclohexane gives a mixture of cyclohex-
anone/cyclohexanol (KA-oil) using toxic oxidants and homogeneous
catalysts. As in the case of the oxidation of (Z)-cyclooctene, Al-FeP
showed a higher catalytic efficiency than FeP, suggesting that the
support enhanced the catalytic activity of the FeP complex. All the

tested materials showed unusual selectivity for cyclohexanone, whereas
catalytic MeP systems are generally selective for cyclohexanol
[8,21,64,65]. For instance, Machado et al. [8] reported 20% and 14%
cyclohexanol yield with homogeneous Fe(TDFSPP) and Fe(TDFSPP)
immobilized on kaolinite triethanolamine (loading = 10.4 ×
10−6 mol/g). Other authors [65–67] have described yields of 55% or
even 70% for cyclohexanol, but cyclohexanone was also formed, low-
ering the selectivity of the systems.

The active catalytic species in oxidation reactions catalyzed by FeP
systems is iron(IV)–oxo porphyrin π-radical cations, FeIV(O)P%+ [48].
Mechanistic studies involving FePs have suggested that, after formation
of the active catalytic species, interaction of FeP with PhIO may gen-
erate a new intermediate species within a solvent cage,
[FeIV − OH + R], where R refers to the substrate. Production of cy-
clohexanol and/or cyclohexanone will depend directly upon the for-
mation of this new species. If the OH fragment binds to the substrate
radical, cyclohexanol is formed. However, if this recombination does
not occur rapidly, the substrate radical species escapes from the solvent
cage, to give other products such as cyclohexanone [8,68]. An im-
portant feature of such caged radical species is the competition between
the in-cage radical recombination and the diffusive cage escape.

The use of anhydrous H2O2 as oxidant afforded lower product yields
(≤1%) as compared to PhIO as oxidant. Indeed, gas bubbles (oxygen)

Fig. 6. Scanning electron microscopy (SEM) of (a) Al2O3, (b) Al-FeP, (c) Al2O3ether and (d) Al ether-FeP.

Table 9
Yields of cyclohexanol (OL) and cyclohexanone (ONE) as a function of time in
the oxidation of cyclohexane by PhIO catalyzed by FeP in homogeneous and
heterogeneous conditions.a

Catalyst Product Yield (%)

2 h 4 h 24 h 48 h

OL ONE OL ONE OL ONE OL ONE TON TOF (h−1)

FeP – – – 12 – 17 – 17 1.12 108 4.67 106

Al-FeP – – – 19 – 20 – 20 4.25 107 1.77 106

a Al2O3 was inactive.
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evolved along the reaction, which pointed to decomposition of H2O2

and showed that the reaction was inefficient.
The tests performed at room temperature were ineffective, so they

were conducted at 55 °C. According to the results reported by Carvalho
et al. [55]. systems operating below 20 °C rapidly lose activity and se-
lectivity. Temperatures above 40 °C lead to evaporation of cyclohexane.
Therefore, the ratio between the reactants was altered to improve the
results.

3.1.3. Baeyer–Villiger (BV) oxidation
Heterogeneous MeP systems can mimic the action of enzymes

during the BV reaction; these MeP systems can catalyze the transfor-
mation of linear and cyclic ketones to their corresponding esters and
lactones [10,55], generally using peroxyacids as oxidants. However, on
an industrial scale peroxyacids generate large amounts of acidic wastes,
which causes additional costs related to recycling and regeneration of
the active oxidizing species [28]. Various catalysts have been tested for
BV reactions, but few of them have allowed the use of clean oxidants
like H2O2 [69,70].

An efficient catalyst for BV oxidation should be able to increase the
nucleophilicity of the peroxide. This activation should boost the oxi-
dative activity of the peroxide toward electrophiles such as the carbonyl
group. As Al-FeP can potentially mimic the cytochrome P-450 mono-
oxygenases, its efficiency was evaluated in the BV oxidation of cyclo-
hexanone to the corresponding lactone.

Table 10 lists the product yields obtained in the BV oxidation of
cyclohexanone by H2O2 70% catalyzed by FeP in homogeneous and
heterogeneous conditions at 27 °C, calculated on the basis of the con-
sumed oxidant.

The hydrophobicity of the catalyst is an important parameter to be
considered when aqueous H2O2 is used as an oxidant. Deactivation of
catalysts in the presence of water is one of the major drawbacks for the
use of this oxidant in numerous reactions [51]. In the current case,
deactivation of Al-FeP could occur via the formation of a dense layer of
water on the surface of the alumina matrix, which would hinder the
access of the substrate to the active catalytic site. In addition, water
existing in the reaction medium could hydrolyze the ε-caprolactone
formed. These events would account for the low product yields ob-
tained.

Even though water could promote parallel reactions and deactivate
the surface of the alumina matrix [28], the presence of a small amount
of water in the reaction medium is necessary to activate the surface of
alumina by rehydration, regenerating Brönsted acid sites (AleOH). This
should form surface AleOOH species that transfer oxygen species to the
substrate. Another reason for the low product yields could be the re-
latively low temperature used during the catalytic tests (less than 90 °C)
[28], which prevented water to be removed from the reaction medium
and thus decreased the conversion.

On the basis of literature data [28,55], further tests were conducted
at 80 °C using anhydrous H2O2 as oxidant in an attempt to improve the
yield to ε-caprolactone (Table 11).

The catalysts acted selectively and efficiently in the BV oxidation, to
produce the lactone. The homogeneous catalyst showed the best results
in the tests using anhydrous H2O2. After 48 h of reaction, similar results
were obtained for the supported Al-FeP catalyst.

The reaction temperature was a key factor. Reactions conducted at
room temperature led to lower conversions because water could not be
removed from the reaction medium and deactivated the catalyst.
Reactions conducted above 95 °C caused higher release of O2 via de-
composition of H2O2 in the reaction medium, leaving a small amount of
oxidant available for the reaction and decreasing conversion. A tem-
perature higher than 27 °C and lower than 95 °C, such as 80 °C, should
avoid the loss of reagent [28].

According to Lamas et al. [71], the addition of benzonitrile to the
solvent aids oxygen transfer. Reactions conducted in the absence of this
compound do not produce ε-caprolactone. Therefore, it can be inferred
that the BV reaction involves two stages: First, H2O2 attacks the
Brönsted sites on the surface of the catalyst, to form hydroperoxide
species, which is followed by the attack of benzonitrile to produce an
intermediate. Then, there is a nucleophilic attack on the carbonyl group
of cyclohexanone, to generate the Criegee adduct, and subsequent re-
arrangement of the intermediate, to give an ester and a benzamide
species. This mechanism is summarized in Fig. 7.

In the case of the electrophilic activation of the substrate (cyclo-
hexanone), Brönsted or Lewis acids can activate the carbonyl group,
increasing the polarizability of the C]O double bond and facilitating
the nucleophilic attack by H2O2.

3.2. Oxidation of organic substrates in the presence of a radical trap

The reaction mechanisms described for catalytic systems involving
metal ions such as iron and oxidants like H2O2 have been a matter of
controversy in the literature because free radicals can be formed in the
reaction medium. Several mechanisms have been proposed for such
systems, some of which include active radical species as the oxidizing
agent [72,73]. To find out whether the reaction mechanism followed by
the Al-FeP involves a radical path, the oxidation of (Z)-cyclooctene was
carried out using the well-known radical scavenger hydroquinone
[74,75] and using anhydrous H2O2 as oxidant. The reactions were
carried out at 55 °C, for 48 h, at a catalyst/substrate/oxidant molar ratio
of 1:1000:2000, under magnetic stirring. The presence of hydroquinone

Table 10
Conversion of cyclohexanone to ε-caprolactone (%) via Baeyer-Villiger oxida-
tion with H2O2 70% as oxidant, catalyzed by FeP in homogeneous and het-
erogeneous conditions at 27 °C, at a catalyst/substrate/oxidant molar ratio of
1:3000:15,000.a

Catalyst Conversion (%)

2 h 4 h 24 h 48 h TON TOF (h−1)

FeP – 1 4 7 1.00 107 4.17 105

Al-FeP – 2 2 4 5.01 103 2.09 102

a Al2O3was inactive.

Table 11
Conversion of cyclohexanone to ε-caprolactone (%) via Baeyer-Villiger oxidation with 70% H2O2 (Aq) or anhydrous H2O2 (Anh) as oxidants, catalyzed by FeP in
homogeneous and heterogeneous conditions at 80 °C, at a catalyst/substrate/oxidant molar ratio of 1:3000:15,000.a

Catalyst Reaction time (h)

2 4 24 48 TON TOF (h−1)

Aq Anh Aq Anh Aq Anh Aq Anh Aq Anh Aq Anh

FeP – – 14 34 17 40 17 42 3.97 107 9.35 107 1.65 106 3.90 106

Al-FeP – – 21 33 23 36 25 41 5.37 104 8.41 104 2.24 103 3.50 105

a Al2O3 was inactive.
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increased the conversion to (Z)-cyclooctene epoxide from 68% to 90%,
indicating that a free radical mechanism also held during the epox-
idation—there was a competition between the active catalytic species
and the radical species, as observed by Ciuffi et al. [45] for Ni-alumi-
nosilicate catalyst.

On the contrary, the presence of the radical trap did not modify the
catalytic efficiency of Al-FeP in the BV reaction, suggesting that this
reaction did not involve free radical species. In fact, this reaction in-
volves two steps [71]: In the first step, H2O2 attacks the cationic Fe
species, coordinated to an axial chloro ligand, in the porphyrin ring, to
form the hydroxide species, which in turn attacks benzonitrile and
generates the peroxycarboximidic intermediate. In the second step, Fe
(from ironporphyrin) behaves as a Lewis acid site and interacts with the
carbonyl oxygen, to produce the lactone and regenerating the catalyst.

The fact that this catalytic process was not governed by a radical
mechanism is advantageous because non-radical mechanisms culminate
in higher selectivity [76,77] so Al-FeP can mimic biological enzymes,
such as cytochrome P-450.

3.3. Reuse

The possibility of reusing supported catalysts in further reaction
cycles is one of the most important benefits of heterogeneous catalysis,
especially in the case of transition metal complexes and MeP systems,
among others, which are often expensive or difficult to prepare. Here,
the high efficiency and stability of Al-FeP was verified for catalyst
reuse. To this end, the catalyst was separated from the reaction mixture
after each experiment by simple filtration and dried before using it
again in a subsequent run.

Table 12 shows the catalytic results regarding the reuse of Al-FeP at
catalyst/substrate/anhydrous H2O2 molar ratios of 1:1000:2000 and
1:3000:15,000. Al-FeP was used in three consecutive runs without any
significant decrease in activity; only a small reduction in catalytic
performance was observed in the first reuse, followed by an increase in

the conversion values in the second reuse. There was no noticeable
leaching of the solid catalyst during the washing procedure, so the
lower conversion in the first reuse could not be attributed to loss of the
solid catalytic species. The increased conversion values in the second
and third reuse may have been due to the higher availability of active
sites, which had been probably blocked prior to the tests.

The catalytic behavior of the Al-FeP solid combines the advantage of
fast and efficient catalysis compared to the homogeneous catalytic
systems, with the possibility of reuse (characteristic of heterogeneous
catalysts).

4. Conclusions

The process used for the immobilization of porphyrins proved to be
an efficient route in the preparation of Al-FeP catalysts. The solids
synthesized showed catalytic activity for the oxidation of different or-
ganic substrates by both iodosilbenzene and hydrogen peroxide. The
best yields for catalytic epoxidation of cyclooctene for the supported
catalyst were 85–92%, using PhIO as oxidant and up to 68% using
anhydrous H2O2 as the oxidant, under mild temperatures. An inter-
esting selectivity for cyclohexanone was observed in the oxidation re-
actions of cyclohexane, which made very important to use the por-
phyrin FeTDCNH2 as the biomimetic catalyst for oxidation reactions.

Fig. 7. Baeyer-Villiger proposed mechanism for cyclohexanone oxidation in the presence of benzonitrile, using iron(III) aminoporphyrin as catalyst (Adapted from
Llamas et al. [71]).

Table 12
Recycling of Al-FeP in the epoxidation of (Z)-cyclooctene by anhydrous H2O2

for 24 h, at 55 °C, at different catalyst/substrate/oxidant molar ratios.

Molar ratio Conversion of (Z)-cyclooctene (%)

Test 1st reuse 2nd reuse 3rd reuse

1:1000:2000 68 66 71 73
1:3000:15,000 20 18 22 23
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The reaction temperature was a parameter that influenced the catalytic
activity, since the reactions with heating presented higher yields, fa-
cilitating the diffusion of the reagents and products.

There are no papers in the literature reporting the catalytic behavior
of this ironporphyrin in the oxidation reactions of cyclooctene and
cyclohexane and in Baeyer-Villeger reaction. The results obtained are
very promising as a heterogeneous catalyst presents advantages when
compared to the homogeneous one, and it can be easily reused, making
it economically viable.
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