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Novel hybrid organic–inorganic catalysts constituted by iron(III) or manganese(III) 5,10,15,20-

tetrakis(pentafluorophenyl) porphyrin entrapped in an alumina amorphous matrix have been prepared. The

hybrid materials were obtained by a non-hydrolytic sol–gel route, through the condensation of aluminium

chloride with diisopropyl ether in the presence of metalloporphyrin. The presence of the metalloporphyrin

entrapped in the alumina matrix is confirmed by ultraviolet–visible spectroscopy and electron spectroscopic

imaging. The material was also analysed by infrared spectroscopy, selected area diffraction, scanning electron

microscopy, thermogravimetric analysis and differential thermal analysis, and its surface area was determined.

Comparison between the leaching of metalloporphyrin from non-hydrolytic materials and adsorbed

metalloporphyrin on commercial neutral alumina confirms that in the non-hydrolytic materials the

metalloporphyrin is entrapped and not just adsorbed on the alumina surface. The use of a conventional

hydrolytic sol–gel process leads to the complete leaching of the metalloporphyrin from the matrix, underlining

the importance of the non-hydrolytic alumina gel process in the matrix preparation. The prepared alumina

matrix materials are amorphous, even after heat treatment up 270 uC.

The new catalysts prepared were tested for their ability to catalyse the epoxidation of (Z)-cyclooctene using

iodosylbenzene as oxygen donor, giving high yields in the epoxidation, similar to those obtained using the

metalloporphyrin in solution or supported on a silica matrix.

1 Introduction

Mimicking the ability of cytochrome P-450 to oxidise organic
substrates by synthetic metalloporphyrins (MeP) as catalysts is
well documented in the literature.1–3 Supporting a metallopor-
phyrin on an insoluble resin or matrix has been the goal of
several researches in the past few years.4 The objective is to
prepare a catalyst that is easy to separate, intact, from the
reaction medium, with improved stability of the MeP under the
reaction conditions, preventing dimerization or aggregation,
and to tune the selectivity of the reaction.5 Commonly, MeP
immobilizations use covalent binding or non-covalent binding
such as surface adsorption and entrapment.2,4 Recent work6,7

reports the synthesis and application in heterogeneous catalysis
of a new class of hybrid organic–inorganic materials containing
MeP entrapped on a silica matrix, prepared by a sol–gel
process. These new hybrid organic–inorganic materials can
catalyse oxidation reactions.

Even though there is a large number of reports using silica as
a solid matrix for MeP, aluminium oxide (alumina) can also be
used. Aluminas are porous solids and find applications mainly
as adsorbents, catalysts and catalyst supports.8 Sol–gel
processing of alumina has created novel applications and
has improved some of its properties.9 Products such as catalyst
supports, abrasives, optical fibers, films for electronic appli-
cations, aerogels, and membranes for molecular filtration
have been developed on a laboratory scale based on sol–gel
processing.9 The use of the sol–gel process for the entrapment
of MeP in an alumina network could lead to the preparation of
new materials, with both specific surface area and controlled
microstructural properties.

This work describes the optimised conditions for the
preparation of new catalyst systems where iron(III) or

manganese(III) 5,10,15,20-tetrakis(pentafluorophenyl) por-
phyrin are entrapped in a non-hydrolytic alumina matrix
(MePNHG) by a non-hydrolytic sol–gel process. Pentafluoro-
phenyl porphyrins have been used instead of porphyrins due to
their higher stability and activity. The MePNHG materials
were characterised by ultraviolet–visible (UV–Vis) spectro-
scopy, infrared spectroscopy (FTIR), thermogravimetric and
differential thermal analysis (TGA/DTA), scanning electron
microscopy (SEM), electron spectroscopy imaging (ESI),
selected area diffraction (SAD) and surface area measure-
ments. After characterisation of these new MePNHG materials,
we investigated their activity as catalysts for the epoxidation of
(Z)-cyclooctene using iodosylbenzene or hydrogen peroxide as
the oxygen donor. The catalytic activity of MePNHG was also
compared with that of MeP in homogeneous solution and MeP
supported on a silica matrix, such as imidazole propyl gel
(IPG)10 and silica prepared by a sol–gel process (MePS).7b

2 Experimental

2.1 Materials

All solvents and reagents were of commercial grade (Merck and
Aldrich) unless otherwise stated. Dichloromethane (DCM) was
suspended over anhydrous CaCl2 for 2.5 h, then filtered and
distilled over P2O5 and held over 0.4 nm molecular sieve.
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. (Z)-Cyclooctene purity was
determined by gas chromatographic analysis and was purified
by column chromatography on basic alumina just prior to use.

5,10,15,20-Tetrakis(pentafluorophenyl) porphyrin (H2TFPP)
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was prepared by the methodology of Lindsey et al.:11 2.8 g of
pure H2TFPP (43% yield) were obtained. UV–Vis (DCM) lmax:
410, 508, 582, 630 nm.

Metal insertion onto H2TFPP was performed as described
by Adler, Longo and coworkers12 by refluxing the free-base
porphyrin with iron(II) chloride or manganese(II) chloride in
DMF under an argon atmosphere: FeTFPPCl (90% yield),
MnTFPPCl (80% yield). FeTFPPCl: UV–Vis (DCM): lmax

(e/mol21 L cm21): 352, 412 (1.86105, Soret band) 504
(1.76104), 576, 630 nm. MnTFPPCl: UV–Vis (DCM): lmax

(e/mol21 L cm21): 366, 460 (7.36104, Soret band) 574 nm.

Preparation of metalloporphyrin entrapped in alumina
(MePNHG) by a non-hydrolytic sol–gel process. The prepara-
tion of gels was carried out in oven-dried glassware. The
material was synthesised via a modification of the method
described by Acosta et al.13 1.0 mol L21 of aluminium chloride
(AlCl3) and 1.5 mol L21 of diisopropyl ether (Pri

2O) were
reacted in the presence of 1.461025 mol of FeTFPPCl or
MnTFPPCl at reflux for 3 h at 110 uC in 50 mL of dry DCM
(previously distilled) under an argon atmosphere. Aluminium
chloride was solubilized by the formation of an addition
complex with ether. The ether acted as the only oxygen
donor.13,14 The condenser was set up in a thermostatic bath at
–5 uC. The gel was formed after 90 min of reaction, and after
another 30 min a solid material began to precipitate. After
reflux, the mixture was slowly cooled and aged overnight in the
mother liquor at room temperature. The solvent was then
slowly removed under vacuum. The obtained solid was washed
with several solvents in the following order: acetone, methanol,
water, methanol, acetone and DCM, and heat-treated at 60 or
270 uC. The amount of leached MeP from the MePNHG
materials was quantified by measuring the amount of MeP in
the combined washings via UV–Vis spectroscopy.

Preparation of MeP entrapped on hydrous alumina. Hydrous
alumina gel was prepared by reaction of 5.75 g (2.386
1025 mmol) AlCl3?6H2O with 10 mL aqueous NH3

(6 mol L21) in 10 mL H2O.15 The precipitated hydroxide was
aged for 20 h and afterwards filtered and washed with pure
water. It was then made into a clear sol by peptising with acetic
acid under reflux at 90 uC . The sol was cooled and then mixed
with 3 mg (2.9161023 mmol) of porphyrin. Gelation was
performed by dehydration of the aqueous sol at room
temperature. The resultant xerogel was ground and washed
with several solvents in the following order: acetone, methanol,
water, methanol, acetone and DCM. The amount of leached
MeP from hydrous alumina was quantified by measuring the
amount of MeP in the combined washings via UV–Vis
spectroscopy.

Preparation of supported MeP on alumina. MeP supported
on commercial neutral alumina was achieved by stirring a
DCM solution of MeP with a suspension of alumina for 40–
50 min. The resulting supported catalyst was washed with
DCM and its UV–Vis spectrum was determined. The
supported MeP was then washed with methanol. The loadings
of MeP on alumina were quantified by measuring the amount
of unloaded MeP in the combined solvent washings by UV–Vis
spectroscopy.

The electronic spectra of the polymers were recorded on a
UV–Vis spectrophotometer (Hewlett-Packard 8453, Diode
Array). The spectra of the solid in DCM were recorded
using a 2.0 mm path length cell. Better quality spectra were
obtained using DCM as the solvent, where the suspension was
prepared.

Thermogravimetric analysis (TGA/DTA) was carried out on
a Thermal Analyst 2100 – TA Instruments SDT 2960 –
Simultaneous DTA-TGA, in air with a heating rate of
10 uC min21, from 25 to 1000 uC.

Specific surface areas were determined by analysing the
nitrogen adsorption isotherms according to the BET method16

using a physical adsorption analyser (Micrometrics AccSorb
2100E).

Scanning electron microscopy (SEM) of alumina materials
was performed on ground samples. The samples were coated
with a conducting layer of gold by sputter coating. The images
were obtained using a Digital Scanning Microscope DSM 960
Zeiss.

ESI samples were prepared by grinding the material and
depositing the particles on carbon-coated palladium film
supported in 300 mesh-capped grids. A Carl Zeiss CEM 902
transmission electron microscope, equipped with a casting-
Henry filter spectrometer within the column, was used. Clear
areas in the elemental distribution maps correspond to element-
rich domains. Elemental images were observed for the relevant
elements found in this sample, using monochromatic electrons
corresponding to the silicon L-edge and iron M-edge with an
energy-selecting slit of 20 eV in width. The energy-selecting slit
was set at 1570¡10 eV for Al and 730¡10 eV for Fe (L3

2708 eV, L2 2721 eV). Images were recorded by a slow scan
CCD camera (PROSCAM) digitised with 10246102468 bits.
Images were processed using the ANALYSIS 3.0 software. The
three-window technique was used to perform the background
subtraction for each elemental image.17

FTIR spectra were obtained from MePNHG in KBr pellets
using a Perkin Elmer FTIR 1600.

Synthesis of iodosylbenzene (PhIO) was carried out through
the hydrolysis of iodosylbenzene diacetate.18a Its purity was
measured by iodometric assay.18

The cyclooctene oxidation reactions were carried out as
control reactions in the presence of NHG alumina without
MeP.

Into a 4 mL vial sealed with a Teflon-coated silicone septum
containing 0.01 g of MePNHG, 1000 mL 1,2-dichloroethane,
150 mL (Z)-cyclooctene and 5 mL cyclohexanone (internal
standard) were added iodosylbenzene or (ca. 5.00 mg) hydro-
gen peroxide. The products were analysed by gas chromato-
graphy. These analyses were carried out using a chromatograph
(HP 6890) equipped with a hydrogen flame ionisation detector
and capillary column (length 30 m, inner diameter 0.25 mm).
Products formed were identified by comparison of their
retention times with those of authentic samples. Yields were
determined by using an internal standard (cyclohexanone) and
were based on the oxidant added.

At the end of the reaction, the MePNHG catalyst was
recovered by centrifugation and washed five times with 1 mL
methanol to ensure that any remaining iodosylbenzene
was removed from the catalyst. The catalyst was then dried
for 3 h at 60 uC before being used again in a further oxidation
reaction.

3 Results and discussion

The FeTFPPCl or MnTFPPCl was entrapped in the alumina
matrix (Fig. 1) by a non-hydrolytic sol–gel route, generating
non-hydrolytic gels (NHG), prepared by the reaction between
aluminium chloride and Pri

2O13,19 in the presence of MeP. The
method is based on the condensation of aluminium halides with
ether, through the cleavage of the O–R bond and the formation
of an alkyl halide [eqn. (1)].

AlX3z3=2ROR?AlO3=2z3RX (1)

Alumina gelation originates from alkoxide–halide non-
hydrolytic condensation,13,19 with the release of alkyl halide.
The alkoxide is produced in situ from aluminium chloride and
Pri

2O through the formation of a Lewis adduct, followed by the
nucleophilic displacement on carbon [eqn. (2)].13,14
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AlCl3zROR?ROAlCl2zRCl (2)

Aluminium chlorides in the presence of aluminium alkoxides or
chloroalkoxides are prone to giving m-Cl- and m-OR-bridged
structures,20 giving rise to two types of reaction: (a)
nucleophilic attack of Cl at the eletrophilic aluminium atom;
and (b) formation of an Al–O–Al linkage by nucleophilic
attack of Cl at the electrophilic carbon atom.13

Maintaining reflux after gelation gives rise to precipitation of
the MePNHG powder. Precipitation continues through aging
in the mother liquor and during the slow removal of solvent.
Absence of or short aging times reduces the yield of alumina
material and makes possible the leaching of MeP from the
alumina matrix (ca. 15% of MeP is leached from the matrix). In
all cases, no leaching of MeP from the MePNHG was observed
and we obtained 100% loading of MeP, except for FePNHG
heat-treated at 60 uC where a loading of 97% FeP was observed.

The entrapment of FeP or MnP in the alumina matrix was
confirmed by the presence of characteristic FeP and MnP Soret
bands in the UV–Vis spectra of FePNHG and MnPNHG
(Table 1). The MePNHG-entrapped samples have the spectrum
of the corresponding metalloporphyrin in solution, indicating
that the structures of FeP and MnP were preserved in the
matrix. UV–Vis spectroscopy of FeP provides information on
the spin and oxidation state of the iron atom from the Soret
peak (typically near 400 nm) and the less intense a and b bands
(between 500 and 700 nm).21 Although the Soret peaks of
FePNHG materials were resolved (Table 1) the a and b bands
could not be assigned due to the presence of the solid matrix.
The spectra of entrapped MnP contained the same peaks as
observed for these systems in solution (Table 1).

The choice of a non-hydrolytic alumina gel process was of
significant importance for obtaining the entrapped FeP, since
the use of the conventional hydrolytic sol–gel process15 leads to
the complete leaching of FeP from the matrix in its dimeric
form.

To confirm that FeTFPPCl and MnTFPPCl were entrapped

within the FePNHG and MnPNHG materials and not just
adsorbed on the surface of the alumina matrix, the same MeP
samples were adsorbed on the surface of a commercial neutral
alumina by stirring a suspension of commercial neutral
alumina in a solution of MeP in DCM. After anchoring, the
MeP was partially leached (ca. 60% MeP leaching) when the
material was washed with DCM. Even though the starting FeP
was used in its monomeric form, the adsorbed FeP material in
DCM presented UV–Vis spectra characteristic of FeP in its
dimeric form (Table 1). It is known that when steric factors
permit, as in the case of FeTFPPCl, FeP is capable of forming
oxo-bridged dimers.21–23 In fact, chromatographic purification
of FeTFPP using alumina as adsorbent leads to the formation
of dimers.23 We observed the leaching of 100% MeP in the
adsorbed materials when methanol was used as solvent, and
FeP was leached in its dimeric form.23 The absence of leaching
in the MePNHG materials confirmed that in these materials the
MeP was indeed entrapped and not simply adsorbed on the
surface of alumina matrix.

The electron spectroscopic image of FePNHG shows the
homogeneous distribution of the elements Fe and Al (Fig. 2).
Even though the Fe image has less contrast than the Al image,
they confirm that the FeP is entrapped within the alumina
matrix. The electron images of FePNHG and MnPNHG
materials heat-treated at 60 uC were those of a non-crystalline
microstructure. Indeed, Acosta et al.13 showed that with this
non-hydrolytic sol–gel methodology the formation of hydrated
crystalline alumina gels such as bohemite (AlO(OH)) was not
possible13,19 and that the non-hydrolytic alumina so formed

Fig. 1 Preparation of MePNHG.

Table 1 Properties of FePNHG and MnPNHG: UV–Vis spectraa and decomposition temperatures obtained by TGA

Complex UV–Vis spectra/nm

TGA decomposition temperature/uC

H2O Residual groups MeP

FeTFPPCl 352, 412, 504, 576, 630 — — 420–630
Dimeric FeTFPP 406, 566
FePNHG 326, 414 30–202 202–420 420–630
FeP–commercial alumina 406, 566
FeP–hydrous alumina —b

MnIIITFPPCl 366, 460, 574 — — 313–580
MnPNHG 366, 458, 576 30–280 280–313 313–590
aUV–Vis spectra in DCM. b100% FeP leached from alumina, FeP bands not observed.

Fig. 2 ESI images of FePNHG: (A) brightfield; (B) darkfield; (C)
aluminium map; (D) iron map.
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remained amorphous even after being calcined at 750 uC. The
MePNHG heat treatment temperature of 750 uC led to MeP
decomposition, confirmed by the disappearance of the
characteristic Soret band of MeP in the UV–Vis spectra of
MePNHG. The SAD technique confirmed the non-crystalline
character of the samples.

The amorphous character of the NHG alumina precludes the
IR bands characteristic of crystalline alumina in the obtained
MePNHG materials,24 and the broad bands observed cover the
IR bands of MeP if MeP is present in low concentration
compared with the alumina matrix. The broad band in the
region 3400 cm21 (hydroxyl-stretching band) indicates the

presence of water adsorbed in the material, which probably
occurred after its preparation.24

Thermogravimetric analysis of MePNHG in air (Table 1)
indicated that weight losses occurred mainly between 20 and
600 uC, varying from 20 to 60%. The initial weight losses on
MePNHG materials from 20 to 250 uC correspond to the loss of
water molecules weakly bound in the MePNHG materials. We
observed weight losses corresponding to the pyrolysis and the
oxidation of residual alkyl halide groups13 (RX groups in
eqn. (1)) between 250 and 400 uC, whereas MeP decomposition
occurred between 400 and 630 uC. MeP decomposition between
400 and 630 uC in the MePNHG materials is in agreement with
pure MeP decomposition observed between 313 and 630 uC.7

DTA showed one exothermic transformation at 876 uC, in a
region where no weight loss was observed by TGA. This is in
agreement with the results presented by Acosta et al.13 and is
ascribed to the appearance of a more ordered transition phase
of alumina (c-alumina).

SEM images of FePNHG materials heat-treated at 60 and
270 uC are similar to those of the corresponding MnPNHG and
are shown in Fig. 3. When we compare the morphologies of
MePNHG materials heat-treated at 60 and 270 uC we observe
very different surface properties in both materials. The former
material is compact and has a smooth surface, whereas the
FePNHG heat-treated at 270 uC is rough and particulate and is
constituted of loose particles. The difference in the morphol-
ogies could be attributed to the difference in the heat treatment
processes. The heat treatment at 270 uC removes the solvent
molecules present in the solid matrix, producing a surface
rougher and more particulate than that of the FePNHG heat-
treated at 60 uC. The surface area of these materials confirms
that. Both FePNHG and MnPNHG materials heat-treated at
60 uC present a low specific surface area (v5 m2 g21) indicating
that they have formed compact materials. After the heat-
treatment at 270 uC the specific surface area increases to
600 m2 g21 (Table 2) as the material becomes more particulate
and rougher.

Oxidation reactions: in order to check the catalytic activity
of the prepared MePNHG materials, a diagnostic substrate,
(Z)-cyclooctene, was subjected to oxidation at room tempera-
ture and pressure. (Z)-Cyclooctene is a reactive alkene that has
been used in previous studies with both homogeneous and
heterogeneous catalysts, and as a product of the oxidation
reaction we observe the formation of only cyclooctene
oxide.10,25a The catalysis results are shown in Table 2. For
comparison of the catalytic activity of MePNHG materials
with the same metalloporphyrin in homogeneous solution, all
reaction conditions were maintained constant.

Controls for all reactions were carried out in the absence of
catalyst (MePNHG or homogeneous MeP) and in the presence

Fig. 3 SEM images of FePNHG treated at: (A) 60 uC; (B) 270 uC.

Table 2 Porphyrin loading, surface area and catalytic activity of MePNHG in the oxidation of (Z)-cyclooctene using PhIO or H2O2 as oxygen donor

Catalyst Oxygen donor MeP loading/mg g21 Surface area/m2 g21¡10

Cyclooctene epoxide yield (%¡5)

1 h 24 h

— PhIO — — 0 0
NHG PhIO 0 — 2 20
FeTFPPCl10 PhIO — — 89 89
FePNHG (60 uC) PhIO 18 5 10 100
FePNHG (270 uC) PhIO 18 600 33 45
FeTFPP–IPG10 PhIO 4 — 50 85
FePS–py7b PhIO 3 142 43 85
MnTFPPCl7b PhIO — — 84 84
MnPNHG (60 uC) PhIO 18 5 10 75
MnPNHG (270 uC) PhIO 18 600 27 55
MnPS–py7b PhIO 3 132 0 34
MnPNHG (60 uC) H2O2 18 5 0 13

Reaction conditions: T~25 uC, magnetic stirring, solvent~1,2-dichloroethane, (Z)-cyclooctene : oxygen donor : FeP molar ratio
1.26104 : 100 : 1, [FeP] in both homogeneous and heterogeneous reaction~3.061024 mol L21, [oxygen donor]~5.761023 mol L21.
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of alumina NHG without MeP. The control reactions showed
that in the absence of MeP and alumina no detectable
oxidation of substrate occurred. We observed that alumina
without MeP (NHG) can catalyse cyclooctene oxidation using
PhIO as oxygen donor in yields of up to 20% after 24 h. Acosta
et al.13 detected the presence of AlV sites in alumina prepared
by the non-hydrolytic process in gels dried at up to 150 uC,
suggesting a special catalytic activity related to them. We argue
that the cyclooctene epoxide yields in the NHG are due to the
presence of these AlV sites in the material.

In all of the reactions PhIO was totally consumed and the
PhI yields were ca. 100%, showing that all of the oxidant was
converted to PhI and that the competitive reaction between the
active intermediate and another molecule of PhIO, forming
PhIO2, does not occur.25b

MePNHG heat-treated at 60 uC led to cyclooctene epoxide
yields comparable to those obtained with the corresponding
MeP in homogeneous solution (Table 2). Slightly better
product yields are obtained with FePNHG than with homo-
geneous FeP, since the entrapment of FeP prevents the
formation of dimeric species.

We observe in Table 2 that after 1 h of reaction, the
MePNHG heat-treated at 270 uC shows higher epoxide yield
than that heat-treated at 60 uC, implying higher initial
epoxidation ratio in the materials heat-treated at 270 uC, and
we argue that this is due to the higher surface area of these
materials (600 m2 g21). This behaviour can be explained by the
changing of the pore structures during the heat treatment.26

It is likely that the active catalytic site in the materials treated
at higher temperature is more accessible than in the
materials treated at 60 uC, favouring the approach of the
substrate (Z)-cyclooctene and the diffusion of the product cis-
epoxycyclooctane from the heterogeneous catalyst into the
bulk solution.25,27 However, after 24 h of reaction, despite the
higher surface area of MePNHG heat-treated at 270 uC
(600 m2 g21, cf. 5 m2 g21), the materials heat-treated at 60 uC
are better catalysts (cyclooctene oxide yields 100 and 75% for
FePNHG and MnPNHG, respectively). When longer reaction
times are used, the increase in surface area of the MePNHG
catalyst is in the opposite direction to the decrease in its
activity. We attribute this result to the higher porosity and
fragility of the alumina matrix after its heat-treatment at
270 uC. After 1 h of stirring these porous materials can be easily
broken into more compact materials. In this process part of the
pores can be blocked and access of the substrate to the FeP site
is inhibited. The MePNHG samples heat-treated at 60 uC are
more compact and are less fragile than the former catalyst.
Although the MePNHG materials heat-treated at 60 uC have
smaller initial epoxidation ratios (due to the presence of a
smaller number of pores in the matrix), they are not broken
during the stirring process and are consequently active for a
longer period than the MePNHG materials heat-treated at
270 uC, presenting higher product yields at the end of the
reaction. Further studies are being carried out by our group to
prove this.

When MePNHG were used as catalysts, the UV–Vis spectra
of the reaction solutions showed no evidence for any leached
FeP or MnP and they were catalytically inactive when fresh
PhIO was added to them.

The rate of (Z)-cyclooctene epoxidation with homogeneous
MeP is faster than that with MePNHG systems (Table 2). It has
been observed that the epoxidation of (Z)-cyclooctene is ten
times faster in FeP homogeneous systems than in a modified
silica-supported system.10,25,27 This difference in the rate of
reactions can be assigned to the greater polarity of the matrix,
which impedes the approach of a substrate to the catalytic
active site and may slow down the diffusion of the product
epoxide into the reaction medium.

The catalytic activities of MePNHG were compared with
those of supported MeP on imidazole propyl gel through a

coordination bond (FeP–IPG)10 and of hybrid organic–
inorganic materials containing MeP covalently bonded to
silica prepared by a sol–gel process (FePS and MnPS,7

Table 2).
MePNHG and MeP–IPG materials show similar catalytic

yields (Table 2). The advantage of MePNHG materials is that
MeP cannot be leached from the matrix, whereas the MeP
coordinated to the IPG support can be extracted with more
polar solvents such as methanol.27

The MnPNHG system is more active than the MnPS,
whereas the FePNHG present similar catalytic activity to FePS
(Table 2). It has already been reported during MePS prepara-
tion via the sol–gel process, in the presence of a nitrogen base
catalyst, MeIIIP reduction to MeIIP can occur, leading to
materials with low catalytic activity.7b In the MePNHG
materials we did not observe the reduction of MeIIIP to
MeIIP, allowing better catalytic yields for the MePNHG
materials compared with those of MePS.

Recycling of the MePNHG catalyst materials shows that
their catalytic activity in the second reaction is half of that of
the yield in the first reaction (Table 3). We observed that after
the first reaction the MePNHG materials were reduced to a
finer powder when compared with the initial material. In fact,
these porous solids that are used in catalysis are often in the
form of powders whose surface obeys fractal scaling laws and
appears to have D~3. Their tenuous structure renders them
weak when subjected to the mechanical stress of grinding,
breaking them into more compact particles which are relatively
smooth.28 Apparently, the stirring procedure utilised during
the oxidation reaction fragmented the support, leading to the
formation of fines in the reaction medium. These fines can be
responsible for clogging of the pores of the support, leading to
the lower catalytic yields in the second reaction. Although we
observed this decrease in the catalytic activity in the recycling
reaction, the solid catalysts do have the advantage of being
easily recovered at the end of the reaction.

Very low yields were observed for cyclooctene oxidation
when H2O2 is used as oxygen donor using MnPNHG as
catalyst (13% yield, Table 2). The desired hydrogen peroxide
activation route in the case of synthetic MeP is the heterolytic
mode that leads to the generation of a water molecule and a
high-valent metal–oxo porphyrin complex. Fast side-reactions
between the intermediates and another H2O2 results in low
product yields.29,30 These side-reactions are probably favoured
by the presence of the alumina support in the environs of the
intermediate.

4 Conclusion

Novel hybrid organic–inorganic catalysts constituted of
iron(III) and manganese(III) 5,10,15,20-tetrakis(pentafluorophe-
nyl) porphyrin entrapped in an alumina gel matrix have been
prepared by a non-hydrolytic route through the condensation
of aluminium chloride with diisopropyl ether in the presence of

Table 3 MePNHG recycling in the oxidation of (Z)-cyclooctene using
PhIO as oxygen donor

Catalyst Reaction

Cyclooctene epoxide yield (%¡5)

1 h 24 h

NHG First reaction 2 20
NHG Recycling 4 20
FePNHG First reaction 10 100
FePNHG Recycling 1 48
MnPNHG First reaction 10 75
MnPNHG Recycling 1 35

Reaction conditions: T~25 uC, magnetic stirring, solvent~DCE,
(Z)-cyclooctene : oxygen donor : FeP molar ratio~1.26104 : 100 : 1,
[FeP]~3.061024 mol L21, [PhIO]~5.761023 mol L21.
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MeP. Using this procedure, 100% of MeP remained entrapped
and leaching was not observed even in the presence of polar
solvents such as methanol. The alumina obtained after drying
was amorphous and non-hydrated. The use of a conventional
hydrolytic sol–gel process leads to complete leaching of the
metalloporphyrin from the matrix, underlining the importance
of the non-hydrolytic alumina gel process in the matrix
preparation.

The new catalysts prepared were tested for their ability to
catalyse the epoxidation of (Z)-cyclooctene using iodosylben-
zene as oxygen donor, giving high yields in the epoxidation,
similar to those obtained using the MeP in solution or
supported on a silica matrix (IPG or MePS). The advantage
of MePNHG is that the MeP cannot be leached from the matrix
during the epoxidation reaction.
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