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Iron porphyrins immobilised on silica surface and encapsulated in silica
matrix: a comparison of their catalytic activity in hydrocarbon oxidation
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Abstract

In this work, different iron porphyrins, either immobilised on silica surface or encapsulated in silica matrix (FePES), have been used as
catalyst in hydrocarbon oxidation by PhIO or H2O2, and results have been compared. Such study has aimed at understanding the relationship
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etween the catalytic results and the following properties of the catalytic reaction sites: (i) the coordination environment around
ron, which can change substrate binding; (ii) the nature of the support, since polarity can affect substrate accessibility to the activ
he FeP nature and the microenvironment it create. We have observed that all systems are able to oxidise (Z)-cyclooctene and cyclohexane, a
etter product yields are obtained with the supported systems. In the case of FePES, high cyclohexanol and epoxide yields are o

he electronegatively substituted Im-[FeTFPP]ES. The low yields obtained with the cationic FePES can be explained by the polar e
f the FeP active site, which hinders the oxygen rebound mechanism necessary for the hydroxylation of the inert cyclohexane.
upported systems, commercial silica leads to high epoxidation and hydroxylation yields, showing that cationic iron porphyrins ar
atalysts even when immobilised on a simple support. The use of the clean oxidant H2O2 for olefin epoxidation in cases of the 2- a
-N-methyl-pyridyl substituted FePs in heterogeneous systems is reported for the first time in this paper, and the results are comp

iterature data on electron-deficient FePs in homogeneous systems. The best catalyst is [Fe(TF4TMAPP)]5+ on the SiSH and SiO2 supports
endering 80% and 86% epoxide yields with H2O2, respectively. All materials have been characterised by BET analysis, UV–vis an
pectroscopies.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cytochrome P450s are a class of heme-containing
onooxygenases that transfer an oxygen atom from molec-
lar oxygen to a wide range of organic substrates[1].

n an attempt to mimic the reactivity of heme proteins,
any researchers have used metalloporphyrins to catalyse
variety of hydrocarbon oxidations with various oxygen

onors[2,3]. These include iodosylbenzenes, peroxyacids,
ypochlorite, chlorite, hydroperoxides, N-oxides, hydrogen

∗ Corresponding author. Tel.: +55 16 602 3782; fax: +55 16 633 8151.
E-mail address:iamamoto@usp.br (Y. Iamamoto).

peroxide, monoperoxyphthalate and potassium monope
fate[4]. In particular, the reactions of metalloporphyrins w
hydrogen peroxide have attracted much attention in the
porphyrin (FeP) oxidation chemistry, since H2O2 is a biolog-
ically important and environmentally clean oxidant, lead
to the formation of only a water molecule as side-prod
[4,5].

The growing development in the search for catalysts
are stable in the reaction media and promote selective h
carbon oxidations with high turnovers has been a challen
biomimetic chemistry. However, a problem associated
metalloporphyrins catalysed oxidation is catalyst oxida
self-destruction in the oxidizing media[2,6]. One approac
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Fig. 1. FePs used in this work.

to solve this problem is the use of electron-withdrawing
substituents on the porphyrin periphery, especially halo-
genated and perhalogenated phenyl porphyrins, which pro-
duces robust and resistant catalysts[7–10]. Another solution
to promote the stability of metalloporphyrin catalysts is to
immobilise them on a solid matrix. This can provide added
benefits arising from steric and electronic effects of the sup-
port, which are in some respects analogous to the influence of
the polypeptide chain in hemeproteins[11]. In general, im-
mobilisation methods include physical entrapment, covalent
binding and surface adsorption.

Our group has devoted efforts to the study of the catalytic
activity of various systems anchored on silica surface[12,13]
and encapsulated in the silica matrix through the sol–gel pro-
cess[14]. In the present work, we describe (Z)-cyclooctene

epoxidation and cyclohexane hydroxylation by iodosylben-
zene in the presence of different iron porphyrins (Fig. 1) an-
chored on silica surface (Fig. 2) or encapsulated in the silica
matrix through the sol–gel process. In recent studies, many
relevant results for olefin epoxidation[5] and alkane hydrox-
ylation [15] in homogeneous systems have been reported,
using H2O2 as oxidant. However, few results have been re-
ported with supported systems. In this paper, we have studied
(Z)-cyclooctene epoxidation with H2O2 catalysed by differ-
ent iron porphyrins in heterogeneous systems. We have anal-
ysed results and discussed the probable mechanisms involved
in the reactions.

2. Experimental

2.1. Materials

N,N′-dimethylformamide (DMF, Merck) was placed over
KOH pellets for 24 h, refluxed for 12 h, distilled and
stored in a dark bottle with 0.4 nm molecular sieves. 1,2-
Dichloroethane (DCE, Merck) was distilled and stored over
0.4 nm molecular sieves. (Z)-cyclooctene was purified by
column chromatography on basic alumina prior to use. Io-
dosylbenzene (PhIO) was prepared through the hydroly-
sis of iodobenzenediacetate[16], and it was stored in a
freezer; its purity was measured by iodometric assay. Hy-
d
p nol
( ine
( nd
c re-
c
Fig. 2. Supports used to anchor FePs.
rogen peroxide (30%, w/v) was stored at 5◦C and titrated
eriodically. Tetraethilorthosilicate (TEOS, Aldrich), etha
EtOH, Synth), dichloromethane (DCM, Synth), pyrid
Merck), imidazole (Sigma), 4-phenylimidazole (Acros) a
arbon tetrachloride (CCl4, Carlo Erba) were used as
eived.
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2.2. Iron porphyrins

2.2.1. Tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin
([Fe(TFPP)]+ )

The synthesis of TFPPH2 was carried out according to
Lindsey’s method[17], as previously described[18]. The ob-
tained TFPPH2 was characterised by UV–vis spectroscopy
and1H NMR, which confirmed the structure and the purity
of the porphyrin[19]. Iron insertion into TFPPH2 was per-
formade as described by Kadish et al.[20].

2.2.2. Iron(III) meso-tetrakis(2,3,5,6-tetrafluoro-N,N,N,-
trimethyl-4-anilinium)porphyrin ([FeTF4TMAPP]5+)
and iron(III) meso-tetrakis(2-N-methylpyridyl)porphyrin
([Fe{T(2-N-MePy)P}] 5+)

These FePs were purchased from Midcentury and used as
received.

2.2.3. Iron(III)
meso-tetrakis(4-N-methylpyridyl)porphyrin
([Fe{T(4-N-MePy)P}] 5+)

This FeP was obtained from [T(4-N-MePy)P]4+ (pur-
chased from Midcentury). Iron was inserted into [T(4-N-
MePy)P]4+ with FeCl2·4H2O, by the method described by
Kachadourian et al.[21].
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(3.30× 10−6 mol) and 1× 10−4 mol of the template (imi-
dazole or 4-phenylimidazole) were then added. The resulting
solution was stirred at 25◦C until the xerogel was formed.
The obtained xerogel was allowed to stand under cover at
90◦C. The resulting solid was ground and washed with vari-
ous solvents, in the following order: acetone, methanol, wa-
ter, methanol, acetone and dichloromethane. The solid was
washed in a Soxhlet extractor with MeOH, for 24 h. The
amount of iron(III)porphyrin leached from the silica mate-
rial was quantified by measuring the UV–vis absorbance.

2.6. UV–vis spectra

Electronic spectra (UV–vis) were recorded in a UV–vis
spectrophotometer (Hewlett Packard 8453 Diode Array). For
both supported and encapsulated iron porphyrins, spectra
were recorded in a 2 mm-path-length quartz cell, with the
solid catalyst in a suspension in CCl4. The “blank” had been
previously recorded and consisted of a support/CCl4 suspen-
sion.

2.7. EPR spectra

Electron paramagnetic resonance (EPR) spectra of the
solids were performed using a commercial X-band spectrom-
e dard
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.3. Solid supports

IPG and SiSO3− were obtained and characterised as
ntly reported[22]. SiSH was prepared by heating a susp
ion of silica gel with (3-mercapto-propyl)methyldime
xysilane, according to the method of Basolo and cow
rs [23], and the resulting material was dried under v
um at 100◦C, for 8 h. Elemental analysis: C = 1.2
= 1.0%; S = 0.9%, which corresponds to 2.5× 10−4 mol of
ethyldimethoxymercaptopropyl/g of SiSH. SiO2 was used
s received (purchased from Carlo Erba).

.4. Preparation of supported iron porphyrins

Supported iron porphyrins were achieved by stirring
espective FeP solution in ACN or MeOH with a susp
ion of the support for about 30 min. The amount of com
ound to the solid matrix was 7.5× 10−6 mol of FeP/g o
upport. The resulting catalysts were washed with AC
eOH in a Soxhlet extractor overnight to remove unbo
nd weakly bound FeP. The solids were dried for 5 h
00◦C. The loading was quantified by measuring the am
f unloaded FeP in the combined reaction solvent and w

ngs by UV–vis spectroscopy.

.5. Preparation of entrapped iron porphyrin (FePES)

Initially, the silica sol was prepared by stirring 20
f ethanol (EtOH), 3.0 ml of tetraethylorthosilicate (TEO
nd 0.5 ml of water for 2 h[24]. The FeP (3.0 mg
ter (Bruker Elexsys line E-580) equipped with a stan
ectangular cavity. The temperature∼4 K was controlled b
sing a low temperature accessory (Helitran Oxford

ems). The materials EPR spectra were recorded after a
.030–0.050 g of the dry material to an EPR quartz tube

.8. Surface area

Specific surface area was determined by the BET me
rom nitrogen adsorption data, using a physical adsorp
nalyzer (Micrometrics Accsorb 2100 E)[25].

.9. Titration of iron porphyrin with nitrogen base

A 1–20�l aliquots of pyridine or nitrogen base soluti
imidazole or 4-phenylimidazole, 0.1 mol l−1) were added t
2.0 mm-path-length quartz cell containing 200�l of an FeP
olution in DCE (2× 10−4 mol l−1). The resulting spect
ere recorded on a UV–vis spectrophotometers, HP
iode Array.

.10. Product analysis by gas chromatography

Gas chromatographic analyses were performed on
hromatograph (Hewlett Packard HP 6890 Series GC
em), coupled to a flame ionization detector, using a capi
olumn (HP-INNOWAX, cross-linked poly(ethylene glyco
ength 30 m; i.d. 0.25 mm, film thickness 0.25�m) and nitro-
en as the carrier gas.
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2.11. Procedure for catalytic oxidations

All substrates were checked by gas chromatography prior
to use, to ensure that they were free from oxidation products.
Reactions were performed in a 4 ml vial with a teflon-coated
silicone septum and stirred at room temperature. In a stan-
dard reaction, 2.5× 10−7 mol of FeP, 200�l of substrate ((Z)-
cyclooctene or cyclohexane) and 2 or 5�l of bromobenzene
(internal standard) were mixed in 800�l of solvent (DCE in
the case of PhIO as oxidant, and DCM:ACN (1:1) in the case
of H2O2 as oxidant). Yields based on the added oxidant were
determined by removing aliquots of the reaction mixture and
analysing them by gas chromatography.

3. Results and discussion

3.1. Preparation and characterization of anchored iron
porphyrins

The anchored FePs were prepared by stirring a suspension
of the support (IPG, SiSO3−, SiO2 or SiSH) in a solution of
FeP in ACN or MeOH. These materials were subsequently
washed in a Soxhlet extractor with ACN or MeOH overnight,
to remove unbound and weakly bound FeP. This ensured that
the FeP would not leach from the support throughout the ox-
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Fig. 3. UV–vis spectra of: (A) a solution of [Fe(TF4TMAPP)](PF6)5

3.8× 10−4 mol l−1 in ACN; (B) after addition of 5.5× 10−6 mol of (3-
mercapto-propyl)-methyldimethoxysilane.

FeP in solution when it is not coordinated with theSH
group (Fig. 4B), indicating a less coordinated Fe(III)-SH
system in this case. On the other hand, the spectra of the
solid catalysts [Fe{T(4-N-MePy)P}]-SiSH and [Fe{T(2-N-
MePy)P}]-SiSH (Fig. 4A) do not display the band at 334 nm,
a pattern that is similar to that of the fully coordinated
[Fe(TF4TMAPP)]-SH (Fig. 3B).

The FeP loadings were quantified by measuring the
amount of unloaded FeP in the solvent washings by UV–vis
spectroscopy (Table 1). As already mentioned[22], sys-
tems where ionic binding is favoured, as is the case of
[Fe{T(2-N-MePy)P}]5+ and [Fe{T(4-N-MePy)P}]5+ bound
to the anionic support SiSO3−, leads to the highest FeP load-
ings, and very low catalyst leaching from the support occurs
throughout the reaction. Interestingly, the complex [Fe{T(2-
N-MePy)P}]5+ bound to the solid support SiSH also led to
high catalyst loading, and this can be explained by the fact
that, besides the coordination of the sulphur from the support
SiSH to iron(III) there probably also is a strong contribution

F iSH
i

dation reactions carried out in DCE (in the case of PhIO
xidant) or DCM:ACN (1:1) (in the case of H2O2 as oxi-
ant) at 25◦C, making sure that the yields attained with
eterogeneous catalysts would only be due to the supp
eP catalytic activity. The washed catalysts were isolate
ltration and dried for 5 h, at 100◦C.

The supports IPG, SiSO3− and SiSH were selected b
ause they are oxidatively stable under the reaction cond
nd allow the study of the catalytic activity of cationic F
nchored to solid surfaces in two different ways: (i) thro
lectrostatic interaction between the cationic groups o
eP and counterionic groups on the surface of SiSO3

−, and
ii) through coordinating groups on the surface of IPG
iSH. Another reason for using charged supports was

t was expected to give rise to stronger FeP-support bin
han IPG or SiSH[26,27].

The electronic spectra of the anchored catalysts confi
he presence of FeP on the supports, being a quali
ethod of characterisation. Despite the difficulty in obt

ng information at a molecular level inherent to this techn
22,28], some qualitative information could be obtain
he spectrum of [Fe(TF4TMAPP)](PF6)5 in ACN displays
band at 334 nm, and Soret peak at 412 nm (Fig. 3A). After

he addition of (3-mercapto-propyl)-methyldimethoxysil
FeP/ligand ratio = 1:37), the band at 334 nm disapp
nd the Soret peak shifts to 418 nm (Fig. 3B), indicating

hat when this FeP coordinates to theSH group, it doe
ot display a band at 334 nm. However, the solid c

yst [Fe(TF4TMAPP)]-SiSH does display a band at 334
pattern which is very similar to that obtained with
ig. 4. UV–vis spectra of: (A) a solid suspension of [Fe(TF4TMAPP)]-S
n CCl4; (B) a solid suspension of [Fe{T(2-N-MePy)P}]-SiSH in CCl4.
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Table 1
Amount of iron porphyrin bound to the solid supports

Support FeP Solvent used in
the Soxhlet
extractor

Loading (%)

SiSH [Fe(TF4TMAPP)]5+ ACN 97
SiO2 [Fe(TF4TMAPP)]5+ ACN 98

IPG [Fe{T(2-N-MePy)P}]5+ MeOH 92
SiSO3

− [Fe{T(2-N-MePy)P}]5+ MeOH 99
SiSH [Fe{T(2-N-MePy)P}]5+ MeOH 99
SiO2 [Fe{T(2-N-MePy)P}]5+ MeOH 90

IPG [Fe{T(4-N-MePy)P}]5+ MeOH 92
SiSO3

− [Fe{T(4-N-MePy)P}]5+ MeOH 99
SiSH [Fe{T(4-N-MePy)P}]5+ ACN 100
SiO2 [Fe{T(4-N-MePy)P}]5+ ACN 99

from the electrostatic interaction between the metallopor-
pyrin and silanol groups from the support.

The lowest loading was obtained for FeP-IPG, where co-
ordination depends on iron binding to nitrogen.

Analysis of the FePs immobilised on the different solid
supports by EPR spectroscopy was also performed. This
study provided information on the spin and oxidation states of
the central iron present in the anchored FePs, that all the sam-
ples contain high-spin iron(III) (signals ing⊥ ∼ 6 andg‖ ∼ 2),
suggesting that the FeP complexes are mono-coordinated to
the support in all cases. A typical spectrum of an anchored
FeP is shown inFig. 5B. We also observed a signal ing= 4.3,
for all the studied systems, which is consistent with a distorted
structure for the iron porphyrin.

3.2. Preparation and characterisation of entrapped iron
porphyrins (FePES)

Encapsulated iron porphyrins were prepared by the addi-
tion of a known quantity of FeP to a silica sol. After drying,
the mass of FeP per final mass of material (loading) was de-
termined through repetitive washing of the attained material
with several solvents, as earlier described in Section2. The
amount of leached FeP in the combined washings was mea-
sured by UV–vis.

atrix
h f the

Fig. 5. EPR spectra of: (A) entrapped Im-[FeTFPP]ES and (B) supported
[Fe{T(2-N-MePy)P}]-IPG.

xerogel depend on the porphyrin and on the conditions used
during the sol–gel preparation process[24]. Therefore, the
best conditions for FeP entrapment were identified. The ma-
terial obtained after the washings exhibited a brown colour,
indicating that the incorporation of FeP really occurred, since
the silica matrix without any entrapped molecule presents a
white colour[29].

The FeP loading (Table 2) into 4-phIm-[FeTF4TMAPP]
ES was lower than the FeP loading of the FePES systems
prepared with other FePs. A higher FeP loading was observed
in the case of the encapsulated Im-[FeTFPP]ES; if compared
to 4-phIm-[[FeTF4TMAPP]ES, where 4-phIm was used as
template.

UV–vis studies of FeP samples lead to the same spectrum
pattern of the parent iron porphyrins in solution (Table 2)
[30], indicating that the structure of the FeP was retained
throughout the sol–gel process. The spectra of the xerogels
have resolved Soret peaks, but the� and� bands cannot be
assigned due to the broadening caused by the silica.

The EPR spectra of the encapsulated FePs displayed
high spin FeIII signals in g⊥ ∼ 6.0 and g‖ ∼ 2.0, and a
signal in g= 4.3, in all cases, which is consistent with
a rhombic structure for the iron porphyrin. The complex
Im-[FeTFPP]ES presented signals ing1 = 2.89, g2 = 2.27

T
P and su

C m)

[
I
[
4
[
4
[
4

U in CCl4. The aterial
t

Studies of encapsulated FeP (FePES) in the silica m
ave demonstrated that the structure and morphology o

able 2
roperties of the prepared materials: porphyrin loading, UV–vis, EPR

atalyst Loading (� mol/g± 1) UV–vis (n

FeTFPP]+ – 412
m-[Fe(TFPP)]ES 11.1 413
Fe(TF4TMAPP)]5+ (ACN) – 408
-phIm-[Fe(TF4TMAPP)]ES 1.7 409

Fe{T(2-N-MePy)P}]5+ – 410
-phIm-[Fe{T(2-N-MePy)P}]ES 4.3 416

Fe{T(4-N-MePy)P}]5+ – 412
-phIm-[Fe{T(4-N-MePy)P}]ES 3.1 416

V–vis spectra were recorded with the solid catalyst in a suspension
o an EPR quartz tube.
rface area

EPR (±0.005) Surface area (m2/g± 10)

FeIII (5/2):∼6.0, 2.0 –
FeIII (5/2): 6.0, 4.3, 2.0; FeIII (1/2): 2.89, 2.27 14
– –
FeIII (5/2):∼6.0 633
FeIII (5/2):∼6, 4.3, 2 –
FeIII (5/2):∼6, 4.3, 2 649
FeIII (5/2):∼6, 4.3, 2 –
FeIII (5/2):∼6, 4.3, 2 620

EPR spectra were recorded after adding 0.030–0.050 g of the dry m
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Table 3
Oxidation of (Z)-cyclooctene and cyclohexane by PhIO or H2O2, catalysed by encapsulated iron porphyrins and supported iron porphyrind

Sl. no. Catalyst Cyclohexane yield (%) PhIOa (±5%) Cyclooctene oxide yield (%)

ol one PhIOa (±5%) H2O2
b (±5%)

1 [Fe{TFPP}]+ 60 3 98 65
2 Im-[Fe{TFPP}]ES 35 3 87 48
3 [Fe(TFPP)]-IPG 64 0 – –
4 [Fe{TF4TMAPP}]5+ (ACN) 33 6 100 75
5 4-phIm-[Fe{TF4TMAPP}]ES 3 0 73 5
6 [Fe(TF4TMAPP)]-SiSH 40 0 84 80
7 [Fe(TF4TMAPP)]-SiO2 52 5 95 86
8 Fe[T(4-N-MePy)P]5+ (MeOH) 7 0 50 37
9 4-phIm–[Fe{T(4-N-MePy)P}]ES 0c (4) 0 29c (60) 31

10 [Fe{T(4-N-MePy)P}]-SiSH 5 0 100 44
11 [Fe{T(4-N-MePy)P}]-SiO2 20 0 100 54
12 [Fe{T(4-N-MePy)P}]-IPG 7 0 65 35
13 [Fe{T(4-N-MePy)P}]-SiSO3 2 0 56 41
14 Fe[T(2-N-MePy)P]5+ (MeOH) 3 0 54 44
15 4-phIm-[Fe{T(2-N-MePy)P}]ES 0c (2) 0 28c (50) 29c (26)
16 [Fe{T(2-N-MePy)P}]-SiSH 6 0 100 56
17 [Fe{T(2-N-MePy)P}]-SiO2 19 3 100 66
18 [Fe{T(2-N-MePy)P}]-IPG 3 0 58 33
19 [Fe{T(2-N-MePy)P}]-SiSO3 10 0 61 69

a T= 25◦C, magnetic stirring, solvent: DCE, cyclooctene/PhIO/catalyst molar ratio = 6000:100:1, [FeP] = 2.5× 10−7 mol, 200�l cyclooctene and 800�l
solvent. Yields based on PhIO; [PhIO] = 2.5× 10−5 mol. Error average 2%, based on the starting PhIO.

b T= 25◦C, magnetic stirring, solvent: DCM:ACN (1:1), cyclohexane/H2O2/catalyst molar ratio = 6000:40:1, [FeP] = 2.5× 10−7 mol, 200�l cyclohexane
and 800�l solvent. Yields based on H2O2; [H2O2] = 1.0× 10−5 mol. Error average 2%, based on the starting H2O2.

c After 6 month.

and g3 not determined. A typical spectrum is shown in
Fig. 5A [31]. The exception to this generalisation is 4-phIm-
[FeTF4TMAPP]ES, which does present only the high spin
FeIII signal ing= 6. The UV–vis spectra show the presence
of the FeII species in this catalyst (Table 2).

Each material surface area was determined by the nitro-
gen adsorption–desorption isotherms of previous degassed
solids, at 120◦C. Measurements were carried out at liquid
nitrogen boiling point, in a volumetric apparatus, using ni-
trogen as probe. The xerogels specific surface areas were
determined from thet-plot analysis[32], and pore size dis-
tribution was obtained using the BJH method[33]. All the
FePES-templates have surface areas lying between 14 and
649 m2/g.

3.3. Homogeneous versus heterogeneous systems

For homogeneous systems a good performance of the
more resistant fluorosubstituted FeP is normally expected,
as in entries 1 and 4 (Table 3). However, iron porphyrins that
do not bear electronwithdrawing substituents in the meso-
phenyl rings may undergo self-oxidative destruction (entryes
8 and 14,Table 3). Besides that, solvents like MeOH and
ACN may be oxidised by the active specie FeIV (O)P•+, com-
peting with the substrate and thus decreasing product yields.
I lead
t and
1 cat-
a d in
A cies

FeIV (O)P•+, the cicloehane yields was not so low since the
catalyst presents electronwithdrawing substituents that sta-
bilise the active species. As for (Z)-cyclooctene epoxidation,
the cyclooctene oxide yields less affected by these same fac-
tors since such substrate is more reactive then cyclohexane.

Thus, a way to prevent catalyst self-oxidative destruc-
tion and increase its efficiency is to immobilise it on solid
supports. In homogeneous systems, the FePs [Fe{T(4-N-
MePy)P}]5+ and [Fe{T(2-N-MePy)P}]5+ do not catalyse
oxidation reactions in dichloroethane because they are not
soluble in this medium, but when supported, [Fe{T(4-
N-MePy)P}]-SiO2 (entry 11, Table 3) and [Fe{T(2-N-
MePy)P}]-SiO2 (entry 17,Table 3) are particularly more ef-
ficient catalysts than their homogeneous analogues (entries
8 and 14,Table 3). This happens because, besides the ab-
sence of competitive solvent oxidation with pure DCE, the
immobilisation of these FePs renders them more resistant to
oxidative self-destruction. This is because these systems con-
sist of a polar hemin in isolated sites, in the same way that the
active site of P-450 is a polar protohemin in a hydrophobic
pocket, making them good cytochrome P-450 model systems
[34].

3.4. Cyclohexane hydroxylation with iodosylbenzene
(PhIO)

ving
o xyge-
n i-
b d by
n the case of cyclohexane hydroxylation, such factors
o low cyclohexane yields, as is the case of reactions 8
4, carried out in MeOH and using electron-deficient
lyst. However, although reaction 4 was also performe
CN, a solvent that also competes for the active spe
Selective alkane hydroxylation has been achieved in li
rganisms by metalloenzymes such as methane monoo
ase and cytochrome P-450[35]. Product yields and distr
ution in hydrocarbon oxidations are also largely affecte
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Scheme 1.

the nature of the porphyrin ligands. It is known that for the
oxidation of the inert cyclohexane with PhIO, the oxygen
rebound mechanism operates[7] (Scheme 1).

In the systems studied in this work, higher yields are ob-
tained with surface supported catalysts, if compared with the
encapsulated FePs, as will be explained in detail later. In
general, high selectivity torwards cyclohexanol is observed
as expected for cytochrome P-450 models.

For the supported [Fe(TF4TMAPP)]5+ (Table 3, entries
6 and 7), the presence of electronwithdrawing substituents
makes the catalyst more efficient. The active species pro-
motes hydrogen abstraction and renders good cyclohexanol
yields.

Comparing all different matrices for each FeP catalyst
([Fe(TF4TMAPP)]5+, [Fe{T(4-N-MePy)P}]5+and [Fe{T(2-
N-MePy)P}]5+) in Table 3, better results are obtained with
the FeP–SiO2 systems, which present a less polar support that
does not bear coordinating groups (Table 3, entries 7, 11 and
17). As the substrates are less polar, their access is favoured in
these systems, and the products are also easily released from
the active site into the solution[36]. In contrast, the more
polar systems FeP–SiSO3 (Table 3, entries 13 and 19) lead
to low cyclohexanol yields, if compared with the FeP–SiO2
systems (Table 3, entries 11 and 17).

The solid catalysts [Fe{T(4-N-MePy)P}]-SiSH (Table 3,
entry 10) and [Fe{T(2-N-MePy)P}]-SiSH (Table 3, entry 6)
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F
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Scheme 2.

can be explained by the presence of electronwithdrawing
substituents in the porphyrin ring. Additionally, the absence
of SiS-FeP coordination, as observed before (Section3.1,
Fig. 4A), can be considered as favouring this good cyclo-
hexanol yield. Corroborating to the beneficial effect of a less
polar support, Fe(TF4TMAPP)]-SiO2 yielded 52% of cyclo-
hexanol (Table 3, entry 7).

In the case of the encapsulated systems, a high cyclohex-
anol yield was observed for the electronegatively substituted
Im-[FeTFPP]ES complex (35%,Table 3, entry 2). Although
EPR spectra gave the evidence of the presence of a small
amount of low-spin species (Fig. 5A), the remaining FeIII

high-spin species (g= 6) were able to promote hydroxyla-
tion.

The low yields obtained with the cationic iron porphyrin
encapsulated systems (Table 3, entries 5, 9 and 15) can be
explained by the nature of the active site environment, which
is more polar and rigid, hindering the oxygen rebound mech-
anism for the hydroxylation of the inert cyclohexane.

Although the complex 4-phIm-[Fe(TF4TMAPP)]ES
(Table 3, entry 5) contains electronwithdrawing substituents,
cyclohexanol yields was only 3%. In this case, EPR results
also (Table 2) indicate the presence of high-spin FeIII signals.

3.5. (Z)-cyclooctene epoxidation with iodosylbenzene
(

sup-
p
o (
c ined
w

defi-
c )]-
S od
w

ePs
s
N s-
i
M
e the
S the
e
r
o
[ n
b rme-
d he
ive rise to only 5% and 6% cyclohexanol yields resp
ively. As aforesaid, these catalytic systems contain theSH
roup (section 3.1,Fig. 4B), and there is evidence of Si
eP coordination. In the case of [Fe{T(4-N-MePy)P}]-IPG
nd [Fe{T(2-N-MePy)P}]-IPG, imidazole also coordinat

o the central iron[26], and the yields are low. Although
s known that imidazole coordination favours intermedia
ormation (Scheme 1) [37], the coordinations IPG-FeP a
iS-FeP affect the microenvironment of the active site, m

ng the operation of the oxygen rebound mechanism
ult (Scheme 1, pathways b and c), and so hydroxylation
omes less effective. On the other hand, yields are high
Fe{T(4-N-MePy)P}]-SiO2 and [Fe{T(2-N-MePy)P}]-SiO2
Table 3, entries 11 and 17). These better results may be
o the absence of coordinating groups on the support, be
he fact that silica is a less polar support, as discussed b
o the environment favours pathways b and c of the ox
ebound mechanism.

The solid catalyst [Fe(TF4TMAPP)]-SiSH (Table 3, en-
ry 6) gives rise to 40% cyclohexanol yields. Such high y
PhIO) or hydrogen peroxide (H2O2)

Alkene epoxidation catalysed by FePES and FePs
orted on silica and modified silica surface (Fig. 2), by PhIO
r H2O2 showed that the systems, were able to oxidiseZ)-
yclooctene. Better cyclooctene oxide yields were obta
ith the FePs supported on surface systems (Table 3).
For the silica supported systems containing electron-

ient FePs [Fe(TF4TMAPP)]-SiSH and [Fe(TF4TMAPP
iO2 (Table 3, entries 6 and 7), the yields were very go
hen PhIO was used as oxidant.
The high epoxide yields obtained with the cationic F

upported on silica [Fe{T(4-N-MePy)P}]-SiO2 and [Fe{T(2-
-MePy)P}]-SiO2 (Table 3, entries 11 and 17) when u

ng PhIO were unexpected, if compared with [Fe{T(4-N-
ePy)P}]-SiSO3 and [Fe{T(2-N-MePy)P}]-SiSO3 (Table 3,
ntries 13 and 19). Probably, the sulphonate group in
iSO3

− support acts as a weakly ligating ligand, and
quilibrium is shifted to intermediate I (Scheme 2), which is
esponsible for epoxidation[38]. The high yield of 100%
btained in the cases of [Fe{T(4-N-MePy)P}]-SiO2 and

Fe{T(2-N-MePy)P}]-SiO2 (Table 3, entries 11 and 17) ca
e explained through the operation of an additional inte
iate, FeIII -OIPh+. Nam [39] has demonstrated that, in t
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reaction of FeIV (O)P•+ (Scheme 2, I) and PhI, there is for-
mation of the FeIII -OIPh+ (Scheme 2, II) complex, and this
intermediate is able to selectively epoxidise cyclohexene and
cis-stilbene.

For both systems [Fe{T(4-N-MePy)P}]-SiSH and
[Fe{T(2-N-MePy)P}]-SiSH (Table 3, entries 10 and 16),
where the FeP is coordinated to the support, we obtained
100% of cyclooctene oxide yield. Probably, in these systems,
intermediate II (Scheme 2) species are also responsible for
epoxidation. For [Fe{T(4-N-MePy)P}]-IPG and [Fe{T(2-N-
MePy)P}]-IPG, imidazole from the support coordinated to
the FeP, and in this case, intermediate I is favoured, as we
have reported before[37].

The results obtained for (Z)-cyclooctene epoxidation by
H2O2 catalysed by heterogeneous systems were high, with
the electron-deficient FeP complexes leading to the het-
erolytic cleavage of the hydroperoxide OO bond[40].

The supported systems [FeTF4TMAPP]-SiSH and
[FeTF4TMAPP]-SiO2 led to the best results, rendering 80%
and 86% cyclooctene oxide yields by using the clean oxidant
H2O2.

The use of the 2- and 4-N-methyl-pyridyl substituted FePs
in heterogeneous systems is reported for the first time in this
paper in olefin epoxidation by H2O2, and the results are com-
parable with literature data obtained for electron-deficient
F

en-
c -
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cationic iron porphyrin systems can be explained by the na-
ture of the FeP active site environment, which is more polar
and rigid, hindering the oxygen rebound mechanism neces-
sary for the hydroxylation of the inert cyclohexane.

For all the cationic iron porphyrins ([Fe(TF4TMAPP)]5+,
[Fe{T(4-N-MePy)P}]5+ and [Fe{T(4-N-MePy)P}]5+) sup-
ported on the simple commercial silica, advantages of FeP
binding to the support through electrostatic interaction gen-
erally lead to better results using PhIO or H2O2 if compared
with the two functionalised silica employed in this work. The
high epoxidation yields obtained when using PhIO can be
explained by the participation of two intermediate species:
FeIV (O)P•+ and FeIII -OIPh+.

The use of the clean oxidant H2O2 in olefin epoxida-
tion in the cases of the 2- and 4-N-methyl-pyridyl substi-
tuted FePs in heterogeneous systems is reported for the first
time in this paper, and the results are comparable with liter-
ature data for electron-deficient FePs in homogeneous sys-
tems. The best catalyst was obtained by using the iron por-
phyrin [Fe(TF4TMAPP)]5+ and the supports SiSH and SiO2,
rendering 80% and 86% epoxide yields with H2O2, respec-
tively.
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[21] R. Kachadourian, I. Batinié-Haberle, I. Fridovich, Inorg. Chem. 38
(1999) 391.

[22] F.S. Vinhado, C.M.C. Prado-Manso, H.C. Sacco, Y. Iamamoto, J.
Mol. Catal. A: Chem. 174 (2001) 279.

[23] O. Leal, D.L. Anderson, R.C. Bowman, F. Basolo, R.L. Burwell, J.
Am. Chem. Soc. 97 (1975) 5125.

[24] H.C. Sacco, K.J. Ciuffi, E.A. Vidoto, J.C. Biazzotto, C.A. Mello,
D.C. Oliveira, O.A. Serra, O.R. Nascimento, Y. Iamamoto, J. Non-
Cryst. Solids 284 (2001) 174.

[25] S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (1938)
309.

[26] P.R. Cooke, J.R. Lindsay-Smith, J. Chem. Soc., Perkin Trans. 1
(1994) 1913.

[ s. 2

[28] M.A. Martinez-Lorente, P. Battioni, W. Kleemis, J.F. Bar-
toli, D. Mansuy, J. Mol. Catal. A: Chem. 113 (1996)
343.

[29] C.J. Brinker, G.W. Scherer, Sol–Gel Science: The Physics Of Chem-
istry of Sol–Gel Processing, Academic Press, 1993.

[30] K.J. Ciuffi, H.C. Sacco, J.B. Valim, C.M.C.P. Manso, O.A. Serra,
O.R. Nascimento, E.A. Vidoto, Y. Iamamoto, J. Non-Cryst. Solids
247 (1999) 146.

[31] Y. Iamamoto, K.J. Ciuffi, H.C. Sacco, C.M.C. Prado, M.
Moraes, O.R. Nascimento, J. Mol. Catal. A: Chem. 88 (1994)
167.

[32] C.V. Santilli, S.H. Pulcinelli, Cer̂amica 39 (1993) 259.
[33] E.P. Barret, L.G. Joyner, P.P. Halenda, J. Am. Chem. Soc. 73 (1951)

373.
[34] Y. Iamamoto, Y.M. Idemori, S. Nakagaki, J. Mol. Catal. A: Chem.

99 (1995) 187.
[35] F.L. Montanari, L. Casella, , in: R.A. Sheldon (Ed.), Metallopor-

phyrins in Catalytic Oxidations, Kluwer Academic Publishers, Am-
sterdam, 1994.

[36] A.J. Appleton, S. Evans, J.R. Lindsay-Smith, J. Chem. Soc., Perkin
Trans. 2 (1995) 281.

[37] Y. Iamamoto, C.M.C. Prado, H.C. Sacco, K.J. Ciuffi, M.D. Assis,
A.P.J. Maestrin, A.J.B. Melo, O. Baffa, O.R. Nascimento, J. Mol.
Catal. A: Chem. 117 (1997) 259.

[38] W. Nam, S.W. Jin, M.H. Lim, J.Y. Ryu, C. Kim, Inorg. Chem. 41
(2002) 3647.

[39] W. Nam, S.K. Choi, M.H. Lim, J.U. Rohde, I. Kim, J. Kim, C. Kim,
L. Que, Angew. Chem. Int. Ed. 42 (2003) 109.

[40] W. Nam, H.J. Han, S.Y. Oh, Y.J. Lee, M.H. Choi, S.Y. Han,
C. Kim, S.K. Woo, W. Shin, J. Am. Chem. Soc. 122 (2000)
8677.

[ em.
27] C. Gilmartin, J.R. Lindsay-Smith, J. Chem. Soc., Perkin Tran
(1995) 243.
41] W. Nam, H.J. Lee, S.Y. Oh, C. Kim, H.G. Jang, J. Inorg. Bioch
80 (2000) 219.


	Iron porphyrins immobilised on silica surface and encapsulated in silica matrix: a comparison of their catalytic activity in hydrocarbon oxidation
	Introduction
	Experimental
	Materials
	Iron porphyrins
	Tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin ([Fe(TFPP)]+)
	Iron(III) meso-tetrakis(2,3,5,6-tetrafluoro-N,N,N,-trimethyl-4-anilinium)porphyrin ([FeTF4TMAPP]5+) and iron(III) meso-tetrakis(2-N-methylpyridyl)porphyrin ([Fe{T(2-N-MePy)P}]5+)
	Iron(III) meso-tetrakis(4-N-methylpyridyl)porphyrin ([Fe{T(4-N-MePy)P}]5+)

	Solid supports
	Preparation of supported iron porphyrins
	Preparation of entrapped iron porphyrin (FePES)
	UV-vis spectra
	EPR spectra
	Surface area
	Titration of iron porphyrin with nitrogen base
	Product analysis by gas chromatography
	Procedure for catalytic oxidations

	Results and discussion
	Preparation and characterization of anchored iron porphyrins
	Preparation and characterisation of entrapped iron porphyrins (FePES)
	Homogeneous versus heterogeneous systems
	Cyclohexane hydroxylation with iodosylbenzene (PhIO)
	(Z)-cyclooctene epoxidation with iodosylbenzene (PhIO) or hydrogen peroxide (H2O2)

	Conclusion
	Acknowledgements
	References


