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Abstract

The approach adopted for the obtention of zeolite-encapsulated FeP led to clean syntheses of biomimetical catalyst. The
catalysts were obtained through the zeolite synthesis method, where NaX zeolite was synthesised around one of the cationic

Ž . Ž . Ž . Ž . Ž .FePs: iron III 5,10,15,20-tetrakis 4-N-methylpyridyl porphyrin FeP1 or iron III 5-mono 2,6-dichloro-phenyl 10,15,20-
Ž . Ž .tris 4-N-methylpyridyl porphyrin FeP2 . The syntheses yielded pure FeP1NaX and FeP2NaX catalysts without any

Ž .by-products blocking the zeolite nanopores. FeP1NaX and FeP2NaX efficiently catalysed the epoxidation of Z -cyclooctene
Ž .by iodosylbenzene PhIO in DCE, giving rise to cis-epoxycyclooctane yields of 85% and 95%, respectively. Hydroxylation

`of adamantane shows a preferable alkane oxidation at the tertiary C H bond, indicating a hydrogen abstraction through the
IVŽ . PqFe O P species in the initial step. The total adamantanol yields were 52% and 45% for FeP1NaX and FeP2NaX,

Ž . Ž .respectively. Concerning selectivity, FeP1NaX and FeP2NaX gave an 1-adamantanol Ad-1-ol r2-adamantanol Ad-2-ol
Ž .ratio of 20:1 and 11:1, respectively after statistical correction . Therefore, these results indicate a free radical activation of

`the C H bonds of adamantane as expected for P-450 models. In the cyclohexane oxidation catalysed by FeP1NaX in DCE,
Ž .a cyclohexanol C -ol yield of 50% and an alcoholrketone ratio of 10 was obtained. The hydroxylation occurs according to6

Žthe so-called oxygen rebound mechanism, as expected for a P-450 model system. FeP2NaX is less selective C -ol6
.yields25% and alcoholrketones1.2 . One possible explanation is that a Russell-type mechanism involving O impris-2

oned within the zeolite cages may be operating parallelly, generating both C -ol and cyclohexanone. q 2000 Elsevier6

Science B.V. All rights reserved.

Keywords: Zeolites; Ironporphyrin; Ironporphyrin encapsulation; Biomimetic catalyst; Hydrocarbon oxidation

1. Introduction

Ž .Cationic metalloporphyrins MePs have been
studied as catalysts for the oxidation of a wide

w xrange of substrates 1–6 . However, their use in
homogeneous systems have the following draw-
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Ž .backs: i the porphyrin ring is liable to oxida-
Ž .tive self-destruction; ii the MeP is subject to

Ž .aggregation through p–p interaction; iii oxi-
dation of hydrophobic organic substrates by
these water-soluble complexes is difficult since
the active catalytic species remains dissolved in
the aqueous phase.

One way to obtain efficient, selective and
easy-to-recover cationic MePs for organic sub-
strate oxidation is the combination of electron-

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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withdrawing substituents in the porphyrin ring
with catalyst immobilisation on inorganic matri-

w xces 1–3,7–12 . A new approach consisting of
MeP encapsulation in a size- and shape-selec-
tive mineral matrix framework such as zeolites,
the so-called ship-in-a-bottle system, has been

w xrecently developed 13a,b,c,14 . The approach
adopted consists of cationic MeP, stabilised by
the negative framework from inside the zeolite
cavities. Such zeolite-encapsulated MePs pre-

Ž .sent many advantages: i zeolites have well-
organised nanopores and nanochannels, which
readily serve as supporting hosts for various

Ž .molecules; ii the zeolite replaces the protein
portion of natural enzymes and provides a con-
trolled steric environment for the MeP, serving
as a model for the active site of cytochrome

w x Ž .P-450 13a,b,c,14 ; iii these heterogeneous
catalysts can be used in organic media for the
oxidation of hydrophobic substrates. Nakamura

w x Ž .et al. 15 were the first to describe how iron III
Ž .and manganese III 5,10,15,20-tetramethyl-

porphyrin complexes were synthesised within
the cages of NaY zeolite and the catalytic activ-
ity of these materials in the oxidation of satu-
rated hydrocarbons with hydrogen peroxide was

w xstudied. In another report, Battioni et al. 16
have described the catalytic activity of some
MePs encapsulated in NH Y zeolite, where the4

porphyrin complexes were synthesised inside
the Y zeolite, a method known as the template

w xsynthesis method. Balkus et al. 17 have used
the zeolite synthesis method to synthesize zeo-

Ž . Ž .lite NaX around cobalt II and copper II
phthalocyanine complexes. Our group has been
working on the synthesis of the NaX zeolite
around cationic FePs and has used such cata-

w xlysts in hydrocarbon oxidation 18 . More re-
cently, the synthesis of a faujasite-Y confined
MeP, and its catalytic activity in the oxidation

w xof cyclohexene has been reported 19 .
In this work, we describe the use of two

different cationic FePs encapsulated in NaX
zeolite as catalysts for hydrocarbon oxidation.
The heterogeneous FePs were obtained through
the zeolite synthesis method, where NaX zeolite

Ž .was synthesised I, Fig. 1 around one of the
Ž .pure cationic FePs: iron III 5,10,15,20-

Ž . Ž .tetrakis 4-N-methylpyridyl porphyrin FeP1
Ž . Ž . ŽFig. 1 or iron III 5-mono 2,6-dichloro-phe-

. Ž .nyl 10,15,20-tris 4-N-methylpyridyl porphyrin
Ž . Ž .FeP2 Fig. 1 . The syntheses yielded pure

Ž . Ž .iron III porphyrins FePNaX catalysts without
any by-products blocking the zeolite nanopores.
In order to verify the functional model of cy-
tochrome P-450 and to know their profile as
selective catalyst, these encapsulated FePs were

Ž .then used in the oxidation of Z -cyclooctene,

Ž . Ž .Fig. 1. Zeolite NaX I and ironporphyrins FeP .
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cyclohexane and adamantane by iodosylbenzene
Ž . w xPhIO 20 in organic media.

2. Experimental

2.1. Materials

All solvents and reagents were of commercial
grade unless otherwise stated and treated as

w x Ž .described before 8a,b . Z -Cyclooctene purity
was determined by gas chromatographic analy-
sis, and it was purified by column chromatogra-
phy on basic alumina prior to use.

2.1.1. FePNaX
[ ( ) ] Ž .Fe T 4-N-MePy P Cl FeP1, Fig. 1 : This5

FeP was purchased from Midcentury and was
used without prior purification.

[ ( ) ] Ž .Fe T 4-N-MePy MDCPP Cl FeP2, Fig. 1 :4
Ž .The free-base porphyrin T 4-N-MePy

MDCPPH and the corresponding iron por-2

phyrin were prepared according to the proce-
w xdure previously described 11a . Iron insertion

Ž . xinto T 4-N-MePy MDCPPH Cl was achieved2 3

by heating the methylated free-base porphyrin
Ž . Ž .and Fe NH SO P6H O at reflux in water4 2 4 2 2

for 2 h. The solution was cooled and NaClO4

was added, producing a dark precipitate. The
mixture was chilled for 2 h and the solid FeP
was isolated by filtration. The perchlorate anion
was exchanged for chloride using an ion ex-

w xchange resin 11b .
Ž .T 4-N-MePy MDCPPH and FeP2 were2

characterized by TLC, UV-Vis and 1H NMR
spectroscopy, FAB mass and ES MS.

( ) Ž .T 4-N-Py MDCPPH : UV-Vis DCM l ,2 max
Ž y1 y1. Ž 5nm ´ , mol l cm 418 2.5=10 , Soret
. Ž 4. Ž 3. 1band , 512 1.1=10 , 588 7.3=10 . H

Ž . ŽNMR CDCl d s9.01–9.07 m, 6H 3,5-3
. Žpyridyl , d s8.84 d, Js4.90 Hz, 2H b-pyr-

. Ž . Žrole , d s8.83 s, 4H b-pyrrole , d s8.74 d,
. ŽJs4.90 Hz, 2H b-pyrrole , d s8.16 d, Js

. Ž4.40 Hz, 4H 2,6-pyridyl , d s8.14 d, Js4.40
. ŽHz, 2H 2,6-pyridyl , d s7.82 q AB , Js8.242

. ŽHz, 2H 3,5-dichlorophenyl , d s7.73 q AB ,2
.Js8.24 Hz, 1H 4-dichlorophenyl , d sy2.87

Ž . w xs, 2H N-H pyrrole , FAB MS M s686, R f

silicar4% MeOH in DCMs0.56.
( ) Ž .T 4-N-MePy MDCPPH Cl : UV-Vis H O2 3 2

Ž y1 y1. Ž 5l , nm ´ , mol l cm 422 1.4=10 ,max
. Ž 3. Ž 3.Soret band , 512 7.5=10 , 540 3.8=10 ,

Ž 3. 1 Ž .590 3.7=10 . H NMR CDCl d s9.01–3
Ž . Ž9.07 m, 6H, 3,5-pyridyl , d s9.01–9.16 m,

. Ž8H b-pyrrole , d s8.92–9,00 m, 6H, 2,6-
. Žpyridyl , d s7,99–8.10 m, 3H, 3,5-dichloro-

. Žphenyl and 4-dichlorophenyl , d s4.74 s, 6H,
q . Ž q .N -methyl , d s4.76 s, 3H, N -methyl , d s

Ž . wŽy3.00 s, 2H, pyrrole . ES MS 244.6 M-
y. x wŽ y. x wŽ3Cl r3 ; 365.2 My3Cl r2 ; 358.0 My
y q. x wŽ y q. x3Cl CH r2 ; 366.2 M y 3Cl H r2 ;3

wŽ y q.x wŽ y. x728.4 My3Cl 2H ; 383.1 My2Cl r2 .
R silicar4% MeOH in DCMs0.05.f

Ž . Ž y1FeP2: UV-Vis MeOH l , nm ´ , molmax
y1. Ž 4 . Žl cm 424 6.6=10 , Soret band , 560 5.9
3. Ž 3. wŽ=10 , 594 5.8=10 . ES MS 262.3 My

y . x wŽ 2 y y . x4 C l r 3 ; 3 9 3 .0 M y 4 C l r 2 ;
wŽ 3y y.x wŽ y. x784.7 M y 4Cl ; 273.5 M y 3Cl r3 ;
wŽ y. x428.5 M-2Cl r2 . R silicar4% MeOH inf

DCMs0.05.

2.1.2. Preparation of zeolite-encapsulated FeP-
NaX

The FePNaX catalysts were synthesised
w xthrough the method of Balkus et al. 17 . A

silicate gel was prepared by stirring 0.70 g
silica, 0.60 g NaOH, 3.6=10y5 mol of the
desired FeP and 1.5 ml H O. The gel was then2

added to an aluminate solution consisting
Ž wŽ .of 1.55 g of aluminum isopropoxide Al CH -3 2

x .CHO , 0.65 g NaOH and 2.0 ml H O, and this3 2

mixture was transferred to a polypropylene bot-
tle with 6.0 ml H O and stirred at room temper-2

ature for 24 h. The bottle was put in a water
bath at 908C for 15 h and then 20 ml H O was2

added. The resulting solids were filtered, washed
several times with water and dried at 808C for
24 h. The samples were Soxhlet-extracted with
water for 3 days, and then with methanol for
another 3 days to remove all the FeP present on
the external surface of the zeolite. The samples
were dried at 808C for 24 h.
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To calculate the amount of loaded FeP in the
zeolite, a known amount of FePNaX was
weighed and destroyed with concentrated and
heated HCl in order to remove the FeP from the
zeolite. UV-Vis spectra of the removed FeP

Ž .were recorded in aqueous solutions pH;2
and the absorbance of the Soret band was used
to evaluate the loading of FeP per gram of
FePNaX, which was 1.10=10y6 mol gy1 for
FeP1NaX and 3.85 = 10y6 mol gy1 for
FeP2NaX.

2.2. UV-Vis and EPR

The spectra were recorded as previously de-
w xscribed 8a,b .

2.3. 1H NMR spectra

1H NMR spectra were accomplished on a
Bruker DR XC 400, 9.4 T spectrometer using¨
TMS as internal reference.

2.4. ES MS spectra

Electrospray mass spectra were recorded on
an LCQ Finnigan MAT spectrometer.

2.5. X-ray diffraction powder analysis

X-ray powder diffraction patterns were ob-
tained on an Universal XZG-4C diffractometer
using CuK a radiation.

2.6. TGArDTA analysis

An SDT2960 simultaneous DTArTGA appa-
ratus from TA Instruments was used to obtain
thermogravimetric analyses, where an oxygen
flux of 100 ml miny1 was used and the heating
rate was 108C miny1 until 10008C.

2.7. N BET surface area determination2

Specific surface analyses were performed on
a Micromerits ASAP 2000 with nitrogen as the
absorption gas.

2.8. Oxidation reactions

Controls for all reactions were carried out in
the absence of FeP. The reactions were carried
out in a 2-ml vial sealed with Teflon-coated
silicone septum. A total of 2.54=10y3 mol

Ž y3DCE, the substrate 2.66=10 mol of cyclo-
y3 Ž .hexane or 2.25=10 mol of Z -cyclooctene

y4 .or 8.90=10 mol of adamantane and 20 ml
Ž y2 y1 .internal standard 6.5=10 mol l in DCE

were added to the vial containing 0.0500 g
FePNaX and 1.0=10y6 mol PhIO under argon.
The mixture was protected from light and

.stirred at room temperature, for the desired
time. The build-up of products was monitored
by gas chromatography.

2.9. Product analysis

The products were analyzed by gas chro-
matography using the internal standard method.
Cyclohexanone, n-octanol and benzophenone

Ž .were used as standard in the case of Z -
cyclooctene, cyclohexane and adamantane oxi-
dation, respectively. The yields were based on
PhIO. Gas chromatographic analysis were per-
formed on a Varian Star 3400 CX gas chro-
matograph coupled to a Varian star chromatog-
raphy workstation. Nitrogen was used as the
carrier gas with a hydrogen flame ionization

Ždetector. The inox column length, 30 m; inter-
.nal diameter, 0.538 mm was packed with 1-

mm-wide DB-WAX film. The attained products
were analyzed by comparison of their retention
times with authentic samples.

3. Results and discussion

3.1. Synthesis and characterization of the zeo-
lite-encapsulated FePs

The FePNaX catalysts were obtained accord-
w xing to Balkus et al. 17 . The advantage of this

zeolite synthesis method over the template syn-
thesis is that an electrostatic interaction is intro-
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Žduced between the host anionic aluminosilicate
. Žspecies in the zeolite and the guest cationic

.4-N-methylpyridyl substituents on the FePs ,
enabling the construction of zeolite nanocages
around the pure cationic FePs. Unlike the tem-
plate synthesis method, this approach avoids the
presence of free metal ion, free ligand or impu-

Žrities like polypyrrins which result from MeP
. w xsynthesis 21 in the zeolite cages, which could

Žcomplicate both characterization presence of a
. Žbroad band at ;480nm and reactivity pore

.blockage of the resulting material.
The FePNaX catalysts obtained were charac-

terized by various techniques such as X-ray
powder diffraction, TGArDTA analysis, N2

BET surface area, UV-Vis and EPR spectro-
scopies. Both FePNaX catalysts presented good
X-ray powder diffraction patterns, where nar-
row peaks are in agreement with 2us27.58,

Ž . Ž . Ž31.58 and 36.68 for the 5 3 3 , 6 4 2 and 7 5
. w x1 planes of the NaX zeolite 22 , respectively.

TGArDTA analysis of NaX shows that there
is a total mass decrease of 18%, which can be
attributed to dehydration. Both FeP1NaX and
FeP2NaX presented a total mass decrease of
22%, due to losses of both water molecules and
organic material. N BET surface area experi-2

ments show that NaX presents higher surface
Ž 2 y1.area 370 m g than the FePNaX catalysts;

345 m2 gy1 for FeP1NaX and 357 m2 gy1 for
FeP2NaX. The decrease of surface areas of
FeP1NaX and FeP2NaX could be due to the
presence of compounds in the cages of the

w xzeolite 23 . Therefore, both TGArDTA and N2

BET surface area techniques support encapsula-
tion of the cationic FePs.

The UV-Vis spectra of both FeP1Cl and
FeP2Cl in aqueous solution is characterized by
a broad envelope representing the overlap of
two spectral bands in the Soret region. This
pattern had already been described before for

w xFeP1Cl by Pasternack et al. 24 . FeP1Cl has a
maximum at 398 nm and a shoulder at 415 nm;
FeP2Cl has a maximum at 402 nm and a shoul-
der at 422 nm. Since the spectral patterns for
both FePCl complexes are very similar, only the

UV-Vis spectrum of FeP2Cl is presented in Fig.
2. The FePCl complexes also present absorption

Ž .bands at 338 and 514 nm Fig. 2 . Concerning
the zeolite-encapsulated FePs, they also present
a broad envelope Soret band having maxima at

Ž .422 and 440 nm Fig. 2, insert , which are
red-shifted if compared to the initial FePCl
complexes. Such shift happens possibly because
there is a distortion of the porphyrin ring upon

w xFeP encapsulation 17 . The bands at 338 and
514 nm present in the spectra of the FePCl
complexes are replaced by a band at 570 nm in

Ž .the FePNaX complexes Fig. 2, insert . Based
w xon the studies of Kobayashi et al. 25 and

w xCheng et al. 26 , who attribute the band at
l s 580 nm present in the spectra of

Ž . Ž .Fe TPP OCH and Fe TMP OH to axial coordi-3

nation of the FeP to oxygen, we assign the band
at ls570 nm in the present study to the axial
coordination of the FeP to H O or OH-contain-2

ing ligands present in the zeolite framework.
The EPR spectra of both FePNaX catalysts
display high-spin FeIII signals in g s6 andH
g s2. In fact, our group has recently publishedI
an article showing that high-spin FePOH com-
plex also display EPR signals in g s6 andH

w xg s2 and UV-Vis band at ls576 nm 27 .I
When the FePs were removed from the zeo-

lite by destroying the mineral lattice with HCl,
the absorption spectra obtained were analogous

Ž .Fig. 2. UV-Vis spectra of FeP2NaX dotted line , FeP2 in H O2
Ž .before encapsulation full line and FeP2NaX after zeolite diges-

Ž .tion with HCl traced line . Insert: FeP2NaX.
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to those of the corresponding FePCl complexes.
The UV-Vis spectrum of FeP2Cl in aqueous
solution at pH;2 resulting from the FeP2NaX
zeolite digestion is shown in Fig. 2 as an exam-
ple. Such results indicate that the reaction media
of the zeolite synthesis did not destroy the FePs.

3.2. FePNaX-catalyzed hydrocarbon oxidation
by PhIO in organic media

( )3.2.1. FePNaX-catalyzed Z -cyclooctene epoxi-
dation

For the initial studies on the catalytic activity
of FeP1NaX and FeP2NaX, the epoxidation of
Ž .Z -cyclooctene by PhIO was selected to com-
pare the efficiency of these encapsulated cata-
lysts with each other and with analogous homo-
geneous systems. This substrate was chosen for

Ž .three reasons: i it gives a clean conversion into
cis-epoxycyclooctane without contamination

Ž .from other alkene oxidation products; ii it is
easily oxidized, thus preventing loss of the ac-

Table 1
Catalytic Activity of FeP1NaX and FeP2NaX in the oxidation of

Ž .cyclohexane, adamantane and Z -cyclooctene by PhIO
aŽ .Catalyst Substrate Product yields %

Ž .Z -cyclooctene Cox
bFeP1 50

FeP1NaX 86
cFeP2 60

FeP2NaX 95

Cyclohexane C -ol C -one C -olrC -one6 6 6 6

FeP1 11 10
dFeP1NaX 50 5 2.8

FeP2NaX 25 21 1.2

eadamantane Ad-1-ol Ad-2-ol Ad-1-olrAd-2-ol

FeP1NaX 45 7 20
FeP2NaX 35 10 11

Conditions: Argon atmosphere; T s258C; magnetic stirring; sub-
stratersolvent rPhIOrFeP molar ratios1.5=104:5.1=103:20:1;
w x y4 y1FeP ;1=10 mol l in 1,2-dichloroethane.

a Based on PhIO.
b w xFeP in MeOH 18 .
c FeP in 30% ACN in DCE.
d w xFeP in ACN 6 .
eStatistically corrected.

Fig. 3. Build-up of Cox in the FePNaX-catalyzed oxidation of
Ž .Z -cyclooctene.

tive catalytic intermediate through competitive
Ž .reactions with PhIO and the FeP itself; iii it

has been extensively used in earlier MeP-cata-
w xlysed oxidation reactions 28,29 . PhIO was

Ž .chosen as oxygen source since i it can give
Ž .good oxidant conversions, ii it is relatively
Ž .inert in the absence of FeP, iii it reacts with

IVŽ . PqFeP generating the Fe O P active catalytic
w xspecies and PhI 28,30 . In homogeneous sys-

tem, FeP1 is reported to lead to 50% cis-
epoxycyclooctane yield in the epoxidation of
Ž . w x ŽZ -cyclooctene by PhIO, in MeOH 31 Table

. w x1; Fig. 3 . As for FeP2, our group 11a,b has
found that it leads to 60% epoxide yield when
the reaction is performed in 30% ACN in DCE
Ž .Table 1 . However, the use of MeOH or ACN
as reaction media presents a major drawback:
both solvents can be oxidized by the active

IVŽ . qspecies Fe O P , competing with the sub-
w xstrate 32,33 . Replacing these solvents by DCE,

which is less liable to oxidation by the FeP, is
not possible because the cationic FeP1 and FeP2
are not soluble in it. Use of these catalysts in
aqueous solution is also not advantageous since
Ž .Z -cyclooctene is not soluble in this medium.
The synthesis of zeolite NaX around the cationic
water soluble FeP1 and FeP2 is therefore very
important because it produces the heterogeneous
encapsulated catalysts, FeP1NaX and FeP2NaX,
which enable the use of these FePs as catalysts
for the oxidation of hydrophobic organic sub-
strates in organic medium.
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FeP1NaX and FeP2NaX efficiently catalysed
Ž .the epoxidation of Z -cyclooctene by PhIO in

DCE, giving rise to cis-epoxycyclooctane yields
Ž .of 85% and 95%, respectively Table 1 . These

results are far better than those obtained in
Ž .homogeneous systems Table 1 , which were

Ž .carried out in MeOH for FeP1 50% and in
Ž .ACNrDCE for FeP2 60% . Besides the ab-

sence of competitive solvent oxidation with pure
DCE, the encapsulation of FePs renders them
more resistant to oxidative self-destruction.
FeP2NaX gives higher epoxide yields than
FeP1NaX since the presence of the electron-
withdrawing chloro substituents in the former
catalyst make it more electrophilic and thus
more reactive towards the electron-rich olefin.

3.2.2. FePNaX-catalyzed cyclohexane oxidation
In the cyclohexane oxidation using cationic

FeP1 and FeP2 as catalysts in polar solvents
such as MeOH and ACN, the solvent competi-

w xtive oxidations are favoured 8a , since the cy-
clohexane is much more inert than cyclooctene.
In the oxidation of cyclohexane by PhIO in

Ž .homogeneous system ACN , FeP1 is reported
Ž .to lead to a cyclohexanol C -ol yield of 11%6

w x Žand a C -olrC -one ratio of 2.8 6 Table 1;6 6
.Fig. 4 . The homogeneous system reactions can-

not be reproduced in DCE where FeP1 and
FeP2 are insoluble. In this way, only the encap-
sulated systems as catalysts will be presented in

Fig. 4. Build-up of C -ol and C -one in the FePNaX-catalyzed6 6

oxidation of cyclohexane.

Scheme 1.

this study, using DCE as solvent. When the
reaction is catalysed by the heterogeneous cata-
lyst FeP1NaX in DCE, a C -ol yield of 50%6

and a C -olrC -one ratio of 10 is obtained6 6
Ž .Table 1 , showing that the encapsulated FeP1
is a more efficient and selective catalyst than its
homogeneous analog. In this case, the hydroxyl-

Ž .ation occurs according to step 2 Scheme 1 .
IVŽ . PqHere, the Fe O P species abstract hydrogen

from the substrate, forming a solvent cage, fol-
lowed by the rapid transfer of the hydroxyl

IVŽ .group from Fe OH P to the cyclohexyl radical
Ž P.R , the so-called oxygen rebound mechanism
Ž . w xpath a, Scheme 1 34 . This is expected for a
P-450 model system.

FeP2NaX, on the other hand, is less selective
Žfor cyclohexane oxidation than FeP1NaX C -ol6

.yields25% and C -olrC -ones1.2, Table 1 .6 6

One possible explanation for these results is that
the 2,6-dichlorophenyl substituent renders FeP2
more bulky and, therefore, it may lead to an
obstruction of the pores in the zeolite-encapsu-
lated FeP. This might hinder the access of the
substrate to the active site of the catalyst and
when cyclohexane reaches the FeP, it is oxi-
dized to the corresponding alcohol by the

IVŽ . Pq Ž .Fe O P species path a, Scheme 1 and then
over-oxidized to ketone, before diffusing back
to the solution. A more likely explanation is that
a Russell-type mechanism involving O impris-2

Žoned within the zeolite cages path b, Scheme
.1 may be operating parallel to path a. The

Ž P.cyclohexyl radicals R may escape from the
solvent cage and react with the oxygen, to give
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Ž P.a secondary peroxyl radical ROO . The termi-
nation of two ROOP radicals would then give
the tetraoxide ROOOOR, which would generate
both C -ol and cyclohexanone, as well as addi-6

w xtional O in the reaction site 35a,b . A fact that2

reinforces this second explanation is that a
roughly 1:1 stoichiometric amount of C -ol and6

cyclohexanone is obtained at the end of the
w xoxidation reaction. In fact, Battioni et al 16

have already reported that zeolite-encapsulated
Ž .iron III 5,10,15,20-tetramethylporphyrin also

leads to a C -olrC -one ratio of 1:1 when the6 6

oxidation reaction is carried out with oxygen
under normal pressure.

3.2.3. Adamantane oxidation
In the oxidation of adamantane by PhIO, both

Ž .FePNaX catalysts give 1-adamantanol Ad-1-ol
Ž .and 2-adamantanol Ad-2-ol as products. 2-

Ž .Adamantanone Ad-2-one is not obtained in
any of the cases. The total alcohol yields are
52% and 45% for FeP1NaX and FeP2NaX,

Ž .respectively Table 1; Fig. 5 . Therefore, despite
having electron-withdrawing substituents in its
porphyrin ring, FeP2NaX is not as efficient as
FeP1NaX for adamantane oxidation. This hap-
pens probably because the chloro substituents in
the former catalyst hinder the approach of the
bulky adamantane to the active site of the FeP.

Concerning selectivity, FeP1NaX and
FeP2NaX give an Ad-1-olrAd-2-ol ratio of 20:1

Fig. 5. Build-up of Ad-1-ol and Ad-2-ol in the FePNaX-catalysed
oxidation of adamantane.

Žand 11:1, respectively after statistical correc-
.tion , showing a preferable alkane oxidation at

` tercŽ .the tertiary C H bond C . So these results
`indicate a free radical activation of the C H

bonds of adamantane, as is expected for a P-450
w xmodel 36 .

4. Conclusion

The approach adopted herein for the obten-
tion of zeolite-encapsulated FePs led to clean
syntheses of the desired catalysts. The prelimi-
nary results reported in this work are very en-
couraging since they show that, through suitable
choice of substituents on the porphyrin ring and
substrates, it is possible to obtain different size-
and shape-selectivity in the reactions studied. It
is also shown that the efficiency and selectivity
of the encapsulated FePs are sensitive to elec-
tronic and steric effects of the substituents pre-
sent in the porphyrin ring.

In homogeneous systems, these cationic FeP
do not work as catalyst for alkane oxidation in
DCE. When encapsulated, they are particularly
efficient in DCE. The FeP1NaX system consists
of a polar hemin in isolated sites, which selec-
tively catalyse cyclohexane oxidation in apolar
solvent. In the same way, the active site of
P-450 is a polar protohemin in a hydrophobic
pocket that promotes selective cyclohexane oxi-

w xdation 37 . Therefore, FePNaX catalysts repre-
sent good cytochrome P-450 model systems,

Ž .since i they efficiently epoxidize cyclooctene
Ž .and ii preferably hydroxylate adamantane

`at the tertiary C H bond, indicating that
there is an hydrogen abstraction through the

IVŽ . Pq ŽFe O P species in the initial step Scheme
.1 .

However, the results have indicated that
dioxygen confined in the zeolite cavities may be
involved in the cyclohexane oxidation catalysed
by FeP2NaX, which has one 2,6-dichlorophenyl
group replacing methyl pyridyl. In this case,

Žinstead of the oxygen rebound mechanism path
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.a, Scheme 1 , the cyclohexyl radical escapes
from the solvent cage formed after the

IVŽ . PqFe O P species abstracts hydrogen. The rad-
ical may then readily react with dioxygen, initi-
ating the Russell-type mechanism. Further stud-
ies using other zeolite-encapsulated MePs are
underway in our laboratories so as to understand
better the factors that influence the various oxi-
dation systems.
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