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ABSTRACT

The first generation anionic iron(IlI) porphyrin [Fe(TSPP)] and the second generation anionic complexes
[Fe(TDFSPP)], [Fe(TCFSPP)], and [Fe(TDCSPP)] were immobilized into three-dimensionally macroporous
layered double hydroxide (3DM-LDH), using the direct reconstruction of 3DM-LDH from macroporous
mixed oxides MOX or the anionic exchange on DDS intercalated 3DM-LDH. The macroporous layered
double hydroxides were obtained at the surface of nanometric polystyrene spheres, which were syn-
thesized by an inverse opal method. Polystyrene was removed after calcination in oxidizing atmosphere,
nanostructured mixed oxides (3DM-MOX) were obtained, which after reconstruction give origin to macro-
porous layered double hydroxide (3DM-LDH). Following metalloporphyrin immobilization, the resulting
materials were characterized by powder X-ray diffraction (PXRD), scanning electron microscopy (SEM),
UV-vis (glycerin mull) spectroscopy, attenuated total reflectance Fourier transform infrared spectroscopy
(ATR/FTIR), and electron paramagnetic resonance (EPR). Results revealed that the complexes are either
immobilized at the surface of the macroporous layered double hydroxide or intercalated between the
layers, displacing some dodecylsufate anions. The obtained materials were investigated as catalysts for

oxidation reactions, to find out whether they function as cytochrome P-450 models.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Metalloporphyrin-based oxidation catalysts capable of mimick-
ing the enzymatic reactions performed by the cytochrome P-450
family have been extensively reported over the last three decades.
One explanation for the extraordinary activity in this research area
is that model systems based on iron and manganese porphyrins
present similar efficiency and selectivity to those achieved with
biological systems, especially in the case of the catalytic conver-
sion of cyclic alkanes to alcohol and of alkenes to epoxide, in mild
conditions [1-9]. The pioneering work in this research area was
carried out by Groves in the 1970s, when the use of synthetic
iron porphyrins (FePs) as cytochrome P-450 model was introduced
[10,11]. Because the metalloporphyrin skeleton was oxidatively
degraded under the oxidation reaction conditions, many efforts
have been made toward the synthesis and evaluation of a large
variety of porphyrin analogues in an attempt to improve their
catalytic activity and robustness [12-15]. In this sense, second
generation metalloporphyrins were synthesized by introduction of
electron-withdrawing groups on the phenyl substituents of the por-
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phyrin ring [12,16-19]. These metalloporphyrins were shown to be
more resistant toward oxidative degradation than simpler metallo-
porphyrins like the first-generation iron(Ill) tetraphenylporphyrin
[Fe(TPP)] employed by Groves [10,12,20-23].

Another method for the preparation of more robust and effi-
cient catalysts for oxidation reactions under biomimetic conditions
consists in the immobilization of metalloporphyrins in inorganic
and organic solid supports. One expected advantage of this proce-
dure is the possible reuse of the heterogenized catalysts. Reusable
and recyclable oxidation catalysts based on efficient and selective
metalloporphyrins open perspectives for the future technological
applications of these robust molecules, which is particularly attrac-
tive from an economic and environmental point of view [24-36].
Furthermore, depending on the support, there are several other
advantages, like promotion of a special environment for substrate
approach to the catalytic active species, which can favor more
selective reactions [24,29,37-40]. In this context, many different
inorganic and organic solids have been investigated as supports for
metalloporphyrin immobilization. Inorganic solids, like silica, alu-
mina, zeolite, clay minerals, and a large number of layered synthetic
compounds, have been successfully employed for immobilization
of different metalloporphyrin generations, as well as organic poly-
mers, such as polystyrenes and synthetic resins. We have recently
concentrated our efforts on the use of layered double hydroxides
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Fig. 1. Schematic representation of the iron(Ill) porphyrins employed in this work.

(LDHs) as inorganic supports for metalloporphyrin immobilization
[24-28,31,38-42].

The LDH support is advantageous because it is catalytically inert
and easy to obtain, it is very resistant to the biomimetic reac-
tion conditions employed in the oxidation of organic substrates in
the presence of metalloporphyrins, it can be used in a wide range
of solvents, and it is easily recovered from the reaction medium.
LDHs typically consist of layers of metal cations (M" and M) of
similar ionic radii coordinated by six hydroxyl groups, forming
M!/MM(OH)g octahedral. These octahedrals share their edges, thus
leading to two-dimensional layers. These layers are stacked along
the basal directions and separated by hydrated charge-balancing
anions, and they are stabilized by electrostatic forces and hydrogen
bonding [29,43-46]. Because of their layered structure and anion
exchange ability, LDHs have recently been intensively investigated
as hosts for incorporation of organic moieties by several meth-
ods [46-51]. The original synthetic pathway for the preparation
of nanostructured LDH materials through control of the textu-
ral properties in terms of morphology, particle size, specific area,
and pore structure has been recently developed. The synthesis of
three-dimensionally ordered macroporous MgAl-LDHs has been
performed using a colloidal crystal templating method [52-54].

In this work, we report the immobilization of the anionic
iron(Ill) porphyrins (FePs) [Fe(TSPP)], [Fe(TDFSPP)], [Fe(TCFSPP)],
and [Fe(TDCSPP)] (Fig. 1) into macroporous LDH (3DM-LDH) as
well as the use of these immobilized complexes as cytochrome P-
450 biomimetic model catalysts for cyclooctene, cyclohexane, and
heptane oxidation.

2. Experimental
2.1. Materials

All solvents and reagents were commercial grade (Aldrich,
Merck, Fluka), unless otherwise stated. Authentic samples of the
alcohols, ketones, and epoxides that could be produced in the oxi-
dation reactions were purchased at their highest commercial purity
grade (Aldrich) and used as received. The substrates cyclooctene,
cyclohexane, and heptane were stored at 5°C and purged with
argon prior to use. Cyclooctene was also pre-purified by column
chromatography using neutral alumina. After the experiments, all
reagents were discarded in an appropriate container for later treat-
ment and reuse when possible, or for final disposal.

2.1.1. Porphyrins
Reagent grade free-base porphyrin [Hy(TSPP)]; [5,10,15,20-
tetrakis(4-sulfonatophenyl)porphyrin] was purchased from Aldrich

and used without prior purification. The second generation free-
base porphyrins [Hy(TDFSPP)]-[5,10,15,20-tetrakis(2,6-difluoro-3-
sulfonatophenyl)porphyrin]; [H,(TCFSPP)]-[5,10,15,20-
tetrakis (2-chloro-6-fluoro-3-sulfonatophenyl) porphyrin];
and [Ho(TDCSPP)]-[5,10,15,20-tetrakis(2,6-dichloro-3-
sulfonatophenyl)porphyrin] were synthesized and purified by
previously described methods. In this work, the anionic tetra
charges have been omitted for all the free-base porphyrins for
simplification (Fig. 1) [14,30,55].

2.1.2. Iron(Ill) porphyrins (FePs)

Iron(III) porphyrins were obtained by iron(IIl) insertion into the
free-base porphyrin ligands using ferrous chloride tetrahydrate
in dimethylformamide, as described by Adler and Longo [56,57].
Purification of the FePs was performed by column chromatography
on Sephadex, using deionized water as eluent. The products were
characterized by UV-vis and EPR spectroscopies. Data were consis-
tent with those of the compound expected after the iron insertion
reaction. UV/vis data: [Fe(TSPP)Cl] (deionized water) 394 nm
(6=2.4x10*Lmol~'cm~1), [Fe(TDFSPP)Cl] (deionized water)
394nm (£=3.7x10*Lmol~'cm~1), [Fe(TCFSPP)CI] (deionized
water) 390nm (£=8.2x 10*Lmol~Tcm~1), and [Fe(TDCSPP)CI]
(deionized water) 390 nm (£ =1.7 x 104 Lmol~! cm~1). The anionic
tetra charges have been omitted for all the FePs for simplification.

2.1.3. lodosylbenzene (PhlO)

PhIO was obtained through hydrolysis of iodosylbenzene diac-
etate, following previously described methods [58,59]. Purity was
periodically checked by iodometric assay.

2.2. Preparation of macro-LDH

The 3DM-LDH was prepared using the inverse opal method
as previously reported [54]. Polystyrene spheres (600 +20nm),
prepared by emulsion free polymerization were disposed in closed-
packed colloidal arrays by centrifugation at 1200 rpm for 12 h. After
removal of water, the resulting solid was air-dried. Then, it was per-
meated with a 1molL~! solution (water:ethanol 1:1 mixture) of
magnesium and aluminum chloride salts with ratio Mg2*/AI3* of
2 during 48 h, the excess of solution being removed after 48 h by
a slight filtration. After drying, the sample was immersed into a
2mol L1 sodium hydroxide aqueous solution to achieve the tem-
plated LDH precipitation. The excess of solution was removed and
the sample was washed several times with deionized water and
dried. The polystyrene was removed from the composite by cal-
cination at 420°C for 12h in a tubular oven, with flux of air [60].
The Mg-Al nanostructured mixed oxides obtained (noted hereafter
3DM-MOX) were used for the immobilization of iron(Ill)porphyrins
and dodecylsufate (DDS) anions. The chemical analysis confirm
the expected Mg2*/AI’* molar ratio corresponding to a formula
Mg, Al(OH)gX4q-nH20 (with X9~ =DDS~, Fe(Ill)porphyrin®-).

2.3. Immobilization of [Fe(TSPP)], [Fe(TDFSPP)], [Fe(TCFSPP)] and
[Fe(TDCSPP)] into macroporous LDH

The different iron(Ill)porphyrins were immobilized into macro-
porous LDH by regeneration of the calcined sample (3DM-MOX)
in deionized water containing the iron(Ill) porphyrin leading to
3DM-FeP-LDH and by anionic exchange on 3DM-LDH intercalated
dodecylsufate anions, resulting in 3DM-FeP-DDS-LDH.

2.3.1. Reconstruction (3DM-MOX) method

A [Fe(TSPP)] aqueous solution was prepared in deionized water
(3.33 x 10> mol L-1) and purged with nitrogen for 2 h. Then, the
calcined solid 3DM-MOX (1.83 x 10-2g) was added to the FeP,
and the mixture was left at room temperature, without stirring,
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Table 1
Immobilization of FePs on 3DM-LDH.

Reconstruction (3DM-MOX) method

Solid obtained [FeP] (molL-1)2 MOX (g)P FeP/LDH (mol/g)¢
[Fe(TSPP)]-LDH 33x10° 1.8 x 102 8.9x 104
[Fe(TDFSPP)]-LDH 46x104 2.0x 1072 93x 104
[Fe(TCFSPP)]-LDH 42 x104 1.8 x 1072 6.4 x 1074
[Fe(TDCSPP)]-LDH 3.9x10* 3.0x 1072 2.9x 104
Anionic exchange method

Solid [FeP] (molL-1)2  LDH-DDS (g)>  FeP/LDH (mol/g)
[Fe(TDFSPP)]-LDH-DDS 2.8x103 2.7x1072 1.2x1073
[Fe(TCFSPP)]-LDH-DDS 7.5x 1074 3.2x1072 2.7x104
[Fe(TDCSPP)]-LDH-DDS 4.4 x 103 1.9 x 102 3.4x1073

2 Iron porphyrin concentration used in the immobilization process.

b Matrix mass.

¢ Iron porphyrin loading obtained for the prepared solids (mol of iron porphyrin
per gram of solid).

under nitrogen atmosphere for 24 h. The second generation FePs
[Fe(TDFSPP)], [Fe(TCFSPP)], and [Fe(TDCSPP)] were immobilized by
the same method (Table 1).

2.3.2. Anionic exchange method

The LDH-DDS solid was prepared according to the reconstruc-
tion (3DM-MOX) method described above, using aqueous solution
of two fold excess NaDDS over AI** content [54]. Then, a FeP
anion was dissolved in an H,O/EtOH (1:1, v/v) solvent mixture
(2.77 x 103 mol L-1) and maintained under nitrogen atmosphere
for 30 min. The LDH-DDS solid was added to the FeP solution, and
the mixture was left at room temperature under magnetic stirring
and nitrogen atmosphere for 24 h (Table 1).

After the immobilization reactions, [Fe(TSPP)]-LDH,
[Fe(TDFSPP)]-LDH, [Fe(TCFSPP)]-LDH, |Fe(TDCSPP)]-LDH,
[Fe(TDFSPP)]-LDH-DDS, [Fe(TCFSPP)]-LDH-DDS, and [Fe(TDCSPP)]-
LDH-DDS were washed with deionized water and recovered by
centrifugation. The combined washing solutions were stored
and analyzed by UV-vis spectroscopy, to quantify the amount
of exchanged Fe(Ill) porphyrins. The obtained brown solids were
air-dried, and their FeP/solid loadings are presented in Table 1.

2.4. Oxidation of cyclooctene, cyclohexane, and heptane by PhIO
catalyzed by anionic FePs in homogeneous medium or
immobilized into macro-LDH

The oxidation reactions were carried out in a thermostatic
glass reactor (2mlL) equipped with a magnetic stirrer, placed
inside a dark chamber [35,41]. In the case of the FeP/3DM-LDH
solids (heterogeneous catalysis), the solid catalyst and iodosyl-
benzene (in a FeP/PhlO molar ratio 1:10) were suspended in
dichloromethane/acetonitrile 1:1 (v/v) mixture (0.350mL) and
degassed with argon for 15 min. The substrate (cyclooctene, cyclo-
hexane, or heptane) was then added to the glass reactor at a
FeP/substrate molar ratio of 1:1000, and the oxidation reaction
was performed for 1h under magnetic stirring. Sodium sulfite
was added in the end, to eliminate any excess iodosylbenzene
and to quench the reaction. The reaction products were separated
from the solid catalyst (heterogeneous catalysis) by exhaustive
washing and centrifugation of the FeP-macro-LDH catalyst with
a dichloromethane/acetonitrile 1:1 (v/v) mixture. The combined
washing solutions were analyzed by capillary gas chromatography.
The products were identified by comparison of their retention times
with those of authentic samples. Product yields were determined
by means of the internal standard method. Control reactions were
carried out with the chlorine-intercalated macro-LDH containing

no FeP, and with a solution blank set up without any solid. A similar
procedure was adopted when FePs were employed as homogeneous
catalyst.

2.5. Characterization techniques

Particle size was measured with a Malvern Zetasizer (Nano ZS)
from dilute samples of PS sphere suspensions. SEM characteristics
of the samples were imaged by either a JEOL 5190 microscope oper-
ated at 15keV or a JEOL JSM-6360LV operating at 15keV. X-ray
powder diffraction patterns (XRPD) were recorded in the reflec-
tion mode using a Shimadzu XRD-6000 diffractometer operating
at40kV and 40 mA, using CuKa radiation (A =1.5418 A) and a dwell
time of 1° min~!. UV-vis spectra (UV-vis) were performed on the
NICOLET evolution 500-Diode Array spectrophotometer, using solid
samples dispersed in glycerol mulls placed between two quartz
plates. Electron paramagnetic resonance (EPR) spectra of the FeP-
macro-LDH systems in the solid state were obtained on a Bruker
ESP 300E spectrometer operating at the X-band (approximately
9.5GHz), at 77K, using liquid N,. Products from the catalytic oxi-
dation reactions were identified using a Shimadzu CG-14B gas
chromatograph equipped with a flame ionization detector and a
DB-WAX capillary column (] & W Scientific).

3. Results and discussion

3.1. Preparation and characterization of the FeP/3DM-LDH
catalysts

In this work, we prepared three-dimensionally ordered macrop-
orous LDH (3DM-LDH) materials for the immobilization of second
generation of Fe(Ill) porphyrin catalysts with improved catalytic
efficiency due to textural control. The ‘inverse opals method’ was
performed using polystyrene (PS) opals as template. Interestingly,
PS spheres can be produced as monodispersed microspheres under
the surfactant-free emulsion polymerization. Moreover, PS spheres
can be easily removed by a moderate calcination [54]. The nanotex-
tured hydrotalcite solid Mg, Al(OH)g(CO3 )g 5 described in this study
is obtained by co-precipitation of divalent and trivalent metallic
cations, taking place inside the voids of the PS colloid crystal after
successive infiltrations.

The measurements of zeta potential and granulometry con-
firm that emulsifier-free emulsion polymerization produces very
monodisperse PS spheres (polydispersity index lower than 0.1)
of 600+ 20nm particle size, and that these beads are negatively
charged with a zeta potential of —47 mV. Crystallization of the opal
is controlled by repulsive electrostatic forces between spheres.

The SEM micrographs (Fig. 2) reveal that an ordered array of
monodispersed beads is obtained (Fig. 2A), thus confirming that
the order of the PS crystal template is preserved during the dif-
ferent processes of infiltration, precipitation and drying. Note that
from SEM images, LDH-type particles are not distinguishable, which
means that the inorganic material is filling the template voids, thus
forming a wall-type structure around the PS beads (Fig. 2B).

The solids obtained from regeneration of the calcined sample
(3DM-0X) in porphyrin solutions ([Fe(TSPP)]-LDH, [Fe(TDFSPP)]-
LDH, and [Fe(TCFSPP)]-LDH, Fig. 3b-d, respectively) and the solids
obtained by ionic exchange with DDS anions ([Fe(TDCSPP)]-
LDH-DDS, [Fe(TCFSPP)]-LDH-DDS, and [Fe(TDFSPP)]-LDH-DDS,
Fig. 3e-g, respectively) were submitted to powder X-ray diffraction
analysis (PXRD). The X-ray diffraction patterns obtained for the PS
spheres (Fig. 3a) are characterized by two large humps, a small one
around 10° and an intense one in the region of 15-30° (in 26). Such
humps correspond to the organization of semi-crystalline state in
the polystyrene [54,60].
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Fig. 2. SEM images of (A) PS crystal and (B) PS-LDH composite.

The nanostructured Mg/Al mixed oxides (3DM-0X) obtained by
LDH (Mg, Al(OH)g(CO3)o.5)/PS calcination were successively recon-
structed in the presence of a FeP or DDS anion containing solution,
as confirmed by the PXRD patterns (Fig. 3b-g). The X-ray diffrac-
tion patterns display the typical pattern of layered compounds,
with (001) and (hkl) reflections [43,44,61]. The observed basal
distance of 7.8 A is characteristic of carbonate anion intercalation
in LDH [35,61] (Fig. 3b-d). For the phases obtained by anionic
exchange on LDH-DDS (Fig. 3e-g), a basal distance of 25.5A is
observed, in agreement with values found in the literature for
DDS anions intercalated between the LDH layers [42,62,63]. On
the point of view of structural consideration, intercalation of FeP
by direct regeneration from 3DM-MOX method does not occurred,
only LDH-CO3 phases are formed. However, chemical analysis
evidences the presence of FeP on the solids in relative quantita-
tive amounts (respectively 90.6%, 62.4% and 28.3% of the anionic
exchange capacity for [Fe(TDFSPP)]-LDH, [Fe(TCFSPP)]-LDH and
[Fe(TDCSPP)]-LDH) (Table 1). Obviously, Fe(Ill) porphyrin anions
are chemisorbed at the surface of meso- and macropores of the
3DM-LDH materials. For the FeP exchanged on 3DM-DDS-LDH,
anionic porphyrins may be either intercalated in between the LDH
layers or adsorbed at the surface of the platelets. Because of the
presence of DDS anionic pillars, the final products retained the
highest basal spacing characteristic of DDS containing LDH phases
(d=25.5A). With dimensions lower than DDS anions FeP molecules
(16.0A x 15.8 A x 4.3 A for Fe-TSPP for example) cannot imposed the
interlayer spacing. Indeed, pure LDH compounds intercalated by
Fe(IlI) porphyrins display lower basal spacing between 20 and 23 A
as we previously reported [36,41]. Interestingly DDS bilayers and
FeP species exhibit a high chemical and structural compatibility
leading to possible co-immobilization. Chemical analysis obtained
for these phases reveals higher amounts of immobilized FeP cata-
lysts (Table 1).

The inorganic materials are observed by SEM after the sub-
sequent treatments of calcination of the template (Fig. 4A) and
regeneration in the different anionic solutions (Fig. 4B-D). We can
note that after thermal treatment, the mixed oxides obtained dis-
play as expected a well-ordered macroporous structure, evidencing
that during the PS removal, an inorganic replica of the starting array
is obtained (Fig. 4A). The macroporous structure is also maintained
during the LDH structure regeneration in DDS aqueous solution,
leading to a macroporous DDS intercalated LDH (Fig. 4B). During
the reconstruction process, the thickness of the walls is increased
and the level of 3D order is decreased due to the large organic anion

intercalation into the LDH lamellar structure. In the case of direct
regeneration of 3DM-FeP-LDH, similar nanostructured phases are
obtained with the maintenance of ordered arrays of macroporous
lattice while by the anionic exchange method the macroporous
network is slightly disturbed.

The presence of FeP in the macro-LDH matrix is confirmed by
UV-vis spectra of the solids in glycerin mull (Fig. 5). There are
two sets of absorption bands in the UV-vis spectra of porphyrins.
The Soret band is characterized by a large absorption coefficient
and lies in the 400-450 nm range. A second set of weaker bands
(the Q bands) occurs between 450 and 700 nm [51]. The measure-
ments suggest that no demetallation, characterized by a blue-shift

25.5A

Intensity (a.u.)

— 77— 17—
10 20 30 40 50 60 70
26 (degree)

Fig. 3. PXRD patterns for (a) PS2, (b) [Fe(TSPP)]-LDH, (c) [Fe(TDFSPP)]-LDH, (d)
Fe[(TCFSPP)]-LDH, (e) [Fe(TDCSPP)]-LDH-DDS, (f) [Fe(TCFSPP)]-LDH-DDS, and (g)
[Fe(TDFSPP)]-LDH-DDS.
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Fig. 4. SEM images of (A) ordered macroporous mixed oxides after calcination process (3DM-MOX), (B) 3DM-MOX regenerated in aqueous solution of DDS, (C) 3DM-MOX
regenerated in aqueous solution of iron(IlI) porphyrin [Fe(TCFSPP)] and (D) intercalated DDS 3DM-LDH exchanged by iron(IlI) porphyrin [Fe(TCFSPP)/LDH].

of the Soret band associated with a significant amount of free-base
porphyrin [39,25], occurred. The Soret peaks of the immobilized
phases (Fig. 5b, d, e, g-i) are slightly shifted to higher wavelengths
compared to those of the pure FePs [Fig. 5a and ¢ (408 nm) and
f (408 nm)]. This behavior can be attributed to steric constraints
caused by the support, which substantially distort the FeP molecule
in these supported catalysts [57]. Peak broadening is also observed
in the case of the intercalated FePs compared with the parent com-
plexes in solution, which can also be explained by the presence of
the different intermolecular interactions.

Attempts were done in order to characterize the obtained
solids by infrared spectroscopy (diffuse reflectance) but the char-

4105 44

Intensity (u.a.)
40
-

(sl =%
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: T . .
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Fig. 5. UV-vis spectra of the FePs and FeP-LDHs in glycerin mull. (a) Fe(TSPP), (b)
Fe(TSPP)-LDH, (c) Fe(TDFSPP), (d) Fe(TDFSPP)-LDH, (e) Fe(TDFSPP)-LDH-DDS, (f)
Fe(TDCSPP), (g) Fe(TDCSPP)-LDH-DDS, (h) Fe(TCFSPP)-LDH and (i) Fe(TCFSPP)-LDH-
DDS.

acteristic bands of the metalloporphyrins were not observed due
to the high intensity of the bands of the support (spectra not
shown).

Fig. 6 shows the EPR spectra of the solids obtained after the
FeP/macro-LDH immobilization process. All the spectra display a
common signal in g=5.8 (axial symmetry), typical of a high-spin
5/2 FeP complex [35,41,42,64]. There is also a small distortion from
the rhombic symmetry, as seen from the signal in g=4.3, confirming
the influence of the support. The higher intensity of the signal due
to axial symmetry in g=5.8 suggests that no demetallation occurs
during the immobilization procedure [31,35,43], as suggested by
the UV-vis data.

Intensity (a.u.)

b

a

T T T T 1
1000 2000 3000
Magnetic Field (G)
Fig. 6. EPR spectra of solid samples obtained at 77 K. (a) Fe(TDCSPP)-LDH-DDS,

(b) Fe(TCFSPP)-LDH-DDS, (c) Fe(TDFSPP)-LDH-DDS, (d) Fe(TDESPP)-LDH and (e)
Fe(TCFSPP)-LDH.
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Table 2
Oxidation of cyclooctene by PhIO catalyzed by the homogeneous and immobilized
[Fe(TDFSPP)], [Fe(TCFSPP)] and [Fe(TDCSPP)]2.

Catalyst Run Cyclooctenoxide®
[Fe(TDFSPP)]¢ 1 79
[Fe(TDFSPP)]/LDH 2 61
[Fe(TDFSPP)]/LDH-DDS 3 45
[Fe(TCFSPP)]¢ 4 28
[Fe(TCFSPP)]/LDH 5 68
[Fe(TCFSPP)]/LDH-DDS 6 58
[Fe(TDCSPP)]¢ 7 76
[Fe(TDCSPP)]/LDH 8 40
[Fe(TDCSPP)]/LDH-DDS 9 33
LDH (Mg, Al(OH)s(C03 )o5)¢ 10 6
LDH-DDS¢ 1 9
(PhIO + substrate + solvent)d 12 6

2 Conditions: purged argon, cyclooctene/solvent mixture CH,Cl,:CH3CN 1:1 (v/v)
at room temperature. FeP/PhlO/substrate molar ratio=1:10:1000.

b Yields based on starting PhIO obtained after 1 h of reaction.

¢ Homogeneous catalysis was carried out under identical conditions, in
dichloromethane/acetonitrile 1:1 solvent mixture (v/v).

d Control reactions performed in the same conditions as the oxidation reaction
described in (a).

3.2. Investigation of the catalytic activity of the immobilized FePs

C-H bond activation by oxidation under biomimetic conditions
makes use of a number of oxygen atom donors, such as iodosylben-
zene[10,11,23,35,65], hydrogen peroxide [66], and dioxygen [67,68].
Here we report the use of iodosylbenzene as oxygen donor since
metalloporphyrin-PhlIO is a classical biomimetic system that can
produce the same intermediate catalytic species in the presence of
different FePs [11].

The second generation FePs [Fe(TDFSPP)], [Fe(TDCSPP)], and
[Fe(TCFSPP)] immobilized into macro-LDH ([Fe(TDFSPP)]-LDH,
[Fe(TCFSPP)]-LDH, [Fe(TDCSPP)]-LDH, [Fe(TDFSPP)]-LDH-DDS,
[Fe(TCFSPP)]-LDH-DDS, and [Fe(TDCSPP)]-LDH-DDS) were investi-
gated by means of the model reactions cyclooctene epoxidation,
cyclohexane hydroxylation, and heptane hydroxylation. The cat-
alytic activity of the first generation [Fe(TSPP)] was not explored
here since this iron porphyrin presents low catalytic activity for
the oxidation of these substrates [69].

3.2.1. Cyclooctene

It is well known that the oxidation of cyclooctene by metallopor-
phyrin/PhlIO systems produces epoxide as the oxidation product,
with no traces of allylic alcohol or ketone [70]. For this reason,
cyclooctene is frequently employed as a diagnostic substrate in
biomimetic catalytic systems involving metalloporphyrins. In this
work we used this alkene to investigate the efficiency and stability
of the immobilized anionic FePs as catalysts for alkene oxidation
by PhIO. This study also provided information about the accessi-
bility of the substrate and the oxidant to the iron(IIl) sites in the
intercalated catalyst.

The results from cyclooctene epoxidation by PhIO catalyzed by
the FePs either in solution (homogeneous catalysis) or immobi-
lized on macro-LDH and macro-LDH-DDS are presented in Table 2,
runs 1-9. The results can be divided into two parts: product yields
obtained with the FePs [Fe(TDFSPP)] and [Fe(TDCSPP)] and results
achieved with [Fe(TCFSPP)].

For both [Fe(TDFSPP)] and [Fe(TDCSPP)], cyclooctenoxide yields
obtained in homogeneous medium were better than those achieved
with the heterogeneous catalysts, and the catalytic results obtained
with FeP-LDH-DDS were lower compared to those achieved with
FeP-LDH. This suggests that FePs immobilized into LDH and LDH-
DDS provide a more restricted access of the reactants, mainly the

bulkier cyclooctene, to the metal center immobilized within the
LDH layered structure. The presence of extra DDS anions in the solid
LDH-DDS can offer an additional barrier to the mobility of the free
reactants toward the catalytic metal center, as evidenced by the
lower yields obtained with the FeP-LDH-DDS catalysts.

As for [Fe(TCFSPP)], a better yield is observed in the case of the
heterogeneous catalyst [Fe(TCFSPP)]-LDH (Table 2, runs 5 and 6)
compared with the homogeneous counterpart (Table 2, run 4). This
phenomenon is not easy to explain. It could be due to a better
access of the reactants to the metal center of [Fe(TCFSPP)] com-
pared with the other two second generation anionic FePs. This could
be caused by the differences in the volume of the substituents in
the ortho position of the mesoaryl rings of the various FePs, lead-
ing to some distortion of the porphyrin ring as well as differences
in the angle formed between the porphyrin plane and the meso
substituents [38]. The operation of one of these phenomena or of
both could provide ways for the substrate to access the metal cen-
ter of the [Fe(TCFSPP)] immobilized within the LDH. Similarly to
[Fe(TDFSPP)]-LDH-DDS and [Fe(TDCSPP)]-LDH-DDS, the presence
of DDS in the [Fe(TCFSPP)]-LDH-DDS solid also lowers the product
yield. As explained in the previous paragraph, creation of a spe-
cific environment for the catalyst by the extra DDS on the support
probably hinders the access of the reactants to the active catalytic
species. Alternatively, the explanation could arise from the different
location of the FeP molecules located on the surface (reconstructed
samples) or in the interlayer (DDS samples).

Control reactions using PhIO in the same reaction conditions
(Table 2, runs 10-12), having pristine LDH containing no FeP as cat-
alyst (runs 10-11) and in the absence of FePs and the LDHs phases
(run 12), led to lower yields of the oxidation product. This confirms
that the catalytic activity observed in runs 1-9 is really due to the
FeP complexes.

3.2.2. Cyclohexane

Cyclohexane is a very useful substrate for investigation of the
efficiency of FePs as catalysts for alkane hydroxylation by iodosyl-
benzene (PhIO) [10,23,31,71,72]. The activation of inert C-H bonds
in alkanes calls for more drastic conditions than those necessary
for alkene functionalization, thus allowing for a better differenti-
ation between the performances of a metalloporphyrin catalyst in
solution and immobilized into a solid support.

The results obtained from cyclohexane hydroxylation by PhIO
catalyzed by the immobilized FePs studied in this work are pre-
sented in Table 3. Both homogeneous and heterogeneous catalyses
lead to selective alcohol formation (Table 3), as expected for systems
based on FeP catalysts [1,32,35,37,41,58,71]. Neutral FePs containing
electron-withdrawing substituents are very efficient and selective
for cyclohexane hydroxylation to cyclohexanol, and alcohol yield is
directly related to the increase in the electron deficiency of the FeP
complex. In fact, [Fe(TDFPP)] hydroxylates cyclohexane at a faster
rate and with higher yields than [Fe(TDCPP)] [22]. With the nega-
tively charged electron-withdrawing FeP family used here, the same
behavior is observed (Table 3, runs 1, 6 and 11) in homogeneous
catalysis. As for heterogeneous catalysis (Table 3, runs 2, 4, 7, 9, 12
and 14), lower yields were observed compared with the reactions
carried out in homogeneous medium (runs 1, 6 and 11). As already
observed in the case of cyclooctene epoxidation, immobilization of
the three anionic FePs into LDH probably leads to a more restricted
access of the cyclic substrate to the active intermediate metal-oxo
species within the support.

Table 3 (runs 3, 5, 8, 10, 13 and 15) shows that reuse of the het-
erogeneous catalysts gives similar or higher yields than the first use,
suggesting that the catalysts are not released from the surface after
their first utilization. The increase in the catalytic yields following
the first reaction, after which the solid catalyst was recovered from
the reaction medium by filtration, washed, and dried, suggests a
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Table 3
Cyclohexane oxidation by PhIO catalyzed by homogeneous and immobilized FePs
[Fe(TDFSPP)]; [Fe(TCFSPP)] and [Fe(TDCSPP)]?.

Catalyst Run Alcohol % yield®
[Fe(TDFSPP)J¢ 1 22
[Fe(TDFSPP)]-LDH 2 5
Recycling rund 3 19
[Fe(TDFSPP)]-LDH-DDS 4 13
Recycling rund 5 37
[Fe(TDCSPP)]? 6 13
[Fe(TDCSPP)]-LDH 7 6
Recycling rund 8 21
[Fe(TDCSPP)]-LDH-DDS 9 7
Recycling rund 10 30
[Fe(TCESPP)]" 1 10
[Fe(TCESPP)]-LDH 12 9
Recycling rund 13 10
[Fe(TCESPP)]-LDH-DDS 14 7
Recycling rund 15 17
LDH (Mg, Al(OH)s(CO3 )o5)° 16 Trace
LDH-DDS® 17 Trace

@ Typical conditions: purged argon, -catalyst/oxidant/cyclohexane molar
ratio=1 mmol:10 mmol: 1000 mmol; solvent mixture dichloromethane/acetonitrile
1:1 (v/v) (350 L) at room temperature (yields obtained after 1h of reaction based
on starting PhlIO). It was assumed that 2mol of PhIO are necessary for ketone
formation.

b Total cyclohexanol yields.

¢ Homogeneous catalysis was carried out under identical conditions, in
dichloromethane/acetonitrile 1:1 solvent mixture (v/v).

d Recycling reactions performed with the same solid catalysts in the same molar
ratio and under the same reaction conditions as described in (a).

¢ Control reaction performed with LDH, PhIO and substrate without solid catalyst
or FeP in solution carried out under identical conditions as described in (a). All
reactions gave only traces of ketone as co-product.

Table 4

possible reorganization of the FeP anions in the LDH matrix, which
should facilitate the access of the reactants to the active catalytic
site [8,9]. The best recycling results were obtained with the FePs
immobilized into macro-LDH-DDS. This suggests that the presence
of DDS in the support makes the first reaction difficult, as observed
in the case of cyclooctene, but throughout the process involved in
catalyst recovery (especially during catalyst washing), the interca-
lated DDS anion can be removed from the support. This in turn aids
access of the substrate to the metal center and facilitates the cat-
alytic reaction. The analyses of DDS content in the samples after the
catalytic reactions were not conducted to confirm the hypothesis.

In the catalytic reactions performed in the absence of the cat-
alyst (Table 3, runs 16 and 17), virtually no products are observed
(around 1%). This shows that the obtained yields are really due to
the catalytic activity of FePs.

3.2.3. Heptane

Alkane oxidation in the terminal position, to yield alcohols or
linear acids, is of great interest for the chemical industry. Linear
alkanes are difficult to hydroxylate: the alkane C-H bond is noto-
riously inert because of its high bond strength, making alkanes
ideal solvents for use with very reactive oxidation catalysts. Addi-
tionally, the activation energies for subsequent oxidations of an
alcohol are similar to the energy required for the initial hydrox-
ylation of the starting alkane, resulting in a mixture of alcohol,
ketone/aldehyde, and carboxylic acid products in most alkane oxi-
dation reactions. The similarity of methylene C-H bond strengths in
alinear alkane and the lack of functional groups that can serve direct
catalysis make the selective hydroxylation of these compounds
especially challenging. In general, alkanes have inert C-H bonds
and are largely resistant to the oxidation process, mainly in termi-
nal chain positions. The difficulty in promoting terminal oxidation is
due to the relative energies associated with C-H bonds (from 101 to
99 to 96 kcal/mol for primary, secondary and tertiary carbon atoms,
respectively). Strong oxidants like sulfuric acid, chromic acid, potas-

Oxidation of heptane by PhIO catalyzed by homogeneous and immobilized [Fe(TDFSPP)], [Fe(TCFSPP)] and [Fe(TDCSPP)]?.

Catalysts Run Time (h) 1-ol (%)° 2-ol (%)° 3-ol (%)d Total ol (%)¢ Total one (%)F
[Fe(TDESPP)]8 1 1 2 3 3 8 <1
2 24 3 4 3 10 <1
[Fe(TDESPP)]-LDH 3 1 2 6 5 13 2
4 24 12 4 4 20 2
[Fe(TDESPP)]-LDH-DDS 5 1 1 2 2 5 <1
6 24 5 2 2 g <1
[Fe(TCFSPP)]# 7 1 2 3 2 7 -
8 24 3 3 2 8 <1
[Fe(TCFSPP)]-LDH 9 1 2 4 3 9 2
10 24 12 3 2 17 2
[Fe(TCESPP)]-LDH-DDS 1 1 1 3 3 7 <1
12 24 12 2 2 16 <1
[Fe(TDCSPP)J¢ 13 1 3 3 2 8 <1
14 24 2 2 1 5 <1
[Fe(TDCSPP)]-LDH 15 1 2 2 2 6 3
16 24 12 2 2 16 2
[Fe(TDCSPP)]-LDH-DDS 17 1 2 4 <
18 24 11 2 1 14 <1

@ Typical conditions: purged argon, catalyst/oxidant/heptane molar ratio=1 mmol:10 mmol:1000 mmol; solvent mixture dichloromethane/acetonitrile 1:1 (v/v) (350 n.L)
at room temperature (yields obtained after 1 h of reaction based on starting PhIO). It was assumed that 2 mol of PhIO are necessary for ketone formation.

b Total alcohol (ol) yield (1-heptanol).
¢ Total alcohol (ol) yield (2-heptanol).
d Total alcohol (ol) yield (3-heptanol).
¢ Total alcohol yield.

f Total ketone (one) yield (4-heptanone). In this work the alcohol in position 4 was not monitored.
& Homogeneous catalysis was carried out under identical conditions, in dichloromethane/acetonitrile 1:1 solvent mixture (v/v).
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sium permanganate, among others, can perform this reaction, but
they are not environmentally acceptable. Consequently, they are
not commonly employed. Studies have been made in an attempt
to make efficient clean catalysts that are able to promote oxidation
reactions in mild conditions, using environmentally acceptable oxi-
dants such as hydrogen peroxide, which generates only H,O and O,
after the catalysis [73-80]. Enzymes, metal-complex catalysts, and
metal-based biomimetic systems are known to induce regioselec-
tive transformations of linear alkanes, but their application is still a
hard task [5,81,82]. In this sense, metalloporphyrin systems have
been intensively investigated as catalysts for these less reactive
substrates [73,83,84] in a biomimetic way.

In the absence of steric constraints, the regioselectivity for
C-H bond activation during the hydroxylation of linear alkanes is
expected to be determined by the relative bond dissociation energy
[72]. A similar statistical product distribution is expected for carbon
products at positions 2 and 3, and there is no significant preference
for one carbon 2 (or 3) over another carbon 2 (or 3) [84].

The catalytic results obtained for the three anionic FePs stud-
ied here, both in solution and immobilized into macro-LDH, in the
oxidation of heptane are presented in Table 4.

Although heptane oxidation can lead to different alcohol and
ketone products (in the 1, 2, 3 and 4 carbon chain positions), all
the catalysts used here promoted good selectivity for alcohols in
positions 1, 2 3 and 4. High selectivity for the alcohol products is
also observed in biological systems [5].

The catalytic behavior of the three FeP complexes in homoge-
neous medium (Table 4, runs 1, 7 and 13) is similar to the catalytic
performance observed for metalloporphyrins in general. Reactions
with metalloporphyrins in homogeneous systems are usually selec-
tive for the alcohol in positions 2 or 3, because less energy is
necessary for activation of these C-H bonds compared with position
1, for example. Suslick and co-author [84] observed some selectivity
for position 1 of hexane when they used metalloporphyrin systems.

With bulky catalysts, because of the structure of the porphyrin
[73] in homogeneous catalysis or because of immobilization into
the support[38],itis expected that the access of the linear alkane to
the metal center should be restricted to the more exposed C-H bond
at carbon 1, giving rise to shape-selectivity, as observed by Sus-
lick et al. in homogeneous catalysis. On the other hand, micro- and
mesoporous materials containing relatively small cavities or nar-
row channels are excellent examples of heterogeneous catalysts for
the regioselective functionalization of long-chain alkanes [85,86].
It is expected that the immobilization of metallocomplexes into
this kind of materials should also promote some regioselectivity in
the oxidation of terminal linear alkanes. Using the heterogeneous
catalyst resulting from immobilization of the FePs into macro-LDH
and LDH-DDS (Table 4), regioselectivity for the hydroxylation of
the more sterically accessible methyl groups (carbon 1) was sur-
prisingly observed (Table 4).

The difference in regioselectivity observed from the catalytic
results concerning homogeneous and heterogeneous systems sug-
gests that the FeP-LDH assembly can generate a restricted space
that is suitable for the approach of the n-alkane in a way that ter-
minal oxidation is favored over secondary carbon oxidation. The
influence of the environment provided by the support on substrate
access to the catalytic center, as well as on the positioning of the
catalyst in the support can be inferred [13]. The macro-LDHs have
a differentiated structure that should create a favorable confined
chemical environment, thus allowing the keying of the linear alkane
molecule into the pore, leading to selective reactions.

Finally, interesting results were obtained for reactions carried
out for a period of 24 h. Higher yields were observed for the alco-
hol in heterogeneous catalysis (Table 4, runs 4, 10, 12, 16, and 18)
compared with homogeneous catalysis (Table 4, runs 2, 8, and 14).
Furthermore, 24-h led to selectivity toward 1-heptanol, thus sug-

gesting that the longer reaction time favors substrate access to the
catalytic active species confined in the structure of the solid sup-
port.

4. Conclusions

First and second generation iron(Ill)porphyrins have been suc-
cessfully immobilized into macroporous LDH support using both
the reconstruction of nanostructured mixed oxides (3DM-MOX)
and the anionic exchange methods. Six different solid catalysts
were obtained by immobilization of the FePs on/into the macro-
LDH, obtained by reconstruction of the nanostructured mixed
oxides, templated by polystyrene nanospheres. Compared with
the LDH obtained by co-precipitation without a template, metal-
loporphyrins immobilized on/into macro-LDH exhibited different
behavior as catalysts for hydrocarbon oxidation reactions. This
behavior can be explained by creation of an active channel on
the support, which changes the efficiency and selectivity of the
metalloporphyrins in oxidation reactions. All the heterogeneous
catalysts were highly stable, and the recyclability of the catalysts
was proven for cyclohexane hydroxylation. The most positive effect
of the immobilization of the three FePs in macro-LDH was observed
in the oxidation of the linear alkane heptane: selectivity for the
alcohol product was observed when reaction times of 24 h were
used for all the heterogeneous catalysts. Probably, the particular
structure of the support with channel and micro-environments can
create a suitable structure for the access of the terminal position of
the substrate for this family of biomimetic catalysts in the case of
the selective oxidation in position C1 of the linear alkane. Increas-
ing the reaction time has a positive effect on reactant diffusion into
the metal center, thus improving catalyst performance.
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