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ABSTRACT

This paper is the first report on the immobilization of an anionic iron(Ill) porphyrin family on zinc
hydroxide nitrate (ZHN), a layered hydroxide salt. ZNH was prepared by means of a precipitation reaction
between a zinc nitrate solution and ammonium hydroxide. Two immobilization systems were investi-
gated, namely magnetic stirring at room temperature and stirring/reflux in an ethanolic solution. The sol-
ids were characterized by powder X-ray diffraction (XRD), electron paramagnetic resonance (EPR),
thermogravimetric and derivative thermogravimetric (TGA/DTG), transmission electron microscopy
(TEM), as well as ultraviolet-visible (UV-Vis) and Fourier transform infrared (FTIR) spectroscopic analy-
ses. The catalytic activity of the materials was investigated in the oxidation of cyclooctene, cyclohexane,
and n-heptane using iodosylbenzene as oxygen donor. The oxidation products were analyzed by gas chro-
matography. The results revealed an unusual selectivity for cyclohexanone in the reactions of cyclohex-
ane oxidation catalyzed by the anionic iron(IIl) porphyrins immobilized onto ZHN. These results suggest
that the structure of the ZHN support influences the catalytic mechanism and that cyclohexane oxidation

occurs via a radicalar pathway.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Researchers have great expectations of bioinorganic chemistry
because macrocyclic compounds, such as metalloporphyrins, are
effective oxidation catalysts [1-3], especially when they are em-
ployed as models of biological systems with recognized catalytic
activity [4,5]. The cytochrome P450 enzymes have been studied
for over 30 years. The large interest in this class of compounds
stems from the fact that P450 can act as a monooxygenase, catalyz-
ing the oxidation of organic substrates like drugs and xenobiotics
by molecular O, in living organisms [1,2]. Synthetic metallopor-
phyrins, in turn, are able to successfully mimic the activity of cyto-
chrome P450 in vitro [4,5].

Countless actual industrial processes require oxidation reac-
tions. One typical example is the manufacture of Nylon 6.6, which
involves oxidation of cyclohexane to cyclohexanol and cyclohexa-
none, for production of adipic acid [6]. In this reaction, a cobalt salt
is used as catalyst at a temperature of approximately 150 °C and
pressure of 15 bar, but low yields are achieved; i.e., only 5% cyclo-
hexanol and cyclohexanone. In this context, the search for selec-
tive, efficient, recyclable catalysts capable of performing
oxidation reactions in mild conditions, with high turnover number,
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continues to represent a challenge for chemistry researchers [1]. In
this sense, the utilization of systems inspired on biological en-
zymes has furnished significant results [7], mainly when biomi-
metic models immobilized onto different supports are concerned,
thereby allowing catalyst recovery and reuse [8-11].

Many studies on the immobilization of a wide variety of metal-
loporphyrins containing different metals, like manganese or iron,
onto inorganic supports, such as natural mineral clays [12-14],
synthetic aluminosilicate [8], silica [15], and more recently, syn-
thetic anionic exchangers based on layered compounds like lay-
ered double hydroxides [16,17], as well as other solids [18,19],
have been reported. After immobilization, metalloporphyrins exhi-
bit higher catalytic efficiency and larger resistance to degradation
than their homogeneous counterparts, not to mention their possi-
ble reuse, thereby envisaging a future technological application for
these catalysts. Another major advantage of catalyst immobiliza-
tion is related to the enhanced selectivity of the catalytic process
[20], or creation of a new selectivity of the catalyst, thus demon-
strating the fundamental importance of the support features for
the shape-selectivity of the immobilized metalloporphyrin.

In this context, layered materials are an alternative and inter-
esting class of solids for use as inorganic supports. Layered hydrox-
ide salts, which consist of positively charged layers separated by
exchangeable anions, are an example of solid that has raised great
expectations and stands as a promising support material. There has
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Fig. 1. Structure of the iron porphyrins employed in this study: [Fe(TDFSPP)Na4]" = [tetrasodium-5,10,15,20-tetrakis (2,6-difluoro-3-sulfonatophenyl) porphyrinate iron(IIl)],
[Fe(TCFSPP)Nay]" = [tetrasodium-5,10,15,20-tetrakis (2-chloro-6-fluoro-3-sulfonatophenyl) porphyrinate iron(Ill)], and [Fe(TDCSPP)Na4]" = [tetrasodium-5,10,15,20-tetrakis

(2,6-dichloro-3-sulfonatophenyl) porphyrinate iron(III)].

been great emphasis on the study of these salts over the last years
[21-24]; however, the use of this class of compounds as catalysts
or inorganic supports has been poorly explored. In fact, to the best
of our knowledge, their use as inorganic matrix for metalloporphy-
rin immobilization had never been described in the literature until
the present work. The basic structure of a layered hydroxide salt
consists of modified brucite (Mg(OH),) layers, which in turn are
formed by a hexagonal packet of hydroxyl ions where the layer
octahedral sites are occupied by an Mg?* metallic center sur-
rounded by hydroxyl groups [22]. These compounds have a basal
distance of 4.8 A in a neutral layered structure [25]. Brucite can
be altered in terms of composition: structural Mg?* can be replaced
with other ions, such as Zn?*, Co?*, or Cu?* [21,24], while hydroxyl
groups can be substituted with other species, like water [21] or ni-
trate [22]. The latter modification originates the class of layered
hydroxide salts, which consist of an alternated sequence of chan-
ged brucite-like layers and intercalated anions [22].

The specific class of hydroxide nitrates can adopt two distinct
structures [21]. The first refers to the structure of copper hydroxide
nitrate, where nitrate ions are directly coordinated to copper
atoms, resulting in a solid with a basal space of 6.9 A. The second
structure is represented by the structure of zinc hydroxide nitrate
(ZHN). In the latter case, the solid layer is formed by zinc octahedra
containing one fourth of their sites vacant; while zinc atoms coor-
dinated in tetrahedral geometry are located on the superior and
inferior sides of the octahedra. Three vertices of the zinc tetrahedra
are occupied by hydroxyl ions from the octahedral sheet, whereas
the fourth apical vertex contains a water molecule. The nitrate ions
are located between the layers of ZHN and are not coordinated to
the metal. The basal space of this kind of solid is larger; i.e., approx-
imately 9.9 A [21,22].

In this work, the immobilization of an anionic iron(IIl) porphy-
rin family (Fig. 1) on ZHN is reported. Also, an investigation into
the catalytic activity of the resulting anionic iron(Ill) porphyrin-
ZHN solids in the oxidation of cyclooctene, cyclohexane, and hep-
tane by iodosylbenzene is carried out. The initial purpose of the
present work was to try to develop a simple method for the prep-
aration of an efficient and selective heterogeneous catalyst consist-
ing of iron(Ill) porphyrins immobilized onto ZHN. To our surprise,
we found out that the obtained catalysts display an unexpected
and unusual selectivity in cyclohexane oxidation reactions.

2. Experimental
2.1. Reagents
All chemicals used in this study were purchased from Aldrich,

Sigma, or Merck and were of analytical grade. lodosylbenzene
(PhIO) was synthesized by hydrolysis of iodosylbenzenediacetate

[26]. The solid was carefully dried under reduced pressure and kept
at 5 °C; its purity was periodically controlled by iodometric titra-
tion [27].

2.2. Porphyrins and metalloporphyrins

The anionic free base porphyrins Nay[Hy(TDFSPP)],
Nay[H,(TCFSPP)], and Na4[Hx(TDCSPP)] and their corresponding ir-
on(Ill) porphyrin (FePor) complexes ([Fe(TDFSPP)Nay4]" = [tetraso-
dium-5,10,15,20-tetrakis (2,6-difluoro-3-sulfonatophenyl) por-
phyrinate iron(Ill)]; ([Fe(TCFSPP)Nay|" = [tetrasodium-5,10,15,
20-tetrakis (2-chloro-6-fluoro-3-sulfonatophenyl) porphyrinate
iron(Ill)] and ([Fe(TDCSPP)Nay]* = [tetrasodium-5,10,15,20-tetrakis
(2,6-dichloro-3-sulfonatophenyl) porphyrinate iron(Ill)]) were
synthesized, purified, and characterized following a previously de-
scribed method [20,28]. For the sake of simplification, these three
FePor will be represented in this work by [Fe(TDFSPP)],
[Fe(TCFSPP)], and [Fe(TDCSPP)], respectively, so hereafter no men-
tion of the FePor porphyrin charges will be made, to avoid repeti-
tion. The Soret bands of the FePor obtained after the metal
insertion reaction were the following: [Fe(TDFSPP)] (ethanol)
390 nm (=47 x 10°Lmol ' cm™!), [Fe(TCFSPP)] (ethanol) 412
nm (¢=71 x 10°Lmol 'ecm™!), and [Fe(TDCSPP)] (ethanol) 390
nm (¢=74 x 10°Lmol~' cm™).

2.3. Preparation of the heterogeneous catalysts FePor-ZHN

A solution with a Zn(NO;),-6H,0 concentration of 0.33 mol L~!
was prepared in distilled water, kept under magnetic stirring, and
heated to approximately 50-60 °C. Drops of an NH,OH (28%) solu-
tion were slowly added to the aforementioned solution, until a
white cloudy precipitate of ZHN (Zns(OH)s(NOs3),-2H,0) was
formed [21,22]. A total of 5 mL NH4OH solution was added in the
course of 1h of reaction; the solution pH was analyzed every
5 min, until the pH became neutral.

At the end of the reaction, the suspension containing the ZHN
solid was centrifuged, and the supernatant was removed. The
ZHN solid was then washed five times with distilled water and
dried in an oven at 50 °C for 48 h. The total reaction yield was
96% in relation to the theoretically predicted amount.

The three FePor [Fe(TDFSPP)], [Fe(TCFSPP)], and [Fe(TDCSPP)]
were chosen for immobilization onto the synthesized ZHN support.
These FePor consist of anionic molecules, so they can easily inter-
act with the positively charged surface of the ZHN matrix. Alterna-
tively, the negatively charged FePor can be potentially intercalated
between the support layers, thereby replacing nitrate anions.

Two immobilization procedures were investigated in ethanol.
The first used magnetic stirring and reflux conditions, while the
second employed magnetic stirring at room temperature. For the
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immobilization process, 5 mg of one of the FePor was dissolved in
25 mL ethanol and kept under stirring or stirring/reflux. Then,
250 mg of the ZHN support was added to the resulting solution.
For each FePor, the FePor-ZHN suspension was centrifuged after
5 h of reaction, and the respective supernatant was collected in a
volumetric flask for further analyses by ultraviolet-visible spec-
troscopy (UV-Vis). The obtained FePor-ZHN solids were washed
five times with ethanol, and the corresponding supernatants were
also collected in the respective volumetric flasks mentioned above.
The resulting colored FePor-ZNH solids were air-dried for 48 h and
labeled as follows: FeDF-ZHN, FeDC-ZHN, and FeCF-ZHN, for the
immobilization of the [Fe(TDFSPP)], [Fe(TDCSPP)], and
[Fe(TCFSPP)], into zinc hydroxide nitrate, respectively.

The ZHN solid and all the FePor-ZNH solids were characterized
by powder X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, UV-Vis spectroscopy (solids suspended in Nu-
jol mineral oil), transmission electron microscopy (TEM), electron
paramagnetic resonance (EPR), and thermogravimetric and deriva-
tive thermogravimetric (TGA/DTG).

After use, all reagents were discarded in an appropriate con-
tainer for later treatment and reuse, or for final disposal.

2.4. Oxidation of cyclooctene, cyclohexane, and n-heptane by PhIO
catalyzed by the FePor-ZHN solids

The solids obtained by immobilization of the anionic FePor onto
the synthetic ZHN matrix were used as catalysts in the oxidation
reactions. These reactions were carried out in a thermostatic glass
reactor (2 mL) equipped with a magnetic stirrer bar [10,13,15]; the
catalyst and PhIO were suspended in the solvent mixture
(0.300 mL dichloromethane/acetonitrile 1:1 v/v), and the substrate
(cyclooctene, cyclohexane, or n-heptane) was then added to the
reaction mixture, resulting in a constant compound/oxidant/sub-
strate molar ratio of 1:20:2000. The oxidation reaction was al-
lowed to proceed for 1 h, under magnetic stirring. Sodium sulfite
was added to the reaction mixture, in order to eliminate excess
PhIO and to quench the reaction after the experiment time was
over. The reaction products were separated from the FePor-ZHN
catalyst by centrifugation and transferred to a volumetric flask.
Next, the FePor-ZHN solid employed in the reaction was washed
several times with dichloromethane and acetonitrile, in order to
extract any reaction product that might have been retained in
the catalyst. The solution containing the final reaction products
and the solvents from the washings of the FePor-ZHN were ana-
lyzed by gas chromatography. Product yields were quantified on
the basis of PhIO, and high-purity n-octanol (99.9%) (acetonitrile
solution, 1.0 x 1072 mol L!) was employed as internal standard.
Control reactions were carried out using the same procedure in
the case of: (a) the substrate, (b) substrate + PhIO, and (c) sub-
strate + PhIO + ZHN (without FePor). The corresponding FePor in
homogeneous solution were also tested as catalyst (homogeneous
catalysis), and the experimental procedure in this case was similar
to that utilized the heterogeneous catalysis.

Catalyst reuse tests were also performed for all the substrates.
At the end of each reaction, the catalytic solid was separated and
washed with water, followed by reflux with acetonitrile and then
methanol in a Soxhlet extractor for at least 12 h. All the solvents
used in the washing procedure were analyzed by UV-Vis spectros-
copy, in order to detect possible lixiviation of the catalyst from the
support.

A study was also performed by changing the reaction solvent
mixture acetonitrile/dichloromethane 1:1 (v/v) for acetonitrile/
dichloroethane 1:1 (v/v) and pure dichloroethane or pure acetoni-
trile, in order to evaluate the influence of the solvent on product
yields and on the selectivity of the cyclohexane catalytic oxidation.
Finally, reactions were performed in the presence of a radical scav-

enger, tert-butyl-alcohol [29], used in volumes similar to those em-
ployed for the substrate.

2.5. Characterization of the FePor-ZHN catalysts

For the XRD measurements, self-oriented films were placed on
neutral glass sample holders. XRD patterns were acquired in reflec-
tion mode using a Shimadzu XRD-6000 diffractometer operating at
40 kV, 40 mA, and using Cu Ko radiation (4 = 1.5418 A) and a dwell
time of 1°/min.

FTIR spectra were recorded on a Biorad 3500 GX spectropho-
tometer in the range of 400-4000 cm™', using KBr pellets. KBr
was crushed with a small amount of the solids, and the spectra
were collected with a resolution of 4cm™! and accumulation of
32 scans.

UV-Vis spectra were registered in the 200-800 nm range in an
HP 8452A diode array spectrophotometer. Analyses were accom-
plished with a 1-cm path length cell.

TEM analyses were carried out in a JEOL-JEM 1200-100 kV sys-
tem, using a drop of powder suspension of the samples deposited
on copper grids covered with parlodium.

EPR measurements were performed on a Bruker ESP 300E spec-
trometer operating at the X-band (approximately 9.5 GHz), at 293
or 77 K, using liquid N».

TGA/DTG measurements were carried out on a Thermal Analyst
TA Instrument SDT Q 600 Simultaneous DTATG-DSC. The measure-
ments were done under air, at a heating rate of 20 °C/min.

All the products from the catalytic oxidation reactions were
identified using a Shimadzu GC-14B gas chromatograph (flame
ionization detector) equipped with a 30-m-long DB-WAX capillary
column with 0.25 mm internal diameter (J&W Scientific). The oven
temperature program used for the determination of the oxidation
products from cyclooctene and cyclohexane started at 100 °C; the
temperature was increased to 150 °C at 10 °C min~!, followed by
further temperature rise to 200 °C at 50 °C min~!, which was main-
tained for 1 min. For the determination of the products originated
from n-heptane, the temperature program started at 80 °C, fol-
lowed by a temperature elevation to 100 °C at 5 °C min~', main-
tained for 1 min, and a further temperature increase to 200 °C at
10 °C min~!, kept for 1 min.

3. Results and discussion

Fig. 2 depicts the XRD patterns of the ZHN solid, which has a ba-
sal distance of 9.8 A, characteristic of Zns(OH)g(NO3),-2H,0 [30].
The diffraction patterns of the solids obtained after immobilization
of [Fe(TDFSPP)] onto ZHN using magnetic stirring at room temper-
ature and magnetic stirring at solvent reflux conditions can be ob-
served in Fig. 2b and c, respectively. The pattern in Fig. 2b displays
the same typical peaks of the 9.8 A basal distance present in Fig. 2a,
suggesting that immobilization of this FePor onto ZHN takes place
on the surface of the solid, mainly.

Immobilization of [Fe(TDFSPP)] onto ZHN using magnetic stir-
ring/reflux conditions (Fig. 2¢) leads to disruption of the ZHN struc-
ture, originating zinc oxide only [31]. This indicates the low
stability of the ZHN support in solution at higher temperatures
[21,31], where it is gradually decomposed to ZnO. Due to this
behavior, FePor immobilization was performed by magnetic stir-
ring at room temperature thereafter. No evidence of any intercala-
tion reactions was observed in the XRD patterns.

The XRD patterns of the solids obtained after immobilization of
[Fe(TCFSPP)] and [Fe(TDCSPP] onto ZNH are shown in Fig. 2d and e,
respectively. Both compounds kept the same basal distance of
9.8 A observed in the original ZHN. Decreased crystallinity was de-
tected for all the FePor-ZNH solids, an effect that can be attributed
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Fig. 2. XRD patterns of the synthesized ZHN (a), FeDF-ZHN - after stirring only (b),
FeDF-ZHN - after stirring under reflux conditions (c), FeCF-ZHN - after stirring
only (d) and FeDC-ZHN - after stirring only (e).

Table 1
Rate of FePor immobilization onto the ZHN support.
FePor Supported FePor Immobilization Loading®
compounds? rate® (%) (mol g~1)
[Fe(TDFSPP)]  FeDF-ZHN 100 1.7 x 107>
[Fe(TCFSPP)]  FeCF-ZHN 96 1.6 x10°°
[Fe(TDCSPP)]  FeDC-ZHN 98 1.5x107°

@ Prepared compound nomenclature: e.g. FeDF-ZHN; compound resulted by the
immobilization of the [Fe(TDFSPP)] on the zinc hydroxide nitrate solid.

b Relative to the initial amount of FePor used in the immobilization process.

¢ FePor-ZHN (mol g ).

to crystal fragmentation due to the magnetic stirring bar employed
during the immobilization process. The maintenance of the origi-
nal basal distance of 9.8 A (the distance of intercalated nitrate)
[32] in all the FePor-ZHN samples reinforces that FePor immobili-
zation occurred on the surface of the solid, without substantial
replacement of the interlayer nitrate ions with FePor anions. Final-
ly, a small contamination with zinc oxide was observed in all the
solids.

The immobilization rates and loadings (mol of FePor per gram of
ZHN) were determined by UV-Vis spectroscopy of the prepared so-
lid catalysts supernatants, as summarized in Table 1.

It is expected that FePor immobilization onto ZHN should occur
via the strong electrostatic interactions between the negative
charges of the FePor catalysts and the positively charged surface
of the support. These positive charges are present in the solid ma-
trix because of the vacancy of negative charges promoted by the
zinc ions in tetrahedral configuration [21]. A possible location of
the FePor immobilized onto the ZHN support is represented in
Fig. 3, where [Fe(TDFSPP)] is used as example. The same hypothesis
can also be applied to the other two FePor. The distance between
each top of the tetrahedra created by the zinc atom on the ZHN
structure is approximately 6 A [30], and the mean size of a metal-
loporphyrin bearing sulfonate groups is approximately 15 A [33],
which excludes the possibility of FePor intercalation. Another
important observation is that there is no possibility of the FePor
being allocated in such a way that the four charges of the four sul-
fonate groups located on the porphyrin ring are neutralized, since
FePor interaction with the support surface occurs at a maximum of
two points. If the FePor charges were neutralized, the metallopor-

¢ € s

Fig. 3. Schematic representation of the [Fe(TDFSPP)] immobilized on the corru-
gated surface of ZHN. Nitrate ions were removed from the top of the superior layer
and from the bottom of the inferior layer, to facilitate visualization.

phyrin center containing the Fe(Ill) ion would be too close to the
positively charged top of the tetrahedron. Therefore, it is reason-
able to suppose that the FePor accommodates at the top of the lay-
ered crystals, as represented in Fig. 3, where the ring is positioned
with a tilted orientation. This arrangement would allow for inter-
action between at least two anionic groups of the FePor and the
tetrahedron tops on the ZHN surface, and the metallic centers of
the FePor would be far from the support surface. In this configura-
tion, part of the FePor anionic groups could be positioned outside
of the surface and protonated or interacting with another layered
crystal surface. From the XRD experiments, it is clearly seem that
the Fepor anionic species were not intercalated between the ZHN
layers (Fig. 2).

Fig. 4 shows the FTIR spectra of the solids obtained after immo-
bilization of the FePor onto the ZHN support. Attribution of the
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Fig. 4. FTIR spectra of ZHN (a), FeDF-ZHN (b), FeCF-ZHN (c), FeDC-ZHN (d),
[Fe(TDCSPP)] (e), and [Fe(TDFSPP)]/ZnO (f).
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Table 2
ZHN FTIR bands and the respective attributions [21,23,31,34].
Band (cm™')  Attribution
3576 Stretching of OH group linked with the layer
3481 Stretching of OH water group
3313 Stretching of OH group linked with the nitrate
1639 Angular vibration of interlayer water molecules
1384 Asymmetrical stretching of the nitrate ion (v3) -
characteristic for D3, symmetry of nitrate ion - free
interlayer nitrate
1016 Symmetrical stretching of the nitrate ion (v)
835 Asymmetrical deformation of nitrate ion (v,)
767 Symmetrical deformation of nitrate ion (v4)
640, 522,470  Group of bands for Zn-0 vibration

bands present in the FTIR spectrum of the ZHN solid (Fig. 4a) is
presented in Table 2 [21,23,31,34]. For comparison, Fig. 4f contains
the FTIR spectrum of [Fe(TDFSPP)] immobilized onto ZHN under
magnetic stirring/ reflux conditions which, as discussed for the
XRD patterns, consists of ZnO. Only an intense band in the
500 cm ! region can be observed for the latter solid, ascribed to
Zn-0 vibration [31].

Also for comparison purposes, Fig. 4e displays the FTIR spec-
trum of pure [Fe(TDCSPP)], where the characteristic FTIR spectrum
of a sulfonato-phenyl-substituted porphyrin is shown [13]. There
are bands related to the vibration of the SO5 group at 1100 cm™!
and to aromatic C=C bonds near 1600 cm~! [35]. The spectrum
in Fig. 4e is similar to those of [Fe(TDFSPP)] and [Fe(TCFSPP)].

Because of the very low concentration of the FePor on the sup-
port, the FTIR spectra of FeDF-ZHN (Fig. 4b), FeCF-ZHN (Fig. 4c),
and FeDC-ZHN (Fig. 4d) are dominated by the intense bands of
the ZHN matrix. The only evidence of the presence of the FePor
on the supports is the different color of the solid achieved after
the immobilization process, since pure ZHN is white.

It was possible to demonstrate the presence of the immobilized
FePor in the FePor-ZHN solids by UV-Vis spectroscopy (Fig. 5). The
UV-Vis spectra of FeDF-ZHN, FeCF-ZHN, and FeDC-ZHN are repre-
sented in Fig. 5b-d, respectively, where the characteristic Soret
band of each immobilized FePor can be seen. When these spectra
are compared with those of the parent pure FePor in Nujol mull,
a red-shift of the Soret band is observed for [Fe(TDFSPP)]
(414 nm) and [Fe(TCFSPP)] (422 nm) [14]. This effect had already
been reported for other immobilized metalloporphyrins [13,18]
and can be attributed to the interaction between the complex
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Fig. 5. UV-Vis spectra of ZHN (a), FeDF-ZHN (b), FeCF-ZHN (c), and FeDC-ZHN (d).

and the surface of the solid support, which can impose steric lim-
itations to the immobilized metalloporphyrin [36]. The immobili-
zation process creates a larger distortion of the porphyrin ring, so
the porphyrin a,, orbital (HOMO orbital - highest occupied molec-
ular orbital) is closer to the eg orbital (LUMO orbital - lowest unoc-
cupied molecular orbital) [37]. This distortion and the consequent
shorter distance between the orbitals result in a red-shifted Soret
band [38]. As for [Fe(TDCSPP)| (416 nm), with larger substituents
in the ortho-phenyl positions of the porphyrin ring, the macrocy-
clic ring is less distorted, so there is no appreciable shift of the Sor-
et band when the maximum absorbance bands of the pure
[Fe(TDCSPP)] (416 nm) and the immobilized [Fe(TDCSPP)]
(418 nm) are compared. Fig. 5a presents the UV-Vis spectrum of
pure ZHN, where no bands in the region where the FePor absorb
can be detected, thereby confirming that the bands observed in
the UV-Vis spectra of the FePor-ZHN are really due to the presence
of the FePor complexes.

Fig. 6 shows the EPR spectra of the FePor-ZHN solids synthe-
sized in this work. The EPR-silent spectrum of ZHN (Fig. 6a) indi-
cates that the prepared FePor-ZHN solids are free of
paramagnetic species that could have been inserted into the sup-
port by the primary reactants or during the synthetic process.
For the solids FeDF-ZHN (Fig. 6b), FeCF-ZHN (Fig. 6¢), and FeDC-
ZHN (Fig. 6d), the signal attributed to high-spin Fe(Ill) in axial sym-
metry, g = 5.8, is observed, which is typical of the presence of Fe(III)
in the FePor complex [39,40]. A signal in g=4.3 can also be seen,
which can be assigned to high-spin Fe(Ill) in rhombic symmetry
[39,41]. Fig. 6e-g corresponds to the EPR spectra of the pure
[Fe(TDFSPP)], [Fe(TCESPP)], and [Fe(TDCSPP)], respectively. In
these spectra, there is an intense signal at g, = 5.8 as well as a sig-
nal in g, = 2.0, characteristic of high-spin Fe(Ill) (S =5/2) in axial
symmetry, as frequently observed in pure FePor [39]. A low inten-
sity signal in g=4.3 can also be observed, which is ascribed to
high-spin Fe(III) in rhombic symmetry [14,40]. The intensity of this
signal increases in the spectra of the FePor-ZHN solids. As reported
in other works [14,42,43], this suggests that the interaction be-
tween the FePor and the surface of the support can promote distor-
tion in the total conformation of the FePor molecule, thereby
changing the axial symmetry of the metallic center to the rhombic
symmetry. Compared with FeDC-ZHN, the rise in the signal corre-
sponding to rhombic high-spin Fe(Ill) is more pronounced for
FeDF-ZHN and FeCF-ZHN. This is probably because in the former
case, the presence of the chlorine atoms in the phenyl rings of
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Fig. 6. EPR spectra of ZHN (a), FeDF-ZHN (b), FeCF-ZHN (c), FeDC-ZHN (d),
[Fe(TDFSPP)] (e), [Fe(TCFSPP)] (f), and [Fe(TDCSPP)] (g).
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the FePor promotes less distortion in the immobilized FePor, so
that the majority of the Fe(Ill) remains in axial symmetry. This cor-
roborates the above discussion on the UV-Vis spectroscopy of
FeDC-ZHN, where the displacement of the Soret band obtained
after immobilization of [Fe(TDCSPP)] onto ZHN was shown to be
only very discrete.

TGA/DTG analysis was used to characterize the ZHN solid
(Fig. 7). The observed mass loss of 35.6% is very close to the ex-
pected theoretical value of 34.7%, for Zns(OH)g(NO3),-2H,0 [31].
The loss of adsorbed water molecules and hydration water mole-
cules takes place at 200 °C, with a mass loss of approximately
11.6%, leading to the formation of the Zn3(OH)4(NOs), species
[31]. At 300 °C, the mass loss related to the decomposition of
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Fig. 7. TGA/DTG analyses of ZHN.
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Zn3(OH)4(NO3), to Zn(NOs), occurs. Finally, the latter compound
decomposes to ZnO when it is heated at temperatures higher than
300°C [30,31]. The DTG curve (Fig. 7b) reveals the presence of
three main decomposition processes in the sample, with maximum
endothermic peaks at 150, 187, and 297 °C. As for FeDF-ZHN,
FeCF-ZHN, and FeDC-ZHN, the mass losses (data not shown) were
34.3%, 34.3%, and 34.1%, respectively, which disagrees with the
amount of organic matter corresponding to the quantity of FePor
immobilized onto the support (around 2%). Because FePor immobi-
lization occurs mainly on the surface of the support, FePor mole-
cules can be occupying positions previously taken by nitrates or
water molecules on the surface, thereby influencing the amount
of mass loss achieved in the analysis.

The morphology of the FePor-ZHN solids was examined by TEM
(Fig. 8). The growth of the solid crystals follows a pseudo-ortho-
rhombic orientation [21], with three different axes a, b, and c,
and angles between them are close to 90°, thereby originating
morphologies resembling rectangles. Fig. 8a shows the micrograph
of the ZHN support, which contains tabular crystals and is compa-
rable with morphologies of other synthesized hydroxide salts re-
ported in the literature [23]. Additionally, it can be noticed that
crystal growth is oriented toward the formation of rectangles, with
some corners close to 90°. The ZHN crystals have width between
0.5 um and 1 pm, and length of approximately 2 pm. Moreover,
this solid is relatively uniform, which is in good agreement with
the intense diffraction peaks observed in the XRD patterns
(Fig. 2). Fig. 8b-d displays the micrographs of FeDF-ZHN, FeCF-
ZHN, and FeDC-ZHN, respectively. In all the cases, the relative size
of the crystals is smaller compared with that of pure ZHN, suggest-
ing that crystal fragmentation occurred during the immobilization
process. This size reduction is responsible for the lower peak inten-
sities observed in the XRD analyses. With respect to FePor immo-
bilization, structure fragmentation is interesting because it

0.5 pm

Fig. 8. TEM of ZHN (a), FeDF-ZHN (b), FeCF-ZHN (c), and FeDC-ZHN (d).
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imparts an increase in the surface area, thus facilitating the inter-
action between the solid support and the FePor.

The catalytic activity of the prepared solids was first evaluated
in the oxidation of cyclooctene, which is more easily oxidized and
is a well-known diagnostic substrate for the evaluation of catalytic
activity (Table 3) [13]. In fact, cyclooctene is a reactive alkene that
is frequently employed in investigations involving homogeneous
and heterogeneous catalysis [16,18,40,42,43]. Only cyclooctenox-
ide is observed as the final reaction product when metalloporphy-
rins are employed as catalyst, which is attributed to the high
stability of the active intermediate radical species generated from
the metalloporphyrin during the oxidation reaction. Concerning
FePor, a high catalytic efficiency is usually observed in the oxida-
tion of cyclooctene catalyzed by these complexes, since this alkene
is easy to oxidize This fact is probably related to the generation of
the active catalytic species ferryl porphyrin m-cation radical
Fe'V(0)P-*, which is very reactive toward the double bonds of cyclic
alkenes [4,44,45].

The best cyclooctenoxide yields were achieved in the reactions
employing the supported FePor catalysts (Table 3 - Runs 1, 3, and
5), which were higher than the results obtained with the parent Fe-
Por in solution (homogeneous catalysis — Table 3 — Runs 7-9).
Among all the catalysts, FeDC-ZHN furnished the best product
yield: about 100% cyclooctenoxide was obtained. This fact can be
related to the way that [Fe(TDCSPP)] is immobilized onto the sup-
port. The characterization of this solid, already described above,
suggests that there is a more superficial interaction of this FePor
with the ZHN solid. Hence, the FePor active site must be more
accessible to the reactants in FeDC-ZHN, leading to better catalytic
activity compared with the other solids. Stronger FePor-ZHN inter-
actions and thus larger metallocomplex distortions were observed
for the other two FePor by EPR analysis; however, both still gave
good catalytic results in the case of cyclooctene oxidation.

The advantage of using supported catalysts is the possibility of
multiple reuses [5,10,11]. So, after the first use, the FePor-ZHN sol-
ids were recovered by filtration, washed, and used again in another
cyclooctene oxidation reaction. The reused catalysts (Table 3 -
Runs 2, 4, and 6) furnished slightly decreased product yields. No
FePor lixiviation from the support during the washing procedure
was detected by UV-Vis spectroscopy, so this decrease cannot be
attributed to the loss of FePor, but to a possible deactivation of
some active catalytic species. Nonetheless, the yields of the reused
heterogeneous catalysts were still superior to those achieved with
homogeneous catalysis, thereby demonstrating the advantage of
the immobilization process. Finally, the control reactions using
the oxidant only (PhIO - Table 3 - Run 10) and the ZHN support

Table 3
Cyclooctenoxide yields achieved in the oxidation of cyclooctene by PhIO catalyzed by
FePor and FePor-ZHN.?

Catalyst Run Cyclooctenoxide yield® (%)
FeDF-ZHN 1 90
1st reuse 2 81
FeCF-ZHN 3 88
1st reuse 4 77
FeDC-ZHN 5 98
1st reuse 6 89
[Fe(TDFSPP)] 7 65
[Fe(TCFSPP)] 8 60
[Fe(TDCSPP)] 9 73
PhIO only, no catalyst 10 10
ZHN without immobilized FePor 11 16

2 Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhlO/substrate), at
room temperature under argon and 1 h of reaction. Homogeneous catalyses were
performed under identical conditions to those employed for heterogeneous
catalyses.

b Yield based on starting PhIO.

with no FePor + oxidant (Table 3 - Run 11) resulted in low catalytic
yields, thereby confirming that the catalytic efficiency of the Fe-
Por-ZHN solids is really due to the FePor.

Next, the prepared solids were studied as catalysts in the oxida-
tion of less reactive, saturated hydrocarbons [10,20,40,46]. Cyclo-
hexane was chosen as the saturated substrate, because it is
relatively inert and there are many successful catalytic examples
discussed in the literature [4,42,46]. This substrate enables investi-
gation into the catalytic efficiency and selectivity of the catalytic
species since two major products can be observed, namely cyclo-
hexanol and cyclohexanone. Another reason for studying the cata-
lytic oxidation of cyclohexane is the industrial importance of its
oxidation products. Moreover, the search for cheaper and more
efficient catalysts that can work in mild conditions is still a chal-
lenge for chemical researchers [1].

The results obtained for the oxidation of cyclohexane catalyzed
by the immobilized FePor-ZHN (Table 4 - Runs 12, 14, and 16)
showed that these solids are efficient catalysts, with total yields
comparable or superior to those achieved with the homogeneous
counterparts (Table 4 - Runs 18-20). In the case of FeCF-ZHN (Ta-
ble 4 - Run 14), the total yield is lower than the homogeneous
catalysis with [Fe(TCFSPP)] (Table 4 - Run 19). It is a frequent
behavior observed for this iron porphyrin immobilized in different
supports. In homogeneous catalysis, one ortho-chlorine substituent
in each meso-phenyl porphyrin groups in the Fe(TCFSPP) can avoid
molecular interactions, which can deactivate (by destruction or
dimerization of the iron porphyrin) and/or avoid the catalytic ac-
tive species formation. Therefore, higher yields in oxidation reac-
tions are expected for this iron porphyrin in homogeneous
catalysis [18]. In contrast, after immobilization, better catalytic re-
sults are observed for Fe(TDFSPP) and Fe(TDCSPP) that could be
due to an easy access of PhlO and substrate to the iron sites. In
spite of that, the result is comparable with the total yield of the
reactions. As in the case of cyclooctene oxidation reactions,
FeDC-ZHN (Run 16) was more catalytically efficient than the other
two FePor-ZHN. This suggests that the way the FePor are immobi-
lized onto the ZHN support influences the catalytic activity of the
FePor-ZHN solids, especially considering that the catalytic activi-
ties of the three FePor in solution are similar.

It is noteworthy that the three FePor-ZHN solids prepared in
this work exhibited unusual selectivity for cyclohexanone. Immo-

Table 4
Oxidation of cyclohexane by PhIO catalyzed by FePor and FePor-ZHN.?
Catalyst Run  Alcohol Ketone Total Ketone/
yield® (%)  yield® (%) yield alcohol
(%) ratio®
FeDF-ZHN 12 <1 35 36 35
1st reuse 13 3 25 28
FeCF-ZHN 14 <1 23 24 23
1st reuse 15 2 15 17
FeDC-ZHN 16 2 70 72 35
1st reuse 17 5 55 60
[Fe(TDFSPP)] 18 19 7 26 0.37
[Fe(TCFSPP)] 19 29 4 33 0.14
[Fe(TDCSPP)] 20 31 5 36 0.16
PhIO only, no 21 <1 <1 1 1
catalyst
ZHN without 22 1 1 1 1
immobilized
FePor

@ Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhIO/substrate), at
room temperature under argon and 1 h of reaction. Homogeneous catalyses were
performed under identical conditions to those employed for heterogeneous
catalyses.

" Yield based on starting PhIO (it was assumed that 2 mols of PhIO were used for
ketone formation).

¢ Selectivity for ketone formation in relation to alcohol formation.
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Fig. 9. Cyclohexane oxidation mechanism with FePor as catalyst [42].

bilized FePor catalytic systems are generally selective for cyclohex-
anol [11,14], as observed in homogenous catalysis. Considerable
investigation into the intermediate catalytic species of FePor has
shown that the active species generated in oxidation reactions cat-
alyzed by FePor systems consists of a species denominated ferryl
porphyrin 7-cation, also designated oxo-iron-IV porphyrin radical
(Fe'V=0)" [4,44]. The mechanistic studies involving FePor have
suggested that after formation of the active catalytic species via
interaction between FePor and PhIO, there is hydrogen abstraction
from the C-H bond of the substrate, generating a new intermediate
species [Fe!V-OH + R‘], where R refers to the substrate [4,42]. Cyclo-
hexanol and/or cyclohexanone production depends directly on the
formation of this new species. If the recombination of the OH frag-
ment linked to the iron finds the radical formed by the substrate (R
species), cyclohexanol is formed. But if this recombination does not
occur rapidly enough, the R' radical species escape from the vicin-
ity of the intermediate species (solvent cage), leading to the forma-
tion of other products, such as cyclohexanone (Fig. 9) [42,47]. In
fact, some examples in the literature [48-50] have identified radi-
cals being formed at the substrate, with consequent radicalar
mechanisms furnishing other products that would not be expected
for the conventional catalysis using the FePor model for cyto-
chrome P450. An example is when the reaction occurs in the chlo-
rinated solvents, where reaction products containing chlorine are
observed [51].

In general, the use of immobilized FePor has been shown to lead
to reaction mechanisms similar to those occurring in solution, and
selectivity for the alcohol has been observed in the oxidation of
cyclohexane catalyzed by heterogeneous catalysts based on FePor
[1,8,10-15,40,52]. In the present work, the fact that selectivity
for the ketone was obtained with the solid FePor-ZHN catalysts
suggests that the catalysts resulting from the immobilization of
the FePor onto ZHN impair the control of the [Fe'V-OH + R'] species
and the relative reaction rates (recombination or radical escape)
[42], inasmuch as the homogenous catalysis in the same conditions
displayed different selectivity (Table 4 - Runs 18-20). These re-
sults are a strong evidence of the influence of the support on the
selectivity of the reaction. The surface of the ZHN solid is not flat;
in fact, there are corrugations associated with the presence of zinc
tetrahedra above and below the surface layer [21]. As the analyses
of the FePor-ZHN solids carried out by us suggest, FePor is pre-
dominantly immobilized onto the surface of ZHN, and the com-
plex/support environment created by this interaction might
make OH transfer to the substrate difficult, thereby causing radical
escape and consequent generation of a radicalar oxidative route to
cyclohexanone. This behavior is not observed for other immobi-
lized FePor systems employing the same FePor utilized in the pres-
ent work; for instance, when natural mineral clays [12-14],
layered double hydroxides [16,17], and silica [15] are used as sup-
port. In the latter systems, the solid surface tends to be more uni-
form and flatter compared to the surface of ZHN. In fact, when our

research group investigated the catalytic activity of [Fe(TDFSPP)]
immobilized onto a nitrate-intercalated layered double hydroxide
surface, only cyclohexanol was produced (8% yield); that is, no
cyclohexanone was detected under the same catalytic conditions.

Apart from ketone production by radical escape, this product
can be frequently formed by re-oxidation of the alcohol product
present in the vicinity of the active catalytic species in a second
oxidation cycle [4]. When heterogeneous catalysts are employed,
the escape of the alcohol formed in a selective catalytic reaction
from the active site can be hampered by the structure of the cata-
lyst. In these cases, the alcohol concentration in the vicinity of the
catalytic species increases, so this product becomes a new sub-
strate for a further oxidation reaction [53].

In order to investigate whether cyclohexanone formation could
be due to further alcohol oxidation [1,4], tests of the catalytic activ-
ity of FeDF-ZHN were conducted using different reaction times
(Table 5). After 15 min of reaction (Table 5 - Run 23), 30% cyclo-
hexanone yield could already be observed, with traces of cyclohex-
anol product only. Prolonging the reaction time to 30 and 45 min
(Table 5 - Runs 24 and 25, respectively), 33% and 34% cyclohexa-
none yields were respectively obtained, without any apparent in-
crease in the cyclohexanol yield. This same behavior was
observed after 1, 24, and 48 h of reaction (Table 5 - Runs 26, 27
and 28, respectively), when 35%, 43%, and 48% cyclohexanone
yields were, respectively, achieved. Therefore, the majority of
cyclohexanone was produced within the first 15 min of reaction,
accompanied by traces of cyclohexanol only. Prolonged reaction
times resulted in higher cyclohexanone yield with minimal in-
crease in cyclohexanol yield. Taken together, these observations
reinforce the fact that ketone production is independent of alcohol
production and suggest that a radicalar reaction mechanism is
responsible for ketone production. The same behavior was ob-
served for reaction times shorter than 15 min.

In order to investigate which factors interfere in the oxidation of
cyclohexane in the presence of the heterogeneous catalysts FePor-
ZHN, a reaction was performed using [Fe(TDFSPP)] immobilized on

Table 5
Oxidation of cyclohexane by PhIO catalyzed by FeDF-ZHN carried out with variable
time.?

Run Time (h) Alcohol yield® (%) Ketone yield® (%)
23 0.25 <1 30
24 0.5 <1 33
25 0.75 <1 34
26 1 <1 35
27 24 1 43
28 48 2 48

2 Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhlO/substrate), at
room temperature under argon.

" Yield based on starting PhIO (it was assumed that 2 mol of PhIO were used for
ketone formation).
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zinc oxide as catalyst, which was obtained by thermal decomposi-
tion in ZHN solution. In this case, the cyclohexanol and cyclohexa-
none yields were 40% and only 2%, respectively. The zinc oxide
derived from the hydroxide salt no longer has the layered, corru-
gated structure observed for ZHN [21]. Taken together, all these re-
sults strongly indicate that the environment created by FePor
immobilization onto ZHN, which has an irregular surface, really
influences the catalytic route in the case of cyclohexane oxidation,
favoring the major production of cyclohexanone.

Next, the oxidation of cyclohexane was investigated in different
solvents, in order to check the influence of the reaction medium
composition (Table 6) on product yields [10,51,54]. In the acetoni-
trile/dichloroethane solvent system (CHsCN/C,H4Cl,, Table 6 -
Runs 30, 33, and 36), the product yields obtained with the three Fe-
Por-ZHN were slightly lower compared with those of the reactions
performed in the acetonitrile/dichloromethane solvent system
(CH3CN/CH,Cl;, Table 6 - Runs 29, 32, and 35). In the former case,
the decreased total yields can be attributed to the viscosity and the
different solubility of the reactants in the new solvent system [51].
In general, the more viscous a solvent, the longer the lifetime of the
intermediate species inside the “solvent cage”. The viscosity of the
solvents used here are 0.779, 0.413, and 0.343 mPa s for dichloro-
ethane, dichloromethane, and acetonitrile, respectively [55], so
dichloroethane is the most viscous. The reduced production of
cyclohexanone in the presence of dichloroethane can be explained
by the change in medium viscosity, which results in slightly in-
creased alcohol production, although the system is still more selec-
tive for the ketone [51]. In the case of pure dichloroethane (Table 6
- Runs 31, 34, and 37), reduced cyclohexanone and larger cyclo-
hexanol production can also be detected for the three FePor-ZHN
catalysts. The selectivity for ketone is thus maintained in all the
employed solvent systems, suggesting that the support structure
is responsible for the elevated selectivity toward cyclohexanone
formation, despite the influence of the solvent on product yields
and reaction selectivity.

Concerning the results presented in Table 4, the reactions using
the reused FePor-ZHN catalysts (Table 4 - Runs 13, 15, and 17) evi-
denced slightly lower total yields compared to the fresh catalyst.
However, the amount of cyclohexanol obtained with the reused
catalysts was larger, with consequent decreased reaction selectiv-
ity toward cyclohexanone. The reduced product yields in the pres-
ence of the reused catalysts, also observed in the case of
cyclooctene oxidation, can be accounted for deactivation of some

Table 6
Oxidation of cyclohexane by PhIO catalyzed by FePor and FePor-ZHN carried out for
1 h, in distinct solvent systems.?

Catalyst Run Solvent system Cyclohexanol Cyclohexanone
yield® (%) yield® (%)

29 CH3CN/CH,Cl,¢ <1 35
FeDF-ZHN 30 CH5CN/CoH,CL¢ 4 23

31 CoH4CL,* 5 19

32 CH3CN/CH,Cl, <1 23
FeCF-ZHN 33 CH3CN:CyH4Cl, 3 16

34 CoH4Cl, 4 14

35 CH5CN/CH,Cl, 2 70
FeDC-ZHN 36 CH3CN/CoH4Cl, 5 49

37 CoH4Cl, 7 43

¢ Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhlO/substrate), at
room temperature under argon. Homogeneous catalyses were performed under
identical conditions to those employed for heterogeneous catalyses.

" Yield based on starting PhIO (it was assumed that 2 mol of PhIO were used for
ketone formation).

¢ Solvent system: acetonitrile/dichloromethane, 1:1 (v/v).

9 Solvent system: acetonitrile/dichloroethane, 1:1 (v/v).

¢ Solvent system: pure dichloroethane.

of the FePor active sites on the surface of the support [10] or
decomposition to ZnO, the last hypothesis could not be proven
by the small amount of solid used in the catalytic tests. The deac-
tivation can be explained by the oxidizing action of the reaction
medium, but it is smaller compared to the deactivation observed
in the case of homogeneous catalysis.

As for the control reactions using only the oxidizing agent (Ta-
ble 4 - Run 21) and the oxidant together with the ZHN support
without FePor (Table 4 — Run 22), low cyclohexanol and cyclohex-
anone yields were obtained, confirming that the catalytic activity is
really due to the FePor complexes.

Finally, the FeDC-ZHN solid (Table 4 — Run 16) furnished higher
cyclohexanone yield compared with the other two FePor-ZHN cat-
alysts (Table 4, FeDF-ZHN - Run 12, and FeCF-ZHN - Run 14). This
behavior can be due to the structure of the FePor and to how it is
immobilized onto the ZHN support. The [Fe(TDCSPP)] complex
contains two chlorine atoms on each phenyl substituent on the
porphyrin ring. Because chlorine is bulkier than the fluorine atoms
on [Fe(TDFSPP)] and [Fe(TCFSPP)], they may prevent the establish-
ment of a strong interaction between the FePor complex and the
surface of the support, thereby facilitating interaction of the cata-
lyst active site with the substrate and the oxidant present in the
reaction medium, which would justify the larger cyclohexanone
production. In the case of the two other FePor, their more effective
interaction with the support might hinder the access of the oxidant
and the substrate to the FePor center, leading to lower product
yields compared with FeDC-ZHN.

Linear alkanes are more resistant to oxidation compared to cyc-
lic alkenes and alkanes [11,13,20,52,56], and only rarely have cat-
alytic systems capable of oxidizing the former substrates been
reported to furnish appreciable product yields [10,11,56,57]. Fur-
thermore, the oxo-functionalization of the terminal position of lin-
ear alkenes is a big challenge [13]. In fact, few literature works
describe the selective oxidation of linear alkanes at position 1, or
even position 2 [56,57]. The dissociation energy of linear C-H
bonds in alkanes decreases in the order 104, 95.3, and
91 kcal mol~! for primary, secondary, and tertiary carbons, respec-
tively [56]. This is the reason why the vast majority of works on the
catalytic oxidation of linear alkanes report oxidation at positions 2
and 3 of the carbon chain [10,11,13,50]. In the catalytic oxidation
of heptane catalyzed by the three FePor-ZHN prepared in this
work (Table 7 - Runs 38, 40 and 42), there was selective produc-
tion of heptanol. As generally observed for cyclic alkanes, most of
the FePor catalysts generate alcohol as the main product of the oxi-
dation of linear alkanes [11,13]. The mechanism through which
product formation occurs has already been discussed above [4].
In our case, because a high selectivity for the ketone had been ob-
tained in the oxidation of cyclohexane catalyzed by FePor-ZHN, we
had also expected such selectivity in the case of heptane oxidation,
which did not occur. A possible explanation for that may be related
to the different structures of the substrates cyclohexane and hep-
tane. Apart from having a cyclic structure, cyclohexane can be
present in two different conformations; that is, “chair” or “boat”
[10]. These factors can influence the reaction rate and the recombi-
nation or escape of the radical formed in the [Fe'V-OH + R’] species
[4]. As for the linear heptane [20,52], such structural rearrange-
ments do not occur during formation of the intermediate species,
mainly because of the irregularities present on the surface of the
support. So the alcohol should be preferentially formed via the
classical mechanism described for alkane oxidation catalyzed by
FePor. Although the catalyst reuse reactions (Table 7 — Runs 39,
41, and 43) evidenced reduced catalytic efficiency, the fact that
the FePor-ZHN are still active in a second reaction demonstrates
that the heterogeneous catalysts are advantageous compared to
the parent homogenous catalysts [10]. Nevertheless, one might
still argue that the product yields furnished by the heterogeneous
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Table 7
Oxidation of n-heptane by PhIO catalyzed by FePor and FePor-ZHN carried out for 1 h.?
Catalyst Run Heptane oxidation products yield® (%)
1-ol° 2-0l° 3-0l° 4-0l° Total ol 2-one¢ 3-one? 4-one Total one Ol/one®
FeDF-ZHN 38 3 5 12 2 22 - 1 1 2 11
1st reuse 39 3 4 10 1 18 - 2 - 2 9
FeCF-ZHN 40 1 2 9 1 13 1 1 1 3 43
1st reuse 41 1 1 5 - 8 - - - - 8
FeDC-ZHN 42 2 5 15 3 25 — 2 1 3 8.3
1st reuse 43 2 - 12 2 16 - - 2 2 8
[Fe(TDFSPP)] 44 = 30 = = 30 = 12 = 12 25
[Fe(TCFSPP)] 45 = 17 = = 17 = 5 = 5 3.4
[Fe(TDCSPP)] 46 = 39 = = 39 = 15 = 15 2.6
PhIO only, no catalyst 47 - - - - - - - - - -
ZHN 48 - - - - - - - - - -

2 Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhIO/substrate), at room temperature under argon. Homogeneous catalyses were performed under identical

conditions to those employed for heterogeneous catalyses.
Yield based on starting PhIO.

Heptanol.

Heptanone.

Selectivity for alcohol formation in relation to ketone formation.

nan T

catalysts were lower than those achieved by homogenous catalysis
(Table 7 - Runs 44-46). However, in homogeneous medium, there
was selectivity for alcohol formation at position 2 and ketone for-
mation at position 3 of the carbon chain, demonstrating that the
lower selectivity of the FePor in solution compared to those of
the FePor-ZHN catalysts is a major drawback. A factor that fre-
quently influences changes in product selectivity is the steric fac-
tor. In homogeneous solution, only the steric factors related to
the structure of the FePor itself operate [57], whereas the interac-
tion established between the FePor and the support is decisive for
the selectivity of the heterogeneous catalyst [11,12]. Steric factors
are extremely important for catalytic reactions because they can
change the physical access of the substrate to the active catalytic
species formed in the metallic center, thereby determining reac-
tion selectivity.

It is worth mentioning that, as reported for the other substrates
employed in this work, control reactions using heptane (Table 7 -
Runs 47 and 48) also demonstrated that in the absence of the Fe-
Por, no product is observed, nor is any hepthaldeide produced.

Finally, in order to demonstrate that cyclohexane oxidation
with PhlO catalyzed by the FePor-ZHN catalysts prepared in this
work really follows a radicalar route, substrate oxidation reactions
were performed in the presence of the radical scavenger tert-butyl
alcohol [29,58], which is largely employed in the literature to ver-
ify whether radicalar pathways evolve during intermediate steps of
the reaction [59,60]. Other compounds, such as hydroquinone [61]

Table 8

and 2-methyl-2-nitropropane [62], can also be used as radical
scavengers. Besides that, the radical scavenger bromotrichlorome-
thane (BrCCls) can be also used for a better identification of radica-
lar route and the product bromocyclohexane can be expected [51].
Radical scavengers compete with the substrate in radicalar reaction
mechanisms and are preferentially oxidized, thereby avoiding for-
mation of products derived from radicals generated from the main
substrate [58,60]. The consequence is a reduction in the product
yields, which is a proof that substrate oxidation really follows a
radicalar route [59]. In the case the reaction follows a radicalar
path, tert-butyl alcohol is oxidized to 2-propanone mainly [63].
Table 8 summarizes the results obtained in the oxidation of
cyclooctene, cyclohexane, and heptane in both the presence and
the absence of tert-butyl alcohol. With respect to the oxidation of
cyclooctene and heptane, the results achieved in the presence
and in the absence of the radical scavenger were very similar; there
was only a small increase in the total product yield for both sub-
strates in reactions carried out in the presence of tert-butyl alcohol.
These results strongly suggest that the mechanism is not governed
by a radical route in the case of the oxidation of cyclooctene and
heptane catalyzed by FePor-ZHN, and the oxidation products are
mainly obtained by action of the oxo-iron-IV porphyrin radical
(FeV=0)"* [4,44]. On the other hand, different results were
achieved for the oxidation of cyclohexane in the presence and ab-
sence of the radical scavenger. There was a drastic reduction in
product yield in the presence of tert-butyl alcohol compared to

Oxidation reaction of cyclooctene, cyclohexane, and n-heptane with PhIO catalyzed by FePor and FePor-ZHN carried out for 1 h in the presence and absence of a radical scavenger

(tert-butyl alcohol).*?

Catalyst Condition C-oxide® (%) C-ol! (%) C-one® (%) H-ol total’ (%) H-one total® (%)
FeDF-ZHN Without tert-butyl-alcohol 90 <1 35 22 2
FeCF-ZHN 88 <1 23 13 3
FeDC-ZHN 98 2 70 25 3
FeDF-ZHN With tert-butyl-alcohol 94 2 2 27 4
FeCF-ZHN 90 2 3 17 1
FeDC-ZHN 98 2 4 28 3

@ Reaction conditions: reactants molar ratio 1:20:2000 (FePor/PhlO/substrate), at room temperature under argon. When the reaction was performed in the presence of the

radical scavenger, 50 pL of tert-butyl alcohol was added to each reaction vessel.
" Yield based on starting PhIO.
¢ Cyclooctenoxide.

Cyclohexanol.

Cyclohexanone.

Heptanol.

& Heptanone.

d
e
f
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the product yields obtained in the absence of the scavenger. Cyclo-
hexanone production was strongly affected in the presence of tert-
butyl alcohol, which has larger affinity for the active catalytic spe-
cies than the cyclohexane radicals. The sharp decrease in total
product yield in the case of cyclohexane oxidation catalyzed by Fe-
Por-ZHN in the presence of the radical scavenger is strong evidence
that the oxidation reaction mechanism follows a radical route
[42,59]. Besides that, in the cyclohexane oxidation reaction per-
formed in dichloromethane/acetonitrile solvent mixture, a small
peak in the retention time of 1.77 was also observed in GC analysis
that was identified as chloro-cyclohexane product. In a catalysis
carried only in pure acetonitrile, this peak was not observed. The
presence of the chlorinated product also suggests that a radicalar
reaction mechanism is occurring [64].

In conclusion, the obtained results show that the effective com-
bination between the irregular surface of the ZHN support and the
immobilized FePor creates a singular environment that provides
new selectivity for porphyrin systems in the case of the catalytic
oxidation of cyclohexane. Moreover, the reaction mechanism prob-
ably consists of a radical route.

4. Conclusions

The inorganic support ZHN was obtained by precipitation in
controlled pH and characterized by various instrumental tech-
niques. The immobilization of a family of anionic iron porphyrins
was performed by magnetic stirring in ethanolic solution at room
temperature, with good rates of complex immobilization onto
ZHN. The supported catalysts prepared here were analyzed by
many techniques, which suggested that the iron porphyrins were
immobilized on the surface of ZHN. The catalytic activity of the
iron porphyrins immobilized on ZHN was evaluated in the oxida-
tion of organic substrates with PhlO. The immobilized catalysts
were efficient, as evidenced from the cyclooctene oxidation reac-
tions. An interesting and surprising selectivity for cyclohexanone
was observed in the case of cyclohexane oxidation. As for heptane
oxidation, selectivity for heptanol and higher 3-heptanol yields
were achieved.

The catalytic results suggest the involvement of a radical mech-
anism for the cyclohexane oxidation reaction, where the control of
the active catalytic species can be influenced by the irregular sur-
face of the support and by the cyclic structure of the substrate. In-
deed, such selectivity for the ketone was not observed for heptane,
a linear alkane. The influence of the ZHN corrugated surface was
confirmed by studies involving [Fe(TDFSPP)] immobilized on zinc
oxide, which showed selectivity for the alcohol during cyclohexane
catalytic oxidation, and not for the ketone. As far as the immobi-
lized catalysts employed in this work are concerned, the solvent
used in the reaction also contributes to the higher selectivity for
cyclohexanone. When pure 1,2-dichloroethane was used, the
selectivity for cyclohexanone decreased compared with an acetoni-
trile/dichloromethane 1:1 (v/v) solvent mixture. Finally, reactions
conducted in the presence of the radical scavenger tert-butyl alco-
hol strongly suggest that the oxidation of cyclohexane catalyzed
by the FePor-ZHN follows a radical route. The reused supported
catalysts also exhibited good catalytic efficiency in the oxidation
of the three substrates.

To the best of our knowledge, this is the first time that ZHN has
been used as support for the immobilization of metalloporphyrins.
The methodology employed here for the synthesis of supported
catalysts can be very interesting, because the support is cheap, eas-
ily obtained, is based on highly available and non-toxic elements,
and displays different selectivity. The results from cyclohexane
oxidation reactions showed how the support can modify the cata-
lytic behavior of a certain species, making the rational planning of

various immobilized catalysts onto different inorganic supports a
very interesting approach for the design of a new and wide range
of catalysts.
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