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Iron(lll) Complexation with Galactodendritic Porphyrin
Species and Hydrocarbons’ Oxidative Transformations

Kelly A. D. F. Castro,™® Katia C. M. Westrup,”” Sandrina Silva,” Patricia M. R. Pereira,”
Mario M. Q. Simdes,™ Maria da Graca P. M. S. Neves,™ José A. S. Cavaleiro,”

Jodo P. C. Tomé,*™ and Shirley Nakagaki*®!

The iron metalation of the known free-base porphyrins H,P2
and H,P3, obtained by structural modification of the well-
known TPPF,, (H,P1) with galactose dendritic units, gave the
corresponding iron(lll) porphyrin complex FeP2 and the solid
hybrid material FeP3S. Their synthesis, characterization and
catalytic efficacy toward the oxidation of the organic substrates
(2)-cyclooctene, cyclohexane and heptane, are reported. In this
work, the possibility to modulate selectivity and chemical
efficiency of the catalytic system by using simple and more

1. Introduction

Porphyrin derivatives are usually known as “pigments of life”
due to their role in important vital functions such as photosyn-
thesis, respiration and detoxification of xenobiotics." However,
with the development of new synthetic derivatives, namely of
synthetic origin, the interest of the scientific community in such
compounds was extended to potential significant applications
in various fields, particularly in medicine® and catalysis.”

Green chemistry and catalysis in synthetic chemistry
approaches have challenges, envisaging transformations favor-
ing the selective preparation of products of commercial interest,
minimizing the formation of byproducts and wastes.” The
development of selective and efficient catalysts for the
oxidation of alkanes and alkenes in a green chemistry
perspective™ is of great importance, since such reactions have
wide applications in industrial processes.®>*’ Moreover, the
search for catalysts able to promote the selective oxidation of
organic compounds under mild conditions, minimizing the
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sophisticated metalloporphyrins is demonstrated. Furthermore,
the presence of the galactose dendrimer units at the meso-
porphyrin ring positions can tune the oxidation at the terminal
positions in linear alkanes. In addition, the FeP3S material was
easily recovered and reused at least 3 times for the cyclooctene
oxidation. The catalytic performance of material FeP3S, asso-
ciated with their possibility of reuse, makes this material a
promising catalyst.

waste formation and the possible damage to the environment,
is one of the most significant challenges chemistry today.”

The epoxides obtained by selective oxidation of olefins are
highly useful intermediates for the manufacture of important
commercial products such as polyurethanes and polyamides,
epoxy resins, polyesters, among others.”” Regarding the
oxidation of alkanes, the mixture of cyclohexanone and cyclo-
hexanol (KA-oil) from the selective oxidation of cyclohexane is
very attractive due to its importance as intermediate in
manufacturing Nylon-6 and Nylon-6,6."

Understanding the role of different metal complexes in
biological processes, namely to perform enzymatic reactions, is
a scientific challenge and frequently an inspiration to develop
catalysts for different reactions with potential industrial
applications.”! Based on effective catalytic biologic systems,
synthetic but bioinspired catalytic systems have been proposed
and studied over the last decades.®*™'% For example, inspired
by the efficiency and selectivity of the reactions catalyzed by
the cytochrome P-450 enzymatic system, different synthetic
metalloporphyrins have been prepared and investigated as
oxidative catalysts for oxidation reactions over the years.B<'op!"
Despite several studies, only a few promising porphyrin
complexes have pointed out a putative future industrial use of
these molecules.™” Investigations have shown that electro-
negative and/or bulky substituents at the meso positions of the
porphyrins’ ring (second generation porphyrins)®™'® are key
features leading to more robust catalysts, resistant to degrada-
tion of the porphyrin macrocycle during catalysis and, con-
sequently, to a better catalytic performance. It has also been
observed that the selectivity to a desired product may often
require a certain degree of sophistication in the design of
specific catalysts.?"o'¥

Taking all that into account, we report here the iron
metalation, characterization and preliminary catalytic studies
involving the novel iron(lll) porphyrin FeP2 and the insoluble
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hybrid material FeP3S, obtained from the corresponding free-
base galactodendritic porphyrins H,P2 and H,P3 (Scheme 1).'")
The organic substrates (2)-cyclooctene, cyclohexane and
heptane were selected to evaluate their performance as
catalysts in epoxidation and hydroxylation processes and the
results were compared with those obtained when using the
iron(lll) complex of 5,10,15,20-tetrakis(pentafluoroporphyrin),
FeP1. The galactose dendrimer units at the meso-porphyrin
positions were found to be important to promote the oxidation
results observed e.g. the oxidation at terminal positions in
linear alkanes.

2. Results and Discussion

Synthesis and characterization of the iron(lll) porphyrins FeP2
and FeP3S

The reaction of porphyrins H,P2 and H,P3 bearing protected
and unprotected galactose units with iron(ll) chloride afforded
the complex FeP2 and the insoluble material FeP3S (Scheme 2).

These free-base porphyrins were obtained from 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin  (H,P1) according to a
synthetic methodology previously reported by our group
(Scheme 1).29" The nucleophilic substitution of the four p-
fluorine atoms of the C,Fs groups with the adequate thiol
galactodendritic unit provided porphyrin H,P2 first and then
porphyrin H,P3, after the removal of the galactose protecting
groups .o’

The FeP1 complex obtained from the starting porphyrin
H,P1 was also considered for comparison. The UV-Vis spectrum

of FeP1 showed the expected spectral features — a Soret band
at 414 nm, which is slightly red-shifted when compared to the
Soret band of the precursor H,P1 (409 nm) and a lower number
of Q-bands (506 nm, 566 nm and 624 nm). The band observed
at 348 nm can be attributed to the coordination of the chloride
ion to iron(lll) (see FigureS1 and Figure S2, Supporting
information)."® The coordination of the free-base H,P2
(Scheme 2) with the iron(lll) ion was accompanied by spectral
changes in its UV-Vis spectrum (Figure S3) similar to those
observed between FeP1 and H,P1.55"'” The characteristic Soret
band appears slightly red shifted for FeP2 when compared with
the free-base porphyrin (414 nm versus 410 nm) and this shift
was also accompanied by a decrease in the number of the Q-
bands (appearing at 505, 584 and 648 nm), resulting from the
modification in the microsymmetry of the porphyrin macrocycle
from Dy, to D,,"'”® (Figure S3, Supporting information).

The metalation of H,P3 with an excess of iron(ll) chloride,
using a similar methodology to that described for H,P1 and
H,P2 brought forth, at the end of the reaction, the precipitation
of a dark purple solid designed as FeP3S. This solid showed a
different solubility profile in comparison to the free-base
porphyrins H,P1, H,P2 and H,P3 and also to the metal-
loporphyrins FeP1 and FeP2, being completely insoluble in all
the solvents tested, including those where both FeP1 and FeP2
were soluble or partially soluble (DMF, acetone or THF).

The UV-Vis spectrum of the solid FeP3S obtained in a
dispersion solution of mineral oil (Nujol mull) displayed a broad
Soret band at 426 nm, which was red-shifted (ca. 13 nm) in
comparison to the Soret band at 413 nm of the H,P3 precursor,
obtained under similar conditions (mineral oil) (Figure 1). The
broadening and the red-shift observed for the Soret band (ca.

i) Galactodendritic unit, DIPEA, DMF, 50 °C; ii) TFA:H5O (1:9 v:v), room temperature

Scheme 1. Schematic representation of the synthetic methodology used in the preparation of the free-base galactodendritic porphyrins H,P2 and H,P3 from

the scaffold H,P1.
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i) FeCly,"4H,0, Acetic acid, 120 °C, magnetic stirring, argon atmosphere, 12 h.
ii) FeCl,4H,0, NaOAc, DMF, 120 °C, magnetic stirring, argon atmosphere, 24 h.
iii) FeClo"4H,0, DMF, 120 °C, magnetic stirring, argon atmosphere, 24 h.
Scheme 2. Schematic synthetic methodology used in the preparation of the iron(lll) porphyrins FeP1, FeP2 and FeP3S.
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Figure 1. UV-Vis spectra of the solid samples dispersed in Nujol mull: (a) H,P3 and (b) FeP3S.

changes in the number and position of Q-bands confirmed that
the metalation process occurred."” The insolubility in conven-
tional solvents and the presence of the metalloporphyrins
characteristic bands in the electronic spectrum of FeP3S

13 nm) seem to indicate that significant distortion in porphyrin
conformation occurred, which can be related to modifications
in the aromatic arrangement affecting the porphyrin ring
symmetry.?9'”d The spectrum pattern in the visible region with
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suggest that the metalation of H,P3 under the experimental
conditions used may have resulted in the formation of this
insoluble solid due to the binding of the unprotected
glycodendrimers (R®), the substituents present in the macro-
cycle, and the metal ion used in excess for the metalation
process.

This behavior was not observed for FeP2 since the galactose
units possess isopropylidene protective groups (R?), which
hinder the formation of a structured solid network. The ability
of galactose dendrimer units (R®) to form an insoluble
structured solid as a coordination polymer was already reported
by us using the same porphyrin with sugar dendrimer (H,P3) in
a self-assembly reaction using an excess of copper(ll) acetate
salt.®® Moreover, it was reported that the presence of
dendrimers as substituents in different compounds are able to
form supramolecular structures by self-assembly"® and these
structures result in insoluble solids.

Mostafa and co-workers reported the coordination of
iron(lll) with sugar-type ligands (including sugar acids, di- and
tri-saccharides).” The ligands contains one, two, three or four
deprotonated hydroxyl groups that are coordinated to iron(lll).
The presence of iron(lll) species was identified by EPR
analyses."” The metal complexation by saccharides and deriva-
tives were also reported by Rao and co-workers®™ and Yano
and co-workers.”” For some iron(lll) complexes, the coordina-
tion of saccharides occurs through the oxygens of the hydroxyl
ligands, including the deprotonated hydroxyl groups.®

The ATR-FTIR spectra of the H,P2 and H,P3 exhibit the
typical bands of the macrocycle skeletal ring (Figure 2), as
previously reported.”® The FeP2 spectrum (Figure 2e) displays

//

the characteristic bands of porphyrin H,P2 (Figure 2b). The
disappearance of the bands in the 3300 cm™ region, relative to
N—H stretching, and in the 1600 cm™ region, related to dN-H
vibration of the pyrrole ring in the spectrum of FeP2, indicates
the presence of iron ion in the core of the macrocycle,*” as
observed in the spectrum of FeP1.%7 The band at 1727 cm™'
may be due to the C=0 stretching from DMF used as solvent in
the preparation of FeP2 in comparison to the spectrum
observed for FeP1.”? The spectrum of the solid FeP3S
resembles the spectrum of porphyrin H,P3 (Figure 2f and
Figure 2¢, respectively). In both spectra, the bands at 3400 cm™'
(O—H stretching, broad) and 667 cm™' (C—N stretching) are
assigned to the glycodendritic moieties.*™ The presence of an
extremely broad band in the 3500 cm™' region in both spectra
ends up overlapping the region of 3300 cm™', characteristic of
the N—H stretching, which is one of the main bands to confirm
if the metal ion was inserted into the macrocycle core or if it
still remains as a free-base porphyrin. However, the disappear-
ance of a broad band in the region of 1600 cm™, related to
ON—H vibration of the pyrrole ring in the FeP3S spectrum,
when compared to H,P3, seems to corroborate the metalation
of the inner core of the macrocycle. In addition, for the H,P3,
the broad band at 1655 cm™ can also be attributed to triazine
ring. The disappearance of this band and the concomitant
presence of two bands at 850 and 890 cm™' indicate the
presence of metal-saccharide portions in the FeP3S
spectrum.”®™ The disappearance of a band of triazine group
also suggests some interaction with N atoms as reported by
Huang and co-workers for the CAU-7-TATB framework
structure”™ The band at 1592 cm™ probably is due the
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Figure 2. ATR-FTIR spectra of the free-base porphyrins and the iron(lll) porphyrins: free-base porphyrins (a) H,P1, (b) H,P2, and (c) H,P3; iron(lll) porphyrins (d)
FeP1, (e) FeP2, and (f) FeP3S (the 2750-2050 cm™' region was omitted, due to the absence of bands).
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bending vibrations of H,O or the possible open form of
dendrimer group.®

The EPR spectrum recorded for the FeP1 solid sample at
77 K (Figure 3) displays the characteristic signals of high-spin
Fe’* (S=5/2) in axial symmetry with signals in the region of
g, =6.0 and g,=2.0. According to the literature,*” transitions
relative to the Kramer doublet +1/2 (g, =6.0 and g =2.0) are
observed in the spectra of EPR when high-spin Fe** is found in
a tetragonal symmetry. In a less symmetrical environment, such
as orthorhombic symmetry, the appearance of additional signs
with values of g=4.3 are observed.®? Interestingly, FeP2 and
FeP3S evidence not only a low-intensity signal at g=6.0 but
also show a signal at g=4.3, characteristic of high-spin iron(lll)
in rhombic symmetry, indicating that the insertion of the sugar
dendrimers (R? for FeP2 and R® for FeP3S, Scheme 2) causes
distortions in the porphyrin ring which leads to the presence of
iron ions in an environment of lower symmetry. A rather intense
signal centered at g=2.0 is also observed in both spectra,
being highly unsymmetrical and broad for FeP3S. It is reported
in the literature® that high-spin iron(lll) complexes with sugar-
type ligands, such as galactose, sorbitol or 1,2-propylene glycol,
show a broad signal around g=2.0 attributed to Fe’" in
octahedral surroundings. The EPR result (Figure 3b) may
suggest that some iron(lll) ions used in the metalation of the
ligand H,P2 can be coordinated to the sugar dendrimers (R?
groups) in FeP2. In the EPR spectrum of FeP3S (Figure 3¢) a
broad signal at g=2.0 is observed and this broadening of the
signal in comparison to the signal observed for FeP2 (Figure 3b)
can be related to iron-iron coupling with a resonance
absorption at g=2.0 due to spin-spin interaction, as reported in
the literature,” suggesting the formation of an iron complex
network in a structured solid. Naik and co-workers,?°? for

example, reported a similar iron(lll) EPR behavior for Fe** doped
Mg,SiO, nanomaterials, where samples with higher concentra-
tion of iron(lll) presented higher intensity for the broad signal at
g=2.0. Iron(ll)-saccharide complexes (mono and bi-nuclear)
were reported by Rao and co-workers,”™ all the iron(lll)
complexes exhibited two signals characteristic of iron(lll), a
sharp signal at g~4.2 and a broad signal at g=2.0 caused by
the coordination of hydroxyl groups and deprotonated hydroxyl
groups. Similar spectra EPR were reported for iron(lll) complexes
of D-glucose and D-fructose™ and other sugar type ligands
coordinated to iron(lll)."

Catalytic studies

The catalytic activity of FeP1 in solution (homogeneous
catalysis) is well established in the literature®**® and in our
group.“¥d These studies show that FeP1 usually presents high
yields for the production of different epoxides in olefins
epoxidation, and also shows selectivity for the formation of
alcohols when inert alkanes are used as substrates, e.g.
cyclohexane to cyclohexanol®" and heptane to several
heptanols.®? Based on the catalytic activity of FeP1 and on all
the studies over the last few years showing that porphyrins
containing electronegative and/or bulky substituents at the
meso position of the macrocycle are more robust and very
suitable catalysts in (ep)oxidation reactions,'*< the catalytic
assays with the iron(lll) porphyrins FeP2 (homogeneous
catalysis) and FeP3S (heterogeneous catalysis) were explored in
order to study the influence of R?> and R® groups and the
possible structured solid resulted by it, in the catalytic results of
these classes of catalysts.
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Figure 3. EPR spectra recorded for solid samples at 77 K: (a) FeP1, (b) FeP2 and (c) FeP3S.
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(Z)-Cyclooctene

The ability of metalloporphyrins to efficiently epoxidize (2)-
cyclooctene, leading to a single product, cyclooctene oxide,
makes this alkene an excellent diagnostic substrate to evaluate
the catalytic efficiency of such catalysts.?9"* It has been
established that bulky and/or electronegative groups or
elements at the ortho positions of the meso aryl substituents of
the porphyrin macrocycle can contribute to generate and
stabilize the active catalytic species."'®'® These electronegative
substituents can prevent porphyrin destruction by self-interac-
tion in solution and lead to efficient and selective catalysts for
oxidation reactions. Thus, as previously reported by us, the
excellent catalytic activity observed for FeP1 was not surprising
(100% epoxide yield, Figure 4).2% This is due to the electron-

E3 FeP1 E3 FeP2 E FeP3S [ Control
100-

% Epoxide
g

[

a

Figure 4. Oxidation of (2)-cyclooctene by PhIO using FeP1, FeP2 or FeP3S as
catalysts. *Reaction conditions: reaction time 1 h, FePx/PhlO/substrate molar
ratio=1:50:5000. All reactions were performed at least in duplicate using
acetonitrile. The percentage yield was calculated based on the amount of
PhIO. The result for FeP1 is from reference.*" Control =reactions performed
in the presence of PhlO and in the absence of any catalyst, using the same
conditions described above.

withdrawing pentafluorophenyl substituents at the meso posi-
tion of this porphyrin macrocycle, contributing to the electronic
density reduction on the macrocycle, thereby stabilizing the
catalyst against oxidative degradation.**? However, the cata-
Iytic efficiency of the homogeneous complex FeP2 under the
same conditions (Figure 4) shows a significant decrease (75 %
epoxide vyield) if compared to FeP1. These results can be
associated with a decrease in the electron-withdrawing effect
when one fluorine atom per each meso-pentafluorophenyl
substituent in FeP1 (four fluorine atoms in total) is substituted
by the galactose dendrimer unit in FeP2. In this case, the
presence of electronegative substituents seems to be more
effective than bulky substituents when better catalytic activity
is SOUght.Bg'Ma’w]

The heterogeneous catalysis using the solid FeP3S shows,
under the same conditions (Figure4), a more pronounced
decay in catalytic activity (epoxide yield around 529%) in
comparison to FeP1. This can be explained by (i) the decrease
in the electron-withdrawing effect, caused by the substitution
of four fluorine groups by R?, as well as in FeP2, and (i) the
insolubility of the catalyst in the reaction medium. This
insolubility can limit the access of PhlO to some of the metal
sites in the bulk solid FeP3S to form the active catalytic species,
and also the access of the substrate to these active catalytic
species. In this new scenario, where the catalyst is a bulky solid,
probably only the iron at the surface of the insoluble particles
of the solid is accessible to PhlO and to the substrate. In fact, by
changing the solvent of the reaction, from pure acetonitrile
(Figure 5a) that was used to promote a better solubility of PhIO,
to an acetonitrile/dichloromethane (ACN/DCM) mixture, where
the substrate is more soluble (Figure 5b), no yield changes were
registered, showing how the insolubility of the FeP3S catalyst is
a key feature in the epoxide yield decrease observed (Figure 5).
However, an extension of the reaction time from 1h to 24 h
resulted in an improvement in the epoxide yield from around
52% to 65%, for the reaction in acetonitrile (Figure 5¢). This
result shows that extending the reaction time can favor the

80-
o 60-
_'(_3 e JR—
S
o 40-
L
X
20+
G T T T
> AS) o

Figure 5. Oxidation of (Z)-cyclooctene by PhlO using FeP3S as catalyst. Reaction conditions: FeP3S/PhlO/substrate molar ratio = 1:50:5000. All reactions were
performed at least in duplicate using a) reaction time 1 h, in acetonitrile or b) reaction time 1 h, in acetonitrile/dichloromethane (1:1 v:v) as solvent; c)
reaction time 24 h, in acetonitrile as solvent. The yields were calculated based on the amount of PhIO.
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Figure 6. Oxidation of (Z)-cyclooctene by PhIO using FeP3S as catalyst. Reaction conditions: reaction time 1 h; FeP3S/PhlO/substrate molar ratio=1:50:5000;
all reactions were performed at least in duplicate, using acetonitrile as solvent. The yields were calculated based on the amount of PhIO.

yield, since the access of all the reactants to the porphyrin
metal center is favored, either by promoting the formation of
the active catalytic species by the interaction of the porphyrin
metal center with PhlO, or by promoting the access of the
substrate to the active catalytic species formed.

On the other hand, the insolubility of FeP3S can be an
advantage in this catalytic system because it allows the
recovery of the catalyst by centrifugation, separation, purifica-
tion and reuse of the solid in more than one catalytic run. It was
possible to efficiently recover and recycle FeP3S at least three
times without significant mass loss and a decrease in catalyst
activity. The results are summarized in Figure 6 and show that
the epoxide yields obtained in the consecutive runs are similar
to the first use. These results show that the solid catalyst
(FeP3S) is stable and remains active after the first use, being
resistant to the reaction conditions and the various washing
and drying processes used for its activation.

Cyclohexane

Cyclohexane is a less reactive substrate in oxidation reactions in
comparison to cyclooctene previously investigated. This is not a
problem in catalysis using metalloporphyrins, since this allows
to investigate the catalytic efficiency and selectivity of the
catalytic species once cyclohexanol and cyclohexanone are
major products in metalloporphyrins catalyzed oxidation reac-
tions using PhlO as oxidant.®***" In general, oxidation reactions
catalyzed by metalloporphyrins, contrarily to other catalysts,*?
are selective for the alcohol showing the versatility of this class
of complexes as catalysts.®""'¥ This selectivity is directly related
to the reaction mechanism,*? where the cyclohexyl radical is
kept close to the high valent hydroxo-metallo(IV)porphyrin
(MY(OH)P) intermediate by the formation of a solvent cage.
Usually, this solvent is long-lived enough to allow a transfer of a
hydroxyl group from the MY(OH)P intermediate to the organic
radical, leading to the preferential formation of cyclohexanol.
Figure 7 shows the results obtained for the oxidation of
cyclohexane using FeP2 and FeP3S as catalysts. The results
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Figure 7. Oxidation of cyclohexane by PhlO using FeP2 and FeP3S as
catalysts. Reaction conditions: FePx/PhlO/substrate molar ratio=1:50:5000.
All reactions were performed at least in duplicate. a) Reaction time 1 h;
acetonitrile as solvent. b) Reaction time 1 h; acetonitrile/dichloromethane
(1:1 v/v) as solvent; c) reaction time 24 h; acetonitrile as solvent. For all the
reaction and conditions studied the products’ yields (cyclohexanol and
cyclohexanone) were calculated based on the amount of PhlO.

obtained in cyclohexane oxidation by FeP1 were previously
reported by our group,”? where this catalyst shows high
efficiency (alcohol + ketone total yield 87%) and selectivity for
cyclohexanol (98 %) in comparison to cyclohexanone.

Using FeP2 as catalyst, 17% alcohol yield was observed in
the oxidation of cyclohexane in acetonitrile, with no production
of cyclohexanone (100% alcohol selectivity) under the same
reaction conditions as for FeP1 (Figure 7).29 As discussed
previously for the epoxidation of (2)-cyclooctene, the substitu-
tion of the fluorine atoms by the bulky dendrimer units may
justify the products’ yield decrease,* the influence of this
substitution on the catalytic results being even more dramatic
when the oxidation of a more inert substrate, such as
cyclohexane, is explored.
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Regarding the use of FeP3S under heterogeneous con-
ditions, a pronounced decay is observed for cyclohexanol yield
in different experimental conditions [acetonitrile as solvent,
after 1 h of reaction (Figure 7a); ACN/DCM mixture (1:1) as
solvent, after 1h of reaction (Figure 7b), and acetonitrile as
solvent, after 24 h of reaction (Figure 7¢)] in comparison to the
cyclohexanol yield observed for FeP2 under homogeneous
conditions (Figure 7a). However, despite the well-known
cyclohexane inertia in oxidation reactions, this insoluble solid
catalyst also presents catalytic activity.

Using FeP3S as catalyst a cyclohexanone yield increase may
occur, depending on the experimental conditions chosen. For
example, using a less polar reaction solvent (a mixture of ACN/
DCM, Figure 7b) the alcohol yield is similar to the ketone yield,
decreasing the selectivity of the reaction for cyclohexanol.
When the reaction time increases to 24 h (Figure 7¢c), the
alcohol yield increases in comparison to 1h reaction in
acetonitrile (Figure 7a), while lowering the selectivity for cyclo-
hexanol because cyclohexanone is also formed. During the 24 h
reaction in acetonitrile (Figure 7¢), the alcohol produced
probably undergo catalytic overoxidation into the ketone. The
catalytic results observed in Figure 7 suggest that FeP3S can be
structured in a system of channels and pores that probably
favors the permanence of the alcohol near the active sites of
the solid catalyst, thus promoting its overoxidation if the
reaction is prolonged for 24 hours. This possibility of a
hierarchical system of pores in the solid FeP3S motivated the
investigation of its catalytic activity using a linear alkane,
capable of accessing the pores and channels of this hypo-
thetical porous system.

Heptane

Linear alkanes are among the most difficult organic molecules
to be oxidized due to the chemical inertia of the C—H and C—C
single bonds.®¥ In addition, another challenge in the oxo-
functionalization of these compounds is related to regioselec-
tivity, since the energy of dissociation of C—H bonds in linear
alkanes becomes greater as the carbon is less substituted, as
can be seen for tertiary (96.5 kcal/mol), secondary (98.6 kcal/
mol) and primary (101.1 kcal/mol) carbons.”*¥ In this way, the
oxidation of the heptane, for example, preferentially produces
heptan-2-ol and heptan-3-ol due to both energetic and
statistical factors.®*® Thus, for this substrate the yield of the
hydroxylation products usually follows the order heptan-3-ol~
heptan-2-ol > heptan-4-ol > heptan-1-ol, independent of the
catalyst used.’"*J On the other hand, products from the
oxidation of linear alkanes in the terminal positions are of great
interest for the chemical and pharmaceutical industry since, for
example, they can be used for the production of adipic acid,
from the oxidation of hexane in terminal positions, an
important commodity for the production of Nylon-6,6.5%%
Synthetic metalloporphyrins have been intensely studied as
catalysts in the oxo-functionalization of these less reactive
substrates in the attempt to obtain more efficient and environ-
mentally friendly selective catalytic systems.!"'<*”
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The results obtained for the oxidation of heptane in
homogeneous (FeP1 and FeP2) and heterogeneous (FeP3S)
conditions are presented in Figure 8 and Figure 9. In all cases
and reaction conditions, as well as in the hydroxylation of
cyclohexane (Figure 7), higher selectivity for the alcohol prod-
ucts is observed, as expected when using metalloporphyrins as
catalysts.[''¢372%®

As previously reported by us,*" the homogeneous catalyst
FeP1 afforded good global yield for the alcohols (~34%) after
1 h of reaction in acetonitrile, showing high alcohol selectivity
(alcohol/ketone ratio ~17) with high yield for 2-ol and 3-ol
alcohol products, and regioselectivity of 3-ol ~2-ol > 4-ol> 1-ol
(Figure 8a). Moreover, when using the ACN/DCM mixture as
solvent for FeP1 (after 1 h of reaction, Figure 8b) or when the
reaction time was increased for the same catalyst (from 1 h to
24 h in acetonitrile, Figure 9a) the alcohols’ total yield did not
change, remaining around 36%, always favoring oxidation at
positions 2 and 3 relatively to positions 4 and 1 in heptane
(alcohols’ regioselectivity after 24 h in acetonitrile and after 1 h
of reaction in ACN/DCM mixture: 2-ol ~ 3-ol > 4-ol > 1-ol).

On the other hand, for the reactions using FeP2 as catalyst,
both in acetonitrile or ACN/DCM mixture (Figure 8), total selectivity
for the alcohols is registered, since no ketones are formed, but a
decrease of alcohols’ global yield is observed (18-19%), similarly
to the results obtained with FeP1 and FeP2 for cyclohexane, as
discussed before. Both catalysts present a similar tendency
concerning regioselectivity, the higher alcohol yields being
registered at C2 and C3 after 1 h of reaction (FeP2, Figure 8). FeP2
and FeP1 evidence also a similar behavior when the solvent is
changed (Figure 8a,b). Both catalysts give rise to better alcohol
yields after 1 h if the ACN/DCM mixture is used as solvent.

In order to further investigate the regioselectivity in the
oxidation of heptane with FeP2 as catalyst, the reaction time
was extended to 24 h, both in acetonitrile (FeP2, Figure 9a) and
in ACN/DCM mixture (FeP2, Figure 9b).

A very interesting result was observed for this catalyst FeP2
in acetonitrile, where the formation of alcohols is favored
(29.5% after 24 h, Figure9a vs 18.2% after 1h, Figure 8a),
notably with higher yield for heptan-1-ol (~10%). Besides, an
inversion in regioselectivity was also observed, specifically 1-
ol > 2-ol > 3-o0l>4-ol (after 24 h in ACN) vs 2-ol~3-ol>4-0l > 1-
ol (after 1 h in ACN). These results are in agreement with the
literature,"** which indicates that metalloporphyrins with
bulky substituents can promote the reaction at the terminal
positions of linear alkanes due to the restriction access of the
other carbon positions of the substrate to the metal center. Thu
and co-workers"” demonstrated that the use of highly sterically
demanding rhodium-porphyrin catalysts led to selective car-
bene insertion into a primary C—H bond, with remarkably high
selectivity (>80%) in the reactions with hexane, octane and
decane, for example. Reboucas and co-workers™" reported the
oxidation of heptane using a series of neutral and cationic
manganese(lll) porphyrins (MnPs) as catalysts and PhIO as
oxidant. In this study, the authors observed an inversion in
heptane oxidation chemoselectivity after immobilization on the
Sil-Cl support if compared to the MnP in solution. The non-
immobilized MnPs showed chemoselectivity toward the
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carbonyl products. Comparing the results obtained here for the  non-immobilized MnPs, the alcohol global yield are higher,
FePs with those reported by Reboucas and co-workers*" for the  though depending on the solvent used.
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For the reactions carried out in the ACN/DCM mixture for
24 h (Figure 9b), FeP2 gives an alcohols’ total yield higher than
for 1h (~19% after 1h, Figure8b vs ~30% after 24 h,
Figure 9b), the regioselectivity of the reaction being similar to
that observed in acetonitrile after 1 h of reaction (2-ol ~3-ol > 4-
ol>1-ol). Furthermore, FeP2 affords total selectivity for the
alcohols from heptane oxidation in three of the four reaction
conditions evaluated: (i) acetonitrile as solvent after 1h of
reaction; (ii) ACN/DCM mixture as solvent after 1 h of reaction;
acetonitrile as solvent after 24 h of reaction. However, when the
mixture of ACN/DCM was used and the reaction was left for
24 h, 2% vyield for ketones were detected, so the alcohols’
selectivity was reduced to 94 % approximately (Figure 9b).

The solid catalyst FeP3S (Figures 8 and 9) presented some
very interesting results compared to FeP2. Using similar
experimental conditions (after 1 h of reaction, Figure 8a or after
24 h of reaction, Figure 9a), the solid catalyst FeP3S gave rise to
similar alcohols’ global yields if compared to the homogeneous
FeP2, in acetonitrile, for the same reaction time. For example,
after 1 h of reaction (Figure 8a) ~21% alcohols’ global yield for
FeP3S vs ~19% for FeP2 were obtained. In contrast, after 24 h
of reaction (Figure 9a) ~23% alcohols’ global yield for FeP3S vs
29.5% for FeP2 were achieved, in acetonitrile as solvent.

Mansuy and co-workers®®*? studied the oxidation of
adamantane, heptane, and pentane in the presence of cationic
manganese(lll) porphyrins immobilized on montmorillonite clay.
The regioselectivity observed was the same as reported for the
same porphyrin but immobilized on silica.”® For example, for
the heptanols’ global yield up to 40% were obtained (3-ol~2-
ol>4-ol). Comparing to the results obtained here, at the same
reaction time, the alcohols’ global yield reported by Mansuy
and co-workers™ was higher. Differently, here we observe the
oxidation at C1 (7% of heptan-1-ol in ACN/DCM mixture for
FeP3S, Figure 8b); moreover, it is clear that FeP3S exhibits
better catalytic performance when increasing the reaction time
(Figure 9b).

When the manganese porphyrinosilicas®’® obtained from
the reaction of FeP1 with 3-aminopropyltriethoxisilane (3-APTS)
were used as catalysts for heptane oxidation, as reported by
Battioni and co-workers, a similar global yield (ca 45%) to that
described by Mansuy™® was observed, although with a longer
reaction time (24 h).

The heterogeneous or homogeneous character of the
catalytic process can also affect regioselectivity.*" In acetonitrile
as solvent and after 1 h of reaction (Figure 8a), the regioselec-
tivity is quite similar in both cases: 2-ol~3-ol >4-ol > 1-ol for
FeP2 and 2-ol~3-ol > 4-ol~1-ol for FeP3S. However, when the
reaction in acetonitrile was left for 24 h (Figure 9a), the FeP3S
(@ heterogeneous process) gave rise to heptan-2-ol (7.3%),
heptan-3-ol (6.8%) and heptan-4-ol (6.5%) in similar propor-
tions, and only a small increase of approximately 0.6% of
ketones occurred. This result differs from the regioselectivity
observed for FeP2, that under similar conditions, an increase in
heptan-1-ol was observed. The inversion of regioselectivity
observed for FeP3S in comparison to FeP2 can be attributed to
an easier permeation of the substrate inside the putative pores
presented by FeP3S, as already suspected for the catalytic

[37a]
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results using cyclohexane. A longer contact time between the
catalyst species and the substrate, considering the substrate
can permeate in the solid catalyst Fe3PS by the pore and
channel system, can facilitate the interactions between species
promoting catalysis, as a consequence the formation of the
favorable products, e.g. heptan-2-ol, heptan-3-ol and heptan-4-
ol, was observed. These results suggest that the porous systems
supposed for FeP3S can affect the way the substrate interacts
with the catalytic species present thus imposing the observed
selectivity.

Suslick and co-workers"* demonstrated, under heteroge-
neous catalytic conditions using a microporous porphyrinic
solid, that more robust frameworks with the presence of
channels or pores with appropriated size may favor the
oxidation of energetic or statistically less favorable positions in
linear alkanes. The solid catalyst PIZA-3 [(Mn(TpCPP)
Mn;, 5)(C3H,NO) - 5(C;H,NO)] used by Suslick and co-workers for
the heptane oxidation in acetonitrile (reaction conditions:
catalyst/oxidant/substrate/imidazole molar ratio 1:10:1000:1,
for 2 h at room temperature) showed an alcohols’ global yield
of 23% [heptan-2-ol (8 %), heptan-3-ol (10%) and heptan-4-ol
(5%)1.

In the ACN/DCM mixture and changing the time from 1 h to
24 h, the alcohols’ global yield for FeP2 showed a modest
increase (~19% to ~30%) (Figure 8b and Figure 9b). However,
for FeP3S this mixture of solvents causes a high efficiency of
the catalyst, affording ~88% of alcohols’ global yield after 24 h
instead of ~24% after 1 h (Figure 9b and Figure 8b, respec-
tively). These values are much higher than those observed for
the homogeneous catalysts (FeP1 and FeP2). Moreover, the
increase in reaction time tends to oxidize the most energetically
and statistically favored positions, 3-ol (~38%) and 2-ol (~45 %)
in relation to 4-ol (~3%) and 1-ol (~2%). These results indicate
that, under these conditions, the pores of FeP3S solid may be
clogged over time, and catalysis may occur on the surface of
the material, leading to an increased oxidation rate at C2 and
C3. These results are comparable to those reported by Mansuy
and co-workers using iron(lll) perhalogenated porphyrins in
solution (up to ca 80%). Considering these results, the authors
concluded that chemoselectivity and regioselectivity vary
depending on the presence or absence of halogens.*"

The results found in this work suggest that the adequate
choice of solvent and time of reaction can modulate the
regioselectivity of the catalyst, due to the effect dendrimeric
substituents can impose to the catalytic structure of the
obtained solid material, leading to oxidation of difficult-to-
oxidize substrates, as linear alkanes such as heptane.

[14b!

Experimental

All chemicals used in this study were purchased from Sigma
Aldrich, or Merck and were of analytical grade. lodosylbenzene
(PhlO) was synthesized by hydrolysis of iodosylbenzenediacetate.””!
The solid PhlO was carefully dried under reduced pressure, kept at
5°C, and its purity was assessed by iodometric titration.*>*
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Synthesis of the free-base porphyrins H,P1, H,P2, and H,P3

The free-base porphyrins (H,P1, H,P2, and H,P3 were synthesized
and characterized by 'H, *C and '°F NMR, FTIR, mass spectrometry
and UV-Vis as previously described in the literature (Scheme 1)."

Synthesis of the iron(lll) porphyrins FeP1 and FeP2

The metalloporphyrin FeP1 was synthesized and purified as
described in the literature (Scheme 2).5? The complex FeP2 was
obtained from metalation of the respective free-base porphyrin
H,P2 using the modified Kobayashi method.”*! The reaction was
performed in N,N-dimethylformamide (DMF) as solvent, using a 10-
fold excess of iron(ll) chloride tetrahydrate and sodium acetate (to
minimize the protonation of the porphyrin inner core nitrogen
atoms) under magnetic stirring at 120 °C and argon atmosphere for
24 h (Scheme 2). Afterward, the solvent was removed under
reduced pressure. The solid was purified by silica gel column
chromatography using dichloromethane as eluent to yield FeP2
(87%) as a purple dark solid. FeP1: UV-Vis ., nm (log €) (THF):
410 (5.29), 506 (4.27) 566 (3.38) and 624 (3.25) FeP2: UV-Vis A,
nm (log €) (THF): 414 (5.34), 505 (4.16), 584 (3.70) and 648 (3.29).

Synthesis of the material (FeP3S)

The metalation procedure of the free-base porphyrin H,P3 with
10 equiv. of iron(ll) chloride tetrahydrate took place as shown in
Scheme 2, affording, after 24 h, a deep dark purple solid that from
now on will be designated as FeP3S. That solid product is insoluble
in all the solvents tested (DMF, H,O, acetone, methanol, and THF).
The solid was isolated by filtration, washed thoroughly with
different solvents (DMF, CHCI;, CH,Cl,, CH;0H, H,0, and acetone),
dried under reduced pressure and then characterized by different
techniques (UV-Vis, ATR-FTIR and EPR).

Evaluation of the catalytic activity of the iron(lll) porphyrins
FeP1, FeP2 and FeP3S in the oxidation of (2)-cyclooctene,
cyclohexane and heptane

The oxidation reactions in the presence of the iron(lll) porphyrins
were carried out in a thermostatic glass reactor equipped with a
magnetic stirrer, placed inside a dark chamber. The catalytic studies
were done using (2)-cyclooctene (freshly purified by alumina
column chromatography),“® cyclohexane and heptane as sub-
strates, and iodosylbenzene (PhlO) as oxidant. In general, the
reactions were performed by purging the glass reactor containing
the solid catalyst (FeP1, FeP2 or FeP3S) and iodosylbenzene (FePX/
PhIO molar ratio 1:50, X=1, 2 or 3S) with argon for 15 min. Then,
the solid mixture was suspended in 420 uL of solvent (acetonitrile
or acetonitrile/dichloromethane (1:1 v/v)) and the adequate sub-
strate (PhlO/substrate molar ratio 1:100) was added; all the
oxidation reactions were carried out under an inert atmosphere (Ar)
and magnetic stirring at 25°C for 1 h or 24 h. To finish the reaction,
sodium sulfite (acetonitrile saturated solution) was added to the
reaction mixture in order to eliminate the excess of PhlO used, and
then the solid catalyst was washed with 300 pL of methanol. Finally,
the reaction mixture was transferred quantitatively to a volumetric
flask. When FeP3S was used, the catalyst remained insoluble during
all the reaction time (heterogeneous catalysis process). In this case,
the reaction mixture, along with the reaction products, were
separated from the insoluble catalyst by a centrifugation process
and the supernatant was transferred quantitatively to a volumetric
flask. The solid catalyst was exhaustively washed with methanol
and acetonitrile, in order to extract any reaction products or
remaining substrate that might have remained adsorbed onto the
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catalyst material. The reaction mixtures were analyzed by gas
chromatography, using octan-1-ol as internal standard. Product
yields were based on the amount of PhlO added to each reaction.
Control reactions, in the absence of iron(lll) porphyrins, were also
carried out using the methodology described above. The solid
FeP3S was recovered after the first use, washed with methanol,
acetonitrile and dichloromethane and, after drying, the solid was
reused in other catalytic cycles using (2)-cyclooctene as substrate.
The resulting washing solutions of the recovered catalyst were
analyzed by UV-Vis to evaluate the possible solubilization of the
iron(lll) porphyrin unit.

Physical measurements

Electronic spectra (UV-Vis), both of solutions and of the solid
samples, were obtained on a Cary-Varian UV-Vis spectrophotometer
in the 350-800 nm range. Attenuated Total Reflectance Trans-
mission Fourier Transform Infrared (ATR-FTIR) spectra were regis-
tered on a FT Mattson 7000 galaxy series spectrophotometer in the
400-4000 cm™' range, and the spectra were collected with a
resolution of 4cm™' and accumulation of 32 scans. Electron
Paramagnetic Resonance (EPR) measurements of the powder
materials (solid sample) were accomplished on an EPR BRUKER EMX
microX spectrometer (frequency X, band 9.5 GHz) at 77 K (using
liquid N,). The organic products from the catalytic oxidation
reactions and the remaining substrates were identified and
quantified using an Agilent 6850 (FID detector) gas chromatograph
equipped with a DB-WAX capillary column (J&W Scientific, 30 um x
0.25 mm i.d., 0.25 um film thickness) using nitrogen as the carrier
gas. The oven temperature program used to determine the
oxidation products from (Z)-cyclooctene and cyclohexane started at
100°C; the temperature was then increased to 150°C at 10°C
min~', followed by further temperature rise to 200°C at 50°C min™'
(maintained for 1 min). For heptane products detection, the
temperature program started at 70°C, followed by a temperature
raise to 100°C at 5°C min~' (maintained for 1 min), and then the
temperature was increased to 200°C at 20°C min~' (maintained for
1 min). The injector and detector temperatures were fixed at 200 °C
and 250°C, respectively, for all the analyses). The oxidation
products were identified using standards. Quantitative analysis was
carried out by standard internal methodology.

3. Conclusions

Porphyrin H,P2 containing the protected sugar dendrimers R?
(Scheme 1) allowed the synthesis of a new iron(lll) porphyrin
FeP2 after metalation with an excess of iron(ll) chloride. The
presence of the isopropylidene protective groups (R?) avoided
the formation of any aggregated network. The afforded FeP2
remained soluble in the different solvents tested in this work,
similarly to FeP1. On the other hand, the presence of
unprotected glycodendrimers (R®) substituents in the structure
of porphyrin H,P3 allowed the preparation of a solid and
insoluble new material when the free-base porphyrin was used
to prepare the iron(lll) porphyrin with an excess of iron(ll)
chloride. The characterization of the resulting insoluble solid
FeP3S suggested that probably the coordination of iron(lll) ions
to the dendritic units R® took place, thus resulting in an
insoluble solid hybrid material. The characteristics of FeP3S
suggest that this is a structured solid network similar to that
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observed previously by us when copper(ll) ions were used to
metalate the free-base H,P3.

The introduction of the glycodendrimer substituents (R? and
R’ at the p-positions of the meso-aryl groups of the porphyrin
macrocycle could fine-tune the catalytic efficiency, selectivity,
and regioselectivity of the resulting compounds/materials. In
fact, we showed that it is possible to modulate the selectivity
and chemical efficiency of catalytic systems by choosing the
appropriate substituent. The presence of bulky groups and the
putative presence of small channels and pores in the solid
FeP3S has restricted the access to catalysis of larger substrates.
FeP2 and FeP3S display a very promising catalytic activity for
heptane oxidation.

For FeP3S we were able to demonstrate that it is possible
to modulate catalytic activity and selectivity by choice of the
solvent and the time of reaction for heptane oxidation.
Furthermore, the reuse of FeP3S in the oxidation of (2)-
cyclooctene did not lead to inactivation of the catalyst during
the reaction or washing processes. The successful recovery and
reuse of this FeP3S catalyst, along with the results obtained for
the oxidation of an inert substrate such as heptane, directs us
for future investigations with other inert substrates.
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