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The synthetic versatility and the potential applications of porphyrins and analogues in different
fields have aroused special interest in their study, especially to mimic biological systems, such as
cytochrome P-450. The ability of the porphyrin tetrapyrrolic core to accommodate metal ions of
varying charges can modulate the type of application of these compounds. As a contribution, in
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1. Introduction

1.1. Porphyrins and other tetrapyrrolic macrocycles as
models for catalytic action of cytochrome P-450

Cytochrome P-450 is a family of hemeproteins with
unusual spectroscopic properties that is extracted from liver
microsome cells,' initially studied by Omura and Sato*
in the 1960s. Many subsequent studies showed that it is a
superfamily of isoform enzymes present in a wide array of
organisms, and it is involved in different oxidative metabolic
processes like biosynthesis of hormones and detoxifications
of xenobiotics. The oxidation of a large variety of organic
compounds mediated by this type of pigment occurs in the
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presence of oxygen and of a reducing agent.> The active
site of this family of catalytic hemeproteins was identified
as being based on the iron complex of protoporphyrin IX,
usually known as the heme group (Figure 1).

The macrocycle present in the heme group, constituted
of four pyrrole units linked by four methinic bridges and
known as porphyrin, has a cavity with diameter of about
4.0 A. Besides iron, these macrocycles are capable of
accommodating more than 50 metal ions with different
oxidation numbers and spin states, leading to the formation
of stable complexes named metalloporphyrins (MPs).’

In the last three decades of the twentieth century,
researchers from various fields, such as chemistry
(including organic and inorganic chemistry), biochemistry,
physics, endocrinology, nutrition, toxicology, oncology
and pharmacology, devoted extensive studies to elucidate
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Figure 1. Structure of the heme group.

the action mechanism of oxidative metabolic processes
mediated by cytochrome P-450.>%10 A central issue was to
unravel the mechanism by which the P-450 family members
catalyze the chemical transformations, with an important
challenge being identification of the intermediate species
involved in oxygen activation.

Groves and McClusky'' used substrate diagnostic
techniques to study aliphatic hydroxylation using purified
liver microsomal cytochrome P-450. The results indicated
that the hydroxylation mechanism is a step-wise process
involving the active oxygen species FeO*, formally
FeY-P-450 (Figure 2). This species abstracts hydrogen from
R—H substrate to give [RFeOH*], a cage system which
collapses to form Fe"P-450 and alcohol.'?

Iron(IV)-oxo porphyrin p-cation radical

Iron 4 a2y

Porphyrin

Figure 2. Possible intermediate species involved in the catalytic cycle
of P-450 enzyme. Green species proposed as an iron(IV)-oxo porphyrin
m-cation radical, Fe'V(O)P** (formally FeV-P450).

The first evidence of a compound I-like intermediate,
an iron(IV)-oxo porphyrin m-cation radical, P-450
compound I (P450-1) (Figure 2), equivalent to compound I
of HRP (horseradish peroxidase enzyme), was provided
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by Egawa et al.”® in 1994 in studies involving the reaction
of meta-chloroperbenzoic acid (mCPBA) with low-spin
ferric P-450cam. In 2010, Rittle and Green'* reported
the spectroscopic and kinetic characterization of the
intermediate involved in the oxygenation process, P-450
compound I (P-450-I), which was prepared from the
reaction of ferric CYP119 with mCPBA. It was similar to
chloroperoxidase compound I.

P-450 can promote the monooxygenation of substrates
using oxidizing reagents such as peroxides,'>"!"” periodates,
chlorites'” and iodosylarenes (ArlO).'®!° These oxidants can
act as single oxygen atom donors, involving two-electron
transfer to Fe"P-450, Figure 3, species 2, generating the
active species P-450-1, Figure 3, species 7, directly via the
peroxide shunt pathway, considering the catalytic cycle of
P_450.6,14,2()—24

0
binding step

Tt
10,C s 0,1

Figure 3. Catalytic cycle of cytochrome P-450 including the shorter
peroxide shunt (P-450 protein part = semicircle representation; R—-H =
substrate for the catalytic reaction).”

Ortiz de Montellano® in 2010, after reexamining
the theoretical and experimental results for the P-450
oxygenation mechanism compiled up to that time, reaffirmed
that the compound I-P-450 species Fe'(O)P** is the primary
oxidant and the radical rebound mechanism is the way
oxygen atoms are inserted for the hydroxylation process.

Inspired by the efficacy of oxygen donor oxidants to react
with P-450, affording the active species P-450-1, Figure 3,
species 7, through the bypass shunt without requiring the
presence of a reducing agent and oxygen, Groves et al.®
reported in 1979 the hydroxylation and epoxidation
transformations catalyzed by iron-porphyrin complexes. The
selectivity results indicated that the synthetic ironporphyrins/
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iodosylbenzene (PhIO) system constituted a surprisingly
good P-450 biomimetical approach.

The synthetic versatility and the potential applications
of metalloporphyrins in different fields have in the past
four decades attracted researchers from different countries,
including Brazil, to study these complexes, especially to
mimic biological systems such as cytochrome P-450.%

The ability of porphyrin’s tetrapyrrolic core to
accommodate metal ions of varying charges can modulate
the type of application of these compounds.?” For
example, cobalt porphyrins were described as catalysts
for the amination of 1,2-dihydronaphthalene derivatives,?
ruthenium porphyrins in the enantio- and regioselective
epoxidation of olefinic double bonds in quinolones,
pyridones and amides® and in cyclopropanation and
3% nickel porphyrins as electrocatalyts
of water oxidation to O,;*" and many others such as tin,
zirconium, titanium and aluminum.3>3’

In the field of catalysis, synthetic metalloporphyrins,
mainly the complexes with Mn™" and Fe'" ions, proved able
to successfully oxidize hydrocarbons and other organic
compounds under mild conditions.? They are able to act as
chemical models of the P-450 enzyme family using oxygen
donors, not only PhlO, as shown by Groves et al.,” but
also H,0, and PhI(OAc),, since they are able to catalyze
the transfer of one oxygen atom from these oxidants to a
metal complex in various oxidative reactions, leading to the
formation of the catalytically active species.*®

Cooper and Groves® studied the oxidation of the
diagnostic substrate tetramethylcyclopropane with
important drug-metabolizing cytochrome P-450 isozymes
and with a model cationic ironporphyrin/iodosylbenzene
system and concluded that: “The similarity of the observed
behaviour of the model system and the active enzymes
indicate that similar mechanisms and similar intermediates
are involved in both cases.”*

amination reactions;

1.2. Brief historical events

In 1981, Nicholas Farrell and Antonio A. Neves®
from Universidade Federal de Minas Gerais published
one of the first articles from Brazil on the porphyrin
theme. It was a landmark for chemists in this field, since
the work reported the first preparation of aryldiazenato
ruthenium porphyrin complexes formed by direct reaction
with aryldiazonium ions.** In this report, for the first
time the synthetic porphyrins octaethylporphyrin (OEP)
and meso-tetraphenylporphyrin (TPP) macrocycles were
prepared and used as ligands in Brazil. Before them, the
Brazilian biochemists Ohara Augusto and Etelvino J.
H. Bechara® reported the use of commercial hemin and
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deuterohemin for the catalytic generation of triplet acetone,
mimicking the action of horseradish peroxidase (HRP) as
a catalyst for the aerobic oxidation of isobutyraldehyde
(methylpropanal) to acetone and formate.*’

In 1979, John Malin, at the time an advisor to the National
Science Foundation (USA), visited the Universidade
de Sao Paulo, Ribeirdo Preto Campus (Brazil) and
suggested a postdoctoral internship to Y. lamamoto in the
Porphyrins and Metalloporphyrins Chemistry Laboratory
of Prof T. G. Traylor at the University of California at San
Diego (UCSD, USA). The work done during this internship
started in 1981 with the project “Mechanisms of Oxygenase
Reactions of Cytochrome P-450 and Model Compounds”.
At that time, the problem of the P-450 catalyzed oxidation
reaction research was to understand whether oxygen
transfer was carried out in one or two electron steps or if
it was preceded by electron transfer from the substrate.
In order to clarify this point, Traylor proposed to study
a P-450 mimic system using as substrate the strained
(E)-cyclooctene, [Fe(TPP)]CI (Figure 4, R = 1) as catalyst
and 2,4-dimethyl-iodosylbenzene as oxygen donor. The
results, published in Journal of the American Chemical
Society in 1986,* indicated that epoxidation occurs with
electron transfer from the substrate to the active high-valent
iron-oxo species, identified as Fe=0O*, which corresponded
to Fe(O)P* (Figure 2). The oxidations were found to
occur mediated by a carbocation intermediate with ferryl
species, in an oxymetallocycle rearrangement, followed
by cage collapse. It was possible to explain the results
with a single mechanism, in which the oxymetallocycle
intermediate decomposes in different ways, explaining the
products obtained. Ortiz de Montellano and Stearns** also
showed evidence of radical cation intermediates for the
P-450-catalyzed oxidation of quadricyclane.

In this regard, the researchers found that the
FeTPPCI-ArIO system was an effective P-450 model.
The article, entitled “The mechanisms of hemin-catalyzed
oxidations: rearrangements during the epoxidation
of (E)-cyclooctene”, was the first report involving a
Brazilian researcher Y. lamamoto, in the context of using
metalloporphyrins as biomimetic catalyst to model the
enzyme family of cytochrome P-450.*!

At that time, it was recognized that the high efficacy
of reactions mediated by cytochrome P-450 enzymes (e.g.,
high rates, selectivity and stereospecificity) was difficult
to achieve in simple chemical systems.* A great deal
of work had been done to elucidate the mechanisms of
these enzymatic systems, namely by resorting to the use
of synthetic systems as models for enzymatic activity. In
fact, the discovery that cytochromes P-450 were capable
of catalyzing the epoxidation and hydroxylation of
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unsaturated and saturated hydrocarbons, among others
reactions, stimulated the search for simple systems based
on iron(IIT) complexes of porphyrins (FeP) and other
metalloporphyrins able to mimic these reactions.

Researchers such as T. G. Traylor, D. Dolphin,
J. T. Groves, T. C. Bruice, D. Mansuy, P. Battioni,
B. Meunier, J. A. S. Cavaleiro and J. R. Lindsay-Smith,
among many others, have made important contributions
in this field.?0-2643-53

In 1981, Groves et al.** reported the reaction
of [tetrakis(mesitylporphyrinate)iron(IIT)]chloride,
[Fe(TMP)]CI (Figure 4, R = 8) with mCPBA, which
produced the green and poorly understood catalytically
active species involved in those oxidative processes. The
structure of the green species, iron(IV)-porphyrin rt-cation
radical, Fe™(O)P* (Figure 2), was characterized. At the
same time, Prof Traylor’s group also observed the green
species visually for the unhindered iron(III) porphyrin
[Fe(TPP)]Cl in the catalysis experiments. For lamamoto,
the contact with the rich metalloporphyrin chemistry in that
laboratory at UCSD opened new perspectives and these
studies can be considered the foundation of a long history
of porphyrin chemistry in Brazil, with the participation of
a new generation of researchers in this field.

In light of these brief historical facts, this review marks
the 30" anniversary of the Journal of the Brazilian Chemical
Society (JBCS), by giving insight into porphyrin research in
Brazil, especially that involving catalytic purposes. Besides
that, it discusses some advances achieved in this topic in
Brazil with the collaboration of researchers from Aveiro
University, Portugal.

2. Uses of Metalloporphyrins for Homoge-
neous Catalysis

As already mentioned, Groves et al.”® were pioneers
in the use of synthetic metalloporphyrins in homogeneous
catalysis for oxidation reactions. Since then, researchers have
dedicated great efforts to the synthesis of metalloporphyrins
that are more efficient, selective and resistant to the reaction
conditions.™

The use of different synthetic metalloporphyrins
as catalysts for oxidation reactions was explored by
das Dores Assis et al.>® using the non-symmetrical iron
porphyrin [5-(o-nitrophenyl-10,15,20-phenylporphyrinate)
iron(IlT)]chloride [Fe(MNPP)]CI as catalyst and PhIO as
oxidant. The most important contributions of this work were
the 70% yield in the selective hydroxylation of cyclohexane
to cyclohexanol and the characterization of the dimer
species PFe-O-Fe'VP* (or PFe™-O-Fe'v P**) in addition
to the Fe™YOP'* as active catalytic species.”
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At the same time,* using [Fe(TPP)]CI, an unhindered
iron(IIl)porphyrin, the same dimeric species was detected,
in addition to the oxoferryl porphyrin radical cation species.
These species were characterized by bands at 564, 608 and
650 nm in the visible spectrum. The band at 650 nm was
attributed to the porphyrin radical by Groves.!!

Electron paramagnetic resonance (EPR)
characterization was also important to support the
identification of the species, with the contribution of
Prof Nascimento of Instituto de Fisica de Sao Carlos-
Universidade de Sdo Paulo (IFSC-USP). In those studies,
alarge EPR signal at g =2.006 (line width AH =4.0 mT)
was observed, due to the dimeric radical species. It was
concluded that the orthogonality is retained through the
formation of a p-oxo dimer, in which fifth and sixth
ligands are the oxygen from the p-oxo bridge and the
oxygen from ferryl. The ligands maintain the Fe'v in
the D,, porphyrin plane, which prevents the magnetic
coupling with the radical. Nevertheless, the proximity
between the species allowed a magnetic dipole interaction,
broadening the porphyrin radical-iron(IV) radical signal
line width.>>>¢ For Fe™VOP"* species there was no evidence
of the porphyrin radical signal, due to coupling of the spin
radical with Fe'™.*

In 1996, lamamoto et al.>” showed how the catalytic
activity of the atropisomers of iron(III) complex of
5,10,15,20-tetrakis(tetradecyl-2-pyridyl)porphyrin,
[Fe(TTD2PyP]Cl (Figure 4, R = 14) was affected by the
solvent polarity. For this complex, it was proposed that the
pyridinium rings have no free rotation due to the ortho-long
chain, originating four atropisomers (oo, oo, oo,
ooBP) with distinct environments, depending on the solvent
polarity. The studies showed that the best catalytic results in
cyclohexane hydroxylation, using iodosylbenzene (PhIO)
as oxygen donor, were obtained in the presence of the more
polar atropisomers (oloLoL, o).

The catalytic activity under homogeneous conditions is
frequently limited by catalyst solubility. The effect of the
solvent and ultrasonic agitation on catalytic performance
was also studied by Iamamoto er al.® using neutral and
cationic iron(IIl) porphyrins.

Metalloporphyrins are also considered efficient
catalysts for alkene oxidation. In this reaction it is expected
that the products formed result from competition between
the oxidation of the alkene groups C=C (epoxide) and the
allylic C—H groups (alcohol and ketone). The formation of
allylic products is also favored by the presence of oxygen,*
as observed using monosubstituted manganese(III)
porphyrins (Figure 5). The allylic product yields were
consistent with the presence of dioxygen (above 100%)
and the epoxide selectivity was reached under nitrogen
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microporosity).

atmosphere for 5-(2-(3-bromo-1-propoxy)phenyl)-
10,15,20-tritolylporphyrinmanganese(IIl) acetate
([MnM2-BrPTTP]Ac). On the other hand, the presence of
—OH substituent favored the formation of allylic oxidation
products, including under nitrogen atmosphere.

Itis well established that the presence of electronegative
or bulky substituents in the porphyrin ring can increase the
lifetime and reactivity of the catalytically active species in
solution. 8!

In fact, metalloporphyrins with electronegative or
bulky groups in meso-aryl substituents, the so-called
second-generation porphyrin catalysts, show much
better performance than the first-generation typically
represented by meso-tetraphenylporphyrin, abbreviated
as TPP (Figure 4, R = 1), and more frequently than the
third-generation ones (second-generation catalysts with
electronegative substituents at the B-positions).*$>!

The performance of the typical second-generation
catalyst 5,10,15,20-tetrakis(pentafluorophenyl)
porphyrinate)iron(IIl) ([Fe(TPFPP)]Cl) (Figure 4,

R = 4) for cyclohexane hydroxylation was investigated
by different groups.?’>*0-% In these studies, it was
reported that the yields are dependent on the type of
oxidant and solvent used in the catalytic reaction.
For example, studies performed by Iamamoto et al.*®
showed that competitive oxidation reactions between
PhIO-dichloromethane and PhIO-cyclohexane by the
catalytic active species diminished the desired oxidation
product yield. Acetonitrile can minimize these competitive
reactions in some cases.®

The third generation of metalloporphyrins (porphyrin
ring structures presenting substituents, mainly halogens
atoms, at the B-pyrrolic position-as exemplified in
Figure 6)*! have been less explored as oxidation reaction
catalysts, since the preparation of this family of macrocyclic
ligands and the instability of the resulting metallocomplexes
limited their uses.®” In spite of this, Idemori’s research
group presented an interesting contribution to the state of
art with the results obtained in cyclohexane oxidation using
a series of third-generation manganese(Ill) porphyrins as
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Figure 5. Schematic representation of the non-symmetrical manganese(I1I) porphyrins [Mn(M, o, PTTP)]Ac and [Mn(M,_; PTTP)]Ac.
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Figure 6. Schematic representation of manganese(I1l) porphyrins of different generations.
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Figure 7. Product yields obtained during the oxidation of cyclohexane

by manganese porphyrins (MnP) from Figure 6 using PhIO as oxidant
under homogeneous conditions.

catalysts (for example, Figure 6) and iodosylarenes as
oxidant (Figure 7).

The set of results using third-generation of catalysts
(MnP3, MnP6, MnP7 and MnP9) showed good catalytic
efficiency and selectivity for the formation of alcohol in
all the cases similar to that observed for the first (MnP1)

and second-generation catalysts (MnP2, MnP4, MnP5 and
MnP8) (Figure 7). On the other hand, the catalyst MnP6
(two nitro groups) was more efficient than the parent
MnP3 (one nitro group) and the non-substituted complex
in the B-positions (MnP4). The authors did not observe
differences of reactivity with the catalysts bearing the nitro
substituents in adjacent (cis) and opposite (trans) positions.
An opposite result was reported by Castro ef al.®> when
manganese(IIl) porphyrins bearing two ethylene glycol
moieties were used as catalysts, attributed to the stability
of the complexes (see section 3).

The study also showed an improvement of MnP9
catalytic performance by the addition of imidazole as co-
catalyst. This efficiency was strongly improved (ca. 66%
versus 46% with or without additive using PhIO as oxidant)
when the reaction was accomplished in the presence of
imidazole and PhI(OAc), as oxidant, being more efficient
than its second-generation counterpart. The same behavior
was observed for adamantane and n-hexane oxidation.
For example, using adamantane as substrate the yields
for 1-adamantanol (1-Adol) and 2-adamantanol (2-Adol)
varied between 19 and 46% depending on the reaction
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conditions. Regioselectivity for 1-adamantanol was
observed for both MnP8 and MnP9. This regioselectivity
was dependent on the substituents of the porphyrin ring,
and the change of the substituents of the meso positions
to 2-bromo-1,3-dimethoxycyclohexane® resulted in the
increase of 2-Adol yield (2% for 1-Adol and 14% for
2-Adol) when the reactions were performed in similar
conditions to MnP9 (39% for 1-Adol and 2% for 2-Adol).

Also using third-generation catalysts, da Silva er al.”’
performed oxidation reactions in the presence of water and
PhI(OAc), to generate PhIO in situ. In general, addition of
water led to increased total yield and decreased catalyst
bleaching. In this case, the water acted as axial ligand, along
with imidazole. The introduction of bromine atoms at the
B-pyrrolic positions of MnP9 can fine-tune the catalytic
efficiency, selectivity and regioselectivity.®’

Martins et al.” reported the lupeol oxidation catalyzed
by three manganese(IIl) porphyrins of different generations:
first generation [Mn(TPP)], second generation Mn™
complex of meso-tetrakis(4-carbomethoxyphenyl)
porphyrin, [Mn(TCMPP)] (Figure 4, R = 11), and third
generation Mn'' complex of B-octabromo-meso-tetrakis
(4-carbomethoxyphenyl)porphyrin, ([MnBry(TCMPP)]),
under homogeneous conditions, which yielded
3B,30-dihydroxylup-20(29)-ene (L1) or 20-ox0-33-hydroxy-
29-norlupeol (L2). In this study, it was observed that
[Mn(TPP) and [Mn(TCMPP)] provided L1 with yields of 6
and 14%, respectively, while the formation of L2 (6% yield)
was observed for [MnBry(TCMBPP)]. This was the first
example of a selective oxidative cleavage of the C=C bond
of lupane catalyzed by metalloporphyrins and a good result
with a third-generation porphyrin catalyst.

3. Immobilization of Metalloporphyrins for
Heterogeneous Catalysis

In recent decades, the scientific reports considering the
use of a wide range of metalloporphyrins (different ligands
and coordination metal ions) as homogeneous catalysts
have shown they are efficient and selective catalysts in
oxidation reactions of organic substrates.?26:47:48.66.73.74
However, these same reports also show that depending on
the metalloporphyrin, these systems have some drawbacks
that hinder the perspective of idealizing their use as
catalysts in future industrial processes.” The main problems
associated with these limitations are poor solubility and the
possible bimolecular interactions that can occur in solution,
possibly leading to inactive species (e.g., formation of
dimeric species or self-destructive oxidation).?548.76

Besides that, for industrial uses of these versatile
catalyst systems, their reusability for several catalytic cycles
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is also desirable. This is an important aspect, considering
the hard synthetic conditions usually required”” and the cost
of the procedure (for example, 10 g of a first-generation
porphyrin [H,(TPP)], a poor catalyst when metallated,
can cost about 79 Euros, and 1 g of the second-generation
[H,(TPFPP)] can cost 146 Euros).”

To overcome these drawbacks, one of the alternatives
that has been intensively explored by us and others
in Brazil and abroad is to prepare insoluble catalytic
solids based on metalloporphyrins through different
strategies: (i) immobilization of the catalytic species in
organic or inorganic matrices (Table 1); (ii) preparation
of insoluble solids by MP heterogenization via a metal-
organic frameworks (MOF) structure (metal organic
framework),80140-14¢ or via a microporous polymer
network (e.g., POM = porous organic polymers,
COF = covalent organic framework),'*”-'3 or by preparing
polymeric organic-inorganic hybrid materials containing
a MP in their structures (e.g., porphyrinic silica solids)
(Figure 4).71157-162

These two main strategies (i and ii) frequently prevent
MP self-destruction and in most cases facilitate the recovery
and reuse of the catalyst. In addition to those advantages,
solid catalysts based on MPs can promote more rational use
of the catalytic species, because small amounts of MPs (in
comparison to its use in solution) can be efficiently used
as a catalyst.

In this sense, in the past 30 years chemists who work
with porphyrins as catalysts in Brazil have made many
contributions to the advancement of knowledge in this
area, and in many cases they were pioneers in the use of
solids like zeolites,” porous glass,' layered synthetic
solids, 4115121122124 apd patural clays!™1% to immobilize
MP and to prepare structured solids composed of MPs,
like porphyrinosilicas.'-163

Table 1 presents various supports that have been
investigated to immobilize metalloporphyrins to develop
new catalysts.

Among the supports that can be used to immobilize
MPs and many other catalytic species, silica stands out
due to its thermal and mechanical stability and chemical
inertness under catalytic oxidation conditions.'®®* Besides
that, silica contains reactive silanol groups (Si—OH), which
can undergo extra functionalization. For instance, reactions
with 3-aminopropyltriethoxysilane (3-APTS) or imidazol
chloropropyl silane (IPG) provide silica with adequate
functional groups to graft different molecules, including
MPS.80’164'165

The immobilization process of MP in silica can be
achieved by different ways, such as: (7) encapsulation inside
the silica matrix by the sol-gel method;3*$!1 (ji) superficial
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Table 1. Solids used as support for immobilization of different metalloporphyrins for different purposes, mainly catalysis, in Brazil

Solid support Detail Reference
commercial 79
amorphous silica prepared by sol-gel process 76, 80-84
Silica mesoporous silica (SBA-15, HMS, MCM-41) 85-91
magnetic (F;0,) mesoporous or amorphous silicas 86, 87, 92-94
modified amorphous or mesoporous silica functionalization 61, 64,79, 85-87, 95-98
Zeolite NaY 99-101
Porous glass PVG (porous Vycor glass) 102
montmorillonite clay 103
kaolinite clay 104-106
halloysite 107,108
Natural solids (clays) chrysotile 109

modified natural clay (by exfoliation, intercalation/delamination, delamination, acid

64, 105,106,110-112

treatment, functionalization, etc.)

talc-aminofunctionalyzed phyllosilicates 113
layered MoS, 114
layered double hydroxides (LDH) 60, 115-120
layered hydroxide salts (LHS) 121,122
Synthetic layered solids layered hydroxides + TiO, 123
lithium gordaite (layered hydroxide salt with cation exchange capacity) 124

modified synthetic layered solid (by exfoliation, temperature treatment,
functionalization, preparation of macroporous layered solids, etc.)

117,118, 119, 125-129

Alumina commercial 130
Aluminosilicate solid obtained by sol-gel process 131
nanostructures 132
ZnO
prepared by in situ thermal decomposition of LHS 133
TiO, polycrystalline anatase phase 134
Carbon nanotubes multi-wall carbon nanotubes (MWCNT) 135-137
Polymeric membranes polymeric film based on poly(dimethylsiloxane) (PDMS) 138
Chitosan film 139

electrostatic interaction;’s’*1671 and (iii) covalent bonding,
when the silica is previously functionalized.!38164165.168.170.171

In 1992, Mansuy and co-workers™ published one of the first
works reporting the use of second- and third-generation MPs
anchored on modified silica as catalysts. They immobilized
three second-generation metalloporphyrins ([Fe(TPFPP)],
[Mn(TPFPP)] (Figure 4, R = 4) and 5,10,15,20-tetrakis(
pentachlorophenyl)porphyrinate)iron(IIl) [Fe(TPCIPP)]
(analogue to Figure 4, R =4, but with Cl substituents instead
of F), and an analogous third-generation [Fe(Br,TPFPP)]
(bearing eight bromine atoms at the B-pyrrolic positions
of the macrocycle, presented in Figure 4, R = 4) on silica
modified by 3-APTS (3-aminopropyltrietoxisilane). The
grafting was performed by nuclear substitution of the para-
halogen atoms of the aryl substituents with the silica amino
groups. All the solids were able to successfully epoxidize

(Z)-cyclooctene, with yields ranging from 80 to 100%.
The authors also described that these supported MPs in
the oxidation of cyclohexane and heptane showed higher
selectivity for alcohol than for the ketone products. In all
cases, the fluorinated second-generation MPs displayed the
best catalytic activity. Unfortunately, no recyclability results
were mentioned for the prepared solids.

As mentioned before, Brazilian researchers have made
important contributions regarding the use of amorphous silica
for the preparation catalyst materials for oxidation reactions
(Table 1). This can be explained by considering the facility
of immobilizing cationic metalloporphyrins on commercial
silica, the easy preparation of the silica solid by hydrolytic
sol-gel processes, and the easy and not very expensive
functionalization of this solid, allowing the immobilization
of efficient metalloporphyrins of the second generation.*®
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In 1995 Tamamoto et al.”’ reported the first
immobilization of cationic ortho and para-alkylpyridyl
substituted iron porphyrins (Figure 4, R = 15 and 17,
respectively) on silica gel (commercial) and modified by
using imidazole and 3-chloropropyl trimethoxysilane,
resulting in the solid popularly named silica-IPG. The
catalytic activity of these cationic iron(IIl) porphyrins
under homogeneous conditions was limited by their
solubility. For instance, the oxidation of cyclohexane in
dichloromethane (a good solvent for the substrate) yielded
about 1% cyclohexanol. However, using FeP immobilized
on silica or silica-IPG, the yields increased to about 30 to
50% in the same solvent. Besides that, the oxidative studies
showed that all the solids could be recycled.

After this first communication, many other
metalloporphyrins were immobilized on commercial
silica or silica modified chemically by different silanes
for efficient and selective oxidation of alkanes,®!-6480.98.165
alkenes, 510480165 dyeg 92 pesticides,” among others.!'*

The sol-gel process is a powerful tool to synthesize
supported catalytic materials, since it is possible to control
catalyst composition and morphology as well as textural
properties. Using this process, amorphous silica was
prepared by the hydrolytic sol-gel process and used as
support for metalloporphyrin catalytic species.’®80-8

A class of hybrid organic-inorganic materials,
metalloporphyrinosilica (MPS), was prepared by a sol-gel
process, where the functionalized MP building blocks “were
assembled into a three-dimensional silicate network”. The
hybrid material MPS (M = Fe* or Mn?**) was produced,
where the M is coordinated to N-substituted nitrogen
bases of porphyrin. MPs can act as template molecules,
creating a polymeric substance containing specific binding
sites as receptors in enzyme models (MPS-template). In
general, high yields in epoxidation were observed with
MPS-template, as expected for the cytochrome P-450
model. The MPS-template showed the advantage that no
MP leached from matrix and it mimicked the “active site
isolation principle” of naturally occurring enzymes, like
cytochrome P-450, leading to shape- and regioselective
catalysts.!57-163

Itis well known that the main disadvantage of catalysts
based on immobilized metalloporphyrins is the decrease
in the reaction yield compared with non-immobilized
metalloporphyrins, since the diffusion of the reactants
to the catalytically active center can be hindered by
the support.'””'” In general, the selectivity observed in
homogeneous catalysis is reproduced in the heterogeneous
situation, and reports are rare of different selectivity
results after immobilizing MPs in any support. The
studies showed that if a MP in homogeneous catalysis has
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no solubility problems, especially when using charged
porphyrins (cationic or anionic), the catalytic results of
the reaction using a metalloporphyrin in solution or after
being immobilized in silica supports® tend to be similar
in terms of selectivity, and no synergistic effect caused by
the support is observed. However, for other solid supports
the situation can be different.

For instance, we observed that depending on the
support for MP heterogenization or the MP solid catalyst
used (MOF, PIM, etc.), some unusual results occurred
concerning their efficiency and also their selectivity
compared to the results obtained with the same MP under
homogeneous conditions. This type of behavior was
observed, for example, when three different anionic iron
porphyrins were immobilized on layered hydroxide salts.!!

Layered materials are an interesting alternative class of
solids for use as inorganic supports for catalytic compounds.
These types of materials occur in nature (e.g., natural
clays)®+103-113.167.168 or can be prepared, yielding layered
double hydroxides (LDH)®-!15120125-129.176 op just layered
hydroxide salts (LHS).!?''%* These compounds are robust,
relatively inexpensive, easy to produce and use as supports,
mainly for charged catalytic species.

In particular, layered hydroxide salts (LHS) consist of
positively charged layers separated by exchangeable anions.
They have been considered promising support materials for
catalytic species.'” The basic structure of layered hydroxide
salts is based on the layers of modified brucite (Mg(OH),),
a natural solid that is formed by a hexagonal packet of
hydroxyl ions, where the octahedral sites are occupied by
aMg?* center surrounded by hydroxyl groups. This natural
compound has a basal distance of 4.8 A in a neutral layered
structure.!’®1” New compounds were prepared inspired in
the Brucite structure, by idealizing the replacement of the
structural Mg?* by other ions, such as Zn*, Co** or Cu*
(with different coordination numbers), while the hydroxyl
groups can be substituted by other species, like water or
nitrate. The modifications originated the class of layered
hydroxide salts, which consist of an alternate sequence of
charged brucite-like layers and intercalated anions.'®

For the specific structure of hydrated zinc hydroxide
nitrate (ZHN-Zns(OH),(NO,),-2H,0), the layers are formed
by octahedral zinc sites coordinated by hydroxide anions
at the vertices in which one-fourth of the sites are vacant;
while zinc atoms coordinated in tetrahedral geometry are
located on the upper and lower sides of the octahedra. Three
vertices of the tetrahedral zinc are occupied by hydroxide
anions 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. So, in this case, ZHN can be considered an
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anionic exchanger layered solid. The basal spacing of this
kind of solid is approximately 9.9 A (Figure 8).2'77 On the
other hand, zinc hydroxide chloride (ZHC) or Simonkolleite
is considered a non-exchangeable layered hydroxide salt
(LHS), different from ZHN. In ZHC, the chloride anions
are grafted directly to the layers and the compound is
neutral.'”” Specifically, Simonkolleite is represented by
the formula Zns(OH),Cl,-H,0"#!132 and the basic structural
unit contains a vacancy in a quarter of the octahedral zinc
sites coordinated to hydroxide anions, while the upper
and lower sides of this void contain tetrahedral zinc sites,
originating a positive layer charge.'”” In the tetrahedral zinc
site, three vertices are occupied by hydroxide anions from
the octahedral sheet, and in the fourth position the metal
is coordinated to the chloride anions, building a neutral
layered structure. In the Simonkolleite structure, water
molecules are also present between the layers,'® generating
a solid with basal distance of approximately 7.8 A.'8! These
subtle differences between the two layered solids (ZHC and
ZHN) from the same support family (LHS) resulted, after
the immobilization of the same anionic metalloporphyrin
family (Figure 4, R = 20, 21, 22), in solid catalysts that
presented completely different catalytic behaviors in
oxidation reactions.!?"2?

Machado et al.'*"'?? reported that after being immobilized
in ZHC and ZHN, three different anionic metalloporphyrins
(Figure 4, R = 20, 21, 22) presented unusual catalytic
results regarding the selectivity to alcohol and ketone in the
oxidation of cyclohexane. This was the first case showing
a change of selectivity for different products of the same
catalytic reaction caused by the support, where the catalytic
species was immobilized. In the case of the catalytic species
5,10,15,20-tetrakis(2,6-dichloro-3-sulfonatophenyl)
porphyrinate)iron(IIl) [Fe(TDCSPP)] (Figure 4, R = 22)
immobilized in ZHC (a solid called FeDC-ZHC), the
alcohol yield observed in the heterogeneous catalysis was

«— Chloride
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higher than the ketone yield (cyclohexanol about 23% and
cyclohexanone about 2%, alcohol/ketone ratio = 11). These
results are similar to those from the homogeneous catalysis
with respect to the selectivity to the alcohol product
(cyclohexanol 18% and cyclohexanone 4%, alcohol/ketone
yield ratio = 5).'%

On the other hand, when the same catalyst was
immobilized on the ZHN solid (solid called FeDC-ZHN),
higher ketone than alcohol yields were observed
(cyclohexanol about 2% and cyclohexanone about 70%,
alcohol/ketone ratio 0.03), unlike the homogeneous ones
with the same anionic MP (cyclohexanol about 31% and
cyclohexanone about 5%, alcohol/ketone ratio 6).'"

Interestingly, when the substrate used in the oxidation
reaction was a linear alkane (heptane), the selectivity for
alcohol instead of ketone was the same for both classes of
catalyst (MP/ZHC or MP/ZHN), suggesting that the solid
supports and their subtle structural differences might exert a
steric constraint on the MP catalyst and substrate, causing a
change in the selectivity for the alcohol in one case (ZHC)
or ketone in another (ZHN) when the alkane was cyclic.
This steric imposition did not appear to be important when
the alkane used was linear.

Instead of differences in the selectivity results of
using one or the other hydroxide salt solid support, all the
prepared catalysts showed high capacity for reuse.

This unusual catalytic result presented by the same MP
immobilized on the two different members of the LHS
family was one of the first catalytic reports showing the
importance of the choice of the support for achieving a
different catalytic result.

Clay minerals are also usually used as supports
for metalloporphyrin immobilization,4103-113.167.168 hy¢
in general they have only been used to immobilize a
single metalloporphyrin. Recently, Machado et al.'”
reported the simultaneous immobilization of two distinct

Figure 8. Schematic representation of the layered solids ZHC-zinc hydroxide chloride (left) and ZHN-zinc hydroxide nitrate (right).
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metalloporphyrins in the same clay mineral: raw halloysite.
This work was carried out to investigate whether it was
possible immobilize two MPs with opposite charges
in this support, and if so, what would be the effect
(synergistic, antagonist, etc.) of the two catalysts in the
same solid.

Halloysite is a clay mineral belonging to the kaolin group.
It consists of halloysite 10.0 A, which has the composition
Al,S1,05(OH),-2H,0, and the polymorphs halloysite 7.0 A,
besides others, which are all composed of Al,Si,05(OH),.'s
Halloysite polymorphs exist as nanoscrolls, although other
morphologies have also been reported.'® Upon heating
to temperatures above 50 °C, halloysite 10.0 A can be
irreversibly converted to halloysite 7.0 A.'$5 Halloysite
nanoscrolls contain positive and negative residual charges
on their edges, whereas their surface displays negative
residual charges,'”® making them good candidates for the
immobilization of charged species like MPs.!%”

Machado et al.'” observed that it is possible to
immobilize two porphyrins with opposite charges in
solid halloysite, and the resulting solid (named by the
authors FeMn-Hallo) contained both MPs immobilized on
halloysite 7.0 A (the cationic MnP, Figure 4, R = 17, and
the anionic FeP, Figure 4, R = 20) and was able to oxidize
cyclohexane to cyclohexanol and cyclohexanone (alcohol
yield 31% and ketone yield 8%). Indeed, FeMn-Hallo
affords improved yields in comparison to the sum of the
product yields obtained in the catalytic reaction using as
catalyst the solids resulting from only one MP immobilized
(Fe-Hallo-alcohol yield 16% and ketone yield 5% and
Mn-Hallo-alcohol yield 5% and ketone yield 2%), or when
a physical mixture of the solids Fe-Hallo or Mn-Hallo
was used as catalyst (Fe-Hallo + Mn-Hallo, alcohol yield
9% and ketone yield 2%), suggesting for the first time a
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synergistic effect of both MP catalysts immobilized in the
same solid support.

The combination of the catalytic properties of MPs
immobilized on layered solids and titanium-based
supports generates great interest in the context of using
the resulting material in photocatalysis.'3¢!8 In spite of
the controversy in the literature about the preparation
of layered compounds like layered double hydroxide
containing TiV, 81 recently Mantovani et al.'** described
the preparation of new solids based on layered solids
containing titanium oxide. The authors applied the usual
method to produce LDH-the urea hydrolysis method-'"!
and studied the use as support for the immobilization of
MPs in order to investigate the possible application of
the resulting solids in catalysis and catalytic oxidation
reactions assisted by light. By the urea hydrolysis method,
the authors prepared the solid hydrozincite (a layered zinc
hydroxide carbonate salt) containing TiO, segregated in
the layered structure (called solid C).

The solid C was efficient to immobilize anionic
species (in the hydrozincite part of the solid) and cationic
species (in the TiO, part). Thus, the solid was used for
the immobilization of one cationic FeP ([Fe(T,MPyP)],
Figure 4, R = 17), one anionic MnP ([Mn(TDFSPP)],
Figure 4, R = 20) and both ionic metalloporphyrins.'*
In spite of the low MP loading in all the solids prepared
(about 10° mol of MP per 1 g of solid support), all the three
solids (named FeP-C, MnP-C and FeP-MnP-C) were more
efficient than the non-immobilized metalloporphyrins when
they were used as catalysts in the oxidation of cyclohexane
under dark conditions. These results were attributed to
the poor solubility of both MPs in the dichloromethane/
acetonitrile mixture (1:1, v/v) used as solvent in the reaction
(Table 2). The reaction assisted by light using the solid

Table 2. Results of the cyclohexane oxidation using different catalysts without light and assisted by the artificial radiation (exposure to a 125 W mercury

vapor lamp with Hg-Quartz bulb)® 123

Yield (assisted by artificial

Catalyst Yield (darkness)™/ % tota?y?eﬁﬂ /% A/K ratio radiation)** / % tota{Ay ;llj/ % A/K ratio
A K A
MnP® 14.2 2.84 17.0 5.0 4.21 3.80 8.01 1.1
FeP® 3.00 1.00 4.00 3.0 8.10 5.90 14.0 1.4
MnP-C 18.3 2.33 20.6 7.8 50.3 13.8 64.1 3.6
FeP-C 14.9 0.53 15.4 26 254 17.6 43.0 1.5
FeP-MnP-C 20.0 0.93 20.9 21 80.2 19.7 100 4.1
Ce 1.19 0.95 2.14 1.2 20.8 17.4 38.2 1.2
PhIO® - - - - 28.9 17.8 46.7 1.6

“Reaction conditions:'?

catalyst/oxidant/cyclohexane molar ratio of 1:50:5000. The reactions were carried out in a dichloromethane/acetonitrile mixture

(1:1, v/v) at room temperature for 1 h. Homogeneous and heterogeneous catalysis reactions were performed using the same experimental conditions;
®homogeneous phase catalysis using FeP and MnP as catalysts; ¢yields based on the amount of PhIO used in the reaction as oxidant; A = cyclohexanol
and K = cyclohexanone; “control reactions in the absence of catalyst MP: C = solid C + substrate + PhIO and PhIO = substrate + PhIO.
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MnP-C and FeP-C presented better results in comparison
with those without light, showing some effect caused by
the support/light, since only the free MP presented poor
catalytic results under the same conditions.

An amazing result with this family of solid catalysts was
observed when the solid FeP-MnP-C was used as catalyst
in reactions assisted by light. Under these conditions, the
reaction yield achieved 100% (alcohol 80% and ketone
about 20%). After discounting the quantity of products
originated from the control reactions, it was possible
to conclude that the alcohol yield obtained based on
the catalytic activity of the two MPs immobilized on C
was about 60%, suggesting for the first time that some
synergistic effect caused by both metalloporphyrins
immobilized on C and light radiation took place.

In spite of all the different solids used as supports for the
immobilization of metalloporphyrins (Table 1), there is an
expectation that MPs organized as porous materials, either
using a porous solid as support (e.g., macroporous LDH,
mesoporous silicas or zeolites),35 8789199100125 or integrated
into porous structures, such as metal-organic frameworks
(MOFs)27:80.140.141.145.146.192193. or porous organic polymers
(e.g., PIM = polymers of intrinsic microporosity),'4*!53 will
have enhanced catalytic performance, mainly regarding
the selectivity, relative to non-porous materials, since the
confinement effect for reagents and/or products may lead to
unusual and unexpected selectivities for the same reaction
relative to a homogeneous environment.

With this in view, recently Antonangelo et al.' reported
the synthesis of new porphyrinic materials, constructed by
a nucleophilic substitution reaction between two different
porphyrins (Porl and Por2) and metalloporphyrins
(MnPorl and MnPor2) (Figure 9), resulting in four new
stable porphyrin-based microporous network polymers
(named P1-P4), with apparent Brunauer-Emmett-Teller
(BET) surface areas in the range 600-1200 m? g'.

The catalytic performance of the four polymeric solids
was evaluated in oxidation reactions using cyclooctene
and cyclohexane. No catalytic activity was found for
polymer P1, without any metal ions in the porphyrins’
core. However, excellent efficacy was found for the
three other network polymers (P2, P3 and P4) using, for
example, cyclohexane as substrate (Figure 10). Under the
experimental conditions used, higher yield and selectivity
were achieved for the alcohol product in comparison
with their precursors MnPorl and MnPor2 (Figure 10,
MnPorl = MP1 and MnPor2 = MP2) in homogeneous
catalysis. These results suggested the stability of both
metalloporphyrins heterogenized as a network structure
of the polymers, and also indicated that an effective
catalytic reaction was occurring within the porous/surface
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structure of the porous polymer network, and probably
an effective and efficient confinement effect of reagents
(substrate + iodosylbenzene) led to the high efficiency and
selectivity of the reaction in comparison with the same
reaction relative to a homogeneous environment. Hence,
the metalloporphyrin-based materials described for the
prepared solids P2, P3 and P4 possess all the prerequisites
to acting as good heterogeneous biomimetic catalysts: high
density of active centers, excellent chemical and thermal
stability, and straightforward synthesis.

Finally, the reusability and stability of the solids
P2, P3 and P4 were evaluated and all of them showed
similar performance of first use. Besides the interesting
catalytic reactions of the solids, the presence of two
metalloporphyrins in the structure of the same polymeric
solid makes them promising materials for a further
application as bi-functional solid catalysts, particularly if
two different metal centers are introduced that can be used
in different catalytic processes.'™*

The idea that the use of support with organized structure
can contribute to unusual and unexpected selectivity was
also observed when MPs were immobilized on a support
based on LDH but especially prepared to present ordered
macropores. After the immobilization of a family of anionic
FeP, the resulting solids were used for the oxidation of
heptane.'?

The three dimensionally ordered macroporous LDHs
(named 3DM-MOX) were prepared by the ‘inverse
opals method’ using polystyrene (PS) opals as template
(Figure 11). The nanotextured hydrotalcite LDH solid
Mg, Al(OH),(CO;),s was prepared over the PS spheres,
by the coprecipitation method of divalent and trivalent
metallic cations, taking place inside the voids of the PS
colloid crystal after successive infiltrations (Figure 11b).
PS spheres were easily removed by moderate calcination
(Figure 11c) and the resulting oxide mixtures were
restructured as LDH macroporous LDHs in solutions of
different anionic iron(Ill) porphyrins (Figure 11d).

Alkane oxidation in the terminal position, to yield
alcohols or linear acids, is of great interest to the chemical
industry since the products (e.g., alcohol and ketones)
selectively obtained in the terminal position by oxidation
of linear alkanes are valuable chemicals with a range of
applications (e.g., intermediates for fine chemicals and
preparation of precursors for the polymeric preparation
of Nylon 6,6, etc).!7*19-2% Linear alkanes are difficult to
hydroxylate, since the alkane C—H bond is notoriously inert
because of its high bond strength (from 101 to 99 and to
96 kcal mol! for primary, secondary and tertiary carbon
atoms, respectively), making alkanes ideal solvents for
use with very reactive oxidation catalysts. Additionally,
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A1 = Por1
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B1 = Por2

F F
A2 = MnPor1 ; OH B2 = MnPor2
(Por1) K»COs (Por2)
NMP
Nitrogen
P1=A1+B1
P2 =A2 + B2
P3 =A2 + B1
P4 =A1+ B2

Porphyrins-based Network Polymers

Figure 9. Schematic representation of the structures of the porphyrin-based network polymers prepared by Antonangelo er al.'’ (P1, P2, P3 and P4),
following the method proposed by McKeown e al.;"*' (M = 2H or manganese(III) ion).

the activation energies for subsequent oxidations of an
alcohol are similar to the energy required for the initial
hydroxylation of the starting alkane, resulting in a mixture
of alcohol, ketone/aldehyde, and carboxylic acid products
in most alkane oxidation reactions. The similarity of
methylene C—H bond strengths in a linear alkane and the
lack of functional groups that can serve direct catalysis
make the selective hydroxylation of these compounds
especially challenging. Studies have been conducted
in an attempt to make efficient clean catalysts that are
able to promote oxidation reactions in mild conditions,
using environmentally acceptable oxidants such as
hydrogen peroxide, which generates only H,O and O,

after catalysis.!"”” Enzymes, metal-complex catalysts, and
metal-based biomimetic systems are known to induce
regioselective transformations of linear alkanes, but their
application is still difficult. In this sense, metalloporphyrin
systems have been intensively investigated as catalysts for
these less reactive substrates in a biomimetic way.

In the absence of steric constraints, the regioselectivity
for C—H bond activation during the hydroxylation of
linear alkanes is expected to be determined by the relative
bond dissociation energy.'”> A similar statistical product
distribution is expected for carbon products at positions 2
and 3, and there is no significant preference for one carbon 2
(or 3) over another carbon 2 (or 3).!121%
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Figure 10. Cyclohexane oxidation reaction using PhIO as oxidant
catalyzed by MnPor1 (MP1) and MnPor2 (MP2) (homogeneous catalysis)
and by P1, P2, P3 and P4 (heterogeneous catalysis). The control reaction
(PhIO + cyclohexane, absence of catalyst) did not present significant
results. Catalyst/PhIO/Substrate molar ratio = 1:10:1000. The product
yields for cyclohexanol (alcohol) and cyclohexanone (ketone) were
calculated based on the amount of PhIO used in the reactions. Results
represent reactions performed in at least duplicate.

Although heptane oxidation can lead to
different alcohol and ketone products (in the 1, 2, 3
and 4 carbon chain positions), the catalytic results
obtained for the FeP immobilized in macro LDH
(5,10,15,20-tetrakis(2,6-difluoro-3-sulfonatophenyl)
porphyrinate)iron(IIl) ([Fe(TDFSPP)]-3DMMOXLDH,
Table 3) after 24 h of reaction showed that the FeP
promoted good selectivity for alcohols in position 1, and
some alcohol production was also observed in position 2
and 3. Reactions with metalloporphyrins in homogeneous

Mg/Al LDH
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Polystyrene opals
(PS)

(a) (b)

PS-LDH composite
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systems are usually selective for alcohol in positions 2 or 3,
as observed for the FeP used (Table 3) in reaction for 1 or
24 h, because of the lesser energy necessary for activation of
these C—H bonds compared with position 1, for example.'*

The Suslick and co-workers*® observed some selectivity
for position 1 of hexane when they used a metalloporphyrin
[5,10,15,20-tetrakis(2’,4’,6’-triphenylphenylporphyrinate)
manganese(Ill)] [Mn(TTPPP)] in homogeneous systems
and attributed this selectivity behavior to the structural
characteristic of the porphyrin that directed the access of
the linear alkane to the metal center in a restricted way,
more exposing the C—H bond at carbon 1, giving rise to
shape selectivity.'*®

The results presented by [Fe(TDFSPP)]-3DM-
MOXLDH after 24 h of catalytic reaction suggested that
the immobilization of the FeP on the porous materials
containing relatively small cavities or narrow channels was
responsible for promoting the interesting regioselectivity
in the oxidation of terminal linear alkanes. The FeP-macro
LDH assembly probably generated a restricted space
that was suitable for the approach of the n-alkane so that
terminal oxidation was favored over secondary carbon
oxidation. The results also suggested that the longer
reaction time (1 h versus 24 h) favors substrate access to
the catalytic active species confined in the structure of
the solid support, improving the efficiency and selectivity
of the catalyst for oxidation in the substrate’s terminal

position.

Anionic FeP solution

&
 LDH re-structuration

Macroporous LDH
calcined (3DM-MOX)

(c) (d)

Figure 11. Schematic representation of the solid resulting from the immobilization of an anionic iron(III)porphyrin on the dimensionally ordered

macroporous LDH (FeP/3DM-MOX).

Table 3. Example of catalytic results for the oxidation of heptane by PhIO using the anionic [Fe(TDFSPP)] in a homogeneous system and immobilized® '

Alcohol yield / % Total yield / %
Catalyst* time/h
1-ol° 2-ol¢ 3-ol° Alcoholf Ketone®

1 2 3 3 8 <1
[Fe(TDFESPP)]°

24 3 4 3 10 <1

1 2 6 5 13 2
[Fe(TDFSPP)]-3DM-MOXLDH

24 12 4 4 20 2

“Reaction conditions: purged argon, catalyst/oxidant/heptane molar ratio = 1:10:1000; solvent mixture dichloromethane/acetonitrile 1:1 (v/v) at room
temperature (yields obtained after 1 h of reaction based on starting PhIO); ®homogeneous catalysis was carried out under identical conditions, in
dichloromethane/acetonitrile 1:1 solvent mixture (v/v); “““total alcohol (ol) yield (1-heptanol, 2-heptanol and 3-heptanol, respectively); ‘total alcohol yield;
¢total ketone (one) yield (4-heptanone). In this work, the alcohol in position 4 was not monitored.
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SBA-Si-Mag
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MnP2-SBA-Si-Mag

Figure 12. Schematic representation of the immobilization of the cationic MnPs on SBA-Si-Mag by electrostatic attraction: (a) on the support solid surface
and (b) inside the porous system solid support (figure reproduced from reference 87 with copyright permission 2018 from Elsevier).

More recently, Ucoski er al.¥’ reported the unusual
catalytic performance of a solid based on electrostatic
immobilization of a manganese porphyrin on mesoporous
silica SBA-15 modified magnetite (Figure 12). The idea that
the mesoporous material could give unusual selectivity to
the catalytic reaction was again explored.

The use of magnetic particles is an interesting strategy
for easy, fast and efficient recovery of the catalyst from the
reaction, favoring recyclability and improving the main
aspect of the heterogeneous catalysis, which is the recovery
and reuse of the catalyst over many reaction cycles. These
objectives have contributed to an increasing number of
reports on the use of solids based on magnetic particles
for various catalytic purposes.36:8792-94.201-204

A solid support based on mesoporous SBA-15 silica
(Santa Barbara Amorphous)®”® and magnetite particles
(F;0,) was prepared (named SBA-Si-Mag), and then two
cationic MnPs (here named as MnP1, and MnP2) were
immobilized on them, generating two solid catalysts

(MnP1-SBA-Si-Mag and MnP2-SBA-Si-Mag, Figure 12).
The third generation porphyrin MnP2 was used to search
for the best efficiency of the cationic catalyst.*

For the oxidation of n-hexane (Table 4),
MnP1-SBA-Si-Mag yielded 4% total alcohol, higher than
observed for MnP1 in a homogeneous medium (1%).
However, the results were not unusual. The higher yield
observed for the immobilized catalyst may be the result of a
combination of different factors, like the greater resistance
of MnP1 to the reaction conditions when supported and
the avoidance of problems due to its poor solubility in the
reaction medium when the catalyst is fixed on the surface
of the support (Figure 12).

On the other hand, MnP2-SBA-Si-Mag afforded an
overall yield of 8% alcohols. This alcohol yield was higher
than that observed for MnP2 in homogeneous conditions
(1.8% total alcohol). Besides being more efficient for
hydroxylation of n-hexane than MnP1-SBA-Si-Mag,
the solid MnP2-SBA-Si-Mag showed high selectivity

Table 4. Oxidation of n-hexane by PhIO catalyzed by homogeneous and immobilized MnPs (Figure 12)* %7

n-Hexane alcohol yield® / %

Catalyst* Alcohol total yield® / %
1-o0l 2-ol° 3-ol"

MnP1° - 0.3 0.7 1.0

MnP1-SBA-Si-Mag - 1.5 2.5 4.0

MnP2° - 0.5 1.3 1.8

MnP2-SBA-Si-Mag 5.7 1.1 1.4 8.2

“Oxidation of n-hexane by PhlO catalyzed by MnP in homogeneous and heterogeneous systems. Reaction conditions: catalyst/oxidant/substrate molar
ratio of 1:50:2500. The reactions were carried out in a solvent mixture of acetonitrile/dichloromethane (1:1, v/v), at room temperature, under argon for
1 h; "homogeneous catalysis was performed under conditions identical to those employed for the heterogeneous catalysis; “yields based on the starting
PhIO. All catalysts tested showed no detectable ketone production; “*falcohol 1-hexanol, 2-hexanol and 3-hexanol, respectively. Homogeneous (PhIO)
and heterogeneous (SBA-Si-Mag) reactions in the absence of catalyst did not yield a significant amount of the products.
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for 1-carbon oxidation, with a 5.7% 1-hexanol yield. On
the other hand, when MnP2 was used in homogeneous
catalysis, no production of 1-hexanol was observed and the
production of alcohol in positions 2 and 3 was statistically
similar to the results obtained for MnP1, used either
in homogeneous or heterogeneous catalysis. The ideal
support-catalyst assembly was seen to be responsible for
causing this unusual selectivity to position 1 oxidation.
This was probably caused by the relative arrangement of
MnP2 with the B-pyrrolic bromine atoms inside the pores
of SBA-15 in the SBA-Si-Mag support (Figure 12), in
comparison to the arrangement of MnP1, which seemed to
be immobilized on the surface of the support and showed
selectivity to 2- and 3-hexanol.

Although other metalloporphyrins have been
immobilized on SBA-15 and other mesoporous silica solids
(HMS, MCM-41),358688-9194 similar selectivity results were
not reported before. This astonishing selectivity for position
C-1 indicates that the immobilization of MnP2 inside the
pores of SBA-Si-Mag produced a selective catalyst for
the oxidation of the terminal carbon of n-hexane, which
is another amazing example of a non-innocent support
contribution to the unusual selectivity of solids resulting
from immobilization of MPs.

4. Collaboration between Brazilian Research-
ers and Universidade de Aveiro (Portugal) in
Catalytic Studies Involving Metalloporphyrins
and other Applications

This part of the review discusses some research
involving porphyrins and analogues that has emerged
from the collaboration between some Brazilian researchers
and the tetrapyrrolic research group of the Department of
Chemistry of Universidade de Aveiro, in the last 20 years.
This focus does not intend to minimize the importance of
other collaborative work involving other Portuguese and
Brazilian groups and institutions.!?!-20¢-216

In these collaborative efforts, the research was developed
in different fields, like catalysis, structural characterization
of tetrapyrrolic macrocycles by mass spectrometry,>'’->2
development of new synthetic strategies leading to the
functionalization at B-pyrrolic positions**'*** and meso
positions®*23235 (namely with sugar units),”*® and of new
compounds with potential applications as photosensitizers
in photodynamic therapy (PDT)*7?* and antimicrobial
photodynamic therapy (aPDT)?#2% and also as sensors. >4

In this section, special attention is given to some synthetic
strategies developed to prepare new catalyst species and
the results obtained when their efficacy was evaluated in
oxidative processes. Additionally, brief references are made

J. Braz. Chem. Soc.

to some synthetic approaches to obtain new compounds with
adequate features for use as photosensitizers.

In 2005, groups headed by Cavaleiro and co-workers**
reported the efficacy of a Mn™ complex of chlorin 1 and
also of the cationic analogue 2 (Scheme 1) as catalyst in the
oxyfunctionalization of hydrocarbons under homogeneous
conditions. The free-base of those chlorin ligands
was obtained from the reaction of [5,10,15,20-tetrakis
(pentafluorophenylporphyrin)] ([H,(TPFPP)], (Figure 4,
R = 4) with the azomethine ylide generated in sifu from
N-methylglycine and paraformaldehyde in refluxing
toluene, according to the method discovered by the Aveiro
group. In fact, at the end of the nineties, the Aveiro group
reported, for the first time, that porphyrins can react as
dienophiles in Diels-Alder reactions?® or as dipoloraphiles
in 1,3-dipolar cycloaddition reactions.?*¢ These synthetic
approaches were widely explored by our and other
groups for the functionalization of B-pyrrolic positions of
porphyrins and analogues.>7-248

Mn(chlor)-1 was obtained by insertion of Mn™ in
chlorin 1 and Mn(chlor)-2 was prepared under similar
conditions after quaternization of chlorin 1 with methyl
iodide (Scheme 1).

The catalytic efficacy of the two Mn"' chlorins
was evaluated using cyclohexane as substrate in the
presence of the oxidants iodosylbenzene (PhIO) and
H,0,, using imidazole as co-catalyst, and the results
were compared with those obtained with the Mn™
complexes of the starting porphyrin [H,(TPFPP)] and
the cationic 5,10,15,20-tetrakis(2,3,5,6-tetrafluoro-
4-trimethylammoniumphenyl)porphyrin (Figure 4, R =18).
The results obtained showed that the Mn''chlorins are
promising catalysts for oxidation reactions, since moderate
to good yields of oxygenated products (total yields between
13 to 60% with alcohol/ketone ratios ranging from about
66:34 to 100:0) were obtained.

An interesting conclusion from these studies, by
doing experiments in the presence of the radical inhibitor
bromotrichloromethane and competitive cyclooctane/
(Z)-cyclooctene oxidation reactions, was the different
reactivity of the Mn(chlor)/H,0O, systems, which favored the
epoxidation process. So, it was suggested that the epoxide
formation in the reactions promoted by these Mn™ chlorins/
H,0, is mediated by Mn"(chlor)OOH (Scheme 2) instead
of by the Mn"=0 species (responsible by the radical cage
escape pathway in the formation of alcohols and ketones).
The Mn(chlor) hydroperoxy complex was a more efficient
species for epoxidation than for the production of the alkyl
radical.

Taking into account that the immobilization of catalysts
is an important strategy to minimize the cost of catalyst

111
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Scheme 1. Synthesis of Mn' chlorins by a 1,3-dipolar cycloaddition with azomethine ylide.
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Scheme 2. Proposed pathway mediated by chlorins in the presence of PhIO and H,O, (adapted from references 65 and 245).
synthesis by allowing easy recovery and reutilization, reported the synthesis of the analogue Mn(chlor)-3 aiming

as discussed in the previous section 2, Pires et al.?* to ally the characteristic robustness of the well-known
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Mn(chlor)-3

Scheme 3. Immobilization of Mn(chlor)-3 on a modified silica support.

5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinate)
manganese(Ill) [Mn(TDCPP)CI] (Figure 4, R = 3), with
the possibility of immobilizing it on an inorganic solid
support, through the pyrrolidine ring (Scheme 3). The most
appropriate solvent to immobilize the chlorin on the modified
3-bromopropylsilica (BPS) was o-dichlorobenzene.

The efficacy of this material as a biomimetic oxidation
catalyst was tested, using (Z)-cyclooctene as substrate in
the presence of hydrogen peroxide or #-butyl hydroperoxide
as oxidant. The results showed that depending on the
conditions, the silica-supported manganese chlorin
exhibited high catalytic efficiency and good recyclability in
the presence of #-butyl hydroperoxide. The slower kinetics
of the reaction when the recycled catalyst was used was
attributed to the probable presence of a mixture of catalytic
species (e.g., Mn™ and Mn") in the next runs.

As an extension of previous studies, Mn(chlor)-1
(prepared from [H,(TPFPP)]) and Mn(chlor)-3 (prepared
from the porphyrin [H,(TDCPP)]) were subsequently
immobilized on silica by the sol-gel process and the catalytic
activity of the resulting solids (Mn(chlor)-1-Si and Mn(chlor)-
3-Si) was investigated for the oxidation of cyclooctene,
cyclohexene and cyclohexane with iodosylbenzene (PhIO)
or hydrogen peroxide as oxidant.** The immobilization on
silica prepared by the sol-gel process was performed in the
presence of Mn(chlor) using alkoxysilane TEOS, a mixture
of tetrahydrofuran (THF) and water as solvent and HCI as
catalyst, in order to favor the maximum hydrolysis before
starting the condensation process.

The results showed that the Mn™ chlorins exhibit
excellent catalytic activity under homogeneous catalysis,
similar to that observed for the corresponding Mn™

J. Braz. Chem. Soc.

Si-Mn(chlor)-3

porphyrins of [H,(TPFPP)] and [H,(TDCPP)]. The
immobilized Mn™ chlorins required longer reaction times
to afford product yields similar to those obtained under
homogeneous conditions, suggesting that the catalyst
immobilization hinders the access of the reactants to the
metal center. However, after being recovered, they could
be reused at least three more times. In the oxidation of
cyclohexene, the preferential formation of the epoxide
was observed, while in the oxidation of cyclohexane, both
catalysts were selective for alcohol formation.

The slight difference in the catalytic behavior of
Mn(chlor)-1 versus Mn(chlor)-3 was explained by
considering that the substituents of the meso-phenyl
groups of each chlorin ligand were responsible for a
different distribution (more or less entrapped) during the
immobilization process.

In the context of synthesizing new catalysts, the
Brazilian researcher Rodrigo de Paula (during his PhD
studies in Aveiro) developed new catalytic systems based on
non-immobilized and immobilized manganese porphyrins
bearing imidazolyl units.?'*> These studies showed
that the poor catalytic activity of the neutral porphyrin
under homogeneous conditions was improved after the
cationization of the heterocyclic units. Additionally, when
those units were linked to adequate functionalized solid
supports like a Merrifield resin (MR) or a functionalized
silica gel (SG), great catalytic improvement was observed.
The best results were obtained with the MR system for
the oxidation of (Z)-cyclooctene, styrene, cyclohexene
and geraniol using H,O, as oxidant. Additionally, good
recyclability (up to four times) without a dramatic loss of
the catalytic efficiency was found. Some considerations
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Scheme 4. Synthetic access to substituted porphyrins at the p-position of the meso-aryl groups with one to four hydroxyalkyloxy substituents.

concerning the high efficiency of the MR system in
comparison with the SG one were put forward considering
the molecular orbital stabilization achieved by the linkage
between the metallocomplex and each support.

Based on the easy replacement of the fluorine atom in
the p-position of pentafluorophenyl units by nucleophiles,*
some new porphyrins and materials were developed
considering that strategy to provide 5,10,15,20-tetrakis
(pentafluorophenyl)porphyrin ([H,(TPFPP)]) with adequate
functionalities for further heterogenization.

To investigate possible catalytic uses, the reaction
between [H,(TPFPP)] and ethylene glycol was performed,

yielding a series of five substituted porphyrins
(H,Pog 1-H, P4, Scheme 4) at the p-position of the
meso-aryl groups with one to four hydroxyalkyloxy groups
(Scheme 4).60:63

The Fe™ and the Mn"™ complexes of the mono- and tetra-
substituted free-base derivatives (H,Pog 1 and H,P,;4) were
prepared (Figure 13), and the corresponding complexes
were further immobilized on two supports: LDH and silica
(synthesized by the sol-gel process).** Castro et al.° showed
that the metalloporphyrins FePq, 1, FePy4, MnP 1 and
MnP,.4 under homogeneous and heterogeneous media
provided good catalytic conversions in (Z)-cyclooctene

[Fe(TPFPP)]- Ri= Ro= Ra= R4 = F; M= Fe(lll)
[Mn(TPFPP)]- Ri= Ro= Rs= R4 = F; M= Mn(lll)
FePOEt1- R1= OCHQCHQOH R2= R3= R4 = F; M= Fe(III)
MnPgg1- Ri= OCH,CH,OH Ro= Ra= Ry = F; M= Mn(lll)
FePOEt4' R1= R2= R3= R4= OCHchQOH, M= FE("l)
MnPOEt4- R1= R2= R3=R4 = OCHZCHQOH, M= Mn(III)

X =AcO or Cl

Figure 13. Schematic representation of Fe'! and Mn'" complexes of porphyrins bearing one (H,P,1) and four (H,P;4) hydroxyalkyloxy moieties.
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oxidation (71 to 96%). In cyclohexane oxidation, the
catalysts were more selective for alcohol than for ketone.
In the case of heterogeneous catalysis, the immobilized
metalloporphyrins produced slightly lower yields compared
with homogeneous catalysis, but had the major advantage
of retaining their activity for at least three cycles in the case
of (Z)-cyclooctene oxidation.

Further catalytic studies involving the complete series
of the Mn" complexes of [H,(TPFPP)] derivatives bearing
one to four hydroxyalkyloxy moieties showed that the
catalysts’ performance depends on the number of ethylene
glycol moieties present and on the cocatalyst used.®
These studies were performed at room temperature using
(Z)-cyclooctene and cyclohexane as substrates and H,0,
or PhlIO as oxidants. For both substrates, the most efficient
catalyst in the presence of H,0, and ammonium acetate as
cocatalyst was the Mn™ complex bearing three ethylene
glycol moieties (MnP3). Additionally, in the oxidation
of cyclohexane in the presence of iodosylbenzene (PhIO)
as oxidant, all the substituted Mn™ complexes were more
efficient than the parent non-substituted Mn™ complex
of [H,(TPFPP)]. During the preparation of this series
of derivatives, the tetrasubstituted free-base porphyrin
(H,P,:4) was further isolated and studied in the solid state,
by using single-crystal X-ray diffraction analysis.

The ligand porphyrin “template”, [H,(TPFPP)], was
also used as a platform to prepare the tetrasubstituted

The Research on Porphyrins and Analogues in Brazil
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galactodendritic conjugate porphyrin (H,Pg,2), which after
metalation with Cu" acetate in excess yielded the solid
material Cu,CuP,2S (Scheme 5).!

The coordination of the copper(Il) complex of H,P,2
(CuPg,2) with zinc(II) acetate afforded a second structured
material, designated Zn,CuP,2S. The catalytic activity
of this new coordination polymer using (Z)-cyclooctene
and catechol as substrates confirmed that Cu,CuPg,2S
(Figure 4, R =26) was able to mimic the catecholase activity
of cytochrome P-450 and was reusable after recovery and
reactivation.

In the same context, the reaction of [H,(TPFPP)] with
4-mercaptobenzoic acid afforded, among others derivatives,
porphyrins bearing one and four 4-mercaptobenzoic
moieties.?

The results obtained showed that the Fe, Mn™ and Cu"
complexes bearing one or four 4-mercaptobenzoic moieties
(Figure 14) provided good to excellent yields during the
catalytic oxidation of (Z)-cyclooctene, cyclohexane, and
heptane under homogeneous conditions, and the product
profile was dependent on the porphyrin structure and the
metal. The tetra-substituted free-base porphyrin, after
metalation with Cu" ions, yielded a structured and very
insoluble solid, and the investigation of its catalytic activity
for the oxidation of (Z)-cyclooctene in a heterogeneous
medium proved that the new metalloporphyrin was
an excellent catalyst for (Z)-cyclooctene epoxidation.

H2Pgall HyPgai2
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Scheme 5. Synthetic access to galactodendritic conjugate porphyrin H,Pg,2 and to the coordination polymers Cu,CuP,2S and Zn,CuPg,2S.
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FePyerc1 - R' = SCgH,COOH; R?= R®= R* = F; M = Fe(lll)
MnPperc1 - R' = SCgH4COOH; R? = R® = R*= F; M = Mn(lll)
FePperc4 - R' = R? = R® = R* = SCgH,COOH; M = Fe(lll)
MnPyercd - R' = R? = R® = R* = SCgH4,COOH; M = Mn(lll)
CuPpercd - R' = R? = R® = R* = SCgH,COOH; M = Cu(ll)

Figure 14. Schematic representation of Fe'', Mn'" and Cu"" complexes of porphyrins bearing one and four 4-mercaptobenzoic units; (M = Mn™ or Fe',

L = counter ion).

Additionally, in alkane oxidation the alcohols were
selectively obtained in good yields.

Castro et al.> evaluated the catalytic activity of the
copper-based porphyrins CuPy,z1 (Figure 4, R = 25)
and CuPy;,z2 (Figure 4, R = 6) obtained by metalation of
the corresponding amino free base derivatives H,Pyyr1
and H,Py;,z2 (obtained by adequate functionalization of
[H,(TPFPP)], Scheme 6) and also of the solid CuPy,z 1S
obtained from the reaction of H,Py,z| with an excess of
Cu" acetate (10 equiv.) (Scheme 6). The catalytic efficacy of
these complexes was studied under homogeneous (CuPyy;,x 1
and CuPyy,z2) and heterogeneous (CuPy,, 1S) conditions
in the presence of 3,5-di-fert-butylcatechol (3,5-DTBC)
and catechol, in the presence of air, with or without
H,O,. The results showed that the new copper porphyrins

[H2(TPFPP)]

HoPnh2r1, R = Z"{\/NH?

O
HoPnhzr2, R= 2 N i

M= 2H or Cu

CuPyyr ] and CuPyyy,x2 and the CuPy;y,z 1S material were
able to efficiently mimic the activity of catechol oxidase,
affording good conversion of 3,5-DTBC and catechol to
the corresponding quinone derivatives. It was also observed
that the CuPy;;,x1S can be easily reused, maintaining its
activity for more than three catalytic cycles. The better
performance of CuPy,z2 was attributed to the presence
of the bulkier groups in the parent [H,(TPFPP)] compared
to CuPyyr 1. It was also concluded that the steric effect of
the substrates also influenced the catalytic performance of
the complexes, since for the same reaction time, and under
similar conditions, the oxidation of 3,5-DTBC occurred
at lower rates than catechol. For CuPy,z1 and CuPyr2,
the best results were obtained in the aqueous system. The
explanation for these results was the fact that the catalyst

F
HoPnh2r1 OF HoPnH2R2

i) if)
CuPpH2R1S <—— HoPnporl —> CuPnh2r1

i
H2PnH2R2 ——> CuPpp2R2

iy NMP, 800 W, 1 bar, 200 °C; ii) Cu(AcO) » (1 equiv.), DMF, 120 °C, 24 h;
iii) Cu(AcO), (10 equiv.), DMF, 120 °C, 24 h.

Scheme 6. Synthetic access to the copper(1l) complexes of amino porphyrins H,Py;;,¢ 1 and H,Py;;,:2 and to the solid CuPy¢1S.
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and substrate are in the same phase, facilitating access of
the reactants to the metal ion center.

It is well known that a key route for the elimination
of xenobiotics after their introduction into an organism
is in general initiated by oxidation reactions catalyzed
by enzymes of the cytochrome P-450 group, and these
enzymes are responsible for phase I metabolism of
about 75% of known pharmaceuticals.?>® The possibility
to modulate the metabolic activation of those enzymes
using synthetic porphyrins has been responsible for a
large number of studies, due to their ease of operation,

The Research on Porphyrins and Analogues in Brazil
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formation of several metabolites in adequate amounts for
further pharmacological and toxicological evaluation, and
reduction of animal testing and of problems associated with
the isolation of natural enzymes.

Following their interest in this topic,”’?% in 2011 the
Portuguese group in collaboration with Vitor Ferreira’s
group from Universidade Federal Fluminense (Niterdi,
RJ) reported the biomimetic oxidation of lapachol
(Scheme 7).%!

This naphthoquinone is found in the heartwood of
some trees of the Bignoniaceae family and has a wide
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Scheme 7. Biomimetic oxidation of lapachol.
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spectrum of biological activities, such as anti-tumor,
antibiotic, antimalarial, anti-inflammatory, anti-ulcer,
antibacterial, fungicidal and trypanocidal activities. The
studies were performed with aqueous H,0O, in the presence
of [Mn(TDCPP)]CI, and the preferential formation of the
p-naphthoquinones Lap1 and Lap2 obtained was attributed
to epoxidation of the side chain double bond. The formation
of the other compounds (Lap3-Lap6) also identified was
attributed to the epoxidation of the quinone ring double
bond.*! The selectivity observed in the biomimetic
oxidation of lapachol was different from the one using
stoichiometric amount of m-CPBA, where the formation
of the o-naphthoquinones Lap7 and Lap8 was favored.?!

In the same context, the nor-lapachone derivatives
nLap9 tethered with thio-substituents at position 3 of the
furan ring synthesized according to a method developed by
the Brazilian group was oxidized with aqueous H,0, in the
presence of [Mn(TDCPP)]Cl, affording the corresponding
sulfonyl derivative nLap10 (Scheme 8).2¢?

The evaluation of the antibacterial activities of the
non-oxidized and oxidized lapachone derivatives against
the Gram-negative bacterium Escherichia coli and the
Gram-positive bacterium Staphylococcus aureus after their
incorporation into polyvinylpyrrolidone (PVP) micelles
showed that the PVP-formulations of the lapachones
nLap9b-g and of the sulfonyl-lapachones nLapl0e and
nLap10g reduced the growth of S. aureus.?*"*

Another field of interest involving Portuguese and
Brazilian research groups in collaboration is related
to the potential of porphyrins and analogues for use as
photosensitizers in PDT and aPDT. Both approaches require
the activation of a dye called photosensitizer (PSs) by an
adequate light wavelength in the presence of molecular
oxygen. Then, the activated PS transfers its excess energy
or electrons to dioxygen (°0,) or substrate molecules,
generating highly cytotoxic reactive oxygen species
(ROS), especially singlet oxygen ('O,). The cytotoxic
species are able to cause irreparable damage in different
target biomolecules, depending on the intended action
(oncological or non-oncological).?62-266

Among the different PSs developed, chlorins exhibit
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photophysical properties similar to those of porphyrin
macrocycles, but with intensified and red-shifted Q bands,
making chlorin-containing systems even better candidates
for PDT (activation in the near infrared (NIR) region with
better light penetration in biological tissues).

Interestingly, it was in context of developing compounds
for use as photosensitizers that in 2004, the researchers
from Aveiro and Ribeirdo Preto published one of their first
papers, in J. Braz. Chem. Soc.*” That pioneer work reported
the synthesis and the photophysical characterization of
chlorins 4 and 5 (Figure 15) obtained from the asymmetric
porphyrin 5,10,15-tris(pentafluorophenyl)-20-(4-pyridyl)
porphyrin using the azomethine ylide generated in situ
from N-methylglycine and paraformaldehyde in refluxing
toluene, as describe previously in Scheme 1 for the
symmetric [H,(TPFPP)]. The asymmetric porphyrin was
obtained by a crossed Rothemund reaction involving the
condensation of pyrrole with the adequate aldehydes
(4-pyridinecarbaldehyde and pentafluorobenzaldehyde) in a
stoichiometry that favored the formation of that porphyrin.

The photophysics, photochemical and photobleaching
properties of chlorin 4 were evaluated and compared with the
properties of chlorin 1. By using the uric acid test, the ability
of chlorin 4 to produce an oxygen singlet was confirmed,
hence it was considered a promising photosensitizer for PDT.

In 2008, de Oliveira ef al.>** developed an elegant strategy
to obtain the amphiphilic chlorins (protoporphyrin-IX
dimethyl ester derivatives) PPIX-1a and PPIX-1b
(Scheme 9) from protoporphyrin-IX dimethyl ester
considering the reactivity of their double bonds as diene
in Diels-Alder reactions.’®® The cycloaddition reaction was
performed in the presence of maleic anhydride, giving
rise to the chlorin intermediates PPIX-a,b. The desired
chlorins were isolated after the regioselective anhydride
ring-opening in the presence of methanol.

Considering that an important limitation of topical PDT
is related with the poor PSs penetration through biological
barriers, like normal skin, the uptake of nanoparticles
of lyotropic liquid crystals loaded with PPIX-1a and
PPIX-1b was studied in vitro and in vivo.*® The results
showed that this type of nanodispersion enabled a higher
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Scheme 8. Biomimetic oxidation of naphthoquinones nLap9.
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Scheme 9. Synthetic strategy used in the preparation of amphiphilic chlorin derivatives PPIX-1.

drug skin uptake compared with the control formulation Considering the suitability of the pyrrolidine-fused
used (chlorins PPIX-1a,b in polyethylene glycol), and chlorin derivatives to act as nucleophile, the Portuguese
consequently was effective to deliver PSs into the skin. group envisaged the immobilization of chlorin 1 on the
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Figure 16. Chlorin 1 immobilized on a modified silica gel (SG) (right side) and Merrifield resin (MR) cationized with pyridine units (left side) (m X~ =required

counter anions).

commercially available 3-bromopropyl-functionalized
silica and also on Merrifield resin-based materials, as an
economically viable and environmentally friendly approach
to allow successive recovery and removal of the PS material
after photodynamic treatment (Figure 16).270"!

The study showed that the materials resulting from
the immobilization of chlorin 1 on both commercial
materials followed by further treatment with pyridine
had high potential as PS for the inactivation of E. coli
(ca. 3.0 log reductions, 180 min of irradiation), even after
three successive cycles of bacterial photoinactivation. So,
these photoactive materials can be considered a good option
for application in clinical and environmental areas.

Taking advantage of the suitable features of chitosan to
act as a support for PS as well as its antimicrobial activity and
film forming ability, Castro et al.'* reported the synthetic
access to new materials obtained through the non-covalent
incorporation of [H,(TPFPP)] and meso-tetraarylporphyrins
bearing phenyl or pentafluorophenyl groups at the
meso positions with or without acid groups (H,P,.,OH,
H,P,...CO,H and H,PCO,H) in chitosan (Figure 17).

The effectiveness of the non-immobilized porphyrins and

Ar p

of the porphyrinic-chitosan films (PS-CF) to photoinactivate
L. innocua and to prevent L. innocua biofilm development
was evaluated and it was verified that the photodynamic
inactivation was dependent on the porphyrin structure
and also on the ability to produce 'O,. The biofilm
development was almost totally inhibited in the presence of
PSs-CFs containing porphyrins [H,(TPFPP)] and P,,, OH
after irradiation with white light for 24 h (irradiance of
10 mW cm?) followed by incubation in the dark for 48 h.
These good results associated with the easy recovery of the
films merit further investigation using other PSs and new
biofilm-forming microorganisms with potential application
as anti-fouling coating materials for the food industry.'®
Phthalocyanines (Pcs) are another example of synthetic
macrocycles with a close structural relation with porphyrins
that have merited some attention in the collaborative
research between Brazilian and Portuguese groups.?’>?”
In fact, phthalocyanines with adequate hydrophilicity have
promising photophysical features to be considered as PSs
for PDT or aPDT due to their highly intense absorption
band in the near infrared range (600-800 nm region) and
capacity to efficiently generate singlet oxygen.?’+27

Ar Ar

A -

@Q

OH HO,C

H2P002H
HZPMercCOZH

Figure 17. Structures of meso-tetraarylporphyrins H,P,,...OH, H,P,,,.CO,H and H,PCO,H, bearing phenyl or pentafluorophenyl groups at the meso positions

with or without acid groups used to prepare chitosan films.
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In 2006, considering that the important features of Pcs to
be used as PSs are limited by their insolubility in physiological
fluids,?’*?7® Ribeiro et al.?’>*”* described for the first time the
synthesis of the covalently linked B-cyclodextrin-Pcs dyads
B-CD-Pcl and B-CD-Pc2 (Scheme 10). These water-soluble
dyads were prepared via a statistical cross condensation
of a 4-(B-cyclodextrin)phthalonitrile with the adequate
phthalonitriles (R = H or ‘'OBu).

In the same line of interest,?’> the water-soluble
non-symmetrical sugar-phthalocyanine 3 was

0O CN
o
0
o % o o O# ZnCl,, DMAE
> 100°C, 12 h
o NG ©N
0
0
Phthal-1

Scheme 11. Synthetic access to the sugar-phthalocyanines.

prepared via a statistical cross-condensation of
tetrakis(1,2:3,4-di-O-isopropylidene-o-D-galactopyranose-
6-yl)phthalonitrile Phthal-1 with phthalonitrile (Scheme 11).
The condensation was performed in the presence of ZnCl,
in N,N-dimethylethanolamine (DMAE) at 100 °C, followed
by the removal of the sugar protecting groups with aqueous
trifluoroacetic acid (TFA) and purification by reverse-phase
column chromatography. The UV-Vis spectrum of the
final dyad in dimethyl sulfoxide indicated the presence of
monomeric species ZnPc3-Gal, but in water the significant
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| N—2zZn—N" |
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N N OR
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reduction in the Q-band suggested intermolecular
aggregation due to macrocycle cofacial arrangements.
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) proved to be an
excellent tool for systematically studying these kinds of
systems, due to the difficulty of their characterization.

The studies discussed in this section are just a small
portion of the successful studies developed between
the Aveiro group and Brazilian researchers, e.g., from
Universidade Federal Fluminense (RJ), Universidade Federal
do Parana (PR), Universidade Federal de Santa Maria (RS),
Universidade Federal de Sao Carlos (SP), which started when
one of us met Prof Yassuko Iamamoto from USP in Ribeirdo
Preto at the 7" International Symposium on Dioxygen
Activation and Homogeneous Catalytic Oxidation, York,
Great-Britain, in 1999. So, we believe that Prof ITamamoto
had an important role in the establishment of this network
involving the porphyrin group of Aveiro led by Prof José
Cavaleiro and other Brazilian groups.

5. Final Remarks

In this work, we reviewed the initial and more recent
works using metalloporphyrins and analogues, mainly as
catalysts in different chemical systems, since beginning
at USP in Ribeirdo Preto in the 1980s. Besides that, we
also discussed some works that have resulted from the
joint research effort between Brazilian researchers and
Portuguese colleagues from Universidade de Aveiro
working in the porphyrin field.

From this review, it is possible to infer that in the last
30 years the chemistry of porphyrins and other correlated
macrocycle compounds has become a solid research
area in Brazil, not only for catalysis but also for many
other applications, such as antimicrobial and tumoral
photodynamic therapy and sensors. However, there is still
room for the design of new systems based on porphyrins
and metalloporphyrins with improved features for special
applications. In the catalytic context these important
systems can be further explored to afford new therapeutic
agents from cheap substrates (e.g., terpenes, steroids and
others), under environmental benign conditions.

The ability of porphyrinic based catalytic systems to
modulate the metabolic role of P-450 towards xenobiotic
can be used as a powerful tool to predict which metabolites
arise during biotransformation assays. Thus, it may
be possible to develop systems to produce from drugs
several metabolites in adequate amounts for further
pharmacological and toxicological evaluation in order to
reduce animal testing and the problems associated to the
isolation of natural enzymes.
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