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alkanes remains an attractive research direction in the area of molecular catalysis. In the current study, three
copper corrole/porphyrin complexes were synthesized, characterized, and evaluated as homogeneous catalysts
in the oxidative transformation of cycloalkanes under mild conditions. New copper complexes of 5,10,15-tris
(pentafluorophenyl)corrole and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin derivatives bearing a hydrox-
yethoxy unit were obtained via the controlled nucleophilic substitution of para fluorine atom with ethylene
glycol. The model catalytic processes include: (i) the oxidation of cycloalkanes with HyO» into a mixture of cyclic
ketones and alcohols, and (ii) the hydrocarboxylation of cycloalkanes in the CO/So03~/H,0 system to generate
cycloalkanecarboxylic acids as main products. Both model reactions occur under mild conditions (50—60 °C).
Selectivity features, substrate and oxidant scope, and the effects of various reaction parameters were studied and
discussed. The best catalysts were the copper corrole derivatives, the performance of which is slightly influenced
by the presence of the ethylene glycol moiety. In particular, the copper(IIl) complex of 5,10,15-tris(pentafluor-
ophenyl)corrole is an efficient catalyst for the mild oxidation and carboxylation of cycloalkanes. This work
widens the types of Cu-based corrole/porphyrin derivatives that can be used as bioinspired catalytic systems.

1. Introduction

The development of novel bioinspired catalytic systems remains a
challenge in modern catalysis. The synthesis of molecular catalysts
based on the use of abundant and bioavailable metals along with simple,
stable, and nontoxic ligands represents an appealing research approach
[1-4]. In particular, Cu-based catalytic systems have gained a new
impetus in recent years on account of the recognized bio- and redox
activity of copper centers along with their coordination versatility and
low cost [5-8]. However, some of the promising Cu-catalytic systems are
sensitive to air and moisture and require complicated synthesis
involving several reaction steps.

In this regard, attention has been given to metalloporphyrins, and
more recently also to their metallocorrole analogues, as bioinspired
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catalysts in hydrocarbon oxidation reactions [9-13]. High flexibility of
both tetrapyrrolic macrocycles toward structural modifications can
explain their successful use in different fields, including medicine [14,
15], photoactive materials [16,17], sensing [18-20] and catalysis
[21-30].

The use of synthetic metalloporphyrins as catalysts in alkane and
alkene oxidation reactions was firstly suggested by Groves and co-
workers in 1979 [31]. They discovered that the role of cytochrome
P450 in detoxification processes can be mimicked by synthetic metal-
loporphyrins. Since then, several research groups described various
strategies to improve the catalytic activity of metalloporphyrin de-
rivatives [32-34]. In general, these studies were mainly focused on Fe
(III) and Mn(IlI) porphyrin complexes, whereas the porphyrin de-
rivatives of Co, Cr, and Ru were less investigated. However, these
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compounds can act as catalysts to activate different oxygen donors (e.g.,
H20,, alkyl hydroperoxides, peracids, sodium hypochlorite, or sodium
periodate) [35]. During these studies, some porphyrinic ligands revealed
stability limitations. For instance, Chang and co-workers demonstrated
that in catalytic C-H oxidation reactions, the metalloporphyrins without
substituents at the meso positions are not useful, because they undergo
fast oxidative degradation [36]. Other studies showed that the intro-
duction of electron-withdrawing and/or bulky substituents at the pe-
riphery of the porphyrin macrocycle (meso and/or S-pyrrolic positions)
influences the electronic density around the metal ion and consequently
the catalytic activity of the resulting metal complex [37-39]. Recently,
Nakagaki and co-workers evaluated the catalytic efficiency of unsym-
metric manganese(IIl) porphyrins, containing a different number of
pentafluorophenyl and 3,4-dimethoxyphenyl substituents at the meso
positions, in the oxidation reactions of cyclohexane with iodo-
sylbenzene. These metalloporphyrins showed selectivity toward alcohol
product in the cyclohexane oxidation, and the catalytic activity is
increased when more pentafluorophenyl substituents are present in the
porphyrins [40]. Porphyrin-based microporous network polymers were
also described as active and recyclable heterogeneous catalysts for the
oxidation of (Z)-cyclooctene and cyclohexane [41]. Other studies
revealed that the immobilization of metalloporphyrins based on 5,10,
15,20-tetrakis(pentafluorophenyl)porphyrin on supports (graphene,
silica, and zinc oxide) may reduce catalyst decomposition and promote
product formation [42-46].

In fact, the free base ligand, 5,10,15,20-tetrakis(pentafluorophenyl)
porphyrin, represents a versatile platform for the design of new catalysts
[47-49]. The fluorine atoms on the phenyl ring at the four meso posi-
tions can be readily substituted by nucleophiles, enhancing the stability
and catalytic activity of porphyrins [50]. Castro et al. studied the cata-
lytic efficiency and selectivity of a series of manganese(Ill) tetrakis
(pentafluorophenyl)porphyrin derivatives bearing one to four ethylene
glycol moieties in the oxidation of cyclohexane. Their results indicated
that the catalytic performance depends on the number of ethylene glycol
moieties present in the structure of porphyrin. All the substituted Mn(III)
complexes were more efficient than the parent non-substituted
porphyrin derivative [28].

Interestingly, the first application of metallocorroles as catalysts for
the oxidation of hydrocarbons concerned an iron(Il) complex of
5,10,15-tris(pentafluorophenyl)corrole, bearing CgF5 groups at the meso
positions [51]. Other studies also involved the Mn(III) complex of 5,10,
15-tris(pentafluorophenyl)corrole and its use as epoxidation catalyst
[52].

Much less attention was given to the exploration of copper porphyrin
and corrole complexes in the oxidation of saturated hydrocarbons. In the
context of porphyrins, a modest catalytic activity of copper complexes
encapsulated in the zeolite NaY was reported for cyclohexane oxidation
with iodosylbenzene [53]. More recently, porphyrin copper complexes
alone or combined with other metalloporphyrin derivatives were used in
the preparation of porphyrin-based metal-organic framework materials,
affording new heterogeneous catalysts for the oxidation of cycloalkanes
with Oq [54-56].

Hence, copper complexes of corroles and porphyrins represent a
promising class of bioinspired catalysts that are still little explored in the
oxidative functionalization of alkanes. The design of novel copper cor-
role and porphyrin catalysts for C-H functionalization reactions requires
balancing electronic, steric, and redox properties. The macrocyclic
ligand framework can stabilize high-valent copper-oxo or copper-
superoxo intermediates, which are typically invoked as the active spe-
cies in C-H bond cleavage. Being more electron-rich compared to por-
phyrins, corroles can enhance the electron-donating ability to copper
and lower the energy barrier for generating high-valent states, and thus
facilitate the oxidation reactions. Substituents on the macrocycle can be
tuned to modulate electron density, enforce steric protection around the
metal center to control substrate approach, and impart solubility.
Important principles of catalyst design should also account for reversible
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redox behavior to allow catalytic turnover and introduction of optional
peripheral groups that may mimic enzymatic environments to guide
selectivity.

Following our general interest in the mild Cu-catalyzed oxidation
[57,58] and carboxylation [59] of saturated hydrocarbons, the main aim
of the present study consisted in investigating the catalytic efficiency of
a new substituted Cu(III) corrole Cu-Cy bearing an ethylene glycol chain
and to compare its efficiency with the non-substituted derivative Cu-C;,
as well as with the analogous porphyrin Cu(II) complex Cu-Py (Scheme
1). When selecting these ligands, we considered their versatility for
future immobilizations that may enable the preparation of heteroge-
neous catalytic systems.

The obtained Cu derivatives were tested as bioinspired catalysts in
two model reactions: (i) mild oxidation of cycloalkanes with HyO3 to
give a mixture of cyclic alcohols and ketones, and (ii) mild hydro-
carboxylation of cycloalkanes with the CO/H,0//S,03~ system to pro-
duce cycloalkanecarboxylic acids as main products (Scheme 1).
Substrate and oxidant scope, selectivity parameters, and the influence of
various reaction conditions were studied and discussed in the present
work.

2. Results and discussion
2.1. Synthesis of copper catalysts

In recent decades, various studies were devoted to the use of various
metalloporphyrins as catalysts in the oxidation of hydrocarbons. How-
ever, the use of copper catalysts in this context is limited, although Cu
complexes usually lead to good yields in the catalytic oxidation of (Z)-
cyclooctene, cyclohexane, and heptane [60,61]. Castro and co-workers
also demonstrated that copper complexes based on porphyrins are
able to mimic the catecholase activity in the presence of hydrogen
peroxide or air, affording a good conversion of catechols to the corre-
sponding quinone derivatives [62,63]. The fact that the catalytic po-
tential of corrole copper complexes is significantly less investigated
prompted us to prepare and evaluate the activity of Cu-C; and Cu-Cy (Cu
corroles) and Cu-P; (Cu porphyrin) in the oxidative functionalization of
cycloalkanes (Scheme 1). In all the obtained compounds (Cu-C;, Cu-Ca,
and Cu-Py), the copper centers are coordinated by four nitrogen atoms
of the corrole or porphyrin core, likely forming distorted square pyra-
midal {CuN4} environments, as previously described in other copper
complexes with this type of ligands [64,65].

The target copper(III) complex Cu-C; was obtained from 5,10,15-tris
(pentafluorophenyl)corrole C; in chloroform and in the presence of a
moderate excess of Cu(OAc); in methanol according to Scheme 2-Via A
(see also Experimental Section and Fig. S1A-S1C in SI) [29]. In the
synthesis of the mono-glycolcorrole Cy, the possibility of using micro-
wave irradiation was explored for the first time (Scheme 2-Via A).

The substitution of the p-fluorine atoms in 5,10,15-tris(pentafluoro-
phenyl)corrole by glycol units under classical heating conditions is
usually carried out in the presence of sodium hydride (NaH) and
ethylene glycol in refluxing tetrahydrofuran during 8 h. In this study, we
found that the same reaction performed in dimethylsulfoxide, at an
initial temperature of 150 °C and a pressure of 1 mbar under microwave
irradiation, can afford the desired product Cy in 61 % yield in just 15
min. Copper insertion into Ca was performed with copper(II) acetate in
CHCl3 and MeOH (1:1) at room temperature for 1 h, resulting in the
isolation of Cu-Cs in an almost quantitative yield (89 %). The structure
of Cu-Cy was confirmed by NMR, UV-vis, fluorescence spectroscopy,
and high-resolution mass spectrometry (Fig. S2A-S2C, SI). In particular,
it was possible to assign in the 'H NMR spectrum (Fig. S2A) the eight
p-pyrrolic protons of the corrole core at lower field. In the aliphatic
region, two triplets at 8§ ~4 and ~5 ppm were identified as the reso-
nances of the four protons of the glycol chain. The °F NMR spectrum
confirmed the loss of one p-F atom on the CgFs unit at position 5
(Fig. S2B, SI).
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Scheme 1. Structures of Cu complexes and catalytic reactions explored: (a) oxidation and (b) carboxylation of Cs-Cg cycloalkanes.

For the purpose of comparative studies, a glycol moiety was also
introduced onto the para-position of one of the CgFs units in the
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin P; under conven-
tional heating conditions.28,65 The metallation of the resulting
porphyrin Py with copper(ll) acetate was performed at 70 °C for 24 h
affording the desired copper complex Cu-P in 98 % yield (Scheme 2-Via
B). The structure of this complex was confirmed by FTIR, HRMS, UV-vis
and fluorescence spectroscopy (see Experimental Section, Figs. S3A-S3C
and S4 in SI).

The FTIR spectra confirm the presence of the glycol (-OCH>CH>OH)
group in the structure of the porphyrin macrocycle and also the metal
insertion into the porphyrin ring [66,67]. The spectrum of porphyrin Py
shows typical bands of free-base porphyrins at 3322, 3106, 2964, 1649,
and 1349 cm™! corresponding to the stretching vibrations of -NH (pyr-
role), -C-H- (phenyl), -C-H- (pyrrole), -C=C-, and -C-N- bonds, respec-
tively [44,51]. In addition, the characteristic bands of the ethylene
glycol group linked to the porphyrin can be seen at 1048 cm™ (C-O-C
symmetric axial deformation), 1165 em’! (C-O-C asymmetric axial
deformation), 1433 c¢cm™ (CH deformation), and 3439 cm™ (OH
stretching). After the complexation to copper, the band of the NH
(pyrrole) bond deformation (947 cm-1) disappeared, and a new band
(1019 em™) corresponding to the axial deformation of the Cu-N-pyrrole
evolved (Fig. S3A). The analysis of the mass spectrum of Cu-P, confirms
the proposed structure, as evidenced by the presence of the [M+H] " ion
at m/z 1078 (100 %) (Fig. S3B).

2.2. Catalytic oxidation of C5-Cg cycloalkanes

The catalytic efficiency of the obtained Cu-C;, Cu-Cy, and Cu-Py
complexes was first evaluated at 50 °C in the mild oxidation of cyclo-
hexane as a model substrate using aqueous HyO5 (50 %) as oxidant. The
oxidation of cyclohexane in the presence of complex Cu-Cy affords a
mixture of cyclohexanol (main product) and cyclohexanone (Scheme 3)
and proceeds with an induction period of ~2 h (Fig. 1).

Following this induction period, the reaction leads to a total product
yield of ~13 % (TON 26) based on cyclohexane after 6 h (Table S1,
Fig. 1). In contrast to many other Cu-containing catalytic systems that
are active only in the presence of an acid additive [58,68,69], catalyst
Cu-C; does not require any acid promoter. The presence of a small
amount of promoter such as trifluoroacetic acid (TFA, 50 umol) results
in the decrease of the catalytic activity of Cu-C; (Fig. 1a)

Under the same conditions, Cu-Cg exhibits a slightly inferior cata-
lytic activity in comparison with Cu-C; leading, after 6 h, to a total yield
of cyclohexanol and cyclohexanone of ~9 % and TON of 18 (Fig. 1b,
Table S1). The kinetic curve of product accumulation is very similar to
that exhibited by Cu-Cy, revealing the same induction period of 2 h, and
the same time (6 h) for completing the oxidation reaction. However, in
this case and in contrast to Cu-Cy, the presence of TFA promoter has a
slightly positive effect on the catalytic system, leading to a total yield of
~10 % (Fig. 1b, Table S2).

The activity of copper porphyrin complex Cu-Py toward the oxida-
tion of cyclohexane in the presence of HyO is lower than that of Cu-C;
and Cu-Cy, resulting in a total product yield of ~5 % and a longer 4 h
induction period (Fig. S5 and Table S1). The presence of TFA practically
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Scheme 2. Synthetic strategies for copper corroles Cu-C; and Cu-C, (Via A) and copper porphyrin Cu-P, (Via B).

Cu-catalyst
<:> H,0, (50% aq)

CH5CN, 50°C

HOO + O:<:>

Scheme 3. Cu-catalyzed oxidation of cyclohexane into the mixture of cyclo-
hexanol and cyclohexanone.

does not affect the kinetic curve of C¢gHy5 oxidation (Table S2).

After these assays, the catalytic activity of Cu-C; was also tested in
the oxidation cyclopentane, cycloheptane, and cyclooctane with HyO4
(Fig. 2). The results show a better performance of this catalytic system in
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the oxidation of C;H;4 (21 % product yield, TON 42) and CgHje (20 %
yield, TON 40) when compared to cyclohexane. In the oxidation of
cycloheptane and cyclooctane, the kinetic curves show similar shape
and a 2 h induction period as observed in the case of CgH;5 oxidation.
To evaluate the role of oxidant, the oxidation of C¢H1 catalyzed by
Cu-C; was also studied in the presence of other oxidizing agents such as
tert-butyl hydroperoxide (TBHP) and tert-butyl peroxybenzoate (TBPB)
(Fig. 3). The results obtained show that these oxidations are faster but
less efficient (ca. 7 % and 4 % total product yields in systems with TBPB
and TBHP, respectively) in comparison to HyO5 (13 % product yield). In
both cases, no induction period was observed (Table S3). A similar
oxidant effect was observed in the presence of Cu-Cy (Fig. S6). In the
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Fig. 1. Oxidation of cyclohexane by H,0, to a mixture of cyclohexanol and cyclohexanone (total yield, %) catalyzed by Cu-C; (a) or Cu-C (b) in the presence or in
the absence of TFA promoter. Reaction conditions: catalyst (5.0 umol), C¢H; 2 (1.0 mmol), TFA (if added, 50 umol), H205 (50 % aq. 5.0 mmol), in acetonitrile solution

at 50 °C.
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Fig. 2. Oxidation of Cs—Cg cycloalkanes catalyzed by Cu-C; in the presence of
H,0, to a mixture of the corresponding alcohols and ketones (total yield, %).
Reaction conditions: catalyst Cu-C; (5.0 umol), cycloalkane (1.0 mmol), H,O»
(50 % aq. 5.0 mmol), in acetonitrile solution at 50 °C.
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Fig. 3. Oxidant effect on the CgH;» oxidation to a mixture of cyclohexanol and
cyclohexanone (total yield, %) catalyzed by Cu-C;. Reaction conditions: cata-
lyst Cu-C; (5.0 pmol), CeHj2 (1.0 mmol), Hy03 (50 % aq. 5.0 mmol) or TBHP
(70 % aq. 2.0 mmol) or TBPB (95 % aq. 2.0 mmol) in acetonitrile solution at 50
°C (in the case of Hy05) or 70 °C (in the case of TBHP or TBPB).

case of Cu-Py, the presence of TBPB and TBHP leads to a considerable
reduction of induction time (30 min vs. 4 h for H,05). However, the total
yields of the products are reduced (Fig. 7).

The oxidation of cyclohexane catalyzed by Cu-Cy, Cu-Cj, or by Cu-Py
was also performed under a nitrogen atmosphere, revealing almost
similar product yields as in the reactions in the air atmosphere (condi-
tions of Table S1). It should also be noted that molecular oxygen can also
be easily formed from the Cu-promoted decomposition of H,O5 (catalase
activity) present in excess in the reaction systems. To further clarify the
role of Oz (or oxygen in the air), the catalytic oxidation of cyclohexane in
the presence of molecular oxygen was explored. For example, the
oxidation of cyclohexane in the presence of O, excess (2 atm) catalyzed
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by Cu-C; results in almost full suppression of its catalytic activity (only
0.9 % of the total oxidation products were obtained vs. 12.6 % under
usual reaction conditions; conditions of Table S1). This is most likely
associated with the inactivation of Cu-C; in the presence of O excess, as
attested by a very fast transformation of the reaction solution from
brown or light green to the dark green color. In contrast to Cu-Cj, the
presence of Oz in the cyclohexane oxidation catalyzed by Cu-Py results
in the enhancement of its catalytic activity. The total yield of oxygenated
products increased from 5.4 % under usual reaction conditions
(Table S1) up to 24 % in the presence of Oy (2 atm). These findings
reveal a distinct behavior of catalysts toward the presence of excess of
oxygen.

Since copper corrole complexes can be photoactive, we decided to
evaluate the performance of Cu-C; in the oxidation of cyclohexane
under light irradiation. These photocatalytic experiments were per-
formed using an UV lamp (220 V, 40 W, wavelength: 330-400 nm). The
results obtained in the CgH; 5 oxidation under light irradiation and under
normal light conditions are summarized in Fig. 4. It is clear that under
the light irradiation, the oxidation proceeds much faster and the existing
2 hinduction period is practically eliminated (Fig. S8). Interestingly, the
maximum total yield of the products is not affected.

To gain further insights on the nature of the involved oxidizing
species and on the reaction selectivity, the studies were extended to n-
heptane (for regioselectivity), methylcyclohexane and adamantane (for
site selectivity), and to cis- and trans-1,2-dimethylcyclohexane (for
stereoselectivity). These experiments were conducted in the presence of
Cu-C; with Hy05 as oxidant (Table 1). The reaction with n-heptane
proceeds without specific oxidation toward any secondary C-atom,
considering that the relative normalized reactivities found for the
hydrogen atoms at carbons 1, 2, 3, and 4 [C(1):C(2):C(3):C(4)] were
1:5:5:5. The relative normalized reactivity of the hydrogen atoms at
primary, secondary and tertiary carbon atoms of methylcyclohexane
(1°:2°:3°) was 1:6:31, while the reactivity at tertiary and secondary
carbon atoms of adamantane (3°:2°) was 3.4. These values are not high
and correspond to the powerful reaction species. Besides, the oxidations
of both cis- and trans-isomers of 1,2-dimethylcyclohexane in the pres-
ence of Cu-Co/H205 proceeded without any stereoselectivity. The ob-
tained selectivity parameters (Table 1) are close to those early observed
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Fig. 4. Light irradiation effect on the oxidation of cyclohexane by H,O5 to the
mixture of cyclohexanol and cyclohexanone (total yield, %) catalyzed by Cu-C;.
Reaction conditions: catalyst Cu-C; (5.0 pmol), C¢H;2 (1.0 mmol), H>O, (50 %
aq. 5.0 mmol), in acetonitrile solution at 50 °C. UV light lamp: 220 V, 40 W,
330-400 nm.
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Table 1
Selectivity parameters in the Cu-catalyzed oxidation of linear and branched
alkanes®.

Selectivity parameter Catalyst Cu-Cy

Regioselectivity

C(1):C(2):C(3):C(4)° (n-C;Hye) 1:5:5:5
Site selectivity

1°:2°:3° (methylcyclohexane)® 1:6:31
30:2° (adamantane)d 3.4
Stereoselectivity

trans/cis (cis-1,2-dimethylcyclohexane)® 0.9
trans/cis (trans-1,2-dimethylcyclohexane)® 0.9

#Reaction conditions: Catalyst Cu-C; (5.0 pmol), alkane (1.0 mmol), H,0, (5.0
mmol), CH3CN up to 2.5 mL of total volume, 5 h, 50 °C. All parameters were
calculated based on the ratios of isomeric alcohols. The calculated parameters
were normalized, i.e., recalculated taking into account the number of H atoms at
each carbon atom. PParameters C(1):G(2):C(3):C(4) are the relative reactivities
of H atoms at carbons 1, 2, 3 and 4 of the n-heptane chain. “Parameters 1°:2°:3°
are the relative normalized reactivities of H atoms at primary, secondary and
tertiary carbons of methylcyclohexane. YParameters 3°:2° are the relative
normalized reactivities of H atoms at tertiary and secondary carbons of ada-
mantane. “Parameter trans/cis is determined as the ratio of the formed tertiary
alcohol isomers with mutual trans and cis orientation of the methyl groups.

for related systems, including Cu-based catalytic systems that operate
with hydroxyl radicals [57-59]. The involvement of hydroxyl radicals as
main oxidizing species was further confirmed by ESI-MS investigation of
catalyst Cu-C; (Fig. S9). In fact, a major fragment in the mass spectrum
(positive mode) is associated with a radical cation of Cu-C; at m/z
855.9751. After the addition of HyO», it is possible to observe the for-
mation of an adduct at m/z 872.0289, which corresponds to (OH)Cu-C{
species.

The stability of Cu-C; during the cyclohexane oxidation was inves-
tigated by UV-Vis spectroscopy. The interaction between Cu-C; and
cyclohexane, in the presence of H202 at 50 °C, was accompanied by
changes in the UV-vis spectrum of Cu-C; and by the color of the reaction
solution. Initially, the Cu-C; complex exhibited an absorption maximum
known as the Soret band near 410 nm, along with two Q-bands at 565
and 600 nm, and a brown color (Fig. $10). After the addition of H202 the
Soret band was split into two bands at 407 and 428 nm with a relatively
large absorption at 585 nm, and the color of the solution changed to
green. This behavior is typical for the formation of a cation radical [70],
which is also supported by the mass spectrometry data. At the end of the
reaction, the splitting of the Soret band was still observed, although the
absorption became weaker, and the solution changed to a pale beige
color. These final observations may be attributed to structural changes
in the catalyst under the reaction conditions [71]. As typically observed
in homogeneous catalysis, the present copper catalysts are not
completely intact in the reaction systems containing oxidant, as thus act
as precursors for copper-based catalytically active species.

2.3. Catalytic hydrocarboxylation of C5-Cg cycloalkanes

The activity of complex Cu-C; was also evaluated in the hydro-
carboxylation of C5—Cg cycloalkanes. In this reaction, there is a direct
addition of carboxylic acid group COOH to alkane in the presence of CO,
H,0, and K3S,0s, leading to the formation of monocarboxylic acids as
main products (Scheme 4 and Table 2).

The results summarized in Table 2 show that the best reactivity is
exhibited by CgHjo, followed by CsHig, C7H14, and CgHi6. When using

O

catalyst Ve
+ CO + HZ() T C + o+ OH
n K28,05 n N n n

CH;CN/H,0. 60°C OH

n=1-4 main product by-products

Scheme 4. Cu-catalyzed carboxylation of Cs—Cg cycloalkanes with CO/
K3S;05/H50 system.
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cyclohexane substrate, cyclohexanecarboxylic acid C¢H;;COOH was
formed in a considerable yield (31 % based on alkane), followed by
minor amounts of cyclohexanone (0.6 %) and cyclohexanol (0.3 %),
with a total TON of 64. Cyclopentane carboxylation affords cyclo-
pentanecarboxylic acid in 25 % yield (total TON of 55), along with
minor amounts of cyclopentanone (1.4 %) and cyclopentanol (0.7 %).
The carboxylation of C;H;4 leads to the formation of 21 % of
C7H;3COO0H, 4.2 % of cycloheptanone and 2.5 % of cycloheptanol. In
the case of cyclooctane, the carboxylation reaction proceeds less effi-
ciently, and the oxidation is more pronounced in comparison with other
cycloalkanes. As a result, the cyclooctanecarboxylic acid (10.1 % yield)
is formed as a major product, along with cyclooctanone (6.6 %) and
cyclooctanol (6.1 %). The formation of oxidation products in higher
amounts in the case of cyclooctane might be associated with an
increased stability of cyclooctyl radicals that are more prone to undergo
oxidation rather than carboxylation.

2.4. Proposed mechanism

Based on the obtained experimental evidence including selectivity
parameters summarized in Table 1, as well as prior literature back-
ground on copper-catalyzed oxidation and carboxylation of alkanes
[57-59,68], there is a clear evidence for free-radical mechanisms in
oxidative functionalization of alkanes catalyzed by the present type of
corrole/porphyrin copper complexes. The main mechanistic steps are
depicted in Scheme 5 for cyclohexane as a model substrate.

In brief, the oxidation of cyclohexane (CyH) involves the generation
of HO® radicals via interaction of Cu catalyst with hydrogen peroxide
(step 1.1), the reaction of hydroxyl radicals with cyclohexane results in
the abstraction of H atom and formation of cyclohexyl radical Cy*® (step
1.2), the interaction of Cy® with Oy (from air or formed from H202
decomposition) to form CyOO* radical (step 1.3), the transformation of
CyOO?* to cyclohexylperoxide anion (step 1.4), the formation of CyOOH
as a primary intermediate product (step 1.5), and decomposition of
cyclohexyl hydroperoxide (CyOOH) into the final cyclohexanol CyOH
and cyclohexanone Cy’=0 products (step 1.6).

The main steps of the carboxylation reaction include the homolysis of
persulfate anion 5205* to give sulfate radical SO4e (step 2.1), the
abstraction of a hydrogen atom by the reaction of SO4e” with cyclo-
hexane to give cyclohexyl radicals Cye (step 2.2), the carbonylation of
Cye by carbon monoxide to generate acyl radicals CyCOe (step 2.3), the
formation of CyCO™ upon oxidation of acyl radicals involving copper-
based redox couple (step 2.4), and the hydrolysis of CyCO+ to obtain
the final carboxylic acid product (step 2.5).

3. Conclusions

In the present study, new corrole copper complexes Cu-C; and Cu-Cy
were successfully prepared and fully characterized. Their efficiency as
bioinspired catalysts was evaluated in the oxidative functionalization of
cycloalkanes and compared with that of a porphyrinic copper complex

Table 2
Mild Cu-catalyzed carboxylation of Cs-Cg cycloalkanes with Cu-C;/CO/K2S>0g/
H,O system®.

Alkane Product Yield, %" Total Yield, % TON®
RH R-COOH R=0 ROH

CsHio 25.2 1.4 0.7 27.3 55
CeHi2 31.0 0.6 0.2 31.8 64
CHua 21.2 4.2 25 27.9 56
CgHis 10.1 6.6 6.1 22.8 46

@ Reaction conditions: cycloalkane: CsH;o-CgHj (1.0 mmol), catalyst Cu-Cy
(5 umol), H>0 (2 mL)/MeCN (4 mL), CO (20 atm), K»S,0g (1.5 mmol), 4 h, 60 °C,
stainless steel autoclave (20 mL). PYields are based on cycloalkane: (moles of
products per mol of alkane) x 100 %. “Moles of carboxylation products per mol
of catalyst.



C.I.M. Santos et al.

Cu catalyst
1/, H,0, —a
(1.1 (1.2)

(1 4) . Alr
Cu cata\yst (1 3)
Oxidation

O
(1 6) C
o

He | (25)

e

@
O

Molecular Catalysis 587 (2025) 115470

« Cu catalyst s 5
SO, -«—— 1/,5,0,
Y Y 22 N A (2.1) 27278

Q/

CcO // (2 4)
. —_— Ce
(2.3) Cu catalvst

Carboxylatiton

H,0 [ -H*
(2.5)
>0
/

HO

Scheme 5. Proposed reaction mechanism for oxidation (pathways 1.1-1.6) and carboxylation (pathways 2.1-2.5) of cyclohexane as a model substrate.

Cu-P,. For the synthesis of corrole Co with a glycol unit, we found that
the use of microwave irradiation allowed to reduce the reaction time
from 8 h under conventional heating to 15 min, and increase the reac-
tion yield.

In addition to enlarging the family of copper corrole/porphyrin
complexes, the obtained compounds show various catalytic features in
two model reactions studied. These include (i) the mild oxidation of
cycloalkanes with hydrogen peroxide to give cyclic alcohols and ke-
tones, and (ii) the hydrocarboxylation of cycloalkanes with CO, H,O and
persulfate oxidant into the corresponding cycloalkane carboxylic acids.
As typically observed in homogeneous catalysis, the present copper
catalysts are not completely intact in the reaction systems containing
oxidant, as thus act as precursors for copper-based catalytically active
species. Further research on the heterogenization of copper corrole/
porphyrin complexes to improve stability and enable their recyclability
should be pursued.

Considering the inertness of alkanes and the mild reaction conditions
(H20-CH3CN medium, 50—60 °C), the obtained catalyst turnover
numbers (TONs) and product yields are appreciable in the field of mild
oxidative transformation of alkanes. For example, an industrial oxida-
tion of CgHjy into cyclohexanol and cyclohexanone (known as KA oil
and used as intermediate in nylon-6 production) relies on a homoge-
neous cobalt catalyst and requires harsher conditions (150—160 °C),
resulting in generally low total product yields (5—10 % based on
cyclohexane) [72,73]. Although the direct comparison of the observed
catalytic activity with other corrole/porphyrin catalysts is difficult to
realize due to a limited amount of data available and distinct reaction
conditions used (e.g., different oxidants and oxidant-to-substrate molar
ratios), the present catalytic systems show the activity that is superior or
comparable to other Cu-based catalysts in oxidative functionalization of
cycloalkanes [57-59,68]. Notably, the main advantages of the devel-
loped herein systems and reaction protocols consist of low reaction
temperatures, high selectivity toward main products, and the
additive-free conditions (for example, no need for acid promoter in
cycloalkane oxidation).

In the oxidation of cyclohexane, the corrole complexes Cu-C; and
Cu-Cy showed a better performance when compared with the porphyrin
complex Cu-Py. The performance of Cu-C; was even better when the
studies were extended to C7H14 and CgH; ¢ substrates, leading to the total
product yields of ~20 %. Hydrogen peroxide was the best oxidant in
these oxidative reactions. The elimination of the induction period (~2 h)
by using the UV light irradiation represents an interesting feature and
corroborates the involvement of hydroxyl radicals as oxidizing species.
This conclusion on a radical type process is further confirmed by

evaluating the selectivity parameters. The results obtained in the
hydrocarboxylation of cycloalkanes in the presence of Cu-C; were also
promising, with the best performance observed when using CgHj2, fol-
lowed by C5H10, C7H14, and C8H16.

The obtained copper compounds can also be considered as bio-
inspired catalytic systems with relevance to Cu-containing oxidizing
enzymes, including the particulate methane monooxygenase (pMMO),
which can catalyse the oxidation of inert C—H bonds in alkanes and
other substrates. Additional studies dealing with the synthesis of novel
copper corrole/porphyrin catalysts and their immobilization into
various supporting materials are in progress.

4. Experimental
4.1. Synthesis of copper complexes

Synthesis and analytical data of corrole derivatives. The free-base
5,10,15-tris(pentafluorophenyl)corrole C; was synthesized as
described in the literature [74]. Its purity was confirmed by thin layer
chromatography (TLC) and 'H NMR spectroscopy. 5,10,15-Tris-(penta-
fluorophenyl)corrolatocopper(IlI) Cu-C; was prepared using copper(II)
acetate and following the procedure reported by Cao et al. (Scheme
1-Via A) [75].

Analytical data for Cu-C; (Figs. S1A-S1D): 'H NMR (500 MHz,
CDCl3), & (ppm) and J (Hz): 8.58-8.62 (m, 4H, H-p), 8.77 (d, J = 4.8 Hz,
1H, H-p), 8.80 (d, J = 5.0 Hz, 1H, H-p), 9.14-9.10 (m, 2H, H-p). 1°F NMR
(282 MHz, CDClg), & (ppm) and J (Hz): —136.69 (dd, J = 23.1, 7.1 Hz,
4F, Forto), —135.91 (dd, J = 22.0, 7.3 Hz, 2F, Forto), —151.83 to
—151.98 (m, 3F, Fpara), —160.36 to —162.58 (m, 6F, Fmeta). HRMS-ESI
(+), CHCl3: m/z calculated for Cs;HgCuF5N4 [M]" 855.976821; found:
855.97999. UV-vis (CH,Cly), Amax in nm (log €): 410 (4.51), 419 (4.08),
565 (3.79), 608 (3.42). FTIR (KBr, em™)): 3314 (m, O-H stretching),
3038 (w), 3021 (w, C-H pheny), 1604 (m, C=C stretching), 1583 (m),
1477 (m), 1446 (m), 1349 (s), 1182 (m, C-O-C asymmetrical axial
deformation), 1016 (m, C-O-C, symmetric axial deformation), 974 (s),
798 (s), 703 (s).

Corrole Cu-Cy was synthetized under microwave irradiation.
Ethylene glycol (2.09 mmol, 130 mg) and K>COs3 (0,0625 mmol, 8.7 mg)
were added to a solution of 5,10,15-tris(pentafluorophenyl)corrole C;
(0031 mmol, 25.0 mg) in DMSO (1 mL) and transferred into a glass
reactor. The reaction was carried out during 15 min under the micro-
wave irradiation conditions (150 °C, 1 mbar pressure). After reaction,
the solvent was evaporated under reduced pressure and the reaction
mixture was washed with water (10 mL) and extracted with CH,Cl, (15
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mL). The organic phase was collected, dried over NaySOy4, and the sol-
vent was removed under reduced pressure. Preparative TLC was used to
purify the crude solid, using a mixture of chloroform-methanol (9:1) as
the mobile phase. The purification allowed to separate the starting
corrole C; (first fraction) from the mono-substituted corrole Cy (second
fraction), which was isolated in 61 % (15.8 mg) yield.

Subsequently the free-base corrole Co was metallated with copper(II)
acetate, by modifying the conventional methodology reported by Cao
et al. [32] Briefly, C (0.02 mmol, 17,2 mg) was dissolved in 15 mL of a
CHCl3:MeOH (1:1) mixture and an excess of copper(Il) acetate (0.06
mmol, 11,3 mg) was added. The resulting reaction mixture was stirred
for 1 h at room temperature. Then, the solvent was removed under
reduced pressure and the resulting solid was washed thoroughly with
water to remove the excess of Cu(Il) acetate to give Cu-Cg in 89 % (16.2
mg) yield (Fig. S2A-S2D).

Analytical data for Cu-Ca: 1 NMR (300 MHz, CDCl3), 6 (ppm) and J
(Hz): 1.55 (broad s, 1H, OH), 4.09 (t, J = 4.3 Hz, 2H, CHy), 4.64 (t, J =
4.3 Hz, 2H, CHy), 8.58-8.56 (m, 4H, H-), 8.77 (d, J = 4.5 Hz, 1H, H-p),
8.82 (d, J = 4.5 Hz, 1H, H-p), 9.10-9.06 (m, 2H, H-p). '°F NMR (282
MHz, CDCls), & (ppm) and J (Hz): —133.61 (dd, J = 23.2, 7.1 Hz, 2F,
Forto), —134.14 (dd, J = 23.2, 8.6 Hz, 2F, Forto), —135.87 (dd, J = 22.0,
7.4 Hz, 2F, Forto), —148.82 (t, J = 22.5 Hz, 1F, Fpara), —149.36 (t, J =
22.5 Hz, 1F, Fpara), —153.36 (dd, J = 23.2, 8.6 Hz, 2F, Fmeta), —157.99
(dt, J = 22.0, 7.4 Hz, 2F, Fmeta), —158.44 (dt, J = 23.2, 7.3 Hz, 2F,
Fmeta). HRMS-ESI(+), CHCls: m/z calculated for CggH;3CuF14N402
[M]": 898.014384; found: 898.01054. UV-vis (CH2Cls), Amax in nm (log
€): 410 (4.21), 435 (4.06), 551 (3.67), 598 (3.36). FTIR (KBr, em ™)
3439 (m), 2931 (w), 2894 (w), 2430 (w), 1647.8 (w), 1484 (s), 1431(s),
1369(s), 1280 (m), 1165 (m), 1070 (s), 981 (s), 929 (s), 792 (w), 760
(w).

Synthesis and analytical data of porphyrin derivatives. The 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin ligand Py (Scheme 1 - Via B) was
obtained through the condensation of pyrrole with the adequate alde-
hyde in oxidative acidic conditions [76]. Subsequently, this ligand was
structurally modified via nucleophilic substitution of one p-fluorine
atoms by a glycol unit, as described previously [67]. The metallation of
the resulting free base porphyrin Py with Cu(OAc)- afforded the desired
copper(Il) derivative Cu-Py [63]. Briefly, to a solution of the free base
porphyrin Py (0.1 mmol, 50 mg) in CHCl3 (30 mL), a solution of Cu
(OAc)3 (1.35 mmol, 270 mg) in MeOH (10 mL) was added. Then, the
resulting mixture was refluxed at 70 °C during 24 h under a N atmo-
sphere. After this period, the solvent was evaporated under reduced
pressure. Subsequently, the residue was dissolved in CHCl3 (50 mL), and
the resulting solution was washed twice with water, dried over anhy-
drous NaySOy, filtered and concentrated to afford the target compound
Cu-P; as a dark red solid in 98 % (46.0 mg) yield.

Analytical data for Cu-Py (Fig. S3A): ATR-FTIR (main bands, cm’l):
3439 (m), 2974 (w), 2958 (w), 1743 (w), 1649 (s), 1121 (m), 1019 (s),
916 (s), 810 (s), 732(m), 724 (w). HRMS-ESI(+), CHCl3: m/z calculated
for C46H14CuF19N405 (M+H)™: 1078.1008; found: 1078.0034. UV-vis
(CHyCly), Amax in nm (log €): 408 (4.27), 536 (3.62), 571 (3.43).

4.2. Catalytic studies

Oxidation of cyloalkanes. The reactions were carried out in thermo-
stated glass reactors (coated by aluminum foil) coupled with a
condenser, in air atmosphere under vigorous stirring at 50 °C. The total
reaction volume including all reagents and acetonitrile solvent was 2.5
mL. In a typical procedure, each Cu catalyst (5 pumol) was introduced
into CH3CN solution, followed by the addition of an acid promoter
(optional, 50 umol) and of the gas chromatography (GC) internal stan-
dard (CH3NOj, 250 pL). Then, each cycloalkane (1.0 mmol) and the
oxidant were added. As oxidant, hydrogen peroxide (5.0 mmol, 50 % in
H20) was typically used, although some tests were also performed with
tert-butyl hydroperoxide (2.0 mmol, 70 % in H30) or tert-butyl ben-
zoylperoxide (2.0 mmol, 95 %). The oxidation reactions were followed
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by withdrawing small aliquots of the reaction mixture at different time
periods and analyzed by GC. Prior to GC analyses, the aliquots were
treated with an excess of solid PPhj for possible reduction of cycloalkyl
hydroperoxides (primary products in cycloalkane reactions) and
remaining oxidant. In some cases, the aliquots were analyzed twice:
before and after the addition of PPhg. As final oxidation products, cyclic
alcohols (e.g., cyclohexanol) and ketones (e.g., cyclohexanone) were
detected and quantified by GC and/or GC-MS methods within the
studied interval of time. However, at a more prolonged reaction time,
some overoxidation products (e.g., cyclic dialcohols and diketones) can
be detected in minor amounts. Typical selectivity of the oxidation re-
actions to the main cyclic alcohol and ketone products was above 95 %.

Carboxylation of alkanes. In a typical procedure, Cu catalyst (5 pmol),
H20 (2.0 mL), CH3CN (4.0 mL), cycloalkane (1.0 mmol) and K3S20g
(1.50 mmol) were introduced into a stainless steel autoclave (total
volume of 20.0 mL). Then, the autoclave was closed, flushed and pres-
surized with CO (20 atm). The reaction mixture was stirred at 60 °C for 4
h using oil bath and magnetic stirrer. After this period, the autoclave was
cooled in an ice bath, degassed, and opened. The reaction mixture was
transferred to a glass flask. EtoO (9.0 mL) and GC internal standard
(cycloheptanone or cyclohexanone only in the case of C;H4 carboxyl-
ation, 45 uL) were added. After stirring the obtained mixture for 10 min,
the aliquots were taken from an organic layer. These were subjected to
GC analysis for the quantification (internal standard method) of car-
boxylic acids as main products; cyclic alcohols and ketones also formed
in lower amounts as byproducts of the competing cycloalkane oxidation
reactions. No other byproducts were detected within the studied interval
of time (4 h). GC peaks were attributed by comparing the obtained
chromatograms with those of commercially available samples of
products.
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