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The development of heterogeneous catalysts for hydrocarbon oxidation by molecular oxygen as oxidant is an
area of increasing interest from academia and chemical industry points of views. Herein, the catalytic activity of
two-dimensional (2D) porphyrin metal-organic frameworks (MOFs) constituted by Co
sition metal ions coordinated to tetra(4-carboxyphenyl)porphyrin (TCPP) organic ligand as heterogeneous cat-
alysts for the aerobic oxidation of benzylic hydrocarbon oxidation is reported. Selective radical quenching

2+ cu*or Mn®" as tran-

experiments and in-situ Raman measurements reveal the formation of superoxide/hydroperoxide and hydroxyl
radicals during the catalytic reaction using Co-CoTCPP.

1. Introduction

Aerobic oxidation of hydrocarbons is a very important reaction that
is carried out at large industrial scale [1-4]. The main problem of this
fundamental reaction is the control of the product selectivity [5,6]. In
one general strategy this control on product selectivity can be carried
out using a catalyst that drives the reaction towards a few products and
minimizes the occurrence of free radical chain reactions taking place in
the liquid phase due to the presence of reactive oxygen species (ROS) [7,
8].

Among the most important aerobic oxidation catalysts, transition
metal complexes are the most widely used [9,10]. Finding inspiration in
enzymatic monooxygenase activity [11], transition metal porphyrins in
combination with hydrogen peroxide or organic hydroperoxides have
been among the most studied oxidation catalysts [12-14]. Cobalt as well
as other transition metal-based porphyrins can also promote aerobic
oxidations, since they are able to activate molecular oxygen by inter-
acting with it [15-18]. However, the main drawbacks of metal por-
phyrins as homogeneous catalysts in aerobic oxidations are their
deactivation by di- and oligomerization due to the formation of
metal-oxo bridges connecting porphyrin units and also the occurrence of
free radicals processes that ultimately can lead to degradation of the
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valuable porphyrin ring [19,20].

As one alternative to the use of soluble or molecular porphyrin
complexes, immobilization of the porphyrinic metal complex into a
porous host has been a common strategy to develop porphyrin-based
heterogeneous catalysts for a wide range of applications [21-23]. Up
to now, most of the porous hosts correspond to three dimensional par-
ticles in which porphyrins are occluded, as in the case of zeolites and
mesoporous aluminosilicates[24,25] or form in part of the lattice as in
the case of conventional three dimensional metal-organic frameworks
(MOFs) [21]. It appears that immobilization of metal porphyrins in the
highly porous open structure of MOFs impedes oligomerization and in-
creases porphyrin stability and by introducing steric hindrance to their
attack to the organic macro ring.

Due to their high surface area, large porosity, adequate pore di-
mensions, the high metal content and the presence of open metal sites
[26], MOFs have become among the most widely researched solid cat-
alysts in heterogeneous catalysis [27-32]. In the context of exploiting
the potentials of Co-porphyrin based MOFs [32,33], it would be
important to determine the catalytic activity of 2D analogues of 3D
MOFs as catalysts for aerobic oxidations. 2D MOFs are thin platelets of
thickness dimensions[34,35] of a few nanometers that correspond to a
countable number of cages in the structure along the vertical direction.
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This small thickness allows a much higher exposure of the active sites
and also much easier diffusion of reagents and substrates through the
material [36]. Moreover, as it has been reported [37], an advantage of
2D MOFs can be their improved structural stability. Therefore, it would
be of interest to assess the catalytic activity of 2D MOF porphyrins in
general reactions such as aerobic oxidations.

Herein, we report the preparation and characterization of 2D
porphyrin-based MOFs and their performance as heterogeneous cata-
lysts in aerobic oxidation of indane as well as diphenylmethane and
tetralin. As a probe, we have selected indane since it has only one
benzylic position, making simpler product analysis. The oxidation re-
actions were performed under solvent free conditions using molecular
oxygen as oxidizing agent at ambient pressure and temperatures about
140 °C. Essentially complete indane conversion was achieved, Co-
porphyrin catalyst being stable and reusable. Hot filtration test in-
dicates that the reaction occurs with the presence of 2D MOF, the free
radical chain mechanism contributing to a minor percentage using these
2D MOF catalysts.

2. Experiments and materials
2.1. Materials

The reactants and reagents employed in this study were of analytical
or HPLC grade. Cobalt nitrate (Co(NOs3)2-6H20), zinc nitrate (Zn
(NO3)2-6H20), copper nitrate (Cu(NOs)3), N,N-dimethylformamide
(DMF), nitric acid (HNOg3) and ethanol (EtOH) were purchased from
Sigma-Aldrich. Meso-tetra-(4-carboxyphenyl)porphyrin (TCPP) and Mn
(III) meso-tetra-(4-carboxyphenylporphyrin chloride (Mn(III)TCPP)
were purchased from Frontier Scientific®. Cobalt (II) 5,10,15,20-tetra-
(4-carboxyphenyl)porphyrin ~ (Co-TCPP) was purchased from
PorphyChem.

2.2. Catalysts preparation

2D Co-CoTCPP MOF synthesis. The notation Co-CoTCPP alludes to the
two different Co®* ion positions, at the metal nodes of the MOF and
complexing the porphyrin macrocycle. Co(NO3)2-6H20 (160 mg) and
TCPP (145 mg) were dispersed in a solvent mixture containing DMF (28
mL) and EtOH (9 mL). Subsequently, 370 pL of 0.1 M HNO3 (diluted 1:1
in HoO/EtOH) was added. The dispersion was sonicated and heated at
80 °C for 24 h. The resulting dark red solid was isolated by filtration and
washed with DMF. Finally, the material was further purified with
methanol in a Soxhlet extractor and dried under vacuum at 80 °C
overnight. For comparison purposes, Zn-ZnTCPP and Cu-CuTCPP were
also prepared following exactly the same procedure previously reported
for Co-CoTCPP, but replacing Co(NO3)2-6H20 by the corresponding
metal salt, either Zn(NO3)5-6H20 or Cu(NO3), for Zn-ZnTCPP or Cu-
CuTCPP, respectively. Co-CoTCPP, Zn-ZnTCPP and Cu-CuTCPP yields
were of 57 %, 70 % and 48 %, respectively. The obtained 2D MOFs were
used in the catalytic reactions without further treatments.

Syntheses of 2D Co-MnTCPP and Mn-MnTCPP MOFs: Co(NO3)2-6H20
(45 mg) or Mn(CH3CO3)3-H20 (27.5 mg) salt, pyrazine (12 mg) and
polyvinylpyrrolidone (PVP; 300 mg) were first mixed in a solvent
mixture containing DMF (135 mL) and EtOH (45 mL). On the other
hand, Mn(III) TCPP (66 mg) was dissolved in a mixture of DMF/EtOH (45
mL/15 mL). Subsequently, the pyrazine and PVP solution was added
dropwise to the Mn(III) TCPP solution, sonicated and heated at 80 °C for
24 h. The resulting solids were isolated by filtration and washed with
DMF. Finally, the material was further purified with methanol in a
Soxhlet extraction system and dried under vacuum at 80 °C overnight.

2.3. Characterization methods

PXRD patterns were acquired with a Shimadzu XRD-7000 diffrac-
tometer employing a Cu k, irradiation source (\=1.5418 A) operating at
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40 kw and 40 mA. All data acquisition was done at a scanning speed of
10 °/min in the 20 range 2-90 °. The chemical composition of all sam-
ples was determined via combustion chemical analysis employing a
CHNS FISONS elemental analyzer. DR UV-VIS spectra were acquired
using a Varian Cary 5000 spectrophotometer in the range 200-800 nm.
ATR-FTIR spectra were acquired with a Bruker Tensor 27 instrument
equipped with a diamond ATR accessory. XPS analyses were recorded
through a SPECS spectrometer equipped with a Phoibos 150 MCD-9
detector. The nonmonochromatic X-ray source composed of Al and Mg
was operated at 200 W. Before data acquisition, the samples were
evacuated at 10~ mbar in the spectrometer prechamber. The measured
intensity ratios of the components were obtained from the area of the
corresponding peaks after nonlinear Shirley-type background subtrac-
tion and corrected by the transition function of the spectrometer. FESEM
images were acquired using a ZEISS GeminiSEM 500 electron micro-
scope. The samples were applied directly on the support and subse-
quently investigated. TEM images were recorded via a JEOL JEM 2100F
microscope operating under an accelerating voltage of 200 kV. The
samples were uniformly dispersed in an ethanol solution and subse-
quently dropped casted on carbon coated Ni TEM grids which were
allowed to dry at room temperature. AFM measurements were carried
out in a Bruker Multimode 8 Nanoscope instrument with a vertical
resolution of 3 A and a horizontal resolution of 5 nm. In-situ Raman
spectra were recorded at ambient temperature with a 514 nm excitation
laser on a Renishaw “in Via” spectrophotometer equipped with an
Olympus optical microscope and a CCD detector. 20 mg of sample was
loaded into a quartz cell adequate for in-situ Raman studies. After
evacuating the cell (p < 10 mbar), Ar, Oy and Ar were introduced up to a
total pressure of ~1 bar. Raman spectra were recorded with a 514 nm
laser excitation on a Renishaw Raman Spectrometer (“Refelx”) equipped
with a CCD detector. The laser power on the sample was 25 mW and a
total of 20 acquisitions were taken for each spectrum. A commercial
Linkan cell (THMS600) was used for collecting spectra under controlled
conditions. Thus, the sample was first subjected to Ar flow (20 mL/min)
at 120 °C for 3 h. Afterwards, the gas was changed to O3 (20 mL/min) at
the same temperature. Finally, the O, flow was changed to Ar at the
same temperature. Oxidation products were confirmed by comparing
the retention times and mass spectra of the reaction products with
authentic commercial samples using gas chromatography coupled with
mass spectrometer (GC-MS) 5977C GC/MSD Agilent instrument.

2.4. Catalytic reaction procedure

In a typical catalytic experiment, previously activated solid catalyst
(5 mg) at 140 °C under vacuum for 6 h placed in a round-bottom flask
(25 mL) was charged with 2.5 mL of freshly distilled indane free of
stabilizers. This slurry was placed on a hot plate and maintained at 140
°C, while purging with an oxygen flow without touching the liquid from
an inflated balloon under constant magnetic stirring. Aliquots were
periodically taken at different time intervals to monitor the reaction
mixture. A known volume of the aliquot was diluted in a known volume
of a solution of acetonitrile containing a known amount of nitrobenzene
as external standard. During sampling at different time intervals, the
round bottom flask was sealed with septum and the aliquots were taken
through a syringe. These samples were injected into Agilent gas chro-
matography (GC) using a flame ionization detector. The products were
confirmed by co-injecting with authentic commercial samples of the
oxidation products . Further, the oxidation products were also confirmed
by GC-MS, comparing retention times and mass spectra with commer-
cial samples as reference. These procedures were repeated in those ex-
periments to determine the influence of radical quenchers by performing
the above reaction with 20 mol % of p-benzoquinone or dimethyl sulf-
oxide respect to the substrate. On the other hand, hot filtration tests
were performed as indicated above, but the solid catalyst was removed
by filtration with the nylon filter with syringe after initiation of the re-
action at above 25 % conversion. This reaction mixture without the solid
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Fig. 1. PXRD pattern of Co-CoTCPP (black) and simulated single crystal pattern
(red). Inset shows a scheme of the proposed structure.

catalyst was allowed to react further under the same conditions in the
absence of any solid until the end of the reaction. Later, the organic
phase was analysed for the presence of metals by extracting it with 30
mL of 3 M aqueous HNOs solution and the aqueous solution submitted to
chemical analysis using an ICP-AES instrument (Varian 715-ES, CA,
USA).

3. Results and discussion
3.1. Catalysts preparation and characterization

The 2D-based MOFs under study have been prepared based on pre-
vious reported procedure[26] with some modifications, and the exper-
imental details can be found in the in experimental section. The
synthesis was performed with the solvents of DMF containing ethanol in
a 3-to-1 proportion acidified with aqueous nitric acid. The synthesis was
carried out at 80 °C for 24 h. Besides 2D MOFs of a single metal (Co, Zn,
Cu and Mn), other analogous material having Co at the MOF nodes and
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Mn at the porphyrin ring was also prepared (see experimental proced-
ures) for comparison purposes (vide infra). Fig. 1 shows the powder XRD
pattern of Co-CoTCPP (Fig. S1 shows an extended diffraction pattern
acquired up to 90 °) and the simulated diffraction pattern for a Co-
CoTCPP single crystal model. This is in good agreement with previous
reports [38,39], where the main diffraction peak at a 20 value of 7.6° has
been attributed to the 110 facet [40]. The differences between the
experimental and simulated XRD patterns at long angles has been pre-
viously observed in the literature and attributed to the stacking of the
Co-CoTCPP sheets in comparison to the single crystal model. [40]
Furthermore, no peaks that could be attributable to cobalt oxides,
including the most intense ones at 37 and 42 °, were recorded. The XRD
patterns of Zn-ZnTCPP, Cu-CuTCPP, Mn-MnTCPP and Co-MnTCPP are
also presented in Fig. S2. These XRD patterns are also very similar to
those reported in the literature [41-43].

Co-CoTCPP MOF morphology corresponds to an ultrathin 2D layered
material, as it can be observed from the TEM and AFM images in Fig. 2,
and TEM and HRFESEM images in Fig. S3. The TEM images (Figs. 2a and
b) show that the solid is constituted by ultrathin 2D platelets of several
microns lateral size, exhibiting the presence of wrinkles, indicative of
the material flexibility, similarly to other ultrathin 2D materials, such as
graphene. Measurements in AFM images of Co-CoTCPP (Fig. 2¢) show
that this 2D MOF has an average thickness of 5.42 + 0.55 nm. This small
thickness can also be visualized in TEM images at high resolution that
shows the border of the sheets (Fig. 2b). TEM images of Zn-ZnTCPP and
Cu-CuTCPP MOFs also confirm their 2D morphology (see Fig. S4).

The metal content in the different 2D MOFs was determined by
elemental ICP-OES measurements, and a summary of the obtained
values is presented in Table S1. The Co content in Co-CoTCPP was 13.35
wt.%, while Zn, Cu and Mn contents were 17.90, 17.65 and 10.00 wt.%
for Zn-ZnTCPP, Cu-CuTCPP and Mn-MnTCPP, respectively.

Further investigation of the chemical composition and coordination
sphere of the elements of the synthesized 2D Co-CoTCPP MOF was
carried out by XPS (Fig. S5). The high-resolution XPS C 1 s peak on Co-
CoTCPP shows three components centered at 284.5, 285.4 and 288.6 eV,
attributable to sp2 C atoms, C atoms bonded to N and O—C = O bonds,
respectively. The high-resolution XPS O 1 s spectrum peak fits also with
three components at 529.2, 531.6 and 533 eV binding energy that can be
assigned to Co-O, C = O and C—OH bonds, respectively. The N 1 s
spectrum shows two main components at 398.2 and 399.5 eV, ascribed
to pyridinic N atoms and amine moieties (or other sp® C atoms bonded to

6.9 nm

-8.0 nm

nm

Fig. 2. TEM (a and b) and AFM images of Co-CoTCPP MOF (c). The thickness of Co-CoTCPP nanosheets across white lines indicated in panel ¢ has been measured in

the AFM vertical profile with sub-nanometric resolution (d).
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Fig. 3. (a) Aerobic oxidation of indane with various 2D MOFs. Legend: 2D MOFs having as porphyrin metal Co (H), Cu (o), Zn (A) and Mn (). (b) Selectivity-
conversion plot for the aerobic oxidation of indane using Co-TCPP MOF. Indanone (@, Sone) indanol (a, Sol), indane hydroperoxide (v, SOOH)). Reaction condi-
tions: Catalyst (5 mg) activated under vacuum overnight at 140 °C, 20 mmol indane, 140 °C, under oxygen atmosphere through balloon. Note: the error bars

correspond to the standard deviation of two independent catalytic test repetitions.
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Fig. 4. Influence of reaction temperature on the aerobic oxidation of indane
using Co-CoTCPP as catalyst. Reaction conditions: Co-CoTCPP (5 mg) activated
under vacuum overnight at 140 °C, 20 mmol indane, temperature as mentioned
in the figure, under oxygen atmosphere through balloon.

N) [44]. It is worth noticing that the typical component related to free
amino groups at 401.7 eV has not been observed, and, therefore, we can
assume that -NH moieties are not present and that all the N atoms are
coordinated Co. Finally, the high-resolution Co 2ps,; spectrum shows
two components at 780.2 and 781.9 eV, attributed to Co?* coordinated
to O and Co in the porphyrin complex, respectively [44-46]. These data
confirm not only the presence of the Co-porphyrin complex but also
Co?* forming the nodes in the 2D MOF.

Further confirmation of TCPP metalation in the different 2D MOFs is
provided by the diffuse reflectance (DR...) UV-Vis spectra presented as
Fig. S6. As can be seen there, the typical four Q bands in the free base
porphyrin (TCPP) in the visible region cannot be observed, and, instead,
two main bands characteristic of the different metals coordinated in
porphyrin ring are recorded [47].

3.2. Catalytic activity

After ascertaining the structural integrity and characteristic features
of the as-synthesised 2D MOFs, the catalytic activity of these materials
was tested in the aerobic oxidation of indane at 140 °C under solvent-less
conditions. Among the series of the four monometallic 2D MOFs, the
activity of Co-CoTCPP was significantly higher compared to the analo-
gous Cu, Zn and Mn 2D MOFs (Fig. 3a). Co-CoTCPP not only provides
high conversion of indane, but this Co MOF also exhibits higher initial

OH O
Co-CoTCPP
_ +
o7}
Tetralin Tetranol Tetralone
(0]
Co-CoTCPP O O
B —
oF}
Diphenylmethane Benzophenone

Scheme 1. Aerobic oxidation of tetralin and diphenylmethane using Co-
CoTCPP MOF as a catalyst.

reaction rate than that of Zn-ZnTCPP, Cu-CuTCPP, Mn-MnTCPP, and
higher selectivity to indanol (4 %) and indanone (92 %) after 22 h at 140
°C is observed (Figs. S7-S8). It should be noted that the presence of
hydroperoxides, dimeric compounds and other products is highly un-
desirable in the reaction. Notably, the observed catalytic results are in
good agreement with literature reports, where Co is the preferred metal
to efficiently promote aerobic oxidation reactions [33]. The temporal
product evolution shown in Fig. 3b shows that indanone is a primary and
secondary stable product, while indanol and indanyl hydroperoxide are
primary but unstable products, becoming transformed into indanone.
The influence of the reaction temperature on the catalytic of Co-
CoTCPP MOF for the aerobic oxidation of indane was also studied.
Fig. 4 shows that both initial reaction rate and conversion at 22 h
gradually increases as a function of the temperature. In addition, Fig. 4b
shows that the catalytic data follows the Arrhenius plot with an esti-
mated apparent activation energy of 86 kJ/mol. Furthermore, the cat-
alytic performance of Co-CoTCPP MOF was tested with two other
benzylic hydrocarbons, namely tetralin and diphenylmethane under
identical conditions used for the aerobic oxidation of indane. For
instance, Co-CoTCPP MOF showed 15 % conversion of tetralin with the
selectivity to tetranol (23 %) and tetranone (77 %) after 22 h (Scheme 1,
Figs. S9-510). On other hand, the aerobic oxidation of diphenylmethane
using Co-CoTCPP MOF catalyst afforded 10 % conversion with complete
selectivity to benzophenone as product (Scheme 1, Fig. S11). These re-
sults indicate that Co-CoTCPP MOF can also promote the aerobic
oxidation of other benzylic substrates. It is noteworthy to mention that
the conversion of benzylic hydrocarbon depends on various factors, like
kinetic diameter of the substrate, its electronic nature, and effective
intimacy between the active site in Co-CoTCPP and the substrate.
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Fig. 5. (a) Hot filtration test and (b) reusability tests for aerobic oxidation of indane using Co-TCPP as solid catalyst. Reaction conditions: Co-CoTCPP (5 mg)
activated under vacuum overnight at 140 °C, 20 mmol indane, 140 °C, under oxygen atmosphere through balloon.
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Fig. 6. a) Influence of radical quenchers (indicated in the plot) on the conversion of indane with Co-CoTCPP catalyst; b) Raman spectra recorded for Co-CoTCPP
treated at 120 °C for 30 min consecutively with an Ar flow (b1), with an O flow (b2) and an Ar flow (b3). The peak labelled at 825 em ! in spectra b2 is

attributed to the O, bound to Co-CoTCPP.

One important issue that is relevant in heterogeneous catalysis is to
prove the stability of the catalyst under the optimized reaction condi-
tions. In this aspect, heterogeneity and reusability tests were performed
with Co-CoTCPP under the optimal reaction conditions and the observed
results are presented in Fig. 5a. Aerobic oxidation of indane was initi-
ated in the presence of Co-CoTCPP and the solid catalyst was removed at
the conversion around 25 % and the reaction mixture at this point in the
absence of solid was allowed to continue the reaction under the same
conditions until 24 h. Time conversion plots with and without solid
catalysts indicate that the reaction completely stops upon removal of the
solid, thus suggesting the heterogeneity of the process under these
conditions. Furthermore, this hot filtration test also proves the role of
Co-CoTCPP as a catalyst and not as a radical initiator generating some
free reactive oxygen species in solution that could continue indane
oxidation through a long chain radical reaction. In addition, leaching of
Co ions from Co-CoTCPP in the hot filtration test was quantified by
inductively coupled plasma analysis, observing undetectable amounts.
This analysis further confirms the stability of Co-CoTCPP under the
present experimental conditions.

Then, reusability experiments were performed, and the observed
catalytic data indicate that the solid is reusable at least up to five cycles
with no decrease in the initial reaction rate or in the final conversion
(Fig. 5b). These results clearly prove the catalytic stability of Co-CoTCPP
under reaction conditions. Further confirmation of the Co-CoTCPP sta-
bility obtained by characterization of the five times used material by
TEM (Fig. S12a) and chemical analysis of the liquid phases as well as the

resulting solid show a negligible loss of Co in the material. XPS analysis
after reusability experiments have been also carried out, and the results
are presented in Fig. S12 b. As can be seen there, the Co 2p 3/2 XPS peak
of Co-CoTCPP clearly presents a positive shift of 0.6 eV. This is indi-
cating a partial oxidation of the Co sites during the reaction. Further-
more, powder XRD of the fresh and five times used solid was compared,
observing that no structural deterioration are apparent after the use of
the sample in five consecutive oxidation reaction (Fig. S13).

3.3. Reaction mechanism

Initially, selective radical quenching experiments and in-situ Raman
measurements were carried out to characterize the possible formation of
ROS during the aerobic oxidation. For this purpose, p-benzoquinone and
DMSO were employed as selective superoxide/hydroperoxide and hy-
droxyl radical scavengers, respectively. Fig. 6a shows that once the re-
action has started (30 % conversion) addition of any of the two oxygen-
centered radical scavengers almost completely inhibits the reaction. The
fact that the reaction has started, and the conversion is notable ensures
that a sufficient stationary build-up of the ROS cocktail has taken place.
Based on previous reports about O, activation by heterogeneous cata-
lysts including MOFs [48,49], these observations can be interpreted
considering that superoxide/hydroperoxide radicals are the primary
species formed that ultimately leads to the formation of hydroxyl radi-
cals as secondary species. The coincidence of the quenching with the two
scavengers indicates that the main role in the indane oxidation is played
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Scheme 2. Proposed mechanism for the aerobic oxidation of indane catalyzed by Co-CoTCPP solid catalyst.

by hydroxyl radicals, since otherwise, DMSO would not have intercepted
the intrinsic activity of superoxide/hydroperoxyl and some progress in
indane conversion should have been observed in this case. Scheme 2
summarizes the reaction mechanism for the aerobic oxidation of indane
catalysed by Co-CoTCPP solid catalyst.

To further understand the role of cobalt species to activate molecular
O, towards the formation of ROS, in-situ Raman spectroscopic mea-
surements were carried out using Co-CoTCPP. For this purpose, the solid
catalyst was submitted to prior activation at 120 °C under Ar flow for 30
min to remove adsorbed water and other species. Subsequently, the
system was purged with Oy at 120 °C for additional 30 min trying to
simulate the reaction temperature. As it can be seen in Fig. 6b, this
treatment results in the formation a new Raman peak at 825 cm ™! that
can be attributed to the formation of cobalt peroxo intermediate [50,
51]. Later, the sample was submitted again to an Ar flow at 120 °C for 30
min, observing the complete disappearance of the band at 825 cm™!
indicating the reversible decomposition of the cobalt peroxo species

formed within the Co-CoTCPP MOF. The other vibration bands in the
Raman spectrum characteristic of Co-CoTCPP remain unaltered during
the in-situ treatments. These results would agree with the formation of
initial cobalt peroxo species that under the reaction conditions can lead
to the formation of hydroperoxyl and hydroxyl radicals as evidenced by
selective radical quenching experiments.

As commented before, Co-CoTCPP MOF have two possible active
sites, the Co?" coordinated in the porphyrin ring or/and the Co®"
clusters in the MOF nodes. To elucidate which Co ions are the actual
active sites, a commercial Co-TCPP metal complex and Co-MnTCPP have
been used as catalysts. The powder XRD and DR UV-Vis spectra of Co-
TCPP metal complex is presented in Fig. S14. Co-TCPP is character-
ized by the presence of Co?t coordinated in the porphyrin ring. In the
case of the Co-MnTCPP MOF the Mn®* ions are coordinated to the
porphyrin ring, while Co?" are present in the metal nodes of the solid. It
is worth reminding that the catalytic activity of 2D Mn-MnTCPP MOF
had been already tested and shows negligible activity for this reaction

Table 1
Data of indane oxidation catalysed with the porphyrin MOFs employed in this study.
Catalyst Con. Selectivity (%) Remarks
%
(%) indanol  indanone 1-indanyl
hydroperoxide
Co-CoTCPP 100 4 92 4 Co?* at the nodal positions or Co**complexed within the porphyrin ring acts synergistically to
promote the aerobic oxidation efficiently.
Co-TCPP 72 9 59 32 The activity is lower compared to Co-CoTCPP, probably due to the lack of Co*"ions in the metal
metal nodal positions.
complex
Co-MnTCPP 77 6 66 28 The activity is lower compared to Co-CoTCPP due to the lack of Co®"ions in the porphyrin ring.
Mn-CoTCPP 46 9 62 29 The activity is lower compared to Co-CoTCPP due to the lack of Go?*ions in the nodal positions.
Mn-TCPP - - — No activation of Oy
Mn-MnTCPP - - - No activation of O, either by Mn>* nodal position or by Mn>" coordinated with porphyrin

carboxylates.
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Table 2
Comparison of the activity of Co-CoTCPP with other reported solid catalysts for the oxidation of indane.
Catalyst Reaction conditions Conv. Sel. Remarks Refs.
(%) (%)
MIL-101 75 mg of catalyst, 20 mmol indane, 120 °C, Oy, 30 h. 98 64, 8 MIL-101 can generate carbon centered radicals in the presence of [52]
(Cr) molecular oxygen
Fe(BTC) 25mg of Fe(BTC), 1 mmol indane, 20 mg of 18 3,97 Fe(BTC) and tetrabutylammonium bromide promote the oxidation [53]
tetrabutylammonium bromide, 2 mL acetonitrile, Oy, 80 °C, through radical mechanism.
24h.
Co-MIL- 2 mg catalyst, 20 mmol indane, 120 °C, O, 30 h, 18h 100 95" Co-MIL-173(Zr) behaves as a heme-like heterogeneous catalyst [54]
173(Zr) activating O in the aerobic oxidation of indane
Co- 5 mg of catalyst, 20 mmol indane, 140 °C, O, 22 h. 100 92,4 Co peroxo complex is formed by reaction with O, and Co?* in This
CoTCPP porphyrin linker as well as in the metal node plays crucial role. work

# Selectivity refers to the percentage values for indanone and indanol, respectively.

b The original data report combined selectivity of indanol+indanone.

(Fig. 3a), and therefore, any activity in Co-MnTCPP should be reason-
ably attributed to the Co nodes. Co-TCPP metal complex and Co-
MnTCPP MOF showed 72 % and 77 % conversions after 22 h, respec-
tively. Further, Co-TCPP metal complex afforded 9 % and 59 % indanol
and indanone selectivity, while Co-MnTCPP MOF exhibit 6 % and 66 %
selectivity to indanol and indanone, respectively after 22 h. On the other
hand, the activity of Mn-CoTCPP was tested for the aerobic oxidation of
indane under identical conditions, observing 46 % conversion with 9 %
and 62 % selectivity to indanol and indanone, respectively. Interest-
ingly, no indane oxidation was observed for Mn-TCPP complex, this
result being in agreement with previously commented data on the ac-
tivity of 2D Mn-MnTCPP MOF. These data are presented in Table 1. The
activity of both samples indicates that both types of Co?" ions, either at
the MOF nodes coordinated with carboxylate groups (Co-CoTCPP) or the
porphyrin Co central ion (Co-TCPP) can promote the aerobic oxidation.
It should be noted, however, that the selectivity to the ol/one products
was lower than in the case of Co-MnTCPP, suggesting that there could be
an additional synergetic effect in the case of Co-CoTCPP.

Furthermore, the activity of Co-CoTCPP in the aerobic oxidation of
indane was also compared with other literature reports. As commented
earlier in the introduction, the activity of 3D MOFs has been extensively
studied in heterogeneous catalysis compared to their analogous 2D
MOFs. In this aspect, some of us have already reported the activity of
MIL-101 in the aerobic oxidation of indane [52]. MIL-101(Cr) exhibited
87 % selectivity at 30 % conversion, while the activity of MIL-101(Fe)
was 71 % selectivity at 30 % conversion. The enhanced selectivity to-
wards ol/one products with MIL-101(Cr) was due to the preferential
adsorption of indane within the pore system, thus facilitating higher
density of substrates near to the active sites. In another precedent, Fe
(BTC) was employed as a solid catalyst to promote the aerobic oxidation
of indane without using any initiators under mild reaction conditions
[53]. The catalytic data showed 18 % conversion of indane with 97 %
selectivity to indanol at 80 °C in acetonitrile as solvent using tetrabu-
tylammonium bromide as a cocatalyst. Although the above mentioned
three MOFs are 3D particles with different structural properties,
different active sites and the experimental reaction conditions could not
be exactly identical, the present solid, Co-CoTCPP shows better activity
and selectivity to ol/one compared to these three 3D solids. This result
illustrates the advantage of having accessible catalytic sites exposed on a
2D surface as compared to 3D porous materials in which reagent
diffusion and site accessibility can decrease the reaction rate [36].
Table 2 summarizes the catalytic activity for indane oxidation,
comparing the performance of Co-CoTCPP with other literature reports.
It should be noted that comparison of the catalytic activity of
Co-CoTCPP with other catalysts is complicated due to the differences in
the reaction conditions, including reaction temperature, time, solvent
and oxidant nature.

4. Conclusions

The 2D metal porphyrin MOFs of only a few nm thicknesses appear as
promising heterogeneous catalysts for the aerobic oxidation of hydro-
carbons. Using indane as probe in the absence of solvent, it has been
possible to achieve for Co-CoTCPP complete conversion using O, at at-
mospheric pressure as terminal oxidizing reagent. The process exhibits a
high selectivity to indanone at complete conversion. Other 2D por-
phyrinic MOF analogues of Zn, Cu and Mn exhibit poorer performance.
The 2D Co MOF is catalytically stable and reusable, hot filtration test
showing the absence of significant Co leaching and the fact that the
reaction is not promoted by free ROS in solution through a long prop-
agation chain reaction mechanism. An apparent activation energy of 86
kJ/mol was estimated from the influence of the reaction temperature on
the initial reaction rate. Quenching studies indicate that the reaction is
mostly promoted by hydroxyl radical generated through superoxide/
hydroperoxide intermediate. In-situ Raman spectroscopy upon heating
in the presence of O, at 120 °C reveals the appearance of a new band at
825 cm ™! that can be attributed to the Co peroxo complex formed by
reaction of molecular oxygen and Co?" porphyrin. Using models of Co?*
at the nodal positions or complexed within the porphyrin macro-ring
indicate that both types of Co" ions can promote the aerobic oxida-
tion. The present results illustrate the potential that 2D MOFs have as
heterogeneous catalysts of organic reactions with enhanced perfor-
mance compared to 3D MOFs, provided that the reaction conditions are
compatible with MOF stability.
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