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Heterogenized C-Scorpionate Iron(ll) Complex on
Nanostructured Carbon Materials as Recyclable Catalysts
for Microwave-Assisted Oxidation Reactions

Ana P. C. Ribeiro,” Luisa M. D. R. S. Martins,*® Sénia A. C. Carabineiro,*"!
Josephus G. Buijnsters,”” José L. Figueiredo,” and Armando J. L. Pombeiro®

The C-scorpionate iron(ll) complex [FeCl,(Tpm)] [Tpm =1>-
HC(C5H;N,)5] (1) was immobilized on five different nanostruc-
tured carbon materials (nanodiamonds, graphene nanoplate-
lets, graphene oxide, reduced graphene oxide, and nanohorns)
to produce active, selective, and recyclable catalysts for alkane
and alcohol oxidations. The heterogenized systems (including
the first ever reported complexes supported on carbon nano-
horns) exhibited good activity concomitant with rather high
selectivity to the formation of ketone alcohol (KA) oil (cyclo-
hexanol and cyclohexanone mixture, yields up to 29%) from

Introduction

Currently, industrial catalytic oxidations are one of the most
important processes to produce useful value-added chemical
compounds from petroleum-based materials."! However, sever-
al are energy-intensive low efficiency processes and the search
for efficient, selective, environmentally benign, and economic
catalytic oxidation methods towards the sustainable develop-
ment of chemical processes is urgent.

Many of the green benefits of homogeneous catalytic sys-
tems arise from designed catalysts based on transition metals
with appropriate ligands. Tris(pyrazol-1-yl)methane transition-
metal complexes have already been successfully applied as ho-
mogeneous catalysts for relevant industrial oxidation reactions,
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microwave-assisted oxidation of cyclohexane, and allowed
their easy recovery and reuse, at least for five consecutive
cycles maintaining 90.3% of the initial activity. Moreover, the
functionalized nanodiamond supports (used for the first time
as supports for iron complexes) were also able to effectively
(yields up to 97%) catalyze the microwave-induced oxidation
of 1- and 2-phenylethanol to acetophenone and 2-phenylace-
taldehyde, respectively, and could be reused for seven consec-
utive cycles without losing catalytic activity.

namely the challenging selective oxidations of alkanes to alco-
hols and ketones™? or to carboxylic acids.”

The immobilization of a molecular catalyst in an inert sup-
port can improve its catalytic activity and allow its easier sepa-
ration and recycling, which are required conditions in sustaina-
ble processes. Therefore, the combination of the properties of
homogeneous complexes with the advantages of heterogene-
ous systems is obtained.

One of the approaches is to use porous materials based on
carbon, which show a high surface area and can be bonded to
a metallic complex, increasing its catalytic activity, compared
with the bulk counterparts.

As iron is readily available, has low price, and low toxicity, Fe
complexes have been widely used in homogeneous cataly-
sis.> In particular, the C-scorpionate iron(ll) complex

[FeCl,(Tpm)] [Tpm = «>-HC(C5H;N,);, (1), Figure 1] is of particu-
lar interest, as previous works by us showed it to be quite
active, either homogeneously or heterogenized in several ma-

terials, for a number of reactions, including the oxidation of al-
s [3,4¢,k q,1,x,aa-ac]

cohols and alkane

Figure 1. Hydrotris(pyrazol-1-yl)methane iron(ll) complex 1. The ligand is
designated as scorpionate as it is able to bind to the metal like a scorpion
attack, with the two claws and the tail.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-4323-4328
http://orcid.org/0000-0003-4323-4328
http://orcid.org/0000-0003-4323-4328
http://orcid.org/0000-0003-4323-4328
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5403-9352
http://orcid.org/0000-0002-5440-8154
http://orcid.org/0000-0002-5440-8154
http://orcid.org/0000-0002-5440-8154
http://orcid.org/0000-0002-0395-8199
http://orcid.org/0000-0002-0395-8199
http://orcid.org/0000-0002-0395-8199
http://orcid.org/0000-0001-8323-888X
http://orcid.org/0000-0001-8323-888X
http://orcid.org/0000-0001-8323-888X
http://orcid.org/0000-0001-8323-888X
https://doi.org/10.1002/cctc.201702031
https://doi.org/10.1002/cctc.201702031

.@2 ChemPubSoc
e Europe

There are some reports of heterogenization studies of iron
complexes on carbon nanotubes,” including our own work
with the above complex.*Y However, there are only a few
studies of heterogenization of Fe complexes on graphene de-
rivatives,” and no literature involving nanodiamonds or
carbon nanohorns. Moreover, the number of reports on heter-
ogenization of any kind of metal complex on nanodiamonds is
very limited,”’ and to the best of our knowledge, no complexes
were previously anchored on carbon nanohorns.

In this work, several nanostructured carbon materi-
als (nanodiamonds, graphene nanoplatelets, gra-
phene oxide, reduced graphene oxide, and nano-
horns) were used as supports for heterogenization of
the C-scorpionate iron(ll) complex [FeCl,(Tpm)] (1).
The carbon supports are illustrated in Figure 2. The
graphene nanoplatelets (G-NPL) are few-layer gra-
phene sheets with less than 15 nm thickness and
5 um diameter. The graphene oxide (GO), an oxidized
form of graphene with various oxygen-containing
functionalities such as epoxide, carboxyl, and hy-

graphene oxide

[ oH

OH o
reduced graphene oxide

graphene nanoplatelets

nanodiamonds
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OH o]
+
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Scheme 1. MW-assisted oxidation of cyclohexane with aqueous tert-butyl hy-
droperoxide catalyzed by [FeCl,(Tpm)] supported on different nanostruc-
tured carbon materials.

R [FeCl,(Tpm)J@NDoxNa R

OH ﬁﬂw aq. TBHP o)

n=0,R=Me;n=1,R=H

Scheme 2. MW-assisted oxidation of 1- and 2-phenylethanol with aqueous tert-butyl hy-
droperoxide catalyzed by [FeCl,(Tpm)] supported on functionalized nanodiamonds
(NDoxNa).

modities and fine chemicals. The oxidation of cyclo-
hexane produces selectively cyclohexanol and cyclo-
hexanone, important reagents for the production of
adipic acid and caprolactam used, for example, for
the manufacture of nylon. Acetophenone and 2-phe-
nylacetaldehyde, which are precursors to organic
compounds ranging from pharmaceuticals to plastic
additives,”” were obtained by the catalytic oxidation
of the corresponding alcohols.

The use of microwave (MW) irradiation in the
above catalytic conversions was found to be advan-
tageous, namely, leading to more efficient and faster
processes operating at lower temperatures. =1

3-6 nm

Figure 2. Carbon materials used as supports. Different structures, chemical treatments,

geometries, and dimensions are presented. Structures are not to scale. The graphene
structures are simplified models used for better comparison and comprehension; for a

more realistic view, see, for example, Ref. [8].

droxy groups, had a purity of 99% and a diameter of 1-5 um
and a thickness between 0.8 and 1.2 nm. The reduced gra-
phene oxide (rGO) material was obtained by thermal shock re-
duction and had a purity of >99%, thickness of 1-2 layers,
and a dimension of 1-5 um. The single-walled carbon nano-
horns (SWCNH) consist of tiny graphene sheets, wrapped to
form horn-shaped cones with a half fullerene cap (similar to
Dahlia flowers), with 30-50 nm length and 3-5 nm diameter.
Nanodiamonds (ND) are nano-sized diamond particulates origi-
nated from a detonation process. As a result, they exhibit a
narrow particle size distribution and a small particle size (<
10 nm) and are characterized by a sp>-C core with a highly de-
veloped chemically active sp>-C rich surface.

The obtained hybrid materials were used in microwave-as-
sisted oxidation reactions, namely the oxidation of cyclohexane
(Scheme 1) and of 1- and 2-phenylethanol (Scheme 2), which
are reactions of industrial importance for the synthesis of com-

ChemCatChem 2018, 10, 1821-1828 www.chemcatchem.org
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Results and Discussion

Characterization of carbon supports

The carbon supports showed Brunauer-Emmett-

Teller (BET) surface areas varying from 35 m?’g~" (G-NPL) up to
450 m?g™" (for both GO and rGO). ND and SWCNH showed in-
termediate values of 295 and 304 m?g~’, respectively. These
values are in agreement with those reported by the suppliers.
The carbon supports were also analyzed by X-ray photoelec-
tron spectroscopy (XPS). The obtained results are shown in
Figure 3. The C1s spectrum of SWCNH shows only three peaks
(Figure 3a) that are attributed to sp® carbon, C-OH, and
COOH.M The spectrum of G-NPL (Figure 3a) can be deconvo-
luted into four different peaks, attributed to sp?> C=C
(284.2eV), C—OH (284.9¢eV), C=0O (286.9¢eV), and COOH
(291.3 eV).'"? The sp? peak of this material is much more in-
tense than the analogue peaks of the other graphene deriva-
tive samples. The other peaks (C—OH, C=0, and COOH) have
decreased intensities compared with the other materials. This
shows that the amount of C=C bonds is higher in non-oxidized

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. XPS of carbon supports: C1s (a), O1s (b), and N 1s (c).

graphene (G-NPL). Not surprisingly, GO and rGO have a higher
number of oxygenated groups (a scheme of such groups is
seen in Figure 4). ND and NDox also display four peaks, those
of ND being more intense. However, the peak of HO-C=0 (car-
boxylic acids) is larger for NDox, as expected, owing to the oxi-
dation treatment.

ChemCatChem 2018, 10, 1821-1828 www.chemcatchem.org
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HO-C=0
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/\H
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graphitic N

Figure 4. Schematic diagram of carbon, oxygen, and nitrogen moieties
found on graphene.

The O1s spectra are shown in Figure 3b. The graphene-de-
rived samples (G-NPL, GO, and rGO) show relatively weak sig-
nals attributed to C=0 at lower binding energy values and
others at slightly higher binding energies attributed to C—
OH."9 The oxidized GO and rGO materials also show a small
band at higher binding energy, attributed to COOH.'?? The
peaks obtained from the NDs are more intense than those of
the other materials. Interestingly, the oxidized ND sample
(NDox) displays more HO—C=0 groups and less C=0 moieties
than ND.

The N1s spectra (Figure 3¢) show very low intensity and are
mostly noisy. SWCNH shows three types of N surface groups:
oxidized (405.8 eV), pyrrolic (399.8 eV), and pyridinic (393.7 eV),
shown in Figure 4" GO and rGO show peaks centered
around 402 eV, which can be attributed to graphitic N. G-NPL
shows no peaks related to nitrogen (only C and O), which is
evidence for their high purity. Nevertheless, it is possible that
very small amounts of graphitic and pyrrolic N do exist. Again,
the spectra of ND and NDox are more intense that than those
of the other samples. Larger amounts of pyrrolic and graphitic
N are detected for both samples but, comparatively, no clear
signals from pyridinic N are identified (Figure 3 c).

The morphology of the carbon materials was also examined
by SEM (Figure S1 in the Supporting Information). Graphene
materials show flakes with larger average sizes. The graphene
sheets are well visible. There is a wide range of agglomerate
sizes and overall shapes for the NDs and SWCNHs materials.

Heterogenization efficiency

The Fe complex was heterogenized on the different carbon
materials (=approx. 2% Fe w/w was the intended value, but
different loadings were obtained as shown in Table 1).

All supports were able to anchor the Fe' complex, although
with different efficiencies (Table 1). It can be seen that 1 was
heterogenized better on the oxidized surfaces (NDox, GO, and
SWCNH-oxi). It is well known that the oxidation treatments in-
crease the number of surface groups on the materials,4* 713
providing additional sites (see also Figure 3b) for anchorage of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Iron loadings obtained after heterogenization of the iron com-
plex 1 on the different carbon materials.
Sample (1@carbon) %Fe (w/w)
1@ND 1.13
1@NDox 1.57
1@NDoxNa 1.39
1@G-NPL 0.93
1@GO 1.54
1@rGO 0.88
1@SWCNH 1.67
1@SWCNH-oxi 1.90

the complexes. The morphology of the carbon materials with
the anchored complex was also examined by SEM (Figure 5).
The appearance of these materials is not very different from
that of the supports (Figure S1 in the Supporting Information).
The larger amplifications shown in Figure 5 allow us to better
see the graphene sheets and also the protuberances of the
SWCNH materials, with sizes similar to those depicted in
Figure 2.

y ;@ND 1@NDox

=% . jlengexNa
sqlig AF
h FL

‘-‘}’5

Figure 5. SEM images of the scorpionate complex [FeCl,(Tpm)] [Tpm =«>-
HC(C3H;N,);] (1) supported on the different nanostructured carbon materials.

ChemCatChem 2018, 10, 1821-1828 www.chemcatchem.org
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Microwave-assisted oxidation of cyclohexane

The catalytic systems for the oxidation of cyclohexane
(Scheme 1) are based on the scorpionate complex [FeCl,(Tpm)]
[Tpm =1«>-HC(C;H;N,);] (1) supported on the nanostructured
carbon materials (nanodiamonds, graphene nanoplatelets, gra-
phene oxide, reduced graphene oxide, and nanohorns), the ox-
idant was tert-butyl hydroperoxide (TBHP, 70% ag. solution)
and the solvent acetonitrile (MeCN) in acidic medium (pyrazine
carboxylic acid, Hpca) and under microwave (MW) irradiation
at 50°C.

Under the optimized conditions (1.5 h irradiation), cyclohex-
anol (A) and cyclohexanone (K) were the only products detect-
ed by GC-MS analysis, indicating high selectivity of the tested
oxidation systems. After 1.5h of MW irradiation under the
above conditions, the yield enhancement is not considerable
(Figure 6 for 1@SWCNH-oxi). Moreover, for longer reaction

30 .

[ ] [ ]
Y [ ]
R
-~ 20
=
©
.; .
s
<10
L ]
0oe
0 1 2 3 4 S 6

Reaction time / h

Figure 6. Effect of the reaction time on the yield of KA oil obtained from oxi-
dation of cyclohexane catalyzed by 1@SWCNH-oxi.

times (>3 h), GC-MS analyses revealed the presence of 1,4-cy-
clohexanediol and 1,4-hydroxycyclohexanone. The formation
of these side products of cyclohexane oxidation is believed to
be the cause of the KA oil yield decrease observed for reaction
times higher than 3 h as depicted in Figure 6 for T@SWCNH-
oxi.

Control experiments in the absence of complex [FeCl,(Tpm)]
(1), with tBuOOH (Table 2, entry 10) confirm the crucial role of
1 to efficiently catalyze the oxidation of cyclohexane. The dif-
ferent bare carbon nanomaterials did not show any catalytic
activity in the MW-assisted oxidation of cyclohexane (not
shown in the table for simplicity).

1@SWCNH-oxi exhibited the best catalytic performance: a
maximum total (KA) yield of 29% was obtained after 1.5 h of
MW irradiation at 50°C (or 31% at 80°C) in MeCN and in the
presence of Hpca (Table 2). Although the heterogenization did
not lead to a significant enhancement of the KA oil yield, it
was revealed to be importantly advantageous for the separa-
tion and recyclability of the catalyst (see below).

Figure 7 shows the comparison of 1 supported on the differ-
ent carbon materials for two MW irradiation temperatures
(50°C and 80°C). The use of 80°C does increase the yield of
KA oil in all cases, up to a factor of about 2 for 1@ND and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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. ) o ) of consecutive cycles: for example, after the fifth
Table 2. Selected data™ for the optimized MW-assisted oxidation of cyclohexane with

TBHP catalyzed by [FeCl,(Tpm)] (1) in MeCN and in the presence of Hpca. cycle, T@SWCNH-oxi still retains 909% of its initial ac-
tivity. Moreover, the inductively coupled plasma (ICP)

Entry  Catalyst Yield [%]"’ Tot?l TOF analysis of the corresponding supernatant phase re-
loh I (A loh K) Total h~ . . .
Cyclohexanol (A) Cyclohexanone (K) Tota (h ] vealed a leaching of 1 inferior to 1.1%.
1 1@ND 4.6 23 6.9 46 However, after the ninth consecutive cycle, 1 is no
2 1@NDox 7.3 5.0 12.3 95 .
3 1@NDoxNa o1 <5 118 9 I?nger supported on thF car.bon material, as con
4 1@G-NPL 37 19 56 37 firmed by SEM energy-dispersive X-ray spectroscopy
5 1@GO 8.7 53 14.0 93 (EDS) analysis (Figure S2 in the Supporting Informa-
6 1@rGO 19 0.9 2.8 19 tion).
7 1@SWCNH 89 5.3 14.2 82
8 1@SWCNH-oxi  16.9 1.9 28.8 192
? 0 ! (1)9'7 (7)'4 (2)7'1 181 Microwave-assisted oxidation of 1- or 2-phenyle-
thanol
[a] Reaction conditions: cyclohexane (5 mmol), catalyst (5 umol, based on the iron
complex 1, 0.1 mol % vs. cyclohexane), TBHP (10 mmol), n(Hpca)/n (catalyst) =40, 1.5 h One of the best catalytic systems for the oxidation
under 20 W power MW irradiation, in acetonitrile (3 mL) at 50°C. Amounts of cyclo- of cyclohexane, the scorpionate complex

hexanone (K) and cyclohexanol (A) were determined by GC analysis after reduction of . . :
the aliquots with solid PPh,™ by using MeNO, as the standard. [b] Percentage molar [F.eCIZ(Tpm)] (1) supported on functionalized nano
yield ((mol of product)/(mol of cyclohexane)). [c] Total turnover frequency, defined as diamonds (1@NDoxNa) was also tested for the sol-
[(mol of A and K)/(mol of 1)1/h. vent-free microwave-assisted oxidation of 1- and 2-

phenylethanol according to Scheme 2.

35
30 MW ¥ il bath
- H50°C H80°C o
25 L
b3 =z 20
3 <
2 20 2 15
3
g 15 10
5 0 . 4
L o &
0 & @\9& & S & \.@\" &0 0@9
& & & & Q« M > N @c;‘\
) (&) .
.,@ & & € ° s@ & \90’ >
Y b &@% Figure 8. Effect of the heating mode (MW irradiation or oil bath) on the
yield of KA oil obtained from oxidation of cyclohexane catalyzed by hetero-
Figure 7. Effect of the temperature and type of nanostructured carbon ma- genized 1 at 50°C.

terial on the yield of KA oil obtained from oxidation of cyclohexane cata-
lyzed by heterogenized 1.

30

1@rGO (although these supports gave the worst results). The 25
best results were obtained with the oxidized materials, show-
ing the importance of surface oxygen groups as anchorage 2
sites, as already reported in the literature 7215

The effect of MW radiation on the catalytic performance of 1
in homogeneous conditions or supported on the different -
nanostructured materials was evaluated by comparison with 1
the use of the conventional heating (oil bath) and is shown in
Figure 8. For the same reaction conditions (including reaction
time), the catalysts activity was always strongly enhanced by

MW irradiation, while selectivity for the KA oil was preserved.
The stability of 1@SWCNH-oxi was tested in terms of its recy-
clability up to nine consecutive cycles (see the Experimental

Section) and is depicted in Figure 9. The catalyst activity and Figure 9. Effect of the number of catalytic cycles on the yield of KA oil ob-
selectivity are maintained through a considerably high number  tained from oxidation of cyclohexane catalyzed by 1@SWCNH-oxi.

Yield / %
[=] U‘ (=]

w

Cycle
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Under the optimized conditions, 1h of MW irradiation
(25 W) at 80°C, 97.1% vyield of acetophenone and 96.9% yield
of 2-phenylacetaldehyde were obtained from the selective
MW-assisted oxidation of 1- and 2-phenylethanol in the pres-
ence of 0.1 mol% versus substrate of T@NDoxNa (turnover fre-
quencies (TOFs) of 9.7x10*h™"). No traces of byproducts were
detected by GC-MS analysis in the final reaction mixtures for
the above conditions. Moreover, control experiments in the ab-
sence of the catalyst led to 5% or 8% alcohol conversion, for
1-phenylethanol or 2-phenylethanol, respectively, highlighting
the crucial role of 1 to efficiently catalyze the oxidation of the
tested alcohols.

Catalyst recycling was tested for up to seven consecutive
cycles for MW-assisted oxidation of 1-phenylethanol and it was
found that the catalyst maintains almost the original level of
activity after five reaction cycles: after the sixth cycle,
1@NDoxNa still retains 90 % of its initial activity (Figure 10).

100
8
6
4
2
1 2 3 4 5 6 7

Cycle

o o o

Acetophenone yield /%
o

Figure 10. Effect of the number of catalytic cycles on the yield of acetophe-
none obtained from oxidation of 1-phenylethanol catalyzed by 1@NDoxNa.

Conclusions

This work demonstrated that the C-scorpionate iron(ll) catalyst
[FeCl,(Tpm)] [Tpm =1>-HC(C;H;N,);] (1), heterogenized on the
SWCNH-oxi material leads to a highly selective, efficient, fast,
and reusable catalytic system for the mild MW-assisted oxida-
tion of cyclohexane. Moreover, 1@NDoxNa exhibits good activ-
ity for the MW-induced solvent-free oxidation of both primary
and secondary alcohols towards the formation of the corre-
sponding aldehyde or ketone, respectively, a feature that is
also noteworthy.

The best results were obtained with the oxidized materials,
confirming the importance of surface oxygen groups as an-
chorage sites.

Experimental Section
Materials and instrumentation

All the reagents were purchased from commercial sources and
used as received. Solvents were dried if necessary, by heating at
reflux over the appropriate drying reagents and distilled under ni-

ChemCatChem 2018, 10, 1821-1828 www.chemcatchem.org
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trogen prior to use. The [FeCl,(Tpm)] [Tpm =«>-HC(C;H;N,);] com-
plex was synthesized according to the protocol described in a pre-
vious work* and characterized accordingly.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analyses were performed with a scanning elec-
tron microscope JEOL 7001F with Oxford light elements EDS detec-
tor and EBSD detector.

Reactions under microwave (MW) irradiation were performed in a
focused Anton Paar Monowave 300 reactor fitted with a rotational
system and an IR temperature detector, by using a 10 mL capacity
cylindrical Pyrex tube with a 13 mm internal diameter.

Gas chromatographic (GC) measurements were performed by
using a FISONS Instruments GC 8000 series gas chromatograph
equipped with a FID detector and a capillary column (DB-WAX,
column length: 30 m; column internal diameter: 0.32 mm) and run
by the software Jasco-Borwin v.1.50. The temperature of injection
was 240 °C. After the injection, the reaction temperature was main-
tained at either 100°C (oxidation of cyclohexane) or 140°C (oxida-
tion of alcohols) for 1 min, then raised, by 10°Cmin~', either to
180°C (oxidation of cyclohexane) or 220°C (oxidation of alcohols)
and held at this temperature for 1 min. Helium was used as the
carrier gas. GC-MS analyses were performed by using a PerkinElmer
Clarus 600 C instrument (He as the carrier gas), equipped with two
capillary columns (SGE BPX5; 30 mx0.32 mm X 25 mm), one having
an EI-MS (electron impact) detector and the other one with a FID
detector. Reaction products were identified by comparison of their
retention times with known reference compounds, and by compar-
ing their mass spectra to fragmentation patterns obtained from
the NIST spectral library stored in the computer software of the
mass spectrometer.

Carbon material production and treatments

Graphene oxide (GO), reduced graphene oxide (rGO), and gra-
phene nanoplatelets (G-NPL) were supplied from The Graphene
Box (Spain). Single-walled carbon nanohorns (SWCNH) were sup-
plied by Carbonium (Italy). Nanodiamonds (ND) were purchased
from Sigma-Aldrich.

These carbon materials were used in their original forms, as pur-
chased. For comparison with the pristine sample, SWCNH were oxi-
dized in air, for 2 h at 400°C (SWCNT-oxi). ND were oxidized with
nitric acid (-ox); and oxidized with nitric acid with a subsequent
treatment with NaOH (-ox-Na). The -ox material was obtained by
treating the ND with a 5m nitric acid solution (75 mL per gram of
carbon material) for 3 h at reflux.***”®' The solid was then fil-
tered and washed with deionized water until a neutral pH value
was obtained. The -ox-Na sample was achieved by subsequent
treatment of the -ox material with a 20 mm NaOH aqueous solu-
tion (75 mL per gram of carbon material) for 1 h at reflux, followed

by filtration and washing until neutral pH.“4*7>1

Carbon material characterization

Samples were characterized by N, adsorption/desorption at
—196°C with a Quantachrome NOVA 4200e apparatus. The Bruna-
uer-Emmett-Teller (BET) equation was applied to determine the
apparent surface area.'® X-ray photoelectron spectroscopy (XPS)
analyses were performed with a VG Scientific ESCALAB 200A spec-
trometer using AlK, radiation (1486.6 eV). The charge effect was
corrected taking the C1s peak as a reference (binding energy of
285 eV). CASAXPS software was used for data analysis.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Heterogenization protocol

The complexes were anchored onto the different carbon supports
(0.15 g). The necessary amount to obtain ~2% Fe per mass of
carbon was weighed and dissolved in water (25 mL). Samples were
left stirring at room temperature overnight, filtered, washed with
water and methanol, and dried overnight at 40°C in a vacuum
oven. The Fe loading was confirmed by inductively coupled
plasma (ICP) performed by Requimte Analytical Services of Nova
University (Lisbon).

Catalytic activity tests

MW-assisted peroxidative oxidation of cyclohexane: Cyclohex-
ane (0.54 mL, 5 mmol), catalyst immobilized onto a carbon material
(1-10 umol based on the iron complex; 0.02-0.2 mol% vs. cyclo-
hexane), H,0, (30% ag. sol., 10 mmol) or TBHP (70% ag. sol.,
10 mmol), and MeCN (3 mL) were placed in the cylindrical Pyrex
tube of the microwave reactor. Optionally, an additive (N,qgiive/
Neatayss =40) was added. The reaction vessel was closed and the
contents were stirred and irradiated (up to 20 W) for 0.25-24 h at
50-80°C. CAUTION: if using hydrogen peroxide, the combination
of air or molecular oxygen and H,0O, with organic compounds at
elevated temperatures may be explosive! After the reaction, the
mixture was cooled to room temperature and the suspension
(owing to the supported catalyst) was centrifuged and filtered to
prepare the samples for GC analysis. Cycloheptanone or nitrome-
thane (internal standard) and diethyl ether (to extract the substrate
and the organic products from the reaction mixture) were added
to the filtrate. The obtained mixture was stirred for 10 min and
then a sample (1 pL) was taken from the organic phase and ana-
lyzed by gas chromatography using Shul'pin’s method.'*'" This
method allows us the estimate of concentrations of formed cyclo-
hexyl hydroperoxide, cyclohexanol, and cyclohexanone. Attribution
of peaks was made by comparison with chromatograms of authen-
tic samples. For precise determination of the product concentra-
tions, only data obtained after the reduction of the reaction
sample with PPh; were typically used, taking into account that the
original reaction mixture contained the three products: cyclohexyl
hydroperoxide (as the primary product), cyclohexanol, and cyclo-
hexanone.

For comparison, cyclohexane oxidation reactions were performed
in round-bottom flasks under the same reaction conditions but by
using an oil bath as the heating source (up to 3 mL total volume).

Blank tests were performed in iron-free systems, but in the pres-
ence of the nanostructured carbon materials.

Recyclability of the catalyst with the highest catalytic activity was
investigated, for up to nine cycles. Each run was initiated after the
preceding one, upon addition of new typical portions of all other
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the substrate and the organic products from the reaction medium)
were added and the mixture was stirred for 10 min. A sample
(1 pb) was taken from the organic phase and analyzed by GC (or
GC-MS) by using the internal standard method.

Blank tests were performed in an iron-free system, but in the pres-
ence of the nanostructured carbon materials for the different sub-
strates.

Recyclability of the catalyst with the highest catalytic activity was
investigated, for up to seven cycles. Each run was initiated after
the preceding one upon addition of new typical portions of all
other reagents. After completion of each run, the products were
analyzed as above-mentioned and the catalyst was recovered by
filtration, thoroughly washed with methanol, and dried overnight
in an oven at 80°C.
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