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The highly efficient eco-friendly synthesis of ketones (yields over
99%) from secondary alcohols is achieved by combination of
[FeCly{n3-HC(p2)3}] (pz = pyrazol-1-yl) supported on functiona-
lized multi-walled carbon nanotubes and microwave irradiation, in
a solvent-free medium. The carbon homoscorpionate iron(i)
complex is the first one of this class to be used as catalyst for the
oxidation of alcohols.

Selective alcohol oxidation reactions remain a serious chal-
lenge." Despite recent advances,” only a few of the known
methods are capable of offering an economic and practical oxi-
dation path towards a particular industrially important trans-
formation. Thus, the development of sustainable catalytic
systems, that can mimic Nature’s green procedures, is a task of
high significance.?

Excellent examples of environmentally friendly and energy-
efficient methods concern the naturally occurring iron con-
taining enzymes such as cytochrome P-450 that catalyses e.g.,
aliphatic and aromatic hydroxylations, and alcohol
oxidations.*

In this work, we aim to mimic such enzymes for the oxi-
dation of secondary alcohols (using cyclohexanol and 1-phenyl-
ethanol as models), employing the bio-inspired tris(pyrazol-1-
yl)methane Fe(un) complex [FeCly{n*>-HC(pz);}]> (1) supported
on functionalized  multi-walled  carbon  nanotubes
(L@MWCNT) as catalyst in a single-pot, solvent-free protocol.
Moreover, environmentally acceptable oxidant (aq. tert-butyl
hydroperoxide, TBHP) and energy source (microwave irradiation,
MW) are used (Scheme 1). The iron compound previously
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aq. TBHP

Scheme 1 Oxidation of secondary alcohols to the corresponding
ketones catalysed by [FeCly{n*>-HC(pz)s}]@MWCNT.

proved its efficiency in the catalytic partial oxidation of an
alkane (cyclohexane),”® but was not applied for other substrates.

[FeCl,{n*-HC(pz);}] was prepared and immobilized (2 wt%
Fe) on functionalized (oxidised with nitric acid followed by
treatment with sodium hydroxide)®*” MWCNTs.

The immobilization of 1 on the MWCNTs is believed to
occur by interaction of the iron(u) centre with the oxygenated
functional groups of the MWCNTSs surface, with formation of a
covalent Fe-O bond,* providing additional stability of the
material in the reaction medium. Far infrared spectrum of
1@MWCNT (Fig. S1, ESIf) shows that the original y(Fe-Cl)
bands® are kept after the anchorage procedure. The mor-
phology of 1@MWCNT was examined by TEM and SEM
(Fig. 1). The presence of black spots at MWCNTs (TEM image,
Fig. 1a) can be observed. The EDS (Fig. S2a, ESIt) confirmed
the presence of iron. Fig. 1b shows a SEM image of the iron
complex supported on MWCNTs. The EDS results, from the
same run, also confirmed the presence of iron, proving that
the metal is present (see Fig. S2b in ESIY).

The hybrid material 1@MWCNT was tested as catalyst for
the peroxidative oxidation of cyclohexanol and 1-phenyletha-
nol. TBHP (aq., 70% sol.) was used as the typical oxidant
under solvent free conditions, although hydrogen peroxide
(aq., 30% sol.) was also tested (see Fig. S3, ESIf).
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Fig.1 TEM (a) and SEM (b—d) micrographs of 1@MWCNT. (c) Was
obtained after the 5" run and (d) after the 19" run.

(a)

100

£ 80

W

)

T

2

o 60

c

o

c

g

o 40

£

2

S

5‘ - 1@MWCNT+TEMPO

1@MWCNT
0 - 1+TEMPO
01
025 1
05
1
Time /h

(b)

100

80

X
e
-
k]
= 60
@
3
°
c
@
& 40
g 1@MWCNT+TEMPO
<

1@MWCNT
20 @

1+TEMPO

0.5

Time /h

Fig. 2 MW-assisted oxidation of (a) cyclohexanol and (b) 1-phenyletha-
nol with TBHP, at 80 °C, in the presence of 1 or 1@MWCNT (0.1 mol%
vs. alcohol).

Quantitative yields of both cyclohexanone and acetophe-
none (Fig. 2) were achieved after 1 h of MW-assisted oxidation
of the corresponding alcohols with TBHP, in the presence of
the 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) radical, by
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optimizing reaction conditions (see Fig. 2 for reaction time
and TEMPO additive, Fig. S4, ES],t for different additives, and
Tables S1 and S2, ESIt). Control experiments in the absence of
1 (leading to up to 3% or 5% alcohol conversion, for cyclohexa-
nol or 1-phenylethanol respectively, Tables S1, S2 and S4, ESI{)
confirmed the crucial role of the iron(u) complex to efficiently
catalyse the alcohol oxidation.

Moreover, 1@MWCNT maintained its catalytic efficiency to
produce cyclohexanone (with a yield over 98%) during five con-
secutive cycles (Fig. 3; Table S3, ESIT) and still retained 80% of
its initial activity and concomitant selectivity at the 12™ cycle
(see also Table S3 and Fig. S5, ESIT).

Fig. 1c shows the hybrid material after the 5™ recycling run,
the iron complex being still attached to the MWCNTs surface.
The corresponding EDS results (Fig. S2¢, ESIT) confirm the
presence of iron. Fe 2p XPS (Fig. 4a) spectrum performed on
1@MWCNT after the 5 recycling run shows a mixture of both
Fe’" and Fe*" oxidation states, with a predominance of Fe".

Further measurements were performed for Fe 3p (Fig. 4b), a
less intense line. The characteristic peak for Fe*" ions appears
at 56 eV.5*“ A lower binding energy peak in Fe 3p spectra at ca.
53 eV (ref. 8¢) can be attributed to Fe*” ions while the higher
energy (at ca. 60 eV) peak corresponds to Fe**.%* The detected
+3 oxidation state of iron at the hybrid material appears to be
a consequence of the catalytic process (see below).

The amount of Fe determined by ICP on the carbon catalyst
(separated by filtration) sample after the 5™ run was 1.9% wt.
(i.e., 95% of the initial loading). Thus, 1@MWCNT behaves as
a very robust catalyst for MW-assisted alcohols oxidation.

In addition, an efficient ketone synthetic method, leading
to higher yields in much shorter times than those achieved by
conventional heating, was provided by application of low
power MW irradiation that provides rapid initial heating and
enhanced reaction rates.’ In fact, only 22% of acetophenone
was produced after 24 h of reaction under the same reaction
conditions (temperature, oxidant:substrate and catalyst:
substrate ratios), but with an oil-bath heating. The low yield of
ketone obtained was due to the lowering of substrate con-
sumption rate, while the selectivity was maintained.
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Fig. 3 Effect of the catalyst recycling on the yield of cyclohexanone for
the MW-assisted cyclohexanol oxidation (1 h) with TBHP, at 80 °C, cata-
lysed by 1@MWCNT.
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Fig. 4 Fe 2p (a) and Fe 3p (b) XPS spectra of 1@MWCNT. Identification
of oxidation states of Fe based on.82?

After 19 recycling cycles, extensive iron leaching was
detected by EDS (Fig. S2d, ESI{) and ICP (only 0.3 wt% Fe
remaining after the 19™ run). Also, the increase in the entan-
glement of the MWCNTs in the SEM image of the material
after the 19" run (Fig. 1d) indicates that the surface of the
support has been altered.

The immobilization of 1 at functionalized MWCNTSs not
only provided a more stable, easy to separate and reusable
catalyst, but also remarkably improved the catalytic perform-
ance of 1 in the homogeneous oxidation of secondary alcohols
(only 49% or 70% yields of cyclohexanone or acetophenone
from cyclohexanol or 1-phenylethanol, respectively, were
achieved after 1 h of MW irradiation in the homogeneous
system — Fig. 2; Tables S4 and S2, ESIY).

Although the detailed mechanistic pathway is still to be
established, the peroxidative oxidation of the tested secondary
alcohols is believed to proceed mainly via a radical mechanism
involving both carbon- and oxygen-centred radicals, in view of
the strong inhibition effect observed when the reaction was
carried out in the presence of either the oxygen-radical
trap Ph,NH or the carbon-radical trap CBrCl; (entries 17 and
18, respectively of Tables S1 and S4, and entries 11 and 12
of Table S2, ESI{). Moreover, both acid and basic
additives showed an inhibitory effect (Fig. S4, ESIf). As
previously found by us and others,>'® the mechanism of
alcohol oxidation (see below) does not seem to require the
presence of protons.
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The proposed mechanism may involve ‘BuO’ and ‘BuOO’
radicals produced in the Fe promoted decomposition of
TBHP,"" according to eqn (1)-(6):

Fe! + 'BuOOH — Fe™-OH + ‘BuO’ (1)
Fe" + ‘BuOOH — Fe" + ‘BuOO” + H (2)
Fe'"-OH + ‘BuOOH — Fe™-00-'Bu + H,0 (3)
‘BuO’ + R,CHOH — ‘BuOH + R,C'-OH (4)
'BuOO’ + R,CHOH — ‘BuOOH + R,C'-OH (5)

Fe'-00-'Bu + R,C'-OH — R,C=0 + ‘BuOOH + Fe'  (6)

It may also proceed via the coordination of the alcohol sub-
strate to an active site of the iron catalyst, and its deprotona-
tion to form the alkoxide ligand, followed by a Fe-centred (and
TEMPO assisted) dehydrogenation.'” The presence of ‘BuOH
on the final reaction mixture was detected by GC-MS.

For the iron-assisted steps, a unit change of the metal oxi-
dation state (+2/+3) occurs and the iron centre of 1 appears to
be particularly favourable. The stable nitroxyl radical TEMPO
alone is not able to directly catalyze the oxidation of alcohols
(in particular secondary alcohols) with peroxide,” so its role is
to assist the iron catalyst to activate the oxidation agent,'?
apart from conceivably acting also as a hydrogen-atom abstrac-
tor from the alcohol-derived alkoxide ligand."?

The catalytic applicability of 1@MWCNT was extended.
Other secondary alcohols, either aromatic (p-cresol or o-cresol)
or linear (2- or 3-hexanol), and the primary benzyl alcohol
were selectively converted in the corresponding diols (for
p-cresol and o-cresol), ketones (for 2- and 3-hexanol) or alde-
hydes (for benzyl alcohol) although in considerably lower
yields (up to 14%, see Table S5, ESIT). Further optimization of
the reaction conditions for these substrates will be attempted
in view of the interesting preliminary results achieved.

The immobilization of [FeCl{n*-HC(pz);}] on functiona-
lized MWCNTs provides an effective route to selectively and
quantitatively oxidise secondary alcohols to their corres-
ponding ketones. To our knowledge, this is the first time a
C-scorpionate complex is used as a catalyst for alcohol oxi-
dation, either in homogenous or heterogeneous conditions,
and constitutes an extension of the catalytic application of bio-
logically inspired metal complexes aiming to reach Nature’s
sustainability.
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