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Abstract: Under microwave irradiation, iron-substi-
tuted polyoxotungstates (Fe-POMs) catalyze cyclo-
hexane oxygenation to A/K oil with 90–95% selec-
tivity, unmatched turnover frequencies (40–400 h�1),
and multi-turnover regime (>1000 TON). Such a
rapid reaction protocol allowed the screening of
so-called inorganic Fe-synzymes with 1–4 nuclearity,
including a family of Krebs-type isostructural com-
plexes. Product distribution, kinetic analysis, mecha-
nistic probes and fitting calculations, are consistent
with a radical chain oxidation propagated by Fe-cat-
alysed decomposition of organic peroxides which ul-
timately depends on the redox-properties and struc-
tural arrangement of the iron moiety within the
POM cage.
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The selective oxidation of cyclohexane to a mixture of
cyclohexanol and cyclohexanone (K/A oil) is of consid-
erable importance in the production of adipic acid (AA)
finally used in the manufacture of polyamide fibers (ny-
lon 6,6). The current industrial process employs homo-
geneous cobalt salts, molecular oxygen at 8–9 atm and
temperatures above 150–160 8C to obtain cyclohexane
conversions in the range 3–6% and a K/A oil selectivity

around 80%.[1] A formidable challenge in both industri-
al and academic research is the invention of new cata-
lysts performing efficiently with 1 atm O2. In this direc-
tion, benchmark literature results can be ranked on the
basis of the total turnover number (TON) and the turn-
over frequency (TOF) exhibited (Table 1). Inspection of
these data shows a promising perspective for catalytic
oxygenation with transition metal-substituted polyoxo-
metalates (TMS-POMs). Indeed, polyoxometalates
provide an inorganic coordination framework where a
redox-active metal center (Fe, Mn, Ru, or others) is
bound by MO6 octahedra with M being generally
Mo(VI), W(VI).
Noteworthy, some Fe-POMs display structural analo-

gy to the active site of natural oxygenation enzymes
(Figure 1).[7] The synzyme rationale has been recently
invoked to address the superior performance of g-
[(FeOH2)2SiW10O36]

6� in hydrocarbon oxygenation
compared to homologues [(FeOH2)xSiW(12–x)O(40–x)]

(4þx)�

where x¼1–3.[3,8] However, the severe mechanistic com-
plexity associated with metal-mediated aerobic oxidations
hampers the understanding of the catalyst role and fate so
that, in most cases, a claimed adherence to bioinspired
guidelines remains doubtful.
Herein, we report on the screening of selected FeIII-

POMcatalysts for cyclohexaneoxygenationbya rapid re-
action protocol under microwave (MW) induced dielec-
tric heating. Such a novel approach takes advantage of
the extreme robustness andpolyanionic natureof the cat-
alyst[9] to elicit MWabsorption.[10] Our results include: (i)
the discovery of hits operating at unprecedented peak ef-

Table 1. Benchmark systems for aerobic oxidation of cyclohexane with 1 atm O2.

Catalyst Conv. [%] (Time [h]) TON (TOF [h�1]) Ref.

g-[(MnOH2)2SiW10O38]
6� 6.4 (96) 789 (8.2) [2]

g-[(FeOH2)2SiW10O38]
6� 1.1 (96) 135 (1.4) [3]

Mn(acac)2/NHPI 65 (20) 130 (6.5) [4]

Fe(II)-picolinic acid 36 (9) 121 (13) [5]

Co(acac)2/NHPI 45 (6) 90 (15) [6]
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ficiencywithTOFin the range 40–400 h�1 and total turn-
over number>1000, (ii) examination of FeIII-POMs, in-
cluding a series of Krebs-type isostructural complexes,
and (iii) the drawing of a general reaction scheme, based
on mechanistic probes and fitting the oxidation kinetics.
FeIII-POMs of nuclearities 1–4 were obtained bymet-

alation of lacunary polyoxotungstates, yielding [a-
Fe(H2O)SiW11O39]

5� (FeSiW11), [g-Fe2(H2O)2SiW10O38]
6�

(Fe2SiW10), [a-Fe3(H2O)3SiW9O37]
7� (Fe3SiW9) and [b-

Fe4(H2O)10(XW9O33)2]
n� (Fe4X2W18 with X¼SeIV, TeIV;

AsIII, SbIII, and n¼4, 6).[11–14] These complexes were
used as tetrahexylammonium (THA) salts in 1,2-di-
chloroethane (DCE). Data in Table 2 are meant to ver-
ify the catalyst activity and selectivity after 150–250 min
MW irradiation. Cyclohexyl hydroperoxide (CHHP),
cyclohexanol (A) and cyclohexanone (K) account for
90–95% selectivity.[15]

Control experiments indicate that in the absence of
catalyst or MW exposure, the oxidation is negligible or
extremely slow (entries 1–3). Under MW irradiation,

FeSiW11 performs with unmatched TOFs (entries 4–
6).[16] Moreover FT-IR spectra confirm that the recov-
ered catalyst preserves the original structure, at variance
with the organic porphyrin analogue (entry 7).[17] In the
case under study, converging lines of evidence delineate
a radical chainmechanism, namely: (i) steady accumula-
tion of the autoxidation product CHHPon lowering the
catalyst loading (entries 4–6); (ii) acceleration by tert-
butyl hydroperoxide (TBHP) (entry 8), (iii) inhibition
by the radical scavenger 3,5-di-tert-butyl-4-hydroxyto-
luene (BHT) (entry 9), (iv) a biphasic kinetic trace,
with a slow initiation phase followed by a fast zero-order
regime, indicating an autocatalytic behavior (Fig-
ure 2).[18]

Figure 1. Structure of representative iron-substituted polyox-
otungstates.

Table 2. Cyclohexane oxygenation by mononuclear FeIII catalysts.[a]

Entry Catalyst [mmol] Additive [mmol] Time [min] Conv.[b] [%] Selectivity[c]

CHHP:A:K
TON[d] TOF[e] [h�1]

1 – – 250 0.15 59 : 39 : 2 – –
2 FeSiW11 (0.75)

[f] – 150 0.07 n.d. n.d. n.d.
3 FeSiW11 (0.75)

[g] – 5520 1.89 0 : 60 : 40 229 4.7
4 FeSiW11 (0.75) – 250 2.95 0 : 66 : 34 358 141
5 FeSiW11 (0.38) – 250 2.74 5 : 57 : 38 656 207
6 FeSiW11 (0.19) – 250 2.42 11 : 60 : 29 1159 439
7 FeTMP (0.75)[h] – 150 1.38 2 : 66 : 32 167 72
8 FeSiW11 (0.75) TBHP (20) 150 2.40 5 : 64 : 31 291 147
9 FeSiW11 (0.75) BHT (300) 150 <0.02 n.d. n.d. n.d.

[a] DCE 0.8 ml, cyclohexane 9.1 mmol, O2 1 atm, T¼120 8C, applied power of MW irradiation¼240 W. FeTMP¼ iron (III)
tetrakis(5,10,15,20-mesityl)porphyrin.

[b] % of substrate conversion.
[c] Product distribution.
[d] Total turnover number (TON): products (mmol)/catalyst (mmol).
[e] Highest turnover frequency calculated as TON per hour on the linear kinetic phase.
[f] Conventionally heated at 120 8C.
[g] Conventionally heated at 83 8C.
[h] 90% catalyst decomposition determined by UV-Vis analysis at 418 nm.

Figure 2. Experimental (points) and calculated (see
Scheme 1) curves for run 6 in Table 1.
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Therefore, the overall mechanistic hypothesis in-
cludes steps 1–8, (Scheme 1).[19] In particular, because
the TBHP-induced acceleration results from suppress-
ing the initial lag-time while not affecting the propaga-
tion rate[20] (cf. TOFs in entries 4 and 8), the main role
of the iron catalyst may be envisaged in the propagation
chain, promoting an efficient decomposition of CHHP
through Haber–Weiss reductive and oxidative steps
(Scheme 1, steps 4 and 5).[20–22]Further support to such
a scenario comes from the 2 :1 A/K selectivity, which
cannot be simply explained by the uncatalyzed Russel-
type decomposition of the organic peroxide accounting
for a selectivity ratio close to 1 (Scheme 1, step 7).[21,23]

This model turns out to fit the experimental kinetics
(Figure 2) and identifies the relevant catalytic steps (4,
5 in Scheme 1) mainly within the propagation chain.[24]

The iron-mediated mechanism is also probed by the se-
lectivity of adamantane oxidation, yielding aC-3/C-2 ra-
tio of 9.5.[25,26] this value falls within the expected range
for a radical reaction (1–25) and is similar to those ex-
hibited by analogous porphyrin catalysts (6–10).[27] Al-
though it is obviously problematic to encode such amul-
ti-stepmechanismbyTONandTOFmacro-parameters,
which strongly depend on the catalyst loading (entries
4–6 in Table 2), they provide straightforward guidelines
for process optimization.
A different behavior can be traced for substituted

POMs with higher iron nuclearity, leading to CHHP ac-
cumulation and to increase of ketone (entry 1 vs. entries
2–7 in Table 3). Both features indicate a depressed per-
oxide decomposition via homolytic pathways, favoring
heterolytic ketonization (Scheme 1, step 8).[18,28] This
latter reaction is known to proceed through aperoxome-
tal intermediate whose nature and stability may depend
on the structural arrangement of the ironmoiety and on
the POM tungsten framework.[29] Nevertheless, along
the series of the Krebs-type isostructural complexes,
the overall oxidation efficiency can be ascribed to the re-
dox properties of the iron moiety.[14] In particular, the
higher TOF process is given by Fe4As2W18 which, to-
gether with the isocharged Fe4Sb2W18 species, displays
a well behaved cathodic wave at a higher reduction po-
tential, thus suggesting that the catalyst is also partici-
pating in the Haber–Weiss chemistry.[14] Studies are in

progress to look at the interaction between FeIII-POMs
with model organic peroxides in order to gain insight
into the nature of postulated peroxo-iron intermediates
and their evolution to products through homolytic or
heterolytic pathways. Our final aim is to obtain struc-
ture-activity correlations so to implement the design of
new selective catalytic systems and exploit the rich and
versatile chemistry of polyoxometalates.

Experimental Section
The iron substituted polyoxotungstates were prepared follow-
ing literature procedures.[11–14] THAsaltswere obtainedby cat-
ion exchange in water.

General Oxidation Procedure

DCE (0.8 mL), Fe-POM (0.75–0.19 mmol) and cyclohexane
(0.98 mL) were mixed, under a dioxygen atmosphere, in a 10-

Table 3. Cyclohexane oxygenation by FeIII-POM catalysts.[a]

# Catalyst[a] Conv.[b] [%] Selectivity[c] CHHP:A:K TON[d] TOF[e] [h�1]

1 FeSiW11 1.42 6 : 67 : 28 172 141
2 Fe2SiW10 0.54 73 : 7 : 20 66 30
3 Fe3SiW9 0.37 76 : 6 : 18 45 38
4 Fe4Se2W18 0.30 88 : 0 : 12 36 23
5 Fe4Te2W18 0.51 66 : 25 : 9 62 34
6 Fe4Sb2W18 0.57 45 : 35 : 20 69 37
7 Fe4As2W18 0.96 49 : 33 : 18 116 70

[a] DCE 0.8 mL, cyclohexane 9.1 mmol, catalyst 0.75 mmol, O2 1 atm, T¼120 8C, MW power 240 W for 150 min.
[b–e] See footnotes in Table 2.

Scheme 1. Kinetic model of cyclohexane oxygenation cata-
lyzed by Fe(III)-POMs.
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mLclosed teflon reactor (HPR-1000/10S,Milestone) equipped
with temperature and pressure control units and irradiated in-
side the cavity of a MW Ethos-1600 labstation (Milestone) at
240 W, with Tbulk¼120 8C and Pbulk ffi 2 atm. In the system un-
der examination, higher irradiation powers caused heating and
pressure peaks which are detrimental for obtaining a reprodu-
cible heating profile. The reaction was sampled (50 mL) every
50 minutes always restoring the dioxygen atmosphere. The
samples were analyzed by GLC and GLC-MS. Peroxide con-
tent was determined using the triphenylphosphine quencher
method,[30] carboxylic acids were revealed by silylation with
BSTFA before GLC-MS analysis. Fe-POM stabilities were as-
sessed by FT-IR after precipitation from the reaction mixture
and washing with diethyl ether. Kinetic parameters were ob-
tained by non-linear experimental data fittingwith theScientist
Micromath software.
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