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Abstract

Transition metal substituted polyoxometalates (TMS-POM) provide a redox-active metal center, (Fe, Ru, Mn or else), with a totally inorganic
ligand system, featuring rigid polydentate binding sites, high electron-acceptor character, extreme robustness and interesting structural and coor-
dination properties, in some cases, mimicking the coordination geometry of natural oxygenase enzymes. Their synthesis and reactivity can be
promoted by microwave (MW) induced dielectric heating. In particular, MW irradiation induces a very efficient and selective hydrothermal syn-
thesis of the diamagnetic, air-stable [Ru"'(DMSO)PW,030]°~. Its catalytic activity has been screened with shunt oxidants like NalO, and KHSOs
and PyCI,NO. Under dioxygen and MW irradiation, [Ru"(DMSO)PW,030]°~ catalyzes the oxidation of DMSO to DMSO, in water. Fe""-POMs
with nuclearities 1—4, narnely [OL-FC(Hzo)SiWHO39]57 (FeSinl), [’\/-Fez(Hzo)zsiwloogg]67 (FeZSiWIO), [OL-FC3(H20)3SiW9037]77 (FC";SIWQ)
and [B-Fe;(H,0)10(XWoO033)2]"~ (FesX,Wig, X=SelV, TelV; As!, Sb'; n=4, 6) were also found to catalyze the MW assisted cyclohexane
oxygenation with high turnover frequencies. Preliminary results indicate that the Krebs-type Fe polyoxotungstates can also promote the oxidative

cleavage of 3,5-ditert-butylcatechol with molecular oxygen.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polyoxometalates (POMs) are oxo-clusters of early transi-
tion metals in their highest oxidation state, namely Mo(VI),
W(VI), V(V), etc. They are discrete, soluble multi-metal oxides
characterized by a formidable structural variety with differ-
ent chemical composition, anionic charge and counterions and
by specific properties including: nano-sized dimensions, shape,
charge density and surface reactivity [1-3]. These clusters retain
a major appeal for oxidation catalysis because of their (i) inert-
ness to thermal and oxidative degradation; (ii) tunable solubility
by counterion metathesis (from water, to organic or perfluori-
nated media) [4]; (iii) polyelectrolite behavior; (iv) photocat-
alytic activity [3]. Moreover, appropriate synthetic strategies
can be exploited to generate catalyst diversity through substi-
tution with hetero-transition metals and/or to obtain hybrids
where the merging of organic and inorganic domains can be
exploited to improve the catalyst performance and selectivity
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[5,6]. This communication will focus on transition metal sub-
stituted polyoxometalates (TMSP) which display one or more
redox-active metal center within a totally inorganic ligand sys-
tem provided by the polyoxometalate framework [1-3]. Indeed,
POM-based ligands feature rigid polydentate binding sites with
unique electron-acceptor ability, extreme robustness and inter-
esting structural and coordination properties. Worth of notice is
that the coordination geometry of representative structural type
POMs finds a close correspondence with the active site of natural
oxygenase enzymes [7-9].

As highlighted in Fig. 1, Fe-substituted Keggin a-undeca-
and +y-decatungstates [10,11] and the Krebs-type derivatives
[12], may suggest a POM-based inorganic mimicry respectively
of heme-Cytochrome P450, the Fey(w-O), diamond core of
methane monooxygenase (MMO) and the non-heme dioxyge-
nase iron site with three exchangeable coordination positions
[7-9]. Thus, a most desirable feature would be that such a
structural diversity might pose the basis for a variety of catalytic
functions paralleling the enzyme paradigm. A bio-inspired
approach on the design and application of the POM-based cat-
alysts has been proposed in the literature [13,14]. However few
systematic investigation including detailed mechanistic studies
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Fig. 1. Structures of representative Fe substituted polyoxotungstates as inorganic synzymes.

and structure—reactivity correlations are available. Moreover
an appealing tool is the use of non-conventional activation
techniques such as microwave (MW) irradiation [15]. The
efficiency of microwave flash heating in accelerating organic
transformations (reaction times reduced from days and hours
to minutes and seconds) is well recognized [15]. Of particular
interest is therefore the application of new microwave-assisted
methodologies to high-speed metal catalyzed oxidations. In
this respect, the use of robust polyanionic catalysts, especially
in water as solvent, represent a specific advantage considering
that polar and ionic conducting media lead to an extremely
rapid in situ MW-induced heating, expected to produce an
efficient thermal activation under controlled and safer condi-
tions [15]. In the following paragraphs, we will address the
effect of MW irradiation both in the synthesis of TMSP and in
catalysis.

2. Experimental section
2.1. Materials

Hydrothermal synthesis of LisRu(DMSO)PW ;039 was pre-
viously reported [16]. Iron substituted polyoxotungstates were
prepared following literature procedures [10-12,17]. THA salts
were obtained by cation exchange in water. RuCl3 (Aldrich) was
used as ruthenium source for the synthesis of RuCl,(DMSO);.
3,3-DTBC (Aldrich, 99%) was recrystallized using n-hexane.
Commercially available, reagent grade organic compounds used
as oxidation substrates were used without additional purifica-
tion.

2.2. Instrumentation

GC analyses were performed with a Hewlett Packard 5890
Series Il instrument, equipped with flame ionisation detector and
capillary column HP 5 (30 m; I.D. 0.32 mm; 0.25 pm film thick-
ness, S1P, 29Si, 13C, and 'H NMR were obtained on a Bruker
AV 300 instrument, equipped with a multinuclear probe spectra.
183 W and % Ru spectra were obtained on a Bruker Avance DRX
400 instrument, equipped with a standard C!P-1°Ag) 10 mm
broadband probe tuned below its specifications. MS (ESI) analy-
ses were done with a Finnigan MAT LCQ instrument. FT-IR was
recorded with a Perkin-Elmer 1600 series instrument. MW irra-
diation was performed inside the cavity of the MW Ethos-1600
labstation (Milestone).

2.3. Catalytic oxidations

MW assisted oxidations were performed in water or in
organic solvent, under dioxygen atmosphere, in a 10 ml closed
teflon reactor (HPR-1000/10S, Milestone) equipped with tem-
perature and pressure control units and irradiated inside the
cavity of a MW Ethos-1600 labstation (Milestone). Oxidation
of DMSO (27.5mM) was performed in water in the pres-
ence of the tungstoruthenate catalyst (4.7 mM) under oxy-
gen atmosphere and MW irradiation (initial power, 350 W;
initial time, 2min; final power, 300 W; Ty, 200 °C, reac-
tion time, 180 min). Cyclohexane oxidation was performed
in DCE (0.8 ml) with Fe-POM (0.75-0.19 pmol) and cyclo-
hexane (0.98 ml), under dioxygen atmosphere, MW irradia-
tion (at 240 W, Ty =120°C). The reactions were sampled
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(50 wl) over time and analysed generally by 'H NMR, GLC
and GLC-MS. Conventionally heated oxidations were per-
formed in thermostated reactors. Aerobic oxidation of 3,5-di-
tert-butylcatechol (DTBC, 60 mM) was performed in mixed
solvent THF:H,O (98:2, 5ml) in the presence of Fe-POMs
(8 mM) and 3,5-di-zert-butyl-p-cresol (DTBC, 200 mM) under
oxygen atmosphere (1 atm) at 25 °C. Products were identified
by comparison with spectroscopic literature data and by com-
parison with authentic samples. Chemical yields and conver-
sions were generally determined by quantitative GC analysis.
Peroxide content was determined using the triphenylphosphine
quencher method [18], carboxylic acids were revealed by silyla-
tion with BSTFA before GLC-MS analysis. Catalyst stabilities
were assessed by FT-IR after precipitation from the reaction
mixture and washing with diethyl ether.

3. Results and discussion

3.1. MW assisted synthesis and reactivity of
[Ru"(DMSO)PW ;039

Lacunary POMs with missing metallic addenda are key
intermediates for the incorporation of hetero-transition metal
cations [2]. In particular, Keggin-type undecatungstates of for-
mula [XW11039]"~ (X=B, Si, Ge, P, As), represent a unique
class of ligands. By providing a planar tetradentate binding site
with a proximal axial coordination position, they have been
considered as inorganic porphyrin analogs (Fig. 1) [19]. In
the field of metal catalyzed oxidations, ruthenium porphyrins
have proved to effect dioxygen activation [20], to react with
N>O [21], and to promote highly chemo- and stereoselective
oxidative transformations in the presence of various oxygen
donors [22].

Therefore, POMs derivatization with ruthenium is of great
interest in the field of catalytic oxidations [14,23-25], and to
this aim two different routes have been pursued: (i) ruthenium
incorporation within the polyoxoanion framework, leading to
Ru-substituted POMs; (ii) functionalization of the polyoxoanion
surface leading to Ru-supported POMs [16,23-26]. The latter
approach has been used for the synthesis of new organometal-
lic species providing the ruthenium center with a hybrid set of
ligands [23-25]. Despite their appealing potential, the synthe-
sis of ruthenium substituted polyoxotungstates is not straight-
forward and high temperatures and prolonged reaction times
are generally needed. Ruthenium precursors as RuClz-nH;O,
[Ru(H20)6][C7H7S03]>, Ru(acac)s, and cis-Ru(DMSO)4Cl,
have been used under different experimental conditions [23-25].
In the most recent synthetic protocols, the reagent of choice has
been the organometallic complex cis-Ru(DMSO)4Cl, [24,25].
In particular, this latter has been employed for the metalation of
the lacunary ligand [PW1; 039]7~ in water at 200 °C under MW
irradiation [16]. The MW assisted hydrothermal process leads to
the highly selective incorporation of a ruthenium atom into the
polyoxometalate framework in 5—15 min (Scheme 1). The dia-
magnetic, air-stable, [Rul(DMSO)PW ;03917 complex canbe
isolated, after purification on size exclusion and ion-exchange
columns, as Li*, Na* or K* salt, in 70-80% yields on a gram

cis-Ru(DMS0),Cl,
_ >

1) H,O, 200 °C, MW, 5-15 min
2) lonic exchange column
3) Size Exclusion chromatogtraphy

[PW,,0,,1" [Ru”(DMSO)PW,,0,,1%

Scheme 1. Reagents and product of the MW assisted hydrothermal metalation.
POM structures highlight the six non-equivalent W atoms of the '33W-NMR
spin systems.

scale. The progress and the selectivity of the POM metalation
can be monitored by '83W NMR given that the unreacted ligand
and the tungstoruthenate complex give rise to two distinct sets
of six resonances [16].

MW irradiation induces a remarkable acceleration as com-
pared to conventional heating performed at 100 °C for 48 h. In
fact, despite the prolonged heating, the conventional reaction
occurs only to a 50% extent (Fig. 2) while the MW assisted met-
alation results in the formation of the expected product, as the
only detected species in solution, after just 15 min.

Experimental and computational studies addressing the struc-
ture of the metalated complex, indicate that ruthenium is coor-
dinated to the four lacunary oxygens of the phosphotungstate
ligand and to the sulfur atom of one terminal DMSO molecule
[16,27]. The problem with respect to catalytic applications is
that bound DMSO ligands are very inert and provide a strong
stabilization of the Ru(II) center thus preventing its oxidation to
high valent Ru-oxo intermediates. In particular the title catalyst
displays a remarkable stability in water, under O, atmosphere,
at room temperature. In this respect, activation of the ruthenium
center should involve either the substitution of the DMSO lig-
and and/or high temperature conditions [24,25]. In first instance,
the behavior of [Ru(DMSO)PW; 039]°" in catalytic oxidation
has been examined in the presence of “‘shunt” oxidants, including
2,6-dichloro pyridine N-oxide (PyCl,NO), which has proved to
be highly efficient in porphyrin-based systems [28]. Inspection
of Table 1 results show that oxidation turnover can be obtained
with sodium periodate (NalO4) and potassium monopersulfate
(KHSOs) as tested in the oxidation of two model hydrocar-
bons, cyclooctene and adamantane, respectively. No reaction
is observed with the heteroaromatic N-oxide, PyCl,NO [29].
Of particular interest is the ruthenium promoted cleavage of the
olefinic double bond with NalOy4, which can be also performed in
water, with no need of organic solvent or phase transfer agent,
and leads to substrate quantitative conversion in 4 h at 50 °C,
suberic acid being the major product formed (84% yield) [16].
In analogous conditions cyclohexene yields adipic acid (90%
yield). In the hydroxylation of adamantane, the title catalyst
exhibits the high selectivity for the tertiary C—H functional-
ization, typical of high valent ruthenium-oxo species. Under
turnover conditions the DMSO ligand is oxidized to dimethyl-
sulfone (DMSO3). The lack of reactivity found with PyCl,NO
is likely associated to the strong binding of the DMSO ligand



96 M. Bonchio et al. / Journal of Molecular Catalysis A: Chemical 251 (2006) 93-99

g = L35 38 g
e b o= ~O =
388 58 €3
| 111 ST
[ ] ®
o/ . 1
o [n]

l'e
|
"0 e0 70 50 30 10 -0 30 -0 -70  -80 -110 -130 -150

Fyem)

Fig. 2. '3W-NMR spectrum of the reaction mixture after 48 h at 100 °C under conventional heating showing signals of unreacted [PW ;03917 (full circles) and of

[Rul(DMSO)PW ;03917 (empty squares).

Table 1

Catalytic oxidation of model hydrocarbons by [Rul(DMSO)PW,;039]°~ with different oxidants®

Substrate (M) Oxidant (M) Time (h) Conversion (%)° Main products (%)°
Cyclooctene (0.1) PyCI,NO (0.1) 18 0 -
NalOy4 (0.4) 22 95 Suberic acid (80)
Adamantane (0.1) PyCI,NO (0.1) 30 0 -
KHSOs (0.4)d 24 60 1-adamantanol (30), 1-chloroadamantane (20)¢

2 Inall reactions: catalyst (0.005 M) in H,0:1,2-dichloroethane biphasic medium with nBusN*HSO4 ™~ (0.05 M) as phase transfer agent, room temperature. Reactions

with PyCI,NO were performed in 1,2-dichloroethane.
® % of substrate conversion.
¢ % yield based on substrate conversion.
4" Added in four portions over 4 h.

¢ Adamantanone and 2-chloroadamantane are also formed in ca. 10% overall yield.

which prevents the coordination of the heteroaromatic N-oxide
to the ruthenium center, and therefore the formation of the active
metal oxidant in solution [28].

In order to provide a highly efficient thermal activation,
catalytic oxygenation by [Rul(DMSO)PW;;039]°~ has been
performed with the assistance of MW irradiation. To this aim,
water can be considered the solvent of choice due to the high
efficiency in the MW absorbance thus inducing strong dielectric
heating [15].

Under MW assistance, LisRull(DMSO)PW ;039 catalyzes
the selective oxygen transfer to DMSO in water leading to the
quantitative production of DMSO;. The reaction is carried out
in acetate buffer solution (pH 4.8), requires oxygen atmosphere
and MW induced dielectric heating (Tyyx =200 °C). Oxidation
turnover is obtained in the presence of DMSO excess. Under
the condition adopted the resting state of the catalyst is a para-
magnetic Ru(IIl) complex which retains the a-Keggin structure
of the POM ligand as confirmed by IR spectroscopy and ESI-
MS studies. While a detailed analysis of the dioxygen activation
mechanism will be reported in due course, it is important to
anticipate that 18 incorporation (>60%) in DMSO; occurs
when the oxidation is run in enriched H,O!8. This evidence
speaks in favor of the involvement of a high valent Ru-oxo
species which undergoes oxygen atom exchange with the sol-
vent prior to oxygen transfer to substrate. The occurrence of

high valent “oxene” intermediate in the realm of TMSP catalysts
has been recently assessed through computational methods [30].
Indeed, the involvement of a Ru(IIl)~Ru(V) manifold for oxy-
gen transfer in water has been demonstrated in the electrolytic
oxygenation of DMSO catalyzed by Ru(H,0)PW;;030% as
reported by Pope and Rong according to Scheme 2 [26].

3.2. Iron substituted polyoxotungstates as oxygenation
catalysts

Metalation of lacunary polyoxotungstates is the way to
Fe_'POMs with nuclearities 14, namely [a-Fe(H,0)
SiW1030]°~ (FeSiWy1), [y-Fey(H20),S8iW0033]°~ (Fe,
SiW1o), [OL-Fe3(H20)3SiW9037]7_ (FesSiWyg) and [B-Fes

[Ru"(0)PW,05]" DMSO

2e, 2H"

[Ru"(H,0)PW; O] PMSO,

Scheme 2. Electrolytic oxygenation of DMSO catalyzed by Ru'(H,0)
PW]10394_.
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Scheme 3. MW assisted cyclohexane oxygenation by FePOMs.

(H20)10(XW9033)2]"~ (Fes X, Wig, X = SelV, TelV; As!, Sl
n=4,6) [10-12,17]. These complexes, as tetrahexylammonium
(THA) salts, have been used in 1,2-dichloroethane (DCE) as
catalysts for hydrocarbon oxygenation [31]. Catalytic aerobic
oxygenation at low dioxygen pressure is generally plagued
by a prolonged reaction time, associated to the presence of a
marked induction time and low turnover frequencies (TOFs).
MW induced dielectric heating, provides a rapid reaction pro-
tocol for screening the activity and selectivity of this class of
catalysts. Under the conditions explored (Scheme 3), cyclo-
hexane oxygenation occurs with conversion of up to 3% in
250 min, yielding cyclohexylhydroperoxide (CHHP), cyclohex-
anol (A) and cyclohexanone (K) with 90-95% selectivity [32],
total turnover number >1000, and TOFs in the range 40-400 h~!
[31].

In all cases, several lines of evidence delineate a radical
chain mechanism, namely (i) a biphasic kinetic trace, indicating
an autocatalytic behavior; (ii) accumulation of the autoxidation
product CHHP; (iii) fast initiation by fert-butyl hydroperoxide
(TBHP); (iv) inhibition by the radical scavenger 3,5-di-fert-
butyl-4-hydroxytoluene (BHT). The severe mechanistic com-
plexity associated with metal-mediated radical chain oxidations,
hampers a clear-cut elucidation of the catalyst role and its
involvement in homolytic and/or heterolytic mechanistic path-
ways. However, a key point is that both conversion and selec-
tivity of the oxidation show a marked dependence on the nature
of Fe-POM catalyst (Table 2). In particular POMs with higher
iron nuclearity, lead to an increase in CHHP accumulation and
in ketone selectivity (cfr entry 1 with entries 2—7 in Table 2).
This observation emerges also from inspection of the oxida-
tion kinetics obtained with catalysts FeSiW1; and Fe4AsyWig
(Fig. 3). Both features are consistent with a depressed perox-
ide decomposition via homolytic pathways, favoring heterolytic
ketonization. This latter is likely to involve peroxometal interme-
diates, whose nature and stability may depend on the structural

Table 2
MW assisted cyclohexane oxygenation by Fe!l'-POM catalysts?

# Catalyst* Conversion (%)° Selectivity® CHHP:A:K
1 FeSiW; 1.42 6:67:28

2 Fe,SiW g 0.54 73:7:20

3 Fe3SiWy 0.37 76:6:18

4 FesSeoWig 0.30 88:0:12

5 FesTeoWig 0.51 66:25:9

6 FesSboWig 0.57 45:35:20

7 FesAso Wi 0.96 49:33:18

“ DCE 0.8ml, cyclohexane 9.1 mmol, catalyst 0.75umol, O, 1atm,
T=120°C, MW irradiation at 240 W for 150 min.

b % of substrate conversion.

¢ % Product distribution.
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Fig. 3. kinetics of the MW assisted cyclohexane oxygenation by FeSiW 1 (graph
A) and Feq AsyW g (graph B).

arrangement of the iron moiety and on the POM tungsten frame-
work [33].

In spite of some encouraging results the quest for synthetic
oxygenases in the field of POMs appears a formidable challenge.
The possibility to access a library of isostructural POM-based
catalysts represent a unique tool for structure—reactivity corre-
lations in order to address both the reaction mechanism and
the structural/electronic requirements of the active catalysts. In
this context the very large family of Krebs-type isostructural
polyoxotungstates (almost 20 species including Fe'l' deriva-
tives) represented by the formula [B-M4(H20)10(XWo9033)2]"~
(n=6,X=As"l, Sb, M=Fe!l and Cr'"l; n =4, X =Se'V, Te!V,
M=Fell and Cr'!l; n=8, X=Se!V, Te!¥, M=Mn"l, Co'l, Nill,
ZnH, cd” and HgH), see structure in Fig. 1, can be considered
an ideal catalyst pool [12]. Most noticeably, such complexes
display four highly accessible transition metal ions, featuring
at least two coordination positions available for both substrate
and oxygen binding. Thus, considering the coordination geom-
etry of the catalytic center, these complexes have been screened
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Scheme 4. Aerobic oxidation of 3,5-diterbutylcatechol (DTBC) catalyzed by Fe-POMs.

for catechol oxidative cleavage, performed with high efficiency
and selectivity by non-heme iron-dioxygenase enzymes [8].
Preliminary studies indicate that, iron substituted polyoxo-
tungstates with Krebs structure [B-Fe4(H20)10(XWo033)2]"~
(FesXoW1g), catalyze the oxidative cleavage of 3,5-di-fert-
butylcatechol (DTBC) with molecular oxygen (Scheme 4).

Under the condition explored, oxidative cleavage account for
ca. 25% of substrate conversion, leading to products deriving
both from intra- and extra-diol cleavage selectivity, respec-
tively, 3,5-di-tert-butyl-1-oxacyclohepta-3,5-diene-2,7-dione
(muconic acid anhydride, 3,5-DTBA) and 4,6-di-tert-butyl-
1-oxacyclohepta-4,6-diene-2,3-dione  (2,3-dione) [8]. The
reaction has been performed in the presence of 3,5-di-tert-
butyl-p-cresol (BHT) as radical scavenger to inhibit substrate
autoxidation responsible for the formation of 3,5-di-ferz-butyl-
1,2-benzoquinone (3,5-DTBQ), a major side-product. The
observed reactivity is ascribable to the two iron(III) centers hav-
ing three binding sites available for both substrate and dioxygen
coordination. In fact, isostructural complexes incorporating
MnL, Coll, Nill, ¢!, cull, Cd! are inactive, and so are other
iron substituted complexes, namely [a-Fe(H,0)SiW ;10391
(FeSiW11) and [y-Fex(H,0):SiW 190381~ (FeaSiWy),
which the iron center does not display the opportune coordina-
tion geometry. The system displays an interesting reactivity also
in aqueous media thus potential applications for wastewater
treatment and the oxidative degradation of water-soluble
aromatic pollutants may be envisaged. This reaction establishes
a new mimicry of the catechol dioxygenase enzymes with an
all-inorganic class of catalysts.

4. Conclusions

The quest for efficient oxygenation systems represents a
major objective in catalysis. In particular, there is a call for a
high turnover, highly stable catalytic system capable of reacting
with O to effect substrate oxygenation and performing ide-
ally in water under mild or controlled thermal activation. In this
respect, the use of MW induced flash-activation fits well with the
polyanionic, inorganic nature of POM-based oxidation catalysts.
High performance and peak efficiencies can be achieved both in
the synthesis and in turnover regimes. Our results contribute to
the search for non-traditional processes, featuring competitive
productivity rates with MW technology. On the other end, they
validate a foreseen mechanistic variety within the realm of the
so-called “inorganic synzymes” and set the basis for a detailed
investigation to address powerful structure—reactivity correla-
tions.
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