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Microwave irradiation for 15 minutes allowed the highly
selective hydrothermal synthesis of the diamagnetic, air-

stable oxidation catalyst [PW;;O3,Ru(DMSO)]°>-, as con-
firmed by 'H, 3!'P, ““Ru and '®3W NMR techniques.

Introduction

The design of transition metal based catalysts is finding
new resources within the field of polyoxometalate chemis-
try.ll In this respect, Keggin-type polyoxotungstates with
mono-lacunary structures of formula [XW;;03]"~ (X = B,
Si, Ge, P, As), represent a unique class of ligands.[1?! Prop-
erly referred to as inorganic porphyrin analogs, they pro-
vide a rigid, hydrolytically stable, thermally robust, nonoxi-
dizable framework that behaves as a pentadentate environ-
ment to include a catalytically active transition metal
center. 121 Derivatization of such species with ruthenium
retains a major interest in the field of homogeneous cataly-
sis, especially within the domain of metal-mediated oxi-
dations.*~7 In fact, ruthenium porphyrin-based systems
have been proved to carry out dioxygen activation,!® to re-
act with N,OP! and, in general, to promote highly chemo-
and stereoselective oxidative transformations in the pres-
ence of various oxygen donors. P10 Despite their appealing
potential, the synthesis of ruthenium-substituted poly-
oxotungstates is not straightforward and presents a series of
problems, as indicated by the few literature reports pub-
lished to date.l*~7 In particular: (i) use of the commercially
available ruthenium source “RuCl;-nH,0O” produces either
a mixture of undefined species or a low yield of the target
compound; (ii) high temperatures and prolonged reaction
times are generally needed; (iii) the formation of paramag-
netic Ru" complexes hampers both the NMR monitoring
of the reaction and the structural elucidation of the final
product.

Herein we report that [RuCl,(DMSO),] (1)1 reacts with
the lacunary tungstate ligand [PW;,039]"" (2)!'?l in water
at 200°C under microwave irradiation, '3 leading, after 15
minutes, to the complete incorporation of a ruthenium
atom into the polyoxometalate framework, and to the selec-
tive production of the diamagnetic, air-stable, complex
[PW,,05,Ru™(DMSO)]°>~ (3). Scheme 1 illustrates the syn-
thetic approach described above and presents the optimized
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geometries of both 2 and 3 obtained with PM3(tm) semiem-
pirical calculations.

183W NMR spectroscopy provides an elegant tool to
monitor the progress of the reaction. In Figure 1, spectra
(a) and (b) allow us to examine the outcome of the metal-
ation performed in water under conventional heating
(100°C, 1 atm, 48 hours), or under microwave irradiation
(200°C, 15 atm, 15 min), respectively.

As expected, ! the formation of a Ru'' complex leads to
a marked deshielding of the signals relative to the two W
atoms adjacent to the substituted center (W; and W, in
Scheme 1). The new set of six resonances is consistent with
the formation of a unique species 3.%] This can be easily
seen in Figure la, where the resonances of both 3 and of
the unreacted 2 are present in a ca. 50:50 ratio. Therefore,
the spectroscopic analysis of both reaction mixtures high-
lights the remarkable acceleration of the process achieved
by the microwave irradiation, as it results in the complete
disappearance of the ligand signals after only 15 minutes
(Figure 1b).

The assignment of the six resonances pertaining to the
ruthenium complex 3 (W atom labels are shown in Scheme
1) is based on the analysis of W—W connectivities and
2Jwow scalar couplings determined from '83W NMR
COSY experiments with selective excitation (see Exper-
imental Section). A sample spectrum is shown in Figure 2,
while the complete set of results is collected in Table 1.

Homonuclear '#3W 2D COSY or INADEQUATE tech-
niques have been employed for the structural elucidation of
polyoxotungstates.'?! However, since the number of scalar
couplings present in such systems is relatively small, the 1D
COSY technique with selective excitation!!'# provides an at-
tractive alternative, since it allows for the collection of all
connectivity information in separate experiments (whose
number will not exceed the number of tungsten resonances)
retaining the high resolution typical of 1D spectra.

As further evidence confirming the complete substitution
and the selectivity of the process, analysis of the reaction
mixture by “Ru NMR spectroscopy revealed a single sig-
nal, relative to 3, at 6 = 7737 (Figure 3), whereas the signal
for the precursor 1 is found at & = 3976. To the best of our

1434—-1948/00/0101—0017 $ 17.50+.50/0 17



SHORT COMMUNICATION

A. Bagno, M. Bonchio, A. Sartorel, G. Scorrano

RuCl,(DMSO0),

@)

H,0, heat

Scheme 1. W hatched, O white, Ru dotted; dark pattern spheres represent the atoms of the DMSO residue; W atoms are labelled according

to the '*W NMR assignments (see text)
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Figure 1. '3W NMR spectra of the reaction mixtures (a) conventional heating, filled circles: signals of the unchanged 2; open squares:
signals of (3); (b) MW irradiation; letters indicate the resonances of 3 as reported in Table 1
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Figure 2. '33W selective COSY spectrum carried out upon excitation of the resonance at § = —145

knowledge this is the first observation of a °’Ru signal in a
polyoxometalate inorganic matrix.

Complex 3 displays a remarkable catalytic activity in the
presence of sodium periodate (NalO,) or potassium mono-
persulfate (KHSOs) which were used as primary oxidants

18

in the oxidation of cyclooctene and adamantane, respec-
tively. '3 Particularly interesting is the ruthenium-promoted
cleavage of the olefinic double bond which proceeds in
water, with no need of organic solvent or phase transfer
agent, leading to 90% conversion of the substrate in 4 hours

Eur. J. Inorg. Chem. 2000, 17—20
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Table 1. '3W NMR data for (3) as lithium salt in D,O

“Jwow (Hz)t!

wial o §lb] assign. A B C D E F 2Jwopld!
AQ2) 117.39 W1 - - - - 16.1 262 1.23
B(2) —2.66 W4 - = 10.0 — - 10.4 146
C(2) —9443 W5 - - - 18.5 - 10.0 1.01
D(l) —105.76 W6 - = - — 8.7 - 1.35
E(2) —133.30 W2 - = - - - 20.3 1.23
FQ) 14514 W3 - - - - - -

[al Letters indicate resonances as shown in Figure 1b (integration
ratio). — ®1 £ 0.02 ppm. — [ + 0.2 Hz. — 9"+ 0.3 Hz. 5C°'P) =
—10.8 (D,0), 8('H) = 3.40 (D>0) (s).

and Ru NMR spectroscopic analysis, the reaction mixture was
passed through a Li*-form resin (Amberlite IR 120). Further puri-
fication of 3 can be achieved by chromatography on a Sephadex
G-15 column with water as eluent. — IR (KBr): v = 1067, 1049,
1018, 964, 885, 793, 691, 589, 513 cm~!. — MS (FAB); m/z:
2893-2891 [(M + H)*, HLisPW,,;03,Ru(DMSO)*], calcd. 2893.

The reported procedure for the synthesis of 3 involves a two-step
reaction requiring the reduction of [PW;,03,Ru""(H,0)]*~ by elec-
trolysis or prolonged heating in DMSO.D!

NMR Characterization: '3W and °’Ru spectra were obtained at
9.4 T (16.67 and 18.43 MHz, respectively) on a Bruker Avance
DRX 400 instrument, equipped with a standard (*'P-19Ag) 10-mm
broadband probe which could be tuned below its specifications.
The n/2 pulse duration was ca. 50 ps for both nuclei. '$3W and
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Figure 3. “Ru NMR spectrum of (3)

at 50°C, 1,8-octanedioic acid (suberic acid) being formed in
83% yield. In the hydroxylation of adamantane, complex
3 exhibits the high selectivity typical of ruthenium-based
catalysts.311% The reaction occurs smoothly at 50°C in a
two-phase medium (1,2-dichloroethane/H,0O) and performs
the preferential attack at the tertiary C—H site of the sub-
strate (54% conversion after 20 hours) affording 1-ada-
mantanol and 1-chloroadamantane as major products.[!¢]
Further studies concerning the synthesis of tungstoruthen-
ate catalysts together with the scope and mechanism of their
promoted oxidations are currently in progress, especially
with the aim to devise environmentally sustainable oxi-
dation processes.!!”!

Experimental Section

Preparation of [PW;;03Ru"(DMSO)|3>~ (3): K;PW,;03 (2.0 g)
and RuCl,(DMSO)4 (0.3 g) in 50 mL of water were placed in a
closed reactor (HPR-1000/10S, Milestone) equipped with tempera-
ture and pressure control units and irradiated inside the cavity of
the MW Ethos-1600 labstation (Milestone) according to the follow-
ing parameters: initial power, 350 W; initial time, 2 min; final
power, 300 W; T = 200°C; reaction time, 15 min. Before '3W
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%Ru chemical shifts are externally referenced to 2 M aq. Na,WO,
or 0.3 M aq. K4Ru(CN)y, respectively. Typically, ca. 10° transients
were collected in 32K or 1K data points, respectively. Selective
COSY spectra were carried out with the standard sequence,' em-
ploying a 20-ms Gaussian-shaped selective pulse (n/2) at the desired
offset and a 10-ms delay (the total evolution delay being ca. 20 ms).
This value was found to be the optimum compromise between the
need to emphasize the smallest couplings (4—5 Hz) and the rela-
tively fast longitudinal relaxation (77 values being between 0.7—1.1
s). In order to gain insight into the molecular structure and the
magnetic properties of the catalytically active ruthenium nucleus,
ab initio calculations of the NMR properties of 3 are being per-
formed.

Catalytic Oxidations: Cyclooctene (0.51 mmol) was suspended in
SmL deionized water containing NalO, (1.95 mmol) and 3 (5
umol). After 4 hours, the unreacted olefin and the products were
extracted with Et,O (5 X 5 mL) from the acidified reaction mixture
and analyzed by GC and 'H and '3C NMR spectroscopy.

Adamantane (0.195 mmol) and Buy,NHSO, (0.096 mmol) were dis-
solved in 1,2-dichloroethane (2 mL) and reacted at 50°C with an
aqueous solution (2 mL) containing 3 (0.01 mol) and Oxone
(0.4 mmol, added in 3 portions over 3 hours). The reaction was
monitored by GC and products were identified by GC-MS analysis
and by comparison with authentic samples. The observed product
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distribution was as follows: 1-adamantanol (53%), 1-chloroadam-
antane (32%), adamantanone (10%), 2-chloroadamantane (5%); 2-
adamantanol was detected only in traces.
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