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The benzene—Ru(ll)-supported trilacunary heteropolytungstates [(RuCsHg).XWoO34]®~ (X = Si, 1; Ge, 2) have been
synthesized and characterized by multinuclear solution NMR (183W, 13C, 'H, 2Si), UV-vis and IR spectroscopy,
electrochemistry, and elemental analysis. Single-crystal X-ray analysis was carried out on Rb;Nay[(RuCeHs),SiWgO44)*
21H,0 (RbNa-1), which crystallizes in the triclinic system, space group P1, with a = 11.9415(2) A, b = 13.3123(2)
A, ¢ = 19.4927(4) A, a. = 96.6460(10)°, B = 95.1570(10)°, y = 98.2560(10)°, and Z = 2 and on Cs;Nay-
[(RuCeHs),GeWy034]-19.5H,0 (CsNa-2), which crystallizes also in the triclinic system, space group P1, with a =
11.930(4) A, b = 13.353(4) A, ¢ = 19.586(6) A, o. = 95.982(5)°, B = 95.414(6)°, y = 98.142(5)°, and Z = 2.
The novel polyanion structure consists of two (RuCgHg) units linked to a trilacunary (XWyO34) Keggin fragment via
Ru-O(W) and Ru—0O(X) bonds resulting in an assembly with C; symmetry. Polyanions 1 and 2 were synthesized
by reaction of [RuCsHsClo], with [A-0.-XWsO3,4]'%~ in aqueous buffer medium (pH 6.0). Both 1 and 2 are stable in
solution as indicated by the expected 5-line pattern (2:1:2:2:2) in the 183W NMR and the expected **C, H, and #Si
spectra. Descriptions of the respective electrochemical behaviors of the W centers and the Ru centers in 1 and 2
are given in media where these processes are clearly defined. In a pH = 3 acetate medium, the cyclic voltammetry
of the W centers shows the known fingerprint of the trilacunary a-[XWgO34]"~ (X = Ge, Si) moieties. The presence
of the (RuCgHs) substituents imparts a good stability to these fragments in solution. Stepwise oxidation of the Ru
centers was suspected in pH = 5 acetate medium, but only the first step was well-separated from a large current
composite wave. The stepwise oxidation was finally observed clearly in a DMF-water (90/10 v/v) mixture and
shows two well-behaved Ru oxidation processes. A short comparison is made with DMSO-bearing Ru
polyoxometalates.
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y ( ) a g the determination of the mechanisms of oxide-supported

metal-oxygen clusters. This family of compounds has been
known f_or more tha_n 200 years, and numerous new struc;tural (1) (a) Pope, M. T.Heteropoly and Isopoly OxometalateSpringer-
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catalysts. This work has led to a large number of transition
metal containing POM derivatives including-3zhd fblock
metals. However, there are very few reports on POMs
incorporating 4d or 5d transition metal iohs. Therefore,
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Only two species had been known, namely Finke'§R@V -
Cl(02-PW17061)} 2] ¢~ and Neumann’s [WZnR{y(OH)(H,O)-
(ZNWgQOay4)5].11-1516 The difficulty of making pure Ru-
containing polyoxometalates and the nonreproducibility of

the rational design, synthesis, and characterization of newsome reported Ru-containing polyanions has been discussed
types of such polyanions remain an important research by Nomiya et al*

objective.

Synthesis of POMs containing ruthenium is of great
industrial interest owing to the unique redox and catalytic
properties of this elemeft.Discovery of the mono-Ru(lll)-
substituted silicotungstate [SiMRU(HO)Osg]°> and its high
reactivity and selectivity in the catalytic oxidation of a variety
of organic substrates by,@nd HO, has motivated research
groups worldwide to engage in the synthesis of ruthenium
POMs!! To date, RuGknH,0, [Ru(H0)][C7H7SOs]2, Ru-
(acac), and cisRu(DMSO)Cl, have been used as Ru
precursors to synthesize Ru-decorated PGAVI$.However,
the number of structurally characterized, Ru-containing
polyoxotungstates has been extremely small until recently.
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Very recently our group reported on the structures of
three types of RU{DMSO)-supported polyoxotungstates,
[HW9033RU2(DMSO)6]77, [RU(DMSO);(HzO)XW11039]67
(X = Ge, Si), and [HXWO.sRUu(DMSO}]® (X = P, As)Y’
These polyanions were fully characterized in solution and
in the solid state by single-crystal XRD, elemental analysis,
IR, UV—vis, and®W, H, and'3C NMR spectroscopy.

In the last years organometallic ruthenium precursors have
also been used for the synthesis of ruthenium-containing
POMs. The groups of Attanasio, Finke, and Klemperer,
respectively, reported on g{cymene)Ru(NpN,010)]%,
[(CsHs)RU‘ P2W15Nb3052] 77, [(CgHe)RU(Cp*TiW5OJ_8)]7, and
[(Cp*TiW 5015).RW(CO)]*, all of which were characterized
by elemental analysis, IR, and multinuclear NNR20
Subsequently, ‘Ss-Fink and co-workers and Proust and co-
workers described the formation of organometallic oxides
by self-condensation of simple molybdates or tungstates with
{RU'(arene)?" units (arene= benzene, toluen@-cymene,
mesitylene, durene, or hexamethylbenzefé).In 2003,
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Seebach, D.; Beck, A. K.; Zhang, B. Org. Chem2003 68, 8222.
(b) Neumann, R.; Dahan, Ml. Am. Chem. Sod.998 120, 11969.
(c) Neumann, R.; Dahan, MNature 1997, 388 353. (d) Sadakane,
M.; Higashijima, M.J. Chem. Soc., Dalton Tran2003 659. (e)
Bonchio, M.; Scorrano, G.; Toniolo, P.; Proust, A.; Artero, V.; Conte,
V. Adv. Synth. Catal2002 344, 841. (f) Yamaguchi, K.; Mizuno, N.
New J. Chem2002 26, 972. (g) Filipek, K.Inorg. Chim. Actal995
231, 237. (h) Neumann, R.; Khenkin, A. M.; Dahan, Magew. Chem.,
Int. Ed. 1995 34, 1587.

(12) Rong, C. Y.; Pope, M. TJ. Am. Chem. S0d.992 114, 2932.

(13) Higashijima, M.Chem. Lett1999 1093.

(14) (a) Khenkin, A. M.; Shimon, L. J. W.; Neumann, Rorg. Chem.
2003 42, 3331. (b) Nomiya, K.; Torii, H.; Nomura, K.; Sato, Y.
Chem. Sog¢ Dalton Trans.2001 1506. (c) Alessandro, B.; Bonchio,
M.; Sartorel, A.; Scorrano, Geur. J. Inorg. Chem200Q 17.

(15) Randall, W. J.; Weakley, T. J. R.; Finke, R. iBorg. Chem.1993
32, 1068.

(16) Neumann, R.; Khenkin, A. Mnorg. Chem.1995 34, 5753.

(17) (a) Bi, L.-H.; Hussain, F.; Kortz, U.; Sadakane, M.; Dickman, M. H.
Chem. Commur2004,1420. (b) Bi, L.-H.; Kortz, U.; Keita, B.; Nadjo,
L. J. Chem. Soc., Dalton Tran2004 3184. (c) Bi, L.-H.; Dickman,
M. H.; Kortz, U.; Dix, I. Chem. Commur2005 3962.

(18) Attanasio, D.; Bachechi, F.; Suber, L.Chem. Soc., Dalton Trans.
1993 2373.

(19) Pohl, M.; Lin, Y.; Weakley, T. J. R.; Nomiya, K.; Kaneko, M.; Weiner,
H.; Finke R. G.Inorg. Chem.1995 34, 767.

(20) (a) Day, V. W.; Eberspacher, T. A.; Klemperer, W. G.; Planalp, R.
P.; Schiller, P. W.; Yagasaki, A.; Zhong, Biorg. Chem.1993 32,
1629. (b) Klemperer, W. G.; Zhong, B.-Xnorg. Chem.1993 32,
5821.

(21) (a) Swes-Fink, G.; Plasseraud, L.; Ferrand, V.; Stoeckli-Evans, H.
Chem. Commun1997 1657. (b) Saes-Fink, G.; Plasseraud, L.;
Ferrand, V.; Stanislas, S.; Neels, A.; Stoeckli-Evans, H.; Henry, M.;
Laurenczy, G.; Roulet, RRolyhedronl1998 17, 2817. (c) Plasseraud,
L.; Stoeckli-Evans, H.; Sss-Fink, G.Inorg. Chem. Commuri999
2, 344,

(22) (a) Artero, V.; Proust, A.; Herson, P.; Thouvenot, R.; Gouzerh, P.
Chem. Commur200Q 883. (b) Artero, V.; Proust, A.; Herson, P.;
Gouzerh, PChem. Eur. J2001, 7, 3901. (c) Villanneau, R.; Artero,
V.; Laurencin, D.; Herson, P.; Proust, A.; GouzerhJPMol. Struct.
2003 656, 67. (d) Laurencin, D.; Garcia Fidalgo, E.; Villanneau, R.;
Villain, F.; Herson, P.; Pacifico, J.; Stoeckli-Evans, H.;naed, M.;
Rohmer, M.-M.; Sss-Fink, G.; Proust, AChem. Eur. J2004 10,
208.



Organometallic Ru(ll) Trilacunary Heteropolytungstates

Proust and co-workers reported on the structure of the lished procedures, and purity was confirmed by infrared spectros-

carbene-Ru—heteropolytungstate [(P¥s4)2(CisWO,)(cis- cop_y_.31 AII other reagents were used as purchased without further
RulMe,)]13~ (LMe = 1,3-dimethylimidazolidine-2-ylidené?. purification. .
Very recently, the same group reported on{tRei(arene)?* RbaNay[(RuCeHe)2SiWgO34]-21H,0 (RbNa-1). A 0.09 g (0.18

derivatives [PW:Osof Ru(arene)(HO)} 5~ and [ PWi;Ose- mmol) sample of [RugHCl,], was dissolved in 20 mL of sodium
{Ru(areng)} {WO,}]8~ (arene = benzene, toluenep- acetate buffer (0.5 M, pH 6.0) followed by addition of 0.5 g (0.18
cymene hexamethylbenzer‘?é) ' mmol) of Nago-SiWg034:18H,0. This solution was heated to

. . 80 °C for 1 h and then cooled to room temperature. The solution
m 10—
The trilacunary tungstosilicate and germanet&«Os{ was filtered, and then 1.0 mL of 1.0 M RbCI was added. This

(X = Si, Ge) have been routinely used as precursors for gq|ytion was allowed to evaporate in an open beaker at room
the synthesis of polyanions containing first-row transi- temperature. A yellow crystalline product started to appear after 2
tion metals or lanthanides. To date, monomeric trimetallo weeks. Evaporation was continued until the solvent approached the
Keggin derivatives (e.g., [GiH20):SiWy037]1%),25 Keggin solid product (yield 0.23 g, 40%). IR &bNa-1: 1434(m), 1146-
dimers (e.g., [FEOH)3(A-0-GeWsO34(OH)3)2] 11 7),26 Keggin (w), 1000(m), 968(w), 951(sh), 928(m), 865(s), 837(sh), 743(w),
tetramers  (e.g., Na&Ku{[(SiWgO34)(SiWsO35(OH))(Cu- 689(m), 658(sh), 621(w), 554(w), 522(w), 437(w) TmAnal.
(e.9., [Mn(H;0)(GeVO3.);]12 ) have been reported. On  (52:1); Ru, 6.3 (6.0); Si, 0.9 (11); C, 45 (4.2); H, 17 (2.0). NMR
the other hand, examples of discrete molecular species with® RPNa-1in D20 at 293 K: "5 6 24.4,~98.2,~109.9,-173.0,

. . . —188.9 ppm (all singlets with intensities 2:1:2:2:t 6 5.7, 6.0
organometallic groups grafted on trilacunary tungstosilicates/

7 ppm (all singlets with equal intensitiesfC ¢ 81.1, 81.7 ppm (all
germanates are much more rare, e.g., [(CXWeOs7] " (X singlets with equal intensitiedJSi 6 —81.8 ppm. UV-vis (H,0)

= Si, Ge)?* [CpRIFSIWoNDO,]*", and [(CpTE-1,2,3- ) " ()1 410 (7.6 x 10 L-mol--cm™3), 318 nm (3.6x 10°
SiWgV3040)]*” (Cp = CsHs).* In fact, for none of these | .molt.cm-Y).
polyanions ha§ a singlg—crystal X—_ray structure bgen reported.  Cs,Naj(RUCHe),GeWsO34-19.5H0 (CsNa-2).A 0.09 g (0.18
We are particularly interested in the synthesis, structure, mmol) sample of [RugHsCl,], was dissolved in 20 mL of sodium
and oxidation catalysis properties of Ru-containing poly- acetate buffer (0.5 M, pH 6.0) followed by addition of 0.5 g (0.17
oxometalates. However, we noticed that the' ®MSO)- mmol) of Naga-GeWeOs4]-18H,0. This solution was heated to
supported polyanions are probably not very useful for 80°C for 1 h and then cooled to room temperature. The solution
are very inert. Therefore, we searched for other cationic, SOlution was allowed to evaporate in an open beaker at room

water soluble, organo-Ru precursors with more labile ligands, ©mPerature. A yellow crystalline product started to appear after 2
Here we report on the interaction of [ReGCl], with weeks. Evaporation was continued until the solvent approached the
212 solid product (yield 0.24 g, 42%). IR &sNa-2 1432(m), 1145-

the_trilacunary Keggin precursorsu{SiWeOsd '™ and 1 97o). 927(m), 843(s), 764(m), 669(w), 620(w), 558(w), 535-
[a-GeWOs4]'*", respectively. (W), 504(w) cnt. Anal. Calcd (Found) foEsNa-2 Cs, 8.0 (7.7);
Experimental Section Na, 2.8 (2.9); W, 49.6 (50.1); Ru, 6.1 (6.0); Ge, 2.2 (2.0); C, 4.3

. 9 . 18
Synthesis.The polyanion precursors hfo-SiWgOs34]-18H,0 (4-5); H, 1.5 (1.7). NMR ofCsNa-2in D-O at 293 K: "W 0

; : . 52.9, —101.4, —106.6, —139.8, —157.9 ppm (all singlets with
and Naga-GeWkOsq]-18H,0 were synthesized according to pub- 0 nities 2:1:2:2:2)'H 6 5.7, 6.0 ppm (all singlets with equal

(23) Artero, V.; Proust, A.; Herson, P.; Villain, F.; Moulin, C. C. D.;  intensities)*C ¢ 80.8, 81.5 ppm (all singlets with equal intensities).
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(24) Artero, V.; Laurencin, D.; Villanneau, R.; Thouvenot, R.; Herson, P.; 3.6 x 10° L-mol-L-cm-2

Gouzerh, P.; Proust, Anorg. Chem.2005 44, 2826. (8.6 x mol~t-cm™%). ) )
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(26) I(Eai;) EppLe'HMkTJ:{ CBerRieﬁotTé{ galtsotg Téag"%gle;’lgll-N o keia  SiSsauga, Canada. Infrared spectra were recorded on KBr pellets
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Neiwert, W. A.; Hardcastle, K. I.; Hill, C. Linorg. Chem2004 43, recorded on a Cary 100 Bio UWis spectrophotometer on 36

7353. (c) Finke, R. G.; Droege, M. Vi. Am. Chem. Sod.984 106, 104 M solutions of the relevant polyanions. Matched 1.000 cm

7274. (d) Yamase, T.; Ozeki, T.; Sakamoto, H.; Nishiya, S.; Yama- ; ;
moto. A.Bull. Chem. Soc. Jprio%3 66, 103. (e) Lin, Y.. Weakley, optical path quartz cuvettes were used. TGA experiments were

T. J. R.; Rapko, B.; Finke, R. Gnorg. Chem.1993 32, 5095. (f) performed on a Thermal Analysis Q 600 instrument ffbrm 20—
Wassermann, K.; Palm, R.; Lunk, H. J.; Fuchs, J.; Steinfeldt, N.; 250 °C using a N atmosphere.

Stosser, RInorg. Chem.1995 34, 5029. (g) Kim, G. S.; Zeng, H.-
D.; Rhule, J. T.; Weinstock, I. A.; Hill, C. LChem. CommurL999 NMR. All NMR spectra were recorded on a 400 MHz JEOL

1651. (h) Nomiya, K.; Takahashi, M.; Ohsawa, K.; Widegren, J. A, ECX instrument at room temperature usingdDas solvent. The
J. Chem. Soc., Dalton Tran2001, 2872. chemical shifts are reported with respect to the standard references
(27) Mialane, P.; Dolbecq, A.; Marrot, J.; Rives E.; Seheresse, FAngew. TMS (tH, 13C, 2%Si) and 1M NaWoO, (183w). 183 NMR: 16.65

Chem., Int. Ed2003 42, 3523. . . .
(28) (a) Kortz, U.; Nellutla, S.; Stowe, A. C.; Dalal, N. S.; Rauwald, U.: MHz, resolution 1.27 Hz, sweep width 16.66 MHz, pulse width

Danquah, W.; Ravot, Dinorg. Chem.2004 43, 2308. (b) Laronze, (45°) 35us, acquisition time 0.79 s, relaxation delay 0.5 s, number

E.; {vla[jo}, J; ngﬁ'/eG.zlggig&‘Cf%nngOOS 42,5857. (¢) Bi, L.-H; of scans, 110 220 fot and 63 546 for2. 3C{'H} NMR: 100.53
ortz, U. Inorg. em. 3 . . . .
(29) Wang, X.-H.: Liu, J-F.. Chen, Y.-G.. Liu, Q.: Liu, J.-T.; Pope, M. T.  MHZ, resolution 0.96 Hz, sweep width 31.45 kHz, pulse widttf}45
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175. (c) Finke, R. G.; Droege, M. W.; Cook, J. C.; Suslick, KJS.
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Table 1. Crystal Data and Structure Refinement for
Rb;Nay[(RuCsHe)2SiWg034]-21H,0 (RbNa-1) and
CsNay[(RuCsHe)2GeWyO34]-19.5H0 (CsNa-2

Bi et al.

-
RbNa-1 CsNa-2 [ ] ®
emp formula GHsNaOssRBRWSIWg — C12CoGeHsiNayOss sRUWo . L
fw 3226.5 3338.9 # S
space group (No.) P1 (2) P1(2) ® =@ = w ®
a(d) 11.9415(2) 11.930(4) . B 2
b (A) 13.3123(2) 13.353(4) g8 ©
c(A) 19.4927(4) 19.586(6) - @
o (deg) 96.6460(10) 95.982(5)
B (deg) 95.1570(10) 95.414(6) v
y (deg) 98.2560(10) 98.142(5) &
vol (A3) 3028.08(9) 3052.9(16)
Z 2 2
temp €C) —100 —120 iy o ®
wavelength (&)  0.710 73 0.71073 e
eated (Mg NT9) 3.42 3.50 Figure 1. Ball and stick (left) and polyhedral (right) representations of
abs coeff (mm?) ~ 18.659 18.855 [(RuCsHe)2XW 0348~ (X = Si, 1; Ge, 2). The balls represent tungsten
Rl > 20(1)]? 0.038 0.061 (black), germanium/silicon (green), ruthenium (blue), oxygen (red), carbon
Ry (all datay 0.098 0.112 (vellow), and hydrogen (violet). Hydrogens were added in calculated

AR = S|IFol — IFell/SIFol. ® Ry = [SW(Fe2 — FAZSW(Fo)3 Y2 positions.

7.50 kHz, pulse width (49 6.05 us, acquisition time 4.37 s,
relaxation delay 2 s, number of scans, 16 Iaand 2. 2°Si NMR:
79.43 MHz, resolution 1.53 Hz, sweep width 50 kHz, pulse width
(30°) 4.17us, acquisition time 0.66 s, relaxation delay 4 s, number
of scans, 12 294 fot.

X-ray Crystallography. A single crystal of compounBbNa-1
was mounted on a Hampton cryoloop for indexing and intensity
data collection at 173 K on a Bruker Kappa APEX2 single-crystal
diffractometer (at International University Bremen) using Ma K
radiation ¢ = 0.71073 A). On the other hand, a single crystal of
compoundCsNa-2was mounted on a glass fiber for indexing and
intensity data collection at 153 K on a Bruker D8 SMART APEX
CCD single-crystal diffractometer (at Hamburg University) using
Mo Ko radiation ¢ = 0.71073 A). In both cases direct methods
were used to solve the structures and to locate the heavy atoms
(SHELXS97). Then the remaining atoms were found from succes-
sive difference maps (SHELXL97). The final cycle of refinement
for RbNa-1, including the atomic coordinates, anisotropic thermal Figure 2. Ball and stick representation of [(Regls)2SiWe034]%~ (1)
parameters (W, Ru, and Rb atoms), and isotropic thermall parameter?howling thefmlfl'”el|ipsoliéi8]g$\j€gaazn87tzeslat§£lgo gwgfged%hﬂould
(Na, Si, O, and C atoms) convergedrat= 0.038 ancR, = 0.098 5o 25%3(?) CF)Ql?gvSiZRU—Z.%S(S), Ruaoran 2.108(5), and LR
(I > 2a(1)). In the final difference map, the deepest hole w2s318 2.111(5) A.
eA-3 and the highest peak was 4.173€A0n the other hand, the
final cycle of refinement forCsNa-2 including the atomic
coordinates, anisotropic thermal parameters (W, Ru, Ge, and Cs ]
atoms), and isotropic thermal parameters (Na, O, and C atoms) General Methpds and Mate_rlals.Pure water was used_through-
converged aR = 0.061 andR, = 0.112 ( > 2a(1)). In the final out. It yvgs obtained by p.assmg.thrpugh an RiOs 8 unlt.f.ollowed
difference map, the deepest hole wa 652 eA3 and the highest by a M!Illpore-Q_Academlc purification set. The compositions of
peak was 3.280 eRR. For both structures, benzene hydrogens were the various meqla were as follows: for pH 3, 0.4 M £C}®(?Na
added in calculated positions and were allowed to ride on the carbonjL CHZ.CICOOH’ for pH 5, 0.4 M C_I—j_COONa+ CHCOOH; for
atoms they are connected to during refinement with a fixed the mixed solvent, DMF (F!uka)Mlllpore water (90/10 viv)+
temperature factor. Routine Lorentz and polarization corrections O1M Bu4NPF6.(FIuka) o.r LiClOy (Ald”Ch)'. .
were applied, and an absorption correction was performed using Electro4chem|ca| Experlment.s.Th.e pplyamon concentrgtlon was
the SADABS prograni? Several of the water molecules of 2 x 107 M, unless otherwise |nd|c§ted: The solutions were
hydration inRbNa-1 and CsNa-2were disordered, as is usually deaerated thqroughly for at Iea;t 30 min \.Nlth pure argon and kept
observed in polyoxometalate crystallography. This was accountedunder a positive pressure of this gas during the experiments. The

" . } source, mounting, and polishing of the glassy carbon electrodes
for by assigning partial occupancies (e.g., 0.5). The crystal water (GC, Tokai, Japan) has been descri&the glassy carbon samples
content ofRbNa-1 andCsNa-2was also verified by thermogravi-

X ) ! ; : had a diameter of 3 mm. The electrochemical setup was an EG &
metric_analysis (see the Supporting Information, Figure S1). G 273 A driven by a PC with the M270 software. Potentials are
Crystallographic data are summarized in Table 1. quoted against a saturated calomel electrode (SCE). The counter

Electrochemistry

(32) Sheldrick, G. M.SADABS University of Gdtingen: Gitingen,
Germany, 1996.

(33) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Canny, J.; RichetJM.
Electroanal. Chem1999 478 76.
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Figure 3. Tungsten-183 NMR spectra of [(Rgds)2XW 0348~ (X = Si, 1, top; Ge,2, bottom) at 293 K.

electrode was a platinum gauze of large surface area. All experi-
ments were performed at room temperature.

Results and Discussion

Synthesis and Structure.The benzeneRu(ll)-supported
heteropolytungstates [(RyBs)>SiWO34% (1) and [(Ru-
CeHe)2GeWy034]% (2) were synthesized in agueous medium
(pH 6.0) using a one-pot reaction of [RgkECl;], with the
trilacunary polyanion precursoro-XWgOs4) % (X = Si,
Ge). Polyaniond and 2 consist of a Keggin fragmentuf
XWgOs4) to which two (RuGHe) groups are coordinated
resulting in an unprecedented polyanion structure \@h
symmetry (see Figures 1 and 2). Interestingly, the two
(RuGsHg) groups are bound at different sites and via different
bonding modes to the lacunary polyanion fragment. One
(RuGsHe) unit is coordinated at the lacuna of the polyanion
via two Ru—O(W) bonds and one RuO(X) bond, whereas
the other (Ru@Hs) unit is bound at the other end of the
structure to three bridging oxygen atoms of a@4 triad.

This indicates that the vacant site of the polyanion does not

allow binding of more than one (RyBs) group, most likely

Bond-valence sum calculatiot$or 1 and2 indicate that
there are no protonation sites, and therefore the charge of
the polyanions must be-6. In the solid state the negative
charges ofl and2 are balanced by two rubidium and four
sodium ions and by two cesium and four sodium ions,
respectively. Fofl only 1.25 of the 2 rubidium ions and 3.9
of the 4 sodium ions and f& only 1.5 of the 2 cesium ions
could actually be detected by single crystal XRD, probably
due to disorder. However, the complete chemical composition
was obtained by elemental analysis.

Polyanionsl and 2 are stable in the pH-37 range as
determined by monitoring their UVVvis spectra as a function
of pH over a period of at least 1 month. In this pH range, all
spectra were reproducible with respect to absorbances and
wavelengths. We also decided to perform a multinuclear
solution NMR study on the diamagnetic polyanidnand2
at room temperature, and for this purpose we redissolved
solid RbNa-1 andCsNa-2in D,0O. The®3W NMR spectra
for 1 and2 exhibit the expected 5-line pattern with relative
intensities 2:1:2:2:2, confirming th€s symmetry of the
polyanions (see Figure 3). TRid- and*C{'H} NMR spectra
of 1 and2 display two signals each of equal intensity (see

due to steric effects. Therefore, the second organo-Ru grouprigres 4 and 5), indicative of two magnetically inequivalent

attaches to the cap of the Keggin fragment involving all three
W—0—W bridging oxygens of the D3 triad.

(34) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
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Figure 4. Carbon-13 NMR spectra of [(RuBs)2XWg034]6~ (X = Si, 1, top; Ge,2, bottom) at 293 K.

(RuGsHe) groups. These results indicate that the carbon and have been grafted. Furthermore, they are the first examples
hydrogen atoms of each benzene ring appear magneticallyof trilacunary and monomeric heteropolyanions decorated
equivalent on the NMR time scale. The only possible by Ru(arene) units. Polyaniorisand2 can be considered
explanation for this phenomenon is fast rotation of the as "semilacunary” species, as four of the six belt tungsten
benzene unit around the Rin®-CeHe) bond axis, and this  centers are not involved in bonding to the (Rhig) group
is in complete agreement with the observations of Artero et in the lacuna at all. This could be of major interest for
al>* Finally, the?°Si NMR spectrum ofl shows a singlet  catalytic applications of this compound (substrate binding,
(see Figure 6). All of the above is in agreement with the etc.), especially if it were possible to remove the benzene
solid-state structures df and 2. ligand from this Ru center ("active site”) and keep the overall

In recent years some other organo-ruthenium(ll)-substi- polyanion structure intact. In summary, polyanidnand?2
tuted polyoxometalates have been reported, predominantlyexhibit unprecedented and highly interesting features in the
by Proust and co-workers. They described synthesis andarea of organo-ruthenium-containing polyoxometalates.
structural characterization of the Rarene)-containing tung- Synthesis ofl and 2 was accomplished by reaction of
stophosphates [PMDso{ Ru(-cymene)(HO)} %", [{ PW11Osg [a-XW 0341~ (X = Si, Ge) and [RugHeCl,] in equimolar
{Ru(aren€)}{WO,}18~ (arene= benzene, toluene), and ratio in aqueous medium (pH 6.0) at 8C. This indicates
[(PWqOs4)2(cis-WO,)(cis-RuLMe)]3 (LM = 1,3-dimeth- that the dimeric Ru precursor is hydrolyzed at such condi-
ylimidazolidine-2-ylidene¥324In addition, they reported on  tions, providing the reactive mononuclear electrophile in situ.
some Rti(arene)-containing tungsten and molybdenum We also performed reactions between [RHECI], and
oxides, e.g., {Ru(®b-p-MeCsH4iPr)} sW4014], [{RU@;5-p- [0-XWgO34]*%~ (X = Si, Ge) in ratios larger than 1:1 (e.g.,
MeCeH4iPr)} sW2010], [{ Ru(®-p-MeCsH4iPr)} o(1-OH)s] - 3:1), but we always observed formation bfand 2 only.
[{ Ru(8-p-MeCeH.i Pr)} --WsO,s(OH){ Ru(7-p-MeCeH.i Pr)- These observations suggest that for steric and electronic
(H20)}2], and [Ru(@;8-CsMes)}M0os01e{ Ru(78-CsMes)- reasons not more than two (RgH) groups can be attached
(HxO)}].220 to the trilacunary Keggin core.

However,1 and 2 represent the first examples of tungs- The synthetic conditions fot and2 are very similar to
tosilicates and tungstogermanates to which Ru(arene) groupour recently reported [Ru(DMSG(H,0)XW1,05¢]8 (X =

7490 Inorganic Chemistry, Vol. 44, No. 21, 2005
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Figure 5. Proton-1 NMR spectra of [(RuEls)2XWo034]%~ (X = Si, 1, top; Ge,2, bottom) at 293 K.

ppm
Figure 6. Silicon-29 NMR spectrum of [(RuEs)2SiWeOs4)~ at 293 K.

Si, Ge), which are composed of a monolacunary W) in situ isomerization to the more stable monolacunary
Keggin fragment with § Ru(DMSO}(H,0)} group attached  derivatives. Our results chand2 indicate that in this case
via two Ru—O(W) bonds to the lacunary sit& Interestingly, the highly reactive trilacunary Keggin speciesXWgOs4 1%
these polyanions were also prepared from the trilacunary (X = Si, Ge) are stabilized by coordination of two (RyiHg)
Keggin precursorsg-XWg0s4]1% (X = Si, Ge), indicating fragments so that isomerization to the monolacunary

Inorganic Chemistry, Vol. 44, No. 21, 2005 7491



[0-XW11034)® is inhibited. Therefore, we have shown that
the Ru(ll) precursors [RugEsCl,], andcis-Ru(DMSO)Cl,
react very differently with trilacunary tungstosilicates and
germanates.

Electrochemistry. We also decided to study the respective
electrochemical behaviors of the W centers and the Ru
centers inl and2, using media in which these processes are

clearly defined. As a consequence, the Keggin core and theZ

(RuGsHg) substituents of and2 will be described separately.
Figure 7A shows in superposition the patterns obtained
for 1 and2, respectively, in a pH= 3 acetate medium. The
voltammograms feature a fingerprint analogous to that known
for a-[PWoOs4]" fragments>36As also observed previously
for [Ru(DMSO)(H-0)XW11034]®~ (X = Ge, Si), the W
waves in the Ge derivative are located at slightly less negative
potentials than those of the Si derivativéWith restriction
to the potential domain explored in Figure 7A, the shown
pattern remains reproducible from run to run, which under-
scores the remarkable stabilization of th§XW ¢Ozq]" (X
= Si or Ge) fragment by the presence of the two (Rd&
groups. It is worth noting that, in the same pH3 acetate
medium, a strong stabilization by the presence éf Nons

was not observed. To the contrary, in this case we observed=

gradual transformation @f-[SiWgOs4] %" to a-[SiW110sq].8-%7

It was found thatl and?2 are not very stablenil M NacCl,
pH = 3 medium. At pH= 5, the W waves are very close to
the solvent limit. Extension of the potential domain toward

more negative values than those used previously results in

deposition, on the electrode surface, of a film (not shown)
which grows fast with every additional run and renders the
voltammogram featureless. This film is associated with a
reoxidation surface wave peaking roughly aroun@.94 V
vs SCE depending on the film thickness. The study of this
process was not pursued further.

In the pH= 3 acetate medium, exploration of the potential
domain up to 1.3 V vs SCE shows only a very high intensity

featureless current that might represent both possible oxida- <

tion of the Ru(GHe) centers and oxidation of the electrolyte.
In contrast, increasing the pH up to pH5, acetate medium,
favors observation of the Ru centers. Figure 7B shows, in
superposition, the first Ru waves obtained in a5 acetate
medium. As expected, the wave related to the Si derivative
1is slightly less positive than that corresponding to the Ge
derivative 2. In contrast to previous observation with
[RU(DMSOX(H0)XW11030]®~ (X = Ge, Si}™ for which
only a partial oxidation of the Ru center could be achieved,
a well-developed wave appears in Figure 7B. The chemical
reversibility of this process is poor, even though a small but
persistent reduction wave exists. At more positive potential,
a second, chemically irreversible wave is observed (not
shown), the large intensity current and the composite nature
of which suggest that it might represent a combination of
an additional Ru(gHs) wave and the oxidation of a solution
component. Such a possibility would comply with previous

(35) Contant, RCan. J. Chem1987, 65, 568.

(36) Jabbour, D.; Keita, B.; Mbomekalle, I.-M.; Nadjo, L.; Kortz, Bur.
J. Inorg. Chem2004 2036.

(37) Contant, R.; HerveG. Rev. Inorg. Chem2002 22, 63.
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Figure 7. Cyclic voltammograms of [(Rugs)2XWgQO34]~ (X = Si, 1;
Ge, 2) in various media. The working electrode was glassy carbon, and the
reference electrode was SCE. (A) The voltammetric pattern is restricted to
the W redox processes in a pH 3 medium (0.4 M3sCBONa+ CHy-
CICOOH). Polyanion concentration: R 10~ M. The scan rate was 10
mV-s~1. (B) The voltammetric pattern is restricted to the first Ru-centered
process in a pH 5 medium (0.4 M GBOONa+ CH3zCOOH). Polyanion
concentration: 2x 1074 M. The scan rate was 10 na7L. (C) The
voltammetric pattern is extended to the two Ru-centered processes in a
mixed dimethylformamidewater solvent (90/10 v/v} 0.1 M BwuNPF.
Polyanion concentrations~1.5 x 10~4 M. The scan rate was 100 rm/1.

results of Rong and Poffavho detected one or two oxidation
steps for the Ru center in [PMDzRU" (H,O)]*~ depending
on the pH of the electrolyte. These authors substituted the
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terminal water ligand on Ru by sulfoxides, dialkyl sulfides, formed, formally dicationic (RugHs) fragment. This reactiv-
pyridine, and active alkenes. Then they showed by cyclic ity is not limited to the vacant polyanion site but includes
voltammetry a reversible RURU' couple, but no further  also the three:,-oxo ligands of the complete Y3 triad
ruthenium oxidations. With the present arene-substituted Ruon the other end of the Keggin fragment.

centers inl and2, the observation of a large current intensity Comparison of synthesis and structurelofind 2 with
composite wave in water following the first Ru oxidation our recently reported Ru(DMS@3¥upported polyanions
step called for further experimentation. The goal was [Ru(DMSOX(H.0)XW:11036]5~ (X = Si, Ge) deserves em-
achieved in a mixed dimethylformamidevater solvent (90/  phasis, because the latter were also synthesized from
10 viv) as appears in Figure 7C. Water was necessary to[a-XWy034% (X = Si, Ge) at almost identical conditions
enhance the solubility of and 2 which proved sparingly  as those forl and 2. Transformation from the trilacunary
soluble in DMF+ 0.1 M BwNPF; or LiClIO4. A second (0-XWg0O34) to the monolacunary ot XW11039) Keggin
wave is clearly seen, close to the large discharge processfragment in the case @is-Ru(DMSO)CI; clearly indicates
The intensity of this second wave is slightly larger than that that this Ru species acts as a weaker electrophile than
of the first one, but its current ratio decreases and gradually [RuCsHsCl,], in aqueous acidic medium. In other words, the
approaches one as the scan rate increases. These observatioffuGsHs) group allows for stabilization of labile polyanion
are fully consistent with all the assumptions made previously. fragments better than the Ru(DMSQroup, which is an
The partial chemical reversibility of the first wave is important guideline for our future work.

highlighted. Interestingly, only a one-step oxidation was  Ejectrochemistry studies df and2 also demonstrated a
observed for [Ru(DMSQJH,0)GeWi:0s¢*~ both in watet"™ stabilization of thea-[XW 034"~ (X = Ge, Si) fragments
and in a DMFwater mixture. In short, the presence of py the (RuGHs) substituents. To our knowledge, this is the
DMSO or GHs as ligands on Ru(ll) results in distinctly  second example, following that described by Rong and
different redox behavior of the Ru centers when bound to a Pope® in which stepwise oxidation of Ru centers could be
polyanion fragment. demonstrated.

Conclusions Currently, we are investigating if other trilacunary Keggin-

) ] type polyanions (e.g., P¥@s,°") form analogues of and
We have synthesized and structurally characterized two, |, principle, it should be possible to graft the (R#fg)

novel organometallic Rusupported heteropolytungstates. group to a large variety of lacunary and perhaps also
Th i I i R@B6),XW 90345~ (X = Si i i

& monomeric polyanions [(R¥Bs)2XW¢Os*™ (X = Si, nonlacunary heteropolyanions. We will also study the
1, Ge,2) con5|st_of two (RuGHse) units Ilnke_d to atnla_cun_ary reactivity of thep-cymene analogue of [Ru8sCls] with
(XWOs4) Keggin fragment at different sites resulting in an - 5cynary heteropolytungstates. Furthermore, we are interested

assembly witfCs symmetry. One of the (Ru€ls) groupsis i, the oxidation catalysis and photochemical properties of
bound at the vacant polyanion site via two-RD(W) bonds and?2.

and one Ru-O(X) bond, whereas the second (Rtig) group
is coordinated to the Keggin cap via three equivalent-Ru Acknowledgment. U.K. thanks the International Uni-
O(W) bonds. Polyanion$ and?2 represent the first structur-  versity Bremen for research support. U.K. also highly
ally characterized, organometallic Ru-containing silicotung- appreciates that Professor J. Kopf (Hamburg University)
state and germanotungstate, respectively. Both species werallowed him access to the single-crystal X-ray diffractometer
characterized by FT-IR, U¥vis, and multinuclear solution  for the data collection ofCsNa-2 Figures 1 and 2 were
NMR spectroscopy*t3W, 13C, H, 2°Si), electrochemistry,  generated by Diamond version 3.0d (copyright Crystal
single-crystal X-ray diffraction, and complete elemental Impact GbR).
analysis. Our NMR results indicate that the solid-state
polyanion structures of and?2 are preserved in solution.
We have shown that the trilacunary Keggin-type het-
eropolyanions g-XWy034%~ (X = Si, Ge) are strong
nucleophiles, which react instantaneously with the in situ

Supporting Information Available: One figure showing ther-
mogravimetric analysis foRbNa-1 and CsNa-2from T = 20—
250 °C. Complete X-ray crystallographic data fRbNa-1 and
CsNa-2(CIF format). This material is available free of charge via
the Internet at http://pubs.acs.org.
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