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Acidic aqueous solutions of the [Cp*MoO2(H2O)x] + ion yield single crystals of the novel organometallic polyoxomolybdate Cp*2Mo6O17 via a slow protonolysis of the Mo-Cp* bond. This compound has subsequently been obtained selectively and in good yields from the combination of Cp*2Mo2O5 and four equivalents of MoO4 2-under acidic conditions. The Xray structure of Cp*2Mo6O17 is isotypic with other hexanuclear polyoxometallate ions but is the most distorted so far reported according to the continuous symmetry measure, the inner (6-O)Mo6 core featuring a large displacement of the central oxygen atom toward the organometallic moieties and away from the inorganic ones.

Introduction

We have recently initiated a research programme aimed at exploiting the chemistry of high oxidation state organometallic compounds in water. Aqueous organometallic chemistry is attracting growing interest because of its "green" impact [1][2][3] and because of its promise in catalytic [4,5] and biomedical applications. [6] Its development, however, has so far been restricted for the most part to low-valent systems to which hydrophilic functionalities are added on the ligand periphery, [7][8][9] in order to make the systems compatible with an aqueous environment. High oxidation organometallics are now a well established family of compounds, [10,11] mostly supported by oxo ligands. Pioneering work in this area was carried out by M. L. H. Green, with the now 40-year old synthesis and subsequent investigations of Cp2Mo2O5. [12,13] Some of these high oxidation state organometallic compounds exhibit interesting catalytic applications. [14] Nonetheless, their investigation has so far mostly involved the use of organic solvents and very little is known about their behaviour in water.

The investigation of these materials in water, especially for electroactive metals, offers opportunities for the development of new catalytic and electrocatalytic processes. [15] Our first studies have focused on the speciation [16] and on the electrochemical [17,18] and chemical [19,20] reduction behavior of the Cp*Mo VI moiety. In particular, we have established that the Cp*Mo VI species is stable in air and in the entire pH range in a mostly aqueous medium (80% H2O, 20% MeOH), at least for the time necessary to carry out the speciation studies (several hours at room temperature). While the species is stable in the form of the previously known [21][22][23] Cp*MoO3 -complex at high pH, its nature changes to the hitherto unknown cationic complex Cp*MoO2(H2O)x + at very low pH (< ca. 2). [16] For the latter species, the hydration status (e.g. whether it contains a coordinated water molecule or not) could not be determined from its spectroscopic characteristics (UV-visible) nor from its reactivity (kinetics of proton transfer processes). We have therefore attempted to obtain this information from a single crystal X-ray study. The outcome of these attempts have led to the chemistry which is described herein.

Experimental Section

General Part. Compound Cp*2Mo2O5 was prepared as described previously. [24] The infrared spectra were recorded on a Brucker Vector 22 instrument equipped with a Globar (MIR) source. The powder X-ray diffraction spectrum was recorded with a Seifert XRD3000 /2 diffractometer using Cu radiation at 40 KV and 30 mA and equipped with a graphite monochromator. The elemental analysis was carried out by the analytical services of LSEO with Fisons EA 1108 instruments.

Procedure leading to single crystals of Cp*2Mo6O17. To a MeOH solution (2 mL) of Cp*2Mo2O5 (37 mg) was added 2 mL of aqueous HNO3 (0.2 M) in air. This solution was transferred into a 50 mL Schlenk tube and the oxygen was removed by argon bubbling. The solution was subsequently left undisturbed on the bench. Brown crystals were obtained over a 2 .5 month period. One of these crystals was used for the X-ray diffraction analysis.

Synthesis of Cp*2Mo6O17. Cp*2Mo2O5 (54 mg, 0.1 mmole) was dissolved in 2.5 mL of MeOH. Separately, Na2MoO4•2H2O (96.8 mg, 0.4 mmole) was dissolved in 2.5 mL of water.

The two solutions were mixed with no apparent change. 1 mL of HNO3 0.1 M was slowly added, forcing the immediate precipitation of an orange solid. The solid was filtered, washed with H2O, then with MeOH, and finally dried at 70 °C. (Yield 86.5 mg, 77.4%). Anal. Calcd. for C20H30Mo6O17: C, 21.48; H, 2.70 %. Found: C, 21.46; H, 2.91%. IR (Nujol mull, cm -1 ): 978 w, 966 s, ca. 820 sh, 792 s, ca. 770 sh.

Single crystal X-ray diffraction study. Intensities were collected on an Enraf-Nonius

KappaCCD diffractometer at 110 K using Mo K radiation. The structure was solved via a Patterson search program [START_REF] Sheldrick | SHELXS97. Program for Crystal Structure solution[END_REF] and refined with full-matrix least-squares methods [START_REF] Sheldrick | SHELXL97. Program for Crystal Structure refinement[END_REF] based on |F 2 | with the aid of the WINGX program. [START_REF] Farrugia | [END_REF] All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were included with a riding model with isotropic temperature factors fixed to 1.5 times those of the corresponding parent atoms. The essential crystallographic parameters are listed in Table 1 and selected bond distances and angles are collected in Table 2. <Table 1 and Table 2 here>

Results

According to our recent investigation, [16] adjusting the pH of a 4:1 H2O-MeOH solution of Cp*2Mo2O5 to < 2 selectively generates the new oxo cation Cp*MoO2(H2O)x + , where the most likely values of x are 0 and 1. In order to verify the presence of coordinated water in this complex, an acidic aqueous solution of Cp*MoO2(H2O)x + was set out for a long term crystallization, as described in the Experimental Section. Salts of various anions such as PF6 - or BPh4 -were used, but the procedure typically led to the recovery of crystals of the neutral starting complex, Cp*2Mo2O5. A longer scale crystallization attempt, carried out without added salt, slowly yielded single crystals of a new compound. This turned out to correspond to the title organometallic polyoxometallate.

The title compound is a new member of the family of organometallic polyoxometallates. [28] Once the chemical nature of this compound was revealed by a single crystal X-ray diffraction study (vide infra), a more logical, selective and high yield synthesis was conceived, as illustrated in Equation 1. Mixing a methanolic solution of the organometallic reagent with an aqueous solution of the inorganic reagents in the appropriate stoichiometry yields a clear solution, from which the desired product rapidly precipitates upon acidification in an analytically pure form. The compound is sparingly soluble in water and only slightly soluble in organic solvents. Unlike the previously reported [Cp*Mo6O18] - analogue, [29,30] its solubility in MeCN or DMSO at temperatures up to 80°C was not sufficient to allow the recording of 95 Mo or 17 O solution NMR spectra. However, the identity of the bulk sample as obtained from reaction 1 was established by the excellent match of its experimental powder X-ray diffraction pattern with the pattern calculated from the single crystal X-ray data, see Figure 1 and Table 3. <Figure 1 and Table 3 here>

Cp*2Mo2O5 + 4 MoO4 2-+ 8 H + Cp*2Mo6O17 + 4 H2O (1) 
The single crystal X-ray analysis shows that the molecule is hexanuclear with the six Mo atoms placed at the vertices of an octahedron, see Figure 2. Each of the twelve octahedron edges is bridged by an oxygen atom. Four more oxygen atoms are placed on as many Mo atoms in the terminal coordination mode, while the remaining two cis-Mo atoms are including the relative cis-arrangement of the two Cp*-substituted metal atoms. [31] The geometry can also be related to those of the [Mo6O19] 2-and [Cp*Mo6O18] -complexes, [29, 30, 32- 34] with which it can be considered isoelectronic and isostructural in light of the isolobal analogy between the terminal Cp* -and O Å in the two different salts of [Cp*Mo6O18] -. [29,30] The edge-bridging Mo-O distances are longer and spread in a rather wide range between 1.855(3) and 2.029(3) Å, showing a certain degree of asymmetry for the octahedral framework, similar to what is commonly found for other polyoxometallate ions. [29,35] Their overall average is 1.93( 6 structures [29,30] 7) Å. The use of the quantitative "octahedral symmetry measure", as defined by Avnir and Alvarez, [36,37] for the title compound and for the related 

Discussion

The result of the previous aqueous speciation study of the Cp*Mo VI moiety seemed to suggest that the Cp*-Mo VI bond is stable in an aqueous environment and in air in the entire pH range. Attempts to grow crystals of salts of the sought acidic Cp*MoO2(H2O)x + species, and the consequent formation of the organometallic polyoxomolybdate compound Cp*2Mo6O17, show that this is not quite so true. It should be remarked, however, that the crystals formed over an extended period of time (over two months), at pH 1, and in direct summertime sunlight. This proves that the hydrolytic sensitivity of the Cp*-Mo VI bond is not a marked one. Therefore, the possible use the Cp*Mo VI species for catalytic applications in an aqueous environment at low pH remains promising. 

Conclusions

Our systematic investigation of the aqueous chemistry of Cp*Mo VI has led to the serendipitous discovery and then to a simple, selective and high-yield synthesis of the organometallic polyoxomolybdate Cp*2Mo6O17. This compound is a new member of a relatively small class of cyclopentadienyl containing polyoxometallates, which includes

[CpTiM5O18] 3-(M = Mo, W), [35] [Cp*Mo6O18] -, [29,30] and Cp*2W2O17. [31] The synthetic method shown in Equation 1 can probably be extended to the synthesis of a wide range of organometallic homo-and heteronuclear polyoxometallates. 3). 
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 5 bonded to Cp* ligands. The structure is completed by an additional oxygen atom, placed near the center of the octahedron. The molecule sits on a crystallographic twofold axis, which contains the central O(1) and the edge-bridging O(5) and O(8) atoms. The molecular geometry is identical with that of the previously published tungsten analogue, Cp*2W6O17,

  ) Å, whereas the same average over the 14 different structures of the [Mo6O19] 2-ion in the CCDC is 1.93(3) Å. There is no clear trend depending on the nature of the Mo atom (i.e. inorganic or organometallic). For instance, atoms O(2) and O(3) are closer to the inorganic Mo atom [1.855(3) and 1.883(3) Å] than to the organometallic Mo atom [2.029(3) and 1.955(3) Å], whereas the reverse is true for atom O(6) [1.980(3) vs. 1.890(3) Å]. The O atoms bridging two Mo(=O) units [O(4), O(8) and O(10)] also show distances in a relatively wide range [from 1.861(3) to 2.006(3) Å]. The highest degree of asymmetry, however, is exhibited for the 6-O atom. The distances are shorter for the Mo(1) atom, 2.145(2) Å, intermediate for the Mo(2) atom [i.e. cis to Mo(1)], 2.3674(5) Å, and longer from the Mo(3) atom [i.e. trans to Mo(1)], 2.542(3) Å. A similar, though slightly less pronounced asymmetry was noted for the [Cp*Mo6O18] -ion, where the Mo-(6-O) distances in the two independently determined

  Cp*-containing polyoxometallates shows that the distortion of the (6-O)M6 core is systematically and significantly larger than the distortion of the M6 core and that it is larger for compounds with two Cp* substituents than for those with one. The distortion parameter for the (6-O)M6 core is by far the largest (0.172) for the title compound (cf. 0.099 for Cp*2W6O17, 0.073 and 0.066 for the two salts of [Cp*Mo6O18] -, and 0.030 for [Cp*TiMo5O18] 3-). The displacement of the oxygen atom from the octahedron center was previously interpreted in terms of a stronger trans influence by the terminal oxo ligand relative to the terminal Cp* ligand. It is possible, however, to provide an alternative rationalization in terms of the greater donor power of the terminal O 2-ligand with respect to the terminal Cp* -ligand. Thus, the hypothetical Cp*2Mo6O16 + moiety that is obtained by removal of the central O 2-ion would feature a lower electron density for the organometallic Mo atoms. The internal O atom is consequently attracted to a greater extent by these atoms. The metal distance from the Cp* ring centroid, 2.109(4) Å, compares with 2.091(15) Å in the [Cp*Mo6O18] -structure.

  Several other attempts to crystallize salts of the Cp*MoO2(H2O)x + ion at low pH over a shorter time scale have systematically resulted in the formation of Cp*2Mo2O5. Our strategy consisted in the diffusion of a liquid (e.g. methanol) perceived as having poor solvent properties with respect to salts, into a solution containing the Cp*MoO2(H2O)x + ion and a suitable counterion. However, the solubility product of compound Cp*2Mo2O5 (as a weak electrolyte generating Cp*MoO2(H2O)x + and Cp*MoO3 -) must be very low and the very low concentration of Cp*MoO3 -in equilibrium with the cation at pH 1 (the pKa of Cp*MoO2(OH) is 3.65) is sufficient to precipitate the molecular compound. Future efforts at experimentally determining the number of coordinated water ligands in Cp*MoO2(H2O)x + will focus on NMR spectroscopy.

Figure 1 .

 1 Figure 1. Powder diffraction spectrum of compound Cp*2Mo6O17 obtained from Cp*2Mo2O5 and MoO4 2-. The circle show the diffractions that have been correctly indexed on

Figure 2 .

 2 Figure 2. An ORTEP view of the Cp*2Mo6O17 molecule.
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	Selected bond distances and angles are listed in Table 2. The terminal Mo-O distances
	average 1.685(3) Å, which compares with 1.681(8) Å for [Mo6O19] 2-(average over 14
	different structures containing this ion available on the CCDC) and with 1.686(11) or 1.66(3)

  placed symmetrically in the [Mo6O19] 2-ion, the average over the 14 structures available in the CCDC being 2.318(

are 2.134

(9) 

or 2.14(1) Å to the Cp*Mo atom, 2.343(9) or 2.33(2) Å to the cis-Mo atoms, and 2.498(9) or 2.48(1) Å to the trans-Mo atom. By comparison, the central oxygen is

Table 1 .

 1 Crystal data and structure refinement for compound Cp*2Mo2O17.

	Formula	C20H30O17Mo6
	M	1118.08
	T; K	110(2)
	Crystal system	monoclinic
	Space group	C2/c
	a; Å	8.8927(2)
	b; Å	17.9978(4)
	c; Å	18.4111(6)
	; °	98.434(1)
	V; Å 3	2914.81(13)
	Z	4
	F(000)	2152
	Dcalc; g/cm 3	2.548
	diffractometer	Enraf-Nonius KappaCCD
	scan type	mixture of  rotations and  scans
	; Å	0.71073
	; mm -1	2.580
	Crystal size; mm 3	0.10x0.05x0.05
	sin()/ max; Å -1	0.65
	Index ranges	h: -11; 9
		k: -23; 20
		l: -23; 19
	Absorption correction	SCALEPACK
	RC = Refl. Collected	8730
	IRC = independent RC	3326 [R(int) = 0.0327]
	IRCGT = IRC and [I>2(I)]	2682
	Refinement method	Full-matrix L.S. on F 2
	Data / restraints / parameters	3326 / 0 / 201
	R for IRCGT	R1 a = 0.0319, wR2 b = 0.0706
	R for IRC	R1 a = 0.0462, wR2 b = 0.0765
	Goodness-of-fit c	1.035
	Largest diff. peak and hole; e.Å -3	0.86 and -0.91
	a R1=(||Fo|-|Fc||)/|Fo|. b wR2=[w(Fo 2 -Fc 2 ) 2 /[w(Fo 2 ) 2 ] 1/2 where w=1/[ 2 (Fo 2 )+
	+(0.028P) 2 +12.37P] where P=(Max(Fo 2 ,0)+2*Fc 2 )/3

c Goodness of fit =[w(Fo 2 -Fc 2 ) 2 /(No-Nv)] 1/2 .

Table 3 .

 3 Comparison between experimental (hkl) reflections for the powdered sample and the corresponding calculated reflections from the single crystal data.

	h	k	l	2 (obs.)	2 (calc.)	(2)
	0	2	0	9.7362	9.7495	0.0133
	0	2	1	10.9172	10.8865	-0.0307
	-1	1	0	11.2333	11.2073	-0.0260
	-1	1	1	11.6057	11.5951	-0.0107
	1	1	1	12.7986	12.7973	-0.0012
	0	2	2	13.7702	13.7504	-0.0199
	1	3	1	18.8771	18.8665	-0.0107
	1	1	3	19.5518	19.5597	0.0079
	2	0	0	20.2344	20.2545	0.0201
	-1	4	1	21.1031	21.1041	0.0010
	-1	3	1	22.0832	22.0729	-0.0103
	-2	2	2	23.3041	23.3110	0.0069
	1	3	3	24.0060	24.0194	0.0133
	0	5	0	24.5094	24.5313	0.0219
	-1	3	4	25.3254	25.3053	-0.0201
	-2	0	4	25.9693	25.9695	0.0002
	-1	5	1	26.7528	26.7553	0.0025
	1	5	1	27.3104	27.3140	0.0036
	1	0	5	27.7927	27.7974	0.0047
	1	1	5	28.2441	28.2377	-0.0064
	-2	4	2	28.9317	28.9499	0.0182
	0	0	6	29.3072	29.3026	-0.0046
	0	2	6	30.9357	30.9514	0.0157
	2	5	0	32.0447	32.0161	-0.0285
	-2	0	6	33.1946	33.1954	0.0008
	-2	2	6	34.6695	34.6777	0.0082
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