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Introduction

Aqueous organometallic chemistry is attracting growing interest because of its ''green'' impact [1][2][3] and because of its potential in catalytic [4,5] and biomedical applications [6]. Its development, however, has mostly been restricted 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. Whereas high oxidation organometallics, mostly supported by oxo ligands, are now a well established family of compounds [10,11], their systematic investigation in water has received little attention. Nevertheless, the metal bonded oxo functionality is related, through protonation equilibria, to hydroxo and aqua ligands, leading to the potential of aqueous solubility and to the generation of open coordination sites for substrate activation and catalysis. In addition, the greater metal electronegativity in the higher oxidation states confers a higher degree of covalency to the metal carbon bonds with odd-electron carbon ligands (i.e. alkyls, allyls, cyclopentadienyls, etc.), which consequently may become quite resistant toward hydrolytic decomposition. For a redox-active metal, reduction of a high oxidation state oxo complex should favour the generation of aqua ligands, opening the way to catalytic and electrocatalytic applications [12].

We have recently initiated a research program aimed at exploiting the chemistry of high oxidation state organometallic compounds in water and have focused our attention on the speciation [13] and electrochemical behaviour [14,15] of compound [Cp*2Mo2O5]. The Cp*-Mo bond is quite hydrolytically stable, being split only quite slowly at very low pH [16].

By chemical reduction with zinc in an acidic aqueous medium, novel oxo-supported complexes of Cp*Mo V and Cp*Mo IV have been obtained, the vacant positions left over by the removal of water ligands (from the expected protonation of oxo ligands) being filled by the anions of the acids used (acetic, trifluoroacetic) [17,18].

In this contribution, we report the reactivity of [Cp*2Mo2O5] with a thiol-containing organic acid, the thioglycolic acid, HSCH2COOH. This reaction is interesting in comparison with the well-studied reduction of MoO4 2-by the same reagent, of interest in bioinorganic chemistry as a model for the action of cysteine in molybdenum hydroxylase enzymes. [19][20][21][22][23] It will be shown that the substrate is capable to reduce the starting complex, leading to a thioglycolate complex of Cp*Mo IV . The abstraction of a sulfide ion also takes place during this transformation.

Experimental Section

General Methods

All preparations and manipulations were carried out with Schlenk techniques under an oxygen-free argon atmosphere. All glassware was oven-dried at 120 C. Solvents were dried by standard procedures and distilled under dinitrogen prior to use. G). Purification was attempted by chromatography through a silica gel column (ca. 1 cm diameter x 10 cm), using pentane/MeOH (7:3) as eluent. The title product was recovered as a red powder from a first, major red fraction, after evaporation to dryness. However, this was still contaminated by the EPR-active by-product. In addition, the compound is slowly decomposed by contact with the silica support.

A single crystal for the X-ray analysis was obtained by diffusion of a pentane layer into a red CH2Cl2 solution of the crude reaction product at room temperature. 1 H NMR (CDCl3): In a separate experiment, the reaction mixture was evaporated to dryness and the residue was washed with pentane. The extract was evaporated and the residue was dried and dissolved in DMSO-d6. This solution exhibited an NMR spectrum with a major peak at  

X-ray analysis

Single crystal was mounted under inert perfluoropolyether at the tip of glass fibre and cooled in the cryostream of the Oxford-Diffraction XCALIBUR CCD diffractometer.

The structures was solved by direct methods (SIR97) [26] and refined by least-squares procedures on F 2 using SHELXL-97 [START_REF] Sheldrick | SHELXL97. Program for Crystal Structure refinement[END_REF]. All H atoms attached to carbon were introduced in calculation in idealised positions and treated as riding models. The drawing of the molecules was realised with the help of ORTEP32 [START_REF] Farrugia | [END_REF]. The statistically distributed disulfide and dichloromethane molecules were freely refined. The crystal data and refinement parameters are shown in Table 1 and selected geometric parameters are collected in Table 2.

<Table 1 and Table 2> Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 283407.

Copies of the data can be obtained free of charge on application to the Director, CCDC, 12

Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

The title compound is produced by the direct interaction, without any reducing agent, of thioglycolic acid, HSCH2COOH, with [Cp*2Mo2O5], in an strongly acidic (CF3COOH) mixed MeOH/water solvent. As confirmed by the X-ray structure (vide infra), the product is a dinuclear complex in which the two metal atoms have the formal oxidation state IV.

Therefore, a first role of the thioglycolic acid is as a reducing agent, taking the metal oxidation state from VI to IV. It is well known that thiols can act as one-electron reducing agents, being in turn oxidized to disulfide derivatives. The presence of compound HOOC-CH2-S-S-CH2-COOH in solution has been confirmed by 1 H NMR and mass spectrometry of the reaction mixture before separation and crystallization of the metal product. In addition, the S-S coupling product is trapped as an interstitial molecule in the crystal structure of the product (vide infra), thus unambiguously proving the reducing action of the sulfur reagent.

The isolated product contains one doubly deprotonated thioglycolic acid molecule as a ligand per each Mo atom. Thus, a second role of the thioglycolic acid is as a ligand, transferring its protons to the oxo ligands, with the elimination of water. Finally, the product contains a bridging sulfido ligand, which must necessarily derive from the thioglycolic acid reagent through a process of C-S bond cleavage.

It is interesting to remark that, contrary to the reaction reported here, no sulfur extraction from thioglycolic acid has been documented for the related reaction of the same thiol reagent with MoO4 2-. [19][20][21][22][23] The various products that have been isolated and characterized from that reaction only contain the doubly deprotonated thioglycolic acid as a ligand and terminal or bridging oxo ligands: 21,23]. Other mononuclear, EPR active intermediates have also been detected, but not isolated. In addition, a more reduced, air stable Mo IV product has been isolated but, to the best of our knowledge, its structure remains unknown. [20] All those products, like the compound reported here, were obtained working in aqueous media with commercially available thioglycolic acid (without further purification). The reagent used does not contain any H2S impurity (Ag(CN)2 -test). [START_REF] Charlot | Les Réactions chimiques en solution : l'analyse qualitative minérale[END_REF] On the other hand, a 1 H NMR investigation indicates that it is contaminated by a small amount (ca. 8%) of its methyl ester, HSCH2COOMe. This compound should in principle react similarly to the acid with respect to the sulfide abstraction process, thus the outcome of the reaction does not appear to be attributable to the presence of impurities in the reagent. It seems, therefore, that the sulfide extraction process is more favorable when using the organometallic reagent Cp*2Mo2O5, relative to the inorganic molybdate.

[{Mo V O(SCH2CO2)2}2(-O)] 4-[22], [{Mo V O(SCH2CO2)}2(-O)(-SCH2CO2)] 2-[22], and [{Mo V O(SCH2CO2)}(-SCH2CO2)2] 2- [
In previous mechanistic studies, it was established that the first step of the of the MoO4 O, and more susceptible to reduction.

It is also possible to conceive an alternative pathway: after coordination of the sulfur donor, the S-C bond could be reductively cleaved (the electrons being provided by the Mo center or by additional thioglycolic acid equivalents) under the influence of the Mo affinity for S. Other C-S bond breaking reactions on dinuclear cyclopentadienylmolybdenum complexes have been reported [START_REF] Dubois | [END_REF][32][33][34][35][36]. In this respect, the reaction would mimic the hydrodesulfurization process, which is in fact typically catalyzed by molybdenum-sulfur compounds [37,38]. Among the various sulfur-containing substrates that have been used for model studies [39,40], simple thiols are the easiest to desulfurize [41] and the assistance of the carboxylic function in thioglycolic acid may render such a process particularly favorable.

The NMR spectrum of the isolated product is fully consistent with the solid state molecular structure, since it shows an AB patters for the diastereotopic methylene protons of the SCH2CO2 ligands, and a single Cp* resonance, in a 1:1:15 ratio. The mass spectrum (chemical ionization with NH3) shows the molecular ion plus a captured proton as the most intense isotopic envelope (see Figure 1), the second most intense one being 17 mass units higher and corresponding to the molecular ion plus a captured ammonium cation. Other examples, however, are known for Mo III , e.g. [Cp2Mo2(-SMe)3(CO)2] + [36] and [44]. The most interesting metric parameter (see Table 2) It is interesting to compare the reductive reaction leading to the title compound with the oxidative addition of the methyl ester of thioglycolic acid, HSCH2COOCH3, to Cp2Mo2(CO)4 [48] (see Scheme 1). The two products are closely related to each other, because both are Sand thioglycolate-bridged dinuclear CpMo IV complexes. In the case of the oxidative process with the methyl ester in Scheme 1(a), the carboxylate functions are blocked by the Me substituents and do not coordinate the molybdenum center. The ideal replacement of the methyl groups with protons, followed by elimination of H2S, would lead to the product of the other reaction, Scheme 1(b). However, the two compounds have a totally different genesis, one deriving from an oxidative decarbonylation process (the presumed oxidizing agent being the SH protons, leading to H2), the other one being a reduction of a high oxidation state oxo compound. It may be predicted that a reaction of Cp2Mo2(CO)4 with the thioglycolic acid could lead to the same product of Scheme 1(b), and that the reaction of Cp2Mo2O5 with the methyl ester of thioglycolic acid may lead to the same product of Scheme 1(a). 

[Cp2Mo2(-SMe)2(-SH)(CO)2] +
is the metal-metal distance [2.792(7) Å],

Conclusion

We have shown in this paper that the interaction of [Cp*2Mo2O5] with thioglycolic acid in a aqueous environment leads to a spontaneous reduction to Mo IV , to the incorporation of the thioglycolate ligand, and to sulfide extraction. The reaction occurs quite readily at room temperature. It will now be interesting to test whether this reaction can be generalized to other sulfur compounds and whether the resulting products lead to any interesting stoichiometric or catalytic transformations. 

  Reduction of [Cp*2Mo2O5] by thioglycolic acid in an aqueous medium: Synthesis and structure of [Cp*Mo(µ-SCH2COO)2(µ-S)] Funda Demirhan, Gülnur Taban, Miguel Baya, Chiara Dinoi, Jean-Claude Daran, Rinaldo Poli To cite this version: Funda Demirhan, Gülnur Taban, Miguel Baya, Chiara Dinoi, Jean-Claude Daran, et al.. Reduction of [Cp*2Mo2O5] by thioglycolic acid in an aqueous medium: Synthesis and structure of [Cp*Mo(µ-SCH2COO)2(µ-S)]. Journal of Organometallic Chemistry, 2006, 691 (4), pp.648-654. 10.1016/j.jorganchem.2005.10.006. hal-03196152
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 2 09 ppm (s, 15H, Cp*), 2.94 (AB system, 4H, SCH2CO2,  = 56.0 Hz; 2 JHH = 16.0 Hz). MS (CI/NH3) : m/z 692 (M+NH4 + , 23), 674 (MH + , 100), 659 (MH + -O, 5.5), 617 (MH + -CH2CO2, 5.5), 591 (MH + -CH2CO2-CH2C, 7.5), 575 (MH + -CH2CO2-CH2CO, 22), 559 (MH + -2CH2CO2, 18).

3 .

 3 65, close to the position reported for the disulfide compound HOOCCH2SSCH2COOH (3.63) [25], and mass values in the EI MS (70 eV) at m/z 137 (M-COOH, 2.9%), 123 (M-CH2COOH, 2.4%), 119 (M-COOH-H2O, 7.9%), which are also reported for the same molecule [25].

Figure 1 .Figure 2 .

 12 Figure 1. Mass spectrum (CI/NH3) of compound [Cp*Mo(-SCH2COO)]2(-S). (a) Experimental. (b) Simulated for C24H34Mo2O4S3.

  which is rather close to those of the above mentioned dinuclear Mo IV compounds with analogous structure [2.720(8) Å in [Cp*2Mo2(-O)(-Cl)2Cl2] [42] and 2.866(2) Å in [Cp*2Mo2(-Cl)3Cl2] + ] [43]. The metal-metal distance is also quite similar for the related Mo III dinuclear complexes {2.785(2) Å in [Cp2Mo2(-SMe)3(CO)2 + ] [36] and 2.772(2) Å in [Cp2Mo2(-SMe)2(-SH)(CO)2] +[44]}. This is expected, since the two electrons that make the difference between the electronic structures of Mo III and Mo IV triply-bridged (CpMo)2-type compounds are located in essentially nonbonding orbitals[43]. The Mo-S distances to the bridging sulfido ligand are shorter [average 2.310(4) Å], as expected, than those to the S atom of the thioglycolato ligand [average 2.452(17) Å].

Figure 2 .

 2 Figure 2. An ORTEP view of the [Cp*Mo(-SCH2COO)]2(-S) molecule. The ellipsoids are drawn at the 40% probability level and the H atoms are omitted for clarity.

Figure 3 .

 3 Figure 3. ORTEP diagram showing the hydrogen bonding network between HOOCCH2S-SCH2COOH and the dimolybdenum unit, and the disorder of the interstitial disulfide and dichloromethane molecules around the inversion center (shown). Only one of the two symmetry-related positions for each molecules is shown for clarity.

  Scheme 1

  2-reaction is formation of the mononuclear [Mo VI O2(SCH2CO2)2] 2-complex, which is subsequently reduced by the excess thioglycolic acid to produce mononuclear species, followed by dimerization. A similar process may well occur here. It is interesting to remark that an EPR active species (presumably monomeric) is also formed during the Cp*2Mo2O5 reduction, see Experimental part. Our efforts to separate this species from the dinuclear Mo IV product, however, were unsuccessful. It is not clear at what point and by what precise mechanism the sulfur atom is abstracted during the formation of the title compound. The

formation of H2S from the thioglycolic acid reagent by exchange with the water solvent appears unlikely, since this reaction is not described in the literature. Rather, it is well known that C-O bonds exchange with functions containing the S-H bonds to yield products containing C-S and O-H bonds, even under strongly acidic conditions like those used in our reaction.

[START_REF] March | Advanced Organic Chemistry[END_REF] 

It is possible, however, that the sulfide abstraction is favored by the greater affinity of Mo for S vs. O in the +IV oxidation state. Indeed, the presence of the Cp* ligand could render the Mo acidic center softer, therefore having a greater relative affinity for S vs.

Table 2

 2 

), consistent with localized single and double bonds, respectively, for a molybdenum carboxylate unit. However, the C2-O12 bond, which is engaged in the hydrogen bond with the O42 proton, is slightly longer than the C4-O22 bond

[1.233(3) 

vs. 1.217(3) Å], which is not involved in hydrogen bonding. Conversely, C2-O11 is not as long as C4-O21

[1.289(3) 

vs. 1.310(3) Å].

Table 1 .

 1 Crystal data and refinement parameters for [Cp*2Mo2(-SCH2COO)2(-S)]•1.5(CH2Cl2)•0.5(HOOCCH2SSCH2COOH)

	Empirical formula	C24 H34 Mo2 O4 S3, (CH2Cl2)3/2,(C4H6O4S2)1/2
	Formula weight	893.07	
	Temperature	180(2) K	
	Wavelength	0.71073 Å	
	Crystal system	Triclinic	
	Space group	P -1	
	Unit cell dimensions	a = 12.0469(11) Å	= 104.398(7)°.
		b = 12.4252(12) Å	= 93.885(7)°.
		c = 13.7051(10) Å	 = 115.745(9)°.
	Volume	1753.1(3) Å 3	
	Z	4	
	Density (calculated)	1.692 Mg/m 3	
	Absorption coefficient	1.221 mm -1	
	F(000)	904	
	Crystal size	0.37 x 0.34 x 0.19 mm 3	
	Theta range for data collection	3.27 to 26.31°.	
	Index ranges	-13<=h<=15, -15<=k<=14, -17<=l<=17
	Reflections collected	13162	
	Independent reflections	7136 [R(int) = 0.0225]	
	Completeness to theta = 26.31°	99.7 %	
	Absorption correction	Semi-empirical from equivalents
	Max. and min. transmission	0.7236 and 0.6514	
	Refinement method	Full-matrix least-squares on F 2
	Data / restraints / parameters	7136 / 0 / 454	
	Goodness-of-fit on F 2	1.055	
	Final R indices [I>2sigma(I)]	R1 = 0.0301, wR2 = 0.0743
	R indices (all data)	R1 = 0.0375, wR2 = 0.0777
	Largest diff. peak and hole	0.934 and -0.704 e.Å -3	
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