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Introduction

Oxygen atom transfer (OAT) processes, as well as oxidation processes, are important in Nature and in the chemical industry [1]. Molybdenum enzymes catalyze a number of such reactions. These oxotransferases contain oxo-(or dioxo)-molybdenum units additionally coordinated by sulfur atoms [2].

We are currently interested in dioxomolybdenum(VI) complexes with ligands that mimic the coordination environment of the metal ion in enzymes. Among them, tridentate ligands containing ONS donor atoms are attracting our interest.

Transition metal complexes with thiosemicarbazone ligands are of particular importance because of their interesting biological properties, e.g. antitumoral, antifungal or antiviral properties [3]. Ligands derived from pyridoxal have attracted considerable attention due to different coordination modes to the central metal atom [4][5][6][7][8]. In these complexes, the pyridoxal thiosemicarbazone ligand can be in neutral (H2L), singly-deprotonated (HL) -, or doubly-deprotonated (L) 2-form [4]. The protonation state of these ligands in metal complexes plays an important role since it offers fine-tuning of properties such as electrochemical, photophysical or catalytic activity [9]. Although numerous transition metal complexes (Cu, Fe, Ni, Mn, Co) [8a,10] with pyridoxal thiosemicarbazone derivatives are known, related molybdenum complexes are scarce [11]. Mo VI complexes are also known to be very active as epoxidation catalysts, generally in solution of an organic solvent, especially for neutral complexes [12].

We have recently demonstrated that these epoxidation reactions show very good results under solventfree conditions [13].

Scheme 1. Pyridoxal based ligands.

In this contribution, we present the syntheses and characterization of dioxomolybdenum(VI) complexes with different pyridoxal thiosemicarbazone charged ligands (Scheme 1), as well as their activity as OAT agents and as epoxidation catalysts under solvent-free conditions. The influence of protonation on the spectroscopic and structural properties of the metal complexes was studied by UV-Vis and NMR spectroscopies, as well as by a single crystal X-ray diffraction.

Experimental Section

Measurements.

Thermogravimetric (TG) analyses were performed using a Mettler TG 50 thermobalance with aluminum crucibles. All experiments were recorded with a heating rate of 5 °C min -1 in a dynamic atmosphere with a flow rate of 200 cm 3 min -1 . Differential scanning calorimetry (DSC) measurements were carried out with a Mettler-Toledo DSC823e calorimeter and analyzed by the Mettler STARe 9.01. software.

Infrared spectra were recorded in KBr pellets with a Perkin-Elmer 502 spectrophotometer in the 4500-450 cm -1 region. Electronic absorption spectra were recorded at 25 °C on a Cary 100 UV/Vis spectrophotometer. Magnetic measurements were made by the standard Gouy method. NMR spectra were obtained using a Bruker Avance DRX500 spectrometer. The spectra were recorded in DMSO-d 6 with TMS as internal standard. 1 H and 13 C resonances were assigned by the combination of 1D ( 1 H and APT sequences) and 2D homo-and heteronuclear experiments (COSY, HSQC and HMBC sequences).

Elemental analyses (C, H, N, S) were provided by the Analytical Services Laboratory of the Ruđer Bošković Institute, Zagreb. Chlorine was determined by the gravimetric method as silver chloride [START_REF] Vogel | Textbook of Quantitative Inorganic Analysis[END_REF].

Starting materials

The starting complex [MoO2(acac)2] was prepared as described in the literature [START_REF] Chen | [END_REF]. Acetonitrile was dried over P2O5 and then distilled. Methanol was dried using magnesium turnings and iodine, and then distilled. Pyridoxal hydrochloride, thiosemicarbazides (H2NNHC(S)NHR, R = C6H5, CH3 or H) and triphenylphosphine (PPh3) were commercially available. Ligands H2L 1-3 •HCl were prepared according to procedures described in the literature [16].

Synthesis of [MoO2(HL 1 )(CH3OH)]Cl•1.5CH3OH (1a)

A mixture of [MoO2(acac)2] (0.16 g, 0.5 mmol) and pyridoxal 4-phenylthiosemicarbazone hydrochloride H2L 1 •HCl (0.14 g, 0.4 mmol) in dry acetonitrile (10 mL) and dry methanol (10 mL) was refluxed for 5 hours. The solution was left at room temperature for one day and the obtained orange crystalline precipitate was filtered, rinsed with acetonitrile and dried in a desiccator down to constant weight. Yield: 0.14 g (55%). Anal. Calc. for C17.5H25ClMoN4O6.5S (Mr = 558.868): C,37.61;H,4.50;Cl,6.34;N,10.03;S,5.74%. Found: C,37.73;H,3.95;Cl,6.55;N,10.56;S,6.05%. TG: CH3OH,13.9% (Calcd. 14.3%);MoO3,26.5% (Calcd. 26.5%). Selected IR data (cm -1 ): 1602, 1553 (C=N), 1367 (C-O), 939 (MoO2)asym, 904 (MoO2)sym, 639 (C-S).

Synthesis of [{MoO2(HL)}Cl]n complexes

The appropriate pyridoxal thiosemicarbazone ligand H2L 1-3. HCl (0.4 mmol) was dissolved in dry acetonitrile (20 mL),[MoO2(acac)2] (0.16 g, 0.5 mmol) was added and the resulting solution was refluxed for the specified time. The precipitate that formed was filtered, washed with acetonitrile and dried in a desiccator down to constant weight. R = Ph: Complex [{MoO2(HL 1 )}Cl]n (1): Dark red product. Reaction time: 5 hours. Yield: 0.22 g (94%). Anal. Calc. for C15H15ClMoN4O4S (Mr = 478.76): C,37.63;H,3.16;Cl,7.41;N,11.70;S,6.70%. Found: C,37.41;H,3.11;Cl,7.14;N,11.80;S,6.32%. TG: MoO3,29.8% (Calcd. 30.1%).

Selected IR data (cm -1 ): 1604, 1557 (C=N), 1362 (C-O), 954 (MoO2)asym, 935 (MoO2)sym, 641 (C-S).

UV-VIS(methanol): /nm (/dm 3 mol -1 cm -1 ): 354 (14888) and 434 (8368).

R = Me:

Complex [{MoO2(HL 2 )}Cl]n (2): Brown product. Reaction time: 12 hours. Yield: 0.087 g (43%). Anal. Calc. for C10H13ClMoN4O4S (Mr = 416.69): C, 28.82;H,3.14;Cl,8.51;N,13.45;S,7.70%. Found: C,28.66;H,3.25;Cl,8.21;N,13.50;S,7.65%. TG: MoO3,34.3 (Calcd. 34.5%).

Selected IR data (cm -1 ): 1591, 1540 (C=N), 1358 (C-O), 930 (Mo=O), 801 (Mo=OMo), 621 (C-S).

UV-VIS(methanol): /nm (/dm 3 mol -1 cm -1 ): 325 (17992) and 405 (2336). Complex [{MoO2(HL 3 )}Cl]n (3): Dark brown product. Reaction time: 12 hours. Yield: 0.08 g (46 %). Anal. Calc. for C9H11ClMoN4O4S (Mr = 402.66): C,26.85;H,2.75;Cl,8.80;N,13.91;S,7.96%. Found: C,26.53;H,2.92;8.54;N,13.65;S,7.18%. TG: MoO3,35.5% (Calcd. 35.8%). Selected IR data (cm -1 ): 1617, 1559 (C=N), 1357 (C-O), 930 (Mo=O), 815 (Mo=OMo), 621 (C-S). UV-VIS(methanol):

R = H:

/nm (/dm 3 mol -1 cm -1 ): 342 (177500) and 427 (1927).

X-Ray Crystallography.

The single-crystal X-ray diffraction data of 1a was collected by -scans on an Oxford Diffraction Xcalibur 3 CCD diffractometer with graphite-monochromated Mo-K radiation ( = 0.71073 Å). The data reduction was performed using the CrysAlis software package [START_REF]Xcalibur CCD system, CRYSALIS Software system[END_REF]. Solution, refinement and analysis of the structure were done using the programs integrated in the WinGX system [START_REF] Farrugia | [END_REF]. The structure was solved using SHELXS [19] by the Patterson method. The refinement procedure was performed by the full-matrix least-squares method based on F 2 against all reflections using SHELXL-97 [START_REF] Sheldrick | SHELXL-97, Program for the Refinement of Crystal Structures[END_REF]. One methanol molecule was found to be disordered over two sites and over a center of symmetry. The geometry of the two disordered methanol molecules were restrained to be as that of the methanol that is not disordered. The occupancy of the two sites refined to 0.263(8) and 0.237(8), while they had a common temperature factor. The non-hydrogen atoms were refined anisotropically, except for those of the disordered methanol molecule which were refined isotropically. All hydrogen atoms, except those on the disordered methanol molecule, were located in the difference Fourier maps.

Because of poor geometry for some of them they were placed in calculated positions and refined using the riding model. Only the hydrogen atoms of one free and the bound methanol hydroxyl group were fixed. Geometrical calculations were done using PLATON [21]. The structure drawings were prepared using PLATON and MERCURY [START_REF] Macrae | [END_REF] programs. The crystallographic data are summarized in Table 1, whereas the selected bond distances and angles are listed in Table 2. 

R = Fo -Fc/Fo, b wR = (Fo 2 -Fc 2 ) 2 /w(Fo 2 ) 2  1/2

Reaction of complexes 1-3 with PPh3

All reactions were performed under a dry argon atmosphere. PPh3 (0.02 g, 0.08 mmol) and -picoline (8 L) were dissolved in dry acetonitrile (15 mL) and then 1, 2 or 3 (0.08 mmol) was added. The suspension was heated for 10 h. The dark red-brown microcrystalline product was collected by filtration, washed with acetonitrile and dried. : Complex [Mo2O3(HL 1 )2]Cl2 (4): Yield: 0.020 g (52%) (obtained from 1). Anal. Calcd. for C30H30Cl2Mo2N8O9S2 (Mr = 941.52): C, 38.27;H,3.21;Cl,7.53;N,11.90;S,6.81. Found: C,38.11;H,3.42;Cl,7.21;N,11.85;S,6.55. TG: 30.8% MoO3 (Calcd. 30.6%). Selected IR data (cm -1 ): 1601, 1552 

R = Ph

(C=N), 1363 (C-O), 948 (Mo=O), 788 (Mo-O-Mo), 625 (C-S). R = Me: Complex [Mo2O3(HL 2 )2]Cl2 ( 

General procedure for the epoxidation of cyclooctene by aqueous TBHP

A mixture of cyclooctene (2.76 mL, 20 mmol), acetophenone (0.1 mL, internal reference) and Mo (pre)catalyst (0.01 mmol Mo) was stirred and heated up to 80 °C before adding aqueous TBHP (70 wt %, 5.48 mL, 40 mmol). The reaction was followed for 6 h. Aliquots (0.1 mL) of the organic phase were taken at required times from the reaction media, mixed with 2 mL of Et2O and a small quantity of MnO2 was added. The mixture was then filtered through silica and analyzed by 1 H NMR in CDCl3.

Computational Details

All geometries were optimized without any symmetry constraint with the Gaussian 03 program suite [START_REF] Frisch | Gaussian 03, Revision D.01[END_REF]. The input geometries were adapted from the X-ray structures of [MoO2(L 1 )(MeOH)]•CH3OH (1a*) [11] and [MoO2(HL 1 )(MeOH)]Cl•1.5CH3OH (1a). The calculations used the standard B3LYP three-parameter functional [24] with the 6-31G** basis set [25] for C, H, N and O atoms and the CEP-31G* basis set [26] for molybdenum. All optimized geometries were confirmed to be local minima by frequency analyses (Table S1 in the Supporting Information). The calculated IR spectra were generated from the DFT-generated frequencies and intensities by applying Lorentzian functions and adjusting the linewidth to the best fit with experimental spectra.

Results and Discussion

New mononuclear [MoO2(HL 1 )(CH3OH)]Cl•1.5CH3OH (1a), and polynuclear molybdenum(VI) complexes [{MoO2(HL 1-3 )}Cl]n (1-3) were prepared by the reaction of [MoO2(acac)2] with different pyridoxal thiosemicarbazone hydrochlorides (Scheme 2). Dry solvents (methanol and acetonitrile) were used to prevent ligand hydrolysis.

Scheme 2. Synthesis of Mo VI complexes (1a and 1-3) and Mo V complexes (4-6).

Complexes 1a and 1 were identified by the presence of (MoO2) bands at 939 and 904 cm -1 for 1a, and 954 and 935 cm -1 for 1 [27]. A band around 1071 cm -1 for both complexes was assigned to the (C-O)

of the coordinated methanol molecule in 1a or the hydroxymethyl group in 1 (Scheme 2) [28]. On the other hand, the sixth coordination site in [{MoO2(HL 2,3 )}Cl]n (2 and 3) is occupied by the oxygen atom from the Mo=O unit from the neighbouring complex molecule, thus forming a coordination polymer. This is suggested by the intense IR bands observed at 801 cm -1 (2) and 815 cm -1 (3), as well as by a single strong absorption band at 930 cm -1 assigned to the Mo=O•••Mo bridging and terminal Mo=O groups, respectively [29]. The broad absorption bands in the 3000-2600 cm -1 range, appearing in the spectra of all complexes, confirm the presence of the pyridinium moiety. Two vibration bands in the 1610-1540 cm -1 range were assigned to the stretching vibrations of the C=N groups of the thiosemicarbazones [30], whereas those at about 625 cm -1 were attributed to the coordinated C-Sthiol group [31].

Polynuclear complexes 1-3 are not solvated. Upon heating the [{MoO2(HL S1) [32]. This was also confirmed by comparison of the IR spectrum of the non solvated product with those observed for 1a and 1 (Figure S2 in the Supporting Information). Also, transformation of 1a into a μ-oxo bridged dimer is not possible in the solid-state, since the Mo=Ot group is not directed toward the vacant coordination site of the neighbouring [MoO2(HL)] + cation. This is additionally supported by absence of a strong band at ~800 cm -1 , which is characteristic for a molybdenumoxygen interaction.

On the other hand, transformation of the mononuclear complex 1a into the coordination polymer 1 can be achieved by dissolution of 1a in acetonitrile. Similarly, the reverse transformation can be obtained after exposure of the samples of 1 to methanol. Depending on the solvent nature, the methanol molecule in [MoO2(HL 1 )(CH3OH)] + cation can be easily replaced by the hydroxymethyl group of a neighbouring molecule and vice versa as already observed for the related neutral complexes [33].

NMR Spectroscopy

The NMR spectra of compounds 1-3 were recorded in DMSO-d 6 because of their very low solubility in non-coordinating solvents (the numbering scheme is given in Scheme 3 and all data are collected in Table S2, in Supporting Information). The solubilisation of the coordination polymers 1-3 is probably related to the coordination of DMSO to the Mo VI center, breaking the infinite chain structure and yielding mononuclear [MoO2(HL 1-3 )(DMSO)] + complexes. The spectra of 1a and 1 are very similar, the only difference being the presence of the MeOH molecule signal for the solution of 1a.

Scheme 3. NMR numbering scheme of H2L 1-3 •HCl. The 1 H and 13 C chemical shift values of [{MoO2(HL 1-3 )}Cl]n (1-3) may be compared to those previously reported for the related complexes containing the doubly deprotonated ligands [MoO2(L 1-3 )]n (Table S2 in SI, Figure S3). The spectral variations can be correlated with the protonation of the pyridoxal ligand.

The signal at ca. 12 ppm (assigned to H1) found in the spectra of compounds 1-3 is absent in the spectra of [MoO2(L 1-3 )]n. This confirms protonation of the pyridine ring N atom and the presence of the ligand as (HL) -. Such protonation induces a shift of all pyridine ring signals, particularly those of H6 (up to +0.13 ppm) and C6 atoms (up to -6.15 ppm). Additionally, the broad signal assigned to the hydroxymethyl H10 proton is also fairly shifted downfield by approximately 0.25 ppm. There is also a significant downfield shift of the H14 signal (up to 0.41 ppm) in complexes 1-3 with respect to the corresponding deprotonated complexes, which is probably the result of hydrogen bonding between the thiosemicarbazone NH group and chloride [34]. This suggests that the chloride counterion maintains this interaction in solution, as also found in the solid state (see next section).

X-Ray Crystallography

In the molecular structure of 1a the coordination sphere around the Mo atom is a distorted octahedron with a tridentate ligand (HL 1 ) -bound to the cis-{MoO2} 2+ core. The ligand is coordinated to molybdenum as ONS-donor through the phenolic-oxygen, the imine-nitrogen and the thiol-sulphur atoms. The sixth coordination site is occupied by the methanol molecule. The C1-S bond of 1.737(4) Å indicates the thiol form. Two chelate rings are formed by complexation of the ligand to Mo, a five-(Mo, S, C1, N2, N3) and a six-membered (Mo, N3, C2, C3, C7, O1) chelate ring that form a dihedral angle of 8.70( 13)°. Therefore, the ligand is relatively planar with π-electron delocalization throughout the ligand.

The substituted pyridine and phenyl rings form an angle of only 3.9(2)°. An ORTEP drawing of the complex cation and the chloride anion is shown in Figure 1. Relevant bond lengths and angles are given in Table 2. The crystal structure of 1a consists of [MoO2(HL 1 )(CH3OH)] + cations, chloride anions and molecules of methanol of which one is in a general position while the other one is disordered over a center of symmetry. Both protonated nitrogen atoms (N1 and N4) and the hydroxyl group from the pyridoxal moiety (O2) are involved in hydrogen bonding with the chloride ion, thus connecting three neighbouring complex cations and forming double-chains along the c-axis. The chains are linked through hydrogen bonding with one of the free methanol molecules along the a-axis. The solvent methanol molecule that is not disordered is a hydrogen bond acceptor from the bound methanol and a donor to the pyridoxal hydroxyl group. Hydrogen bonds are given in Table 3. Interactions between chains along the b-axis involve the disordered methanol molecule. The packing diagram is shown in Figure 2 (and Figure S4 in the Supporting Information).

Table 3. Geometry of the hydrogen bonds (Å, ) for compound 1a. In contrast to 1a where N4 is a hydrogen bond donor, the same atom in the non protonated complex, [MoO2(L1)(CH3OH)]•CH3OH (1a*), is a hydrogen bond acceptor [11]. Significant changes in the geometry of 1a in comparison to 1a* include angles of the Mo coordination polyhedron and the C5-N4-C6 angle in the pyridoxal ring, which increases upon protonation from 119.6(2)° to 124.6(3)°, Figure 3.

D-H

… A D-H (Å) H … A (Å) D … A (Å) D-H … A() N1-
2-x,1-y,1-z; b 2-x,1-y,2-z, c 1-x,1-y,1-z
The largest difference in the coordination polyhedron concerns the S-Mo-O5 angle, most probably caused by involvement in different hydrogen bonding pattern and also different packing in the crystal.

DFT calculations

DFT geometry optimizations were carried out to assign the IR absorption bands in 1a and 1a*, in order to assess the effect of ligand protonation. Before examining these results, we present a brief description of the optimized geometries. Relevant results are collected and compared to the experimental crystallographic data in Table 4. The agreement between experimental and calculated geometries for the core is generally very good and small differences may be at least in part attributed to crystal packing, which is not accounted for in the single molecule calculation. All calculated distances are overestimated, very little for the terminal oxido ligands (maximum deviation 0.01 Å), to an intermediate degree for Mo-O(1), Mo-S and Mo-N (0.03 Å to 0.06 Å), and to a greater extent for the coordinated methanol O atom (by 0.14 Å on average). The elongation/shortening of bond lengths experimentally observed between neutral and charged complexes (1a* and 1a) is reproduced by the DFT calculations, with similar differences. Only the most relevant data is listed in Table 4.

The experimental IR spectra of 1a and 1a* are compared with the calculated ones for A and A* in Figure 4. Although shifted by around 60 cm -1 on average, the patterns are similar. Three vibrations at 981 (asym), 1006 (sym), 1020 (sym) cm -1 for A can be attributed to MoO2 (the symmetric vibration is coupled with other vibrations and contributes significantly to two normal modes) and two vibrations at 968 (asym) and 1001 (sym) cm -1 for A*. The calculations are also useful for the assignment of other vibrational modes, such as the C-S vibrations (685 cm -1 for A and 679 cm -1 for A*) the N-N vibrations (1190 cm -1 for A and 1152 cm -1 for A*), the CH=N vibrations (coupled with other vibrations in bands at 1617, 1656 and 1658 cm -1 for A and at 1560, 1624 and 1653 cm -1 for A*) and finally the pyridoxal N-H vibration in case of A (3569 cm -1 ). The shift relatively to the experimental values is observed in all cases, as typically observed for calculations carried out at this level of theory. 

UV-Vis Spectroscopy

The electronic spectra of the thiosemicarbazone complexes 1-3 recorded in methanol exhibited S(pπ)-Mo(dπ) LMCT in the regions 405 -434 nm as well as N(pπ)-Mo(dπ) and O(pπ)-Mo(dπ) LMCT bands at 325-354 nm [35]. These spectral characteristics are influenced by the nature of the ligand and by its degree of protonation. Titrations of 1-3 with HCl or Et3N were performed by adding aliquots of HCl or Et3N solution (2 μL) into cuvettes in methanol with UV-Vis monitoring and compared with those of the corresponding H2L 1-3 •HCl ligands. A titration experiment was also carried out by adding HCl to 1a*.

Spectral changes associated to system 1 and the ligand H2L 1 •HCl are presented in Figure 5.

The addition of HCl to the solution obtained from 1 resulted in a shift of the 434 and 354 nm bands to higher wavelengths (461 and 363 nm, respectively) with a change of molar absorptivity. These changes are presumably due to the protonation of the ligand and formation of the [MoO2(H2L 1 )(CH3OH)] 2+ cation. Therefore, the corresponding bands of 1a*, containing the ligand in the most deprotonated form, are at lower wavelengths than for 1, exhibiting two bands at 416 and 349 nm.

The addition of Et3N to the methanolic solution of 1 resulted in the bands at 390 and 312 nm. The spectrum of the obtained solution is different from the spectrum of the [MoO2(L 1 )(CH3OH)] complex.

However, it is similar to that of the deprotonated ligand (L 1 ) 2-obtained upon addition of Et3N to the solution of H2L 1 •HCl. Apparently, addition of Et3N to the solution destabilizes the association between the ligand and the molybdenum atom, probably yielding the free doubly deprotonated ligand and the molybdate ion, MoO4 2-. The same result was obtained also using KOH in methanol instead of Et3N.

The corresponding behaviour of compounds 2 and 3 is identical. In the case of 2, addition of HCl caused a shift of the 405 and 325 nm bands to 442 and 360 nm, respectively. Similarly, the spectrum of 3 has absorption maxima at 427 and 342 nm, whereas acidification with HCl shifted the bands to 438 and 361 nm, respectively. The IR spectra of 4-6 exhibit bands around 950 cm -1 and 780 cm -1 , assigned to terminal Mo=O and Mo-O-Mo bridging groups, respectively (Figure S5 Supporting Information) [36]. All compounds were obtained pure with a 40% yield when the reaction proceeded for 10 hours. The diamagnetism, which is characteristic for oxo bridged Mo(V) dimers [37], was confirmed by magnetochemical measurements.

Our results are consistent with findings reported by Young et al. [38]. As it has been previously shown, formation of {Mo V 2O3} 4+ species from {Mo VI O2} 2+ seems to be the result of OAT from [Mo VI O2(HL 1-

3 )]Cl (1-3) to PPh3 [38,39]. Weight losses corresponding to the complex decomposition were observed by TGA (under a pure oxygen atmosphere) in the 246-446 °C (4), 239-431 °C (5) and 223-448 °C (6) ranges, leading to MoO3.

The reactivity of complexes 4-6 towards oxygen donors is revealed by dissolution in DMSO, which leads to an immediate colour change from dark red to pale orange, as a consequence of the reoxidation to 1-3 [40]. For this reason, NMR spectra of these compounds could not be recorded. Unfortunately, all other attempts to characterize 4-6 were hampered by their poor solubility even in very polar solvents.

Catalytic Epoxidation Reactions

We have recently reported the catalytic activity of the neutral [MoO2(L 1 )(MeOH)] (1a*) and [MoO2(L 1-3 )]n (1*-3*) complexes for the epoxidation of cyclooctene by aqueous TBHP (Scheme 4 and Scheme S1 in the Supporting Information) under solvent-free conditions and with a low Mo:olefin ratio (1:2000) [13]. We have now carried out a comparative study of the same catalytic reactions under the same conditions for the cationic complexes in 1-3 and 1a in order to evaluate and clarify the effect of ligand protonation.

Like the corresponding neutral complexes, the protonated analogues were sparingly soluble in cyclooctene and insoluble in water at room temperature, but completely dissolved in the organic phase after addition of aqueous TBHP at 80 °C. The reactions were followed by 1 H NMR during 6 hours. The relevant results are summarized in Table 5 and the kinetic profiles are shown in Figure 6. The ligands alone were not active and the reference [MoO2(acac)2] (pre)catalyst gives a conversion of 54% with a 82% epoxide selectivity under these conditions [13]. Complex 1a 1a* [13] 1 1* [13] 2 2* [13] 3 3* [13] [MoO2(acac)2] [13] Conversion (%) ) may be compared with those of the corresponding neutral systems (1040 for 1*, 1420 for 2* and 1380 for 3*, respectively [13]). Hence, the ligand protonation has a strongly positive influence for L 1 , a moderately negative one in the case of L 2 and a weakly positive one for L 3 . However, ligand protonation has a lower effect on the activity than methanol coordination. A visual comparison of the conversion and selectivity within the four complexes (mononuclear or polynuclear, neutral or cationic) containing ligand L 1 is shown in Figure 7. All these results might be linked to the nature of the ligands, to the protonation state and to the energy required to remove methanol in case of mononuclear compounds. To our knowledge, under solvent-free conditions, neutral compounds with similar ligands and based on vanadium instead of molybdenum as the catalytic metalperformed less efficiently as greater metal loadings were required [41]. Several literature references concern the epoxidation of olefins using molybdenum containing complexes (1% Mo vs. subsrate being the usual amount) with similar tridentate ligands as catalyst. Some of these catalysts exhibit very high TOF and are highly selective, but most of them were only used in solution of organic solvents (often dichloroethane) and/or with TBHP in decane as the oxidant [42]. The results presented herein are relevant because the process does not use solvent end employs TBHP in water as oxidant with a low catalysts loading. ligand. The results for the neutral compounds are taken from ref [13].

Conclusion

Mononuclear and polynuclear charged molybdenum(VI) complexes with singly-deprotonated pyridoxal thiosemicarbazonato ligands have been synthesised and characterized. They have been used as precursors for the synthesis of corresponding dinuclear oxo-bridged molybdenum(V) complexes by reaction with PPh3. The catalytic activity has been tested for cyclooctene epoxidation by aqueous TBHP under solvent-free conditions. The emphasis was placed on very low Mo loading (0.05% vs. substrate).

These compounds are quite active although generally not as much as the corresponding neutral analogues. Nevertheless, the results obtained with the charged polymeric materials provide a good basis for further optimization aiming at efficient catalyst recovery and recycling.

  1 H and13 C chemical shifts are compared with those of the free ligand H2L 1-3 •HCl. In the 1 H spectra of compounds 1-3, the azomethine CH=N proton signal H11 is shifted downfield up to 0.23 ppm as a result of the complexation. The absence of signals due to OH and =N-NH (H8 and H12, respectively) suggests coordination through the oxygen atom and thioenolization of the -N-(C=S)-group into -N=(C-S)-.Also, the H14 protons exhibit an upfield shift (up to 0.89 ppm) as a consequence of the coordination through the sulphur atom from the deprotonated thiol group. The 13 C chemical shifts exhibit larger changes, up to 7.35 ppm as observed for C11 and 11.49 ppm for C13. These effects are downfield for the former and upfield for the latter site and confirm the coordination of imine-nitrogen and thiol-sulphur atoms to the {MoO2} 2+ core. The effects observed for C3 are all downfield and appreciably smaller (up to 1.57 ppm).

Figure 1 .

 1 Figure 1. ORTEP plot of the structure of 1a with displacement ellipsoids of non-hydrogen atoms drawn at the 30% probability level. Molecules of crystal methanol are omitted. Hydrogen bond is shown by a dashed line.

Figure 2 .

 2 Figure 2. Packing of 1a in the unit cell. Hydrogen bonds are shown by dotted lines. All four possible molecule sites of the disordered methanol molecule are shown (without their hydrogen atoms).

Figure 3 .

 3 Figure 3. Superimposed molecules of 1a (light grey) and 1a* (dark grey).

Figure 4 .

 4 Figure 4. Comparison of experimental (1a and 1a*) and theoretical (A and A*) IR vibration pattern in the range 700-1200 cm -1 .

Figure 5 .

 5 Figure 5. (a) UV-Vis spectra of thiosemicarbazone complexes [MoO2(HL 1 )(CH3OH)]Cl•1.5CH3OH (1a) and [MoO2(L 1 )(CH3OH)]•CH3OH (1a*) in methanol at 25 °C. (b) UV-Vis spectrum of H2L 1 •HCl in methanol at 25 °C.
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 46 Scheme 4. General equation of Mo-catalyzed epoxidation of cyclooctene.
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 7 Figure 7. Conversion and selectivity comparison in epoxidation of cyclooctene by aqueous TBHP catalyzed by charged/neutral and/or monomeric/polymeric Mo VI complexes synthesized from the H2L 1

  

Table 1 .

 1 Crystallographic data for compound 1a.

	chemical formula	C17.5H25ClMoN4O6.5S
	Mr	558.87
	crystal colour, habit	orange-brown, plate
	crystal size (mm 3 )	0.593, 0.208, 0.042
	crystal system	Triclinic
	space group	P -1
	unit cell parameters	
	a (Å)	7.2147(5)
	b (Å)	12.3246(10)
	c (Å)	13.8100(11)
	, ,  ()	101.115(7), 100.204(6), 103.460(6)
	V (Å3)	1139.67(16)
	Z	2
	Dcalc (g cm -3 )	1.623
	temperature (K)	295
	 (mm -1 )	0.827
	F(000)	566
	number of unique data	4807
	number of data [Fo  4(Fo)] 3755
	number of parameters	290
	R1 a , [Fo  4(Fo)]	0.0486
	wR2 b	0.1278
	Min. and max.	

electron density (e Å -3 ) -0.86, 0.49 a

Table 2

 2 

		Bond lengths (Å)		Bond angles ()
	Mo1-S	2.3936(10)	S-Mo-O1	149.40(10)
	Mo1-O1 1.943(3)	S-Mo-O3	98.59(10)
	Mo1-O3 1.684(4)	S-Mo-O4	92.97(10)
	Mo1-O4 1.696(4)	S-Mo-O5	79.33(8)
	Mo1-O5 2.332(4)	S-Mo-N3	76.11(7)
	Mo1-N3 2.312(4)	O1-Mo-O3 100.22(14)
	S-C1	1.737(4)	O1-Mo-O4 105.04(13)
	N1-C1	1.350(5)	O1-Mo-O5 77.22(12)
	N1-C10 1.407(6)	O1-Mo-N3 80.84(11)

. Selected bond lengths (Å) and angles () for compound 1a.

Table 4 .

 4 Comparison of relevant bond lengths (Å) between experimental data for 1a and 1a* and related

	calculated structures [MoO2(HL 1 )(MeOH)] + (A) and [MoO2(L 1 )(MeOH)] (A*). For A, only the cation
	had been taken into account for the calculation. Atom labels refer to the crystallographic structure.
	Bonds	1a	A	1a*	A*
	Mo-O(1) 1.943 1.987 1.918 1.975
	Mo-O(3) 1.684 1.691 1.689 1.693
	Mo-O(4) 1.696 1.697 1.706 1.706
	Mo-O(5) 2.332 2.455 2.336 2.484
	Mo-N(3) 2.312 2.373 2.280 2.339
	Mo-S(1)	2.394 2.448 2.415 2.449
	N(3)-N(2) 1.378 1.345 1.364 1.370

Table 5 .

 5 Comparison of epoxidation data for dioxomolybdenum(VI) (pre)catalysts.
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