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Speciation of [Cp*2M2O5] (M = Mo, W) in polar and donor solvents Pelin Sözen-Aktaş, [a,b,c] Iker Del Rosal, [d] Eric Manoury, [a,b] Funda Demirhan, [c] Agustí Lledós,* [d] and Rinaldo Poli* [a,b,e] Abstract:

The speciation of compounds [Cp*2M2O5] (M = Mo, W) in different protic and aprotic polar solvents (methanol, dimethyl sulfoxide, acetone, acetonitrile), in the presence of variable amounts of water or acid/base, has been investigated by 1 

Introduction

Organometallic compounds in high oxidation states, mostly supported by oxido ligands, have emerged as high performance materials for oxidation catalysis. [1] Half-sandwich Mo VI complexes, in particular, have recently shown impressive activities as catalysts for olefin epoxidation. [2] We have been interested in the solution behavior and reactivity of the archetypical pentamethylcyclopentadienylmolybdenum (VI) derivative, [Cp*2Mo2O5], [3] and have also reported its catalytic activity in cyclooctene epoxidation under a variety of conditions. [4] Recently, we have shown that the tungsten analogue, [Cp*2W2O5], now accessible by an improved and simplified synthetic procedure, [3f] outperforms the molybdenum analogue as an epoxidation catalyst when using H2O2 as oxidant in MeCN. [4b] This observation has interrogated us not only about the detailed catalytic mechanism, but also in terms of the behavior of the catalyst in solution, particularly in MeCN. Previous investigations of [Cp*2Mo2O5] have shown that this compound maintains its neutral dinuclear structure not only in the solid state, but also in solution of organic solvents including methanol, as shown by electrical conductivity studies. [3a] In a water-rich environment (4:1 H2O-MeOH mixture; the compound is insoluble in pure H2O), on the other hand, the compound extensively dissociates to yield [Cp*MoO3] -and [Cp*MoO2(H2O)] + , in equilibrium with a minor amount of the neutral mononuclear hydroxido derivative, [Cp*MoO2(OH)]. [3a] The speciation of this system was completely defined in the full pH range in a 4:1 H2O-MeOH solution, demonstrating that the anionic form, [Cp*MoO3] -, is the dominant species at high pH (> ca. 6) and the cationic one, [Cp*MoO2(H2O)] + , prevails at low pH (< ca. 2). Dissolution of [Cp*2Mo2O5] yields acidic solutions (pH ca. 4.5) because of acid-base equilibria, which transform a fraction of the cation into the anion with the release of protons. A subsequent more detailed investigation, coupled with a computational study, revealed that rapid equilibrium between the cationic form and the unsolvated [Cp*MoO2] + is responsible for the fact that the effective first acid dissociation of [Cp*MoO2(H2O)] + (pKa1 = 4. 19) is weaker than the second one (pKa2 = 3.65). [5] We now report the investigation of the speciation behavior of the related tungsten compound, [Cp*2W2O5] and additional information on the behavior of the molybdenum analogue, through a combined 1 H NMR and electrical conductivity investigation in a variety of coordinating and dissociating protic and aprotic solvents. Specific aspects of the investigation have been corroborated by a computational study. The tungsten compound is less colored than the molybdenum analogue and thus cannot be conveniently investigated by UV-visible spectroscopy, combined with stoppedflow kinetics, which was the method used to investigate the speciation of [Cp*2Mo2O5]. [3a] Nevertheless, the study provides useful information on the distribution of various species derived from [Cp*2W2O5] under different conditions in a variety of solvents, which serves as useful reference for the catalytic applications.

Results and Discussion

Electrical conductivity studies

As previously shown, compound [Cp*2Mo2O5] is able to self dissociate in polar solvents according to equation 1. [3a] The equilibrium is extensively shifted to the right hand side in a 4:1 H2O/MeOH solution and to the left hand side in other solvents including pure methanol, the gradual addition of water to a methanol solution causing an increased dissociation as gauged by electrical conductivity measurements. We have therefore started our investigation with corresponding measurement for the [Cp*2W2O5] compound in a variety of dissociating and coordinating solvents (acetone, DMSO, methanol and acetonitrile, as well as in a 1:4 MeOH-H2O mixture). The results are shown in Table 1 and compared with those of the related [Cp*2Mo2O5]. The sodium salt Na[Cp*WO3] has also been studied in order to provide a useful reference and the results are equally shown in Table 1. A first relevant observation is that the conductivity of [Cp*2W2O5] is relatively similar, though systematically a bit greater, than that of [Cp*2Mo2O5] in all organic solvents. This indicates a greater dissociation constant for equilibrium 1 for the W compound, namely a greater tendency to behave as a weak electrolyte. The conductivity value in MeOH-H2O, on the other hand, is much greater for the dinuclear W compound. Before further commenting on this value, it is interesting to compare the conductivity values of [Cp*2W2O5] with those of Na[Cp*WO3], for which an ionic formulation is unambiguous.

The molar conductivity of the sodium salt in DMSO and in MeOH is within the range typically observed for 1:1 salts, while the values in acetone and acetonitrile are smaller. This could be the result of the sparing solubility of the compound in the two latter solvents (transparent solutions could not be obtained even at the low 4•10 -4 M concentration). However, another reason for these low values is extensive ion pairing, which is confirmed by the NMR study (vide infra). Compound Na[Cp*WO3] is probably 100% in the form of solvated ions in the MeOH-H2O mixture, where the measured molar conductivity is again rather high, but not as high as that of [Cp*2W2O5]. Even assuming that the dissociation of [Cp*2W2O5] according to equilibrium 1 is total, it seems unreasonable to imagine that the greater mobility value of the dinuclear compound results from a greater mobility of the [Cp*WO2(H2O)] + ion relative to Na + . Large organic cations are known to have decreased mobility when the size of the organic substituents is greater (for instance, 44.42 for Me4N + , 23.22 for Pr4N + and 19.31 for Bu4N + , vs. 50.20 for Na + in pure H2O at 25°C). [6] [Cp*MO2(H2O)] + + H2O

[Cp*MO2(OH)] + H3O + (2)

[Cp*MO2(OH)] + H2O [Cp*MO3] -+ H3O + (3) (M = Mo, W) Table 1. Molar conductivities for 4•10 -4 M solutions of [Cp*2M2O5] (M = Mo, W) and [Cp*WO3 -]Na + in different solvents (in ohm -1 •cm 2 •mole -1 ) Solvent [Cp*2Mo2O5] [Cp*2W2O5]
Na + [Cp*WO3] - 1:1 salts Acetone 0.8 [a] 1.3 5.5 [c] 100-140 [c] DMSO 0.5 2.3 22.1 24-44 [d] Acetonitrile 0 [a] 2.6 11.5 [b] 120-160 [c] Methanol 4.2 [a] 4.9 117.4 80-115 [c] Methanol-Water (20:80) 102 [a] 313.7 214.8

[a] Values from ref. [3a] . [b] Not totally dissolved. [c] Range of reference values reported for 10 -3 M solutions. [7] [d] Range of values extrapolated at infinite dilution for a series of alkali metal and tetraalkylammonium salts. [8] A reasonable hypothesis to account for this exceptionally high conductivity is the production of protons (for which the mobility in pure water is around 350 ohm -1 •cm 2 •mole -1 ). Namely, following the self-dissociation of equilibrium 1, hydrolysis may take place more or less extensively in the presence of water with production of protons according to equations 2 and 3. This phenomenon was indeed demonstrated for the Mo compound, for which accurate measurements yielded the second acid dissociation (equilibrium 3) pKa value of 3.65±0.02 [3a] and the effective first acid dissociation (equilibrium 2) pKa value of 4.19. [5] Since the Lewis acidity of Mo and W is quite similar, leading to comparable expected acidities (for instance, the first and second pKa values of H2MO4 have been estimated in the 3. 5-4 and 3.6-4.7 ranges for Mo and in the 3.5-4.1 and 4.0-4.6 ranges for W, respectively), [9] dissolution of [Cp*2W2O5] in neutral water can also be predicted to generate a fair amount of protons. Indeed, after dissolution of [Cp*2W2O5] at a concentration of 4•10 -4 M, the MeOH-H2O solution exhibited a pH value around 4.00. Hence, the much greater value observed for the conductivity of [Cp*2W2O5] relative to [Cp*2Mo2O5] can be attributed to either a more extensive dissociation of the W dinuclear compound, or to a more extensive acid dissociation of the [Cp*WO2(H2O)] + ion (lower pKa), or to a combination of both effects.

1 H NMR studies

We first present the 1 H NMR investigation of [Cp*2Mo2O5] and [Cp*2W2O5] in D2O/CD3OD (4:1), namely conditions closely related to those of the conductivity study. Subsequently, we shall present the results of the studies in organic solvents, starting with CD3OD, then DMSO-d6, acetone-d6 and CD3CN, in the order that appears to us most suitable for a clearer understanding of this complex system. The spectra of Na + [Cp*WO3] -will also be shown for comparison. Note that the literature reports only the 1 H NMR properties of the [Cp*2M2O5] (M = Mo, W) compounds in CDCl3 or CD2Cl2, where only a single resonance was observed (Mo: δ 2.01, 1.99; W: δ 2.16, 2.13 in CDCl3 and CD2Cl2, respectively). [10] (a) Investigations of the Cp*M VI systems (M = Mo, W) in D2O/CD3OD (4:1).

The spectrum of a solution of [Cp*2Mo2O5] without any additive exhibits two peaks, a weaker one at δ 2.077 and a stronger one at δ 1.961 (relative ratio: 30:70), see Figure 1 (spectrum c). Addition of a strong acid (CF3COOH, TFA) to this solution results in an intensity increase for the smaller, lower field resonance, whereas the stronger resonance shifts to δ 2.091 and decreases in intensity (spectrum b, relative intensity 65:35). Further addition of excess TFA did not have any effect on the resonances (same positions and relative intensities, spectrum a). In the latter solution, an estimated residual acid concentration of ca. 8.2•10 -3 M should yield a pH around 2. Addition of base (NEt3), on the other hand, resulted in disappearance of the δ 2.077 resonance and a shift of the major resonance to δ 1.942 (spectrum d). Further addition of excess NEt3 had no effect (spectrum e). The behavior of a solution of [Cp*2W2O5] parallels quite closely that of the [Cp*2Mo2O5] congener. Two peaks, a weaker one at δ 2.244 and a stronger one at δ 2.128 (relative ratio: 30:70), are observed in the absence of additives, (Figure 2, spectrum d). Addition of incremental amounts of TFA caused a gradual increase of the intensity of the δ 2.244 resonance, whereas the other resonance shifted downfield and decreased in intensity (position and relative intensities are δ 2.174 and 49:51 in spectrum c, δ 2.219 and 60:40 in spectrum b, δ 2.210 and 66:34 in spectrum a). In the last solution, the estimated residual acid concentration is 0.6 M for a pH of ca. 0.2 and the strong acidity may have an effect on the resonance positions (the downfield resonance, which remains unshifted at δ 2.244 on going from c to b, slightly moves to δ 2.228 on going to spectrum a). Addition of NEt3 to the neutral solution, on the other hand, led to disappearance of the δ 2.244 peak and to an upfield shift of the second one to δ 2.067, spectrum e. The latter resonance corresponds to [Cp*WO3] -, since the independent measurement of a solution of the sodium salt shows a resonance at essentially the same chemical shift (δ 2.064), spectrum f. These NMR results can be rationalized on the basis of the established speciation of Cp*Mo VI in H2O-MeOH (see Introduction) and on the interconversion mechanism between the various species, as summarized in Scheme 1. [3a, 5] Specifically: (i) the protonation of [Cp*MoO3] -to [Cp*MoO2(OH)] is faster than the time of mixing in a stopped-flow kinetics experiment (ca. 1 ms), therefore proton selfexchange (equation 4, M = Mo) should lead to a single, pHdependent average resonance for these two species in the fast exchange limit; (ii) the second protonation is equally fast when taking place on a second oxido ligand but is visible only at very low pH (< 0), leading to [Cp*MoO(OH)2] + ; the latter, however, slowly and irreversibly converts to a more stable dioxido-aqua complex, [Cp*MoO2(H2O)] + ; (iii) the latter complex equilibrates rapidly with [Cp*MoO2] + , hence the water exchange process must take place dissociatively and only one resonance is expected for these two species; (iv) a small amount of the neutral [Cp*MoO2(OH)], remains in equilibrium with the two ionic species at intermediate pH values.
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On the basis of this knowledge, the pH-dependent high-field resonances in Figure 1 and Figure 2 are assigned to the rapidly equilibrating [Cp*MO3] -/[Cp*MO2(OD)] mixtures, the former compound being the only species remaining after addition of NEt3 and the latter one dominating under strongly acidic conditions. The lower field resonance, on the other hand, could be attributed to the cationic form, [Cp*MO2(D2O)] + , for which the exchange with the neutral complex [Cp*MO2(OD)] is slow on the NMR timescale. Note that, according to the previously published speciation study of the Cp*Mo VI system, complex [Cp*MoO2(H2O)] + should remain the only species in solution at pH < 2. [3a] In the NMR study of Figure 1, a small amount of the neutral species remains present and the pH of the solution is estimated as ca. 2. A separate NMR spectrum recorded on a solution containing 0.4 mg of Cp*2Mo2O5 (0.74•10 -3 mmol) and 59.2 µL of CF3COOH (0.77 mmol) in 1 mL (0.2 mL CD3OD and 0.8 mL D2O), for an estimated pH of ca. 0.1, showed a dominant resonance at δ 2.057, which we attribute to the [Cp*MoO2(D2O)] + ion, and a small shoulder at ca. δ 2.074 (estimated 10% relative intensity), the nature of which is unclear. The small upfield shift of the cation resonance is likely due to the equilibrium protonation of the solvent, changing the relative chemical shift of the residual solvent CHD2 resonance that we arbitrarily considered as constant. No resonance below δ 2.0 was observed in this spectrum, pointing to the absence of any residual Cp*MoO2(OD), in agreement with the previously published speciation study. This spectrum is shown in the supporting information section (Figure S1). A comparison between the Mo and W system shows that a greater amount of deuteroxido complex, [Cp*MO2(OD)], remains at low pH under comparable conditions for the W derivative, suggesting a greater thermodynamic acidity of [Cp*MO2(D2O)] + for the system of the heavier metal. 2, spectrum c). The likely reason for this behavior is that the rate of degenerate proton transfer equilibrating the two species (equation 4) is not much greater than the chemical shift difference.

In conclusion, the results of the NMR investigation are in full agreement with the previously established speciation behavior of the Cp*Mo VI system and indicate that the corresponding Cp*W VI system behaves qualitatively in the same way, the major difference being its slightly higher acidity.

(b) Investigation of the Cp*M VI systems in CD3OD

It is convenient to first analyze the behavior of [Cp*2M2O5] in CD3OD as a function of the addition of water, because of the difference in electrical conductivity observed between pure methanol and the methanol-water mixture (see section 1 above).

The spectra of Cp*2Mo2O5 in variable mixtures of D2O/CD3OD are shown in Figure 3. The dinuclear compounds shows a single resonance in the pure solvent at δ 2.045 (spectrum a). After the first addition of D2O, the compound started to precipitate from solution, thus all subsequent spectra were recorded on saturated solutions. The resonance gradually shifted downfield and decreased in intensity, while a new resonance appeared and gradually increased in intensity and shifted upfield as the amount of D2O increased. The two resonances converged in relative intensity and positions to those observed for the 80:20 mixture and reported in Figure 1,spectrum c. On the basis of the discussion in the previous section, the new resonance can be attributed to the rapidly exchanging [Cp*MoO2(OD)]/[Cp*MoO3] -pair, in agreement with the expected increasing degree of dimer splitting according to equation 5 (M = Mo) and with the expected increasing degree of ionic dissociation as the amount of D2O increases. The behavior of the other resonance, however, is unexpected, because if the ionic dissociation is slow as indicated in Scheme 1, three rather than two resonances should be visible, one for the anion (rapidly exchanging with the neutral hydroxido complex), one for the cation and one for the neutral dinuclear precursor. A rapid dissociation, on the other hand, should result in a single resonance. The observed behavior indicates a rapid exchange between the neutral dinuclear system and the cation, without the intervention of the anion.
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[Cp*2M2O5] + D2O 2 Cp*MO2(OD) (5) (M = Mo, W)
This phenomenon may be rationalized by the presence of an associative exchange through the trinuclear [Cp*2Mo3O7] + cation, as indicated in Scheme 2. The [Cp*MoO2(D2O)] + ion is in rapid equilibrium with [Cp*MoO2] + , which is capable to add to the neutral dinuclear compound. Note that the proposed associative [Cp*3Mo3O7] + intermediate has indeed been experimentally observed, among other species including [Cp*MoO2] + and [Cp*MoO2(H2O)] + , by an electrospray ionization MS experiment of a MeOH-H2O (50:50) solution of [Cp*2Mo2O5]. [11] The existence of this ion in the gas phase does not necessarily mean that it will be stable in solution, but proves that it is a local energy minimum on the potential energy surface and can therefore be involved as a reaction intermediate. Therefore, the lower field resonance in Figure 3 A second 1 H NMR study as a function of D2O/CD3OD ratio was carried out as above, except that this time the added D2O contained 0.1 M TFA. The resulting spectra are collected in Figure 4. It can be seen that the major resonance of [Cp*2Mo2O5] shifts gradually downfield and decreases slightly in intensity, whereas a second resonance appears for increasing amounts of water at lower fields and also shifts further downfield, converging to the position previously assigned to the neutral complex [Cp*MoO2(OD)]. The final spectrum (spectrum e, corresponding to a 80:20 D2O/CD3OD ratio) is identical to spectrum a in Figure 1. This behavior is perfectly coherent with those described in Figure 1 The strong resonance B must be a new species not involving water, but involving the methanol solvent, presumably because of its protic nature (as will be shown below, this phenomenon does not occur in coordinating aprotic organic solvents). One possible interpretation of this behavior involves the addition of methanol to yield a methoxido derivative, either in a mononuclear or in a dinuclear form, see Scheme 3. The dinuclear formulation would seem justified by the known stronger Lewis acidity of Cp*W VI relative to Cp*Mo VI . Related known reactivity patterns in support of this behavior are the cycloaddition reactions observed for [Cp*WO3] -, but not for [Cp*MoO3] -, with the ketene PhCH=C=O and the alkyne MeO2CC≡CCO2Me, [10b] leading to isolated products having a coordination sphere of type [Cp*WO2X2] -and therefore isoelectronic with that of [Cp*WO2(µ-OMe)]2. Another example is the addition of thioglycolic acid to [Cp*2W2O5] to yield [Cp*WO(OH)(k 2 :S,O-SCH2COO)], [12] whereas no adduct is generated from [Cp*2Mo2O5]. The nature of this product has been further investigated by computational methods, which strongly militate in favor of a mononuclear formulation (see later). Scheme 3. Proposed equilibrium accounting for resonances A and B in the spectra of Figure 5.
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The proposed equilibrium of Scheme 3 must be slow on the NMR time scale because resonances A and B are individually observed in neat methanol. Given this proposed behavior, it is also reasonable to wonder whether species [Cp*WO2(OD)] equally adopts a dimeric rather than a monomeric form. The monomeric form, however, appears likely in view of the observed fast degenerate exchange with the anion (equation 4) and in consideration of the lower donor power of OH (OD) relative to OMe (OCD3). Addition of the strong acid TFA to a neat CD3OD solution does not change the shape of the 1 H NMR spectrum, see spectrum b vs. a in Figure 6. This is consistent with the assignment of the two resonances to the species in Scheme 3 and also shows that the protonation process leading to the cationic [Cp*MoO2] + species (possibly stabilized by solvent coordination) is not accessible in the absence of water. Addition to this solution of small amounts of D2O shows, as also found for the experiment under neutral conditions in Figure 5, an immediate intensity decrease for resonance B in favor of resonance A, and the appearance of resonance C after the addition of only 10 µL of D2O. It is not possible to exclude that the initial solution already contains minor amounts of water, the presence of which is also suggested by the behavior in the presence of base, which is now described. The different position of resonance C in this experiment relative to the experiment in Figure 5 is consistent with its proposed assignment to the exchanging [Cp*WO2(OD)]/[Cp*WO3] -pair, since a greater amount of the neutral [Cp*WO2(OD)] compound is present under acidic conditions. The behavior of the Cp*W VI system in the presence of base (Et3N) in neat CD3OD is shown in Figure 7. Spectrum a corresponds once again to the starting material [Cp*2W2O5], with the two resonances assigned to the pentaoxido compound itself at δ 2.211 and that assigned to [Cp*WO2(OMe)]x at δ 2.184. The addition of incremental amounts of Et3N (spectra b to e) led to the decrease and eventual disappearance of both resonances and to the corresponding growth of a new resonance at δ 2.062, attributed of the free anion. Indeed, compound Na[Cp*WO3] exhibits a single resonance at δ 2.060 in the same solvent (Figure 7, spectrum f). The addition of a substoichiometric amount of NEt3 (spectra b and c) generates an essentially equivalent amount of the [Cp*WO3] -ion while the intensity of the peaks attributed to [Cp*2W2O5] and [Cp*WO2(OMe)]x decreases without shifting. Eventually, both these peaks disappear in the final spectrum e where [Cp*WO3] -remains the only visible species, although this requires a greater than stoichiometric amount of Et3N. The slight difference between the chemical shifts of the anion in spectra e and f is obviously resulting from the different counterion for the [Cp*WO3] -complex (NHEt3 + for spectrum e, Na + for spectrum f). More specifically, since there is no indication of an ion pairing interaction between Na + and [Cp*WO3] -in this solvent (cf. in the other solvents examined later, where the situation is quite different), it is likely that a slight shift for the ammonium salt towards lower field is caused by a labile Hbonding between the anion oxido ligands and the ammonium proton, which has the effect of reducing the anion electron density. Given the highly dissociating power of CD3OD, however, this effect is barely perceptible (cf. the very different situation in CD3CN and acetone-d6, described later). The behavior in DMSO-d6 is similar in many respects to that observed in CD3OD. Only the behavior of the Cp*W VI system will be described in detail. The [Cp*2W2O5] solution exhibits two resonances, a major one at δ 2.075 and a minor one at δ 2.034, in a relative 86:14 ratio (Figure 8, spectrum a). Upon D2O addition, the downfield resonance decreased in intensity in favor of the upfield resonance, from 78% in the absence of added water (spectrum a) to 64% in the presence of 50 μL (spectrum c). The relative intensity change is less dramatic than that observed in methanol (Figure 5) and the interpretation of this phenomenon must also be different, because DMSO is not a protic solvent. The upfield peak is attributed to compound [Cp*WO2(OD)] and its presence in the initial solution before D2O addition (as the [Cp*WO2(OH)] isotopomer), is due to the contamination of the NMR solvent with a significant amount of water. Indeed, integration of the water peak indicates that the initial solution contained ca. 7 equiv of water per Cp*W unit (under the assumption that this water contains deuterium at natural abundance), vs. 107 equiv after the addition of 50 μL of D2O (total amount of water isotopomers). It is also interesting to note that both resonances are slightly upfield shifted (to ca. δ 2.055 and 2.022) and broadened by the water addition. This can tentatively be attributed to the establishment of H-bond equilibria with water adducts. The relative amount of the [Cp*WO2(OD)] compound, for comparable additions of D2O, is greater in DMSO-d6 relative to CD3OD, suggesting that the equilibrium constant of reaction 5 is greater in DMSO. The spectrum of [Cp*2Mo2O5] in neat DMSO-d6 also shows a second peak, which is therefore tentatively assigned to the mononuclear hydroxide derivative [Cp*MoO2(OH)], at higher fields (δ 1.921) relative to the resonance of the dinuclear compound at δ 1.931 (see Figure S2).
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Conversion of compound [Cp

Addition of CF3COOH to the [Cp*2W2O5] solution in DMSO-d6 did not have any effect on the position and relative intensity of the two resonances, like for the experiment in CD3OD. This attests to the resistance of both [Cp*2W2O5] and [Cp*WO2(OD)] to protonation to yield [Cp*WO2(D2O)] + . The effect of the addition of incremental amounts of Et3N is illustrated in Figure 9. Spectrum a is once again the reference spectrum in the neat solvent. Progressive addition of Et3N (spectra b-e) leads to an intensity decrease for the δ 2.075 resonance until disappearance without significant chemical shift change, whereas the δ 2.034 resonance shifted to much higher field (δ 1.91 -1.85 range), progressively increasing in intensity and converging to δ 1.855, which is assigned to the free [Cp*WO3] -ion. For comparison, the DMSO-d6 solution of the Na[Cp*WO3] salt exhibits a single resonance at δ 1.800 (Figure 9, spectrum f). The interpretation of the behavior in this solvent is straightforward, given the above described behavior in water and methanol and the 

(d) Investigation of the Cp*M VI systems in CD3COCD3

When dissolved in neat CD3COCD3 in the absence of any additive, compounds [Cp*2M2O5] yield a single 1 H NMR resonance, observed at δ 2.141 for the W derivative (Figure 10, spectrum b) and at δ 1.998 for the Mo derivative (Figure S2). The absence of a second resonance attributable to [Cp*MO2(OH)] apparently results from much less favorable water addition equilibria (equation 5) in this solvent. Indeed, the initial solution contained water as revealed by 1 H NMR integration (ca. 1.8 equiv per metal in the Cp*W VI series). Since it is possible that the [Cp*MO2(OH)] resonance overlaps exactly with that of [Cp*2M2O5], the effect of water addition to the acetone-d6 solution was investigated as already described above in the other solvents. This experiment was carried out only for the Cp*W VI system. Only after the addition of excess water (4.3 equiv per Cp*W unit), an additional small resonance became visible upfield of the dinuclear compound resonance, at δ 2.100, corresponding to ca. 10% of the total Cp* intensity (see Figure S3 in the Supporting Information). This resonance is therefore tentatively attributed to [Cp*WO2(OH)] in acetone-d6. In this solvent, compound Na[Cp*WO3] showed a peculiar behavior (see Figure 11). Surprisingly, only a small peak (δ 1.929) was observed in the region expected for free [Cp*WO3] -, whereas a major resonance is observed at δ 2.846 (relative intensities = 5:95, spectrum a). Suspecting the possibility that the Na + and [Cp*WO3] - ions engage in tight ion pairing in this solvent, the solution was treated with a stoichiometric amount of 15-crown-5, a known complexing agent for Na + . The resulting solution exhibited spectrum b, where the higher field resonance attributed to the free anion has increased in relative intensity (now 35% of the total) and has slightly shifted to δ 1.939, whereas the lower field one has decreased in intensity, broadened, and shifted by a more substantial amount to δ 2.903. This behavior confirms the assignment of the higher field resonance to the free (solvated) [Cp*WO3] -ion and the lower field one to a tight ion pair, the structure of which is probably as depicted in Scheme 4. The strong deshielding of the anion Cp* resonance induced by ion pairing suggests a significant electron density removal from the Cp* ligand, transmitted through the W=O bonds. The observation of two distinct resonances for the free anion and the ion pair shows that the equilibrium is slow on the NMR timescale. In addition, the chemical shift dependence and broadening of the resonance attributed to the ion pair in the presence of the crown ether suggests that the sodium ion interacts with the crown ether not only as free cation but also in the ion pair, as suggested in Scheme 4. The broadening effect is presumably the result of rapid equilibria between structures having a different denticity (κ 3 , κ 2 , κ 1 ) for the crown ether coordination. However, the crown ether must be coordinating more strongly to free Na + , because its addition increases the amount of free [Cp*WO3] -. These results also indicate that the [Cp*WO3] -anion is a strong complexing agent for Na + , since it effectively competes with the crown ether for sodium. In fact, the equilibrium of Scheme 4 remains shifted to the left hand side with the crown ether and [Cp*WO3] -being present in equimolar amounts.

It is useful to compare the properties of the three solvents examined so far. In terms of dielectric constant, the most dissociating solvent is DMSO (ε = 46.8), followed by methanol (ε = 32.6) and acetone (ε = 20.5). The solvent dissociating power for the ion pair is probably also influenced by the coordinating power with respect to the Na + ion, which is presumably strongest for methanol. However, the observed behavior is perfectly consistent with the dielectric behavior of the medium. It should also be noted that addition of 15-crown-5 to the DMSO-d6 and CD3OD solutions of Na[Cp*WO3] did not cause any change to the Cp* resonance.

We have also investigated the 1 H NMR spectrum of the Na[Cp*WO3]/15-crown-5 solution after addition of incremental amounts of Et3NH + Cl -, because the Et3NH + ion is generated in some of the solutions by subsequent addition of NEt3 and CF3COOH and a question of interest was the possible establishment of H-bonds of type [Cp*W (-) O3•••HN (+) Et3]. The Et3NH + Cl -addition had no major effect on the chemical shift of the two resonances (spectra c-e). A slight downfield shift observed for the free anion resonance to δ 1.964 may indeed be attributed to a fast equilibrium with a weak Hbond adduct, which must however be much less stable and more labile than the adduct with sodium. Note that this chemical shift corresponds quite closely with that of the same species when this is generated from [Cp*2W2O5]/Et3N. The Et3NH + Cl -addition, however, resulted in two additional and more important effects. The first one is a change of the equilibrium in favor of the ion pair, with the free ion/ion pair ratio becoming 20:80 after the first addition (spectrum c), 15:85 after the second one (spectrum d) and finally 13:87 after the third one (spectrum e). A possible reason for this change is a competition between Na + and Et3NH + for 15-crown-5, partially restoring the equilibrium situation observed in the absence of the crown ether. The second effect of the Et3NH + Cl -addition is the appearance of the dinuclear species (resonance at δ 2.141), which is the natural consequence of introducing protons into the system via the Et3NH + ion, with the concurrent production of water. The deprotonation of Et3NH + is also evident from the shift of the Et3NH + methylene resonance between spectra c, d and e.

The behavior of [Cp*2Mo2O5] in the presence of Et3N acetone-d6 parallels that of the W analogue, except that a greater amount of Et3N is necessary for the conversion of the dinuclear compound to the anion (the spectra are shown in the Supporting Information, Figure S4). The resonance of [Et3NH] + [Cp*MoO3] -is observed at δ 1.867.

(e) Investigation of the Cp*M VI systems in CD3CN

Like in acetone-d6, the Na[Cp*WO3] salt is strongly ion paired in CD3CN, since it shows a major downfield shifted resonance at δ 2.185 for the tight ion pair and a minor one at δ 1.945, flanking the envelope of the solvent resonance, for free [Cp*WO3] -(see Figure 12, spectrum a). The two species are present in a 86:14 ratio. The assignment is supported, like for the experiment in acetone-d6, by the spectrum evolution after addition of a stoichiometric amount of 15-crown-5 to (spectrum b), where the relative intensity of the two resonances becomes ca. 1:1. The free ion resonance has slightly shifted upfield to δ 1.936 and that of the ion pair has shifted downfield to δ 2.263 and broadened, similarly to the behavior in acetone-d6. The interpretation is therefore identical to that discussed above in acetone-d6 section (Scheme 4). Addition of Et3NH + gave again indication of an insignificant interaction with the free trioxido anion (the resonance shifted only slightly to δ 1.941), while the ion pair resonance further broadened and slightly increased in relative intensity. The dielectric constant of acetonitrile (ε = 35.7) is greater than that of acetone and similar to that of methanol. Evidently, the lower power of MeCN toward Na + relative to methanol must be an important factor for the ion pair separation. Compounds [Cp*2M2O5] exhibit a single resonance in CD3CN at δ 2.139 (W, Figure 13, spectrum a) and 1.994 (Mo, Figure S2). The also a second minor resonance at ca. δ 2.17, due to the water contaminant in the solvent. This by of the addition of water to the W sample, resulting in a dramatic and continuous shift of this resonance to lower fields (see Figure S5 in the supporting information). Addition of water also resulted in the appearance of a very small new resonance slightly upfield of the dinuclear compound resonance, also shown in Figure S5 (at δ 2.116 for ca. 5% or the total Cp* intensity after the addition of 4.3 equiv of H2O per Cp*W unit). This behavior is similar to that observed in acetone and this resonance is therefore tentatively assigned to [Cp*WO2(OH)]. This result indicates that equilibrium 5 is more heavily shifted toward the left hand side in CD3CN, like in acetone-d6, relative to CD3OD and DMSO-d6. The water peak also disappears from the Cp* region upon addition of TFA and Et3N. The addition of TFA does not significantly alter the shape of the [Cp*2W2O5] resonance, in line with the behavior in the previously examined organic solvents. It is to be noted that, when large amounts of CF3COOH were added (up to 32 µL, 0.064 mmol), additional lower field Cp* resonances slowly and irreversibly appeared in the spectrum, indicating decomposition. This phenomenon was more evident in this solvent relative to the others described above. However, no sign of decomposition was visible for moderately acidic solutions.

The addition of Et3N, besides shifting the water peak away from the Cp* region, yields a spectral evolution exactly as described above in acetone-d6, with the gradual disappearance of the main resonance at δ 2.139 and the corresponding increase of the free [Cp*WO3] -resonance at δ 1.965, without any chemical shift drift due to the absence of any notable amount of [Cp*WO2(OH)], see spectra d-g in Figure 13. Thus, the water contaminant in the solvent is not sufficient to produce a significant amount of [Cp*WO2(OH)] according to equation 5 but is sufficient to provide the necessary oxido ligand and protons for the amine, according to equation 6. These spectral changes are reversible, as already found for the studies in the other solvents.

The behavior of the Mo analogue, [Cp*2Mo2O5], in CD3CN is completely equivalent to that of its W congener, see Figure S6 in the Supporting Information. The spectrum of isolated Na[Cp*MoO3] is also quite analogous to that of the W congener, showing strong ion pairing and slow exchange between the ion-paired and free [Cp*MoO3] -ion, respectively evidenced by a major resonance at δ 2.182 and a small one at δ 1.822. The ratio between the two resonances (90:10) is very similar to that observed for the W analogue (vide supra). The shift of the resonance of the free [Cp*MoO3] -from the Na + salt solution to the solution obtained by adding NEt3 to [Cp*2Mo2O5] (containing the Et3NH + salt) is attributed to the weak [Cp*MoO3 -•••HNEt3 + ] interaction and is totally consistent with the behavior described above for the corresponding W compound.

(f) Summary of the 1 H NMR investigations

The combined 1 H NMR investigations are in complete agreement with the results of the electrical conductivity studies, in the sense that the dominant or exclusive in all organic solvents is undissociated In the organic solvents, addition of Et3N, with the help of small amounts of the adventitious water, transforms [Cp*2M2O5] into [Cp*MO3] -. On the other hand, it is unclear whether addition of the strong acid CF3COOH generates a significant amount of the solvent stabilized dioxido cation, [Cp*MO2(solvent)] + , because the two species rapidly exchange and their chemical shift may be quite similar. However, on the basis of the weak but non zero electrical conductivity results shown in Table 1, it seems that the generation of this cation is viable.

The resonances of the four different species observed in the various solvents are summarized in Table 2 and are also represented in graphical form in the supporting information (Figure S7). The resonance trends display a certain internal consistency, with the chemical shift moving downfield in the order DMSO-d6 < CD3CN ~ acetone-d6 < CD3OD for all species. The total chemical shift span They follow exactly the same trend for the different species as a function of the solvent, as can be most clearly seen in Figure S7.

Table 2. Summary of the chemical shifts for the observed species generated from [Cp*2M2O5] (M = Mo, W) [a] and Na + [Cp*WO3] -in various solvents. [b] Solvent c] [Cp*WO3] - [d] D2O In order to check the adequacy of the used theory level for the study of the nature of D in different solvents, we have compared the optimized structure of both dimeric compounds with the X-ray crystal structures of these compounds. [3f, 13] A view of the D structure is available in Figure 14 and the key geometrical parameters are summarized in Table 3.

[Cp*MO2(H2O)] + [Cp*2M2O5] [Cp*MO2(OH)] [Cp*MO3] -[

Computational studies

A remarkable good agreement is observed between the experimental and DFT optimized structures. In particular, all important calculated M-O bond distances (including those involving the Oμ atom) follow the same trends as in the experimentally determined structures. Likewise, the different considered angles are in good agreement. Thus, the used level of theory is adequate to the study of these different molecular systems. However, it is noteworthy that the use of hybrid M06 functional which includes dispersion corrections leads to a better agreement of the M1-Oμ-M2 angle than the use of B3PW91. Therefore, for the sake of clarity, only the results of the M06 calculations are presented for the remainder of this contribution.

The geometries of DMo and DW have also been optimized in each solvent polarizable continuum model and the results are shown in table S1. The structure is little affected except for methanol and water, which significantly elongate the M=O and M-Oµ distances (by up to 0.02 Å). The natural charges of the different atoms (see Table S2) are essentially identical in the three aprotic solvents (acetone, MeCN and DMSO), but on going to MeOH and water the metal charge becomes more positive (by ca. +0.20 for Mo and +0.25 for W) and the terminal O atoms charge becomes more negative (by ca. -0.1), whereas the natural charge on the Oµ atom does not change. As discussed below, the same effect is found when additional water molecules involved in hydrogen bonds with the M=O bonds are included in the calculations. This result points out that a purely continuum solvent description is able to take into account the main part of the electrostatic contribution to the hydrogen-bond interaction. [14] All the energetic data discussed in the following sections include the solvation correction and refer to molecules or ions optimized in the appropriate solvent model. Table 3. Comparison between the experimental and DFT optimized (gas phase B3PW91 and, in brackets, M06 calculations) geometries of [Cp * 2M2O5] (M = Mo or W) complexes for selected metric parameters.

Molybdenum Tungsten

X-Ray [a] DFT X-Ray [b] DFT Distances (Å) [a] Ref. [13]. [b] Ref. [3f].

(a) Ionic dissociation equilibrium

As experimentally shown, the heterolytic cleavage of an M-Oμ bond of D takes place more or less extensively in polar solvents according to equation 1. This reaction may be formally viewed as a two-step process, the first one being ionization to generate C and A, followed by solvent coordination to the cation to generate C-solv. The coordinative bond is established through the donation from a lone pair of the oxygen atom (acetone and DMSO) or the nitrogen atom (acetonitrile) to an empty orbital of C. When the solvent is also protic (water, methanol), additional hydrogen bonding interactions may contribute to stabilize both the cation and the anion. As a result, the ions are solvated and surrounded by a solvent shell in protic polar solvents. For the purpose of the present study, we have explicitly added the second coordination sphere for both cation and anion but only for water. For the cation, the solvation was first restricted to the establishment of the coordinative bond, C-solv, followed by the addition of four additional explicit water molecules, C•4H2O. For the anion, we have added one solvent molecule Hbonded to two of the three oxygen atoms, A•2H2O, or to each oxygen atom, A•3H2O (see Scheme 5). The solvation effects, however, are included for all ions by optimization in the solvent polarizable continuum model. The structures of A, C and C-solv (optimized parameters collected in Table S3), like those of D, are little affected by the solvent polarizable continuum model in the aprotic solvents. On the other hand, the M=O bonds for the anion A on going to MeOH and H2O are elongated, again by ca. 0.02 Å as for D, whereas those of C and C-solv remain relatively unaffected.

The Gibbs energies of the ionic dissociation reaction of D in polar solvents are given in Table 4. The dissociation to A and Csolv is always endergonic, the ΔG values for DMo and DW being quite similar in each solvent. The small difference is mostly related to differences in the ionization step in DMSO, to differences in the solvent coordination step in acetonitrile, and to both steps in acetone. In water and methanol, both steps are also affected by the metal nature but the trends are opposite resulting in partial compensation. The cost of the ionization step is always marginally greater for Dw and smaller for DMo (by as little as 0.2 kcal/mol in MeCN and as much as 4.2 kcal/mol in acetone and water). The influence of the solvent nature on the easiness of the ionic dissociation is apparent from the values in Table 4. Polar protic solvents (methanol and water) give Gibbs energies for the ionic dissociation much lower than polar aprotic solvents (acetone, acetonitrile and DMSO). This behavior, which deviates from that expected from the variation of solvent dielectric constant, could be related to the anion stabilization by means of a hydrogen bonding network with the solvent molecules of the polar protic solvents. As discussed above, the main part of the electrostatic contribution to the hydrogen bond interaction is taken into account by a continuum model of the solvent. The cation solvation step is in all cases thermodynamically favorable, with DMSO being by far the best donor as expected, followed by water and the other three solvents. The energy gain for this step is very similar for Mo and W in DMSO and MeOH, whereas acetone and MeCN coordinate slightly more strongly to Mo and water binds better to W. Given the Lewis acidic nature of D, it is perhaps surprising that MeOH binds less strongly than water. However, coordination is relatively weak in all cases and the related stabilization does not overcome the cost of the ionization step. The endergonicity is much reduced in water (13.6 and 14.7 kcal•mol -1 respectively, for DMo and DW), namely ca. 20 kcal•mol -1 less than in acetone or acetonitrile and ca. 10 kcal•mol -1 less than in DMSO and MeOH. This is mostly due to the lower cost of the ion separation step, resulting from the water high dielectric constant (ε = 80.1, vs. 46.7 for DMSO). Whereas the results in Table 4 agree with the lack of ionic dissociation of D in the less dielectric solvents, it disagrees with the observed extensive dissociation in water as experimentally proven by the conductivity studies. In order to improve the model, we have therefore explicitly included four and seven water molecules per dimer, D•4H2O and D•7H2O respectively. For D•4H2O, one of the four water molecules is used for coordination to C to generate Csolv and the other three are used to establish H bonds to the three oxygen atoms of A to generate A•3H2O. The optimized structures are shown in Figure S8 and the key geometrical parameters for D•4H2O and A•3H2O are gathered in Table S4 and Table S3, respectively. The M=O distances are further elongated (by 0.01-0.02 Å) on going from D to D•4H2O and from A to A•3H2O because they are directly involved in the H bonds with the additional water molecules, whereas the M-Oμ bonds slightly shorten. The greater strength of the H-bonds established by water with the anionic compounds relative to the dinuclear precursor significantly lowers the cost of the ionization process, which remains however slightly endergonic (Gibbs energies of +4.7 kcal.mol -1 for both metals). S4 and Table S3. The inclusion of three additional explicit water molecules follows the same trends observed with D•4H2O, i.e., an elongation of the M=O distances and a slight shortening of the M-Oμ bonds. The inclusion of three additional water molecules further lowers the cost of the ionization process (Gibbs energies of +2.2 and +2.0 kcal.mol -1 respectively for Mo and W). We can then extrapolate than the inclusion of additional water molecules will lead to an exergonic process in agreement with the experiment.

We have also briefly investigated the formation of the trinuclear [Cp * 2M3O7] + cations (M = Mo or W), which has been proposed to be implicated as an intermediate in the rapid exchange between the neutral dinuclear system and the cation as indicated in Scheme 2. A view of the [Cp * 2M3O7] + cation structures is available in Figure 15 and the key geometrical parameters are summarized in Table S5. The trinuclear cations are a local energy minimum on the potential energy surface, very close in energy to the reactant compounds D + C (-3.7 kcal.mol -1 for Mo and -0.9 kcal.mol -1 for W). Note that calculated energy change associated to this process, like in the previously examined ionic dissociation of D, could be tuned by the number of water molecules explicitly included in the calculation. Although the activation barrier for the formation of these trinuclear species was not investigated, the very low energy involved in the association process agrees with the experimental observation of this ion (for Mo) under mild conditions [11] and comforts the proposition that it is the intermediate of the observed rapid exchange between the neutral dinuclear systems and the cations. S6, whereas Table S7 lists the key parameters of D•4H2O optimized in the various polar solvents. From the structural point of view, as can be seen in tables S6 and S7, the geometries of the different compounds are nearly insensitive to the nature of the polar solvent. The resulting reaction Gibbs energies are gathered in Table 5. The splitting reaction of D is only slightly endergonic for both metals in the different polar aprotic solvents. The explicit addition of water molecules leads to a more favorable reaction, becoming essentially athermic for both DMo•4H2O and DW•4H2O with Gibbs energies between -0.5 and 2.0 kcal.mol -1 . In water, starting from either D or D•4H2O, the splitting of the dinuclear complex is an exergonic process (-1.6 kcal•mol -1 for both DMo and DW; -4.4 and -3.8 kcal•mol -1 for DMo•4H2O and DW•4H2O). Like for the ionic dissociation, the higher dielectric constant of water and the deformation of the dinuclear solvated compounds lead to a more thermodynamically favorable reaction in a water rich environment, although the difference between water and the other solvents is lower in this case, since the reaction is not accompanied by charge separation. The difference between the splitting reaction from D and D•4H2O is also lower relative to the ionic dissociation process. This is related to the smaller gain of H-bonding stabilization on going from D•4H2O to N•2H2O, relative to the process converting D•4H2O into C-H2O and A•3H2O. The results shown in Table 5 are only in partial agreement with the experimental evidence. The low values of the Gibbs energies agree with the experimental observation of the dimer splitting reaction in all solvents and therefore validate the proposed assignment of the observed NMR resonance generated in the presence of water to the neutral hydroxido derivative. On the other hand, the trend of relative extent of dimer splitting as a function of solvent is not completely reproduced by the calculations. In agreement with the experiment, the reaction is computed as most favourable in water and in methanol. However, amongst the other three solvents and for both metals, the reaction is experimentally shown to be most favorable in DMSO and less in MeCN and acetone, whereas the computed Gibbs energies values would predict the opposite trend. One possible reason for this discrepancy is the possibility that the product N is further stabilized by H bonding with DMSO, with involvement of the hydroxido ligand as proton donor, since DMSO is a much stronger proton acceptor in H-bonding than acetone or MeCN. [15] 

(c) MeOH addition to [Cp*2M2O5]

In this final section of computational results, we examine the nature of the putative methoxido species that is obtained specifically for the tungsten system when dissolving compound DW in neat methanol. The two hypotheses formulated on the basis of the experimental results (see Scheme 3) are a mononuclear neutral species [Cp*MO2(OMe)] (symbolized as N-OMe) or its corresponding dimer [Cp*MO2(OMe)]2 (ND-OMe). The geometries of these complexes have been optimized for both metals and are presented in Figure 17. The optimizations were performed in MeOH but also in water, to evaluate the effect of methanol addition in a water-rich environment. Selected bonding parameters of the optimized geometries for both systems are collected in Table S8. 6). As may have been expected, the energy changes of this reaction are rather close to those of the related dinuclear compound splitting by water to yield the hydroxido system N (Table 5). This process is essentially thermoneutral for both metals, indicating the legitimacy of the assignment of the mononuclear structure N-OMe to the observed product. However, the computed energy change is essentially identical for both metals (slightly more exergonic for Mo), whereas from the experimental point of view, the formation of a new product is observed only for tungsten. A second reaction, related to the first one and to the dinuclear compound splitting by water, is the solvent metathesis leading from N and MeOH to N-OMe and H2O. This reaction is also essentially thermoneutral for both metals, both in MeOH and in water. Going from MeOH to water slightly favors the formation of N, which agrees with the experimental evidence. Finally, the formation of the dimer ND-OMe was considered. However, the optimized geometry obtained for this compound is highly distorted, with an η 1 coordination of the Cp* ligand, and corresponds to a rather high energy local minimum. Although the dimerization process is, as predicted, less energy costly for W relative to Mo, it still remains a very unfavorable process for both metals and leads to the conclusion that this structure is unlikely for the methanol addition product. In conclusion, this computational investigation suggests that the main product resulting from the dissolution of Dw in neat methanol (Figure 5) is not the dinuclear compound ND-OMe. Rather, the mononuclear formulation N-OMe remains a likely possibility. However, as pointed out above, the calculation also indicates that the same reaction should also take place for DMo, whereas no equivalent NMR resonance was observed in that case (Figure 3). One possibility to rationalize this discrepancy is the different action, at the quantitative level, of specific solvent interactions (notably Hbonding with external MeOH molecules, which was neglected in our calculations), for the two metal systems. Another possibility is that the reaction is equally taking place for the two metals, but with a much greater rate for the Mo system resulting in resonance coalescence. This hypothesis, however, seems in contradiction with a slow process for the dinuclear compound splitting by water leading to the observation of both resonances (Figure S2).

Conclusion

A much greater understanding of the solution behavior of complexes [Cp*2M2O5] in polar coordinating solvents than previously available has been achieved with the present study. While the compounds remain in the oxido-bridged dinuclear form, also adopted in the solid state, [3f, 13] when dissolved in non coordinating solvents, polar solvents may in principle favor the ionic dissociation to [Cp*MO2(S)] + and [Cp*MO3] -by stabilization of the cation through coordination and especially, as shown by the DFT study, by charge separation in a high dielectric medium and hydrogen bonding in a protic solvent, particularly to the anion. Water, while not the strongest donor in the series of solvents investigated, optimizes the latter two effects and provides the strongest ionic dissociation (4:1 H2O-MeOH, since the system is insoluble in pure water), whereas the phenomenon remains very limited in the other polar solvents including neat methanol.

The dimer splitting reaction by ROH (R = H, Me) to yield [Cp*MO2(OR)] is also shown to take place, more or less extensively depending on R, on the metal and on the solvent. For R = H, formation of the neutral hydroxido derivative [Cp*MO2(OH)] occurs to a certain extent in all solvents but especially in DMSO, presumably because of a stronger M-OH•••OSMe2 interaction. The DFT calculations (without consideration of H bonding to the OH group) demonstrate that the process is near thermoneutrality and show that specific H-bonding interactions with water molecules as proton donors slightly favor the process. For R = Me, formation of the methoxido derivative is clearly observed for the tungsten compound and the DFT calculations are in favor of a mononuclear formulation for the product. Finally, addition of base (Et3N) converts [Cp*2M2O5] to [Cp*MO3] -with the stoichiometric intervention of water, whereas the addition of a strong acid in the less dissociating solvents (MeCN, acetone, DMSO) does not clearly reveal conversion into the cationic form, but the aforementioned rapid exchange between the two species and the proximity of their chemical shift could mask the possible occurrence of this process. This is a point of great interest to us, because salts containing the [Cp*MO2(S)] + cation have not yet been isolated for either metal with any neutral donor and current mechanistic hypotheses for the catalytic activity of compounds [Cp*2M2O5] in olefin epoxidation have considered the involvement of such species. [16] Efforts aimed at investigating this cationic complex, particularly in MeCN and particularly in terms of its catalytic activity, will therefore be pursued in our laboratory.

Experimental Section

General procedures. The electrical conductivity measurements were carried out with a YSI model 35 conductimeter and a Beckman 35 Conductivity Cell. The 1 H NMR spectra were recorded on a Bruker DPX 300 spectrometer. The resonances were calibrated relative to the residual solvent peak (acetone-d6, 2.064; CD3CN, 1.936; CD3OD, 3.329 for the CHD2 group; DMSO-d6, 2.505) and reported in ppm downfield from TMS. For the spectra recorded under extreme pH conditions (particularly in the presence of a large amount of strong acid) the solvent peak was assumed invariant and calibrated to the above mentioned values. For the CD3OD/D2O mixtures, the methanol CHD2 resonance was also considered invariant with respect to the change of the CD3OD/D2O ratio and pH. The starting compounds, [Cp*2Mo2O5], [Cp*2W2O5] and Na[Cp*WO3], were prepared as described in the literature. [3f] The compounds trifluoroacetic acid (99%, ACROS), triethylamine (99%, ACROS), 15-crown-5 (98%, Aldrich), and the deuterated solvents (acetonitrile-d3, acetone-d6, methanol-d4, dmso-d6; EURISO-TOP) were used as received.

Computational details. All DFT calculations were performed with Gaussian 09. [START_REF] Frisch | Gaussian 09, Revision A.01[END_REF] Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91 [18] and M06. [19] Geometry optimizations have been achieved without any symmetry restriction in solvent (acetonitrile, methanol, acetone, dimethyl sulfoxide and water) by means of the SMD solvation model. [20] Calculations of vibrational frequencies were systematically done in order to characterize the nature of the stationary points. Stuttgart effective core potentials and their associated basis set were used for Mo and W. [21] The basis sets were augmented by a set of polarization functions (ζf=1.043 for Mo and ζf=0.823 for W). Hydrogen, carbon and oxygen atoms were treated with 6-311G (d,p) triple-ζ basis sets. [22] The electron density and partial charge distribution were examined in terms of localized electron-pair bonding units by using the NBO program. [23] The NBO program has also been used to perform natural population analyses (NPA), which afford the natural atomic charges on each atom.

  MO2(S)] + and [Cp*MO3] -takes place extensively for both metals only in water-methanol mixtures. Equilibrium amounts of the neutral hydroxido species [Cp*MO2(OH)] are generated in the presence of water, the relative amount increasing in the order MeCN ≈ acetone < MeOH < DMSO. Addition of a base (Et3N) converts [Cp*2M2O5] into Et3NH + [Cp*MO3] -, for which the presence of a N-H•••O=M interaction is revealed by 1 H NMR in comparison with the sodium salts, Na + [Cp*MO3] -. These are fully dissociated in DMSO and MeOH, but display a slow equilibrium between free ions and the ion pair in MeCN and acetone. Only one resonance is observed for mixtures of [Cp*MO3] - and [Cp*MO2(OH)] because of a rapid self-exchange. In the presence of extensive ionic dissociation, only one resonance is observed for mixtures of the cationic [Cp*MO2(S)] + product and the residual undissociated [Cp*2M2O5] because of a rapid associative exchange via the trinuclear [Cp*3M3O7] + intermediate. In neat methanol, complex [Cp*2W2O5] reacts to yield extensive amounts of a new species, formulated as the monuclear methoxido complex [Cp*WO2(OMe)] on the basis of the DFT study. An equivalent product is not observed for the Mo system. Addition of increasing amounts of water results in the rapid fall off of this product in favor of [Cp*2W2O5] and [Cp*WO2(OH)].
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Figure 1

 1 Figure 1. 1 H NMR spectra of the Cp*Mo VI system in D2O/CD3OD (4:1). Compound [Cp*2Mo2O5] (0.5 mg, 1.8•10 -3 mmol of Mo in ca. 0.5 mL) with: (a) 0.5 µL (3.2 equiv.) of CF3COOH; (b) 0.1 µL (0.7 equiv.) of CF3COOH; (c) without additives; (d) 1 µL (4.1 equiv.) of NEt3; (e) 5 µL (20.6 equiv.) of NEt3.

Figure 2

 2 Figure 2. 1 H NMR spectra of the Cp*W VI system in D2O/CD3OD (4:1). Compound [Cp*2W2O5] (7.0 mg, 19.5•10 -3 mmol of W in ca. 0.8 mL) with: (a) 40 µL of CF3COOH (27 equiv); (b) 20 µL of CF3COOH (13.4 equiv); (c) 10 µL of CF3COOH (6.7 equiv); (d) without additives; (e) 20 µL of NEt3 (7.6 equiv). (f) Compound Na[Cp*WO3] (7.6 mg, 19.5•10 -3 mmol in ca. 0.5 mL).

Figure 3

 3 Figure 3. 1 H NMR spectra of [Cp*2Mo2O5] (5 mg, 18.4•10 -3 mmol of Mo) in CD3OD (0.5 mL) after the progressive addition of D2O (CD3OD/D2O ratio in parentheses. (a) No D2O (100:0). (b) 0.2 mL (71:29). (c) 0.4 mL (56:44). (d) 0.7 mL (42:58). (e) 1 mL (33:67).

  Scheme 2. Mechanism of the associative exchange of [Cp*MoO2] + cations with the [Cp*2Mo2O5] compound.

  and in Figure3and with the discussion presented so far. The major resonance is attributed to the rapidly exchanging[Cp*2Mo2O5] and [Cp*MoO2(D2O)] + (Scheme 2) and the minor one to [Cp*MoO2(OD)]. Since no [Cp*MoO3] -species should be present at this pH, the shift of the minor resonance as a function of the D2O/CD3OD ratio must be the result of a solvent effect, possibly related to stronger hydrogen bonding in the presence of greater amounts of water. The analogous experiment on compound [Cp*2W2O5] gives a significantly different behavior. The CD3OD solution already shows two resonances (A and B), even before the addition of water, at δ 2.211 and 2.184 in a ca. 29:71 ratio, see Figure 5, spectrum a. The addition of small amounts of D2O (spectra in the upper figure) induces a downfield shift for both resonances and a dramatic intensity redistribution with an increase of A and a decrease of B. In addition, a new resonance (C) appears upfield. Increasing the amount of water further shifts all resonances downfield, with C increasing in intensity. When the amount of added water becomes very large, however (spectra in the lower figure), resonance B completely disappears and resonance A decreases again in intensity in favor of resonance C, which now shifts upfield. Comparison of this behavior with that of [Cp*2Mo2O5] in Figure 3 leads to the straightforward assignment of resonance A to the rapidly exchanging [Cp*2W2O5]/[Cp*WO2(D2O)] + mixture, richer in the former at low D2O content and in the latter in strongly aqueous solutions, whereas the new resonance C is assigned to the rapidly exchanging [Cp*WO2(OD)]/[Cp*WO3] -. Like in the Mo case, the addition of greater amounts of D2O induces greater dimer dissociation (equation 5, M = W) and greater degree of ionic dissociation.

Figure 4

 4 Figure 4. 1 H NMR spectra of [Cp*2Mo2O5] (2 mg, 7.4•10 -3 mmol of Mo) in CD3OD (0.4 mL) after the progressive addition of a 0.1 M solution of TFA in D2O (CD3OD/D2O ratio in parentheses. (a) No TFA-D2O (100:0). (b) 0.2 mL (67:33). (c) 0.4 mL (50:50). (d) 1.0 mL (29:71). (e) 1.6 mL (20:80).

Figure 5

 5 Figure 5. 1 H NMR spectra of [Cp*2W2O5] (6.7 mg, 0.019 mmol) in CD3OD (0.5 mL) in the presence of variable amounts of D2O (CD3OD/D2O ratio in parentheses). (a) No water (100:0). (b) 20 µL (96.2:3.8). (c) 40 µL (92.6:7.4). (d) 100 µL (83:17). (e) 150 µL (77:23). (f) 0.2 mL (71:29). (g) 0.4 mL (56:44). (h) 0.7 mL (42:58). (i) 1.0 mL (33:67). (j) 1.5 mL (25:75). The two series shown in the two separate figures correspond to two separate experiments with a different methanol source.

Figure 6

 6 Figure 6. 1 H NMR spectra of [Cp*2W2O5] (10 mg, 0.014 mmol) in CD3OD (0.5 mL) in the presence of variable amounts of D2O under acidic conditions. (a) No D2O. (b) same as a, after addition of 2.5 µL of neat CF3COOH (0.033 mmol, 2.4 equiv). (c) + 10 μL D2O (0.56 mmol, 40 equiv). (d) + 30 μL D2O (1.7 mmol, 120 equiv). (e) + 50 μL D2O (2.8 mmol, 200 equiv).

Figure 7 .

 7 Figure 7. 1 H NMR spectra in CD3OD. (a) Compound [Cp*2W2O5] (20 mg, 0.057 mmol of W in 1.0 mL). (b-e): same as a, after addition of the following amounts of neat Et3N: (b) 1 µL (0.0074 mmol, 0.13 equiv), (c) 5 µL (0.037 mmol, 0.65 equiv), (d) 25 µL (0.185 mmol, 3.2 equiv), (e) 200 µL (1.48 mmol, 26 equiv). (f) Compound Na[Cp*WO3] (4 mg, 0.0123 mmol in 0.5 mL).

  *2W2O5] to the anion [Cp*WO3] - requires H2O in order to deliver one extra oxygen atom per two W atoms and the protons needed to convert Et3N to the ammonium cation Et3NH + (equation 6, M = W). An alternative source of protons (deuterons) is the methanol solvent, but in that case the eventual formation of [Cp*WO3] -as the sole species would require the formation of dimethylether. Addition of Et3N to a CD3OD solution of [Cp*2Mo2O5] results in a smooth conversion to the [Cp*MoO3] -anion according to the same equation 6 (M = Mo), which is characterized by a single resonance at δ 1.938 in this solvent. [Cp*2M2O5] + 2Et3N + H2O 2 [Et3NH] + [Cp*MO3] -(6) (c) Investigation of the Cp*M VI systems in CD3SOCD3

Figure 8

 8 Figure 8. 1 H NMR spectra of [Cp*2W2O5] (10 mg, 0.028 mmol of W) in CD3SOCD3 (0.5 mL) in the presence of variable amounts of H2O. (a) No water. (b) 30 μL (1.7 mmol, 60 equiv). (c) 50 μL (2.8 mmol, 100 equiv).

Figure 9 .

 9 Figure 9. 1 H NMR spectra in CD3SOCD3. (a) [Cp*2W2O5] (10 mg, 0.014 mmol in ca. 0.5 mL); (b)-(e) same as a, after the incremental addition of 2 μL (0.014 mmol) of NEt3 (pure, %99). (f) Compound Na[Cp*WO3] (3 mg, 0.009 mmol mmol in ca. 0.5 mL).

  Figure 10. 1 H NMR spectra of compound [Cp*2W2O5] (20.6 mg, 0.0574 mmol of W) in CD3COCD3 (ca. 0.5 mL). (a) after addition of 1 μL (0.013 mmol) of CF3COOH (pure, %99); (b) without additives; (c)-(h), same as b, after incremental addition of NEt3 (2M in CD3COCD3, 6.5 μL for each addition, 0.013 mmol). The residual solvent resonance is visible as a 1:2:3:2:1 quintet at δ 2.063.

Figure 11 .

 11 Figure 11. 1 H NMR spectra in CD3COCD3 of: (a) compound Na[Cp*WO3] (4 mg, 0.0123 mmol in 0.5 mL); (b) same as a, after addition of 15-crown-5 (2.5 µL, 0.0126 mmol); (c)-(e) same as b, after addition of 1, 2 and 3 aliquots of Et3NH + Cl -(100 µL of a 0.0123 M solution in CD3COCD3, 1.23 mmol each).

Figure 12

 12 Figure 12. 1 H NMR spectra in CD3CN of: (a) compound Na[Cp*WO3] (4 mg, 0.0123 mmol in ca. 0.5 mL); (b) same as a, after addition of 15-crown-5 (2.5µL, 0.0123 mmol).The residual solvent resonance is visible as a 1:2:3:2:1 quintet at δ 1.965.

Figure 13

 13 Figure 13. 1 H NMR spectra of compound [Cp*2W2O5] (10 mg, 0014 mmol) in CD3CN (ca. 0.5 mL). (a) without additives; (b)-(e) after incremental addition of NEt3 (2 M in CD3CN, 6.5 μL or 0.013 mmol for each addition). The residual solvent resonance is visible as a 1:2:3:2:1 quintet at δ 1.965.

  [Cp*2M2O5] (except for the W derivative in neat CD3OD where the extensive formation of a solvent adduct, proposed to be [Cp*WO2(µ-OMe)]2, is suggested). Only in DMSO-d6 the presence of water significantly splits the dinuclear compound into the hydroxido monomer, [Cp*MO2(OH)]. In the D2O-rich mixture containing 80% of D2O and 20% of CD3OD, on the other hand, extensive dissociation to mononuclear [Cp*MO2(OD)] and ionic dissociation of the latter to yield [Cp*MO2(D2O)] + and [Cp*MO3] - occurs. All four species may coexist in this medium, but their relative amounts cannot be accurately determined because of fast exchange processes that equilibrate on one side [Cp*MO2(OH)] and [Cp*MO3] -and on the other side [Cp*MO2(D2O)] + and [Cp*2M2O5].

  (from DMSO-d6 to CD3OD) increases from [Cp*2M2O5] (Mo: 0.114 ppm; W: 0.136 ppm), through Cp*MO2(OH) (W: 0.175 ppm), to [Cp*MO3] -(Mo: 0.209 ppm; W: 0.207 ppm), in an increasing order of molecule-solvent interaction. The values of the Cp*Mo resonances are upfield from those of the Cp*W analogue for each species and in each solvent. This includes the neutral compound [Cp*2M2O5] in CDCl3 (δW-δMo is always in the 0.095-0.166 range).

  Taking into account the above experimental data, DFT calculations were performed to confirm and further refine the understanding of the speciation of [Cp * 2M2O5] (M = Mo or W) in different protic and aprotic polar solvents, on the basis of Scheme 1, Scheme 2 and Scheme 3. Within the discussion of the computational results, the dinuclear compounds [Cp * 2M2O5] are symbolized as D (DMo and DW depending on the metal nature), the anions [Cp*MoO3] -are called A (AMo and AW) and the cations [Cp*MO2] + are called C (CMo and CW). The theoretical study is mainly divided in three sections. The first section concerns the study of the complete ionic dissociation of [Cp * 2M2O5] leading to the formation of A and C. In the subsequent section, we computationally analyze the explicit participation of water molecules in the split reaction of D. Finally, the last part examines the effect of the addition of methanol to [Cp * 2M2O5].

Figure 14 .

 14 Figure 14. Two orthogonal views of the [Cp * 2M2O5] (M = Mo or W) structure. The molecule shown is with M = Mo. The other complex adopts an identical conformation.

Scheme 5 .

 5 Scheme 5. Schematic representation of the dissociation reaction of D and of the solvation reaction of the formed ions in protic or aprotic polar solvents.

  For D•7H2O, four additional water molecules are added to C-solv to generate C•5H2O and the other two are used to establish H bonds to the two of the three oxygen atoms of A leading to A•2H2O. The optimized structures are shown in Figure S8 and the key geometrical parameters for D•7H2O, C•5H2O and A•2H2O are gathered in Table

Figure 15 .

 15 Figure 15. Optimized geometry of [Cp * 2Mo2O7] + . The tungsten complex adopts an identical conformation and is not represented.

Figure 16 .

 16 Figure 16. Optimized geometries of N and N•2H2O complexes in water (M = Mo). The optimized geometries of the W complexes as well as those in the other solvents for both metals are similar and are not represented.

Figure 17 .

 17 Figure 17. Optimized geometries of the monomeric (N-OMe) and dimeric (ND-OMe) neutral methoxido complexes [Cp*MO2(OMe)]x (x = 1 or 2). The geometries shown are for M = Mo. The tungsten analogues adopt similar conformations.

  The simultaneous presence of the splitting process by water and the ionic dissociation, as demonstrated in water-methanol mixtures, yields only two resonances, the position of which shifts with the water content, because of a rapid self-exchange by proton transfer between [Cp*MO2(OH)] and [Cp*MO3] -on one side, and an associative exchange between [Cp*MO2(S)] + and [Cp*2M2O5] (S = water or methanol) on the other side. The latter occurs via rapid solvent dissociation and formation of the trinuclear [Cp*3M3O7] + intermediate.

Table 4 .

 4 Comparison of the D ionic dissociation Gibbs energy (in kcal•mol -1 ) in different polar solvents.

		D	C + A	C + solv	C-	D + solv	C-solv +
				solv		A	
	Solvent	DMo	DW	DMo	DW	DMo	DW
	Acetone	41.6	45.8	-6.3	-3.7	35.3	42.1
	Acetonitrile	36.4	36.6	-3.2	-1.0	33.2	35.6
	DMSO	41.3	42.7	-18.3	-18.0	23.0	24.7
	Methanol	26.9	30.9	-3.1	-3.8	23.8	27.1
	Water	20.8	25.0	-7.2	-10.3	13.6	14.7

Table 5 .

 5 Comparison of the Gibbs energy (in kcal•mol -1 ) of the Cp * MO2(OH) formation reaction from [Cp*2M2O5] in different solvents.

		D + H2O	2 N	D•4H2O + H2O	2 N•2H2O
	Solvent	DMo	DW	DMo	DW
	Acetone	3.1	2.8	1.7	1.5
	Acetonitrile	3.4	1.8	1.1	0.6
	DMSO	2.8	4.5	2.3	2.0
	Methanol	0.8	-0.1	-3.6	-0.5
	Water	-1.6	-1.6	-4.4	-3.8

Table 6 .

 6 Comparison of the D ionic dissociation Gibbs energy (in kcal•mol -1 ) in different polar solvents.

		D + 2 CH3OH	N + CH3OH	2 N-OMe	ND-OMe
		2 N-OMe + H2O	N-OMe + H2O		
	Solvent	DMo	DW	DMo	DW	DMo	DW
	Methanol	-0.5	-0.1	-0.7	0.0	12.0	11.3
	Water	-0.9	-0.1	0.4	0.7	27.5	23.5
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