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Introduction

The precise structure of aqua complexes and ions in water solution is rarely known. For instance, molybdic acid (H2MoO4) is commonly represented as Mo(OH)6, MoO2(OH)2(H2O)2 and MoO3(H2O)3, [1][2][3][4][5][6] while its first protonation product has been described as Mo(OH)5(H2O) + or MoO2(OH)(H2O)3 + , 1,4,5 although the isomeric formulation MoO(OH)3(H2O)2 + could also be envisaged. To the best of our knowledge, the factors regulating the relative energy of a transition metal dihydroxo complex and its isomeric aqua-oxo form (Scheme 1) are not well understood. In terms of the rate and mechanism of water exchange reactions, the correct assignment of such species is of utmost importance since it is well known that water exchange reactions follow the reactivity order M-OH2 >> M-OH >> M=O. In the organometallic area, the complex Cp*2Zr(OH)2 is a stable compound, 8 whereas Cp*2ZrO is a reactive intermediate. 9 On the other hand, Cp*2WO and Cp*2Ta(O)H are stable compounds that exchange water through Cp*2W(OH)2 and Cp*2Ta(OH)2H intermediates. 10 Finally, the closely related oxo and dihydroxo complexes [CpMoO(PMe3)2] + and [( 5 -C5Et5)Mo(OH)2(dppe)] + have been isolated and structurally characterized. 11,12 In these systems, Cp, Cp* and related chelates are expected to have a drastic influence of the rate and mechanism of the water exchange process on the basis of data reported in the literature for water exchange on [Cp*Rh(H2O)3] 2+ and [Cp*Ir(H2O)3] 2+ , which is 14 orders of magnitude faster than for the corresponding hexaaqua complexes and proceeds according to a more dissociative substitution mode. 13,14 Some of us have initiated an investigation of the aqueous chemistry of high oxidation state organometallic compounds, focusing initially on Cp*Mo derivatives in a variety of oxidation states (VI, V, IV, and mixed-valence clusters). 15 High oxidation state oxomolybdenum compounds are employed in a variety of catalytic reactions, such as olefin epoxidation, the selective oxidation of alcohols to aldehydes, the dehydrogenation and isomerization of alkenes, and even reductive processes such as the hydrosilylation of carbonyl compounds. 16 Organometallic versions of these systems have shown high activities, notably in olefin epoxidation. [17][18][19][20] It would therefore be of interest to adapt these catalytic processes to an aqueous environment. To this end, knowledge of the nature of the Cp*Mo VI aqua ion under different pH conditions is very useful.

A previous investigation of the aqueous speciation of Cp*Mo VI has given the results summarized in Figure 1. 21 In particular, the rate of conversion of compound Cp*MoO2(OH) (generated quantitatively by the rapid protonation of Cp*MoO3 -at pH ≤ 2) to the final cationic product was found to be first order in [H + ]. The interpretation of this result leaves two possibilities as detailed in Scheme 2, both involving a proton addition pre-equilibrium to yield an intermediate cationic dihydroxo complex. The first possibility (path a) involves a rapid equilibrium rearrangement to an aqua-oxo isomer, followed by rate-determining loss of a water ligand, whereas the second one (path b) involves the intramolecular isomerization process as a rate-determining step. The [Cp*MoO(OH)2] + ion is likely a strong acid in water (pKa1 < 0), since most multiprotic inorganic oxo acids (e.g. H2CO3, H2SO3, H3PO4, …) are characterized by a pKa of ca.

4-5 and the pKa2 (acid dissociation of Cp*MoO2(OH)) is 3.65. Thus, the aquation state of the final cationic product is uncertain, [Cp*MoO2(H2O)n] + with either n = 0 or 1. The two possibilities cannot be distinguished on the basis of the kinetics experiment, nor by use of 1 H NMR spectroscopy because only the large solvent resonance was observed under all pH conditions, providing only negative evidence for water coordination (the resonance of the coordinated water molecule could either be overshadowed by the much stronger solvent resonance, of the ligand exchange is in the fast regime leading to a single averaged resonance). IR spectroscopy is also useless for such dilute solutions in a strongly absorbing medium. Subsequent attempts to crystallize a salt of the [Cp*MoO2(H2O)n] + ion and to determine its aquation state by X-ray crystallography have not been successful, always yielding instead the neutral dinuclear compound Cp*2Mo2O5. 22 In fact, the low solubility product of this compound drives its precipitation by combination with the thermodynamically unfavorable (at low pH, see Figure 1) anionic hydrolysis product, Cp*MoO3 -. Another point that has remained unexplained from the previous study 21 concerns the greater thermodynamic stability of the dioxo cation, Cp*MoO2 + (or its water adduct) relative to the oxo dihydroxo isomer, Cp*MoO(OH)2 + .

In this contribution, we present a more detailed stopped-flow kinetics investigation of the generation of the [Cp*MoO2(H2O)n] + ion in the low pH regime, including variable temperature and variable pressure experiments, as well as a DFT computational study aimed at establishing (i) the aquation state of this ion and (ii) the mechanism of the slow process which leads to its generation. The results of this theoretical investigation are potentially of more general interest, as they illustrate the effect of the medium on the relative stability of oxo and dihydroxo transition metal species.

Results and Discussion

(a) Aquation state of [Cp*MoO2(H2O)n] +

The reaction shown in Equation 1 was studied computationally by DFT methods on the full systems (i.e. no ligand simplification was adopted). Both complexes were optimized in the gas phase. These two minima are shown in Figure 2. The unsolvated species give rise to a bent geometry, with the Mo-Cp* ring centroid axis forming an angle of 136.9° from the MoO2 plane, which is only slightly smaller than the same angle in the water adduct (141.9°). Relative to the ideal planar structure (optimized independently under constrained Cs symmetry), this configuration is more stable by only 2.9 kcal mol -1 . The electronic structure of two-legged piano stool complexes has been analyzed before, [23][24][25] including the effect of the coordination environment 26,27 and spin state 28,29 Although this addition process is entropically disfavored, the free energy difference of the reaction is still exergonic by 28.1 kcal/mol. The inclusion of solvent effects by means of the CPCM method changes significantly the results. The energetic difference remains in favor of the water adduct but the gain is reduced to 10.1 kcal/mol. Having the Cp*MoO2 + and the H2O molecules separated in the gas phase is a very energy costing process because a strong cation-dipole interaction is broken. Adding solvent effects stabilize the separated reactants by interacting with the dielectric continuum of the polar medium, leading to a considerable decrease in the energy difference between the isolated species and the aqua complex.

The conclusion of this investigation is to establish the nature of the acidic form of Cp*Mo VI in water as the aqua complex [Cp*MoO2(H2O)] + , although the dissociation of the water ligand to afford the fully consistent with the previously established scheme (Figure 1), because the rate law for the acidification reaction can be expressed as in Equation 2(the equilibrium Ka1 is rapidly maintained on the time scale of k-1 and k-2). 21 At low [H + ] (Ka1 -1 [H + ] << 1), the rate law further simplifies to Equation 3, which accounts for the linear dependence observed under such conditions. The small intercept could be ascribed to a minor contribution of the parallel k-1 path. It is useful to remind the reader here that at low pH the k-1 pathway, corresponding to direct loss of OH -from Cp*MoO2(OH), should be negligible (k-1 = 6.32•10 -7 s -1 ) compared to the k-2 pathway, correponding to protonation and isomerization of the

[Cp*MoO(OH)2] + intermediate, e.g. k-2Ka1 -1 [H + ] = 1.73 s -1 at pH 1.
Alternatively, the intercept can also be due to a contribution of the back reaction. i.e. the k2 path. 

kobs = {k-1 + k-2Ka1 -1 [H + ]}/{1 + Ka1 -1 [H + ]} Equation 2 kobs ~ k-1 + k-2Ka1 -1 [H + ] (if [H + ] small) Equation 3
The fit of the data in Figure 3 with the expression of Equation 4, for which the small contribution of the intercept was ignored, resulted in k-2 = 28  1 s -1 (logk-2 = 1.44) and Ka1 = 3.6  0.6 M, from which pKa1 = -0.56. It follows that k-2 is almost 8 orders of magnitude larger than k-1 and that pKa (i.e. pKa2-pKa1) = 4.1. These values are consistent with expectations, since as mentioned above the pKa of a typical inorganic diprotic oxoacid is ≥ 4. Thus, the new results described here fully confirm the validity of the previously proposed kinetic scheme (Figure 1), where a rapid pre-equilibrium protonation precedes a slow step, which is now known to be the intramolecular proton transfer, see next sections. It is worth to mention that the proton transfer to the oxo ligands in compound Re(O)I(2,7-nonadiyne) by CF3SO3H in MeCN was shown to be relatively slow (11.9 M -1 s -1 at -40°C). 31 kobs

~ k-2Ka1 -1 [H + ]/{1 + Ka1 -1 [H + ]} (if k-1 negligible) Equation 4
It should be noted that the individual values of Ka1 and k-2 obtained by the above analysis give rise to a ratio k-2/Ka1 = 7.8, in relatively good agreement with the previously determined value (17.2). 21 The discrepancy may be attributed to the difference in ionic strength used in these studies. However, one point remains to be discussed on the thermodynamics of the system, before we can turn to the kinetics.

The combination of the individual rate constants for the tautomerization of the cationic system in both directions (k2 and k-2 as shown in Scheme 3) yields the tautomerization equilibrium constant, K2 = k2/k-2 = 1.8•10 -5 , which corresponds to a free energy difference of 6.5 kcal mol -1 in favor of the oxo aqua isomer.

The combination of this value with the experimentally determined pKa1 value (-0.56) according to the thermodynamic cycle shown in Scheme 3 (the deprotonation of the two isomeric cations affords the same neutral hydroxo complex) yields the thermodynamic proton dissociation constant of the dioxo aqua species, Ka1' = 6.5•10 -5 M (pKa1' = 4. 19). This compares well with the value calculated from the k-2/Ka1 determined in the previous study (Ka1' = 2.9•10 -5 M; pKa1' = 4.54). Note that this value is also given by the expression (k+1/k-1)Ks, from the thermodynamic cycle in Figure 1. At first sight, it may appear unreasonable that the first acid dissociation constant of this aqua complex is weaker than the second one.

However, this observation can be rationalized if the water ligand is extensively dissociated due to the labilization caused by the Cp* chelate as referred to above. In this case, the calculated pKa1' value must be treated as an apparent pKa value since it includes the equilibrium constant for the dissociation of water, which is expected to be large in order to offset the observed pKa value. Thus the effective thermodynamic acidity of the cationic complex is a weighted average of the coordinated water molecule acidity, which is expected to be intrinsically very high, and the acidity of the free water molecule (pKa = 15.6). The hypothesis of an extensive water dissociation from the cationic complex is not inconsistent with the computational study, since the water adduct is calculated as only 10.1 kcal/mole more stable than the dissociated species according to the CPCM, but this calculation does not consider explicit interactions of the adduct and the separate fragments with additional water molecules. For instance, the stabilization of a water molecule by hydrogen bonding to additional water molecules is expected to contribute significantly to the equilibrium energetics (the solvation free energy of a water molecule in water has recently been estimated at -6.3 kcal/mol). 32 It is also interesting to recall that an electrospray mass spectrometric investigation of a H2O-MeOH solution of Cp*Mo VI at low pH (ca. 4 and 1) revealed the presence of both Cp*MoO2 + and Cp*MoO2(H2O) + species, as well as the related Cp*MoO2(MeOH) + adduct. 33,34 Whether the rapid equilibrium highlighted at the left hand side of Scheme 3 involves only species Cp*MoO2 + and Cp*MoO2(H2O) + , or whether also a methanol solvate is present, does not affect the measured values of all rate and equilibrium constants, nor their significance. 

Scheme 3

In general it is expected that ground state labilization caused by metal-carbon bonds in the trans position to coordinated water molecules will not only drastically accelerate the water exchange process, but will also significantly increase the pKa value of the coordinated water as found in the present case.

Bond weakening of the M-OH2 bond will cause a decrease in the acidity of the coordinated water molecule. 7,14 In addition, the bond strength will follow the order M=O >> M-OH >> M-OH2 as mentioned before. Thus, the combination of bond labilization and pH will control the lability of coordinated water and lead to apparent pKa values that seem to be 'abnormal'.

It is also interesting to analyze the Cp*Mo VI system in terms of the isolobal analogy between the O 2- and Cp* -ligands. Thus, the Cp*MoO2 + system is isolobally related to MoO3, Cp*MoO2(OH) to HMoO4 -, and Cp*MoO3 -to MoO4 2-. Interestingly, while the MoO4 2-and HMoO4 -are always described as tetrahedral ions, aqueous MoO3 is described as having coordination number 6 (either as MoO3(H2O)3 or MoO2(OH)2(H2O)2), possibly because an octahedral environment is found for MoO3, 35 as well as for its water adduct MoO3•2H2O, 36 in the solid state. However, equilibria with 5-or 4-coordinate species may in fact exist. A comparison between the pKa of HMoO4 -(3.48) 4 and Cp*MoO2(OH) (3.65) suggests that the Cp* -ligand is a marginally better electron donor than the isolobal O 2-ligand for this system in an aqueous solvent. This means that the Mo center is electron-richer in Cp*MoO2 + than in MoO3 as supported by the Mulliken charges in Mo atom (+1.38 vs. +1.88). In combination with the greater steric bulk of the Cp* ligand vs. the oxo ligand, this may lead to a weaker interaction between [Cp*MoO2] + and water. 

The pressure dependence of the reaction was studied at 0.4 M acid for which the data are shown in Figure 5. The obtained activation parameter, ΔV ‡ slope is -9.1  0.2 cm 3 mol -1 . The activation parameters for the slope of the plots in Figure 4 and Figure 5 

(d) Computational study of the intramolecular proton transfer process

In order to validate the intramolecular proton transfer mechanism and find the possible origin of the negative activation parameters (entropy and volumes), we carried out calculations on the initial (1a) and end product (2a) of Equation 5, as well as on the transition state (ts1a), in the absence and in the presence of additional water molecules. The gas phase and water solution energy profiles obtained in the absence of additional water molecules are shown in Figure 6, whereas the optimized 1a and ts1a species are shown in Figure 7. The barrier height is quite high, having a value of 43.1 kcal/mol in the gas phase, whereas the reaction is endoergic by 10.6 kcal/mol. Both results disagree with the experimental evidence, since the isomerization process is rather facile and the oxo-aqua complex is the thermodynamically more stable product. When the non-specific solvent effects are accounted for by use of the CPCM method, the barrier is nearly the same (43.9 kcal/mol), whereas the reaction is endoergic by 7. Relative energy profile (in kcal mol -1 ) in gas phase and water solution for the starting complex(1a), transition state (ts1a) and product (2a) of Equation 5. In order to further probe the mechanistic details of this reaction, we considered that the explicit inclusion of water molecules could afford an easier proton transfer pathway, as the system contains both donor and acceptor sites for the establishment of hydrogen bonds with water molecules. Many theoretical works have already reported the active participation of water chains in tautomerization [37][38][39] and proton exchange processes. 40,41 The mechanism is described as a water-assisted reaction in which one or more water molecules act as bifunctional catalyst. Recent theoretical studies of the tautomerization process between the hydrated oxide, [MO(H2O)] + , and the dihydroxide [M(OH)2] + cations (M = V, Nb and Ta) also point out that the participation of water acting as proton donor and acceptor can effectively lower the barrier height for the isomerization process. 42 The same water-catalysis has been found for the isomerization of UO2(OH)2. 43 The resulting energy profiles with one additional water molecule are shown in Figure 8. In Figure 9 the main geometric characteristics of the optimized structures are depicted. First of all, the interaction of the additional water molecule with systems 1a and 2a gives rise to a significant energetic stabilization (15.5 and 8.1 kcal mol -1 in the gas phase and in water solution, respectively, for the dihydroxo complex 1b; 21.0 and 11.3 kcal mol -1 under the same conditions for the oxo aqua complex 2b).

The stabilization of 2b is slightly greater than that of 1b, which renders the isomerization process less endothermic relative to the situation of the isolated system (E = +5.1 and +4.0 kcal mol -1 in the gas phase and in water solution). The corresponding free energy difference in the gas phase is +3. 2b, on the other hand, are essentially unchanged relative to those of 1a and 2a. Thus, the structural rearrangement in ts1b is not as marked as in ts1a, with respect to the relative reactants. It is worth to mention that a very slow rate of intramolecular proton transfer was reported for complex Re(O)( 18 OH)(MeC≡CMe)2 in benzene solution. 44 Although the rate of transformation was shown not to strongly depend on the presence or absence of stoichiometric amounts of ethanol, trace amounts of CF3SO3H strongly accelerate the reaction. It is possible that the transformation could also be accelerated by excess water. Another slow intramolecular proton transfer process was reported for trans- 45 Another noteworthy characteristic of ts1b is that the proton originating from the donating O-H group has already migrated onto the water molecule (1.088 Å), whereas the proton that eventually ends up in the aqua ligand is still bonded to the added water molecule (1.026 Å). These distances suggest that the transition state involves the interaction between a hydronium ion (H3O + ) and the neutral Cp*MoO2(OH) molecule, through the establishment of two hydrogen bonds (1.382 Å to the oxo ligand and 1.591 Å to the hydroxo ligand). We have reported a similar transition-state in hydrogenation performed by gold catalysts for the heterolytic cleavage of H2 assisted by a solvent molecule (ethanol). 46 In conclusion, the explicit consideration of a water molecule confirms the feasibility of the rearrangement of 1b to 2b by solvent assisted intramolecular proton transfer. Relative energy profiles (in kcal mol -1 ) in gas phase and water solution for the starting complex (1b), transition state (ts1b) and product (2b) of Equation 6. On the basis of the above results, we have imagined that the addition of a second water molecule could further lower the energy of the transition state. An eight-membered transition-state (ts1c) having two water molecules acting as proton and donor acceptors concurrently between the two complexes 1c and 2c (Equation 7) may further reduce the necessary geometric reorganization to reach the transition state.

[Ru IV (tpy)(O)(O=P(Ph)2CH2CH2PPh2)(H2O)] 2+ in MeCN solution.
The resulting energy profiles in the gas phase and water solution on this system are shown in Figure 10 and the optimized structures for the related species are drawn in Figure 11. As already seen on going from the water-free to the H2O adduct, going from the mono to the bis(water) adduct further stabilizes the oxoaqua isomer relative to the dihydroxo isomer. The oxo-aqua complex is now only 1.4 kcal mol -1 less stable than the dihydro isomer in the gas phase (cf. 5.1 and 10.6 kcal mol -1 for the mono(water) and water-free system, respectively), and actually more stable by a small margin (0.4 kcal mol -1 ) in water solution.

The gas phase free energy is still in favor of the dihydroxo isomer, but only by 2.4 kcal mol -1 .

Undoubtedly, the correct relative energy can be obtained at this level of theory, provided the effect of the water solvation is considered by the explicit inclusion of a sufficient number of water molecules in the calculation. Although the relative free energy computed by including two water molecules is still a bit far from the experimental value of 6.5 kcal mol -1 in favor of the oxo aqua isomer, the explicit inclusion of water molecules in the calculations moves the energetic balance in the right direction. In conclusion, our calculations indicate an intrinsic preference of the system for the dihydroxide form (gas phase). The nonspecific interactions (continuum calculations) are not sufficient to reverse this stability order, whereas a reversal, in agreement with the experiment, is observed upon inclusion of the specific interactions (hydrogen bonds) with the water solvent. Undoubtedly, the correct relative energy can be obtained at this level of theory, provided the effect of the water solvation is considered by the explicit inclusion of a sufficient number of water molecules in the calculation. For the sake of completion, we have pursued the study by adding a third water molecule to the system. In this case, however, the optimization of both the hydroxo and the oxo aqua isomers 1d and 2d

resulted in an optimized structure where the water proton is completely transferred to the water cluster, isomer (1.025 Å in 2b vs. 0.997 Å in 1b, 1.132 Å in 2c vs. 1.049 Å in 1c; these distances are essentially identical in 1a and 2a). This suggests that [Cp*MoO2(H2O)] + is intrinsically more acidic than its dihydroxo isomer, which may seem in contradiction with the experimental evidence (oxo aqua isomer: pKa = 4.19; dihydroxo isomer: pKa = -0.56). However, as argued above, the high effective pKa value of [Cp*MoO2(H2O)] + is proposed to result from an equilibrium with [Cp*MoO2] + and free H2O. Thus, these computational results indirectly validate the water dissociation hypothesis.

The calculations agree with the experimental evidence that the cationic systems, [Cp*MoO(OH)2] + and [Cp*MoO2(H2O)] + , can be deprotonated in a slightly acidic medium. However, the predominant species in very acidic media is a cationic complex. As a very simple way of modeling the effect of lowering the pH, we have added an extra proton to the system, i.e. using the [H3O(H2O)2] + cluster as a model of the medium. The resulting system is dipositive. This is a rough simulation of a low pH aqueous solution but can give some insights of what occurs when increasing the acidity of the medium. Several theoretical studies have addressed the question of the nature of the hydronium species in solution and its solvation shell. [47][48][49][50] The [H3O(H2O)2] + cluster has been used as a model of the hydronium species in solution in other reactions involving transition metal complexes. 51,52 Different structures were optimized, exploring several starting points, and the various optimized species are shown in Figure 13. For species 1e and 2e, the hydronium ion (H3O + ) is located in the second coordination sphere, whereas species 1e2, 1e3 and 2e2 feature this ion in the first coordination sphere, directly interacting with the molybdenum complex.

Obviously, these are not necessarily all the possible minima, but probably the most favored ones. In no case was the proton of the cationic complex ([Cp*MoO2(H2O)] + or [Cp*MoO(OH)2] + ) transferred to the medium, conversely of what occurred for the monopositive system with three water molecules. This is not a surprising result, the medium (modeled here as [H3O(H2O)2] + ) being too acidic in the gas phase to accept an additional proton, because it has an excess of positive charge. Nevertheless, this approach gives a nice representation of what occurs when lowering the pH value because the cationic species become now favorable and can be obtained as real minima in the potential energy surface for both isomers.

Concerning the relative energies, placing the hydronium ion in the first coordination sphere carries an energy cost of ca. 2 kcal/mol, relative to having it in the second sphere (e.g. going from 1e to 1e2 and 1e3 for the dihydroxo complex, and from 2e to 2e2 for the oxo aqua complex). On the other hand, the dihydroxo isomer is more stable than the oxo aqua species by 5.3 kcal mol -1 (1e vs. 2e structure). As discussed before, we believe that a larger number of water molecules (at least the complete first solvation sphere) should be included in order to reproduce the experimental relative stability.

The experimental data also show that the dominant species at pH > 5 is the anionic complex [Cp*MoO3] -. 21 We suggest that when increasing the hydroxide concentration, the proton of the [Cp*MoO2(OH)] complex can be easily transferred to hydroxide in solution, analogously to what occurs to one proton of the aqua complex when water molecules are added to the system. Nevertheless, although theoretical calculations reported here provide some relevant energy trends, geometries and activation barriers, a complete theoretical analysis of the species present in solution as a function of pH is beyond the scope of this study, mainly because of the intrinsic difficulty of simulating an aqueous solution at a given pH. More information could be extracted from dynamics simulations.

Conclusions

A combination of kinetic and computational investigations on the Cp*Mo VI system in acidic aqueous medium has greatly improved our understanding of what factors regulate the properties of the oxo dihydroxo ([Cp*MoO(OH)2] + ) and dioxo aqua ([Cp*MoO2(H2O)] + ) isomers in solution. The computational study shows that the dihydroxo isomer is favored for the isolated system in the gas phase, but the subsequent introduction of the solvent model (by CPCM) and especially the explicit introduction of water molecules in the calculations attenuate and even reverse this stability trend. The study further suggests that the medium strongly affects the water dissociation energy cost from the dioxo aqua isomer (10.1 kcal mol -1 in water solution vs. 39.7 kcal mol -1 in the gas phase). A generalization of these trends suggests that the dihydroxo species for any given system have a better chance to be stable in apolar organic solvents, whereas a rearrangement to oxo complexes accompanied by water dissociation may be favored in stronger dielectric solvents.

The above trend also rationalizes the unusually low acidities that are sometimes found for high oxidation state cationic complexes. While the water ligand in the oxo aqua isomer, [Cp*MoO2(H2O)] + , is an intrinsically stronger proton donor than the hydroxo ligand in the dihydroxo isomer, [Cp*MoO(OH)2] + , the much lower observed acidity for the former (pKa = 4.19; vs. -0.56 for the latter) is related to a water dissociation equilibrium. In turn, this is related to the coordination sphere and particularly to how the ligands are able to satisfy the electron deficiency at the metal center upon loss of the water lone pair donation. In the present system the extremely high lability of the coordinated water molecule can be ascribed to the trans labilization effect of the Cp* chelate, which in turn favors the formation of the dioxo complex and is responsible for the apparent high pKa value of the oxo aqua isomer. We are not aware of any other analogous study in the literature.

Concerning the isomerization mechanism leading from the dihydroxo to the oxo aqua species, the direct intramolecular proton transfer from the dihydroxo to the aqua complex can be ruled out due to the high calculated barrier for the direct proton transfer, viz. 43.9 kcal mol -1 including solvent effects. The assistance of either one or two water molecules renders proton transfer feasible by dramatically lowering the barrier height. The mechanism involving assistance by two water molecules even yields a lower energy for the transition state than for the reactant and product when including the CPCM, suggesting that this is indeed a very facile process. The assistance by amphiphilic external molecules, such as water, is increasingly found to be crucial to lower activation barriers of intramolecular proton transfer rearrangements.

Synopsis

Combined protonation kinetics and DFT studies bring to light the regulating factors for the relative energy of dihydroxo vs. oxo aqua isomers, the water dissociation equilibrium, and abnormal acid dissociation constants, for the organometallic "Cp*MoO2(OH) + H + " system. 
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  Cp*MoO2] + intermediate may be a facile process. As mentioned in the Introduction, from a kinetics point of view, the Cp* ligand is known to exert a strong trans effect on ligand dissociation processes. The introduction of the Cp* ligand on the very inert hexa-aqua complexes of Ir(III) and Rh(III), i.e. on going from the [M(H2O)6] 3+ to the [Cp*M(H2O)3] 2+ complexes (M = Rh, Ir), increases the water exchange rate by 12-14 orders of magnitude.13 A 17 O NMR investigation of the water exchange process for the Cp*Mo VI aq system as a function of pH is currently ongoing in our laboratories and will be reported in detail in a separate contribution, but we are already able to state that this appears to be an extremely fast process. Therefore, the mechanism of the low-pH transformation leading from Cp*MoO2(OH) to [Cp*MoO2(H2O)] + may be formulated as path b in Scheme 2, the slow step being the intramolecular proton transfer process, leading from the intermediate dihydroxo complex [Cp*MoO(OH)2] + to the final product. (b) Protonation kinetics in the low pH regime In an effort to determine the first acid dissociation constant of [Cp*MoO(OH)2] + (pKa1), the acidification kinetics of [Cp*MoO3] -was studied at low pH (down to zero), where the complex is present in the [Cp*MoO2(OH)] form (pKa2 = 3.65, see Figure 1). Consistent with the previous study, 21 acidification kinetics showed a linear [H + ] dependence up to 0.35 M (pH = 0.45), but a slight saturation effect was visible at concentrations up to 1 M (pH down to 0) as shown in Figure 3. This behavior is
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 10 Figure 10. Relative energy profiles (in kcal mol -1 ) in gas phase and water solution for the starting
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 11 Figure 11. Optimized structures of the starting complex (1c, above), transition state (ts1c, middle) and
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 13 Figure 13. Optimised structures of the [Cp*MoO(OH)2] + and [Cp*MoO2(H2O)] + complexes interacting with the [(H3O)(H2O)2] + cluster (relative energies in kcal mol -1 in parentheses).

  represent those for k-2/Ka1. Since nothing is presently known about the temperature dependence of Ka1, it is difficult to speculate about the meaning of the reported activation parameters. It is reasonable to speculate that Ka1 should not show a significant pressure dependence since it involves no changes in electrostriction and at the most can be slightly positive. The overall significantly negative activation entropy and volume values favor a process in which significant

bond formation or charge creation occurs. According to the slow reaction for path (b) of Scheme 2, formation of the aqua complex involves bond formation between OH and H, as well as shortening of the Mo-O bond during conversion of Mo-OH to Mo=O. These processes are suggested to account for the observed volume collapse and decrease in entropy on going to the transition state.
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which thereby becomes a H7O3 + hydronium ion and interacts via hydrogen bonding with the neutral Cp*MoO2(OH) complex, see Figure 12. These results confirm the trend reported in 2b and 2c, where the O-H bond became more elongated as more water molecules were added in the system. This trend reflects the acidity of the cationic species, thus a more water-rich environment favors the proton transfer to the medium. The two structures 1d and 2d are isomers in terms of the arrangement of the hydrogen-bonded water molecules. Structure 2d is more stable than 1d by 1.8 kcal mol -1 in water solution. It is interesting to note that the protonated water molecule (H3O + ) interacts with the OH group in structure 2d, whereas it prefers an oxo ligand in structure 1d. Although this difference is fairly small and the final point depends on the starting point in the optimization, this difference may be attributed to the fact that in 2d there is an additional hydrogen bond. Moreover, the O(OH) interacting with H3O + in 2d presents a more negative Mulliken charge than the O interacting with H3O + in 1d: -1.11 vs. -0.89. Computational details. Calculations were carried out using the Gaussian 03 package 54 at the DFT level by means of the B3LYP functional. [55][56][57] For the Mo atom, the LANL2DZ pseudopotential 58 was used with the addition of f polarisation functions. 59 The 6-31G(d) basis set was used for C atoms whether for O atoms additional diffuse functions were added due to their anionic character (6-31+G(d)). For the hydrogens, the 6-31G(d,p) basis set was employed. IRC calculations were made in order to get the two minima linked by every transition-state. [60][61][62] Solvent effects were included by means of CPCM single point calculations. 63,64 Additional spheres were included for all the hydrogens except for the Cp* hydrogens by means of the SPHEREONH option.

Frequency calculations were made in order to get the free Gibbs energy. The temperature used was 298.15 K.