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Hydrogen bonding to carbonyl hydride complex Cp*Mo(PMe 3 ) 2 (CO)H and its role in proton transfer

The interaction of the carbonyl hydride complex Cp*Mo(PMe3)2(CO)H with Brønsted (fluorinated alcohols, (CF3)nCH3-nOH (n = 1-3), and CF3COOH) and Lewis (Hg(C6F5)2, BF3•OEt2) acids was studied by variable temperature IR and NMR ( 1 H, 31 P, 13 C) spectroscopies in combination with DFT/B3LYP calculations . Among the two functionalities potentially capable for the interactioncarbonyl and hydride ligandsthe first one was found to be the preferential binding site for weak acids, yielding CO•••HOR or CO•••Hg complexes as well as the CO•••(HOR)2 adducts. For stronger proton donors ((CF3)3COH, CF3COOH) hydrogen-bonding to the hydride ligand can be revealed as an intermediate of the proton transfer reaction. Whereas proton transfer to the CO ligand is not feasible, protonation of the hydride ligand yields an ( 2 -H2) complex. Above 230 K dihydrogen evolution is observed leading to decomposition. Among the decomposition products compound [Cp*Mo(PMe3)3(CO)] + [(CF3)3CO •2HOC(CF3)3] -resulting from a phosphine transfer reaction was characterized by X-ray diffraction. Reaction with BF3•OEt2 was found to produce [Cp*Mo(PMe3)2(CO)BF4] via initial attack of the hydride ligand.

Introduction

Being among the earliest discovered organometall i c complexes, metal carbonyls continue to play one of the central roles in organometallic chemistry. [START_REF] Elschenbroich | Organometallics: A Concise Introduction[END_REF][START_REF] Horwit | [END_REF] Addition of the hydride function to a transition metal carbonyl complex results in the formation and coexistence of three potentially basic centers inside the carbonyl hydride complex: the metal atom, the hydride ligand and the CO-oxygen atom. With the exception of bridging carbonyl ligands, [START_REF] Kristjánsdóttir | Transition Metal Hydrides[END_REF] protons from strong acids usually add to the metal atom or to the hydride ligand. 4 On the other hand, much bulkier Lewis acids generally add to carbonyl oxygens. [START_REF] Horwit | [END_REF] Weak proton donors (mostly alcohols) interact with either the hydride ligand or the CO-oxygen. 4,5 Very recently we have reported the results of the protonation of the carbonyl hydride complex Cp*Mo(PMe3)2(CO)H (1) by the strong acid HBF4. At low temperatures proton transfer in THF yields the dihydrogen complex [Cp*Mo(PMe3)2(CO)( 2 -H2)]BF4 as a sole observable protonation product, however when the same reaction is carried out in CH2Cl2 the only product of the reaction is the cationic dihydride complex

[Cp*Mo(PMe3)2(CO)(H)2]BF4. 6 The stability of the [Cp*Mo(PMe3)2(CO)H2]BF4 ion pair and the classical/nonclassical equilibrium appeared to be fine tuned by the series of cation-anion-s olvent non-covalent interactions. In order to get further insight into the proton transfer mechanism we performed a more detailed study of the interaction between 1 and series of Brønsted acids (fluorinated alcohols (CF3)nCH3-nOH (n = 1-3) and trifluoroacetic acid) , as well as a few selected Lewis acids.

Results

Compound 1 was first described by Lapinte et al 7 and obtained in a pure form by Parkin et al upon reaction of Cp*Mo(PMe3)3H with CO. 8 It possesses catalytic activity in the decomposition of HCO2H to CO2 and H2 and was found to react with RCOOH (R = H, Me, Et) at room temperature, leading to 55 dihydrogen evolution and Cp*Mo(PMe3)2(CO)(η 1 -O2CR). 8 This result suggests the presence of the ( 2 -H2) complex along the reaction coordinate. The initial attack by fluorinated alcohols was therefore expected to take place at the hydride site yielding a dihydrogen bonded complex as a reaction 60 intermediate. 9,10 Dihydrogen-bonding is known 11 to induce a high field shift of the 1 H NMR hydride resonance and a decrease of its longitudinal relaxation time (T1min), whereas in the IR spectra it causes a low frequency shift of the M-H band and a high frequency shift of the characteristic bands of all 65 other ligands, such as e.g. CO. 11 To our surprise the addition of 2 equiv CF3CH2OH (TFE) to the solution of 1 in CD2Cl2 at 200K resulted in a low field shift of the hydride resonance (Δδ = 0.19 ppm; Δδ ≡ δ(1 + ROH) -δ( 1)), see Fig. 1. The measured value of T1 (930 ms at 500 MHz, 200 K) was a bit higher than 70 that of the starting material (860 ms under the same conditions ). Further TFE addition (4.5 equiv total) led to a greater shift of the resonance (Δδ = 0.29 ppm) and T1 = 900 ms. The direction of the signal shift together with nonlinear T1 dependence suggest that the hydride ligand is not interacting with TFE.
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The Cp* and PMe3 proton resonances of 1 showed practically no change following the addition of excess TFE in this solvent (Table 1). However, the 31 P{ 1 H} signal is sensitive to the presence of the alcohol, shifting by  = -0.4 (with 2 equiv TFE) to -0.6 ppm (4.5 equiv TFE). а An invariant 2 JHP of 77 Hz was measured under all conditions; b An invariant 2 JНP of 8 Hz was measured under all conditions ; с An invariant 2 JCP = 28 Hz was measured under all conditions; d at 298K. Addition of TFE (3.7 equiv) to the solution of 1 in the les s polar toluene-d8 at 200K causes again a low field shift (Δδ = 0.28 ppm) of the hydride resonance and a high-field shift (Δδ = -0.9 ppm) of the 31 P{ 1 H} signal. In this solvent the Cp* and PMe3 proton resonances are quite sensitive to the acid addition, each shifting to higher field by Δδ = -0.08 ppm (Table 1).

The dependence of all the chemical shifts on the TFE amount suggests the presence of equilibrium in the system. Indeed, when the temperature of the toluene solution of 1 with 3.7 equiv TFE was raised to 290K, all the resonances  values decreased, in agreement with an equilibrium shift toward starting material upon warming (ΔδH = 0.10 ppm, ΔδCp*H = ΔδPMe3 = -0.02 ppm, ΔδP = -0.4 ppm), see Table 1. The proces s is completely reversible, the signal shifts restoring their values upon cooling back to 200 K.

Finally, the low temperature (200K) 13 C{ 1 H} NMR study in toluene-d8 revealed that the characteristic triplet of the CO resonance of 1 ( 2 JC-P = 29 Hz) at δ 253.1 (Fig. 2) shifts downfield by 6.1 ppm in the presence of 2 equiv of (CF3)3CO H (PFTB). Other signals have ΔδC(C5Me5) = 1.1 ppm, ΔδC(PMe3) = -0.7 ppm, ΔδC(C5Me5) = -0.5 ppm). Like in the case of ΔδH and ΔδP, the ΔδC depends on the acid amount, the temperature and the solvent. In more polar CD2Cl2, use of TFE at 200K gives ΔδCO = 2.3 ppm (3.3 equiv) and 2.5 ppm (4.5 equiv). Attachment of an acceptor to the oxygen end of the CO ligand is known to shift the 13 CO resonance downfield. [START_REF] Horwit | [END_REF] Together with the IR spectroscopic results (see below), this allows to sugges t the formation of a CO•••HOR F hydrogen bond. 45 band intensity and the appearance of two new bands, CO(1a) at 1736 and CO(1b) at 1720 cm -1 (Fig. 3). When the temperature was raised to 250K the 1720 cm -1 band completely disappeared and only traces of the 1736 cm -1 band remained, while the intensity of the band of the starting material 50 increased. Cooling back to 200 K reproduced fully the initially observed picture, demonstrating the reversibility of the process . More acidic proton donors, (CF3)2CHOH (HFIP) and PFTB, forming stronger hydrogen bonds, give more intense bands (with lower intensity of the CO(1)) at even lower frequencies 55 (Fig. 3, Table 2). These changes indicate a progressive shift of the hydrogen bonding equilibrium to the right with an increas e of the alcohol proton donating ability. The low frequency CO shift in the presence of proton donors is evidence for hydrogen bonding with the carbonyl ligand. 12,5 Appearance of a second CO band, shifted by -11 to -18 cm -1 in respect to CO(1a), indicates formation of yet another H-bonded complex, which we believe contains CO•••HO bond with the alcohol dimer (Scheme 1). Note that binding of the second alcohol molecule at the hydride ligand would shift the CO band to higher frequency relative to CO(1a). 5 The nature of the hydrogen bonded species 1a and 1b was further assessed with the help of DFT calculations. Geometry optimization and frequency calculations were performed for hydride 1 and for its hydrogen bonded complexes with CH3OH, CF3OH and CF3COOH at DFT/B3LYP level. 20 Coordination of proton donors at the carbonyl and hydride ligand sites was considered as well as possible complexes with two proton donor molecules. The structures obtained are exemplified for the case of CH3OH in Fig. 4, interactio n energies and spectroscopic parameters are gathered in Table 3, 25 and selected geometrical characteristics are given in the ESI † (Table S2). Formation energies (Table 3) obtained for complexes with one HOR molecule show preference for classical CO•••HOR bonding over non-classical MoH•••HOR interaction for methanol, which becomes less significant for 30 stronger proton donors. BSSE correction reduces formation energies by 14-35% but the EBSSE pattern is similar to that of E's (Table 3). Table 3. Formation energies (relative to the separated reactants, in kJ mol -1 ) and frequencies (in cm -1 ) calculated for H-complexes between 1 and proton donors in gas phase.

Proton donor were optimized leading to stable energy minima. The formation energy for the latter complex (Table 3) is equal to the sum of two interactions (CO•••HOR and MoH•••HOR) for methanol, whereas mutual weakening of the two hydrogen bonds (anticooperativity 15 ) was found in complex E for TFA (by 5 kJ mol -1 ). A cooperativity effect is observed for the formation of As can be seen from the Table 3, hydrogen bonding to the CO ligand leads to a low frequency shift of the СО band, whereas Н•••Н bond formation leads to a high frequency СО shift. In agreement with our experimental data, CO increas es with the proton donor strength. According to the calculations , the experimentally observed CO(1b) band could certainly be assigned to species C. The CO(1a) band, on the other hand, could be generated not only by complex A, but also by complex E. Dihydrogen bonded complexes of B or D type should appear at frequencies higher than CO (1).

H-complex notation H-bond type E ΔEZPVE ΔEBSSE H (OH) a CO (CO) b OH c CH3OH A CO•••HOR -25 -19 -22 -13 1813 (-50) -142 B H•••HOR -20 -15 -15 -20 1865 (+2) -261 2CH3OH C CO•••(HOR)
Cp*MoH(CO)(PMe3)2 + H + → [Cp*MoH(COH)(PMe3)2] + (1) Cp*MoH(CO)(PMe3)2 + H + → [Cp*Mo( 2 -H2)(CO)(PMe3)2] + 2)
Protonation of the carbonyl ligand (Equation 1) was found less exothermic by E = 85 kJ mol -1 than protonation of the hydride ligand (Equation 2). Proton affinities (PA) -H298K = 936 kJ mol -1 and 1027 kJ mol -1 were calculated for carbonyl and hydride ligands, respectively. The latter is slightly lower than PA values calculated for other transition metal hydride complexes (1074-1132 kJ mol -1 ). 4 When CF3COOH (PA = 1338 kJ mol -1 ) was used as proton source the [Cp*MoH(COH)-(PMe3)2] + OCOCF3 -ion pair product could not be optimized, all attempts leading back to the hydrogen bonded complex. Thes e data are in support of the notion that the CO protonation pathway is not feasible. The formation enthalpy H for [Cp*Mo( 2 -H2)(CO)(PMe3)2] + OCOCF3 -ion pair is -328 kJ mol -1 relative to the isolated ions in the gas phase, which is higher than the PA difference for these ions (PA = 311 kJ mol - 1 ).

The energy profiles for proton transfer from CF3COOH to the hydride ligand of 1 were explored starting from the dihydrogen bonded complexes B and D, leading respectively to B' and D' as final products (Fig. 5). The structures of thes e products are depicted in Fig. 6. Cooperative enhancement of the dihydrogen bond strength in complex D relative to B lowers the barrier substantially to only about 8 kJ mol [START_REF] Elschenbroich | Organometallics: A Concise Introduction[END_REF] . Taking solvent effects (under the CPCM approach) into account makes the proton transfer to the hydride ligand even more favorable, providing additional stabilizatio n of the hydrogen bonded ion pair product (Fig. S1). This stabilization is more evident for higher polarity solvents such as THF or CH2Cl2. The occurrence of proton transfer to the hydride site was confirmed by experimental studies. Addition of 2 equiv of CF3COOH to 1 in hexane at 200 K generates new CO bands at1804 and 1816 cm -1 , assigned respectively to the dihydrogen 70 bonded complex and [Cp*Mo(CO)(PMe3)2(η 2 -H2)] + . Corresponding bands of the hydrogen bonded acid (CO = 1788 cm -1 ) and of the CF3COO anion ( as OCO = 1660 cm -1 ) are als o observed. Use of excess acid makes the IR spectra uninformative. The 1/CF3COOD interaction was also studied 75 by [START_REF] Elschenbroich | Organometallics: A Concise Introduction[END_REF] H NMR in THF-d8. The acid activity is reduced in THF, thus a stronger excess of the acid is necessary to promote proton transfer. A wide 1 H resonance at  -4.5, assigned to the (η 2 -HD ) complex, appeared only in the presence of 10 equiv of acid at 200 K (Fig. S2), accompanied by Cp*Mo(PMe3)2(CO)D (1-d) 80 formation by H/D exchange. Corresponding 31 P triplet appears at  32.35 and shifts to  32.28 with the increase of the acid amount (Fig. S2) due to the CO•••HO bond formation ( 31 P resonance of 1 shifts from  32.0 to 31.9).

Experimental evidence for the formation of the dihydrogen 85 bonded complex could only be obtained by IR spectroscopy on concentrated toluene solutions of 1 (of the order of 10 -2 M instead of 10 -3 M) in the presence of PFTB, as evidenced by a high frequency shoulder on the CO band (CO = 18 cm -1 at 250 K, Fig. S3). This complex contains most probably two 90 alcohol molecules. The NMR monitoring in toluene-d8 at 200 K (Fig. S4) shows, in addition to a downfield shifted hydride resonance, the presence of a broad peak at δ -4.10 with T1 = 20 ms, characteris tic for a dihydrogen complex. The dihydrogen complex is unstable and looses H2 upon warming, as already observed in the case of BF4 -anion. 6 NMR monitoring of the room temperature reaction between 1 and 5 equiv of PFTB in benzene shows slow dihydrogen evolution with 46% and 68% conversion after 4 h 20 min and 49 h 40 min, respectively. At the same time the broad resonance of the alcohol proton shifts to lower fields indicating further involvment of the alcohol into hydrogen bonding. The 31 P NMR spectrum of this solution features peaks of different products , one of which was crystallized and analyzed by single crystal Xray diffraction (Fig. 7). 16 It is also related to the reaction between FeH2(HPPh2)4 and Ph3C + BF4 -, yielding [FeH(HPPh2)5] + through the initial formation of the 16-electron [FeH(HPPh2)4] + intermediate. 17 We have shown recently that the primary product of H2 loss from [Cp*Mo( 2 -H2)(CO)(PMe3)2] + [BF4] --Cp*Mo(PMe3)2(CO)FBF3 -is not stable at ambient temperatures and slowly decomposes. 6 One of the products was 6 In this case BF3 presumably reacts with the hydride ligand giving initially the BHF3 -anion, which however exchanges readily with the Et2O•BF3 excess yielding 55 BF4 -. A similar observation was reported for Cp2Nb(CO)H 18 and for the reaction of Cp2TiBH4 with Et2O•BF3 to give Cp2Ti( 2 -BF4). 19 Thus, the reactivity pattern for Lewis acids is the same as for Brønsted ones: weak acids coordinate to the CO ligand whereas strong ones interact with the hydride and 60 ultimately lead to hydride abstraction.

Discussion

The hydrogen bonding and proton transfer equilibria described above for the Cp*MoH(CO)(PMe3)2/ROH system can be summarized as shown in the Scheme 2, illustrating the variety The CO•••HOR interaction for group VI-VII hydride-free transition metal carbonyl complexes such as Cp*M(CO)2(N 2 ) (M = Mn, Re), 12 (C5Et5)M(CO)3 (M = Mn, Re), ( 6 -C6H3Me3)M(CO)3 (M = Cr, Mo), 20 and the related NO•••HOR interaction has been documented for CpMo(CO)2(NO). 20 Both interactions have been proposed to be the first step in the proton transfer to the metal atom. 20 The data described in this contribution, together with those obtained for other transition metal hydride complexes, CpReH(CO)(NO), 21 ReH2(CO)-(NO)(PR3)2, 22 and CpRuH(CO)(PCy3), 5,23 show that CO•••HOR or NO•••HOR bonding is a "dead-end pathway", not leading to the proton transfer. In contrast, the H•••HOR bond formation is the actual first reaction step. Assisted by the binding of the second proton donor molecule, which increases the hydrogen bond strength and lowers the proton transfer barrier, it leads to the ( 2 -H2) complex formation. The results acquired up to date for molybdenum hydride complexes Cp*MoH(CO)(PMe3)2, Cp*MoH(PMe3)3 24 and Cp*MoH3(dppe) 15 allow explaining the different stability of ( 2 -H2) complexes and reactivity pattern depending on the ligands (Fig. 9). Fig. 9. Potential energy curves (E, in kJ mol -1 ) for the non-classical to classical transformations calculated at the B3LYP level in the gas phase for [Cp*MoH2(PMe3)3] + , 24 [Cp*MoH4(dppe)] + [((CF3)2CHO)2H] -, 14 and [Cp*MoH2(CO)(PMe3)2] + BF4 -. 6 In agreement with the established mechanism of proton transfer to transition metal hydrides 9 the protonation proceeds via dihydrogen bond formation in all three cases. For the mos t electron reach Cp*MoH(PMe3)3 the minimum of ( 2 -H2) is 35 very shallow with negligible (of 0.8 kJ mol -1 ) barrier for isomerization to classical dihydride. 24 The latter is stabilised by 54.6 kJ mol -1 and thus can not convert back to the non-class ical isomer in order to evolve H2. The classical -non-class ical interconversion is very easy in the case of protonated 40 Cp*MoH3(dppe). 15 Corresponding minima are very close in energy (-18.5 kJ mol -1 for the isolated cations and -6.3 kJ mol -1 for the [Cp*MoH4(dppe)] + [((CF3)2CHO)2H] -ion pair) and separated by a very low barrier (Fig. 9). Therefore, the nonclassical [Cp*Mo( 2 -H2)H2(dppe)] + intermediate could not be 45 observed experimentally, but the classical tetrahydrid e complex is not thermally stable and loses dihydrogen quite easily. The [Cp*Mo(H)4(dppe)] + stability could be controlled by temperature and by the strength of the cation-anio n interaction within the ion pair. 25 The [Cp*Mo( 2 -H2)(CO )-50 (PMe3)2] + /[Cp*Mo(H)2(CO)(PM e3)2] + pair of isomers is separated by a much higher barrier, whereas the relative depth of the two minima is strongly affected by the environment. 6 As the result, both could be observed experimentally but the interconversion is possible and both isomers evolve H2 when 55 the barrier for the latter reaction could be overcome (above 230 K).

Experimental

All manipulations were performed under an argon atmosphere.
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All solvents were dried over appropriate drying agent (Na/benzophenone for toluene and THF; CaH2 for dichloromethane and hexane) and freshly distilled under an argon atmosphere prior to use. Benzene-d6 (Euriso-Top) was kept over molecular sieves and deoxygenated with an argon 65 flow before use. CD2Cl2, THF-d8, and toluene-d8 (Euriso-Top) were degassed by three freeze-pump-thaw cycles. Compound CH3OH and of free reactants were performed using pseudopotential-bas ed correlation consistent polarized valence triple-ζ basis set cc-pVTZ-PP 35 for Mo and 6-31G(d) basis set for P atoms. The differently optimized structures of 1 with the two above described basis sets do not differ by more than 0.020 70 Å for Mo-C bond distances and 0.008 Å for Mo-P, Mo-H and C-O bond distances. The formation energy of adduct A (see Table 3 for the legend) increases by only 1 kJ mol -1 while that of adduct B remains the same as do their geometries. The frequency shifts () resulting from hydrogen bond formation 75 differ by no more than 2%, except for OH of complex A which increases by 5%. The structures of the reactants, intermediates, transition states, and products were fully optimized without any symmetry restriction. Transition states were identified by 80 having one imaginary frequency in the Hessian matrix. No scaling factor was applied to the calculated frequencies since the optimization was run in the gas phase and the IR spectra were measured in solution.

Non-specific solvent effects were introduced through CPCM 85 continuum representation of the solvent by single-point calculations 36 on gas phase optimized geometries for toluene ( = 2.38), dichloromethane (ε = 8.93) and THF (ε = 7.58). The G solv values account for the solvation free energies, with inclusion of the solute free energy contributions G solv = E so lv + G gas -E gas , where E solv is the electronic energy plus the solvent entropy. 37 The optimisations of 1, CF3COOH and their dihydrogen bonded adduct B were also performed in THF, leading to only minor geometry changes for 1 and CF3COOH (Δr < 0.01 Å), while the H•••H bond length in B increased by 0.026 Å. Despite this lengthening, the interaction energy decreased by only 0.3 (ΔE solv ) and 0.1 kJ mol -1 (ΔG solv ). The same pattern was revealed for stronger dihydrogen bonded 10 complexes of anionic main group tetrahydrides optimisation s in solution. 38 Therefore the consideration of solvent effects was kept within the single point CPCM approach for the rest of the study.

Conclusions

We presented results of combined spectroscopic and theoretica l investigations of hydrogen bonding to Cp*MoH(CO)(PMe 3 )2 and its role in the proton transfer process. The formation of several hydrogen bonded complexes involving both carbonyl and hydride ligands was observed experimentally; their structures and spectroscopic features were also studied by DFT calculations. The CO 
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 1 Fig. 1. Hydride region of the 1 H NMR (500.3 MHz) spectrum of 1 alone(a), and in the presence of 2 equiv (b) or 4.5 equiv (c) of TFE. T = 200K, CD2Cl2, c(1) = 5.8•10 -2 M.
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 35 

Fig. 2 . 1 .

 21 Fig. 2. 13 C{ 1 H} NMR (125.8MHz, CO region) spectrum of 1 (a) and 1 in the presence of ca. 2 equiv PFTB (b). toluene-d8, 200K. c(1) = 1•10 -1 M, 1330 scans.The IR spectra in the TFE νOH region in CH2Cl2 showed the 40

Fig. 3 .

 3 Fig. 3. IR spectra (νCO region) of Cp*Mo(PMe3)2(CO)H (1) (0.005 M) (a) and in the presence of ca. 3 equiv. TFE (b), 3 equiv HFIP (c), 3 equiv PFTB (d). T = 200K, hexane, l = 1.2 mm.

  Scheme 1

Fig. 4 .

 4 Fig. 4. Optimized geometries of hydrogen bonded complexes between 1 and one and two CH3OH molecules.

-

  512 & -890a enthalpy values based on calculated OH: H (in kJ mol -1 ) = -75/( +720)13,14 ; b CO = CO(complex) -CO(1), CO(1) = 1863 cm -1 ; c OH = OH(complex) -OH(HOR); d TFA has the CO mode in this range, therefore the CO vibrations of 1 and TFA are mixed A In the case of interaction with two proton donor molecules (calculated for CH3OH and CfigurF3COOH), two adducts with the HOR dimer, CO•••(HOR)2 (C) and MoH•••(HOR)2 (D), as well as of complexes with simultaneous hydrogen bonding to carbonyl and hydride ligands, ROH•••(OC)MoH•••HOR (E),

  C and D [Ecoop = E(1•2HOR) -E(1•HOR) -E((HOR)2)], -7 and -13 kJ mol -1 for C and -8 and -9 kJ mol -1 for D with CH3OH and CF3COOH, respectively, showing the decrease of the relative impact of the cooperative effect into total formation energy (Ecoop/E(1•2HOR)) for stronger proton donor.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Proton transfer energy profiles calculated for the reaction of 1 with 60

Fig. 7 .

 7 Fig. 7. Molecular structure of [Cp*Mo(PMe3)3(CO)] + [(CF3)3CO•2HOC(CF3)3] -. For the sake of clarity, the cation and the anion are shown separately. Molecular ellipsoids are shown at the 30% probability level. The [Cp*Mo(PMe3)3(CO)] + cation results from a phosphine transfer reaction. This process is closely related to the CO 20

Fig. 8 .

 8 Fig. 8. IR spectra (νCO region) of Cp*Mo(PMe3)2(CO)H (1) (0.004 M) (a), 1 in the presence of ca. 5 equiv of Hg(C6F5)2 (b). Hexane, 200 K, l = 0.12 cm Use of Et2O•BF3 in toluene-d8 or THF-d8 gives an immediate 50
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 8 Fig. 8. IR spectra (νCO region) of Cp*Mo(PMe3)2(CO)H (1) (0.005 M) (a) and in the presence of ca. 3 equiv. TFE (b), 3 equiv HFIP (c), 3 equiv PFTB (d). T = 200K, hexane, l = 1.2 mm.

Fig. 9 .Fig. 10 .

 910 Fig. 9. Optimized geometries of hydrogen bonded complexes between 1 and one and two CH3OH molecules.50

Fig. 6 .Fig. 7 .

 67 Fig. 6. Optimized structures of hydrogen bonded ion pairs as the products of proton transfer from CF3COOH to 1. Fig. 7. Molecular structure of [Cp*Mo(PMe3)3(CO)] + [(CF3)3CO•2HO-55

Fig. 8 .Fig. 9 .

 89 Fig. 8. IR spectra (νCO region) of Cp*Mo(PMe3)2(CO)H (1) (0.004 M) (a), 1 in the presence of 5 equiv of Hg(C6F5)2 (b). Hexane, 200 K, l = 0.12 cm Fig. 9. Potential energy curves (E, in kJ mol -1 ) for the non-classical 60

Table 1 .

 1 Selected NMR ( 1 H, 31 P{ 1 H}, 13 C{ 1 H}) parameters for complex 1 in different solvents in the presence of proton donors at 200 K.

	solv	ROH	[ROH]/[1]	H -а	H(Cp*)	H(PMe3) b	P	СО с
	СD2Cl2		0	-6.98 (t)	1.89 (s)	1.31 (d)	31.4 (s)	255.0 (t)
		TFE	2.0	-6.79 (t)	1.89 (s)	1.31 (d)	31.0 (s)	
			4.5	-6.69 (t)	1.89 (s)	1.31 (d)	30.8 (s)	257.5 (t)
	tol-d8		0	-6.85 (t)	1.96 (s)	1.34 (d)	31.9 (s)	253.1 (t)
	tol-d8 d	TFE	3.7 0	-6.57 (t) -6.88 (t)	2.02 (s) 1.93 (s)	1.42 (d) 1.33 (d)	30.7 (s) 30.3 (s)	253.1 (t)
		TFE	3.7	-6.78 (t)	1.95 (s)	1.35 (d)	29.9 (s)	
		PFTB	2.0	-6.38 (t)	1.82 (s)	1.21 (d)	30.1 (s)	259.2 (t)

Table 2 .

 2 Parameters of the CO bands for hydrogen bonded complexes of

	hexane	0	1791		
	TFE	10	1791	1738	1720
	HFIP	5	1791	1732	1718
	PFTB	5	1791	1727	1716
	toluene	0	1771		
	PFTB	5	1771	1707	1695

60 1 with alcohols at 200 K. Solv ROH [ROH]/[1] CO(1) CO(1a) CO(1b)

Table 4 .

 4 Crystal

		ROH	Mo Me 3 P PMe 3 H C	O	H	O ROH	Mo Me 3 P PMe 3 H C	O	H	O	O R H	Mo Me 3 P PMe 3 H C	O	H	O	O R H
							R							R	R
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		ROH													
			O H R	Mo Me 3 P PMe 3 H C	O	ROH	R	R O H H O	Mo Me 3 P PMe 3 H C	O	R	R O H O	H H Me 3 P PMe 3 Mo C	O
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Cp*Mo(PMe3)2(CO)H was synthesized according to the literature. 8 Et2OHBF4 (56%) was purchased from Sigma Aldrich and used as received. Et2OBF3 (48%) was purchas ed from Acros Organics and distilled before use.

Room temperature NMR investigations were carried out on Bruker DPX300 and Bruker AV300LiQ spectrometers operating at 300.1 MHz ( 1 H), 121.49 MHz ( 31 P { 1 H}) and 75.47 MHz ( 13 C{ 1 H}). Low-temperature 1 H, [START_REF] Hay | [END_REF] P{ 1 H} and 13 C{ 1 H} data were collected with Bruker AV500 spectrometer , operating at 500.3, 202.5 and 125.8 MHz, respectively. The temperature was calibrated using a methanol chemical shift thermometer; the accuracy and stability was ±1 K. All samples were allowed to equilibrate at every temperature for at least 3 min. The spectra were calibrated with the residual solvent resonance relative to TMS ( 1 H, 13 C), and with external 85% H3PO4 ( 31 P). The IR spectra were recorded on Specord M-82 and FT Infralum-801 spectrometers in CaF2 cells using home modified cryostat Carl Zeiss Jena for variable temperatur e measurements. The accuracy of the temperature adjustment was ±1 K.

X-ray Structure Determination

Crystals of [Cp*Mo(PMe3)3(CO)] + [(CF3)3CO•2HOC(CF3)3] - complex (νCO = 1836 cm -1 (neat)) were grown by diffusion of pentane vapor to the mixture of 1 with 5 equiv. of PFTB in benzene. A single crystal was mounted under inert perfluoropolyether at the tip of glass fibre and cooled in the cryostream of the Oxford-Diffraction XCALIBUR CCD diffractometer. Data were collected using the monochromati c MoKα radiation (λ= 0.71073).

The structure was solved by direct methods (SIR97 26 ) and refined by least-squares procedures on F 2 using SHELXL-97. 27 All H atoms attached to carbon were introduced in calculatio n in idealised positions and treated as riding models. The C and F atoms of one of the (CF3)3COH anions are disordered over two positions. This disorder was modelized and treated using the tools (PART, SASI, EADP) available in SHELXL-97. 27 The drawing of the molecules was realised with the help of ORTEP32. 28 Crystal data and refinement parameters are shown in Table 4. Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 742724.

Copies of the data can be obtained free of charge on applicatio n to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Computational details

All calculations were performed at the DFT level, by means of the hybrid B3LYP functional, 29 as implemented in Gaussian03. 30 The LanL2DZ basis set for the Mo and P atoms was that associated with the pseudopotential [START_REF] Hay | [END_REF]32 with a standard double-ζ LANL2DZ contraction, 30 supplemented in the case of P with a set of d-polarization functions. 33 The 6-31G(d) basis set was used for C atoms of Cp* ring. The 6-31++G(d,p) basis set was used for the CO group, the hydride ligand, the O and the acidic H atoms of proton donors. The 6-31G basis set was used for all other atoms. The basis set superposition error (BSSE) corrections to the gas phase complexation energies were introduced according to the counterpoise method of Boys and Bernardi. 34