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Experimental and Theoretical Studies of Nonclassical d 0 Cyclopentadienyl Polyhydride Complexes of Molybdenum and Tungsten

Low-temperature protonation of compounds Cp*MH 5 (PMe 3 ) (M ) Mo, 1; W, 2) by HBF 4 'Et 2 O in CD 2 Cl 2 or CDFCl 2 affords the thermally unstable "hexahydride" derivatives [Cp*MH 6 (PMe 3 )] + (M ) Mo, 3; W, 4). The corresponding protonation of 1-and 2-d 5 affords 3-and 4-d 5 , respectively. The ∆δ on going from H 6 to HD 5 is small for both compounds, but positive for 3 and negative for 4, and no isotopic perturbation of resonance (IPR) is observed.

The T 1min at 400 MHz for [Cp*MH 6 (PMe 3 )] + apparently doubles on going from Mo to W (52 ms for 3 and approximately 100 ms for 4). Optimized geometries at the restricted Hartree-Fock (RHF) and second-order Møller-Plesset (MP2) levels and energy calculations at higher levels of theory show that these complexes are dihydrogen complexes [Cp*M(H 2 )(H) 4 (PR 3 )] + . The theoretical determination of a dihydrogen complex is consistent with the fact that the experimental T 1min values lie within the expected range for dihydrogen complexes. Examination of the potential energy surface at the MP2 level gives two mechanisms for hydride motion: exchange through a "trihydrogen anion" transition state and rotation of the dihydrogen ligand about its axis. The barrier for the hydride exchange (∼4 kcal/mol) is consistent with the inability to decoalesce the proton NMR signal.

Introduction

Fluxionality in transition-metal polyhydride complexes presents a challenging problem, especially in solution-phase proton NMR studies. At high temperatures, a transition-metal polyhydride complex can have a single peak due to ligands exchanging faster than the NMR time scale. This exchange-averaged signal often can be decoalesced by reducing the temperature of the experiment until multiple signals are observed corresponding to each nonequivalent proton in the system. A study of the low-temperature limit provides the best data for the determination of structural properties in the solution phase because relaxation times (T 1min ) and proton-deuteron coupling constants (J(H,D)) can be obtained to indicate the presence of a dihydrogen ligand and estimated M-H bond lengths and dihydrogen distances. In the worst case, the proton signal cannot be decoalesced above the freezing point of common lowtemperature solvents. For these complexes, J(H,D) and T 1min are exchange-averaged, making reasonable determination of structural parameters difficult. For these systems, theoretical studies can be used effectively to determine the low-temperature structure and to map out the mechanism of exchange. Various groups have demonstrated the utility of ab initio calculations in determining exchange mechanisms for transition-metal polyhydrides. 1 The protonation of polyhydride complexes has been shown, at least in some cases, to occur at one of the hydride metal bonds in some systems and to afford a coordinated dihydrogen (nonclassical) species, 2 which subsequently may or may not collapse to a polyhydride (classical) moiety depending on the electron richness of the metal. The latter is obviously possible only when there are two electrons in a metal-based orbital of suitable energy. Protonation of a d 0 complex, therefore, is limited to the formation of nonclassical products, and very few examples of this type of complex have been observed experimentally, for instance [ReH 6 (η 2 -H 2 )-(PR 3 ) 2 ] + , 2a [MoH 4 (η 2 -H 2 )(dppe)] 2+ . 3 The protonation of WH 6 (triphos) to form [WH 7-2x (η 2 -H 2 ) x (triphos)] + 4 is another possible entry into this category if x ) 1. These d 0 dihydrogen complexes are expected to be very labile toward the loss of dihydrogen since there are no d electrons to stabilize the interaction through d-σ* backbonding. We report here two new entries into the chemistry of d 0 dihydrogen complexes. These complexes have been synthesized through the protonation of the classical pentahydride d 0 complexes Cp*MH 5 (PMe 3 ) (M ) Mo, 1; W, 2) to form the dihydrogen products [Cp*MH 4 (η 2 -H 2 )(PMe 3 )] + (M ) Mo, 3; W, 4), which have been characterized by NMR and theoretical studies of the model systems [CpMH 6 (PH 3 )] + (M ) Mo, 3T; W, 4T).

Experimental Details

All manipulations were carried out under an inert atmosphere of nitrogen or argon by the use of vacuum-line, Schlenk, syringe, or drybox techniques. Solvents were dried by conventional methods and distilled under nitrogen prior to use. Deuterated solvents were dried over molecular sieves and degassed by three freeze-pump-thaw cycles prior to use. Methanol was degassed by three freeze-pump-thaw cycles prior to use. 1 H and 31 P{ 1 H} NMR measurements were made on Bruker AF200, WP200, or AM400 spectrometers; the peak positions are reported with positive shifts downfield of TMS as calculated from the residual solvent peaks ( 1 H) and downfield of external 85% H3PO4 ( 31 P). For each 31 P NMR spectrum a sealed capillary containing H3PO4 was immersed in the same NMR solvent used for the measurement, and this was used as the reference. The standard inversion-recovery-pulse (180-τ-90) sequence was used to determine T1. Values of T1 were obtained from the slopes of linear plots of ln(2Ieq/(Ieq -Iτ)) vs τ, where Ieq is the peak intensity at τ ) ∞. HBF4'Et2O, LiAlD4, LiAlH4, and PMe3 (Aldrich) were used without further purification. Compounds Cp*MH5(PMe3) (M ) Mo, W) and CDFCl2 were synthesized by previously described methods. 5 Compounds 1-and 2-d 5 were synthesized by adapting these methods from Cp*MCl4(PMe3) and LiAlD4 followed by CH3-OD quenching. Their NMR properties are identical to those of 1 and 2, except for the missing hydride resonances in the 1 H NMR and the P-D coupling in the 31 P{ 1 H} NMR spectra. For 1-d 5 : 1 H NMR (C6D6, δ): 2.19 (s, Cp*, 15H), 1.17 (d, Me, 9H, JPH ) 9.6 Hz). Residual hydride resonance: <4% (mol/ mol). 31 P{ 1 H} NMR (C6D6, δ): 12.6 (1:5:15:30:45:51:45:30:15: 5:1 undecet, JPD ) 8.9 Hz). For 2-d 5 : 1 H NMR (C6D6, δ): 2.31 (s, 15H, Cp*), 1.36 (d, Me, 9H, JPH ) 10.0 Hz). Residual hydride resonance: <5% (mol/mol). 31 P{ 1 H} NMR (C6D6, δ): -19.6 (1:5:15:30:45:51:45:30:15:5:1 undecet, JPD ) 6.5 Hz).

Protonation of Cp*MoH5(PMe3) (3). To a solution of 40 mg of Cp*MoH5(PMe3) (0.13 mmol) in 1 mL of CD2Cl2 at -80 °C in an NMR tube was added 20 µL of HBF4'Et2O (0.15 mmol) via microsyringe. The orange-brown solution darkened and began to slowly evolve H2. 1 

Theoretical Details

The experimental complexes were modeled by replacing the methyl groups on the phosphine and Cp* ligands with hydrogens. The carbons of the Cp ring were constrained to be planar and equidistant from the metal, but the hydrogen atoms were allowed to bend in or out of the C5 plane. The phosphine ligand was constrained to local C3v symmetry.

Calculations were performed in two basis sets designated BSI and BSII. In both of these basis sets, the carbon 6a and phosphorus 6b atoms were treated with effective core potentials (ECPs) and double-ζ basis sets. The basis sets for the hydrogen atoms of the Cp and phosphine ligands were double-ζ quality. 7 In BSI, the metals were represented in a double-ζ basis set with a triple-ζ representation of the d orbitals (Mo (5s5p4d)/[3s3p3d]; W (5s6p4d)/[3s3p3d]) with the relativistic ECPs 8 of Ermler and Christiansen. The (n+1)s and (n+1)p orbitals of the metals have been included in accordance with recent studies on the importance of these basis functions. 9 The hydride ligands were represented by a triple-ζ basis set (5s)/ [3s]. 10 BSII is identical to BSI except that polarization functions (Mo (5s5p4d1f)/[3s3p3d1f]; W (5s6p4d1f)/[3s3p3d1f]; H (5s1p)/[3s1p]) have been added to the metals and hydride ligands (Mo, ζ ) 0.7, W, ζ ) 0.6; H, ζ ) 0.475). These exponents were optimized at the MP2 level on the RHF optimized geometry of the MoH6 and WH6 molecules. 11 All geometries were optimized at the restricted Hartree-Fock (RHF) 12 and second-order Møller-Plesset (MP2) 13 level of theory with full-gradient methods. For BSI, the geometries of the equilibrium and hydride-dihydrogen exchange transition states were calculated in C1 symmetry. The dihydrogen rotation transition state was optimized in Cs symmetry with two hydride ligands constrained to have the same dihedral angle with a carbon in the Cp ring. Since BSII contained both f functions and ECPs, geometry optimizations in this basis set were performed using a Fletcher-Powell 14 line-search algorithm in Cs symmetry. For BSI, energies were recalculated at the MP3, 12 configuration interaction truncated to single and double excitations (CISD), [START_REF] Saunders | [END_REF] and coupled cluster truncated to single and double excitations (CCSD). [START_REF] Lee | The TITAN Set of Electronic Structure Programs[END_REF] Relative energies were also calculated at the MP3 level in BSII. Numerical calcula-tions for the vibrational frequencies were performed at the RHF level in BSI. All calculations were performed using the GAMESS-UK package. 17

Experimental Results

The low-temperature (-80 °C) protonation of 1 and 2 with HBF 4 'OEt 2 in CD 2 Cl 2 or CDFCl 2 affords thermally unstable [Cp*MH 6 (PMe 3 )] + (M ) Mo, 3; W, 4). Complex 3 is sufficiently stable for NMR characterization only below 220 K (t 1/2 ) ca. 30 s at -60 °C), whereas 4 can be investigated up to ca. 250 K (t 1/2 ) ca. 2 min at -20 °C). Thermal decomposition leads to hydride-free (by NMR) uncharacterized products. The nature of the protonation products as [Cp*MH 6 (PMe 3 )] + is indicated by integration of the 1 H resonance, by the absence of immediate gas evolution during the protonation reaction, and by the binomial septet pattern of the 31 P-{selective-1 H} NMR resonance for 4.

Relative to the starting pentahydride compounds, the protonation products show deshielded 1 H NMR resonances with a reduced phosphorus coupling (∆δ ) +0.89, ∆J PH ) -18.4 Hz for Mo; ∆δ ) +1.25, ∆J PH ) -16.0 Hz for W) and shielded 31 P{ 1 H} NMR resonances (∆δ ) -8.1 for Mo, -0.2 for W). The thermal instability has hampered the growth of suitable crystals for a neutron or X-ray diffraction analysis. Given the pseudopentagonal bipyramidal structure of 1 and 2, 5b,18 a reasonable structure for complexes 3 and 4 is I (Scheme 1). However, protonation could induce formation of another dihydrogen ligand, 19 as in II. Such an occurrence was found for the protonation of IrH 5 (PCy 3 ) 2 to afford [IrH 2 (η 2 -H 2 ) 2 (PCy 3 )] + . 20 This structure would be isoelectronic with known half-sandwich 18-electron derivatives of Mo(IV) and W(IV) such as Cp*MoH 3 -(PMe 3 ) 2 21 and CpWH 3 (PMe 3 ) 2 . 22 In principle, even a tris-dihydrogen structure III could be adopted. This would be isoelectronic with Cp*MoH(PMe 3 ) 3 . 21 For this reason, we sought additional information on these systems via NMR spectroscopic and theoretical methods.

Structural information was sought experimentally by NMR through T 1 measurements, 23,[START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF] deuteration, and isotopic perturbation of resonance (IPR) studies. The use of the T 1min method for the determination of polyhydride structures (e.g., classical polyhydride vs nonclassical dihydrogen complexes) is now of widespread use and provides reliable results in many cases. 19,[START_REF] Crabtree | The Organometallic Chemistry of the Transition Metals[END_REF]25 The measured T 1min is 52 ms (400 MHz) at -90 °C for 3 (corresponding to 26 ms at 200 MHz; a minimum could not be reached at 200 MHz) and 51 ms (200 MHz) at -90 °C or approximately 100 ms (400 MHz) at -100 °C for 4. The results of the T 1min studies at 400 MHz are graphically shown in Figure 1. Stoichiometric protonation of 1-d 5 and 2-d 5 with HBF 4 'OEt 2 in CD 2 Cl 2 gave 3-and 4-d 5 , respectively. Unfortunately, the 31 P{ 1 H}, 1 H, and 2 H NMR resonances are too broad to establish the magnitude and multiplicity of the P-D and H-D couplings at all accessible temperatures. The chemical shifts of the hydride resonances of 3(4)-d 5 and 3(4) at different temperatures are shown in Figure 2. Given the limited temperature range of stability (especially for 3) and the large uncertainties in ∆δ ) δ(D 5 H)δ(H 6 ) (due to broadness), the presence of IPR is not conclusively demonstrated for either compound. The detection of IPR for nonclassical complexes is often difficult. 19 It is interesting and rather unexpected, however, that the sign of ∆δ is opposite for 3 and 4. The replacement of H with D usually provides an upfield shift for the resonance of the residual H ligands, while a downfield shift as observed for 3 usually indicates that an IPR effect is overriding the upfield isotopic shift. Thus, although the presence of an IPR effect is not conclusively established for either compound, the result for 3 is consistent with the presence of one or more H 2 ligands as expected. The negative ∆δ for 4 could be explained by a small IPR effect relative to the isotopic shift. A small IPR effect could result either from a small difference between the chemical shifts of the hydride and dihydrogen sites or from a small zero-point energy difference between the different isotopomers. It is interesting, however, to consider the additional possibility of a symmetric σ-delocalized structure such as IV. Although this structure is not precedented, it would lead to the expectation of no IPR effect and an upfield shift of the NMR resonance upon deuteration. Alternatively, structure IV could correspond to a transition state for the hydride-dihydrogen scrambling process. However, it is more likely that a dihydrogen complex would be favored due to the electron deficient nature of the hexahydride. Additional insight into the possible structure of 3 and 4, as well as on the mechanism of fluxionality, has been sought theoretically.

Theoretical Results

Geometry optimizations of the model complexes [CpMH 6 (PH 3 )] + (M ) Mo, 3T; W, 4T) at the RHF and MP2 levels in both BSI and BSII showed that the minimum energy structure of each of these systems is the η 2 -H 2 complex I (Figure 3). Frequency calculations in BSI at the RHF level established that these complexes are true minima on the potential energy surfaces. The geometric parameters for RHF and MP2 are very similar, and the MP2 values are listed in Table 1. Generally, both the addition of polarization functions (BSI to BSII) and electron correlation (RHF to MP2) shorten the metal-ligand distances and lengthen the intraligand bonds (H-H and C-C distances). These polyhydride complexes have distorted pentagonal bipyramidal geometries where the hydride ligands have large bond angles with the center of the Cp ligand (X Cp ) of 100-109°. This distortion of the hydride ligands away from the Cp is consistent with a pseudo-secondorder Jahn-Teller effect which results from the availability of low-lying unoccupied d orbitals. 26 Calculations (MP2, BSI) were also performed on the other possible geometries II-IV for the complex with M ) Mo. The bis-dihydrogen complexes reverted to I under full geometry optimization, but approximate structures were found by constraining the dihydrogen distances to a series of values between 0.78 and 1.14 Å. The lowest energy structures (d(H-H) ) 1.02 Å) were ∼14 (cis) and ∼22 kcal/mol (trans) less stable than I. It was not possible to calculate the tris-dihydrogen structure III, as this constrained pseudo-C 3v system reverted to the constrained pseudo-C 6v hexahydride structure IV, which lies 19.5 kcal/mol above I. The addition of the f polarization functions in BSII stabilized the energy of IV by ∼9 kcal/mol relative to I. Frequency calculations on the W hexahydride structure IV revealed that it is a second-order saddle point on the potential energy surface (two imaginary frequencies). If structure IV had six equivalent M-H bonds, they would transform as a 1 +b 1 +e 1 +e 2 in C 6v symmetry. As there is no metal orbital available of b 1 symmetry, the system is likely to be unstable. Since the available metal orbitals in IV (a 1 +e 1 +e 2 ) correspond to the bonding orbitals in C 5v , it is favorable for IV to rearrange to a geometry with five equatorial ligands: four hydrides and a dihydrogen occupying a single site.

A complex such as I can exchange by only one route without reduction of the metal, which is a fairly high energy process. This low-energy route (Scheme 2) involves stretching the dihydrogen toward an adjacent hydride and forming a "trihydrogen-anion ligand" at the transition state (TSE). Another transition state (TSR) for intramolecular motion involves the rotation of the dihydrogen ligand about the M-X H2 axis, where X H2 is the midpoint of the dihydrogen H-H bond. 1. To examine the exchange mechanism in these systems, the potential energy surface (MP2, BSI) for the molybdenum complex 3T was mapped out by constrained optimization, where the dihedral angles made by two hydride ligands, the metal, and the center of the Cp ring (X Cp ) to a carbon in the ring (∠(H-M-X Cp -C)) were fixed at various angles. Then, the surface was constructed by plotting the energy against the two smallest H-H distances from each optimization (Figure 4). An approximation to the transition state for exchange (TSE) was determined to lie at a geometry where two hydride ligands have dihedral angles (∠(H-M-X Cp -C)) of roughly 38°. For BSI, a Jorgensen optimization 27 was used to completely determine the exchange transition state (TSE). A similar process was used to obtain the TSE for 4T starting from the optimized transition state for 3T. The calculations in BSII were performed by constraining the system to C s symmetry and performing a Fletcher-Powell 14 geometry optimization. The rotational transition state (TSR) was obtained by optimizing the geometries of the systems in C s symmetry with equal dihedral angles (∠(H-M-X Cp -C)) for two hydride ligands, such that both hydrides are coplanar with a carbon in the Cp ring. Frequency calculations on TSE and TSR at the RHF level in BSI for both metal systems have one imaginary frequency, which demonstrates that these structures are true transition states. The relative energies of the transition states are shown in Table 2, and selected structural features (MP2) are shown in Figure 5 and listed in Tables 3 (TSE) and 4 (TSR).

At the MP2 level in BSI, the barrier to rotation is slightly higher than that for exchange, but at higher levels of electron correlation (see Table 2), the exchange barrier is 3-4 kcal/mol higher than that for rotation. In BSII, the difference in the MP2 barrier heights switches so that TSR is ∼5 kcal/mol higher than TSE. The values of the barrier height (TSE) from these calculations are consistent with the rapid exchange observed in the NMR experiment. Since the barrier heights at the MP3//MP2 and CCSD//MP2 levels give comparable results in BSI, we have calculated the barrier heights in BSII at the MP3 level. Overall, application of the larger basis set decreases the exchange barrier from ∼7 kcal/mol to ∼4 kcal/mol and increases the rotation barrier from 4 to 5 kcal/mol to 6-8 kcal/mol. The higher level calculations show that there is a slightly higher exchange barrier for 3T (Mo) 3 and4, respectively. a XCp is defined as the center of the Cp ring. b ∠(C-XCp-M-Ha) ) 0.0, ∠(C-XCp-M-Hd) ) 180.0. and a slightly higher rotation barrier for 4T (W), but these differences (∼1 kcal/mol) are not large enough to explain the differences observed experimentally. Since the rotational barrier is probably larger than the barrier for molecular tumbling in solution, 1b the dihydrogen ligand in the complex should not be considered to be rapidly rotating for the purpose of applying the T 1min criterion. Often rapidly rotating dihydrogen ligands are observed in d 4 or d 6 complexes where the occupied d orbitals provide a cylindrical area of electron density which facilitates the rapid rotation since two occupied quasi-degenerate (depending on the complex) metal orbitals can back-bond to the σ* orbital of the dihydrogen. 1b The d 0 complexes in this study lack this electron density (and thus lack any d f s* donor effects), a situation that results in a particularly strong cis-effect 28 in which the dihydrogen ligand is attracted to the cis hydride ligands. Thus, their rotational barriers are 2-4 times that observed for complexes with occupied d orbitals.

Discussion

The measurements of the dihydrogen distances by various methods are often inconsistent. For example, work performed on W(H 2 )(CO) 3 (P i Pr 3 ) 2 gives the following H-H distances: 0.75 Å (X-ray diffraction 29 ), 0.82 Å (uncorrected neutron diffraction 29 ), 0.89 Å (solid-state NMR 30 ), 0.96 Å (solution-phase NMR 31 ), 0.76 Å (solution-phase NMR with rapid rotation correction 31 ), 0.85 Å (solution phase J(H,D) 32 ), 0.87 Å (MP2-optimized geometry of W(H 2 )(CO) 3 (PH 3 ) 2 ) 33 ). X-ray diffraction is a poor method for the determination of any transitionmetal hydride complex, as the hydride ligands can easily be lost in the electron density around the metal center.

Neutron diffraction, on the other hand, can locate the hydrides easily, but the librational motion of a dihydrogen ligand may result in a shortened d(H-H). The solid-state NMR value is considered by some groups to be better than neutron diffraction values that have not been corrected for the librational motion of the dihydrogen ligand. 34 The librational correction lengthens the uncorrected neutron diffraction value by about 0.07 Å such that the corrected neutron diffraction value is in agreement with the solid-state NMR value. The MP2 theoretical value is in good agreement with the most accurate experimental methods.

However, the poor correlation of the solution-phase d(H-H) values calculated from T 1min should be noted. The inverse of T 1min (1/T 1min ) is the sum of the effect of the different relaxation rates upon the nucleus under question. [START_REF] Harris | Nuclear Magnetic Resonance Spectroscopy[END_REF] For this reason, Derosiers et al. 25d proposed including dipolar relaxations from all necessary nuclei as a correction to Crabtree's original formulation. However, while this correction gives overall good results for classical polyhydride (>3 H's) complexes, the agreement for nonclassical polyhydrides is not as good. In general, the T 1min method for determining dihydrogen distances is most reliable for cases where the only M-H interaction is a single dihydrogen ligand 34 (error ) (0.1 Å). In these cases, it is possible to obtain reasonable results if one accounts for librational motion and "hopping" between sites. 32 In fact, transition-metal polyhydride complexes with both nonclassical and classical hydrides in rapid exchange can be the most difficult to determine if the resonances of the nonequivalent hydride or dihydrogen ligands cannot be decoalesced. In these cases the T 1min value is exchange-averaged and a dihydrogen distance can only be estimated by using classical hydride structural parameters obtained from other methods. This procedure is also not necessarily reliable; for example, a recent study of [Cp*Os(H 2 )(H) 2 -(PPh 3 )] + gave a dihydrogen distance of 1.014 Å from neutron diffraction and 1.07-1.38 Å from T 1min . [START_REF] Gross | [END_REF] The problems in applying the T 1min method to several rhenium polyhydride complexes should also be noted. 25b,37 Another method for the determination of the dihydrogen bond distance in solution is the magnitude of the proton-deuteron coupling constant J(H,D). It was observed that classical hydrides had small values (J(H,D) < 5 Hz), while dihydrogen complexes had values of 20-30 Hz. A study of a large number of complexes resulted in the following relationship between J(H,D) and the dihydrogen bond distance: However, while this method is more reliable than T 1min , it can have the same problems if the hydride resonances cannot be decoalesced and cannot be determined if the resonances are broad. Note that in the case of W(H 2 )(CO) 3 (P i Pr 3 ) 2 the dihydrogen bond distance The systems discussed in this work are very problematic experimentally. They decompose almost immediately after formation and thus cannot be isolated. In the NMR experiments, the hydride signals did not decoalesce and were too broad to obtain J(H,D). The dihydrogen bond distances were estimated from Crabtree's isotopic formula 25a and the positions of the hydride ligands in the theoretical structures. This method results in dihydrogen bond lengths of 0.89-1.14 Å (3) and 1.00-1.32 Å (4). However, the theoretical calculations do not reflect the difference in bond lengths indicated by the solution-phase studies (Mo < W) and, in fact, predict the opposite results (Mo > W). In a study 38 of the elongated dihydrogen complex [CpRu(H 2 )-(dppm)] + , anharmonic vibrational corrections to the geometry were necessary to obtain the correct H-H distance. Without the correction, the H-H distances were calculated to be too short. The anharmonic corrections are critically important in that case because that d 6 system easily forms a dihydride. It is the low energy of the dihydride that results in the anharmonic potential energy. 38 Here, in the d 0 systems the potential is nearly harmonic because there is no low-lying allhydride structure.

In conclusion, while the experimental and theoretical data are in good agreement for the Mo complex, the W complex gives a T 1min that is too long relative to the value that can be calculated from the optimized model. It is most likely that the difference between theory and experiment here stems from the approximations involved in applying the isotopic T 1min formula to a fluxional polyhydride/dihydrogen complex.

Conclusions

The protonation of the half-sandwich pentahydride complexes [CpMH 5 PMe 3 ] (Mo, 1; W, 2) are shown by theoretical methods to give the dihydrogen complexes [CpMH 4 (H 2 )PMe 3 + ] (Mo, 3; W 4). The experimental T 1min studies of these rare, highly unstable complexes give dihydrogen bond distances of 0.89-1.14 Å (3) and 1.00-1.32 Å (4), while the theoretical results are 0.898 Å (3T) and 0.871 Å (4T). While there may be discrepancies between the theoretical dihydrogen distances and those measured by T 1min , we feel that the theoretical results in this study are more accurate. The exchange transition states for these complexes correspond to the formation of stretched trihydrogen-anion species and have a barrier of ∼4 kcal/mol, which is in agreement with the inability to decoalesce the hydride signals at -140 °C.
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 5 Figure 5. Geometries of TSE and TSR for [CpW(H 2 )H 4 -(PH 3 )] + at the MP2 level in BSI. Structural parameters are listed in Tables3 and 4, respectively.
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Table 1 . Theoretical Geometries of [CpM(H 2 )H 4 (PH 3 )] + in BSI and BSII at the MP2 Level

 1 

		Mo, BSI	Mo, BSII	W, BSI	W, BSII
	parameter	MP2	MP2	MP2	MP2
	d(Ha-Ha), Å	0.826	0.898	0.825	0.871
	d(M-Ha), Å	1.873	1.830	1.911	1.814
	d(M-Hb), Å	1.732	1.709	1.735	1.706
	d(M-Hc), Å ∠(X Cp-M-Ha), a deg ∠(XCp-M-Hb), a deg ∠(XCp-M-Hc), a deg ∠(Ha-M-Ha), a deg ∠(C-XCp-M-Hb), a deg (75.36 (76.25 1.688 1.690 100.05 102.62 103.36 106.10 109.40 109.56 25.0 28.4 ∠(C-XCp-M-Hc), a deg (143.73 (144.48 (144.25 (143.89 1.709 1.680 100.73 102.80 104.37 105.78 108.22 108.69 24.9 27.8 (74.43 (75.21
	d(M-P), Å	2.553	2.506	2.550	2.502
	d(M-C), Å	2.363	2.346	2.372	2.345
	d(C-C), Å	1.474	1.476	1.473	1.475

a XCp is defined as the center of the Cp ring.

Table 2 . Energy Barriers for Hydride Exchange in [CpMH 6 (PH 3 )] + Relative to CpM(H 2 )H 4 (PH 3 ) +

 2 

		Mo, TSE	Mo, TSR	W, TSE	W, TSR
	HF//HF a	11.42 (9.70) 3.09 (4.76) 10.50 (8.18) 3.96 (5.38)
	MP2//MP2 a	5.37 (2.80) 5.42 (8.45) 5.31 (2.80) 5.89 (9.32)
	MP3//HF	7.04	4.27	6.42	5.06
	MP3//MP2	7.39 (4.13) 4.20 (6.42) 6.95 (4.02) 5.24 (8.28)
	CISD//HF	8.40	4.18	7.82	4.89
	CISD//MP2	8.39	4.13	8.04	5.11
	CCSD//HF	6.96	4.44	4.35	3.07
	CCSD//MP2 7.35	4.19	6.95	5.23

a Value in parentheses in the energy barrier calculated in BSII.

Table 3 . Theoretical Geometries for the Transition State (TSE) for Hydride Exchange in BSI and BSII at the MP2 Level

 3 

		Mo, BSI	Mo, BSII	W, BSI	W, BSII
	parameter	MP2	MP2	MP2	MP2
	d(Ha-Hb), Å	1.111	1.148	1.112	1.144
	d(M-Ha), Å	1.811	1.752	1.816	1.765
	d(M-Hb), Å	1.780	1.731	1.786	1.742
	d(M-Hc), Å	1.724	1.700	1.723	1.695
	d(M-Hd), Å ∠(XCp-M-Ha), a deg ∠(XCp-M-Hb), a deg ∠(XCp-M-Hc), a deg ∠(XCp-M-Hd), a deg ∠(C-XCp-M-Hb), a,b deg (38.60 1.712 113.45 108.97 103.93 99.37	1.693 114.52 110.56 105.41 100.48 (41.59	1.711 113.08 108.66 104.19 99.97 (38.31	1.686 113.93 109.59 105.36 100.70 (38.31
	d(M-P), Å	2.552	2.505	2.553	2.509
	d(M-C), Å	2.363	2.349	2.371	2.374
	d(C-C), Å	1.474	1.476	1.473	1.474

∠(C-XCp-M-Hc), a,b deg (109.18 (109.19 (109.48 (109.01

Table 4 . Theoretical Geometries for the Transition State (TSR) for Dihydrogen Rotation in BSI and BSII at the MP2 Level

 4 XCp is defined as the center of the Cp ring.

		Mo, BSI	Mo, BSII	W, BSI	W, BSII
	parameter	MP2	MP2	MP2	MP2
	d(Ha1-Ha2), Å	0.785	0.804	0.782	0.802
	d(M-Ha1), Å	1.956	1.907	1.990	1.910
	d(M-Ha2), Å	1.969	1.895	1.983	1.900
	d(M-Hb), Å	1.731	1.705	1.734	1.707
	d(M-Hc), Å ∠(XCp-M-Ha1), a deg ∠(XCp-M-Ha2), a deg ∠(XCp-M-Hb), a deg ∠(XCp-M-Hc), a deg ∠(Ha1-M-Ha2), deg ∠(C-XCp-M-Hb), a deg (78.77 1.710 99.55 122.62 106.53 98.59 23.0 ∠(C-XCp-M-Hc), a deg (145.23 (145.58 1.681 99.16 123.57 107.61 98.55 24.4 (80.53	1.706 97.86 120.55 107.34 98.57 22.7 (78.29 (145.79 (145.82 1.679 97.07 121.39 108.18 98.63 24.3 (79.65
	d(M-P), Å	2.550	2.508	2.547	2.501
	d(M-C), Å	2.362	2.340	2.375	2.340
	d(C-C), Å	1.475	1.477	1.474	1.476

a

(38) Gelabert, R.; Moreno, M.; Lluch, J. M.; Lledos, A. J. Am. Chem.Soc. 1997, 117, 9840. 
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