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DFT investigation of methane metathesis with L 2 AnCH 3 actinide complexes catalysts (L = Cl, Cp

Keywords: C-H bond activation, Actinide complexes, DFT calculations, Reaction mechanism

In order to understand the catalytic activity of the actinide complexes L 2 AnCH 3 (An = Ac, Th, Pa, U, Np and Pu; L = Cl, Cp and Cp*) towards the activation of the C-H bond of methane, relativistic ZORA/DFT investigations have been carried out. The results obtained from Linear Transit (LT) and Intrinsic Reaction Coordinate (IRC) calculations show that the mechanism involved in these reactions starts with a proton transfer from methane to the methyl group of the complex leading to the formation of a four center transition state characteristic of a bond metathesis process. The U(III) and Np(III) complexes exhibit a high ability to activate the methane C-H bond, the activation energies being respectively equal to 10.5, 17.1 and 21.0 kcal/mol for Cl 2 NpCH 3 , Cp 2 NpCH 3 and Cp* 2 UCH 3 respectively whereas the Th(III) complexes exhibit the highest activation energy, 34.9 kcal/mol for Cp* 2 ThCH 3 . Since the initial step of the reaction is viewed as a proton transfer, the analysis of the charges evolution and frontier molecular orbitals of the complexes and the transition states, shows that a facile polarization of the bonds involved in the reaction has the effect of reducing the activation energy. The role of the metallic 5f orbitals in the reactivity of the L 2 AnCH 3 compounds towards CH 4 is analyzed and discussed. More important the 5f actinide orbital contribution, less important is the activation energy.

Introduction

The potential catalytic reactivity of metallic compounds leading to the functionalization of alkane C-H bonds [START_REF] Labinger | Understanding and exploiting C-H bond activation[END_REF][START_REF] Jia | Conversion of alkanes to linear alkylsilanes using an iridiumiron-catalyzed tandem dehydrogenation-isomerization-hydrosilylation[END_REF] presents important applications in the chemical industry with financial and environmental benefits. It allows the conversion of saturated hydrocarbons into value-added chemicals products. Thus, such bonds activation by organometallic compounds has been an attracting and fascinating subject for a long time since the discovery of the role of the transition metal mediation in the activation of the C-H [3-7] as well as C-F [START_REF] Aizenberg | Catalytic Activation of Carbon-Fluorine Bonds by a Soluble Transition Metal Complex[END_REF][9], C-C, and H-H [START_REF] Kubas | Molecular hydrogen complexes: coordination of a sigma bond to transition metals[END_REF] strong bonds reminding their high bonding energy, about 100 kcal/mol for C-H. Among the pioneers in this area, Janowicz and Bergman [START_REF] Janowicz | Activation of carbon-hydrogen bonds in saturated hydrocarbons on photolysis of (ɳ 5 -C 5 Me 5 )(PMe 3 )IrH 2[END_REF] reported in 1982 the C-H additive-oxidative activation by the iridium complex (Cp*)(PMe 3 )IrH 2 in a high yield photolysis of a saturated hydrocarbon (R-H) solution at room temperature leading to the formation of the hydrido alkyl complex (Cp*)(PMe 3 )Ir(R)(H). Since then, investigations were carried out, not only on the reactivity of the transition metal ions/complexes toward C-H bonds [START_REF] Stahl | Homogeneous Oxidation of Alkanes by Electrophilic Late Transition Metals[END_REF][START_REF] Niu | Inter-and Intramolecular C-H Activation by a Cationic Iridium(III) Center via Oxidative-Addition Reductive-Elimination and σ-Bond Metathesis Pathways[END_REF][START_REF] Bromberg | The Mechanism of a C-H Bond Activation Reaction in Room-Temperature Alkane Solution[END_REF][START_REF] Rothwell | Carbon-hydrogen bond activation in early transition metal systems[END_REF][START_REF] Balcells | C-H Bond Activation in Transition Metal Species from a Computational Perspective[END_REF] but also on those involving f-block metal ones [17]. Thus, in 1983, Watson et al [START_REF] Watson | Facile C-H activation by lutetium-methyl and lutetium-hydride complexes[END_REF] showed the role of the Lu(Cp*) 2 R (R = CH 3 , H) complex mediation in the activation of various sp 2 and sp 3 C-H bonds as well as the sp 3 C-H bond of methane.

Activation of these inert bonds by organometallic complexes occurs via different modes like oxidative addition, 1,2-addition, σ-complex-assisted mechanism (σ-CAM) and electrophilic processes [19][START_REF] Gretz | Carbon-hydrogen bond activation by electrophilic transition-metal compounds. Palladium(II)-mediated oxidation of arenes and alkanes including methane[END_REF][START_REF] Bergman | A physical organic road to organometallic C-H oxidative addition reactions[END_REF]. The mainly known and most common mode especially for C-H bond activation by lanthanide and actinide complexes is the sigma-bond metathesis which involves a four centers transition state without change of the metal oxidation state [START_REF] Perrin | Lanthanide complexes: electronic structure and H-H, C-H and Si-H bond activation from a DFT perspective[END_REF]. Indeed, using DFT/B3PW91 calculations for the study of the CH 4 activation by the (Cp 2 ) * LnMe complex where Cp * is modeled by Cl and Ln is a lanthanide atom, Maron and coworkers [START_REF] Maron | DFT study of CH 4 activation by d 0 Cl 2 LnZ (Z = H, CH 3 ) complexes[END_REF] demonstrated that the overall reaction was sigma-bond metathesis which proceeds via proton transfer between two anionic groups near the lanthanide center [START_REF] Waterman | σ-Bond Metathesis: A 30-Year Retrospective[END_REF].

Regarding actinide complexes, few experimental studies [START_REF] Siladke | Actinide Metallocene Hydride Chemistry: C-H Activation in Tetramethylcyclopentadienyl Ligands to Form [μ-η 5 -C 5 Me 3 H(CH 2 ) -κC] 2-Tuck-over Ligands in a Tetrathorium Octahydride Complex[END_REF][START_REF] Peters | C-H Bond Activation with Actinides: The First Example of Intramolecular Ring Bite of a Pentamethylcyclopentadienyl Methyl Group[END_REF] and less theoretical studies related to the activation of C-H bonds have been reported [27]. The experimental investigation performed by Kiplinger and coworkers [START_REF] Kiplinger | sp 3 versus sp 2 C-H bond activation chemistry of 2-picoline by Th(IV) and U(IV) metallocene complexes[END_REF] highlighted the sp 3 and sp 2 C-H bonds activation by Th(IV) and U(IV) metallocene complexes respectively which were rationalized theoretically using DFT (B3LYP) computations by Yang et al [START_REF] Yang | Theoretical Studies of the sp 2 versus sp 3 C-H Bond Activation Chemistry of 2-Picoline by (C 5 Me 5 ) 2 An(CH 3 ) 2 Complexes (An = Th, U)[END_REF]. Otherwise, the study of the reactivity of Ac + -Pu + actinide cations toward methane C-H bond in gas phase, using a DFT approach, has been reported by Almeida et al [START_REF] De Almeida | Gas phase methane activation by the Ac + -Pu + ions: theoretical insights into the role of 5f electrons/orbitals in early actinide chemistry[END_REF].

In order to clarify the potential catalytic activity of different actinide complexes towards CH 4 C-H bond activation and the role of the various ligands, we have undertaken a DFT study of the reaction L 2 AnCH 3 + CH 4 (L = Cl (chlorine), Cp (cyclopentadienyl), Cp* (pentamethylcyclopentadienyl); An = Ac, Th, Pa, U, Np, Pu). The analysis of the obtained results and the comparison with those involving lanthanide complexes should provide an understanding of the reaction process, the ability of the actinide complexes to activate the methane C-H bond as well as the role of the ligand (Cl, Cp et Cp*) on these reactions. The role of the 5f electrons of the actinide ions in the reaction will be also investigated.

Computational details

For all the studied complexes, the calculations were performed using Density Functional Theory (DFT) [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF][START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF][START_REF] Parr | Density-Functional Theory of Atoms and Molecules[END_REF], scalar relativistic corrections being introduced via the zeroth-order regular approximation (ZORA) [START_REF] Van Lenthe | Relativistic regular two-component Hamiltonians[END_REF][START_REF] Van Lenthe | Relativistic total energy using regular approximations[END_REF][START_REF] Van Lenthe | Geometry optimizations in the zero order regular approximation for relativistic effects[END_REF] to the Dirac equation. Solvent effects (tetrahydrofuran, THF) have been accounted using the conductor-like screening model (COSMO) [37], as implemented in the employed Amsterdam Density Functional (ADF2014.01) program package, which is well suited for the study of the electronic structure and reactivity of actinide molecular systems [START_REF] Fonseca | Towards an order-N DFT method[END_REF][START_REF] Velde | Chemistry with ADF[END_REF][START_REF] Adf | SCM, Theoretical Chemistry[END_REF]. The Vosko-Wilk-Nusair functional (VWN) [START_REF] Vosko | Accurate spin-dependent electron liquid correlation energies for local spin density calculations: a critical analysis[END_REF] for the local density approximation and the gradient corrections for the exchange and correlation of Becke and Perdew, respectively, i.e., the BP86 functional [42-43] have been used. Geometry optimizations which have been carried out at the scalar relativistic level were followed by single point computations including spin-orbit coupling. In this work, we used for all atoms a triple-ζ Slater-type valence orbitals augmented by one set of polarization functions, i.e. the triple-zeta polarized (TZP) basis set, taken from the ADF/ZORA/TZP database directory. The spin unrestricted DFT formalism is used for the open-shell systems.

The frozen-core approximation, where the core density is obtained from four component Dirac-Slater calculations, has been applied for all atoms; the electronic cores 1s and 1s/2s/2p were frozen for the elements carbon (C.1s) and chlorine (Cl.2p) respectively. The atomic basis sets of the heavy element An, include the valence 5f/6s/6p/6d/7s/7p shells, were considered according to the "medium core" approximation (An.5d). Numerous theoretical studies have shown that the ZORA/BP86/TZP approach reproduces the experimental geometries and ground-state properties of f-element complexes with a satisfying accuracy [START_REF] Ricciardi | Electronic structure, chemical bond, and optical spectra of metal bis (porphyrin) complexes: a DFT/TDDFT study of the bis (porphyrin) M (IV) (M= Zr, Ce, Th) series[END_REF][START_REF] Kaltsoyannis | Recent developments in computational actinide chemistry[END_REF][46][47].

In this study, we carried out first the full geometry optimizations of the species under consideration, in the gas phase, at the spin unrestricted level. Next, the geometries were re-optimized in the solvent (THF) using the COSMO model. We used the non-default Delley type of cavity [37b], the solvent being considered with its relative dielectric constant of 7.58 and its effective cavity radius of 3.18 Å. Then, our complexes being f-element species, where spin-orbit corrections are expected to be important, single-point calculations including spinorbit coupling were done using the previously optimized geometries, for both the gas phase and the solution.

Through an harmonic vibrational frequency analysis, the stationary points on the potential energy surface (PES) identified via linear transit (LT) calculations performed for all L 2 AnCH 3 + CH 4 reactions, were confirmed to be equilibrium structures (all normal modes have real frequencies, NIMAG = 0), or transition states (TSs) characterized by one normal mode with an imaginary frequency (NIMAG = 1). The character of the normal mode associated with the imaginary frequency was analyzed to ensure that the correct transition state was found. The connectivity between the stationary points was established by intrinsic reaction coordinate (IRC) calculations [START_REF] Gonzalez | An improved algorithm for reaction path following[END_REF] to check the connections of the first-order saddle points with the local minima found on the PES. The zero-point vibration energy (ZPVE) contributions have been included in the computed free energies at T = 298.15 K. The activation energies ∆G # are then calculated as the free energy differences between the transition state and the reactant (∆G # = ∆G(TS) -∆G(reactants)), whereas the enthalpy barriers represent the enthalpy differences between the transition state and the reactant (∆H # = ∆H(TS) -∆H(reactants)), and the electronic activation energies ∆E # corresponds to the total bonding energies (TBEs) differences (∆E # = TBE(TS) -TBE(reactants)) between the transition state and the reactants, reminding that the ADF program computes TBEs of the considered species instead of their energies.

Finally, the Mulliken populations and Hirshfeld analyses were carried out to follow the charge transfers during the chemical reactions.

The computational exploration of f-block element compounds reactivity is a difficult task owing to the fact that it often involves open shell systems, with spin contamination and SCF convergence problems. It should be noted that in our case, we checked that all species occurring during the L 2 AnCH 3 + CH 4 reaction process (reactants, TSs and products) exhibit a negligible spin contamination (deviation less than 3% between the computed values <S 2 > of the squared spin operator and the exact ones).

Results and discussion

Preliminary calculations

In order to verify the reliability of the methodology used in the present work, the C-H bond activation by actinide complexes (Cp) 2 An(Me) 2 with An = U and Np have been explored in order to compare our results to the previous studies involving the same complexes and the same reactions [START_REF] Castro | Are 5f Electrons Really Active in Organoactinide Reactivity? Some Insights from DFT Studies[END_REF]. In these studies, Castro et al. used a DFT approach with the B3PW91 functional validated by CASSCF (complete active space SCF) computations. The same methodology was used by Barros et al. [START_REF] Barros | Single but stronger UO, double but weaker UNMe Bonds: The tale told by Cp 2 UO and Cp 2 UNR[END_REF] to the study of the reaction of Cp 2 UNMe and Cp 2 UO with MeC≡CMe and H 3 Si-Cl. By comparing the results obtained with the multireference calculations (CAS (2,7) for U and CAS (3,7) for Np) to those obtained by DFT approach, the authors observed that these systems do not exhibit significant multireference character, only one configuration is dominant with a weight practically equal to 100 % The obtained results using our (ZORA/BP86) approach on (Cp) 2 An(Me) 2 complexes are reported on Figure 1 where the structures of the reactants and TSs are displayed. Concerning the reactivity of (Cp) 2 U(Me) 2 with methane as well as the reaction involving (Cp) 2 Np(Me) 2 , the geometrical parameters of the reactant and the TS are in good agreement with those obtained by Castro et al. (Geometrical coordinates are given in SI 1). As it can be seen, the calculated U-C2 bond lengths in the reactant and TS are 2.40 and 2.60 Å respectively, close to those of Castro and coworkers, respectively 2.40 and 2.65 Å. The activation energies ∆G # of the Cp 2 AnMe 2 + CH 4 reaction with An = U and Np are found to be equal to 34.8 kcal/mol and 32.6 kcal/mol respectively whereas the previous study of Castro estimates these activation energies around 41.7 kcal/mol and 39.6 kcal/mol respectively, noting that the energy difference between the two actinide complexes is the same in both calculations.

To conclude, our ZORA/BP86 approach leads to very similar results to those previously published, and can then be used in the study of the reactivity of L 2 AnCH 3 (L = Cl, Cp and Cp*) complexes toward the methane molecule. + CH 4 . Distances in angstroms (Å) and angles in degrees (°). Values of reference [START_REF] Castro | Are 5f Electrons Really Active in Organoactinide Reactivity? Some Insights from DFT Studies[END_REF] between parentheses.

L 2 AnCH 3 complexes

Optimized geometries

The geometries of the L 2 AnCH 3 complexes where An = Ac, Th, Pa, U, Np, and Pu and L = Cl, Cp, and Cp* have been fully optimized in the gas phase and in the solvent THF, at the spin-unrestricted level of theory. All compounds were considered without any symmetry constraints. We have considered different possible spin states for each complex. The optimized geometries determined in both the gas phase and THF solvent have been verified as minima by vibration frequencies calculation.

The overall symmetry of the optimized structures has been found similar for all actinide complexes. As an example we display on Figure 2 the optimized geometries of the uranium complexes. The ground state optimized geometrical parameters of the Cl 2 AnCH 3 and Cp 2 AnCH 3 (with An = Ac, Th, Pa, U, Np and Pu) complexes are reported in Table 1. 2 In this series of complexes, the results show that the variation of the An-Cl distance is not equal to the contraction of the An(III) ionic radius. Indeed, the M-Cl distance decreases from Ac to U by 0.156 Ǻ for an ionic contraction equal to 0.090 Å; the U-Cl, Np-Cl and Pu-Cl distances are calculated to be very close. The observed differences do not exceed 6.10 -3 Ǻ for a contraction of the ionic radius equal to 0.033 Ǻ. A slightly different trend is observed in the case of the An-C distance with the exception of the Cl 2 PaCH 3 complex which has the smallest An-C bond (2.349 Ǻ). A bond length shortening of 0.179 Ǻ is observed going from Ac to Pu for a contraction of the ionic radius equal to 0.125 Ǻ. However, like the An-Cl distances, the U-C, Np-C and Pu-C distances are very close; the calculated differences do not exceed 5.10 -3 Ǻ. This trend is in accordance with the Nalewajski-Mrozek (NM) bond orders [51] where the values of the An-Cl and An-C bond indices, increase from 1.023 to 1.303 and from 0.870 to 1.039 respectively, in accordance with the decrease of the corresponding distances from Ac to Pa, then these values decrease insignificantly until Np (1.234 and 0.999). Pu complex presents the lowest bond indices (0.648 and 0.738 respectively) (Full NM bond orders are in SI.6).

The structures of Cl 2 AnCH 3 complexes have more or less pyramidal geometries as indicated by the sum of the bond angles An-Cl and An-C, except the complex Cl 2 ThCH 3 which has a planar triangular geometry as indicated by the value of the sum of its bonding angles (equal to 360 °).

In the case of Cp When the Cp ligand is substituted by the Cp* ligand, we note a very slight increase in the An-C distances. Its variation throughout the series of complexes remains unchanged. On the other hand, the Cp*-An-Cp* angle is greater than the Cp-An-Cp one with a maximum deviation equal to 23.9° in the case of the Pa complex. This is probably due to the steric hindrance effect due the methyl groups of the Cp*. The effect of the solvent on these neutral complexes is not important. There is only a slight decrease of the An-C (Cp*) distances. Indeed, with the exception of the Ac complex, the distance An-C(CH 3 ) increases by 0.02 Å. The angle Cp*-An-Cp* is almost invariant, the whole geometric parameters are given in SI.3. Generally, the total bonding energies (TBEs) of Cl 2 AnCH 3 complexes in their high spin ground states are of the same order of magnitude, although they decrease from the Ac complex (-31.521 eV) to the Np one (-34.640 eV) in accordance with the number of unpaired electrons, in other words with the number of 5f electrons. When the Cl ligand is substituted by the Cp or Cp* ligand, the TBE variation still remain the same in the two series of complexes.

The TBEs of all complexes, including the solvent effects and spin-orbit corrections are given in Table SI.5 as well as the discussion of these values.

Charge and frontier molecular orbital (FMO) analysis

In order to investigate the electronic structure of the L 2 AnCH 3 complexes, in particular the metal-ligand interactions, Mulliken populations (MPA) and Hirshfeld [START_REF] Hirshfeld | Bonded-atom fragments for describing molecular charge densities[END_REF] charges analyses were carried out. For example, in Table 2 are given the net charges of the metal, the CH 3 group and Cl ligand of Cl 2 AnCH 3 complexes as well as the metal spin population (MSP) which is given by the difference between the total spin populations α and β of the metal, for the Ac, Th, Pa, U, Np and Pu complexes. The ligand-to-metal donation is evidenced by the net MPA charge of the metal, varying from 0.92 for Pa complex to 1.29 for Ac complex, which is much lower than its ionic charge +3. As indicated by the negative charge of the CH 3 fragments the metal-methyl bond exhibits some ionic character. A detailed charge analysis is reported in SI.6. Moreover, Hirshfeld analysis leads to lower net charges compared to MPA ones.

In order to highlight the role of the orbitals of the actinide atom, particularly that of the valence shell in the studied complexes, a frontier molecular orbital (FMO) analysis was undertaken. In particular, we will focus on the highest single occupied molecular orbital (SOMO or HOMO) and the lowest unoccupied molecular orbital (LUMO).

The FMO diagram of Cl 2 AnCH 3 is displayed in Figure 3 (the full diagrams of all complexes with different ligands are given in SI.7). The energies of these FMOs are given with the percentages d/f/An/L representing the percentage weights of the d and f orbitals, as well as those of actinide atoms and all ligands L (L 2 + CH 3 ). All the FMOs of the Pa, U, Np and Pu complexes are of predominantly 5f metallic character with a minor contribution of the ligands An +3 Spin population Mulliken - (Hirshfeld) in the first three complexes (less than or equal to 3.7%) and a significant contribution (10%)

to the LUMO in the last complex.

The FMOs of Th complex are mainly localized on the metal atom. The contribution of the 5f orbitals is negligible in the SOMO (1.9%) and is important in the LUMO (52.4%).

In the Cl 2 AcCH 3 complex, the SOMO is delocalized on the metal center and the carbon of the methyl group with a greater participation of the latter (61.4%). The LUMO has a majority metallic character (92.3%). 

Methane C-H bond activation by L 2 AnCH 3 complexes

The activation reaction of the C-H bond of methane CH 4 by the actinide complexes was studied in the gas phase and in THF solution at the same level of theory, namely using DFT/ZORA/BP86/TZP calculations. The balance equations are given in scheme 1:

Scheme 1 (the bold blue color to indicate the transferred methyl group from methane to the complex).

This reaction, also called Watson exchange, was observed for the first time with the complex (Cp*) 2 Lu(III)Me [START_REF] Watson | Facile C-H activation by lutetium-methyl and lutetium-hydride complexes[END_REF].

Transition state geometries

The linear transit (LT) approach was performed in order to identify the transition states on the PES for all reactions between 

Energy profiles

These reactions correspond to a methyl exchange so that the difference in free energies between the reactants and the product is equal to zero (∆G° = 0 kcal/mol). Activation energies ∆G # were calculated as the free energy difference between the transition state and the The results show that the highest value of activation energy relative to a given series of complexes is obtained for the Th complex regardless the ligand. The The comparison between the two series of complexes Cl 2 AnCH 3 and (Cp*) 2 AnCH 3 shows that the difference between the activation energies increases with the decrease of the ionic metal radius and it varies between 4.4 kcal/mol for Ac and 7.5 kcal/mol for Pu. For the two series of complexes Cp 2 AnCH 3 and (Cp*) 2 AnCH 3 , this difference oscillates around the value of 3.9 kcal/mol for Ac, Pa, U and Pu and it takes the limit value of 6.1 kcal/mol in the case of Th. Methyl groups of the cyclopentadienyl rings have a more or less steric influence.

However, the L 2 NpCH 3 complexes (L = Cl, Cp and Cp*) remain the exception with the highest differences (6.62, 14.65 and 8.03 kcal/mol respectively).

Concerning the (Cp*) 2 AnCH 3 + CH 4 reaction, the influence of the solvent on the activation energies is rather weak except for the (Cp*) 2 UCH 3 complex which exhibits an increase of the order of 3.8 kcal/mol of the activation energy compared to the gas phase. Not surprisingly the activation energies are unaffected by the spin-orbit corrections (SOCs). In fact, according to Table 5 where the SOC energies of the different species (reactants and transition states) related to (Cp*) 2 AnCH 3 complexes as well as the activation energy with and without SOC (values within parentheses) are reported, the activation energies still have the same magnitude compared to those without SOC because both the reactants and the transition states are affected in the same way by SOC. The influence of the oxidation state of the L 2 AnCH 3 (L = Cl, Cp and An = Th, Pa, U, Np and Pu) reactants on their reactivity toward methane has also been studied considering the oxidation state IV which is also common to the actinides (the detailed calculations are displayed in SI.8 and SI.9). In the Cl 2 AnCH 3 series of complexes, the Th and the Pa complexes still remain the less reactive but with lower barrier values, 17.4 and 14.2 kcal/mol respectively, than those with oxidation number III whereas the U, Pu and Np complexes are the more reactive with activation energies of 7.4, 10.6 and 11.8 kcal/mol respectively. In Cp 2 AnCH 3 series of complexes, the trend is comparable to that of oxidation state III, the U and Np complexes are the more reactive with close activation energies (18.9 and 19.2 kcal/mol respectively) which increase slightly for Pu (19.4 kcal/mol) to Th (21.5 kcal/mol) complexes.

Charge and FMO analysis

Although the steric effects and the ionic radius of the metal cannot be neglected, these factors are not the only ones which determine the activation energies of the reaction. So, we undertook other analyses related to the transition states, the first one related to the charge distribution and transfer during the reaction process. The atomic net charges and the metal spin density, according to the Hirshfeld analysis, in the four centers transition state involved in the reaction are given in Table 6. The results of Table 6 show alternating positive and negative charges on the four centers involved in reactions, i.e. L 2 An, CH 3 , CH 3 ' and H, as depicted on Figure 8. This distribution of charges is likely to stabilize such transition state. During the reaction process the charges distribution changes; the An-C(CH 3 ) bonds become less polarized than in the reactive state and charge transfer from the methyl group to the L 2 An fragment occurs. To evaluate the influence of this evolution on the activation energies, we calculated the variations of charge Δq (TSreactant) of the L 2 An fragment as the difference between its charges in the TS and in the reactant (as given in Table 7). Within each series of complexes, the U and Np complexes which are characterized by high charge transfer whatever the ligands (0.13 and 0.15 respectively for the Cl ligand) exhibit also the lowest activation energies contrarily to the Th complexes which exhibit a low charge transfer (0.04 for Cl ligand) and present high activation energy.

However, according to the Figure 9 where the correlation between the activation energy and the charge transferred from the methyl group to the L 2 An fragment (with L = Cl, Cp) is displayed, a better linear correlation is noted for the reactions involving the Cl 2 AnCH 3 complexes compared to those involving the Cp 2 AnCH 3. In the case of (Cp*) 2 AnCH 3 complexes the correlation is less good even if the Np and U complexes still remain the most reactive. This is probably due the steric hindrance effect on the activation energies. As suggested by Bursten and Burns [START_REF] Burns | Covalency in f-element organoletallic complexes: Theory and experiment[END_REF] discussing the covalent character of An-ligand bonds for the early actinides, the actinide 6d orbitals, which are more diffuse, are involved in the covalent nature of the An-CH 3 bond. In addition, it is known that An 5f orbitals are less contracted compared to those of lanthanide 4f and they are also involved in the formation of covalent bonds.

Moreover, in the early actinides, the 5f orbitals are very close in energy to the 6d orbitals (more than the 4f and 5d lanthanide orbitals) and can therefore be involved with the latter orbitals and the 7s orbitals to form metal-ligand bonds. Noting that even if the contribution of 6d and 7s orbitals to the FMOs is low for the almost complexes understudy, the calculation shows that these atomic orbital contribute to the other inner molecular orbitals lower in energy; indeed, in the case of Cl 2 PaCH 3 , the percentage contributions to SOMO-1 of 7s and 6d orbitals are respectively 34.9% and 11.6% in the transition state, and of 43.3% and 24.51% in the reactant.

For the transition states of Cl 2 AnCH 3 + CH 4 (An = Pa, U, Np and P) reactions, as one can see on Figure 10, the contribution of 5f orbitals to the SOMO are identical with a difference not more than 3.03%. The weight of these same orbitals in the LUMO is however different. It increases from Pa (78.4%) to Np (94.7%) and then decreases slightly from Np to Pu (87.7%).

Here, we find that the activation energy decreases in parallel with the increase of the contribution of 5f orbitals to the LUMO. Thus, the transition state structures as well as the reactant complexes with mainly 5f orbitals contribution in the FMOs exhibit less important activation energies which make them more efficient to activate the methane C-H bond. In fact, the reactions involving Cl 2 UCH 3 Cl 2 NpCH 3 complexes with low activation energies (13.68 and 10.48 kcal/mol respectively) correspond to the structures with an important 5f orbitals average contribution (92.9 and 94.3 % respectively) contrarily to the less reactive Cl 2 ThCH 3 complex which exhibits the lowest average 5f contribution (37.7 %) in this series of complexes. The same trend is observed for the Cp 2 AnCH 3 series but less pronounced in the (Cp*) 2 AnCH 3 series because of the steric hindrance effect which is not negligible in this case.

Conclusion

The present work was devoted to the study of the reactivity of L 2 AnCH 3 (An = Ac, Th, Pa, U, Np and Pu; L= Cl, Cp and Cp*) complexes toward methane C-H bond activation using relativistic DFT calculations, taking into account the solvent effect and spin-orbit coupling.

The computational results show that the ground state of these complexes corresponds to the 
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 1 Fig. 1. Optimized geometries of the reactant and transition state for the reaction Cp 2 U(CH 3 ) 2

Fig. 2 .

 2 Fig. 2. Optimized geometries of L 2 UCH 3 complexes (with L = Cl, Cp and Cp*). Distances are in angstroms (Å) and angles in degrees (°).
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 2 AnCH 3 complexes like their Cl 2 AnCH 3 counterparts, the An-C distance decreases by 0.160 Ǻ (against 0.179 Ǻ in the Cl 2 AnCH 3 complexes) going from Ac (2.620 Ǻ) to Pu (2.460 Ǻ), with the exception of Cp 2 PaCH 3 complex which has the shortest distance An-C like its Cl 2 PaCH 3 counterpart. It is noteworthy that this An-C distance is longer in the Cp 2 AnCH 3 complexes compared to the Cl 2 AnCH 3 complexes because of the steric hindrance of the Cp groups. The variation of the distances An-(Cp) and An-(Cp') where (Cp) indicates the center of the ring, does not follow also the contraction of the metallic ionic radius. Although they are both very close for all complexes, they do not vary exactly in the same way. The mean distance An-(Cp) decreases significantly from Ac to Pa by about 0.245 Å and then increases slightly to Pu by 0.024 Å. The (Cp)-An-(Cp') angle in Pa and Pu complexes is smaller; this is probably due to a steric repulsion effect between the two cyclopentadienyl ligands which is less important when the An-(Cp) distance is shorter, as in the case of Pa complex.
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 33 Fig. 3. Frontier Molecular Orbitals diagram of Cl 2 AnCH 3 complexes at ZORA/BP86/TZP level.
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 2124 Fig.4. L 2 AnCH 3 + CH 4 methyl exchange reaction
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 5 Fig. 5. Optimized transition states of L 2 UCH 3 + CH 4 reactions. a) L = Cl b) L = Cp c) L = Cp*. Distances are in angstroms (Å) and angles in degrees (°).

  Figure 6.

Fig. 6 .

 6 Fig. 6. Energy profiles of L 2 AnCH 3 + CH 4 reactions in gas phase: a) L = Cl, An = U. b) L = Cp, An = U. c) L = Cp*, An = U. d) L = Cl, An = Pa[1] singlet and Pa[3] triplet states.

  Cl 2 ThCH 3 and Cp 2 ThCH 3 complexes have close activation energy values, i.e. 29.9 kcal/mol and 28.8 kcal/mol respectively. The activation energy of the complex (Cp*) 2 ThCH 3 is equal to 34.9 kcal/mol. These values show that the Th(III) complexes are the less reactive. The activation energies decrease to the lowest value by going from Th to Np in the case of Cl 2 AnCH 3 and Cp 2 AnCH 3 and going from Th to U in the case of the (Cp*) 2 AnCH 3 series of complexes. The (Cp*) 2 UCH 3 complex exhibits the lowest activation energy (21.04 kcal/mol) making it the most reactive among the (Cp*) 2 AnCH 3 series whereas Cl 2 NpCH 3 and Cp 2 NpCH 3 are the more reactive complexes in their corresponding series with activation energies of 10.48 and 17.10 kcal/mol respectively. Two possible spin states have been explored for the Pa complexes i.e. a triplet and a singlet one which exhibit practically identical activation energy 21.36 kcal/mol and 21.52 kcal/mol respectively for the triplet and the singlet, even if the singlet ground state of the complex is less stable by 8.43 kcal/mol relatively to the triplet one as indicated in Figure 6d.

Figure 7

 7 Figure7shows that the two plots representing the two series of complexes Cl 2 AnCH 3 and Cp 2 AnCH 3 behave qualitatively in a similar way. As expected, the complexes carrying the Cp* ligands exhibit the highest activation energies due to the larger steric hindrance they create making access of the CH 4 molecule to the An-C bond difficult.
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 7 Fig. 7. Computed activation energies of the L 2 AnCH 3 + CH 4 reactions in the gas phase

Fig. 8 .

 8 Fig. 8. Hirshfeld charge distribution in the TS structure of the L 2 UCH 3 + CH 4 reaction (L= Cl, Cp and Cp *).
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  Since this is a mechanism for a proton transfer between two methyl groups, it is interesting to follow and analyze the evolution and redistribution of the electronic charges during the reaction. In the reaction whatever the ligand, the H 3 C-H bond approaches the An-C bond with the CH 3 group closer to the metal. The strong polarity of An-C bond induces the polarization of the H 3 C-H bond required for this reaction. It seems that there is no direct correlation between the charge polarity (charge separation) of the An-C(CH 3 ) bond and the values of the calculated activation energies along each series. Moreover, a large polarity (charge separation) in the case of the Cp 2 AnCH 3 and (Cp*) 2 AnCH 3 complexes does not necessarily lead to low activation energies.

Fig. 9 .

 9 Fig. 9. Activation energy versus the transferred charges from the methyl group to the L 2 An fragment ∆q (L 2 An) for actinide complexes. a) L = Cl; b) L = Cp.

Fig. 10 .

 10 Fig. 10. Frontier Molecular Orbitals diagram of Cl 2 AnCH 3 + CH 4 transition states at ZORA/BP86/TZP level(L% =Cl 2 +CH 3 ).

Fig. 11 .

 11 Fig. 11. Correlation between the activation energy and the contribution of 5f orbitals in LUMO (for L 2 AnCH 3 + CH 4 reactions, L = Cl).

SI. 1 :SI. 2 : 8 :

 128 to the LUMO (%) higher spin state with mainly 5f orbital contribution to the FMO(s) in the case of Pa, U, Np and Pu complexes whatever the ligand. All the transition states found and confirmed thanks to LT and IRC calculations exhibit identical structure, four center cycles, characteristic of σmetathesis reaction where a proton is transferred between the two methyl groups. In the two series of Cl 2 AnCH 3 and Cp 2 AnCH 3 complexes, the Np complex seems to be the more reactive regarding the C-H bond activation, whereas in the Cp* 2 AnCH 3 case, the U complex is found to be the more reactive with an activation energy of 21.04 kcal/mol; moreover, in all cases the activation energy of Np and U complexes are close. Finally, there is only a small influence of the metal oxidation state (III or IV) on the activation energies. The U(IV) and Np(IV) complexes appear to be the most reactive ones.Charge and FMOs analyses highlight correlations between activation energies and the transferred charge from the methyl group to L 2 An fragment on one hand and the weight of 5f orbitals in FMO on the other one. Globally, more important the charge transferred from the reactant CH 4 to the L 2 An fragment lower is the activation energy. More important the 5f actinide orbital contribution, less important is the activation energy. Although the 6d metal orbital contribution to the metal-ligand bonding is important, the participation of the 5f electrons in bonding is evidenced particularly in the case of the two series of L 2 AnCH 3 (L = Cl and Cp) complexes. This participation is also highlighted by the important 5f orbitals contribution in the FMOs. In the case of Cp* complexes, the activation energy is not only governed only by the nature of bonding but also by the steric hindrance of the Cp* ligands.Supporting InformationOptimized coordinates of reactants and Transition State in gas phase for: (a) L 2 AnCH 3 + CH 4 (An = Ac, Th, Pa, U, Np, Pu) reactions; (b) Cp 2 An(Me) 2 + CH 4 (An = U, Np) reactions. Optimized structures of L 2 AnCH 3 + CH 4 systems SI.3: Geometrical parameters of the all species (Reactants and TS) in gas phase and in THF SI.4: Vibrational frequencies of the Transition States SI.5: Total Bonding Energies SI.6: Mulliken Populations, Hirshfeld Charges and Nalewajski-Mrozek bond orders Analyses SI.7: Energies and compositions of the frontier molecular orbitals SI.Optimized coordinates of L 2 AnCH 3 + + CH 4 systems SI. 9: Total bonding energy of L 2 AnCH 3 + + CH 4 systems

  

  

Table 1 :

 1 Main geometrical parameters a (distances (Ǻ) and angles (°)) of An(III) L 2 AnCH 3 complexes (L = Cl and Cp) at the ZORA/BP86/TZP level in gas phase.

	Cl 2 AnCH 3	Ac	Th	Pa	U	Np	Pu
	An-Cl	2.685	2.590	2.544	2.529	2.531	2.535
	An-C	2.538	2.404	2.349	2.364	2.363	2.359
	Cl-An-Cl'	114.4	131.9	124.0	111.7	114.2	118.4
	Sum of angles	324.0	358.7	341.8	312.7	312.2	315.2
	Cp 2 AnCH 3	Ac	Th	Pa	U	Np	Pu
	An-Cp	2.688	2.554	2.447	2.431	2.465	2.471
	An-Cp'	2.688	2.552	2.439	2.466	2.461	2.462
	An-C	2.620	2.500	2.453	2.478	2.464	2.460
	Cp-An-Cp'	138.6	137.6	126.7	140.8	134.1	127.7

a Distances and angles are defined in Fig.

Table 2 :

 2 MPA, Hirshfeld atomic charges (values in parentheses) of Cl 2 AnCH 3 in the gas phase.

Table 3 :

 3 Main geometrical parameters (distances (Ǻ) and angles (°)) of the transition states of the Cp* 2 AnCH 3 + CH 4 reaction at the ZORA/BP86/TZP level in the gas phase to 0.07Å. On the other hand, the angle C(Cp)-U-C'(Cp') is somewhat affected by this reaction since it decreases by 13.5 °. In all the studied complexes, the proton is bridged almost halfway between the two carbons of the two methyl groups and forms an

	TS (Cp*) 2 AnCH 3 +CH 4	An-Cp* An-C	An-H	C-H	C-H-C' C-An-C' Cp*-An-Cp*'
	Ac	2.675	2.770	2.305	1.456	175.7	63.3	140.2
	Th	2.554	2.713	2.234	1.444	174.8	64.2	141.0
	Pa	2.473	2.644	2.185	1.443	177.2	65.9	152.6
	U	2.462	2.617	2.159	1.446	178.4	67.2	145.5
	Np	2.473	2.607	2.141	1.451	177.0	67.8	139.4
	Pu	2.486	2.634	2.153	1.447	176.3	66.6	134.2

It should be noted that in the Cp 2 UCH 3 complex, the CH 4 approach leads to a noticeable lengthening of the U-C(Cp) bond equal to approximately 0.16 Å whereas the other U-C'(Cp) elongates only up eliminated because it involves the π-bond participation and thus requires the presence of metal-element multiple bond. The σ-CAM involves the formation of a stable σ-complex (though not always isolable) prior to C-H cleavage which is not observed in the reactions under study.

It is also noted that the An-C and An-H distances are shorter in the Cl 2 AnCH 3 + CH 4 transition state compared to its Cp and Cp* systems counterparts. In all complexes, there is a significant decrease of the An-H distance from Ac to U and U to Pu where this decrease becomes less important. On the other hand, the values of this distance in the Cp 2 AnCH 3 and (Cp*) 2 AnCH 3 complexes are very close, as in the case of (Cp) 2 PuCH 3 and (Cp*) 2 PuCH 3 where the An-H distances are 2.148 and 2.153 Å respectively whereas in Cl 2 PuCH 3 this distance was found equal to 2.100 Å.

Table 4 :

 4 Activation energy ∆G

			∆G # (kcal/mol)	
	An	L = Cl	L = Cp	L = Cp* (gas) L = Cp* (THF)
	Ac	22.92	23.42	27.32	26.93
	Th	29.88	28.83	34.91	34.08
	Pa	21.36	23.40	27.30	26.78
	U	13.68	17.25	21.04	24.87
	Np	10.48	17.10	25.13	25.25
	Pu	17.51	21.11	25.03	25.79

# (kcal/mol) of the reaction L 2 AnCH 3 + CH 4 (L = Cl, Cp and Cp*) in gas phase and in THF solution (only for Cp*).

Table 5 :

 5 Spin-orbit correction energies E SOC (of reactants and transitions states) and activation energies ∆E # of (Cp*) 2 AnCH 3 + CH 4 reactions. (Values of ∆E # given within parentheses correspond to the activation energies without SOC); all energies are in kcal/mol.

	An		Ac	Th	Pa	U	Np	Pu
	Reactants	-63.88	-68.77	-86.67	102.83	-114.23	-126.59
	E SOC	TS	-63.93	-68.83	-86.61 -103.09 -114.52	-126.95
	∆E #		16.98	24.05	20.31	12.29	15.60	15.57
			(16.91)	(24.16)	(19.76)	(12.54)	(15.85)	(15.81)

Table 6 :

 6 Hirshfeld charges of TSs of the L 2 AnCH 3 + CH 4 reaction at the ZORA/BP86/TZP level in gas phase: L = Cl (L = Cp, within parentheses).

	L 2 AnCH 3	Spin		Hirshfeld net charges L = Cl ( L = Cp)	
		population	An	Cp 2	AnCp 2	CH 3	CH 3 '	H
	Ac	0.00 (0.00)	0.84 (0.74)	-0.67 (-0.46)	0.17 (0.28)	-0.09 (-0.15)	-0.10 (-0.15)	0.01 (0.01)
	Th	0.91 (1.05)	0.57 (0.56)	-0.45 (-0.33)	0.12 (0.23)	-0.07 (-0.12)	-0.07 (-0.12)	0.02 (0.02)
	Pa	1.79 (2.14)	0.62 (0.66)	-0.51 (-0.46)	0.10 (0.20)	-0.06 (-0.11)	-0.06 (-0.11)	0.02 (0.01)
	U	2.96 (3.19)	0.61 (0.61)	-0.54 (-0.43)	0.07 (0.19)	-0.04 (-0.10)	-0.05 (-0.10)	0.02 (0.02)
	Np	4.18 (4.22)	0.60 (0.57)	-0.56 (-0.38)	0.05 (0.19)	-0.03 (-0.10)	-0.04 (-0.11)	0.02 (0.02)
	Pu	5.31 (5.30)	0.74 (0.71)	-0.65 (-0.47)	0.09 (0.24)	-0.05 (-0.12)	-0.05 (-0.13)	0.01 (0.01)

Table 7 :

 7 Hirshfeld Charge difference of the L 2 An fragment between the reactant and the corresponding TS. An) are negative thus indicating an electron density transfer from the methyl groups to the L 2 An fragment. By comparing the three series of complexes with each other, we observe a decrease in the transferred charge from the Cl ligand to the Cp* one, as seen for example in Pa complexes, where the charge transfer is 0.09, 0.07 and 0.04 with Cl, Cp and Cp* ligands respectively, thus causing the increase of activation energies when passing from Cl, Cp to Cp* ligands for each actinide.

	Cl 2 AnCH 3	Ac	Th	Pa	U	Np	Pu
	∆q (Cl 2 An)	-0.10	-0.06	-0.09	-0.13	-0.15	-0.12
	Cp 2 AnCH 3	Ac	Th	Pa	U	Np	Pu
	∆q (Cp 2 An)	-0.06	-0.04	-0.07	-0.12	-0.10	-0.08
	Cp* 2 AnCH 3	Ac	Th	Pa	U	Np	Pu
	∆q (Cp* 2 An)	-0.05	-0.03	-0.04	-0.09	-0.10	-0.07
	The charge difference ∆q(Cl 2					
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Highlights

 Activation of C-H bond methane by actinide complexes viewed as one-proton transfer process between the two methyl's of reactants.  Computations shows a Transition state characteristic of σ-metathesis reaction.  High ability of uranium and neptunium complexes to activate C-H bond of methane.  Crucial role of the 5f actinide orbitals in the lowering of the activation barriers