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INTRODUCTION

Organoactinide complexes often present structural arrangements and a particular reactivity not noticed in coordination chemistry of transition metals [START_REF] Boucekkine | f-element complexes[END_REF][START_REF] Ephritikhine | Recent Advances in Organoactinide Chemistry As Exemplified by Cyclopentadienyl Compounds[END_REF][3][START_REF] Burns | 3rd edn. The chemistry of the actinides and transactinides elements[END_REF][START_REF] Evans | [END_REF][6][7]. The knowledge of the Electron Affinities (EA) and Ionization Energies (IE) of organoactinide complexes is essential for the understanding of the redox properties of these species, especially as actinides can exhibit various oxidation states. In particular, the study of the redox behaviour of uranium complexes, carrying the ubiquitous cyclopentadienyl ligand, is of great interest. Because redox experimental studies for actinide systems could be difficult to achieve, computational quantum chemistry provides useful tools to access to this important property. As pointed out in a rather exhaustive review devoted to EA by Rienstra-Kiracofe et al [8], electron affinities obtained with calibrated Density Functional Theory (DFT) methods are rather reliable and in good agreement with experiment. The Kiplinger's group was pioneering in the theoretical determination of EA of fluoroketimide complexes [9].

The issues related to the scarcity, toxicity and handling of actinide complexes prevent experimental studies (to our knowledge, no direct experimental determination of EA of actinide complexes to date) which are limited to electrochemical measurements of the redox properties of uranium complexes [10][11][12][13][14][15][16]. Our previous studies of the redox behaviour of such species, concerning exclusively tetravalent organouranium complexes, namely the bis(cyclopentadienyl) series [Cp* 2 UX 2 ] [17] and [L 2 U(BH 4 ) 2 ] [18], and tri(cyclopentadienyl) [Cp 3 UX] [19],

showed that DFT computed EAs correlate very well with the experimental half-wave reduction potentials (R 2 ≥ 0.99).

In 2008, the Los Alamos group provided a number of experimental data (structures, electrochemical measurements, IR spectra, NMR chemical shifts, magnetic susceptibility) for a series of unprecedented pentavalent uranium complexes [20]. This availability of experimental data on such rare compounds, expected to be unstable because their easy disproportionation into uranium(IV) and uranium(VI) species, gives us the opportunity to apply our methodology to the study of this new class of pentavalent complexes of uranium.

The purpose of the present work is to perform a detailed relativistic DFT study of the redox behavior of neutral imido halide uranium(V) complexes [Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X)] (X = F, Cl, Br, I), through the determination of their electron affinities and ionization energies. In particular, we shall investigate what are the electronic factors which drive EAs and IPs of the U(V) complexes under consideration. Besides EAs and IEs, other molecular properties are discussed as molecular geometries, harmonic vibration frequencies and other electronic indices. In particular the bond-multiplicity indices and the Hirshfeld electronic charge analysis [22] will be used to characterize the bonding and electronic structure of selected organouranium complexes. To our knowledge, it is the first time that a theoretical investigation of the oxidation of uranium complexes is done at the planned level of theory. 

COMPUTATIONAL DETAILS

In reference 8, it was shown, in the case of large polycyclic aromatic hydrocarbons, that standard DFT quantum chemical calculations with relatively small basis sets could reproduce experimental values of the electron affinities with average error of about 0.15 eV. Our previous studies, using Relativistic DFT [23] based on the Zeroth Order Regular Approximation (ZORA) [24] to the Dirac equation, showed that calculations carried out on bis (or tri)cyclopentadienyl uranium complexes lead to computed EAs in good agreement with experimental half-wave reduction potentials. So, in this work, we shall use the same methodology which is detailed below. The Vosko-Wilk-Nusair functional (WVN) [25] for the local density approximation (LDA) and the gradient corrections for exchange and correlation of Becke and Perdew [26] respectively, i.e. the BP86 functional have been used. Solvents effects have been taken into account using the Conductor-like Screening Model (COSMO) [27]. Geometry optimizations which have been carried out at the scalar relativistic level were followed by single point computations including spin orbit coupling. The calculations were performed using the Amsterdam Density Functional (ADF2010.02) program package [28c]. In this study, we used for all atoms a Triple-ζ Slater-type valence orbitals (STO) augmented by one set of polarization functions, i.e. the triple-zeta polarized (TZP) basis set, taken from the ADF/ZORA/TZP database. The spin unrestricted DFT scheme is used.

The frozen-core approximation where the core density is obtained from four-component Dirac-Slater calculations has been applied for all atoms. For carbon C.1s, fluorine F.1s and nitrogen N.1s, the 1s core electrons were frozen. The 1s/2s/2p cores were frozen for the chlorine Cl.2p, while the 1s/2s/2p/3s/3p/4s/3d and 1s/2s/2p/3s/3p/4s/3d/4p//5s/4d cores were frozen respectively for the bromine Br.3d and iodine I.4d. The U.5d valence space of the heavy element includes the 5f/6s/6p/6d/7s/7p shells (14 valence electrons). Several studies have shown that the ZORA/BP86/TZP approach reproduces the experimental geometries and ground state properties of f-element compounds with a satisfying accuracy [29][30][31]. Molecular geometry and molecular orbital plots were generated, respectively, by using the MOLEKEL 4.3 [32] and the ADFVIEW [28c] programs.

Electron affinities (or ionization energies) are often not easily reachable experimentally; moreover, their computational evaluation is a difficult task owing to the fact that it implies odd-electron systems (spin contamination and SCF convergence problems). It should be noted that in our case, spin contamination was found negligible, owing to the fact that the computed values <S 2 > of the squared spin operator are very close to the exact values for all the studied species (deviation less than 3%).
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In the present work, the electron affinities were calculated as the energy difference between the neutral and anionic (or cationic) forms of the complexes at their respective optimized geometries, i.e. the "∆E method".

In terms of the energies E at optimized geometries, EA and IE (Ionization Energy) are computed as follows:

EA = E(neutral) -E(anion) for the reduction reaction, and IE = E(cation) -E(neutral) for the oxidation reaction.

The ADF program that we use produces Total Bonding Energies (TBE) rather than total energies, so that EA is computed in our case as the TBE(neutral) -TBE(anion) difference for the reduction process and IE as

TBE(cation) -TBE(neutral).

RESULTS AND DISCUSSION

Structural Properties. First, the full geometry optimizations of the neutral complexes 4) and their anionic and cationic forms were carried out in the gas phase, at the spin unrestricted level of the theory. We considered the highest spin state for the anionic U IV (5f 2 ) complex, i.e. a triplet one, whereas the spin states are respectively a doublet state for the neutral U V (5f 1 ) species, and a singlet state for the cationic U VI (5f 0 ) one. All compounds have been taken in the C 1 symmetry. Finally, in order to check that the optimized geometries are minima on the potential energy surfaces and to simulate IR spectra, we also performed the calculation of the vibration frequencies of the neutral U V species under consideration. Then, the geometries were further re-optimized in solution, using the COSMO approach, considering two different solvents (toluene which is the solvent used for the synthesis of the complexes, and tetrahydrofuran THF, used for the electrochemical measurements). The non-default Delley type of cavity was used, the solvents being considered with their dielectric constant respectively equal to of 2.38 and 7.58 for toluene and THF, whereas the cavity radius have been set equal to 3.48 Å and 3.18 Å for toluene and THF respectively. Finally, single-point variational spin-orbit ZORA calculations using the previously optimized geometries have been carried out, in both the gas phase and solution, in order to compute the spin-orbit coupling contributions to the energies [28b, 33]. In our case of open-shell systems, the non collinear approximation has been used [33b].

[Cp* 2 U(=N-2,6-i Pr 2 - C 6 H 3 )(F)] (1), [Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(Cl)] (2), [Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(Br)] (3) and [Cp* 2 U(=N-2,6- i Pr 2 -C 6 H 3 )(I)] (
First of all, it is necessary to study the structures of the different species involved in the redox processes.

In Table 1 are listed the most relevant computed geometrical parameters, i.e. metal-ligand distances and bond angles for the three U IV , U V and U VI species in the gas phase as well as in solution at the ZORA/BP86/TZP level (the optimized structures and coordinates are given in Supporting Information (SI)).

Table 1 Computed Distances (Å) and Angles (deg.) for the U IV /U V /U VI Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X)

Complexes at the ZORA/BP86/TZP Level in the Gas Phase and in Solution (toluene), and the Available Experimental X-Ray Values for the Neutral U V Compounds (in Square Brackets) [20] Complex 172. 2/173.2/172.2 (173.0/173.9/173.3) [170.7( 6 The computed geometrical parameters are globally found in good agreement with the available crystallographic data, namely those of U V complexes 1, 2, 3 and 4 [20]. In particular, distances between central metal and the halide element U-X (2.110 Å for U-F, 2.618 Å for U-Cl, 2.823 Å for U-Br and 3.100 Å for U-I) reproduce well the experimental data i.e. 2.122, 2.621, 2.789 and 3.039 Å, within the limit of the experimental error. Values of U-X bonds which vary as follows U-F < U-Cl < U-Br < U-I reflects well the ordering of the ionic radii of these elements. It is noticed that all halide U V complexes exhibit short U=N imido bond distances The electron capture by the neutral species leading to the U(IV) anionic complexes causes a lengthening of the distances between the central metal and its neighbors; this is mainly due to the increase of the ionic radius of uranium from U(V) to U(IV); on the contrary, the oxidation process induces a shortening of the metal-toligands bond lengths (ca. 0.3 Å). Moreover, it should be noted that oxidation affects rather clearly the angle between the Cp* ring centroids and the central metal (it passes from 136° in the neutral species to 149° in the cationic species) whereas the Cp*centroid-U-X angles are not affected by the reduction or oxidation of the central metal (ca. 3° for the angles). We also found that the optimized geometrical parameters in solution are close to the values obtained for the isolated molecules (values for the THF solvent in the SI).

The optimized molecular geometries of the anionic U IV , neutral U V , and cationic U VI complexes for X=Cl (up) and X=F (down), are depicted on Fig. 2. 

U

We consider now Nalewajski and Mrozek (NM) bond orders [21], which have been successfully used as a useful tool for the analysis of bonding and of the electronic structure of organometallic complexes [34].

Generally, the calculated NM bond orders correlate very well with experimental properties like bond lengths and vibrational frequencies. The imido-halide complexes present a single U-X bond (bond order equal to 0.999 for F, 1.037 for Cl, 0.995 for Br and 0.97 for I) whereas the bond order between the central metal and the nitrogen of the imido group is double of character (values between 1.83 and 2.25). On the other hand, this method predicts an increase in the U-X and U-N bond multiplicity in the cationic species, and a decrease in the anionic ones.

These variations of NM bond orders increase with the atomic number of the halogen element; thus, the variation of these indices between the U IV and U V species is 0.0938 for F, of 0.1970 for Cl, 0.2236 for Br, whereas it reaches 0.2758 for I (see detailed NM bond orders in SI). As expected, the changes in bond multiplicity are reflecting the changes in the bond-length, a higher bond order corresponding to a shorter bond length. Thus, an almost perfect linear correlation is obtained between the NM bond orders of the U-N bonds and the corresponding U-N bond lengths (R 2 = 0.99). The U-X bonds present also such correlation but with R 2 = 0.97 (in SI).

Calculations of the analytical vibrational frequencies of the neutral species reveal practically similar spectra for all the complexes. The simulated DFT spectra show two distinct bands, the first going from 0 to 1500 cm -1 with rather low IR intensities, and the second ranging between 2500 and 3250 cm -1 . The latter, containing in particular two localized transitions around 2900 cm -1 , corresponds to vibrational modes within the

[Cp 2 *-U=N-(2,6)-i Pr 2 -C 6 H 3 ]
moiety, whereas the U-X vibration is localized in the first band. The stretching frequencies of the U-X bonds are respectively equal to 512, 543, 581 and 592 cm -1 for 1(F), 2 (Cl), 3 (Br) and 4

(I).

Redox Properties. We consider first the oxidation of the neutral U V imido-halide complexes, half-wave oxidation potentials from electrochemical measurements, relative to the U V /U VI redox system being available. In all cases, the IEs were computed according to the "∆E method", that is the difference between the TBEs of the cationic U VI and neutral U V species at their optimized geometries. In Table 2, are given the computed IEs, in the gas phase as well as in solution (toluene and THF) for all complexes, at the ZORA/BP86/TZP level of theory;

the row with the acronym SO corresponds to the values of the IE taking into account spin-orbit coupling. In the last row of this Table, are displayed the experimental half-wave oxidation potentials in volts (E 1/2 vs. [Cp 2 Fe] +/0 ) of the neutral uranium(V) complexes, in THF) [20]. The computed TBE values are given in SI. Considering the complexes in the gas phase, it can be noted in Table 2 that all the computed IEs are positive, their values being between 5.507-5.659 eV and between 5.568-5.728 eV when including spin-orbit coupling. The iodide compound, which has the highest half-wave oxidation potential (+0.11 V) exhibits the highest IE (5.728 eV) and is therefore the most difficult to oxidize. On the contrary, the fluoride congener exhibits the lowest IE (5.568 eV) and probes to be the easiest to oxidize. In addition, it can be seen that spinorbit coupling affects similarly the TBE of the neutral and cationic species, in their doublet and singlet state respectively, leading to an energy lowering of 2.17 to 2.35 eV and a smaller increase of IE (0.07 eV on average).

The effect of a solvent leads to an important variation of IEs, even if their ordering is maintained, i.e. IE(F) < IE(Cl) < IE(Br) < IE(I).

Moreover, it can be seen that the IEs decrease with the solvent polarity; in our case, THF leads to the lowest IEs.

A very nice linear correlation is obtained between the computed IEs (in THF at the TZP level including the spinorbit correction) and the experimental half-wave oxidation potentials E 1/2 , the R 2 correlation coefficient of the linear regression being equal to 0.99 (Fig. 3). We note that neglecting solvation worsens slightly the IE-E 1/2 correlation (R 2 =0.98). All halide complexes present the same FMO diagram; the LUMO and SOMO exhibit mainly a uranium 5f character with a small contribution of the Cp* rings; if the weight of nitrogen is zero in these orbitals, SOMO-1 exhibits a very strong U=N π bonding character (17% of nitrogen contribution), while the X ligand contribution appears only starting from the SOMO-2 (3% on average). Finally, in our case, oxidation can be considered as the loss of an electron by the metal ion which changes consequently its oxidation state (from U V to U VI ), as expected.

In Figure 5, is displayed the frontier MO diagram of the cationic U(VI) species, which are a closed-shell complexes. ). It is also interesting to note the large value of the HOMO-LUMO gap (1.44 eV on average) thus conferring to these species a relative thermodynamic stability. Now, we examine the reduction of the neutral U V complexes. The EAs are computed as the difference between the TBEs of the neutral U V and anionic U IV species at their optimized geometries. The computed TBEs and EAs, in the gas phase as well as in solution (THF), for all complexes at the ZORA/BP86/TZP level of theory, are given in Table 4; the rows with SO correspond to the values of the TBE and EA taking account of spin-orbit coupling. In the last row, are displayed the experimental half-wave reduction potentials in volts (E 1/2 vs. [Cp 2 Fe] +/0 ) of the neutral uranium(V) complexes, measured in THF) [20].

Table 4 Computed TBEs (eV) and EAs of the U IV /U V redox couple of Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X)

Complexes at the TZP Level in the Gas Phase and in THF (in parentheses).

Species

Complex As expected, the computed electron affinities calculated in gas phase are all positive since the TBEs of the anionic species in their triplet state are lower than those of their neutral parents in their doublet state. The fluoride complex, which has the lowest half-wave reduction potential (-1.81 V) exhibits the lowest EA (1.665 eV) and is therefore the most difficult to reduce. On the contrary, its iodide congener exhibits the highest EA (1.921 eV) and should be the easiest to reduce.

1 (F) 2 (Cl)
While the effects of the spin-orbit coupling affect similarly the TBEs of U V and U VI complexes, the corrections brought by the solvent are relatively significant and affect differently the TBE of the U V and U IV species inducing a substantial energy lowering of the order of 1.6 eV for the anionic compounds and 0.35 eV in average for the neutral precursors; this causes an important variation of the EAs. In the same way as for oxidation, we found an excellent linear correlation (R 2 = 0.998) between the computed EAs (calculated in THF at the TZP level including the spin-orbit correction) and the experimental half-wave reduction potentials E 1/2 (Fig. 6). If the solvent effects are not taken into account the above correlation worsens significantly (R 2 = 0.940). The SOMO energies of the anionic species are positive in the gas phase, but become negative in THF, due to the stabilizing effect of the solvent. All the frontier MOs (Figure 7) i.e. the empty LUMO and the singly occupied SOMO and SOMO-1 exhibit a major 5f metallic character with a minor contribution of the Cp* rings, while the contribution of the X and N atoms are zero. In addition, the variation of the SOMO energies of the U IV species as well as the LUMO ones of the U V compounds, follows that of the EAs or of the reduction potentials, the lowest SOMO corresponding to the highest EA. Energies of the U IV -SOMO and U V -LUMO decrease according to the order: I > Br > Cl > F and a good linear correlation is found between the U V LUMO energies and the experimental reduction potentials E 1/2 of the U V /U IV pair (R 2 = 0.98, see SI). A final observation on the redox properties of these imido-halide U(V) uranium complexes is that the energy range between the metal-based oxidation (U(V)/U(VI)) and reduction (U(V)/U(IV)) is found almost the same for all the studied complexes : ∆(TBE redox ) = IE + EA ≈ 7.8 eV. This trend was first observed experimentally by Kiplinger's group [20] who noted that the difference of the half-wave potentials of the U(VI)/U(V) and U(V)/U(IV) redox processes of eight imido-halide uranium complexes was practically constant:

∆E 1/2 = E 1/2 (U VI /U V ) -E 1/2 (U V /U IV ) = 1.51 V.
-2,5 series bring light on some other aspects of the metal-ligands interaction. Despite its well know limitations, MPA permits to describe qualitatively the evolution of charge transfers and bonding interactions occurring in a series of homologous molecular systems. In Table 5, are collected the computed Mulliken metal spin populations and Hirshfeld charges of U, X atoms and Cp* 2 + N-Aryl ligands of the anionic, neutral and cationic Cp* 2 U(=N-2,6i Pr 2 -C 6 H 3 )(X) species. The numbers -1, 0 and +1 indicate respectively the anionic U(IV), the neutral U(V) and the cationic U(VI) species. Metal spin population is calculated as the difference between the total α and β electronic populations of the metal. By net charges of Cp* 2 and N-Aryl, one understands the global charge of the two Cp* rings and the imido-aryl moiety respectively and not only that of the atom connected to uranium. The Mulliken analysis (detailed in SI) indicates that the net charges of the metal are largely smaller than its oxidation state (+6, +5 and +4 for the cationic, neutral and anionic species respectively) due to the ligands to metal donation, the latter effect being highlighted by the weak negative charges carried by the X -, Cp* 2 and Naryl ligands. In particular, the Cp* 2 net charge increases considerably with the oxidation state of the metal; the oxidation processes (U IV U V U VI ) induce a significant transfer of electron density from the Cp* ligands to the metal, the charge carried by these rings, being largely positive (of +1.1 to +1.3) in the cationic species. In addition, for all neutral and anionic complexes, it is worth to note a weak delocalization of the unpaired electrons. The MPA metal spin population is indeed slightly larger than 1 for the neutral 5f 1 U(V) species, larger than 2 for the anionic 5f 2 U(IV). Thus, the DFT computations indicate 2.22 unpaired electrons on central metal for the fluoride complex in solution with minor spin populations on the Cp* 2 and N-Aryl ligands while the spin density is 1.28 for the anionic species. The spin population data for the isolated molecules are practically similar to those computed in solution.

Another quantitative approach of the major electron transfers occurring in molecular systems is provided by Hirshfeld's analysis (HA) [22], which is supposed to give more realistic net charges than MPA, agreeing well with chemical intuition [35]. As already noticed with MPA, the ligand-to-metal donation increases with the uranium oxidation state; this is highlighted by the decrease of the net charges of the ligands. For example, in the fluoride complex, the sum of net charges carried by the three bulky ligands (i.e. the two Cp* rings and the imidoaryl moiety), which is definitely negative (-1.29) in the anionic species, passes to -0.43 in the neutral molecule, and become positive (+0.46) in the cationic species. Thus, the HA reproduces the same tendency than MPA (-1.30, -0.34 and +0.71 respectively with MPA, values in SI), but leads to a relatively lower net charge for the U VI species. On the other hand, HA is more realistic than MPA concerning the net charges carried by the uranium; logically, these uranium charges increase slightly with the oxidation state of the central metal.

Table 6 Hirshfeld charge variation of U, X and N atoms after the U V U IV reduction process calculated for an isolated molecule and in THF (between parentheses) Finally, as showed by the values in Table 6, it is worth noting that the variations of the uranium Hirshfeld charges of the different complexes when passing from the U(V) to the U(IV) complexes correlates very well with the half-wave reduction potentials of these species, the R 2 correlation coefficient being equal to 0.999 (see Fig. 8). Indeed, the differences between the uranium Hirshfeld charges in the U V and U IV species (Table 6) are the following, 0.1022, 0.0836, 0.0778 and 0.0726 respectively for X = F, Cl, Br and I. A rather good correlation (R 2 =0.971) is also obtained between the halide Hirshfeld charge variation and the experimental reduction potential. A similar result was obtained in previous study of L 3 UCl complexes [36].

Ligand/Complex ) ( X q δ ) (U q δ { } Ar N Cp q + * 2 ) ( δ 1. Fluoride -0.

CONCLUSION

The redox behavior of a series of biscyclopentadienyl imido-halide uranium(V) complexes Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) (X= F, Cl, Br and I) have been investigated for the first time, using relativistic ZORA/BP86 computations including spin-orbit coupling, solvent effects being taken into account using the COSMO solvation model. A very good linear correlation (R 2 = 0.99) was found between the computed ionization energies (IE) and the experimental half-wave oxidation potentials E 1/2 ; in addition, as expected, a similar good correlation was found between the computed electron affinities (EA) and the measured electrochemical reduction potentials (R 2 = 0.99). These main results confirm thus the reliability of the ZORA/DFT technique to study the redox processes of uranium complexes. Our study brings to light the importance of spin-orbit coupling and solvent effect which must be taken into account in order to achieve the best agreement between theory and experiment. Moreover, MO diagrams and population analyses permitted to understand the evolution of the computed IE and EA with the nature of the halide X -ligand. Indeed, considering the frontier MOs of the U V species, it can be seen that energetically the highest SOMO and LUMO are those of the fluoride complex, leading to the lowest IE and AE for this species. Finally, the Nalewajski-Mrozek bond order and the Hirshfeld charges analyses permit also to well rationalize the effect of the redox processes on structural properties. Indeed, on one hand, the NM methodology explains well the bond distances variations, while the HA approach leads, on the other hand, to an excellent correlation (R 2 = 0.998) between the Hirshfeld charges variation of uranium atom following the U V /U IV process and the half-wave reduction potentials E 1/2 . 
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 1 Fig. 1 The studied Cp* 2 U(=N-2,6-i Pr 2 --C 6 H 3 )(X) halide complexes

  all the mononuclear molecules Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) complexes are found in the familiar pseudo tetrahedral bent sandwich configuration with an usual geometry of the UCp* 2 fragment. The uranium coordination in these complexes features classic bent-metallocene geometry, with the imido-aryl and halide ligands contained within the metallocene wedge.

( 1 .

 1 974 to 1.985 Å) which correlate very well with the experimental values. One also finds the usual values of various angles like 135° for Cp*-U-Cp* and 101 to 107° for N=U-X, with a better agreement for the Cp*-U-X angles (see Supporting Information). In addition, it is noted that the geometry of the Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 ) moiety is not influenced by the nature of the X halide ligand; indeed, the U-Cp centroid (2.510 Å), U-C and N-C Ar distances are practically identical for the 4 studied compounds and are very close to the X-ray values; one notices also the almost linear arrangement of the atoms U=N-C Ar (angles 171.6 to 173.3°).

Fig. 2

 2 Fig. 2 Optimized geometries of the U IV /U V /U VI Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) (X=F, Cl) complexes computed at the TZP level (isolated molecule). Hydrogen and carbon atoms of the Cp* rings are hidden for clarity (Geometries for X= Br, I are in SI)

Fig. 3

 3 Fig. 3 Correlation between the computed ionization energies at the ZORA/BP86/TZP level in THF and the experimental half-wave oxidation potentials E 1/2 .

Fig. 4

 4 Fig. 4 Frontier α-MO diagram of the imido-halide U V complexes (scalar ZORA/BP86/TZP computations in THF). The dots connect the SOMO energy levels.

Fig. 5 Frontier

 5 Fig. 5 Frontier MO diagram of the cationic U VI complexes (scalar ZORA/BP86/TZP computations in solution). The dots connect the LUMO energy levels.

Fig. 6

 6 Fig. 6 Correlation between the computed electron affinities at the ZORA/BP86/TZP level in THF and the experimental half-wave potentials E 1/2 for the Halide complexes

Fig. 7

 7 Fig. 7 Frontier α-MO Diagram of the anionic U(IV) species computed at the ZORA/BP86/TZP level in solution. The dots connect the SOMO energy levels.

  (MPA) and Hirshfeld Charge Analysis of the Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X)

Fig. 8 Uranium

 8 Fig. 8 Uranium Hirshfeld charge variation following the U V /U IV reduction vs. experimental half-wave reduction potentials (scalar ZORA/BP86/TZP computations in THF)

1 : 2 : 3 : 4 : 5 : 6 : 8 :

 1234568 Optimized coordinates for isolated and solvated molecules SI.Optimized structures of 3 and 4 complexes SI.Nalewajski-Mrozek Bond Order Analysis SI.Total Bonding Energies SI.SOMO Energy vs. Oxidation Potential Correlation SI.HOSpinor of U V vs. Oxidation Potential Correlation SI.7: Frontier MO interaction diagram of the U V complexes in THF; Correlation LumoUV-E1/2 red SI.Mulliken Populations Analysis and Nalewajski-Mrozek Bond Orders

Table 2 Ionization energies (eV) of the U V Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) Complexes at ZORA/BP86/TZP Level in the Gas Phase and in Solution, i.e. in toluene and in THF (in parentheses), and the Experimental Half-Wave Oxidation Potentials E 1/2 (V)

 2 

			1	2	3	4
			(F)	(Cl)	(Br)	(I)
		Gas phase	5.507	5.587	5.619	5.659
	TZP	Toluene	4.851	4.941	4.972	5.120
		THF	(4.531)	(4.618)	(4.653)	(4.691)
		Gas phase	5.568	5.657	5.690	5.728
	TZP/SO	Toluene	4.907	5.009	5.046	5.076
		THF	(4.586)	(4.687)	(4.723)	(4.753)
	Exp. E 1/2 (V)	-0.14	0.03	0.07	0.11

Table 5 Mulliken metal spin density and Hirshfeld Charges of Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) Complexes (scalar ZORA/BP86/TZP computations in THF).

 5 

			MPA		Hirshfeld Charges
	Complex	Complex				
		charge	Metal spin	U	X	[Cp* 2 + N-Aryl]
			density			
		-1	2.22	+0.5672	-0.2828	-1.2843
	1 Fluoride	0	1.28	+0.6694	-0.2421	-0.4273
		+1	0.00	+0.7391	-0.1977	+0.4585
		-1	2.25	+0.5349	-0.2856	-1.2490
	2 Chloride	0	1.30	+0.6185	-0.1962	-0.4221
		+1	0.00	+0.6791	-0.1022	+0.4232
		-1	2.26	+0.5363	-0.3014	-1.2347
	3 Bromide	0	1.31	+0.6141	-0.1952	-0.4188
		+1	0.00	+0.6702	-0.0790	+0.4083
		-1	2.22	+0.5288	-0.3261	-1.2029
	4 Iodide	0	1.33	+0.6014	-0.1902	-0.4112
		+1	0.00	+0.6455	-0.0325	+0.3872

(F) 

(Cl) 

(Br) 

(I) U-X
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In Table 3, are reported the calculated energies of frontier orbitals, the SOMOs (Singly Occupied Molecular Orbital) of the U V complexes and the LUMOs (Lowest Unoccupied Molecular Orbital) of U VI ones, in the gas phase and in THF, as obtained in the scalar relativistic case, as well as spinors energies when taking into account the spin-orbit coupling. In the gas phase, the SOMO energies of the neutral U V complexes are negative, from -3.413 to -3.651, and these energies undergo roughly the same slight reduction (-0.15 eV) in THF. The iodide complex exhibits the lowest SOMO energy (-3.651 eV) corresponding to the largest IE whereas its fluoride homolog exhibits the highest SOMO (-3.413 eV) and the weakest IE of the considered series. On the other hand, the LUMO energies values of the cationic compounds are definitely negative (below -6.5 eV), making these U VI species able to undergo a reduction process. Nevertheless, the MO energies of the cations are strongly destabilized by the presence of the THF solvent, their energies undergoing a significant increase (2.1 eV approximately). As expected, we observe a rather good linear correlation (R 2 =0.97, see SI) appears between the U V -SOMO energies in solution and the experimental oxidation potentials E 1/2 .

The effect of spin-orbit coupling is more pronounced for the SOMO energies of the neutral U V species (an average reduction of 0.25 eV) than for the LUMO energies of U VI complexes (0.6 eV). Moreover, the spinor energies vary in the same way as the frontier orbitals energies and a good linear correlation is found between the U V HOS energies and the experimental oxidation potentials E 1/2 (SI).

The frontier molecular orbital (FMO) diagrams of both the neutral Cp* 2 U(=N-2,6-i Pr 2 -C 6 H 3 )(X) complexes and the corresponding cations are now considered in order to study the changes undergone by the electronic structures upon oxidation.

One will be particularly interested by the orbitals involved in this electronic loss, namely the SOMO of the neutral complex. Fig. 4 shows the FMO diagram of the neutral U V imido-halide complexes composed of two highest singly occupied orbitals, namely the SOMO and SOMO-1, and the empty LUMO, as computed at the