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) and [U(Cp)3(S t Bu)] (4) for which the electrochemical measurement failed. Several population analyses were carried out, among them Nalewajski-Mrozek Bond Orders (NMBO) and Hirshfeld charges Analysis (HA) allowing to rationalize the insertion reactions and redox processes and to highlight the driving role of the uranium 5f orbitals.

Introduction

The uranium chemistry constitutes, for the industrial and academic researchers, a large field of investigations not only in the domain of the nuclear fuel and the reprocessing of nuclear wastes, but also for the rich diversity of the properties and reactivity of uranium complexes [START_REF] Marks | Comprehensive organometallic chemistry[END_REF][START_REF] Evans | Insertion of carbodiimides and organic azides into actinide-carbon bonds[END_REF][START_REF] Fagan | Synthesis and properties of bis(pentamethylcyclopentadienyl) actinide hydrocarbyls and hydrides. A new class of highly reactive f-element organometallic compounds[END_REF][START_REF] Manriquez | Insertion of carbon monoxide into metal-nitrogen bonds. Synthesis, chemistry, structures, and structural dynamics of bis(pentamethylcyclopentadienyl) organoactinide dialkylamides and η 2 -carbamoyls[END_REF][START_REF] Moloy | The insertion of carbon dioxide into actinide alkyl and hydride bonds[END_REF][START_REF] Ephritikhine | Recent advances in organoactinide chemistry as exemplified by cyclopentadienyl compounds[END_REF][START_REF] Ephritikhine | Molecular actinide compounds with soft chalcogen ligands[END_REF][START_REF] Kias | C-F bond breaking by bare actinide monocations in the gas phase: A relativistic DFT study[END_REF][START_REF] Jantunen | Thorium(IV) and uranium(IV) ketimide complexes prepared by nitrile insertion into actinide-alkyl and -aryl bonds[END_REF][START_REF] Pool | A new mode of reactivity for pyridine N-oxide: C-H activation with uranium(IV) and thorium(IV) bis(alkyl) complexes[END_REF]. Among them the ability of uranium complexes to undergo various redox reactions and to form a large variety of compounds with interesting structural features has been largely investigated .Another subject of study is the activation of strong bonds by uranium complexes bringing to light their potential catalytic ability. In this context, Castro and collaborators [START_REF] Castro | Insight into the reaction mechanisms of (MeC 5 H 4 ) 3 U with isoelectronic heteroallenes CS 2 , COS, PhN 3 , and PhNCO by DFT studies: A unique pathway that involves bimetallic complexes[END_REF], studied theoretically the mechanism of reaction of the (MeC 5 H 4 ) 3 U complex with the isoelectronic heteroallenes CS 2 , COS, PhN 3 and PhNCO, by using DFT calculations. The obtained results were in excellent agreement with the experimental observations [START_REF] Brennan | Chemistry of trivalent uranium metallocenes: Electron-transfer reactions with carbon disulfide[END_REF]. It was shown in particular that the difference in reactivity between CS 2 and COS is related to the difference in kinetic stability of the two molecules, CS and CO, formed during the α-abstractions starting from the bimetallic complexes [{(MeC 5 H 4 )U 3 } 2 ][ CS 2 ] and [{(MeC 5 H 4 )U 3 } 2 ][ COS] respectively. All these reactions presented a similar mechanism [START_REF] Castro-Rodriguez | A linear, O-coordinated η 1 -CO 2 bound to uranium[END_REF]. In 2005, an experimental study of Castro-Rodriguez and Meyer [START_REF] Castro-Rodriguez | Carbon dioxide reduction and carbon monoxide activation employing a reactive Uranium(III) complex[END_REF] showed that the highly reactive, six-coordinate tris-aryloxide U(III) species, [(( t BuArO) 3 tacn)U] (tacn = triazacyclononane = (C 2 H 4 NH) 3 ) reacts with CO 2 in a 2e - reduction to produce CO and a dinuclear U(IV/IV) µ-oxygen bridged complex [{(( t BuArO) 3 tacn)U} 2 (µ- O)]. The authors specified that this reaction proceeds via a dinuclear CO 2 -bridged intermediate. In the experimental study of Tsoureas et al. [START_REF] Tsoureas | Controlling selectivity in the reductive activation of CO 2 by mixed sandwich uranium(III) complexes[END_REF] carried out in 2014, related to the reductive activation of CO 2 by mixed sandwich uranium(III) complexes, it is shown that the selectivity in the outcome of CO 2 reductive activation by these complexes is steric in origin rather than electronic. The latter conclusions were supported by a detailed computational DFT study of the mechanistic pathways for the CO 2 reduction by this system [START_REF] Tsoureas | Controlling selectivity in the reductive activation of CO 2 by mixed sandwich uranium(III) complexes[END_REF].

However, studies of the U-S bond activation of the actinide thiolate complexes by inert small molecules such CO 2 and CS 2 remain rare. If the metal-sulfur (M-S) bond was ignored for a long time, the detection of its presence in 1982 in an active site of the metalloproteinase [START_REF] Berg | Iron-sulfur proteins[END_REF] allowed developing the chemistry of thiolate and sulfide complexes of transition metals used in bioinorganic chemistry, in the study of the nitrogenases [START_REF] Coucouvanis | Use of preassembled iron/sulfur and iron/molybdenum/sulfur clusters in the stepwise synthesis of potential analogs for the Fe/Mo/S site in nitrogenase[END_REF], and in oil desulfurization processes [START_REF] Wiegand | Model studies of the desulfurization reactions on metal surfaces and in organometallic complexes[END_REF].

The syntheses of several uranium thiolate complexes which followed transition metals ones [START_REF] Santos | Uranium (IV) bishydrotris (pyrazol-1-yl) boratothiolato derivatives[END_REF][START_REF] Lin | Synthesis, structural characterization, and properties of the organothoriumalkylthiolate complex [(CH 3 ) 5 C 5 ] 2 Th(SCH 2 CH 2 CH 3 ) 2[END_REF][START_REF] Tatsumi | A homoleptic uranium thiolate: Synthesis, structure, and fluxional behavior of[END_REF][START_REF] Stults | Chemistry of trivalent cerium and uranium metallocenes: Reactions with alcohols and thiols[END_REF][START_REF] Domingos | Synthesis and characterization of the uranium alkylthiolate complex U (SPri) 2 (HBPz 3 ) 2[END_REF][START_REF] Clark | Synthesis, characterization, and x-ray structure of the uranium thiolate complex U (S-2,6-Me 2 C 6 H 3 )[N(SiMe 3 ) 2 ] 3[END_REF][START_REF] Matson | Formation of trivalent U-C, U-N, and U-S bonds and their reactivity toward carbon dioxide and acetone[END_REF] showed the great affinity between the uranium and sulfur atoms. Ephritikhine and Coll. studied the reactivity of the triscyclopentadienyl complex [U(Cp) 3 (S i Pr)] (Cp = C 5 H 5 ) with carbon dioxide leading to the first compound resulting from the insertion of CO 2 into the U-S bond, i.e. [U(Cp) 3 (O 2 CS i Pr)] [START_REF] Leverd | Triscyclopentadienyl uranium thiolates and selenolates[END_REF][START_REF] Lescop | Bispentamethylcyclopentadienyluranium(IV) thiolate compounds. Synthesis and reactions with CO 2 and CS 2[END_REF]. In this study, some reactions of the monothiolate compounds, in particular their reduction to give the first characterized U(III) thiolates, are described, and also the synthesis of the first selenolate compounds of a 5f element. The thiolate complexes were shown to be useful precursors for the preparation of new derivatives, in particular by insertion of heteroallenes into the U-S bond.

Our relatively recent theoretical study carried out on a series of bispentamethylcyclopentadienyl bisthiolate uranium(IV) [U(Cp*) 2 (SR) 2 ] (R = Me, i Pr, Ph and t Bu) [START_REF] Talbi | Theoretical investigation of the reactivity of bispentamethylcyclopentadienyl uranium(IV) bisthiolate complexes with the heteroallene molecules CS 2 and CO 2[END_REF] and their reactions with CO 2 and CS 2 show that the insertion of CO 2 into the U-S bond of these complexes is easier than that of CS 2 . This study revealed the significant role played by the steric and electronic factors of the R ligands in the reactivity of the bisthiolate complexes of U(IV). Moreover, the better reactivity of carbon dioxide is explained by the greatest electronegativity of O allowing a good alternation of charges in the transition states, and by the well-known oxophilic character of uranium.

In addition, it is known that the redox properties of actinide complexes play a significant role in organometallic chemistry, energy and environmental science, for being involved in nuclear fuel, power plants wastes and other contamination remediation. The uranium atom can exhibit several oxidation states in complexes, from 2 to 6. However, the experimental determinations of the potentials and/or the electronic affinities (ionization energies) are rare.

In this regard, theoretical computations become appealing, since their ability to successfully predict and confirm structural and redox properties of actinide-containing complexes has been shown. Thus, it seemed to us interesting to investigate the redox behavior of the thiolate complexes, with the aim of evaluating their electronic affinities and of deducing the reduction potentials of compounds not measured experimentally.

In this paper, the reactivity towards small heteroallene molecules as well as the redox properties of a series of triscyclopentadienyl thiolate uranium(IV) complexes, are investigated into the uranium-sulfur bond in order to explain the difference in reactivity of the thiolate compounds with these small molecules. Indeed, it is observed experimentally that the insertion of CO 2 in the U-S bond of the thiolate complexes is easier and faster than that of CS 2 , and it is our aim to explain why. Special attention will be devoted to the electronic and steric properties of the R group attached to the sulfur atom which drive the reactivity of the U(IV) complexes under consideration. Key features of the electronic and geometric structures should reveal further insights into the interaction of uranium thiolate complexes with small heteroallenes. Thus, Nalewajski-Mrozek bond orders (NMBO) [START_REF] Nalewajski | Modified valence indices from the two-particle density matrix[END_REF], Mulliken population (MPA) [START_REF] Mulliken | Electronic population analysis on LCAO-MO molecular wave functions[END_REF] and Hirshfeld charges (HA) [START_REF] Hirshfeld | Bonded-atom fragments for describing molecular charge densities[END_REF] analyses will be used to characterize the bonding and electronic structure of the considered species.

In a second part, the redox properties of this series of monothiolate uranium complexes, addressed in terms of electron affinity (EA) and reduction potentials (E 1/2 ), are explored using the same theoretical method. Results of former studies [START_REF] Elkechai | A DFT and experimental investigation of the electron affinity of the triscyclopentadienyluranium complexes Cp 3 UX[END_REF] on the triscyclopentadienyl complexes [U(Cp) 3 (X)] (X = Cl, BH 4 , NEt 2 and O i Pr) will be used in order to estimate the reduction potentials of the monothiolate complexes not determined experimentally, i.e. 1 and

4.

Fig. 1. Studied triscyclopentadienyl monothiolate uranium(IV) complexes

Computational details

The calculations were performed at the DFT level [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 zero-order regular approximation (ZORA) [START_REF] Van Lenthe | The zero-order regular approximation for relativistic effects: The effect of spin-orbit coupling in closed-shell molecules[END_REF][START_REF] Van Lenthe | Geometry optimizations in the zero order regular approximation for relativistic effects[END_REF] to the Dirac equation. Solvents effects have been taken into account using the Conductor-like Screening Model (COSMO) [START_REF] Klamt | Conductor-like screening model for real solvents: A new approach to the quantitative calculation of solvation phenomena[END_REF][START_REF] Lamt | Refinement and parametrization of COSMO-RS[END_REF]. Geometry optimizations, which have been carried out at the scalar relativistic level, were followed by single point computations including spin-orbit coupling when studying the redox properties of the complexes. The calculations were performed using the Amsterdam Density Functional (ADF2017.103) program package [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 (LDA) and the gradient

U(Cp) 3 (S t Bu) (4) U(Cp) 3 (SPh) (3) U(Cp) 3 (S i Pr) (2) U(Cp) 3 (SMe) (1)
corrections for exchange and correlation of Becke and Perdew [START_REF] Becke | Density functional calculations of molecular bond energies[END_REF][START_REF] Becke | Density-functional exchange-energy approximation with correct Asymptotic behavior[END_REF][START_REF] Perdew | Accurate and simple analytic representation of the electron-gas correlation energy[END_REF] respectively, i.e. the BP86 functional have been used. Triple-Slater-type basis set (STO) augmented by one set of polarization functions, i.e. the triple-zeta polarized (TZP) basis set, taken from the ADF/ZORA/TZP database directory, were used for all atoms. The more extended ZORA/TZ2P basis set has also been used to check the accuracy of the computed properties.

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, oxygen O.1s, and nitrogen N.1s, the 1s core electrons were frozen, while the 1s/2s/2p cores were frozen respectively for the chlorine Cl.2p and sulfur S.2p. The U.5d valence space of the heavy element includes the 5f/6s/6p/6d/7s/7p shells (14 valence electrons). The spin unrestricted DFT scheme is used. An integration parameter of 6.0 was applied for the geometry optimizations. Several studies have shown that the ZORA/BP86/TZP approach reproduces the experimental geometries and ground states properties of f-element compounds with a satisfying accuracy [START_REF] Kaltsoyannis | Recent developments in computational actinide chemistry[END_REF][START_REF] Elkechai | Density functional theory investigation of the redox properties of tricyclopentadienyl-and phospholyluranium(IV) chloride complexes[END_REF][START_REF] Elkechai | Redox properties of biscyclopentadienyl uranium(V) imido-halide complexes: a relativistic DFT study[END_REF][START_REF] Kias | Redox properties of monocyclooctatetraenyluranium(IV) and (V) complexes: Experimental and relativistic DFT studies[END_REF][START_REF] Shamov | Density functional studies of actinyl aquo complexes studied using small-core effective core potentials and a scalar four-component relativistic method[END_REF].

In this study, we carried out first the full geometry optimizations in the gas phase then the geometries were re-optimized in the solvent (benzene, toluene or THF) using the COSMO model. All geometry optimizations were carried out without any symmetry constraint. We used the non-default Delley type of cavity, with the solvent being considered with its dielectric constant and its cavity radii. Then, single-point calculations including spin-orbit corrections were carried out using the previously optimized geometries for both the gas phase and the solution. In our case of open-shell systems, the non-collinear approximation has been used [START_REF] Van W Llen | Spin densities in two-component relativistic density functional calculations: Noncollinear versus collinear approach[END_REF]. Molecular geometry and molecular orbital plots were generated, respectively, by using the MOLEKEL [72] and the ADFVIEW programs [START_REF] Adf | SCM, Theoretical chemistry[END_REF].

All obtained stationary points located on the PES were characterized as extrema that could be minima (reactants, products with a number of imaginary frequencies Nimag = 0) or first order transition states (Nimag = 1) through harmonic approximation vibration frequency calculations. The mode associated to the imaginary frequency was analyzed to ensure that the correct transition state was found. The Intrinsic Reaction Coordinate (IRC) method [START_REF] Gonzalez | An improved algorithm for reaction path following[END_REF] was used to confirm the occurrence of a transition state linking the two corresponding minima (reactants, intermediates states or final products). The zero-point vibrational energy (ZPVE) corrections within the harmonic approximation were included in all reported relative energies given in kcal.mol -1 , obtained at a temperature of 298.15 K. The enthalpy barriers represent the enthalpy differences between the transition state and the reactant (∆H # = ∆H(TS) -∆H(reactants)). Finally, the Nalewajski-Mrozek bond orders (NMBO) and Hirshfeld charges (HA) have been used to characterize the bonding and the charge transfer during the chemical reaction.

The second aim of the present work is to explore the redox behavior of the neutral monothiolate uranium(IV) complexes [U(Cp) 3 (SR)] (R = Me, i Pr, Ph, t Bu), through the determination of the electron affinities related to the U(III)/U(IV) systems. Since available experimental electron affinities of molecules and complexes are largely adiabatic, the most direct theoretical method consists in the calculation of the energy difference between the neutral and anionic forms of the complexes at their respective optimized geometries, i.e. the "ΔE method". In terms of the energies E, at optimized geometries, EA is computed as follows: EA = E(neutral) -E(anion) for the reduction 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. Electron affinities are often not reachable experimentally, whereas their theoretical estimation remains a challenge for theoretical chemists because they involve open-shell systems where spin contamination and SCF convergence problems add to the difficulty of producing reliable results. For our part, spin contamination was found negligible in our computations, 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 1%).

Results and discussion

Molecular geometry optimizations of the [U(Cp) 3 (SR)] monothiolate complexes

The full geometry optimizations of the neutral complexes, [U(Cp) 3 (SMe)] (1), 4), were carried out at the ZORA/BP86/TZP level in the gas phase and further re-optimized in solution (THF solvent) using the COSMO approach. The non-default Delley type of cavity was used, the solvent being considered with its dielectric constant of 7.58 and a radius of 3.18 Å.

[U(Cp) 3 (S i Pr)] (2), [U(Cp) 3 (SPh)] (3), [U(Cp) 3 (S t Bu)] (
In Table 1 are reported the most relevant optimized geometrical parameters, i.e. metal-ligand distances and bond angles for the studied complexes computed in the gas phase, and in solution; experimental X-ray data [START_REF] Leverd | Triscyclopentadienyl uranium thiolates and selenolates[END_REF] are added for complex 1 (the Cartesian coordinates are given in Supporting Information SI.1). The optimized geometries of all complexes [U(Cp) 3 (SR)] (R=Me, i Pr, Ph, t Bu)] are displayed on Figure 2. Our discussion will be focused first on the optimized geometries obtained for the complexes in the gas phase. As expected, the uranium centre is found in a classical pseudotetrahedral bent sandwich configuration in all complexes, that is familiar for [U(Cp) 3 (X)] complexes [START_REF] Marks | Comprehensive organometallic chemistry[END_REF]. The computed U-S distances of all thiolate complexes vary from 2.66 to 2.71 Å.

Table 1

Selected distances (Å) and angles (deg.) for complexes 1-4 optimized in the gas phase and in THF (italic red values). Values in bold blue color are the X-ray values [START_REF] Leverd | Triscyclopentadienyl uranium thiolates and selenolates[END_REF], available only for the SMe derivative * Ct i (i = 1, 2, 3) are the Cp ring centroids.

Reactants [U(Cp) 3 (SMe)](1) [U(Cp) 3 (S i Pr](2) [U(Cp) 3 (SPh)](3) [U(Cp) 3 (S t Bu)](4) U-S 1
The computed U-S bond lengths of complex 1, namely 2.668Å is in very good agreement with the X-ray value of 2.695(4) Å. In complex 1 displayed on Figure 2, the carbon atoms of each cyclopentadienyl ring are coplanar. The computed distances between the uranium atom and the centroid of the Cp rings U-C t which average 2.49 Å reproduce correctly the value of 2.48 Å determined by X-ray crystallography, whereas those between the metal and carbon atoms of the cycle U-C i are on average 2.76 Å long. On the other hand, the computed angles correctly reproduce those observed in the solid state; as an example, the angles S 1 -U-Ct 1 and Ct 1 -U-Ct 2 of 92.9 and 117.0° respectively, are very close to the X-ray values equal to 95.6 and 117.4°. Finally, as it can be seen in Table 1, the influence of the THF solvent on the op-timized geometrical parameters of complex 1 is rather small, noting that the interatomic distances optimized in the THF solvent are closer to the X-ray ones. The good agreement obtained for complex 1 indicates that the optimized geometries of the three other complexes should be reliable. We consider now the Nalewajski-Mrozek Bond Orders (NMBO) that are useful tools for the analysis of bonding in organometallic complexes. Generally, calculated NMBO correlate very well with experimental properties like bond lengths and vibrational frequencies. In Table 

[U(Cp) 3 (S i Pr)](2) [U(Cp) 3 (SMe)](1) [U(Cp) 3 (SPh)](3) U S 1 C 1 U-S 1 2.674 (2.691) U-Cp 2.494 (2.493) Cp-U-S 1 94.2 (94.6)
Cp-U-Cp 116.0 (115.9)

U S 1 C 1 U-S 1 2.704 (2.729) U-Cp 2.486 (2.483) Cp-U-S 1 93.0 (93.1) Cp-U-Cp 116.8 (116.8) [U(Cp) 3 (S t Bu)](4) [U(Cp) 3 (SPh)](3)
2, are reported the computed NMBO of selected bonds and their corresponding distances in the gas phase and in solvent (in italic, between parentheses).

Table 2

NMBO of selected bonds of the monothiolate complexes 1 -4 and CS 2 and CO 2 molecules, in the gas phase and in THF (between parentheses). As it can be seen in Table 2, the monothiolate uranium complexes present single U-S and S-C bonds, their bond indexes being slightly higher than 1. The U-S bonds, which are involved in the insertion reaction, present bond indexes in the solvent varying from 1.051 for R = Ph to 1.205 for R = t Bu. Regarding CS 2 (or CO 2 ) molecule, the NMBO of C-S i and C-O i are all close to 2 indicating the double character of these bonds. In addition, the solvent practically does not affect the NMBO.

Reactants R = Me (1) R = i Pr (2) R = Ph (3) R = t Bu (4) U-S 1 1.
Mulliken Population (MPA) and Hirschfeld charges (HA) Analyses of the monothiolate uranium(IV) complexes bring light on some other aspects of the metal-ligand interactions.

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, while the HA analysis which has been shown to be useful in inorganic chemistry, provides more reliable atomic net charges [START_REF] Hirshfeld | Bonded-atom fragments for describing molecular charge densities[END_REF]. In Table 3 are collected the computed MPA and HA charges of U, S atoms and R, Cp ligands of the neutral compounds. By net charges of R and Cp, one understands the global charge of the radical and the cyclopentadienyl ligands respectively and not only that of the atom connected to uranium. The Mulliken analysis indicates that the net charges of the metal are largely smaller than its oxidation state +4 for the neutral compounds due to the ligands-to-metal donation, the latter effect being highlighted by the weak negative charges carried by the Cp and thiolate ligands.

Regarding the HA results, as already noticed with MPA, the ligand-to-metal donation is large for the U(IV) ion. The negative charges are mainly localized on the sulfur atom and the Cp ligands, noting that the sulfur atom presents a charge of -0.173 on average, largely higher than the one exhibited by the Cp ligand (-0.118 in THF on average). This result indicates that the interaction of these two entities (S and Cp) with the uranium ion that bears a positive charge equal to +0.530 in average, exhibits an electrostatic character.

3.2.Reactivity of the [U(Cp) 3 (SR)] complexes towards CS 2 and CO 2

Thereafter, we focus our attention on the reactivity of the considered monothiolate uranium(IV) complexes [U(Cp) 3 (SR)] (R = Me, i Pr, Ph, t Bu) towards the small heteroallene molecules CS 2 and CO 2 . This reactivity of thiolate compounds is investigated using the methodology described below, the product of the reaction being the insertion of these molecules in the U-S bond. All stationary points on the potential energy surface have been fully optimized and were characterized, through vibration frequencies calculations, as minima without any imaginary frequency or transition states (TS) with only one imaginary frequency.

The IRC calculations carried out for the {[U(Cp) 3 (SR)] + CX 2 } reactions (with R = Me, i Pr, Ph, t Bu and X= S, O) showed the nonexistence of any intermediate state (IM) between the transition state and the reactants (or product). In all reactions for the considered spin state, the TS connects directly the reactants (at IRC backward) and the product (at IRC forward); it can be noticed that the product is generally more stable that the reactants (exergonic reactions).

As shown by Ephritikhine and Coll. [START_REF] Leverd | Triscyclopentadienyl uranium thiolates and selenolates[END_REF], on exposure to carbon dioxide in THF ( In the following sections the characteristics of each reaction in terms of geometries, energies, charge distributions will be detailed.

Reaction mechanism for the {[U(Cp) 3 (SR)] + CX 2 } reactions

The The reaction energy profile of the complex [U(Cp) 3 (SMe)] reacting with CS 2 in THF (Figure 5) shows that the reactants must overcome the energy barrier of 37.7 kcal.mol -1 in order to proceed to the final product. In Table 4, are reported the relative enthalpy energies to the reactants of all stationary points (reactants, TS(s) and product) calculated in the gas phase and in THF. The formation of the insertion product [U(Cp) 3 (S 2 CSMe)] is then kinetically accessible compared to the other reactions (Table 4) and the enthalpy energy of the product is very close to that of the reactants(as seen in Fig 5 (part a)). The other reactions (for R = i Pr, Ph and t Bu) present larger activation energies in THF (ranging from 39.0 to 42.2 kcal.mol -1 ).

Table 4

Relative enthalpy energies (kcal.mol -1 ) determined in THF of stationary points at the ZORA/BP86/TZP level of theory: reactants, products and transition state of the {[U(Cp) 3 (SR)] + CX 2 } reactions (R = Me, i Pr, Ph, t Bu and X = S, O). The results presented in Table 4 show that the activation energies of the {[U(Cp) 3 (SR)] + CS 2 } reactions, ranging from 37.7 to 47.1 kcal.mol -1 in the solvent, are all greater than those of their homologous {[U(Cp) 3 (SR)] + CO 2 } reactions. For instance, the {[U(Cp) 3 (SMe)] + CS 2 } reaction has a higher energy barrier (calculated at 37.7 kcal.mol -1 ) than that of the {[U(Cp) 3 (SMe)] + CO 2 } one (estimated at 25.8 kcal.mol -1 ). In the case of R = i Pr, the difference is also larger, i.e. 39.0 vs. 27.4 kcal.mol -1 . This indicates that the reactions of the thiolate complexes with CO 2 are easier to carry out than those with CS 2 . These results are in line with the experimental observation where the formation of the U(Cp) 3 (O 2 CS i Pr) product occurs very quickly, i.e. after 10 minutes of reaction between U(Cp) 3 (S i Pr) and CO 2 . For the same reaction with CS 2 , 3 days are necessary to observe the formation of the observed product [U(Cp) 2 (S 2 CS i Pr) 2 ]. Electrostatic interactions and steric factors between the reacting species are among the driving factors.

Relative enthalpy ∆H (kcal.mol

Hirshfeld charges analysis of the {[U(Cp) 3 (SR)] + CX 2 } reactions

The HA atomic charges of the various structures (reactants, transition state and product) for the representative case of {[U(Cp) 3 (SMe)] + CX 2 } reactions (X = S, O), calculated in the THF solvent, are given in Table 6. The HA charges in the gas phase are given in Supporting Information SI.5.

Table 6

Hirshfeld charges analysis of the {[U(Cp) 3 (SMe)] + CX 2 }(with X = S, O) reactions in THF. well suited to interact with the uranium and sulfur atoms of the U-S bond leading to a four centre TS with U…O and C…S contacts. On the contrary, the C and S atoms of CS 2 bear opposite charges, i.e. -0.020 for C and +0.010 for S, so that the electrostatic interaction that occurs between CS 2 and the U and S atoms of the complex is not favored.

U(Cp

The charge distribution (Figure 8a) in the case of the{[U(Cp) 3 (SMe)] + CO 2 } reaction shows a transition state with the carbon atom of CO 2 positively charged (+0.237), the sulfur atom S1 of the SR ligand negatively charged (-0.083), the metallic centre positively charged (+0.537) and the oxygen atom negatively charged (-0.135). On the contrary, for the reaction with CS 2 , the C atom of CS 2 bears the negative charge -0.084 and S the negative charge -0.060. Thus, the TS state of the reaction with CO 2 could be more stabilized than in the case of CS 2 , the ionic character of bonding in the four-centre TS structure being greater. This charge distribution is also observed in the reactants and the final product of the reaction. The evolution of the charges distributions during the reaction process is shown on Figure 8b.

Indeed, for the {[U(Cp) 3 (SMe)] + CO 2 } reaction, the uranium charge varies from +0.528 in the reactant complex to +0.597 in the product, after the CO 2 insertion into the U-S bond.

On the opposite, the identical charges of O1 and O2 atoms of CO 2 , equal to -0.155, at the beginning of the reaction, vary to -0.210 and -0.251, respectively, at the end of the reaction.

The S1 atom of the SMe fragment loses much of its negative charge (this charge passes from -0.193 to +0.016). On the other hand, in the case of the reaction with the CS 2 molecule (Table 6), contrarily to the case of CO 2 , the uranium charge decreases from the reactant (+0.528) to the product (+0.510). Meanwhile, the S2 and S3 atoms of initial charge +0.010 take the negative charges -0.046 and -0.132 respectively, those of the two atoms C1 and C2 remaining practically constant during the reaction. Moreover, one notes that the charge of the S1 atom of the SMe fragment (-0.187) at the beginning of the reaction) varies strongly until becoming positive (charge +0.056 in the product) in the case of the reaction with CS 2 . The graphical evolution of charges (Figure 8a) and their distribution during the reaction (Figure 8b) show well the electrostatic interaction between the sulfur atom of the monothiolate complex and the molecule CS 2 /CO 2 . 

Reactants Transition state Product

Frontier molecular orbitals analysis of the {[U(Cp) 3 (SR)] + CX 2 } reactions

In order to investigate more thoroughly the reactivity of the monothiolate complexes towards the CS 2 and CO 2 molecules, a molecular orbital (MO) analysis was carried out for the transition states of the{[U(Cp) 3 (SR)] + CX 2 } reactions (R = Me, i Pr, Ph, t Bu and X = S, O).

The comparative diagram of α-spin MOs of the transition state for the representative case ({[U(Cp) 3 (S i Pr)] + CX 2 } reactions) is represented in Figure 6, showing the contributions of Cp 3 , U, SR and CO 2 or CS 2 fragments (percentages % (Cp 3 /U/SR/CO 2 (or CS 2 )). For the system with R = Me, see the Supporting Information SI.6.

For the {[U(Cp) 3 (S i Pr) + CO 2 } reaction, the left side of the diagram shows that the highest occupied α spin-orbitals, i.e., SOMO, SOMO-1 are essentially metallic, with a strong f orbital character as indicated by the percentage orbital composition % (Cp 3 /U/SR/CO 2 (or CS 2 ). This uranium contribution drops sharply in lower occupied MOs (SOMO-2 with 19%, SOMO-3 with 17.2%) which exhibit, on the contrary, a significant participation of the Cp ligands (more than 60% weight). A slight contribution of the reactive CO 2 molecule orbitals (around 1%), appears in SOMO-2. Concerning the vacant MOs, the important metallic character in the LUMO and LUMO+1 (94 %) decreases as one goes up in energy with a very weak contribution of the ligands surrounding the uranium atom.

Concerning the second reaction, i.e. {[U(Cp) 3 (S i Pr)] + CS 2 } represented in the right part of the diagram (Figure 6), the same trend is found with the two higher SOMOs and the two lower LUMOs being essentially metallic (80-90%), with a strong f orbital character.

In the right part of the diagram, the contribution of the metallic centre orbitals (in particular the 5f ones) is dominating in the frontier MOs LUMO, LUMO+1, SOMO and SOMO-1.

Unlike the reaction with CO 2 , there is a substantial contribution from CS 2 orbitals in LUMO+1 (8.0%) that rises up to 8.3% in LUMO+2. The diagram shows a minor contribution of the orbitals of the thiolate ligand SR orbitals (approximately 2.0% in LUMO and LUMO+1) which increases in SOMO-2 (more than 18%), while the OA of Cp ligands are absent in the MOs except in LUMO+3 (14.4%) and SOMO-3 where it becomes very important (60.3 %). The percentage weights give the contributions of the Cp, U, SR and CX 2 fragments of the TS species to the MOs (Contour values: 0.03 au).

- 

Nalewajski-Mrozek analysis of the {[U(Cp) 3 (SR)] + CX 2 } reactions

In order to investigate the evolution of the atom-atom interactions during the insertion processes, the results of the NMBO analysis for the reactions with CS 2 are given in Table 5 (those of the reactions with CO 2 are given in the Supporting Information SI.7). For the case of CO 2 , the NMBO analysis of the {[U(Cp) 3 (SR)] + CO 2 } reactions reveals the same tendency for all the insertion reactions of CO 2 into the U-S bond of these complexes. When going from the reactants towards the TS, the bond indices of U-S, C2-O1 and C2-O2 decrease, the two last bonds becoming different in the TS. As an example, during the reaction of 1 with CO 2 (see Figure 7b), the NMBO values vary from 1.195 (for U-S), 1.970 (for C2-O1and C2-O2) to 0.894, 1.636 and 1.921 in the TS, respectively. In the second step of the reaction, the evolution towards the product occurs by the insertion of the CO 2 molecule with the breaking of the U-S bond and the creation of two bonds between U and both O atoms of CO 2 (one shorter than the other). Another C-S bond is formed corresponding to a NMBO value changing from 0.295 in the TS to 1.055 in the product. In this final product, insertion into the U-S bond corresponds to the two NMBO values of 0.554 and 0.334 for the two U-O bonds.

Redox properties of the monothiolate uranium complexes [U(Cp) 3 (SR)]

We consider now the redox properties of the complexes under consideration. The half-wave reduction potentials of complexes 2 and 3 have been determined experimentally by electrochemistry measurements [START_REF] Elkechai | A DFT and experimental investigation of the electron affinity of the triscyclopentadienyluranium complexes Cp 3 UX[END_REF]75] but not those of [U(Cp) 3 (SMe)] (1) and [U(Cp) 3 (S t Bu)] (4). In order to estimate the half-wave reduction potentials of these two latter monothiolate complexes we also undertook a study of the redox properties of the triscyclopentadienyl complexes [U(Cp) 3 (X)] X = Cl, O i Pr, BH 4 and NEt 2 (electrochemical potentials relative to the U III /U IV systems of the latter species being measured). The geometries optimizations of the uranium(III) anionic complexes [U(Cp) 3 (SR)] -have been carried out at the same level of theory as for the neutral U(IV) counterparts, considering their highest spin state 5f 3 (see Cartesian coordinates and geometries of these U(III) anionic species in Supporting Information SI.8). As an example, the structure with some geometrical parameters of the complex [U(Cp) 3 (SMe)] (1) and the corresponding anion are given in Figure 9.

The U(IV) → U(III) reduction process of the neutral complexes induces a significant increase of the calculated bond distances between the central metal and its neighbors. As one can see on the Figure 9, this lengthening of the U-S bond is equal to 0.13 Å (from 2.668 Å to 2.800 Å) for the isolated molecule 1 and to 0.15 Å in solution, whereas for the U-Cp(centroid) distances, the average variation is of 0.05 Å. This bond lengthening is in line with the ionic radius increase by 0.135 Å for the U 3+ relatively to U 4+ ions [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. The other parameters as the C-C and C-H bond lengths of the ligands and the centroid-U-centroid and centroid-U-S angles are not affected by the reduction of the neutral uranium(IV) complex since the variations do not exceed 0.02 Å for the distances and 1° for the angles. The total bonding energies (TBEs) calculated for all species allow the determination of the electron affinities (EAs). In all cases, the EAs were computed according to the "ΔE method", that is the difference between the TBEs of the compounds and their reduced forms at their optimized geometries. The calculations have been carried out at the ZORA/BP86 level using both the TZP basis set and the more extended TZ2P one. The effects of the spin-orbit coupling were taken into account through 'single point' calculations using the previously optimized geometries. The computed TBE values are given in Supporting Information SI.9.

The EAs calculated in the gas phase and in solution (THF), for all the complexes at the same level of theory, are given in Table 7. In this table are displayed the results by using the more extended ADF/ZORA basis set, namely the TZ2P (triple zeta) that includes two functions of polarization. The columns with SO acronym correspond to the values of EAs which take into account spin-orbit coupling, whereas, in the last column of Table 7, are displayed the experimental half-wave reduction potentials of the neutral uranium(IV) complexes, (E 1/2 vs. [Cp 2 Fe] +/0 ) measured in volts in THF [START_REF] Elkechai | A DFT and experimental investigation of the electron affinity of the triscyclopentadienyluranium complexes Cp 3 UX[END_REF]75]. As expected, all the EAs are positive, going from 0.931 to 1.504 eV in the gas phase, and from 1.118 to 1.722 eV including the spin-orbit coupling corrections. This shows well the better stability of the anionic U(III) species relatively to their neutral U(IV)precursors. It is noted that the alkoxide derivative, [U(Cp) 3 (O i Pr)], having the smallest reduction half-wave potential (-2.385 V), exhibits the smallest EA (1.118 eV), thus making this compound the most difficult to reduce. On the contrary, its chloride congener [U(Cp) 3 (Cl)] proves to be the easiest to undergo a reduction, with the largest EA (1.802 eV) corresponding to the lowest potential (-1.875 V). In addition, it can be seen that spin-orbit coupling affects differently the TBEs of the neutral and anionic species, in their triplet and quartet states respectively, the latter compounds undergoing an energy lowering of 2.5 eV on average, whereas it is of 2.2 eV for the uranium(IV) complexes. In order to simulate the experimental conditions, solvent effects must be taken into account. The latter and spin-orbit corrections lead to significant variations of EAs. Moreover, it is interesting to note that relative ordering of the EAs of the uranium(IV) complexes in the gas phase can be changed in solution, as it is the case for 2 and

4.

A very nice linear correlation is obtained between the computed electron affinities calculated in THF including the spin-orbit corrections and the available experimental half-wave reduction potentials -E 1/2 , the correlation coefficient of the linear regression being equal to 0.99 with a slope of -0.202 (Figure 10). We noted that the neglect of the spin-orbit correction leads to a worsening of the correlation between the EA (THF + SO) and the E 1/2 , i.e. the R 2 coefficient varies from 0.99 to 0.90. This result is in agreement with our precedent works [START_REF] Elkechai | Density functional theory investigation of the redox properties of tricyclopentadienyl-and phospholyluranium(IV) chloride complexes[END_REF][START_REF] Elkechai | Redox properties of biscyclopentadienyl uranium(V) imido-halide complexes: a relativistic DFT study[END_REF][START_REF] Kias | Redox properties of monocyclooctatetraenyluranium(IV) and (V) complexes: Experimental and relativistic DFT studies[END_REF] and with a Shamov and

Schreckenbach study [START_REF] Shamov | Density functional studies of actinyl aquo complexes studied using small-core effective core potentials and a scalar four-component relativistic method[END_REF], showing that spin-orbit corrections to the An(VI)/An(V) reduction The good correlation E 1/2 vs. EAs confirms well the role of the electron donating ability of the X ligand in the redox properties, the more electron donor ligand leading to a complex exhibiting a smaller electron affinity as given by the following classification of the Hammett constants: Cl < BH 4 < SPh < S i Pr < SMe < NEt 2 < O i Pr [START_REF] Hammett | The effect of Structure upon the reactions of Organic Compounds. Benzene Derivatives[END_REF].

Conclusion

In the present work, new insights into the reactivity and the redox behavior of a series of triscyclopentadienyl monothiolate uranium(IV) complexes have been presented. In the first part of this study, the small molecules CS [U(Cp) 3 (SMe)] is found most reactive, following the classification order of the steric hindrance constants of the R ligand. Finally, the computed activation barriers of these reactions also show that the CO 2 insertion into the U-S bond of the monothiolate complexes is easier than that of CS 2 , in agreement with the experimental observations. This different reactivity of CO 2 and CS 2 is explained by the highest electronegativity of oxygen compared to that of sulfur leading to a strong electrostatic interaction between oxygen and uranium, then to the initial coordination of CO 2 to the central metal, before the migration of the SR group. The Hirshfeld analysis shows that the insertion of CO 2 is also supported by the electrostatic attraction between the positively charged carbon atom and the negatively charged sulfur atom with the SR ligand, which leads to the formation of U-O bonds more ionic than U-S ones.

In the second part of this work, with the aim of estimating the reduction potentials of 

  using relativistic DFT calculations. Four monothiolate complexes, i.e. [U(Cp) 3 (SMe)] (1), [U(Cp) 3 (S i Pr)] (2), [U(Cp) 3 (SPh)] (3) and [U(Cp) 3 (S t Bu)] (4) are considered. Their structures are depicted in Figure 1. First, we shall focus our attention on the insertion of CO 2 and CS 2

Fig. 2 .

 2 Fig. 2. Optimized geometries, obtained distances in the gas phase and in THF (between parentheses) for complexes 1 -4.

  Linear Transit (LT) calculations show that the insertion reaction of CS 2 into the U-S bond of [U(Cp) 3 (SR)] complexes proceeds first by the interaction of CS 2 with the methylthiolate group SR. The carbon atom of CS 2 approaches the sulfur atom of the SR ligand, then one of its C-S bond is elongated from 1.57 Ǻ in free CS 2 to around 1.66 Ǻ concomitantly accompanied by a bending of the molecule reaching an angle of ca. 144° in the TS structures. Meanwhile the U-S bond is elongated for R = Me from 2.668 Ǻ in the reactant to 2.755 Ǻ in the TS, leading to the breaking of this bond. Then, the already formed SRCS 2 ligand coordinates to the uranium atom in a η 2 -SS mode leading to the formation of the insertion product [U(Cp) 3 (S 2 CSR)] where the CS 2 molecule is inserted in the U-S bond; the two U-S(CS 2 ) bonds exhibit slightly different lengths, ca. 2.87 Ǻ for one and 3.12 Ǻ for the other. The geometrical parameters relative to the moieties not involved in the insertion process remain unchanged. The geometrical structure of the insertion product [U(Cp) 3 (S 2 CS t Bu)] is displayed in Figure 3. (Cartesian coordinates of TS and products for all reactions with CS 2 are in Supporting Information SI.2).

Fig. 3 . 1 Fig. 3 .

 313 Fig. 3. Geometrical structures of [U(Cp) 3 (S t Bu)] (left) and the insertion derivative (right)

Fig. 4 .

 4 Fig. 4. Geometrical structures of the transition states (left) and products (right) of the {[U(Cp) 3 (SR)] + CX 2 } reactions with X = O (top) and S (bottom), and R = Me (a), i Pr (b), in THF (sulfur atoms in yellow, oxygen ones in red, carbons in green).

Fig. 5 .

 5 Fig. 5. Energy profiles for the {[U(Cp) 3 (SMe)] + CS 2 /CO 2 } reactions in THF: (a) {[U(Cp) 3 (SMe)] + CS 2 } (b) {[U(Cp) 3 (SMe)] + CO 2 }. Energy profiles obtained in gas phase are in Supporting Information SI.4.

Fig. 8a .

 8a Fig. 8a. Hirshfeld atomic charges distribution of the stationary states (reactants, transition state and product) during the {[U(Cp) 3 (SMe)] + CX 2 } (X = S, O) reactions in THF (oxygen atoms in red, sulfur in yellow and carbon in green).

Fig. 8b .

 8b Fig. 8b. Evolution of the Hirshfeld charges during the three steps of the {[U(Cp) 3 (SMe)] +CX 2 } (X = S, O) reactions, in THF.

Fig. 6 .

 6 Fig. 6. Comparative diagram of α-spin MOs of the transition state of the {[U(Cp) 3 (S i Pr)] + CX 2 } reactions (X = O at the left of the figure and X = S at the right of the figure) in THF.

  the bond indices of U-S1 and C2-S2 bonds decrease to reach an average value of 0.80 and 1.50 respectively in the transition state, in parallel with the increase of their bond lengths. On the other hand, a weak bond between the central metal and one of the sulfur atoms of the reactive molecule CS 2 begins to form with a U-S2 NMBO value close to 0.60 in the transition states to reach the average value of 0.70 in the final products. Meanwhile a bond between the C atom of CS 2 and the sulfur atom of [U(Cp) 3 (SR)] starts to be formed with an NMBO of 0.40 in the TS. These variations in bond indices during the insertion reactions are in agreement with those of the corresponding bond lengths, a low NMBO corresponding to a large bond length. The final products present simple bonds with NMBO values all larger than 1, except for the sulfur atoms of CS 2 bound to uranium, i.e. U-S2 and U-S3 for which the bond orders are close to 0.70 and 0.50 respectively. Figure 7a summarizes this process for the representative cases of the {[U(Cp) 3 (SR)] + CS 2 } reactions (R = Me, i Pr).

Fig. 7 .

 7 Fig. 7. Nalewajski-Mrozek bond orders of the different species of the {[U(Cp) 3 (SR)] + CX 2 } (R = Me, i Pr) reactions, (R= Me at the top of the figure and R = i Pr at the bottom of the figure, (a) X = S, (b) X = O), computed in the THF solvent.

Fig. 9 .

 9 Fig. 9. Optimized geometries of the two U(III/IV)species of the [U(Cp) 3 (SMe)] (1) complex in the . gas phase and in THF (in red). Left values for U(III) and right for U(IV) complexes.

Fig. 10 .

 10 Fig. 10. Linear correlation between the computed electron affinities and the experimental half-wave reduction potentials E 1/2 for the [U(Cp) 3 (X)] complexes in THF.

  potentials of the actinyl complexes [AnO 2 (H 2 O) 5 ] n+ (An = U, Np and Pu) are essential to reproduce experimental results. Finally, it is worth noting that the use of the less extended TZP basis set slightly worsens the correlation between EA and E 1/2 , with the R 2 factor being equal to 0.97. This good correlation permits to estimate the half-wave reduction potentials of the two monothiolate complexes [U(Cp) 3 (SMe)] (1) and [U(Cp) 3 (S t Bu)] (4), not experimentally measured. Indeed, on the basis of the linear regression of Figure10and the computed EAs of 1 and 4, respectively 2.76 eV and 3.28 eV, we can deduce the reduction potentials, E 1/2 {U(Cp) 3 (SMe)} = -2.04 V and E 1/2 {U(Cp) 3 (S t Bu)}= -1.94 V.

  [START_REF] Evans | Insertion of carbodiimides and organic azides into actinide-carbon bonds[END_REF] and CO 2 insertion into the U-S bond of the triscyclopentadienyl monothiolate uranium(IV) complexes, i.e. [U(Cp) 3 (SR)] (R = Me (1), i Pr (2), Ph(3)and t Bu (4)) was investigated using relativistic ZORA/BP86 calculations taking account the solvent effects via the COSMO approach. The optimized geometries of the reactants are found in good agreement with the available X-ray structures. The structures of the transition states and products have been determined and characterized by Linear Transit (LT) and Intrinsic Reaction Coordinate (IRC) calculations. The [U(Cp) 3 (S t Bu)] complex presents the highest activation barrier in both reactions with CO 2 and CS 2 , while

[U(Cp) 3 (

 3 SMe)] and [U(Cp) 3 (S t Bu)] compounds, the redox properties of the monothiolate complexes and of a series of [U(Cp) 3 (X)] compounds (X = Cl, BH 4 , NEt 2 and O i Pr) for which the experimental reduction potentials are available, have been investigated. The good linear correlation obtained (R 2 = 0.99) between the calculated electron affinities and the half-wave

Table 3

 3 Mulliken Populations and Hirschfeld Charges (between parentheses) Analyses of the monothiolate complexes calculated in THF.

	Complexes	[U(Cp) 3 (SMe)]	[U(Cp) 3 (S i Pr)]	[U(Cp) 3 (SPh)]	[U(Cp) 3 (S t Bu)]
	U	0.554 (0.528)	0.505 (0.528)	0.492 (0.536)	0.481 (0.529)
	S 1	-0.236 (-0.193) -0.217 (-0.177) -0.188 (-0.153) -0.127 (-0.168)
	R	0.002 (0.004)	0.020 (-0.005)	-0.039 (-0.015) -0.031 (0.004)
		-0.320 (-0.339) -0.308 (-0.346) -0.265 (-0.368) -0.323 (-0.365)

  Cp) 3 (S i Pr)] with CS 2 was much slower and gave the trithiocarbonate [U(Cp) 2 (S 2 CS i Pr) 2 ] and unidentified products. A similar study on the bisthiolate uranium (IV) complex [U(Cp*) 2 (S t Bu) 2 ] [48] showed that it reacted very quickly (a few minutes) with CO 2 to give [U(Cp*) 2 (O 2 CS t Bu) 2 ] whereas its reaction with CS 2 required two days to form the monoinsertion product [U(Cp*) 2 (S t Bu)(S 2 CS t Bu)].

1 atm; 20°C), [U(Cp) 3 (S i Pr)] was in rapid equilibrium with [U(Cp) 3 (O 2 CS i Pr)] resulting from reversible insertion of CO 2 into the uranium-sulfur bond. In contrast, the reaction of [U(

-1 )

  

	R	X Reactants	TS	Product
	Me S	0	37.7	0.3
		O	0	25.8	-1.4
	i Pr	S	0	39.0	0.1
		O	0	27.4	-2.9
	Ph	S	0	40.8	6.2
		O	0	39.7	2.9
	t Bu S	0	47.1	-1.8
		O	0	42.2	-9.6

Table 5

 5 NMBO bond orders in TS and products of the {[U(Cp) 3 (SR)] +CS 2 } reactions, calculated in THF.

	Complex Species	U-S 1	C 2 -S 2	C 2 -S 3	C 2 -S 1	U-S 2	U-S 3
	(1)	TS	0.814	1.543	1.461	0.348	0.588	-
		Product	-	1.269	1.445	1.174	0.710	0.473
	(2)	TS	0.859	1.471	1.890	0.391	0.643	-
		Product	-	1.265	1.437	1.188	0.718	0.469
	(3)	TS	0.663	1.390	1.815	0.520	0.699	-
		Product	-	1.271	1.469	1.122	0.709	0.487
	(4)	TS	0.956	1.375	1.774	0.374	0.747	-
		Product	-	1.253	1.435	1.196	0.725	
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