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Abstract: Calculations of ionization energies (IE) and electaffinities (EA) of a series of biscyclopentadje
imido-halide uranium(V) complexe8p*,U(=N-2,6-Pr—CsH3)(X) with X = F, Cl, Br and I, related to the
u"v/uY and U/UY' redox systems, were carried out, for the firsetimsing Density Functional Theory (DFT) in
the framework of the relativistic Zeroth Order RieguApproximation (ZORA) coupled with the Conduetike
Screening Model (COSMO) solvation approach. A vepod linear correlationR=0.993) was obtained,
between calculated ionization energies at the Z@RB6/TZP level, and the experimental half-wave atiah
potentialsE;,. A similar linear correlatiometween the computed electron affinities and tleetedchemical
reduction J'/U" potentials R?=0.996) is obtained. The importance of solventa&@and of spin-orbit coupling
is definitively confirmed. The molecular orbitalapsis underlines the crucial role played by the#fitals of
the central metal whereas the Nalewajski-MrozekMINbond indices explain well the bond distancesatims
following the redox processes. The IE variatiorthef complexes,e. IE(F) < IE(CI) < IE(Br) < IE(]) is also well
rationalized considering the frontier MO diagranish@se species. Finally, this work confirms thievance of
the Hirshfeld charges analysis which bring to ligiit excellent linear correlatiorRé=0.999) between the

variations of the uranium charges d@hgin the reduction process of the/ Species.

Keywords DFT; ZORA; uranium complexes; ionization energypadfon affinity; half-wave potentials;
Hirshfeld analysis.



= INTRODUCTION

Organoactinide complexes often present structurahgements and a particular reactivity not noticed
coordination chemistry of transition met§ls7]. The knowledge of the Electron Affinities (EA) anohlzation
Energies (IE) of organoactinide complexes is esslefdr the understanding of the redox properti€shese
species, especially as actinides can exhibit varioxidation states. In particular, the study of tieelox
behaviour of uranium complexes, carrying the uliaus cyclopentadienyl ligand, is of great inter@&s#cause
redox experimental studies for actinide systemsdcba difficult to achieve, computational quantuhemistry
provides useful tools to access to this importaaperty. As pointed out in a rather exhaustiveeevilevoted to
EA by Rienstra-Kiracofe et §8], electron affinities obtained with calibrated Digngunctional Theory (DFT)
methods are rather reliable and in good agreemigmtexperiment
The Kiplinger's group was pioneering in the thewatdetermination of EA of fluoroketimide complex@].
The issues related to the scarcity, toxicity anddtiag of actinide complexes prevent experimentadiigs (to
our knowledge, no direct experimental determinatbiEA of actinide complexes to date) which areitigd to
electrochemical measurements of the redox progesfieiranium complexd40-16].  Our previous studies of
the redox behaviour of such species, concerninfusixely tetravalent organouranium complexes, ngntied
bis(cyclopentadienyl) seriiCp*,UX,] [17] and [L,U(BH,),] [18], and tri(cyclopentadienyl)CpsUX] [19],
showed that DFT computed EAs correlate very welhwlie experimental half-wave reduction potent{gfs>
0.99.

In 2008, the Los Alamos group providedumber of experimental data (structures, elel&ical
measurements, IR spectra, NMR chemical shifts, mtdgrsusceptibility) for a series of unprecedented
pentavalent uranium complexg9]. This availability of experimental data on sucteraompounds, expected to
be unstable because their easy disproportionatitm uranium(lV) and uranium(VI) species, gives e t
opportunity to apply our methodology to the stufiyhis new class of pentavalent complexes of unaniu

The purpose of the present work is to perform ailiet relativistic DFT study of the redox behawvidr
neutral imido halide uranium(V) complex§8p*,U(=N—2,6-Pr—CsH3)(X)] (X = F, Cl, Br, 1), through the
determination of their electron affinities and mation energiesln particular, we shall investigate what are the
electronic factors which drive EAs and IPs of th@/Ucomplexes under consideration. Besides EAs I&isd
other molecular properties are discussed as maegdometries, harmonic vibration frequencies atiro
electronic indices. In particulathe Nalewajski-Mrozek[21] bond-multiplicity indices and the Hirshfeld
electronic charge analys[82] will be used to characterize the bonding and edeat structure of selected
organouranium complexes. To our knowledge, it ésfttst time that a theoretical investigation of thxidation

of uranium complexes is done at the planned lef/#eory.



Fig. 1 The studiedCp*,U(=N—2,6-'Pr,-—CsH3)(X) halide complexes

= COMPUTATIONAL DETAILS

In reference 8, it was shown, tihe case of large polycyclic aromatic hydrocarhdinst standard DFT
guantum chemical calculations with relatively smiadlsis sets could reproduce experimental valuethef
electron affinities with average error of about®el. Our previous studies, using Relativistic D8] based
on the Zeroth Order Regular Approximation (ZOR24] to the Dirac equation, showed that calculationsea
out on bis (or tri)cyclopentadienyl uranium commexlead to computed EAs in good agreement with
experimental half-wave reduction potentials. Sothis work, we shall use the same methodology wligch
detailed below. The Vosko-Wilk-Nusair functional YXM) [25] for the local density approximation (LDA) and
the gradient corrections for exchange and cormlatif Becke and Perde{26] respectively, i.e. the BP86
functional have been used. Solvents effects haea leken into account using the Conductor-like &uirey
Model (COSMO)[27]. Geometry optimizations which have been carriedabuhe scalar relativistic level were
followed by single point computations includingrsirbit coupling. The calculations were performathg the
Amsterdam Density Functional (ADF2010.02) prograatckage[28c]. In this study, we used for all atoms a
Triple-{ Slater-type valence orbitals (STO) augmented by s&ieof polarization functions, i.e. the tripleaet
polarized (TZP) basis set, taken from the ADF/ZORA? database. The spin unrestricted DFT schemsed.u
The frozen-core approximation where the core dgnst obtained from four-component Dirac-Slater
calculations has been applied for all atoms. Faobara C.1s, fluorine F.1s and nitrogen N.1s, thecdse
electrons were frozen. The 1s/2s/2p cores wereffréar the chlorine Cl.2p, while the 1s/2s/2p/3#3f8d and
1s/2s/2p/3s/3pl/4s/3d/4pl/5s/4d cores were frozepertively for the bromine Br.3d and iodine 1.4the U.5d
valence space of the heavy element includes ti6s/6{8/6d/7s/7p shells (14 valence electrons). Ségtudies
have shown that the ZORA/BP86/TZP approach repmsiube experimental geometries and ground state
properties of f-element compounds with a satisfyawguracy[29-31] Molecular geometry and molecular
orbital plots were generated, respectively, by sisie MOLEKEL 4.332] and the ADFVIEW28c] programs.

Electron affinities (or ionization energies) argeof not easily reachable experimentally; moreotresir
computationalevaluation is a difficult task owing to the factathit implies odd-electron systems (spin
contamination and SCF convergence problems). Itldhbe noted that in our case, spin contaminatias w
found negligible, owing to the fact that the congzlivalues <% of the squared spin operator are very close to

the exact values for all the studied species (tievidess than 3%).



In the present work, the electron affinities weedcualated as the energy difference between theraleaihd
anionic (or cationic) forms of the complexes afrthespective optimized geometries, i.e. tid="method”.
In terms of the energies at optimized geometries, EA and IE (lonization igy¢ are computed as
follows:
EA = E(neutral)— Kanion) for the reduction reaction, and

IE = E(cation)— Hneutral) for the oxidation reaction.

The ADF program that we use produces Total Bané&nergies (TBE) rather than total energies, so
that EA is computed in our case as TigHneutral)— TBHanion) difference for the reduction process an@sE
TBHKcation)— TBEneutral)

= RESULTS AND DISCUSSION

Structural Properties. First, the full geometry optimizations of the nelitcomplexegCp*,U(=N-2,6-Pr,-
CeHa)(F)] (1), [Cp*aU(=N-2,6-Pry-CeHs)(CI)] (2), [Cp*2U(=N-2,6-Pr,-CeHz)(Br)] (3) and [Cp*,U(=N-2,6-
'Pr,-CeHs)(1)] (4) and their anionic and cationic forms were cardetlin the gas phase, at the spin unrestricted
level of the theory. We considered the highest spétte for the anionic ') (5f) complex, i.e. a triplet one,
whereas the spin states are respectively a dostiateet for the neutral \U(5f') species, and a singlet state for the
cationic U" (5f%) one. All compounds have been taken in thes@nmetry. Finally, in order to check that the
optimized geometries are minima on the potentiatgy surfaces and to simulate IR spectra, we asfopned
the calculation of the vibration frequencies of treutral U species under consideration. Then, the geometries
were further re-optimized in solution, using the 8O approach, considering two different solventdu@ne
which is the solvent used for the synthesis of twenplexes, and tetrahydrofuran THF, used for the
electrochemical measurements). The non-defauleReilpe of cavity was used, the solvents being idensd
with their dielectric constant respectively equalaf 2.38 and 7.58 for toluene and THF, whereascthaty
radius have been set equal to 3.48 A and 3.18 Atdlrene and THF respectively. Finally, single-poin
variational spin-orbit ZORA calculations using tpeeviously optimized geometries have been carrigd io
both the gas phase and solution, in order to coenfing spin-orbit coupling contributions to the egies[28b,

33]. In our case of open-shell systems, the non collinpproximation has been ug@3b].

First of all, it is necessary to stutlg structures of the different species involvethim redox processes.
In Table 1 are listed the most relevant computezhggrical parameters, i.e. metal-ligand distancesb lzond
angles for the three'U, U¥ and U" species in the gas phase as well as in solutitreaf ORA/BP86/TZP level

(the optimized structures and coordinates are giv&upporting Information (SI)).



Table 1 Computed Distances (A) and Angles (deg.) for the "UUY/UY' Cp*,U(=N-2,6-'Pr,-CeH3)(X)
Complexes at the ZORA/BP86/TZP Level in the Gas Plsa and in Solution (toluene), and the Available
Experimental X-Ray Values for the Neutral U’ Compounds (in Square Brackets]20]

Complex 1(F) 2 (Cl) 3(Br) 4 (1)
2.147/2.110/2.084  2.710/2.618/2.555  2.936/2.823/2.745  3.254/3.100/3.001
U-X (2.157/2.115/2.086) (2.741/2.636/2.565) (2.972/2.834/2.758) (3.302/3.137/3.016)
[2.122(5)] [2.6209(15)] [2.789(3)] [3.039(7)]
u-Ccg' 2.551/2.511/2.468  2.545/2.511/2.478  2.544/2.509/2.482  2.541/2.510/2.486
(Centroid)  (2.544/2.507/2.463) (2.538/2.504/2.473) (2.536/2.504/2.475) (2.535/2.508/2.479)
[2.457]
2.050/1.985/1.959  2.038/1.978/1.952  2.036/1.976/1.951  2.031/1.974/1.949
U=N (2.053/1.988/1.961) (2.038/1.980/1.954) (2.035/1.978/1.952) (2.028/1.975/1.951)
[1.965(8)] [1.963(4)] [1.969(7)] [1.974(7)]
134.6/136.4/148.9  134.2/139.1/144.7 133.6/135.9/141.4  134.4/135.5/140.8
Cp-U-Cp  (133.9/137.3/148.1) (134.4/135.7/144.2) (133.4/135.2/144.2) (130.0/131.6/142.2)
[134.07]
99.3/101.4/104.8 102.4/103.9/105.2 104.1/106.5/108.6  106.1/107.7/110.1
N=U-X (98.5/100.2/102.0)  (102.1/103.4/104.6) (103.3/104.9/106.6) (105.1/107.1/108.4)
[105.8] [105.3(2)] [106.6(2)]
171.8/171.6/172.3  172.8/173.3/173.6 172.8/173.0/171.9  172.2/173.2/172.2
U=N-Cx, (171.3/172.2/173.0) (173.0/173.2/173.5) (173.1/173.4/173.3) (173.0/173.9/173.3)

[169.6(4)]

[172.2(9)]

[170.7(6)]

#average values

As expected, all the mononuclear moles@p*,U(=N-2,6-Pr,-CsH3)(X) complexes are found in the
familiar pseudo tetrahedral bent sandwich confijonawith an usual geometry of théCp*, fragment. The
uranium coordination in these complexes featurassit bent-metallocene geometry, with the imidd-and
halide ligands contained within the metallocene geed

The computed geometrical parameters globally found in good agreement with the available
crystallographic data, namely those of tbmplexesl, 2, 3 and4 [20]. In particular, distances between central
metal and the halide element U-X (2.110 A for U218 A for U-CI, 2.823 A for U-Br and 3.100 A for)
reproduce well the experimental data i.e. 2.1282P,.2.789 and 3.039 A, within the limit of the exjmental
error. Values of U-X bonds which vary as followsFU< U-CI < U-Br < U-I reflects well the ordering thfe
ionic radii of these elements. It is noticed thtthalide U’ complexes exhibit short Uz, bond distances
(1.974 to 1.985 A) which correlate very well withetexperimental values. One also finds the usalaieg of
various angles like 135° for Cp*~U—-Cp* and 101 6¥1for N=U-X, with a better agreement for the Cg=X
angles (see Supporting Information). In additigrisinoted that the geometry of tB*,U(=N-2,6-Pr,-CqHs)
moiety is not influenced by the nature of the Xidligand; indeed, the U-Gfoiq (2.510 A), U-C and N-G
distances arpractically identical for the 4 studied compoundd are very close to the X-ray values; one notices

also the almost linear arrangement of the atoms-+t&N(angles 171.6 to 173.3°).



The electron capture by the neutratigseleading to the U(IV) anionic complexes cawsésngthening
of the distances between the central metal ankitghbors; this is mainly due to the increase efitimic radius
of uranium from U(V) to U(IV); on the contrary, thexidation process induces a shortening of the lnteta
ligands bond lengthscé 0.3 A). Moreover, it should be noted that oxidatiaffects rather clearly the angle
between the Cp* ring centroids and the central h{#tpasses from 136° in the neutral species t9°1d the
cationic species) whereas the Cp*centroid—U—X anglee not affected by the reduction or oxidationttef
central metal da. 3° for the angles). We also found that the optadigeometrical parameters in solution are

close to the values obtained for the isolated midéec(values for the THF solvent in the SI).

The optimized molecular geometrieshefanionic U", neutral U, andcationic U"' complexes for X=Cl

(up) and X=F (down), are depicted on Fig. 2.

U—CI=2.7102.6182.555
J¥ [2.6209]

U—N = 2.0391.9781.952
[1.963] v~ _

N—C, =1.3731.3911.393 <« - _ _|
[1.404(7)]

)
N=U—Cl=102.4103.9105.2
[105.8]

NsU—F=99.3’101.4ll04.8

N—C,=1.3681387/1.390
U-N=2.0501.9851.95¢

Fig. 2 Optimized geometries of the)" /UY/U"' Cp* ,U(=N-2,6-'Pr,-CgH3)(X) (X=F, Cl) complexes computed
at the TZP level (isolated molecule). Hydrogen andarbon atoms of the Cp* rings are hidden for clariy

(Geometries for X=Br, | are in Sl)



We consider now Nalewajski and MrozBiM) bond orderg21], which have been successfully used as
a useful tool for the analysis of bonding and of #iectronic structure of organometallic compleka4].
Generally, the calculated NM bond orders correlaty well with experimental properties like bonddghs and
vibrational frequencies. The imido-halide complepessent a single U-X bond (bond order equal tO®Df@r
F, 1.037 for Cl, 0.995 for Br and 0.97 for I) whasehe bond order between the central metal andittogen of
the imido group is double of character (values leetw1.83 and 2.25). On the other hand, this mephedicts
an increase in the U-X and U-N bond multiplicitytire cationic species, and a decrease in the @nirgs.
These variations of NM bond orders increase withatomic number of the halogen element; thus, #nation
of these indices between thé’ldnd U species is 0.0938 for F, of 0.1970 for Cl, 0.2286Br, whereas it
reaches 0.2758 for | (see detailed NM bond orderSl). As expected, the changes in bond multigliere
reflecting the changes in the bond-length, a hidtwerd order corresponding to a shorter bond lengths, an
almost perfect linear correlation is obtained betwehe NM bond orders of the U-N bonds and the
corresponding U-N bond length®?€ 0.99). The U—X bonds present also such corraidiiat with = 0.97 (in
Sl).

Calculations of the analytical vibrat#d frequencies of the neutral species reveal josdlyt similar
spectra for all the complexes. The simulated DFEcsp show two distinct bands, the first going frorno 1500
cmtwith rather low IR intensities, and the @ed ranging between 2500 and 3250%cfhe latter,
containing in particular two localized transitiomsound 2900 cihy corresponds to vibrational modes within the
[Cp,*- U=N-(2,6)-'Pr,- CsHs] moiety, whereas the U-X vibration is localizedtie first band. The stretching
frequencies of the U-X bonds are respectively eiqual2, 543, 581 and 592 chior 1(F), 2 (Cl), 3 (Br) and4

().

Redox Properties.We consider first the oxidation of the neutral Unido-halide complexes, half-wave
oxidation potentials from electrochemical measunesiarelative to the YJU"' redox system being available. In
all cases, the IEs were computed according to Alierhethod”, that is the difference between the TBEthe
cationic U" and neutral U species at their optimized geometries. In Tablar given the computed IEs, in the
gas phase as well as in solution (toluene and TbiFall complexes, at the ZORA/BP86/TZP level oéahy;
the rowwith the acronym SO corresponds to the values of thakiag into account spin—orbit coupling. In the
last row of this Table, are displayed the experitalenalf-wave oxidation potentials in volt&i(,vs. [CpFe]™)

of the neutral uranium(V) complexes, in THED]. The computed TBE values are given in Sl.

Table 2 lonization energies (eV) of the V) Cp*,U(=N-2,6-'Pr,-CsH3)(X) Complexes at ZORA/BP86/TZP
Level in the Gas Phase and in Solution,e. in toluene and in THF (in parentheses), and the Bperimental
Half-Wave Oxidation PotentialsE;, (V)



1 2 3 4
Complex (3] (ch (Br) ()
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. E12(V) -0.14 0.03 0.07 0.11

Considering the complexes in the gaasphit can be noted in Table 2 that all the coppUEs are

positive, their values being between 5.507-5.659aed between 5.568-5.728 eV when including spiritorb

coupling. The iodide compound, which has the higlnedf-wave oxidation potential (+0.11 V) exhibitse

highest IE (5.728 eV) and is therefore the mostiadift to oxidize. On the contrary, the fluoride ngener

exhibits the lowest IE (5.568 eV) and probes tahHseeasiest to oxidize. In addition, it can benstat spin-

orbit coupling affects similarly the TBE of the el and cationic species, in their doublet andjlsinstate

respectively, leading to an energy lowering of 2d2.35 eV and a smaller increase of IE (0.07 e\aeerage).

The effect of a solvent leads to an important vammaof IEs, even if their ordering is maintainé. 1E(F) <

IE(CI) < IE(Br) < IE(I).

Moreover, it can be seen that the |IEs decreasethatisolvent polarity; in our case, THF leads ®Ithwest IEs.

A very nice linear correlation is obtained betw#es computed IEs (in THF at the TZP level includihg spin-

orbit correction) and the experimental half-wavédation potentialsE,,, the R? correlation coefficient of the

linear regression being equal to 0.99 (Fig. 3). Wé¢e that neglecting solvation worsens slightly tReE;/,

correlation R?=0.98).
4.80
4.75
4.70 -
4.65 -

4.60

Computed Ionization Energy U'/U" (eV)

4.55 ————

T T T T
-0.20 -0.15 -0.10 -0.05 0.00 0.05

T
0.15

Experimental Half-wave Oxidation Potential (V)

Fig. 3 Correlation between the computed ionization energigeat the ZORA/BP86/TZP level in THF and the

experimental half-wave oxidation potentialsE,.



In Table 3, are reported the calculatebrgies of frontier orbitals, the SOMOs (SinglgcOpied
Molecular Orbital) of the U complexes and the LUMOs (Lowest Unoccupied Molec@rbital) of U"' ones, in
the gas phase and in THF, as obtained in the saddivistic case, as well as spinors energiesnwbking into

account the spin-orbit coupling.

Table 3 Computed SOMO and LUMO Energies (in eV) ofthe UY and U"' Complexes, and Highest
Occupied Spinors of U and Lowest Unoccupied Spinors of YJ Energies (eV) at the ZORA/BP86/TZP

level (Computed Values in THF Solution in Parenthess)

Scalar ZORA Calculations Spin-Orbit ZORA Calcidas

Complexes Y somMo J" Lumo U"HOS J" Lus
1. fluoride -3.413 —6.549 -3.676 —7.080
(-3.555) (—4.466) (-3.816) (—4.970)

2. chloride -3.523 —6.614 -3.783 —7.166
(-3.676) (—4.523) (-3.920) (-5.073)

3. bromide -3.565 —6.679 -3.824 —7.205
(-3.725) (—4.543) (-3.972) (-5.093)

4. iodide -3.651 —6.703 -3.897 -7.222

(—3.804) (—4.598) (—4.041) (-5.130)

In the gas phase, the SOMO energigheoheutral Y complexes are negative, from —3.413 to —3.651,
and these energies undergo roughly the same séghttion (—0.15 eV) in THF. The iodide complex ibxis
the lowest SOMO energy (—3.651 eV) correspondintdpéolargest IE whereas its fluoride homolog exkikie
highest SOMO (-3.413 eV) and the weakest IE ofcthesidered series. On the other hand, the LUMOge®r
values of the cationic compounds are definitelyatieg (below —6.5 eV), making these’ Uspecies able to
undergo a reduction process. Nevertheless, the kkdgees of the cations are stronglgstabilized by the
presence of the THF solvent, their energies undegga significant increase (2.1 eV approximatelis
expected, we observe a rather good linear corelgf?=0.97, see SI) appears between tfeSOMO energies
in solution and the experimental oxidation potdstia,.

The effect of spin—orbit coupling is mgronounced for the SOMO energies of the neutfaspecies
(an average reduction of 0.25 eV) than for the LUBI@rgies of U complexes (0.6 eV). Moreover, the spinor
energies vary in the same way as the frontier alibénergies andgood linear correlation is found between the

UY HOS energies and the experimental oxidation piatisri,, (SI).

The frontier molecular orbital (FMO) diagrams oftéhe neutralCp*,U(=N-2,6-Pr,-CgHs)(X) complexes and
the corresponding cations are now considered irerotd study the changes undergone by the electronic

structures upon oxidation.
One will be particularly interested by the ortstaivolved in this electronic loss, namely the SOBIO

the neutral complex. Fig. 4 shows the FMO diagrénme neutral Y imido-halide complexes composed of two
highest singly occupied orbitals, namely the SOM@ &OMO-1, and the empty LUMO, as computed at the

10



scalar-relativistic level. These FMO are plottedhvthe percentages (6d/5f/U/N) indicating the weighthe 6d
and 5fmetal orbitals as well as those of uranium andgén atoms in the MOs (more detailed frontier MO

correlation diagrams are given in the Sl).

%(6d/5f/U/N)

i

E (eV) (2.4/90.8/93/0)

A (1.6/91.3/92.9/0) ‘ r LUMO
(1.6/91.4/93/0)
(1.2/91.4/92.7/0)
-2.0 / ~ 2
u >SOMO
(2.3/90.7/93/0) |
(2.2/90.9/93.1/0)
(2.2/89.7/91.9/0) )
B0 == $ ' (2.3/91.6/93.8/0)
-4.0 SOMO-1
(0/25.1/25.1/16)
(0/27.7/27.7/17) (0/28.8/28.8/16)
-5.0
[1] Fluoride [2] Chloride [3] Bromide [4] lodide
J=F.ClLBr

4

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

11



All halide complexes present the samORdiagram; the LUMO and SOMO exhibit mainly a uran
5f character with a small contribution of the Cpfgs; if the weight of nitrogen is zero in thesbitals, SOMO-
1 exhibits a very strong U=M bonding character (17% of nitrogen contribution)iles the X ligand
contribution appears only starting from the SOM{3% on average). Finally, in our case, oxidation ba
considered as the loss of an electron by the riwtakhich changes consequently its oxidation siaten U" to
uv", as expected.

In Figure 5, is displayed the frontM© diagram of the cationic U(VI) species, which arelosed-shell

complexes.
%(6d/5f/U/N)
Energy (eV) <@ N
A : L
-3.0
‘ ‘ ( @)
(1.1/93.2/94.2/0) (1.7/89.1/90.8/0) -z
(4/86.2/90.2/0)
-35 .
H
- @)
M
4.0 o
(0/31.7/31.7/11.6) 031 92131 2/10.2 7
L (0/31.2/31.2/10.2) (0/32.6/32.6/10.1) (0/32.4132.4/9.7)
4.5 T --------- —_— . —_—
HOMO-LUMO H
Gap~l.44eV .
-5.0 ' O
M
@]
-1
-55 .
(0/13.5/15.6/2.2) w ‘ ‘
(1.1/12.1/14.3/2.1 (0/11.3/12.4/2.1) (1.1/11.6/13.8/2.3)
v A A A
-60 ) AY AY Ay
4 v v v
65 [1]" Fluoride [2]" Chloride [3]" Bromide [4]" lodide

Fig. 5 Frontier MO diagram of the cationic U”" complexes (scalar ZORA/BP86/TZP computations in

solution). The dots connect the LUMO energy levels.
Fig. 5 shows a LUMO which is mainly fandetal orbital for all complexes, while the cobtrtion of the

uranium decreases reaching 32% in the HOMO whidtibés a significant U-N bonding character (10% on

average); the contribution of the X ligand is zerall frontier MOs except in the bromide compoyadr% in
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HOMO). It is also interesting to note the largeuealof the HOMO-LUMO gap (1.44 eV on average) thus

conferring to these species a relative thermodyoatability.

Now, we examine the reduction of thetra U’ complexes. The EAs are computed as the difference
between the TBEs of the neutraY dnd anionic Y species at their optimized geometries. The congpliREs
and EAs, in the gas phase as well as in solutid#F)T for all complexes at the ZORA/BP86/TZP levél o
theory, are given in Table 4; the rowith SO correspond to the values of the TBE andt&éng account of
spin—orbit coupling. In the last row, are displaykd experimental half-wave reduction potentialsadits €y,

vs. [CpFe]™) of the neutral uranium(V) complexes, measuretHifF) [20].

Table 4 Computed TBEs (eV) and EAs of the Y/UY redox couple of Cp*,U(=N-2,6-'Pry,-CeH3)(X)
Complexes at the TZP Level in the Gas Phase and iiHF (in parentheses).

1 2 3 4
Species Complex (F) (Ch (Br) ()
u(Iv) TZP —480.701 — 478.769 —478.176 — 477.480
(—482.319) (—480.379) (—479.781) (—478.948)
SO — 483.007 —481.047 —480.398 —479.749
(— 484.559) (— 482.665) (—482.098) (—481.428)
TZP 1.594 1.819 1.890 2.006
(2.864) (3.083) (3.151) (3.137)
EA SO 1.665 1.855 1.832 1.921
(2.870 (3.12)) (3.189 (3.269
= -1.81 -1.52 —1.44 -1.37

As expected, the computed electromitiffis calculated in gas phase are all positiveesiihe TBEs of
the anionic species in their triplet state are lothan those of their neutral parents in their deubtate. The
fluoride complex, which has the lowest half-wavduetion potential (—1.81 V) exhibits the lowest ERA665
eV) and is therefore the most difficult to redu@mn the contrary, its iodide congener exhibits tighést EA
(1.921 eV) and should be the easiest to reduce.

While the effects of the spin-orbit pting affect similarly the TBEs of Uand U" complexes, the
corrections brought by the solvent are relativégnificant and affect differently the TBE of the'land UY
species inducing a substantial energy lowerindhefdrder of 1.6 eV for the anionic compounds al% @V in
average for the neutral precursors; this causesnaortant variation of the EAs In the same way as for
oxidation, we found an excellent linear correlat{®h= 0.998)between the computed EAs (calculated in THF at
the TZP level including the spin-orbit correctiand the experimental half-wave reduction potentals(Fig.

6). If the solvent effects are not taken into acttdhe above correlation worsens significanB§=0.940).
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The SOMO energies of the anionic spmeai® positive in the gas phase, but become negativVHF,
due to the stabilizing effect of the solvent. Aletfrontier MOs (Figure 7) i.e. the empty LUMO ath@ singly
occupied SOMO and SOMO-1 exhibit a major 5f metatharacter with a minor contribution of the Cprigs,
while the contribution of the X and N atoms areozein addition, the variation of the SOMO energiéshe U’
species as well as the LUMO ones of theddmpounds, follows that of the EAs or of the rdiucpotentials,
the lowest SOMO corresponding to the highest EAerBies of the (Y-SOMO and UY-LUMO decrease
according to the order: | > Br > Cl > F angj@od linear correlation is found between the ILWMO energies

and the experimental reduction potent&s of the U'/U" pair (2= 0.98, see SI).
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Fig. 7 Frontier a-MO Diagram of the anionic U(IV) species computed tathe ZORA/BP86/TZP level in
solution. The dots connect the SOMO energy levels.

A final observation on the redox prdjgs of these imido-halide U(V) uranium complexsghat the
energy range between the metal-based oxidation }{U(VI1)) and reduction (U(V)/U(1V)) is found almoshe
same for all the studied complexe&(TBE4,) = IE + EA = 7.8 eV. This trend was first observed
experimentally by Kiplinger's grou20] who noted that the difference of the half-waveepgttls of the
U(vh/U(V) and U(V)/U(IV) redox processes of eigimido-halide uranium complexes was practically ¢ans
AE1, = E1p(UVIUY) =By (UYIUY) = 1.51 V.
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Mulliken Population Analysis (MPA) aktirshfeld Charge Analysis of tHep*,U(=N-2,6-Pr,-CsH3)(X)
series bring light on some other aspects of thalrtigands interaction. Despite its well know liatibns, MPA
permits to describe qualitatively the evolutioncbiirge transfers and bonding interactions occuiirirey series
of homologous molecular systems. In Table 5, atiected the computed Mulliken metal spin populasi@nd
Hirshfeld charges of U, X atoms and Gp* N-Aryl ligands of the anionic, neutral and caioCp*,U(=N-2,6-
'Pr,-CsH3)(X) species The numbers —1, 0 and +1 indicate respectivelyattienic U(IV), the neutral U(V) and
the cationic U(VI) species. Metal spin populatiendalculated as the difference between the totahd
electronic populations of the metal. By net chargfeSp*, and N-Aryl, one understands the global chargéef t

two Cp* rings and the imido-aryl moiety respectivahd not only that of the atom connected to uraniu

Table 5 Mulliken metal spin density and Hirshfeld Charges & Cp*,U(=N-2,6-'Pr,-CsH3)(X) Complexes
(scalar ZORA/BP86/TZP computations in THF).

MPA Hirshfeld Charges
Complex  Complex
charge Metal spin U X [Cp*+ N-Aryl]
density
-1 2.22 +0.5672 -0.2828 -1.2843
1 . 0 1.28 +0.6694 -0.2421 —0.4273
Fluoride
+1 0.00 +0.7391 -0.1977 +0.4585
-1 2.25 +0.5349 -0.2856 -1.2490
2
Chioride 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 0 1.31 +0.6141  -0.1952 ~0.4188
Bromide
+1 0.00 +0.6702 -0.0790 +0.4083
-1 2.22 +0.5288 -0.3261 -1.2029
4 0 1.33 +0.6014  -0.1902  -0.4112
lodide
+1 0.00 +0.6455 -0.0325 +0.3872

The Mulliken analysis (detailed in 8i)licates that the net charges of the metal agekaismaller than
its oxidation state (+6, +5 and +4 for the catipmieutral and anionic species respectively) duhedigands to
metal donation, the latter effect being highlightadthe weak negative charges carried by theCg*, and N-
aryl ligands. In particular, the Cphet charge increases considerably with the oxidaitate of the metal; the
oxidation processes (U> UY > UY") induce a significant transfer of electron dengigm the Cp* ligands to
the metal, the charge carried by these rings, blairggely positive (of +1.1 to +1.3) in the catiorspecies. In
addition, for all neutral and anionic complexes,sitworth to note a weak delocalization of the urgzh
electrons. The MPA metal spin population is indskghtly larger than 1 for the neutral*8(V) species, larger
than 2 for the anionic 3U(IV). Thus, the DFT computations indicate 2.2ained electrons on central metal

for the fluoride complex in solution with minor sppopulations on the Cp’and N-Aryl ligands while the spin

16



density is 1.28 for the anionic species. The spipybation data for the isolated molecules are pralty similar
to those computed in solution.

Another quantitative approach of thganelectron transfers occurring in molecular systas provided
by Hirshfeld’s analysis (HA)22], which is supposed to give more realistic net ghaithan MPA, agreeing well
with chemical intuition[35]. As already noticed with MPA, the ligand-to-metaindtion increases with the
uranium oxidation state; this is highlighted by texrease of the net charges of the ligands. »amele, in the
fluoride complex, the sum of net charges carriedhieythree bulky ligands (i.e. the two Cp* ringsldhe imido-
aryl moiety), which is definitely negative (-1.28)the anionic species, passes to —0.43 in thealeublecule,
and become positive (+0.46) in the cationic spediésis, the HA reproduces the same tendency thaf WP
1.30, —0.34 and +0.71 respectively with MPA, valireSI), but leads to a relatively lower net chafgethe U
species. On the other hand, HA is more realisém thlPA concerning the net charges carried by thaium;

logically, these uranium charges increase slighttia the oxidation state of the central metal.

Table 6 Hirshfeld charge variation of U, X and N atoms afte the UY>U" reduction process calculated

for an isolated molecule and in THF (between parehieses)

Ligand/Complex a(X) ) &I{(Cp)z + NAr}
1. Fluoride ~0.0381 (~0.0407) ~0.1025 (~0.1022) :8504(—0.8571)

2. Chloride ~0.0785 (—0.0894) ~0.0842 (—0.0836) 8303 (—0.8270)
3. Bromide ~0.0934 (—0.1062) ~0.0780 (~0.0778) 8286(—0.8160)
4. odide ~0.1251 (~0.1359) ~0.0680 (—0.0726) 06%§—0.7915)

Finally, as showed by the values inl&d it is worth noting that the variations of tl&@nium Hirshfeld
charges of the different complexes when passing filoe U(V) to the U(IV) complexes correlates vergliw
with the half-wave reduction potentials of thesedigs, the?? correlation coefficient being equal to 0.999 (see
Fig. 8). Indeed, the differences between the urariirshfeld charges in theUand U" species (Table 6) are
the following, 0.1022, 0.0836, 0.0778 and 0.07Zpeetively for X = F, CI, Br and |. A rather goodrrelation
(R’=0.971) is also obtained between the halide Hitdhfharge variation and the experimental reduction
potential.
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Fig. 8 Uranium Hirshfeld charge variation following the UY/U" reduction vs. experimental half-wave
reduction potentials (scalar ZORA/BP86/TZP computaions in THF)

A similar result was obtained in previous study ¢ffCl complexeg36].

= CONCLUSION

The redox behavior of a series of bitmgentadienyl imido-halide uranium(V) complexep*,U(=N-
2,6-Pr,-CgH3)(X) (X= F, CI, Br and 1) have been investigated foe first time, using relativistic ZORA/BP86
computations including spin-orbit coupling, solveffects being taken into account using the COSIdi@agion
model. A very good linear correlatioR(= 0.99) was found between the computed ionizatieergies (IE) and
the experimental half-wave oxidation potentiBlg; in addition, as expected, a similar good correfativas
found between the computed electron affinities (BAY the measured electrochemical reduction palerfi =
0.99). These main results confirm thus the relighdf the ZORA/DFT technique to study the redoxgesses
of uranium complexes. Our study brings to light iflm@ortance of spin-orbit coupling and solvent efferhich
must be taken into account in order to achievebs agreement between theory and experiment. Mergo

MO diagrams and population analyses permitted tetsiand the evolution of the computed IE and Eth wie
nature of the halide Xligand. Indeed, considering the frontier MOs o th’ species, it can be seen that

energetically the highest SOMO and LUMO are thdstne fluoride complex, leading to the lowest IEdahE
for this species. Finally, the Nalewajski-MroZesénd order and the Hirshfeld charges analyses paist to
well rationalize the effect of the redox processes structural properties. Indeed, on one hand, N
methodology explains well the bond distances \variat while the HA approach leads, on the othedh&man
excellent correlationf? = 0.998) between the Hirshfeld charges variationrahium atom following the Uu'"

process and the half-wave reduction potentas

SUPPORTING INFORMATION:

SI.1: Optimized coordinates for isolated and solvatedetualkes

SI.2: Optimized structures & and4 complexes

S1.3: Nalewajski-Mrozek Bond Order Analysis

Sl.4: Total Bonding Energies

S1.5: SOMO Energys. Oxidation Potential Correlation

S1.6: HOSpinor of U vs.Oxidation Potential Correlation

S1.7: Frontier MO interaction diagram of the’ldomplexes in THF; Correlation LumoUV-E1/2 red
S1.8: Mulliken Populations Analysis and Nalewajski-Mrozg&nd Orders
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