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Abstract: 

Relativistic Density Functional Theory (ZORA/DFT) computations coupled with the 

Conductor-like Screening Model (COSMO) for solvation effects, are used to investigate the 

redox properties of a series of biscyclopentadienyl pentavalent uranium(V) complexes 

Cp2U(=N-Ar)X (Ar = 2,6-Me2-C6H3 ; X = OTf, C6F5, SPh, C=CPh, NPh2, Ph, Me, OPh, 

N(TMS)2, N=CPh2). Regarding the UV/UIV and UVI/UV couple systems, a linear correlation 

(R2 ~ 0.99) is obtained ZORA/BP86/TZP level between the calculated ionization energies 

(IEs) and the measured experimental E1/2 half-wave oxidation potentials (UVI/UV), and 

between the electron affinities (EAs) and the reduction potentials E1/2 (UV/UIV). The study 

brings to light the importance of solvation effects that are needed in order to achieve a good 

agreement between theory and experiment. Introducing spin-orbit coupling corrections 

slightly improves this agreement. Both the SOMO and the LUMO of the neutral UV 

complexes exhibit a majority 5f orbital character. The frontier MOs show a substantial 

ancillary ligand X s and/or p character that drives the redox properties. Moreover, our 

investigations allow estimating the redox potentials of the X=Ph, X=C6F5 and N(TMS)2 UV 

complexes for which no experimental electrochemical data exist. 

 

Keywords: Uranium(V) complexes, redox half-wave potentials, ZORA/DFT, COSMO, spin-

orbit coupling, electron affinity, ionization energy.  
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Introduction 
At the dawn of the 21st century, the redox chemistry of organoactinide complexes has 

experienced a remarkable revival and growth both experimentally and theoretically.1-16
 

Indeed, in addition to the usual ligands such as chloride, carbocyclic ligands (C5R5, C7H7, 

C8H8) and amides NR2, the use of a wider range of functionalized groups have led to high 

oxidation states actinide compounds (> +3) exploiting the stabilization induced by 

metal-ligand multiple bonds.17,18 Furthermore,  contrarily to the 4f lanthanide electrons which 

are essentially core electrons, 19 the 5f actinide electrons are involved in the bonding. The 

nature of the ligands influences the electrochemical, magnetic, and optical propertiesd of 

actinide systemst.20,21
 Moreover, the investigation of new ligands that could provide 

thermodynamic stabilization to high-valent uranium species, is interesting first on a 

fundamental point of view, but also to elaborate new separation techniques and storage 

methods and for the processing of nuclear wastes from the nuclear plants.4,8,13,22,23
 Indeed, 

uranium complexes are able to access several oxidation states ranging from UII to UVI.24,25 

Their redox properties and the availability of valence 5f/6d-orbitals to interact make uranium 

complexes remarkably suitable for exploring new catalytic reactions especially for small 

molecule activation chemistry.26-31
 

Mixed-ligand metallocene complexes of the type (C5Me5)2U(X)(Y) (X = halogen; Y= triflate, 

alkyl, phenyl, amide or imide, ketimide, alkoxide/aryloxide, phosphide) have played a crucial 

role in the development of organometallic actinide chemistry, serving as potent starting 

materials for the preparation of various functionalized uranium complexes.7,12,16,32-43 Several 

research groups were pioneers in the determination of the redox potentials for a wide range of 

actinide-containing complexes.3,4,34,35,44-51 

During the last two decades, the Kiplinger’s group provided a large number of experimental 

data (X-ray structures, E1/2 half-wave redox potentials, spectroscopic and magnetic 

measurements) for various UIV/UIII, UV/UIV and UVI/UV redox couple of those mixed-ligand 

complexes.15,16,34-43 This availability of experimental data is highly valuable, in particular for 

pentavalent uranium(V) species,6,7,10,11,18,25,38-40 because of their usual instability leading to 

their facile disproportionation into uranium(IV) and uranium(VI) species. Even though 

electron affinity (EA) plays a major role in many areas of pure chemistry, catalysis, materials 

science and environmental chemistry, its direct measurement is difficult but a wide range of 

half-wave (E1/2) reduction potentials of uranium complexes have been measured.15,35-51  
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However, computational methods are easier-to-implement alternatives which allow 

determining the redox properties in good agreement with experimental data as shown for 

example by Rienstra-Kiracofe et al.,52 and more recently by Bateni, et al.,53 and Roy et al.54 

DFT techniques have been used in the case of large actinide-containing molecules gave rise to 

satisfying accuracy compared to experimental data (within 0.2 eV for redox potentials).55 

Indeed, we showed previously that DFT computed electron affinities for different series of 

cyclopentadienyl organo-uranium complexes, correlate very well with measured UIV/UIII and 

UV/UIV (E1/2) reduction potentials.11,56-59 This relationship between reduction potentials and 

electron affinities, was also highlighted by Lobach et al.60  However, despite the great 

advantages of theoretical investigation toward experimental studies, only few theoretical 

studies have been devoted to relations between the electronic structure and the redox behavior 

of actinides complexes. For instance, it is likely that the more pronounced covalent character 

of the actinide-ligand bonds than lanthanide-ligand ones, involving the 5f electrons will play a 

role on their electrochemical properties.4,5,17,18,22  

In view of the rich diversity of organo-uranium complexes, and the importance of the 

redox chemistry in the reactivity processes,17,18,27,30,35,61,62 the aim of this work is to 

investigate the redox properties not only to get access theoretically to the electrochemical 

potentials but also to corelate these properties to the ligands nature. The target systems are the 

series of pentavalent bis(cyclopentadienyl) imido-uranium(V) Cp2U(=N-Ar)X complexes 

derived from [(C5Me5)2UV(=N-Ar)(X)] (Ar = 2,6-iPr2-C6H3 ; X = OTf, SPh, NPh2, OPh, Me, 

Ph, CºCPh, N=CPh2) complexes (Figure 1), synthetized by Kiplinger’s group,38,39 for which 

UV/UIV and UVI/UV redox (E1/2) half-wave potentials have been measured for almost all of 

them.  
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Figure 1: Structures of the Cp2U(=N-Ar)X model complexes 

 

As reported by Graves et al.,39 the spectroscopic analysis of metal-ligand bonding of 

such complexes shows distinct covalent interactions, which is a clear effect of the s/p-

donation from the ancillary X ligand to the metal UV center. The electronic influence of the 

imide NAr group and of the different ancillary X ligands on the redox properties of U(V) 

complexes is also of high interest especially for disproportionation applications. Moreover, as 

reported earlier by C. J. Burns and coworkers,49 electrochemical investigations of 

uranium(IV) ansa-metallocene [Me2Si(C5Me4)2]U(NR)2 complexes, containing organoimido 

functional groups, suggest that the ancillary ligands have the capacity to significantly alter the 

redox properties of the metal center, and the use of electron donating ancillary ligands seems 

to stabilize considerably high-valent organo-uranium complexes. 

The present study aims first at studying the reliability and accuracy of the used 

computational technique, i.e. relativistic DFT taking into account spin-orbit (SO) coupling, 

and including solvent effects using the Conductor-like Screening Model (COSMO) approach, 

and on the other hand at comparing computed EAs and ionization energies (IEs) to 

electrochemical experimental data. The role of the frontier molecular orbitals (MO) formally 

involved in most processes, namely the LUMO and SOMO of the neutral UV complexes 

during the redox UV/UIV and UVI/UV processes will be investigated allowing to highlight the 

role of the ancillary ligand in the redox properties of these complexes. 
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Results and discussion 
Molecular geometry optimizations 

In order to reduce the computational time, the bulky C5Me5 groups have been replaced by the 

unsubstituted C5H5/Cp ligand and the Ar = 2,6-iPr2-C6H3 by the 2,6-Me2-C6H3 group in the 

considered Cp2U(=N-Ar)X (X = OTf, SPh, C=CPh, NPh2, Ph, Me, OPh, N=CPh2, C6F5 and 

N(TMS)2) complexes (Figure 1). This simplification was successfully used previously,40,57,58 

and will be assessed (vide infra). All Cp2U(=N-Ar)X geometries were fully optimized at the 

scalar ZORA/BP86/TZP spin unrestricted level with no symmetry constraints, first in the gas 

phase and in a second stage in solution (THF solvent) using the COSMO model (see the 

computational details). In order to check that the optimized geometries are minima on the 

potential energy surfaces, the vibrational frequencies of the neutral UV species under 

consideration were calculated. The molecular structures of the optimized Cp2U(=N-Ar)X  

complexes are depicted in Figure 2. The highest spin states, i.e. doublet (5f1) and triplet state 

(5f2) for the neutral UV and anionic (reduced) UIV species respectively, were considered. The 

optimized structures and atomic coordinates are given in the supporting information (SI). 

In Table 1, we report the most relevant computed structural parameters in the gas 

phase and considering solvation, i.e. the U-X bond lengths (where X refers to the first linked 

ancillary ligand atom to metal), the average U−Cp(centroid) distance, U=NAr imide and 

N−CAr bond lengths as well as bond angles (°) U=N-CAr and Cpcent-U-Cpcent, for the three 

cationic, neutral and anionic UVI, UV and UIV Cp2U(=N-Ar)X complexes. These results are 

compared to X-ray experimental data when available.  

 

Table 1: Relevant ZORA/BP86/TZP computed distances (Å) and angles (°) of the 
cationic/neutral/anionic UVI/UV/UIV Cp2U(=N-Ar)X complexes in the gas phase and THF 
solvated phase (italics) with available X-ray data of the UV complexes (in bold) and in 
parentheses a metric deviation (difference between interatomic distances of the X-ray and of 
the optimized solvated neutral UV geometries). 
 

 Metal-ligand bond distances (Å) Angles (°) 

U(VI/V/IV) U-X <U-Cp>cent U=NAr N-CAr U=N-CAr Cp-U-Cp 
OTf  

 
2.148/2.258/2.389 
2.147/2.314/2.448 

2.378 (0.064) 

2.439/2.458/2.496 
2.424/2.457/2.495 

2.437 (0.020) 

1.934/1.961/2.005 
 1.943/1.967/2.011 

1.957 (0.010) 

1.379/1.383/1.367 
1.377/1.384/1.372 

1.416 (0.033) 

175.0/174.9/178.8 
176.6/172.2/175.3 

168.3 

123.9/123.9/125.9 
120.8/121.6/122.4 

135.9 

C6F5 
 

2.444/2.537/2.640 
2.453/2.545/2.632 

2.457/2.467/2.514 
2.435/2.463/2.509 

1.940/1.973/2.018 
1.939/1.974/2.018 

1.383/1.381/1.369 
1.383/1.381/1.368 

176.3/173.6/172.9 
176.1/173.7/172.3 

122.3/121.7/126.5 
121.3/121.6/126.5 
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SPh 
 

2.628/2.702/2.793 
2.621/2.718/2.806 

2.723 (0.005) 

2.463/2.474/2.514 
2.457/2.470/2.508 

 

1.946/1.975/2.024 
1.946/1.974/2.021 

1.976 (0.002) 

1.382/1.381/1.366 
1.383/1.381/1.366 

1.398 (0.017) 

176.3/178.4/177.0 
175.8/177.9/176.3 

171.6 

117.8/123.1/126.5 
116.9/123.1/126.6 

136.2 

C=CPh 
 

2.295/2.392/2.472 
2.302/2.400/2.475 

2.450/2.474/2.525 
2.444/2.469/2.467 

1.942/1.970/2.022 
1.941/1.971/2.024 

1.380/1.381/1.366 
1.381/1.381/1.365 

176.7/177.1/178.9 
177.4/177.2/177.7 

129.4/123.0/125.1 
124.8/122.6/121.9 

NPh2 

 
2.225/2.300/2.439 
2.223/2.297/2.417 

2.322 (0.025) 

2.473/2.494/2.526 
2.464/2.493/2.522 

2.520 (0.027) 

1.950/1.977/2.020 
1.952/1.979/2.022 

1.984 (0.005) 

1.385/1.382/1.369 
1.384/1.380/1.367 

1.399 (0.019) 

174.4/172.7/169.4 
173.8/172.7/170.6 

174.0 

116.6/121.1/120.3 
116.5/120.8/120.5 

125.5 

Ph 
 
 

2.325/2.396/2.542 
2.320/2.392/2.540 

2.454/2.485/2.529 
2.447/2.488/2.524 

1.954/1.981/2.030 
1.954/1.984/2.032 

1.384/1.381/1.367 
1.385/1.380/1.365 

174.1/172.8/172.3 
174.6/172.9/171.5 

123.1/123.5/123.6 
122.6/124.3/124.4 

Me 
 

2.343/2.421/2.495 
2.345/2.421/2.497 

2.453/2.486/2.534 
2.454/2.485/2.526 

1.943/1.979/2.033 
1.945/1.979/2.034 

1.380/1.380/1.363 
1.379/1.380/1.362 

173.7/173.5/174.7 
172.7/173.5/173.8 

 

121.1/124.6/124.1 
122.5/124.5/123.9 

OPh 
 

2.077/2.124/2.206 
2.078/2.124/2.199 

2.456/2.483/2.542 
2.448/2.481/2.534 

1.955/1.984/2.032 
1.955/1.986/2.034 

1.378/1.379/1.365 
1.379/1.378/1.363 

177.2/176.1/177.6 
176.3/176.1/177.0 

124.2/124.1/121.1 
124.3/123.7/120.7 

N(TMS)2 
 

2.174/2.280/2.419 
2.174/2.275/2.389 

2.491/2.515/2.551 
2.481/2.504/2.550 

1.955/1.976/2.025 
1.956/1.979/2.029 

1.381/1.379/1.366 
1.381/1.377/1.362 

172.5/171.6/168.0 
172.2/171.7/168.5 

115.1/116.1/117.1 
115.0/116.1/117.1 

N=CPh2 

 
2.111//2.158/2.178 
2.109/2.164/2.174 

2.199 (0.035) 

2.465/2.510/2.537 
2.457/2.496/2.536 

2.488 (0.009) 

1.958/1.993/2.035 
1.958/1.996/2.037 

2.012 (0.028) 

1.380/1.379/1.366 
1.380/1.378/1.364 

1.391 (0.013) 

176.7/175.9/176.9 
173.9/176.0/176.8 

174.6 

132.2/132.4/128.4 
131.9/132.0/128.4 

138.3 

 
The calculated geometrical parameters of Cp2U(=N-Ar)X model systems, are in good overall 

agreement with the available experimental X-ray data, especially when taking into account the 

solvent effect. The largest deviation of ca. 0.06 Å is found for the metal-ligand U–X and 

U=NAr bond lengths (Table 1) explained by the absence of the steric hindrance of the bulky 

pentamethylcyclopentadienyl (C5Me5) ligand in our model complexes.38,39 This good 

agreement gives confidence in the reliability of the ZORA/BP86/TZP method in computing 

molecular 5f-complexes geometries. Notably, the lengthening of the metal-ligand U–X and 

U=NAr bond distances when going from the neutral UV to anionic (reduced) UIV species is in 

line with uranium ionic radii variation.63 
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Figure 2: ZORA/BP86/TZP optimized molecular structures in the gas phase of the Cp2U(=N-
Ar)X (X = OTf, SPh, C=CPh, NPh2, Ph, Me, OPh, N=CPh2,C6F5, N(TMS)2) complexes. 

 

The oxidation process from UV neutral to UVI cationic species induces a shortening of the 

metal-ligands bond lengths (ca. 0.08 Å). Oxidation affects clearly the metal-ligand U–X and 

U=NAr bond distances. The N-CAr bond lengths are not significantly altered upon oxidation 

(by ca. 0.002 Å) contrarily to the reduction process that induces shortening of ca. 0.02 Å. 

This is presumably due to the lack of metal-to-ligand back-donating effect within the imide 

U=N-CAr coordination for the oxidized UVI (5f0) cationic species. Indeed, keeping in mind 

that the U(V) LUMO and SOMO are pure metallic 5f MO during the reduction process, the 

U=N imide bond length gets longer when passing from the neutral U(V) to the anionic U(IV) 

species as a result of the uranium ionic radii variation,62 accompanied by the N−CAr 

shortening, as shown in Table 1. This latter result is likely to follow from the weak back-

donating effect consecutive to the metal-ligand U=N bond lengthening. This latter is expected 

as the SOMO of the neutral U(V) 5f1 species moving to the U(VI) 5f0 are pure metallic FMO, 

while the U(V) SOMO-1 is a π U(5f)-N(2p) MO as shown in Figure 7. The oxidized U(VI) 

species, exhibiting a SOMO U(VI) 5f0, which traduces the ligand-to-metal bonding π U(5f)-

N(2p) MO as shown on Figure 7, would not favor any back-donation into the ligand orbitals 

which explain the quasi-constant N−CAr bond distances. Furthermore, the oxidized U(VI) 

species, exhibiting a 5f0 FMO, therefore, would not favor any metal-ligand back-donation into 

the ligand orbitals which explain the quasi-constant N−CAr bond distances. 

The Cp-U-Cp angle and U=N-CAr are slightly affected (by ca. 3° and ca. 1° respectively). 

Furthermore, although X-ray data are not available for several complexes, the U=NAr metal-

imide bond distances computed taking into account the solvent effect, i.e., 1.974 Å, 1.979 Ǻ 

and 1.986 Å for X = C6F5, Me and OPh species respectively, compare well with observed 

uranium(V)-imide multiple bond lengths ranging from 1.957 to 2.012 Å.37,38 Notably, the 

computed UV–CPh (2.392 Å), UV–CMe (2.421 Å) and UV–O (2.124 Å) distances for the Ph, Me 

and OPh complexes, respectively, are in good agreement with the crystal structure data 

obtained for UV−CN (2.491(7) Å X-ray vs. DFT 2.488 Å) and UV-O (2.102(4) Å X-ray vs. 

DFT 2.111 Å) of the [Et4N][UVO(CN)[N(SiMe3)2]3] uranium(V) cyanide and 

UV(ONap)2[N(SiMe3)2]3 (Nap = Naphthyl) complexes.64  

For the N(TMS)2 complex considered in solution, the computed metal-amide UV–N (2.275 Å) 

bond lengths can be compared to analogous interatomic distances in the (C5Me5)2UV(=N-

Ar)(NPh2)40 complex (UV–N = 2.322 Å X-ray vs. DFT 2.297 Å). The C6F5 complex exhibits a 
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computed UV–C distance equal to 2.545 Å whereas in the Ph species the UV–CPh bond length 

is 2.392 Å. Moreover, the computed metal-imide UV=NAr bond distances, i.e., 1.974 and 

1.979 Å for the C6F5 and N(TMS)2 complexes, compare well with similar bond lengths in the 

literature. The UVI–CPh = 2.320 Å and UVI–CMe = 2.345 Å bond distances of the computed 

uranium(VI) (X= Ph, Me) can also be compared formally to the scarce uranium(VI)−methyl 

and −acetylide X-ray structures, UVIOR[N(SiMe3)2]3 complexes with R = −C≡CPh, −CH3 

which exhibit 2.337(14) and 2.343(4) Å short U–C bond lengths, respectively.65  

Interestingly, the computed shorter U=NAr bond lengths as well as the nearly lined up 

U=N-CAr atoms, are reminiscent of multiple uranium-imido bond, well in line with the 

corresponding geometrical parameters observed for the structurally characterized high-valent 

(UIV, UV, UVI) imido species.7,27,35-41,49,59 As expected, the computed Cp(centroid)–U–

Cp(centroid) angles in the UV/UIV redox couple are also well reproduced, with typical values 

of ca. 125°, agreeing with the familiar pseudo tetrahedral bent sandwich configuration of the 

Cp2U molecular fragment. It is noteworthy that the geometry of the Cp2U(=N-Ar) moiety is 

influenced by the nature of the X ancillary ligand. For instance, the U–Cpcent and U=NAr 

distances are varying from 2.447 to 2.496 Å and 1.954 to 1.996 Å, respectively for the 

compounds under consideration in agreement with X-ray data. 

The strength of the electron donating character of the ancillary X ligand (OTf, C6F5, SPh, 

C=CPh, NPh2, Ph, Me, OPh, N(TMS)2, N=CPh2), seems to affect the U=NAr bond distances. 

Indeed, the very weak s-donation of the triflate OTf ligand leads to the shortest Uv=NAr bond 

distances (1.967 Å) computed in solution, agreeing perfectly with the shortest X-ray observed 

(1.957 Å) one. In opposite, the most polarizable N=CPh2 ligand that is a better s/π-donor than 

the other ancillary X ligands, leads to the longest Uv=NAr bond distances (1.996 Å computed 

vs. X-ray 2.012 Å). This evolution of the U=NAr bond distances correlates well with the 

increasing donating ability of the X ligand that is OTf < SPh < C=CPh < OPh ∼ Me ∼	Ph < 

NPh2 < N=CPh2, as given by Kiplinger and coworkers following the NMR analysis of the 

actual (C5Me5)2U(=N-Ar)X complexes.39 

As reported,39,40  the observed variability of the half-wave reduction potentials (E1/2) across 

this series of complexes reflects the driving role of the ancillary ligand X. Therefore, the OTf 

UV complex that exhibits the lowest reduction potential (-1.21 V) is the easiest to reduce; the 

poor electron donating OTf ligand is accompanied by a stronger coordination from the imide 

(=N-Ar) group towards the metal as the UV=N computed bond length is the shortest (1.967 Å) 

agreeing well with the observed one (X-ray 1.957 Å). In opposite, the ketimide N=CPh2 
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ligand appearing as the strongest donor and exhibiting the highest negative reduction potential 

(-1.84 V) is accompanied with the longest UV=N bond length (computed 1.996 Å vs. X-ray 

2.012 Å). A slight shortening of the N−CAr bond lengths when passing from the UV to the UIV 

species. The reduction process affects the metal-imide U=NAr bond length whose lengthening 

is likely to reduce metal-to-imide back-donation. For the ketimide N=CPh2 complex the 

metal-imide UV=NAr bond lengthens from 1.996 to 2.037 Å vs. the N−CAr shortening from 

1.378 to 1.364 Å for UV vs. UIV couple, respectively (Table 1). Therefore, a subtle 

relationship exists between purely electrostatic effects (e.g., with OTf) and more intrinsic σ- 

and π-bonding interactions (e.g., ketimide N=CPh2) that drives the electron density transfer to 

the metal center and therefore impacts not only the redox energetics but also the metal-ligand 

U–X and U=NAr bond distances.  

 
 
Electronic structure analyses. 

The analyses in this section are all performed using the computed results using the 

optimized equilibrium geometries obtained at the ZORA/BP86/TZP level and taking into 

account solvation effects (THF). The Mulliken population Analysis (MPA)66 has been carried 

out to bring some light on the evolution of the metal spin density (r) and of the 5f orbitals 

spin populations upon the redox processes. Despite its known drawbacks, MPA allows a 

qualitative description of charge transfers and bonding interactions in molecular systems. The 

Natural Population Analysis (NPA)67 was also performed to probe the covalence in f-element 

complexes.68  Hirshfeld’s analyses which provide metal net charges (q) and thus major 

electron transfers occurring in our systems are also considered.69 The computed data, namely 

MPA uranium spin densities (r) computed as the difference between the a and b metal spin 

populations and the 5f orbitals spin populations (difference between the a and b orbital spin 

populations) as well as Hirshfeld net charges are reported in Table 2. 
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Table 2: ZORA/BP86/TZP MPA metal spin densities (r), 5f spin populations and Hirshfeld 
metal net charges (q) for the UVI/UV/UIV Cp2U(=N-Ar)X species, in THF solvent. 
 
 

Structures	
Cp/Cp* 

MPA Hirshfeld 

Metal spin density 5f spin population  q metallic net charge 

r(UV) r(UIV) 5f1 (UV) 5f2 (UIV) UVI UV UIV 

OTf 1.22 2.18/2.21 1.11 2.01 +0.75 +0.68 +0.58 

C6F5 1.23 2.17 1.13 1.99 +0.70 +0.64 +0.54 

SPh 1.24 2.20 1.13 2.00 +0.63 +0.60 +0.50 

C=CPh 1.20 2.14 1.08 1.96 +0.72 +0.64 +0.54 

NPh2 
1.25 2.15 1.13 1.92 +0.66 +0.62 +0.54 

Ph 1.24 2.15 1.14 1.97 +0.69 +0.62 +0.54 

Me 1.22 2.15 1.13 1.96 +0.75 +0.66 +0.54 

OPh 1.22 2.19 1.10 1.88 +0.75 +0.66 +0.55 

N(TMS)2 1.23 2.21 1.09 1.91 +0.68 +0.63 +0.55 

N=CPh2 0.97 1.80 0.90 1.63 +0.70 +0.64 +0.56 
 
The formally occupation of the 5f metal orbitals are expected to be 5f1/5f2 in UV/UIV 

complexes. In the studied systems the uranium spin densities (Table 2), are higher than 1 and 

2 respectively for the neutral and anion UV/UIV complexes, except in the case of the N=CPh2 

complexes (0.97 and 1.80). The computed 5f spin population in the neutral UV complexes is 

slightly higher than the 5f1 occupation of the uranium centre, indicating that a negative spin 

density is spread over the ligands. It is worth to note that the lowest spin populations 

(0.90/1.63) are obtained for the UV/UIV ketimide N=CPh2 species. This is in line with the 

back-donation ability of the ketimide ligand reinforcing the covalent character of the metal-

ligand bonding interactions (vide infra).  

The Hirshfeld’s analysis that gives access to the metallic net charges evolution from 

the cation UVI to the neutral UV then to the anion UIV species, shows that the computed values 

are largely lower than the formal ion charge +6, +5 and +4, respectively, indication strong 

ligand-to-metal donation that contributes to the stabilisation of the high oxidation states (>+3) 

of the uranium species. The MPA and NPA analyses (detailed in SI; Table S1) lead to the 

same trend regarding the metallic charges. Considering Hirshfeld’s analysis, it can be seen 

that the uranium charges increase slightly with the oxidation state of the central metal as 

previously noticed,59 in line with chemical intuition.70 Indeed, this can be exemplified by the 

ketimide N=CPh2 case, where the uranium net charge increases from +0.56 for the anion UIV 
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species to +0.64 for neutral UV then to +0.70 for cation UVI one. Moreover, the ligand-to-

metal donation increases with the uranium oxidation state; this effect should induce the 

decrease of the global net charges of the ligands. In Table 3, the computed Hirshfeld global 

charges of the UCp2 + NAr + X moieties of the different complexes are collected, using the 

fragments analysis implemented in the ADF suite of programs (see computational details). 

The numbers −1, 0 and +1 indicate respectively the anionic UIV, the neutral UV, and the 

cationic UVI species. For example, considering the anionic UIV species, the (Cp2U)2+, (NAr)2- 

and X- model fragments are computed. The global net charges of the different UCp2, NAr and 

X moieties allow revealing the amount of charge transfer upon interaction of those fragments 

upon the UV/UIV reduction and UVI/UV oxidation processes. The charge transfer from the 

ligands to the metal is highlighted by the weak negative charges carried by the NAr and X 

donor ligands, becoming weaker with the highest uranium oxidation states. 

 
Table 3: ZORA/BP86/TZP Hirshfeld global net charges of the [Cp2U + NAr + X] fragments 
for the cation (UVI), neutral (UV) and anion (UIV) complexes, in THF solvent.  
  
Complex 

charge −1  0  +1  

fragments (Cp2U)2+ (NAr)2− X− (Cp2U)3+ (NAr)2− X− (Cp2U)4+ (NAr)2− X− 
OTf +1.05 −1.19 −0.86 +1.70 −0.92 −0.77 +2.27 −0.68 −0.59 
C6F5 +1.06 −1.20 −0.86 +1.70 −0.94 −0.75 +2.33 −0.73 −0.60 
SPh +1.03 −1.21 −0.82 +1.64 −0.97 −0.67 +2.22 −0.81 −0.41 

C=CPh +1.05 −1.21 −0.84 +1.65 −0.95 −0.70 +2.28 −0.76 −0.52 
NPh2 +0.98 −1.25 −0.73 +1.56 −1.04 −0.52 +2.14 −0.86 −0.28 

Ph +1.06 −1.25 −0.81 +1.64 −1.01 −0.62 +2.30 −0.83 −0.47 
Me +1.05 −1.24 −0.81 +1.68 −0.95 −0.73 +2.37 −0.77 −0.60 
OPh +1.12 −1.22 −0.90 +1.63 −1.01 −0.62 +2.20 −0.78 −0.42 

N(TMS)2 +1.04 −1.28 −0.76 +1.62 −1.03 −0.59 +2.23 −0.85 −0.38 
N=CPh2 +0.94 −1.26 −0.68 +1.55 −0.99 −0.56 +2.15 −0.88 −0.26 

 

Taking the ketimide N=CPh2 uranium complex as a study case, it can be seen that the global 

negative net charge carried by the imide NAr donor group, decreases significantly: it is equal 

to −1.26 for the anionic (UIV) species, −0.99 for the neutral UV molecule, and becomes −0.88 

in the cationic UVI one. Interestingly, the net charge carried by the ancillary X ketimide ligand 

decreases from −0.68 (UIV), to −0.56 (UV) and reaches only −0.26 in the cationic UVI species. 
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Regarding the global negative net charges carried by the imide NAr and ancillary donor 

groups, the N(TMS)2 complex exhibits the same trends as the ketimide N=CPh2 species. 

In the case of poor electron donor ancillary ligands e.g., the triflate system, the OTf net charge 

decreases from −0.86 (UIV), to −0.77 (UV) and finally reaches −0.59 (UVI). Similarly, for the 

electron withdrawing fluorinated C6F5 group, the global negative charge carried by this latter 

ligand in the complex, is high for the three-oxidation states UVI, UV and UIV as noted for the 

triflate system compared to the other species, sustaining their weak donating ability. 

These results correlate well with the ligand-to-metal donation increasing with the uranium 

oxidation state (Table 2), confirming also that the ancillary ketimide N=CPh2 ligand 

exhibiting the lowest global negative charges during the redox process is the strongest 

electron donating ligand. It appears that its strong donation ability compensates the relative 

low electron donation from the NAr imide ligand. The electron-donation interplay revealed by 

the Hirshfeld’s charge transfer analysis (Table 3) for the ketimide ancillary ligand 

comparatively to the other groups, correlates well with the experimental trends.39 Indeed, the 

relative lowest negative charges (e.g. -0.56 for UV species) borne by the ketimide ligand, 

confirms its stronger electron donation towards the central metal making the corresponding 

complex the most difficult to reduce as sustained by the most negative half-wave potential 

(E1/2 = -1.84 V) in the series of complexes. In opposite, the triflate ancillary group bearing the 

highest negative charge (e.g. -0.77 for the UV complex) in agreement with its electron−poor 

donation ability, renders the complex the most easily reducible with the less negative half-

wave potential (E1/2 = -1.21 V).39 This is also the case for the fluorinated C6F5 group which 

exhibits a weak charge transfer leading to a high negative global charge (i.e. -0.75 for UV 

species). As reported by Kiplinger and coworkers,38 combining absorption spectroscopic data, 

the ketimide and triflate groups are classified as the stronger vs. weaker electron-donor 

ancillary ligand. Moreover, as reported by the same authors, features of the U=NAr bond are 

diversely modulated by the X ancillary ligand allowing stabilization of the metal (UIV, UV and 

UVI) oxidation states.39 The imide NAr donation ability during the reduction UV/UIV and 

oxidation UVI/UV processes is versatile, compensating either for the strong electron donating 

ketimide ligand or for the weak donating triflate one. Indeed, as can be noted in Table 3 for 

the triflate species, the global negative net charge for the imide NAr group changes from 

−0.92 to −1.19 vs. -0.68 during the reduction UV/UIV vs. oxidation UVI/UV process, indicating 

its high electron donation in this cases, compensating for the poor-electron donating triflate 

ancillary ligand. On the contrary, for the ketimide species, the NAr imide group exhibits 
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higher negative charges, passing from −0.99 to −1.26 vs. -0.88 during the reduction UV/UIV 

vs. oxidation UVI/UV process, respectively. These latter results confirm that a tuning of 

electron donation from the imide group is occurring according to the weak or strong charge 

transfer from the ancillary X ligand.  

Bond order analyses were also performed using Mayer71 and Nalewajski−Mrozek 

(NM)72,73 methods (see the Computational Details), providing estimation of atom−atom bond 

orders that are particularly useful tools for structural inorganic and organometallic analyses.74 

Metal−ligand U-X and U=NAr Mayer and Nalewajski−Mrozek (NM) bond orders for the three 

redox (UVI/UV/UIV) species are reported in Table 4 (solvent effects taken into account). These 

bond orders vary following the same order as the ancillary ligand donating ability (OTf < SPh 

< C=CPh < Ph	∼ Me ∼ OPh < NPh2 < N=CPh2).39 Indeed, considering the Mayer U−X bond 

orders of the neutral UV complexes, it appears clearly that high values are observed for 

ancillary ligands leading to a significant U−X covalent bonding. The highest Mayer bond 

order value i.e. 1.255 is obtained for N=CPh2 and the lowest one 0.435 for X = OTf in 

agreement with the expected high ionic character of the corresponding U−OTf bond. 

Considering the U=NAr bond, it is interesting to note that the low s−donation ability of the 

ancillary OTf ligand, is associated to high U=NAr Mayer bond orders values 

(2.039/1.955/1.744) which traduce a high covalent character. Moreover, the 

Nalewajski−Mrozek analysis which includes electrostatic effects, lead to metal−imide U=NAr 

higher bond orders equal to (2.590/2.759/2.784) for the three UVI/UV/UIV oxidation states, 

computed in solvated phase respectively with the OTf ligand. This is in the line with the 

evolution of the structural properties (Table 1) giving shorter U=NAr bond distances 

(1.931/1.954/2.003 Å), revealing the crucial role of the imido group for both the oxidation 

UVI/UV and reduction UV/UIV faced to the triflate weak electron donor. In opposite, the strong 

N=CPh2 s/π−donor group towards the metal center UVI/UV/UIV, leads to the lowest Mayer 

(1.915/1.815/1.611) and NM (2.526/2.582/2.478) bond orders as given in Table 3, correlating 

well with the longest U=NAr bond distances (1.958/1.996/2.037 Å) as given in Table 1. 
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Table 4: ZORA/BP86/TZP Mayer and NM average bond orders of the UVI/UV/UIV 
Cp2U(=N−Ar)X  complexes, in THF solution. 
 

Ligand 
U-X U-NAr 

Mayer NM Mayer NM 

OTf 0.611/0.414/0.306 1.548/1.346/1.153 2.039/1.901/1.744 2.590/2.739/2.784 

C6F5 0.669/0.617/0.542 0.971/0.962/0.912 1.943/1.868/1.638 2.685/2.721/2.707 

SPh 1.255/1.035/0.777 1.431/1.395/1.296 1.988/1.868/1.656 2.546/2.685/2.659 

C=CPh 0.971/0.784/0.691 1.363/1.219/1.155 1.974/1.860/1.692 2.581/2.695/2.672 

NPh2 0.863/0.680/0.460 1.413/1.308/1.113 1.931/1.802/1.607 2.546/2.641/2.646 

Ph 0.904/0.799/0.678 1.179/1.140/1.077 1.965/1.862/1.815 2.593/2.676/2.734 

Me 0.936/0.814/0.662 1.662/1.620/1.539 1.995/1.862/1.588 2.617/2.734/2.655 

OPh 0.976/0.824/0.634 1.739/1.659/1.507 1.944/1.818/1.603 2.546/2.650/2.624 

N(TMS)2 0.855/0.764/0.552 1.818/1.771/1.584 1.850/1.799/1.580 2.573/2.627/2.618 

N=CPh2 1.255/1.255/1.254 1.907/1.927/2.014 1.915/1.815/1.611 2.526/2.582/2.478 

 

Interestingly, the U-X and U-NAr Mayer bond orders (Table 4) increase in the 

complexes with the oxidation state (UVI > UV > UIV) as a result of the strong ligand-to-metal 

donation, enabling to stabilize efficiently the high oxidation states of the uranium complexes, 

in agreement with experimental trends.35,39  

 

Redox properties 

Ionization energies (IEs)  

In order to study the oxidation process, we consider first the ionization energies (IEs) 

computed as difference between the Total Bonding Energies (TBEs) of the neutral UV and 

cationic UVI species at their optimized geometries (see Computational Details). The 

half−wave oxidation potentials E1/2(V) from UVI/UV redox system (vs. Cp2Fe]+/0) have been 

measured.38 Table 5 gives the computed TBEs and IEs, in the gas phase as well as in solution 

(THF) for all complexes, at the ZORA/BP86/TZP level of theory. The column (THF solvent 

effect and SO) gives the values of the IE taking into account solvent effects and spin–orbit 

coupling whereas the measured oxidation potentials E1/2(V) are given in the last column. 

 
 
 



 16 

Table 5: ZORA/BP86/TZP computed TBEs and IEs (eV) of the UVI/UV redox couple for the 
Cp2U(=N−Ar)(X) complexes in the gas phase, considering the THF solvent and including 
spin−orbit coupling (SO); and the experimental half−wave UVI/UV oxidation potentials E1/2 
(V) in the last column. 
 

X 
Gas phase THF solvent  THF solvent + SO E1/2  

(V) 
V VI IE V VI IE V VI IE 

OTf –257.608 –250.933 6.675 –257.915 –252.709 5.206 –267.151 –261.899 5.252 +0.36 

SPh –320.748 –314.787 5.961 –320.933 –316.123 4.810 –330.195 –325.373 4.822 0.00 

C=CPh –332.219 –326.208 6.011 –332.399 –327.607 4.792 –341.645 –336.864 4.781 –0.10 

Me –264.523 258.384 6.146 –264.523 –259.830 4.683 –273.765 –269.067 4.698 –0.13 

Ph –315.595 –309.682 5.913 –315.753 –311.106 4.647 –325.007 –320.324 4.683 naa 

OPh –324.257 –318.245 6.012 –324.424 –319.747 4.677 –333.436 –328.857 4.579 –0.22 

NPh2 –395.798 –390.117 5.681 –395.993 –391.477 4.516 –405.248 –400.679 4.569 –0.30 

N=CPh2 –404.610 –398.738 5.872 –404.610 –400.074 4.536 –413.868 –409.359 4.509 –0.34 

a na: not available 
 

First, the gas phase calculation predicts the highest IE (6.675 eV) for the triflate UV complex 

which is therefore the most difficult to oxidize, correlating well with the highest observed 

oxidation potential (E1/2 = +0.36 V). On the contrary, the ketimide (N=CPh2) analogue 

exhibits the lowest IE (5.872 eV) probing to be the easiest to oxidize as indicated by the 

lowest half-wave oxidation potential (E1/2 = –0.34 V). In addition, solvation effects affect 

more importantly the cationic UVI species than the neutral UV one, leading to an energy 

increasing of ca. 1.5 vs. 0.2 eV, in their singlet and doublet state respectively, and an increase 

of IEs (1.2 eV on average). Spin–orbit coupling affects dramatically the TBE of the neutral 

and of the cationic species, but only slightly the IE (0.02 eV on average). This is mainly due 

to the local character of spin-orbit coupling leading to an approximate cancellation of their 

effects when subtracting the TBEs of the UVI and of the UV complexes. 

Finally, a very nice linear regression (IEs vs. E1/2) is obtained when including both 

solvent effects and the spin−orbit corrections, the R2 correlation coefficient being equal to 

0.98 (Figure 3). From this linear regression it is possible to estimate by interpolation the E1/2 

of a parent complex that has not yet been measured. Therefore, the half-wave oxidation 

potential of the Ph complex should be close to E1/2 = -0.17 V its IE being computed equal to 

4.683 eV as indicated on the Figure 3.  
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Figure 3: ZORA/BP86/TZP linear regression between ionization energies IEs(eV) and 
half−wave oxidation potential E1/2(V) for the Cp2U(=N−Ar)X complexes (R2 = 0.98 ; slope = 
1.059) taking into account the THF solvent and spin−orbit effects.  
 
It is interesting to note that taking into account the solvent effects but not spin-orbit 

corrections leads to the correlation factor (R2 = 0.96), as shown on the figure S1 (in the SI). 

Moreover, neglecting solvation decreases even more importantly the IE−E1/2 correlation 

coefficient (R2 = 0.91).  

Additionally, for two other ancillary ligands X, i.e. the electron attractor C6F5 and the electron 

donor N(TMS)2 that we considered, the theoretical half-wave oxidation potential of their 

corresponding complexes should be close to E1/2 = +0.24 and -0.26 V, respectively, their IEs 

being (Table S2) equal respectively to 5.098 and 4.570 eV, computed at the same level of 

theory (THF solvent + SO) as depicted on Figure S2. 

 

Electron affinities (EAs) 

The reduction of the neutral UV Cp2U(=N–Ar)X complexes was studied first 

considering the electronic affinities (EAs) computed as the difference between the TBEs of 

the neutral UV and anionic UIV species at their optimized geometries. The computed TBEs 

and EAs, in the gas phase, in solution (THF) and including spin−orbit coupling, are given in 

Table 6. In the last column of this Table are displayed the measured half–wave reduction 
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potentials in volts (–E1/2 vs. [Cp2Fe]+/0) of the neutral uranium(V) compounds, measured in 

THF.39 Additionally, the energetic parameters, i.e., the TBEs and EAs of the C6F5 and 

N(TMS)2 model complexes are reported in the Table S3. 

 

Table 6: ZORA/BP86/TZP computed TBEs (eV) and EAs (eV) of the UV/UIV redox couple 
for the Cp2U(=N−Ar)X complexes in the gas phase, in THF solution and including spin−orbit 
coupling (SO). Measured reduction potential E1/2 (V) are given in the last column. 
  

Structures 
X 

Gas phase THF solution THF solution + SO E1/2 
(V) 

V IV EA V IV EA V IV EA  

OTf –257.608 –259.976 2.368 –257.915 –261.477 3.562 –267.151 –270.726 3.575 –1.21 

SPh –320.748 –322.816 2.068 –320.933 –324.306 3.373 –330.195 –333.575 3.380 –1.43 

C=CPh –332.219 –334.163 1.944 –332.399 –335.607 3.208 –341.645 –344.853 3.208 –1.64 

NPh2 –395.798 –397.689 1.891 –395.993 –399.153 3.160 –405.248 –408.416 3.168 –1.65 

Ph –315.595 –317.440 1.845 315.753 –318.820 3.067 –325.007 –328.172 3.165 naa 

Me –264.523 –266.332 1.809 –264.523 –267.679 3.156 –273.765 –276.900 3.135 –1.71 

OPh –324.257 –326.058 1.801 –324.424 –327.541 3.117 –333.436 –336.553 3.117 –1.75 

N=CPh2 –404.610 –406.401 1.791 –404.610 –407.594 2.984 –413.868 –416.884 3.016 –1.84 

a na: not available  
 

The triflate system, which has the lowest negative reduction potential (−1.21 V) exhibits the 

highest EA (3.575 eV) as computed (THF solvent + SO), is the easiest to reduce. This is also 

true for the fluorinated electron-attractor C6F5 group, for which the predicted EA (3.397 eV) 

is high. On the contrary, the stronger σ/π−donor ketimide (N=CPh2) congener exhibits the 

highest negative reduction potential (−1.84 V) and the lowest EA (3.016 eV) being therefore 

the most difficult to reduce. The analogous strong electron donor N(TMS)2 species exhibits a 

significantly low EA equal to 2.937 eV (Table S3).  

These results are in agreement with experimental data reporting that the variation in reduction 

potential across the series (OTf, SPh, C=CpPh, OpPh, Me, Ph, NPh2, N=CPh2), is likely to 

derive from an interplay between pure electrostatic effects (e.g., for the OTf and C6F5 

complexes) and more covalent σ− and π−bonding interactions of ketimide and amide 

(N=CPh2, N(TMS)2), that shifts electron density to the metal center thereby affecting the 

reduction process.39 
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First, it is worth noting that the ordering of the reduction ability (EAs vs. E1/2) of the 

UV complexes is the same whatever the level of computation, i.e. gas, THF solvent and 

including spin−orbit coupling. Moreover, three ligands [Ph ∼ Me ∼ OPh]39	 exhibit close 

σ/π−donating ability across the series, correlating well with the close electron affinities of the 

complexes (EAs = 3.165, 3.135, 3.117 eV). This electronic property is in good agreement 

with the observed reduction potential (E1/2 = Me: -1.71, OPh: -1.75 V); the experimental 

value of the Ph system being not available, it is estimated theoretically as E1/2 = -1.67 V (vide 

infra). 

Considering the calculations performed in the gas phase, a linear regression appears 

between the computed EAs (gas) and measured E1/2, the correlation coefficient R2 being equal 

to 0.94 (slope = 0.946), as depicted on the Figure S3. Secondly, taking into account the 

solvent effects, the correlation depicted on Figure S4 is significantly better (R2 = 0.98, slope = 

0.873). Further introduction of spin−orbit coupling leads only to a slight improvement of the 

EA vs E1/2 linear regression, namely that the correlation coefficient R2 passes from the value 

0.98 to 0.99 as depicted on the Figure 4. It is already seen from the computed EA values in 

Table 6 that variations less than 0.02 eV result from the spin-orbit coupling corrections.  
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Figure 4: ZORA/BP86/TZP linear regression between electronic affinity EA(eV) 
computed in THF solution and including spin orbit effects, and measured reduction 
potential E1/2(V) for the Cp2U(=N−Ar)X complexes (R2 = 0.99: slope = 0.876).  
 
 

 
The linear regression of Figure 4, permits to estimate for the X = Ph ligand, a reduction 

potential value of its complex of E1/2 = -1.678 V vs. EA equal to 3.165 eV. Similarly, the 

theoretical half-wave reduction potential of the two C6F5 and N(TMS)2 species could be 

estimated considering their EAs equal to 3.397 vs. 2.937 (eV), respectively; the computations 

lead to E1/2 = -1.413 vs. -1.938 V for C6F5 and N(TMS)2 respectively as shown on Figure S5. 

One can note that strong electron donors ligands e.g. X = N(TMS)2 and N=CPh2, lead to low 

electron affinity (EA) of the complexes correlating with a high negative reduction potential 

E1/2. Indeed, the donating power of the ancillary X ligands OTf < SPh < C=CPh < [Ph ∼ Me 

∼	 OPh] < NPh2 < N=CPh2,39 matches well with the computed EAs variation (Table 6). 

Furthermore, our results agree well with previous scalar relativistic BP86 calculations carried 

out by J. Kiplinger’s group on the redox properties of the similar fluoroketimide UIV 

complexes Cp*
2U(–N=CMeR)2 systems.36 Their theoretical study leads to adiabatic EAs equal 

to 0.95 eV and 1.24 eV for R = 4–F–C6H4 and C6F5, respectively, whereas the corresponding 

E1/2 are –2.64 and –2.34 V, showing that the complex exhibiting the highest EA is the easiest 

to reduce, in line with the greater electron–withdrawing property of the fluorinated phenyl 

group. 

 

In order to correlate the variation of the half−wave redox potential E1/2 to the frontier 

molecular orbitals i.e., the singly occupied molecular orbital SOMO(V) and the lowest 

unoccupied molecular orbital LUMO(V) of the neutral UV species, we consider the energies 

(eV) of these frontier molecular orbitals (FMO), computed including solvent effects and spin–

orbit coupling. In the Table 7, are also reported oxidation (UVI/UV) and reduction (UV/UIV) 

potential E1/2 (V) for comparison with the FMO energies. 

As shown in the Table 7, the LUMO energies of all UV complexes are negative; this is 

indicative of the ability of these species to undergo a reduction process. 
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Table 7: ZORA/BP86/TZP LUMO/SOMO energies (eV) in THF solvent and spin−orbit 
effects included, of the UV Cp2U(=N−Ar)X neutral complexes. Reduction (V/IV) and 
oxidation (V/VI) potentials E1/2(Volts) and are given for comparison. 
 

X 
THF solvent + SO 

LUMO AE E1/2 (V/IV) SOMO IE E1/2 (VI/V) 

OTf −4.320 3.575 –1.21 −4.657 5.252 +0.36 

C6F5 −4.128 3.397 −1.41 −4.440 5.098 +0.14 

SPh −4.087 3.380 –1.43 −4.319 4.822 0.00 

C=CPh −3.907 3.208 –1.64 −4.253 4.781 –0.10 

Me −3.829 3.168 –1.65 −4.182 4.698 –0.13 

Ph −3.858 3.165 –1.67 −4.133 4.683 −0.17 

OPh −3.767 3.135 –1.71 −4.036 4.579 –0.22 

NPh2 −3.886 3.117 –1.75 −4.004 4.569 –0.30 

N=CPh2 −3.712 3.016 –1.84 −4.003 4.570 −0.32 

N(TMS)2 −3.693 2.937 −1.93 −4.008 4.509 –0.34 

 
 

Analyzing the plot of the LUMO(V) energy vs. the reduction potential variation as 

depicted in Figure 5, a very good correlation (R2 = 0.99) is obtained the energies being 

computed in solution and including spin−orbit effects. One can note in Table 7, that the strong 

electron donating ketimide (N=CPh2) ligand leads to a complex exhibiting a high LUMO(V) 

energy (-3.712 eV) for the neutral UV species. In opposite, the weakest donor i.e., the triflate 

(OTf) ligand exhibits the lowest LUMO(V) negative energy (-4.320 eV), correlating well 

with the half-wave reduction potential (-1.84 vs. -1.21 V). Similarly, the weak vs. strong 

electron donor C6F5 vs. N(TMS)2 ligands, are predicted to lead to low vs. high LUMO(V) 

energy (-4.128 vs. -3.693 eV) of their complexes. Indeed, the ranking of the considered 

complexes, according to their reduction potential decreasing from the most donating ligand 

capacity to the lower one. Again, as given in the Table 6, this ranking correlates well with the 

increasing order of LUMO(V) energies: OTf < C6F5 < SPh < C=CPh < NPh2 < Ph < Me < 

OPh < N=CPh2 < NTMS2, and  suits also well their EA variation (Table 6).  

 



 22 

 
Figure 5: ZORA/BP86/TZP linear regression between LUMO energies (eV) and 
reduction potentials E1/2(V) for the UV/UIV Cp2U(=N−Ar)X couple complexes (R2 = 
0.99, slope = -0.97). THF solvent and spin-orbit coupling effects included. 
 

 
Figure 6: ZORA/BP86/TZP linear regression between SOMO energies (eV) and 
oxidation potentials E1/2(V) for the UVI/UV Cp2U(=N−Ar)X couple complexes (R2 = 
0.97; slope = 1.059). THF solvent and spin−orbit coupling effects included. 
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Notably, as depicted on Figure 6 a rather good correlation (R2 = 0.97) between 

computed SOMO energies and measured oxidation potential E1/2(V) for the UVI/UV 

Cp2U(=N−Ar)X couple systems is obtained. As previously done using the computed IE, the 

oxidation potential E1/2(V) for the three UVI/UV C6F5, Ph and N(TMS)2 couple complexes for 

which no redox data exist, could be estimated using the linear regression. Considering their 

SOMO(V) energies respectively equal to -5.098, -4.133 and -4.003 (eV), the computations 

lead to E1/2 = +0.14, -0.18 and. -0.32 V for C6F5, Ph and N(TMS)2 respectively as shown in 

Figure S6. It is noteworthy, that the estimated oxidation potential (E1/2 = +0.14 V) of the C6F5 

group, correlates rather well with its strong electron withdrawing property.36 Moreover, the 

SOMO(V) vs. E1/2(UVI/UV) linear regression leads to the value of Ph oxidation potential (E1/2 

= −0.18 V), which is close to that obtained (E1/2 = −0.17 V) from the IEs vs. E1/2(UVI/UV) line. 

The two approaches lead to the same expected value of oxidation potential. The latter result 

relative to IEs was expected since the oxidation process involves predominantly 5f MOs (vide 

infra). 

 

In this part, we study the effect of the substitution of the Cp* ligand of the real complexes by 

the Cp one in the computed systems. Although the nature of the Cp* ligands could affect the 

electronic structure and stability of the complexes, we expect that the trends observed using 

Cp will be conserved since the redox processes are rather local in character, involving only 

the 5fn metallic orbitals. Indeed, the calculations including the solvent on three actual 

structures bearing the Cp* ligand namely the OTf, the Me and the ketimide complexes 

(C5Me5)2U(=N-Ar)(X) (X = OSO2CF3, Me and N=CPh2), lead to EAs equal to 2.607, 2.747 

and 3.157 eV, respectively, whereas the obtained values with Cp that are 2.984, 3.156 and 

3.562 eV exhibit only a constant overestimation of ca. 0.4 eV relatively to the Cp* values.  

This result insures the same linear regression between the Cp * or Cp computed EA and the 

experimental values. Thus, the Cp* and Cp results agree, predicting the same EA ranking: 

ketimide < Me < OTf. In the same way, the computed IEs with Cp* including solvent are 

4.178, 4.353 and 4.753 for the ketimide, Me and the triflate respectively, to be compared to 

the Cp values that are 4.536, 4.683 and 5.206 eV; the ranking of the IEs is the same, ketimide 

< Me < OTf. 
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To get a clearer vision on the FMO role on the redox properties, are displayed on Figure 7 the 

frontier MOs of the UV complexes, i.e. the a-spin SOMOs and the LUMO. The percentages 

6d/5f/Cp2UNAr/X indicate the weights of the 6d and 5f metal orbitals as well as those of the 

metallic Cp2UNAr moieties and ancillary X group in the MOs.  

It can be seen that these frontier MOs are almost mainly uranium 5f orbitals with very small 

contribution from the ancillary X ligand. The X contribution to the LUMO is in overall zero, 

except for C=CPh, NPh2, Ph and OPh reaching the maximum of 4.2% and no contribution of 

the imide (=N−Ar) group is observed. It is also interesting to note that the SOMO of the 

ketimide N=CPh2 system differs significantly from the other MOs. Notably, its 5f orbital 

contribution (72.3%) to the SOMO in such UV system is the lowest relatively to the other 

species. This correlates well with the lowest 5f spin orbital population reported for this 

species (Table 2).  

 

 
 

 
Figure 7: Frontier α−MO diagram of the neutral UV Cp2U(=N−Ar)X complexes in solvated 
(THF) phase at the ZORA/BP86/TZP level. The dots connect the LUMO/SOMO energy 
levels. 
 
The LUMO(V) of the neutral complexes is formally populated upon reduction. The energy 

variation of this orbital suits the electron withdrawing character of the ancillary X ligand; 
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higher this character, more the LUMO(V) is stabilized and the reduction process easier to 

make. It is the case for the OTf ligand for instance. On the contrary, the Cp2U(=N−Ar)X 

complex, with X= N=CPh2 strong electron donor, is difficult to reduce, its LUMO is not 

stabilized.  As can be seen in this MO diagram (Figure 7), the LUMO(V) energies follow the 

order: OTf < SPh < C=CPh < OPh < Me < Ph < NPh2 < N=CPh2, in agreement with the 

computed electron donating capacity of X.39 A similar trend is observed regarding the 

ionization of the complexes, strong electron donors ancillary ligands will lead to a 

destabilization of the SOMO(V) (Figure 7) thus to an easier oxidation.  

 

Conclusions 
 
The redox behavior of a series of biscyclopentadienyl imido-uranium(V) complexes 

Cp2U(=N−Ar)X (Ar = 2,6-Me2-C6H3 ; X = OTf, SPh, C=CPh, OPh, Me, Ph, NPh2, N=CPh2, 

C6F5, N(TMS)2) has been investigated for the first time, at the relativistic ZORA/BP86/TZP 

computations taking into account solvent (THF) effects employing the COSMO solvation 

model and taking into account spin−orbit coupling. Our study confirms that this 

computational methodology is accurate enough. Indeed, very good linear correlations have 

been obtained (R2 = 0.98) between the computed ionization energies (IE) and the 

experimental half−wave oxidation potentials and also between the computed electron 

affinities (EA) and the measured electrochemical reduction potentials (R2 = 0.99). The study 

brings to light the importance of solvation effects that must be considered in order to achieve 

a good agreement between theory and experiment, whereas introducing spin-orbit coupling 

corrections led only to a slight improvement of this agreement. It is seen in Table S4 that the 

SO effects induce a slight stabilization of the FMO less than 0.1 eV.  

 Investigation of the structural and electronic properties, considering metal-ligand 

Mayer/Nalewajski−Mrozek bond orders and MO analyses, allowed to understand the 

evolution of the computed IE and EA with the nature of the ancillary X ligand. Our results 

reveal a tight relationship between the variation in metal−ligand U–X and U=NAr bond 

distances and the redox potential (−E1/2) which is attributed to a subtle interplay between 

purely electrostatic effects (e.g., OTf) and more pronounced covalent σ- and π-bonding 

interactions (e.g., ketimide N=CPh2). Moreover, the LUMO(V) energies of neutral UV 

species, increase with the electron donating strength of X according to OTf < SPh < C=CPh < 

NPh2 < Ph < Me < OPh <N=CPh2, and suit also well with their EA variation and reduction 

potentials E1/2. 
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Moreover, our study revealed the crucial role of the imide NAr group whose is versatile 

accordingly to the strength of the electron transfer from the ketimide (N=CPh2) and triflate 

(OTf) ancillary X ligands. 

Finally, our computational methodology was used to predict the redox half wave potentials 

for the UV complexes bearing the phenyl, C6F5 and N(TMS)2 ancillary ligands, that have not 

yet been measured. Of course, any actinide complex, especially those exhibiting hazardous 

character could be computed that way. 

 

Computational Details  

Determination of electron affinities (EA) is challenging,52,53 and since measured EAs 

are largely adiabatic, the most direct theoretical method is to calculate EA as the difference 

(ΔE) of the energies of the neutral and anionic forms of the neutral complexes at their 

respective optimized geometries.4,22 In the same way, ionisation energies (IEs) are obtained as 

the difference between the energies of the cationic and neutral forms (vide infra). 

 The calculations were performed using Density Functional Theory (DFT),75 using the 

Amsterdam Density Functional (ADF2019.302) release program package.76 with scalar 

relativistic corrections being introduced via the Zero Order Regular Approximation 

(ZORA)77,78 and at spin unrestricted framework as the systems under consideration are 5fn 

open-shell. Solvents effects have been taken into account using the Conductor–like Screening 

Model for Realistic Solvents (COSMO–RS).79 These ZORA/DFT calculations were 

performed using the Vosko–Wilk–Nusair functional (VWN)80 for the local density 

approximation (LDA) and the gradient corrections for exchange and correlation of Becke and 

Perdew,81,82 respectively, i.e. the BP86 functional, have been used. Triple–z Slater–type 

valence orbitals (STO) augmented by one set of polarization functions were used for all 

atoms. For all elements, the basis sets were taken from the ADF/ZORA/TZP database. The 

more extended ZORA/TZ2P basis set has also been used to check the accuracy of the 

computed properties. The ‘small’ frozen–core approximation, where the core density is 

obtained from four–component Dirac–Slater calculations, has been applied for all atoms. 1s 

core electrons were frozen respectively for boron B[1s], carbon C[1s] and oxygen O[1s]. For 

sulphur S[2p] and chlorine Cl[2p], the 1s/2s/2p cores were frozen. 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 states properties of f–element compounds with a satisfying accuracy.52-59,61,62 In our 
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case, we carried out first the full geometry optimizations of the species under consideration, in 

the gas phase, at the spin unrestricted level. Next, the geometries were re−optimized in the 

THF solvent using the COSMO model. We used the Klamt et al.83,84 framework and non–

default Delley type of cavity,85 the solvent effect being simulated with its dielectric constant 

of 7.58 and a radius of 3.18 Ǻ. Then, single point calculations including spin–orbit corrections 

were carried out and based on the previously optimized geometries, for both the gas and 

solvated phases. 

For all Cp2U(=N−Ar))X complexes under consideration, we considered the highest 

spin state as the most stable ground state configuration, i.e., doublet (5f1) spin states for the 

neutral UV species and triplet (5f2) for the UIV anionic ones. Spin contaminations were 

checked in all cases (comparison between the computed values of the squared spin operator 

⟨S2⟩ and exact values showed deviations less than 3 %) 

The ADF program that we use produces total bonding energies (TBE) rather than total 

energies, so that in terms of the TBE obtained at optimized geometries, EA and ionization 

energy (IE) are computed as follows:  

EA = TBE(neutral) –TBE(anion) = TBE(UV) - TBE(UIV) for the reduction process 

IE = TBE(cation) – TBE(neutral) = TBE(UVI) - TBE(UV) for the oxidation process  

 

The computation of accurate values of half-wave reduction or oxidation potentials is rather 

challenging and should include the solvated electron.54 Neglecting this important factor will 

only add a constant factor to the energy differences that we compute. This will not affect the 

correlations between theoretical and experimental values that we consider. 

As the ADF program permits an energy decomposition into chemically useful terms,86-

88 we carried out spin-unrestricted fragment calculations considering the following molecular 

moieties in interaction, Cp2U, NAr and X in order to get the charges borne by these 

fragments, for the different oxidation states UIV, UV and UVI of the metal. 

Molecular geometries and molecular orbital plots were generated using the ADF-GUI 

programs.76 
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