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ABSTRACT: The redox behavior of tricyclopentadienyl- and phospholyluranium(IV) chloride complexes L;UCI with L = C;H;
(Cp), CsH,Me (MeCp), CsH,SiMe; (TMSCp), CsH,Bu (‘BuCp), CsMe; (Cp*), and C,Me,P (tmp), has been investigated
using relativistic density functional theory calculations, with the solvent being taken into account using the conductor-like
screening model. A very good linear correlation (r* = 0.99) has been obtained between the computed electron affinities of the
L,UCI complexes and the experimental half-wave reduction potentials E;/, related to the U"/U™ redox systems. From a
computational point of view, our study confirms the crucial importance of spin—orbit coupling and solvent corrections and the
use of an extended basis set in order to achieve the best experiment—theory agreement. Considering oxidation of the
uranium(IV) complexes, the instability of the uranium(V) derivatives [LyUCI]* is revealed, in agreement with experimental
electrochemical findings. The driving roles of both the electron-donating ability of the L ligand and the U 5f orbitals on the redox
properties of the complexes are brought to light. Interestingly, we found and explained the excellent correlation between
variations of the uranium Hirschfeld charges following U™ /U™ electron capture and E, ,. In addition, this work allowed one to
estimate theoretically the half-wave reduction potential of [Cp*;UCI].

B INTRODUCTION of atoms and molecules that has been discussed in detail in a
Although the chemistry of actinides has known a spectacular review by Scha'effer and. co-workers.” The amount ‘?f expeﬁé
development during the last years, thus revealing a rich variety mentally determined EAs s large because Table 1O‘0f this review
of molecular compounds exhibiting unique structures and presents the data concerning the EAs of 1101 species but no data
reactions,' ™ theoretical as well as experimental studies devoted relative to organometallic actinide complexes. However, such
to redox processes are relatively rare. In view of their varied compounds, in particular those with the ubiquitous cyclopenta-
accessible oxidation states, a better knowledge of the redox dienyl ligand, which ‘play a major role in many processes in
properties of actinides is desirable, especially considering homogeneous catalysis and are employed as reducing agents,
applications in the processing of spent nuclear fuels. The deserve special attention. o o

theoretical study of the redox properties of organometallic actinide The first theF)retxcal 1nvest.1gat109 of EAs of organoactinide
complexes is particularly challenging because of the complexity of complexes, which was published in 2007 by the group of
the computations because of relativistic effects, among them spin— Kiplinger, concerned the fluoroketimide uranium(IV) complexes

orbit coupling and active 5f electrons, and the usually large size of [Cp*,U(N=CMeR),] (R = 4-F-C¢H, or CsFs),” whereas at the

the ligands surrounding the metal center.
Electron affinity (EA), which is the energy difference between Received: April 20, 2012

the negative ion and the neutral species, is an important property Published: June S, 2012
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Figure 1. Studied L;UCI complexes.
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Table 1. Computed Distances (A) and Angles (deg.) for the Uranium(III)/Uranium(IV)/Uranium(V) L,;UCI Complexes at the
ZORA/BP86/TZP Level in the Gas Phase and in Solution (in Parentheses) and the Available Experimental X-ray Values for the

Neutral Uranium(IV) Compounds (in Square Brackets)

ligand U-Cl U—L(centroid)® U-c* L(centroid)—U-CI¢

1% (tmp) 2.673/2.586/2.526 2.799/2.705/2.629 3.111/3.018/2.957 99.1/97.8/98.3 (98.8/97.6/98.0)
(2.710/2.607/2.533) [2.670]* (2.701/2.664/2.624) [2.61(1)] (3.014/2.987/2.952) [2.90(8)] [94.8(7)]

2 (TMSCp) 2.720/2.609/2.535 2.544/2.512/2.478 2.810/2.790/2.758 100.8/100.4/100.7
(2.735/2.680/2.539) (2.536/2.503/2.473) (2.811/2.781/2.754) (101.0/100.3/100.9)

3 (Cp) 2.725/2.615/2.521 2.521/2.496/2.472 2.795/2.774/2.751 101.0/100.1/100.6
(2.777/2.655/2.541) [2.559]* (2.521/2.491/2.462) (2.796/2.769/2.743) [2.740] (101.4/99.9/100.6) [101.0]

4 ('BuCp)  2.732/2.613/2.532 2.572/2.529/2.501 2.842/2.803/2.777 101.2/100.2/100.2
(2.773/2.654/2.541) (2.565/2.544/2.494) (2.836/2.816/2.770) (101.2/100.3/100.5)

5 (MeCp)  2.727/2.606/2.522 2.540/2.500/2.471 2.814/2.777/2.751 102.2/100.4/101.0

(2.749/2.628/2.536) (2.529/2.494/2.464) (2.804/2.771/2.745) (102.2/100.4/101.3)
6 (Cp*) 2.703/2.600/2.545 2.704/2.644/2.575 2.963/2.909/2.847 97.8/96.2/96.9 (98.0/96.9/96.8)

(2.777/2.647/2.557) [2.902]**

(2.666/2.609/2.570) [2.551]

(2.929/2.874/2.849) [2.833] [96.2]

“Average values. "U—P* = 2.993/3.037/2.899 (2.941/2.996/2.898) [2.927(4)]; P—C" = 1.789/1.791/1.791 (1.789/1.790/1.792) [1.74(1)];

C—P—C®* = 90.3/90.1/90.5 (90.5/90.4/90.4) [90.10].

experimental level, some electrochemical studies of the U™/U"Y,
UY/UY, and UY/U"" redox systems of bi- and tricyclopentadienyl-
and Dbis(pentamethyl)cyclopentadienyluranium complexes have
been carried out.*™*

For our part, we investigated theoretically using relativistic
density functional theory (DFT) computations and exper-
imentally the electrochemical behavior of different series of
complexes of the general formula [Cp*,UX,] [X, = (BH,),,
(NEt,)Cl, Me,, and (OEt),],"* [L,U(BH,),] [L, = Cp,, (BuCp),,
(tmp),, (Cp*)(tmp), and Cp*, where tmp = C,(Me),P],'® and
[Cp;UX] (X = Cl, BH,, SPh, SPr, and O'Pr)."” We found a good
correlation between the DFT-computed EAs and experimental
half-wave reduction potentials and confirmed that EA is directly
related to the electron-donating or -withdrawing ability of the
different ligands. It seemed to us interesting to extend these
studies to an important class of uranium complexes, ie.,
tricyclopentadienyl- and phospholyluranium(IV) complexes
[L,UCI] (Figure 1), which are precursors of a large series of
organouranium derivatives. More precisely, we plan to carry out a
relativistic DFT investigation of the redox behavior of neutral
[(CsH4R);UCI] (R = H, Me, SiMe;, and ‘Bu), [(tmp),UCI], and
[Cp*;UCI] complexes, considering not only their reduction to the
corresponding uranium(I1I) anionic complexes but also, for a first
time, their oxidation to uranium(V) cationic species. In particular,
we shall investigate what the structural and electronic factors are
that drive the EA and ionization potential of the uranium(IV)
complexes under consideration.

B COMPUTATIONAL DETAILS

Relativistic DFT'® studies based on the zeroth-order regular
approximation (ZORA)" to the Dirac equation have been carried
out. Solvent effects have been taken into account using the conductor-
like screening model (COSMO).*°® Geometry optimizations, which
have been carried out at the scalar relativistic level, were followed by
single-point computations including spin—orbit coupling. The Vosko—
Wilk—Nusair functional® for the local density approximation and the
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gradient corrections for the exchange and correlation of Becke and
Perdew,” respectively, i.e., the BP86 functional, have been used. The
calculations were performed using the Amsterdam density functional
(ADF2010.02) program package.”'® Triple-{ Slater-type valence
orbitals augmented by one set of polarization functions (TZP)
were used for all atoms. For all elements, the basis sets were taken
from the ADF/ZORA/TZP database directory. The frozen-core
approximation, where the core density is obtained from four-
component Dirac—Slater calculations, has been applied for all atoms.
For C 1s, the 1s core electrons were frozen. The 1s/2s/2p cores were
frozen respectively for Cl 2p, P 2p, and Si 2p. The U 5d valence
space of the heavy element includes the 5f/6s/6p/6d/7s/7p
shells (14 valence electrons). Several studies have shown that the
ZORA/BP86/TZP approach reproduces the experimental geometries
and ground-state properties of f-element compounds with satisfying
accuracy.**>® We also carried out calculations using the more extended
ZORA TZ2P basis set, which contains two sets of polarization functions,
to check the accuracy of the computed properties. Molecular geometry
and molecular orbital (MO) plots were generated respectively by using
the MOLEKEL 4.3°° and ADFVIEW>' programs.

The theoretical determination of EAs is reputed to be a difficult task.®
Computed EAs generally involve odd-electron systems where spin
contamination and self-consistent-field convergence problems add to the
difficulty of producing reliable results. Because available experimental EAs
of molecules and complexes are largely adiabatic, the most direct
theoretical method consists of calculation of the energy difference
between the neutral and anionic (or cationic) forms of the complexes at
their respective optimized geometries, i.e., the “AE method”.

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

EA = E(neutral) — E(anion)

for the reduction reaction

IE = E(cation) — E(neutral)
for the oxidation reaction

The ADF program that we use produces total bonding energies
(TBEs) rather than total energies, so that EA is computed in our case

dx.doi.org/10.1021/ic300811m | Inorg. Chem. 2012, 51, 6943—6952
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Figure 2. Optimized geometries of the uranium(III)/uranium(IV)/uranium(V) L;UCI complexes at the TZP level in solution (THF). Hydrogen

and carbon atoms of the Cj rings are omitted for clarity.

as the TBE(neutral) — TBE(anion) difference for the reduction pro-
cess and IE as TBE(cation) — TBE(neutral).

B RESULTS AND DISCUSSION

Molecular Geometry Optimizations. First, the complete
geometry optimizations of the neutral complexes [(tmp),UCI]
(1), [(TMSCp),UCl] (2),*! [Cp;UCI] (3),** [(*BuCp),UCl]
(4),” [(MeCp),UCI] (5), and [Cp*,UCI]** (6) and their
anionic and cationic forms were carried out in the gas phase, at
the spin-unrestricted level of theory. We considered the highest
spin state of all species, i.e., a triplet state (5f*) for the neutral
uranium(IV) compounds, a quartet state (Sf*) for the anionic
uranium(III) ones, and a doublet state (5f') for the cationic
uranium(V) ones. Calculations confirming their triplet ground
state have also been carried out considering uranium(IV)
complexes in their singlet state. All compounds have been taken
in C; symmetry, except 3, which exhibits C, symmetry.

6945

Then, the geometries were further reoptimized in solution
[tetrahydrofuran (THF) solvent] using the COSMO approach.
The nondefault Delley type of cavity was used, with the solvent
being considered with its dielectric constant of 7.58 and radius
of 3.18 A.

Finally, single-point variational calculations using the
previously optimized geometries to compute the spin—orbit
couplingzu”35 contributions to the energies, in both the gas
phase and solution, have been carried out. In our case of open-
shell systems, the recommended noncollinear approximation®*®
was used.

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

dx.doi.org/10.1021/ic300811m | Inorg. Chem. 2012, 51, 6943—6952
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Table 2. EAs (eV) of the Uranium(IV) L;UCI Complexes at the TZP (and TZ2P) Levels in the Gas Phase and in Solution (in
Parentheses) and the Experimental Half-Wave Reduction Potentials E,;, (V)

1 (tmp) 2 (TMSCp)
TZP 1.709 (2.940) 1.623 (2.796)
TZP/SO 1.981 (3.206) 1.841 (3.019)
TZ2P 1.743 (2.873) 1.629 (2.803)
TZ2P/SO 2.013 (3.175) 1.848 (3.026)

exptl Ey ), (V) —1.614 —1.826 -1

3 (Cp)
1.405 (2.855)
1.641 (3.007)
1.392 (2.847)
1.650 (2.987)
875

4 (‘BuCp)
1.371 (2.695)
1.650 (2.964)
1.379 (2.687)
1.655 (2.946)
-1.927

S (MeCp)
1.260 (2.681)
1.527 (2.939)
1.266 (2.671)
1.536 (2.929)
—1.948

6 (Cp*)
1.149 (2.467)
1.492 (2.811)
1.169 (2.474)
1.500 (2.810)

Globally, the optimized molecular geometries of the
uranium(IV) complexes are in good agreement with the experi-
mental data available, namely, those of complexes 1, 3, and
6.3%%>3* The best agreement is observed with the optimized
values in solution rather than in the gas phase. While the U-Cl
distances are well reproduced by the computations for
complexes 1 and 3, the calculated value of 2.647 A in 6 is
definitely smaller than the exceptionally large, as previously
pointed out,** X-ray distance of 2.900 A. The average U—C and
U—L(centroid) distances are also well reproduced because the
deviations between the theoretical and experimental values do
not exceed 0.05 A, except in the case of 1 (0.08 A deviation for
U—C). The computed U—P distance and C—P—C bond angle
of 1 are close to the X-ray data (2.996 vs 2.927 A and 90.4 vs
90.1°). The computed values of the Cp—U—Cp angles (116.9—
118.3% see the SI) correspond well to the experimental data
(116.7—120°), whereas the agreement obtained for the Cp—
U—Cl angles is better (less than 2°).

The UV — U™ reduction process of the neutral complexes
induces a significant increase of the calculated bond distances.
For the U—CI bond, this increase is equal to 0.11—0.13 A for all
compounds except 2 (0.05 A), whereas for the U—L(centroid)
distances, it varies from 0.02 A in 4 to 0.06 A in 6. This bond
lengthening is in line with variation of 0.135 A in the radii of
the U™ and U** ions.>® On the opposite side, the UY — UY
oxidation leads to a shortening of the metal—ligand bonds. The
U—Cl distances decrease by ca. 0.1 A in solution, as expected
from variation in the radii of the U* and U*" ions,>® while the
U—L(centroid) bonds are shortened by ca. 0.03 A. In addition,
the C—C and C—H bond lengths of the ligands and the
centroid—U—centroid and centroid—U—X angles are not
affected by reduction or oxidation of the neutral uranium(IV)
compound because the variations do not exceed 0.02 A for the
distances and 1° for the angles.

Finally, the use of a more extended basis set, ie., the TZ2P
triple- basis set, which contains two polarization functions,
leads, as expected, to optimized geometries that are practically
the same as those obtained with the TZP basis set (see the SI).

The optimized molecular geometries of the neutral uranium-
(IV), anionic uranium(I1I), and cationic uranium(V) complexes
are depicted in Figure 2.

Redox Properties. First, we examine reduction of the
neutral uranium(IV) complexes. In all cases, the EAs were com-
puted according to the “AE method”, that is, the difference
between the TBEs of the neutral uranium(IV) and anionic
uranium(III) species at their optimized geometries (the TBE
values are given in the SI). In Table 2 are given the computed
EAs, in the gas phase as well as in solution, for all complexes;
the lines with the acronym SO correspond to the values of the
EA taking into account spin—orbit coupling. In the last line of
Table 2 are displayed the experimental half-wave reduction
potentials in volts [E,,, vs [Cp,Fe]?) of the neutral
uranium(IV) complexes].
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We discuss first the EA values obtained in the gas phase. As
expected, the computed EAs are all positive because the TBEs
of the anionic species are lower than those of their neutral
parents.

Spin—orbit coupling affects differently the TBEs of the
neutral and anionic species, in their triplet and quartet states,
respectively, with the latter complexes undergoing an energy
lowering of 2.5 €V on average, whereas it is of 2.2 eV for the
uranium(IV) compounds. Solvent effects and spin—orbit
coupling corrections lead to significant variations of EAs.
Moreover, it is interesting to note that relative ordering of the
EAs of the uranium(IV) complexes in the gas phase can be
changed in solution, as is the case for 3 and 4.

A very good linear correlation is obtained between the
computed EAs (in solution at the TZ2P level including the
spin—orbit correction) and the experimental half-wave
reduction potentials E, ,, with the * correlation coefficient of
the linear regression being equal to 0.99 (Figure 3).

& 164 (tmp)_‘UCl_/./'
o gt
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Figure 3. Correlation between the computed EAs and the
experimental half-wave potentials E,/, for the L;UCI complexes in
solution at the TZ2P level.

We note that neglecting spin—orbit coupling worsens
dramatically the EA—E, ), correlation (r* is lower than 0.90).
This result agrees with a recent DFT study, taking into account
solvation effects with COSMO, which shows that spin—orbit
corrections to the AnY'/An" reduction potential of the acting'l
complexes [AnO,(H,0);]"™ (An = U, Np, and Pu) are essential. 8
Finally, it is worth noting that the use of the less extended TZP
basis set slightly worsens the correlation between EA and E, ),
with the r* factor being equal to 0.98.

This good correlation permits one to estimate the half-wave
reduction potential of 6. On the basis of the linear regression of
Figure 3 and the computed EA of 6, i.e, EA = 4.37 + 0.74 E,,

dx.doi.org/10.1021/ic300811m | Inorg. Chem. 2012, 51, 6943—6952
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Table 3. Computed SOMO and LUMO Energies of the Uranium(III) and Uranium(IV) Complexes at the TZP level and
Highest Occupied Spinors of Uranium(III) Energies and Lowest Unoccupied Spinors of Uranium(IV) Energies at the TZP and
TZ2P Levels (Computed Values in THF Solution in Parentheses)

scalar ZORA calculations

spin—orbit ZORA calculations®

U™ HOS energy (eV) UY LUS energy (eV)

U™ SOMO energy (eV) UY LUMO energy (eV)
TZP

complex TZP
(tmp),UCI 0.444 (—1.995) —3.582 (—3.639)
(TMSCp),UCl 0.682 (—1.709) —3.592 (—3.627)
Cp,UC1 1.235 (—1.619) —3.619 (—3.717)
("BuCp),UCl1 1.028 (—1.515) —3.381 (—3.493)
(MeCp),UCl 1.266 (—1.479) —3.432 (—3.521)
Cp*,UCl 1243 (—1.246) —-3.027 (=3.216)

“HOS = highest occupied spinor; LUS = lowest unoccupied spinor.

0.244 (—2.169)
0.531 (—1.835)
1.138 (—1.884)
0.878 (—1.639)
1.180 (—1.551)
0.953 (—1.509)

TZP TZ2P

0.229 (—2.179)
0.458 (—1.880)
1.031 (—1.938)
0.812 (—1.688)
1.111 (-1.605)
0.907 (—1.520)

TZP

—3.610 (—3.628)
—3.586 (—3.621)
—3.638 (—3.798)
—3.412 (-3.517)
—3.457 (—3.598)
—3.059 (—3.270)

TZ2P

—3.624 (—3.553)
—-3.650 (=3.671)
-3.730 (—3.837)
—3.481 (—3.566)
—3.521 (—3.584)
—3.101 (—3.289)

and EA(Cp*,UCl) = 2.81 eV, we obtained E, ,(Cp*;UCl) =
—2.11 V. Such a E;/, value makes this compound difficult to
reduce electrochemically. Experimentally, no sign of decom-
position of 6 was observed at 60 °C over a period of 3 days,
while the bromide analogue [Cp*;UBr] was immediately
thermally transformed into the uranium(III) complex
[Cp*,UBr] with elimination of (CsMes),, following a so-called
sterically induced reduction reaction.

The influence of the nature of the L ligand on the EAs of the
L,UCI complexes 1—6 is clearly related to electronic effects:
strong electron donor ligands lead to low EA complexes. By
comparison with 3, the larger EA and E,/, of 2 indicate the
weaker electron-donating capacity of TMSCp relatively to
Cp."' Complexes 4—6, which bear the more electron-donating
ligands MeCp, ‘BuCp, and Cp*, exhibit smaller EA and E,
values. As was previously observed in the series of [L,U(BH,),]
complexes,'® L;UCI complexes with L = Cp* or tmp have the
lowest and highest EAs, respectively. The fact that the phos-
pholyl ligand is much less electron-donating than the cyclo-
pentadienyl group was demonstrated considering the reduction
potentials of [Cp,Fe] and [(C;H,P),Fe], —2.93 and —2.15 V
vs SCE, respectively,” and was also observed in the distinct
coordination chemistry of tmp complexes and their Cp and
Cp* counterparts.*® As given by the Hammett constants,”' the
electron-donating abilities of the L ligands should follow the
order tmp < TMSCp < Cp < BuCp < MeCp < Cp*, which
correlates well with the EAs.

In order to investigate the change undergone by the
electronic structures upon reduction, the MO diagrams of
both neutral L;UCI complexes and the corresponding anions
are now considered. The computed energies of frontier orbitals,
the singly occupied molecular orbital (SOMO) of uranium(III)
complexes and the lowest unoccupied molecular orbital
(LUMOs) of uranium(IV) ones, in the gas phase and in
THE solution, as obtained in the scalar relativistic case, as well
as spinor energies when taking into account the spin—orbit
coupling, are given in Table 3. The effect of spin—orbit
coupling on one-electron energies is more pronounced for the
uranium(III) species than for the neutral uranium(IV)
complexes. Moreover, the spinor energies vary in the same
way as the frontier orbital energies.

Reduction of the uranium(IV) species could be schematically
seen as a single-electron capture by the uranium ion that passes
from electron configuration Sf* to 5f%; the electron captured by
the neutral uranium(IV) complex should go in its LUMO,
whereas it will be described by the highest SOMO of the
reduced uranium(III) compound.
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In the gas phase, the SOMO energies of the anionic
uranium(III) complexes are positive and these energies become
negative in THF because of the stabilizing effect of the solvent.
On the other hand, the energies of the LUMO of the
uranium(IV) complexes are all negative, thus revealing the
capacity of these species to undergo a reduction process.
Variation of the SOMO energies of the uranium(III) species is
similar to that of the EAs or the reduction potentials, with the
lowest SOMO corresponding to the highest EA. The energies
of the highest SOMO decrease according to the order Cp* >
‘BuCp > MeCp > Cp > TMSCp > tmp, and a good linear
correlation is found between the uranium(III) SOMO energies
and the experimental potentials E;,, (r* = 0.99; Figure 4).
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Figure 4. SOMO uranium(III) energies computed at the scalar
ZORA/BP86/TZP level in THF versus experimental half-wave
reduction potentials.

According to this correlation, the extrapolated value of E, , for 6,
corresponding to a SOMO energy of —1.246 eV, is —2.1 V, in
accordance with that calculated from the EA vs E,/, correlation
(Figure 3).

Figure S5 shows three frontier orbitals of the neutral
uranium(IV) complexes, namely, two SOMOs, each containing
a single 5f electron and the empty LUMO. Percentages (6d/5f/
U/L,) indicate the weight of the 6d and Sf metal orbitals as
well as those of uranium and substituted aromatic L; ligands in
the MOs (more detailed frontier orbital diagrams are given in

the SI).
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Figure 6. Frontier orbital diagrams of the uranium(III) complexes (scalar ZORA/BP86/TZP computations in THF).

These frontier orbitals are mainly U Sf orbitals with a rather
substantial contribution of the L aromatic ligands; the latter
contribution is the smallest for [Cp;*UCI], whereas the
contribution of chlorine to this complex is 0. The Cp*;

ligands, which exhibit the highest electron-donating ability,
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induce an increase of the LUMO energy, leading to a decrease
of the EA of the corresponding complex, whereas the more
electron-attracting (tmp); ligands induce a lowering of the
LUMO energy, thus making the species easier to reduce. With
the exception of 3, the LUMO energies follow the same order
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Table 4. TBE of Cationic Uranium(V) Complexes at the ZORA/BP86/TZP Level in the Gas Phase and in a THF Solution (in
Parentheses) and Energy Differences between the Uranium(IV) and Uranium(V) Compounds [IE = A(TBE) = TBE(cation) —

TBE(neutral)]
cation Cp;UCI (MeCp),UCI (‘BuCp);UCI
TZP —193.087 (—194.851) —242.425 (—244.074) —388.021 (—389.515)
TZP/SO  —195.347 (—197.136) —244.574 (—246.287) —390.262 (—391.665)
A(TBE)  5.506 (5.155) 6.123 (5.523) 6.514 (5.323)

(TMSCp),UCl
—377.931 (—379.436)
—380.147 (—381.600)
6.561 (5.443)

(tmp);UCI
—365.001 (—366.304)
—367.177 (—368.523)
6.557 (5.203)

Cp*;UCI
—436.956 (—438.244)
—439.191 (—440.480)
5239 (4.958)

Table 5. MPA and N—M Bond Orders of L;UCI Complexes (Scalar ZORA/BP86/TZP Computations in THF)

MPA
net charges N—M bond orders

complex complex charge spin population U L, Cl U-L* U-Cl
(tmp),UCI 1- 2.95 +0.942 —1.397 —0.545 1.325 0.841
0 2.26 +0.783 —-0.374 —0.409 1.486 1.064

1+ 1.37 +0.584 +0.682 —0.266 1.723 1.284

(TMSCp),UCl 1- 292 +0.886 —1.296 —0.590 1.289 0.785
0 2.20 +0.740 —-0.290 —0.450 1.424 1.032

1+ 1.29 +0.589 +0.701 —0.289 1.651 1.304

Cp,;UCI 1- 2.92 +0.972 —-1.323 —0.649 1.320 0.749
0 2.19 +0.844 —-0.347 —-0.497 1.454 1.002

1+ 1.29 +0.677 +0.625 —-0.302 1.667 1.324

('BuCp),;UCI 1- 2.96 +0.998 ~1.391 —0.607 1257 0.748
0 222 +0.844 —0.369 —0.476 1.429 1.025

1+ 1.31 +0.680 +0.620 -0.299 1.635 1.286

(MeCp),UCI 1- 2.93 +0.935 ~1317 —0.618 1.295 0.777
0 2.18 +0.777 —-0.303 —-0.474 1.441 1.027

1+ 1.28 +0.579 +0.727 —0.306 1.656 1.301

Cp*;UCl 1- 3.07 +1.183 —1.569 —0.615 1.105 0.720
0 2.30 +1.115 —0.638 —0.477 1.353 0.963

1+ 143 +1.059 +0.269 —-0.328 1.583 1.205

“The N—M bond order of U-L is computed as the sum of the five U-X (X = C or P) bond orders of the ring.

as the EAs: tmp < TMSCp < MeCp < ‘BuCp < Cp*. This result is
similar to that obtained from calculations on bicyclopentadienyl-
and phospholyluranium(IV) borohydride complexes.'®

Moreover, it is possible to correlate quantitatively the EAs of
the complexes to the electron-donating ability of the ligands,
using their ¢ Hammett coefficients.* Indeed, a rather good
correlation (with 7* = 0.953) is found between the EAs and the
latter coefficients considering four complexes, 3, 2, §, and 4, for
which the values of the Hammett constants are available.

All singly occupied frontier orbitals of the anionic uranium(III)
species displayed in Figure 6 exhibit, like their neutral parents, a
major Sf metallic character with a minor contribution of the
aromatic L ligands (12.5% on average). In this figure, one notes
that 1 and 6 exhibit respectively the SOMO of lowest (—1.995 eV)
and highest (—1.246 eV) energy. As was already seen in Table 3,
variation of the SOMO energies follows well that of the EAs, with
the highest SOMO corresponding to the lowest EA; this
correlation between the SOMO energies and experimental half-
wave potentials —E;,, (or EAs) is better (r* = 0.996) than that
between the LUMOs of the uranium(IV) species and —E; ,.

Now, we focus on oxidation of the L;UCl complexes; the
calculated TBEs of the cationic uranium(V) (5f') complexes are
compared with those of the neutral uranium(IV) species in Table
4. TZP/SO values include spin—orbit corrections (the frontier
orbital diagrams of the uranium(V) species are given in the SI).

The value of A(TBE), that is the adiabatic IE of the
uranium(IV) complexes, is very high, nearly twice the EA of the
uranium(III) species, making the stability of the corresponding
cationic uranium(V) complexes questionable. In fact, this
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theoretical result is in line with the electrochemical study of the
(RCp);UCI compounds, which revealed that the one-electron
transfer is rapidly followed by a dispro}%ortionation reaction,
regenerating the uranium(IV) complex.37

Classification of the uranium(IV) complexes by decreasing
the order of their IEs in solution, § > 2 >4 > 1 > 3 > 6, shows
that § is the most difficult to oxidize.

In order to reveal other aspects of metal-to-ligand bonding,
three electron population analyses have been carried out, i.e.,
the Mulliken population analysis (MPA), the Nalewajski and
Mrozek (N—M) bond index approach,** and the Hirshfeld
charge analysis.** Although it has known drawbacks, MPA may
indicate roughly the major charge transfers and bonding
interactions when homologous series of molecules are
compared. MPA metal spin populations (difference between
the total & and f electronic populations of the metal), net
charges carried by the metal and ligands, and bond orders are
consigned in Table S. In this table, 1—, 0, and 1+ indicate
respectively the anionic uranium(I1I), the neutral uranium(IV),
and the cationic uranium(V) species.

The L; net charge is the sum of the three aromatic L charges
and not only that of the atom connected to uranium. MPA
illustrates well the ligand-to-metal donation, highlighted at the
same time by the metallic net charge, which is largely smaller
than its oxidation state, and by the weak negative charges
carried by the L anionic ligands. The L ligand-to-metal
donation, which is indicated by the L; net charge, increases
with the oxidation state of the metal; indeed, a greater electron
density is transferred to the metal when passing from
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Table 6. Hirshfeld Charges of Chlorine, Uranium, and L; of Uranium(III)/Uranium(IV)/Uranium(V) Complexes in Solution

(Scalar ZORA/BP86/TZP)

ligand/fragment chlorine
tmp —0.2812/-0.1793/—0.0845
TMSCp —0.3175/-0.1920/—0.0883
Cp —0.4156/—0.2858/—0.1270
tBuCp —0.3324/-0.2291/-0.0905
MeCp —0.3267/—0.2104/—-0.0951
Cp* —0.3006/—0.1985/—0.0967

uranium L
0.4711/0.5392/0.5541 —1.1893/-0.3592/0.5304
0.5484/0.6684/0.6864 —1.2302/-0.4555/0.4019
0.5384/0.6542/0.7040 —1.1232/-0.3684/0.4231
0.5470/0.6567/0.6828 —1.2143/-0.4289/0.4076
0.5365/0.6437/0.6828 —1.2097/-0.4334/0.4122
0.5393/0.6243/0.6408 —1.2375/—-0.4250/0.4559

uranium(II1) to uranium(IV) and uranium(V) species.
Interestingly, the net charges carried by the substituted
aromatic ligand L; in the cationic uranium(V) species are
largely positive (exceeding 0.62+, except for 6*) and could be a
factor of the instability of these species.

In addition, it is worth noting that the metal spin population
values are only slightly larger than 2 for the neutral Sf*
uranium(IV) species, larger than 1 for the cationic Sf'
uranium(V), and smaller than 3 for the anionic 5f uranium(IIT)
ones, except for 6, where it is 3.07, so that practically no spin
delocalization on the ligands occurs. Indeed, the computed metal
spin populations are equal to 292 and 2.96 for 27 and 47,
respectively, with a minor spin density on the L ligand, while those
of the corresponding uranium(IV) species in solution are 2.20 and
2.22, respectively. The solvent effect on the MPA net charges is not
negligible (numerical values are given in the SI). Indeed, the
uranium net charge is affected by the solvent, particularly for the
reduced anionic uranium(III) species; its increase extends from
0.087+ to 0.017+, except for the Cp*;UCI complex, for which a
charge decrease of 0.065 is observed. Moreover, the solvent
generates a lowering of the metallic charges of about 0.025 for the
cationic species. Concomitantly, the net charges of the L ligand
undergo a slight increase in the presence of solvent (from 0.010 to
0.043), whereas the permethylated cyclopentadienyl group CsMe;
charge decreases by 0.170; moreover, a significant diminution is
observed for the net charges of the chloride ligand (0.080 average)
for the different species. Finally, the metal spin populations
computed in the solvent are practically equal to those obtained for
isolated molecules (the variation does not exceed 0.01).

N—M bond orders are useful tools to study the electronic
structure of organometallic complexes.** As expected, the value
for the U—L bond is much higher than that for the U—CI single
bond. All values increase with the oxidation state of the metal.
We note that the solvent leads to an appreciable decrease of the
N-M bond order for all U-Cl bonds, particularly for the
uranium(III) and uranium(IV) species by average amounts of
0.06—0.16 and 0.05—0.13, respectively, in agreement with
variation of the bond lengths due to the solvent (Table 1). On
the contrary, a very slight increase in these indices is observed
for the U—L distances, except for 1. It is also worth noting that
the stretching frequencies of the U—CI bonds increase with the
oxidation state of the metal, in agreement with the increase of
the N—M bond order. For example, the values of 239, 277, and
309 cm™ were obtained for the [(tmp);UCI]? complexes with
g = 1—, 0, and 1+, respectively.

An alternative method to Mulliken charges is provided by
Hirshfeld’s analysis (HA), which is supposed to give more
realistic net charges than MPA. In Table 6 are given the
Hirshfeld charges of uranium and chlorine atoms and of the L;
fragment respectively of the anionic, neutral, and cationic
L,UCI species, computed at the TZP level in solution.
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For a given complex, in agreement with MPA, we observe
the diminution of the net charges of the ligands, indicating the
increase of electron donation to the metal center when the
uranium oxidation state increases. In the same way, it is worth
noting that the net charges of the aromatic L ligands, as given
by MPA and HA, become positive for the uranium(V) species.
More naturally and contrarily to MPA, the HA net charges of
the central metal do not decrease with its oxidation state but
increase slightly. Finally, it is worth noting that variations of the
Hirschfeld uranium charges of the different complexes,
excluding the particular L = tmp case, when passing from the
uranium(IV) to uranium(III) complexes correlate very well
with the half-wave reduction potentials of these complexes, with
the 1* correlation coefficient being equal to 0.996 (Figure 7).
Such a good correlation is not obtained with MPA charges.
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Figure 7. Uranium Hirshfeld charge variation following the uranium-
(IV) /uranium(III) reduction versus experimental half-wave potentials
(scalar ZORA/BP86/TZP computations in THF).

Indeed, the differences between the uranium Hirshfeld charges
in the uranium(IV) and uranium(III) species (Table 6) are the
following: 0.085, 0.107, 0.109, 0.116, and 0.120 respectively for
L = Cp*, MeCp, ‘BuCp, Cp, and TMSCp. They are in reverse
order of the donating abilities of the ligand. More electron-
donating ligands are at the origin of the smallest increases of the
uranium charge after electron capture by the neutral uranium(IV)
species. This result is consistent with the fact that a neutral
uranium(IV) complex bearing a strong electron-donating ligand is
more difficult to reduce electrochemically.

B CONCLUSION

The EAs of a series of tricyclopentadienyl- and phosphol-
yluranium(IV) chloride complexes L;UCI (L = Cp, TMSCp,

dx.doi.org/10.1021/ic300811m | Inorg. Chem. 2012, 51, 6943—6952
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‘BuCp, MeCp, tmp, and Cp*) have been computed using
relativistic ZORA/BP86 computations including spin—orbit
coupling, with solvent effects being taken into account using
the COSMO approach. A very good linear correlation (r* =
0.99) was found between the computed EAs and experimental
half-wave reduction potentials E,/, thus confirming the
reliability of the method chosen for the study of the reduction
of such complexes. Our study brings to light the importance of
spin—orbit coupling and solvent effects and the use of a large
atomic basis set in order to achieve a good agreement between
theory and experiment. In addition, this study allowed esti-
mation of the half-wave reduction potential of the Cp*;UCI
complex (not measured to date).

Moreover, MO diagrams and population analyses permitted
one to understand the evolution of EAs with the nature of the
aromatic L ligand, especially with its electron-donating capacity.
Indeed, the EAs decrease with the electron-donating strength of
L according to tmp < TMSCp < Cp < ‘BuCp < MeCp < Cp*.
A rather good correlation exists between the Hammett
constants of the ligands and the EAs of the complexes. Finally,
an excellent correlation (r* = 0.996) between the Hirshfeld
charge variation of the uranium atom following the uranium-
(IV) /uranium(III) process and the half-wave reduction
potentials has been found, with the more electron-donating
ligand leading to the smallest increase of the uranium charge
after electron capture by the neutral uranium(IV) species.

Considering the oxidation reaction of the neutral uranium-
(IV) complexes, the computed energies of the cationic species
reveal the unstable character of the uranium(V) complexes in
agreement with experimental data resulting from an electro-
chemical study. This instability is illustrated by the very low
values of LUMO of the [L;UCI]" species, with the latter ones
being able to readily undergo a reduction process.
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