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The structures of the homoleptic lanthanide and actinide tris(dithiolene) complexes [M(dddt)s]?~ (g=3, M=Nd** and
g=3or2 M=U*"") have been investigated using relativistic Density Functional Theory (DFT) computations
including spin—orbit corrections coupled with the COnductor—like Screening Model (COSMO) for a realistic solvation
approach. The dithiolene ligands are known to be very efficient at stabilizing metal high oxidation states. The aim of the
work is to explain the peculiar symmetric folding of the three Mdddt metallacycles in these complexes, some of them
existing under a polymeric form, in relation with the Ln(lll)/An(lll) differentiation. In the [M(dddt)s(py)]?" species,
where an additional pyridine ligand is linked to the metal center, the Mdddt moieties appear to be almost planar. The
study brings to light the occurrence of a M- - - C=C interaction explaining the Mddadt folding of the [U(dddt)z]?~
uranium species, the metal 5f electrons playing a driving role. No such interaction appears in the case of the Nd(lIl)
complex, and the folding of the rather flexible dddt ligands in the polymeric structure of this species should be mainly
due to steric effects. Moreover, the analysis of the normal modes of vibration shows that the U(lIl) complex
[U(dddt)s]®~, which has not yet been isolated, is thermodynamically stable. It appears that the X-ray characterized

y

U(IV) complex [U(dddt)s]>~ should be less stable than the calculated U(lIl) complex in a polar solvent.

Introduction

The description of the electronic and molecular structures
of f-element compounds is essential for the understanding of
their chemical and physical properties and for the develop-
ment of applications in many fields, from biology and
medicine to materials science technology.' In the domain of
the nuclear industry, the mechanisms of selective complexa-
tion of trivalent actinide An(IlT) and lanthanide Ln(I1I) ions
attract much attention for their importance in the partition-
ing of spent nuclear fuels.” ¢
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Although the degree of covalency in f-element compounds is
still a matter of recurrent debate, it is established that metal—
ligand bonding in Ln(III) complexes is of a stronger ionic
character than in their An(III) analogues.” '® Covalency
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Figure 1. Views of the U(IV) [U(dddt);]*~ ion and of a fragment of the

anionic Nd(IIT) [Na, sNd(dddt);]'>~
omitted for clarity.

polymer. H atoms have been

(the mixing of orbitals) in metal—ligand bonding is expected to
play a key role in Ln(III)/An(III) differentiation. Further-
more, the spectroscopy, reactivity, and structural chemistry of
actinides compounds suggest that the 5f electrons are far more
involved in chemical bonding than previously thought."'

The dddt dithiolene ligand (dddt = 5,6-dihydro-1,4-dithi-
in-2,3-dithiolate) has been used in lanthanide and actinide
chemistry as well as in d transition metal chemistry to stabi-
lize electronically unsaturated metal centers.'* This is due to
the combination of its steric encumbrance and the availability
of “big” lone pairs on the sulfur donor atoms.

In this context, we found it interesting to computationally
investigate our recently reported homoleptic trls(dr[hrolene)
M(dddt); complexes of lanthanides and uranium.'® The lan-
thanide compounds were structurally characterized as the
mononuclear ion [Nd(dddt);(py)]*~ and the polymeric 1D
chains or 2D layers where the [Nd(dddt);] or [Ln(dddt)s;(py)]
fragments (Ln = Ce, Nd) are bridged by Na atoms or M,(18-
crown-6) moieties (M = Na, K). Homoleptic uranium dithio-
lene complexes were isolated in the +4 oxidation state as the
mononuclear tris(dithiolene) [U(dddt)s]*~ ion and the infinite
chains in which the tetrakis(dithiolene) unit [U(dddt),] is
surrounded by four Na atoms, two of those being involved
in bridging Na,(u- THF)3 fragments.'*® The synthesis of the
U(III) species [U(dddt);]° has been so far unsuccessful."?
is noteworthy that the [Nd(dddt);] moieties in the polymerrc
anion [Na, sNd(dddt);]"~ exhibit a very large folding of the
MS2C2 metallacycle (around 80°), as large as) the one observed
in the mononuclear uranium(IV) [U(dddt)s]*~ ion (Figure 1).
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As a consequence, the C=C double bond of the dithiolene
ligand is close to the central metal witha M - - - (C=C) distance
comparable to the U—C(Cp*) “long organometallic dis-
tances” observed in tns(pentamethylcyclopentad1enyl) U(Iv)
complexes (2.780—2.920 A)

Particularly short U - - (C= C) distances, from 2.879(5) to
2. 969(11) A, were measured in the crystal structures of a
series of neutral organometallic mono(cyclooctatetraenyl)
dithiolene uranium complexes of general formula [U(COT)-
(dithiolene)L,] (L = Lewis base)'® and in the monocyclooc—
tatetraenyl U(V) derivative [U(COT)(dddt),]” (COT =
CsHy),'™ where the occurrence of a U(V) -(C=0) mterdc-
tion was confirmed by DFT calculations. ' Such interaction
is generally attributed to the big size of the 5f element and its
great affinity toward the neighboring electronic density of an
unsaturated bond.”*¢

In view of these structural features, the aim of this work
was to explain the extremely strong folding (= 80°) of the
Mdddt metallacycle in the homoleptic uranium and rare-
earth dithiolene complexes. Indeed, a more limited chelate
fold of the dithiolene ligand (< 50°) has been encountered
many times in d-block coordination complexes, as for ex-
ample in tris(dithiolene) of V.'® Mo,'”'® and Re,'” where 1t
has been ascribed to a second- order Jahn— Teller effect.
From the high-symmetry trigonal-prismatic Ds;, geometry,
folding of the ligands lowers the symmetry to Cs;, symmetry
where an occupied (or partially occupied) ligand-centered
orbital can thus mix with an empty d.. orbital. Depending on
the metal and the oxidation state, this folding ranges between
0 and 30°. Similarly, many oxo->' or Cp-bis(dithiolene)
complexes22 of V, Cr, Mo, W, and Cp-monodithiolene
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Table 1. TBEs and TBE—so’s (in brackets; eV) for the [M(dddt);]" and [U(dddt);(py)]” Complexes (M = Nd, U)
complex [Nd(dddo);] [U(dddo;]*~ [U(dddos]*~ [U(dddos(py)l ™ [U(ddds(py)l~
spin state quartet quartet triplet quartet triplet
isolated —200.555 —201.812 —205.246 —272.563 —276.063
[—201.938] [—204.026] [—207.036] [—274.979] [—278.422]
THEF solvated —211.709 —213.313 —211.921 —283.856 —281.853
[—215.625] [-213.713] [—286.384] [—284.244]
pyridine solvated —212.401 —214.040 —212.286 —284.603 —282.763
[—216.332] [—214.083] [—287.146] [—285.062]

complexes of a variety of metals® have been shown to exhibit
strong folding effects,”* which modulates the redox potential
of the metal center by varying the M—S covalency and leads to
a stabilization of the most oxidized species through a similar
second-order Jahn—Teller effect.” In these transition metal
complexes, the possible involvement of a direct M- - - (C=C)
interaction was evoked,”® but in most cases, however, the
smaller folding angles lead to M- - - (C=C) distances too long
to authorize such conclusions. On the other hand, in the much
strongly folded mono- and bis(dithiolene) organometallic
derivatives of uranium,'®'® a direct M- - -(C=C) interaction
has been unambiguously identified. The question then arises of
whether a similarly strong M- - - (C=C) interaction is respon-
sible for the very large folding angle of the MS,C, moiety in the
M(dddt); units of both Nd(IIT) and U(IV). Does such an
interaction exist in the hypothetic U(III) counterpart, and is
this complex predictably stable? Could such an interaction
have a role in lanthanide(II)/actinide(IIT) differentiation?
Relativistic DFT, which has shown its capacity to compute
ground state properties of f element complexes with satisfying
accuracy, should be appropriate to address these questions.>'®
Solvent effects (in that case, THF or pyridine) will be taken
into account using the COnductor—like Screening MOdel
(COSMO) for a realistic solvation approach.

Results and Discussion

Molecular Geometry Optimization. The molecular geo-
metries of the tris(dithiolene) complexes [M(dddt);]9™
(¢g=3,M=Nd*"and ¢=3,2, M=U*"*") and [M(dddt);-
(py)?~ (M = Nd**, U*") have been fully optimized at the
ZORA/DFT—BP86/TZP level, considering their highest
spin states, utilizing the ADF package. Calculations were
performed first on isolated species, starting from X-ray
data when available, then in solution (THF and pyridine)
using COSMO for a realistic solvation model (see Com-
putational Details).

We discuss first the stabilities of the considered species
on the basis of their Total Binding Energies (TBE) and
their TBE including spin—orbit corrections (TBE—so).
The latter corrections have been computed via a single
point calculation using the previously optimized geome-
tries. In Table 1 are given the computed values for the
[M(dddt);]?" and [U(dddt)s;(py)]?” complexes.

Considering the [U(dddt);]?” uranium complexes, it
can be seen that spin—orbit corrections lead to a non-
negligible energy lowering of 2.2—2.3 eV for the U(III)
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1972, 1242.

species in their quartet state and 1.8 eV for the U(IV) ones
in their triplet state. We note also that this energy correc-
tion is almost the same in the gas phase as in solution, as
expected because this correction is mainly of an atomic
nature (see Computational Details), i.e., depending es-
sentially on the uranium atom oxidation state and not on
the molecular environment. Moreover, the greater stabi-
lizing effect of spin—orbit coupling for the U(III) species
relative to the U(IV) ones already appears considering the
U(III) and U(IV) isolated ions, the computations of the
spin—orbit energy corrections using ZORA/BP86/TZP
calculations leading respectively to ca. 3.2 and 2.8 eV.
We have not been able to obtain converged results for the
calculations including spin—orbit correction for the [Nd-
(dddt);]*~ species in solution. However, it is expected that
the spin—orbit corrections to the energy of the latter com-
plex, which have been computed for the isolated molecule,
should be the same in solution, i.e., on the order of 1.4 eV.
Itis worth noting that the U(IV) complex is more stable
than the U(III) one in the gas phase, but less stable in
solution. In order to investigate the question of the
stability of the U(III) complex, we carried out the com-
putation of the frequencies of its normal modes of vibra-
tion in the gas phase and in solution. It appears that the
isolated as well as the solvated [U(dddt);]*~ U(III) species
exhibit real vibrational frequencies (see the Supporting
Information), indicating that the optimized structure
corresponds to a minimum on the potential energy sur-
face. The values in Table 1 show that the U(III) species is
stabilized by a polar solvent relative to the U(IV) com-
plex. The greater stabilization of the U(III) species rela-
tive to the U(IV) one in a polar solvent is mainly due to the
highest charge borne by the former anion, —3 versus —2.
Considering a more polar solvent than THF or py, like
DMSO, its TBE reaches the value —214.888 ¢V, the
vibration analysis indicating a thermodynamically stable
structure in this solvent. However, our attempts to syn-
thesize dithiolene complexes of uranium(I1I) were unsuc-
cessful; treatment of UI3(THF), or U(BH4);(THF); with
Na,dddt invariably gave the U(IV) dithiolene complexes
as the only identified products, whereas these latter, in the
presence of reducing agents, were transformed into uni-
dentified products. It is likely that the U(III) dithiolene
complexes, if formed, undergo uncontrolled oxidation
reactions, as previously observed with the U(III) thiolate
compounds U(SMes*); (Mes* = 2.4,6-'BusCgH>).>’
Looking now at the optimized geometries (Figure 2), it
should be recalled that the sole tris(dithiolene) uranium
complex which has been crystallographically character-
ized is the mononuclear U(IV)ion [U(dddt);]*~, and that

(27) Roger, M.; Barros, N.; Arliguie, T.; Thuéry, P.; Maron, L.; Ephri-
tikhine, M. J. Am. Chem. Soc. 2006, 128, 8790.
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Figure 2. Optimized geometries, calculated and experimental (in brackets) mean bond distances (A) and angles (deg) of the Nd** and U™ M(dddt),
species (Q indicates U(ILI) values and T, U(IV) ones). H atoms omitted for clarity.
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Figure 3. Optimized geometries, calculated and experimental (in brac-
kets) mean bond distances (A) and angles (deg) of [Nd(dddt);(py)]*~ and
[U(dddt)s(py)]*~. H atoms omitted for clarity.

the Nd(IIT) sgemes [Nd(dddt);]*~ was found in the [Na, s-
Nd(dddt)s;]'>~ polymer (Figure 1).

The computed geometries of the two mononuclear
Nd(IIT) and U(III) tris(dithiolene) co 3plexes containing
the pyridine ligand, i.e., gdddt)g,(py)] , which was iso-
lated,'** and [U(dddt)g(py) are dlsplayed in Figure 3.
These complexes do not exhibit any significant folding of
the dddt ligands.

Relevant metal—ligand distances and bond angles with
the corresponding experimental data are reported in
Table 2. The M-S, S—C, and M- --(C=C) distances
are averaged over the three dddt ligands of each species.
The M- - - (C=C) distance is measured between the metal
center and the middle of the C=C bond. Average M—C
distances, C=C bond lengths, and the dihedral folding
angles 6 of the MS,C, metallacycle are also given for
comparison with X-ray data.

The optimized geometries of the Nd(III) and U(IV) com-
plexes [Nd(dddt);(py)]*~ and [U(dddt);]*~ are in very good
agreement with the experimental ones, with deviations in
bond lengths and angles not exceeding 0.06 A and 2°. The
calculations reproduce nicely the folding angle of the MS,C,
metallacycle. The maximum deviations are slightly larger

between the calculated distances and angles of [Nd-
(dddt);]*~ and the values measured in the crystal structure
of the polymer [Na; sNd(dddt)s]'>~; in particular, the fold-
ing angle of the dddt ligand 6 is 7° larger in the polymer,
likely reflecting the presence of steric effects. Expectedly, the
shortenm% of the U—S and U—C distances passing from
U* to U*" is consistent with the ionic radii variation.*®
The computed Nd(III) and U(III) complexes exhibit a
similar molecular structure (Figures 2 and 3) but present
some significant geometrical differences. The average M—S
distance is 0.07 A shorter for M = U than for M = Nd,
whereas the ionic radius of Nd(III) is 0.04 A smaller than
that of U(III).*® This difference reflects the more covalent
character of the M—S bonding in the actinide compound.
The variation in the computed 6 angles of the [M(dddt);]?™
species reveals that the folding of the dddt ligand increases
when passing from the Nd(III) to the U(IIT) complexes (i.c.,
79.9 vs 84.4°) and from the U(IIl) to UIV) species.
Alternatively, the computed M- --(C=C) distances are
3.115 A for the Nd(III) complex vs 2.892 and 2.825 A on
average for the U(III) and U(IV) species, while the com-
puted C=C distance increases from Nd(III) (1.364 A) to the
U(III) and U(IV) complexes (1.380 and 1.387 A). This
trend is in accordance with the experimental values for the
Nd(IIT) and U(IV) complexes. It thus appears that during
the oxidation process of the uranium species [U(dddt);]™
(¢ = 3,2) the C=C double bond gets longer with the metal
center coming closer to this double bond. These structural
features strongly suggest the occurrence of an attractive in-
teraction between uranium and the dithiolene C=C double
bond. This question will be investigated in more detail
hereafter. As it has been said above, the [M(dddt);(py)]*~
complexes exhibit practically no folding of the Mdddt
metallacycle; indeed the presence of the pyridine ligand
prevents such folding for steric and electronic reasons.
Considering now the S—C bond lengths given in
Table 2, it can be seen that their values, which compare

(28) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751.
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Table 2. Relevant Bond Distances (A) and Angles 0 (deg) of [M(dddt);(py)]’~ and [M(dddt)s]*~ Species (M = Nd*3, U¥**; 4 = 3,2) with Available X-Ray Data

(in Square Brackets)

[M(dddt);]"" [M(dddt)s(py)l*
Nd3+ U3+ U4+ Nd3+ U3+
spin state quartet quartet triplet quartet quartet
M-S 2.895-2.926 2.820—2.860 2.727-2.779 2.874—2.936 2.818—2.853
<2.909> <2.838> <2.763> <2.920> <2.842>
[2.829—-2.882]¢ [2.717—2.760] [2.817—2.872]
[<2.86(2)>] [<2.737(14)>] [<2.86(2)>]

M- --(C=0) 3.091-3.148 2.856—2.941 2.766—2.862
<3.115> <2.892> <2.825>

M-C <3.190> <2.870> <2912>
[<2.92(2)>]" [<2.87(3)>]

S—C 1.756—1.815 1.757—1.764 1.753—1.762 1.751—1.760 1.756—1.770
<1.779> <1.760 > <1.756> <1.758> <1.760 >
[<1.766>] [<1.768(2)>] [<1.76(3)>]

Cc=C <1.364> <1.380> <1.387> <1.366> <1.364 >
[<1.361>]" [<1.365(9)>] [<1.355(7)>]

6 <79.9> <84.4> <85.3> <16.1> <23.1>
[<86.7>] [<82.7>] [<14.8>]

“X-ray data of the Nd(III) polymeric species.
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Figure 4. Energy variation vs folding angle in the complexes [M(dddt);]*~ (M = Nd, U).

very well with the available X-ray data, depend very
slightly on the nature of the metal or its oxidation state.
Moreover, the average S—C distances of 1.766 and 1.768
A for Nd(I1T) and U(III) species, respectively, and 1.76(3)
A for [Nd(dddt);(py)]*~ are similar to those found in
[Mo(Cp)x(dddt)], 1.76(1) A.">® These results suggest that
the redox active dddt ligands are rather “innocent” in
these complexes.

The main investigated issue of this study is the origin of
the folding angle of the Mdddt metallacycle; this group is
quite flexible,” but the reason for its large folding in the
[M(dddt);]" complexes under consideration is question-
able. In Figure 4 are shown the variations of the energy of
the complexes [M(dddt);]*~ (M = Nd, U) as a function of
the folding angle 6. These curves have been plotted step
by step following Linear Transit (LT) calculations, the

(29) (a) Arliguie, T.; Thuéry, P.; Fourmigué, M.; Ephritikhine, M.
Organometallics 2003, 22, 3000. (b) Arliguie, T.; Thuéry, P.; Fourmigué, M.;
Ephritikhine, M. Eur. J. Inorg. Chem. 2004, 4502.

atomic coordinates being allowed to relax at all points for
every fixed value of the folding angle.

Asitcan be seen, the potential well is deeper for the U(III)
complex; the Mdddt metallacycle of the Nd(III) complex is
allowed to be more flexible, within a large range of angles
around the energy minimum, contrarily to the U(III) com-
plex. Furthermore, it is worth noting that the vibration
analysis shows that the computed equilibrium structure of
the NdA(III) species exhibits two imaginary frequencies
(computed analytically) atil2cm ™' and i4 cm ™', the former
corresponding to a reduction of the folding angle 6. We
remind that all vibration frequencies of the U(III) complex
are real. The discussion of these crucial differences between
the two species will be detailed later in the text.

In Table 3 are listed the computed geometrical parame-
ters of the [M(dddt);]>~ (M = Nd, U) and [U(dddt);]*~
complexes in the gas phase and in solution (THF, pyri-
dine). The optimized structures are given in the Supporting
Information. From these data, it appears that a polar sol-
vent induces a shortening of the M—S and M- - - (C=C)
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distances of the U(IIT) and Nd(IIT) complexes, this short-
ening increasing with the solvant polarity. Concomi-
tantly, the dddt folding angle in these complexes inc-
reases, especially in [U(dddt);]*~, and the C=C bond
lengths increase in both species.

Concerning the geometry of the U(IV) complex, contra-
rily to the U(IIT) and Nd(III) species, a lengthening of the
M- - -(C=C) distance and a decrease of the folding angle
for this complex can be noted in solution. In a parallel way,
the C=C distance shortens. However, these effects remain
less important than in the trianionic species.

These geometrical differences between the U(III) and
U(IV) complexes, which are consistent with the aforemen-
tioned greater stabilization of the U(III) species in a polar
solvent, bring to light the importance of the M- --
(C=C) interaction under consideration, which will be con-
firmed by the electronic structure analysis given below.

Table 3. Solvent Effects on Geometries®

[Nd(dddt);]*~ [U(dddt);]*~ [U(dddt)s]*~
Nd(I1T) U(III) u(Iv)
<M-S> 2.909/2.894/ 2.838/2.820/ 2.763/2.755/
2.880 2.807 2.754
<M--- 3.115/2.970/ 2.892/2.762/ 2.825/2.839/
(C=C)> 2.945 2.760 2.842
<M-C> 3.190/3.040/ 2.870/2.830/ 2.912/2.920/
3.031 2.827 2.931
<C=C> 1.364/1.378/ 1.380/1.392/ 1.387/1.385/
1.379 1.394 1.383
<0> 79.9/80.1/ 84.4/88.3/ 85.3/79.6/
81.4 88.2 79.1

“ Average distances (A) and angles (deg) calculated in the gas phase/

THEF /pyridine.
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Molecular Orbital (MO) Analysis. MO diagrams of
the trivalent neodymium (left) and uranium (middle) [M-
(dddt);]*~ complexes in their quartet state and the ura-
nium(IV) [U(dddt)]*~ derivative (right) in its triplet state
are displayed in Figure 5. The percentages (d/f/M) represent
respectively the d and f metal orbital contributions to the
MOs and the total metallic weight. For the frontier singly
occupied MOs (SOMOs), (d/f/M/ligand) weights are given.

These diagrams show that there are two important sets
of frontier MOs for the Nd(IIT) and U(III) systems. The
highest occupied a spin—orbitals, i.e., SOMO, SOMO—1,
and SOMO-2 (MO #76, 75, and 74) are quite different in
the two complexes.

In [Nd(dddt)s]’~, these MOs appear to be essentially
metallic, with a strong 4f orbital character and zero
contribution from the dithiolene ligands as indicated by
the percentage % (d/f/Nd/ligand). The 4f block is deep in
energy, confirming its slight participation in the me-
tal—ligand bonding. The MOs immediately below are
slightly different in energy, and their orbital composition
shows that the 5d and 4f orbital weights remain small.

On the contrary, in the U(III) system, the two highest
singly occupied MOs, namely, the SOMO-—1 and
SOMO—-2 (MO #75 and 74) are delocalized over the
metal and the ligands as indicated by the percentage
%(d/f/U/ligand). The U/ligand orbital mixings (i.e., 71/14
and 70/15% for MO #75 and 74, respectively) reveal
the significant metal-to-ligand back-donation. The shape
of SOMO—1 et SOMO-2 indicates the occurrence of a
charge transfer between the central U(III) atom and the
C=C double bond of each dithiolene ligand. This charge
transfer is ensured by a significant contribution of the
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Figure 5. Frontier MO diagrams of Nd(III) and U(III) [M(dddt);]*~ and U(IV) [U(dddt);]*~ complexes.
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Table 4. %(d/f/M) a Spin—Orbital Composition of M(dddt);!~ (M = Nd**, U**, and U*")
% (d/f/M) Nd(I11) U(II0) U(1v)

MO isolated solvated” isolated solvated” isolated solvated”
SOMO 76 (0/94.3/94.3/0) (0/93.2/93.2/0) (0/87.9/90.5/0) (0/88.6/90.8/0)
75 (0/95.6/95.6/0) (0/94.4/94.4/0) (1.5/70.1/71.6/14.7) (1.7/71.9/73.6/18.1) (1.5/78.8/80.3/7.1) (0/83.3/83.3/4.8)
74 (0/96.7/96.7/0) (0/98.1/98.1/0) (2.6/67.2/70.2/15.4) (3/68.6/71.6/17.2) (0/91.4/93.0/4.2) (0/92/93.6/2.0)
73 0/1.2/1.2) (0/3.8/3.8) (0/7.5/7.5) (0/8.7/8.7) (0/13.9/13.9) (0/10.1/10.1)
72 (0/1.0/1.0) (0/1.7/1.7) (0/7.8/7.8) (1.2/9.1/9.1) (0/13.6/13.6) (0/11.5/11.5)

“Solvent = pyridine.

uranium 5f orbitals taking part in a U(III)---(C=C)
interaction, as suggested by the structural features. The
ligand-to-metal donation present in the U(III) complex is
well described by MOs #73 and 72 below SOMO-2, as
shown by the percentage composition %(d/f/U). The
C=C double bond donation toward the uranium ion is
particularly noticeable. Finally, the U(III) complex ex-
hibits a more important covalent character of bonding
than in the Nd(III) species.

Considering the latter MOs #73 and 72 of the U(IV)
species, it can be seen that the ligand to metal donation, as
indicated by the metal contribution to these MOs, is
higher than in the U(III) complex. This confirms the
ability of the dithiolene ligand to stabilize uranium high
oxidation states (>+3). On the contrary, the metal
orbitals’ weights in SOMOs #74 and 75 are higher for
the U(III) than for the U(IV) complex, indicating a more
important metal-to-ligand back-donation, namely to the
C=C 7* MO, in the trianionic species. This difference
between the bonding MOs of the U(IIl) and U(IV)
complexes can be understood considering the relative
energies of the metal and ligand orbitals. Indeed, the
higher oxidation state of the U(IV) species lowers the
metal AO energies, bringing them into closer match with
the filled ligand levels, so explaining the more significant
ligand-to-metal donation. The lower oxidation state of
U(III) makes metal AOs closer to C=C s* reinforcing the
metal-to-ligand back-donation.

The splitting of the 5f orbitals block relative to the 4f
one gives more evidence for their participation in me-
tal—ligand bonding. Indeed, for the U(III) and U(IV)
complexes, the SOMO—LUMO gaps (Figure 5) reach
0.17 and 0.23 eV, respectively. For the Nd(III) complex,
the same splitting reaches only a value of 0.01 eV for the 4f
manifold, thus indicating that the latter orbitals are
practically not involved in metal to ligand bonding. This
splitting is found to be significant only in the actinide
systems; it is indicative of the stabilization of the molec-
ular entities due to the participation in bonding of the 5f
uranium orbitals.

In Table 4 is reported the MO composition analysis in
terms of %(d/f/M) of the SOMO levels with % ligands (i.
e., MO #76, 75 and 74) for the isolated and solvated
(pyridine) trivalent M(dddt);*~ Nd(IIT) and U(III) spe-
cies. These results highlight the more important effect of
the pyridine solvent on the U(III) species by comparison
with the Nd(III) analogue.

The retro-donation related to the U(II)---(C=C)
interaction is reinforced in the solvent, the ligand con-
tribution being augmented significantly; we note also the
increase of the U(III) 5f orbital weights in SOMO—1 and
SOMO-2.

In the U(IV) SOMOs #75 and 74, the contribution of 5f
orbitals is larger, but that of ligands is smaller. The weight
of the metal orbitals in MOs #73 and 72 decreases in the
presence of the solvent. These two facts agree well with
the lengthening of the U- - -(C=C) distances in the sol-
vated U(IV) complex. This also corroborates, as men-
tioned, the fact that the U(III) species is more stabilized
by a polar solvent. This stabilization is partly due to
electronic effects which enhance the ligand-to-metal do-
nation and metal-to-ligand retro-donation related to the
U(II)- - - (C=C) interaction.

The electron population analyses which are developed
below give further arguments, permitting a better under-
standing of the difference between the Nd(III) and U(III)
complexes and of the origin of the Mdddt folding in these
species.

Population Analyses. A Mulliken population analysis
(MPA) was first carried out. Despite its known draw-
backs, MPA remains a useful tool to compare the varia-
tion of electronic populations in homologous series of
compounds computed at the same level of theory. In
Table 5 are given the computed MPA net charges gy
and g¢g; the metallic spin densities pyr equal the difference
between the total o and f electronic populations of the
metal, and overlap populations. We remind that for all
systems (see the Computational Details), the trianionic f*
complexes are considered in their quartet (Q) state, i.e.,
NdA(III) 4f* and U(III) 5f° configurations. The dianionic
U(IV) 5> system is considered in its triplet (T) spin state.

In all complexes, the metallic net charges ¢y are
significantly smaller than the ion formal oxidation states,
although MPA generally overestimates this fact. This
trend is a clear indication of the important electronic
charge transfer from the dithiolene ligands toward the
central metal, as already noted in other uranium dithio-
lene species.'°® The donation effect of the pyridine ligand,
in the [M(dddt);(py)]?” complexes, leads to a further
reduction of the metallic net charge. The net charges of
Nd(III) remain significantly larger than the U(III) ones,
indicating a smaller ligand-to-metal donation in the for-
mer. Alternatively, the calculated negative charges of the
adjacent sulfur atoms are slightly smaller for U(III) than
for Nd(III) (—0.29 vs —0.33). Finally, the MPA metallic
spin density is much larger for Nd(III) than for U(III)
(3.30 vs 2.70), giving another evidence of the larger back-
donation from the uranium(IIl) metal center to the
dithiolene ligand.

The larger M—S overlap population in the U(III)
species confirms the more covalent character of this bond
by comparison with the Nd(IIT) congener. The calcula-
tions reveal the significant U- - - (C=C) overlap popula-
tion and sustain the occurrence of a covalent attractive



Article

Table 5. MPA Spin Densities, Net Charges, and Atom—Atom Overlap Populations
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MPA overlap populations
structure Mt spin state oM qm <gs> M-S M- -(C=C) (C=0)
[Nd(dddt)s]*~ Nd** Q 3.30 +1.11 —0.33 0.147 —0.028 0.525
[U(dddt)s]*~ x=3 Ut Q 2.70 +0.60 —-0.29 0.166 0.013 0.355
x=2 U*t T 2.18 +0.51 —0.20 0.168 0.018 0.346
[Nd(dddt)s(py)*~ Nd** Q 3.32 +0.86 —0.34
[U(dddt)s(py)I*~ Ut Q 2.61 +0.45 -0.22
Table 6. Mayer Orbital—Orbital Populations and Atom—Atom Bond Orders
atom—atom bond order
structure
spin state <S(3p) > <C=C(2p)> <M-S> <M-:(C=C)> <C=C>
[Nd(dddt);]*~ quartet
d 0.082 0.000 0.756 0.008 1.457
f 0.014 0.004
[U(dddt)s]>~ quartet
d 0.067 0.012 0.811 0.063 1.346
f 0.113 0.020
[U(dddt)s]>~ triplet
d 0.071 0.014 0.870 0.087 1.337
f 0.124 0.022

interaction. That of Nd(III)- - -(C=C) is negative and
indicates a rather anti-bonding interaction. Moreover,
the electronic population of the C=C bond is significantly
smaller in the uranium species, in relation with its elonga-
tion when it is close to the central metal, and confirms the
donation and retrodonation transfers already brought to
light by the MO analysis.

The results of the Mayer analysis give further insight
into the electronic interactions driving the structure of the
species under consideration.

The Mayer orbital—orbital populations and atom—atom
bond orders are known to be reliable tools to get insight
into the metal—ligand bonding and to investigate the role of
the d and f orbitals.'”® The values of the Mayer bond
order resemble classical atom—atom bond multiplicities,
i.e, roughly equal to 1, 2, or 3 for a single, double, or triple
bond, respectively. However, this bond order depends on
the used basis set, so that comparisons between different
systems are valid only if analogous basis sets are used, but it
is worth noting that this index only slightly depends on the
used DFT functional. The Mayer atom—atom bond order
between two atoms is given as the sum over pairs of atomic
orbitals, one of each atom.

In Table 6 are given the d and f contributions to the
M—-S(3p) and M- -C=C(2p) interactions. Once again,
we note that the orbital—orbital population is more
important between 5f orbitals and the sulfur 3p electron
lone pairs for the uranium species, with a significant
contribution of the 6d orbitals. On the contrary, in the
neodymium complex, the 5d orbitals dominate the M—S
bonding with a negligible contribution of the 4f orbitals.
The bond order correlates with this feature with more
covalent and stronger U—S bonds. Considering the
M- . -(C=C) interaction, it can be seen that the 5f orbital
contribution, although small, is larger than that of the 6d

(30) (a) Mayer, 1. Chem. Phys. Lett. 1983, 97, 270. Addendum 1985, 117,
396. (b) Mayer, 1. J. Comput. Chem. 2007, 28, 204. (c) Bridgeman, A. J.;
Cavigliasso, G.; Ireland, L. R.; Rothery, J. J. Chem. Soc., Dalton Trans. 2001,
2095.

Table 7. Solvent Effect on MPA Overlap Populations

structure gas/

THF/py [INd"(dddt)s]~  [U"dddt)sP~  [UY(dddb)s]*
<M-S> 0.147/0.150/ 0.166/0.176/ 0.168/0.177/
0.159 0.188 0.179
<M--- —0.028/—0.029/  0.013/0.016/ 0.018/0.015/
(C=0)> —0.031 0.017 0.014
<(C=C)> 0.525/0.430/ 0.355/0.320/ 0.346/0.360/
0.427 0.318 0.368

orbitals, thus confirming their role in such an interaction.
In the same way, the M- - - (C=C) bond order is signifi-
cantly large and accompanied by the weakening of the
C=C double bonds in the uranium species, whereas the
Nd- - - (C=C) bond order is very small and the C=C bond
order is high in the neodymium counterpart.

We found it interesting to investigate the solvent effect
on the electronic population. The MPA results are shown
in Table 7.

In the U(III) complexes, the significant increase of the
U- -+ (C=C) population and the reduction of the popula-
tion of the C=C bond with solvation is related to the
higher ligand-to-metal donation and metal-to-ligand ret-
rodonation. On the contrary, as expected, these popu-
lations, especially the C=C one, vary in an opposite
direction in the U(IV) complex.

Conclusion

The structures of the homoleptic lanthanide and actinide
tris(dithiolene) complexes have been studied with the use of
relativistic DFT, including spin—orbit corrections, solvent
effects being taken into account using the COSMO model.
This investigation has shown that the very large folding
of the dithiolene ligands exhibited in uranium complexes
[U(dddt)s]* > may be attributed to the occurrence of U- - -
(C=C) interactions between the central metal and the dithio-
lene ligands. A polar solvent reinforces this interaction in the
U(II) case but weakens it in the U(IV) one, whereas no such
interaction appears in the case of the Nd(III) complex, the
overcrowding in the polymeric structure of this species
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enforcing the folding of the metallacycle. Related to Ln(III)/
An(III) differentiation, striking differences between the elec-
tronic structures of the Nd(IIT) and U(III) complexes appear
also when comparing their frontier MOs, namely the im-
portant contribution to bonding of the 5f uranium orbitals
relative to the 4f neodymium ones with a noticeable back-
donation from the uranium metal to the ligands. Although
the [U(dddt);]>~ complex has not yet been isolated, this study
brings to light its greater thermodynamic stability with
respect to the U(IV) and Nd(III) congeners, by emphasizing
the major role that could be played by the metal- - - (C=C)
interactions in lanthanide(III)/actinide(I1T) differentiation.

Computational Details

The calculations were performed using DFT with relati-
vistic corrections being introduced via the Zero-Order Reg-
ular Approximation (ZORA).>'*? These ZORA/DFT
calculations were performed using the Amsterdam Density
Functional (ADF2007.01) program package.** The Vosko—
Wilk—Nusair functional (VWN)** for the local density app-
roximation (LDA) and the gradient corrections for ex-
change and correlation of Becke and Perdew,>® respectively,
i.e., the BP86 functional, have been used. Triple-£ Slater-type
valence orbitals (STO) augmented by one set of polarization
functions were used for all atoms. Several studies have shown
that such a ZORA/DFT/BP86/TZP approach reproduces
the experimental geometries and ground state IproEerties of
f-element compounds with satisfying accuracy.!'°~

For all elements, the basis sets were taken from the ADF/
ZORA/TZP database. The 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 carbon C[1s] and nitro-
gen N[1s]. For sulfur S[2p], the 1s/2s/2p core was frozen. The
Nd[4d] and UJ[5d] valence space of the heavy elements in-
cludes the 4f/5s/5p/5d/6s/6p and 5t/6s/6p/6d/7s/Tp shells (14
valence electrons), respectively.

For all complexes, we considered the highest spin state as
the ground state; a single Slater determinant can be written
for the highest spin state of an open-shell polyelectronic
system, whereas several determinants are needed to describe
a lower spin state of the same system.

The trianionic f> complexes are considered in their quartet
(Q) state, i.e., Nd(III) 4f> and U(III) 5f° configurations. The
dianionic U(IV) 5f system is considered in its triplet (T) spin

(31) (a) Baerends, E. J.; Ellis, D. E.; Ros, P. J. Chem. Phys. 1973, 2,41. (b)
Versluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322. (c) te Velde, G.; Baerends,
E. J. J. Comput. Phys. 1992, 99, 84.

(32) (a) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys.
1993, 99,4597. (b) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys.
1994, 101, 9783. (c) van Lenthe, E.; Snijders, J. G.; Baerends, E. J. J. Chem.
Phys. 1996, 105, 6505. (d) Fonseca, G. C.; Snijders, J. G.; te Velde, G.; Baerends,
E.J. Theor. Chem. Acc. 1998, 391. (e) van Lenthe, E.; Ehlers, A.; Baerends, E. J.
J. Chem. Phys. 1999, 110, 8943. (f) te Velde, G.; Bickelhaupt, F. M.; Baerends, E.
J.; Fonseca, G. C.; van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. J. Comput.
Chem. 2001, 22, 931.

(33) ADF2007.01, SCM; Theoretical Chemistry, Vrije University: Amster-
dam, The Netherlands. http://www.scm.com (accessed Feb 2010).
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state. Because of SCF convergence problems, optimized
geometries could only be obtained using the following pro-
cedure: we started the computations at the spin restricted level
using first a DZP (STO double-¢ plus polarization) basis set,
allowing electron smearing (high energy f electrons can be
spread over several highest orbitals). Then, the smearq para-
meter which drives the electron smearing was progressively
reduced. Then, using the DZP density as a restart, spin
unrestricted TZP computations were carried out, reducing
progressively the smearq parameter, until reaching the opti-
mized geometries; so doing, an electronic aufbau configura-
tion with no electron smearing was obtained for all species.
Analytical vibration frequency calculations were then carried
out, using an integration factor of 7, which should ensure
good accuracy. It must be noted that a great number of cycles
were often necessary to achieve SCF convergence especially
for the M(III) species, owing to the quasi degeneracy of the
highest occupied orbitals.

Next, the geometries were reoptimized in the solvent using
the COSMO (COnductor—like Screening MOdel) for a rea-
listic solvation approach.*® We used the recommended non-
default Delley type of cavity,** the solvent being considered
with its dielectric constant (eps) of 7.58 and 11.75 for THF
and pyridine, respectively. Finally, single point calculations
including spin—orbit corrections were carried out using the
previously optimized geometries, for both the gas phase and
the solution. In general, in the case of closed shell molecules, it
has been shown that spin—orbit coupling has important
effects on energies but few effects on ground-state geometry
and vibrational frequencies because of the quasiatomic nat-
ure of this coupling.’**3” Moreover, it is interesting to note
that in the case of PtF¢ Arratia-Perez and co-workers™® have
found that ZORA two-component calculations including
spin—orbit give the same tendency as the four-component
DIRAC calculations.

Molecular geometries and molecular orbital plots were
generated by using the MOLEKEL 4.3* and the ADF-
VIEW? programs, respectively.
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