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We report an ab initio quantum mechanical study on the interaction of M?* cations (La**, Eu®", Yb*") with model
ligands L (L = amide, urea, thioamide and thiourea derivatives). The role of counterions and stoichiometry on ligand
binding energies is investigated by a comparison of charged ML** complexes with the neutral MCL,L. and MCLL,
ones. The calculations show that all ligands display strong interactions with the cation. Trends in binding energies in
ML3" (urea > thiourea > amide > thioamide) are found to differ from those of calculated protonation energies
(thiourea > urea > thioamide > amide). Adding counterions or increasing the coordination number may also modify
the relative affinities. Changes in structural parameters, electron transfer and polarization effects are analysed. The
calculations reveal a striking difference in the binding mode of sulfur compared to oxygen ligands, and the role of
steric repulsions in the first coordination sphere, due to counterions and increased coordination number. The results
are discussed in the context of modelling complexes of lanthanide and actinides.

Introduction

The search for molecules that selectively complex lanthanides
and actinides represents a challenging task from a basic point
of view," as well as for applications such as nuclear waste separ-
ation and minimization®*® or design of photoactive systems.*”’
Generally speaking, selective complexation in solution results
from the interplay of features such as desolvation of the
partners (solvent stripping from the cation and the ligand), con-
formational change of the ligand, and solvation of the formed
complex, with possible counterion effects.® One key require-
ment to form stable complexes is cation-ligand interactions
that are strong enough to compete with the solvation forces. It
is thus important to precisely assess the intrinsic energetic and
stereochemical features of the elementary interactions between
putative cations and the binding sites of the ligand. In the case
of trivalent lanthanide or actinide ions, gas-phase data are not
available from experiment. This led our group to undertake
Quantum Mechanical (QM) computations to get information
on structural, electronic and energetic features of non-covalent
interactions between the metals and typical ligands. We recently
reported QM ab initio studies on the interaction between
the uranyl® and trivalent lanthanide cations'®" M3* with
phosphoryl-containing R;P=0O ligands (R =H, Me, Et, Ph,
OMe). Ligands such as amide, pyridine, triazine or anisole
derivatives were also considered.'>"* In the series of phosphoryl
ligands, we also investigated the effect of oxygen/sulfur sub-
stitution in R;P=0O/R;P=S"* and modelled the complexes with
negatively charged “CYANEX-301" R,PS,” ligands."® Interest
in sulfur compounds comes from the discovery of their extrac-
tion properties'®!” and, on a theoretical basis, from the HSAB
concept according to which ligands are bases and cation are
acids."®?° The softer character of sulfur, compared to oxygen,
might be a source of selectivity among the M** lanthanides
where the hardness decreases with the cation size (from La®* to
Lu*") and for trivalent actinides which are presumably softer
than lanthanides. We recently showed that, in addition to ligand
basicity, electrostatic strain in the first coordination sphere is
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Fig. 1 Simulated ligands: A, TA, U, TU.

another source of ion-ligand discrimination in condensed
phases.!b?

The present paper extends the investigations on carbonyl
derivatives: amide, thioamide, urea and thiourea complexes
of lanthanide M3** cations. Amide binding sites grafted on
organized platforms such as calixarenes or resorcinarenes are
good cation binders.?** Calixarenes with urea or thiourea
functionalized arms have been reported with the main focus on
their hydrogen bonding capabilities, leading to supramolecular
capsules or calixarene dimers® as well as anion complexes
in non-aqueous solution.?**> Thioamide calixarenes, like
acyclic thioamides,?*? poorly extract M*" lanthanide cations,
compared to their amide analogues and prefer softer transition
metals such as Cu?*, Pd**, Cd** or Ag* 332

In this study we compare the ligands (L) N,N'-dimethyl-
acetamide (A) and its thioacetamide analogue (TA) with
tetramethylurea (U) and its thiourea analogue (TU), shown
in Fig. 1. They interact with typical lanthanide cations M** of
decreasing size: La’", Eu®" and Yb**. We first calculated the
proton affinities ., of the four ligands, as it is generally
believed that the proton basicities correlate with cation bas-
icities. We next studied the intrinsic interaction energies AE
between L and M**, in the absence of other competing species,
i.e. in the charged ML3* complexes. Such complexes may poorly
model, however, the species formed in condensed phases, where
the coordination sphere of the cation is more or less saturated,
and hard counterions also often bind to M3*. The effect of
counterions is thus investigated in the neutral MCL,L complexes
of 1:1 stoichiometry. Moving to higher stoichiometry in the
MCLL, complexes gave further insights into the effect of
cumulative ligands in the coordination sphere of M**. For the
three type of complexes, we focused on the interaction energies
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Table 1 Total and relative protonation energies (kcal mol™!) from HF/DZ*/HF/DZ* and MP2/DZ*/HF/DZ* calculations without/with BSSE

correction
HF/DZ*/HF/DZ* MP2/DZ*/HF/DZ*
Complex AE/AEcor AAE\/AAEcory, AE/AEcor AAE\/AAEcory,
(Me,N)MeCOH* —226.5/-226.2 0.0/0.0 —220.5/-218.8 0.0/0.0
(Me,N)MeCSH* —228.8/—228.6 —2.3/-24 —222.5/-221.0 —2.5/-2.2
(Me,N),COH" —229.7/-229.4 —-3.2/-32 —225.1/-223.4 —4.6/-4.6
(Me,N),CSH" —232.8/-232.6 —6.3/-6.4 —228.1/-226.2 —7.6/-7.4
Y. AE Y. —114° — 1790
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z z -0.06Me._ | 205 0.09 Me, | 300 - ;15;).32
C=0 C=0 -
Mel_‘316\16/0.54 -0.48 Mel_zif/().w -0.56
013 |-0.27 0.26 |-0.18
Me Me
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Fig. 2 Definition of interaction energies AE and AE' (X=0IS; Y, 1.384/C0?500 .8 14318/C=00-5-8-H
7 = Me/NMe,). Me—N, 066 -0 Me—N, 072003 0.52
012 |03 023 | 029
AE between L and the other part of the system, as defined in ol"ﬁ 01";%
Fig. 2. Structural features of the complexes are also described, )
as they reveal the stereochemical requirements for ion binding. n=343 Lo =-229.7
It will be shown that they are markedly dependent on the type
of ligand L, as well as on the presence of the other coordinated Me Me
species (counterions, other ligands). Electronic features of . | a=97° ¢ =156°
. . Me—N_ 1,677 Me—N_ 1.763 1.328
the systems and changes that occur upon complexation will be Nos Neow
. . 1.364,C=S 1322, C==S——mm ]
analysed by the changes in atomic charges. Me— 7 0.36-0.36 T 0.42-0.07
e N 27 Me=N 525 0.23
013 |* 023 |*
Methods Me Me
. 0.15 0.22
The QM ab initio calculations were performed at the HF level 4 =5.00 E o8
i “prot — = .

using the Gaussian-94 and Gaussian-98 packages.®*** We
showed that the HF results are comparable with those from
MP2 or DFT calculations."'* The 46 + 4f" core electrons of
the lanthanide cations were described by the quasi relativistic
pseudopotential of Dolg et al.***¢ and the valence electrons by a
(7s,6p,5d)/[5s,4p,3d] Gaussian basis set supplemented by one f
polarization function of exponent 0.591, as optimized for La by
Frenking et al.¥’ The H, C, N, O, S and CI atoms were described
by the standard Dunning-Hay double-{ basis set*® to which
polarization functions (exponents being {39c = 0.75, {39 = 0.80,
C3a0 = 0.85, L3495 = 0.532 and {34¢, = 0.60) were added.

The geometries of the systems were fully optimized at the HF
level using Berny’s algorithm without imposing symmetry con-
straints. Additional tests were performed with the MP2 and
B3LYP-DFT methods. The interaction energies of the ligands
L with M**, MCl, and MCLL were calculated with respect to
the corresponding optimized species. No basis set superposition
error (“BSSE”) was systematically calculated because the BSSE
is nearly constant within a given series.""'*"* The atomic
charges were obtained by a Mulliken population analysis.

Results

The total energies of the optimized species are given in Table
S1. In this section, we consider, unless otherwise specified, the
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Fig. 3 Optimized L and LH" species: distances (A), angles (deg) and
Mulliken charges (italics). Dipole moment of L (u, Debye) and proton-
ation energy (E,o, kcal mol™'; from HF/DZ*/HF/DZ* calculations
without BSSE correction; see also Table 1 for MP2 and BSSE corrected
energies).

HF results: interaction energies AE (see Table S2), optimized
structural parameters and Mulliken charges (see Table S3).
Figs. 3, 4, 6, 9 summarize the main energetic, structural and
electronic features for L, LH*, ML*", MCl, and MCLL, with
M =La, Eu and Yb. Some DFT results are presented in the
Discussion.

1. The free ligands and their protonation energies

The structures of the optimized ligands L and their protonated
forms LH* are displayed in Fig. 3. As shown by previous
theoretical® and experimental results,*’ protonation occurs at
oxygen or sulfur, instead of at a nitrogen atom. The calculated
protonation energies E,, follow the sequence TU>U >
TA > A, but the differences are small (6.3 kcal mol ! only along
the series). The same sequence has been obtained at higher
computational levels and by gas-phase experiments*' and is
confirmed by computations with BSSE correction at the HF
level, as well as at the MP2 level (Table 1). Thus, sulfur ligands



are somewhat more basic than the oxygen analogues (by 2.3 to
3.1 kcal mol™!), and basicities are larger for NMe, than for
Me carbon derivatives (by 3.2 to 4.0 kcal mol™!). The higher
basicity of sulfur, also observed for other series of compounds
(e.g ether/thioether, alcohol/thioalcohols,** phosphoryl/thio-
phosphoryl ') relates to its higher polarizability and to the
more covalent character of the S-H bond, compared to O-H.
Upon protonation, the C=S bond lengthens less (by 0.07 to
0.09 A) than does the C=0 bond (by about 0.10 A). The
greater basicity of sulfur also correlates with the higher dipole
moment of TA and TU (5.4 and 5.0 D, respectively), compared
to A and U (4.1 and 3.4 D, respectively), but not with the
Mulliken charges on S/O atoms which yield opposite trends.
Another distinct feature concerns the charge transfer Ag to the
proton, larger (by about 0.3 e) in the sulfur compounds. In
the latter, Ag stems mostly from the protonated centre (sulfur
loses about 0.3 e), while in the oxygen compounds, the oxygen
atom becomes more negative (by about 0.1 e) and the charge
is transferred from the carbon substituents.

Interesting structural features are noticed in the series. The
C=0-H" angles are comparable in the amide and urea acids
(114°), as are the C=S-H™* angles (97°) in the corresponding thio
acids. A marked difference is observed between the acetamide
AH" and TAH™ acids and the urea UH™ and TUH™ analogues:
in the former the proton sits in the plane of the carbonyl or
thiocarbonyl groups, while in the latter it is slightly out of plane
(the NC-XH dihedral angle is 161° in UH* and 156° in
TUH™), indicating some repulsion between the proton and the
NMe, groups. Steric hindrance in the urea compounds is also
revealed by their non-planarity, leading to almost C,, instead of
C,, symmetry (excluding the proton). This non-planarity is
consistent with previous studies on unsubstituted urea and
thiourea (with NH,, instead of NMe, groups),*” as well as for
cyclic analogues* where the C-N rotational barriers are lower
than in the amide analogues.

2. The charged 1:1 ML** complexes

According to the calculations, the attraction energies (—AE)
between the ligands and the lanthanide cations are high (189 to
239 kcal mol™!) and decrease in the order U > TU > A > TA.
Thus, the four ligands bind lanthanide cations as efficiently as
Me,P=S and Ph,;P=S thiophosphoryl ligands (200 and 230 kcal
mol ™!, respectively), and better than p-Me-pyridine (170 kcal
mol~")."® The energy scale in this ligand series is similar (about
20 kcal mol ™) for the three cations. This is comparable to the
energy difference between H,NMeC=0O and Me,NMeC=0
acetamide ligands interacting with M** cations (about 22 kcal
mol™ ") and relatively small, compared to the energy scale in
the cation series for a given ligand (from 37 to 40 kcal mol ™).
For a given ligand, AE increases with the cation hardness
(La** < Eu** < Yb*"), as observed with all ML** systems
simulated in similar conditions.’*'* The AE(La, Yb) energy
difference, which measures the cation selectivity for a given
ligand, follows the same order as the AE values: it is largest for
U and smallest for TA complexes. Thus, sulfur ligands display
weaker M** affinities than oxygen ligands, in contrast to trends
in proton affinities. A similarly contrasting trend has been
recently reported for R;P=0 vs. R;P=S ligands. * The difference
is somewhat larger for amide (8 to 10 kcal mol™ for A vs. TA)
than for urea derivatives (6 to 7 kcal mol™* for U vs. TU). Thus,
the M** basicities are more modulated by the Me/NMe, sub-
stitution at carbon than by the S/O substitution. The S/O cation
basicity contrasts with observed trends on proton basicities
(vide supra).

The oxygen/sulfur cation basicity can be qualitatively
understood from the HSAB principle, according to which
the hard M** ions prefer the hardest bases, i.e. oxygen rather
than sulfur ligands, and from the higher electron donation and
polarizability of NMe,, compared to Me carbon substituents.

There is thus no correlation between the dipole moments of
L and the AE values (Figs. 3 and 4). The interaction energies AE
are markedly dependent on polarization and charge transfer
effects, as illustrated by changes in Mulliken charges. The cat-
ionic charge ranges from 2.58 (in LaA3*) to 2.11 e (in YbTU?"),
as the result of electron transfer Ag from L. For a given ligand,
Aq increases as AE, i.e. from La*" to Yb*", but the changes in
the cation series are relatively small (0.05 to 0.19 e for a given
ligand), compared to the Ag in the ligand series (0.24 to 0.42 ¢
for a given cation). The transfer is larger with sulfur than with
oxygen compounds (by 0.22 to 0.38 e) and larger for the NMe,
than for the Me carbon substituted ones (by 0.03 to 0.08 e).
Thus, the order of M** basicities does not simply follow the
order of the Ag values.

The second important effect concerns the polarization of L
by the cation. We notice that in all ML** complexes the cation
sits in the plane of the molecule, which leads to the most effect-
ive polarization. In the U and TU complexes, the cation lies on the
C=0 or C=S axis, while in the amide A and TA complexes, it is
somewhat frans to the C-N bond: the C=O-M angle is 171°
with the three cations, while the C=S—-M angle ranges from 157°
(with Yb) to 161° (with La). The trans position is favoured by
polarization effects (NR, is more polarizable than Me) and
by steric effects (the Me side is less hindered). Thus, cation
coordination is much more linear than proton coordination,
due to the different nature of the bonds. As a result of polariz-
ation, the ¢o or ¢ charges are more negative in ML3** than in
uncomplexed L, while the adjacent carbon is more positive. As
the S atom transfers more charge to the cation than does the O
atom, the charge increase Agg is smaller than the Ag, increase.
As a result of polarization and charge transfer effects, the Mey
and Me groups are also more positive in ML** than in L.

Concerning the structure of the complexes, we notice that the
M-S bonds are about 0.5 A longer than the M—O ones, while in
a cation series, these bonds are shortest with the smallest ion
(Yb) and longest with La (by about 0.2 A). For a given type of
binding site (X = O/S), the stronger the interaction energy AE,
the shorter is the X—M bond: with M = La, the bond variation
ranges from 0.02 (X = 0) t0 0.03 A (X = S).

The strong electronic perturbations of L that occur upon
coordination to the cation also translate into large geometry
changes: the C=0 and C=S bonds lengthen, while the N-C
bonds shorten, following trends suggested by the stabilization
of the ionic form of the complex (Fig. 5). In the ML*" com-
plexes, the C=0 and C=S bonds are even longer than in the
corresponding protonated C=OH* and C=SH™ species (see
Figs. 3 and 4). They increase in the order La** < Eu®* < Yb**in
the cation series (by about 0.01 A) and upon Me—>NMe,
carbon substitution (by about 0.01 A). Thus, compared to
the free ligands, the largest deformation Ad is observed in the
thiourea complex YbTU** (0.30 A), while in the corresponding
oxygen complex, Ad is only 0.18 A. These deformations again
contrast with those observed upon protonation, where C=S
was less elongated than C=0. Lanthanide cation coordination
results mostly from electrostatic interactions, while protonation
involves more covalent binding.

3. The neutral MCL L complexes. Effects of counterions

Addition of a ligand L to a neutral MCl, salt leads to MCL,L
complexes, where the electrostatic interactions between the
MCI, moiety and L are of the dipole—dipole type, and therefore
are weaker than the charge-dipole M*" - - - L interactions in the
ML** complexes. As a result, the interaction energies AE with L
drop markedly from ML3* to MCLL (by a factor of 4.4 to 4.8
for oxygen ligands and 5.4 to 6.1 for sulfur ligands) where AE
values range from —33 to —50 kcal mol™! (Fig. 6). Thus, the
preference of oxygen to sulfur ligands (by 8 to 12 kcal mol™!) is
retained and, in most cases, enhanced in the presence of coun-
terions. On the other hand, the NMe,/Me substituent effect at
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Fig.4 Optimized ML*" complexes: distances (A), angles (deg), Mulliken charges (italics). Interaction energies (AE, kcal mol ™) between M** and L
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Fig. 5 Schematic representation of electronic effects in the ML** complexes.

carbon drops on going from ML3** (14 to 10 kcal mol™?) to
MCIL,L complexes (3 to 1 kcal mol™). Thus, in the presence of
counterions, the effect of O/S substitution becomes larger than
the effect of NMe,/Me carbon substitution, in relation to the
different nature of ligand binding in ML** vs. MCLL com-
plexes. As a result, the ligand affinity for a given cation
increases in the order TA < TU < A < U in MCLL complexes,
ie. in a different sequence to the ML3* complexes (TA < A <
TU < U). We suggest that the A/TU inversion and the weaker
preference for urea, compared to amide derivatives (1-3 kcal
mol ™! only) are due to destabilizing interactions between the
anions and the NMe, groups in the urea compounds (vide
infra). These repulsions are antagonistic to the stabilization
energy that would result from the larger electron donating
capability and polarizability of NMe, compared to Me.

Adding counterions to the ML** complexes retains the same
order of cation affinities for a given ligand (La’* < Eu®' <
Yb*"), but the La/Yb binding selectivity AAE(La,Yb) drops
markedly (from 37-40 kcal mol™ in ML** to 3-6 kcal mol ! in
MCLL). Again, the larger (or smaller) the interaction energy
AE, the larger (or weaker) is the ion selectivity.
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The reduced interactions in MCLL, compared to ML?*,
translate into larger metal-ligand distances: the S—-M bonds
lengthen more (by 0.45 to 0.51 A) than the O-M bonds (by 0.27
to 0.33 A), and the lengthening increases from Yb to La. The
geometry of the ligand is also less perturbed in MCLL than in
ML3*,

The cation binding mode of L is very different in MCL,L
from that in the ML3* complexes. First, the a angle between M
with the C=X bond deviates more from linearity. For instance,
the C=0O-M angle is about 164° in the amide EuCl;A complex
and 172° in the urea complex UEuCl;. In sulfur complexes, the
C=S-M angle is 98 to 101°, i.e. closer to the value in the proton-
ated LH" forms than in ML*". Moving from linear to bent
coordination is indicative of enhanced covalent binding and of
reduced polarization interactions in the MCL;L complexes.

The second striking feature concerns the co-planarity of M
and the ligands. In one case only (LaCl;A complex) the cation
sits in the plane of the ligand. In all other cases, it is slightly out
of plane, as measured by the ¢ dihedral angles (¢ = NC-XM;
see definition in Fig. 7 and values in Fig. 6). In EuC;A and
YbCLA, M is close to the plane of the ligand (¢ = 160°). This
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L and AAE(La, Yb).
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Fig. 7 Definition of non-linear (a) and out of plane (¢) cation
coordination.

Fig. 8 Structure of the EuCl,;TU complex.

contrasts with the thioamide analogues MCL,TA where the
cation sits nearly perpendicular to the plane of the TA ligand
(¢ ranges from 78 to 108°). Among the urea complexes, non-
planarity is again much more pronounced for sulfur complex
MCLTU (¢ =110°% see Fig. 8) than for the oxygen MCL,U
complexes (¢ =138 to 145°). These results suggest that the
chloride anions interact repulsively with the ligand, and that the
repulsions are larger for the NMe, than for the Me carbon
substituent, and larger for sulfur than for oxygen ligands where
the coordination is more linear.

The importance of repulsive interactions between the anions
and the amide substituents is supported by the two following

“computer experiments”. We first optimized the thioformamide
(TFA = Me,NHC=S) EuCL,TFA complex, where repulsions
between the H atom on the carbon and the anions should be
minimal, and found that the Eu atom sits indeed exactly in
the plane of TFA (the NC-SEu angle is 180°). Furthermore, the
binding energy of TFA is slightly better (by 0.1 kcal mol ™) than
the binding of the TA, despite the lower polarizability and
donating capability of the H atom, compared to the Me group.
This is indicative of an intrinsic preference for in-plane binding
and of repulsive interactions between the carbon substituent
(Me of TA, or NMe, of U or TU) and the counterions. The
second test was run on the thiourea complex EuCL;TU, which
was optimized with the Eu atom respectively “in-plane” (NC—
SEu angle constrained at 0°) and “perpendicular to the plane”
of the ligand (NC-SEu angle constrained at 90°). The “in
plane” binding turns out to be 6.7 kcal mol™! less stable than
the “perpendicular” binding. The corresponding C=S-Eu angle
is more open for the planar binding (129°) than for the
“perpendicular” binding (102°), also indicating larger repul-
sions in the former. The out-of-plane metal binding to sulfur
ligands is also observed in solid state structures of analogous
complexes (vide infra).

The Mulliken charges also reveal the difference in ligand
binding to MCl;, compared to M3**. We first notice that, in
relation to the electron donation from the anions to the metal
(0.50 to 0.43 e per chloride), the metal charge is much less
positive (1.6 to 1.2 €) in the MCLL than in ML** complexes.
The MCI; moiety is pyramidal (the X-~M-ClI angle ranges from
99 to 103°), leading to a dipole which interacts with the L ligand
much less than does the “naked” M** cation. As a result, the
charge transfer from L drops from ML*" (0.42-0.89 €) to
MCLL (0.11-0.29 e). It is larger for sulfur than for oxygen
ligands (0.15 ¢) and similar for NMe, and Me substituted
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Fig. 9 Optimized MCLL, complexes: distances (A), angles (deg), Mulliken charges (italics). Interaction energies (AE, kcal mol™') between MCIL,L

and L, AE’ and AAE(La, YDb).

carbon. Also, the charge of the coordinated atoms (X = O/S)
lies between the charge in MCLL and uncomplexed L, due to
the reduced contribution of polarization effects.

4. Neutral MCLL, complexes

Adding a second ligand to the MCLL complex leads to a
coordination number of five, closer to the coordination in con-
densed media. The corresponding binding energy AE has been
compared to the average binding energy per ligand AE' (Table
S2 and Fig. 9), AE’ being somewhat larger than AE (by 7 to 11
kcal mol™!). We first discuss the AE binding energy, which
ranges from 18 to 29 kcal mol™! for all MCLL, complexes.
The drop in AE from the first to the second ligand is more
pronounced for oxygen (65%) than for sulfur compounds (55%)
and for the Yb cation, which is complexed best by all the
ligands in the ML** and MCLL series. This leads to a levelling
of all AE values and to inversions compared to the MCLL
complexes. With the four ligands, the AAE(La,Yb) difference
becomes positive (from 0.5 to 2.4 kcal mol ™), which means that
L binds better to the lanthanum than to the ytterbium for the
MCLL complexes. We suggest that this inversion stems from
“strain repulsion” in the first coordination sphere of the cation,
which is antagonistic to the metal-ligand and metal-anion
attractions. These repulsions are most effective with the small-
est cation Yb. Thus, the order of metal affinities is Yb < Eu <
La for the TA, U and TU ligands. With the A ligand, the
AAE(La,Yb) is smallest (0.5 kcal mol™) and europium is
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slightly preferred (Yb < La < Eu). Thus, increasing the coordin-
ation number of the metal does not simply scale down the ligand
binding energies, but modulates the order of ion discrimination
for a given ligand. For a given metal, the preference for oxygen
vs. sulfur ligands is retained (by about 10 kcal mol™') and the
ligands bind in the order TA < TU < U < A. The A/U order is
thus different from the order in the MCLL complexes, but in
both cases, the differences AAE(A, U) and AAE(TA, TU) are
small (about 1 kcal mol™?).

Looking at the AE' average interaction energy per ligand
yields similar conclusions to the AE energies, as far as the com-
parison of ligands for a given metal is concerned (Fig. 9). The
U/A order is inversed but the difference in AE as well as in AE’
values is small (from 0.0 to 1.2 kcal mol™!). The order in the
cation series for a given L also differs somewhat. In most cases,
binding to ytterbium is preferred over lanthanum, but the
difference is small (from 0.1 to 2.9 kcal mol ™). This is because
the AE’ energies lie between the AE values in MCLL, and in
MCLL, and contain therefore relatively more attraction (which
favour Yb) than repulsion (which favour La) contributions.

Some features may also be noticed concerning the structure
of MCLL, complexes. Although no symmetry was imposed
during the minimization, the two optimized ligands are related
by a C, symmetry axis and the MCl; moiety is planar. The zero
dipole moment of MCI; explains, in addition to the ligand—
ligand repulsions, the weaker binding of L. As a result, the
metal-ligand distances are longer in MCL,L, than in MCLL (by
0.06 to 0.08 A with oxygen ligands and by 0.08-0.09 A with



sulfur ligands). The ligand structures are also less perturbed
than in MCLL: the C=0O and C=S bonds are shorter, and the
C-N bonds are longer (by about 0.01 A), being much closer to
the structures of uncomplexed L. The cation binding mode is
very close to that found in MCLL complexes. In the oxygen
complexes, the C=O-M angles are almost linear (156 to 168°)
and the cation sits closer to the plane of the amide A (¢ = 142 to
170°) than in the case of the urea U ligand (¢ = 116 to 134°). In
the sulfur complexes, the C=S-M angles are bent (100 to 105°)
and the cation sits nearly perpendicular to the plane of the
ligands (¢ = 107 to 109°).

The trends in Mulliken charges in the cation series, as well as
in the ligand series, remain the same in MCLL, as in the MCLLL
series. The electron transfer per ligand is larger with sulfur (0.20
to 0.23 e) than with oxygen (0.09 to 0.13 e) ligands, and larger
with NMe, than with Me carbon substituents. This is slightly
less than in MCLL complexes. Notice also that electron don-
ation from the chloride ions is smaller in MCL,L, than in MCL,L
and smaller with oxygen than with sulfur ligands. As a result,
the metal charge is reduced upon addition of a second ligand to
the sulfur complexes, but increased for oxygen complexes.

Discussion and conclusion

We report consistent calculations on the lanthanide complexes
of two important classes of carbonyl ligands, amide and urea,
respectively, and of their thio analogues. When compared
to other ligands such as pyridine derivatives, anisole and phos-
phoryl compounds,'*"3 the results show that these molecules are
good ligands for trivalent lanthanide cations.

Proton vs. cation affinity of the ligands

Comparison with protonation energies allows one to gain
insights into possible correlations between the ligand proton
basicities and cation basicities. We notice that correlations are
generally indirectly inferred from measurements involving weak
interactions in solution with Lewis acids (e.g with SbCls or
1,2**) or with hydrogen bonded molecules. Concerning the
amide/thioamide comparison, the hydrogen bonding formation
constants in CCl, solution are larger for the former ligands,*’
as supported by theoretical investigations on related sys-
tems.*®** This order of hydrogen bonding contrasts with
the order of protonation energies calculated by us and by
others,* according to which thio compounds are preferred.
Generally speaking, proton basicities involve major elec-
tronic perturbations of the ligand and may not correlate
with hydrogen bonding which leads to minor perturbations
only.

The next stage is to consider the ligand affinities for hard
cations. As shown by experiments on gas-phase lithium basic-
ities, ! fair correlations with proton affinities can be observed
for homogeneous classes of ligands, but correlations involving
different classes are less good. Our calculations show that the
interactions with lanthanide cations are markedly modulated
by the presence of counterions and by the stoichiometry.
Intrinsically, for ML3* complexes, the cation prefers the harder
oxygen ligands to their sulfur analogues, following an opposite
trend to the proton basicities. The difference stems from the less
covalent character of the metal-ligand bond compared with the
proton-ligand bond, and from marked polarization effects
in ML**. As counterions are added to the system, the ligand
formally binds to a neutral MCI, salt, leading to reduced
interactions. This leads to an amplification of the sulfur/oxygen
discrimination, and a reduction of substituent effects at
carbon. The order of cation affinities is the same in both ML**
and MCLL complexes, following the ion hardness (Yb** >
Eu®t > La’*").

The relative interactions of sulfur vs. oxygen ligands with
“acids” 4 (A=H", M*", MCl,) can be assessed via the iso-

X X A OB X A X

Fig. 10 Isodesmic reaction used to compare the interaction of “acids”
(4=H", M**, MCl,) with oxygen vs. sulfur “bases”.

Table 2 Energies E;, (kcal mol ™) of the isodesmic reaction (XMe)-
C=0 + (XMe)C=S-4—>(XMe)C=0-4 + (XMe)C=S

Acid 4
X Y H* La*" Eu" Yb** LaCl; EuCl; YbCl,
Me NMe, 23 —-80 —-87 -99 -92 -—11.0 -—-124
NMe, NMe, 3.1 —62 —62 —-7.1 -84 —-95 —108

desmic reaction shown in Fig. 10 where X = Me vs. NMe,. The
results (Table 2) confirm that the proton prefers the softer sulfur
ligands, while the M** and MCI; “acids” prefer the harder
oxygen ligands, the effect being more pronounced with the
amide A (X = Me) than with the urea U (X = NMe,) ligands.
This observation is also more pronounced with MCl, than with
the M?" acid, due to more repulsive interactions between the
counterions and the sulfur ligands. Thus, counterions and
cumulative interactions in the first coordination sphere of the
cation play an important role in ion discrimination by a given
ligand, as well as on ligand recognition by a given ion. As shown
by recent NMR studies on calixarene-CMPO derivatives, the
nature of the lanthanide complexes also depends on the pres-
ence of competing binders such as polar solvent molecules,
or hard anions.”* Our calculations demonstrate how counter-
ions modulate the nature of metal-ligand bonds and lead to a
reversal of ion binding affinities: the intrinsically preferred
Yb*" cation is less well bound in the presence of counterions
and other ligands than the sterically more accessible La**
cation.

Structural features of the complexes

Counterions and stoichiometry also change the structure of the
coordinated ligand, which is less perturbed in MCLL and
MCLL, than in the ML3?" complexes, where polarization
effects are magnified. Thus, comparisons with solid state struc-
tures or with structures in condensed phases should be done
with the most saturated (here, MCLL,) species. We previously
discussed the structure of acetamide complexes, showing good
agreement between calculated and X-ray structures.”®* A review
of amide complexation can be found in ref. 53 and typical
features of A and U complexes are reported in Table 3. We
notice that in most solid state structures, the anions are dir-
ectly coordinated to the metal, and the C=0-M angles are
bent. One exception concerns the M(ClO,);Us complexes
(M =Er; Yb) where this angle is linear as in the optimized
MU?* species. Experimental results on Yb(ClO,);Us at differ-
ent temperatures also reveal thermal effects on bond lengths
(the Yb-O distance ranges from 2.18 A at —158 °C to 2.13 A
at 70 °C). The calculated structures of LaCl;A and of YbCL,A
agree within 0.03-0.05 A with the X-ray structures of the
corresponding La and Yb complexes. The experimental struc-
tures of the Sm and Er complexes of A are also close to those
optimized for the corresponding (and similar in size) metals Eu
and Yb.

Consideration of other amide complexes of the cations under
study retrieved from the Cambridge Crystallographic Database
reveals some disparity between the experimental M-O dis-
tances, and general agreement with the optimized distances
in MCLL,. This is observed for M =La (25 structures, La—
0=2.39-2.61 A; average = 2.50 A, to be compared with the
optimized distance of 2.46 A), M =Eu (17 structures, Eu—
0=231-251 A4, average = 2.40 A optimized value is 2.35 A)
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Table 3 Structural features of complexes of A and U in the solid state (retrieved from the Cambridge Crystallographic Database)®’

Refcode Formula CN M---0/A 0=C/A aldeg ¢ldeg Ref.
CAXYD) La((‘PrO),PS,);A, 8 2.41-2.43 1.21-1.26 144-166 99-113 68
CIDJUU Sm(NO,),A, 9 2.31-2.32 1.21-1.27 140-155 116-175 69
CIDKAB Er(NO;);A, 9 2.24-2.29 1.23-1.31 140-163 111-156 69
JAQCIN*“ Yb(Ni(CN),)CIA, 7 2.20-2.27 1.27-1.33 133-160 121-145 70
LELBOT Ce(CsH,);,U 4 2.46 1.26 155 97 71
WEHTOS Ce(picrate);U, 6 2.37-2.42 1.22-1.26 143-172 98-104 72
LELBUZ Nd(C;Hs),U 4 2.44 1.26 154 100 71
WEHTUY Nd(picrate),U, 6 2.36-2.40 1.23-1.25 142-158 96-106 72
TMUNEU Eu(NO,),U, 9 2.30-2.35 1.23-1.27 143-170 98-118 73
HURERC Er(ClO,);Us 6 2.18-2.20 1.27-1.30 178-179 95-114 74
VITTIB Yb(CIO,),Us 6 2.17 1.27 177 142 75

“ X-Ray structure at —60 °C.

and M=Yb (6 structures; Yb-O =2.24-2.46 A: average =
2.30 A; calculated value is 2.24 A). Similar features are found
for urea complexes with Eu or Yb, or the related Ce (close to
La), Nd (close to Eu) or Er (close to Yb) analogues.

For the sulfur compounds, no solid state structure could be
found that can be directly compared with the calculated ones.
For instance, in the Gd** and Sm*' complexes of TU, the
ligands are bidentate (via S and N atoms) and achieve bridging
coordination to two cations.’* The corresponding M-S dis-
tances (2.94 and 3.06 A) are close to the optimized Eu-S
distance of 2.97 A. Structures of lanthanide complexes of
negatively charged dithiocarbamate RR’NCS,” ligands have
also been reported,”*® but the metal-ligand distances are
shorter than with the neutral TA or TU ligands (by 0.12 A with
M =La and 0.17 A with M = Yb), in accord with the stronger
attractions to the metal.

Another interesting aspect of metal binding concerns the
co-planarity of the cation with the ligand. The planar binding
in ML3* complexes contrasts with the out-of-plane binding,
especially with sulfur ligands in the presence of counterions.
According to a recent review,*® out-of-plane binding is not
uncommon for amide ligands and is shown by our calculations
to be induced by other coordinated species. Out-of-plane
coordination is most pronounced with thiourea TU, in accord
with the more bent C=S-M angle, which also leads to enhanced
repulsions between the anions and the NMe, urea substituents.
Although no structure was found for similar lanthanide com-
plexes, a number of thiourea halide complexes with such a
deformation have been reported, with M = Sb (¢ = 94-114°),5%°
Os (¢=94-97°), Re (¢=101-143°),162 Ru (¢ =94°)," Pt
(¢ =114°),% Zn (¢ = 119-150°)% and Hg (¢ = 99-159°).% Note-
worthy are the soft character of these metals and the presence
of coordinated (generally halide) counterions. There are struc-
tures, however (M = Cu, Au, W, Mo, Rh), where the metal is
more co-planar with thioamide or thiourea ligands (¢ > 160°).
According to our study, out-of-plane binding is not an intrinsic
feature of the metal-thiourea bond, but results from avoiding
repulsions in the planar binding mode. We suggest that mon-
itoring the stereochemistry of metal-ligand interactions via
preorganized arrangements of the latter (e.g. on calixarene or
resorcinarene platforms) might lead to ion discrimination by
oxygen/sulfur binding sites. The binding mode of counterions
clearly contributes to that process.

Computational aspects

Concerning the computations, we previously found that the
conclusions obtained on similar amide, phosphoryl and pyr-
idine lanthanide complexes from HF calculations are validated
by MP2 and B3LYP-DFT calculations.**5 We decided
however to reoptimize the four EuCL,L complexes to compare
the interaction energies AE and structures. It can be seen from
Table 4 that the HF vs. DFT AE values differ by at most 1.4 kcal
mol ! and the order of the ligand binding sequence is identical.
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Table 4 Comparison of HF vs. DFT interaction energies AE (kcal
mol ™) in EuCl;L complexes. AAE,, are the differences in AE, relative to
the AEuCl; complex. Uncorrected/BSSE corrected energies

Complex AE/IAE,,, AAE/AE
HF/DZ*//HF/DZ*

(Me,N)MeCO - - - EuCl, —45.8/—43.2 0.0/0.0
(Me,N)MeCS - - - EuCl, —34.8/-31.3 +11.0/+11.9
(Me,N),CO - - - EuCl, —47.0/—44.5 -1.2/-1.3
(Me,N),CS - - - EuCl, —37.5/-34.0 +8.3/+9.2
DFT/DZ*//DFT/DZ*

(Me,N)MeCO - - - EuCl, —44.4/—40.3 0.0/0.0
(Me,N)MeCS - - - EuCl, —33.5/-29.8 +10.9/+10.5
(Me,N),CO - - - EuCl, —46.8/—42.6 —2.4/-2.3
(Me,N),CS - - - EuCl4 —37.9/-33.9 +6.5/+6.4

Table 4 also confirms that BSSE corrections at the HF or DFT
level are relatively small and nearly constant, yielding nearly
identical differences in binding energies AE. HF vs. DFT
optimized distances differ by 0.01 to 0.03 A. The Eu---L and
Eu-Cl distances are somewhat shorter and the C=O and C=S
bonds are longer in the DFT optimized structures, but the
structural trends are the same with both methods (Table 5).
Trends concerning the non-linearity of the C=X-M angles are
also similar (a angles differ by 2 to 12°). In the DFT structures
the cation is somewhat more out of the plane of the ligands
(¢ angles differ by 3 to 35°), and this non-planarity is more
pronounced with the sulfur compounds, as found in the HF
calculations and in the solid state structures. Another issue
concerns the representation of the lanthanide cations, where it
would be desirable to compare the large core ECPs used here to
small core ones. In the case of the Eu** - - - O=PH, complex, the
two types of representations were found to lead to similar
results,'” but this question remains to be more systematically
investigated.

To conclude, we emphasize the importance of computational
approaches to study cation complexes of increasing complexity
and to compare the intrinsic binding features of various classes
of ligands used in the complexation and liquid-liquid extrac-
tion of lanthanide and actinide cations. Such computations
should contribute to a better understanding of the structural
and energetic features of the complexes and the basis of effi-
cient complexation and separation of lanthanides and actinides
by known or putative ligands.
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Table 5 Comparison of HF vs. DFT optimized structures and Mulliken charges ¢ of L and EuCl,L complexes

MXA CXA  MCUA adeg  gldeg  X-M-Cldeg g(M) dX) ¢ 4(C))
HF/DZ*
(Me,N)MeCO — 1.205 — — — — — —-0.48 0.54 —
(Me,N)MeCS — 1.667 — — — — — —0.35 0.22 -
(Me,N),CO — 1.205 — — — — — —0.48 0.66 —
(Me,N),CS — 1.677 - - - - - -0.36 0.36 -
(Me,;N)MeCO - - - EuCl, 2.282 1.245 2.601 164 165 100 1.47 —-0.73 0.64 ~0.53
(Me,N)MeCS - - - EuCl, 2.899 1.734 2.594 99 106 102 1.31 —0.41 0.29 —0.53
(Me,N),CO - - - EuCl, 2.268 1.250 2.603 172 145 101 1.46 —0.75 0.77 ~0.53
(Me,N),CS - - - EuCl, 2.887 1.748 2.596 101 109 102 1.32 —0.42 0.42 —0.53
DFT/DZ*
(Me,N)MeCO — 1.233 — — — - - -0.35 0.29 -
(Me,N)MeCS — 1.675 — — — — — —-0.25 0.05 —
(Me,N),CO — 1.233 — — — - - -0.35 0.31 -
(Me,N),CS — 1.684 — — — — — —-0.27 0.07 —
(Me,N)MeCO - - - EuCl, 2.264 1.266 2.570 162 130 101 1.04 —0.49 0.39 —0.42
(Me,N)MeCS - - - EuCl, 2.851 1.731 2.563 96 100 103 0.91 —-0.28 0.11 —0.42
(Me,N),CO - - - EuCl; 2252 1.274 2.574 160 130 101 1.02 -0.51 0.39 —0.42
(Me,N),CS - - - EuCl, 2.839 1.747 2.567 99 112 103 0.91 —-0.29 0.10 —0.42
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