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Thiophosphoryl Complexes of Trivalent Lanthanide Cations: Importance of Counterions
and Stoichiometry for Binding Energies. A Theoretical Study
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The intrinsic interaction energiesE between trivalent lanthanide cations{M= La%", El?*, and YB") and
thiophosphoryl BP=S (R= H, Me, Et, and Ph) ligands are investigated by quantum mechanical calculations

on charged_M3* or neutralL MCl3 andL ,MCls complexes. Counterions are found to markedly modulate the
binding properties. First, in 1:1 complexes, the order of the alkyl and phenyl substituent effects is inversed
in R;PM3* (whereAE increases in the order R Me < Et < Ph) compared to f#MCl; (whereAE increases

in the order R= Ph < Me < Et). Second, the coordination mode of the thiophosphoryl bond evolves from

a linear coordination in.M3* (related to polarization of induced by the "hard" B cation) to a bent
coordination inL MCl; (related to the “soft” metal sulfur interaction), as in the protonated forgSRI". In
addition, the stoichiometry of the complexes is found to determine the selectivity in the cation series. In all
charged or neutral 1:1 complexest increases with the cation hardness¥{L& EW*™ < Yb3") for a given

L. However, in the 1:2 (MgSYMCl; complexesAE follows the order YB" < EW*™ < La®*, due to the
interplay between the ligands, the anions, and their interactions with theation. These results are important

for our understanding of the factors which determine the arrangements of ligands ardurwhtidns in
condensed phases where the first coordination sphere is saturated and generally involves neutralizing
counterions. They also have bearing on the discrimination between hard vs less hard cations (like trivalent
lanthanides vs actinides) by extractant molecules involving soft binding sites.

1. Introduction SCHEME 1: Organophosphorus Compounds for
Liquid —Liquid Extraction of Lanthanide and Actinide

Neutral organophophorus-based ligands are widely used inCations: (a) TPPO (R= Ph), TOPO (R = n-octyl), TBP

the field of liquid—liquid extraction of lanthanide and actinide (R = tbut-O); (b) CMPO; (c) CYANEX-301

ions from aqueous solutiods® Examples involve small mol-

ecules of monodentate (e.g., TPPO and TBP) or bidentate types |

like CMPO (Scheme 1), or more complex systems like cav-

itand$-7 or recently developed calixarenes incorporating phos- Ro 0

phoryl binding groups anchored to a lipophilic platfoffhAs ryP—0

analyzed in hostguest complexe¥,!! the selectivity and R —wP—=0

binding strength of such ligands depend for a large part on the 7

basic metatligand interactions which compete with solvent and

other environment effecf€:13 Qualitative trends in selected @ ®

series may be obtained from structwiativity relationships

between the “acids” (metals) and “bases” (ligands}é A more of the ligand) in the stabilization of ROMET complexes and

precise assessment of the individual metajand interaction the role of counterions and stoichiometry on the structural and

energies may be obtained from gas phase data on smallenergy features of complexation. Recently, the interaction

systems7~19 but such data are presently not available for highly between G&" and polyaminocarboxyalate ligands has been

charged lanthanide or actinide cations. Quantum-mechanicalstudied by QM3

(QM) calculations represent an important alternative to gather We now want to proceed with a study of thiophosphoryl

insights into the intrinsic energetic and structural features of ligands. Thiophosphoryl and dithiophosphinateRR&~) sub-

these interactions, in the absence of a competing envirorihent. structures may play an important role in the development of

However, QM studies covering this subject are rather scarce. selective ligands for the lanthanidactinide separation. For

The uranyl cation and its salts were exami#iéd and some instance, a high ART/EW" separation factor was obtained with

QM studies dealt with the hydraf&s?* or the trihalide sal§—3° CYANEX-301 (bis(2,4,4-trimethylpentyl)thiophosphinic acid;

of the trivalent lanthanide cations. To our knowledge, no QM see Scheme 1) combined with 10% of TBP36 In such

studies on these cations interacting with model or real extractantsynergistic systems, the phosphoryl containing TBP ligands

molecules have been reported prior our efforts. We recently likely act as “hard” binding sites and provide the necessary

reported QM investigations on the interactions between model binding strength, while the sulfur-based ligands act as “softer”

ligands of the phosphoryldR=0 type and trivalent lanthaniéfe sites which provide the selectivity for Ath, considered to be

or uranyl cation¥ which demonstrated the importance of softer than E#&". Recently developed neutral thiophosphoryl

electronic effects (charge transfer to the cation and polarization ligands also display remarkable extraction properties for trivalent
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SCHEME 2: Calculated Compounds and Dissociation the extraction and selection capabilities of the studied ligands.
EnergiesAE’s In these neutral 1:1 complexes, the properties of the sulfur
R o R metal bonds are perturbed by the steric and electronic influences
_”‘\‘P:@__Ln& AE \\\P:s L of the counterions. Therefore a comparison of the results with
RR/ R"F" those obtained for the JRSME+ complexes will be crucial

for the interpretation.
The final group of complexes considered in this work will

A 5‘?C| AE R $~C'C| be of the general formula (MESYMCls, where two ligands
R e U —— RoyP=S + LnT are coordinated to the cation. Because of computer time
R c R ¢ limitations we only consider M@®S as a ligand for these 2:1
complexes. These complexes, compared to theP8#Ch
ones, will provide insights into the effect of the coordination
A8 R e R ol i number of the cation on the metdigand binding features and
R--\-\F’:S""li-n"S:P("-R _— R...;st +C'\Ln-~SzP(~.R on the cation discrimination by a given type of ligand. In the
R cl R R cl R discussion section of the paper, we discuss structural features

of cation coordination to the thiophosphoryl ligands and compare
lanthanide or actinide catiod$.lt is thus important to assess  the latter with the phosphoryl ones.
the intrinsic binding properties of phosphopg. thiophosphoryl
ligands. As a first approach, we compare three lanthanide cations2. Methods

Last, EW**, and YB' of increasing hardness, interacting with . .
phosphoryl/thiophosphoryl ligands. Cation discrimination by | Tt:e If%Ft)lf I|gand(§ werelffully Oﬁt'm'ﬁed at the I-éartfdi;)ock th
these ligands should indeed give insights into the cation evel ot theory. On sullur, phosphorous, and carbon the
discrimination by “soft” vs “hard” phosphoryl derivatives. Dunnmg—qumaga doublé:plus polar_lzatlon bas!s sé?swere .
Compared to the fP—=0---M3* interactions, the FP=S-+-M3*+ used. A basis set of the same type without polarization function
ones should lead to reduced chargdipole contributions, but was used on hydrogen. .

to enhanced polarization and charge transfer effects. We notice For the comp!exgs two dn‘ffrent approaches were ch.o.se.n. In
that the structureactivity relationships according to which the the case of the ionic .[EPSMF compounds a quasirelativistic
sulfur atom is “less basic” than the oxygen atom are generally effective core potentl_al (ECP) of the _Stuttgart g_fW was
obtained by analysis of weak interactions (hydrogen bonded used on the lanthanides, together with the affiliated (5/4/3)

complexes or enthalpies of complexation with Lewis acid in a va![gnpe dbi)SIS,F to Il/.vhlchtogpe f-funcz(()jndW|_trhh an ?.xp.on((ajnt
polar solution)?83°1t it not clear whether trends would be the optimized Dy Frenking €t ar. was added. The optimize
same with hard MI* cations. geometries of the ligands were retained in the optimizations of

+ . : .
More specifically, we report Hartred=ock calculations on the [RPSMP* complexes; only the-SP distance was optimized

. : . . together with the SM distance and the PS—M angle. The
complexes of neutral thiophosphoryl ligandgPS with R bein A . . ; Co
hydr?)gen, methy, ethyl,pandppherynyl,grespectively. Sche%e 2 suitability of this approach has been proven in our investigation

: L f the phosphoryl complexes.
shows the compounds and reactions covered. The variation of° . . .
R will allow us t% assess the dependency of the mdigand The Gaussian94 progratfiwhich was used throughou_t this
binding strength on the type of substituent R. The comparison study, cannot cal_culate energy denvatwt_es when f-fL_mctlons_are
of the methyl and ethyl substituents will show the influence of used together with ECPs. Therefore, with the basis described

the alkyl chain length, while the results with the phenyl above, we were Tes”'ded. to using the Fletehieowell
substituent will reveal whether aryl-groups connected to P geometry optimization algorithm, which does not use energy

enhance or decrease the metsalilfur bond strength. Enhanced derivatives. However, the optimiz_ation_of the n_eutraPBMC[;
extraction capabilities are known for bidentate diphosphine and (MePS}MCl; complexes with this algorithm proved to

dioxide ligands with arylic instead of alkylic substituents on P, '?he Oll'ﬁ'(t:#lt' .'(Ij'hu.s \f[\;]e decided Ito leave (;)l{;] the f-functlonds on

while generally arylic substituents are assumed to have a € 1anthanice In these compiexes and the Medmpounds

negative effect caused by their larger electronegativty. and f_uIIy optimized their geometry with the sta_mdard Be”Py
The first part of our study will deal with 1:1 complexes of algorithm?® In one case we added the f-function after this

the general formula [fFPSMPF*. The results allow us to assess procedqre and (eoptimized the parameters that.involve the
the intrinsic features of the sulfaimetal coordination in the lanthanide atom, in arder to prove the suitability of this approach

absence of perturbations from competing coordinated Species(See Tab'?s L anq 2)'. . .
like counterions, other ligands, or solvent molecules. Further- To obtain an estimation of the influence of correlation effects,

more, calculated proton affinities have been suggested as awa)t?r?me of t_?he calggla?ons wetre drepeﬁted usm% denS|t|ytf_unc]E|onaI
to predict trends in extraction capabilities of different ligafds. eory with gradient corrected exchange and corréialion func-

, : b .
The data obtained here should be more relevant. The selectivityt'onals as deqved by Beck@eanq Pgrdevﬂ, respectively. A
BSSE correctioff was also applied in a few cases. However,

of the different ligands is studied by a comparison of lanthanides : !
9 y P the small size of the corrections and the fact that they are

with decreasing sizes, namely,¥aEW", and YB'. It has to - - )
be noted tho%gh that they abaillity of the substituents to constant within 0.5 kcal/mol (see also ref 31) diminish their
' i Jdmportance for this work.

compensate for the increased charge transfer to the cations i
amplified in the [RPSMP" complexes, compared to the
situation found when the first coordination sphere is saturated
and smaller charge deficiencies on the cation are to be expected. 3.1. The [RePSM]*" Complexes.The total energies of the
The second part of this study deals with complexes of the complexes can be found in Table S1 (Supporting Information),
type RRPSMCE. Like the complexes presumably formed in the while the dissociation energieSE of the lanthanide sulfur
organic phase in liquiglliquid extraction experiments, they are  bond (see Scheme 2), together with the relative values, are in
neutral and therefore better suited to obtain information about Table 1. As expected from the electron deficiency of th& M

3. Results
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TABLE 1: Calculated Metal —Ligand Dissociation Energies
AE (kcal/mol) from HF Calculations (see Scheme 1 for

J. Phys. Chem. A, Vol. 103, No. 30, 1998025

TABLE 2: Selected Optimized Distances, A) and Angles
(a; degrees) from HF Calculations

Definitions)

HF results

complex AE AAE 2 AAEW
HsPSLaf" +135.8 0.0 —40.7
H3PSEuUft +151.9 +16.1 —43.2
H3PSYbF* +166.8 +31.0 —45.8
MesPSLaf" +176.5 0.0 0.0
MesPSEuf+ +195.2 +18.7 0.0
MesPSYbF+ +212.6 +36.1 0.0
MesPSHJ +223.4 +46.9 0.0
Et;PSLaft +188.9 0.0 +12.4
EtsPSEuUf™ +208.5 +19.6 +13.4
EtsPSYbP*" +226.5 +37.6 +13.9
EtsPSH]" +228.6 +39.7 +5.2
PhsPSLaf" +205.6 0.0 +29.1
PhsPSEUf* +226.6 +21.0 +31.5
PhsPSYbF* +245.7 +40.1 +33.1
PhsPSH]" +233.6 +28.0 +10.2
MesPSLaC} +35.9 0.0 0.0
MesPSEUC) +37.5 +1.6 0.0
MesPSYbCh +38.6 +2.7 0.0
MesPSEuUCkK +36.7
Et;PSLaCh +36.9 0.0 +1.0
Et;PSEUC} +38.6 +1.7 +1.1
Et;PSYbCh +39.8 +2.9 +1.2
PhPSLaC} +34.9 0.0 —-1.0
PhPSEUC} +36.2 +1.3 -1.3
PhPSYbC} +36.9 +2.0 -1.7
MesPSEuCy +33.6 0.0
PhPSEUC +32.3 -1.3
(MesPS)LaCl; +23.1 0.0
MesPS}EUCkK +22.7 -1.4
(
(MesPS)YbCls 4215 -16
(MesPS)LaCle® +26.6 0.0
MesPSHEUCK® +27.2 +0.6
(
(MesPS)yYhClz 4275 +0.9

a Difference inAE'’s for a given ligand, relative to the lanthanum
complex.? Difference inAE's for a given metal, relative to the M@S
complex.c With f-orbitals on M.4 BSSE corrected value$Relative
to constrained fragments.

ion, the M=S dissociation energies in these complexes are very
high (from 135.8 to 245.7 kcal/mol).

The binding energy is very much dependent on the substituent
R on the ligand BPS. For example, in the case of europium
the ligand with the lowest binding energysP5, has aAE
smaller by 74.7 kcal/mol than the ligand with the highest binding
energy, PEPS (seAAEy in Table 1). However, the larger part
of this difference, 43.2 kcal/mol, is also observed by going from
HsPS to MePS, which proves that 4P is a poor model for
(alkyl)sP ligands. Compared to MRS, PBPS still binds stronger
to EL?* by 31.5 kcal/mol, thereby showing a strong aryl effect.
Lengthening of the alkyl chain from MBS to EtPS on the
other hand leads to a strengthening of the-Bubond of just
13.4 kcal/mol. As further lengthening of the alkyl chain should
have less and less influence, it is likely that in theRBMPE"
complexes aryl ligands bind generally stronger than alkyl ones.

In this context it is interesting to compare the protonation
energies of the studied ligands (see Table 1). They range from
223.4 kcal/mol for MgPS to 233.6 kcal/mol for RRS, and
hence, are of the same order of magnitude as the binding
energies to the Kt cations. They also follow the same order
(MesPS < EtsPS < PhPS), which is the order of polarizabilities
of R. However, while for example the range covered by the
binding energies to Y& for these ligands is 33.1 kcal/mol, it
is only 10.2 kcal/mol for the protonation energies. This means
that the influence of the substituent R gets smaller, probably
due to the decreasing importance of the ligand polarization when
forming a covalent BPS-H* bond.

HF results

compound r(S—M)a r(P—S) r(M—Cl)® a(P—S—M) a(S—M—CI)°
LaCls 2.676
EuCk 2.572
YbCls 2.478
H3PS 1.958
MesPS 1.973
EtsPS 1.980
PhPS 1.979
HsPSLaf" 2585 2.077 180.0
HsPSEuf* 2.472  2.083 179.9
H3PSYbP" 2.376  2.088 180.0
MesPSLaf"™ 2534 2133 180.0
MesPSEuft 2425 2144 179.9
MesPSYbP+ 2336 2.152 180.0
MesPSHJ 1.334 2.090 96.2
EtsPSLaf" 2513 2.147 179.1
EtsPSEuf™ 2410 2.157 179.0
EtsPSYbP" 2.323 2.164 179.8
EtsPSHI" 1.334 2.096 96.1
PhsPSLaf" 2486 2.179 178.2
PhsPSEUf™ 2.386 2.197 180.0
PhsPSYbF" 2302 2214 178.8
PhsPSH]" 1.333 2.106 96.1
MesPSLaC 3.040 2.030 2.738 112.9 93.1
MesPSEuC} 2918 2.032 2.633 112.2 95.9
MesPSEuCH 2911 2.032 2615 112.3 96.0
MesPSYbCh 2.811 2.034 2539 111.6 98.5
Ets;PSLaCh 3.028 2.037 2.736 113.8 94.6
EtsPSEUC 2.907 2.039 2.631 113.1 97.4
EtsPSYbCh 2.801 2.041 2.538 112.5 99.9
PhsPSLaCh 3.039 2.038 2.727 112.4 100.6
PhsPSEUC} 2916 2.041 2.622 113.1 102.3
PhPSYbCh 2.807 2.044 2528 1135 103.7
(MesPS)LaCl;  3.107 2.021  2.769 110.0 89.2
(MesPSYEuUCkE  2.987 2.023  2.666 109.8 88.7
(MesPS)YbCl; 2.884 2.024 2575 109.8 90.1

aM = H in the protonated specieslin case of different M-Cl bond
lengths, the longest one is givetiThe angle belonging to the given
M—CI bond lengthd Values obtained with f-orbitals on Eu.

Regarding the cation selectivity of a given ligand, it comes
out that the ligand with the highest binding energy;, also
displays the largest selectivity. The differenceAl& between
La3* and YB* for this ligand is 40.1 kcal/mol, compared to
37.6 kcal/mol for E4PS and 36.1 kcal/mol for ME'S. Therefore,
the cation size and hardness have a large influence on binding
energies. However, the changes in cation selectivity as a function
of R are relatively small, and rather represent a scaling of the
total dissociation energies observed, than any intrinsic difference
in the ligand-metal bonds.

The phosphoryl (8PO) complexes studied in ref 31 generally
show larger binding energies than their thiophosphoryP&)
analogues, the range of calculated dissociation energies for the
same complexes as considered here going from 181 to 300 kcal/
mol. This means that the catiefigand bonds in the thiophos-
phoryl complexes have about 80% of the energy of the same
bonds in the phosphoryl complexes. The effects of the sub-
stituent R and the metal size appear to be amplified accordingly.
For example, the difference between [BROEuf™ and
[PhsPOEUP™ amounts to 49.2 kcal/mol instead of the 31.5 kcal/
mol found for [MgPSEuf" and [PRPSEuf™.

Like the phosphoryl ligands, all thiophosphoryl ligands
considered here bind linearly to the’Mcations (see Table 2).
This contrasts with the protonated ligands whereSP-H bond
angles are about 96indicating that the SH* bond is more
covalent than the SM3* bond.

The M—S distances (see Table 2) depend on the metal, the
La—S ones being about 0.1 A longer than theSuones, which
in turn are about 0.1 A longer than the ¥B bonds.
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TABLE 3: Mulliken Charges ¢

HF results

compound q(M) a(P) a(S) q(Ch?
LaCl +1.64 —0.55
EuCk +1.50 —0.50
YbCly +1.40 0.47 @ ®)
HiPS +0.13 —-0.41
MesPS +0.54 —0.46
EtsPS +0.45 —0.48
PhPS +0.37 —0.43
HsPSLa}* +251 4023  —061
HoPSEU}* +243 4024  —055
H3sPSYbF* +2.36 +0.24 —0.50
MesPSLaf* +2.39 +0.60 —0.63
MesPSEuft +2.30 +0.59 —0.56
MesPSYbF+ +2.22 +0.58 —0.50
EtsPSLaf* +2.34 +0.51 —0.61
Et;PSEuUf" +2.25 +0.51 —0.55
EtsPSYbP" +2.17 +0.50 —0.48
PhsPSLaf™ +2.26 +0.42 —0.61
PhsPSEUf" +2.17 +0.41 —0.54
PhsPSYbF" +2.08 +0.41 —0.48
MesPSLaC} +1.50 +0.56 —0.49 —0.60
MesPSEuUC} +1.37 +0.56 —0.47 —0.56
MesPSYbC} +1.29 +0.56 —0.46 —-0.54
Et;PSLaCh +1.49 +0.46 —0.50 —0.59
Et;PSEUC} +1.36 +0.46 —0.48 —0.56
Et:PSYbC} +1.28 +0.45 —0.47 —-0.54
PhPSLaC} +1.52 +0.36 —0.47 —0.58
PhPSEUC} +1.39 +0.36 —0.46 —-0.54
PhPSYbCh +1.31 +0.36 —0.45 —0.52
(MesPS)LaCl,  +1.40  +057  —047  —0.60
(MesPS)EUCE  +1.29  +056  —045  —057
(MesPSpYbCl;  +123  +056  —-0.44  —055 @
2 The charge belonging to theMCl bond length given in Table 2. Figure 1. Structures of the calculated europium complexes.

Furthermore, for a given cation, the-\ distances depend on  the neutral complexes. However, it has to be noted that in

the substituent R of the ligand. They follow the general addition to this scaling effectdifferencesin the neutral
observation that stronger bonds tend to be shorter than weakecomplexes are still smaller than the results for the ionic
ones. For example, the E$ distance reduces from 2.425 A complexes would suggest.

in [MesPSEUf" (AE = +195.2 kcal/mol) to 2.410 A in [t Regarding the influence of the substituents R on the ligand
PSEuf" (AE = +208.5 kcal/mol) and to 2.386A in [Bh L the effect of a lengthening of the alkylic chain remains the
PSEuUf* (AE = 226.6 kcal/mol). same as in the charged complexes: it leads to an increased

The Mulliken charges on the metal M follow the expected dissociation energy. The effect is small, however, in the case
trends, getting less positive with decreasing metal ion size and of MesPSYbCk and EtPSYbC} the difference is only 1.2 kcal/
increasing donor strength of the ligahdthe effect of the latter mol. For the other metals it is even less. Contrary to the
being much smaller (see Table 3). The lowest metal ion charge observations with the ionic complexesxchanging alkylic
is therefore found in [P#PSYbPT (+2.08) where the largest  substituents for arylic ondsads toa weakening of the sulfur
part of the total positive charge still remains on the metal. This metal bond in the neutral compoundSor EgPSYbCh and

shows the prevalent ionic character of the N bond, which PhsPSYbCh, the difference is 2.9 kcal/mol in favor of the
gets most of its strength from the chargdipole interactions former. Possible explanations for this vanishing of the aryl effect
between the cation and the ligand. In thgP8MF* complexes, are repulsion between the chloride atoms and the phenyl rings

the sulfur atomic charge is more negative, and the phosphorusand the increased covalent character of the ligandtal bond
charge is somewhat more positive than in the correspondingin the neutral complexes, which benefits less from the polar-
R3PS ligand (Table 3), due to the polarization induced in the izability of the phenyl substituents.
P=S bond upon complexation. The order of binding energies for the different metals in the
3.2. The RPSMCI; Complexes.The most striking difference R;PSMCk complexes is the same as in the sPRMP"
of the RPSMC}k complexes compared to the RSMET ones complexes, i.e., the harder the metal ion, the larger the sulfur
is their S-M dissociation energy, which is much weaker (Table metal dissociation energy. The differences are much smaller,
1). This is to be expected, because the ligand binds to a formallythough. For EfPSLaC} compared to EPSYbC} it is only 2.9
neutral MCh moiety instead of a highly charged3¥ cation. kcal/mol, for the other ligands it is even less. The same
This leads both to a decrease of the electrostatic attraction anddiminishing of metal ion selectivity was also observed for the
a weakening of the donor-acceptor interaction due to the higherR:POMCk complexes?
charge density in the valence space of the metal ion. The structures of theJRSMCE complexes show two notable
The total range of calculated dissociation energies for the features (Table 1 and Figure The P-S—M bond is bent and
R3PSMCE complexes goes from 34.9 kcal/mol to 39.8 kcal/ the S-M bond length is much larger than in the ionic
mol (Table 1). The binding energy differences in the neutral compoundsThe latter is consistent with the lower sulphur-metal
1:1 complexes are thus smaller by more than one order than inbinding energies and the decreased positive charge on the cation.
the ionic ones. One reason for this is that all influences are scaledThe effect is quite large, the biggest difference being about 0.7
down due to the generally weaker liganihetal interaction in A by which the S-La bond in PBPSLaC} is longer than the
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one in [PAPSLaf". The bending about the sulphur atom shows TABLE 4: Experimental Structures

thatthere is a fundamental difference between the stifoetal compound formula (LAS)ong (LN—Skhon ref
bonds in the charged and neutral species the bonding == - ((iPrORPS)s(AcNMey)La 3.045 2.988 |
changes from an ionic bond in the former to a partially covalent q 5 ((EtO)PS)s(PhCH),SOpLa  3.091 2992 |
directed bond in the latter. The preference for the actual DUWSET ((iPrO)RPS)s(DMSO)La 3.015 2984 Kk
structures is quite strong for both compound types. Bending of ETPLAP10 ((EtO)PS)s(PhsPO)La 3.092 2981 |
the P-S—Eu bond in [MePsEu}* from a. = 18C to oo = 130° ASTPSA  [((EtO)PS)sLa]l” 3.013 2.958 m
(see Scheme 2) increases its energy by nearly 70 kcal/mol ThisFEMJEM [(EPS)dLa] 3.013 2926 n

\ gy by y /MOl TNIS y\wsixe  [((PrO)PS)(DMSOXEU]*  2.891 2872  k
contrasts with the M@SEuC} system, where the optimized  puwsix" [((iPrO)PS)Eu]" 2.912 2872 k

linear str rei 15 kcal/mol ve th imiz n
for?ﬁ(s'[fclui;) seite)cr)u;ti c?allca/ ol above the opt ed bent abis(N,N-Dimethylacetamide)-tris(O,@li-isopropyl-dithiophosphato)-
a = ) g Y. ) o lanthanium(lll).? bis(dibenzylsulfoxide)-tris(O,@liethyldithiophosphato-
3.3. The (MgPSPMCI 3 Complexes The dissociation energy s g)-lanthanum(ll). tris(O,0-Di-isopropy! dithiophosphato-S)Sbis-
of the second thiophosphoryl ligand bound to the lanthanide (dimethylsulfoxide-O)-lanthanum(lil) tris(O,0-Diethyl-phospho-
atom is about two third of that of the first one (Table 1). The rodithioato)-bis(triphenylphosphine oxide) lanthanum(fitetrakis(O,O
decrease relates to reduced cationic charge and orbital avaiI-d'r‘]?thyt'd'tg'gplhostﬁhato)'ﬁ?)‘?i’)‘ugnb(_"'29&%@"‘3((1'9”})’("@&*?'OpthS'
ability in MesPSMCE, compared to MGl The most interestin phinate-s,9-lanthanum ). = DIS(O,D-Di-Isopropyl dithiophos-
fact gbout tﬁe diss;gciatior? ener de%:rease is that it gets Igr oPhato-S,9-tris(dimethylsulfoxide-O)-europium(ll): tetrakis(O,O-di-

. g 9y . 9 g isopropy! dithiophosphato-S)Seuropium(lll) (). ' Nagai, K.; Sato,
for the smaller lanthanide cations. This leadsatehange of Y.; Kondo, S.; Ouchi, ABull. Chem. Soc. Jpri983 56, 2605.) Imai,
order regarding the cation seleetty, i.e., the second ligand  T.; Shimoi, M.; Ouchi, ABull. Chem. Soc. Jpri.986 59, 669. Imai,
binds stronger to the larger cations. Between {R&pLaCl; T.; Nakamura, M.; Nagai, K.; Ohki, Y.; Suzuki, Y.; Shimoi, M.; Ouchi,
and (MePS)YbCl; the difference is 1.6 kcal/mol in favor of ~ A. Bull. Chem. Soc. Jpri986 59, 2115.' Plnkertonn,qA: A.; Schwarzen-
the former. If one just looks at the average per ligand gaﬁ'\j\; '?f-n%he'g‘- Slocéh Dre:]'tosn Tfag*%ZiZTﬁGﬁégngﬁr;%na éilnlA{-'
dissociation energies of both MRS ligands, the cation size chwarzenbach, L them. 50c., Dalton fra : :

S . erton, A. A.; Schwarzenbach, D.; Spiliadis,|Borg. Chim. Actal987,
selectivity almost vanishes (the values are 29.5, 30.1, and 30.1;5g g3,

kcal/mol for La, Eu, and Yb, respectively).

The reason for this order change becomes clear when onepear O-alkyl, instead of alkyl substituents (Table 4). The
looks at the neutral 1:1 complexes, in which the M@oiety  stryctures calculated by us are collected in Table 2, while
is distorted towards a tetrahedral shape. This effect gets strongekg|ected experimental parameters can be found in Table 4.
from Lq to Yp, with !ncreasing ligandmetal binding strength. Experimental LaS bond lengths (rows-16 in Table 4)
Accordingly, it also increases from MRS to E{PS and PPS range from 2.926 to 3.092A. For the JRSLaft complexes,
ligands (Table 1). When the second i ligand is attached ;e optained bond lengths from 2.486 to 2.585 A, which are
to M&PSMCE, this distortion is reversed again to an approxi- mych shorter. However, in these complexes the electron
mately planar shape of the MCsubstructure. This costs the  geficiency on the lanthanum is certainly very high, which causes
more energy the stronger the distortion is, which means it ”eedSvery strong interactions and therefore explains the shortS.a

the most energy in the case of Yb and causes the observed,ong |n the neutral ®SLaCh and (MePSyLaCl; complexes
change of order of selectivity. To prove this assumption we \ye ohtain bond lengths from 3.028 to 3.107 A. These values
have calculated the MESMC} complexes under the constraint 56 yithin the experimentally observed range. However, we want
of a planar MC} substructure. If one calculates the dissociation to point out that the LaS bonds in the experimental set of
energies of the second ligands relative to these CO”Strai”edcompounds should be somewhat longer than those in the
complexes, the original order of selectivity is reestablished (see computed set, due to increased ligafigand repulsion.
Table 1). Itis thus clear thate selectity of the f[hiqphosphoryl We know only one X-ray structure of a dithiophosphinate
ligands cannot be desed solely from the intrinsic properties complex of europium. In this complex the E6 distances (lines
of the sulfur-metal interactions in 1:1 ionic complexdsut is 7 and 8 in Table 4).range from 2.872 to 2.912 A As in the
the result qf the effectg of all ligands involved. . ... case of the lanthanum complexes, and for the same reason, the
Concerning geometrical features (Table 2), the main distinc- calculated [EWPSMP* type complexes show much shorter
tions between the 1:1 and the 2:1 neutral complexes are theEu_S bond lengths, from 2.386 to 2.472 A. In the neutra! R
Io.nger. S._M bond_s, in line with the corresponding lower PSEuC} and (MePSYEuUCEL complexes the calculated E$
dissociation energies. The-MCl bonds are also longer, due to  jisiances range from 2.907 to 2.987A, which is about 0.05 A
increased repulsions with the ligands, and/or reduced attractionsmore than in the experimental structure. However, as our main

bhy thg caglonl..'ll'he PSl—M anglﬁfs ﬁwe a few deﬁreei smqller concern is the comparison of energy trends and, furthermore,
than in the 1:1 complexes, which suggests that there IS Now,q gyryctures obtained do not deviate qualitatively from

significant crowding in the coordination sphere of the metal o, oriment, we conclude that the accuracy of the reported
atom. This is also indicative of the softer binding character of structures is fully sufficient.

the sulfur-lanthanide bond, when the coordination number of Concerning the binding mode of the cation, we notice that

the metal is increased. in the X-ray structures of dithiophosphinate complexes, the metal
displays a bridging coordination to the P$noiety, implying
therefore a bentPS—M angle. This feature can however hardly
4.1. Comparison of Calculated Structures to Related be compared to our systems.

X-Ray Data. We now will try to assess the reliability of the 4.2. Discussion of Possible Improvements to the Used
calculated structures. This is difficult because we know no Methods. In order to keep this work consistent with previous
experimental structures of thiophosphoryl complexes of lan- efforts3! and also to save computer time, we have concentrated
thanides. We therefore have to compare our results with on the HF method, thereby denying the effects of electron
experimental data obtained for dithiophosphinate complexes, correlation. As shown in refs 31 and 52, correlation effects
where the ligands formally have a charge—f. Most of them calculated on the DFT level have a significant impact on the

4. Discussion
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TABLE 5: Calculated Metal —Ligand Dissociation Energies 4.3. Comparison of Phosphoryl and Thiophosphoryl
AE (kcal/mol) from DFT Calculations (see Table 1 for Ligands. While phosphoryl and thiophosphoryl ligantisare
Definitions) isoelectronic and therefore basically have the same binding
DFT results capabilities, BPO is considered to be a hard base whi{fP &
complex AE AAE, AAEy is considered to be a soft ba¥eOne should expect that this
[HaPSLa}" 1717 00 leads to lower binding energies for the thlpphosphoryl com-
[HsPSEU}* +191.3 +19.6 459 plexes due to the hardness of the lanthanide cations. On the
[MesPSEUp +237.2 0.0 other hand it is conceivable that the thiophosphoryl ligands show
(MesPSyLaCls +20.4 0.0 more selectivity for the differently sized metals. However, only
(MesPSYEUCK +20.5 0.1 the first assumption holds. In the catiorlidV3* series the
(MesPS)YbCls 202 —0.2 dissociation energies of the thiophosphoryl complexes are about
TABLE 6: Selected Optimized DistancesI(; angstroms) and 80% of those of the phosphoryl complexes. In the neutkéCls
angles ¢, degrees) from DFT Calculations (see Table 2 for series they are less than 60%. The cation selectivity of the
Definitions) thiophosphoryl ligands is somewhat smaller than that of the
DET results phosphoryl ligands as well. For example, the difference between

the binding energy of RRO to L&" vs Yk is 42.9 kcal/mol

d r(S-M) r(P-S) r(M—Cl) o(P-S—M) o(S—M—ClI
compound  r(5=M) r(P=S) « ) o ) o ) or 14.3% of the total binding energy of [fBOYbE'. The same

wps 1.968 values for the corresponding complexes offPh are 40.1 kcal/
esPS 1.983 i - i
HsPSEF+ 2439 2165 179.5 mol or 16.3%. The dissociation energy difference aPEILaC}
MesPSEG* 2.410 2.205 179.6 and EsPOYbCkis 7.4 kcal/mol or 10.0% of the total value for
mesggéa(éfi g.ggg 3.833 %‘Egé 182-1 gg.g the latter. The same difference fozESLaC} and EEPSYbCh

€3 u . . . . . i 0, o
MeuPSYbG 5757 5049 2208 1078 1010 |sh2.9 kc?l/.rgol or 7.3%. Whe(;hi)r sllmélr?r t.:jends Wogld htO|db
(MePSyLaCl, 3.040 2035  2.729 105.7 89.3 when actinides are compared to lanthanides remains to be
(MesPSYEUCEL  2.917 2.037  2.629 106.3 90.7 investigated.
(MesPSpYbCl;  2.815  2.039 2541 106.7 91.8 While the dissociation energies of the thiophosphoryl com-

plexes are smaller than those of the phosphoryl complexes, we

dissociation energies and geometries obtained for some phosnotice that the trends are the same for both types of compounds.
phoryl complexes. We now want to expand this discussion to The influence of exchanging the substituent R or binding to a
some of the thiophosphoryl complexes covered here. different metal cation is basically equivalent. The same is true

Tables 5 and 6 show the dissociation energies and geometriegor the structures of the cationic species. Of course the bond
obtained using the BP86 functional with the same basis set asjengths to the oxygen atoms are shorter than those to the sulphur
in the HF calculations. For the charged complexes the dissocia-atoms but nevertheless all trends are the same. For the neutral
tion energies calculated on the DFT level are higher by about R,pOMClL phosphoryl complexes a linear®—M arrange-
40 kecal/mol, compared to their HF counterparts. However, the ment was assumed in ref 31 but more recent geometry
energy trends and, within a few kcal/mol, also tfiferences optimizations lead to a slightly bent coordinatfdrThe calcula-
in AE's are the same on the HF and the DFT level. For the tions reported here show that the thiophosphoryl compounds
dissociation energies of the neutral 2:1 complexes the valuesgre also bent, when counterions are taken into account.
obta@ned with DFT are smaller by a few kcal/mol than those 4 4 Binding Strength and Selectivity of Thiophosphoryl
obtained on the HF level. The differencesAe’'s caused by | jgands, Whether compounds containing thiophosphoryl groups
the change of the lanthanide cations get very close to zero, yre worth being investigated as ligands for lanthanide/actinide
leaving no significant trend in the series. However, generally separation cannot be clarified based solely on the results
the agreement of energy trends between HF and DFT is gpiained here. However, some points should be kept in mind
satisfying. _ when looking at this option. The calculations show that the
_ For the structures obtained on the DFT level the most thiophosphoryt-lanthanide interactions are intrinsically weaker
important change from the HF geometries is the shortening of 5 ess selective than the phospheignthanide interactions.
the lanthanide sulfur bond. This effect is stronger in the neutral However, these energies are still high, and comparable to those
compounds, where it amounts to about 0.07 A, compared t0 gptained with neutral amide or pyridine ligarfds he situation
only about 0.03 A in the charged ones. As can be seen from gpq i markedly improve with the dithiophosphinate ligands,
section 4.1, the DFT results for the £8 bond lengths are  yhich are negatively charged and can achieve a bidentate
therefore in better agreement with “experiment” than the HF pinging mode. The small preference of the thiophosphoryl ligand
values. The second important trend when going from HF 10 fo the different metals in the neutral cases makesétectie
DFT is the elongation of the sulftiphosphorous bond. Unlike properties dependent on the other ligands present in the
the Ln—S bond shortening, this effect is stronger in the charged qqrgination sphere of the mefand on solvent effects, though.
complexes. Metatligand bond elongation upon changing from s js jllustrated by the change of the metal preference order
the HF to the DFT level is not uncommon. An example related \yhen going from the neutral 1:1 to the 2:1 complexes. It has to
to this work has been reported for dithiophosphinate complexespe concluded that when one searches for efficient extracting

i 49 . . . . . . ..
of zinc: , ) , _ . ligands, the basic properties, indices like proton affinity or even
As stated in section 2, we did not use a set of f-orbitals in intrinsic “gas phase” interaction energies in L™ complexes

Fhe _valenc_:e basis set of the Ianthanio_le qa_ltior_ls, as they arémay only be very rough guidelines.

implicitly included in the ECP. The justification for this

approach can be seen from the test calculation we did op Me :

PSEuUC4. Both the dissociation energy (Table 1) and the 5 Conclusions

geometry (Table 2) do not change significantly upon the  The calculations reported here give insight in the intrinsic
introduction of f-orbitals and the effects are considerably smaller gas phase properties of the sutfumetal bond in thiophosphoryl
than those of electron correlation discussed above. complexes of lanthanides. They show that the thiophosphoryl
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group is a very effective ligand for trivalent lanthanide cations  (14) Martell, A. E.; Hancock, R. HMetal Complexes in Aqueous
but less strong and less selective than phosphoryl containingSelutions Plenum Press: New York, 1996.
ligands. 146(315) Hancock, R. D.; Martell, A. EAdv. Inorg. Chem1995 42, 89—

The substituents R on the ligand play an important role for (1) pancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875-1914.
the dissociation energies of the cationic 1:1 complexes, buttheir 17y keparle, PAnN. Re. Phys. Chem1977, 28, 445-476.
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is almost purely ionic and linear. (33) Cosentino, U.; Moro, G.; Pitea, D.; Villa, A.; Fantucci, P. C.;
Maiocchi, A.; Uggerin, FJ. Phys. Chem. A998 102 4606-4614.
Acknowledgment. The authors are grateful to the EU for (34) zhu, Y.; Jiao, RRadiochim. Actal995 69, 191-193.
research grants (Marie-Curie F14W-CT98-5003 and Grant (35) Zhu, Y.Radiochim. Actal995 68, 95-98.
F14WCTO0022) and to CNRS IDRIS and Univefsit®uis (36) Hill, C.; Madic, C.; Baron, P.; Ozawa, M.; Tanaka, ¥. Alloys

Pasteur for allocation of computer resources. Compounds 99§ 271-273 159-162. o
(37) Desreux, J. F.; Boner, V. Private communication.

(38) Drago, R. S.; Vogel, G. C.; Needham, T. E.Am. Chem. Soc.
1971, 93, 6014-6026.

(39) Pearson, R. G.; SongstadJJAm. Chem. Sod.967, 89, 1827

Supporting Information Available: Calculated total ener-
gies in hartrees. Supporting Information is available free of

charge via the Internet at http://pubs.acs.org. 1836.
(40) Dunning, T. H.; Hay, P. J. IiIModern Theoretical Chemistry
References and Notes Plenum: New York, 1976; pp-128.

) ) . ) . . (41) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Atheoret. Chim. Acta989
(1) Cecllle, L.; Casarci, M.; Pietrelli, LNew Separation Chemistry 75, 173.

Techniques for Radiocte Waste and other Specific Applicatign§om- (42) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Atheoret. Chim. Acta993
mission of the European Communities; Elsevier Applied Science: London,

1091 85, 441.
, ; ; = (43) Ehlers, A. W.; Bame, M.; Dapprich, S.; Gobbi, A.; Hievarth,
355.(2) Rozen, A. M.J. Radioanal. Nucl. Chem., Articld$9Q 143,337 A.; Jonas, V.; Kaller, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
(3) Rozen, A. M.; Krupnov, B. VRuss. Chem. Re1996 65, 973~ Chem. Ph}/s. Let1993 208, 111. .
1000 and references cited therein. (44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
(4) Nash, K. L.Sob. Extract. lon Exch1993 11, 729-768. Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
5) Choppin, G. R.; Nash, K. LRadiochim. Actal995 70/71, 225— A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
236( ) PPt foch! S l V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
) ; . . Rai Wong, M. W.; Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, F. D.
62 %(?L)‘lgc;e{g%t'er, H.; Verboom, W.; Reinhoudt, D. Bl.Org. Chem1997 J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon,
(7) Boerrigter, H.; Verboom, W.; Reinhoudt, D. Nebigs Ann./Recueil '\P/I Gonzales, C.; Pople, J. &aussian 94Revision B.2.; Gaussian, Inc.:
1997 2247-2254. ittsburgh, PA, 1995. '
(8) Arnaud-Neu, F.; Bbmer, V.; Dozol, J.-F.; Gitmer, C.; Jakobi, (45) Peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, M.J.Comput.
R. A; Kraft, D.; Mauprivez, O.; Rouquette, H.; Schwing-Weil, M.-J.; Simon, Chem.1996 17, 49-56.
N.; Vogt, W.J. Chem. Soc., Perkin 2996 1175-1182. (46) Becke, A. DPhys. Re. A. 1988 38, 3098.
(9) Delmau, L. H.; Simon, N.; Schwing-Weill, M.-J.; Araud-Neu, F.; (47) Perdew, J. FPhys. Re. B 1986 33, 8822-8824.
Dozol, J.-F.; Eymard, S.; Tournois, B.;"Bmer, V.; Gritner, C.; Musig- (48) Boys, S. F.; Bernardi, Aviol. Phys.197Q 19, 553-566.

mann, C.; Tunayar, AJ. Chem. Soc., Chem. Comm(898 1627-1628.
(10) Lehn, J. M.Struct. Bondingl973 161, 1-69.
(11) Lehn, J.-MSupramolecular Chemistry. Concepts and Perspesti

(49) Jiang, S.; Dasgupta, S.; Blanco, M.; Frazier, R.; Yamaguchi, E. S.;
Tang, Y.; Goddard, W. AJ. Phys. Chem1996 100, 15760-15769.

VCH: Weinheim, 1995. (50) Teichmann, H.; Hilgetag, @ngew. Chem. Int. EA.967, 6, 1013
(12) Choppin, G. R. IPrinciples of Salent Extraction 1992 Rydberg, 1126. ) .

J., Musikas, C., Choppin, G. R., Eds.; M. Dekker: New York, 1992; pp  (51) Schurhammer, R.; Wipff, G. Unpublished data.

71-100. (52) Berny, F.; Muzet, N.; Troxler, L.; Dedieu, A.; Wipff, Gnorg.

(13) Marcus, Y.lon Sobation; Wiley: Chichester, 1985. Chem.1999 38, 1244-1252.



