‘CMPO-substituted’ calix[4]arenes, extractants with selectivity among trivalent
lanthanides and between trivalent actinides and lanthanides
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Calix[4]arenes substituted by acetamidophosphine oxide
groups at their wider (upper) rim not only exhibit excellent
extraction efficiency towards trivalent cations but also show
pronounced selectivity for the light lanthanides and acti-
nides in their extraction from highly saline or acidic
media.

Calixarenes! are readily available molecular platforms, on
which various functional groups may be assembled in a well
defined mutual arrangement. Numerous cation extractants
derived from calixarenes have been developed in the past
decade, in which the preorganization of ligating functions adds
favorably to their specificity.2 Crown ethers derived from
calix[4]arenes fixed in the 1,3-alternate conformation may be
cited as one of the most typical examples, showing the highest
potassium over sodium (crown-5)3 and caesium over sodium
(crown-6)4 selectivities ever reported.

Carbamoylphosphine oxides 1 (CMPOs) are known to
extract trivalent cations from highly acidic and highly saline
media,5 and laisindustrially used in the TRUEX process. The
extracted complex requires three molecules of 1a per cation,”
thus attachment of CMPO-like functions to the calixarene
scaffold in the cone conformation should achieve cooperativity.
Indeed, calix[4]arenes such as 2a bearing four diphenyl
acetamidophosphine oxide functions on the wider rim8 are
powerful extractants for europium and tri- and tetravalent
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actinides with an efficiency highly superior to that of 1a. Here
we compare the two ligands 1a and 2a8 with respect to their
extraction efficiencies towards nine lanthanides (La, Pm, Sm,
Eu, Gd, Th, Ho, Er, Yb) and two actinides (Am, Cm).
Extractions were followed by radiotracers and were quanti-
fied by the distribution coefficient of the metallic cation M (Dy
= 2[M]org,eqd Z[M]ag,eq)- The concentrations of 1a and 2a were
chosen to obtain comparable distribution coefficients. Prelimi-

nary experiments showed that the extraction kinetics are rapid;
all reported distribution coefficients are at equilibrium.

The behavior of CMPO 1a is in agreement with literature
data,> while we observe for 2a a marked decrease of the
distribution coefficients along the lanthanide series, from 140
for lanthanum to 0.19 for ytterbium (Fig. 1). Thiscorrespondsto
a separation factor (ratio of the distribution coefficients) of
nearly three orders of magnitude. It isimportant to point out that
distribution coefficients are independent of the equilibrium
agueous metal ion concentration. This eliminates any influence
of cation concentrations on the selectivity.

In order to determine one of the possible origins of the
selectivity, we modified the functional groups present on the
phosphorus. The observed size selectivity nearly disappears for
2b,® in which the phenyl groups of 2a have been replaced by
n-hexyl groups (Fig. 2). This observation is in agreement with
the results obtained for the two CM PO type molecules 1b and
1c.10 While the diarylphosphine oxide 1b shows a small
selectivity (separation factor D /D, = 10), no selectivity is
found for the dialkylphosphine oxide 1c. We can conclude,
therefore, that the attachment of four CMPO functions with
diphenylphosphine oxide groups to the calixarene skeleton
leads to a significant increase of their discriminating properties
towards lanthanides and actinides.

The selectivity discussed so far is related to the extraction of
trivalent cations from a highly saline but moderately acidic
medium. A topic of current interest is actinide- anthanide group
mixtures separation at high acidity, which, at low acid
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Fig. 1 Comparison of the extraction efficiencies of CMPO 1a and calixarene
2a. Organic phase: chloroform containing either [1a]ini; = 0.2 m or [2a]init
= 10-3 m. Aqueous phase: [NaNOg] = 4 m, [HNO3] = 10-2m, [Ln3*] =
10-6 m. Promethium and actinides were used at trace levels. Phaseratio 1:1.
T = 25 °C. Filled symbals: lanthanides; open symbols: actinides.
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Fig. 2 Comparison of extraction efficiencies of calixarenes 2a and 2b.
Organic phase: chloroform containing either [2a]iniy = 10—3 ™ or [2b]init =
10—3 m. Aqueous phase: [NaNOs3] = 4 m, [HNO3] = 10-2m, [Ln3*]inie =
10—6 m. Promethium and actinides were used at trace levels. Phaseratio 1:1.
T = 25 °C. Filled symbols: lanthanides; open symbols: actinides.

concentrations (pH > 1) can usually be achieved by extractants
containing soft donors (sulfur or nitrogen).11 Although a recent
publication shows that calix[6]arene derivatives bearing acid
and amide functions can be used for this group separation, the
same pH limitations (pH > 2.5) apply.12

We have repeated some of our experiments with 2a
extracting the trivalent cations from 3 m nitric acid (Fig. 3). We
observe essentially the same trend for both media (4 m sodium
nitrate or 3 m nitric acid), which suggests the selectivity is not
caused by a constituent of the agueous phase. In particular, the
potential interaction between nitric acid and the ligand has no
effect on the selectivity. The separation factor D /D, for 3 m
nitric acid (10.2) is slightly better than that for 4 m sodium
nitrate (7.5), and is probably one of the best ever obtained at this
acidity and thisionic strength.

In conclusion, calixarene 2a, and more general calix[4]arenes
bearing four CMPO moieties on their upper rim where the
phosphorus atoms are substituted with phenyl groups, are not
only excellent extractants for trivalent lanthanides and acti-
nides, they also exhibit remarkable selectivity based mainly on
the size of the cations. This selectivity can reach nearly three
orders of magnitude and remains even under strongly acidic
conditions. It does not yet allow complete actinide-anthanide
group mixtures separation but the separation factors could be
useful for the selective extraction of actinides (or light
lanthanides) from heavy lanthanides.
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Fig. 3 Extraction of trivalent lanthanides and actinides by calixarene 2a
from two different media, [NaNO3] = 4 M/[HNO3] = 0.01 m or [HNOs] =
3 ™. Organic phase: chloroform containing [2a]ini: = 10—3 m. Aqueous
phase: [Ln3*];,iy = 10—6 m. Promethium and actinides were used at trace
levels. Phase ratio 1:1. T = 25 °C. Filled symbols: lanthanides; open
symbols: actinides.

Notes and References

1 E-mail: simon@desdcad.cea.fr, schwing@chimie.u-strasbg.fr
F Present address: ORNL, CASD/Chemical Separations Group, Oak Ridge,
TN 37831-6119, USA.

1 V. Bohmer, Angew. Chem., 1995, 107, 785.

2 M. A. McKervey, M. J. Schwing-Weill and F. Arnaud-Neu, in
Comprehensive Supramolecular Chemistry, ed. G. W. Gokel, Perga-
mon, Oxford, 1996, vol. 1, p. 537.

3 A. Casnati, A. Pochini, R. Ungaro, C. Bocchi, F. Ugozzoli, R. J. M.
Egberink, H. Struijk, R. Lugtenberg, F. de Jong and D. N. Reinhoudt,
Chem. Eur. J., 1996, 2, 436.

4 A. Casnati, A. Pochini, R. Ungaro, F. Ugozzoli, F. Arnaud-Neu, S.
Fanni, M. J. Schwing-WEéill, R. J. M. Egberink, F. de Jong and D. N.
Reinhoudt, J. Am. Chem. Soc., 1995, 117, 2767.

5 E. P. Horwitz and D. G. Kalina, Solv. Extr. lon Exch., 1984, 2, 179.

6 E. P. Horwitz, D. G. Kdina, G. F. Vandegrift and W. W. Schulz, Solv.
Extr. lon Exch., 1985, 3, 75.

7 E.P.Horwitz, K. A. Martin, H. Diamond and L. Kaplan, Solv. Extr. lon
Exch., 1986, 4, 449.

8 F. Arnaud-Neu, V. Bohmer, J. F. Dozol, C. Grittner, R. A. Jakobi, D.
Kraft, O. Mauprivez, H. Rouquette, M. J. Schwing-Weill, N. Simon and
W. Vogt, J. Chem. Soc., Perkin Trans. 2, 1996, 1175.

9 The synthesis of 2b was carried out in analogy to 2a and will be
published separately.

10 M. N. Litvina, M. K. Chmutova, B. F. Myasoedov and M. |. Kabachnik,
Radiochemistry, 1996, 38, 494.

11 C. Musikas, Rapport CEA-CONF-7706.

12 R. Ludwig, K. Kunogi, N. Dung and S. Tachimori, Chem. Commun.,
1997, 1985.

Received in Cambridge, UK, 3rd April 1998; 8/02555J



