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Stereochemical substitution on tripod ligand significantly
offered efficient separation of trivalent actinides from trivalent
lanthanides. Liquid–liquid extraction using chiral tris(2-pyridyl-
methyl)amine ligands as an extractant exhibited high efficiency
and selectivity for trivalent actinides. A combination of chiral
ligand and 2-bromodecanoic acid further enhanced extraction
performance for trivalent actinides.

In biological systems, a cation is precisely recognized by a
ligand such as a natural ionophore in which chiral substituents
on the ligand give effective conformation for coordinating to a
specific cation.1 Thus, designing a bio-inspired ligand as a cat-
ion-specific ionophore has promising possibilities in develop-
ments of ion sensing as well as the precise separation.2

Some synthetic chiral ionophores have successfully demon-
strated that the chirality of the ligand well operated in recogni-
tion of achiral anions and metal cations. Tridentate pyridine po-
dands, bis(2-pyridylmethyl) 2,6-pyridinedicarboxylate deriva-
tives, which have chirality on the methylene group of the termi-
nal pyridyl groups, exhibited the enhanced stability constants for
the Ag(I) complexation.3 The chiral tris(pyridylmethyl)amines
(Figure 1) also offered the luminescence enhancement of Eu(III)
and Tb(III).4

Separation of trivalent actinides [An(III)] from trivalent
lanthanides [Ln(III)] is one of the most challenging endeavors
in analytical and separation science, because of the similarity
of their chemical properties. One promising approach is to use
a soft-donor ligand based on its preferable coordination to softer
An(III). Some sulphur donor ligands significantly separated
An(III) from Ln(III), and nitrogen-donor ligands further have
practical advantage due to their combustibility.5–8

Tripodal pyridine ligand is one of the promising ligand
systems for effective separation of An(III). For example, liq-
uid–liquid extraction with tris(pyridylmethyl)amine (tpa) and
tris(pyrazylmethyl)amine (tpza) was reported to exhibit the se-
lectivity of An(III) over Ln(III).9 Taking the advantage of chiral
nitrogen-donor ligands for the separation of An(III) from Ln(III),

we develop below the liquid–liquid extraction of An(III) from
Ln(III) using chiral tris(pyridylmethyl)amines, (R)-1, (R,R)-2,
and (R,S)-2, as shown in Figure 1.10 This novel separation
system remarkably exhibited high selectivity to the An(III)
over Ln(III) driven by chiral ligands and hydrophobic counter
anions.

To assess the effects of the ligand substitution on the sepa-
ration of An(III),11 a combination of tripod ligands with three
different types of counter anions, picric acid (Pic), decanoic acid
(Dec), and 2-bromodecanoic acid (Br-Dec), were investigated
which are highly hydrophobic enough to promote liquid–liquid
extraction. Table 1 shows the distribution ratios of Am(III)
and Eu(III) with chiral tripod ligands in conjunction with three
hydrophobic counter anions. In each case, the distribution ratio
of Am(III) was higher than that of Eu(III). This tendency reflects
the fact that these chiral tripod ligands favour Am(III) to Eu(III).
It was observed that the distribution ratio of Am(III) and Eu(III)
with the mono-substituted (R)-1 was higher than those with
di-substituted (R,R)-2 and (R,S)-2. Since the distribution ratio
of Eu(III) with tpa and dec was remarkably high, 0.25, at
pH 5.18 under a similar condition to Table 1, the ligand sub-
stitution would depress the extractability of An(III) and Ln(III).
It was reported that the stability constants of lanthanide com-
plexes with these substituted ligands were almost the same.4c

The difference in distribution ratios, therefore, might be due to
solvation or solubility of extracted complexes in the organic
phase. When Pic or Dec was used, the distribution ratios were
relatively small, but the increased distribution ratio was ob-
served with Br-Dec. Since it was reported that the three ligands
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Figure 1. Structures of chiral tripod ligands.

Table 1. Distribution ratio of Am(III) and Eu(III) with chiral
ligands and various counter anionsa

Counter
Ligand pH

Distribution ratio

anion Am(III) Eu(III)

(R)-1 4.73 1.86 0.23
Pic (R,R)-2 4.73 0.077 0.0068

(R,S)-2 4.71 0.0048 0.00037

(R)-1 4.70 0.12 0.011
Dec (R,R)-2 4.70 0.019 0.0011

(R,S)-2 4.74 0.044 0.0018

(R)-1 4.76 52.3 5.42
Br-Dec (R,R)-2 4.78 14.2 0.67

(R,S)-2 4.76 26.8 0.95
a1:0� 10�2 M of ligand, 1:0� 10�2 M of picric acid, 1:0�
10�2 M of decanoic acid, 1:0� 10�2 M of 2-bromodecanoic
acid in nitrobenzene and I ¼ 1:0� 10�1 M NaNO3.
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participated in the extraction of An(III) and Ln(III) by means of
tpa and Br-Dec, similar extraction equilibria of An(III) and
Ln(III) were presumed in these substituted ligand systems.9

These suggest that an optimum separation system could be com-
posed by the combination of substituted ligands and counter
anions.

Figure 2 shows the comparison of the separation factors
(SFs)12 between Am(III) and Eu(III) with chiral tripod ligands,
which are higher than 10 in all the cases. Since SFs with tpa
and tpza were reported as 1.9 and 10, these chiral ligand systems
are auspicious to separate An(III) from Ln(III). The SFs ob-
served with (R,R)-2 and (R,S)-2 are much higher than that with
(R)-1 in the presence of three counter anions. In particular, meso
isomer of di-substituted tris(pyridylmethyl)amine, (R,S)-2, re-
duced the extractability of An(III) and Ln(III), but remarkably
enhanced the selectivity to An(III) over Ln(III). The ligand
substitution apparently provided a favorable coordination to
Am(III) than to Eu(III). The extractability of the di-substituted
ligand was improved by the proper choice of counter anions.
The SFs increased in order as follows: Pic < Dec < Br-Dec.
Since Br-Dec was the most efficient counter anion for selective
extraction of Am(III), a proper combination of highly substituted
nitrogen donor ligand and hydrophobic counter anion offered
efficient separation system of An(III) from Ln(III). Further
experiments on the elucidation of the liquid–liquid extraction
of An(III) and Ln(III) and structural studies of extracted com-
plexes are in progress.

This work was partly supported by a Grant-in-Aid of Sci-
ence Research (No. 17350030) from the Ministry of Education,
Culture, Sports, Science and Technology. The authors are grate-
ful to Dr. Zenko Yoshida and Dr. Shoichi Tachimori for their
valuable comments on this project.

References and Notes
1 a) D. A. Doyle, J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M.

Gulbis, S. L. Cohen, B. T. Chait, and R. MacKinnon,
Science, 280, 69 (1998). b) L. Canet and P. Seta, Pure Appl.
Chem., 73, 2039 (2001).

2 a) H. Tsukube, K. Yamashita, T. Iwachido, and M. Zenki, J.
Org. Chem., 56, 268 (1991). b) T. Nabeshima, T. Takahashi,
T. Hanami, A. Kikuchi, T. Kawabe, and Y. Yano, J. Org.
Chem., 63, 3802 (1998).

3 a) H. Tsukube, S. Shinoda, J. Uenishi, T. Hiraoka, T.
Imaoka, and O. Yonemitsu, J. Org. Chem., 63, 3884
(1998). b) H. Tsukube, T. Yamada, and S. Shinoda, Ind.
Eng. Chem. Res., 39, 3412 (2000).

4 a) T. Yamada, S. Shinoda, J. Uenishi, and H. Tsukube,
Tetrahedron Lett., 42, 9031 (2001). b) T. Yamada, S.
Shinoda, and H. Tsukube, Chem. Commun., 2002, 1218.
c) T. Yamada, S. Shinoda, H. Sugimoto, J. Uenishi, and H.
Tsukube, Inorg. Chem., 42, 7932 (2003).

5 a) Y. Zhu, Radiochim. Acta, 68, 95 (1995). b) G. Modolo and
R. Odoj, Solvent Extr. Ion Exch., 17, 33 (1999).

6 I. Hagström, L. Spjuth, �A. Enarsson, J. O. Liljenzin, M.
Sk�aalberg, M. J. Hudson, P. B. Iveson, C. Madic, P. Y.
Cordier, C. Hill, and N. Francois, Solvent Extr. Ion Exch.,
17, 221 (1999).

7 Z. Kolarik, U. Mullich, and F. Grassner, Solvent Extr. Ion
Exch., 17, 23 (1999).

8 L. Karmazin, M. Mazzanti, C. Gateau, C. Hill, and J. Pécaut,
Chem. Commun., 2002, 2892.

9 R. Wietzke, M. Mazzanti, J.-M. Latour, J. Pécaut, P.-Y.
Cordier, and C. Madic, Inorg. Chem., 37, 6690 (1998).

10 Synthesis and characterization of these chiral ligands:
see Ref. 4c. Their stereochemical purity was determined to
be >95%.

11 A general procedure for liquid–liquid extraction: Am(III)
and Eu(III) were used for evaluation of separation as a rep-
resentative of An(III) and Ln(III), respectively, because of
experimental convenience. An aqueous solution containing
both ca. 10�8 mol dm�3 241Am(III) and 152Eu(III) and
ð1:0{4:0Þ � 10�2 mol dm�3 counter anion was shaken with
an equal volume of organic solution containing ð1:0{20Þ �
10�2 mol dm�3 tris(pyridylmethyl)amines ligand ((R)-1,
(R,R)-2, or (R,S)-2) for 10min at pH 4.70–4.78 and 25:0�
0:5 �C. The adjustment of ionic strength (I) of the aqueous
phase was kept constant at 1:0� 10�1 mol dm�3 using so-
dium nitrate. After phase separation, the pH of the aqueous
phase was measured with a glass electrode. An aliquot of
each phase was taken out and the � activity was measured
at 59.6 keV for 241Am and 122 keV for 152Eu with a high
purity Ge detector. The distribution ratio (D) of Am(III)
and Eu(III) was calculated from the counting rates.

12 The separation factor is defined by DAm=DEu.

0

5

10

15

20

25

30

Pic
Dec

Br-Dec

S
ep

ar
at

io
n 

F
ac

to
r

(R)-1
(R,R)-2

(R,S)-2

Figure 2. Separation factors between Am(III) and Eu(III).
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