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Supramolecular ligands for the extraction of
lanthanide and actinide ions
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Interest in the isolation and recovery of lanthanide and actinide metals has gained recent attention due to

their increasing use in everyday materials (e.g. batteries, screens, sensors) as well as their application in

alternative energy production (e.g. nuclear power). However, the purification of these metals, both from

recycled materials and raw sources, is daunting due to the similar chemical properties of these elements.

This review focuses on the use of supramolecular, preorganized organic ligands as extraction agents in

liquid–liquid extraction systems to achieve the separation and recovery of f-elements. For the purposes of

this review, “supramolecular ligands” are those that append two or more chelating groups to a scaffold.

The synthesis of each ligand is presented, along with selections of the extraction results from each com-

pound. When appropriate, the extraction results of the supramolecular, preorganized ligands are com-

pared with their monomeric, commercial counterparts.

I. Introduction
A. Importance of f-elements and improved separation methods

The quest for viable alternative energy options along with
rapidly advancing technologies in medicine and materials
have placed an increasing focus on f-element chemistry in
recent years. Nuclear power is among the non-carbon produ-
cing alternative energy sources and has the potential to help
meet worldwide electricity demand while also reducing carbon
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emissions that threaten the health of the global ecosystem.1

Actinide (An) elements such as thorium, uranium, and pluto-
nium are of particular relevance to the nuclear fuel cycle due
to their inherent radioactive properties utilized within reac-
tors.2 The non-radioactive lanthanides of the f-element group
appear in this process as decay products of the An radio-
nuclides and are also well-documented for their unique optical
and magnetic properties. Lanthanide (Ln) metals such as euro-
pium and terbium display brilliant luminescence under the
appropriate conditions, making them useful for applications
in advanced display screens,3 sensors,4 and bioassays.5 The
magnetic properties of other Ln ions, including gadolinium
and neodymium, present opportunities for use in medical
imaging agents,6 computing,7 and advanced motors (e.g.,
within electric and hybrid vehicles).8

In considering further reliance on nuclear power, one fre-
quently cited drawback is the problem of storage and proces-
sing of the resultant waste products. Much of the nuclear
waste already in storage from past efforts along with the bypro-
ducts of current nuclear power processes consist of f-element
metal ions dissolved in acidic solutions. A major focus of
spent fuel processing involves the extraction of the radioactive
actinide metals from the less dangerous lanthanides.9 Given
the radioactivity of the Ans present in waste streams, these
materials require special handling and storage conditions; but
if efficiently isolated these isotopes could be recycled and used
for further energy production. The presence of lanthanides in
nuclear waste also complicates processing as these metal ions
effectively absorb the neutrons used in the treatment of long-
lived radionuclides by transmutation.10 The efficient removal
of Ln metals is therefore essential to improve upon current
nuclear waste remediation technologies and render nuclear
power more viable as an alternative energy source.

In addition to the impact on nuclear waste remediation,
many of the lanthanides present in the waste streams can also
be recycled and utilized in a variety of emerging applications.
As noted above, many current and developing technologies rely
on Ln metals, and the need for effective Ln separations is
further driven by the growing desire to recycle materials utiliz-
ing Ln metals (e.g., permanent magnets and hybrid car
batteries).11,12 There has also been an increased focus in recent
years on developing improved methods for purification of Ln
metals from raw sources (ground ores and minerals).13 It is
anticipated that such efforts would facilitate more efficient,
environmentally friendly methods for isolation of these metals
as well as open up new supply chains as their relevance in
modern society increases. Considering the ever-growing empha-
sis on the search for efficient An and Ln chelators as well as
alternative forms of energy, the design and implementation of
improved separation strategies for the f-elements has clearly
become an important goal of modern chemical research.

B. The liquid–liquid extraction approach to f-element
separations

Historically, separation strategies for An and Ln ions have
been largely based on the liquid–liquid extraction approach,

where the organic phase is a neutral organic solvent (e.g.
kerosene).9,14 While other methods have been explored in
recent years, including the use of ionic liquids as the organic
phase in liquid–liquid extractions,15–21 supercritical fluids,22

solid phase techniques,23,24 and redox based processes,25 tra-
ditional liquid–liquid extraction protocols have remained the
“industry standard” due primarily to issues of scalability and
compatibility with existing infrastructure. The concept of the
liquid–liquid extraction protocol for f-element separations is
similar to what is accomplished via a standard separatory
funnel extraction procedure. In the extraction context, metal
ions are initially dissolved in an aqueous solution (often nitric
acid) that is stirred vigorously with an organic solvent. Instead
of relying solely on the relative solubility of the metal ions in
the organic versus aqueous phases to accomplish extraction by
the organic solvent, as is typically done in a simple separatory
funnel extraction, an additional chelating agent (often an
organic, multidentate ligand) is added to the organic phase.
This ligand is the key component in achieving successful
metal ion extraction. During mixing of the two phases, the
organic ligand transitions to the aqueous phase, binds the
metal ion and creates a more hydrophobic metal–ligand
complex. It is advantageous here to create complexes where
the highly charged metal ion, along with its anions, are
hidden in the hydrophobic cavity of the ligand(s). This metal–
ligand complex is then extracted into the organic phase
(Fig. 1).

Given the nature of the liquid–liquid extraction process,
there are clearly many variables that affect the overall separ-
ations process both in terms of overall metal extraction
efficiency and regarding potential metal ion selectivity (e.g.,
preferential extraction of An versus Ln ions within a complex
mixture). Since the metal is removed from the aqueous phase
in the form of the intact complex, solubility of the metal–
ligand chelate is important and variation of the organic extrac-
tion solvent can be a major factor. Mixing times, temperature,
and relative concentrations of ligand and metal ion are all
potential variables that may significantly influence metal
extraction. However, central to this process remains the chelat-

Fig. 1 Schematic representation of liquid–liquid extraction process for
f-element separations. The colored spheres represent metal ions, dis-
solved initially in an acidic aqueous phase. Upon mixing, the chelating
agent, represented by a generic line-angle structure, binds and extracts
the metal ions into the organic layer in the form of metal–ligand
complex.
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ing agent itself, which is the focus of this review as detailed
further below. Ligand design in the area of f-element extrac-
tion applications is guided by well-established coordination
chemistry properties of these metals, leading to many classes
of chelating agents with a variety of creative architectures. For
example, choice of donor atoms has been examined particu-
larly in separating An from Ln metals for nuclear waste reme-
diation, as the softer An ions prefer soft, polarizable donor
atoms (e.g., sulfur).26 In attempts to achieve selective Ln extrac-
tion, challenges arise given the more uniform electrostatic
nature of bonding versus An ions and most transition metals
along with the relatively small size difference across the entire
Ln series.27 As a result, selective Ln/Ln extraction may be
achieved by slight differences in cavity size promoted by a
given ligand design along with changes in solvation and/or ter-
tiary complexes formed by additional anion binding within
the liquid–liquid extraction protocol. While many factors can
come into play, the fundamental challenge remains the design
of preorganized chelating ligands and supramolecular assem-
blies that are suitable for extracting the metal ion(s) of interest.

C. Current separation strategies

There are many different strategies currently being used to
achieve the separation of f-elements from one another and
from other metals. This review will focus on the use of pre-
organized, supramolecular organic ligands in the organic
phase of the liquid–liquid extraction process. This work has
been inspired by industrial processes such as PUREX
(Plutonium Uranium Recovery by EXtraction),28 TRUEX
(TRansUranium EXtraction process),29 and DIAMEX (DIAMide
EXtraction process).30 These processes involve the use of an

organic ligand dissolved in a hydrocarbon solvent (usually
dodecane or kerosene) to extract Ln and An ions out of a
highly acidic (1–5 M) nitric acid solution.9,26,31–36 Structures of
the monomeric ligands used in these three processes are
shown in Fig. 2a. In solution, it has been shown that these
ligands form complexes with Ln and An ions with 1 : 2, 1 : 3 or
1 : 4 metal–ligand stoichiometries. These complexes also
include nitrate anions as well as one or more solvent mole-
cules. The assembly of this multimeric complex is entropically
costly as it requires that at least seven separate molecules
assemble in solution to make one supramolecular complex
(Fig. 2b).

The authors of the work discussed in this review have
attempted to pay a portion of this entropic cost through
covalent bonds by appending the chelating groups shown in
Fig. 2a to multipodal scaffolds to produce chelating ligands of
higher denticity. The hope is that these “preorganized supra-
molecular ligands” will be more efficient ligands for Ln and
An ions (higher Ka) and will also be more selective for one
specific Ln or An ion, or particular groups of ions, over others.

D. Some things to consider

1. Scope of review. We have written this review to include
work targeted at Ln and An separations using liquid–liquid
extraction techniques, where the organic phase includes a
supramolecular ligand. The types of supramolecular ligands
included in this review consist of two or more chelating
groups tethered to one another using a scaffold. The ligands
are organized by research group, and are presented more-or-
less chronologically (with some overlap in the time frames
between authors). This order of presentation was chosen to

Fig. 2 (a) Structures of organic ligands used in the PUREX, TRUEX and DIAMEX solvent extraction processes; (b) depiction of the assembly process
that occurs during a liquid–liquid extraction protocol.
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highlight the evolution of this application of ligand design for
f-element chelation. We have not included here systems where
monomeric organic ligands are used and form aggregates in
solution, nor have we included systems that employ a solid
support. The hope is that these ligands will demonstrate
higher extraction efficiencies and better selectivities than their
monomeric counterparts. In the process of liquid–liquid
extraction the extracted species is often an ill-defined
“supramolecular” aggregate that contains the ligand(s), metal,
anion(s) and solvent molecule(s). Thus, the use of pre-
organized supramolecular organic ligands for metal extraction
purposes is logical, and may help to pay the entropic costs
involved in the formation of the extracted species as noted
above. At the end of this review we highlight a couple of supra-
molecular systems that incorporate a Ln or An ion into the
assembled structure where the extraction properties of the
complex have also been studied.

Please also note that for many of the systems discussed
below, the authors have characterized the metal–ligand com-
plexes in both solution and the solid state using, for example,
NMR, fluorescence, MS, and/or X-ray crystallography. Since
this review focuses on the design, synthesis and extraction pro-
perties of supramolecular ligands, we have included a minimal
amount of other experimental data here. We refer the reader to
the primary references for details regarding these other charac-
terization experiments.

2. Extraction efficiency vs. distribution ratio vs. separation
factor. There are three common ways to quantitatively describe
the ability of an organic ligand to remove metal ions from
aqueous solution. As a measure of effectiveness for each supra-
molecular ligand presented here, we will provide both a
percent extraction (%E) and a distribution ratio (D) value. The
definition of percent extraction (or “extraction efficiency”) is
the concentration of metal extracted into the organic layer
divided by the total concentration of metal present in the
experiment:

%E ¼ ½M�org=½M�total

Since these experiments begin with the metal dissolved in
an aqueous solution, the larger the %E value the better the
extractant.

Some authors prefer to report the extraction ability of their
ligands using a “distribution ratio” (D). The definition of a dis-
tribution ratio is the concentration of metal in the organic
layer divided by the concentration of metal in the aqueous
layer at the end of the experiment:

D ¼ ½M�org=½M�aq

Since these experiments also begin with the metal dissolved
in aqueous solution, the larger the number the better the
extractant. Here, a distribution ratio value of 1 would mean
that there is an equal distribution of metal between the
organic and aqueous layers (corresponding to an extraction
efficiency of 50%). Distribution ratios that are greater than one
represent a situation where more metal was removed to the

organic layer at the end of the experiment; those D values less
than one mean that more metal was left behind in the
aqueous layer.

Percent extraction and distribution ratio values can be
easily converted using the equations shown below. For conven-
ience, we have also included a brief table showing how %E
and D values are related (Table 1) to help the reader interpret
and compare any data that is presented.

%E ¼ ½D=ðDþ 1Þ� � 100

D ¼ %E=ð100�%EÞ

The final value used to describe the extraction character-
istics of a ligand is the “separation factor” (SF). The separation
factor compares the distribution ratios of one ligand for two
different metals, and is often used as a measure of how selec-
tive a ligand is for one metal over another.

SF ¼ ðDM1Þ=ðDM2Þ
Thus, a separation factor close to 1 indicates that the ligand

equally extracts both metals from aqueous solution (not particu-
larly selective). However, a large separation factor indicates that
the ligand extracts metal #1 at much greater amounts than
metal #2. For some applications, such as the recycling of bat-
teries with two or more Ln metals present, it is more important
for a ligand to be selective for one metal over another (large SF)
rather than a quantitatively good extractant overall (large %E
or D). For other applications, such as the removal of Ln ions
from spent nuclear fuel, a good overall Ln extractant may be
needed (%E and D) with less importance placed on the selecti-
vity of that extractant for one Ln ion over another. In this case,
the Ln/An separation factor would be more important.

3. Take caution when comparing numbers! It is difficult
to compare the extraction results of each set of ligands to one
another since, often times, the extraction experiments were
conducted using different nitric acid concentrations, ligand
concentrations, metal concentrations and organic solvents.
Our advice is this: while numbers within the same table of
this review article can more-or-less be compared to one
another, reader we encourage you to take caution when com-
paring numbers from one table to another as the experimental
conditions can vary widely. Furthermore, we have presented
here results looking at how the extraction behavior of the
ligands has been influenced by structural variations. We have

Table 1 Relationship between selected percent extraction (%E) and dis-
tribution ratio (D) values

%E D

1 0.01
10 0.1
25 0.3
50 1.0
75 3.0
90 9.0
99 99
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not focused our discussion on the influence that changes in
ligand concentration, metal concentration, nitric acid concen-
tration, and organic solvent had on the extraction process. The
authors of the primary references cited here have done this, to
varying degrees, and we encourage the reader to look to those
papers for more details regarding these experiments and the
effects of changes in extraction protocol.

4. A final note on synthesis. As part of this review we will
also highlight the synthetic strategy developed by researchers
to prepare each supramolecular ligand. Often times the syn-
thesis of these complicated compounds is not trivial as it
requires that high-yielding reactions occur at multiple sites,
and it is worth highlighting the creative and elegant efforts of
the synthetic chemists that carried out this work.

II. Supramolecular ligands used in the
liquid–liquid extraction of f-elements

As described above, we discuss in this review supramolecular
ligands that use a scaffold to tether two or more chelating
groups together. We also briefly discuss a few systems that
incorporate a Ln or An ion into a larger supramolecular struc-
ture, but only those systems where the extraction properties
have been studied. Selections of work that exploited
tetrapyridylethylene diamines, triphenylmethanes, resorcinar-
enes and calixarenes as scaffolds has been reviewed recently by
Verboom,37,38 Mori39 and Odinets.40 While many of the struc-
tures described in these papers fall under the umbrella of this
review, they are not included here to avoid redundancies in the
literature. For other examples of chelating, multidentate
ligands we refer the reader to reviews that cover studies using
pyridine rings,35 triazinylpyridine rings,33 phenanthrolines,26

and other nitrogen-containing heterocycles.26,41

A. Calix[4]arenes by Böhmer and co-workers

Böhmer and co-workers have utilized the calixarene scaffold to
present the CMPO group for the separation of Ln and An ions
for over two decades. While calixarenes are conformationally
flexible in solution, substitution of the aromatic rings with
alkyl chains or bulky groups can act to rigidify the macrocyclic
scaffold. Böhmer and co-workers have exploited this feature
throughout their research to present a wide variety of groups
that have been preorganized to recognize a Ln or An ion.

Discussion of this entire body of work is outside the scope of
this review,42–58 and a portion of this work has been reviewed
previously.37 We have chosen to include here a series of com-
pounds where the authors made small structural changes to
the groups on either the upper- or lower-rim of the calixarene
scaffold, and where these seemingly subtle changes had an
effect on the extraction properties of the target ligand. In
addition to the monomeric calix[4]arene based systems
described below, Böhmer and co-workers have also attached
these supramolecular ligands to solid supports45,59 and devel-
oped capsular systems in solution.60

1. Synthesis of calix[4]arene ligands substituted with
CMPO groups at the wide rim. To prepare the parent CMPO-
substituted calix[4]arenes studied by this group,42 the authors
began with the well-known tert-butylcalix[4]arene 1.61 The
hydroxyl groups at the narrow rim were deprotonated with
NaH and alkylated with a variety of R groups (Fig. 3). The tert-
butyl groups on the wide rim were then replaced with nitro
groups under standard nitration conditions, which were sub-
sequently reduced to amines using catalytic hydrogenation in
the presence of RANEY® nickel to give calixarenes 2. The
amino groups were then acylated with the activated ester 3 to
give the series of compounds A.

Böhmer and co-workers also prepared two compounds
where the CMPO groups were linked to the wide rim of a calix
[4]arene scaffold via an adamantane ring.49 The synthesis of
these molecules begins with the C-alkylation of calix[4]arene 4
with 3-carboxy-1-adamantol in the presence of trifluoroacetic
acid (Fig. 4).62 The hydroxyl groups on the calixarene ring were
then alkylated under standard conditions, and the carboxylic
acid groups were transformed to the corresponding acid chlor-
ides with thionyl chloride. Here the synthesis diverges, and
two different derivatives were prepared. To prepare the deriva-
tive B1 where the CMPO group is directly attached to the ada-
mantane ring, the authors transformed the acid chlorides into
acyl azides, which in the presence of heat and acid underwent
a smooth Curtius Rearrangement to give the tetraamine. For
the derivative B2 where there is one methylene unit between
the adamantane ring and the CMPO group, the authors
reacted the tetraacidchloride with ammonia to give the tetra-
amide, which was reduced to the tetraamine with lithium
aluminum hydride. Both tetraamines were acylated with the
p-nitrophenyl ester 3 (see Fig. 3 for this structure) to give final
compounds B1 and B2.

Fig. 3 Synthetic approach to wide-rim CMPO-substituted calix[4]arenes.
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An intriguing anionic derivative of compounds B that was
reported in 2011 is shown in Fig. 5. Here, the authors prepare
calix[4]arenes with two CMPO groups and two cobalt bis
(dicarbollide)−1 anions ([(1,2-C2B9H11)2-3,3′-Co]

−1) on the wide
rim (C).56 The bis(dicarbollide) anion was chosen for its high
level of both thermal and chemical stability, especially in
acidic solutions. It was also proposed that the incorporation of
two anions into the ligand structure would reduce the need to
cotransport nitrate anions with the target Ln or An metal upon
extraction. The synthesis of this derivative begins with the
dinitro-dihydroxycalix[4]arene 6, which was alkylated directly
with the dicarbollide 7. The nitro groups on the calix[4]arene
were then reduced with hydrazine in the presence of Pd on
alumina, and acylated with activated ester 3 to give the final
substituted calix[4]arene C.

2. Synthesis of calix[4]arene ligands substituted with
CMPO groups at the narrow rim. The Böhmer group also devel-

oped a synthetic route to prepare supramolecular ligands with
CMPO groups dangling from the narrow rim of a calix[4]arene
(Fig. 6). The synthesis began with the direct alkylation at the
wide rim of unsubstituted calix[4]arene 4 with 1-hydroxyada-
mantane to give tetra-adamantyl calixarene 9.63 From here, the
authors prepared three compounds with varying linker lengths
between the CMPO and the calix[4]arene to explore the effect
of linker length on ligand extraction ability (D1–3).49,55

Depending on the linker length, the calix[4]arene hydroxyl
groups were alkylated either directly or via a series of steps to
bear four phthalimide groups, which were removed under
Gabriel conditions (hydrazine hydrate) to give the primary
tetraamines 11. These amines were acylated with the activated
ester 3 to give the final ligands D1–3. In addition to these com-
pounds, the authors also prepared three closely related ligands
where the linker lengths between the calixarene and CMPO
were different within the compound (E1–3). A final derivative

Fig. 5 Synthesis of anionic bis(dicarbollide)-substituted calix[4]arene C.

Fig. 4 Synthesis of adamantyl-linked CMPO calixarene derivatives B1 and B2.
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included here is F51 where two of the CMPO groups have been
replaced with bis(dicarbollide) anions. The synthetic strategies
developed to prepare these compounds are similar to that
described for the preparation of C and D.

3. Separation results with Böhmer’s calix[4]arene ligands.
The Ln/An separation problem addressed by Böhmer and co-
workers is the need for more efficient ligands to treat nuclear
waste. The authors chose to look at the extraction ability of
their ligands for a selection of Ln and An ions, with special
attention paid to how selective each ligand was for one metal
versus another. Here, while specific percent extraction values
are important (how efficiently does the ligand extract a metal?),
what is just as important is the separation factor for each
ligand (how selectively does the ligand extract a metal?).

The initial calix[4]arene-based ligand of this work, A, rep-
resents a series of eight compounds that present four CMPO
units on the wide rim of a calix[4]arene, with straight chain
and branched -R groups on the narrow rim.42 The authors
reported that the identity of the -R group had little effect on
the extraction ability of the ligand; the results from a represen-
tative example (R = C18H37) are listed in Table 2. This specific
calix[4]arene ligand extracted Th4+ with a %E of 63% (1 × 10−4 M
ligand) and Eu3+ with a %E of 68% (1 × 10−3 M ligand;
organic solvent = dichloromethane). These %E values corre-

spond to distribution ratios (D) of 1.7 and 2.1. The authors also
prepared linear analogues of A, and found the extraction
ability of these oligomers, when present at a 1 × 10−3 M con-
centration, was markedly decreased compared to the parent
cyclic compounds with %E values of 78% for Th4+ and <3% for
Eu3+ (D = 3.5 and <0.03). This result suggests that the cyclic
calix[4]arene scaffold pre-organizes CMPO groups in a reason-
able geometry for the recognition of Ln and An ions.

When CMPO groups were linked to the wide rim of a calix
[4]arene via adamantyl groups (B2), the %E values for the
extraction of Eu3+ from 3 M nitric acid solutions decreased
slightly to 55% compared to the 68% value obtained in 1 M
nitric acid for compound A (Table 2). The authors also found
that the linker length between the adamantyl ring and the
CMPO group had an effect on the extraction performance of
this ligand, with the longer chain B2 performing better than
B1. Ligand B1, where the CMPO group was directly attached to
the adamantyl linker, demonstrated %E values for Am3+ and
Eu3+ of 21% and 16%, respectively out of 3 M HNO3 (ligand
concentration = 5 mM in CH2Cl2). Ligand B2, which has a
methylene spacer between the adamantane ring and the
CMPO group, extracted both Am3+ and Eu3+ under these same
conditions with %E values of 96%. The authors attribute this
difference in extraction ability to the hindered nature of the

Fig. 6 Synthesis of substituted calixarenes D, E and F bearing CMPO groups at the narrow rim.
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Table 2 Selected extraction results for ligands A through F. Unless otherwise stated – organic phase: 1 × 10−3 M ligand in CH2Cl2; aqueous phase:
1 × 10−4 M Ln or An nitrate in 1 M HNO3 at room temperature. %E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/
Maq]; SF = separation factor (DM1/DM2)

Ligand Structure %E D SF

Wide rim
A42 Th4+: 63a Th4+: 1.7 Th/Eu: 0.8

Eu3+: 68 Eu3+: 2.1

“Linear” A42 Th4+: 78 Th4+: 3.5 Th/Eu: >110
Eu3+: <3 Eu3+: <0.03

B249 Am3+: 65b Am3+: 1.9 Am/Eu: 1.6
Eu3+: 55b Eu3+: 1.2

“Monomer” B249 Am3+: <1c Am3+: <0.01 Am/Eu: ∼1
Eu3+: <11c Eu3+: <0.01

C56 Eu3+: 41d Eu3+: 0.69 —

Narrow rim
D349 (n = 4) Am3+: 58 Am3+: 1.4 Am/Eu: 1.6

Eu3+: 47 Eu3+: 0.9
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CMPO groups of ligand B1 since they are directly attached to
the bulky adamantane rings.

Interestingly, the authors prepared the monomeric version
of B2 (structure shown in Table 2) and determined its extrac-
tion ability in order to test if the preorganization provided by
the calix[4]arene scaffold influenced the performance of the
CMPO group. The monomeric B2 demonstrates a decreased
ability to extract both Eu3+ and Am3+ from nitric acid solutions
with %E values of less than 1%, even at ligand concentrations
that are more than an order of magnitude higher than the
supramolecular B2.

Extraction results from the third wide rim substituted calix
[4]arene discussed here, C, are also listed in Table 2.56 The re-
placement of two CMPO groups with anionic cobalt (bis)car-
bollide rings resulted in a decrease in the extraction efficiency
toward Eu3+ (note the change in organic solvent from CH2Cl2
to hexyl methyl ketone/hydrogentated tetrapropylene (HMK/
TPH)). This result is intriguing since it had been proposed that
the inclusion of anionic groups on the ligand would reduce
the need to remove nitrate anions from aqueous solution,
resulting in a more efficient extractant. The authors suggest
that the attachment of the CMPO groups directly to the calix[4]
arene aromatic rings, rather than via a flexible linker, may
have hindered the ability for ligand C to effectively chelate and
extract the Ln metal.

For the selection of narrow-rim substituted calix[4]arenes
described in this review, selected extraction results are sum-
marized in Table 2. For the series of compounds D and E,49

where the wide rim is substituted with adamantyl groups and
the narrow rim is substituted with CMPO groups linked via an
ether chain, the derivative with the best extractant perform-
ance is compound D3 with the longest linker between the
CMPO and the calix[4]arene. This compound extracted Eu3+

and Am3+ from 1 M HNO3 with %E values of 47 and 58,
respectively. As the linker lengths were sequentially decreased,
the extraction efficiency of this ligand also decreased. The
authors suggest that the greater flexibility of the chelating
groups in ligand D3 allowed for higher cooperative effects

upon metal binding. An additional derivative of compound D
that was prepared by the authors was F, where two of the
CMPO groups were replaced with anionic cobalt bis(carbollide)
rings.51,56 Here, the extraction of both Am3+ and Eu3+ from
HMK/TPH (1 : 1) was nearly quantitative with %E values of
>99% for derivative F, which has a CMPO linker length of four
methylene units.56 This result supports the authors’ previous
suggestions that the poor extraction ability of compound C was
due to the lack of a flexible linker between the calix[4]arene
and the CMPO group.

B. Pyridine N-oxides, dibenzofurans and dibenzothiophenes
by Paine and co-workers

The Paine group has exploited a variety of aromatic platforms
to display chelating groups for Ln and An ions. While the syn-
thesis of these compounds has been reported, along with their
coordination chemistry with Ln and An ions, we will discuss
here only those where the extraction chemistry has also been
studied.

The scaffolds we chose to describe in this review are the
pyridine-N-oxide, dibenzofuran, dibenzothiophene and diaze-
pane ring systems. A unique feature of each of these scaffolds
is that they serve a dual role of pre-organizing the chelating
groups as well as providing a potential hard or soft donor to
an incoming metal ion. Paine and co-workers have worked
with these structures for over 30 years, with reports dating
back to 1987. The beginnings of this work involved the decora-
tion of pyridine rings with substituted phosphine oxide
groups. These compounds have contained different -R groups
on the phosphorus atom, such as phenyl rings,64–67 alkyl
chains,68 cyclohexanes,69 amides,70 ethoxy and hydroxy
groups,71 trifluoromethyl-substituted benzenes72 and pyrazole
rings.73 We include here two of the initial compounds in this
series, G (“NOPO”) and H (“NOPOPO”), since some of their
extraction properties toward f-elements have been reported
and they are structurally related to the rest of the compounds
discussed in this section.

Table 2 (Contd.)

Ligand Structure %E D SF

F56 Am3+: >99d Am3+: >100 Am/Eu: ∼1
Eu3+: >99d Eu3+: >100

a [Ligand] = 1 × 10−4 M. b [HNO3] = 3 M. c [Ligand] = 4 × 10−2 M. dOrganic solvent = 1 : 1 hexyl methyl ketone/hydrogenated tetrapropylene
(HMK/TPH).
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1. Synthesis of pyridine N-oxide based compounds. In
1993 Paine and co-workers reported a synthetic scheme to
achieve the mono- and di-substituted pyridine N-oxide com-
pounds G and H (Fig. 7).67 The 2-methylchlorine derivative of
pyridine (12) was substituted with potassium diphenyl-
phosphine, and the phosphorus atom was oxidized with hydro-
gen peroxide to give the phosphine oxide 13. When this oxi-
dation is carried out at room temperature, the reaction con-
ditions leave the pyridine nitrogen atom untouched. However,
inclusion of acetic acid with hydrogen peroxide and heating to
60–65 °C results in formation of the pyridine N-oxide G.
Application of these synthetic conditions to 2,6-di(methylchloro)
pyridine results in formation of the bis-phosphine oxide H.

Paine and co-workers have also used the pyridine N-oxide
platform to present one or two CMPO groups to a willing Ln or
An ion (I–O, Fig. 8 and 9). For compounds I–L, the CMPO
group is attached to the aromatic scaffold via the central
methylene carbon.74 The synthesis of these chelators began
with deprotonation of phosphine oxide 13 with n-BuLi fol-
lowed by acylation with acid chloride 14 to give the CMPO
intermediate 15. Oxidation to the pyridine N-oxide I proceeds
smoothly with either hydrogen peroxide in acetic acid or
m-CPBA. This same route was used to prepare the di-substi-
tuted derivative J.75 Compounds K and L, with one additional
methylene unit between the pyridine ring and CMPO group,
were prepared by attaching CMPO 16 directly onto 2-(chloro-

Fig. 7 Synthesis of pyridine-N-oxide derivatives “NOPO” (G) and “NOPOPO” (H).

Fig. 8 Synthesis of CMPO substituted pyridine-N-oxide derivatives I–L.

Fig. 9 Synthesis of pyridine-N-oxide derivatives M–O.
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methyl)pyridine 12, followed by pyridine N-oxide formation
using H2O2 or m-CPBA.

Compounds M–O also present CMPO groups on a pyridine
scaffold, but for these derivatives the attachment site is
through the CMPO amide nitrogen atom (Fig. 9).76 The syn-
thesis of mono-substituted derivative M begins with the reac-
tion of acid chloride 19 with 2-(aminomethyl)pyridine.
Arbuzov chemistry with the resultant alkyl chloride followed by
N-oxidation with m-CPBA produced the desired compound in
good yield. The preparation of disubstituted CMPO derivative
N and the mixed phosphine oxide-CMPO system O followed
similar pathways. The Paine group has presented the synthesis
and Ln coordination chemistry of other pyridine N-oxide plat-
forms that are outside the scope of this review.77

2. Synthesis of dibenzofuran and dibenzothiophene
derivatives P–V. These scaffolds were derivatized to present two
phosphine oxide groups in complement to the oxygen, sulfur,
or sulfone donor of the aromatic ring (Fig. 10).78,79 Starting
with either dibenzofuran 21 or dibenzothiophene 22, the
dichloromethyl derivatives 23 and 24 were prepared in three
steps. Substitution of the chlorine atoms with Ph2PO2Et gave
target compounds P and Q. For the sulfur containing com-
pound Q, smooth oxidation to the sulfone R was achieved with
m-CPBA. Alternatively, attachment of the diphenylphosphine
oxide groups directly to the dibenzofuran scaffold was accom-
plished through a two-step lithium–halogen exchange reaction
to give S. These same conditions were used to derivatize the
dibenzothiophene scaffold, which was oxidized with m-CPBA
to give sulfone T.

Paine and co-workers have also appended the CMPO
group to a dibenzothiophene scaffold (Fig. 11).80 The syn-

thesis of this compound was achieved in a similar manner to
the chemistry described above, via chlorine substitution at
the benzylic carbon of dichlorodibenzothiophenone 24 (U).
The scaffold was further oxidized to the sulfone with m-CPBA
in methylene chloride to give compound V. Note that com-
pounds U and V were isolated as diastereomeric mixtures
(meso/rac 29/71).

3. Synthesis of 1,4-diazepane derivative W.81 The most
recent scaffold that has been used by the Paine group is the
1,4-diazacycloheptane ring (a.k.a. diazepane, Fig. 12). This
scaffold offers some rigidity for the presentation of chelating
groups, as well as two secondary amines where chelating
groups can be readily attached. In this work, the Paine group
appended phosphine oxide groups to the nitrogen atoms of
the diazepane ring via a 2,6-pyridine N-oxide linker using SN2
chemistry.

4. Extraction results with ligands G–W. The Ln and An ion
separation problem targeted by the Paine group has been the
removal of actinide ions from spent nuclear fuel. Since the
241Am isotope is responsible for a significant amount of the
alpha radioactivity present in nuclear waste, ligands that can
efficiently extract this ion out of acidic aqueous media are
desirable. Characterizing the ability of ligands to discriminate
between 241Am3+ and Eu3+ is often used as a preliminary test
to investigate the extraction potential for new compounds. For
the compounds described in this section, liquid–liquid extrac-
tion studies were carried out with a variety of nitric acid con-
centrations and organic solvents. For ease of comparison, we
tabulate here only the extraction results from experiments with
0.1 mM Eu(NO3)3 or trace 241Am in 1 M HNO3 with 10 mM
ligand in 1,2-dichlorethane.

Fig. 10 Synthesis of dibenzofuran and dibenzosulfone ligands P–T.

Fig. 11 Synthesis of CMPO-substituted dibenzothiophene and dibenzosulfone ligands U and V.
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For the extraction results summarized here (Table 3), bis-
substituted compounds J and H show the highest levels of
extraction of both Eu3+ and 241Am from solutions of nitric
acid. It seems the cavity created by a 2,6-disubsituted pyridine
N-oxide is an appropriate size and shape for the recognition of
f-elements. The increased extraction ability of J versus H could
be due to the presence of a bidentate CMPO group versus a
monodentate phosphine oxide. Ligand J also outcompetes the
monomeric CMPO as an extractant for 241Am and Eu3+ in
terms of both extraction efficiency and selectivity, with an
Am/Eu separation factor of 10.

Of this series of compounds, the poorest extractants out of
1 M HNO3 were K, M and R. As K and M are mono-substituted
ligands, this result is not surprising. The relatively modest
extraction ability of R, however, as the bis-substituted sulfone
merits consideration. The authors proposed that the low
extraction percentages for this compound may be due to the
poor solubility of this particular metal–ligand complex in
organic solvents, and/or the formation of only 1 : 1 metal–
ligand complexes under the extraction conditions.79 Since the
ligand is the hydrophobic portion of the metal–ligand
complex, complexes that contain a greater amount of exposed
ligand should be more soluble in the organic phase and
hence, will have a greater extraction ability.

C. Resorcin[4]arene and calix[4]arene ligands by Pellet-
Rostaing and co-workers

Pellet-Rostaing and co-workers have exploited a variety of
supramolecular approaches to address the selective extraction
of lanthanide and actinide metals. We will discuss here those
approaches that involved the use of resorcin[4]arene or calix[4]
arene scaffolds. We direct the reader to other work by this
group that involves the use of polymers,84 surfactants85 and
ionic liquids.86,87 Pellet-Rostaing and co-workers have also
investigated the use of simultaneous anion/cation recognition
in the extraction of NaCl88 and U(VI).89

1. Synthesis of resorcin[4]arene and calix[4]arene supramo-
lecular ligands. Pellet-Rostaing and co-workers attached digly-
colamide chelating groups to the upper rim of resorcin[4]
arenes and the bottom rim of calix[4]arenes. For the resorcin
[4]arene derivatives,90,91 the synthesis of the supramolecular
scaffold follows well-trodden paths, beginning with the con-
densation of 2-methylresorcinol 27 with acetaldehyde in acid
to give the macrocycle 28 (Fig. 13). Cavitand formation was
achieved by reaction of the phenol groups with dichloro-
methane, followed by benzylic bromination with NBS and sub-

stitution with sodium azide to give the tetraazide 30. This
azide was then reacted with three different alkynes in the pres-
ence of copper sulfate to give compounds AA, BB and CC.
Compound AA displays four alkyl chains from the upper rim,
while compounds BB and CC display diglycolamide groups
with either N-octyl or -decyl chains.

This group also decorated the bottom rim of t-butylcalix[4]
arene61 1 with diglycolamide groups92 as well as an azacrown
ether ring89 (Fig. 14). For compound DD, the diglycolamide
groups were appended to the calix[4]arene scaffold following a
similar methodology to that described above for the cavitand
derivatives. The calix[4]arene-crown ether hybrid compounds EE
and FF were prepared via selective alkylation of two phenol
groups on the lower rim of t-butylcalix[4]arene 1 to give the
diester 33. This compound was then condensed with diethyl-
eneamine 34 to form a crown ether-like macrocycle. The
remaining free amine on this ring was then alkylated with
either n-octyl or ethylhexyliodide to give compounds EE and FF.

2. Separation results with Pellet-Rostaing’s cavitand and
calixarene based ligands. A selection of results from the initial
extraction experiments with the diglycolamide decorated resorci-
narenes BB90 and CC91 are shown in Table 4. Both systems were
able to extract Ln(III) ions out of acidic media, with an increase in
%E as the ionic radius of the metal decreased. The authors inves-
tigated a variety of ligand concentrations in a toluene/iso-octanol
organic solvent mixture, as well as nitric acid concentrations
ranging from 1–5 M. In general, extraction efficiencies increased
as both the ligand and nitric acid concentrations increased.

To probe the system further, two control experiments were
carried out. First, the extraction ability of free diglycolamide
(TODGA) was also determined under the same experimental
conditions as that of CC (Table 4). This monomeric ligand
showed relatively poor ability to extract the series of Ln(III) ions
tested by the authors, with %E values of less than one. This
result suggests that the preorganization provided by appending
these chelating groups to the supramolecular scaffold may be
responsible for the improved extraction ability of ligands BB
and CC relative to free TODGA. The authors also tested the
ability of the resorcin[4]arene scaffold substituted with non-
chelating octyl chains (AA), to extract Ln(III) ions. This com-
pound showed no extraction ability for the seven Ln(III) ions
tested, even when this ligand was present in the organic layer
at four times the concentration of the metal in the aqueous
layer.91 This result suggests that neither the resorcin[4]arene
nor the triazole rings are responsible for the extraction of
Ln(III) ions in these experiments.

Fig. 12 Synthesis of 1,4-diazepane derivative W.
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Table 3 Selected extraction results for compounds G–W, with extraction conditions – aqueous phase: 0.1 mM Eu(NO3)3 or trace 241Am in 1 M
HNO3; organic phase: 10 mM ligand in 1,2-dichloroethane; 1 : 1 ratio of organic to aqueous volume, and 25 °C

Ligand Structure %E D SF (Am/Eu)

G67 Not reported Not reported —

H79 Eu: 9483 b Eu: 1583 b 1
Am: 9582 a Am: 2082 a

I74 Eu: 2 Eu: 0.02 5
Am: 9 Am: 0.1

J74 Eu: 90 Eu: 9 10
Am: 99 Am: 90

K74 Eu: <1 Eu: 2 × 10−3 0.4
Am: <1 Am: 8 × 10−4

L74 Eu: 7 Eu: 0.07 3
Am: 17 Am: 0.2

M76 Eu: <1 Eu: 2 × 10−4 0.3
Am: <1 Am: 6 × 10−5

N76 Not reported Not reported —

O76 Eu: 33 Eu: 0.5 0.4
Am: 17 Am: 0.2

P78 Eu: <1 Eu: 0.001 ∼1
Am: <1 Am: 0.001

Q79 Limited stability in HNO3 Limited stability in HNO3 —
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To address the problem of recycling Ln ions from perma-
nent magnets, Pettet-Rostaing and co-workers then deter-
mined the extraction ability of ligands BB and CC toward the
four common metals present in permanent magnets: Fe, B, Nd
and Dy.91 For a solution containing equimolar amounts of
each metal (6 mM) in 5 M nitric acid, solutions of 6 mM
ligand in toluene/10% octanol retained the ability to selectively
extract the smaller Dy(III) over Nd(III) while leaving virtually all
of the Fe and B metals in the aqueous layer. Ligand CC was
able to extract approximately 96% of Dy(III) from this solution,
along with only 36% of Nd(III). Compound BB performed com-
parably to this, with extraction percentages of 87% for Dy(III)
and 9% Nd(III). An interesting thing to consider with these

results, as the authors point out, is that although CC boasts
better extraction efficiencies for Dy(III) and Nd(III), BB demon-
strates better selectivity for these ions with a higher Dy/Nd sep-
aration factor of 68 (versus 38).

The ability of ligands BB and DD to operate as part of an
ionic liquid extraction solvent was also investigated.92 Both of
these ligands present the same chelating moiety to Ln(III) ions,
with BB using the upper rim of a resorcin[4]arene and DD
using the lower rim of a calix[4]arene as the supramolecular
scaffold. The ionic liquid employed for these experiments was
N-octyl-N-ethylpiperidiniumbis(trifluoromethylsulfonyl)imide
([EOPip]NTf2), and 10% 1-octanol (v/v) was included to
enhance solubilization of the organic ligands and to help

Table 3 (Contd.)

Ligand Structure %E D SF (Am/Eu)

R79 Eu: <1 Eu: 7 × 10−4 0.7
Am: <1 Am: 5 × 10−4

S78 Eu: 3 Eu: 0.03 0.7
Am: 2 Am: 0.02

T79 Eu: 1 Eu: 0.01 ∼1
Am: 1 Am: 0.01

U80 meso/rac 29/71 Eu: 5 Eu: 0.05 4
Am: 17 Am: 0.2

V80 meso/rac 29/71 Eu: 7 Eu: 0.07 1
Am: 8 Am: 0.09

W81 Eu: 7 Eu: 0.07 0.4
Am: 2 Am: 0.02

CMPO79 Eu: 1 Eu: 0.01 2
Am: 2 Am: 0.02

The numbers in this table were generated by estimating the D values from graphical representations in the original publications. The %E and SF
numbers were then calculated from these D values. Some error is inherent in each number in this table. a 20 mM ligand in CHCl3.

82 b 1 mM
ligand in 1,2-dichloroethane.83 %E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/Maq]; SF = separation factor
(DM1/DM2).
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prevent the formation of a third phase. Table 5 shows the
extraction results from this set of experiments, which were per-
formed on three Ln ions, La, Eu and Yb, that were chosen to
span the row. Once again, these experiments demonstrate that
these ligands extract the smaller Ln ion Yb(III) with a higher
efficiency than the larger Ln ion La(III). Out of 1 M HNO3,
Yb(III) is extracted with a %E of 99 with BB, and a %E of >99
with DD. When compared to %E values for La(III) extraction
of 5 and 3, respectively, these ligands display Yb/La separation
factors (SF) of ∼1100 and ∼5500. Under these conditions, as
the concentration of nitric acid is increased in these experi-
ments, the authors observed a slight decrease in extraction
ability.

The extraction ability and selectivity of this organic ligand-
ionic liquid system was also tested against a simulated magnet
leaching sample containing Nd, Dy, Fe and B.92 Both ligands
demonstrated significant selectivity for the extraction of Dy(III)
over Nd(III) with Dy/Nd separation factors of 167 (BB) and 94
(DD). Neither system extracted appreciable amounts of Fe or B
from the aqueous solution.

The final two compounds discussed here, EE and FF, were
studied as extractants for the uranyl ion.89 These structures are

somewhat unique in that they have sites for binding both the
uranyl cation and its counteranions. This work was carried out
to address the isolation and purification of U(VI) from uranium
deposits, which may contain other metals such as Mo(VI),
Zr(IV), Ti(IV), La(III), Ce(III) and Fe(III) as contaminants. An intri-
guing aspect of these ligands is that while the authors incor-
porate a focused area of hard oxygen donors for chelation of
the U(VI) metal cation, they also built in a positively charged
ammonium center that is well poised to bind to the sulfate
anions. Two variations of this parent structure were explored;
one with an octyl chain (EE) and one with an ethylhexyl chain
(FF) on the amine nitrogen.

For these two ligands, the compound bearing the
branched alkyl chain (FF) extracts UO2

2+ with a %E of 94 out
of 0.1 M H2SO4, versus 87%E with EE (extraction conditions
were: 20 mM ligand in 83 : 17 dodecane/octanol with 25 ppm
(∼5 × 10−5 M) metal). When compared to the six other metals
tested, the extraction of Mo(VI) was the closest to uranyl with
%E values of 84 (FF) and 74 (EE). The selectivity of these
ligands was demonstrated further as the %E values for
the extraction of the remaining five metals were all less
than 38%.

Fig. 13 Synthesis of diglycolamide-substituted cavitands AA–CC.
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D. Tri-NOx ligands by Schelter and co-workers

The rare earth separation problem targeted by the Schelter
group has been the recycling of Ln ions from materials such as
magnets, batteries and wind turbine generators. The initial
result reported for the Schelter ligand system involved the

separation of neodymium (Nd) and dysprosium (Dy) as they
are two of the Ln components that are found in sintered neo-
dymium magnets (a.k.a. “neomagnets”).11,93–95 Isolating these
two metals from discarded magnets is one approach to
increasing the supply stream of Nd and Dy, which have both

Fig. 14 Synthesis of calix[4]arene based ligands DD–FF.

Table 4 Selected extraction results for cavitand-based ligands AA–CC. Organic phase: 1 mM ligand/toluene-iso-octanol (90/10 v/v); aqueous
phase: 1 mM Ln(NO3)3 in 5 M HNO3

Ligand Structure %E D SF

AA91 0 0 —
R = C5H11
BB90 La: 1 La: 0.01 Eu/La: 15
R = octyl subs. diglycolamide Eu: 15 Eu: 0.17 Yb/Eu: 20

Yb: 77 Yb: 3.40 Yb/La: 300
CCa 91 Ce: 0 Ce: 0 Yb/Gd: 10
R = decyl subs. diglycolamide Gd: 67 Gd: 2

Yb: 95 Yb: 20

TODGAa 91 Ce: 0 Ce: 0 —
Gd: 0 Gd: 0
Yb: 44 Yb: 0.8

The numbers in this table were generated by estimating the D values from graphical representations in the original publications. The %E and SF
numbers were then calculated from these D values. Some error is inherent in each number in this table. a 4 mM ligand and 4 mM Ln(NO3)3.
%E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/Maq]; SF = separation factor (DM1/DM2).
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been categorized as “critical materials” by the U.S. Dept. of
Energy.96

1. Synthesis of H3Tri-NOx. This efficient synthesis began
with the reaction of 2-bromobenzylbromide 35 with aqueous
ammonia to give the trialkylamine 36 (Fig. 15).97 A halogen
exchange reaction with n-butyllithium followed by exposure to
2-methyl-2-nitrosopropane dimer resulted in formation of the
protonated H3Tri-NOx ligand GG.98 In more recent work,
Schelter and co-workers tuned the reactivity of this ligand by
incorporating methoxy groups into each of the aromatic rings
following a similar synthetic strategy (HH, “H3Tri-NOx

OMe”).99

These ligands, once deprotonated with a strong base, present
three hard, anionic oxygen donors and one relatively soft nitro-
gen donor to a prospective Ln ion. The tripodal amine motif
pre-organizes these four donors into a cavity that is appropri-
ate for the recognition of Ln and An ions.

2. Separation results with GG and HH. To determine the
extraction ability of the original TriNOx ligand GG, the
authors exposed equal amounts of Nd(OTf)3 and Dy(OTf)3 to
the H3TriNOx ligand in the presence of K[N(SiMe3)2]. This
mixture was then extracted with a minimal amount of
benzene, leaving a solid phase and a liquid organic phase.
The amount of Nd3+ and Dy3+ ion present in both phases was
quantified by inductively coupled plasma optical emission
spectroscopy (ICP-OES). Remarkably, after one round of
extraction the ratio of Dy to Nd in the solid phase was 94.5 to
5.4, and in the liquid phase was 4.6 to 95.4. This represents a
separation factor SNd/Dy of 303.

99 This performance compares
favorably with commercial processes using alkyl-substituted
phosphoric acids that exhibit a Nd/Dy separation factor of
41.5.100 Further studies by the Schelter group investigated the
ability to control the extraction properties of this ligand via

Table 5 Selected extraction results for diglycolamide containing ligands BB and DD. Organic phase: 2 mM ligand in ([EOPip]NTf2)/1-octanol (9 : 1
v/v); aqueous phase: 2 mM Ln(NO3)3 in 1 M HNO3. %E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/Maq]; SF = sep-
aration factor (DM1/DM2)

Ligand Structure %E D SF

BB92 La: 6 La: 0.06 Yb/Eu: 7
R = octyl subs. diglycolamide Eu: 94 Eu: 15 Yb/La: 1600

Yb: 99 Yb: 100 Eu/La: 250

DD92 La: 3 La: 0.03 Yb/Eu: 18
R = octyl subs. diglycolamide Eu: 92 Eu: 11 Yb/La: 6700

Yb: >99 Yb: 200 Eu/La: 370

The numbers in this table were generated by estimating the D values from graphical representations in the original publications. The %E and SF
numbers were then calculated from these D values. Some error is inherent in each number in this table.

Fig. 15 Synthesis of tripodal TriNOx ligands GG and HH.
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redox chemistry,101 as well as the effect of the organic
solvent.102

Separation work with the second generation TriNOxOMe

ligand HH used a similar extraction strategy to that described
in the previous paragraph, where a solid consisting of equi-
molar amounts of Nd- and Dy(TriNOxOMe) was exposed to an
organic solvent, and the amount of each Ln ion was quantified
in both the solid and liquid phases. For this ligand, a compar-
able Nd/Dy separation factor of 299 was obtained when the
starting TriNOxOMe mixture was extracted with benzene.
However, the difference in the performance of these two
ligands arose when the organic solvent was changed from
benzene to toluene. While the original TriNOx GG ligand pre-
sented a Nd/Dy separation factor of only 30 from toluene, the
second generation TriNOxOMe HH ligand’s separation factor
held at 254.

So the question is: why do these two seemingly similar
ligands have such different extraction properties? Please
remember that the extracted species in such experiments is
most likely not a simple monomeric Ln–ligand complex, but a
highly solvated, multimeric species. Schelter and co-workers
investigated the structures of these Ln–ligand complexes in
both solution (via 1H NMR) and in the solid state (X-ray crystal-
lography). It turns out that both ligands form 1 : 1 and
1 : 2 metal–ligand complexes, and an equilibrium exists
between these two species in solution.102 In C6D6, the parent
TriNOx ligand GG formed primarily dimeric Ln–ligand com-
plexes for the first half of the row (Ln = La to Eu), while mostly
monomeric complexes were seen for the second half of the
row (Ln = Tb to Lu, Y). This work was extended and separation
experiments were carried out between early and late-row
lanthanides. In general, the TriNOx ligand showed the best
separation factors for pairs of Ln ions that had the greatest
difference in ionic radii.

For the second-generation ligand TriNOxOMe HH, the
authors showed that the electron donating ability of the
methoxy groups caused pyramidalization of the nitrogen
atoms of the hydroxylamine groups, resulting in a slight
change to the cavity size and shape of the ligand. This slight
structural change of the ligand altered the solution Ln-
monomer/Ln-dimer equilibrium, resulting in a larger amount
of Ln-dimer present in solution. Since the Ln-dimer is more
soluble in organic solvents, this all culminated in the Nd-
TriNOxOMe dimer being extracted at a higher level into toluene
than the original Nd-TriNOx system. This study yet again
drives the point home that the molecular recognition of Ln
and An ions in the extraction process can be quite sensitive to
small electronic and structural changes in the ligands, and we
encourage researchers in this field to design systems that can
be tuned to investigate the effect of these changes.

E. Pillar[5]arenes by Lihua Yuan and Wen Feng

Yuan, Feng and co-workers have exploited the pillar[5]arene
scaffold to utilize phosphine oxides, CMPO groups and digly-
colamide chelating groups. These ligands present 10 func-
tional groups to a target lanthanide or actinide ion, and have

demonstrated the ability to act as efficient extraction agents.
The separation problem that these research groups chose to
approach was the separation of Ln ions (i.e. Eu3+) from An ions
(i.e. Am3+) in the treatment of spent nuclear fuel. These
research groups have also used the calixarene103 and oligara-
mide104 scaffolds to prepare extractants.

1. Synthesis of substituted pillar[5]arenes. First reported in
2008 by Ogoshi and co-workers,105 the pillar[5]arene scaffold
resembles the calix[5]arene macrocycle except that the linkage
between aromatic rings occurs at the 2 and 5 positions
(Fig. 16). The structural result is that while calixarenes have a
vase-like shape, pillar[5]arenes present functional groups at
both rims in a nearly parallel orientation. The synthesis of this
elegant structure is accomplished in one step by condensing
the 1,4-disubstitutedbenzene 37 with paraformaldehyde in the
presence of BF3-etherate to give the cyclic pentamer 38.

The series of dibromo- compounds 38 were then subjected
to nucleophilic substitution with sodium azide, followed by
reduction with catalytic hydrogenation to give the decaamines
39.106 These were acylated with diglycolamide groups bearing
an activated ester to give the deca-amides II.107 Yuan and co-
workers prepared pillar[5]arenes bearing CMPO groups (JJ)
using a similar synthetic strategy,108 and they also appended
phosphine oxides (LL) using Arbuzov chemistry.109–112

2. Separation and extraction properties of substituted
pillar[5]arenes. For the series of deca-diglycolamide com-
pounds II, the derivative with the greatest extraction ability for
both Eu3+ and Am3+ was II-2 with %E values of >99% and 95%
for Eu3+ and Am3+, respectively (organic phase = 1 mM ligand
in 1-octanol; aqueous phase = 10−5 M Ln or An nitrate in 1 M
HNO3).

107 This series of compounds all show greater extraction
ability than the monomeric digylcolamide TiPrDGA (Table 6),
which exhibits %E values less than 50% for both metals.
However, while the supramolecular ligands II were better
extractants for these metals, they were less selective for one
metal over the other with Am/Eu separation factors ranging
from 8.31 to 3.71 compared to an Am/Eu separation factor of
52 for the monomer TiPrDGA. The authors also investigated
the influence of nitric acid concentration on extraction ability
(0.1–4 M HNO3) and found that, in general, both the extraction
ability and selectivity of each ligand decreased with increasing
acid concentration. The exception to this being that at very low
levels of acid (0.1 M), the extraction ability of the ligands (D)
was quite low but the extraction selectivity (SF) was the highest
for each ligand.

The authors also investigated the extraction ability of com-
pounds II when an ionic liquid was used as the organic
solvent.113,114 In this case the ionic liquid, C8mimNTf2, acted
as both a solvent for and a guest of the pillar[5]arene macro-
cycle. Under similar extraction conditions to those described
above, (ligand concentration = 5.0 × 10−4 M), the authors
observed higher distribution ratios for the extraction of both
Eu3+ and Am3+ out of 1 M HNO3 (Table 6). The extraction
selectivity of these ligands also increased in the ionic liquid,
with Am/Eu separation factors ranging from 0.8 to 0.5 (versus
0.12–0.29 out of 1-octanol). Under these conditions the
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authors also quantified the extraction ability of II for Pu4+, Cs+,
Sr2+, UO2

2+ and PuO2
2+ and found that the ligands were selec-

tive for Am3+ and Pu4+ over the other cations.
For the series of CMPO-decorated pillar[5]arenes JJ, the

authors also investigated their ability to extract Eu3+ and Am3+

from aqueous nitric acid.108 The organic solvent system used
for these studies was a 95 : 5 (v/v) mixture of m-nitro(trifluoro-
methyl)benzene (m-NTFB) and n-octanol. The extraction abil-
ities of these ligands were similar to the diglycolamide-substi-
tuted series II, with the best overall extractant being JJ-3
having the longest tether between the scaffold and chelating
CMPO (Table 7). The selectivity of this ligand is also signifi-
cant with an Am/Eu separation factor of 13.0, which is much
higher than the diglycolamide derivatives. This is not too sur-
prising since the CMPO group is well known for its affinity for
actinide cations. When the ionic liquid C8mimNTf2 was used
as the organic solvent, the extraction efficiency of all three
ligands for Am3+ increased significantly, although the selecti-
vity for Am3+ vs. Eu3+ suffered as separation factors for all
three ligands were close to one.115 In separate work, the
authors also showed that these ligands were efficient extrac-

tants for the Th4+ cation out of nitric acid, with %E values
ranging from 97 for JJ-1 to >99 for JJ-3 (1 M HNO3, organic
solvent = C8mimNTf2).

116

For the series of phosphine oxide substituted ligands KK, the
authors found that the extraction properties of these compounds
were well suited for the separation of the uranyl ion (UO2

2+)
from other metals.109,112 The authors investigated a variety of
organic solvents ranging from dichloromethane to ionic liquids,
and this selectivity held under a variety of conditions.110,111

F. Use of tripodal amines by Biros, Werner and Odinets

The Biros, Werner and Odinets groups have used three
different tris-amine compounds as scaffolds to present three
CMPO groups to Ln and An ions. Given the preferred 3 : 1,
ligand to metal ratio for An coordination in solution with
monopodal CMPO,29 the use of tripodal scaffolds to anchor
three chelating groups for f-element binding and extraction
may prove advantageous. This approach has been utilized by
Scott and co-workers with a triphenoxymethane platform
leading to unique An selective extraction results.117 The inter-
ests of the Biros, Werner and Odinets groups involve the

Fig. 16 Synthesis of pillar[5]arene compounds II, JJ and KK.
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extraction of An ions from spent nuclear fuel mixtures and the
selective extraction of Ln ions as is needed for isolation and re-
cycling applications.

1. Synthesis of tripodal CMPO ligands. In 2012 Odinets
and co-workers reported the synthesis of a tripodal CMPO
ligand that employed the commercially available tris-(2-amino-
ethyl)amine (TREN, 41, Fig. 17a) as the scaffold, and hydro-
phobic phenyl rings on the CMPO phosphine oxide. The syn-
thesis of this multidentate ligand was accomplished via
straightforward amide coupling with acid chloride 42 to give
compound LL,118 while Biros and Werner later prepared this
compound using the activated ester strategy developed by
Böhmer.119 Biros and Werner also prepared the more hydro-
philic derivative MM using direct nucleophilic acyl substi-
tution of the ester 43 with the TREN tris-amine.120 In this com-
pound, the groups on the CMPO phosphine oxide were ethyl
esters. In further efforts to utilize preorganized CMPO ligands
with robust, multipodal scaffolds, Biros and Werner have
employed both the tris-(2-aminopropyl)amine (TRPN, 44) and
the tris-methylaminophosphine oxide (46)121 scaffolds.
Following similar synthetic strategies to those described above,
tripodal ligands NN119 and OO122 were prepared that contain
ethyl ester or phenyl rings on the CMPO phosphine oxide,
respectively (Fig. 17b and c).

2. Separation results with tripodal CMPO ligands. Selected
extraction results for tripodal ligands LL–OO are shown in
Table 8. Odinets and co-workers determined the extraction
ability of ligand LL in 1,2-dichloroethane for Ln and An metals
out of aqueous solutions with varying concentrations of nitric

Table 6 Selected extraction results for diglycolamide containing ligands II and TiPrDGA. Organic phase: 5.0 × 10−4 M ligand in 1-octanol or
C8mimNTf2; aqueous phase: 1 M HNO3. %E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/Maq]; SF = separation
factor (DM1/DM2)

Ligand Structure %E D SF
Organic solvent 1-Octanol (C8mimNTf2) 1-Octanol (C8mimNTf2) 1-Octanol (C8mimNTf2)

II-1113 Eu: 93 (>99) Eu: 12.4 (865) Am/Eu: 0.12 (0.8)
n = 1 Am: 60 (>99) Am: 1.5 (728)
II-2113 Eu: 98 (>99) Eu: 63 (1731) Am/Eu: 0.15 (0.7)
n = 3 Am: 91 (>99) Am: 9.6 (1164)
II-3113 Eu: 98 (>99) Eu: 52 (7803) Am/Eu: 0.29 (0.5)
n = 5 Am: 94 (>99) Am: 15 (4098)

TiPrDGA107 Eu: 34a Eu: 0.52a Eu/Am: 52.0a

Am: 1a Am: 0.01a

a Ligand concentration = 10 mM.

Table 7 Selected extraction results for CMPO containing ligands JJ.
Organic phase: 1 mM ligand in m-NTFB/n-octanol (95 : 5); aqueous
phase: 1 M HNO3. %E = extraction efficiency ([metal]extracted/[metal]total);
D = distribution ratio [Morg/Maq]; SF = separation factor (DM1/DM2)

Ligand Structure %E D SF (Am/Eu)

JJ-1108 Eu: 82 Eu: 4.54 1.91
n = 1 Am: 90 Am: 8.69
JJ-2108 Eu: 86 Eu: 6.17 1.73
n = 3 Am: 91 Am: 10.7
JJ-3108 Eu: 93 Eu: 13.1 13.0
n = 5 Am: 99 Am: 171
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acid, ammonium nitrate, and the ionic liquid [bmim][Tf2N].
118

To be consistent with the rest of this review, we will focus here
on the extraction results from 1 M nitric acid. Furthermore,
these research groups characterized the extraction abilities of
their ligands for many Ln ions along with the An ions Th4+

and UO2
2+. Summarizing all of these results is outside the

scope of this review, but we present here extraction data for
selected metal ions.

The phenyl substituted tripodal CMPO ligand LL was
studied by both the Odinets and Biros and Werner groups,
however the experiments were performed under different con-
ditions. For extraction experiments out of 1 M HNO3

(0.01 mM metal, 10 mM ligand in 1,2-dichloroethane)
Odinets and co-workers observed that ligand LL had a prefer-
ence for the light Ln ions La–Tb, and boasted percent extrac-
tion values ranging from 80% (La3+) to 50% (Tb3+) for these
ions.118 The extraction behavior was influenced by the con-
centration of nitric acid, with maximum extraction efficien-
cies for these metals observed at 3 M HNO3. When the extrac-
tion conditions were set at 1 mM ligand in CH2Cl2 with
0.1 mM metal in 1 M HNO3, extraction efficiencies dropped
sharply to mostly only single digit values, with a modest pre-
ference for those elements in the middle of the Ln row
(Gd, Tb) and Lu.119

Biros and Werner also studied the extraction efficiencies of
the structurally related tripodal CMPO ligands MM–OO. The
first alteration was to incorporate hydrophilic ethyl esters onto
the CMPO groups in place of the phenyl rings (ligand
MM).119,120 The major change observed in the extraction pro-

perties of this ligand was that the extraction efficiency for Tb3+

increased from 11% to 18%, while the values for all other Ln
ions dropped significantly or remained same. The next largest
percent extraction value with ligand MM was 9% (Ho3+), with
the reported values for Gd3+ and Dy3+ (the neighboring metals
of Tb3+) at 1% and 5%, respectively. When both the size and
flexibility of the scaffold was increased from TREN to TRPN
(ligand NN), virtually all extraction ability was lost.119 When
the size of the scaffold was decreased, and the hydrophobicity
of the CMPO groups was increased to give ligand OO, the
extraction ability shifted to the larger An ions Th4+ and UO2

2+

with percent extraction values of 47% and 44%.122 The authors
explained this last result by suggesting that the size of the
ligand was too small to allow all three CMPO groups to bind to
the metal, so the ligand bound the metal with only two groups
making, in essence, a larger binding pocket that better accom-
modated the larger An ions.

It is noteworthy that uranyl extraction was also seen to vary
significantly for this series of tripodal ligands as a function of
capping scaffold, with moderate extraction for the phosphine
oxide capped OO agent comparable to other similar, tripodal
CMPO systems117 and low extraction for the TREN-capped
ligand MM. The relatively low extraction efficiency seen for
MM is consistent with another tripodal, TREN capped diglyco-
lamide (DGA)-functionalized ligand reported by Mohapatra
and coworkers.123 As noted by the authors, the TREN–DGA
ligand exhibited poor UO2

2+ extraction under similar liquid–
liquid conditions due to steric issues and the inability of this
ligand motif to effectively complex the uniquely linear uranyl

Fig. 17 Synthesis of a series of tripodal ligands, LL–OO, that present CMPO groups.
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ion. The same may be said for the case of TREN based MM,
while OO likely exhibits the more open binding mode noted
above favoring extraction of such An ions.

3. Comparison of extraction results to previously discussed
ligands. This section represents a unique opportunity to
compare extraction results of different ligand types, since

some of these extraction experiments were carried out under
identical conditions. For instance, both Böhmer’s tetrapodal
calixarene ligand A (Table 2) and the tripodal phosphine oxide
capped ligand OO from the Biros and Werner groups present
CMPO groups bearing a –Ph substituent and were character-
ized with 1 × 10−3 M ligand in CH2Cl2 and 1 × 10−4 M

Table 8 Selected extraction values for tripodal CMPO ligands LL–OO. Organic phase: 1 mM ligand in CH2Cl2; aqueous phase: 0.1 mM metal in 1 M
HNO3. %E = extraction efficiency ([metal]extracted/[metal]total); D = distribution ratio [Morg/Maq]; SF = separation factor (DM1/DM2)

Ligand Structure %Ea Da SF

LL118,119 La: 6 (80) La: 0.06 (4) Tb/La: 1.7 (0.3)
Nd: 8 (67) Nd: 0.08 (2) Tb/Nd: 1.3 (0.5)
Eu: 4 (62) Eu: 0.4 (1.6) Tb/Ho: 1.3 (3)
Tb: 11 (50) Tb: 0.1 (1) Tb/Lu: 1 (5)
Ho: 7 (23) Ho: 0.08 (0.3)
Lu: 10 (17) Lu: 0.1 (0.2)

MM119,120 La: 5 La: 0.05 Tb/La: 4
Nd: 4 Nd: 0.04 Tb/Nd: 5
Tb: 18 Tb: 0.2 Tb/Ho: 2
Ho: 9 Ho: 0.1 Tb/Lu: 10
Lu: 2 Lu: 0.02 Tb/Th: 3
Th: 6 Th: 0.06 Tb/UO2: 2
UO2: 8 UO2: 0.09

NN119 La: 5 La: 0.05 Tb/La: 0.8
Nd: 4 Nd: 0.04 Tb/Nd: 1
Tb: 4 Tb: 0.04 Tb/Ho: 0.8
Ho: 5 Ho: 0.05 Tb/Lu: 1
Lu: 4 Lu: 0.04

OO122 La: 5 La: 0.05 Th/La: 18
Nd: 5 Nd: 0.05 Th/Eu: 8
Eu: 6 Eu: 0.06 Th/Tb: 22
Tb: 4 Tb: 0.04 Th/Lu: 11
Ho: 7 Ho: 0.08 Th/UO2: 1
Lu: 8 Lu: 0.08
Th: 47 Th: 0.9
UO2: 44 UO2: 0.8

A42 Th4+: 63b Th4+: 1.7 Th/Eu: 0.8
Eu3+: 68 Eu3+: 2.1

J74 Eu: (90) Eu: (9) Eu/Am: (10)
Am: (99) Am: (90)

aNumbers in parentheses are from experiments where the organic phase was 10 mM ligand in 1,2-dichloroethane, and the aqueous phase was
0.01 mM metal in 1 M HNO3. Also, please note that the numbers from this set of experiments were generated by reading the D values from
graphical representations in the original publication. The %E and SF numbers were then calculated from the D values shown. Some error is
inherent in each number in this table. b [Ligand] = 1 × 10−4 M.
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Ln(NO3)3 in 1 M HNO3. For ease of comparison the relevant
Böhmer data has been added to Table 8 above. The tetrapodal
calixarene ligand A extracted Eu3+ with 68%E, while the tripo-
dal ligand OO extracted this metal at a %E of 6%.
Interestingly, however, the tetrapodal calixarene ligand A
extracted 63% of Th4+ out of aqueous solution with 1 × 10−4 M
ligand, while the tripodal ligand OO required a ligand concen-
tration of 1 × 10−3 M to extract 47% of Th4+. Both CMPO-sub-
stituted ligands are better extractants for Th4+, which is not
surprising since CMPO groups are known for their higher
affinity for actinide metals. However, in both cases the tetrapo-
dal ligand A, which presents more chelating groups to the
metal, is the better extractant. We also note that ligand A is of
a higher molecular weight and much more hydrophobic than
OO. At this point, it is difficult to know what feature of the
ligand is more responsible for the greater extraction efficiency
without carrying out systematic studies that vary the either the
hydrophobicity or denticity of the ligand while keeping the
extraction conditions consistent.

Another set of ligands that were studied under similar
extraction conditions were those of the Paine (Table 3) and
Odinets groups. Here, the dipodal pyridine-N-oxide scaffold J
presents two phenyl-substituted CMPO groups and boasts a %
E for Eu3+ of 90% (extraction conditions: 1 × 10−2 M ligand in
1,2-dichloroethane, 1 × 10−4 M Ln(NO3)3 in 1 M HNO3). Under
the same extraction conditions, the tripodal ligand LL extracts
Eu3+ with only a 62%E. In this case, Paine’s N-oxide scaffold
presents an additional hard oxygen donor, which may be
partly responsible for its higher extraction efficiency.
Conversely, Odinet’s tertiary amine TREN scaffold is relatively
hydrophilic, and is likely protonated under the extraction
conditions.

G. Use of the 1,3,5-triethylbenzene scaffold by Rebek and co-
workers

Rebek and co-workers designed a series of supramolecular
structures to address the problem of UO2

2+ sequestration from
the Earth’s oceans.124 Rebek and co-workers have also
appended CMPO groups to resorcin[4]arene cavitands,
although the application of f-element separations was not the
focus of this work.125,126

1. Synthesis of tricarboxylic acid ligands based on a 1,3,5-
triethylbenzene scaffold. Rebek and co-workers prepared two
supramolecular ligands that present three carboxylate groups
based on the 1,3,5-triethylbenzene scaffold. The synthesis of
the first ligand begins with 1,3,5-tribromomethyl-2,4,6-triethyl-
benzene 47 made popular by Anslyn and co-workers
(Fig. 18).127 Substitution of the benzylic bromides with sodium
cyanide followed by hydrolysis under acidic conditions gives
the tricarboxylic acid 48.128 The carboxylic acids were then
esterified with methanol in acid, and reacted with hydrazine
hydrate to give the tri-acylhydrazide 49. Exposure of this com-
pound to three equivalents of Kemp’s anhydride acid chloride
50 resulted in the tripodal ligand QQ,129 where the three car-
boxylic acid groups are forced to occupy the same side of the
benzene scaffold by the alternating ethyl groups. Interestingly,
the amide hydrogen atoms of the ligand are positioned well to
interact with the oxygen atoms of a prospective uranyl ion.

Preparation of the second set of tripodal ligands follow a
similar synthetic pathway to that described above, and begins
with the bromine-substituted terphenyl compound 51
(Fig. 19).130 Exposure of this aryl bromide to butyl lithium
results in a smooth lithium–halogen exchange, which when
condensed with trialdehyde 52 results in the tripodal com-
pound 53. Oxidation of the alcohol groups with PCC followed

Fig. 18 Synthesis of supramolecular triscarboxylic acid ligand PP.
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by ester hydrolysis with acetic and hydrobromic acids gave the
tripdodal receptor QQ. Rebek and co-workers also prepared a
related derivative, RR, which has methylene groups, rather
than a carbonyl group, linking the terphenyl rings to the 1,3,5-
benzene scaffold. Reduction of the intermediate hydroxyl
groups was accomplished using triethyl silane and boron tri-
fluoride, again followed by hydrolysis of the ester groups
under acidic conditions.

2. Uranyl extraction results with tripodal ligands PP–RR.
Rebek and co-workers tested the ability of receptors PP–RR to
extract the uranyl ion from aqueous solutions, most notably
seawater. A variety of extraction conditions were tested for each
ligand, but we summarize only a selection here. For an
aqueous solution, buffered to pH 5 with acetate, that con-
tained 400 ppm UO2(NO3)3, receptor PP was able to extract
59% (D = 1.4) of the uranyl ion into the organic phase (0.6
equivalents ligand in CHCl3).

130 Notably, this extraction
efficiency held in the presence of ions commonly found in sea-
water (Cl−, Na+, Mg+, Ca2+, K+, SO4

2−). The authors then
attached this ligand to a solid resin, and this system recovered
85% of UO2

2+ from a aqueous solutions.131 To put these extrac-
tion numbers in context, the authors also carried out similar
experiments with the Chelex 100 resin, which is used in com-
mercial applications. Chelex 100 extracted 88% of UO2

2+ out of
an aqueous solution containing 400 ppm uranyl (buffered to
pH 5 with acetate). However, when this aqueous solution was
seawater (at pH 8.4, 400 ppb uranyl) while the Rebek resin’s

extraction efficiency held at 83%, Chelex 100 was only able to
extract 10% of the uranyl ion into the organic layer. As for
ligands QQ and RR, these compounds extracted UO2

2+ from
aqueous solutions, again buffered to pH 5 with acetate, with
extraction percentages of 22 and 23 (D = 0.3), respectively.

III. Scope and outlook

The guidelines for this review ask the authors to “aim to identify
areas in the field where further developments are needed”. The
results presented here have shown that a supramolecular
approach to the development of better Ln and An extractants is
advantageous and has resulted in extraction efficiencies and
selectivities that outweigh their monomeric precursors. To quote
Eric Schelter: “A molecular-based approach to RE separations is
desirable to probe how subtle changes in RE interactions with
organic molecules affect separation efficiencies”.99 One of the
most powerful ways to create systems that allow for these types
of subtle changes is through supramolecular structures.

As a group of synthetic chemists, perhaps we can begin to
build supramolecular systems that recognize the cation as well
as the anion through two separate binding sites. Such systems
should pay some of the enthalpic cost of extracting the anion
into organic solution by coordination to the ligand. Pellet and
co-workers have built such systems88,89 which have demon-
strated intriguing results.

Fig. 19 Synthesis of two tripodal receptors QQ and RR.
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Another strategy that is at the forefront of this field is the
incorporation of Ln or An ions into the supramolecular struc-
ture itself, in essence a type of templating effect.132 Bu and co-
workers have shown that the structure of metal organic frame-
works are influenced by the identity of the Ln ion that is in the
reaction mixture.133 Hooley and co-workers have shown that
self-assembling metal–ligand cages select one Ln ion over
another during the formation process.134 This concept was
also demonstrated by Sun and Bünzli, and it was then
exploited to develop an extraction system that demonstrated
an exceptional La/Lu separation factor of 87.7(!).135

Finally, we encourage researchers in this area to consider
designing supramolecular systems that completely surround
the target Ln or An ion. Rebek has demonstrated throughout
his career that the encapsulation of guests can have astound-
ing effects on the reactivity136 and conformation137 of the
sequestered species, and that small changes to the structure of
the encapsulator can have marked, and often unexpected,
effects on guest binding.138 His self-assembled system where
three 2,6-terphenyl carboxylic acids surrounded the uranyl ion
and created an encapsulation complex was able to extract 74%
of uranium from an aqueous solution in the presence of
excess NaCl.139 Two additional examples we present that are
specific to the binding of Ln ions come from: (1) Matt Allen’s
group with respect to the unique luminescence properties of a
crown-ether bound Eu2+ ion,140 and (2) the encapsulation of
Ln ions in the cavity of curcurbit[n]urils.141 All of the research
described in this review has shown that, although Ln and An
ions are similar in size, subtle changes in the structure of the
ligand can have a marked effect on extraction selectivity. These
effects should be multiplied as the ligands become more
complex and completely surround the target metal.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

The authors thank GVSU (CSCE, OURS, Weldon Fund), The
University of Tampa, and the National Science Foundation
(CHE-1725699, CHE-1559886) for financial support. We con-
gratulate Julius on his 75th birthday, and thank him for his
mentorship, friendship and inspiring contributions to the
field of supramolecular chemistry.

References

1 P. A. Kharecha and J. E. Hansen, Environ. Sci. Technol.,
2013, 47, 4889–4895.

2 N. Tsoulfanidis, The Nuclear Fuel Cycle, American Nuclear
Society, La Grange Park, 2013, pp. 478.

3 J.-C. G. Bünzli, Coord. Chem. Rev., 2015, 293–294, 19–47.

4 S. Comby, E. M. Surender, O. Kotova, L. K. Truman,
J. K. Molloy and T. Gunnlaugsson, Inorg. Chem., 2014, 53,
1867–1879.

5 M. Sy, A. Nonat, N. Hildebrandt and L. J. Charbonnière,
Chem. Commun., 2016, 52, 5080–5095.

6 J. Lux and A. D. Sherry, Curr. Opin. Chem. Biol., 2018, 45,
121–130.

7 B. Sprecher, Y. Xiao, A. Walton, J. Speight, R. Harris,
R. Kleijn, G. Visser and G. J. Kramer, Environ. Sci.
Technol., 2014, 48, 3951–3958.

8 D. Kim, L. E. Powell, L. H. Delmau, E. S. Peterson,
J. Herchenroeder and R. R. Bhave, Environ. Sci. Technol.,
2015, 49, 9452–9459.

9 A. E. V. Gorden, M. A. DeVore II and B. A. Maynard, Inorg.
Chem., 2013, 52, 3445–3458.

10 D. M. Whittaker, T. L. Griffiths, M. Helliwell,
A. N. Swinburne, L. S. Natrajan, F. W. Lewis,
L. M. Harwood, S. A. Parry and C. A. Sharrad, Inorg.
Chem., 2013, 52, 3429–3444.

11 K. Binnemans, P. T. Jones, B. Blanpain, T. Van Gerven,
Y. Yang, A. Walton and M. Buchert, J. Cleaner Prod., 2013,
51, 1–22.

12 S. M. Jowitt, T. T. Werner, Z. Weng and G. M. Mudd, Curr.
Opin. Green Sustain. Chem., 2018, 13, 1–7.

13 A. Kumari, R. Panda, M. K. Jha, J. R. Kumar and J. Y. Lee,
Miner. Eng., 2015, 79, 102–115.

14 N. N. Hidayah and S. Z. Abidin, Miner. Eng., 2018, 121,
146–157.

15 X. Sun and K. E. Waters, ACS Sustainable Chem. Eng.,
2014, 2, 1910–1917.

16 I. Billard and C. Gaillard, Radiochim. Acta, 2009, 97, 355–
359.

17 I. Billard, A. Ouadi and C. Gaillard, Anal. Bioanal. Chem.,
2011, 400, 1555–1566.

18 I. Billard, Ionic Liquids: New hopes for efficient lantha-
nide/actinide extraction and separation?, in Handbook on
the physics and chemistry of rare earths, ed. J.-C. G. Bünzli
and V. K. Pecharsky, Elsevier, Amsterdam, 2013, vol. 43,
pp. 213–273.

19 Z. Kolarik, Solvent Extr. Ion Exch., 2012, 31, 24–60.
20 X. Sun, H. Luo and S. Dai, Chem. Rev., 2012, 2012, 2100–

2128.
21 P. K. Mohapatra, Dalton Trans., 2017, 46, 1730–1747.
22 Z. Liyang, D. Wuhua, X. Jingming and Z. Yongjun, in

Extraction of actinides and lanthanides by supercritical
fluid, 18th International conference on nuclear engineering,
Xi’an, China, 2010, pp. 489–499.

23 J. Florek, S. Giret, E. Juère, D. Larivière and F. Kleitz,
Dalton Trans., 2016, 45, 14832–14854.

24 S. A. Ansari and P. K. Mohapatra, J. Chromatogr. A, 2017,
1499, 1–20.

25 Y. Liu, K. Liu, L. Luo, L. Yuan, Z. Chai and W. Shi,
Electrochim. Acta, 2018, 275, 100–109.

26 M. J. Hudson, L. M. Harwood, D. M. Laventine and
F. W. Lewis, Inorg. Chem., 2013, 52, 3414–3428.

27 J.-C. G. Bünzli, Acc. Chem. Res., 2006, 39, 53–61.

Organic Chemistry Frontiers Review

This journal is © the Partner Organisations 2019 Org. Chem. Front., 2019, 6, 2067–2094 | 2091



28 G. R. Choppin, J.-O. Liljenzin and J. Rydberg,
Radiochemistry and Nuclear Chemistry, Butterworth-
Heinemann, Woburn, MA, 3rd edn, 2002.

29 E. P. Horwitz, D. C. Kalina, H. Diamond, G. F. Vandegrift
and W. W. Schulz, Solvent Extr. Ion Exch., 1985, 3, 75–109.

30 A. P. Paiva and P. J. Malik, J. Radioanal. Nucl. Chem., 2004,
261, 485–496.

31 C. Hill, Overview of recent advances in An(III)/Ln(III) sep-
aration by solvent extraction, in Ion Exchange and Solvent
Extraction, ed. B. A. Moyer, CRC Press, Boca Raton, FL,
2010, vol. 19, pp. 119–193.

32 M. J. Hudson, F. W. Lewis and L. M. Harwood, The circui-
tous journey from malonamides to BTPhens: Ligands for
separating actinides from lanthanides, in Strategies and
tactics in organic synthesis, ed. M. Harmata, Elsevier,
Oxford, 2013, vol. 9.

33 P. J. Panak and A. Geist, Chem. Rev., 2013, 113, 1199–1236.
34 F. W. Lewis, M. J. Hudson and L. M. Harwood, Synlett,

2011, 2609–2632.
35 Z. Kolarik, Chem. Rev., 2008, 108, 4208–4252.
36 C. Ekberg, A. Fermvik, T. Retegan, G. Skarnemark,

M. R. S. Foreman, M. J. Hudson, S. Englund and
M. Nilsson, Radiochim. Acta, 2008, 96, 225–233.

37 H. H. Dam, D. N. Reinhoudt and W. Verboom, Chem. Soc.
Rev., 2007, 36, 367–377.

38 A. Leoncini, J. Huskens and W. Verboom, Chem. Soc. Rev.,
2017, 46, 7229–7273.

39 Y. Miyazaki, S. Suzuki, T. Kobayashi, T. Yaita, Y. Inaba,
K. Takeshita and A. Mori, Chem. Lett., 2015, 44, 1626–
1636.

40 E. V. Sharova, O. I. Artyushin and I. L. Odinets, Russ.
Chem. Rev., 2014, 83, 95–119.

41 F. W. Lewis, M. J. Hudson and L. M. Harwood, Synlett,
2011, 2609–2632.

42 F. Arnaud-Neu, V. Böhmer, J.-F. Dozol, C. Grüttner,
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, 1175–1182.

43 S. Barboso, A. Garcia Carrera, S. E. Matthews, F. Arnaud-
Neu, V. Böhmer, J.-F. Dozol, H. Rouquette and
M.-J. Schwing-Weill, J. Chem. Soc., Perkin Trans. 2, 1999,
719–723.

44 A. Arduini, V. Böhmer, L. H. Delmau, J.-F. Desreux,
J.-F. Dozol, M. A. Garcia Carrera, B. Lambert,
C. Musigmann, A. Pochini, A. Shivanyuk and F. Ugozzoli,
Chem. – Eur. J., 2000, 6, 2135–2144.

45 S. E. Matthews, P. Parzuchowski, A. Garcia Carrera,
C. Grüttner, J.-F. Dozol and V. Böhmer, Chem. Commun.,
2001, 417–418.

46 C. Schmidt, M. Saadioui, V. Böhmer, V. Host,
M.-R. Spirlet, J. F. Desreux, F. Brisach, F. Arnaud-Neu and
J.-F. Dozol, Org. Biomol. Chem., 2003, 1, 4089–4096.

47 F. Arnaud-Neu, S. Barboso, V. Böhmer, F. Brisach,
L. H. Delmau, J.-F. Dozol, O. Mogck, E. F. Paulus,
M. Saadioui and A. Shivanyuk, Aust. J. Chem., 2003, 56,
1113–1119.

48 P. Wang, M. Saadioui, C. Schmidt, V. Böhmer, V. Host,
J. F. Desreux and J.-F. Dozol, Tetrahedron, 2004, 60, 2509–
2515.

49 V. A. Babain, M. Y. Alyapyshev, M. D. Karavan, V. Böhmer,
L. Wang, E. A. Shokova, A. E. Motornaya, I. M. Vatsouro
and V. V. Kovalev, Radiochim. Acta, 2005, 93, 749–756.

50 F. Sansone, M. Fontanella, A. Casnati, R. Ungaro,
V. Böhmer, M. Saadioui, K. Liger and J.-F. Dozol,
Tetrahedron, 2006, 62, 6749–6753.

51 L. Mikulásek, B. Grüner, C. Dordea, V. Rudzevich,
V. Böhmer, J. Haddaoui, V. Hubscher-Bruder, F. Arnaud-
Neu, J. Cáslavasky and P. Selucky, Eur. J. Org. Chem., 2007,
4772–4783.

52 A. E. Motornaya, I. M. Vatsouro, E. A. Shokova,
V. Hubscher-Bruder, M. Y. Alyapyshev, V. A. Babain,
M. D. Karavan, F. Arnaud-Neu, V. Böhmer and
V. V. Kovalev, Tetrahedron, 2007, 63, 4748–4755.

53 C. Peters, D. Draekers, J. Droupa, O. Kasyan,
S. Miroshnichenko, V. Rudzevich, V. Böhmer and
J. F. Desreux, Radiochim. Acta, 2008, 96, 203–210.

54 F. Sansone, M. Galletta, E. Macerata, E. Trivellone,
M. Giola, R. Ungaro, V. Böhmer, A. Casnati and
M. Mariani, Radiochim. Acta, 2008, 96, 235–239.

55 I. Vatsouro, A. Serebryannikova, L. Wang, V. Hubscher-
Bruder, E. Shokova, M. Bolte, F. Arnaud-Neu, V. Böhmer
and V. Kovalev, Tetrahedron, 2011, 67, 8092–8101.

56 B. Grüner, V. Böhmer, C. Dordea, P. Selucký and
M. Bubeníková, J. Organomet. Chem., 2013, 747, 155–166.

57 V. Böhmer, CMPO-Substituted Calixarenes, in Calixarenes
for Separation, ed. G. Lumetta, R. Rogers and A. Gopalan,
ACS Symposium Series 757, American Chemical Society,
Washington, DC, 2000, pp. 135–149.

58 F. Arnaud-Neu, M.-J. Schwing-Weill and J.-F. Dozol,
Calixarenes for Nuclear Waste Treatment, in Calixarenes
2001, ed. Z. Asfari, V. Böhmer, J. Harrowfield, J. Vicens
and M. Saadioui, Kluwer Acad. Publ., Dodrecht/Boston/
London, 2001, pp. 642–662.

59 V. Böhmer, J.-F. Dozol, C. Grüttner, K. Liger,
S. E. Matthews, S. Rudershausen, M. Saadioui and
P. Wang, Org. Biomol. Chem., 2004, 2, 2327–2334.

60 V. Rudzevich, O. Kasyan, A. Drapailo, M. Bolte,
D. Schollmeyer and V. Böhmer, Chem. – Asian J., 2010, 5,
1347–1355.

61 C. D. Gutsche and R. Muthukrishnan, J. Org. Chem., 1978,
43, 4905–4906.

62 E. A. Shokova, A. E. Motornaya, A. K. Shestakova and
V. V. Kovalev, Tetrahedron Lett., 2004, 6465–6469.

63 A. N. Khomich, E. A. Shokova and V. V. Kovalev, Synlett,
1994, 1027–1028.

64 D. J. McCabe, A. A. Russel, S. Karthikeyan, R. T. Paine,
R. R. Ryan and B. Smith, Inorg. Chem., 1987, 26, 1230–1235.

65 X.-M. Gan, E. N. Duesler and R. T. Paine, Inorg. Chem.,
2001, 40, 4420–4427.

66 U. Engelhardt, B. M. Rapko, E. N. Duesler, D. Frutos,
R. T. Paine and P. H. Smith, Polyhedron, 1995, 14,
2361–2369.

Review Organic Chemistry Frontiers

2092 | Org. Chem. Front., 2019, 6, 2067–2094 This journal is © the Partner Organisations 2019



67 B. M. Rapko, E. N. Duesler, P. H. Smith, R. T. Paine and
R. R. Ryan, Inorg. Chem., 1993, 32, 2164–2174.

68 K. L. Nash, C. Lavallette, M. Borkowski, R. T. Paine and
X. Gan, Inorg. Chem., 2002, 41, 5849–5858.

69 X. Gan, B. M. Rapko, E. N. Duesler, I. Binyamin,
R. T. Paine and B. P. Hay, Polyhedron, 2005, 24, 469–474.

70 I. Binyamin, S. Pailloux, E. N. Duesler, B. M. Rapko and
R. T. Paine, Inorg. Chem., 2006, 45, 5886–5892.

71 X.-M. Gan, B. M. Rapko, J. Fox, I. Binyamin, S. Pailloux,
E. N. Duesler and R. T. Paine, Inorg. Chem., 2006, 45,
3741–3745.

72 S. Pailloux, C. E. Shirima, A. D. Ray, E. N. Duesler,
R. T. Paine, J. R. Klaehn, M. E. McIlwain and B. P. Hay,
Inorg. Chem., 2009, 48, 3104–3113.

73 S. Ouizem, D. Rosario-Amorin, D. A. Dickie, B. P. Hay and
R. T. Paine, Polyhedron, 2015, 101, 37–47.

74 D. Rosario-Amorin, S. Ouizem, D. A. Dickie, Y. Wen,
R. T. Paine, J. Gao, J. K. Grey, A. de Bettencourt-Dias,
B. P. Hay and L. H. Delmau, Inorg. Chem., 2013, 52, 3063–
3083.

75 D. Rosario-Amorin, D. A. Dickie, Y. Wen and R. T. Paine,
Phosphorus, Sulfur Silicon Relat. Elem., 2013, 188, 100–105.

76 S. Ouizem, D. Rosario-Amorin, D. A. Dickie, R. T. Paine,
A. de Bettencourt-Dias, B. P. Hay, J. Podair and
L. H. Delmau, Dalton Trans., 2014, 43, 8368–8386.

77 S. Ouizem, S. Pailloux, A. D. Ray, E. N. Duesler,
D. A. Dickie, R. T. Paine and B. P. Hay, Eur. J. Org. Chem.,
2014, 3132–3148.

78 D. Rosario-Amorin, E. N. Duesler, R. T. Paine, B. P. Hay,
L. H. Delmau, S. D. Reilly, A. J. Gaunt and B. L. Scott,
Inorg. Chem., 2012, 51, 6667–6681.

79 D. Rosario-Amorin, S. Ouizem, D. A. Dickie, R. T. Paine,
R. E. Cramer, B. P. Hay, J. Podair and L. H. Delmau, Inorg.
Chem., 2014, 53, 5698–5711.

80 D. Rosario-Amorin, S. Ouizem, D. A. Dickie, B. P. Hay,
J. Podair, L. H. Delmau and R. T. Paine, Polyhedron, 2015,
102, 103–110.

81 S. Ouizem, D. Rosario-Amorin, D. A. Dickie, R. E. Cramer,
C. F. Campana, B. P. Hay, J. Podair, L. H. Delmau and
R. T. Paine, Polyhedron, 2015, 97, 20–29.

82 E. M. Bond, U. Engelhardt, T. P. Deere, B. M. Rapko,
R. T. Paine and J. R. FitzPatrick, Solvent Extr. Ion Exch.,
1997, 15, 381–400.

83 A. N. Turanov, V. K. Karandashev, I. P. Kalashnikova,
V. E. Baulin and A. Y. Tsivadze, Radiochemistry, 2018, 60,
243–247.

84 D. G. Rodrigues, S. Monge, S. Pellet-Rostaing, N. Dacheux,
D. Bouyer and C. Faur, Chem. Eng. J., 2019, 355, 871–880.

85 J. Rey, S. Atak, S. Dourdain, G. Arrachart, L. Berthon and
S. Pellet-Rostaing, Solvent Extr. Ion Exch., 2017, 35, 321–331.

86 R. Turgis, G. Arrachart, V. Dubois, S. Dourdain, D. Virieux,
S. Michel, S. Legeai, M. Lejeune, M. Draye and S. Pellet-
Rostaing, Dalton Trans., 2016, 45, 1259–1268.

87 T. Sukhbaatar, S. Dourdain, R. Turgis, J. Rey, G. Arrachart
and S. Pellet-Rostaing, Chem. Commun., 2015, 51,
15960–15963.

88 G. Smolyakov, S. Parrès-Maynadié, D. Bourgeois,
B. Dautriche, J. Pouessel, J.-M. Grassot, D. Mabire,
D. Meyer, S. Pellet-Rostaing and O. Diat, Desalination,
2018, 432, 40–45.

89 M. Wehbie, G. Arrachart, X. F. Le Goff, I. Karamé and
S. Pellet-Rostaing, Dalton Trans., 2018, 47, 14594–
14603.

90 M. Wehbie, G. Arrachart, I. Karamé, L. Ghannam and
S. Pellet-Rostaing, Sep. Purif. Technol., 2016, 169, 17–24.

91 M. Wehbie, G. Arrachart, C. A. Cruz, I. Karamé,
L. Ghannam and S. Pellet-Rostaing, Sep. Purif. Technol.,
2017, 187, 311–318.

92 M. Wehbie, G. Arrachart, L. Ghannam, I. Karamé and
S. Pellet-Rostaing, Dalton Trans., 2017, 46, 16505–16515.

93 D. Goll and H. Kronmüller, Naturwissenschaften, 2000, 87,
423–438.

94 O. Gutfleisch, M. A. Willard, E. Brück, C. H. Chen,
S. G. Sankar and J. P. Liu, Adv. Mater., 2011, 23, 821–842.

95 M. Sagawa, S. Fujimura, H. Yamamoto, Y. Matsuura and
K. Hiraga, IEEE Trans. Magn., 1984, 20, 1584–1589.

96 Critical Materials Strategy, U.S. Dept of Energy, 2011,
pp. 1–191.

97 Q. Chen, C. E. Buss, V. G. Young Jr. and S. Fox, J. Chem.
Crystallogr., 2005, 35, 177–181.

98 J. A. Bogart, C. A. Lippincott, P. J. Carroll and
E. J. Schelter, Angew. Chem., Int. Ed., 2015, 54, 8222–8225.

99 B. E. Cole, I. B. Falcones, T. Cheisson, B. C. Manor,
P. J. Carroll and E. J. Schelter, Chem. Commun., 2018, 54,
10276–10279.

100 C. K. Gupta and N. Krishnamurthy, Extractive Metallurgy
of Rare Earths, CRC, New York, 2005, pp. 1–484.

101 H. Fang, B. E. Cole, Y. Qiao, J. A. Bogart, T. Cheisson,
B. C. Manor, P. J. Carroll and E. J. Schelter, Angew. Chem.,
Int. Ed., 2017, 56, 13450–13454.

102 J. A. Bogart, B. E. Cole, M. A. Boreen, C. A. Lippincott,
B. C. Manor, P. J. Carroll and E. J. Schelter, Proc. Natl.
Acad. Sci. U. S. A., 2016, 113, 14887–14892.

103 X. Jang, J. Zhang and X. Fang, J. Hazard. Mater., 2014, 279,
384–388.

104 Y. Wang, L. Wu, Y. Yang, W. Feng and L. Yuan,
J. Radioanal. Nucl. Chem., 2015, 305, 543–549.

105 T. Ogoshi, S. Kanai, S. Fujinami, T.-A. Yamagishi and
Y. Nakamoto, J. Am. Chem. Soc., 2008, 130, 5022–5023.

106 X.-B. Hu, L. Chen, W. Si, Y. Yu and J.-L. Hou, Chem.
Commun., 2011, 47, 4694–4696.

107 L. Wu, Y. Fang, Y. Jia, Y. Yang, J. Liao, N. Liu, X. Yang,
W. Feng, J. Ming and L. Yuan, Dalton Trans., 2014, 43,
3835–3838.

108 Y. Fang, Z. Yuan, L. Wu, Z. Peng, W. Feng, N. Liu, D. Xu,
S. Li, A. Sengupta, P. K. Mohapatra and L. Yuan, Chem.
Commun., 2015, 51, 4263–4266.

109 Y. Fang, L. Wu, J. Liao, L. Chen, Y. Yang, N. Liu, L. He,
S. Zou, W. Feng and L. Yuan, RSC Adv., 2013, 3, 12376–
12383.

110 B. Bai, Y. Fang, Q. Gan, Y. Yang, L. Yuan and W. Feng,
Chin. J. Chem., 2015, 33, 361–367.

Organic Chemistry Frontiers Review

This journal is © the Partner Organisations 2019 Org. Chem. Front., 2019, 6, 2067–2094 | 2093



111 L. Chen, Y. Wang, X. Yuan, Y. Ren, N. Liu, L. Yuan and
W. Feng, Sep. Purif. Technol., 2018, 192, 152–159.

112 S. Ansari, P. K. Mohapatra, L. Chen, L. Yuan and W. Feng,
Eur. J. Inorg. Chem., 2018, 4022–4030.

113 C. Li, L. Wu, L. Chen, X. Yuan, Y. Cai, W. Feng, N. Liu,
Y. Ren, A. Sengupta, M. S. Murali, P. K. Mohapatra,
G. Tao, H. Zeng, S. Ding and L. Yuan, Dalton Trans., 2016,
45, 19299–19319.

114 A. Sengupta, X. Yuan, W. Feng, N. K. Gupta and L. Yuan,
Sep. Sci. Technol., 2017, 52, 2767–2776.

115 A. Sengupta, P. K. Mohapatra, Y. Fang, X. Yuan, W. Feng
and L. Yuan, Sep. Purif. Technol., 2018, 195, 224–231.

116 A. Sengupta, M. Singh, M. Sundarajan, L. Yuan, Y. Fang,
Z. Yuan and W. Feng, Inorg. Chem. Commun., 2017, 75,
33–36.

117 M. W. Peters, E. J. Werner and M. J. Scott, Inorg. Chem.,
2002, 41, 1707–1716.

118 E. V. Sharova, O. I. Artyushin, A. N. Turanov,
V. K. Karandashev, S. B. Meshkova, Z. M. Topilova and
I. L. Odinets, Cent. Eur. J. Chem., 2012, 10, 146–156.

119 M. G. Patterson, A. K. Mulville, E. K. Connor, A. T. Henry,
M. J. Hudson, K. Tissue, S. M. Biros and E. J. Werner,
Dalton Trans., 2018, 47, 14318–14326.

120 H. T. Sartain, S. N. McGraw, C. T. Lawrence, E. J. Werner
and S. M. Biros, Inorg. Chim. Acta, 2015, 426, 126–135.

121 A. W. Frank and D. J. Daigle, Phosphorus Sulfur Relat.
Elem., 1981, 10, 225–260.

122 K. M. Coburn, D. A. Hardy, M. G. Patterson, S. N. McGraw,
M. T. Peruzzi, F. Boucher, B. Beelen, H. T. Sartain,
T. Neils, C. L. Lawrence, R. J. Staples, E. J. Werner and
S. M. Biros, Inorg. Chim. Acta, 2016, 449, 96–106.

123 B. Mahanty, S. A. Ansari, P. K. Mohapatra, A. Leoncini,
J. Huskens and W. Verboom, J. Hazard. Mater., 2018, 347,
478–485.

124 K. Schwochau, Extraction of metals from sea water, in
Topics in Current Chemistry, Springer Berlin Heidelberg,
Berlin, Heidelberg, 1984, vol. 124, pp. 91–133.

125 P. Amrhein, P. L. Wash, A. Shivanyuk and J. Rebek Jr.,
Org. Lett., 2002, 4, 319–321.

126 P. Amrhein, A. Shivanyuk, D. W. Johnson and J. Rebek Jr.,
J. Am. Chem. Soc., 2002, 124, 10349–10358.

127 K. J. Wallace, R. Hanes, E. Anslyn, J. Morey, K. V. Kilway
and J. Siegel, Synthesis, 2005, 2080–2083.

128 T. Szabo, B. M. O’Leary and J. J. Rebek, Angew. Chem., Int.
Ed., 1999, 37, 3410–3413.

129 A. Sather, O. B. Berryman and J. J. Rebek, J. Am. Chem.
Soc., 2010, 132, 13572–13574.

130 A. C. Sather, O. B. Berryman, C. E. Moore and J. J. Rebek,
Chem. Commun., 2013, 49, 6379–6381.

131 A. C. Sather, O. B. Berryman and J. J. Rebek, Chem. Sci.,
2013, 4, 3601–3605.

132 D. Ajami, L. Liu and J. J. Rebek, Chem. Soc. Rev., 2015, 44,
490–499.

133 X. Zhao, M. Wong, C. Mao, T. X. Trieu, J. Zhang, P. Feng
and Z. Bu, J. Am. Chem. Soc., 2014, 136, 12572–12575.

134 A. M. Johnson, M. C. Young, X. Zhang, R. R. Julian and
R. J. Hooley, J. Am. Chem. Soc., 2013, 135, 17723–17726.

135 X.-Z. Li, L.-P. Zhou, L.-L. Yan, Y. M. Dong, Z.-L. Bai,
X.-Q. Sun, J. Diwu, S. Wang, J.-C. Bünzli and Q.-F. Sun,
Nat. Commun., 2018, 9, 1–10.

136 Y. Yu and J. Rebek Jr., Acc. Chem. Res., 2018, 51, 3031–3040.
137 L. J. Liu and J. Rebek, Hydrogen Bonded Capsules:

Chemistry in Small Spaces, in Hydrogen Bonded
Supramolecular Structures, ed. Z.-T. Li and L.-Z. Wu,
Springer Berlin Heidelberg, Berlin, Heidelberg, 2015,
pp. 227–248.

138 D. Ajami and J. Rebek Jr., Supramol. Chem., 2013, 25, 574–
580.

139 S. Beer, O. B. Berryman, D. Ajami and J. J. Rebek, Chem.
Sci., 2010, 1, 43–47.

140 A. N. W. Kuda-Wedagedara, C. Wang, P. D. Martin and
M. J. Allen, J. Am. Chem. Soc., 2015, 137, 4960–4963.

141 X.-L. Ni, S.-F. Xue, Z. Tao, Q.-J. Zhu, L. F. Lindoy and
G. Wei, Coord. Chem. Rev., 2015, 287, 89–113.

Review Organic Chemistry Frontiers

2094 | Org. Chem. Front., 2019, 6, 2067–2094 This journal is © the Partner Organisations 2019


	Button 1: 


