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Compared with simple ion receptors, ion pair receptors display significantly 

enhanced affinity to ions through allosteric effects and additional electrostatic 

interactions between the bound ions, as well as host-guest interactions. Taken in concert, 

these necessarily permit a higher level of control over ion recognition and transport than 

that obtainable from simple ion binding. However, in spite of their potential applications 

in various fields, such as salt solublization, extraction, and membrane transport, ion pair 

receptors, which are able to form simultaneous complexation with an anion and a cation, 

still remains in a relatively unexplored area in supramolecular chemistry. This 

dissertation describes efforts to develop such systems on the basis of calix[4]arenes and 

calix[4]pyrroles. Calix[4]pyrroles and calix[4]arene derivatives bearing crown ethers or 

ester groups are known to act as efficient receptors for anions and cations, respectively. 

Therefore, the synthetic combination or modification of these two macrocyclic subunits 

provides an entry into novel ion pair receptors. The focus of this dissertation is on 

matched systems that form strong and specific complexes with cesium or potassium salts, 

depending on the exact structure in question. The selectivity demonstrated by these 

receptors is ascribed to a tuning of the cation recognition sites and control of the 

calix[4]arene conformation. Solid state structural and 
1
H NMR spectroscopic analyses 

reveal that potassium and cesium cations are bound to different sites within these ion pair 
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receptors. A strong dependence on the counter anion (e.g., fluoride, chloride and nitrate) 

is also seen. In some cases this dependence is near-absolute, thus mimicking AND logic 

gates. Noticeably, the ion pair receptor consisting of a 1,3-alterate calix[4]arene crown-5 

and a calix[4]pyrrole is able to extract various cesium and potassium salts from a water 

phase into an organic phase in various binding modes, depending on the counter anions. 

Furthermore, the extraction behavior of this ion pair receptor towards such ion pairs can 

be controlled by cation switching and the use of different solvents. 
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Chapter 1:  General introduction to ion pair receptors 

1.1 INTRODUCTION  

Over the past several decades, a large number of acyclic and macrocyclic 

compounds have been synthesized as cation receptors and evaluated for their abilities to 

recognize cations.
1-3

 In recent years, as the importance of anions in biological and 

environmental systems has become increasingly recognized, attention has been directed 

towards the design and construction of anion receptors. As a consequence, both cation 

and anion recognition are now well-established branches of supramolecular chemistry.
4-11

 

From this body of work it has become increasingly apparent that counterions can play a 

critical role in modulating the binding strength and selectivity of what appears to be the 

simplest of ion receptors. This appreciation has, in turn, led to the consideration that more 

elaborate systems, capable of forming simultaneously complexes with both a cation and 

an anion, might offer considerable advantages in terms of affinity or selectivity.
12-14

 

These so-called pair receptors might also permit a greater level of control over ion 

recognition, extraction and through-membrane transport than simple ion receptors. In 

fact, in many cases, ion pair receptors containing binding sites for both cations and anions 

display affinities for ion pairs or their constituent pairs of ions that are enhanced relative 

to simple ion receptors. Often this is the result of allosteric effects, such as those derived 

from favorable electrostatic interactions between the co-bound ions.
12-14

 However, in 

spite of their potential applications in various fields, such as salt solubilization, 

extraction, and membrane transport, the number of well-characterized ion pair receptors 

remains limited. This could reflect a combination of synthetic challenges (the systems 

reported to date have not been easy to prepare) and experimental complexities associated 

with tracking multiple ionic species as well as the high inherent lability of many ion 
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pairs.
12-14

 Nevertheless, the potential importance of the field leads us to propose that the 

area could benefit from additional contributions. Before turning to the candiateôs work 

along these lines, it is appropriate to review the prior literature. This is done here with an 

emphasis on the underlying binding phenomena. 

To effect anion recognition, most ion pair receptors take advantage of hydrogen 

bonding donors (urea, amide, imidazolium, pyrrole, and hydroxyl group), Lewis acidic 

sites (boron, aluminum and uranyl), and positively charged polyammonium groups.
4-11

 In 

contrast, the majority of ion pair receptors rely on lone pair electron donors including 

crown ethers
15

 and -́electron donors, such as functionalized calixarenes, for cation 

recognition.
16,17

  

For ion receptors for either cations or anions, their binding constants have been 

reported to vary significantly, especially in low dielectric constant media, depending on 

receptor concentration, ionic guest and its counterion concentrations, and nature of ions 

because interactions between receptors or/and between guests often make a remarkable 

influence on the formation of host/guest complexes.
18-20

 However, this disadvantage can 

be somewhat overcome by decreasing the concentration of free counter ions as a result of 

complexing both cations and anions simultaneously using ditopic receptors or 

molecularly separated binary host systems. This is attributable to the fact that the bound 

ion pairs are protected better from the forced interaction with other free ion pairs which 

have been known to make an adverse effect on complexation between receptors and ions. 

In the limit, ion pair receptors can be classified as binding ion pairs in either a 

sequential or concurrent fashion. In the case of sequential binding, the receptor can bind 

one ion of the ion pair on its own. Once bound, this first ion enhances the affinity for the 

other ion of the ion pair through an allosteric effect or by providing an additional binding 

driving force, commonly a direct or solvent-mediated electrostatic interaction with its 
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counter ion.
12-14

 By contrast, in the case of concurrent ion pair binding, the receptor 

literally forms a simultaneous complex with the anion and cation of the ion pair. 

Typically, this results in a complex where the two ions of the ion pair are in direct contact 

or spatially separated via one or more molecules of solvent or by the receptor skeleton.
12-

14
 

 
Figure 1.1 Limiting ion-pair interactions relevant to receptor-mediated ion-pair 

recognition: (a) Contact, (b) solvent-bridged, and (c) host-separated. In this 

schematic, the anion is shown as ñA-ò, the cation as ñC+ò, and the solvent 

if present as ñSò. 

 

Another way of classifying ion pair receptors is by how they bind the cations and 

the anions of targeted ion pairs. Here, three different binding modes can be defined. 

These limiting modes are depicted in Figure 1.1 and differ in how the ion pair is held 

within a host molecule. The first involves a contact ion pair, wherein the anion and the 

cation are in a direct contact (Figure 1.1a); the second, termed a solvent-bridged ion pair, 

is where one or more solvent molecules bridges the gap between the anion and the co-

bound cation (Figure 1.1b), while the third consists of a host-separated ion pair, wherein 

the anion and the cation are bound relatively far from one another, usually by the receptor 

framework (Figure 1.1c).
12-14

 Depending on the identities of co-bound ions, the 

separation distance between ion pairs, the nature of the constituent recognition sites, and 
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the nature of the solvents, a given receptor can bind a given ion pair in one or more of 

these limiting modes. 

1.2 ION PAIR RECEPTORS BASED ON LEWIS ACIDIC GROUPS FOR ANION RECOGNITION  

One of the earliest examples of an ion pair receptor was reported by Reetz and 

coworkers in 1991. In this system, 1.1, a crown ether moiety introduced for cation 

recognition was coupled to a Lewis-acidic boron center for anion recognition to provide 

compound 1.1 (Figure 1.2).
21

 It was demonstrated by 
11

B and 
13

C NMR spectroscopy 

that, in contrast to simple ion receptors, such as a crown ether analogue without the 

boronic center and an arylboroic acid ester without the crown ether, receptor 1.1 forms a 

1:1 complex with KF where the K
+
 cation is bound within the crown ether and the F

-
 

anion is covalently bound to the boronic center. One consequence is that this receptor 

allows the otherwise insoluble salt, KF, to dissolve in dichloromethane within 4 hrs. The 

crystal structure of the KF complex of receptor 1.1 was solved via standard X-ray 

diffraction means. It reveals that the K
+
 ion is bound to the crown ether but interacts with 

an F
-
 anion bound to a neighboring ion pair receptor. As the result of this close 

intermolecular ion pair contact, a supramolecular polymer is stabilized in the solid state. 

This same research group also reported in 1994 that ion pair receptor 1.2 (Figure 1.2), 

consisting of an aluminum phenolate moiety surrounded by a crown ether, is able to bind 

LiCl as an ion pair simultaneously via interactions with the Lewis acidic aluminum 

moiety and the crown ether ring. Ion pair binding was seen both in solution and in the 

solid state.
22
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Figure 1.2 Structures of 1.1, 1.1ĀKF and 1.2. 

 

Reinhoudt and co-workers reported the synthesis and the ion pair binding 

property of receptor 1.3 (Figure 1.3) in 1994.
23

 This system contains a Lewis-acidic 

uranyl (UO2
2+

) center covalently linked to two benzo[15]crown-5 units. Cyclic 

voltammetry and FAB-mass spectrometrometric analysis revealed that receptor 1.3 can 

complex K
+ 

and H2PO4
-
 concurrently.

23
 In the resulting complex, the K

+
 cation is 

sandwich-complexed by the two crown ether rings, while the phosphate anion interacts 

with the Lewis-acidic uranyl group. This team also reported ion pair receptor 1.4 in 1994. 

This latter system employs a calix[4]arene tetraethylester subunit as a cation recognition 

site, a subunit that is known to bind the Na
+
 cation selectively and strongly. In accord 

with design expectations, this system was reported to capture Na
+ 

and H2PO4
- 

concurrently and to do so with a 1:1 (1.4:NaH2PO4) stoichiometry.
24

 Reinhoudt and 

coworkers also replaced the benzo[15]crown-5 of receptor 1.3 with a calix[4]crown-6, a 

moiety known to complex the Cs
+
 cation well. This gave receptor 1.5.

25
 Once in hand, the 

ability of 1.5 to transport CsCl and CsNO3 through a supported liquid membrane (SLM) 

was assessed. This SLM contained a porous polymeric support (Accurel) impregnated 

with o-nitrophenyl n-octyl ether (NPOE) as the hydrophobic barrier. Although the Cl
-
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anion is more hydrophilic than NO3
-
, a higher rate of flux was observed through the 

hydrophobic membrane for CsCl (1.20 × 10
-7

 mol m
-2

 s
-1

) than for CsNO3 (0.89 × 10
-7

 

mol m
-2
 s

-1
) in the presence of 1.5.

25
 On the other hand, when monofunctional analogues 

of 1.5, control systems lacking the uranyl-salophen complex subunit, were used, 

selectivity for CsNO3 over CsCl was seen. This observation was considered consistent 

with the proposal that both binding sites are necessary to achieve efficient complexation 

and transport of CsCl.
25
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Figure 1.3 Ion pair receptors 1.3-1.5. 

 

In 2003, Rissanen et al. described that uranyl-salophen complexes 1.7 and 1.8 

(Figure 1.4), receptors bearing appended aromatic groups, behave as ion pair receptors 

for tetraalkylammonium halide salts.
26

 Compared with the control receptor 1.9 lacking 

aromatic side arms, receptors 1.7 and 1.8 were found to bind tetramethylammonium 

chloride and tetrabutylammonium chloride with improved efficiency. Evidence for 
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binding came from 
1
H NMR spectroscopic studies, as well as from an X-ray crystal 

structure. These analyses provided support for a stabilizing cation-  ́ interation between 

the tetramethylammonium cations and the appended aromatic rings. Evidence of Lewis 

acid-anion (chloride) interactions were also seen.
26
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Figure 1.4 Uranyl-salophen based ion pair receptors. 

 

Interestingly, unlike 1.9, ion pair receptor 1.7 was found to form complexes with 

alkaline halide salts. These complexes consist of contact ion pairs wherein the halide 

anions are bound to the uranyl center and directly interact with the alkaline cations that in 

turn are bound to the oxygen atoms and the -́electron surfaces of the benzylic groups. 

Solid state structural analyses revealed that KCl, RbCl, CsF, and CsCl form capsule-like 

dimeric (2:2) complexes with 1.7, with the presence of a stabilizing ́-metal interaction 

between the metal ions and the benzylic aromatic rings being specifically inferrred.
27

  

Receptor 1.10, having one benzylic side arm, was also found to bind the CsCl ion 

pair but with a different binding stoichiometry. Specifically, X-ray diffraction analysis 

revealed that 1.10 forms a 4:2 (1.10:CsCl) complex where four receptor molecules are 

assembled to provide a capsule-like arrangement.  
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As a complement to the above studies, 
1
H NMR spectroscopic titrations of 1.7-1.9 

were carried out with various quaternary ammonium and iminium salts, such as 

acetylcholine chloride, N-methylpydinium iodide, and N-methylisoquinolinium iodide. 

On the basis of these studies, it was concluded that receptors 1.7 and 1.8, bearing pendant 

aromatic rings, bind quaternary salts much more effectively than does the control 

compound 1.9, which lacks a cation recognition site. Such findings provided additional 

support for the conclusion that the enhanced binding ability demonstrated by 1.7 and 1.8 

reflects in part the stabilization provided by -́cation interactions.
28

 

In 1995, Shinkai et al. synthesized the Lewis acidic Zn-porphyrin 1.11 strapped 

with calix[4]arene having a cation recognition site (Figure 1.5).
29

 The Na
+
 and K

+
 cations 

were found to bind to the upper amide groups thereby creating a cavity between these 

positively charged ions and Zn center of the porphyrin subunit. The I
-
 anion was then 

taken up into this cavity, being bound there by a combination of hydrogen bonding 

interactions involving the lower amide groups and direct coordination to the Lewis acidic 

Zn-porphyrin center. Presumably, as the result of this latter binding interaction, a change 

in the color of the system is induced. Proton NMR spectroscopic analyses revealed that 

the K
+
 complex of 1.11 binds the I

-
 anion more efficiently than its Na

+
 counterpart, a 

finding that is ascribable to the different electron accepting character of the Na
+
 cation 

and the larger distance between the Na
+
 cation and the Zn(II)  center.

29
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Figure 1.5 Ion pair receptors based on calix[4]arenes and Zn-porphyrins and their 

proposed mode of interaction with ion pairs. 

 

In 1995, the self-assembled ditopic receptor 1.12Ā1.13 (Figure 1.5) was 

synthesized by Reinhoudt and coworkers.
30

 This self-assembled system and its 

constituents were then evaluated for their ability to capture ion pairs. In the presence of 

the Na
+
 cation, receptor 1.12 was found to interact with the anion receptor 1.13 to form 

the self-assembled system 1.12Ā1.13. This complex is stabilized via hydrogen bonding 

interactions involving the diaminopyridine component and the thymine moiety. In the 

absence of an appropriate cation bound in the ethyl ester cavity, 1.12 does not interact 

with 1.13. Such a finding is ascribed to the fact that under these latter conditions, the 

diaminopyridine subunit is intramolecularly hydrogen bonded to the ester group and thus 

less prone to interact with the thymine group of 1.13. Complexation of the Na
+
 cation by 

the ester groups of 1.12 serves to break the intramolecular hydrogen bonds and thus 
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permits intermolecular self-assembly between receptors 1.12 and 1.13. The self-

assembled bifunctional receptor 1.12Ā1.13 shows a higher affinity for the SCN
-
 anion (Ka 

å 25,000 M
-1

) as compared to the isolated anion receptor 1.13 (Ka å 10 M
-1

).
30

 

In 2002, Hong et al. synthesized the ditopic receptors 1.14a,b (Figure 1.6) and 

examined their interactions with various sodium salts.
31

 These systems consist of a Lewis 

acidic Zn-porphyrin covalently linked to a benzocrown-5 subunit. Changes in the UV/Vis 

spectra were used to monitor the resulting binding events. On this basis, it was concluded 

that both of these receptors bind NaCN in chloroform with high selectivity over other 

sodium salts. This binding of NaCN was accompanied by a color change from red to 

green as a result of the cyanide anion binding to the Lewis acidic Zn center. Upfield 

shifts were also observed for the proton signals corresponding to the crown ether moiety. 

These shifts were taken as evidence that the sodium cation is bound to the crown ether 

ring, implying that the NaCN is bound to receptors 1.14a,b in a ditopic fashion. More 

specific evidence for the strong nature of the complexation process came from two-phase 

extraction experiment. In notable contrast to what is seen for normal Zn-porphyrins 

without an appended crown ether moiety, receptors 1.14a,b were found capable of 

extracting NaCN from an aqueous phase into CH2Cl2, and forming kinetically stable 

complexes on the NMR time scale. 

 



 11 

 

N
N

N
N Zn

N N

NN
Zn

O O

Ar

Ar

N

O O

N

O O

OO

n
OO

O
O

O

O

N N

NN
Zn

O O
Ar

Ar

N

O O

N

O O

OO

n

M+

N

C
-

1.14a: para-derivative
1.14b: meta-derivative

1.15a: n = 0
1.15b: n = 1 Ar = COOC8H17 M+ = Na+ or K+

 
 

Figure 1.6 Ditopic receptors used for the recognition of sodium or potassium cyanide ion 

pairs and schematic representations of their proposed binding modes. 

 

A similar approach to ditopic ion pair receptor construction was reported by Chen 

et al in 2005.
32

 This research group prepared and then studied the diazacrown ether-

capped Zn-porphyrins 1.15a,b (Figure 1.6), focusing on KCN and NaCN recognition and 

sensing. In this case, changes in UV/Vis and 
1
H NMR spectrum led to the suggestion 

that, depending on the size of the crown ether ring, these receptors would selectively bind 

NaCN and KCN in a ditopic binding fashion in methanol. Specifically, it was found that 

receptor 1.15a binds NaCN about 56 times more strongly than KCN, whereas receptor 

1.15b, a system having a bigger crown ether, is 13 times more selective for KCN than for 

NaCN. 

In 2003, Peacock and coworkers reported the water-soluble ion pair receptors 

1.16 (Figure 1.7), which consists of a dibenzo-24-crown-8 subunit linked to a Zn(H2O)-

complexed cyclen via a glycine bridge.
33 

Binding experiments, carried out using 
1
H NMR 

spectroscopy, UV/Vis spectroscopy, and ITC (Isothermal Titration Calorimetry), 

revealed that receptor 1.16 binds H2PO4
2-
 3-6 times more strongly than the 

cyclenĀZn(H2O) control compound 1.17. This finding provides support for the suggestion 

that an enhancement in the inherent affinity is obtained as the result of the ditopic binding 
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mode permitted in the case of 1.16 as the result of the crown ether ring. While both 

sodium and potassium phosphates were bound by receptor 1.17 and with essentially 

identical affinities, potassium phosphate was bound by receptor 1.16 approximately twice 

as well as the corresponding sodium salt (cf. Table 1.1). This finding is rationalized in 

term of the size of the crown ether present in 1.16, which was expected to favor the K
+
 

cation over the Na
+
 cation. The difference in selectivity seen for 1.16 and 1.17 was taken 

as evidence that the crown ring and the Zn(H2O)-complexed cyclen moieties bind the 

potassium cation and the phosphate anion, respectively. It was thus concluded that 

compound 1.16 works as an ion pair receptor. Analogous cation-dependant results were 

observed for receptor 1.18 (Figure 1.7) having a smaller crown ether.
34

 In this case, it was 

found that the affinities for LiH2PO4, NaH2PO4, and KH2PO4 displayed by this two-

component receptor were at least twice as high as those of the Zn(H2O)-complexed 

cyclen 1.17; again, this was interpreted in terms of the crown ether ring playing a critical 

role in recognizing these particular ion pairs.
34

 

 

Table 1.1 Association constants corresponding to the interaction of receptor 1.16 and the 

control cyclenĀZn(H2O) system 1.17 with NaH2PO4 and KH2PO4 in HEPES 

buffer at pH 7.4 at RT. 

 

Ligand Substrate K  (M
-1

) 

1.16 NaH2PO4 (4.93 ± 0.72) × 10
4
 

1.17 KH2PO4 (9.32 ± 1.60) × 10
4
 

1.17 NaH2PO4 (1.60 ± 0.09) × 10
4
 

1.17 KH2PO4 (1.52 ± 0.19) × 10
4
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Figure 1.7 Zn(H2O)-complexed cyclen-based water soluble ion pair receptors used for 

the recognition of cyanide alkali metal salts. 

 

In 2001, Willem and coworkers reported the synthesis of receptors 1.19a,b 

(Figure 1.8) comprised of a triphenyltin species linked to various sized benzocrown 

ethers via an ester bridge. These researchers demonstrated that these receptors were 

capable of complexing thiocyanate anion salts. The resulting complexes were 

characterized by their unusual zwitterionic nature (i.e., a degree of intramolecular charge 

separation), which is reflected in a relatively large distance between the Na
+
 cation and 

the formally negatively charged tin center.
35

 A combination of 
1
H NNR and 

117
Sn NMR 

spectroscopy, as well as X-ray crystal structural analyses, established that for NaSCN and 

KSCN, respectively, the Na
+
 and K

+
 cations are complexed by the crown ether 

component, whereas the NCS
-
 anion interacts with the Sn atom (Figure 1.8). 
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Figure 1.8 Ion pair receptors based on a combination of a Lewis acidic tin center and a 

benzocrown ether. Also shown are their binding modes. 

 

In 2007, Jurkschat et al. reported the bis(organostannyl)-methane derivative 1.20 

bearing a crown ether.
36,37

 On the basis of 
1
H, 

13
C, 

19
F, and 

119
Sn NMR spectroscopy, as 

well as ESI mass spectrometry, it was proposed that receptor 1.20 binds NaF as an ion 

pair in acetonitrile, wherein the constituent ions are spatially separated by the host 

molecule. Presumably, as a consequence of being able to effect concurrent cation and 

anion binding, receptor 1.20 was found capable of dissolving solid NaF in acetonitrile, a 

solvent in which it is otherwise insoluble. On the other hand, an X-crystal structural 

analysis revealed that, in the presence of methanol, the Na
+
 and F

-
 ions bound to receptor 

1.20 are bridged by a methanol molecule, thus forming a solvent-separated ion pair.
38
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Figure 1.9 Structure of the ion pair receptor 1.20. Also shown are the proposed ditopic 

binding modes that are thought to pertain in acetonitrile and methanol, 

respectively. 

 

1.3 ION PAIR RECEPTORS BASED ON UREA GROUPS FOR ANION RECOGNITION  

The synthesis of the first urea-based ditopic ion pair receptors and their 

interactions with alkali halide salts were reported by Reinhoudt et al. in 1996.
39

 These 

researchers attached either two or four urea moieties to the upper rim of a calix[4]arene 

core that possessed the cation-recognizing tetra(ethyl ester) groups on the lower rim.  

This gave the ion pair receptors 1.21 and 1.22a,b (Figure 1.10). In CDCl3, receptor 1.21 

was found to adopt a pinched cone conformation, presumably as the result of 

intramolecular hydrogen bonding between the trans-like urea groups (Figure 1.11). These 

researchers proposed that these internal hydrogen bonds preclude anion binding to the 

urea moieties in the absence of Na
+
. However, in the presence of the Na

+
, cation-ester 

interactions at the lower rim of the calix[4]arene serve to alter the conformation of 

calix[4]arene, as shown in Figure 1.11. This proposed molecular motion serves to break 

the hydrogen bonds between the urea groups. As a result, halide ions, such as Cl
-
 and Br

-
, 
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are bound to the urea groups on the upper rim of the calixarene, as evidenced by 

downfield shift of the urea protons observed in the 
1
H NMR spectra. Interestingly, no 

evidence of Cs
+
 cation binding within the cavity was seen. Likely, this reflects the fact 

that the Cs
+
 ion is too big to fit in the cavity. It was also shown via 

1
H NMR 

spectroscopic analysis that receptors 1.22a,b, as well as 1.21, are able to extract certain 

solid sodium halide salts into chloroform solution with several potassium halide salts 

being partially solubilized (Table 1.2). Such findings are in agreement with the higher 

affinity displayed by the calix[4]arene tetra(ethyl ester) derivatives towards the Na
+
 

cation than the K
+ 

cation.
36

 The binding mechanism proposed in the case of NaCl and 

NaBr is conceptually similar to the allosteric action of enzymes and biological receptors, 

wherein the binding of one ion induces a major conformational change in the receptor 

such that the affinity to the counter-ion is significantly improved. 

 

Table 1.2 Percentage of MX complex formed with 1.21 and 1.22a,b after liquid-solid 

extraction using chloroform as the organic phase. 

 

 1.21 1.22a 1.22b 

 Na
+
 K

+
 Cs

+
 Na

+
 K

+
 Cs

+
 Na

+
 K

+
 Cs

+
 

Cl
-
 100 ï ï 100 29 ï 100 30 ï 

Br
-
 100 16 ï 100 62 ï 100 75 ï 

I
-
 100 100 ï 100 100 ï 100 100 ï 
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Figure 1.10 Structures of ion pair receptors 1.21 and 1.22a,b. 
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Figure 1.11 Proposed ion-induced molecular motions and associated binding modes for 

receptor 1.21 thought to pertain in the presence of NaCl. 

 

Reinhoudt and coworkers also investigated the ability of i) cation receptors 

1.23a,b, ii) a mixture of 1.23 with 1.24, and iii) ditopic receptors 1.25a,b to transport 

salts through SLMs (Figure 1.12).
40

 On this basis, they concluded that the mixture of 

1.23a and 1.24 transports CsCl more efficiently than the corresponding mono-functional 

calix[4]crown-6 analogue 1.24 does on its alone. Moreover, ditopic receptors 1.25a and 

1.25b proved capable of transporting KCl and CsCl, respectively. Presumably, this 

reflects the fact that these receptors can form complexes with both the constituent cations 



 18 

 

and anions concurrently. It was also noted that receptor 1.25b transports CsCl much more 

efficiently than the cation carrier 1.23b or the anion carrier 1.24. By contrast, at higher 

concentrations of KCl, 1.25a is less effective for transporting KCl than is the 

monofunctional cation carrier 1.23a. This finding was attributed to the very low rate of 

diffusion of the bifunctional carrier complex.
40
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Figure 1.12 Cation, anion and ditopic carriers for cation and anion transport. 

 

In 2002, a similar synthetic strategy was applied by Nam and coworkers and used 

to synthesize the ion pair receptor 1.26 (Figure 1.13).
41

 This system is based on a 1,3-

alternate calix[4]arene skeleton strapped by a crown-5 subunit, a moiety that is known to 

form very strong and very selective complexes with the K
+
 cation. To permit anion 

recognition, two urea moieties were introduced onto the calix[4]arene framework. In the 

presence of 1.0 molar equiv. of KClO4, the association constants (Ka) of 1.26 for Cl
-
 

(5,420 M
-1

), Br
-
 (1,550 M

-1
), and I

-
 (808 M

-1
) were recorded to be 3.9-5.8 times larger 

than those measured in its absence. A year later, it was reported that receptor 1.27, which 

possesses a strong and selective binding site for the Na
+
 cation, binds the Cl

-
 and the Br

-
 

anions 7.1 and 20 times more effectively, respectively, in the presence of the Na
+
 cation 

than it does in the absence of a crown-bound cation.
42
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Figure 1.13 Calix[4]arene and urea based ion pair receptors 1.26-1.28. 

 

In 2003, Webber and Beer reported the calix[4]arene-based ion pair receptor 1.28, 

a system that consists of a calix[4]semitube for cation binding and two urea groups for 

anion recognition.
43

 On the basis of 
1
H NMR spectroscopic studies, receptor 1.28 was 

found to bind a range of sodium and potassium halide and acetate salts in a cooperative 

fashion in CDCl3/CD3CN (2/1, v/v). Anion binding enhancements of over thirty-fold in 

the case of Br
-
 were seen (Table 1.3). Extraction experiments carried out by these 

researchers also revealed that the ion pair receptor 1.28 can solubilize certain sodium and 

potassium salts in chloroform (cf. Table 1.4). 

 

Table 1.3 Stability data for the anion complexes of 1.28, [1.28ĀNa
+
] and [1.28ĀK

+
] as 

determined in CDCl3/CD3CN (2/1, v/v). 

 

  

Ka (M
-1
) 

Free 1.28 [1.28ĀNa
+
] [1.28ĀK

+
] 

Cl
-
 60 N/A > 730 

Br
-
 20 620 550 

I
-
 15 280 310 

OAc
-
 110 N/A 710 
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Table 1.4 Solid-liquid extraction data for Group 1 halide and acetate salts recorded using 

1.28 as the receptor and CDCl3 as the solvent. The results are given as the 

percentage of complex formation. 

 

 
Complex (%) [lattice energy/kJ mol

-1
] 

Na
+
 K

+
 

Cl
-
 0 [786] 0 [715] 

Br
-
 3 [747] 13 [682] 

I
-
 27 [704] 95 [649] 

OAc
-
 0 [763] 13 [682] 

 

In 2003, Kilburn and coworkers reported ditopic receptor 1.29 (Figure 1.14), a 

system that coordinates alkali metal cations via the oxygen atoms, while binding the 

anion in a hydrogen bonding donor pocket formed by the two thiourea groups.
44

 In the 

absence of the Na
+
 cation, receptor 1.29 binds the acetate anion selectively over the 

diphenyl phosphate anion. However, in the presence of the Na
+ 

cation, the selectivity is 

reversed. These observations are rationalized as follows: In the absence of the Na
+
 cation, 

electrostatic repulsion between the phenoxy groups of the diphenyl phosphate anion and 

the ether oxygen atoms of the receptor prevents the receptor from binding the diphenyl 

phosphate anion. However, in the presence of the Na
+
 cation, the phenoxy groups interact 

favorably with the bound Na
+
 cation, leading to the observed strong binding of the ion 

pair. 
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Figure 1.14 Structure of ditopic receptor 1.29. 

 

Nabeshima et al. synthesized the more sophisticated tritopic ion receptor 1.30 

(Figure 1.15) and examined the effects of cations on its anion binding efficiency.
45

 This 

receptor, reported in 2005, is composed of an oxygen-abundant cone calix[4]arene cavity 

and two bipyridine groups for hard and soft cation recognition, respectively; it also 

contains two appended urea moieties for anion recognition. It was demonstrated by 
1
H 

NMR spectroscopy that either Na
+
 cation binding to the calix[4]arene cavity or Ag

+
 

cation binding to the bipyridine moietes enhances the affinity of 1.30 for the NO3
-
 and 

CF3SO3
-
 anions by a factor of 30-100. This result was rationalized in terms of 

preorganization of the urea groups into a face-to-face arrangement as the result of cation 

binding, as well as additional interactions between the bound cations and the incoming 

anions. In the presence of both Na
+
 and Ag

+
, the cation-induced enhancement in the 

association constants (Ka) of 1.30 reaches a factor of 1,500 and 2,000 for NO3
-
 and 

CF3SO3
-
, respectively.

45
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Figure 1.15 Tritopic receptor 1.30 and the binding modes that are thought to pertain in 

the presence of Na
+
, Ag

+
 and various anions. 

 

Table 1.5 Association constants, logKa, for the 1:1 host-guest complexes formed from 

the neutral and cation-bound forms of receptor 1.30 and selected anions.
a 

 

host NO3
-
 CF3SO3

-
 BF4

-
 

1.30 1.88 ± 0.03 1.40 ± 0.20 
b 

1.30ĀAg
+
 3.31 ± 0.07 3.40 ± 0.07 

b 

1.30ĀNa
+
 3.82 ± 0.15 3.32 ± 0.11 3.46 ± 0.11 

1.30ĀAg
+
ĀNa

+
 5.07 ± 0.17 4.70 ± 0.20 4.28 ± 0.11 

a
 Determined by 

1
H NMR spectroscopy (400 MHz, CDCl3/CD3CN (9:1), [host] = 2.0 × 

10
-3

 M). 
b
 Not determined due to the small chemical shift change. 

 

In 2005, Pappalardo and coworkers reported the synthesis of receptor 1.31 (Figure 

1.16).
46

 This system was designed for organic ion pair recognition. It contains two 

convergent and conformationally fixed calix[5]arene subunits for cation recognition and 
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an 1,4-bis(ureido)phenylene moiety capable of binding two anions.
46

 Proton NMR and 

TROESY (transverse rotating-frame Overhauser effect) NMR spectroscopy, and 

electrospray mass spectrometry provided support for the conclusion that the 

heterotetratopic ion pair receptor 1.31 is able to bind long-chained and ion-paired Ŭ,ɤ-

alkanediyldiammonium salts efficiently (Ka > 10
6
 M

-1
 for 1,12-dodeca- through 1,16-

hexadecanediammonium dichloride salts in (CDCl2)2/CD3OD (2:1 v/v)). Three different 

binding modes were suggested depending on the length of alkyl chains and the number of 

guest equivalents added. Large upfield shifts in the signals for the methylene protons of 

the guest molecule and significant downfield shifts of the NH resonances of the host 

molecule were seen in the 
1
H NMR spectra. This was taken as evidence that receptor 1.31 

recognizes the constituent ions of the ion pair concurrently and that the ammonium 

cations and chloride anions are bound to the host through -́cation and hydrogen bonding 

interactions, respectively. These spectroscopic analyses also revealed that long-chained 

Ŭ,ɤ-alkanediyldiammonium acetate and chloride salts induce remarkable downfield shifts 

in the NH resonance of the urea moiety. These shifts are more substantial than what is 

seen for TBACl (tetrabutylammonium chloride), whose cation is thought to be too big to 

be accommodated by the calix[5]arene unit (i.e., ȹŭ = 0.75 and 0.77 ppm for TBACl and 

ȹŭ = 2.37 - 2.72 ppm for Ŭ,ɤ-alkanediyldiammonium salts). These findings were taken as 

evidence that receptor 1.31 forms stronger complexes with alkanediyldiammonium salts 

than with TBA
+
. Presumably, this reflects a cooperative interaction with the ion pairs, 

which are eventually separated by the host.
46 

This chemistry is summarized in Figure 

1.16. 
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Figure 1.16 Proposed recognition of long-chain, ion-paired Ŭ,ɤ-alkanediyldiammonium 

salts by calix[5]arene-based heterotetratopic ion pair receptor 1.31. 

 

In 2009, Secchi and coworkers described the ion pair receptors 1.32 and 1.33, 

where the upper rim of a cation recognizing cone-calix[4]arene moiety is covalently 

connected with an anion recognizing urea group through a methylene spacer (cf. Figure 

1.17).
47

 These workers demonstrated that these receptors display a binding ability that is 

enhanced by up to two orders of magnitude for organic salts, such as N-methylpyridinium 
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and N,Nô-dimethylviologen, with respect to the simple cation receptors 1.34 and 1.35.
47

 

Proton NMR and UV/Vis spectroscopic and single crystal X-ray diffraction analyses 

provided support for the conclusion that ditopic receptors 1.32 and 1.33 form cooperative 

2:1 (host:guest) complexes with such organic ion pairs. In the resulting complexes, the 

cations are bound to the electron-rich arene rings of the calix[4]arene moiety via 

cooperative CH-  ́ and cation-  ́ interactions, while the anions interact with the urea 

moiety via hydrogen bonds. By contrast, the monotopic receptors (1.34 and 1.35) 

recognize these organic salts via only CH-  ́and cation-  ́ interactions (i.e., without the 

benefit of additional anion-host interactions) and form 1:1 (host:guest) complexes.
47
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Figure 1.17 Calix[4]arene-based monotopic and hetroditopic receptors 1.32-1.35 and 

depictions of the N-methylpyridinium and N,Nô-dimethylviologen salts 

used as guest molecules. 

 

Similarly, as reported by Ballistreri, a cone calix[5]arene derivative with a urea 

and four tert-butyl groups on the upper rim and five isohexyl groups on the lower rim 

binds zwitterionic ɔ- and ɤ-amino acids very efficiently as compared with its 
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calix[5]arene derivative without a urea group.
48

 Proton NMR spectra measured in a 

solution of C2D2Cl2/CD3OD (2/1) or C2D2Cl2 only revealed that the strong interaction 

between the ureidocalix[5]arene with amino acids is achieved by the synergic action of 

the cation binding site and the anion binding site where the carboxylate moiety of amino 

acids is hydrogen-bonded to the NH protons of the urea group and its ammonium moiety 

is bound to the calix[5]arene cavity through the hydrogen bonding with phenolic oxygen 

atoms, as well as via ́ -cation interactions.
48
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Figure 1.18 Proposed recognition of an alkyl ammonium salt (2-phenylethylamine 

hydrochloride) by receptor 1.36. 

 

Also in 2009, Gargiulli et al. reported the synthesis of the ion pair receptor 1.36 

(Figure 1.18) which consists of a cation recognizing calix[5]arene crown-3 in the cone 

conformation tethered to three anion recognizing urea units.
49

 It was shown that this 

system is capable of capturing n-butylammonium chloride and 2-phenylethylamine 

hydrochloride ion pairs. The binding mode was inferred from 
1
H NMR spectroscopic 

analyses and semiempirical calculations carried out at the PM3 level. On this basis, it was 

proposed that the ammonium cation is bound to the calix[5]arene cavity, while the 

chloride anion is complexed by the three facing urea groups, as shown in Figure 1.18. 

The net result is a receptor-separated ion pair complex. 
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Receptor 1.37 (Figure 1.19) reported by Kubo and coworkers
 
in 2000 antedates 

the above systems. It also works as an ion pair receptor and is thought to operate on the 

basis of an allosteric effect.
50

 In the presence of the K
+
 cation, the dibenzo-30-crown-10 

portion of this receptor wraps around the K
+ 

ion. This brings the two thiourea moieties 

into close proximity and provides a preorganized binding cavity for the phosphate anion. 

Compared to the cation-free form of receptor 1.37 (Ka1 = 490 M
-1

), the association 

constants are significantly enhanced for the phosphate anion in the presence of both K
+
 

(Ka1 = 9,200 M
-1

) and Cs
+
 (Ka1 = 3,200 M

-1
). Prior to this work, it was demonstrated by 

Nishizawa and coworkers that the thiourea-functionalized benzo-15-crown-5 (1.38; 

Figure 1.19) binds a series of anions via presumed cooperative interactions with a pre-

bound Na
+
 cation.

51
 Specifically, in the presence of 2.0 molar equiv. of Na(BPh4) 

(conditions where the Na
+
 complexation is > 95%), receptor 1.38 in CD3CN exhibits an 

approximate ten-fold increase in its affinity for NO3
-
 (KNO3 = 6.0 M

-1
 vs. KNO3 (Na

+
) = 

66 M
-1

) and Br
-
 (KBr = 25 M

-1
 vs. KBr (Na

+
) = 260 M

-1
), and a five-fold increase for I

-
 

(KI = 4.3 M
-1

 vs. KI (Na
+
) = 20 M

-1
).  
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Figure 1.19 Simple crown ether-urea and -thiourea based ion pair receptors 1.37-1.40. 
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Almost a decade after these early reports, Nam and coworkers synthesized the 

anion-dependant colorimetric ion pair receptor 1.39 (Figure 1.19) and evaluated its 

binding affinity for anions in the presence and absence of the Na
+
 cation.

52
 This system 

contains a nitrophenyl group attached to the thiourea moiety. It displays a color change 

from colorless to yellow when treated with the fluoride, acetate, benzoate and dihydrogen 

phosphate anions in acetonitrile. However, the yellow color induced by fluoride anion 

disappears and returns to colorless upon the addition of the Na
+
 cation. This was 

interpreted in terms of the fluoride anion leaving the thionurea moiety to form a contact 

ion pair with the sodium cation bound to the crown ether. To the extent such an 

interpretation is correct, receptor 1.39 exemplifies a negative cooperative effect on anion 

binding, which is induced by Na
+
. Interestingly, the affinities towards other anions are 

enhanced in the presence of the Na
+
 cation (by 1.2 fold for the acetate anion, 1.1 fold for 

the chloride anion, 1.6 fold for the bromide anion, 2.0 fold for the iodide anion, and 2.3 

fold for the hydrogen sulfate anion). 

 An ostensibly similar receptor, the crown-urea system 1.40 (Figure 1.19), was 

reported by Barboiu and coworkers in 2003.
53

 On the basis of X-ray crystallographic 

analyses and 
1
H NMR spectra recorded at various concentrations, it was concluded that 

the free host 1.40 forms a tubular superstructure stabilized via head-to-tail urea hydrogen 

bonding, ́ ḯ, and CHḯ interactions with an internal van der Waals diameter of 1.27 Å 

and a spacing of 4.83 Å between parallel off-centered macrocycles (Figure 1.20a). These 

researchers also demonstrated that receptor 1.40 is able to extract solid sodium salts, such 

as NaF, NaCl, NaNO3, and NaCF3SO3, into CDCl3 solution. Membrane transport 

experiments provided support for a direct relationship between the ability to effect 

synergetic ion pair recognition and mediate ion transport. Interestingly, receptor 1.40 was 

found to bind sodium salts in two different modes depending on the nature of the counter 
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anions. For example, a 2:1 (host:guest) complex is formed with NaCl in which the 

constituent ions are separated by the receptor (Figure 1.20b). In contrast, a 2:2 contact ion 

pair complex is stabilized in the case of NaNO3, at least in the solid state (Figure 1.20c). 

 

 
 

Figure 1.20 Crystal structures of (a) free receptor1.40, (b) its NaCl complex, and (c) the 

corresponding NaNO3 complex. This figure was redrawn using coordinates 

that were originally published in ref. 53. 

 

1.4 ION PAIR RECEPTORS THAT CONTAIN AMIDE GRO UPS FOR ANION RECOGNITION  

Several groups have designed and synthesized crown ether derivatives that 

contain one or more amide groups strapped via a short linker and used the resulting 

system as receptors for the recognition of contact ion pairs. The attraction of this 

approach is that the partial destabilization resulting from charge separation of ion pairs, 

the so-called Columbic penalty, can be avoided. In an early example, Kilburn and co-

workers showed that compound 1.41 forms strong complexes with the mono-potassium 

salts of dicarboxylic acids and phenyl phosphonate, binding these guests as contact ion 

pairs (Figure 1.21).
54

 A series of solid-liquid and liquid-liquid extraction experiments 

provided support for the suggestion that this ditopic receptor is able to effect the transfer 

(a) (b) (c) 
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of varying quantities of the mono-potassium salts of several dicarboxylic acids from 

water into CDCl3. 
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Figure 1.21 Chemical structure of the ion pair receptor 1.41 and its proposed binding 

mode with monopotassium salts of dicarboxylic acids (oxalic acid, malonic 

acid, methylmalonic acid, benzylmalonic acid, maleic acid, fumaric acid, 

succinic acid, Z-aminomalonic acid, Z-aspartic acid, and Z-glutamic acid) 

and phenyl phosphonate. 

 

Seven years later, in 2000, Smith and co-workers prepared the preorganized 

bicyclic macromolecular ion pair receptor 1.42 by combining a dibenzo-18-crown-6 with 

a 1,3-phenylenedicarboxamide subunit (Figure 1.22).
55

 Proton NMR spectroscopic 

studies carried out in pure DMSO-d6 and in a 3:1 mixture of DMSO-d6/CD3CN, 

combined with single crystal X-ray structural analyses, served to show that receptor 1.42 

is capable of forming a complex containing both alkali metal and chloride ions. A series 

of complexation experiments carried out in DMSO-d6/CD3CN (3/1, v/v) provided support 

for the suggestion that 1.42 binds sodium chloride and potassium chloride in the form of 

ion pairs and in a highly cooperative fashion. In the presence of 1.0 molar equiv. of Na
+
 

or K
+
 (added as their tetraphenylborate salts), the chloride anion affinity is enhanced 

relative to what is seen in the absence of a cation (Table 1.6). A single crystal X-ray 

structural analysis of the NaCl complex revealed that receptor 1.42 binds NaCl as a 
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solvent-separated ion pair, at least in the solid-state. As expected, the Na
+
 cation is bound 

within the dibenzocrown unit, with an axial water molecule completing the coordination 

sphere, whereas the Cl
ī
 anion is hydrogen-bonded to the two NH residues as well as to 

the CH of a chloroform molecule that serves to bridge the two ions of the ion pair. The 

central cavity is occupied by a CHCl3 molecule or two molecules of water, with the ion-

ion separation being 7.31 Å.
55
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Figure 1.22 Amide-capped bicyclic ion pair receptors 1.42 and 1.43. 

 

 

Table 1.6 Association constants (M
-1

) for the binding of halide anions to the ion pair 

receptor 1.42 for halides anion in the presence or absence of alkali metal ions. 

The values in parentheses are the change in the chemical shift of the NH 

protons (ȹŭmax in ppm).
a 

 

anions
b
 1.42 1.42 + Na

+c
 1.42 + K

+c
 1.42 + Cs

+c
 

Cl
-
 50 (0.93) 410 (1.16) 470 (1.28) 60 (0.95) 

Br
-
 9 (0.18)  27 (0.38)  

I
-
 <1 (<0.01)  11 (0.03)  

a
T = 295 K, [1.42] = 10 mM in DMSO-d6/CD3CN (3/1, v/v) in the presence or absence of 

1.0 molar equiv. of the designated metal cations. Association constants are the average of 

all receptor protons that exhibit significant complexation-induced shifts; uncertainty 

±15%. The ȹŭmax values represent the change in the NH chemical shift after adding 10 

molar equiv. of the indicated anion. 
b
Anion added as the tetrabutylammonium salt. 

c
Cation added as the tetraphenlyborate salt. 
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A year later, the ion pair receptor 1.43 (Figure 1.22),
 
an analogue of 1.42, was 

reported by the same group.
56

 Receptor 1.43 was designed to have a smaller distance 

between the cation and anion binding sites and to recognize sodium and potassium halide 

salts as contact ion pairs. Single crystal X-ray diffraction structures of the NaCl and KCl 

complexes of 1.43 were solved, and revealed that this new receptor binds NaCl and KCl 

salts as contact ion pairs. This complexation mode stands in contrast to what is seen for 

1.42, which binds NaCl as a solvent separated ion pair. The crystal structures of 

1.43·NaCl and 1.43·KCl also show that, relative to the KCl complex, the effective cavity 

size of the diazacrown unit is reduced when the Na
+
 cation is bound (average KĀĀĀO 

distance is 2.77 Å vs. 2.45 Å for NaĀĀĀO). In addition, the average ClĀĀĀO distance in 

43·NaCl is much shorter (4.20 Å) than that observed in 1.43·KCl (4.7 Å). These 

differences provide support for the appealing suggestion that once a K
+
 cation is bound, 

receptor 1.43·K
+ 

is better able to bind the chloride counter anion to form a favorable 

contact ion-pair than in the case of 1.43·NaCl. Proton NMR spectroscopic titration 

experiments carried out in DMSO-d6 revealed cooperative effects. Specifically, in the 

presence of either Na
+
 and K

+
 or Cl

-
, the association constants for complexation of the 

corresponding counter ion increased significantly (Table 1.7). 

 

Table 1.7 Association constants, Ka (M
-1

), in DMSO at 295 K.
a 

 

Ka for Cl
- b

 Ka for Na
+ c

 Ka for K
+ c

 

1.43 1.43 + Na
+
 1.43 + K

+
 1.43 1.43 + Cl

-
 1.43 1.43 + Cl

-
 

35 50 460 5 25 8 340 

a
Association constants are the average of all receptor protons which exhibit significant 

complexation-induced shifts; The initial [1.43] = 10 mM; uncertainty ±15%. 
b
1.43/Cl

-
 

association constant in the presence of 1 molar equiv. of metal tetraphenylborate. 
c
1.43/M

+
 association constant in the presence of 1 molar equiv. of tetrabutylammonium 

chloride. 
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It was also shown by single crystal X-ray diffraction analysis and 
1
H NMR 

spectroscopy that receptor 1.43 can extract LiCl and LiBr from the solid state and bind 

these salts as water-separated ion pairs. On the other hand, it was found that NaCl, KCl, 

NaBr and KBr are bound as contact ion pairs.
57

 In the solid state, the complexes formed 

between 1.43 and LiCl and LiCl contain the Li
+
 cation coordinated to three oxygen atoms 

and one nitrogen atom of the six heteroatoms in the diazacrown ether moiety, as well as 

to an additional oxygen atom provided by the water molecule (Figure 1.23). In contrast, 

the Cl
-
 and Br

-
 anions are hydrogen-bonded to the two amide NH protons and one OH 

proton from a water molecule. The average LiĀĀĀOcrown distance in both cases is 2.21 Å for 

the three coordinating oxygen atoms. The average LiĀĀĀOwater distances are 1.90 Å for the 

LiCl complex and 1.91 Å for the LiBr complex. The Li-N distances for the coordinating 

crown nitrogen are 2.37 Å for the LiCl complex and 2.33 Å for the LiBr complex. In the 

case of the chloride complexes, the average Namide-Cl distances are 3.30 Å with the 

average N-H-Cl angle being 177.5ę. The Cl-Owater distance is 3.10 Å. In the case of the 

LiBr complex, the Br
-
 anion is bound to the receptor with distances of 3.41 Å and 3.29 Å 

being observed for the Namide-Cl and Br-Owater separations, respectively. The average N-

H-Br angle is 176.9ę (Figure 1.23). 
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Figure 1.23 Crystal structures of (a) 1.43·LiCl·H2O and (b) 1.43·LiBr·H2O. The lithium 

cation is bound in the crown ether subunit in both cases. These structures 

were replotted using coordinates that were originally reported in ref. 57. 

 

Using a supported liquid membrane and a high salt concentration in the source 

phase, Smith and coworkers carried out transport experiments that involve the use of ion 

pair receptor 1.43 as a carrier for alkali halide salt.
58

 On the basis of these studies, it was 

concluded that the ditopic receptor (1.43) can transport alkali halide salts up to 10-fold 

more quickly than does the monotopic cation receptor 1.44 or the anion receptor 1.45 and 

twice as fast as does a 1:1 mixture of 1.44 and 1.45 (Table 1.8). The same qualitative 

order of ion selectivity is observed in all transport systems; that is, for a constant anion, 

the cation selectivity order is K
+
 > Na

+
 > Li

+
, and for a constant cation, the anion 

transport selectivity order is I
-
 > Br

-
 > Cl

-
. 

 

(a) (b) 
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Figure 1.24 Structures of control monotopic receptors 1.44 and 1.45. 

 

Table 1.8 Initial transport fluxes (× 10
-8

 mol m
-2
 s

-1
).

a 

 

Carrier 1.43 1.44 

LiCl  6 ± 1 6 ± 1 

NaCl 37 ± 2 5 ± 1 

KCl 90 ± 3 12 ± 1 

LiBr  10 ± 1 6 ± 1 

NaBr 32 ± 2 3 ± 1 

KBr 111 ± 3 20 ± 1 

LiI  7 ± 1 7 ± 1 

NaI 43 ± 2 27 ± 2 

KI  160 ± 5 40 ± 2 
a 

Source phase, 1 M salt; membrane, 50 mM receptor in NOPE (o-nitrophenyl n-octyl 

ether); receiving phase, water. T = 25 °C. 

 

Recent reports from the Smith group also show that the ditopic receptor 1.43 

forms strong complexes with trigonal oxyanions, such as NO3
-
 and OAc

-
, as well as with 

the halide anions.
59

 Proton NMR spectral studies provided confirmation that compound 

1.43 is able to extract solid NaNO3 and KCl into chloroform. Single crystal X-ray 

diffraction analyses further revealed that receptor 43 binds KOAc, NaNO3, KNO3, and 

NaNO2 as contact ion pairs and LiNO3 as a water-bridged ion pair (Figure 1.25). 
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Table 1.9 Initial transport fluxes for SLMs containing different receptors.
a 

 

 1.43 1.44 1.45 1.44 + 1.45 

Flux (× 10
-8
 mol m

-2
 s

-1
) 90 ± 3 12 ± 1 18 ± 1 50 ± 2 

a 
Source phase, 1 M KCl; membrane, 50 mM receptor in NOPE; receiving phase, water. T 

= 25 °C. 

 

 

 
 

Figure 1.25 Crystal structures of (a) 1.43·KOAc, (b) 1.43·NaNO3, (c) 1.43· KNO3, (d) 

1.43·LiNO3·2H2O, and (e) 1.43·NaNO2. The cation is bound in the crown 

subunit in all cases. This figure was produced using coordinates that 

originally appeared in ref. 59. 

 

A more elaborated analogue of compound 1.43 was introduced by Gale, Smith 

and coworkers in 2003. These researchers used a 2,5-diamidopyrrole strap but otherwise 

retained the same basic receptor design. This gave rise to the macrobicyclic receptor 1.46, 

which has an additional pyrrole-derived hydrogen bond donor site. Proton NMR 

spectroscopic titrations revealed that the affinity of ditopic receptor 1.46 for Cl
-
 is three 

times higher than 1.43.
60

 Moreover, it was found that the addition of one equivalent of the 

Na
+
 cation fails to increase appreciably the affinity for Cl

-
. However, adding one 

equivalent of K
+
 to 1.46 enhances the binding affinity for halide anions substantially. In 

the context of this work it was also confirmed via an X-ray crystallographic analysis of 

(a) (b) (c) (d) (e) 
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the NaCl complex (1.46ȚNaCl) that the receptor coordinates NaCl as a contact ion pair. 

Such a coordination mode is consistent with the enhanced binding affinity for Cl
-
 

observed for 1.46 as compared with 1.43. This same crystal structure also revealed that 

not only are the two amide NHôs interacting with the anion but also that the pyrrolic NH 

proton participates in chloride recognition via hydrogen bonding interactions. 

A somewhat analogous ion pair receptor, the ferrocene-strapped system 1.47 

having an electrochemically-active sensing unit, was reported by Tuntulani et al. in 2005 

(Figure 1.26).
61

 In this case, 
1
H NMR spectroscopic titration of ions coupled with cyclic 

voltametric analyses confirmed that receptor 1.47 is unable to interact with the Br
-
 anion. 

These same analyses also revealed that 1.47 binds the Br
-
 anion (Ka = 16,096) selectively 

and efficiently in the presence of the Na
+
 cation. Cyclic voltametric studies of 1.47 

revealed reversible redox behavior and a value of E1/2 = 0.473 mV for the 

ferrocene/ferrocinium couple. The addition of cations, such as Na
+
 and K

+
, results in a 

slight anodic shift of the CV wave. Conversely, the addition of the Cl
-
 induces a cathodic 

shift in the Fc/Fc
+
 redox couple with the wave disappearing as the Cl

-
 concentration 

increases. It is thought that the reversibility of the Fc/Fc
+
 redox wave is lost as a 

consequence of ion pair association occurring within the receptor.
61
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Figure 1.26 Ion pair receptors 1.46 and 1.47. 
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For the recognition of more specific ion pairs, Beer and coworkers synthesized 

the ion pair receptor 1.48 (Figure 1.27).
62

 This system, reported in 2007, contains a cone 

calix[4]arene diester, a motif that is well known to bind the Li
+
 and Na

+
 cations strongly 

and selectively.
62

 It also has a strap with amide functionality for anion recognition. As 

expected, in the presence of the Br
-
 anion, receptor 1.48 binds the Li

+
 cation (Ka > 10,000 

M
-1

) roughly five times effectively than its absence (Ka = 2,840 M
-1

), as determined by 

1
H NMR spectroscopic titrations carried out in acetone-d6. This finding was considered 

indicative of a positive cooperative interaction between the co-bound ions and the 

receptor. Interestingly, complexation of Br
-
 anion reduces the propensity of receptor 1.48 

to bind the Na
+
 cation exhibiting Ka value that is reduced by ca. a factor of 4.5 relative to 

what is seen for free 1.48. Conversely, pre-complexation of Li
+
 and Na

+
 cations (using 

salts of the non-coordinating anion, perchlorate) serves to boost by a factor of 6.4-9.3 the 

binding affinity of 1.48 for the Br
-
 and I

-
 anions (Table 1.10). 

 

Table 1.10 Association constants (Ka) corresponding to the binding of halide anions by 

receptor 1.48 and its metal complexes.
a 

 

 
Ka (M

-1
) 

Free 1.48 [1.48ĀLiClO4] [1.48ĀNaClO4] [1.48ĀKPF6] 

TBACl 1,550 ï
b
 ï

b
 ï

b
 

TBABr 250 2,320 2,150 ï
b
 

TBAI 45 420 290 ï
b
 

a
Solvent: Acetone-d6, 298 K, association constant errors <10%. 

b
No association constant 

could be determined due to ion-pairing that takes place upon the addition of first 

equivalent of TBA
+
 salt. 
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Similar binding behavior was observed for the ion pair receptors 1.49a,b (Figure 

1.27).
63,64

 In this case, binding studies carried out in acetonitrile using 
1
H NMR and UV 

spectroscopy, as well as supporting calculations, revealed that receptors 1.49a,b are able 

to bind an anion and cation simultaneously by stabilizing a contact ion pair within the 

receptors. Ditopic receptors 1.49a,b do not bind small cations (Na
+
, K

+
, and NH4

+
) 

effectively in the absence of the Cl
-
 anion. However, they form strong complexes with 

such cations in the presence of the Cl
-
 anion and do so in a highly cooperative fashion. In 

the solid state, X-ray structural analyses confirmed that compound 1.49a binds KCl and 

NH4Cl as contact ion pairs. Interestingly, the resulting complexes display 1:1 and 2:2 

stoichiometry, respectively. Also noteworthy is that receptor 1.49a binds KCl and NH4Cl 

in accord with AND logic. That is, compound 1.49a, unable to bind either the individual 

K
+
 or NH4

+
 cations, nor the individual Cl

-
 anion, is able to bind the ion pairs, KCl and 

NH4Cl, very strongly in acetonitrile but only in the presence of both the constituent 

cations and anions.
 63,64
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Figure 1.27 Structures of ion pair receptors 1.48 and 1.49a,b. 

 

Quite early on (mid-1990ôs), the Beer group detailed the synthesis of the 

calix[4]arene derivatives containing benzo[15]crown-5 moieties via amide spacers (1.50 
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and 1.51; Figure 1.28).
65

 These systems were expected to recognize ion pairs on the basis 

of a positive allosteric effect.
65

 Proton NMR spectroscopic binding studies carried out in 

acetonitrile-d3 using various Na
+
 and K

+
 salts revealed that receptor 1.50 forms 1:5 

(host:guest) complexes with these cations, wherein the tetraamide NHôs do not cooperate 

to bind an anion. On the other hand, receptor 1.51 was found to form 1:1 complexes with 

the K
+
, Ba

2+
, and NH4

+
 cations in the same solvent. Here, it was proposed that the cations 

are sandwiched between the two benzo[15]crown-5 subunits, a recognition event that 

brings the amide NHôs into the closer proximity. This, in turn, provides a preorganized 

cavity for anion recognition (Figure 1.28). Although receptor 1.51 in its free form was 

not found to bind anions, in the presence of potassium and ammonium cations co-

complexes with anions, such as Cl
-
, NO3

-
, HSO4

-
, and H2PO4

-
, are stabilized.

65
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Figure 1.28 Receptors 1.50 and 1.51 and their proposed ion binding modes for anions 

or/and cations. 
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In 2003, Evans and Beer described the ion pair receptors 1.52 and 1.53 that 

contain two benzo[15]crown-5 linked to the upper rim of a calix[4]arene via amide 

groups (Figure 1.29).
66

 A 
1
H NMR spectroscopic titration study carried out in DMSO-

d6/CD3CN (1/1, v/v) shows that the K
+
 cation significantly enhances the binding ability 

of 1.52 and 1.53 for Cl
-
, OBz

-
, and H2PO4

-
. It is thought that this enhancement reflects the 

formation of a sandwich complex with the two benzo[15]crown-5 that, in turn, serves to 

provide a cavity appropriate for anion recognition. The result is ion pair binding that 

benefits from a positive allosteric effect. On the contrary, the Na
+
 cation exerts a negative 

allosteric effect on anion binding, as can be seen from the affinity constants listed in 

Table 1.11. The effect of the Na
+
 cation was rationalized in terms of these two receptors 

(1.52 and 1.53) forming 1:2 (host:guest) complexes wherein two Na
+
 cations are bound to 

the receptor (i.e. one in each crown ether). Such a complexation mode, and the resulting 

electrostatic repulsion between the bound Na
+
 cations, serves to separate the two amide 

NH protons that link each crown ring to the calix[4]arene core. As a result, these protons 

cannot bind the associated counter anions in a cooperative manner.
66

 

 

Table 1.11 Anion association constants (Ka) for receptors 1.52 and 1.53 and that of their 

corresponding Na
+
 and K

+
 complexes (errors <10%). 

 

 
Ka (M

-1
) 

1.52 [1.52Ā2Na
+
] [1.52ĀK

+
] [1.53Ā2Na

+
] [1.53ĀK

+
] 

Cl
-a
 5 <5 15 <5 150 

OBz
-a

 25 <5 270 20 205 

H2PO4
-b
 10 <5 60 <5 

c 

a
Solvent: DMSO-d6/CD3CN (1/1, v/v). 

b
Solvent: 100% DMSO-d6. 

c
No satisfactory fit to 

the data could be obtained using EQNMR. 
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Figure 1.29 Chemical structures of ion pair receptors 1.52-1.54. 

 

Receptor 1.54 (Figure 1.29), reported by Stibor et al. in 1997, was found to form a 

complex with the Na
+
 cation and to bind various anions in a positive cooperative 

manner.
67

 Specifically, in the presence of the Na
+
 cation, the affinities of receptor 1.54 

towards Br
-
, Cl

-
, and HSO4

-
 were found to be increased by a factor of 5.5, 8, and 14, 

respectively. 

In the late 1900ôs, the heteroditopic rhenium(I)-bipyridyl-bis(benzo[18]crown-6) 

receptor 1.55 (Figure 1.30) was synthesized by Beer and coworkers with the goal of 

exploiting positive binding cooperative effects to bind ion pairs.
68,69

 In the presence of 

2.0 molar equiv. of the K
+
 cation (added as the hexafluorophosphate salt), a cation that 

forms 1:1 complexes with the benzo[18]crown-6 moiety, the Cl
-
 anion affinity was 

enhanced by 5-fold in DMSO. This enhancement was ascribed to favorable electrostatic 

and conformational effects. Analogous ion pair receptors, namely 1.56 and 1.57 (Figure 

1.30), were prepared by linking two benzo[15]crown-5 subunits to ruthenium(II)- and 

rhenium(I)-bipyridyl groups via four amide groups. In this case, the crown ether moieties 

were expected to form 2:1 (crown:K
+
) sandwich complexes with the K

+
 cation. Binding 
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of K
+
 serves not only to induce an allosteric effect via preorganization of the four amide 

groups into an orientation that favors anion binding, but also to cause a switch in the 

inherent anion selectivity.  
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Figure 1.30 Chemical structures of ion pair receptors 1.55-1.58. 

 

In the absence of the K
+
 cation, both receptors bind the H2PO4

-
 anion more 

selectively than the Cl
-
 anion in a 1:1 stoichiometry (for 1.56, Ka = 205 M

-1
 for H2PO4

-
 

vs. Ka = 55 M
-1

 for Cl
-
 in DMSO-d6). However, the anion selectivity of both ion pair 

receptors is reversed after addition of K
+
, presumably because the two pendant 

benzo[15]crown-5 subunits form a sandwich complex with the K
+
 cation. In this instance, 

the association constants of both receptors for H2PO4
-
 decrease while those for Cl

-
 

increase (for 1.56, in the presence of K
+
, Ka = 35 M

-1
 for H2PO4

-
 vs. Ka = 300 M

-1
 for Cl

-
 

in DMSO-d6). In a similar manner, adding K
+
 to 1.58 serves to preorganize the four 

amide groups for anion recognition via formation of a crown-based sandwich complex. 

This gives rise to the result of enhancing the association constants for the acetate and 

chloride anions by a factor of 1.4 and 1.8, respectively.
70
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Beer and co-workers also synthesized the ion pair receptor 1.59 (Figure 1.31), a 

tripodal tris(amido benzo[15]crown-5).
71

 This system, reported in 1999, was studied for 

its ability to extract and transport sodium halide salts and sodium perrhenate. In the 

presence of 1.0 equivalent of sodium picrate, compound 1.59 acts as a ditopic receptor, 

exhibiting enhanced affinities for Cl
-
, I

-
 and ReO4

-
 (Table 1.12). This result is ascribed to 

the cooperative binding of these anions via co-bound sodium cations complexed by the 

crown ether subunits. It was also found that receptor 1.59 can extract sodium 

pertechnetate (NaTcO4) from water and transport it efficiently under mixed organic 

aqueous conditions designed to simulate conditions that might by applicable to treatment 

of aqueous waste streams containing this radioactive salt. 
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Figure 1.31 Tripodal tris(amido benzo[15]crown-5) ion pair receptor 1.59. 
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Table 1.12 Binding constants recorded for 1.59 in the presence and absence of sodium 

picrate in CDCl3. 

 

Anions Ka (M
-1
) 

Cl
-
 60

a
 

Cl
-
 (+ Na

+
)

b
 520

c
 

I
-
 30

a
 

I
-
 (+ Na

+
)

b
 390

c
 

ReO4
-
 40

a
 

ReO4
-
 (+ Na

+
)

b
 840

c
 

a
Determined at 298 K, errors estimated to be Ò10%. 

b
Titration carried out in the presence 

of 1.0 molar equiv. of sodium picrate. 
c
Determined at 298 K, errors estimated to be 

Ò15%. 

 

In 2001, Beer and coworkers also demonstrated positive binding cooperativity in 

the case of the bis(calix[4]arene) rhenium(I)-bipyridyl receptors 1.60a,b (Figure 1.32).
72

 

In the presence of 2.0 molar equiv. of alkali metal ions, such as Li
+
, Na

+
, and K

+
, the 

binding affinities for iodide were observed to increase by a factor of 4.5, 3.1, and 1.5, 

respectively. This finding was attributed to the complexation of the metal cations with the 

ester groups in the lower rim of the calix[4]arene. This complexation fixes the calixarene 

scaffold in a more rigid conformation, thereby preorganizing the central cavity for iodide 

recognition. It was found that calix[4]arene tetraester 1.60b shows the greatest 

enhancement in the I
-
 binding affinity in the presence of Na

+
 (in the presence of NaClO4, 

Ka = 320 M
-1

 for TBAI vs. Ka = 40 M
-1
 in its absence, for I

- 
in CD3CN). Ion pair receptors 

1.61a,b, in which calix[4]arene esters are linked to a single ruthenium(II)- or rhenium(I)-

bipyridyl metal site, were also reported by Beer et al. in 2000.
73

 It was found by separate 

1
H NMR titration experiments, carried out in acetonitrile-d3, that receptors 1.61a,b form 

1:1 complexes with the Br
-
 and I

-
 anions (as the tetrabutylammonium salts), and the Li

+
 

and Na
+
 cations (as the perchlorate salts). The presence of 1.0 equiv. of the alkali metal 
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cations significantly increases the Br
-
 and I

-
 affinities of receptors 1.61a,b. The 

enhancement in these anion affinities seen in the presence of the pre-bound cation is 

ascribed to i) the attraction between co-bound opposite charged-ions, ii) the preorganized 

cavity, and iii)  the increased strength of the hydrogen bond interactions with the bound 

anion. This latter benefit is thought to result from cation complexation that serves to 

disrupt the intramolecular hydrogen bonds between the proximal amide NH proton and 

one or more of the calix[4]arene ester oxygen atoms. 
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Figure 1.32 Calix[4]arene-based ion pair receptors 1.60a,b and 1.61a,b. 

 

In 2008, Le Gac and Jabin reported the synthesis of calix[6]cryptamide 1.62 

(Figure 1.33), a receptor that was put forward as a host for neutral molecules and 

alkylammonium chloride ion pairs (alkyl = ethyl and propyl).
74

 Receptor 1.62 contains a 

calix[6]arene subunit that is designed to act as a cation recognition site. This core is 

linked to a cyclotriveratrylene skeleton via three diamide groups, thereby providing an 
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anion recognition site. Upon addition of excess (up to 15 molar equiv) of ammonium 

salts RNH3
+
Cl

-
 (R = ethyl or propyl) to a chloroform solution of 1.62, the resonance of 

the amide NH protons nearest to the calix[6]arene backbone undergoes a significant 

downfield shift (ȹŭ > 0.5 ppm), whereas the peaks of alkyl protons of the ammonium 

cations appear in abnormally low field (ŭ å -1.0 and -2.0 ppm for the methylene protons 

of propylammonium chloride). Such findings provide support for the notion that the 

alkylammonium chloride ion pairs are included in the receptor. That is, the chloride anion 

is hydrogen bonded to the amide groups and the alkylammonium cation is bound to the 

calix[6]arene cup via hydrogen bonds to the ethereal oxygen atoms, as well as CH-  ́

interactions. Interestingly, neither the chloride anion nor the propylammonium cation 

with non-coordinating counterions, such as the tetrabutylammonium cation or the picrate 

anion, was bound to the receptor. This selectivity is consistent with the conclusion that 

this system is highly cooperative, and that interaction between the co-bound ions is 

essential for the formation of a stable host-guest ion pair complex.
74
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Figure 1.33 Calix[6]arene-based ion pair receptor 1.62 and its proposed mode of binding 

for alkylammonium chloride contact ion pairs. 
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Ditopic receptors 1.63a-c (Figure 1.34) were also synthesized by the Jabin group 

in 2003.
75

 These systems contain three urea or thiourea groups attached to the 

calix[6]arene skeleton. In the presence of various anion salts containing the non-

coordinating countercation, tetrabutylammonium (TBA
+
), a significant downfield shift of 

the urea or thiourea NH resonances is seen in the 
1
H NMR spectrum. This observation is 

consistent with the receptors being able to recognize directly the Br
-
, I

-
, AcO

-
, and HSO4

-
 

anions. In contrast, no chemical shift change is observed in the presence of an excess of 

the propylammonium picrate, a finding interpreted in terms of these receptors being 

unable to bind alkyl ammonium cations as independent substrates. On the other hand, the 

addition of tetrabutylammonium chloride to a mixture of receptors 1.63a-c and 

propylammonium picrate produces a remarkable upfield shift in the propylammonium 

resonance (to ŭ å -1.0 and -2.0 ppm for the propyl CH2CH2 signals) as well as large 

downfield shifts in the urea or thiourea NH signals. Such large, correlated changes in the 

1
H NMR spectrum were taken as evidence that both the chloride anion and the 

propylammonium cation are bound concurrently to the receptors. To the extent this 

interpretation is correct, it implies that the chloride anion plays a crucial role in cation 

binding and that the system benefits from a positive cooperative interaction. Support for 

this appealing conclusion comes from studies of receptor 1.64 (Figure 1.34), a system 

that bears an independent recognition site for ammonium cations. As expected, this latter 

receptor was found to form a 1:1 complex with propylammonium chloride and to do so 

with a positive cooperativity.
76
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Figure 1.34 Calix[6]arene-urea based ion pair receptors 1.63a-c and 1.64. 

 

A different type of receptor, namely 1.65a-e (Figure 1.35), containing amides and 

designed for organic ion pair recognition, was reported by Atwood et al. First reported in 

2002, these systems are based on resorcin[4]arene frameworks that are linked to 

additional aromatic rings via a Mannich reaction to provide a hydrophobic cavity.
77,78

 

Four amide groups on the upper rim of the capsule-like molecule then complete the 

structure. In a mixture of 1.65a-c in chloroform containing an excess of TMACl 

(tetramethylammonium chloride), the proton peak of the TMA
+
 cation appears at ŭ = -

0.57 in the 
1
H NMR spectrum, while the NH signals appear at 9.6 ppm. These correspond 

to upfield and downfield shifts of +1.6 and -1.6 ppm, respectively. These findings 

provide support for the conclusion that the TMA
+
 cation is encapsulated in the cavity 

while the chloride anion is hydrogen bonded to the amide NH protons. The X-ray crystal 

structure of 1.65aĀTMACl  was solved (Figure 1.36). It revealed that the receptor forms a 

simultaneous complex with both the cation and the anion as a contact ion pair. In the 

presence of excess TMACl, the existence of two sets of distinguishable proton peaks for 

the TMA cation (one for the complex, the other for the free) is seen in the 
1
H NMR 

spectrum. This is consistent with the equilibrium between the complexed and the 
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uncomplexed TMA
+
 cation being slow on the NMR time scale and that the complex is 

kinetically and thermodynamically stable. Compounds 1.65d,e, having more acidic NHôs, 

were thought on the basis of 
1
H NMR spectroscopic studies to form an ion pair complex 

with other tetramethylammonium halides, such as TMABr and TMAI, as well as 

TMACl.
77,78
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Figure 1.35 Chemical structures of molecular capsules 1.65a-e. 

 

 
 

Figure 1.36 Two different views of the X-ray crystal structure of 1.65aĀTMACl (TMA
+
 = 

tetramethylammonium). This figure was produced using coordinates that 

originally appeared in ref. 77. 



 51 

 

In 2005, Frontera et al. reported that a squaramide moiety connected to a 

[18]crown-6 subunit (receptor 1.66; Figure 1.37) is able to bind both the K
+
 or Na

+
 cation 

and the acetate (OAc
-
) anion concurrently, as evidenced by 

1
H NMR spectroscopy and 

supporting PB86/optimized structures.
79

 Receptor 1.66 was also found to dissolve 

otherwise insoluble carboxylate salts, such as sodium benzoate and sodium acetate in 

chloroform. 
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Figure 1.37 Chemical structure of the crowned squaramide ion pair receptor 1.66 and its 

predicted binding mode for NaOAc or KOAc contact ion pairs. 

 

Another approach to binding ion pairs involves the use of cyclopeptides. These 

systems are multi-amides and can thus interact with anions via hydrogen bond donating 

NH residues and cations via carbonyl lone pair electrons. A pioneer in this area is Kubik, 

who synthesized the cyclopeptide 1.67 (Figure 1.38).
80

 This receptor contains L-glutamic 

acid and 3-aminobenzoic acid subunits linked in an alternating sequence. It was 

examined for its ability to bind both anions and cations. For instance, 
1
H NMR 

spectroscopic analyses revealed that receptor 1.67 forms a 1:1 complex with n-

butyltrimethylammonium iodide (BTMAI) . An upfield shift in the proton resonance of 

the BTMA
+
 cation in conjunction with an unchanged NH peak in the 

1
H NMR spectrum 
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was taken as evidence that macrocycle 1.67 is able to recognize the ammonium cation via 

a ́ -cation interaction (Ka = 300 M
-1

), but not the I
-
 anion. 
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Figure 1.38 Cyclopeptide-based ditopic receptors 1.67-1.69. 

 

In addition to the BTMA
+
 cation, receptor 1.67 was found to bind certain anions, 

including tosylates and phosphates via hydrogen bonding interactions involving the 

amide NH protons and the bound anions. It was also noted that in the presence of the 

tosylate anion, the affinity of cyclopeptide 1.67 for the BTMA
+
, Na

+
, and K

+
 cations was 

significantly enhanced. This increase (up to a factor of 10
3
-10

4
) was ascribed to an 

increase in the preorganization of the cyclopeptide by the bound anion, as well as to an 

enhanced electrostatic interaction between the anions and cationic substrates in the final 

complex. That is, the binding of the tosylate anion via interaction with the six amide NH 

protons serves to enforce a calix[4]arene-like cone conformation, i.e., one, in which all 

the carbonyl oxygen atoms, as well as aromatic groups, point in the same direction. The 

net result is the stabilization of a bowl-shaped cavity suitable for cation binding. 

Accordingly, substrate binding is highly cooperative. 

Kubik, together with Goddard, also synthesized cyclopeptide 1.68 (Figure 1.38), 

which contains L-proline and 3-aminobenzoic acid subunits linked in an alternating 
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sequence.
81

 With most ion pairs tested, compound 1.68 was found to display binding 

behavior similar to that of compound 1.67. An exception to this generalization is BTMAI. 

Receptor 1.68 was found to recognize BTMAI  in a highly cooperative fashion, as 

evidenced by the observation of a significant upfield shift in the proton resonance (ȹŭ = -

1.1 ppm for 1.68 and ȹŭ = -0.02 for 1.67) of the ammonium cation (in both cases the 

chemical shifts of the N-methyl protons were monitored). The stability constant of 

cyclopeptide 1.68 (Ka = 21,100
 
M

-1
) for BTMAI  is almost two orders of magnitude 

higher than that of 1.67 (Ka = 300
 
M

-1
). 

In 2005, Gibb and Gong reported that the macrocyclic compound 1.69 (Figure 

1.38), composed of a tripyridyl unit cyclized with a diamide linker, acts as an ion pair 

receptor for monoalkylammonium salts, being especially effective for salts of L-

phenylalanine methyl ester.
82

 Little or no change in the 
1
H NMR spectrum was seen in 

the presence of anions paired with the non-coordinating counter cation, 

tetrabutylammonium. This observation led these authors to suggest that the anions were 

not bound strongly to the receptor. In contrast, when salts of smaller mono-alkyl 

ammonium cations were used, relatively large downfield shifts was seen for both the 

amide (ȹŭ > 0.5 ppm) and pyridyl (ȹŭ = 0.1 - 0.2 ppm) signals. These spectroscopic 

changes were interpreted in terms of both the anion and the cation being bound to the 

receptor. Compared to what was seen for anions studied using non-coordinating counter 

cations, the enhancement in the association constants seen when these ion pairs were used 

with 1.69 is remarkable. Not surprisingly, this increase was ascribed to cooperative 

interactions between the co-bound ions (see Table 1.13). To the extent this interpretation 

is true, it shows that when both components of ion pairs are bound concurrently, much 

stronger complexes can be attained. 
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Table 1.13 Association constants between 1.69 and various ammonium salts.
a 

 
+
NBu4 salt Ka (M

-1
) 

+
NH3CH(Bn)-CO2Me 

salt 
Ka (M

-1
) 

Coopera- 
tivity factor

b
 

F
-
 110 F

-
 ï

c
 ï

c
 

Cl
-
 63 Cl

-
 12,100 190 

Br
-
 40 Br

-
 1,900 48 

I
-
 32 I

-
 400 13 

PF6
-
 ï

d
 PF6

-
 ï

c
 ï

c
 

NO3
-
 70 NO3

-
 18,400 257 

CF3CO2
-
 52 CF3CO2

-
 6,300 121 

TsO
-
 42 TsO

-
 1,500 36 

a
At 298 K, initial [1.69] = 1.0 mM in CDCl3. Error are ±10%. 

b
Ka(amino acid)/Ka(TBA). 

c
Guest 

insoluble in CDCl3. 
d
No binding observed. 

 

Efforts to apply ion pair recognition principles to the synthesis of more elaborate 

systems, such as rotaxanes and catenanes, were made by Beer and coworkers.
83,84

 In what 

is arguably the first example of work along these lines, the pseudorotaxane 1.72 (Figure 

1.39) was made by mixing macrocyclic compound 1.70, acting as an ion pair receptor, 

with the organic ion pair 1.71. In acetone solution, this organic ion pair (1.71) threads 

through the ion pair receptor (1.70). Presumably, this threading is driven by 

complementary chloride binding by the NH protons of 1.70 and 1.71, as well as by 

additional hydrogen bonding interactions involving the positively charged N-methyl 

protons and the crown ether ring (Figure 1.39). In addition, a charge transfer complex, 

stabilized by ́  donor-acceptor interactions between the pyridinium cation and the two 

hydroquinone moieties of 1.70, provides another driving force for the formation of 

psedorotaxane 1.72. The formation of this latter product is evidenced by the appearance 
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of a broad band at approximately 370 nm in the UV/Vis spectrum, features that 

correspond to color change from colorless to pale yellow. Consistent with this proposed 

mechanism, it was found that pseudorotaxane 1.72 is not formed in protic solvents 

because of competition from the solvents.
83,84
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Figure 1.39 Formation of pseudorotaxane 1.72 via cooperative ion pair (1.71) 

recognition by 1.70. 

 

In contrast, the permanently interlocked [2]- and [3]-catenanes 1.74 and 1.75 can 

be formed from the ion pair receptor 1.70 and the organic ion pair 1.73 by ring-closing 

metathesis (Figure 1.39).
85

 In dichloromethane, the addition of 10 wt % Grubbsô catalyst 

to the pre-formed pseudorotaxane between 1.70 and 1.73 gives [2]- and [3]-catenanes 

1.74 and 1.75 in 45% and <5% yield, respectively (Figure 1.40). Furthermore, removal of 

the Cl
-
 template from catenane 1.74 by AgPF6 provides the anion-free catenane, which is 

able to act as anion receptor for Cl
-
, H2PO4

-
, and 

-
OAc anions.

85
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Figure 1.40 Formation of [2]- and [3]-catenanes 1.74 and 1.75 by ring-closing metathesis 

using Grubbsô catalyst. 

 

In 2007, the Beer group further reported the use of a calix[4]arenes strapped with 

a diamide ring (e.g., 1.74) for ion paired thread recognition instead of compound 1.70.
86

 

The oxygen atoms of this calix[4]arene in the cone conformation bind the positively 

charged N-methyl group of appropriately chosen substrates via hydrogen bonds, whereas 

the amides recognize the chloride anion to form pseudorotaxanes, such as 1.76 (Figure 

1.41). Finally, catenane 1.77 could be formed from the starting diamide calixarene 

receptor via the combined use of a functionalized substrate and Grubbsô catalyst (Figure 

1.41). 
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Figure 1.41 Pseudorotaxane 1.76 and catenane 1.77 formed using a calix[4]arene-based 

ion pair receptor and appropriately chosen pairs of anions and cations. 

 

1.5 ION PAIR RECEPTORS BASED ON POSITIVELY CH ARGED COMPONENTS FOR ANION 

RECOGNITION  

Subunits that provide positively charged centers have proved effective for the 

construction of ion pair receptors. Several that rely on protonated ammoniums have 

proved useful at low pH. An early example, dating from 1992, was reported by Lockhart 

et al. These researchers synthesized compound 1.78 (Figure 1.42), consisting of two 

benzo[5]crown-15 moieties linked via a tetraammonium spacer, and examined its ability 

to bind KCl (Figure 1.42).
87

 Detailed 
35

Cl NMR and 
39

K NMR spectroscopic analyses 

provided support for the notion that receptor 1.78 forms a complex with the KCl, wherein 

the central tetraammonium linker wraps around the Cl
-
 anion so as to bring the two 

benzo[5]crown-15 ether ring into closer proximity. This wrapping allows the K
+
 cation to 

be bound in a ñsandwich-likeò fashion. In this case, ion pair binding to receptor 1.78 

takes place on the basis of a positive allosteric effect. 

 



 58 

 

NN

N N

O

O

O

O

O O

O

O

O

O

1.78

H
H H H

H
H

 
 

Figure 1.42 An Ion pair receptor for KCl, 1.78, that operates at low or neutral pH. 

 

In 1999, White and coworkers reported an ion pair receptor that can be used for 

the separation of transition metal salts [M
2+

X
2-

] through solvent extraction. This system, 

receptor 1.79 (Figure 1.43), incorporates into a lipophilic framework a dianionic binding 

site for transition metal cations and a dicationic binding site for anions.
88

 Transition metal 

cations, such as Cu
2+

 and Ni
2+

, are bound to the salen-based cation-recognition site, 

inducing proton transfer from the phenolic ring to the nitrogen atoms of the morpholine 

moieties. This provides positively charged ammonium species and also serves to bring 

the two ammonium units into proximity for cooperative anion recognition (Figure 1.43). 
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Figure 1.43 Ion pair receptor 1.79 and its binding mode for NiSO4. 

 

As evidenced by the X-ray crystal structure of 1.79·NiSO4, in the solid state the 

sulfate dianion and Ni
2+

 cation are spatially separated, being bound to the protonated 
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central amines via two hydrogen bonds and the deprotonated phenol units of the salen 

subunit, respectively. Sulfate anion binding is presumably reinforced by electrostatic 

interactions involving the salen-bound Ni
2+

 cation. Liquid-liquid extraction experiments 

were also carried out and served to demonstrate that ion pair receptor 1.79 is able to 

extract CuSO4 into chloroform from an aqueous solution of CuSO4 at pH 3.8. 

In 2001, Tuntulani et al. reported the synthesis of the ion pair receptor 1.80 

(Figure 1.44), a tripodal aza crown ether calix[4]arene, and its interaction with halide 

anions and alkali metal cations.
89

 In this case, 
1
H NMR spectroscopic analyses revealed 

that compound 1.80 can form complexes with anions such as Br
-
 and I

-
 but not F

-
, as well 

as with cations, such as Na
+
 and K

+
 cations in 100% DMSO-d6 and in a mixture of CDCl3 

and CD3OD. In the presence of the K
+
 cation, the association constant of compound 1.80 

for the Br
-
 anion was found to be enhanced by nearly 1.5 fold. 
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Figure 1.44 Tripodal aza crown ether calix[4]arene 1.80 containing both cation and anion 

binding sites. 

 

For recognition of zwitterionic amino acids, Schmidtchen synthesized the ditopic 

receptor 1.81 (Figure 1.45).
90 

This system, reported in 1986, contains a triaza[18]crown-6 

subunit covalently linked to a tetraammonium macrocylic anion recognition motif via a 

para-xylene tether. In this case, a 
1
H NMR spectroscopic binding study revealed that 

receptor 1.81 is able to bind certain zwitterionic amino acids, such as ɔ-aminobutyric acid 
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and 6-aminohexanoic acid in 90% aqueous methanol. The association constants (Ka) of 

compound 1.81 for some primary ammonium guests as determined from competition 

experiments were found to be reduced as compared to those obtained with the monotopic 

control compound 1.82. The selectivity of ditopic receptor 1.81 for zwitterionic amino 

acids is, however, increased by a factor of 2.5 as compared to the monotopic receptor 

1.82. 
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Figure 1.45 Ditopic receptor 1.81 and its predicted binding mode for a zwitterionic ɤ-

amino carboxylate. Also shown is the control monotopic receptor 1.82. 

 

In an effort to produce a more sophisticated receptor for amino acids, Mendoza 

and coworkers prepared the chiral receptor 1.83 (Figure 1.46).
91

 This system, reported in 

1992, contains a guanidinium group for carboxylate anion recognition and a 

monoaza[18]crown-6 for ammonium cation recognition.
91

 The appended aromatic 

naphthalene ring was designed to provide an additional interaction with the side chain of 

aromatic amino acids via -́  ́ interactions. The chiral nature of receptor 1.83 was 

expected to provide for the enantioselective recognition of phenylalanine and tryptophan. 

The affinity of compound 1.83 towards amino acids was determined by liquid-liquid 
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single extraction experiments using water and CH2Cl2. The extraction efficiencies (i.e., 

fraction of receptor molecules occupied by substrate) in the organic phase, determined by 

integration of the NMR spectra, were ca. 40% for both L-Trp and L-Phe. On the other 

hand, L-Val without an aromatic side chain was not extracted to an appreciable extent. 

This led to the conclusion that the aromatic naphthalene pendant plays a critical role in 

recognizing aromatic amino acids. Enantioselective recognition of L-Trp and L-Phe by 

(S,S)-1.83 was confirmed by 
1
H NMR spectroscopic analysis. Conversely, the other 

antipode, receptor (R,R)-1.83, was found to extract selectively D-Trp and D-Phe, but not 

their corresponding L-enantiomers. 
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Figure 1.46 Ditopic receptor (S,S)-1.83 and its proposed binding mode for L-tryptophan. 

 

Ion pair receptors, suitably functionalized with a fluorophore or chromophore, can 

act as optical sensors for ion pairs, exhibiting an easily detectable signal change in color 

or fluorescence intensity. An example of such a system comes from de Silva and 

coworkers who synthesized the fluorogenic compound 1.84 (Figure 1.47).
92

 This system, 

reported in 2003, contains both anion and cation binding sites, namely a Na
+
-selective 

benzo[15]crown-5 moiety and a H2PO4
-
-selective polyammonium group linked via an 

anthracene fluorophore. In the absence of substrates (ions), the fluorescence intensity of 
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receptor 1.84 is inherently low because of PET (photo-induced electron transfer) from 

both the benzo[15]crown-5 and the benzylic amine lone pair to the anthracene. The PET 

processes can be inhibited by complexation of the Na
+
 cation by the benzo[15]crown-5 

and H2PO4
-
 binding to the polyammonium moiety, respectively. Thus, in the presence of 

both ions the fluorescence is enhanced. However, in the presence of a single ion (either 

Na
+
 or H2PO4

-
 studied using a non-coordinating counter ion), the fluorescence is still 

weak. Presumably, this is because PET from either the benzylic amine lone pair or the 

benzene ring of the crown ether suffices to quench the intensity of the anthracene 

fluorescence. Only the simultaneous complexation of both a Na
+
 cation and an H2PO4

-
 

anion gives rise to fluorescence enhancement. Therefore, receptor 1.84 acts as a 

rudimentary photoionic AND logic gate. 

 

O
O

O
O

O

HN

N

NH3

NH3

H

1.84  
 

Figure 1.47 Fluorescent ion pair sensor 1.84 that functions as an AND logic system. 

 

1.6 PHOSPHINE OXIDE AND SULFOXIDE -BASED ION PAIR RECEPTORS 

An alternative approach to the design of ion pair receptors involves the use of 

phosphine oxide and sulfoxide groups as cation recognition sites. These are moieties that 

are known to be strong hydrogen bond acceptors, but weak Brønsted bases.
93,94

 

Recognizing the utility of these motifs, Gellman et al. synthesized the macrocyclic 
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phosphine oxide disulfoxide 1.85 (Figure 1.48). This system, first reported in 1993, was 

found to bind monoalkylammonium cations and certain halide anions with non-

coordinating counter ions via hydrogen bondings and through interactions with the 

positive ends of the S=O and P=O dipoles, respectively. In the case of 

monoalkylammonium halide ion pairs, 
1
H NMR spectroscopic studies revealed that 

receptor 1.85 is able to bind the monoalkylammonium cation via hydrogen bonding 

interactions with the three oxygen atoms present on the sulfur and phosphorus atoms. 

These interactions serve to induce polarization and to preorganize the receptor. The result 

is a cavity better suited to bind the Cl
-
, Br

-
 or I

-
 counter ion on the opposite face as shown 

in Figure 1.48.
93,94
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Figure 1.48 Macrocyclic phosphine oxide disulfoxide ion pair receptor 1.85 and its 

proposed interactions with monoalkylammonium cations, halide anions, 

and ion pairs containing these species. 
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1.7 AN ION PAIR RECEPTOR THAT IS BASED ON HAL OGEN BONDING TO ACHI EVE ANION 

RECOGNITION  

In 2005, Resnati and coworkers reported the tripodal ion pair receptor 1.86 that 

relies on halogen bonding (XB) for the recognition of anions, such as halides (Figure 

1.49).
95

 The four strong electron-withdrawing fluorine atoms on the aromatic ring of 

receptor 86 make the iodine atom an effective XB donor. An X-ray crystal structure of 

the NaI complex revealed that in the solid state, receptor 1.86 binds both the Na
+
 cation 

and the I
-
 anion concurrently. However, as can be inferred from an inspection of Figure 

1.50, these latter species are spatially separated by the receptor at a distance of ca. 5.59 

Å. This structure also revealed that the Na
+
 cation is completely encompassed by the 

arms of the receptor and that the I
-
 anion is bound to the iodine atom of the 

tetrafluoroaromatic ring via an XB interaction. Compared to that of compound 1.87, 

which lacks an XB donor (Ka = 1.3 × 10
4
 M

-1
), the binding constant of receptor 1.86 was 

found to be 20 times larger (Ka = 2.6 × 10
5
 M

-1
). On this basis, it was concluded that the 

IĀĀĀI
-
 XB interaction has a positive effect on the Na

+
 binding in the case of receptor 1.86. 
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Figure 1.49 Ion pair receptor 1.86 and its proposed NaI binding mode. Also shown is 

control compound 1.87 that lacks an XB donor. 
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Figure 1.50 Crystal structure of 1.86ĀNaI. This figure was produced using coordinates 

that originally appeared in ref. 95. 

 

1.8 AN ION PAIR RECEPTOR BASED ON HYDROXYL GR OUPS FOR ANION RECOGNITION  

The hydroxyl group is also able to form hydrogen bonds with anions. This motif 

was exploited by Pochini and coworkers, who in 2001 reported that the flexible cone-

calix[4]arene (1.88), bearing four 4-hydroxybenzyl groups on the upper rim, can act as an 

ion pair receptor for tetramethylammonium salts (Figure 1.51).
96

 In this case, 
1
H NMR 

spectroscopic studies carried out in CDCl3 provided support for the notion that receptor 

1.88 binds the tetramethylammonium cation via CH-  ́interactions, while anions such as 

OTs
-
, Cl

-
, OAc

-
, CF3COO

-
, and picrate are bound via hydrogen bonds involving the four 

hydroxy groups. In contrast to receptor 1.88, the corresponding analogue 1.89 showed no 

tendency to bind such ion pairs. These results are thus consistent with the suggestion that 

anion binding by the hydroxy groups present in 1.88 plays a crucial role in stabilizing the 

receptor-bound ion pair. While the simple ion receptor 1.34 was found to form strong 

complexes with loose ion paired tetramethylammonium salts, such as TMATFA or 
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TMAPic, receptor 1.88 was found to form strong complexes with tightly bound ion pairs 

such as TMACl and TMAOTs. This observation led to the conclusion that receptor 1.88 

binds such ion pairs via a cooperative interaction that involves the two binding sites and 

the co-bound ions. To obtain further support for this suggestion, a dual host system, 

consisting of a mixture of hosts 1.88 and 1.34, as well as the specific anion receptor 

(1.90) for the Cl
- 
anion was analyzed (Figure 1.51). In the presence of the chloride 

receptor (1.90), the binding constant (Ka) of single ion receptor 1.34 for TMACl in 

chloroform is enhanced from 80 M
-1
 to 428 M

-1
. This increase is attributed to a breaking 

up of the ion pairing TMACl ion pair caused by complexation of the chloride anion by 

receptor 1.90. In contrast, compound 1.34 serves to decrease the binding constant of 

receptor 1.88 from 3,526 M
-1

 to 440 M
-1

. Presumably, this latter finding reflects the fact 

that the Cl
-
 anion is bound to the hydroxy groups of 1.88 less strongly as the result of 

competition. 
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Figure 1.51 Ion pair receptor 1.88 and control single ion receptors 1.84, 1.89 and 1.90. 
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1.9 ION PAIR RECEPTORS BASED ON G-QUARTETS 

Guanine nucleotides are known to bind alkali metal cations in water via formation 

of inter alia G-quartets, wherein the cations are bound to four nucleotide-derived 

carbonyl oxygen atoms oriented towards the center of what is a self-assembled core. 

These cation-containing G-quartets stack to form octamers, dodecamers, hexadecamers, 

and higher aggregates. In 2001, Davis and coworkers reported that the guanosine 

nucleotide 1.91 forms G-quadruplex-based hexadecamers in the presence of BaPic2 and 

SrPic2. The resulting systems were proposed to consist of two C4-symmetric 1.918ĀM
2+

 

octamers as shown in Figure 1.52.
97

 An X-ray crystal structure provided support for this 

conclusion and revealed that the G-quartets within each octamer are stacked head-to-tail 

with a 30ę rotation between the layers. As a result, the divalent Ba
2+

 and Sr
2+

 cations are 

sandwiched between the G-quartets and separated from their picrate counterion at a 

distance of > 8.5 Å. In contrast, the four picrate counter anions are involved in hydrogen 

bonding interactions involving the outer NHb of the amino group. The net result is two 

metal-filled octamers of formal stoichiometry 1.9116Ā2M
2+
Ā4Pic

-
. Proton NMR 

spectroscopic analyses provided support for the conclusion that the picrate anions play a 

critical role in maintaining the G-quadruplex in solution. The kinetic stability of the 

hexadecamer was confirmed by a cross-over experiment. In this experiment, crystalline 

1.9116Ā2Sr
2+
Ā4Pic

-
 and 1.9116Ā2Ba

2+
Ā4Pic

-
 were mixed in a 1:1 ratio in CD2Cl2 to give a 

new G-quadruplex, namely the mixed hexadecamer 1.918Ā2Sr
2+
Ā1.918Ā2Ba

2+
Ā4Pic

-
. 

1
H 

NMR spectroscopy revealed the slow formation of the mixed hexadecamer (t1/2 = 42 h), 

as would be expected for a structure wherein the four picrate anions serves to hold the G-

quardruplex together tightly in solution. By contrast, when the thiocyanate anion, a 

species incapable of bridging the 1.918Ā2M
2+

 octamers as effectively as the picrate, was 

used, the mixed hexadecamer, 1.918Ā2Sr
2+
Ā1.918Ā2Ba

2+
Ā4SCN

-
, is formed significantly 
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faster (t1/2 = 0.5 h). These findings lend credence to the proposal that the strength of the 

anion binding interaction, as well as the nature of the cation, have a remarkable effect on 

the kinetic stability of the hexadecamers.
97 
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Figure 1.52 Guanosine 1.91 (G 1) and the proposed binding modes displayed by the G-

quartet built up from this monomer in the presence of BaPic2 and SrPic2. 

 

In 2003, this same group also synthesized the calix[4]arene-guanosine conjugate 

1.92 (G 2) and investigated its properties of the formation of a G-quartet and its ability to 

effect ion pair recognition (Figure 1.53).
98

 This calix[4]arene nucleotide (1.92 (G 2)) is 

poorly soluble in dry CDCl3 and gave an ill-resolved 
1
H NMR spectrum in this solvent. 

Such a finding is consistent with this nucleotide 1.92 (G 2) forming one or more 

nonspecific aggregates in the absence of water. Nucleotide 1.92 (G 2) is much more 

soluble in D2O-saturated CDCl3, and under these more polar solvent conditions gives two 

sets of well-resolved 
1
H NMR signals for the guanosine moieties. This latter observation 
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let to the suggestion that the inherent D2 symmetry is destroyed and that 1.92 (G 2) is 

dimerized via the formation of a G-quartet (Figure 1.53). On the basis of 
1
H NMR and 2-

D NMR spectroscopic analyses, the resulting dimer, 1.922Ā(H2O)n was found to bind 

certain ion pairs and to extract them from an aqueous environment into a chloroform 

phase. The dimer is thought to recognize cations, such as K
+
 and Na

+
, via the carbonyl 

oxygen atoms of the G-quartet formed under these conditions, as well as anions, such as 

Br
-
 and Cl

-
, via hydrogen bonds involving the amide NH protons and the anions. 

Selectivity for K
+
 over Na

+
 and Br

-
 over Cl

-
 was seen in these extractions. 
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Figure 1.53 Calix[4]arene-based guanosine 1.92 (G 2) and its water-mediated ion pair 

recognition. 

 

More recently, the Lippert group presented computational evidence that two 

stacked DNA-base quartets, namely a G-quartet (G 3)4 and an A-quartet (A 1)4, are able 

to bind the NaCl ion pair in a cooperative fashion (Figure 1.54).
99

 Nucleobases 1.93 and 



 70 

 

1.94 which combine to form a G-quartet (G 3)4 and an A-quartet (A 1)4, respectively, 

recognize the Na
+
 cation and the Cl

-
 anion. The ion-filled DNA-base quartets are thought 

to stack so as to allow a direct interaction between the bound Na
+
 cation and Cl

-
 anion 

(Figure 1.54). 
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Figure 1.54 G-quartet (G 3)4 and A-quartet (A 1)4 and their proposed cooperative 

recognition of NaCl. 

 

1.10 ION PAIR RECEPTORS BASED ON PYRROLES AND INDOLES FOR ANION RECOGNITIO N 

Pyrroles and indoles can also act as hydrogen bond donors for anion recognition. 

Not surprisingly, therefore, such motifs have been used to create ion pair receptors. One 

recent example comes from Jeong and coworkers. Specifically, in 2007 this group 

reported the preparation of receptor 1.95 (Figure 1.55) that contains both a diazacrown 

ether for cation binding and an adjacent rigid biindole scaffold for anion recognition.
100

 

Detailed 
1
H NMR titration experiments, carried out in DMSO-d6/CD3CN, provided 
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evidence that the presence of alkali metal ions bound within the azacrown ether ring 

enhances the affinity of receptor 1.95 for anions. For example, the association constant of 

the complex of 1.95ȚNa
+
 for Cl

- 
is ca. 2,000 times higher than that of the metal-free form 

of 1.95 (Table 1.14). This increase in anion affinity was ascribed to the additional 

electrostatic interaction between the co-bound ions. An energy-minimized structure of 

1.95ȚNaCl generated with a MacroModel 9.1, MMFFs force field, provided support for 

the proposal that NaCl is bound to the receptor as a contact ion pair. 
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Figure 1.55 Biindole-diazacrown-based ion pair receptor 1.95 and diazacrown-capped 

sapphyrin 1.96. 
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Table 1.14 Association constants (Ka, M
-1

) between ion pair receptor 1.95 and halides 

recorded in the presence and absence of alkali metal salts (1.0 equiv) in 10% 

(v/v) DMSO-d6/CD3CN at 297 ± 1 K. 

 

Halide
a
 Cation additive Association constant (M

-1
) 

Cl
-
 None 7 

 LiClO4 120 

 NaClO4 14,000 

 KPF6 6,200 

Br
-
 None ï

b
 

 LiClO4 24 

 NaClO4 600 

 KPF6 200 

I
-
 None ï

b
 

 LiClO4 9 

 NaClO4 61 

 KPF6 45 
a
Halide anions were studied as the corresponding tetrabutylammonium salts. 

b
The 

chemical shift changes during the titration were too small to determine accurately an 

association constant. 

 

Very early on (1995), Sessler and Brucker synthesized the diazacrown-capped 

sapphyrin 1.96 (Figure 1.55) as a possible ion pair receptor.
101

 In this case, 
1
H NMR and 

UV/Vis spectroscopic analyses carried out in 10% CD3OD in CDCl3 revealed that the 

diprotonated form of compound 1.96 (bis-HCl salt) is able to bind an ammonium cation 

and a fluoride anion simultaneously. 

First reported in 1886 by Bayer,
102

 the tetrapyrrolic macrocycle 1.97 (Figure 

1.56), calix[4]pyrrole, was found in 1996 by Sessler et al. to be able to bind certain 

anions in organic solvents.
103

 In 2005, Moyer, Sessler, Gale and coworkers reported that 

calix[4]pyrrole 1.97 can act as an ion pair receptor for various cesium salts and certain 

organic halide salts in the solid state (Figure 1.56).
104

 X-ray crystal structures of several 
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cesium and organic cation-containing anion complexes of calix[4]pyrrole 1.97 were 

solved, Taken in concert, they revealed that the anions are bound to the pyrrolic NH 

protons via hydrogen bonds. These interactions, which were expected on the basis of 

prior studies, serve to fix the calix[4]pyrrole in the cone conformation. This 

conformational locking, in turn, provides an electron-rich bowl-shaped cavity into which, 

e.g., cesium cation is bound via a combination of -́metal and dipole interactions. 

Further evidence that calix[4]pyrrole 1.97 is effective for ion pair recognition 

came from liquid-liquid extraction studies carried out by Wintergerst et al.
105

 This study 

demonstrated that compound 1.97 can extract CsCl and CsBr, but not CsNO3, from an 

aqueous phase into nitrobenzene, a relatively polar organic phase. The solvent extraction 

process was modeled in terms of three thermochemical steps (Figure 1.57). The first of 

these steps involves a partitioning of the cesium cations and the halide anions into the 

nitrobenzene phase from the water phase. The second step involves a conformational 

change of the calix[4]pyrrole such that it adopts the cone conformation, a geometry it 

maintains as the result of halide anion binding. The third step involves the cesium cation 

binding within the bowl-shaped calix cavity created as the result of the conformational 

change taking place in step 2. While thermodynamically equivalent in terms of the final 

state, it was appreciated that these steps could be taking place concurrently. The key point 

is that under conditions of this extraction, calix[4]pyrrole 1.97 binds both the cesium 

cation and a halide anion (Cl
-
 or Br

-
). 
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Figure 1.56 Calix[4]pyrrole 1.97, its binding mode for CsX and the crystal structure of 

1.97ĀCsF. The X-ray structure shown was produced using coordinates that 

originally appeared in ref. 104. 

 

 

 
Figure 1.57 Proposed thermodynamic steps used to model cesium salt extraction by 

calix[4]pyrrole 1.97. 

 

Very recently, transmembrane transport experiments were carried out with 

calix[4]pyrrole 1.97.
107

 It was found that this simple-to-obtain receptor transports CsCl 

across phospholipid bilayers with significant selectivity and with an efficiency that is 


