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Abstract:



This review discusses different types of artificial tripodal receptors for the selective recognition and sensing of cations and anions. Examples on the relationship between structure and selectivity towards cations and anions are described. Furthermore, their applications as potentiometric ion sensing are emphasised, along with their potential applications in optical sensors or optodes.
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1. Introduction


Currently, selective recognition and sensing of cations and anions by artificial receptors have attracted a considerable research interest in terms of their potential applications in various areas [1-5]. In order to develop an artificial receptor that is selective toward a specific analyte, multiple interactions between host and guest in a complementary fashion have to be considered. Several strategies can be followed in the design of artificial receptors with optimal selectivity toward a particular ion. The receptor may contain a variety of functionalities, which must be organised to complement the size and shape of the analyte. The topology of the receptor is of importance in determining the overall receptor-ion interactions. The tripodal receptors constitute a special class of acyclic ionophores, which consist of multiarmed ligands with each arm bearing a functional group that can coordinate with the target ion. Tripodal receptors, which are hypothesised to be between cyclic and acyclic ligands with regards to preorganization, are believed to be able to complex an ion more effectively than analogous acyclic ones [6]. Therefore, this review is focused on tripodal-based molecules as receptors, that provide multiple interaction sites toward given analytes, either cations [7] or anions [8]. As a recognition motif, tripodal-based receptors have been reported to be used successfully as recognition components in ion-selective electrode membranes [7-11] and optical sensors [12-15]. Selective recognition and sensing of cations and anions are of importance in many fields, ranging from environmental monitoring, industrial purposes to clinical diagnostics.



The tripodal molecular platform provides three arms to which ligating groups are tailored or attached. The molecular design allows the rational control of binding properties such as complex stability and selectivity. The selectivity of a tripodal receptor relates greatly to the rigidity of its arms and its cavity size [16-18]. Receptors or ligands that enforce tripodal topologies are known to have several advantages over monopodal and even bipodal receptors: (i) due to the enhanced chelating effects, tripodal ligands often bind to metal ions very strongly; and (ii) the bulkiness of tripodal ligands is highly tunable allowing for controlled reactivity to metal ions. Due to these distinct benefits, the design and development of artificial tripodal receptor system represent an active area in supramoleculer chemistry [6, 7]. However, only a limited number tripodal anion and cation receptors have been reported in the literature out off thousands references of artificial receptors. Furthermore, only a few deal with their application as ion sensing, mainly focused on the potentiometric method employing ion selective electrodes [ISEs], and in optical sensors or optodes.




2. Cation Recognition


The design of a chemosensor for a cation or anion requires a receptor unit or ligand, that selectively interacts with the cation or anion, and a method to read-out the binding using a change in a physical signal (Fig. 1) [20]. Owing to the special structure of their three flexible donor-atom-containing chains, tripodal receptors can form complexes with many cations ranging from alkali and alkaline earth metals to transition metals. By chemical modification of the arms (e.g. changing the chain length or the donor-atom) and under certain experimental conditions, a tripodal receptor can selectively complex metal ions [21, 22]. The main features to design a tripodal cation receptor are: (i) There is a sufficient number of donor atoms in the ligand in order to match the coordination number. (ii) The size of the cavity is large enough to accommodate the metal cation. (iii) The donor atom containing arms are sufficiently flexible to match the shape of the coordination sphere. (iv) Since chelation or solvating donor groups are combined within one tripodal receptor, the complexation mechanism has also to be considered, viz. ion exchange or ion pairing. Tripodal receptors are capable of forming complexes with metal ions which exhibit unusual coordination features, a high thermodynamic stability, and kinetic inertness [23-25]. A tripodal receptor can coordinate in a facial manner to a single metal centre, to form octahedral complexes by wrapping around the metal ions, or in a three dimensional manner to form polynuclear complexes (Fig. 2) [25]. The receptors that have been used in cation recognition and sensing are summarised in Table 1.


Figure 1. Chemosensor consisting of a receptor that selectively interacts with the ions, and the method to read-out the binding using a change in a physical signal.
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Figure 2. Tripodal receptors can coordinate either in a three dimensional manner to form polynuclear complexes (a) or in a facial manner to a single metal centre (b).
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Table 1. Receptors used for cation recognition and sensing.







	
No.

	
Receptors

	
Cations

	
Sensing Mode

	
Note

	
Ref.






	
1

	
1

	
Ca2+

	
Potentiometric/ISE

	
-

	
26




	
2

	
2

	
Na+

	
Potentiometric/ISE

	
commercially available

	
27




	
3

	
3-5

	
Li+ , Na+, Ca2+

	
Potentiometric/ISE

	
also binds K+, Mg2+

	
21




	
4

	
6

	
Li+ , Na+, Ca2+

	
Potentiometric/ISE

	
good for Ca2+ electrode, near-Nernstian response to Sr2+ and Ba2+

	
28




	
5

	
7

	
Na+

	
Potentiometric/ISE

	
known as ETH 227

	
29




	
6

	
8a

	
Na+

	
Potentiometric/ISE

	
also binds Li+ , K+, Ca2+ and Mg2+

	
29




	
7

	
8b

	
Ca2+

	
Potentiometric/ISE

	
also binds Li+ , Na+, K+, and Mg2+

	
29




	
8

	
10

	
Ag+

	
Potentiometric/ISE

	
-

	
7




	
9

	
13, 14

	
Cu2+, Hg2+

	
Potentiometric/ISE

	
forms a strong complex with Cu2+and Hg2+ so that cannot be used for ISE membrane. Useful for extraction.

	
7




	
10

	
15a, 15b

	
Cu2+, Zn2+

	
Potentiometric/ISE

	
also binds to Co2+, Ni2+. The binding ability can be switched by varying pH

	
30




	
11

	
16

	
Fe3+

	
Potentiometric/ISE

	
-

	
31




	
12

	
17

	
Ga3+, Fe3+

	
Potentiometric/ISE

	
more selective to Ga3+

	
31




	
13

	
18, 19

	
Al3+

	
Fluorescent (TRF)

	
-

	
33




	
14

	
20a

	
Cu2+, Co2+ Zn2+, Cd2+

	
Luminescent

	
more selective to Cu2+

	
34




	
15

	
21

	
Zn2+, Cu2+

	
Fluorescent

	
more selective to Zn2+

	
35




	
16

	
22a, 22b

	
UO22+, Am3+, Eu3+

	
Potentiometric/ISE

	
22a very high complex formation for Eu3+

	
11




	
17

	
23

	
Ce3+

	
Fluorescent/PET

	
no fluorescence for La3+, Pr3+, Nd3+, Sm3+, Eu3+, Dy3+

	
45




	
18

	
24

	
La3+, Pr3+, Nd3+, Sm3+, Eu3+, Dy3+

	
Potentiometric/ISE

	
-

	
46




	
19

	
25

	
La3+, Gd3+, Lu3+

	
Potentiometric and Spectrophotometric

	
pH dependent metal-ligand formation

	
47




	
20

	
26

	
NH4+

	
Potentiometric/ISE

	
Ca2+, K+ as interference

	
48




	
21

	
27, 28

	
NH4+, R-NH3+

	
Fluorescence

	
K+, Na+, Mg2+, as interference

	
57




	
22

	
29

	
NH4+

	
Potentiometric/ISE

	
K+ as interference

	
54




	
23

	
30, 31

	
NH4+

	
Potentiometric/ISE

	
-

	
49




	
24

	
32-40

	
n-BuNH3+

	
Potentiometric/ISE

	
also binds t-BuNH3+

	
50




	
25

	
41-47

	
NH4+

	
Potentiometric/ISE

	
44-47 selective over Na+ and K+

	
66










2.1. Alkali and Alkaline Earth Metal Ions


The number of tripodal ligands for alkali and alkaline earth metal ions recognition reported in literature is limited. Some of the works have been addressed to. Shanzer and coworkers [26] used tripodal structures with flexible arms 1, based on trimethylolpropane, for the complexation of Ca2+. The same skeleton is also used in the commercially available Na+ ionophore 2 [27]. The C3-symmetric lipophilic tripodal ionophores 3-5 have been prepared and their binding abilities for alkali and alkaline earth metal cations evaluated by extraction experiments and cation transport through bulk liquid membranes [21]. These tripodal ionophores have a considerable potential for transporting Li+, Na+, and Ca2+ ions relative to K+ and Mg2+ ions. The selectivities 3 and 4 toward Li+/K+, Na+/K+ and Ca2+/Mg2+ are 6.47–7.24, 6.05–6.19, and 9.39–16.13, respectively.



Tripodal carboxylmethoxymethyl propane derivative (6), has been evaluated as an ionophore in PVC membrane electrodes for the analysis of alkali and alkaline earth metal cations [28]. The electrodes based on tripodal compound 6 with o-NPOE (nitrophenyl octyl ether) and DBP (dibuthyl phosphate) as plasticizer gave a good performance (slope, detection limits) to Li+ and Na+ ions. The electrode plasticized with o-NPOE also exhibited a near-Nernstian response to the divalent cations Ca2+, Sr2+, and Ba2+. The electrode prepared with 3.9 mg of 6, 185 mg of o-NPOE, 92 mg of PVC and 0.46 mg of KTpClPB (potassium tetrakis(4-chlorophenyl)borate) can be used as a Ca2+ electrode. The electrodes exhibited a good potential stability and an operational lifetime of more than 3 months. ETH 227 or 7, is being widely used as Na+ ionophore. Based on this tripodal ligand, 8a and 8b have been prepared and evaluated as ionophores in PVC membrane electrodes for the analysis of Li+, Na+, K+, Ca2+, and Mg2+ ions [29]. The effect of the nature of the plasticiser BBPA (bis(butylpentyl)adipate) vs. o-NPOE, the structure of 8, the pH and the ionic strength of the analyte solution on the electrode response have been studied. Tripodal ligand 8a gave a superior performance (slope, detection limits) than 8b, particularly at higher ionic strengths, although super-Nernstian responses were observed with the more charge-dense ions in the presence of chloride and/or with the less polar plasticiser BBPA. Intracellular measurements of Na+ concentrations could be effected with a sensor based on 8a and o-NPOE for which -log KPOTNa,K=2.64 and -log KPOTNa,Mg=3.0, while 8b and o-NPOE function as an effective calcium sensor with a high selectivity over magnesium (-log KCa,Mg=4.8).
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2.2. Heavy Metals


Recently, the sensing behaviour toward metal ions of simple C3-symmetrical trimethylolpropane-based ionophores with N-acyl(thio)urea and picolin(thio)amide ligating sites has been reported [7]. The tripodal N-acyl(thio)urea derivatives 9-12 are good ionophores for the extraction and detection of Ag+, especially compound 10, which has the highest affinity (84%); the extraction profile is comparable to those obtained with preorganized ligands (cavitands, calixarenes). Picolinamide derivative 13 is a very good ionophore for Hg2+ extraction in the presence of other metals, e.g. Ag+. This is remarkable, since Ag+ is as Hg2+ a soft metal. Picolin(thio)amide tripodal compounds 13 and 14 form complexes with Cu2+ and Hg2+ so strong that they cannot be used as ionophores in polymeric membrane-based ISEs, although they are very useful ionophores for liquid-liquid extractions.



Tripodal azacrown ether calix[4]arenes, 15a and 15b, bind transition metal ions such as Co2+, Ni2+ and Cu2+ in a 1:1 fashion [30]. However, the ligands form the most stable complexes with Cu2+ ions. Strikingly, compounds 15a and 15b complexes with Zn2+ in both 1:1 and 1:2 ligand to metal ratios. Therefore, these receptors may be potentially used as switchable receptors for metal ions. The binding ability of the receptor can be switched by varying the pH of the solution.



Tripodal hexadentate ligand 16, consisting of three catechol units, three isobutenyl ether arms, and one aromatic core, was synthesised in four steps, in which the Claisen rearrangement is the key step [31]. The hexadentate ligand 16 forms a 1:1 complex with iron(III) trichloride hexahydrate with an equilibrium constant (conditional) of 6.3 × 104 M−1 in acetonitrile in the presence of 2,4,6-trimethylpyridine [32]. Tripodal hexadentate ligands 17, having three 8-hydroxyquinolyl or 2-methyl-8-hydroxyquinolyl groups as binding sites, gives 1:1 complexes with Ga3+ and Fe3+. Furthermore, this receptor was selective for Ga3+.
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The hexadentate tripodal ligand 18, incorporating three 8-hydroxy-5-sulfoquinoline subunits is an efficient receptor for Al3+ [33]. This ligand quantitatively gave the 1:1 chelate under stoichiometric conditions even at 10−5 mol L−1. However, the 1:1 18:Al chelate turned out to be not significantly more fluorescent than the free ligand, whereas fluorescence enhancement by factors of at least 100 occurred with the 1:3 18:Al chelate. Time-resolved fluorescence measurements, and additional complexation experiments carried out with the tripod 19 (one 8-HQS and two 5-sulfocatechol subunits), showed that the stoichiometry between Al3+ and the bound bidentate subunits determines the fluorescence enhancement. The charge density on Al3+, tuned by the number of chelating groups and by their formal charges, influences the photoinduced charge transfer which tends to quench the fluorescence emission of 19. The real charge density of Al3+ and the subsequent inductive effect of this metal ion appear to be the key factors for fluorescence enhancement in fluorogenic Al3+ ligands containing quinolinate and catecholate subunits. In spite of the high stability constants obtained, hexadentate ligands designed from three fluorogenic bidentate subunits, are likely to be poorly or non fluorogenic itselves. The problem lies in the fact that, in such ligands, the ionophore moiety is also the fluorophore entity. Consequently, it should be better, for the design of fluorescent Al3+ sensors, to turn to hexadentate fluoroionophores, where the complexing part of the ligand (ionophore) is separated from the fluorophore, which is the signaling species.
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The behaviour of tripodal ligand 20a, containing the dansyl chromophore, has been compared with that of dansylethylenediamine 20b, a compound that has been widely used as a reference for many other dansyl derivatives [34]. The intense luminescence characteristics of the chromophore are maintained in the ligand structure, showing that no intramolecular interactions are present. Ligand 20a complexes only Cu2+, Co2+, Zn2+ and Cd2+ ions in acetonitrile/water solution, with concomitant pronounced changes in the fluorescence spectra. This phenomenon can be explained by a higher electron density on the naphthalene ring of the dansyl groups after deprotonation/complexation. For the metal ions, 20a was found to form stronger complex than 20b, indicating a co-operative effect of the three arms of the tripodal ligand. The complexation is controlled by pH: at neutral pH ligand 20a shows a remarkable selectivity toward Cu2+ ions, suggesting a possible use of it as a luminescence chemosensor for these ions.
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Tripodal fluoroionophore, dual-fluorescent, 21 has been obtained by incorporating DMABSA (p-(N,N-dimethylamino)benzenesulfonamide) into tren (tris(2-aminoethyl)amine) [35]. The tripodal arrangement of the ligand shows a higher binding affinity for Zn2+ than for Cu2+. The large increase of the short wavelength emission and the disappearance of the TICT (twisted intramolecular charge transfer) emission, upon Zn2+ complexation, allows measurement of the Zn2+ concentration from the relative fluorescence intensity at two wavelengths.
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2.3. Actinides and Lanthanides


The use of a molecular platform to position ligating sites for actinide/lanthanide complexation has first been reported by Böhmer et al. [36]. Their approach is based on the fact that three CMPOs (carbamoylmethylphosphine oxide) are involved in the extraction of actinides/lanthanides. The attachment to molecular platforms as calixarenes [36-40] and cavitands [41, 42] led to high extraction efficiencies and selectivities. In most cases these platforms contain four ligating sites. However, only three CMPO moieties are necessary for the coordination of a metal ion. There is an example of a tripodal platform, viz. a trityl skeleton, with CMPO moieties, for actinide and/or lanthanide complexation [43, 44]. Other recent examples are C3-symmetric tris-CMP(O) (carbamoylmethylphosphonate (CMP) or -phosphine oxide (CMPO)) ligands 22a and 22b [11]. ISE data demonstrated that CMPO tripodand 22a has a higher affinity for actinides (UO22+, Am3+) and Eu3+ than CMP tripodand 22b, that has a very high complex formation constant for Eu3+ (log βML = 28.3). The distribution coefficients were considerably enhanced upon addition of bromo-COSAN as a synergistic agent.
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The tripodal ligand 23 exhibits fluorescence enhancement in the presence of cerium ions in dry THF using photo-induced electron transfer (PET)-based fluorescent sensors [45]. However, no fluorescence enhancement has been observed for the lanthanide ions La3+, Pr3+, Nd3+, Sm3+, Eu3+, and Dy3+. Reaction of tripodal ligand tris(2-benzimidazolylmethyl)amine 24 with lanthanides(III) in the presence of the counterions ClO4-, OTf- or Cl- resulted, even for ligand to metal ratios smaller than 2, in the formation of bisligand complexes showing strong π-π interactions between the benzimidazole rings both in solution and in the solid state [46].
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The complexation behaviour of 25, bearing three catechol units attached to a tris-methylaminocyclohexane ring, toward H+, La3+, Gd3+ and Lu3+ in an aqueous medium of 0.1 M KCl at 25 ± 1 °C has been studied by potentiometric and spectrophotometric methods [47]. Experimental and theoretical studies of 25 indicate the presence of intramolecular H-bonds, which provide a rigid tripodal framework for complexation. The stability increases with decrease in metal ions size. The pH dependent metal–ligand species show the formation of three different structures: (i) capped, (ii) bicapped, and (iii) encapsulated, in which only catecholic oxygens take part in the complexation, whereas protonated amines form intramolecular hydrogen bonding. It is important to mention that 25 shows a potential to form mononuclear encapsulated complexes at nearly physiological conditions, which is important for use as contrast agent in magnetic resonance imaging.



[image: Sensors 06 00978u8]




2.4. Ammonium and other Cations


The preorganized tripodal ionophore 26, based on a 6-fold substituted benzene ring, has been synthesised in order to complementarily recognize the tetrahedral NH4+, in contrast to the spherical K+ [48]. Compared to nonactin, a natural product that is used as a representative NH4+ ionophore, the newly developed tripodal ionophore 26, with pyrazole nitrogen atoms as NH4+ binding sites, showed a high NH4+/K+ selectivity but suffered from an increased Ca2+ interference (log KPOTNH4+,K+= -2.1 and log KPOTNH4+,Ca2+ = -1.6).



The benzene-based tripodal oxazolines 27 and 28 are strong and selective receptors toward NH4+ and R-NH3+ ions, respectively [49-56] and fluorescence sensors for these cations ions have been developed [57]. The alaninol-derived oxazoline receptor 27 shows a significant fluorescence enhancement upon binding NH4+, whereas it shows little enhancement upon binding metal cations such as K+, Na+, and Mg2+. The phenylglycinol-derived oxazoline 28 is a promising fluorescence sensing element toward (chiral) organoammonium ions.
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Chin et al. [54] observed a remarkable selectivity of NH4+ over K+ (102.6) with the pyrazole receptor 29 (comprised of a trimethylated phenyl ring as a platform with three pyrazole subunits, which Hartshorn and Steel [58, 59] synthesised as a new class of metal-encapsulating ligands. However, the affinity of 29 for NH4+ is smaller than that of nonactin. To exhibit a high selectivity for NH4+, receptors should have an optimal space to capture NH4+ and strong interactions with NH4+. Since the radius of K+ is almost the same as that of NH4+, the spatial differentiation may not be useful. Nevertheless, the receptor should have an optimal space for both cations to have high affinities. The predicted selectivity for NH4+ over K+ (103.4 in CHCl3 solution and 102.4 in the gas phase) for receptor 29 was in reasonable agreement with the experimental value (102.6 in CHCl3 solution) [60]. The origin of this selectivity and affinity can be explained using the concepts of hydrogen bond [50, 61] and cation-π interactions [62-64]. In particular, the strong electron-withdrawing affinity of the pyrazole subunits is responsible for both the selectivity and the affinity and the cation-π interaction, for the affinity. Since NH4+ and K+ favour the coordination numbers of 4 and 6 [65], respectively, the optimally solvated NH4+ is more energetically favoured in the presence of this type of receptors than the under-solvated K+, as suggested by Chin et al. [54]. The imidazoline receptors 30 and 31 are potential receptors for NH4+ with a ∼102 higher selectivity and a ∼104 greater affinity than the pyrazole receptor 29 [49].



The benzene-based tripodal tris(oxazolines) 32-40 have been developed as selective and strong receptors toward linear alkylammonium ions [50]. Among the six 2,4,6-trimethylbenzene-based tris(oxazolines) 32-37, the phenylglycol-derived receptor 36 exhibits the largest association constant toward n-BuNH3+ (log Kass = 6.65±0.02) than toward t-BuNH3+ (log Kass = 3.80±0.02). Receptor 37, that has bare oxazoline rings exhibits still a large association constant toward the sterically hindered t-BuNH3+ (log Kass = 5.26±0.02). When the benzene frame is changed from 2,4,6-trimethylbenzene to 2,4,6-triethylbenzene, dramatic changes in the affinity as well as in the selectivity have been observed. The association constant of 39 toward n-BuNH3+ approaches 108 M-1 and the selectivity ratio of n-BuNH3+/ t-BuNH3+ increases to 2700. In the case of receptor 40, the selectivity is even more enhanced to 4000. The enhanced binding affinity and selectivity observed with receptor 39 and related derivatives 38-40 compared with other ones (32-37) can be explained by an optimised steric and electronic environment provided by the phenyl substituents, which has been demonstrated by X-ray crystallography and 1H NMR spectroscopy [50].
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The cation binding abilities of triaryloxy-2,4,6-triethylbenzenes 41-47 are strongly dependent on the substituents introduced on the aryloxy moieties [66]. The receptors with electron-donating alkoxy groups (44-47) provide a similar potentiometric performance, especially the NH+ ion selectivities over Na+ and K+ ions, as that of nonactin in PVC-based, ion-selective membrane electrodes. This may imply that the cation size-selective binding sites formed by the oxygen atoms in the receptors have a certain limitation in discriminating alkali metal cations over ammonium ion. The electron-donating nature of the alkoxy substituents increases the electron density of the aryloxy rings, resulting in enhanced cation-π interactions.





3. Anion Recognition


Currently, molecular recognition of anions by synthetic receptors is an expanding field of research [4, 5, 15, 67]. Typically, synthetic anions receptors consist of various combinations of macrocyclic polyammonium/guanidiniums [53], pyrrols [68], Lewis acids [69], calix[n]arenes [70, 71], amides [72, 73], and urea/thiourea moieties [74]. For the design of a selective anion receptor the geometry and the basicity of the anion and the nature of the solvent have to be considered. The main features for the design of tripodal anion receptors are: (i) There is a sufficient number of positively charged or neutral electron-deficient groups in the ligand to serve as interaction sites. (ii) Receptors with a flexible tripodal structure have a strong affinity for trigonal oxoanions, such as carbonate, phosphate and chlorate, because the geometry and the orientation of the host molecules favour the formation of a stable host-guest complex [72]. (iii) The classical complexation mechanism can also be applied. Here, the interactions occur based on non-covalent interactions. The non-covalent interactions include electrostatic interactions, hydrogen bonding, hydrophobicity, coordination to a metal ion, and a combination of these interactions. On the other hand, for the anions itselves, the size, shape, H-bonding capability, acid/base properties and the number of interaction sites should also be considered. Fig. 3 shows different types of tripodal receptor interaction modes toward anions. The receptors that have been used in anion recognition and sensing are summarised in Table 2.


Figure 3. Different types of the interaction of tripodal receptors with anions: directly using non-covalent interaction, viz. hydrogen bonds or hydrophobic effect (a) or indicator displacement (b) or electrostatic interaction with metal complex (c).
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Table 2. Receptors used for anion recognition and sensing.







	
No.

	
Receptors

	
Anions

	
Sensing Mode

	
Note

	
Ref.






	
1

	
48

	
Cl-

	
Cyclic voltametric

	
-

	
76




	
2

	
49

	
Cl- , Br-, I-

	
Potentiometric/ISE

	
-

	
16




	
3

	
52

	
pertechnetate

	
-

	
also binds K+, Mg2+

	
79




	
4

	
57

	
Cl-

	
Potentiometric/ISE

	
also binds Br-, NO3-

	
85




	
5

	
59

	
Cl-

	
Fluorescent (PET)

	
“off-on” signaling chemical sensor

	
86




	
6

	
60

	
F-

	
Colourimetric

	
order of association constants: F-≫ AcO- ≫ Cl-, Br-, I-.

Can also be used for acetate

	
13




	
7

	
61

	
F-

	
Potentiometric/ISE

	
also binds Cl- , H2PO4-, SO42-

	
88




	
8

	
62a

	
H2PO4-

	
Fluorescence

	
interference: AcO-, Cl-

	
92




	
9

	
62b

	
H2PO4-

	
Fluorescence

	
Order of fluorescence: H2PO4- > AcO- > Cl-

	
92




	
10

	
63-65

	
H2PO4-

	
Potentiometric/ISE

	
also binds CH3COO- in CH3CN

	
10




	
11

	
67a

	
H2PO4-

	
Fluorescence

	

	
99




	
12

	
69, 70

	
inositol-triphosphate (IP3)

	
Fluorescence

	
displacement assay using 68

	
53




	
13

	
71

	
glucose-6-phosphate

	
Colourimetric/ Absorbance

	
displacement assay using 68

	
33




	
14

	
72

	
H2PO4-

	
1H-NMR titration

	
-

	
97




	
15

	
73

	
HSO4-

	
1H-NMR titration

	
also binds H2PO4-

	
97




	
16

	
74

	
H2PO4-

	
Colourimetric/ Absorbance

	
-

	
98




	
17

	
75

	
H2PO4-

	
Fluorescence

	
-

	
99




	
18

	
Fe(III)-76

	
H2PO4-

	
Potentiometric/ISE

	
also binds Cl-, HSO4-

	
101




	
20

	
Cu(II)-77

	
H2PO4-

	
Potentiometric/ISE

	
-

	
103




	
21

	
Cu(II)-78

	
H2PO4-

	
Colourimetric

	
displacement assay using 5 (6) carboxy-fluorescein

	
104




	
22

	
79, 80

	
HSO4-

	
Potentiometric/ISE

	
79 shows anti-Hofmeister

	
105




	
23

	
81

	
HSO4-

	
Calorimetric

	
also binds H2PO4-

	
106




	
24

	
82

	
Citrate

	
Fluorescence or Absorbance

	
displacement assay using 68

	
77




	
25

	
Cu(II)-83

	
Citrate

	
Fluorescence

	
baverage samples

	
78, 118




	
26

	
85

	
Tartrate

	
Colourimetric

	
addition of alizarin; also binds with malate

	
55, 108




	
27

	
86

	
Tartrate

	
Colourimetric

	
addition of bromopyrogallol or pyrocatechol violet for greater affinity over malate

	
108




	
28

	
87

	
Citrate

	
Fluorescence/ Absorbance Colourimetric

	
displacement assay using 68.

	
109




	
addition of xylenol orange or methylthymol blue

	
110




	
29

	
88

	
Citrate

	
Naked eye/ Fluorescence

	
displacement assay using 68 no interference from malate or tartrate

	
12




	
30

	
89-91

	
CO32-

	
Potentiometric/ISE

	
89a also binds salicylate

	
9




	
31

	
92, 93

	
Carboxylate

	
Luminescence

	
-

	
18




	
32

	
94

	
gallate

	
Colourimetric

	
displacement assay using pyrocatechol violet

	
114




	
33

	
95

	
Heparin

	
Colourimetric

	
addition of pyrocatechol violet

	
115




	
34

	
96-99

	
ATP, ADP and AMP

	
Calorimetric

	
-

	
116




	
35

	
Zn(II)-100

	
tryptophan

	
Potentiometric/ Fluorimetric

	
also binds phenylalanine

	
119




	
36

	
Zn(II)-101

	
aromatic carboxylates

	
Fluorescence

	
aliphatic carboxylates and Cl-, NO3-, ClO4- did not interfere

	
120










3.1. Halide Anions


The first redox-active class of anion receptors based on the cobaltocenium moiety has been reported by Beer and Keefe in 1989 [75]. Cyclic voltammetric experiments demonstrated that receptor 48 [76] could electrochemically sense anions. The complexed anionic guest effectively stabilizes the positively charged cobalt centre making it more difficult to reduce. Complexation of chloride ions by receptor 48 induced a cathodic shift of 30 mV. Sato and co-workers [16] have synthesised tripodal receptor 49 containing three imidazolium groups that coordinate anions via a combination of hydrogen bonding and electrostatic interactions (Figure 4). Tripodal receptor 49 is more preorganised for halide coordination than the model compounds 50 or 51 giving rise to larger stability constants in acetonitrile-d3. These results concur with those of Anslyn and co-workers [15, 77, 78], who have studied a number of similarly preorganised tripodal anion receptors containing different anion coordinating moieties.


Figure 4. Tripodal receptor 49 coordinates anions via a combination of hydrogen bonding and electrostatic interactions.
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Beer and co-workers [79] have reported that the tren-based receptor 52, that has an amide containing anion-binding cavity linked to three cation binding benzo-15-crown-5 groups, efficiently extracts sodium pertechnetate from simulated aqueous nuclear waste streams. In the absence of co-bound cations, the anion binding affinity of the receptor was considerably reduced. In this case the pertechnetate anions are presumably bound by both hydrogen bonding and electrostatic interactions. Tripodal hosts of the general type 53a, bearing urea functions, complex anions such as chloride [4, 80-83]. The tripodals 53–58 have a different level of conformational preorganisation [84, 85]. Host 57 binds chloride with K≈150 000 M−1 in CHCl3 and shows a chloride/nitrate selectivity of 102. As guests, the spherically symmetrical anions such as Cl− and Br−, do not require any special coordination geometry. Increasing levels of conformational preorganisation of the side arms of the hosts led to increased (Cl−), unaltered (Br−) or decreased (NO3−) binding. It was possible to change guest selectivities by about an order of magnitude through conformational preorganisation of the flexible host.
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An “off–on” signalling chemical sensor 59 for halide anions by incorporating a naphthalene ring into the preorganised benzene-based tripodal receptor with arms comprising benzoimidazolium hydrogen bonding moieties was developed [86]. This new type of hydrogen binding between a halide anion and the benzoimidazolium is very intriguing in comparison with many other types of hydrogen bonding [66, 87]. The host falls into the category of the fluorophore–spacer–receptor model and could act as a simple PET sensor. The presence of more than one naphthyl group allows the excited naphthyl unit to associate with the ground state of a second fluorophore to produce an intramolecular excimer through the anion-bonding induced conformational changes (Scheme 1) [86]. In the presence of a specific anion conformational template, the hydrogen bonds between the arms and the anion induce the tripodal receptor 59 to display a cone conformation with all three positively charged arms oriented in the same direction (in) bringing the three naphthalene lumophores into close proximity with one another, leading to excimer fluorescence (“on” state). In the absence of the template anion, the electrostatic interactions between the benzoimidazolium groups of 59 destabilise the cone conformation of the podand and lead to the spread out conformation (out), in which the three naphthyl lumophores are separated from each other and no excimer fluorescence will be observed (“off” state). This receptor is promising for the development of a luminescence sensor for chloride ions.


Scheme 1.
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The tripodal colourimetric anion sensor 60 shows a good selective recognition ability and colour change for F- by multiple hydrogen-bonding interactions, with an obvious change in the absorption spectra, while it shows no recognition ability for Cl-, Br- or I- [13]. The association constants for these anions follow the order: F-≫ AcO- ≫ Cl-, Br-, I-. Since the complexation of F- by receptor 60 induces a visible colour change, it is promising as a component in optode membranes for colourimetric detection of fluoride ions.



Receptor 61 displays a binding preference to F− ions in comparison with other anions tested [88]. In addition it binds Cl- ions and H2PO4- in an effective C3-symmetry cone-like topology exclusively by hydrogen bonds as characterised by X-ray crystallography. Protonated 61 SO42- ions by both hydrogen bonds and electrostatic interactions in the solid state. Therefore this tripodal receptor is promising for the development of a sensor for F− ions using ISEs.
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3.2. Phosphates


Urea and thiourea are particularly good hydrogen bond donors and are excellent receptors for anions such as phosphate via the formation of two hydrogen bonds. So far, the relatively strong hydrogen bonding of urea or thiourea groups has been widely used in the design and synthesis of neutral anion receptors [89, 90, 93], and successfully applied to anion sensing in chromoreceptors in solution or in ionophores for ISEs [91]. The thiourea derivatives 62a and 62b, with a trisubstituted benzene ring, have been synthesised by Sasaki et al. [92]. Receptor 62a shows a typical anthracene emission band centered at 415 nm (acetonitrile solutions and λexc = 366 nm). This fluorescence emission band was slightly affected by addition of Cl- and AcO- anions, but quenched upon addition of H2PO4- (200 equivalents). Acetonitrile solutions of receptor 62b show two emission bands, one at 400 nm and ascribed to the anthracene monomer emission and another very broad band at 500 nm ascribed to the intramolecular interaction of the anthracene rings. No spectral change occurred upon addition of an excess of ClO4- anion. With Cl-, AcO-, and H2PO4-, an enhancement in fluorescence emission at 500 nm was observed in the order H2PO4- > AcO- > Cl-. The preorganisation effect of the tripodal receptor 62b appears to increase the selectivity toward the tetrahedral H2PO4- anion rather than to the planar AcO- anion. These receptors are expected to be useful, for example, as a component of optode membranes for the detection of the biologically important phosphate anion.



The compounds 63-65, having different substituents adjacent to the thiourea binding sites have been designed as chromoreceptors for phosphate selective ionophores in ISEs [10]. The tripodal ionophore 65 having p-nitrophenyl groups show spectral changes in the order of H2PO4- > CH3COO- in CH3CN, which is different from that of the reference compound 66 (CH3COO- > H2PO4-) having only one binding site. It is demonstrated that the characteristics of these tripodals are promising as components of optode membranes. The combination of the preorganization effect and the additional substitutents to enhance the acidity of the binding sites is important for H2PO4- sensing. The electrodes based on these neutral ionophores exhibited an anti-Hofmeister selectivity pattern with enhanced selectivity toward phosphate anions.
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Wu and co-workers [99] have studied the anion coordination and fluorescence properties of the naphthylurea group containing tripodal hosts 67a and 67b. Fluorescent chemosensor 67a shows obvious changes in its fluorescence spectrum upon addition of different anions with a selectivity for H2PO4− as followed from fluorometric titration experiments. Changes in the fluorescence spectra, which strongly depend on the interaction of hydrogen-containing oxoanions with the receptor, can be interpreted in terms of anion-induced reduction of the efficiency of photoinduced electron transfer (PET).



5-Carboxyfluorescein (68) is a commercially available fluorescent probe containing two carboxylate groups. Its fluorescence is particularly sensitive to pH changes. The two carboxylate groups present in 68 coordinate to naphthylurea-containing tripodal receptor 69 forming a complex. Upon complexation, the pKa of the phenol moiety in 68 is lowered due to the positively charged microenvironment. Anslyn and co-workers [53] studied the chemosensor ensembles 69 and 70 for the quantitative inositol-triphosphate (IP3) detection in water buffered at pH 7.4 [53] using a competitive assay method. Addition of 69 or 70 to 68 resulted in a red shift (12 nm, from 490 to 502 nm) of the absorption band of the fluorescein derivative. Addition of IP3 as well as other anionic guests (such as benzene-1,3,5-triphosphate, phytic acid, ATP, fructose-1,6-diphosphate, etc.) to a buffered solution of 69 or 70 and 68 resulted in a displacement of the fluorescein derivative and a subsequent blue shift of the absorption maximum. To enhance the affinity of receptor 69 for IP3, additional studies were carried out in methanol. In this solvent, 5-carboxyfluorescein 68 is colourless and non-fluorescent. Upon addition of 69, the yellow colour of 68 and its fluorescence reappeared, because the positive character of the receptor induced a ring opening giving the coloured/fluorescent form of the indicator. Addition of IP3 to a mixture of 69 and 68 in methanol resulted in a decrease of the fluorescence and the absorbance due to coordination of 69 with IP3 and subsequent release of 68.
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The Anslyn group has developed tris-boronic acid receptor 71 that can function as a displacement assay (with 5-carboxyfluorescein 68) for determining glucose-6-phosphate concentrations in water-methanol mixtures (70:30 v/v) buffered at pH 7.4 [78]. Addition of 71 to solutions of 68 resulted in an increase in the absorbance intensity at 494 nm. Subsequent addition of glucose-6-phosphate decreased the absorbance intensity at 494 nm due to a displacement in the 68-receptor equilibrium, until the absorbance spectrum approached the absorbance spectrum of free 68. This allows receptor 71 to discriminate between glucose-6-phosphate and glucose or phosphate buffers, since in the later cases no changes were observed in the absorbance spectra.
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Tripodal tren-based receptors containing amide bonds are effective anion binding agents [76, 95, 96]. Stibor et al. [97] have reported the tren-based receptors 72 and 73 containing electron-withdrawing fluorine substituents or pyridine rings, respectively, that serve to activate the amide bond. The anion complexation behaviour of receptors 72 and 73 has been investigated by 1H-NMR titration experiments in a variety of solvents to give 1:1 receptor:anion complexes in all cases. Receptor 72 is selective for H2PO4− over other putative anionic guest species (Cl−, Br−, I−, HSO4−, and NO3−) in all solvents studied. For example, in acetonitrile-d3 a K-value of 7550 (±310) M−1 was obtained for H2PO4− compared to 1350 (±135) M−1 for Cl−, the next most strongly bound anion. In contrast receptor 73 is selective for HSO4− over H2PO4−, with K-values of 5120 (±740) M−1 and 154 (±16) M−1, respectively, in chloroform-d.



Thiourea-containing tripodal receptor 74 has been used as a neutral host for the complexation of anions, particularly for H2PO4- [98]. The anion binding occurs through hydrogen bonding as revealed by 1H-NMR spectroscopy. The recognition can also easily be monitored by anion-complexation induced changes in the absorption spectra. The host molecule used as the optical chemosensor includes an optical response portion and a guest binding receptor site. Upon complexation of an anionic species in the receptor portion, the chromogenic portion gives a spectral response. Similarly, urea-containing tripodal receptor 75 has been designed for the recognition of anions (H2PO4-) by complexation-enhanced fluorescence changes in N,N-dimethyl formamide (DMF) solution [99]. In 75, the tertiary amine is a strong donor due to its lone pair and it quenches the fluorescence of the naphthalene through a photoelectron transfer process. The 75H+---HPO42- complex is formed by means of a proton transfer from H2PO4- to the tertiary amine of 75. This process reduces the electron donor character of the amine resulting in an enhancement of the fluorescence emission intensity.
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Tripodal pyrrole receptor 61 displays a binding preference to H2PO4− as well as F- ions in comparison with other anions studied [88]. In addition to H2PO4−, neutral receptor 61 binds F- in a C3-symmetry cone-like topology exclusively by hydrogen bonds. Protonated 61 binds SO42- ion by both hydrogen bonds and electrostatic interaction as found in the solid state.



Redox-active ferrocene moieties with secondary amides have also been exploited in the electrochemical sensing of anions, both in organic and aqueous media [99-102]. Since ferrocene-containing receptor 76 is neutral, it has no inherent electrostatic attraction for anions, which makes the stability constants, as determined by 1H-NMR spectroscopy, smaller than those of the analogous cobaltocenium systems [101]. Electrostatic interaction can, however, be switched on by oxidation of the ferrocene group to the ferrocenium ion, and consequently these molecules exhibit interesting electrochemical anion-recognition effects. Receptor 76 was capable to detect H2PO4- ions in acetonitrile as shown by large cathodic shifts of up to 240 mV in the presence of a tenfold excess of HSO4- and Cl- ions.
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The C3v Cu(II) receptors 77 and 78 have a high affinity and selectivity for PO43- in aqueous media at neutral pH (7.4) [103]. Receptor 77 consists of a tris(2-ethylamino)amine unit with appended benzylamine groups, while receptor 78 has a tris-[(2-pyridyl)methyl]amine subunit functionalised with appended guanidium groups. A stoichiometric amount of copper(II) chloride preorganises the ligands to yield the desired receptors, showing a 1:1 binding stoichiometry for both 77 and 78 (Scheme 2). The selectivity for phosphate was ascribed to the excellent shape, size, and charge complimentary of the cavities to the anion, where arsenate was the only other anion found to have a significant affinity. The high affinities for PO43- to both 77 (Ka = 2.4 x 104 M-1) and 78 (Ka = 1.5 x 104 M-1) are attributed to the combined ion pairing interaction of the ammonium/guanidiniums and the Cu(II) centre with the oxygens of the tetrahedral anion. The inherent flexibility of 77 compared to that of 78 decreases its selectivity for phosphate. In contrast, the rigity of 78 leads to a decrease in affinity for phosphate, while increasing its selectivity. An indicator-displacement assay comprised of Cu-host 78 and 5-(6)-carboxyfluorescein has been used as an effective chemosensor for inorganic phosphate in complex biological fluids [104]. The dye-displacement assay was used to generate a calibration curve for phosphate using UV/vis spectroscopy. Since the concentration of PO43- in both serum and saliva is high, a more sensitive technique (e.g. fluorescence) is not necessary. The results of the assay are comparable with those of clinically approved methods of phosphate determination. The success of using a synthetic receptor and an indicator displacement approach for medical application highlights the increasing utility of the receptor systems in truly practical applications.


Scheme 2.
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3.3. Sulphates


Receptor (host) topology has a profound effect on the behaviour of ion-selective electrodes. This is demonstrated for tripodal receptors 79 and 80 having a tren and a cyclohexane scaffold, respectively, to which aminochromenone moieties are linked through urea spacers giving a preorganised binding cleft [105]. The two receptors differ in their rigidity and in the size of their cavity. Electrodes to which tren-based receptor 79 is incorporated shows anti-Hofmeister behaviour with selectivity for SO42-. In contrast, the cyclohexane-based receptor 80 exhibits a more Hofmeister-like response. Tripodal receptor 79 mimics the way that sulphate-binding proteins recognise SO42- by incorporating a network of hydrogen bond-forming amide functionalities in a three-dimensional arrangement suitable for this tetrahedral anion.



Benzene-based tripodal isothiouronium receptor 81 [106] has been designed for the selective recognition of tetrahedral oxoanions, such as sulphate and phosphate. An isothermal titration calorimetry binding study indicated that the cationic receptor 81 binds SO42- ions preferably in a tripodal mode, while it shows a mixed binding mode toward PO43- ions. Receptor 81 shows a large ΔG0 value toward SO42- ions in methanol, and the complexation is entropy driven. The results demonstrate that a subtle structural constraint can lead to different binding modes of structurally related anions.
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3.4. Citrate, Tartrate, and Malate


The positively charged guanidinium moiety can, like ureas or thioureas, form two hydrogen bonds to anions such as carboxylate. The combination of hydrogen bonding and electrostatic interactions leads to the formation of strong complexes [107] even in very competitive hydrogen bond accepting and donating solvents such as water. In fact, nature uses guanidinium moieties to coordinate anionic groups. Anslyn and co-workers have published several papers on the recognition of tricarboxylate and triphosphate polyanions by tris-guanidinium receptor species [77, 78]. For example, receptor 82 contains three guanidinium groups and is therefore complementary to guests containing three carboxylate groups [78]. Stability constants determinations revealed that guests containing three anionic moieties, such as citrate, are bound more strongly than those with fewer anionic groups (e.g. acetate). The two carboxylate groups present in 5-carboxyfluorescein 68 coordinate to 82. A citrate ion displaces 68 from the complex and results in a higher protonation state [Scheme 3]. The fluorescence and absorbance of 68 decrease with increasing protonation of 82. These changes could be calibrated against standard citrate solutions to give a quantitative optical citrate sensor.


Scheme 3.
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A metal-containing fluorescent chemosensor has been developed for the quantification of citrate in common beverages [118]. The sensor consists of bis(aminoimidazolium) receptor 83 to which a Cu(II) containing 1,10-phenanthroline ligand is attached. The additional binding interaction increases the metal and citrate binding constants in a cooperative manner, giving in both cases at least two times larger values. In 83 binding of Cu(II) quenches a photo-excited state of the 1,10-phenanthroline fluorophore. Addition of citrate to 83–Cu(II) resulted in an increase of the fluorescence of the system. This emission enhancement could be attributed to a change in the oxidation-reduction potential of the metal upon citrate coordination, thus changing the extent of electron transfer from the metal cation to 1,10-phenanthroline. The nature of the fluorescence modulation upon citrate binding was probed using model compound 84–Cu(II). The obtained data support an increase of the electron density on the metal due to the donating ability of a carboxylate anion of citrate. In a sensing assay, receptor 83 is effective for measuring citrate concentrations in the micromolar range in highly competitive media.



Receptor 85 which contains a boronic acid and two guanidinium groups organised on a 1,3,5-triethylbenzene skeleton has been designed for the complexation of tartrate [55]. Tartrate is a common natural product that is present in grape-derived beverages. A colour change from burgundy (λmax = 525 nm) to yellow-orange (λmax = 450 nm) was found upon addition of receptor 85 to a solution of alizarin complexone in water-methanol mixtures (75:25 v/v) buffered at pH 7.3. This colour change was ascribed to a change in the protonation state of the phenols of the alizarin upon coordination with the boronic acid moiety present in receptor 85 and formation of a boronate ester. Subsequent addition of L-tartrate to a mixture of 85 and alizarin complexone resulted in a colour shift from yellow-orange to burgundy due to coordination of 85 with tartrate and release of the alizarin derivative. Coordination studies and determination of stability constants demonstrated that receptor 85 has an excellent selectivity for tartrate. Only malate showed a similar response as tartrate, whereas other possible competing analytes such as ascorbate, succinate, lactate, and sugars did not induce any significant colour change. Calibration curves using this method were used to determine tartrate and malate concentrations in grape-derived beverages.
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Tripodal receptors 85 and 86 have been used along with bromopyrogallol red and pyrocatechol violet indicators to develop a multicomponent sensing ensemble to selectively detect and quantify two similar analytes such as tartrate and malate [108]. Receptor 85 has a similar affinity for tartrate and malate, whereas receptor 86 has a greater affinity for tartrate than for malate. In this new approach, a number of UV-Vis spectra of a mixture of 85, 86 and the two indicators were recorded upon addition of various amounts of tartrate and malate. These data has been used in artificial neural networks for pattern recognition analysis, which allowed the simultaneous determination of tartrate and malate in mixtures of both analytes.



Some of the most commonly used dyes in the development of colourimetric displacement assays for anion sensing are fluorescein derivatives and pyrocatechol violet. Using this approach, Metzger and Anslyn [109] have developed a chemosensor for citrate in beverages, based on 5-carboxyfluorescein 68 as a fluorescent probe. Citrate displaces 68 from the complex so changing the pKa of its phenol group (compare Scheme 3). The fluorescence and absorbance of 68 decrease with increasing protonation. These changes could be calibrated against standard solutions of citrate to give quantitative sensor data. Receptor 87 also formed 1:1 and 2:1 complexes with the indicators xylenol orange and methylthymol blue, respectively [110]. The absorbance of xylenol orange at pH 7.5 increased at 577 nm upon association with 87, while the absorbance at 445 nm decreased (the colours of the solutions changed from orange to pink-red). Similarly, the absorbance of methylthymol blue at 607 nm at the same pH increased upon addition of 87 and the absorbance at 454 nm decreased (solutions changed from light yellow to cobalt blue).
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Using a displacement assay, a naked-eye detection system, based on the complex between tris-cation 88 and 5-carboxyfluorescein 68, has been developed for the selective detection of citrate in aqueous solution even in the presence of malate or tartrate [12]. Receptor 88 binds citrate in pure water with a Ka-value of 1.6 x 105 M-1 [111]. This is the largest affinity for citrate by an artificial receptor solely based on non-covalent interactions, i.e. ion pair formation. In this sensing system, 68 (an aromatic tris-anion) interacts with tris-cation 88 influencing its fluorescence (e.g. by changing the pKa's of the carboxylates or π-stacking interactions with the aromatic system) [112]. Upon additon of 68 to a solution of receptor 88 in 10% DMSO (2 mM bis-tris-buffer, 10 mM NaCl, pH 6.3) both the fluorecence of 68 (λ = 518 nm) as well as the fluorescence of the receptor (λ = 335 nm) were completely quenched. However, upon the addition of citrate, 68 is displaced from the binding cavity and its florescence is restored [similar to Scheme 3]. However, substrates that are less efficiently bound by 88 than citrate are not capable to displace 68. Hence, even substrates such as malate and tartrate, which are closely related to citrate in terms of their recognition elements (carboxylate and OH groups), do not interfere in the detection of citrate by this sensor ensemble. Other anions, such as acetate and chloride, which are bound even worse than tartrate, have no influence.




3.5. Carbonates and other Anions


Trifluoroacetyl groups react with carbonate (CO32-, HCO3-) to generate carbonyl adducts. Based on principle, C3 symmetric, tripodal trifluoroacetophenone derivatives 89-91 have been studied for anion recognition in ISE membranes [9, 113]. The selectivity coefficients of the carbonate electrode toward various anions are dependent on the composition of the membranes and the lipophilicity of the ionophores. Receptor 89a showed an improved selectivity toward salicylate when 90 mol% of a lipophilic additive was used, compared to that of p-dodecyltrifluoroacetophenone as a model compound.
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The complexation behaviour of urea-containing receptor 92 toward carboxylate anions has been studied using 1H-NMR and luminescence titration methods [18]. Receptor 92 shows strong and selective binding of larger hydrophobic (aromatic) carboxylate anions in polar aprotic solvents such as DMSO and THF. Even though a similar trend was observed in both DMSO and THF using different methods, the difference in the association constants may be due to the difference in solvation of the anions and the binding sites. No binding was observed for hydrophilic anions as in hydrophobic (aromatic) carboxylate anions. A high association constant (Ka = 22,600M-1) was obtained for terephthalate due to the size-shape complementarity of the host-guest complex. Flexible receptor 93 exhibits a smaller affinity for terephthalate and trimesylate anions.
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Tripodal colourimetric anion receptor 60 has a good selective recognition ability for AcO- by multiple hydrogen-bonding interactions [13]. The AcO- binding gives rise to a visible colour change. The gallate anion 94 was sensed via a competition mechanism by using a mixture of receptor 86 and pyrocatechol violet [114]. Addition of receptor 86 to a solution of pyrocatechol violet (25% water-methanol mixtures) resulted in colour changes from yellow to maroon due to the encapsulation of the indicator into the receptor giving a 1:1 complex. Upon addition of gallate to the sensing ensemble, the colour returned to yellow as the indicator was displaced from the complex. This sensing ensemble also showed selectivity for analytes having both diol and carboxylate moieties and has been used to evaluate the age of several scotches by determining the amount of gallate and other related anions (caffeate, ellagate, and 3,4-dihydroxybenzoate) following this displacement assay.



Addition of pyrocatechol violet to a 1:1 water-methanol solution (pH 7.4) of receptor 95 resulted in a decrease of the band at 430 nm and an increase of the band at 526 nm (colour change from yellow to grayish purple) in the visible spectrum [115]. Upon addition of heparin to a solution of this sensing ensemble causes an inverse colour change from purple to yellow due to the release of the indicator from the cavity of receptor 95. By addition of chondroitin 4-sulfate or hyaluronic acid to the sensing ensemble the absorbance at 526 nm (purple band) also decreases, but to a lesser extent (60 and 10%, respectively, of that in the case of heparin). This selectivity was related with the anionic charge density of the glycosaminoglycan analytes, suggesting that electrostatic interactions play a dominant role in the binding process.



Upon protonation the four closely related polyamino tripodal receptors 96-99 bind the nucleotide anions ATP, ADP, and AMP [116]. The binding strength increases with the number of protons, corresponding to an increase in the number of hydrogen bonds and to an increase in the coulombic attractive forces. Moreover, the benzene spacer involves π-stacking interactions with the nucleobase residue of the nucleotides. The coordination properties of the ternary complexes formed from the above tripods and Zn(II), to recognise the above mentioned nucleotides via multiple interactions, are similar to those occurring in the centre of enzymes [19]. The increased stability of the ternary complexes caused by substrates, which coordinate to the metal ion complex through such factors as electron-withdrawing effect of the metal ion, strain in the chelated ring, and proximity of the receptor/substrate.
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The complexation behaviour of tetraamino tripodal ligand 100, containing two anthracene subunits, has been studied by potentiometric and spectrofluorimetric techniques [119]. The zinc(II) complex, [ZnII(100)]2+, which displays the typical emission of anthracene derivatives, formed 1:1 complexes (ethanol/water mixtures in pH buffer 6.8) with natural amino acid, showing a particular affinity towards phenylalanine and tryptophan. The selectivity can be ascribed to two kinds of interactions: (i) a metal-ligand interaction between the zinc(II) ion and the amino acid's carboxylate group; (ii) a π-stacking interaction involving the aromatic moieties positioned on the complex and on the amino acid, inducing an extra stability of the adducts with tryptophan and phenylalanine. The formation of a complex with tryptophan is signalled by a strong fluorescence quenching while no effect on the emission intensity has been observed in all other cases. Similarly, the [Zn(101)]2+ complex has been used for the detection of aromatic carboxylates (benzoate, 4-nitrobenzoate, and 9-anthracenoate) in methanol, since its fluorescence was partially quenched [120]. This is due to a combination of carboxylate coordination with the Zn2+ cation and π-stacking interactions with the N,N-dimethylaniline substituents. Aliphatic carboxylates and inorganic anions such as Cl-, NO3-, and ClO4- did not induce any modification of the fluorescence emission.
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4. Conclusion and Outlook


This review has attempted to present an overview of the current progress in the design and evaluation of synthetic receptors based on a tripodal platform for ion recognition and sensing. Novel approaches are still being introduced and improved electrochemical and optical sensors are being explored. Undoubtedly, the development and improvement of highly selective tripodal receptors or ionophores that allow measurements of analytes in complex real-life samples, will remain a main issue in the development of chemosensors either in the electrochemical or the optical mode. The interest of many organic chemists in tripodal host compounds is expected to result in the development of many new interesting receptors, but the preoccupation of these researchers with aqueous solvents casts some doubt on whether these results will soon have an influence, particularly in the area of bulk membrane optodes. Most of the present tripodal receptors in sensors are employed in solid state transducers, where the low partitioning of ions and the limited solubility of several tripodal receptors might restrict their applicability. Therefore, there is substantial room for improvement of sensor performance, either electrochemical or optical, based on tripodal receptors. We look forward to witnessing and participating in the creative and innovative development of selective, sensitive, and accurate sensors for cations and anions.
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