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1. INTRODUCTION

Calixarenes are one of the macrocyclic receptors known to
date besides crown ethers, cyclodextrins, cryptands, and
cucurbiturils.1�3 These are synthesized from the base-catalyzed
condensation reaction of p-tert-butyl phenol with formaldehyde.4

Calixarenes have several advantages over other molecular systems,
such as the presence of a hydrophobic cavity, easy organic modifia-
bility both at lower and upper rims, and it can be adorned by a flexible
but well-defined binding core. These can exhibit hydrophobic as well
as hydrophilic properties simultaneously from the samemolecule.5�7

The direct involvement of calixarene moiety in the complexation of
metal ions is established in the literature as a result of the cation�π
interaction.7,8 It may be noted that a preorganization of the
benzene ring, at least in some cases, assists the complexation
between the calixarene moiety and the metal ion. The inclusion of
solvent and other guest species in the cavity of the calixarene7,9 and
the participation of phenolic oxygens in the complexation are also
known in the literature as evident from their crystal structures.10

Encapsulation of guest species is helpful in performing the chemical
transformations and guest exchange reactions within the cavity.11

Calix[n]arene exists in different conformations depending
upon the substituent present at the lower rim as well as at the
para-position. The size and the shape of the cavity are altered when
the number of phenyl units change.2,12 The complexation properties
of a calixarene conjugate dependon its conformation aswell as on the
donor groups present. The conformation of a calix[4]arene con-
jugate can be altered by the presence of a particular ion.13,14
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Among several calix[n]arenes, calix[4]arene has been used as a
popular building block due to its ability to exist in cone
conformation and the ease of organic functionalization both at
lower as well as upper rims.15�17 Calix[4]arene derivatives are
well-known for their high selectivity and binding efficiency
toward ions and molecular species provided preorganized cores
are built onto the system, although these are flexible.1,2,18,19

Because of the importance in biology, environment, and chemi-
cal processes, conjugates of calix[4]arene have been explored for
their selective recognition of ions and molecules, and the
extraction of various species.14,20,21 Although there are a number
of receptors including supramolecular ones in the literature,
calix[4]arene-based conjugates received greater attention due
to their versatility and the special features that they exhibit.5,22,23

All of this is further supported by the properties displayed
by the calix[4]arene derivatives in the area of ion and molecular
recognition,18,19,24�29 host�guest chemistry,5 catalysis,30 enzyme
mimics,31 interaction with biomolecules,21,32,33 ion extraction,34 and
selective ion transport.35 Calix[4]arenes are also known for their
complex molecular architectures; for example, double calix[4]arenes
and calix[4]arene-based tubes are some among these.36

The binding abilities of the parent calix[4]arene will be
enhanced by functionalizing at its lower rim, because the
resultant conjugates can provide preorganized binding cores
suitable for various ions and molecular species.18,19 Although
mono-, di-, tri-, and tetra-functionalizations are possible on the
calix[4]arene, especially the 1,3-disubstitution at the lower rim
has become more attractive due to the presence of two phenolic-
OH’s (also provide extra coordination) and its ability to maintain
cone-conformation by retaining two hydrogen bonds at the
lower rim. However, such structures are still flexible and may
change the conformation upon complex formation. Examples of
1,3-disubstituted derivatives where the free-OH’s interact with
different guest species are demonstrated in this Review. The
calix[4]diquinone derivatives are attractive because of their redox
properties. In effect, the binding efficiency of the conjugates of
calix[4]arene toward various guest species depends on the ring
size, nature and number of binding groups attached, conforma-
tion of the arms, and certainly the nature of the guest species.
Generally, the recognition events are monitored either by
spectroscopy or by visual methods or both.18,24�26,37 Such
conjugates bearing chromogenic units detect the guest species
by fluorescence, absorption, and/or color changes. For this
purpose, a chromophore is necessary that may be integrated into
the binding core region either directly or through a spacer.

The reviews that deals with the biological applications and
enzymatic models of various calix[4]arene conjugates21,31�33 and
the biochemistry aspects of sulfonato-calix[n]arenes27 appeared
recently in the literature. Some of the reviews that emphasize
the synthesis and properties of various calixarene conjugates
include36 oxacalixarenes,38 homocalixarenes,39 and functionaliza-
tion of calix[4]arenes with different donor atoms.40 The other
reviews are based on the coordination chemistry of larger calix-
[n]arenes41 including their ion sensing aspects by spectral
techniques,19 catalytic properties of metallocalixarenes,30 self-
assembled water-soluble p-sulfonatocalix[4,5]arenes,42 and thermo-
dynamics of pyridinocalix[4]arenes with monovalent cations.43

Ion sensing properties of fluorescent calix[4]arene derivatives
with main emphasis on the photophysical aspects18,25,26 and the
detection of toxic ions24 are reviewed recently. Therefore, the
reviews already reported in the literature gave major importance
to the synthesis of various calixarene conjugates, their biological

applications, and ion recognition properties and were not much
concerned with the 1,3-disubstituted derivatives of calix[4]arene.
Because the literature is being enriched with these derivatives at a
high rate, frequent reviewing would be of great advantage. A
number of 1,3-diconjugates of calix[4]arene are known in the
literature for their ion andmolecular recognition, and the present
Review deals with all of these.

The 1,3-diconjugates of calix[4]arene bearing suitable func-
tional moieties act as receptors for biologically relevant ions and
lanthanides including those of toxic ones.18,19,24,26 The cores
built on calix[4]arenes are mainly rich with N,O-binding groups
and sparingly with S, suitable for interaction with cations and
anions.44 Although a number of calix[4]arene-based fluorescent
probes selective for the recognition of ions and molecular species
were developed, it is important to determine the mode of
interaction between the host and the guest species.

Cations, anions, and amino acids are involved in a variety of
biochemical functions by affecting the enzymes, coenzymes, and
cofactors to determine the biological aspects.45�47 Deficiency or
excess presence of these in the biological fluids is harmful to
health.48�50 On the other hand, the heavy metal ions are well-
known to be toxic by being present in the environment that enters
into the ecological cycles.51 While the development of receptors for
the spherical cations is rather simpler, it however requires special
synthetic skills to introduce moieties into the arms of calix[4]arenes
to selectively detect anions and amino acids.52 Both of these can be
selectively sensed by introducing moieties, which can involve in
hydrogen bonding as well as hydrophobic interactions with the
incoming guest species, into the arms of calix[4]arenes.53,54 So the
introduction of such moieties into the arms of calix[4]arene appro-
priately can provide receptors suitable for the selective recognition of
cations, anions, and amino acids or their side chains when present in
peptides.18,19,55 Factors responsible for the chiral recognition can also
be introduced into these arms.

Therefore, this Review mainly deals with the ion and molecular
recognition including the chiral recognition, extraction, and com-
plexation aspects of various 1,3-disubstituted derivatives of calix-
[4]arene reported during the past 10 years. Although this Review is
focused on the 1,3-disubstituted derivatives of calix[4]arene, some
tetra-substituted derivatives have also been included where their 2,4-
positions contain nonbinding groups such as methyl, propyl, etc.

2. FUNCTIONALIZATION AT THE 1,3-POSITIONS OF
CALIX[4]ARENE

Calixarenes are functionally modified either at its lower rim or
at its upper rim by different substituents. The hydroxyl groups
present at the lower rim of calixarene provide excellent sites for
the introduction of substituents containing donor groups, ester,
ketone, or ether mainly for hard alkali and alkaline earth ions.56

Introduction of moieties containing O, N, and S on the calixarene
brings the selectivity toward transition metal ions.7,41,57 It is also
possible to incorporate preorganized binding cores onto the
calixarene by attaching chelating group to facilitate ion com-
plexation and stabilization of the same using chelate and macro-
cylic effects.19 Appropriate functionalization can improve the
solubility and can extend its range of applications. Because this
Review deals with the ion and molecular recognition properties
of 1,3-disubstituted derivative of calix[4]arene, the functionaliza-
tion of these is discussed here (Scheme 1). O-Alkylation and
O-acylation are the two easiest ways to introduce derivatization
at the lower rim of calix[4]arene.58 It is easy to functionalize
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1,3-positions of the calix[4]arene by using different electrophiles.22

For example, a reaction of p-tert-butyl calix[4]arene and ethyl
bromoacetate in a 1:2 ratio in the presence of K2CO3 in dry acetone
under reflux for 15 h results in 1,3-diester derivative of calix[4]arene
in 78% yield. The ester derivative can be easily converted to the
corresponding diacid derivative by the hydrolysis with NaOH in
ethanol under reflux, followed by acidification. The reaction of
the diacid derivative with SOCl2 results in a highly reactive acid
chloride, which, in turn, can couple with amines to result in amido-
conjugates. Another important reaction for the functionalization is
theO-alkylationwith chloroacetonitrile followed by reduction with
LiAlH4 resulting in diamine conjugate.16,17,59 It is also possible to
make cyclic conjugates through derivatization affecting 1- and
3-positions of calix[4]arene using appropriate reaction
conditions.16 Sonogashira-type cross-coupling reactions on tri-
fluoromethanesulfonate-substituted calix[4]arene compounds
are also being reported in the literature.60 Aryl ethers of calix-
[4]arene can be synthesized by the use of SNAr or Ullmann
reactions.61 The free-OH groups present at the lower rim can
also be converted to NH2.

62 The calix[4]arene-based crown and
azacrowns have also been synthesized by capping 1,3-arms.63

Double calix[4]arenes can be synthesized by using alkyl spacer64

or performing cycloaddition reactions.65

3. CATION RECEPTORS

3.1. Zn2þ Recognition
A number of 1,3-disubstituted calix[4]arene derivatives have

been developed and demonstrated for their Zn2þ recognition as

reported in the literature. Therefore, the discussions on these
have been grossly divided here into two sections, one concerned
with the derivatives possessing imino-phenolicmoiety and the other
concerned with those derivatives possessing any other binding
cores. The first section has been further divided into two parts,
one possessing only the imino-phenolic core and the other possess-
ing an imino-phenolic core in conjunction with the triazole core.
3.1.1. Receptors Possessing Imino-phenolic Core.

A simpleO-methylanthracenyl derivative, L1 (Figure 1), exhibits
a low fluorescence enhancement toward some transition metal
ions.66 When an imine moiety is introduced into this to result in
L2 (Figure 1), this starts exhibiting some selectivity by showing
significant fluorescence enhancement toward a few transition
ions over the others in the order, Fe2þ≈Cu2þ. Zn2þ. other
3d ions, and hence is poorly selective. Further, when the arms
were derivatized with 2-hydroxy naphthalidene moiety as in
Figure 1, L3 exhibits selectivity toward Zn2þ over a number of
other ions studied, Ti4þ, VO2þ, Cr3þ, Mn2þ, Fe2þ, Co2þ, Ni2þ,
Cu2þ, Mg2þ, Cd2þ, and Hg2þ, by showing a large fluorescence
enhancement that is sufficient enough to detect Zn2þ even at
e60 ppb, in methanol.67 The fluorescence enhancement is
attributable to the reversal of PET when Zn2þ forms a 1:1
chelate complex with L3 using its imine and phenolic-OH
moieties present on both of the arms wherein the association
constant has been found to be 2.3 � 105 M�1 in methanol.
The structure of L3 as determined by single crystal XRD shows

anN2O2 core that is suitable for metal ion binding (Figure 2). The
Zn2þ complex of L3 has been modeled by computations at the
HF/6-31G level and was found to form a tetrahedral complex
(Figure 2). The structure shown in Figure 2 is convincing when
one compares this to the crystallographically determined structure
of the Cu2þ complex of the corresponding salicylidene analogue,
L4 (Figure 1), as its pyridine adduct [Cu(L4)(Py)] (Figure 2).68

While the coordination core is N2O2 in both of the cases, the Zn
2þ

with L3 shows a tetrahedral structure and the Cu2þwithL4 shows
a square pyramidal due to the presence of a pyridine in its apical
position as acquired from the solvent during crystallization.
Complexes of Zn2þ, Cu2þ, and Ni2þ of both L3 and L4 were
isolated and characterized by analytical and spectral techniques
and confirmed the formation of 1:1 complexes.69 On going from
L1 to L2 to L3, the fluorescence sensitivity as well as selectivity
increase in the presence of Zn2þ. The structural features exhibited
by the complexes of L3 and L4 reinforce the observation that an
imino-phenol core suitable for metal ion chelation with optimal
hard�soft character seems to impart selectivity.
The receptor L5 that possesses an additional �CH2OH

moiety in conjunction with the imino-phenolic core (Figure 3)

Figure 1. Schematic representation of L1, L2, L3, and L4.

Scheme 1. Some Precursors for the Synthesis of 1,3-Disub-
stituted Derivatives of Calix[4]arene
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seems to exhibit higher sensitivity toward Zn2þ, although it is
sensitive toward Cd2þ, as compared to L3 and L4 that lacks
the �CH2OH moiety.70 In effect, L5 exhibits a 10-fold higher
binding toward Zn2þ (Ka = (2.7( 0.1)� 104M�1) as compared
to Cd2þ (Ka = (3.6 � 0.6) ( 103 M�1) in methanol. The
complex formed is still 1:1 with L5 using N2O2 core for Zn

2þ and
N2O4 core for Cd2þ (Figure 3b,c) as obtained from the
computational studies. While the geometry around Zn2þ is best
fitted to a trigonal bipyramidal with one vacant site, that around
Cd2þ is best fitted to a capped octahedron with one vacancy.
Thus, L5 exhibits a dual binding core, whereas L3 and L4 provide
only a single binding core. The in situ prepared Zn2þ complex of
L5 selectively detects inorganic phosphate and biomolecules
containing phosphate moieties such as AMP, ADP, and ATP by
fluorescence quenching. The phosphate detection is attributable
to the removal of Zn2þ from the complex by the phosphate ions.
The minimum concentration of HPO4

2� that can be detected by
[ZnL5] was found to be 426 ppb. The dechelation of Zn2þ from
[ZnL5] by phosphate ions has been further supported by
absorption titrations. The L5 exhibits INHIBIT logic gate
properties by using Zn2þ and HPO4

2� as inputs.
3.1.2. Imino-phenolic Core Linked through Triazole

Moiety. The selectivity of Zn2þ toward the imino-phenolic core
has been further demonstrated using L6, L7, and L8 (Figure 4)
where each arm is linked through a triazole moiety.71 Although
the involvement of the triazole moiety in the metal ion recogni-
tion has been shown72 in case of L9, in case of L6, L7, and L8 the
triazole core is not involved in the binding because these possess
an imino-phenolic core that is otherwise absent in L9. The
fluorescence studies carried out with L6, L7, and L8 exhibit
increasing levels of association of the Zn2þ ([ZnL8]. [ZnL7] >
[ZnL6]), which is consistent with the presence of zero, one, and
two �CH2OH groups in case of L6, L7, and L8, respectively.
The receptor, L8, has been shown to be selective toward Zn2þ in
methanol, acetonitrile, and also in their aqueous mixtures. The
conjugates possessing bent arms are capable of forming 1:1 complex
intermolecularly rather than in intramolecular fashion (Figure 5a).
Such intermolecular 1:1 complex formation can be reconciled in
the light of the crystal structures reported using small molecular
analogues (Figure 5b). Relevant small molecular structures clearly
supported73 the formation of 4-, 5-, as well as 6-coordination
about Zn2þ, wherein four of these coordinations were satisfied by
the imino-phenolic core; the rest are either by the neighbor
alcoholic-OH or by the solvent. Thus, [Zn(L6)], [Zn(L7)], and
[Zn(L8)] exhibit 4-, 5-, and 6-coordinations, respectively, as also
supported by the observed fluorescence enhancement.
On the other hand, a conjugate similar to that of L6 but having

a variation in the relative positioning of the triazole to the

salicylaldimine moiety, as that in L10, results in the arrangement
of arms in such a way that an intramolecular 1:1 Zn2þ complex is
formed via N2O2 core using both of the arms (Figure 6).74 This
has been shown by establishing the crystal structure. The
structure is similar to that observed in other cases, such as
[Zn(L3)] and [Zn(L5)]. The selectivity of L10 toward Zn2þ

continues even in the presence of blood serum and/or the
albumin proteins, thus making this receptor suitable for biologi-
cal applications. Although the presence of triazole core alone
provides coordination to the metal ion through one of its
nitrogens, when the same is present in the conjugate in conjunc-
tion with imino-phenolic core, it is the latter that dominates in
terms of ion binding, and the selectivity is toward Zn2þ.
3.1.3. Receptors Possessing Cores Other than the

Imino-phenolic Ones. The interaction of Zn2þ (Ka = 1.7 �
104 M�1) and Cd2þ (Ka = 5.18 � 104 M�1) by a pyrenyl
appended triazole-based calix[4]arene (L9) was demonstrated in
CH3CN by ratiometric fluorescence enhancement of pyrene mono-
mer versus the fluorescence quenching of pyrene excimer, although
the selectivity difference between these two ions is marginal as
evident from their Ka values.

72 A model for Mnþ binding has been
proposed invoking interactions through a triazole nitrogen of each
arm and the two lower rim phenolic moieties as derived on the basis
of NMR spectroscopy (Figure 7). Ions such as Pb2þ, Hg2þ, and
Cu2þ exhibit fluorescence quenching of both the monomer and the
excimer emissions ofL9 due to their heavy atom effects. Othermetal
ions did not cause any significant change in the emission spectra.
An oxyquinoline derivative of calix[4]arene (L11) exhibits

1:1 and 1:2 complexes when titrated with Zn2þ through fluo-
rescence quenching.75 When the two solvent molecules present
in this complex were replaced by 2,9-dimethyl-4,7-diphenyl-1,
10-phenanthroline as bidentate ligand (Figure 8), it exhibits

Figure 2. Single crystal X-ray structure of L3. Computationally optimized structure of Zn2þ complex of L3, [Zn(L3)] (tert-butyl groups were removed
before optimization). Single crystal X-ray structure of [Cu(L4)(Py)], where “Py” is pyridine. Reprinted with permission from ref 68. Copyright 2005
Elsevier.

Figure 3. Schematic structure of the Zn2þ receptor, L5. Computation-
ally obtained coordination cores of (a) Zn2þ in [Zn(L5)] and (b) Cd2þ

in [Cd(L5)]. “X” indicates vacant site in the coordination sphere.70
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enhancement in the fluorescence as a result of the interac-
tion of phenanthroline with Zn2þ followed by energy transfer.
The interaction has also been proven by 1H NMR spectro-
scopy.
The receptor L12 possessing two bipyridyl cores (Figure 9)

that exhibits 1:2 binding with Zn2þ in solution, however, resulted
in an 1:1 complex when isolated, even when the reactions were
carried out under 2 equiv of zinc salt.76 Zn2þ is bound to only the
bipyridyl core of one of the arms where the four-coordination is
being filled by the bipyridyl and two chloride ions, keeping the
second bipyridyl moiety of the other arm unoccupied (Figure 9).
An amide conjugate of calix[4]arene bearing a bispyridyl

{�N(Py)2}moiety on each of the arms (L13, Figure 10) exhibits
two binding cores as can be noticed from its crystal structure
(Figure 10a).77 L13 responds toward Zn2þ through switch-on
and Ni2þ through switch-off fluorescence emission. The binding
cores have been derived on the basis of the computational
calculations. While Zn2þ binds through N4 core, the
Ni2þ exhibits an N4O core (Figure 10b,c). However, when both
of the ions are present in the medium, these bind together

cooperatively by Ni2þ taking over the nitrogen core and Zn2þ

taking over the oxygen core, and thus L13 acts as a dual
sensor.
When the two arms were connected together to give a cyclic

amido derivative possessing N4O2 core, L14 (Figure 11) forms
1:1 complex with Zn2þ as well as with Ni2þ as studied on the
basis of UV�vis, fluorescence, NMR spectroscopy, and mass
spectrometry.78 On the basis of the NMR spectroscopy, it has
been proposed that Zn2þ is tentatively located nearer to the
nitrogen centers in L14. Even L14 gives similar fluorescence
changes in the presence of Zn2þ and Ni2þ. However, L14 does
not show dual sensing, because the cyclization of both of the arms
in L14 does not allow these two ions to bind simultaneously as a
result of the binding core constraints built into L14. On going
from imino-phenolic (L3, L10) to pyridyl-phenolic (L13) to
simple pyridyl (L12), the affinity of these toward Zn2þ seems to
be reduced and is shifted more toward other ions, including that
of Ni2þ and Cd2þ. However, the presence of�CH2OH group in
addition to imino-phenolic core always strengthens the Zn2þ

affinity as shown in case of L7 and L8.

Figure 4. Schematic structures of triazole linked Schiff’s base conjugates of calix[4]arene possessing different binding cores (L6, L7, and L8) and
schematic structure of L9.

Figure 5. (a) Proposed structure of intermolecular Zn2þ binding in L7 (R = tert-butyl, R1, R2 = H) and L8 (R = tert-butyl, R1 = CH3, R2 = CH2OH).
(b) Single crystal X-ray structure of [Zn(saltris)2] that mimics the circled portion of the binding core observed in (a) {“saltris” is a Schiff’s base formed
from salicylaldehyde and tris(hydroxymethyl)aminomethane}. Reprinted with permission from ref 73. Copyright 2002 Wiley-VCH.
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It is known from the literature that Schiff’s base conjugates of
calix[4]arene bearing a phenolic�OH in conjunction with imine

functionality exhibit fluorescence turn-on behavior toward Zn2þ.
The imine function alone is not selective for Zn2þ. However, the
presence of additional �OH’s increases the Zn2þ recognition
several folds. The fluorescence enhancement exhibited by the
interaction of Zn2þ is by blocking the PET process when it
chelated through the imine and phenolate functions. The species
of recognition in case of Zn2þ is generally tetrahedral where two
phenolic-OH’s and two imine nitrogens (N2O2) are involved in
binding (Figures 2, 3a, 6). However, the coordination number
seems to increase when additional �OH groups are present in
the vicinity. Thus, the common binding cores observed for the
Zn2þ complexes other than Schiff’s base ones were N2O2

(phenolic-OH’s form the calix[4]arene part), N2 plus two
chloride ions, or N4 by the involvement of four pyridine moieties
(Figures 7, 9, 10). However, the Cd2þ demands six or higher
coordination (Figure 3b) for the recognition, and hence most of
the receptors that are selective toward Zn2þ show some sensi-
tivity even for Cd2þ. Therefore, Cd2þ goes closer to the lower
rim oxygens to pick additional coordination, which is not the case
for Zn2þ.

3.2. Cu2þ Recognition
3.2.1. Cyclic Conjugates. A 9,10-anthraquinone-substituted

calix[4]arene, L15 (Figure 12), showed selective recognition
toward Cu2þ among 16 ions studied by exhibiting Ka of 1.80 �
102 M�1 in CH3CN.

79 The interaction of Cu2þ with L15 results
in the formation of a new absorption band at 450 nm resulting
from the internal charge transfer (ICT). This conjugate forms a
stoichiometric complex and shows color change from yellow to
red upon interaction with Cu2þ.
A 4-aminophthalimide fluorophore connected to calix-

[4]azacrown unit, L16 (Figure 13), showed the highest fluores-
cence enhancement for Cu2þ and Fe3þ, while the same kind of
enhancement was observed with Ni2þ and Zn2þ only at a higher
concentration of these ions.80 L16 forms a 1:1 complex with all of
the ions studied and exhibits Ka of 2.3� 105 and 1.6� 105 M�1,
respectively, for Fe3þ and Cu2þ, whereas these are 2.5� 104 and
1.7 � 103 M�1, respectively, for Zn2þ and Ni2þ in tetrahydro-
furan. Two derivatives of 1,3-bridged calix[4]azacrowns (L17,
L18) (Figure 13) exhibit selectivity toward Cu2þ where the
stoichiometry of the complex formed was 1:1 and 1:2 (L:M2þ),
respectively, for L17 and L18.81 The formation of 1:2 complex in
case of L18 may be conceivable by considering the bridging
perchlorate. A cyclic naphthalimide-based calix[4]arene receptor
havingN2O2 core with two lower rim phenolic-OH groups (L19,
Figure 13) has been studied for its ion recognition by fluores-
cence, absorption, and 1H NMR spectroscopy.82 The N2O2 core
was used for copper binding, which is evident from the red-shift
emission of L19 mainly due to the deprotonation of the
naphthalimide NH in presence of Cu2þ; however, Cu2þ reduc-
tion to Cuþwas not reported. L19 showed F� selectivity over the
other anions, H2PO4

�, HSO4
�, CH3CO2

�, I�, Br�, and Cl�,
studied. This forms a 1:1 stoichiometric complex with F� by
showing NH 3 3 3 F and OH 3 3 3 F interactions as supported by

1H
NMR spectroscopy. The chemical shift observed at 16 ppm in
the 1H NMR spectrum corresponds to the formation of FHF
with an association constant of 1.1 � 104 M�1 in CH3CN as
obtained from fluorescence titration studies.
Two cyclic crown derivatives possessing S2O6 (L20) and S3O6

(L21) cores exhibit selective association, respectively, with Cu2þ

and Agþ ions over several alkali, alkaline earth, and transition
metal ions studied by the conductometric titrations, due to the

Figure 6. Schematic structure of L10 and single crystal X-ray structure
of the zinc complex of L10, [Zn(L10)]. Reprinted with permission from
ref 74. Copyright 2010 The Royal Society of Chemistry.

Figure 7. Schematic representation of the structure ofL9 (excimer) and
its proposed Mnþ bound complex, [M(L9)]nþ (no excimer).

Figure 8. Proposed structure for [Zn(L11)]2þwith batho-phenanthro-
line acting as bidentate ligand in the coordination sphere. In the absence of
batho-phenanthroline ligand, two CH3CN molecules occupy its place.
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size and the number of ligating centers present in each of these
cores (Figure 14).83

3.2.2. Noncyclic Conjugates. A calix[4]arene appended
with arylisoxazole unit at the lower rim (L22) shows Cu2þ

receptor property by fluorescence quenching wherein the 10-
chloroanthracenyl moiety has been integrated into this for
monitoring the fluorescence changes (Figure 15).84 L22 forms
a 1:1 complex with Ka = 1.58 � 104 M�1 in CH3CN/CHCl3
(v/v = 1000:4). The Cu2þ undergoes autoreduction by the
phenol, and the oxidized product can accommodate Cuþ as
evidenced from the sharp NMR spectrum observed.
A derivative of β-amino-R,β-unsaturated ketone (L23) as well

as its isoxazole precursor (L24) (Figure 16) were found to be
selective toward Cu2þ by fluorescence enhancement and
quenching, respectively.85 In both cases, Cu2þ undergoes auto-
reduction by phenolic-OH groups of the lower rim (Figure 16).

Figure 9. Schematic representation of the structure of L12 and its zinc complex, [Zn(L12)Cl2]. Reprinted with permission from ref 76. Copyright 2010
Elsevier.

Figure 10. Schematic structure of L13. (a) Crystal structure of L13 as ORTEP picture. Computationally obtained primary coordination spheres of
(b) Zn2þ, (c) Ni2þ complexes of L13. Reprinted with permission from ref 77. Copyright 2008 Elsevier.

Figure 11. Schematic representation of the structure of L14.

Figure 12. Schematical representation of L15 and its Cu2þ complex,
[Cu(L15)]2þ.

Figure 13. Schematic representation of the structures of L16, L17, L18,
and L19.
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The Ka values observed for Cu2þ were 17 200 and 2080 M�1,
respectively, for L23 and L24 in CH3CN.
A 2,20-bipyridyl conjugate, L25 (Figure 17), forms a highly

water stable mononuclear Cuþ complex with a possible tetra-
hedral geometry using its bipyridyl nitrogens.86,87 The copper
complex of L25 exhibited significant stability in the presence of
bovine serum albumin. The methyl ester derivative of L25
[Zn(L25Es)] has been used in the isolation of a 1:2 ligand to
Zn2þ complex, and the crystal structure showed one Zn2þ per
each bipyridyl functionalized arm, where the zinc ion exhibits a
tetrahedral geometry by the involvement of two nitrogens and
two chlorides (Figure 17).
Shuttling of Cu2þ/Fe3þ between the two binding cores of a

conjugate possessing 3-alkoxy-2-naphthoic acid (L26) has been
demonstrated as a function of the pH of the solution
(Figure 18).88 This derivative shows a minimum fluorescence
intensity when the pH of the medium was 5.6 and 6.9 in case of
Fe3þ and Cu2þ, respectively. Upon increasing the pH, the
carboxylic group undergoes deprotonation and acts as electron
donor, resulting in fluorescence quenching through an eT
mechanism. Further increase in pH results in the fluorescence
enhancement, which may be due to the deprotonation of
phenolic-OH, and the resultant phenolate moiety can coordinate
Fe3þ and Cu2þ.
An amido-benzothiazole conjugate (L27)89 (Figure 19) ex-

hibits selective detection of Cu2þ among 11 different ions
studied by forming a 1:1 complex. The DFT computations
reveals a distorted trigonal bipyramidal geometry for the Cu2þ

center in whichO2S2 provides four coordination and the fifth one
is from acetonitrile resulting in a NO2S2 core, where the bound
oxygens were from amide CdO (Figure 19). The copper
complex of L27 ([Cu(L27)]2þ) further recognizes iodide by
exhibiting a color change among the 14 anions studied, F�, Cl�,
Br�, I�, ClO4

�, SCN�, AcO�, SO4
2�, CO3

2�, NO3
�, HSO3

�,

HPO4
2�, NO2

�, and N3
�. The absorption spectral changes also

confirm the recognition of iodide by ([Cu(L27)]2þ).
Bis-(2-picolyl)amide conjugate, L28 (Figure 20a), showed

selectivity toward Cu2þ among 10 other ions studied by forming

Figure 14. Schematic representation of the structures of L20 and L21.

Figure 15. Receptor for Cu2þ.

Figure 16. Schematic representation of the structure of L23 (no
excimer) and its Cuþ bound complex (excimer). Schematic structure
of isoxazole derivative, L24, has also been shown.

Figure 17. Schematic representation of the structure of L25. Single
crystal X-ray structure of the Zn2þ complex of the methyl ester of L25,
[Zn(L25Es)]. Reprinted with permission from ref 87. Copyright 2004
Wiley-VCH.

Figure 18. Variation in the metal ion coordination site as a function of
the pH of the medium in case of L26.

Figure 19. Schematic structure of L27 and computationally optimized
structure of the copper complex of L27, [Cu(L27)(CH3CN)]

2þ

(hydrogen atoms were removed for clarity). The tert-butyl groups of
L27 have been removed during the computation. Reprinted with
permission from ref 89. Copyright 2010 Elsevier.
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a 1:1 complex where the DFT computations revealed a highly
distorted tetrahedral geometry for Cu2þ by coordinating through
the four pyridyl nitrogens of the receptor (Figure 20b).90

Changes observed in the microstructural features of L28 and
its Cu2þ complex in SEM and AFM clearly differentiate these
two. The same conjugate exhibited selectivity toward Agþ by
ratiometric way wherein the fluorescence spectral changes ob-
served were different from those observed in case of Cu2þ.91

However, Cu2þ is a competitor toAgþ. Thismay be explained from
the computationally observed binding core of Agþ being the same
as that observed for Cu2þ (Figure 20b,c). In both complexes,
conformational changes were required to be brought in the arms for
accommodating these ions. TEM provided some differences in the
nanostructural features of L28 and its Agþ complex.
A bishydroxamate derivative connected to pyrene as signaling

moiety, L29 exhibits sensitivity toward Cu2þ and Ni2þ in
aqueous methanol depending upon the pH of the medium
among other transition metal ions, Fe2þ, Co2þ, and Zn2þ,
studied by the fluorescence quenching of both the excimer and
the monomer emissions (Figure 21).92 L29 shows response to
Cu2þ in HEPES medium, while Ni2þ requires a pH of 8 to
exhibit ON/OFF fluorescence behavior with L29.
Calix[4]arene bearing two dansyl groups at 1,3-positions and

two propyl groups at 2,4-positions (L30) exhibited a fluores-
cence quenching of 98% and 70% with Cu2þ and Hg2þ,
respectively (Figure 22).93 The L30 forms a 1:2 (L30:Cu2þ)
complex with Cu2þ and exhibits ln(Ka) of 4.19 and a lowest
detection of 4 � 10�6 M in CH3CN. The L30 selectively forms
complexes with Cu2þ even in the presence of other ions, which is
evident form the competitive titration studies.
Most of the Cu2þ recognitions are generally observed as turn-

off as a result of their paramagnetic nature except in some cases
where turn-on fluorescence has been observed as a result of
blocking the PET. Cu2þ complexes reviewed here were found to
be in distorted trigonal bipyramidal geometry (N3O2, NO2S2) or
distorted tetrahedral geometry (N4) or distorted square planar
(N2O2) (Figures 19, 20b,c). The proposed models for Cu2þ

complexes show the possible binding by oxygens including
carbonyls ones and also the nitrogens. While the nitrogen-rich
core provides affinity and selectivity toward Cu2þ, the phenolic-
OH moieties present in the vicinity of the binding core assist the
autoreduction of Cu2þ to Cuþ followed by the binding of this ion
to the oxidized semiquinone or quinone forms of the derivative
(Figure 16). It has also been observed that lower rim phenolic-
OH’s, ether oxygens, and quinone oxygens together can provide
binding cores toward Cu2þ (Figure 12). Thus, the donor groups
such as N, O, and S can provide good coordination for Cu2þ. The
stoichiometry of the complex formed in most of the cases has
been found to be 1:1.

3.3. Monomer/Excimer Emissions in the Presence of Fe3þ

The monomer/excimer emissions of a dipyrenyl derivative of
calix[4]arene, L31, are sensitive to the interaction of water
through hydrogen bonding that disrupts the intramolecular ones
to result in the excimer emission (Figure 23).94 Even the
presence of Fe3þ alters both the monomer and the excimer
emissions perhaps through its interaction with phenolic and
amide moieties of L31. At a pH of 6.1, Fe3þ associates with L31
to give a Ka of 2.5 � 104 M�1 in aqueous CH3CN.

3.4. Hg2þ Recognition
3.4.1. Cyclic Conjugates. Three closely related aza-crown

receptors, L32, L33, and L34 (Figure 24), have been shown to
have high affinity toward Hg2þ based on either absorption or
emission spectra.95 An azophenol-type ionophore (L32) has

Figure 20. Schematic structure of L28. (a) Single crystal X-ray structure
of L28. Computationally optimized binding cores of (b) Cu2þ and (c)
Agþ in the corresponding 1:1 complexes with L28. Reprinted with
permission from ref 90. Copyright 2009 Elsevier.

Figure 21. Schematic representation of the structure of L29.

Figure 22. Schematic structure of L30.

Figure 23. Schematic representation of the structures of L31 and its
water bound species, [L31(H2O)3] (from computational studies).
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been shown to exhibit selective chromogenic behavior toward
Hg2þ among a number of other ions, such as alakali, alkaline
earth, transition, and heavy metal ions studied. Amido-crown
conjugate of calix[4]arene, L33, showed selectivity toward Hg2þ

by exhibiting a blue shift of 38 nm in UV�visible spectroscopy,
while no changes were observed with other ions.96 A cyclic-
amido-dansyl conjugate (L34) forms a 1:1 complex by exhibiting
high fluorescence sensitivity with Hg2þ through the formation of
N4 binding core (Figure 24); the heavy metal ions, such as Pb2þ,
Cu2þ, Cd2þ, and Zn2þ, compete for Hg2þ.97 No proposed
structures were known for Hg2þ binding in case of L32 and L33.
A calix[4]arene receptor appended with pyrenylacetamide,

L35 (Figure 25), detects Hg2þ through fluorescence quenching
after a 100 equiv addition of the ion even in the presence of other
ions such as alkali, alkaline earth, transition, and heavymetal ions,
with an association constant of 4.5 � 104 M�1 in methanol.98

The fluorescence emission of L35 mainly originates from the
monomer and weak excimer inmethanol, while it is the reverse in
50% aqueous methanol. Upon interaction with Hg2þ, both the
monomer and the excimer emissions of L35 have been
quenched, indicating an ON�OFF type receptor. A series of
aza crown derivatives of calix[4]arene with an anthrancene
fluorophore have been studied for their ability to detect
Hg2þ.99 The L37 shows highest fluorescence enhancement
toward Hg2þ as compared to L38 and L36 (Figure 25). The
fluorescence of L37 enhances in the presence of Cu2þ and Pb2þ,
although this enhancement is much less than that of Hg2þ in a
mixture of methanol�tetrahydrofuran. The nonselectivity of

L38 toward all of the ions is mainly due to the presence of more
number of nitrogen donor centers in the system, indicating that
only the presence of requisite number of ligating nitrogen centers
is necessary for optimal binding. However, the selectivity is lost
when the number of ligating centers is lower or higher than this.
The higher selectivity of L37 is attributable to the flexibility of the
spacer unit present in L37 as compared to L36 that brings better
coordination between Hg2þ and the nitrogen donor centers in
the former.
3.4.2. Noncyclic Conjugates. An amido-benzimidazole

conjugate (L39, Figure 26) exhibited Hg2þ selectivity (Ka =
20966( 873M�1) by forming a 1:1 complex among a number of
other metal ions studied in 1:1 aqueous acetonitrile.100 The
necessity of the calix[4]arene unit and the nitrogen binding core
has been demonstrated. The binding core has been delineated by
1HNMR spectroscopy and the coordination features by the DFT
computational calculations, which show a linearly coordinated
N2 3 3 3Hg 3 3 3N5 core. The binding is further supported by the
weak interactions extended from the amide carbonyl oxygens
(Figure 26). The bent arm of L39 undergoes major conforma-
tional changes in the presence of Hg2þ ion to make a suitable
binding core. The TEM, AFM, and SEM studies of the isolated
complex exhibited features different from those of the simple
receptor (L39).
Amido-pyridylcalix[4]arene derivative, L40, has been studied

for its complexation with Hg2þ, Zn2þ, and Agþ using 1H NMR
spectroscopy and electrochemistry (Figure 27).101 1H NMR
spectral titration confirms the formation of the complex with

Figure 24. Schematic representation of the structures of L32 and L33 and proposed binding model for [Hg(L34)]2þ.

Figure 25. Schematic structures of different Hg2þ receptors, L35, L36, L37, and L38.
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Hg2þ through the involvement of both the pyridyl and the amide
units. Interestingly, when the complex was prepared by heating a
mixture of L40 and Hg2þ in ethanol or methanol, it resulted in
the cleavage of the amide bond, and the necessity of this ion for
the cleavage has been clearly demonstrated. The Agþ and Zn2þ

also form complex with L40 without undergoing any cleavage as
proven by 1H NMR studies. The fluorescence intensity of L40
was quenched upon interaction with Hg2þ, Zn2þ, and Agþ. The
metal�ligand binding has also been supported by the electro-
chemical studies.
An amido-dansyl conjugate (L41) exhibit good extraction

ability toward Hg2þ and found that Pd2þ is only the competitor
for Hg2þ (Figure 28).102�104 The L41 also showed Hg2þ

selectivity by fluorescence quenching as a result of electron
transfer among the other ions studied, Naþ, Kþ, Ca2þ, Cu2þ,
Zn2þ, Cd2þ, and Pb2þ, in aqueous acetonitrile at pH = 4. It forms
a 1:1 stoichiometric complex with Hg2þ with an association
constant of 1.5 � 107 M�1 in CH3CN/H2O (60:40 v/v). L41
showed response toward Hg2þ even in the presence of other ions
but for Pb2þ, which interferes to some extent. 1H NMR spectral
titration of this derivative with Hg2þ indicates that, upon
complexation, calix[4]arene exists in the cone conformation.
Time-resolved fluorescence titration has also been carried out to
get more insight into the mercury complexation. The alkali and
transition metal ion interactions of a series of calix[4]arenes
possessing dansyl fluorophore (L42,L43 and tetramethylammo-
nium salt of L41, Figure 28) have been studied by absorption and
fluorescence spectroscopy.105 The metal ions, Fe3þ, Hg2þ,
and Pb2þ, exhibit strong interaction with these conjugates by
quenching the original fluorescence by 97%. A calix[4]arene

functionalized with two dansyl fluorophores and two long alkyl
chains of triethoxysilane groups (L44) that was placed in
mesoporous silica showed the ability to sense Hg2þ in water
by forming a 1:1 complex (Figure 28).106

The solvent-dependent recognition ability of thioether conjugate
of calix[4]arene, L45 (Figure 29), has been studied by 1H NMR
spectroscopy, electrochemistry, and thermodynamics.107,108

Sensitivity of L45 in the detection of Hg2þ is better than Agþ by
a factor of 2.2� 103 in acetonitrile, and it is exactly reverse in case
of methanol, and no selectivity was observed in N,N-dimethyl-
formamide. In the complex, Hg2þ forms a tetra-coordination by
the involvement of two sulfurs of the pendant arms and two
perchlorate ions, while Agþ forms a supramolecular structure
(Figure 29). CdSe/ZnS quantum dots (QDs) capped with
thioether derivative of calix[4]arene, L45, exhibit selectivity
toward Hg2þ among a number of ions studied and can be
detected down to a concentration of 15 nM.109

Benzothiazole appended conjugate of calix[4]arene, L46
(Figure 30), that was coated on glassy carbon electrode recog-
nizes Hg2þ selectively in aqueous medium among alkali, alkaline
earth, and transition ions using cyclic and square wave voltam-
metric techniques.110 However, 500-, 50-, and 100-fold molar
excess of Pb2þ, Agþ, and Cu2þ, respectively, induce significant
voltametric changes. The lowest concentration of Hg2þ that can
be detected by L46 was found to be 25 nM. Liquid membrane
transport and silver selective electrode properties of a calix-
[4]arene appended with nicotinic moieties, L47, have been
studied (Figure 30).111 This derivative exhibits cation selectivity
toward Agþ and Hg2þ over other alkali, alkaline earth, transition,
and ammonium ions studied.
A triazole linked 8-oxyquinoline conjugate (L48) exhibits

selectivity toward Hg2þ by fluorescence quenching at a low pH
(Figure 31).112 While the Ka for the 1:1 complex is 8.5 � 103

M�1 in case of Hg2þ, these are 1.2 � 103 and 4.4 � 103 M�1,
respectively, for Cu2þ and Fe2þ showing no greater selectivity in
CH3CN:H2O (v/v 3:1). A NOR logic gate property has been
proposed using the fluorescence intensity of L48 in the presence
of Hg2þ as a function of pH.
On the basis of the emission behavior, it has been possible to

differentiate Hg2þ from that of other heavy ions, Pb2þ and Cd2þ,
as shown by a terminal-NH2 bound calix[4]arene conjugate, L49
(Figure 32).113

The receptor, L50, a double branched calixarene conjugate
bearing one amidopyrenylmethyl moiety and a rhodamine B unit
(Figure 33), acts as 1:1 stoichiometric chemosensor for Hg2þ

Figure 26. Schematic structure of L39. Single crystal X-ray structure of L39 as ORTEP picture.100 Computationally optimized structure of
[Hg(L39)]2þ complex.

Figure 27. Schematical representation of the receptor L40.
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and Al3þ.114 While Hg2þ opens the spirolactam ring of rhoda-
mine to bind (tren-spirolactum), Al3þ binds unopened.
Although this paper demonstrates the role of FRET, the role
of calixarene moiety has not been addressed adequately.
Cyclic and noncyclic arms appended calix[4]arene bearing

nitrogen, amide, or sulfur as donor groups detects Hg2þ with
good selectivity among the other ions studied. Although Hg2þ

favors linear coordination with ligands having nitrogen or sulfur,
it has been found that in certain cases other donor centers, such
as N, O of the arms or of the solvent, provide additional

Figure 28. Schematic structures of L41�L44.

Figure 29. Schematic structure of L45 and crystal structures of [Hg(L45)(ClO4)2] and [Ag(L45)(ClO4)]n.
107

Figure 30. Schematic structures of L46 and L47.

Figure 31. Proposed Hg2þ binding core present in L48.
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stabilization by weak interactions (Figures 26 and 29). Aza-
crown and amido-crown ether conjugates possessing preorga-
nized binding cores exhibit good selectivity toward Hg2þ

(Figure 24). The main binding core of Hg2þ that leads to the
linear coordination obeys HSAB. It is important to note that the
size of the cavity and the nature of the donor atoms are the two
main factors, which determine the selectivity and binding effi-
ciency of a conjugate toward a particular ion. This section also
demonstrates the role of solvent in the selective recognition of
Hg2þ over the other ions studied due to the difference in polarity
of the same. Generally, Hg2þ interaction results in the fluores-
cence quenching of the receptor molecule as a result of the heavy
metal atom effect, but in some cases the complexation leads to
the enhancement of the fluorescence intensity due to the
participation of a lone pair of nitrogens in the complexation,
which was initially responsible for the fluorescence quenching. It
is also possible to develop fluorescent sensors for Hg2þ by
fluorescence enhancement using appropriate selection of the
fluorophores, which function as FRET, PET, etc.

3.5. Pb2þ Recognition
A series of cyclic triazole linked calix[4]crown conjugates

possessing both hard and soft ligating centers (e.g., L51, L52,
L53, and L54) (Figure 34) exhibit selectivity toward alkali ions as
well as Pb2þ depending upon the size of the crown as well as the
number of hetero atoms present in it and their hard�soft base
character.115 The extraction abilities follow an order, Liþ > Kþ >
Naþ > Csþ, Liþ.Naþ >Kþ > Csþ, Liþ > Csþ >Naþ > Kþ, and

Liþ . Csþ > Kþ > Naþ, respectively, for L51, L52, L53, and
L54. Among the four conjugates, only L51 showed selective
extraction with Pb2þ and not the others.

The two β-ketoimine derivatives, which differ in their arm
length, �(CH2)2� (L55) and �(CH2)4� (L56) (Figure 35),
have been studied for extraction and the cation binding.116 L55
showed good extraction abilities toward Pb2þ among the ions
studied at pH= 8, and the extraction is pH dependent. L55 shows
good affinity for Naþ, Kþ, and Ca2þ at pH = 4.8 due to the
electrostatic interaction between the cations and the cavity
formed by the β-ketoimine group. Cation interaction studies of
L55 and L56 results in similar changes with Hg2þ, Cu2þ, and
Agþ as monitored by UV�vis spectroscopy, indicating that these
cations are complexed by the β-ketoimine groups and the
complexation is independent of the alkyl chain length.

A series of calix[4]arene-based amide derivatives have been
studied in a PVC membrane for their Pb2þ selective electrode
properties by potentiometry even in the presence of other
competing ions.117 Agþ has been found to be a competitor for
Pb2þ in all of the cases. At low concentrations of Kþ, Naþ, or
NH4

þ, the electrodes modified with L57, L58, L59, and L60
(Figure 36) act as Pb2þ sensors. Other calix[4]arene conjugates,
L61�L63 (Figure 36), exhibited high selectivity for Pb2þ even in
the presence of other ions but in the absence of Agþ. The
electrode properties of these derivatives with dioctylphthalate as
a plasticizer have also been studied, and it was found that the
sensitivity of the response decreases in the order of L60 >
L61�L63 > L57 > L59 g L58, which is attributed to the
variations present in the functional moiety.118

Fluorescence emission characteristics of amido-pyrenyl con-
jugates (L64 and L65) exhibit a difference between Pb2þ and
In3þ as can be seen from Figure 37.119 A major difference
between L64 and L65 is the ability of the former to make
intramolecular hydrogen bonding and not the latter, due to
the absence of phenolic-OH and its O-propyl derivatization in
case of L65. Hence, the emission characteristics differ between
L64 and L65 in the presence of Pb2þ and In3þ.

Pb2þ extraction and the detection were mainly observed with
receptors bearing hard donor moieties such as oxygen in additionFigure 32. Schematic structure of L49.

Figure 33. Proposed binding models for [Hg(L50)]2þ and [Al(L50)]3þ complexes.
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to the participation of phenolic-OH’s, amide oxygen, or nitrogen
centers (Figure 37). Pb2þ easily forms higher coordinations with
the help of oxygen atoms of crown ether, phenolic-OH’s, etc.
Nitrogen containing triazole units also prefer transition metal
ions as is evident from this section, and this indeed is based on the
HSAB concept. It is also important to note that the pH of the
medium has some role in the efficiency of extraction of Pb2þ.
Attaching a fluorophore helps the derivatives to monitor the ion
recognition by fluorescence spectroscopy (Figure 37).

3.6. Agþ Recognition
ortho-Schiff and para-Schiff base conjugates (L66�L73,

Figure 38) have shown affinity toward Agþ, but the para-isomer
was found to be nonselective because of the absence of N2O2

binding core that was otherwise present in case of the ortho-
derivative.120 When an additional pyridyl moiety is present as in
L70, the complex can show five or six coordination via the
participation of two ether oxygens, two imine nitrogens, and one
or both of the pyridine nitrogens (Figure 38). Among the ortho-
derivatives, L70 showed high affinity toward Agþ due to the
presence of imine and aromatic nitrogens. Comparison of the
data clearly suggests that the presence of a preorganized binding
core is important in the selective recognition process. All of these
derivatives exhibit good transport rates.

A 2,20-bipyridine-substituted derivative of calix[4]arene, L74
extracts Agþ from a mixture of lead and silver nitrate in neutral
aqueous solution (Figure 39).121 The silver complex of L74 has
been found to form a stable mononuclear complex. It has been
suggested that the selective extraction of Agþ in the presence of
Pb2þ is due to the tetrahedral mode of binding of Agþ.

The presence of 2-bezothiazolylthioalkoxy at the lower rim
(L75�L80, Figure 40) makes the ionophore suitable for the Agþ

ion recognition, although some interference was observed in the
presence of Hg2þ and not with the other dozen ions
studied.122,123 The selectivity exhibited by all of the receptors

toward Agþ was irrespective of the tether length between the
benzothiazolyl and the calix[4]arene. The HSAB characteristics
seem to work well with this system.

All of the thio-conjugates, L81, L82, and L83 (Figure 41),
showed good ion selective electrode properties toward Agþ over
the competing ions except for Hg2þ.124 In case of L83, the 19F
NMR spectrum of the silver complex indicates the formation of a
conformational equilibrium in solution where fluorine atoms are
participating in ligation with the silver cation (Figure 41). Yet in
the uncomplexed form, L83 exists in a conformational equilib-
rium with some intramolecular weak hydrogen-bonding interac-
tion between C�H and F.

A series of calix[4]arene conjugates possessing pyridyl moietiy
(L84, L85, L86) (Figure 42) have been synthesized and were
shown for their ion-selective electrode property toward Agþ over
a number of alkali, alkaline-earth ions, lead, ammonium, and
some transition metal ions, except Hg2þ.125 Among the three
conjugates studied, L86 showed high selectivity toward Agþ and
weak response to alkaline-earth ions, indicating the involvement
of the ligation of Agþ through the �PPh2 moiety.

Silver ion selective electrode property of a pyrimidine conjugate
of calix[4]arene, L87 (Figure 43), has been studied and found
that it exhibits a detection limit of 1 μM.126 This electrode works
in the pH range of 3�7 and showed good Agþ selectivity over
other alkali, alkaline earth, transition, and heavy metal ions.

A series of crown and one linear functionalized calix[4]arene
(L88�L93, Figure 44) have been studied for their extraction
abilities toward a number of alkali, alkaline earth, and transition
metal ions.127 Because of the flexibility, Agþ can access the sulfur
donors in the linear calix[4]arene conjugate, L88, and therefore
gives a higher extraction percentage as compared to the other
conjugates, L89 and L90 (these two show similar extraction
percentage with Agþ). The calix[4]arene conjugate L91 extracts
Agþ as a results of its suitable cavity size. The extraction observed
with L92 was negligible due to the increased volume of cavity.
Among all of these, L93 bearing thiacrown with a pyridine moiety
exhibited largest extraction of Agþ.

The interaction of Agþ results in the chemical shifts of diff-
erent protons of L94 (Figure 45). However, the imine and the
phenolic-OH of the corresponding calix[4]arene moiety of L95
(Figure 45) experience significant chemical shift upon interac-
tion with Agþ.128 A large chemical shift change was observed with
L95 as compared toL94when they interact with Agþ. Therefore, in
L94 it may be the structural rearrangement rather than the direct
binding that influences most, while it may be the direct binding in
L95 that brings change in the chemical shift.

The PVC membranes constructed using two different deriva-
tives of bis-calix[4]arenes connected through phenyl (L96) or

Figure 36. Schematic structures of L57�L63.
Figure 34. Schematic representation of triazole linked cyclic calix-
[4]arene conjugates, L51�L54.

Figure 35. Schematic representation of L55 and L56.
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pyridyl (L97) (Figure 45) linkers exhibit better response toward
Agþ.129 A higher Agþ selectivity with the pyridyl conjugate has been
observed. The electrostatic interaction present between the metal
ion and the aza crown cavity is responsible for the Agþ recognition.

The imine nitrogens, pyridine nitrogens, and soft donor
groups such as sulfur are involved in the binding of silver ion.

The Agþ complexes presented in this Review form tetrahedral
geometry by the use of N4 core, and in some cases it can extend
its coordination by the participation of nearby oxygens. Among
the cyclic derivatives of calix[4]arene, the conjugates bearing
both thiacrown and pyridine moiety together in one molecule
showed excellent selectivity, and this indeed suggests the role of
the soft donor moieties in efficient binding. The factors that are

Figure 37. The mode of binding of L64 and L65 with Pb2þ and In3þ.

Figure 38. Schematic structures of ortho- and para-derivatives of calix[4]arene conjugates, L66�L73, and energy minimized structure of [Ag(L70)]þ

complex. Reprinted with permission from ref 120. Copyright 2004 Elsevier.

Figure 39. Schematic structure of L74.

Figure 40. Schematic structures of L75�L80.
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responsible for the selective binding are the proper cavity size
especially in case of cyclic conjugates. In most of the cases, 1H
NMR spectroscopy was used for studying the interaction be-
tween the receptor molecule and the Agþ.

3.7. Al3þ Recognition
The tren-N-tricalix[4]arene appended pyrenyl fluorophore

(L98) exhibits large fluorescence enhancement with Al3þ and
less enhancement with In3þ.130 From the 1H NMR spectral
titrations, it has been found that the interaction of L98 with Al3þ

is mainly through the tren-N part as can be seen from the
Figure 46. The receptor molecule uses its nitrogen and oxygen
moieties to satisfy six coordinations for Al3þ in its recognition.

3.8. Recognition of Alkali Metal Ions
Liquid�liquid extraction ability of a chiral calix[4]-

(azoxa)crown-7, L99, exhibits Liþ selectivity among the alkali
metal ions, although the transition metal ions were also being
extracted by this, due to its variable coordination core.131 The ion
binding is influenced by the size and the nature of hard and soft
base character of the ligating centers present in the crown moiety
and also the cation�π interactions present between metal ions
and the carbonyl groups. Thus, while Liþ is bound by three ether
oxygens, the same receptor can extend higher coordination to
transition ions as noted in case of L99 (Figure 47).

The o-azo-benzene conjugate of calix[4]arene,L100 (Figure 48),
exhibits selectivity toward Naþ and Kþ by the involvement of
nitrogen of the diazo group.132Upon the complexationwithKþ, the
thermal equilibrium of the conjugate shifts toward the trans-isomer,
while the complexation with Naþ results in the cis-isomer.

Extraction of alkali ions as picrates by oxahexacyclic cage
functionalized calix[4]arene conjugates (L101�L104) have
been studied (Figure 49).133 The conjugates L101 and L102
shows good Naþ picrate extraction efficiency (with less percen-
tage of extraction) as compared to the other metal picrates, while
the highest Kþ extraction was observed with the receptors L103

and L104, which were anchored with one or twoCH2CH2OCH3

units by using phenolic-OH moieties.
Calix[4]arene bearing two crown rings connected through a

fluorophore, L105 (Figure 50), shows Csþ and Kþ sensing
ability in acidic and alkaline environments, respectively.134 Under
basic conditions, Kþ forms a complex with crown ring I, while
Csþ requires acidic medium to interact with crown ring II, both by
exhibiting fluorescence enhancement. In basic methanol, the fluor-
escence intensity of the receptor with different ions follows an order
Kþ>Rbþ>Csþ>Naþ >Liþ, and in the acidicmedium the trend is
Csþ > Rbþ > Kþ > Naþ > Liþ. The fluorescence behavior of the
receptor molecule also mimics the logic gate functions.

Double-calix[4]quinone conjugates have been studied for their
selectivity toward alkali ions based on the variations observed in
electrochemical potentials of the receptor system (Figure 51).135,136

The conjugateL106 exhibits selectivity towardNaþ as a result of the
optimal spatial fit of this ion within the cavity, while lower
association constant and no complexation were observed with Kþ

and Csþ, respectively, due to the large size of these ions. Because its
large cavity size, L107 forms stable complexes with Kþ and Csþ but
forms a weak complex with Liþ. Upon interaction with Kþ, L108
exists in cone conformation, but with Liþ and Naþ it results in the
conformational changes (association constants could not be derived
as a result of mixed conformation). In addition, L108 exhibit low
association constant and no complexation with Kþ and Csþ,
respectively, due to its smaller cavity size. On the basis of the
association constants, the selectivity order of L106 is Naþ > Liþ .
Kþ, and that ofL107 is Csþ >Kþ >Naþ. Liþ. Both theL107 and
the L108 exhibit significant electrochemical changes in the presence
of alkali ions. The observed shift in the voltammograms depends
upon the polarization ability of the metal ions. Among the three
conjugates, L108 showed switchable electrochemical binding to-
ward Naþ and Kþ with larger binding being observed with Kþ as a
result of the polarizing ability of the �OCH3 group.

L109 showed significant selectivity in solvent mixtures of
varying polarity toward Kþ among group I metal ions and

Figure 41. Schematic structures of L81 and L82 and Agþ binding model of L83 in two of its resonance forms.

Figure 42. Schematic structures of L84�L86. Figure 43. Schematic structure of L87.
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ammonium ion as studied by UV�vis and 1H NMR spectroscopy
(Figure 52).137 The electrochemical recognition abilities of

calix[4]semitube diquinone, L109, have also been explored,
and it recognizes both Naþ and Kþ. A series of double calix-
[4]diquinones connected by alkylene or pyridylene have been
studied for their recognition toward alkali ions by spectroscopy
and electrochemistry, in addition to establishing the structure
by X-ray crystallogarphy and molecular modeling studies
(Figure 52).138,139 It has been found that the strength and the
selectivity of ion binding depend upon the length and the nature
of the bridging spacer groups. The selectivity of L110 toward
ions follows Rbþ > Csþ > Kþ . Naþ, while it is Csþ . Rbþ in

Figure 45. Schematic structures of L94�L97.

Figure 46. Schematic representation of Al3þ coordination with L98.

Figure 47. Proposed binding of [Li(L99)]þ and [M(L99)]nþ.

Figure 44. Schematic structures of L88�L93.
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case of L111where no complexation was proposed withNaþ and
Kþ based on the association constants obtained from UV�vis
titrations. The conjugate L112 exhibits no selectivity toward any
of the ions studied, while the selectivity of L113 shows an order
Csþ > Rbþ > Kþ . Naþ, as a result of the enhanced rigidity of
the linkages and the presence of two extra donor atoms. However,
the binding of L113 is weaker than that observed with either
L110 or L111 due to the greater length of the bridging chains in
L113. The crystal structure of the conjugate L111 with Csþ

exhibits eight coordination formed through four diquinone and
four ether oxygens (Figure 52). Csþ also forms two strong bonds
with quinone oxygens at the top rim of the two neighboring
molecules and finally results in a 1-D polymeric chain. Molecular
modeling has also been carried out to support the ion binding.
From the X-ray structure and molecular modeling studies, it has
been found that the cavity size of L111 is complementary to the
Csþ ion. The binding or the nonbinding nature of some of the
ions with these conjugates has been further demonstrated by
variable temperature 1H NMR spectral titrations. These studies
indicate that in case of L110, Naþ cannot bind simultaneously to
all eight donor atoms, while larger ions like Rbþ can bind. The
alkylene-linked host exhibits strong binding with ions if it can
simultaneously coordinate to all eight oxygen donor atoms. All of
the conjugates exhibit appreciable electrochemical recognition
abilities with alkali ions such as Csþ and Rbþ.

A doubly bridged bis-calix[4]arene with pyridine, L114,
exhibits higher extraction ability toward Rbþ and Csþ, in the order
Rbþ > Csþ > Kþ > Naþ > Liþ, while its corresponding mono
bridged derivative, L115, exhibits an extraction order Kþ > Rbþ.
Naþ > Csþ > Liþ.140 The molecular modeling studies suggest six
coordination for the Rbþ and only three coordination for Kþ,
respectively, with L114 and L115, as can be seen from Figure 53.

Imine- and azo-functionalized calix[4]arenes (L116, L117,
L118, Figure 54) exhibit selectivity through visual color change

forNaþ, which binds stoichiometrically among a number of alkali
ions studied.141 All three conjugates showed larger associa-
tion constants with Naþ, with the trend being L117 > L116 >
L118, and the higher values observed are attributable to the
presence of electron-withdrawing effect of the nitro group that
enhances the ionization of the hydroxyl group to result in a
stronger electrostatic interaction between the ion and the
conjugate.

Two calix[4]arene-based bis-alkynyl bridged Au(I) isonitrile
complexes having crown ether pendant have been studied for ion
recognition properties.142 Receptors L119 and L120 (Figure 55)
recognize Kþ (log K = 5.8( 0.1) and Csþ (log K = 4.7( 0.01),
respectively, in CH2Cl2:CH3CN (1:1 v/v, 0.1 M nBu4NPF6) by
sandwiching the ion using two benzo[15]crown-5 moieties
resulting in Au 3 3 3Au interaction from the arms of calix[4]arene.
Geometry optimization also supports the sandwich formation
with partial destruction of intramolecular hydrogen bonding
present at the lower rim in calix[4]arene.

Calix[4]arene bearing pyridyl moiety, L121 (Figure 56),
shows good extraction ability with alkali ions but not with
transition ions.143 It also exhibits efficient dichromate extraction

Figure 50. Schematic structure of L105.

Figure 48. Schematic structure of L100.

Figure 49. Schematic structures of L101�L104.

Figure 51. Schematic structures of L106�L108.



4676 dx.doi.org/10.1021/cr1004524 |Chem. Rev. 2011, 111, 4658–4702

Chemical Reviews REVIEW

from aqueous into the dichloromethane layer at higher pH via the
formation of a 1:1 complex.

The Csþ extraction ability of L122 (Figure 57), a calix-
[4]arene bearing triazole and ester moieties, has been studied.144

The extraction ratio was found to be Csþ/Naþ = 10.5. 1H NMR
spectroscopic studies suggest a higher extraction of this con-
jugate with alkali metal ions because of the presence of flexible
triazole group, which facilitates the complexation between the
ester group and the alkali ions by enhancing the flexibility of the
cavity formed by the ester groups.

Alkali metal ions generally prefer oxygen-rich functional
groups such as crown ether for their recognition as well as for
extraction processes. Calix[4]diquinones can provide higher
coordination number (even up to 10) toward Csþ and Rbþ

using quinone as well as ether oxygens. It is understood from the
examples given in this Review that by incorporating suitable
ligating groups containing hard soft donor sites along with
suitable cavity size, the selectivity of a calix[4]arene derivative
toward a particular alkali metal ion can be tuned. The electro-
static interactions present between the ion and the conjugate
increase by introducing electron -withdrawing groups at appro-
priate positions in the receptor system.

3.9. Recognition of Alkaline Earth Metal Ions
A hydroxyamide conjugate of calix[4]arene, L123 (Figure 58),

forms a 1:1 complex with alkaline-earth ions, and Pb2þ and Zn2þ in
acetonitrile as studied by 1H NMR spectroscopy and conducto-
metric titrations.145 The interaction of L123 with cations is mainly
through the carbonyl, ethereal, and the hydroxyl oxygens of the
pendant armsof the calix[4]arene.The strengthof the complexation

of L123 in acetonitrile follows an order Mg2þ > Ca2þ > Sr2þ >
Ba2þ, suggesting that the size affects the complexation.

The degree of interaction of diethylphosphate amine con-
jugate of calix[4]arene, L124 (Figure 59), toward monovalent

Figure 52. Schematic structures of L109�113 and single crystal X-ray structure of [Cs(L111)]þ.139

Figure 53. Line diagrams of the geometry-optimized structures of
[Rb(L114)]þ and [K(L115)]þ.

Figure 54. Schematic structures of L116�L118.

Figure 55. Schematic structures of L119 and L120.
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and divalent ions has been studied in acetonitrile, methanol,N,N-
dimethylformamide, and propylene carbonate using 1H NMR
spectroscopy, conductance, and calorimetric measurements.146

The monovalent ions did not exhibit complexation in any of
these solvent systems, while divalent ions show interactions only
in acetonitrile. The interaction of L124 with alkaline-earth ions
and Pb2þ results in the formation of 1:2 (cation:L124) complex,
while it is a 1:1 complex with Cu2þ, Zn2þ, Cd2þ, and Hg2þ.
Because alkaline-earth ions and Pb2þ prefer to form eight
coordination, it requires two calix[4]arene moieties to come
close to each other to satisfy the same coordination number and
hence results in the formation of a 1:2 complex. The Ca2þ

showed the highest stability constant with L124 as compared to
other ions studied due to the higher entropic contribution to the
selectivity. All of the other ions were satisfied with either low
coordination or soft donor centers.

Calix[4]arene functionalized with tetrazole at the lower rim
and p-methoxyphenylazo substituent at the upper rim, L125
(Figure 60), has been studied for its ion recognition by absorp-
tion spectroscopy.147 L125 showed high selectivity toward Ca2þ

among 14 ions studied, while minimal responses were obtained
with Cr3þ and Pb2þ. It forms 1:1 stoichiometric complex in
CH3CN by exhibiting color change upon the addition of Ca2þ.
However, this derivative exhibited only Ca2þ selectivity when the
titrations were carried out in CH3CN/CH3OH (9:1). The
association constants observed for Ca2þ and Pb2þ were 9.1 �
104 and 8.4 � 103 M�1, respectively, in CH3CN. On the other
hand, the corresponding p-nitrophenylazo conjugate, L126
(Figure 60), does not exhibit any selectivity even though its
association constants were found to be higher as compared to the

methoxy derivative, L125. It is evident from the 1HNMR spectra
that Ca2þ interacts with both L125 and L126 through its two
partially deprotonated hydroxyl azophenol groups and one of the
two tetrazole groups. The presence of triazolemoiety at the lower
rim and the azo group at the upper rim in L127 (Figure 60) leads
to colorimetric sensing of Ca2þ and Pb2þ by forming a 1:1
complex, while exhibiting a 160�175 nm red shift in the
absorption band.148 The Ka values of 7.06 � 104 and 8.57 �
103 M�1 were found for Ca2þ and Pb2þ, respectively, in
CH3CN/CHCl3 (1000:4 v/v). The 1H NMR spectral titration
results suggest the involvement of triazole and azophenol
moieties by breaking the symmetry of L127 upon interaction
with Ca2þ, whereas it is symmetrical with Pb2þ. L128
(Figure 60) exhibits selectivity toward cations, Ca2þ, Pb2þ,
and Ba2þ, with association constants of 1.01 � 105, 6.35 �
104, and 2.53 � 104 M�1, respectively, in CH3CN/CHCl3 (v/v
1000:4).149 Color changes have also been observed where the
original greenish color changes to bright yellow. 1HNMR spectra
show that Ca2þ is bound to two nitrogen atoms of the triazole
units and two hydroxy-p-azophenol groups of L128, and the
complexation results in the breakage of symmetry of the receptor
molecule similar to that observed in case of L127.

The redox active monolayer of a calix[4]arene-disulfide-
diquinone, L129 (Figure 61), selectively recognizes Ba2þ in
aqueous medium among a number of alkali and alkaline earth
ions studied by voltammetry.150 The detection limit and the
association constant of the receptor-modified gold disk electrode
were found to be 1.0� 10�6 M and 9.8� 104 M�1, respectively,
in 0.1 M HEPES buffer solution.

Alkaline earth metal ions utilizes the carbonyl, ethereal, and
hydroxyl oxygens of the pendant arms for its binding, as is
evident from the examples mentioned in this section. The
triazole and tetrazole nitrogens in conjunction with the pheno-
lic-OH’s can provide efficient binding core towardCa2þ as can be

Figure 56. Schematic structure of L121.

Figure 57. Schematic structure of [Cs(L122)]þ.

Figure 58. Schematic structure of L123.

Figure 59. Schematic structure of L124.
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seen from Figure 60. The symmetry of the calix[4]arene con-
formation changes upon ion coordination because the phenolic-
OH participates in the binding. Colorimetric recognition of ions
is also possible by introducing fluorophores appropriately.

3.10. Lanthanide Ion Recognition
The literature for the selective recognition of lanthanide ions

includes the presence of two spirobenzopyran moieties in the
lower rim of calix[4]arene by an ester linkage (L130,
Figure 62).151 L130 shows high selectivity toward lanthanide
ions, La3þ, Pr3þ, Eu3þ, Gd3þ, Dy3þ, Er3þ, and Yb3þ, even in the
presence of other metal ions, Naþ, Kþ, Ca2þ, Fe3þ, Cu2þ, and
Zn2þ, in acetonitrile. Either in the UV or in the dark, the
spirobenzopyran is in zwitterionic merocyanine form and binds
to Eu3þ by electrostatic interaction, resulting in high fluores-
cence. However, this is exactly reverse under the visible light
(Figure 62) where it exists in spirobenzopyran form and interacts
with Eu3þ via coordinative bonds. The ligand to metal charge
transfer (LMCT) between L130 and Eu3þ in the spirobenzo-
pyran form is weak as compared to the merocyanine form. Logic
gate properties of this system have also been explored.

Another example for the lanthanide sensor is a p-tert-
butylcalix[4]arene appended o-vanillin L131 (Figure 63), which
shows high selectivity to Eu3þ among the other lighter lantha-
nides, La3þ, Ce3þ, Pr3þ, Nd3þ, Sm3þ, and Gd3þ, studied by
calorimetry in acetonitrile.152 The effect of the substituent group,
the size of the cavity, the type of the guest molecule, the spatial
arrangement, and the orientation of the calix[4]arene donor

atoms on lanthanide binding has been addressed by comparing
calorimetric results of the Schiff’s base derivative with its
precursor molecules, bis(cyanomethyl)calix[4]arene and bis(2-
aminoethoxy)calix[4]arene. L131 shows high Ks for all of the
lanthanide ions where Eu3þ is maximum, indicating the flexibility
of the substituents and the proper size match between the
arrangement of lower rim, and the donors of the side arm to Eu3þ.

The luminescence and energy transfer properties of L11 in the
presence of Eu3þ and Tb3þ have been explored.153 The binding of
Eu3þ by L11 was determined on the basis of IR and phosphores-
cence spectra. The MMþ calculations supported 8-coordination
about Eu3þ (Figure 63).

Photophysical properties of two calix[4]arene conjugates
(L132 and L133, Figure 64) with Tb3þ have been studied by
UV�vis and fluorescence spectroscopy in acetonitrile.154 As a
result of intramolecular π 3 3 3π stacking, L132 forms a preorga-
nized core by the use of eight oxygens as evident from the crystal
structure and is responsible for better binding of Tb3þ as
compared to L133 where only intermolecular π 3 3 3π stacking
is present. UV�vis and fluorescence spectra of L132 exhibited
significant spectral changes upon interaction with Tb3þ, while no
significant changes were observed when the titrations were
carried out with L133.

Calix[4]arene conjugates appended with bisphosphonic acid
(L134�L136) moiety have been studied for their lanthanide
extraction properties (Figure 65).155 The extraction efficiencies
of the receptormolecules decrease with increasing length of theCH2

spacer and also decrease as the acidity rises. The extraction ability also
increases significantly with decreasing the ionic radius of Ln3þ. The
conjugate L135 exhibits good extraction ability with all of the
lanthanides as compared to the other receptor molecules.

Sequestering abilities of a few calix[4]arene derivatives
(L137�L139, Figure 66) have been demonstrated toward
UO2

2þ by UV�vis spectroscopy in aqueous medium under
different pH conditions. L139 showed higher complexation
ability with UO2

2þ at a pH of 9.0.156 1H NMR spectral titrations
have also been carried out with L139 to establish the complexa-
tion properties.

A series of acid-amide conjugates of calix[4]arene have been
synthesized, and their lanthanide extraction abilities have been

Figure 60. Proposed binding models for the Ca2þ complexes of L125, L126, L127, and L128.

Figure 61. Schematic structure of L129.
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studied (Figure 67).157 The conjugates L143 and L144 exhibit
higher extraction efficiency over the other conjugates, with 90%
of uranyl extraction being observed with L143 at 1:1 metal:calix
ratio at pH = 7.0. At the same ratio, the conjugate L141 exhibited
60% extraction, while L140 and L142 need a 1:25 ratio for good
extraction. The uranyl extraction ability has been increased at
lower pH in L143 and L144 due to the presence of an electron-
withdrawing group and the removal of tert-butyl groups, respec-
tively. The crystal structure of L142 with La3þ and Naþ has been
demonstrated where both of the complexes were dinuclear in
which La3þ forms eight coordination while sodium forms only six

coordination (Figure 68). It has been found that while the larger
lanthanide ions form a 2:2 complex, the smaller ones form a 1:1
complex, and the ions of intermediate size exist in solution as a
dynamic mixture of 2:2 and a 1:1 complexes with these conjugates.

A series of ferrocene conjugates possessing ester-amide
(L145�L147) and acid-amide (L148�L150) moieties form
1:1 complexes with lanthanides (Figure 69).158 The ester-amide
conjugates (L145�L147) exhibit large potential shift as compared
to the acid-amides (L148�L150), and those with spacer (L147)
show the largest anodic shift in the lanthanide electrochemical
recognition studies. Among the acid-amide conjugates, L148
shows maximum changes with Lu3þ. It has been found that the
length of the alkyl spacer has some effect on the electrochemical

Figure 62. Eu3þ binding with L130 under UV light and release of L130 from the complex under visible light.

Figure 63. Schematic structure of L131, and the proposed binding
model of Eu3þ with L11 obtained on the basis of molecular mechanics
calculations.

Figure 64. Schematic structures of L132 and L133.

Figure 65. Schematic structures of L134�L136.

Figure 66. Schematic structures of L137�L139.
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responses of bis-calix[4]arene conjugates (L151�L153) toward
lanthanides where the largest shift was observed with the
molecules having the longer chain length (Figure 69).

An electrochemical sensor for uranium has been synthesized
by self-assembled ensembles of a disulfide conjugate of calix-
[4]arene 1,3-diacid,L154, on a polycrystalline gold (Figure 70).159

The electrochemical response that is related to the microscopic
changes at the electrode surface is proportional to the concentra-
tion of uranium present in the solution.

A series of ruthenium(II) bipyridyl complexes containing one,
two, or six lower rim acid-amide-modified calix[4]arene moieties
have been prepared, and their photophysical characteristics have
been studied using different spectral techniques (Figure 71).160

Absorption spectral titrations with Eu3þ, Tb3þ, and Nd3þ

(Ln3þ) in CH3CN indicate that L155 initially forms a 2:1
(L155:Ln3þ) and finally converts to a 1:1 complex at higher
(<0.5) ratios of lanthanide ions. The conjugate, L156, forms an
initial 1:1 complex followed by the formation of a 1:2 (L156:
Ln3þ) complex, while L157 accommodates at least five Ln3þ

upon binding. The emission spectrum of ruthenium moiety has
been perturbed upon the interaction of lanthanide ions depend-
ing upon the nature of the host metal complex and the lanthanide
ion. The emission intensity of the receptor has been quenched
upon interaction with Nd3þ, while the ruthenium bipyridyl
moiety showed an enhancement in the emission with Tb3þ

and finally with Eu3þ. While L155 and L157 exhibited quench-
ing, receptor L156 showed enhancement in the fluorescence
intensity.

The complexation of Eu3þ by calix[4]arene capped with
DTPA bridges (L158�L160) has been studied by mass spec-
troscopy (Figure 72).161 The molecular modeling of the Eu3þ

complex of L160 shows nine coordination about the metal ion
where the ligations are derived from the carboxylates and the
aliphatic amines.

The luminescence properties of Eu3þ and Tb3þ complexes of
a series of calix[4]arene appended with one or two bipyridines
(L161�L165) have been studied (Figure 73).162 All of the
derivatives exhibited bathochromic shift in the absorption upon
complexation with Eu3þ and Tb3þ. The association constant
obtained for L161 and L162 with Eu3þ complexes showed 2
orders of magnitude higher than the simple 18-crown-6. The
photophysical properties of the free conjugates and their Eu3þ

and Tb3þ complexes exhibit high molar absorption coefficients
proportional to the number of bipyridine units.

Lanthanides generally look for oxophilic centers for its co-
ordination. Free carboxylic acid groups and other oxygen- and/or
nitrogen-rich centers provide good binding cores for the lantha-
nide ion detection and/or extraction. The pH and the electron-
withdrawing and -donating character of the functionalized
groups have an important role to play in lanthanide sensing.
The detection of lanthanides can be monitored using

electrochemistry by incorporating the redox active groups into
the calix[4]arene unit.

4. ANION RECEPTORS

The calix[4]arene-based anion receptors are synthesized by
introducing functionalities such as amide, urea, or thiourea,
which can interact with anions through hydrogen bonding.
Incorporation of fluorophores into such binding cores would
be of great use in monitoring the binding aspects. This Review
focuses on the recognition of inorganic and organic anions by
lower rim 1,3-diconjugates of calix[4]arene.

4.1. Inorganic Anions
4.1.1. Fluoride Recognition. A selective colorimetric and

fluorescent sensor for F� over Cl�, Br�, I�, CH3COO
�,

HSO4
�, H2PO4

�, and OH� has been synthesized by attaching
1-amidoanthraquinone unit on both the arms at the lower rim of
calix[4]arene, L166 (Figure 74).163 This derivative senses F� by
inhibiting excited-state intramolecular proton transfer (ESIPT)
in CH3CNwith an association constant of 279M�1 by forming a
1:1 complex. During binding, L166 forms intramolecular
H-bonds, N�H 3 3 3 F (or deprotonation), resulting in the delo-
calization of π-electrons in the fluorophore. 1H NMR spectral
titrations suggest proton transfer between the conjugate and F�

through amide NH groups. Coumarin appended calix[4]arene
through amide linkage, L167 senses F� through NH 3 3 3 F
interactions via fluorescence quenching (Figure 74).164 The
interaction has been further supported by 1H NMR spectral
titrations. In the absorption spectra, the original band of the
coumarin showed a red shift and exhibits a new band at 408 nm.
Fluorescence titrations were carried out by exciting at two
wavelengths, 335 and 408 nm. In case of the former, it results
in the quenching of 420 nm band and exhibits a new band at
508 nm due to the PET from F� to coumarin, while in the latter it
results in the fluorescence enhancement when compared to all
other anions. Association constant sobtained for F� and
CH3CO2

� were 1.08 � 104 and 3.77 � 102 M�1, respectively,
in CH3CN. Visual color change has also been observed when F

�

interacts with L167. The studies were suggestive of H-bonding
followed by the deprotonation of amide NH. When the two free
OH groups of L167 were alkylated with propyl moiety, the
resultant derivative exists in 1,3-alternate conformation and loses
selectivity by exhibiting equal response toward CH3CO2

� and
H2PO4

�.
An amide-based calix[4]arene derivative bearing pyrene and

nitrophenylazo moieties exhibited F� recognition as studied by
UV�vis and fluorescence spectroscopy.165 The interaction of

Figure 67. Schematic structures of L140�L144.

Figure 68. Crystal structures of [La2(L142-3H)2(
iPrOH)2] and

[Na2(L142-H)2]. Reprinted with permission from ref 157. Copyright
2002 The Royal Society of Chemistry.
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F� with L168 and L169 has been found to be through the amide
and the phenolic protons, respectively, due to the orientation of
the pyrenyl moieties present in these as modeled by computa-
tional calculations (Figure 75). Both of the conjugates exhibit
strong color change with F� as compared to the CH3COO

�.
Because of the direct linking of pyrenyl moiety to the amide
group, L168 exhibits an excimer band, while L169 does not.
Initial addition of F� to L168 results in the fluorescence
quenching of the excimer that originated from the pyrene, and
in the presence of an excess amount of F� (<300 equiv), it results
in the formation of a new excimer band and exhibits a decrease in
the monomer emission.
L128 shows dual sensing by giving visual color change toward

both Ca2þ and F�, and it changes from light green to blue upon
interaction with F� (Figure 76).149 Association constants ob-
served with F�, AcO�, and H2PO4

� were found to be 4.38 �
104, 2.5 � 104, and 5.5 � 103 M�1, respectively, in CH3CN:
CHCl3 (v/v 1000:4). One new absorption band was observed
during the interaction of L128 with F�, AcO�, and H2PO4

� at
626, 618, and 622 nm, respectively, with the absorption intensity
being varied in the order F� > AcO� > H2PO4

�. The amount of
bathochromic shift observed upon interaction of L128with these
anions is dependent on the extent of deprotonation followed by
the complexation of the azophenol unit. L128 shows INHIBIT
logic gate with YES logic function by using Ca2þ and F� as
inputs. 1H NMR spectroscopy supports F 3 3 3H�O interactions.
A calix[4]arene-based conjugate containing hydrazone func-

tionalities, L170, exhibits anion binding toward F� among Cl�,
Br� I�, H2PO4

�, HSO4
�, AcO�, ClO4

�, and PF6
�.166 The

L170 initially forms a 1:1 and a 2:1 (F�:L170) complex at 1 and
2 equiv of F�, respectively, through hydrogen bonding and finally
undergoes deprotonation at the NH moiety and results in the

formation of [HF2]
�, which is supported by absorption and 1H

NMR spectroscopy studies (Figure 76). The L170 exhibits
colorimetric detection of F� in DMSO�CH3CN (0.5:9.5 v/v).
4.1.2. Chloride Recognition. A series of urea and thiourea

derivatives of calix[4]arene have been studied for their anion
recognition by 1H NMR spectroscopy.167 Among the four
derivatives (L171�L174), the L172 exhibits large chemical
shifts in its �NH protons, suggesting the interaction of anion
through these groups (Figure 77). The stability of the receptor
with anions follow an order Cl� > Br� > H2PO4

� > CH3CO2
�.

The other derivatives (L171, L173, and L174) possessing free
OH group did not show any significant anion binding because of
the presence of intramolecular hydrogen bonding between the
urea/thiourea and phenolic-OH groups. Similarly, the low
association observed with thiourea derivatives as compared to
that of the urea is attributable to the high intra- and intermole-
cular hydrogen-bonding ability of the former.
Two azo functionalized derivatives bearing thiourea moiety

have been studied for their ionophoric properties by chloride-
selective electrode (Figure 77).168 Among the two derivatives
(L175 and L176), the ion selective electrode based on L175
exhibits good selectivity toward Cl� as compared to the classical
Hofmeister series with a detection limit of log[Cl�] =�4.02 and
in a concentration range from 1.5 � 10�4 to 1.0 � 10�1 M.
Calix[4]arene-based rotaxanes have been synthesized for

anion recognition studies. The rotaxane [L178 3Cl] contains a
conformationally flexible pryridinium axle, while [L177 3Cl] is
composed of a preorganized one (Figure 78).169 The crystal
structure of [L177 3Cl] shows that chloride anion is tetrahedrally
coordinated with respect to the amide protons, but central aryl
protons also form close contact. The PF6

� bound conjugate,
[L177 3 PF6], shows selectivity for chloride over other anions in
the order Cl� > Br� > H2PO4

� > OAc� in CDCl3/CD3OD
(1:1), while this loses its selectivity in CDCl3/CD3OD/D2O
(45:45:10) and cannot differentiate the Cl� from that of the Br�.
The complex [L178 3 PF6] exhibits weak anion binding in
CDCl3/CD3OD (1:1) and cannot differentiate the Cl� from
that of the Br�.
The cooperative ion-pair binding of a series of calix[4]-

diquinones with group I metal ions and chlorides was demon-
strated in CH3CN by using 1H NMR and UV�vis spectroscopy
and computational modeling studies (Figure 79).170,171

The calix[4]diquinone receptors, L179 and L180, exhibit Cl�

Figure 69. Schematic structures of L145�L153.

Figure 70. Schematic structure of L154.
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recognition in the presence of alkali cations. BothL179 and L180
show AND logic gate properties with coordinating ions as
inputs. Cation-induced anion binding results in the conforma-
tional changes in L179 and L180. The cation binding of L180 is
higher as compared to L179 due to the presence of NO2 group,
which increases the acidity of the amide group and enhances the
Cl� recognition in the former. A cooperative binding has also
been observed in a competitive solvent mixture, CD3CN/D2O
(98:2), and the coordinating ability of halide in the presence of
cations follows a trend Cl� > Br� > I� in both of the cases. The
strength of the anion binding in case of L179 also depends on
the nature of the cation present, and this follows TBAþ, Liþ <
Rbþ < Csþ < Kþ < Naþ < NH4

þ for Cl� {TBA is tetra-
butylammonium}. The anion binding strengths of L181, L182,
and L183 are in the order of Cl� > Br� > I� toward halides, and
the anion binding constants of the receptor follow the order
L181 < L183 < L182. In case of Kþ, Rbþ, and Csþ containing
ion pairs, L181 binds more strongly to Br� and I� as compared
to L182 and L183. Similar to the anion binding, the cation
binding has also been observed with all of the cations including

NH4
þ and Naþ only in the presence of Cl� in case of L179

and L180, but the Kþ binding was observed with the free
receptor.
4.1.3. Iodide Recognition. A conjugate in which anthracene

connected to both of the arms through triazole moiety,
L184, exhibits anion recognition in methanol as studied by
fluorescence spectroscopy (Figure 80).172 The fluorescence
intensity of this derivative in various solvents follows the order
CH3OH<CH3CN<THF=CHCl3.While TBABr, TBAI, LiBr,
and LiI exhibit fluorescence enhancement, the TBAHS
(tetrabutylammonium hydrogen sulfate) exhibits fluorescence
quenching. Maximum fluorescence intensity was observed upon
the addition of iodide salts.
A diamine derivative of calix[4]arene, L49, has been found

to be selective toward iodide among the halide ions irrespec-
tive of the countercation as studied by fluorescence emission
spectroscopy.173 On the basis of various studies, it has been
suggested that iodide occupies the arene cavity (Figure 81). This
receptor detects I� even in the presence of all of the
competing ions.
4.1.4. Chromate Recognition. A series of amide derivatives

have been synthesized, and their extraction properties toward
Cr2O7

2�/HCr2O7
� into aqueous and dichloromethane phases

have been studied (Figure 82).174 Because of the presence of
protonable amine moieties, L187 and L188 were found to be
good extractants as compared to L185 and L186 at low pH.
A series of amide-based calix[4]arene conjugates have been

studied for liquid�liquid extraction of dichromate anion
(Cr2O7

2�/HCr2O7
�) at different pH’s (Figure 83).175 Among

the three derivatives, L189 showed the highest extraction at
lower pH due to the presence of more hydrogen-bonding sites,
amide nitrogen, carbonyl, and oxa-oxygens. Further, the struc-
ture of L189 is nonflexible due to the presence of bridging 1,8-
dioxa octyl unit, wherein the protonation of amide oxygens is also
possible. The L191 binds to chromate ions at low pH due to the
presence of protonable aminemoieties, but its extraction ability is

Figure 72. Proposed binding model of Eu3þ with L158�L160.

Figure 71. Schematic structures of L155�L157. The counter anion in all the three molecules are 2(PF6
�) 3 2H2O.
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low due to the flexible arms present as compared to L189 where
the arms were cyclized. However, no extraction was observed
with L190 due to the steric hindrance of the bulky groups present
in this system.
4.1.5. HSO4

� and HSO3
� Recognition. Calix[4]diquinone

possessing phenylurea (L192) has been studied for its anion
binding characteristics by 1H NMR spectroscopy and electro-
chemistry (Figure 84).176,177 From the spectroscopy studies, it
has been found that the binding strength and the selectivity of
binding follow an order HSO4

� >H2PO4
� >CH3CO2

� >Cl� >
Br� > I�, ClO4

�, where HSO4
� forms a 1:1 complex with this

derivative. During the titration, HSO4
� coordinates to NH

Figure 73. Schematic structures of L161�L165.

Figure 74. Proposed F� binding with L166 and L167.

Figure 75. Proposed binding model of F� with L168, and schematic
structure of L169.

Figure 76. Proposed binding of F� with L128 and L170.

Figure 77. Schematic structures of the receptor molecules,
L171�L176.
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protons of calix[4]diquinone as well as quinone moiety through
hydrogen bonding. The HSO4

� sensing by two calix[4]arene
derivatives (L193 and L194, Figure 84) possessing urea moiety
over H2PO4

�, Cl�, Br�, I�, ClO4
�, and CH3CO2

� has been
studied by 1H NMR spectroscopy and electrochemistry. The Ka

values of L193 and L194 toward different anions follow HSO4
�

. H2PO4
� > CH3CO2

� > Cl� and HSO4
� . CH3CO2

� ≈
H2PO4

� > Cl�, respectively. Among the two conjugates, L194
showed highest binding toward HSO4

� due to the presence
of additional hydrogen bonding by the phenolic-OH’s of

calix[4]arene, which is absent in L193. The cathodic shift in the
quinone/semiquinone redox couple observed during the cyclic
voltametry studies of L193 with anions follows an order HSO4

�

> H2PO4
� > CH3CO2

� > Cl� > Br�, I�, ClO4
�.178

A series of semicarbazone and thiosemicarbazone appended
calix[4]arene conjugates (L195�L198) have been studied for
their anion recognition properties toward a variety of anions,
Cl�, Br�, I�, ClO4

�, H2PO4
�, and PF4

� in CDCl3 by
1H NMR

spectroscopy (Figure 85).179 Among the four conjugates, L195
showed selectivity toward HSO4

�, while the others did not show
due to the absence of imine-hydrogen and/or their poor solubility.
L195 forms a 1:1 complex withHSO4

� as a result of the hydrogen
bonding as can be seen from the binding model (Figure 85), and
this complex exhibits a Ka of 4.5 � 103 M�1 in CDCl3.
4.1.6. Phosphate Recognition
4.1.6.1. Recognition of Phosphate by Uncomplexed Calix-

[4]arene Conjugates. Lower rim calix[4]arene substituted with
R-hydroxyamide, L199 (Figure 86), showed promising selec-
tivity for H2PO4

� and N-tosyl-(L)-alanate over Cl�, Br�, and
HSO4

� as studied by 1H NMR spectroscopy.180 The Ka values
for this binding have been found to be 5413 and 1590 M�1,
respectively, for H2PO4

� and N-tosyl-(L)-alanate in CDCl3 by
forming a 1:1 complex in each case.
A series of ferrocene linked calix[4]arene through amide and

urea moieties (L200�L202) have been explored for their anion
binding properties by 1H NMR spectroscopy and by electro-
chemical methods (Figure 87).181 The importance of the ion

Figure 78. Proposed models for the binding of Cl� with L177 and L178.

Figure 79. Schematic structures of L179�L183.

Figure 80. Schematic structure of L184.

Figure 81. Proposed species for the interaction of I� with L49. The
sphere inside the calix[4]arene cavity represents I�.
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pairing effect on the electrochemical recognition has been
explored. The receptors L200 and L202 did not show any
significant binding as compared to L201 when titrated with
different anions, NO3

�, SO4
2�, Cl�, and CH3COO

�. The L201
forms a 1:1 complex with H2PO4

� yielding Ka of 36 M�1 in
CD2Cl2 as studied by

1HNMR spectroscopy. All three receptors
showed significant electrochemical response only with H2PO4

�

and not with the other anions studied.
Calix[4]arenes bearing a bis-pyridinium and pyridinium

bridge (Figure 88) have been studied for anion recognition with
H2PO4

�, Cl�, Br�, and HSO4
� by 1H NMR spectroscopy.182

The L203 and L204 form a 1:2 (L:X�) complex with anions,
while it is 1:1 in case of L205. L203 exhibits highest stability
toward H2PO4

� (45 225 M�1). L204 and L205 exhibit affinity
toward Cl� (1150, 1015 M�1) over other anions in DMSO-d6.

Electrochemical studies of L203 with H2PO4
� and Cl� also

support the conclusions derived from 1H NMR spectroscopy.
The L123 interacts with fluoride and dihydrogen phosphate,

giving a 1:1 complex.145Molecular modeling calculations suggest
that the dihydrogen phosphate mainly interacts with this

Figure 83. Proposed interaction of L189 with dichromate anion.
Schematic structures of L190. Proposed interaction of L191 with
dichromate anions.

Figure 84. Schematic representation of L192, L193, and L194.

Figure 85. Schematic structure of L195�L198 and proposed binding
model of HSO4

� with L195.

Figure 86. Schematic structure of L199.

Figure 87. Schematic structures of the receptor molecules L200, L201,
and L202.

Figure 82. Schematic structures of L185�L188.
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conjugate by hydrogen bonding through two amides and one
OH of the functionalized arm (Figure 89).
Another phenylureido derivative of calix[4]quinone, L206

(Figure 90), showed interaction with various anions, and their
binding follows a trend, H2PO4

�.HSO4
� > CH3CO2

� > Cl�

> Br�, as obtained from 1H NMR spectral titrations.183 Upon
interaction with Naþ, calixarene protons undergo changes in the
chemical shift. As a result of the cooperative effect, the strength of
Cl� and Br� binding has been increased by 20- and 7-fold,
respectively, in the presence of Naþ ion. Electrochemical experi-
ments indicate an effective binding of H2PO4

� over other anions
studied.
Anion recognition properties of alkyltriphenylphosphonium

(Figure 91) toward Cl�, Br�, HSO4
�, CH3CO2

�, H2PO4
�,

SCN�, ClO4
�, and Cr2O7

2� have been studied in two different
solvent systems using 1H and 31P NMR spectroscopy.184 The
L207 showed maximum change in 1H and 31P NMR spectros-
copy for SCN� as compared to the other anions in the series. The
complexation of SCN� has been further supported by FAB-mass.
The Ka value of L208 with different anions follows an order,
H2PO4

� > HSO4
� . Cl� > Br� > CH3CO2

� > ClO4
�. Both

derivatives exhibit a 1:1 complex with the anions.
A tetraamide derivative of calix[4]arene, L209, showed fluor-

escence enhancement with H2PO4
� with Ka of 5.48 � 109 M�2

by forming a 1:2 (L209:H2PO4
�) complex in CH3CN

(Figure 92).185 However, F� shows fluorescence quenching

through the formation of a 1:2 complex and yields a Ka of
2.02 � 106 M�2. The 1H NMR spectral titrations explain the
multiple hydrogen-bonding interaction of H2PO4

� with the
amide, sulfonamide groups, OH, and several CH protons of
L209, and that resulted in the high selectivity of this guest species.
Calix[4]arene possessing cyclopeptide moiety, L210

(Figure 93), at the lower rim exhibits molecular recognition
toward phosphomonoester (4-nitrophenyl phosphate) as stu-
died by UV�visible and 1H NMR spectroscopy.186 The absorp-
tion spectral changes observed indicate the interaction of
4-nitrophenyl phosphate with the calix[4]arene conjugate. This
forms a 1:1 complex, and the Ka was found to be 3.9� 103 M�1

in DMSO. The guest interacts with the conjugate through
hydrogen bonding mainly to the amide hydrogens.
4.1.6.2. Recognition of Phosphate by a Metal Complex of

Calix[4]arene Conjugate. The detection of pyrophosphate has
been carried out using a copper complex of L211 (Figure 94)
with pyrocatechol violet as indicator in 80/20 (v/v%) CH3CN/
H2O buffered with HEPES at pH 6.4.187 Upon interaction with
pyrophosphate, the mixture changes its color from green to
yellow, indicating the displacement of pyrocatechol violet from
the complex. The formation of a stoichiometric complex between
L211 and pyrophosphate has been shown by mass spectrometry,
and the complex exhibits Ka of 5.2 � 105 M�1 {80/20 (v/v%)
CH3CN/H2O buffered with HEPES at pH 6.4}. No color
change was observed with other anions, F�, Cl�, Br�, I�,
H2PO4

�, AcO�, BzO�. However, ADP and ATP show behavior
similar to that of the pyrophosphate, but not the AMP. Absorp-
tion studies have been carried out to account for the color
changes observed during the interaction.

Figure 88. Schematic structures of I� complexes of L203, L204, and L205.

Figure 89. Equilibrium structure of [H2PO4(L123)]
� complex as

obtained from molecular modeling studies.145

Figure 90. Schematic structure of L206.
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Conjugates capable of exhibiting hydrogen bonding can
interact with anions selectively. The F� mainly binds to the
amide �NH’s through hydrogen bonding, and in some cases
this is followed by the deprotonation of �NH protons. The
interaction of F� through the phenolic-OH’s and urea moieties
has been reported in the literature. The Cl� recognition using
thiourea and metal-mediated calix[4]arene conjugates has been
known. The aromatic cavity of the calix[4]arene is suited to
recognize I� ion. Of course, the I� ion can also be sensed by
following the spectral changes observed with the Cu2þ com-
plexes of some receptor molecules. The pH of the medium also
plays an important role in the extraction of anions as shown in
case of the chromate. Urea and amide conjugates of calix[4]arene

showed good selectivity toward various phosphates and sulfates.
The free-OH groups present in the calix[4]arene derivatives can
also provide additional hydrogen-bonding sites toward the guest
molecules as can be seen from Figure 92. The electron-with-
drawing groups, which can increase the acidity at the anion
binding site, also enhance its binding efficiency.

4.2. Organic Anions
4.2.1. Acetate Recognition. Bridged urea derivatives of

calix[4]arene and calix[4]quinone exhibited good selectivity
toward CH3COO

� as compared to Cl�, HSO4
�, and H2PO4

�

as studied by 1H NMR spectroscopy.188 Among the four
derivatives (Figure 95), L214 exhibits highest selectivity toward
CH3COO

�, and the Ka order was found to be L214 > L213 >
L215 > L212, which may be attributed to the presence of
quinone moiety and the flexible alkyl bridge. However, when
this flexible alkyl bridge is being replaced by the m-phenylidene
bridge as in L215, it exhibits almost equal affinity toward both
HSO4

� and CH3COO
�.

The Ru2þ and Reþ bipyridyl-based calix[4]arene and calix-
[4]quinone conjugates (L216 to L219) exhibit selectivity toward
acetate in 1:1 stoichiometry, and the order of the selectivity
follows AcO� >Cl�>H2PO4

�, as deduced on the basis of theKa

data obtained from 1H NMR spectroscopy (Figure 96).189

Among the four derivatives, L216 shows large Ka with acetate
due to the presence of the quinone moiety as well as the positive
charge present on the complex.
Quinone bis-calix[4]arene derivative (L220, Figure 97) ex-

hibits good selectivity toward acetate and benzoate with the
formation of a complex having a ligand to anion ratio of 1:2,
among all of the anions, chloride, bromide, iodide, acetate, and
benzoate, studied by 1H NMR spectral titrations.190

Anion recognition studies of an amidourea based calix[4]-
arene, L221 (Figure 98), have been carried out by UV�visible
spectroscopy.191 Interaction of CH3COO

�, F�, and HP2O7
3�

with the calix[4]arene conjugate results in the formation of 1:1
complex initially followed by 1:2 (L221:anion) at higher equiva-
lents to give a visual color change in case of F� and HP2O7

3�.
However, the interaction of H2PO4

� with L221 results in only a
1:1 complex.
The Cuþ complex of L23 ([CuL23]þ) exhibits fluorescence

changes toward CH3COO
� and F� (Figure 99) among various

Figure 91. Schematic structures of L207 and L208.

Figure 92. Proposed binding model of L209 with H2PO4
�.

Figure 93. Schematic structure of L210.

Figure 94. Proposed binding model of [Cu2(L211)]Cl4.
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anions studied, Cl�, Br�, I�, HSO4
�, H2PO4

�, andNO3
�, while

its precursor L24 does not (Figure 16).85 Recognition of these
anions is also being accompanied by a color change from yellow
to beige in case of CH3COO

� and F�, and the corresponding
association constants were found to be 159 000 and 59 900 M�1,
respectively, in CH3CN.
4.2.2. Recognition by Dicarboxylates. Calix[4]arene con-

jugate bearing thiourea and amide (L222 and L223) selectively

recognizes dicarboxylate anions, malonate, succinate, glutarate,
and adipate over AcO�, H2PO4

�, Cl�, Br�, and I� in DMSO as
studied by UV�visible, fluorescence, and 1H NMR spectral
titrations.192 Both of the conjugates form stoichiometric com-
plexes with all of the dicarboxylates through multiple hydrogen
bonding (Figure 100), and the sensitivity of the recognition
depends on the chain length, and the selectivity follows an order
adipate > glutarate > succinate > malonate, based on their Ka

values. The conjugate L222 undergoes color change from yellow
to red when it interacts with dicarboxylate anions.

Figure 95. Schematic structures of acetate receptors.

Figure 96. Schematic structures of acetate receptors, L216�L219.

Figure 97. Schematic structure of L220.

Figure 98. Schematic structure of L221.
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Calix[4]arene functionalized with aminobenzimidazole, L224,
exhibits high selectivity toward pimelate through fluorescence
enhancement in CH3CN with a Ka of (7.2 ( 0.13) � 105 M�1

and a detection limit of 1 μM.193 A number of other dicarbox-
ylates, such as malonate, succinate, glutarate, adipate, and
suberate, exhibit lower Ka. Both pimelate and suberate form
1:1 complexes, while others were found to form 1:2 (receptor to
the guest), as is evident from the Job’s plots. The mode of
dicarboxylate coordination has been proposed on the basis of 1H
NMR spectral titrations (Figure 101).
Membrane transportation properties of a series of calix-

[4]arene derivatives toward dicarboxylic acids and R-hydroxy-
carboxylic acids have been studied (Figure 102).194 The
conjugate bearing the pyridyl moiety, L228, exhibits greater
efficiency of carrying oxalic acid among all of the conjugates.
Both COOH groups of the substrate form hydrogen bonds with
the nitrogen of the pyridyl ring as is evident from the computa-
tional calculations (Figure 102a). The absorption intensity of
L228 follows an order oxalic > glycolic > tartaric > succinic acids.
The conjugate L225 exhibits maximum transfer rate with oxalic,
hydroxycarboxylic, and dicarboxylic acids. Oxalic acid binds only
through the amide nitrogen, while the malonic acid uses both
hydroxy and amide groups (Figure 102b�d). The involvement
of the hydroxyl group in case of L225 has been studied by
comparing the results with L226 where it does not show any
mass transfer. The conjugate L227 shows transfer only to sodium
acetate, while L230 transfers to both glutamic acid and sodium

acetate. To prove the role of the substituents required for the
selective extraction, studies were also carried out with L229
where interactions are possible only through hydroxyl groups at
the lower rim. The L229 does not exhibit any response due to its
electron-deficient character of the substituents and its inability to
act as a proton donor or proton acceptor.
Acetate sensing has been possible with the bridged urea

moieties, the double calix[4]quinones possessing amide func-
tionalities, and the metal-mediated ones. In the case of capped
conjugates, the flexibility of the alkyl group, which determines the
efficiency of binding, can be seen from Figure 95. Dicarboxylate
recognition requires several hydrogen-bonding sites in the
receptor systems where the distance between the two binding
sites should match the length of the guest molecule. In addition
to this, the pH value of the solvent is an important factor in
sensing dicarboxylates. The electronic factor of the substituents
also influences the ability of anion binding.

4.3. Chiral Recognition by Calix[4]arene Conjugates
Chiral recognition is an important subject not only in the field

of supramolecular chemistry, but also in biomedical applications.
Four chiral calix[4]arene conjugates were synthesized for the
enantiomeric recognition of different amino acid derivatives and
were studied byUV�vis spectroscopy in CHCl3 (Figure 103).

195

Thermodynamic parameters, such as binding constant, enthalpy,
entropy, and free-energy changes, have been derived. It has been
found that all of the receptor molecules (L231�L234) exhibit
higher Ka values toward enantiomers of Phe�OMe than
Ala�OMe as a result of π 3 3 3π interaction of the former with
the receptor (Figure 103). Among the four derivatives, L233
showed maximum binding with L-Phe�OMe 3HCl followed by
L231. Therefore, the factors that are responsible for enantiose-
lective recognition are the multiple hydrogen bonding, the steric
hindrance, the structural rigidity, and the π 3 3 3π stacking, etc., as
reported in the literature.

Chiral calix[4]crown bearing 1,2-diphenyl-1,2-oxyamino resi-
due, L235 (Figure 104), exhibits good chiral recognition be-
tween the enantiomers of mandelic acid as studied by 1H NMR
spectroscopy with the ratio of association constant of (S)- and
(R)- being Ka(S)/Ka(R) = 102 in CDCl3; that is, the enantios-
electivity observed was almost 98%.196 Chiral calix[4]azacrown
possessing L-valine, L236 (Figure 104), has shown different
recognition ability toward D- and L-forms of the tartaric acid
derivative with association constants of (9.83( 0.43)� 103 and
(5.04 ( 0.28) � 103 M�1, respectively, in CHCl3 and exhibit
different conformations with different guest species.197

Figure 99. Possible anion binding mode of [Cu(L23)(A)], where A
represents anion.

Figure 100. Possible adipate ion binding models in case of L222 and
L223.

Figure 101. Possible pimelate ion bound L224.
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Calix[4]arene bearing tartaric ester moieties has been studied
for chiral recognition using 1H NMR spectroscopy. Among the
four derivatives (Figure 105), L238, L239, and L240 exhibit
enantioselective recognition toward rac-SerOMe and 1,2-
propanediol.198 Extraction properties of L237 and L238 have
also been studied, but none of these show any selectivity toward
the esters of R-amino acids.

Chiral calix[4]arene functionalized at the lower rim with
amino acid residues has been studied for their complexation
toward anions, Cl�, H2PO4

�, HSO4
�, andN-tosyl-(L)-alaninate,

by 1H NMR spectroscopy.199 Among the three receptor mol-
ecules studied (Figure 106), L243 exhibits the highestKa withN-
tosyl-(L)-alaninate, and the trend follows an order N-tosyl-(L)-
alaninate > Cl� > Br�≈HSO4

� > H2PO4
�. However, the Ka in

case of L241 and L242 follows: N-tosyl-(L)-alaninate > Cl� and
Cl� > N-tosyl-(L)-alaninate > Br�, respectively. All of these
derivatives form a 1:1 complex with the anions studied. Although
the receptor is chiral, no chiral recognition has been reported.

The enantioselective recognition abilities of a series of calix-
[4]arene conjugates bearing L-tryptophan have been studied by
fluorescence and 1H NMR spectroscopy (Figure 107).200 L244
shows fluorescence quenching of 48% with D-Ala as opposed to
10%with L-Ala even after 155 equivalent addition of these. While
L245 exhibits selectivity toward D-mandelate withΔID/ΔIL = 8.0,
L246 shows good enantioselective recognition toward D-malate
by fluorescence enhancement of the excimer band of this
conjugate with D/L selectivity of Ka(D)/Ka(L) = 4.95. Among the
three conjugates, highest association was observed with L245

Figure 102. Schematic structures of L225�L230. (a) Oxalic acid bound species of L228. Two different binding modes of oxalic acid in L225 are shown
in (b) and (c). (d) Schematic structure of L225 bound to malonic acid.

Figure 103. Schematic structures of L231�L234 and the proposed
binding model of N-protonated methyl ester of phenylalanine with
L233. Figure 105. Schematic structures of L237�L240.

Figure 104. Schematic structures of L235 and L236.
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toward different guests as compared to L244 and L246. The
results of the fluorescence titrations were supported by 1HNMR
spectroscopy, and the stoichiometry of the complex was found to
be 1:1. The chiral recognition has been attributed to the
structural preorganization, steric effects, and multiple hydrogen
bonding present in L244 and L245.

Chiral recognition of L- or D-R-phenylglycinate ions among
the other enantiomers of mandelate and dibenzoyl tartrate has
been studied by UV�vis (DMSO) and 1H NMR (CDCl3)
spectroscopy using L247 and L248 (Figure 108).201 Both of
the receptors form a 1:1 complex with L- or D-R-phenylglycine
anion, and the corresponding Ka(L)/Ka(D) = 4.76 and 2.84,
respectively, in DMSO for L247 and L248, and hence L247 is
the better among the two. The colorless solution of L247 has
been changed to yellow and saffron, respectively, upon interac-
tion with L- and D-R-phenylglycine. However, the colorless
solution of L248 changes to saffron during its interaction with
both enantiomers of phenylglycine. The good enantioselective
recognition of R-phenylglycinate by L247 is attributed to its
steric effects, better preorganized structure, and good hydrogen-
bonding ability.

Calix[4]arene functionalized with chiral moiety along with
anthracenyl group exhibits a chiral recognition toward enantio-
selective malate as studied by fluorescence quenching in CHCl3,
and the results were supported by 1H NMR spectroscopy.202

Both receptors (L249 and L250, Figure 108) showed good
selectivity toward D-malate as compared to L-malate, and the

corresponding quenching efficiencies (ΔID/ΔIL) are 1.75 and
1.53, respectively, for L249 and L250. The fluorescence quench-
ing is attributable to PET. Both receptors form a 1:1 complex
with malate, and the Ka(D)/Ka(L) values are 4.34 and 10.41,
respectively, for L249 and L250 in CHCl3.

Chiral calix[4]arene bearing hydrazide and dansyl groups
(L251 and L252, Figure 108) exhibits enantioselective recogni-
tion toward the anions of L-amino acid as compared to D-amino
acid, which is evident from the quenching efficiency and higher
Ka observed.

203 The results were supported by 1H NMR spectral
titrations. The quenching efficiency of L251 toward L- and D-Ala
was ΔIL/ΔID = 5.0, while it was only 2.5 toward Phe. Similarly,
L252 showed ΔIL/ΔID values of 2.5 and 5.7 with Ala and Phe
anions.

The conformational properties and enantioselective recogni-
tion abilities of a bisurea conjugate of calix[4]arene possessing
L-amino acid, L253 (Figure 109), have been studied by 1H NMR
spectroscopy andmolecularmodeling.204L253 exhibits significant
enantioselectivity of Ka

D/Ka
L = 4.14 by a three-point interaction

with N-acetyl-D-phenylalaninate as evident from the molecular
modeling (Figure 109).

The enantioselective recognition ofN-acetyl-aspartate using a
calix[4]arene-based chiral receptor by fluorescence quenching
has been studied in DMSO (Figure 110).205 The association
constants of the receptor L254 toward the L and D forms of
aspartate were found to be 126 and 854 M�1, respectively, in
DMSO. Upon interaction with 35 equiv of N-acetyl-L- or -D-
aspartate, L254 exhibits quenching of 35.6% and 9.6%, respec-
tively, by forming a 1:1 complex. The D-form of the guest species
shows 45% quenching with L255, while it was only 37% in case of
L-formwhere the equivalents of D- and L-forms were 175 and 160,
respectively. The Ka values observed for L255 with L- and
D-aspartate were 959 and 148M�1, respectively. The selectivities
of the two receptors, L254 and L255, toward N-acetyl-aspartate
were Ka(D)/Ka(L) = 6.74 and Ka(L)/Ka(D) = 6.48, respectively, and
thus exhibit exactly an opposite selectivity among the two. The
binding has been further supported by comparing the results
obtained from appropriate control molecules.

The enantioselective recognition abilities of L256 and L257
(Figure 110) toward two amino alcohols, phenylglycinol and
phenylalaninol, have been carried out in DMSO using fluores-
cence and 1H NMR spectroscopy.206 Both L256 and L257
exhibit fluorescence enhancement with L- and D-phenylglycinol,
and the corresponding KL/KD values were found to be 4.85 and

Figure 106. Schematic structures of some chiral calix[4]arene receptors
for the chiral recognition.

Figure 107. Schematic structures of L244, L245, and L246.
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0.51, respectively. The observedKL/KD values for L256 and L257
with L- and D-diphenylalaninol were 1.44 and 0.83, respectively.
Both conjugates form a 1:1 complex with the guest molecules,
and their interaction with phenylglycinol is mainly through the
π 3 3 3π stacking between the aromatic ring of phenylglycinol and
that of the naphthalene of the receptor molecules.

Liquid-phase extraction studies of the methyl esters R-amino
acid, such as L- and D-forms of SerO�Me, AlaO�Me, and
PheO�Me, have been studied using chiral diamide conjugates
of calix[4]arene, L258�L261 (Figure 111).207 All of the recep-
tors exhibit significant extraction toward R-amino acid methy-
lesters without any enantioselectivity. The proposed mode of
binding of the receptor molecule with an ammonium cation
belonging to the amino acids is given in Figure 111. The
extraction ability of L258 and L260 is slightly higher than that
of L259 and L261 due to a better preorganization and fixed cone
conformation in the former, whereas the latter ones are more
flexible.

Three chiral bicyclodipeptide bearing calix[4]arenes, L262,
L263, and L264 (Figure 112), as chiral coatings for gas sensors

were studied where all of the conjugates exhibit selectivity for the
(R)-methyl lactate as compared to the (S)-enantiomer by using
quartz crystal microbalance method.208

Chiral calix[4]arenes bearing optically pure R,β-amino alco-
hol groups (L265 and L266) at the lower rim showed efficient
chiral recognition ability and high enantioselectivity between the
enantiomers of carboxylic acids, such as mandelic acid (g1),
2-hydroxy-3-methylbutyric acid (g2), and 2,3-dibenzoyltartaric
acid (g3) as studied by 1H NMR spectroscopy (Figure 113).209

Interactions of the receptor molecule and all of the guest
molecules result in 2:1 complexes except for L265 with g3 where
it shows a 1:1 complex. The data show that (S)-g1, (S)-g2, and
L-g3 with L265 and L266 results in higher association constants
as compared to the corresponding enantiomers (R)-g1, (R)-g2,
and D-g3, respectively.

A series of chiral calix[4]arene derivatives (L267�L272)
(Figure 114) have been synthesized, and their complex forma-
tion with antibiotic levofloxacin (Lfx) has been studied by
quantum mechanical calculations at the density functional and
semiempirical levels.210 It has been found that the calix-
[4]arene�Lfx interaction mode is determined by the substituents
present at the upper and the lower rims of calix[4]arene. The
calix[4]arene with strong electron-withdrawing group, NO2

(L272), forms a stable complex with the guest species.
A calix[4]arene bearing two sugar moieties through amide

linkage has been synthesized, and its complexation properties
with three sugar derivatives have been studied (Figure 115).211

The conjugate, L273, undergoes self-aggregation in nonpolar
solvents as is evident from the 1H NMR spectroscopy. The Ka’s
observed for L273 upon complexation with 1-O-octyl-R-D-
glucopyranoside, 1-O-octyl-β-D-glucopyranoside, and 1-S-octyl-
β-D-thioglucopyranoside were 650, 1050, and 1000 M�1, respec-
tively, in CDCl3. The almost similar association constants
observed for R- and β-forms of the sugar explain that the
configuration at the C1 is not important for the complexation.

Several calix[4]arene conjugates appended with chiral moiety
exhibited enantioselective recognition toward neutral and anionic

Figure 108. Schematic representation of L247�L252.

Figure 109. Schematic structure of L253 and the energy minimized
structure of L253 (tert-butyl group is being replaced by hydrogen for
optimization) with N-acetyl-D-phenylalaninate.204



4693 dx.doi.org/10.1021/cr1004524 |Chem. Rev. 2011, 111, 4658–4702

Chemical Reviews REVIEW

chiral organic species. The enantioselective recognition of
D-malate, L- or D-R-phenylglycine, L-alanine, and N-acetyl aspar-
tate has been demonstrated by 1,3-diconjugates of calix[4]arene.
Therefore, it is evident from the literature that the calix[4]arenes
functionalized with chiral moieties, which complement the
substrates, are useful for the selective recognition of the enantio-
mers. The other important aspects of the enantioselective
recognition are the steric hindrance, the structural rigidity, and
the π 3 3 3π stacking between the host and the guest.

5. AMINO ACIDS AND OTHER MOLECULAR
RECOGNITION

5.1. Recognition of Amino Acids by Uncomplexed Calix-
[4]arene Conjugates

Aminoacids are present in the cell in the free state as well as in
the peptides and proteins as building blocks. The detection of

Figure 111. Schematic structures of L258�L261 and proposed structure of the species of the receptor with an ammonium cation belonging to an
amino acid.

Figure 112. Schematic structures of chiral calix[4]arene conjugates.

Figure 113. Schematic structures of L265 and L266, and the guest
molecules, g1, g2, and g3.

Figure 114. Schematic structures of L267�L272.

Figure 110. Schematic structures of L254�L257.
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these in their free or in their protein bound form is important in
biology as was already given in the Introduction.

A series of calix[4]azacrowns bearing acylhydrazone group,
L274�L277 (Figure 116), have been synthesized, and the
extraction abilities of various R-amino acids, Gly, Trp, His, Lys,
Pro, Thr, IIe, and Arg, have been studied.212 All of the conjugates
exhibit similar extraction behavior, indicating that the complexa-
tion ability is independent of the length of the crown ether chain.
Among the four conjugates, L275 showed highest extraction with
tryptophan by forming a 1:1 complex, and this has been further
supported by UV�vis spectroscopy.

A coumarin appended conjugate, L278 (Figure 117), recognizes
L-tryptophan by forming a 1:1 complex with equilibrium constant
of 111 M�1 via fluorescence enhancement among a number of
D- and L-forms of amino acids, Ser, Tyr, Trp, Met, His, Cys, and

Ala, as studied by UV�visible and fluorescence spectroscopy in a
1:1 DMF:acetonitrile mixture.213

The molecular recognition properties of L279 (Figure 118)
possessing terminal �COOH moiety exhibit fluorescence
turn-on behavior only toward guest molecules bearing�COOH
groups such as Asp, Glu, GSH (glutathione reduced), and GSSG
(glutathione oxidized).214 L279 forms a 1:1 complex with Asp
and Glu by exhibiting a Ka of 532 and 676 M

�1, respectively, in
H2O:CH3CN (v/v 1:1). The fluorescence studies of L280 and
L281 with Asp, Glu, GSH, and GSSG also resulted in the same
behavior as that observed with L279, revealing that the recogni-
tion is independent of the side chain of the receptor molecule.
The role of the terminal �COOH of the receptor and the guest
molecules was demonstrated by studying the corresponding
ester derivatives of both, where no fluorescence response was
observed with increasing concentrations of the guest species.
Computational calculations demonstrate the presence of three
hydrogen-bond interactions between two arms of L279 and
Asp/Glu/GSH (Figure 118). The spherical cluster formation
and the aggregational behavior between the L279 and Asp or Glu
have been demonstrated based on SEM, AFM, and DLS studies,
which are further supported by the computational calcula-
tions. The nanosphere formation of L279 with GSH-coated
Ag-nanoparticles has been established by TEM and AFM studies.
The studies were also extended to monitor interaction of L279
with proteins, BSA/HSA, which shows uniform-spherical particles,
and this is found to be dependent on the presence of the amido-arm
as well as the side chain of the receptor.

The solid-state structure of the complex formed between
L282 (Figure 119) and L-lysine has been demonstrated where
lysine forms a 1-D ladder network in the lattice.215 The asym-
metric unit of the complex is composed of four L282, three
lysines, two molecules of ethanol, and seven water molecules
(Figure 119). All four independentmolecules of the receptors are
in cone conformation, and the phenolic oxygens are involved in
intramolecular hydrogen bonding except in one case where
hydrogen bonding is present between the water molecule and
the unsubstituted phenolic oxygen atom. Also, the L-lysine
exhibits three different conformations. The dimeric units of the
calixarenes from the neighboring layers form hydrogen bonds
with �OH groups of the oxyphosphoryl units.

5.2. Recognition of Amino Acid by Metal Complexes of the
Calix[4]arene Conjugates

Among the20 naturally occurring amino acids, [Zn(L3)]
(Figure 2) provides response to Asp, Cys, His, and Glu by
fluorescence quenching, as these amino acids can chelate using

Figure 115. Schematic structure of L273.

Figure 116. Schematic structures of L274�L277.

Figure 117. Schematic structure of L278.

Figure 118. Schematic structures of L279�L281. The DFT-optimized
structure of L279 with Asp.214
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their side-chain moieties and hence impart selectivity toward
these amino acids.216 During the titration, the Zn2þwas found to
be displaced from the complex as a result of the protonation of
the bound [Zn(L3)] followed by chelation by the added amino
acid, in addition to having π 3 3 3π interactions between the arm-
aromatic component of L3 and the aromatic side chain of the
amino acids. Because these amino acid residues are present
in proteins, transfer of Zn2þ from [Zn(L3)] to the protein
was studied by absorption and fluorescence spectroscopy, the
conformational changes by CD, and the aggregation aspects by
atomic force microscopy, as was carried out using some R-helical
and β-sheet proteins.

Among the 20 natural amino acids, [Zn(L5)] (Figure 3)
showed maximum quenching with a few, and this follows a trend,
Cys > Asp . His, depending upon the chelating ability of the
amino acid.70 The fluorescence quenching of the complex is due
to the protonation of Zn2þ coordination sphere followed by the
formation of a complex of Zn2þ with amino acid. The removal of
Zn2þ by the amino acid has been further supported by absorp-
tion titrations.

The Agþ complex of L28 ([Ag(L28)]þ), in turn, recognizes
Cys ratiometrically among the 20 naturally occurring amino acids

studied with the release of Agþ followed by the formation of its
cysteine complex as shown by absorption, mass spectrometry,
and TEM studies.91 The minimum detection limit has been
found to be 514 ppb, and this system exhibits INHIBIT logic gate
(Figure 20).

The interaction of L282with seven amino acids, Ala, Asp, Arg,
His, Lys, Ser, and Cys, in the presence and absence of different
metal ions, Naþ, Kþ, Mg2þ, Ca2þ, Cu2þ, Ni2þ, and Zn2þ, have
been studied by ESI MS.217 In the absence of these cations, His
exhibits highest affinity toward L282. Decomplexation of the
amino acid was observed in the presence of Naþ and Kþ;
however, the interaction between the other ion and L282
resulted in either decomplexation or ternary complex formation.
Competitive titration experiments of L282, Zn2þ, and all seven
amino acids by ESI MS show the selective ternary complex
formation only with histidine. 1H NMR spectroscopic results
indicate that there is no direct interaction between phosphate
groups of L282 and His in the presence of Zn2þ, and the amino
acid interaction is possible only through Zn2þ as can be seen
from Figure 120.

Amino acid recognition is generally achieved either by the
direct interaction of the properly functionalized 1,3-diconjugate
of calix[4]arenewith amino acid or by the displacementmechanism
where amino acid replaces the metal ion from the complexes of
the receptor conjugates. Conjugates of calix[4]arene appended
with dihydroxyphosphate moiety have been studied for their
amino acid recognition and complexation properties.

5.3. Recognition of Other Molecular Species
Calix[4]arene functionalized with guanidinium groups, L283,

forms stable monolayers at the air�water interface and exhibits
different binding behavior with 50-AMP� and 50-GMP2�

as studied by π�A isotherms, relaxation curves, and UV, CD,
IR, and XPS of the LB films.218 The interaction of the receptor
molecule with these is mainly through the complementary
hydrogen bonding and electrostatic interactions in 1:1 and 2:1

Figure 119. Schematic structure of L282. Molecular packing diagram of the complex of L282 with L-lysine. Several water (red points) and ethanol
molecules are present in the crystal lattice. Reprinted with permission from ref 215. Copyright 2006 Elsevier.

Figure 120. Proposed binding model of zinc complex of L282 with an
amino acid.
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molar ratios with Ka values of (1( 0.5)� 106 and (6( 1)� 105

M�1, respectively, in aqueous solution (Figure 121).
The crystal structures of L282 with dimethyl ammonium

and tetra-methyl ammonium cations have been demonstrated.219

In the unit cell, two molecules of calix[4]arene diphosphate,
three dimethyl ammonium cations, one tetra-methyl ammonium
cation, and one DMF molecule were present. The species of the
recognition can be seen from the lattice structure shown in
Figure 122.

Solid-state aspects of a calix[4]arene-based dihydroxyphosphonic
derivative (L282) with various guest molecules have been explored.220

L282 forms a complex with 1,10-phenanthroline where the structural
motif is composed of eight molecules of calixarene, which form
intermolecular hydrogen bonds and which are stacked by π---π
interaction (Figure123).Themonoprotonated 1,10-phenanthroline
dimers exhibit face-to-face stacking with the aromatic ring of the
calix[4]arene conjugate and CH---C interactions. Hydrogen-
bond interactions exist between the protonated nitrogen atom
of the trapped 1,10-phenanthroline and deprotonated hydroxyl
of the phosphoric acid.

The solid-state structural characteristics of melamine mono-
cation complexes of L282 have been established. In the unit
cell of the complex, one molecule of L282, nine water molecules,
and one molecule of ethanol were present.221 Also in the solid
state, the melamine cations are aligned parallel to the in-layer
arrangement of the calixarene. The protonation of one of the
aromatic nitrogen atom of melamine accounts for the charge
equilibrium.

The formation of an aqua-channel system by L282 has also
been reported. In the crystal structure, L282 exists in the dimeric
form and is arranged in a head-to-head fashion by intermolecular
π---π interactions (Figure 124).222 The lattice is mainly com-
posed of 12 calix[4]arene dihydroxyphosphoric acids, 12 pro-
pane diammonium cations, 12 ethanol, and 40 water molecules
arranged in a triagonal fashion to form a hexameric tube with radius
and depth of 15 and 16 Å, respectively. Finally, these form a channel
with a length of 40 Å that is occupied by the water molecules and
further assembles through the propane diammonium cations and
ethanol molecules. The diammonium cations exhibit two hydrogen

bonds with the�OPO(OH)2 of one of the triangular units, and by
one hydrogen bond to a �OPO(OH)2 of the other subunit.

Therefore, appropriately derivatized calix[4]arne bearing
units, which are complementary to the guest species, are developed
and studied for their properties. Calix[4]arenes derivatized with
dihydroxyphosphate moiety crystallize with several molecular spe-
cies, and their single crystal X-ray structures have been established.

Figure 121. Schematic representation of the species of interaction of L283 with nucleotides, 50-AMP� and 50-GMP2�, at the air�water interface.

Figure 122. The molecular packing of L282 complexed with dimethyl
ammonium and tetra-methyl ammonium cations: (a) along the c axis
and (b) along the b axis. Blue color shows ammonium cations, and the
red color shows the lower rim. Reprinted with permission from ref 219.
Copyright 2008 Elsevier.



4697 dx.doi.org/10.1021/cr1004524 |Chem. Rev. 2011, 111, 4658–4702

Chemical Reviews REVIEW

The structures indicate the formation of suparmolecular assemblies
stabilized by hydrogen bonds and π---π interactions.

6. CONCLUSIONS AND FUTURE PERSPECTIVES

It is quite evident from the literature that the functionalized
calix[4]arenes are good candidates for the selective recognition
of ions and molecular species as concluded and correlated
appropriately in each subsection of this Review. This can be
achieved by derivatizing these with appropriate functional groups
possessing nitrogen, oxygen, or sulfur ligating centers, which in
turn provide suitable coordination to different metal ions. The
interaction zone should possess moieties such as amide, amine,
triazole, nitrile, urea, thiourea, carboxylic acid, phosphine, or
metal-based macrocycles, etc., for the recognition of anions.
Chiral calix[4]arenes are excellent receptors for the enantiose-
lective detection of amino acids and other chiral species. It has
been found from the literature that a preorganized binding core
and/or a binding core that can be formed spontaneously in the

presence of guest species utilizing the flexibility of the arms is
required for the selective detection of ions andmolecular species.
Various studies in the literature clearly demonstrate that the
calix[4]arene is indeed essential for the selective recognition of
ions and molecular species, where the sensitivity can be achieved
by incorporating appropriate reporter moieties . Generally, it has
been found that the variations brought in the spacer length and
the changes brought in the electronic environment (with the
introduction of withdrawing or donating groups) can alter the
selectivity and sensitivity of a receptor toward a particular ion or a
molecular species. This will influence the spectral behavior of the
receptor molecule and thereby elicit variation in the intensity
and/or the wavelength of the absorption or the emission spectral
studies.

Thus, this Review clearly explains the inherent advantage of
1,3-diconjugates of calix[4]arene for the same. The conjugates
mentioned in this Review showed selectivity toward biologically
relevant ions, Zn2þ, Ni2þ, Cu2þ, Fe2þ, Fe3þ, Ca2þ, andNaþ, and
toxic ions, Cd2þ, Hg2þ, Pb2þ, and Agþ, and few others including
lanthanides. The anions and molecular species, halides, acetate,
benzoate, phosphate, pyrophosphate, bisulfate, thiocyanate, N-
tosyl-alanate, dicarboxylate, chromate, pimelate, phosphomo-
noester, etc., have also been shown to be recognized by 1,3-
diconjugates of calix[4]arene. There are some reports in the
literature for chiral species as well as amino acid recognition,
which were covered in this Review. Because the glyco-calix
conjugates are a special kind of hybrid molecules, which are
suitable for various biological studies including in the field of
lectins and glycosidases, these were not considered in the present
Review as the same were reviewed recently.21,32,33 In the
literature, there are several examples of ion and molecular
recognition aspects being demonstrated based on the micro-
scopic features of the corresponding nanospecies. These were
deliberately avoided from being incorporating in this Review
because such studies deserve an independent review on its own.
A literature survey performed keeping all these aspects in mind
resulted in over 275 conjugates of 1,3-disubstituted calix[4]arene
during the past 10 years. Of these, >50% conjugates were found
to exhibit metal ion recognition, while ∼40% conjugates exhibit
anion recognition. The latter one is inclusive of ∼10% of chiral
recognition systems.

The present Review demonstrates the ion and molecular
recognition properties of 1,3-diconjugates of calix[4]arene.
These recognitions were carried out in different solvent systems
by using various spectroscopy techniques, and in some cases the
species of recognition have been demonstrated by single crystal
X-ray structure determination and/or by computational model-
ing studies. Although there are several reports in the literature for
the selective detection of cations, the anionic ones are rather
limited. This may be attributed to the varied size, shape, and
charge characteristics of the anion, which demands higher and
specific contacts with the receptor for the recognition, as
compared to the almost spherical cationic species. Therefore,
much greater efforts are required to develop suitable receptors
for anions. Among the cation receptor systems, the receptors for
the selective recognition or the extraction of lanthanide and/or
toxic ions are rather scarce in the literature, which deserves
additional support. Another aspect that requires further attention
is the aqueous solubility of calix[4]arene conjugates. Although
the host�guest properties of few calix[4]arene conjugates have
been studied in the aqueousmedium, further demonstrations still
await use of these in the area of ion and molecular recognition.

Figure 123. Molecular packing diagram of the complex of L282 with
1,10-phenanthroline along the c axis. Green and blue represent phenon-
throline moieties. Reprinted with permission from ref 220. Copyright
2004 The Royal Society of Chemistry.

Figure 124. The structural motif is formed by the connection of one
hexagonal assembly along the [111] direction to one another via six
propane diammonium cations and six ethanol molecules in the hydro-
phobic zone of L282. Reprinted with permission from ref 222. Copy-
right 2003 The Royal Society of Chemistry.
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The outcome of such exercise will advent the sensing properties
in biological fluids or medium. Although it is possible to
demonstrate the ion/molecular recognition properties of a
receptor system by several spectroscopy techniques, the exact
mode of binding can be obtained only from the single crystal
X-ray structures of these complexes. Therefore, additional efforts
are required in crystallizing these complex species and studying
their structures by single crystal XRD. Higher level computa-
tional modeling will be of great advantage where the species of
recognition could not be studied by crystal structure due to the
lack of the formation of single crystals.

In addition to this, it is possible to build more binding sites on
the calix[4]arene platform by introducing various donor groups
in the vicinity of the lower rim phenolic group of calix[4]arene to
provide higher coordination for lanthanides and other demand-
ing ions. Thus, among the cation receptors, further developments
are warranted particularly to take care of the aqueous solubility,
large working window for pH, and their utilization in biological
and ecological conditions. All of these receptors primarily
possesses O- and N-binding centers, but are mostly deprived
of carboxylato- and/or thiolato-moieties that may be required to
mimic the selective recognition of metal ions by the correspond-
ing apo-proteins. It is hoped that the future literature would carry
greater contributions to fulfill these deficiencies. Therefore, the
synthesis, characterization, and ion and molecular recognition
properties of 1,3-diconjugates of calix[4]arene provide further
challenges to the synthetic chemists as well as spectroscopists,
because such conjugates not only supply the requisite binding
cores but also are flexible enough to accommodate various ions
and/or molecular species, which demand diverse features of
interactions and geometry. Such study will certainly find a place
in the contemporary research on the conjugates of calix[4]arene.
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LIST OF ABBREVIATIONS
ADP adenosine diphosphate
AFM atomic force microscopy
AgNP silver nanoparticles
AMP adenosine monophosphate
ATP adenosine triphosphate
BOC di-tert-butyl dicarbanate
BSA bovine serum albumin
CD circular dichroism
DFT density functional theory
DLS dynamic light scattering
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DTPA diethylenetriamine pentaacetate
EPR electron paramagnetic resonance
ESI MS electro spray ionization mass spectrometry
ESIPT excited-state intramolecular proton transfer
eT electron transfer
FAB fast atom bombardment
FRET fluorescence resonance energy transfer
GMP guanosine monophosphate
GSH glutathionine reduced
GSSG glutathionine oxidized
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HSA human serum albumin
ICT internal charge transfer
Ka association constant
Ks stability constant
LB films Langmuir�Blodgett film
LMCT ligand to metal charge transfer
PET photo electron transfer
ppm parts per million
QD quantum dots
SEM scanning electron microscopy
TBA tetrabutyl ammonium
TEM transmission electron microscopy
TGA thermal gravimetric analysis
XPS X-ray photoelectron spectra
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