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ABSTRACT 

The synthesis of various types of double cal ixarenes is reported. The 

complexat ion and extraction behaviors of these cal ixarenes are summarized. 
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1. INTRODUCTION 

Calixarenes have received special attention because of their ease of 

preparation and ability to undergo further synthetic elaborat ion. Cal ixarenes 

have a cavity that can bind guest molecules depending upon their size. Much 

work has been done to modify either the lower rim with phenolic hydroxy 

functions or the upper rim posit ions to create host molecules mainly for the 

complexat ion of simple cations, anions, and small molecules / l / . 

Ca l ix |4 | a rene possesses the various conformers resulting f rom limited 

rotation about the σ bonds of the Ar-CH 2 -Ar groups. In order precisely to 
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recognize guest molecules, a rigid, conformationally defined calixarene is 

essenlial. Calix[4]arenes possess four possible basic conformations that are 

termed "cone", "partial cone", "1,2-alternate", and "1,3-alternate", 

respectively 111. 

However, this is not the case with calix[6)arene. Considering only the 

relative orientations (syn or anti) of the aromatic nuclei, there are eight 

possible conformations for calix[6]arenes, i.e. "cone", "partial cone", "1,2-

alternate", "1,3-alternate", "1,4-alternate", "1,2,3-alternate", "1,2,4-

alternate", and "1,3,5-alternate", and the number increases dramatically if the 

value of the angles that each aromatic nucleus makes with the average plane 

of the molecule is taken into account 111. 

The mobility of conformation of calix[6]arene has been reduced by 

bridging, including capping, of calix[6]arene. To freeze the conformation of 

calix[6)arene, another route is the bridging of two or capping of three or more 

phenolic rings. Here, the term "bridge" means that two phenolic rings are 

connected by a spacer, and "cap" means that the spacer links three or more 

phenolic rings of caiix[6]arene, or the calixarene is linked by a spacer with 

triple or more linkage. The bridging or capping of calix[6]arene not only 

represents a potential method of freezing its conformation, but also constructs 

an interesting kind of host molecules with a special conformation, which 

possess good complexation ability HI. 

Researchers are also interested in one of the most useful building blocks 

for the construction of a complex molecule with an internal cavity capable of 

including large molecules. This goal requires a large cavity to hold the large 

molecules. Large molecules having internal cavities capable of including 

guest molecules are of great interest to workers. So, aiming at the elaboration 

of larger systems based on calixarenes units, organic chemists have been 

attracted to the design and production of double calixarenes /3/. Double 

calixarenes exhibit a potential to recognize and include larger species, such as 

neutral organic molecules and metal ions /4 a, b/. 

This account deals with the synthesis, conformational behavior and 

complexing properties of double calixarenes. These double calixarenes can 

be represented as a receptor in which two calixarenes subunits are linked via 

different linkages [Fig 1 j. 

2 



Y.K. Agrawal and Shripada Bhatt Reviews in Analytical Chemistry 

Calixarene s u b u n i t A 
Calixarene subunit Β 

where A=B or A^B 

Fig 1: Schematic representation of double calixarenes 

2. SYNTHETIC STRATEGIES FOR DOUBLE CALIXARENES 

Double calix[4]arenes have been designed as a synthetic challenge as well 
as to provide the chemists with molecular receptors that present special 
properties due to their molecular ditopic structure. 

Owing to the presence of two main arrays of reactive centers (the possible 
phenolic OH groups and the para positions on the phenyl ring), they can be 
arranged in three ways: 

(i) "Head to-head" linked where two calixarenes are linked by the para 
positions, 

(ii) "Tail-to-taiT-linked where two calixarenes arc linked by the phenolic 
oxygen, and 

(iii) "Head-to-tail"-linked, which is a hybrid of the two preceding 
arrangements, as shown below [Fig. 2|. 
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"Head-to-Head" "Tail-to-Tail" 

"Head-to-Tail" 

where Y = different types o f l inkages . 

Fig . 2: T h r e e different types o f double c a l i x a r e n e s 

Severa l double c a l i x a r e n e s were synthesized by the sys temat ic react ion o f 

c a l i x a r e n e with var ious types o f spacers . Depending on the react ion 

condi t ions , such as the nature o f the base , the structure o f the reactant and the 

s to ich iometry o f the reactant , c a l i x a r e n e s with different topolog ies were 

isolated. T h e general synthet ic s c h e m e for double ca l ixarenes is shown b e l o w 

[Fig. 3]. 
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Fig. 3 : Different synthetic pathways to synthesize double calixarenes. 

Here, η = number of benzene rings in calixarene, i.e. 3, 4, 5, 6 or 8. 

m = number of linkages between two calixarene subunits 

Y = ether, amide, ester, imine, azo, alkene, and hydrogen bonding 

types of linkages 
R = different types of alkyl groups and halogens. 

Note: In some cases A = Β and in some cases Α φ Β 

The three types of double calixarenes; Head-to-Head. Tail-to-Tail and 

Head-to-Tail. are summarized below. 

A) " H e a d - t o - H e a d " Linked Double Cal ixarenes 

The first double calix[4]arenes of the " Head-to-Head" type were 
synthesized by Böhmer et al. in 1989 151. In their study they reacted 
tetrabromomethylated diphenols with a linear trimer in refluxing dioxane in 
the presence of TiCl4 to give double calix[4]arenes with one alkyl chain (X = 
CH3-C-CH3, ( C H 2 ) 5 . (CH2)k. (CH2)i2 ] connecting the p-positions. The linkage 
by two opposite and four aliphatic chains created double calix[4]arene with a 
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fixed cone conformation and an extorted cavity. 

'H-NMR studies showed that the addition of p-xylylenediamine to a 
CDCl·, solution of the double calix[4]arene, mono linked with (CHi)«, proved 
strong electrostatic interaction in the hydrophilic region at the hydroxy 
groups, involving amino-basic protons transfer from the phenol unit to the 
amino functions [Eq. 1]. This could probably be a change of the original 
conformation of the aliphatic chain of the double calixarene. 

ArOH + NH2R } ArO' + NlTjR } ArO' HFT3R ^ 

Another example of a double calixarene has also been reported by 
Arduini et al. in 1991 /6/. Their paper shows the direct selective upper rim 
1,3-formylation of a conformationally rigid calix[4]arene with CNCHOMCT 
and SnCl4 in chloroform. The obtained diametrical bis (l'ormyl) calix[4]arene 
was reduced by NaBH4 in ethanol. The produced 1,3-bis (hydroxymethyl) 
derivative was further reacted with its ditosylates, prepared in situ in the 
presence of NaH in toluene 1,2-dimethoxyethane, to yield a double 
calix[4]arene in which the two opposite spacers are a benzyl ether linkage. 
Temperature-dependent 'H-NMR experiments showed flexibilities in the ring 
and that "portals" are available for guest molecules of suitable size to enter 
the apolar cavity. 

A very similar intermediate has been used by Vicens et al. for the 
synthesis of a double l,3-dimetoxy-calix[4]arene, linked via the upper rims 
by two porphyrins /7/. The two calix[4]arene subunits were deduced to be in 
the cone conformation from observation of the AB system at δ 5.85 and δ 
4.90 with JAn = 12.4 Hz. The same 1,3- dimethoxy-bis (formyl) calix[4]arene 
intermediate was used for development of the Schiff-base double calixarene 
ß/. 

Reinhoudt et al. reported the condensation of formyl calix[4]arene with 
amino calix[4]arene /8/, resulting in a Head-to-Head-linked double 
calix[4]arene Schiff base. This Schiff base possesses very high affinity to 
silver(I) ions which was proven by 'H-NMR titration experiments, membrane 
transport experiments and CHEM-FET studies, confirming the selective 
transport and complexation of silver(I) ions in the presence of interfering 
ions. 

Upper rim covalently triply linked Schiff-base double calix[6]arenes have 
been synthesized by Arduini et al. 191. The ca!ix[6]arenes can be regarded as 
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a new scr ies of tr ipodal capped ca l ix [6]a renes By reac t ing 3 7 , 3 9 , 4 1 -

t r ioctyloxy-11,23,35- t r i - ter t -hutyl ca l ix [6]arene ( t r ia ldehyde) with 3 7 , 3 9 , 4 1 -

t r ioc ty loxy-38 ,40 ,42- t r i -methoxy-5 ,17 ,29- t r i amino- l 1 ,23,35-tr i - ter l -butyl 

ca l ix (6]arene ( t r iamine) in re f lux ing toluene, ( X - l ) w a s obta ined in 2 6 % 

yield. Us ing 1 ,4-d iaminobenzene instead of t r iamine, (X-2 ) w a s ob ta ined in 

5 0 % or 4 0 % yield. T h e internal cavi t ies of these molecu la r c ages exhibi t 

d i f fe ren t g rades of accessibi l i ty toward a set of N-methy l - pyr id in ium 

ca t ions [Fig. 4], 

Koji et al. /10 / de te rmined the inclusion ability of b i sca l ixarene with N-

methyl pyr id in ium iodide ( l - a ) and ana logs ( I -b) to ( l - e ) [Fig 5 | . T h e 

associa t ion cons tant (Ka) for inclusion of ( l - a ) to (J-e) revea ls that the largest 

K., w a s obta ined for the complex of b isca l ixarene and N- methyl pyr id in ium 

iodide ( l -a ) . T h i s value in c h l o r o f o r m is 500- fo ld t imes grea te r than that of 

the complex of ca l ix[4]arene and N-methyl pyr id in ium iodide . T h i s 

s ignif icant enhancemen t in Ka is at tr ibuted to the coope ra t i ve act ion of the 

two 7t-basic cavi t ies of the con f ron t ed c o n e - c a l i x [ 4 | a r e n e s in the g lobula r 

shaped b isca l ix[4]arene . T h e decreased K a for ( l - b ) indica tes that the 

in t roduct ion of an addi t ional methyl g r o u p in ( l - a ) r educes the s tabi l i ty of the 

complex . N o format ion of c o m p l e x e s for ( l - c ) and ( l - e ) w a s obse rved . 

X - l X - 2 

Fig. 4: Capped ca l ix [6]a renes 
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Fig. 5: Pyridinium iodide and its analogs 

This study, indicating the importance of connecting the two 
calix|4]arenes with appropriate spacers and reducing the conformational 
freedom of host biscalix[4|arene, shows at the upper rims a strong inclusion 
ability for the cationic guest molecules due to the cooperative action of the 
cation π-interaction /10 a, b/. 

Kim et al. /11/ carried out studies on viologen-type guest molecules 
entering the cavities of double calix[4]arene by 'H NMR titration 
experiments. Viologens are formed by the diquaternizing of 4.4 ,-bipyridine 
to form IJ '-disubslituted -4,4'-bipyridilium salts. Some viologen type guest 
molecules are shown below: [Fig. 6] 

I 
c 

(No inclusion) (59 M"1) (727 M"1) (515 M"1) 
I l-a I l -b II-c Il-d 

g 
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( 3 2 0 Μ 1 ) 

II-e 

(291 Μ ) 

I I - f 

( 2 8 0 Μ"1) 

Ι Ι -g 

(191 Μ"1) 

I l - h 

(124 Μ"1) ( N o Inclus ion) ( N o Inclus ion) 

I l - j I l - k I I I 

F ig . 6 : Vio logcn type guest molecu les and their associa te constant with 

doub le ca l ix[4]arene 

T h e y carr ied out the b ind ing s tudies of doub le ca l ix [4 ]a renes (X-3) to (X-

7) and v io logen- type guest molecu les ( I l - a ) to (II-I) [F ig . 6]. 
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where, 

4 - XX xx XX φ 
X-3 X-4 X-5 X-6 X-7 

Fig. 7: Double calix Schiff bases with different types of heteroaromatic and 

aromatic linkages 

When viologens (ΙΙ-b) to ( I l - j ) were added to the host solution, the 

signals of imine and aromatic protons in the double calix[4]arene (X-3) 

shifted down-field, whereas no change in the chemical shift values of (X-3) 

was detected when the compounds (I l -a) , ( ΙΙ-k) , and (II-I) were added. 

Titration experiments with various viologen-type guest molecules clearly 

showed that a suitable size of the N-alkyl groups and the presence of the 

bipyridinium dication in viologens are essential for the inclusion to occur 

/ l l / . 

The 'H NMR spectra of double calix[4]arenes (X-4) to (X-7) remained 

unaltered upon the addition of any of the viologens (II-c), (II-d), (I l- i ) , (II- j) . 

This indicates that the hosts (X-4) to (X-7) have a low or no affinity towards 

viologens. 

From these results, it can be concluded that the overall shape of the host 

molecules and the electron density of the aromatic linkers [thiophene, 

benzene, furan and pyridine] are important factors in the binding affinity with 

the viologen guests, because aromatic-aromatic interactions occur between 

the electron-deficient viologen moiety and the electron-rich thiophene 

aromatic linkers. 

Shinkai ct al. reported a calix[6]arene-based molecular capsule /12/ by 

reacting 5,11,17,23,29,35-hexakis (chloromethyl)- 37,38.39,40,41.42-

hexamethyl-calix|6]arene with 5,11,17,23,29,35-hexakis (mercaptomethyl)-

37,38,39,40,41,42-hexa-methoxycalix[6]arene in N-methyl formanil ide/DMF 

solvents in the presence of Cs 2 COj and NaBH 4 This double-calix[6|arene 

molecular capsule is capable of "constrictive binding" of a guest molecule 

(N-methyl formanilide). which is a solvent and can be viewed as a 

hexapodous capped calix[6)arene in which each calix(6]arene plays the role 

of cap for the other one. No other hexapodous capped calix|6]arene is known. 
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A novel approach to the synthesis of double cal ixarene shows the dirhodium 

tetracarboxylate complex in which two cal ix |4]arene macrocycles , bridged at 

the upper rim by a Rh-Rh unit, serve as l igands and whose solid-solid 

structure shows an unusual coordinat ion of a toluene molecule in the axial 

position at each rhodium atom /13/. 

Stibor et al. reported novel biscalix[4]arene derivat ives where two 

calixarene units are connected via one or two ureido bridges on the upper rim 

/14/. They also determined the complexat ion ability of this biscal ix |4]arene 

derivative with two ureido bridges and another similar derivative with two 

ureido bridges, in which a cooperat ive effect of the two ureido units is 

possible. On the other hand, a similar derivative, with two amidic functions, 

does not exhibit any complexat ion ability towards selected anions (halides, 

benzoatc) . 

Jorgensen et al. studied the binding ability of N,N , -b is - (4-ni t rophenyl) 

te t raprdpoxycal ix[4 |arene-5 ,17-dicarboxamide and doubly bridged 

biscalix[6]arene with benzene, naphthalene, anthracene, and pyrene as guest 

and related to the solvent-dependent conformat ions / l c / . Chemical-shif t 

changes were observed at relatively high guest concentra t ions for the above 

cal ix[4]arene in chloroform, while in D M S O no significant chemical shift 

changes of cal ix[4]arene occurred on addition of an aromatic guest; the 

change in conformat ion due to D M S O could account for the lack of binding 

in this solvent. The dimer (i.e. the doubly bridged biscal ix[4]arene) showed 

no significant chemical shift changes on addition of aromatic guest 

molecules; this can also be ascribed to the effect of D M S O on conformat ion 

and occlusion of the binding site. 

Neri et al. reported the first example of a bridgeless, hcad-to-head double 

cal ix[4]arene /15/, i.e. 5 ,5 ' -biscal ix[4]arene, with a direct biphenyl-l ike para-

para linkage. The alkylation of 5,5 ' -biscal ix[4]arene with propyl iodidc and 

para-tert-butylbenzyl bromide in the presence of K2CO;t, N a i l and C s 2 C 0 3 

has been investigated /16-19/. 

Neri et al. worked on an oxidat ive coupl ing reaction that ef fec ts the direct 

upper rim to upper rim attachment of a pair of ca l ix |4]arenes , cal ix[6]arenes, 

or calix[8]arenes, respectively, to yield 5,5 '-biscal ix [4,6,or 8]arenes; these 

were then extended to 5 ,5 ' -biscal ix[5 |arene by Gutsche et al. 1201. They 

studied the complexat ion ability of 5 ,5 ' -b isca l ix[5 |arenc and cal ix[5]arene 

towards fullerenes, C Ml and C 7n . The x-ray crystal lographic structure of the 

C«, complex reveals its clamshell-shaped architecture, presumably the result 
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of a change in the conformation of biscalix[5]arene from anli (uncomplexed) 
to syn (eomplexed). 

Gutsche and Wang also studied the complexation abilities of 
biscalix[n]arenes with fullercne (i.e.Q,(l and C7(|) /21/. Here, 
biscalix[n|arenes, singly and doubly bridged at the upper rims with 2-butenyl 
or 2-melhylenepropyl moieties, have been prepared by Tandem Claisen 
rearrangement of biscalix(n]arenes that are singly and doubly bridged via 
ether linkages at the lower rims with these same spanners. Gutsche et al. also 
published another example of doubly bridged bis ea)ix[4]arene via diyne 
bridges 1221. 

Silvio et al. reported a new dixanthylene double calix[6]arene, a mutual 
interconnection of two calix[6]arenes subunits by the formal incorporation of 
a dixanthylene core into a double calix[6]arene system /23/. 

Another type of novel double calixarene has been published by Wurthner 
et al. in 2002 /24/. In their paper they have synthesized double calixarenes 
(X-8) and (X-9) by reacting bis-anhydrides and calixarene mono amine. They 
also reported the effect of photo-induced electron transfer by calixarene 
towards bis- anhydrides [Fig. 8]. 

where X-8, R=H 

X-9=R Bu' 

Fig. 8: Bis calix[4]arene connected via perylene-bis imide dye 
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Bis-, Iris-, and hexakiscalix[4]arencs have been synthesized by using 

monohydroxy calixarene as starting material /25/. Another report also shows 

the synthesis of tail-to-tail-linked double calix[4]azacrown ether in the 1,3-

alternate conformation 1261. 

"Tail-To-TaiP'-Linked Double Calixarenes 

In 1990 Mc Kervey et al. reported the first tail-to-tail linked double 

calixarene 1211. They synthesized double calix[4]arenes with diamide or 

diester bridges. An 'H NMR study on solutions of diamide derivative showed 

that kinetically stable complexes were formed in which both calix[4)arene 

moieties took up a Na ' ion. 

In 1990, Kraft et al. proposed the building up of macrocyclic assemblies 

in which two calix[4]arene subunits are connected via two bridges between 

their respective oxygen atoms at the 1- and 3- positions. This goal was 

achieved by the use of difunctional reagents such as diacid chlorides, which 

are too rigid to make an intermolecular bridging of the calix[4]arene /28/. The 

addition of ethylenediamine or —diol to 1,3-diacyl chloride, obtained from the 

1,3-diacid by action of SOiCU, led to double calix[4]arenes linked by two 

opposite ester or amide spacers. By changing the time of addition of the 

dichloride, the authors observed the formation of triple calix[4]arene /28/. 

Vicens et al. reported another type of double calixarene in which the two 

calix[4]arene subunits are connected via glycolic chains /29/. The treatment 

of p-tert-butylcalix[4)arene or l ,3-dimethoxy-p-tert-butylcalix[4]arene with 

two equivalent yielded the corresponding double calix[4]arenes linked by 

two opposite glycolic chains [Fig. 9]. 

They also synthesized another compound in which they showed that the 

treatment of p-tert-butylcalix[4]arene with diethylene glycol ditosylates under 

very similar conditions yielded a double calix[4]arene triply bonded via the 

oxygen atoms by glycolic chains /30/. In this case the preferred formation of 

a double calix[4]arene is due to the shortness of the diethylene glycolic chain 

[Fig. 10], 

Shinkai et al. published a similar type of double calix[4]arene linked with 

two tetraglycolic chains, possessing monoglycol and tert-butyl groups at their 

lower and upper rims, respectively /31, 32/. It was shown to be a ditopic 

ionophore in which Na" or K ' vibrates between the two metal-binding sites in 

the NMR time scale. 
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X-10, R= Η. X - l l , R=CH, 

Fig. 9: Double calixarene connectcd via glycolic chains 

X-12 

Fig. 10: Double calixarene connected via diethylene glycolic chains 
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T h i s approach has been enlarged to a doub le ca l ix | 4 ]c rown ether . T h e 

first e x a m p l e of a doub le p- te r t -buty lca l ix[4]crown ether w a s repor ted by 

Asfar i et al. /33/ . A double ca l ix [4]c rown w a s formed by chang ing the 

s to ich iomct ry of the reactant p- te r t -buty lca l ix[4]arene , which w a s t reated 

with exces s te t raethylene glycol d i tosyla tcs to yield a doub le p- ter t -butyl -

ca l ix [4] -b i sc rown-5 , in which each ca l ixa rene unit is in the 1,3-al ternate 

c o n f o r m a t i o n and 1,3-capped by a te t raethylene glycol ic chain |F ig - 11]. By 

' H - N M R exper iments , the doub le ca l ix [4 ]c rown ether l igand w a s shown to 

fo rm 1:1 c o m p l e x e s with po tass ium and rub id ium picra tes in the solid s ta te 

F ig . 11: Doub le ca l ix[4]crown ether connec ted via te t raethylene g lycol ic 

chain 
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As a consequence of Ihe preceding work double cal ixcrowns were 

prepared by Pappalardo et al. using 4,6,10,12,16,18,22,24,25,26,27,28-

dodecamethyl-5,1 l ,17,23-tetrahydroxycalix[4]arene or mesitol-derived 

cal ix(4 |arene, which is in a fixed 1,3-alternate conformation and presents two 

sets of extra-annular hydroxy groups suitable for double bridging as 

described for double cal ixcrowns /34/. The reaction of mesitol-derived 

calix[4]arene with appropriate oligoethylene glycol ditosylates in acetonitrile 

in the presence of potassium carbonate gave, in addition to the expected 

double calix[4)crowns, doubly crowned calix[4]arenes /35Λ The formation of 

the double calix[4]crown compared to the doubly crowned calix[4]arenes was 

attributed to the shortness of diethylene glycolic chain or the more rigid 

polyethral chain due to the presence of a hydroquinone unit. 

Chen et al. reported a novel type of double calixcrown, spiro-

biscalix[4]crown, in which two calix[4]arene subunits were linked via a spiro 

C-atom incorporated into poly(oxyethylene) cha ins /36 / [Fig. 12]. 

X-14, R = H. 

X-15, R = CH, . 

Fig. 12: Spiro-biscalix[4]crown 

They studied the complexation abilities of a double calixcrown: spiro-

biscal ix[4 |crowns and p-tert-butylcalix[4]crown-5 toward Li ' , Na + Κ N H 4 \ 

n-prNH-, Me 3 NH 2 ' Et2NH2
+ alkali metal picrate salts. 

Another approach to double cal ix |4]crown ether has been extended to a 
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bis calix[4]aza crown ether by Kim et al. /37/. In this paper the authors 

showed the synthesis of calix[4]aza crown by reacting 25,27-bis-( l -

propyloxy)calix[4]arene and paraformaldehyde in the presence of 1,4 

hydroquinone in benzene as a solvent. This reaction resulted in bis 

calix[4]aza crown ether [Fig. 13]. 

X-16 

Fig. 13: Bis calix[4]aza crown ether 

In this case of a bis calix[4]aza crown ether, the distance between OH and 

nitrogen is too large so they cannot form an intramolecular hydrogen bond, 

implying that the nitrogen atom can freely participate in the metal ion 

complexation. Kim et al. continued work on bis calix[4|azacrown /38/. 

Raston et al. reported the first example of an unsymmetrical fused 

calixarene, derived by linking p-tert-butylcalix[4|arene with p-tert-

butyl(n]arenes (n=5,8) via ethylene linkages /39/. Their efforts were directed 

towards the investigation of inclusion properties of these receptors and 

derivatization of these novel classes of bridged calixarenes. 

Adopting the same approach of synthesizing unsymmetrical fused 

calixarene, Pappalardo el al. reported mixed triple and double calixarenes 

obtained from base-catalyzed condensation of p-tertbutyl calix[5]arene with 

letrakis|2-(tosyloxy)ethoxy-p-tertbutyl calix[4]arenc] /4()/. 

A new class of cryptand-type ionophore, the calix[4]tube, based on a bis 

calix[4]arene scaffold, was explored by Beer et al. /41/ [Fig. 14]. 

In their earlier studies they synthesized thia calix[4]tube by reacting the 

tetra tosylate derivative of the corresponding tetra alchohol calix[4|arene with 
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tcrt-bulyl thia cal ix[4]arene in the presence of K 2COt /42/. They also reported 

the synthesis of a quadruply linked bis-tert-butyl ca l ix |4] tube, and they also 

studied the complexat ion propert ies of these calix[4]tubes, f inding that the 

l inkages are steriochemically mobile and can change their conformat ion 

according to the situations /43 - 45/. 

X-17 

Fig. 14: Bis calix[4]tube 

Le Gac et al. also reported a calix[6]tube with nitrogen as a ligand 

backbone /46Λ They reacted N-protected calix[6]tris-amine with tris-

tosylated ca l ix[6 |arene under basic condi t ions in anhydrous D M F . They also 

studied the effect of Cs2 + ions as a templating agent. Gonzalez el al. 

synthesized a series of bis cal ix[4]arene derivatives linked through the 

phenolic oxygens with the help of a single aliphatic chain I All. 

Zhong et al. also published a double calixarene in which they used 

aromatic segments as a spacer /48/. They reacted p-tert butyl cal ix[4 |arene 

and 2,6-bis(bromethyl)-4-methylanisole at refluxing temperature for three 

days under basic condit ions. The resulting product was methylated with 
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excess methyl tosylate lo yield a fully methylated bridged double 

cal ix[4]arene. This fully methylated bridged double ca l ix |4]arene possesses 

higher binding ability toward Li ' , N a ' , and K' than that of a partially 

methylated bridged double eal ix[4]arene [Fig. 15]. 

X-18, R = H. 

X-19, R = CH :, 

Fig . 15: Double calixarene connected via aromatic spacer 

Jin et al. synthesized double thiacalix[4]arene by reacting p-tert-

butylthiacalix[4]arene and 2 ,6 ' bis (bromomethyl)-4-methylanisole in the 

presence of N a 2 C O i as a base under argon /49/ [Fig. 16]. 

Vicens et al. published a paper in 2002 where they also utilized an 

aromatic spacer for the synthesis of bis calixarene /50/. They reacted p-

tertbutyl cal ix[4]arene and a , a ' d ibromo-o-xylene in acetonitrile under basic 

condi t ions to obtain bis cal ix[4]arene with an o-xylene linkage [Fig. 17]. 

This approach was then etended to Schif f -base biscalix[4]arenes. The first 

bridge calixarene Schiff base was reported by Zhang et al. /51/. T h e y 

synthesized a double calixarene Schiff base by reacting 25, 27-N-N ' -d i - ( (2 -

ethoxy)benzyl)bu tylenediimine-p-tert-butyl-cal ix[4|arene and lerephthal-

aldehyde at 2:2 in ethanol medium at ref luxing temperature for 12 hrs [Fig. 

18]. 
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Me 

Me 

X-20 

Fig. 16: Double thiaealix|4]arene connected aromatic spacer 

X-21 

Fig 17: Bis cal ix |4 |arenc connected via o-xylene 
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X-22 

Fig. 18: Schiff base biscalix[4]arenc 

Yuan et al. 1521 used the same pathway to synthesize a double calixarene 

Schiff base. They published a paper where they reacted aromatic dialdehyde 

derivatives having different spacers with 25,27-di(aminoethoxy)-4-tert-

butylcalix[4]arene in refluxing ethanol medium. The reaction time depended 

on the dialdehyde taken. The effects of the spacer on the reaction time were 

also studied [Fig. 19], 

X-23 

where Y= different aliphatic and aromatic spacers. 

Fig. 19: Double calix[4]arene Derivatives connected via Schiff base linkages 

21 



Vol. 21, No. 1, 2008 Double Calixarenes and Their 
Analytical Applications 

The use of a diamine derivative for synthesis of double calixarene Schilf 

base has been explored by Kumar et al. /53 a/. In this paper they obtained a 

double calixarene Schiff base from 25,27-di(aminoethoxy)-4-tert-

butylcalix[4]arene and different aromatic & heteroaromatic dialdehyde 

derivatives. The reaction method was 2:2 dipodal condensations |F ig . 20]. 

The same group also published a paper in which they used thiophene and 

pyrazolc as heteroaromatic spacers /53 b/. 

X-26 

•CX 
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W h e r e X ^ O = -CH* 

X J 1 = -H 

X^32 = -H1CH3, 

X-33 = -CH3(CH2)4CH, 

Fig . 2 0 : Doub le ca l ix[4]arene Schi f f base connec ted via hc te roa romat i c and 

a romat ic spacer 

Franc isco et al. reported a doub le ca l ix [4]a rene , in which two ca l ixa rene 

subuni t s connec ted by th iourea and an amide - su l fu r spacer have b e e n 

synthes ized /54/ . Here the bis ca l ix [4 ]a rene w a s obta ined by reac t ing the 

b is (acety l th io) der ivat ive of p-tert butyl ca l ix[4]arene and the 

d i ch lo roace tamide der ivat ive of p-tert butyl ca l ix [4]arene [F ig . 21] . 

X - 3 4 

F i g . 2 1 : Doub le ca l ix [4]arene connec t ed via amide-su l fu r g r o u p s 
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Reinhoudt et al. published a paper in which they synthesized double 
calixarene with two linkages and two aromatic segments /55/. They also 
studied the effect of the nature of the bridge on the formation of mono and 
biscalix[4|arenes. They conclude that rigidity is one of the major factors for 
the formation of bis calixarene. 

Stang et al. published a novel type of bis calixarene in 1997 /56/. They 
reacted a calix[4]arene Pt (II) chloride complex /57/ with excess AgOTf in 
dichloro methane solvent, which resulted in a bis triflate complex. This 
complex interacted with a bis heteroaryliodonium salt /58/ to give a novel 
hybrid bis calixarene-iodonium-Pt molecular square in good yield. 

In the search for molecular machines Asfari et al. published a novel type 
of double calixarene in which the condensation of dibromomethyl derivative 
of calix[4]-bis-crown with naptho poly ether diol was carried out under high 
dilution conditions /59/. 

McKervey et al. used RuCl2(CHPh)(PCy3)2 for the syntheasis of 
biscalix(4)arene linked by alkenyl bridges /60/. 

C) "Head-To-Tai l" Linked Double Cal ixarenes 

Böhmer et al. reported the first calixarene of the "Head-to-Tail" type in 
which both calixarenes had the same orientation /61/. In contrast to 
compounds of head-to-head-linked double calixarenes or tail-to-tail-linked 
double calixarenes, in which the dipole moments of the calix(4) arene units 
canccl one another out, the dipole moments in head-to tail-linked double 
calixarenes add up. This may be of significance for the potential application 
of similar compounds in areas such as nonlinear optics 1621. They reacted a 
diphenol derivative of p-tert butyl calix[6]arene with bis bromo methylated p-
cresol in glacial acetic acid in the presence of zinc acetate [Fig. 22). 

D) Misce l laneous 

Rebek et al. found that intermolecular hydrogen bonding through 
dimerization can be used to drive the conformational equilibrium exclusively 
to the cone conformation /63/. They reported that an urea group placed on the 
upper rim of the calix(4) arene permits dimerization to occur through a head-
to-tail hydrogen bonding pattern to give molecular capsules /64-67/. 
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X-35 
Fig. 22: HeacWo-tail linked double calixarene 

A novel homo oxacalix[3]arene based dimeric capsule cross-linked by a 

Pd(II)-pyridine interaction has been reported by Shinkai et al. /68, 69/ This 

dimeric capsule has been shown to include C M fullerene in the three-

dimensional cavity. 

Fukazawa et al. also reported a different type of bis calixarene in which 

the bis calixarene has a bipyridine subunit /70/. They found that, while 

complexation with a transition metal ion occurs, the bis calixarene changes 

its conformation followed by generation of a deep cavity. This cavity has 

been evaluated by the authors for its binding properties towards fullerenes. 

3. APPLICATIONS O F D O U B L E C A L I X A R E N E S 

Double calixarenes possess greater complexation abilities than normal 

calixarenes due to their extendable cavity. It has also been noted that 

synthesizing a double or a bis calixarene acutely freezes the conformational 
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mobilization which leads the molecules towards a stable complexation with a 

high association constant. The literature survey has shown that the head-to-

head-linked double calixarenes generally possess an inclusion ability for the 

cationic guest molecule due to cooperative action of the cation-7r interaction, 

and the tail-to-tail-linked double calixarenes generally possess extractability 

or complexation ability towards various metal ions. 

This means design of double calixarene based receptors that show high 

selectivity for guest molecules and metal cations. Double calixarenes lend 

themselves well to many applications, such as the following, 

i) Cation Complexation. 

ii) Anion Reorganization. 

iii) Organic Neutral and Charged Molecular Reorganization. 

iv) Redox Active Ionophore. 

v) Ion Selective Electrodes. 

vi) Ditopic receptors. 

vii) Functional Material or as Reaction Medium 

viii) Miscellaneous. 

i) Cation Complexation 

Double or multiple calixarenes have been prepared as an example of 

higher order molecular architectures with new high-level host properties /71, 

72/, such as allostery and cooperativeness /73/. These compounds are highly 

selective receptors for alkali, alkaline earth, lanthanides, and transition metal 

ions. The selective recognition and extraction of alkali metals is currently an 

area of great interest. Alkali metal ions, such as Na" and K ' , are found in 

human organisms and are of importance in ion channels and ion pumps. The 

great importance of the cations mentioned is also evident from the fact that 

disorders in the metabolism of these ions can severely affect the state of 

health. Radioactive cesium ion is found in nuclear waste solutions. 

Alkali and Alkaline Earth Metals 
Solvent extraction of a metal cation by calix|n]arene was first 

investigated by Izatt et al., where the calixarene showed selectivity towards 

Cs ' /74/. Asfari et al. /33/ reported a double calix[4]biscrown-5 in which the 

two calix[4]crown-5 are crowned, constraining the calixarenic units into the 

1,3-alternate conformation. Selectivity of complexation was observed for Κ 
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and R h ' , the cat ion be ing located in the centra l cavi ty of the tr i topic recep tor 

[Fig. 23]. 

X-36 K+ complex of X-36 
Fig. 23 

F r o m the above f igure it can be seen that doub le ca l ix [4 ]c rown e ther 

fo rms 1:1 c o m p l e x e s with po tass ium p ic ra te in the solid state and in solut ion 

in deuter ia ted ch lo ro fo rm. 

V icens et al. 1151 a lso s tudied the b ind ing proper t ies of po ly top ic 

receptors , double - and mul t i - l ,3 -a l t e rna te -ca l ixc rowns , with alkal i meta l 

cat ions . 'H N M R studies sugges ted that out of these double and mul t i -1 ,3-

a l te rnate-ca l ixcrowns, (i) c o m p o u n d s con ta in ing a c rown-5 loop s h o w e d 

bet ter extract ion proper t ies for K" and Rb" because of their su i table cavi ty 

size (ii) c o m p o u n d s conta in ing c r o w n - 6 loop were showing bet ter ex t rac t ion 

proper t ies for Cs+ ; and (iii) c o m p o u n d s hav ing a hybrid s t ructure, c o n t a i n i n g 

both c r o w n - 5 and c r o w n - 6 units, we re g o o d ext rac tants for three ca t ions K \ 
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Rh and Cs in almost the same percentage range. This hybrid structure forms 

Fig. 24 
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In this case, the electrostatic interactions between the oxygen donor atoms 
of the crown ether ring and the metal cation play a major role in entrapping 
ther metal ion, while the cation-π interaction plays a minor role. In the case of 
tri-, tetra-, and pentameric calix[4]tubes, the metal-ion could not shuttle 
because the calix linkages (spacers) between the calix[4]crown-5 or between 
the calix[4]crown-6 stoppers did not contribute to cation complexation. This 
suggests that the end of calixcrown stoppers is the only site for binding of 
cations. In the case of 1,3-alternate caIix-thia-calix[4]crown trimers, bearing 
crown-5 and crown-6, the Cs+ and K* ions prefer to be encapsulated in the 
trimcric thiacalix[4]crown-6 and crown-5, respectively. On the contrary, the 
Ag + ion was entrapped in the central thiacalix spacer as a 1:1 complex, as 
confirmed by 'H NMR spectroscopy. Variable-temperature 'H NMR studies 
on trimeric thiacalix-calix[4]crown-6 encapsulation of the silver ion revealed 
that the Ag' ion oscillates through the central thiacalix spacer with the aid of 
cation-π interactions ΙΊ1Ι [Fig 25]. 

X-39 
tri-, tetra-, and pentameric calix[4]tube 

where η = 1, 2 and 3 
m = 1 and 2. 
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Y 

X- 40 

thia calix[4]crowntube 

where η =1 and 2 

Y = CH2 and S. 

Fig. 25 

In the case of partially alkylated double thiacalix[4]arenes [Fig. 26; X-41 

to 43,], the extractabilities of compound (X-43) showed significant changes 

under strong basic conditions at pH 12. The Κ and Rb extraction capacity 

of the conic ligand (X-43) increased to 56 and 58%, respectively, indicating 

the formation of phenolate anions stabilizing the complexed cations by 

additional ion-pair interactions. In contrast, the counterpart (X-42) extracted 

none of the cations, since its phenolate salts precipitated from the biphasic 

system 778/ [Fig. 26|. 

where X-41; (R = Me, R 2 = H, A= O) 

X-42; (R1 = Pr, R2 = H, A = O) 

X-43; (R1 = Bn, R2 = H. A = O) 

Fig. 26: Alkylated double thiacalix[4|arenes 
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Stibor et al. ΙΊ9Ι reported a bis-calix[4]arene ditopic hard/soft receptor for 
K7Ag ' . This bis-calix[4]arene, bearing a tert-butylated and de-tert-butylated 
calix[4]arene unit, connected by four ethylenoxy bridges, adopts the pinched 
cone conformation (C2v symmetry) and, hence, is suitably pre-organized for 
Ag f ion complexation. X-ray crystallography showed that the silver cation is 
sandwiched by the two distal co-planner phenyl rings of the de-tert-butylated 
part of the molecule, possessing a η'-binding mode of aromatic units (cation-
re interactions), and two electrostatic interactions with triflate oxygens [Fig. 
27; X-44]; complexation of the Κ4 cation into the central cavity created by 
the bridging moieties leads to a change in conformation (C4v symmetry) and, 
hence, complete loss of complexation ability towards the Ag' cation [Fig. 27; 
X-45] 

X-44: Complexation mode for Ag* X-45:The presence of K* prevents 

further complexation 
Fig. 27: Complexation of an Ag' cation. 

Calix(4]tube type double calixarenes include the use of oligo ethyl ether 
bridges. In the case of the oligo ethyl ether bridges, a cage-like central core is 
present, which is capable of binding metal ions, and has been implied in 
biomimetic cation transport through the cell membrane. Beer et al. /SO/ have 
carried out molecular dynamic simulation on a calix[4]tube [Fig. 28; X-46 to 
48] with different alkali ions. Double calixarene (X-46) displayed good 
selectivity towards the potassium cations over all alkali metals compared to 
other double calixarenes [Fig. 29]. Molecular modeling studies show that the 
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calixarene tube is highly selective for K* because the ion enters into a tube 

from the upper rim of one calix[4]arene and forms an intermediate complex 

interacting with the aromatic rings and then proceeds to the center of the 

lube. It was reasoned that this is due to the presence of various groups, like 

tert-butyl, Η or bulky tert octyl groups in the upper rim. For the structure (X-

47), the bulky tert octyl groups interlock in the conformation and thus 

prevent any change in conformation. For the structure (X-48), the lack of an 

alkyl group at the top of the phenyl rings deprives the cage of any impetus for 

changing its conformation. Thus, it can be concluded that with the structure 

having tert butyl group, the tert butyl group plays an important role in the 

change in conformation. They conclude that smaller metal ions enter and 

leave the tube quickly, while for ions larger than potassium the ion remains in 

the intermediate position close to the aromatic rings and does not proceed to 

the center, unless the temperature is raised significantly /43/. 

where X-46; R= R '= t-Bu K* complex of X-46 

X-47; R= R ' = t-octyl 

X-48; R= R '= Η 

Double calix[4]arene connected via oligo ethyl ether bridge 

Fig. 28 Fig. 29 

Yuanyin et al. suggested that examination of the CPK molecular models 

reveals that the spirobiscalix[4]crowns are highly preorganized for binding 

Li ' , N a ' , K ' alkali metal ca t ions/36/ . 
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In the two-phase ext rac t ion , b i sca l ix [4]aza c rown ether /37 / can 

se lec t ively encapsula te the Mg 2 + ion at a certain pH, c o m p a r e d to o ther a lkal i 

earth metal ca t ions , due to the addi t ional coord ina te phenox ide anion in an 

o rgan ic m e d i u m . T h e y a lso c o n c l u d e that the select ivi ty of this a z a c r o w n is 

a t t r ibuted to the Tact that the M g ' ions encapsu la te by ca t ion-π interact ion 

with size fit p h e n o m e n a . 

N a b e s h i m a el al . publ i shed a novel host which shows homot rop i c and 

negat ive al lostery lor alkali metal ion recogni t ion /81 , 82/ . It is cons t ruc ted 

by ut i l izing a b i sca l ix [4 | a renc skele ton bea r ing b iphenyls and ester moie t ies . 

As the ionic radius of the guest increases , recogni t ion of the second guest is 

suppressed more ef fec t ive ly . A larger ion changes the s t ructure of the first 

b ind ing site more drast ical ly to cause a conformat iona l change that is 

un favorab le to the guest b ind ing of the second site. 

Transition Metals 

Yi lmaz et al. / 83 ,84 / s tudied complexa t ion abil i t ies of i onophor i c 

b i sca l ix [4]arene nitriles [Fig. 30 ; X - 4 9 to 52 ] t owards se lected t ransi t ion 

metal ca t ions , such as Cu 2 + . C o 2 ' . C d 2 \ N i 2 \ Hg2 + by l iquid-l iquid ex t rac t ion . 

T h e s e nitrile der iva t ives of four d i f fe ren t b r idged b i sca l ix [4]arenas ( X - 4 9 to 

52) showed good selectivity towards Hg~+ ca t ions , because acco rd ing to the 

hard-sof t ac id-base pr inciple , in t roduced by Pearson /85/ , the - C N g roup is a 

sof t base and shows a s t ronger af f in i ty toward sof t basic metal ca t ions than 

toward hard metal ca t ions . Here , in the cage of (X-50) , the metal ion is 

p robab ly held be tween two cone con fo rma t iona l cal ix moiet ies , whi le ( X - 5 1 ) 
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where X-49, Y = CH 2 COCH 2 . R = CH 2CN 

X-50. Y = CH2CH2OCH2CH2. R = CH2CN 

X-51, Y = CH 2 CONH(CH 2 ) 2 NHCOCH 2 ; R = CH2CN 

X-52, Y = CH 2 CONH (CH 2 ) 8 NHCOCH 2 ; R = CH2CN 

X-51; where η = 2 and R = CH 2 CN 

X-52; where η = 8 and R = CH 2 CN 

Fig. 30: Proposed structure of the complexes of Hg2+ formed with the 

different extractants 

They also studied the complexation abilities of the two biscalix|4]arenes 

[Fig. 31; X-53 & X-54] with ligating ester and ketone groups in the cone 

conformation towards transition ( Ag2+, Hg2+Cu2+ , Ni2+ Co2+ ,Cd2+) metal ions 

/86/. They found that the ester derivative (X-53) showed a higher affinity 

toward transition metals than alkali metal cations, while the ketone derivative 
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(X-54) extracts both alkali and transition metal cations effectively. This 

suggests that the ketonic groups are the efficient groups in this phase transfer. 

They also concluded that hoth biscal ix |4]arenes (X-53) and (X-54) were 

better extractants than their monomcric analog (X-55) [Fig. 311. 

where R = Η 

R' = Η Monomer X-55 

where X-53, R= CH 2 COOC 2 H 5 

X-54, R= C H 2 C O C H , 

Fig. 31: Bis Calix[4]arene with ester and ketone groups as ligating sites 

In 2001, Memon et al. studied the complexation properties of chemically 

modified biscalix|4]arenes /87/, [Fig. 32 , X-56 to 59] towards transition 

metal cations /88/; like Ni2+, Cu2+, Co2*, Cd2 + and Hg2+. 
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where X-58; R = C H 2 C O O C 2 H 5 

X-59; R= C H 2 C O C H 3 

Fig. 32 : T h e ester and ke tone b isca l ixarene der iva t ives 

A c c o r d i n g to this paper , the es ter and ketone b isca l ixarene der iva t ives (X-

56) and (X-57) with an ether b r idges are better ex t rac tants for all meta l s 

c o m p a r e d to their m o n o m e r i c ana logues ; but no s ignif icant d i f f e r ence in 

extract ion ability were found be tween (X-56 ) and (X-57 ) and their d imer ic 

h o m o l o g u e s (X-58 ) and ( X - 5 9 ) that have ketone b r idges [Fig. 32] . 

C o m p a r i n g extract ion results, it w a s obse rved that b isca l ixarene ( X - 5 6 ) and 

(X-58 ) extracted a lmos t all the metal ions in the extract ion s tudies , w h e r e a s 

the c o m p o u n d s ( X - 5 7 ) and ( X - 5 9 ) were par t icular ly select ive for Hg 2 + . Thus , 

these l igands display high select ivi ty that depends on d i f fe ren t factors , such 

as the con fo rma t ion , polar izabi l i ty , and the nature of the subs t i tuents on the 

lower rim of the b isca l ixarene . A lmos t all the ext rac tants showed 

36 



Y.K. Agrawal and Shripada Bhall Reviews in Analytical Chemistry 

extraordinary affinity toward Hg"+. These results are in agreement with the 
theory of "hard and soft acid - basis" introduced by Pearson in 1975 /85Λ 

Kumar et al. also published a series of novel bisthiacalix[4]arenes with 
diimine linkages of different aromatic or heteroaromatic dialdehydes. The 
structure of one of the bisthiacalixarene was analyzed by X-ray 
crystallography. These molecules quantitatively extract silver ion from the 
aqueous into the organic phase under neutral conditions /89/. 

Lanthanides and Actinides: 
Beer et al. /90/ reported that ferrocene-bridged biscalixarenes [Fig. 33; X-

60 to 62] were observed by ES-MS to bind lanthanide ions in a 1:1 
stoichiometry. Electrochemical methods show that all ligands undergo 
significant anodic potential shifts of their ferrocene redox center in the 
presence of lanthanide ions. It has been observed that monomeric ferrocene 
calixarene ligands undergo shifts of up to 60 mV and ferrocene-bridged 
biscalixarenes containing ester amide co-ordination functionalities undergo 
much greater potential shifts, typically 200 mV, on the addition of one 
equivalent of lanthanide ion. 

where X-60, η = 1. 
X-61, η = 2. 
X-62, η = 3. 

Fig. 33: Ferrocene-bridged biscalixarenes 

Beer et al. /91/ synthesized new chelating biscarboxylate calix[4]arenes 
that possess binding and extraction capabilities towards uranyl. They were 
initially explored by 'H-NMR. In a 8:2 deuteriatcd chloroform-methanol 
solvent mixture, the addition of U02(0Ac)2 (H20)2 to biscalix [4]arene 
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produced substantial downfield shifts of the carboxylate ortho-related 
benzylic and meta-related aromatic protons (+0.32 and +0.25 ppm, 
respectively), which is indicative of a conformational rearrangement 
consistent with the opening of the binding cavity [Fig. 34]. 

Fig. 34: Uranyl binding by bis calix[4]arene 

Group IIA Metals 
Thallium cation complexation by calix[4]tube [Fig. 28; X-47] has been 

investigated by a combination of 2,IST1, 'H NMR and ES-MS demonstrating 
the solution of a di-thallium complex in which the cations arc held in the 
calix[4]arene cavities /92/. 

ii) A n i o n Recogni t ion 

Selective complexation of anions is more demanding than that of cations 
due to many reasons, such as size, charge density, polarizability, solvation 
energy and pH-dependent acid-base equilibrium /93/. The anion plays a 
fundamental role in a wide range of chemical and biological processes, and 
numerous efforts have been devoted to the development of a-biotic receptors 
for anion species, but they are still very limited. Urea derivatives have been 
utilized successfully as neutral host compounds for the various anion guests 
through hydrogen bonding /94/. Recently, for the development of cation 
calixtubes, a number of dimeric compounds of calix[4]arenc biscrown 
structure were synthesized and their cation binding properties were 
investigated /95/. However, there are very few reports on anion recognition 
by biscalix[4]arenes. 
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T h e bimeta l l ic c o p p e r " b i s (ca l ixa rene) c o m p l e x e s (X-63 ) and ( X - 6 4 ) can 

e lec t rochemica l ly sense ca rboxy la te and d ihydrogen phospha te an ion ic gues t s 

/ 96 ,97 / [Fig. 35] . 

X-63 

X-64 

Fig. 35: Bimetal l ic c o p p e r " b i s (ca l ixarene) c o m p l e x e s 

N a m et al. /93 / have repor ted ca l ix tubse based on a b i s -ca l ixa renc 

sca f fo ld for an anion [Fig. 36] . 

iii) Organic Neutral and Charged Molecular Reorganization 

In severa l types of b isca l ixarene de r iva t ives covalent ly br idged by va r ious 

fundamen ta l l inkages have been repor ted /98 , 99/ . T h e covalen t b r i d g i n g of 

the two f ixed cone con fo rma t ion of ca l ix [4 ]a rene w a s real ized as s h o w n in 

|F ig . 37 ; X - 6 7 to 69] . It a l so l eads to a s ignif icant i m p r o v e m e n t in the 

b ind ing proper t ies . T h e associa t ion cons t an t of 1:1 c o m p l e x e s wi th the two 
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quaternary ammonium ions (IH-a) and (IH-b) are increased by one order of 
magnitude compared to the host (X-66)for instance from 33M"' of X-66/ Ul -
fa to 1407 M"' of X-68/ Ill-b, CDC1, /KM)/. This binding property can be 
changed by modifying the bridge length and rigidity [Fig. 37]. 

Fig. 36: Urea linked caiix[4)tube 

Monomer host X-66 IH-a I l l -b 
Quaternary ammonium ions 
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where X-67; Y= CH2 

X-68; Y = -C=C-

X-69; Y = N=N 

Fig. 37: Covalently bridged hiscalixarene derivatives 

The two spacers on the upper rim make the capsule [Fig. 38], formed by 

two calix[4]arenes. This molecular capsule formed complexes with the 

iminium ions (IV-a) and (IV-b) in CDCIT solution /101/. By replacing the 

propyl groups in this compound by hydrogen, the π-basicity of the aromatic-

cavity is increased /102/; consequently, the association constant with I is 

increased to 5 χ 1()Λ Μ'1. 
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0 cS 
1 I 

Molecular capsule formed by two spacers IV-a IV-b 
where X-70, R = Pr [minium ions 

Y = OCH2 Fig. 38 

The above biscalix[4]arene with two different spacers, i.e. 
thiophenoimine linkages, yielded new biscalix[4]arenes /103/ which formed 
complexes with (V-a), (V-b), and (V-c) iminium ions in CDClr,/CD-,CN 2:1, 
exhibiting association constants between 700 and 100M"1 [Fig. 39]. 

Bis calix[4]arene connected via thiophenoimine linkages spacers 
where, R = Pr X-71 

Vol. 27, No. 1, 2008 

OR ? R OR RO 
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V-a V-b 

-<X3N-
V-c 

Iminium Ions 

Fig. 39 

Pappalardo et al. also published 'Η N M R complexat ion studies of tail-to-

tail linked bis-calix[5]arenes. These calixarene subunits were connected by a 

rigid p-xylyl spacer. The complexat ion studies of this biscalixarene with 

a lkyldiammonium ions (i.e. 1 ,10-decanediammonium ions)have been carried 

out. The studies showed that they form polycapsular assemblies (polycaps) 

via iterative inclusion processes /104/. 

The implantation of biologically active molecules that can bind 

complementary neutral species is a much less investigated topic in 

supramolecular chemistry. In order to explore the amphiphat ic propert ies of 

calixsugars as host for ions and neutral molecules, Dondoni et al. /105/ 

designed more rigid structures, in which a cavity is formed by bridging two 

1, 3-distal lower rim sites of a calix[4]arene molecule with an ol igosaccharide 

or by assembling biscalix[4]arene systems through lower rim-lower rim 

carbohydrate linkages. This double calixsugar showed selective reception 

propert ies toward imidazole [Fig. 40]. 

Gutsche et al. /20/ reported a good example of conformat ional 

complexat ion. They synthesized 5, 5 ' -biscal ix[5]arene, which was initially in 

a anti conformat ion. But while encapsulat ing fullerenes, its conformat ion was 

arranged to syn to form a suitable cavity for ful lerenes [Fig. 41]. 

Fukazawa et al. /106/ demonstrated the first example of highly selective 

detection of ful lerene using doublc-cal ixarene sensors produced by the 

combinat ion of the supramolecular concept and the luminescence technique. 
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Anii-conformation of 

5,5'-biscalix[5]arene 

Fig. 41 : Conformational conversion 

5,5'-biscalix|5]arenc 

Syn-conformation of complex 

5,5 '- biscalix(5]arene and 

fullerenes 

of anti-S^'-biscalix^Jarene to syn-
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ίν) Redox Active Ionophores 

The development of molecular receptors designed to selectively recognize 
and sense charged or neutral guest species of biological and environmental 
importance is a highly topical research field for monitoring radioactive 
cesium in nuclear waste solutions and the potential use of rubidium isotopes 
in radiopharmaceutical reagents. Beer et al. /107/ synthesized a new class of 
redox-active ionophores comprised of two calix[4)diquinone moieties 
connected through either alkylene or pyridylene linkages. Spectroscopic and 
electrochemical investigations, X-ray crystal structure analyses, and 
molecular modeling studies show that butylenes and propylenes (X-75) and 
(X-74) linked members of this family of redox-active receptors exhibit 
remarkable selectivity for cesium and rubidium cations. In this case, the 
cation is bound by eight ion dipole interactions from the quinone and phenol 
oxygen atoms. Presumably sodium is too small to be bound efficiently in this 
large cavity /108/. The length and nature of the bridging spacer units between 
the two calix[4]diquinone moieties critically dictate the selectivity and 
strength of binding for first group metal cations /109/ [Fig. 42]. 

X-74; Y = C,H„ [Propylene] 
X-75; Y = C4H8 [Butylene] 

X-76; Y = C 5 H I O [Pentylene] 
X-77; Y = Py (CH2)2 [2,6-Di(Methylene)-pyridyl] 

Fig. 42: Bis calix[4]diquinone receptors 

Tuntulani et al. /110/ synthesized biscalix[4]quinones connected by 
ethylene bridges, which exhibit interesting electrochemical properties and 
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show a promising ability to sense N a \ They also synthesized 

bis(calix[4]diquinone) [Fig. 43; X-78 & 79] and double calix[4]diquinone 

[Fig. 43; X-80] and studied their complexation abilities with alkali metal 

ions, such as L i \ N a \ K \ and CsH by 'H NMR titration. / I l l / They found 

that the receptors (X-78) can selectively form 1:1 complexes with N a ' ; the 

ligand (X-79) prefers to form 1:1 complexes with K f and C s \ while the 

receptors (X-80) retained the cone conformation of the calix[4]arene unit 

upon binding K ' but it changed the conformation when complexing with Li 

and Na* . Thus, the receptor (X-80) showed an electrochemically switched 

binding property toward Na ' and K+. In this case the polarizing ability of the 

- O C H , group can stabilize softer K ' . 

Where n= 0. R=H Where X-78: η = 0 and x = O 1 1 ^ ! ^ 0 

n=l. R=lI X-79: n = 1 and x = o = ^ ) = 0 

n=(). R= CH, X-80: η = 0 and \ = 

Fig. 43: Double calix[4]diquinone 
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Beer et al. oxid ized ca l ix [4]semi tube with T l [ O C O C F ^ ] 3 in T F A [Ir i f luoro 

acet ic ac id] which resulted in the novel redox-ac t ive i onophore 

ca l ix [4 )semi tube d iquinone . T h i s receptor d i sp lays a remarkab le se lec t ive 

p re fe rence for po tass ium ca t ions over all o ther first g r o u p metal ca t ions . T h i s 

receptor a lso exhibi ts substant ial e lec t rochemica l recogni t ion e f f ec t s t owards 

sod ium and po tass ium ca t ions /112/ [Fig . 44] , 

TKOCOCF,) in TFA 

X-81 Cal ix [4 ] semi tube d i q u i n o n e 

Fig. 4 4 

M a r c et al. reported the first b is -ca l ix[4]arene br idged by an e lectro ac t ive 

te t ra th iafu lva lene ( T T F ) unit /113/ . 

v) Ion-Selective Electrodes 

Ion-select ive e lectrodes , incorpora t ing a mac rocyc le c o m p o u n d as an 

ionophore l igand, are well documented for many metal ca t ions /114-118 / . A 

Potent iometr ie de tec tor based on ion select ive e lec t rode has been s tudied 

par t icular ly for fast, accurate , responsible and select ive de terminat ion of 

var ious metal ions. Th i s ion select ive e lec t rode can o f f e r speci f ic i ty , 

sensit ivi ty, good response time, good precis ion, s implici ty and 

reproducibi l i ty . Th i s method a l lows direct onl ine detec t ion of a concent ra t ion 

of se lected spec ies wi thout any pre t rea tmcnt . Ca l ixa rene der iva t ives showed 

good b ind ing abil i t ies towards C s ' , C u 2 t , C d 2 t and Pb 2 + / 119 ,120 / . Kumar et 

al. / 1 2 I , 122/ reported a few ion-select ive e lec t rodes based on 
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b i s c a l i x [ 4 | a r e n e and hav ing an iminc l inkage . T h e y syn thes i zed 

b i s c a l i x [ 4 | a r e n e s c o n n e c t e d by v a r i o u s imine l inkages , lor e x a m p l e , [Fig. 4 5 ; 

X - 8 2 & 83] . T h e se lec t ive r e s p o n s e of e l e c t r o d e s t o w a r d s A g ' c a n be 

exp la ined by the e lec t ros ta t i c in te rac t ion be tween the meta l ion and the lour 

highly p r e - o r g a n i z e d so f t b ind ing s i t es s u r r o u n d e d by e thera l o x y g e n a t o m s , 

and by a be l te r fit o f the ca t ion . 

Where-

X - 8 3 

A 

Fig. 45: Mis c a l i x | 4 | a r e n e s c o n n e c t e d via imine l inkages 
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vi) D i t o p i c R e c e p t o r s 

The design of new dilopic ligands for the simultaneous complexation of 

anionic and cationic guest species is a new exciting area of coordination 

chemistry, and is of significant relevance to the selective extraction and/or 

transportation of metal salts across lipophilic membranes. Beer et al. /123/ 

reported the synthesis of new heteroditopic bis(calix[4]arene)rhenium(I)bi-

pyridyl receptors, which display positive cooperative upper rim binding of 

the iodide anion via lower rim complexation of alkali metal cations [Fig. 46], 
EtO 

EtO 
X-84 

Fig. 46: Heteroditopic bis(calix[4]arene)rhenium(I)bi-pyridyl receptors 

They also reported a heteroditopic bis[calix[4]arene] ferrocene receptor. It 

has been shown to bind a variety of anions like iodide and bromide on the 

upper rim and alkali metal cations on the lower rim. They found that the 

selectivity and strength of anion binding depends on the nature of the 

bridging group, with a ferrocene-containing receptor binding much more 

weakly than its rhenium (I) bipyridyl analogue [Fig. 47]. 
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EtO 

X-85 
Fig. 47: Heteroditopic bis[calix[4]arene] ferrocene receptor 

vii) A s Funct iona l Material or as React ion M e d i u m : 

Hydrogen bonding is known as the important interaction for formation of 
DNA double helices and maintenance of higher-order protein structure. It is 
also essential in terms of molecular recognition and functional design of 
synthetic receptors and gel matrices. The molecular capsules, formed by 
hydrogen bonding built between carboxylic groups and pyridine groups, have 
been of great interest; tetra urea derivatives of calix[4]arne exist in nonpolar 
solvents as dimeric molecular capsules held together by a belt of 16 hydrogen 
bonds and their interiors are large enough to accommodate molecular 
guests./124,125/ 

Coordinate bonding, along with hydrogen bonding, is one of the 
important interactions for the formation of molecular assemblies. In recent 
years, coordinate bonding of Pd(I) or Pt(ll) complexes has mostly been 
employed for construction of the desired capsule. 
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X - 8 6 

Fig. 48: Molecu la r capsule based on co-ord ina te b o n d i n g 

A s shown in Fig. 48, the f ixed c is conf igura t ion in Pd (I l ) and Pt(II) 

c o m p l e x e s is very useful in capsu le fo rma t ion , and the desired capsu le can be 

readi ly ob ta ined by add ing the appropr ia te mo lecu l a r equ iva len t s /126 , 127/. 

Shinka i et a I. / 128 / repor ted that, w h e n h o m o o x a ca l ix[3]arene and cis-

Pd(II) comp lex are mixed at a molar rat io of 2:3, highly symmet r i c capsu le 

mo lecu le s can be obta ined capab le of inclusion of fu l lerene C w ) ; the 

select ivi ty of fu l le rene Cf)n ve r sus fu l le rene C7( l is near ly perfec t /129 , 130/. 

T h e y also des igned novel chiral mo lecu l a r capsu les based on a self 

a s sembled homooxaca l ix [3 ]a rene d imer . T h e des ign of such chiral mo lecu la r 

capsu les is more dif f icul t , but they should s h o w more impor tant and m o r e 

interes t ing recogni t ion p roper t i e s f r o m the po in t s of v iew of pract ica l 

app l ica t ions and combina tor ia l chemis t ry / 131 , 132/. Th i s type of molecu la r 

capsu le w a s const ructed by d imer iza t ion of pyr id inc -con ta in ing 

homooxaca l ix [3 ]a ry l esters, ut i l izing a P d " - pyr id ine interact ion when Li 

ions were bound to the ionophor ic lower r ims. T h e s e molecu la r capsu les are 

twisted into triply br idged helical s t ruc tures and chiral R * N H 3 ' gues t s 

included in the cavi ty, and they induce a c h a n g e in the r ight -handed ve r sus 

le f t -handed ratio, result ing in high chiral induct ion [Fig. 49] . T h i s m e a n s that 

this molecu la r capsule s h o w s a novel chira l twis t ing mot ion and is readi ly 

con t ro l lab le by the inclusion of chiral gues t mo lccu l e s /133/ . 
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X-87 
Molecular capsule based on homo oxacalix[3]arene 

Left-handed Right-handed 
Fig. 49 

viii) Misce l laneous 

Lang et al. /134/ synthesized novel porphyrin-based biscalix[4]arenes. 
Porphyrin is known to be one of the "support pillars" of supramolecular 
chemistry, having suitable photoactive and electroactive properties for 
building of artificial molecular devices. Therefore, porphyrins with directly 
linked calixarenes could form attractive receptors possessing multipoint 
recognition ability towards no- covalently bound guest molecules. 
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The advantage of this porphyrin based biscalix[4]arene receptor is 
strengthening of the porphyrin-guest interaction by the cation-π and π- π 
attractive contributions from both calix[4]arene subunits [Fig. 50]. 

For entrapment and conversion of NO2/N2O4 gases, Rudkevich et al. 
synthesized a 1,3-alternate biscalix[4]arene tube. Exposure of this 
biscalix[4]arene tube to NO2/N2O4 in chlorinated solvents results in rapid 
encapsulation of nitrosonium (NO+) cations in its interior /135/ [Fig. 51]. 

Double or multiple calixarenes have the potential to encapsulate larger 
neutral or charged species. There are a number of recent reports on these 
double calixarenes and fullerene encapsulation /20,106/. Compared to the 
conventional calixarenes, the double or multiple calixarenes have a larger 
cavity with promising ligating sites and are a targeted area of recent 
developments. More interesting properties of these types of molecules are 
numerous possibilities of structural modification, which enables us to explore 
new directions in the field of applied chemistry, like amide-based liquid-
crystal double calixarenes [136]. Hydrogen-bonded multiple or double 
calixarenes, called molecular capsules, also form a potential application site 
in current co-ordination chemistry. 

X - 8 8 

Fig. 50: Porphyrin-based biscalix[4]arene 

4. FUTURE PROSPECTS AND CONCLUSION 

53 



Vol. 27, No. 1. 2008 Double Calixarenes and Their 
Analytical Applications 

NO2/N :O, 

Where NO4 

X-89 

Fig. 51: Mononitrosonium complex and dinitrosonium complex of 

biscalix[4]arene tube. 

To conclude, it can be said that there are a number of reports on synthetic 

strategies and analytical application of simple calixarenes, but the area of 

double and multiple calixarenes are still an unknown direction in calixarene 

chemistry. Double or multiple calixarenes also have an enormous amount of 

possibilities for design and synthesis of molecular platforms on which the 

new generation of molecular receptors depends. 
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