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Abstract An important consequence of the interaction of calix(n)arenes and amines 
is the generation of new electrolytes resulting from proton transfer reactions from 
the calix(n)arene molecule to  the amine. A brief account on the contributions 
made i n  this area is presented. This is followed by recent electrochemical 
(conductimetric and potentiometric) and thermodynamic studies on the interaction 
of a phenol-based-calixarene and amines in non-aqueous media. The 
thermodynamics of extraction of amines by p-m butyl calix(8)arene in the 
water-benzonitrile solvent system is discussed taking into account the parameters 
which contribute to the overall process. The results obtained from conductimetric 
and spectrophotornetric studies on the interaction of a resorcinol-based calixarene 
and amines are presented. 

INTRODUCTION 

For many years our research interests have been mainly concerned with thermodynamic 
aspects of macrocyclic chemistry involving cryptands (refs. 1-15) and crown ethers (refs. 
158~16) as synthetic hosts and various guest substrates (mainly cations). Particular 
emphasis has been placed on thermochernical aspects of the binding process including the 
characterisation of the host, the guest and the resulting complex in solution. As a logical 
extension of these activities, in  recent years the range of macrocyclic ligands investigated 
has been expanded to involve cyclodextrins (refs. 17&18), cyclams (ref. 19) and calixarenes 
(refs 19-21). The applications of calorimetry (macro and micro) to the study of host-guest 
interactions in solution been recently discussed in (ref. 22). This paper concerns calixarenes 
and, therefore, it seems appropriate to  mention that there are two thermodynamic aspects of 
calixarene chemistry that are currently investigated at  Surrey. The first one is related to 
the interactions of calixarene derivatives and metal cations in ‘allosteric guest’ media. 
Based on recent thermodynamic studies on the complexation of a calixarene ester derivative 
known as n-butyl p-w butyl calix(4)arene tetraacetate and metal cations in  benzonitrile, 
it was suggested that the terminology ‘allosteric guests’ (refs. 19&23) should be introduced 
in calixarene chemistry to refer to solvents which interact with the hydrophobic cavity 
producing conformational changes which alter the selectivity of the hydrophilic cavity of the 
ligand. behaviour shown by calix(4)arene 
derivatives with those molecules known as ’allosteric ligands’ in  enzymology. 
The second aspect of interest is that related to the interactions of calix(n)arenes and their 
derivatives with neutral species. 
In this paper, a brief account is first given on the contributions so far made in the area of 
calixarene chemistry involving amines. This is to be followed by electrochemical 
(conductimetric and potentiometric) and thermodynamic studies on the interactions of 
parent calixarenes and amines in non-aqueous media. The thermodynamics of the 
extraction process involving amines in the water-benzonitrile solvent system is discussed. 
Finally, recent conductimetric and spectrophotometric studies on the interaction of a 
resorcinoi based calixarenc with amines i n  chloroform are presented. 

This terminology is based on the analogous 
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the reaction in acetonitrile and acetone proceeds with the 
transfer of a proton from the  calixarene to the amine followed 
by ion-pair formation in the  form of an endo-calix complex. 
In chloroform, a complex of different structure to those found 
in  acetonitrile and in acetone was suggested. Using various 
amines, equilibria d a t a  for both processes in acetonitrile were 
derived from UV measurements (refs. 25 & 26). More 
recently, Bohmer and  Vicens (ref. 27) have discussed the 

Much of our present knowledge about electrolyte 

calixarene and amine) are neutral species 

solutions is the result of conductivity. For 
systems where the starting compounds is 20. 
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The results shown in  Fig. 1 unambi uously demonstrate t ha t  
(i) as the reaction proceeds from fa) to (b),  proton transfer from Calix 8 to the amine 
occurs, since an increase in conductivity could be only attr ibuted to ion formation i n  
solution. 
(ii) For these adducts, 1:l amine-calix 8 stoichiometries a r e  found. Among the amines 
considered, t he  cryptands have distinctive properties relative to other cyclic and  non-cyclic 
amines because each nitrogen can take up a proton. However, conductance da ta  reveals 
that  in the  complexation of Calix 8 with cryptands in benzonitrile, only one proton is 
transferred. This statement is based on the similar conductances observed for Calix 8 with 
cryptands relative to other amines (where only one proton can be involved). This is further 
corroborated by potentiometric studies discussed below. 

From the initial portion of the experimental titration curves of relatively diluted solutions of 
Calix 8 and amines (A)  in benzonitrile (s), equilibria d a t a  for the  following processes at  
298.15K, were calculated, 

Calix 8 (s) + A (s) % [ A H '  Calix 8-1 (s) (1) 

log Ka 
[AH' Calix 8-1 (s) ==== A H '  ( s )  + Calix 8 -  (s) 

Combination of (1 )  and (2) leads to data far process 

Calix (8) (s) f A (s) k%-k  A H '  (s) t Calix 8 -  (s) 

These da t a  are reported in  Table 1. 

TABLE 1. Equilibria data of p-tert butyl calix(8)arene and  
arnines in benzonitrile at 298.15K (conductimetric method). 

(3) 

b 
Amines log Kba log K a  log K J S C  

d 
Cryptand 222 3.70 t 0.20d -2.52 0.09d 1.10d f 0.22 

Cryptand 22 3.24 * 0.18 -2.62 0.07 0.62 f 0.19 

Triethylamine 3.98 t 0.18 -1.56 * 0.10 2.42 f 0.21 

a eq. (1); see text, b eq. (2); see texl,  c eq. (3) ;  see text; 
d ref. 21 

The da ta  obtained from conductance mesurements  show tha t ,  for cryptands, the major 
contribution to the overall process given i:. eq. 4 .  

log K ' S  log K'D 
A (s) + Calix 8 (s) = A H -  (s)  + Calix 8- (s) (AH'Calix 8-1 ( 5 )  ( 4 )  

results from ion-pair formation and for sriethylamine from the proton transfer rczction. 
These results have been now corroborated 5y potentiometric titrations. 

POTENTIOMETRIC STUDIES 

Benzonitrile is a weaker acid and a weakr  base (autoprotolysis constant, K, = 10-24.3 at 
298.15K) than  acetonitrile (K ,  : 10-33; ref 30) and therefore, i t s  acidic and basic pri?erties 
are much weaker than water. The extexied pH scale of benzonitrile (pK, = 34.3) makes 
this solvent suitable for potentiometric titrations; particularly when dealing with 
multidissociable species. This is reflected in the potentiometric titration curve of p-w 
butyl calix(8)arene and the tetramethylammonium hydroxide base in benzonitrile at  2'98.15K 
shown in Fig. 2. 
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Fig. 2. Potentiometnc titration curve of 
calir 8 with a basc in bewonitrile at 
298.15 K 

E /mV 

[Me&OHfialix 81 

The titration curve shows four inflection points which correspond to the release of four 
protons from calix(8)arene. However, the most striking feature of Fig. 2 is the substantial 
potential drop observed in the second dissociation step relative to the rather slight inflection 
observed for the release of the first proton. This unusual behaviour appears to indicate that 
the formation of the monoanion of Calix 8 may induce conforrnational changes which 
facilitates the release of the second proton. We are now carrying out 1H NRIR studies to 
obtain structural information about it. Titration data  were analysed using a computer 
program (MINIQUAD)  to calcu1at.e the dissociation constants for the following processes 
(eqs. 5-8). 

Calix 8 - Calix 8-  + €1' pKa, = 17.42 0.07 ( 5 )  

Calix 8 -  - Calis 82- + H '  

Calix 82- - Calk  83- t 13' 

Calix 83- - Calix 84- + H '  

pKa2 = 20.01 * 0.08 

pKa3 = 27.0 

pKa4 = 30.4 

(6) 

(7) 

(8) 

These values were obtained on the basis of several experimental titration data  with very 
small differences between observed and calculated values for pK, and pK, . Values for the 
third (pK, ) and fourth dissociation (pKa ) are iiot as reliable due to the low acidities. 

The results show that i n  benzonitrile, the first dissociation for p-rn butyl calix(8)arene 
occurs a t  a rather neutral pH on the scale for this solvent. Similar potentiometric studies 
involving amines were undertaken. Thus, for cryptand 222, (Cry 222) the dissociation 
constants (expressed as pK, values) in benzonitrile for the following processes were 
determined. 

I 2 

3 4 

Cry 222 Hz* - Cry 222 H* + 11' pK,, = 15.18 * 0.03 (9) 
Cry 222 11' - Cry 222 + 11' pK,, = 18.40 f 0.05 (10) 

I 

Therefore, for the process illustrated in  eq. 3, log K t s  can be calculated from 

log Ka = -17.42 (11) 
1 

2 

Calix 8 
Cry 222 t H *  - c r y  222 t i '  log K, = 18.40 (12) 

- Calix 8- t H' 

Hence. for Calix 8 + Crv 222 - Calix 8 -  t C r v  222 11'; log K f l S  = 0.98 (13) 
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Therefore, log K l s  = 0.98 is in good agreement with the value obtained by the 
conductimetric (log K ' S  = 1.18; see Table 1) method. 

THERMODYNAMIC STUDIES 

As pointed out before (refs. 198~21) the recent review by Izatt ad. (ref. 31) reflects the 
lack of thermodynamic data in the area of calixarene chemistry. It may be correctly argued 
that thermodynamics do not provide structural information. On the other hand, provided 
that suitable methods are used to  derive accurate data, any model proposed must fit the 
experimental thermodynamic data.  Thus, Table 2 provides log Ks and derived Gibbs 
energies, AcG*; enthalpies; AcH' and entropies; AcS' for the process represented by eq. 1 
involving Calix 8 and various amines in benzonitrile at  298.15K. 

TABLE 2. Thermodynamic data for the interaction of p-tert 
butyl caJix(8) arene and amines in benzonitrile a t  
298.15 K 

Cryptand 222 3.84*0.06" -21.92a -57.29*0.67a -1 18.6a 

Cryptand 221, 3.15*0.04:1 -1 7.98" -3 7.34* 0.8 l a  -65 .Oa 

Et3N 3.97*0.24a -22.66" -34.50*2.20a -39.7a 

Atropine 3.30*0.10 -18.84" -30.55 *O .70 -39.3" 

a Ref. 21, 1, 1,lO diaza-l8-crown 6 

Excellent agreement is found between the log K, values obtained by titration calorimetry for 
these arnines and Calix 8 in benzonitrile, and those derived from conductimetrjc 
measurements (Table 1). I n  all cases, the process is enthalpically controlled and takes place 
with a considerable loss of entropy which may be partly due to the interaction of two 
components to give a single component (ion-pair). As far as the AcH' values are 
concerned, these data reflect the distinctive properties of cryptand 222 (intermolecular 
cavity) relative to cryptand 22 (loop); triethylamine and atropine. In fact, the enthalpy 
value for cryptand 222 is about twice that of atropine. This result strongly suggests that 
the proton is sitting in the cavity of cryptand 222 and therefore, interacting with the donor 
atoms of the ligand. It is expected that this effect would be reflected to a lesser extent for 
cryptand 22 which may be regarded as a circular array of oxygen and nitrogen atoms. This 
interpretation makes chemical sense since the hydrophilic environment provided by the 
cavity of cryptand 222 would be more suitable for the proton than the poor solvating 
medium offered by the solvent. 13C N M R  studies confirmed that the proton is residing in  
the cavity of the ligand. A detailed interpretation of the N M R  data will be reported 
shortly. 

EXTRACTION OF AMlNES BY b-TERT BUTYL CALIX(8)ARENE 

I n  a solvent extraction process (direct partition) involving water and benzonitrile, the t w o  
solvents would be mutually saturated and therefore, i t  may be argued that thermodynamic 
data referred to benzonitrile in  its pure state would differ from corresponding data i n  the 
saturated solvent. However, for systems constituted by two solvents whose mutual 
solubility is very low; such as water-dichloromethane (ref. 32); water-nitrobenzene (ref. 33) 
as well as water-benzonitrile (ref. 34); it has been demonstrated that thermodynamic data 
in the pure solvent are i n  excellent agreement with data in the water-saturated solvent. 
Therefore, the extraction of amines by p-rn butyl calix(8 arene in the water-benzonitrile 
solvent system is discussed on the basis of data referred to t h e pure solvent. 
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Since p-u butyl calix(8)arene is rather insoluble i n  water, the  extraction of amines by this 
ligand from water to benzonitrile may be schematically represented by 

HzO A 
(14) Atl; ' ,  _ - _ - - - - - - - - - - - - - - - - - - -  - _ _ _ _ _ _ _ - - - - - - - - - - -  - - - - - - - r .I- - 

-I [AH' Calix 8-1 A G' s = CsHsCN A + Calix 8 D A H '  + Calix 8- 

where AtG' denotes the transfer Gibbs energy for the amine from water to benzonitrile and 
ApG* and AaG* are the Gibbs energies for the processes given by eqs. (3) and (2); 
respectively. Therefore, the overall Gibbs energy; A G * ;  is given by 

ex t  

A ex t  G' = AtG' (A)  (H2O -+ S) + ApG' (s) - AaG* (s) (15) 

Data  for the individual processes as well as Gibbs energy for t he  overall extraction of 
various amines by Calix 8 from water to benzonitrile a t  298.15K is given in Table 3. 

TABLE 3. Gibbs energy da ta  in kJ mol-1 for the extraction of amines 
by p t t  butyl calur(8)arene from water to benzonitrile at 
298.15K 

Cryptand 222 7.241, -6.16': -14.38f -13.30 

Cryptmd 22 7.14 -3.54J -14.96f -11.36 

Atropine -4.23 -2.45e -16.38d -23.06 

l-Aminoadaman tane -5.68 -3.255 -15.16d -24.09 

a This work is derived from solubility measurements of t he  appropriate 
amine i n  H 2 0  and i n  CsI-IsCN. I n  water corrections were applied to 
account for hydrolysis of amines, b From ref. 34, c Conductimetric 
(Table 1) and potentiometric \.dues (sw text) ,  d Conductimetric 
method, e Conductimetric and ?otentiometric methods. f From Table 1. 

The  Gibbs energy values for the extracticn process. A G" shown in Table 3 clearly reflect 
tha t  these amines are more favourably tiansferred to the  organic phase in the presence of p-w butyl-calix(8)arene than i n  its absence. I,ndeed, in all cases A G' are more 
negative than AtG' values. However, t h e  main contribution to the  overall extraction is 
given by the ion-pair formation process (-A,G') between the  calixarene anion and the 
protonated amine. I t  is clear from this iable t h a t  the higher extraction da ta  ( A  G' more 
negative) for atropine and 1-aminoadamz;ltane relative to  the cryptands are largely due to 
the favourable transfer of the former an::nes relative to the latter.  From A G' values 
KeXt values were calculated and as a result it  was found that in the presence of p-u 
butylcalix(8)arene; 1- aminoadamantate is more favourably transferred by factors of about 
1.5, 77 and 170 relative to atropine; cryptand 222 and cryptand 22, respectively. These 
d a t a  a re  now being corroborated by the direct partition of amines in the presence of the 
octamer i n  the organic phase. 

ex t 

ext 

ext 

ex t  

Similar calculations can  be applied to the extraction of electrolytes by calixarene derivatives 
(provided that these derivatives a re  rather insoluble in water). In this case, relevant 
parameters to be considered are i )  the  transfer of the  electrolyte from water to the or anic 
phase, ii) The  stability constant of the cation and the  ligand in  the  organic phase, iiif Ion 
pair formation of the  uncomplexed and complexed cations with the  appropriate anion in the 
non-aqueous phase. Factors which contribute to the overall extraction of electrolytes from 
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- - and in benzonitrile. Although very low conductances are observed, 
the presence of ions in  solution is detected when the amines are 
titrated with the tetramer, as reflected i n  the conductimetric titration 
curve (Fig. 3) at 298.15 K. The conductimetric titration curves 
suggest that these amines are likely to undergo homoconjugation in 
solution and therefore, the highest A, values are observed when 

- H triethylamine and cryptand 222 are 50% neutralised. For the former 

H 

/ 1- " O q  

-4  

water by macrocyclic ligands have been previously discussed by US (ref. 4). 
extraction of cations by various calixarene derivatives is in progress (ref. 23). 

It has been often inferred that if a ligand selectively binds a guest (cation) in a 
non-aqueous solvent, this ligand would selectively extract that particular guest from water. 
On this basis, correlations have been made between extraction and stability constant data 
(ref. 35). The above discussion demonstrates that there are factors other than stability 
constant data which contribute to the overall extraction process. These have not yet been 
considered in the field of calixarene chemistry. Therefore, we conclude that this is the first 
study in which the different parameters which contribute to the overall process are 
quantitatively assessed for systems involving these ligands. 

Research on the 
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Fig. 3. Conductimetric titration curve of 2 
with amines in chloroform a t  298.15 K 
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Fig.4. Continuous variation plot for thc 
formation of 2-triethylamine adduct in 
chloroform 

We are now attempting to analyse the conductimetric titration curves to derive equilibria 
data for the different processes taking place. Other studies involve 13C NMR and 1H N M R  
as well as the thermodynamics associated to these processes. 
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