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A series of alkyl 1 5,35,55.75.95,1 1 5 -  hexa-tert-butyl-I .3.5.7,9,11- hexa[l,3] benzenacyclododecaphane 
esters have been prepared that selectively bind to alkylammonium cations. Ester ligands showed 
extraction efficiency toward alkylamines in the sequence of ammonium < Me = E t  > Pr > Pr' > 
Bu > Bui = Bus > tert-butylammonium guests. Single and competitive transport experiments of 
butylamines also confirmed the binding properties obtained with extraction experiments and the 
transport selectivity for Bu/Bu' pair exceeds 25. Conformational properties, such as 1, and AG,:, 
of ester ligands were investigated by means of temperature-dependent 'H N M R spectroscopy. 
Conformational freedom was generally found to decrease as the size of substituent of ester side 
chain increased. 'H NMR complexation studies of ethyl ester 2 with caesium tetraphenylborate and 
butylammonium picrate guests suggest that the conformational reorganization into a cone con- 
formation has provoked complex formation. 

Numerous attempts have been made to design new host systems 
which can selectively interact and perform intriguing molecular 
recognitions, mimicking closely related fundamental biological 
processes. v 2  Particularly, selective binding of organic ammo- 
nium guests attracts much research interest, which results in the 
development of many sophisticated host systems.3ps 

Calixarenes received much interest as a building block for the 
construction of a versatile biomimetic system.6 Much attention 
in this area has focused principally on the functionalization 
of calix[4]arenes among the calixarene family. '-" However, 
calix[6]arenes have a higher degree of functionality and 
attractive structural properties that originate from their 
molecular flexibility and the possibility of making them rigid. In 
this regard, there are strong demands for the introduction of 
more elaborate functional groups onto the rigid framework 
of calix[6]arenes for the development of novel biomimetic 
systems. ' O ' 

We have focused our attention on the construction of a novel 
device for the molecular recognition of alkylammonium guests 
which is based upon the calixarene framework.15*16 Even 
though some progress has been made on the design of suitably 
functionalized calixarene derivatives for the molecular recog- 
nition of amine and related a lot remains to be 
done. In this paper, we report the conformational and the 
molecular recognition behaviour toward alkylammonium 
guests of calix[6]arene-based ester derivatives, aiming for the 
design of a more elaborate host for biogenic amines as well as 
many related biologically interesting guests. 

Experimental 
General.--All reagents were used as received without further 

purification: solvents were purified according to standard 
procedures. 'H NMR spectra were obtained on a Varian 
Gemini-300 spectrometer (300 MHz) or Bruker AMX-500 
spectrometer (500 MHz) using Me4Si as an internal standard. 
UV spectra were recorded on a Shimadzu UV-240 spectro- 
photometer. Melting points were measured with a Gallenkamp 
melting point apparatus and are not corrected. Elemental 
analyses were carried out by a Perkin-Elmer CHN 2400 
instrument at Korea Basic Science Center in Seoul, Korea. 

f- CalixC6larene = 1,3,5,7,9,1 I -hexa[1,3]benzenacyclododecaphane. 

1 R = M e  
2 R = E t  
3 R = P r  
4 R = P +  
5 R = B u  
6 R = B d  

7 

0 

Analytical TLC was performed on precoated silica gel 
60F-254 plates. 

Preparation of Ligandx-The methyl and ethyl esters of 
1 5,35,55,75,9s,1 1 -hexa-tert-butyl-l,3,5,7,9,1l-hexa[l,3]ben- 
zenacyclododecaphane, 1 and 2, were prepared according to the 
reported standard procedure. l 4  The debutylated ethyl ester 7 
and the methyl ketone 8 were also prepared according to the 
reported procedure. l 4  

The propyl ester 3 and butyl ester 5 were prepared in the same 
manner as 1 by transesterification reactions with propyl and 
butyl alcohols, respectively, in the presence of toluene-p- 
sulfonic acid. After standard work-up, the product was purified 
by recrystallization from CH,CI,-methanol mixture. 

15,35,55,75,95,1 1 5-Hexa-tert-buty/-l 2,32,52,72,92,1 1 2-hexu- 
(propoxycarbon~/methox)?)- I ,3,5,7,9,11 -hexa[ 1,3]benzena- 
cyclododecaphane (3). Yield 88%, m.p. 223-224 "C; 6,(300 
MHz;CDC13)0.99(54H,s), 1.01 (18H,t) ,  1.63(12H,m),4.13 
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(12 H, t), 3.97 (12 H, s), 4 .54 .7  (12 H, br s) and 6.92 (12 H, s) 
(Found: C, 73.3; H, 8.4. C96H13201R requires C, 73.25; H, 
8.45%). 
The hutylester 5. Yield 78.50/,, m.p. 201-203 "C; 6,[500 MHz; 

(C12DC),;80"C]0.96(72H,brs), 1.43(12H,m), 1.68(12H,t), 
4.04.2(12H,brs),4.21 (12H,t),4.60(12H, s)and6.96(12H, s) 
(Found: C, 74.1; H, 9.1. C102H144018 requires C, 73.88; H, 
8.75%). 

The isopropyl ester 4 was prepared by direct alkylation with 
isopropyl bromoacetate following the same procedure to that 
employed for the preparation of 2. 
The isopropyl ester 4. Yield 76%, m.p. 297 "C; dH[5O0 MHz; 

(CI,DC),; 100 "C] 0.99 (54 H, s), 1.32 (36 H, s), 4.11 (12 H, s), 
4.59 (12 H, s), 5.14 (6 H, s) and 6.94 (12 H, s) (Found: C, 73.5; H, 
8.4. C9,H ,,01 requires C, 73.25; H, 8.45%). 
The tert-hutylester6. To a mixture of 1 5,35,55,75,95,1 1 '-hexa- 

tert-butyl- 1,3,5,7,9, I 1 -hexa[ 1,3]benzenacyclododecaphane 
(1.96 g, 2.0 mmol), K,CO, (2.48 g, 18 mmol) and KI (40 mg) in 
methyl isobutyl ketone (MIBK) (160 cm3) was added tert-butyl 
bromoacetate (2.92 cm3, 18 mmol) under N,. After 24 h of 
refluxing the reaction mixture was concentrated under reduced 
pressure and the residue was partitioned between water and 
CH2C12. The separated organic layer was washed successively 
with saturated aqueous NaHCO, and water, then dried 
(MgSO,). The evaporated residue was recrystallized from 
methanol to give colourless crystals of 6 (72%): m.p. 290°C 
(decornp.); 6,[500 MHz; (Cl,DC),; 100 "C] 0.97 (54 H, s), 1.54 
(54H,s), 3.954.15(12H, brs),4.56(12H,s)and6.97(12H,s) 
(Found: C, 72.9; H, 8.9. C102H14401R requires C, 73.88; H, 
8.75%). 

E.utruction Experir?zents.-Alkylammonium picrates were 
prepared by the neutralization of appropriate alkylamines with 
picric acid in methanol or ethanol.' The picrate stock solution 
was prepared (7.0 x 10 mol drn-,) using deionized water. 
The ligand was 3.5 x lop3 mol dm in CH,Cl,. Each solution 
(5 cm3) was placed in a centrifuge tube stoppered with a Teflon- 
lined screw cap and the mixture was placed in a temperature- 
regulated circulating thermostat (25 & 0.1 "C) for 1 h to 
ensure the thermal equilibrium. The mixture was then mixed 
thoroughly for 1 min with a Vortex-Genie and centrifuged to 
hasten the phase separation. Concentration of the picrate salt 
in aqueous and organic phases were determined by UV 
spectrophotometry: h,,,(H,O)/nm 356 (&/dm3 mol-' cm-' 
1.45 x lo4); h,,,(CH,Cl,)/nm 378 (&/dm3 mol-' cm-' 1.8 x 
1 04). ' For each ligand and guest cation, at  least three separate 
measurements were performed to ensure the values. 

Transport Experiments.-Transport experiments across the 
liquid membrane were performed at 25 "C using a U-tube 
(1.8 cm, i.d.) apparatus.20 A chloroform solution (15 cm3) 
containing carrier (3.3 mmol drn-,) was placed at the bottom 
of the apparatus. On the source phase was carefully added 
aqueous alkylammonium perchlorate solution (0.05 mol dm-3; 

Table 1 T, and AGCt for ester derivatives 1-4' 

10 cm3) and on the receiving phase was placed deionized water 
(10 cm')). The membrane phase was magnetically stirred at 
constant speed of 200 rpm. The transport rates were obtained 
by measuring co-transported C10,- ion in the receiving 
aqueous phase by the ion selective electrode method (Orion 
Microprocessor Ionalyzer 90 1, Orion 93-8 1 perchlorate 
electrode). 

Competitive transport of butylammonium guests was per- 
formed using identical U-tube apparatus except employing 
deuteriated solvents for the sake of detectability. The source 
phase was a mixture of four butylammonium guests (each 
0.50 mmol) in 5.0 cm3 of D,O and the receiving phase was 
5.0 cm3 of D,O. The membrane phase was a 3.0 mmol dm-3 
solution of carrier in 15 cm3 of CDCl,. The total transport 
rate was determined by measuring co-transported perchlorate 
concentration in the receiving aqueous phase and the individual 
transport rates of constituent guests were determined by 'H 
NMR spectroscopy (500 MHz). 

Results and Discussion 
Synthesis and Conformational Properties of Ligandx-The 

hexa-tert-butylhexabenzenacyclododecaphane-based ester 
hosts were prepared by alkylation with the appropriate alkyl 
bromoacetate or by a transesterification reaction of the ethyl 
ester derivative 2 with the appropriate alcohol in the presence 
of toluene-p-sulfonic acid. l4  The tert-butyl ester was obtained 
by the direct alkylation with tert-butyl bromoacetate in the 
presence of K2C03  under refluxing MIBK. This is a rather 
strenuous reaction condition, using high boiling MTBK, in 
order to realize exhaustive alkylation. 

Temperature-dependent H NMR (500 MHz) properties of 
the ester derivatives were investigated using CDC1, or 
(CI,DC), as solvent. From these experiments, the coalescence 
temperature (T,) and free energy of activation (AGCs) were 
estimated 

The methyl and ethyl esters 1 and 2 exhibited relatively broad 
resonance lines for all the protons at room temperature. Their 
spectra transformed into a sharp resonance pattern upon 
cooling down to 243 K as shown in Fig. 1 for the methyl ester 1 .  
Of particular interest is that the resonances of the bridging 

and the results are summarized in Table 1. 

_rrr 

8 7 6 5 4 3 2 1 0  
6 

Fig. 1 
- 30 "C. Signals marked with x are from residual solvents. 

'H NMR spectra of methyl ester 1 in CDCl,: ( u )  33,  ( b )  at 

Methylene shift Hz 

T, "C H(A) H(B) k,/s-' AG,:/kcal mol-' Ester Solvent 

1 CDCI, 15 2229.9 1732.1 1109 12.9 

3 CDCl, 32 2262.6 1796.2 1038 13.7 
4 (CI,DC)2 56 2244.7 1786.2 1021 14.8 
5 (C12DC)z 59 2372.9 1784.0 1311 14.7 
6 (CIZDCjz 86 2407.1 1776.5 1403 15.9 

2 CDCl, -2 2252.6 1793.3 1023 12.2 

At 500 MHz. 
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methylene protons are resolved from a broad singlet into a pair 
of doublets, with a singlet intervening at low temperature. That 
may be due to the adoption of the 1,2,3-alternate conformation 
at low temperature,' ' s 2 ,  The free energy of conformational 
interconversion of 1 and 2 is estimated to be 12.9 and 12.2 kcal 
mol-', respectively. That is smaller than the value of 13.3 kcal 
mol of the unmodified hexa-tert-butylhexabenzenacyclo- 
dodecaphane.* ' which suggests that the conformational proper- 
ties of the ester derivatives 1 and 2 are rather flexible, compared 
with that of the unsubstituted parent compound. One thing to 
be noted is that methyl ester 1 is found to have a slightly larger 
activation energy for conformational interconversion than the 
ethyl ester 2, which is contrary to the expectation from simple 
bulkiness of the substituent. 

For the propyl ester 3, T, was found to be 305 K, and for 5 
with the more bulky butyl substituent, T, increases again to 
329 K with a concomitant increase in AGct. The trend is well 
explained by simply invoking the oxygen-through annulus 
rotation,,, and that T, is sensitive to the bulkiness of the 
substituent on the lower rim phenol ether oxygen.24 Meanwhile, 
for the isopropyl ester 4, T, increases up to 332 K; which is even 
higher than that of the butyl derivative. This observation 
indicates that the introduction of an extra a-methyl group on 
the alkyl side chain of the ester function has a significant effect 
on the conformational freedom of the present host system. 

Of particular interest is that the tert-butyl ester 6 showed a 
relatively simple 'H NMR spectral pattern at room temperature 
suggesting that 6 has a high degree of symmetry in solution 
(CDCI,). All the peaks are relatively sharp, compared with the 
NMR spectrum of lower homologue esters, which means that 
the conformational interconversion through oxygen-through 
annulus is somewhat frozen. There are two singlets and two 
pairs of doublets in the region of 3.0-5.5 ppm. Two cross peaks 
appeared in the COSY spectrum that may be ascribed to the 
bridging methylene and O-CH2-C02 protons, respectively 
(Fig. 2). The familiar pattern of one singlet and a pair of 
doublets arising from the bridging methylene protons is 
diagnostic and well commensurate with the 'up-out-up-down- 
out-down' 1,2,3-alternate conformation.' ' 

The same pattern consisting of a doublet intervening with a 
singlet was also observed for the O-CH,-C02 protons. That 
may be due to the restricted rotation of the methylene protons 
adjacent to the carbonyl function of side chains. Examination of 
Corey-Pauling-Koltun molecular model of 6 suggests that the 
periphery of the hexa-frrt-butylhexabenzenacyclododecaphane 
cavity is too crowded, with 12 tert-butyl groups. to allow free 
rotation of the substituents. Even with these circumstances, the 
outward and central part of the 1,2,3-alternate region might still 
possess a symmetry plane that yields a singlet peak. However, 
the lateral up or down part of the ligands lacks any symmetry 
elements, that makes the 0-CH,-CO, portion diastereotopic 
and results in splitting into a pair of doublets. 

To investigate the conformational behaviour of the present 
host system more deeply, we performed a 'H NMR titration 
(CDCI,) with Cs' cation that is known to form a verp strong 
complex with ester derivatives of ~alix[6]arene.'~ Upon 
interaction with caesium tetraphenylborate, the bridging methy- 
lene resonance of 2 started to change from a broad singlet into 
a well defined pattern of a pair of doublets (Fig. 3). That is a 
characteristic pattern of the cone conformation of calixarenes. " 
With 0.5 equivalent of guest, there exists both signals for free 
and complexed host indicating that the complevation rate is 
relatively slow on the NMR time scale.27 Propyl and butyl 
esters also showed the above mentioned characteristic spectral 
changes. The strong interaction with Cs+ ion seems to 
overcome the activation barrier for the conformational re- 
organization of host into its cone conformation. To be noted is 
that the methyl ester 1 exhibits an almost featureless and broad 

i ~ l ~ l ~ l ' i ~ l ~ i ' i ~ i ~ i ~ l  

5.2 4.0 4.4 4.0 3.6 3.2 
6 

Methylene region of a COSY spectrum of 6 in CDC1, Fig. 2 

L ~ I ~ I  I I I I ,  

8 7 6 5 4 3 

Partial 'H NMR spectra of 2 (5.0 x 10 

6 

Fig. 3 mol dm '): ( a )  in 
the absence of guest, (h )  in the presence of 0.5 equiv. CsBPh, and ( c )  
in the presence of 1.0 equiv. CsBPh, (CDCI,, 300 MHz) 

'H NMR spectrum upon titration with caesium salt. The 
intermolecular association-dissociation rate of complexation of 
Cs' for 1 seems to be somewhat faster than the ethyl ester 2 
and higher homologues. 

Titration of the ethyl ester 2 with butylammonium picrate 
also was performed. Upon interaction with excess butyl- 
ammonium picrate guest, the ArCH,Ar bridging methylene 
resonance of the host 2 changed from a broad singlet into a pair 
of doublets at 3.42 and 4.56 ppm ( J  = 14.7 Hz) in CDCI,. This 
is again commensurate with the adoption of a cone con- 
formation of the calixC6larene host, which is requisite for 
the binding of alkylammonium guests." 

Extruction qf Alkj.lummoniurti Picrates.-The molecular 
recognition properties of ester derivatives were determined by 
the standard solvent extraction technique of picrate salts at 
25 "C and the results are summarized in Table 2. The employed 
ligands are of varying structures ranging from methyl to butyl 
esters. To verify the detailed structural features of the guests 
on the binding, common isomers of primary alkylamines up to 
butylamines were systematically tested as guests. 

The binding affinity is markedly dependent upon the 
structural features of both hosts and guests. Generally. for a 
given ester derivative, the extraction efficiency increase5 
on going from ammonium to ethylammonium guest, then 



838 J. CHEM. SOC. PERKIN TRANS. 2 1994 

Table 2 Extraction of alkylammonium picrates a 
~~ 

Picrate extraction (%) 

Ligand R = H Me Et Pr Pr' Bu Bu' Bus But 

1 1.3 
2 11.4 
3 10.5 
4 10.6 
5 11.5 
6 3.7 
7 6.9 
8 1.3 
DB18C6 2.0 

18.3 24.4 8.6 7.2 7.0 4.5 5.3 3.4 
71.2 76.4 51.3 44.5 34.0 22.3 22.8 9.8 
71.2 74.1 48.3 43.9 30.5 21.3 20.1 9.4 
64.7 74.1 56.6 49.6 40.9 27.6 28.3 11.5 
59.0 73.9 49.0 45.5 32.6 23.5 22.2 12.5 
34.9 73.3 67.7 61.9 45.1 48.8 38.5 16.7 
26.9 13.9 13.3 5.6 15.9 1.3 3.0 1.7 
3.3 6.5 4.0 3.9 6.3 5.9 5.6 4.8 
3.6 5.7 12.4 11.8 23.8 18.5 17.9 17.8 

(I At 25 "C; organic phase ( 5  cm3): [ligand] = 3.5 x mol dm-3; aqueous phase ( 5  cm3): [alkylammonium picrate] = 7.0 x mol dm '. 

gradually decreases down to butylammonium guests. That is, 
the sequence is: ammonium -= Me = Et > Pr > Pr' > Bu > 
Bu' = Bus > tert-butylammonium salt. This observation sug- 
gests that, in addition to the electrostatic and hydrogen bonding 
interaction between the ester carbonyl binding sites and the 
ammonium moiety, the secondary interaction between the alkyl 
side chain of the ester function of the hexa-tert-butyl- 
hexabenzenacyclododecaphane derivative and alkyl moiety of 
the guest ammonium salt is operating. Within the butyl- 
ammonium guests the general trend in extraction efficiency 
decreased in the sequence Bu > Bu' N Bus > Bu'.15 

As regards to the effect of substituent of the hosts, an 
interesting fact to be noted is that the binding efficiency 
markedly increases from methyl to ethyl ester. A similar 
observation of less efficient binding of the methyl ester 1 toward 
metal ions was reported earlier by McKervey et a l l 4  It is 
noteworthy that higher homologues 2-5 exhibit quite similar 
binding behaviour toward all the tested guests. 

The presence of the tert-butyl substituent on the upper rim of 
calixarene is found to have a pronounced effect on the binding 
properties. That is, the debutylated ethyl ester 7 exhibited much 
inferior extraction behaviour compared with 2, which might be 
due to the decreased lipophilicity and/or increased confor- 
mational freedom as judged from its temperature dependent 'H 
NMR behaviour. 

Also to be noted is that the methyl ketone derivative 8 
exhibits much reduced binding efficiency compared with that of 
ester  derivative^.'^ This result shows the relatively optimized 
structure of ester derivatives for the molecular recognition of 
amines. 

The binding properties of the present ester functions were 
compared with that of dibenzo-18-crown-6 * (DB18C6), which 
has a somewhat related structural property with the present 
ester ligands among the crown ether family. DBl8C6 exhibited 
gradually increasing extraction behaviour toward ammonium 
guests of increasing alkyl substituents from ammonium picrate 
to butylammonium salt. However, the extraction ability was 
less pronounced than that of calix[6]arene-based ester ligands 
in spite of the well known rigid coronand type structure. 
Furthermore, the discrimination behaviour toward alkylamines 
is not obvious. That might be due to the two dimensional 
coronand nature of the crown  ether^.^ 

Liquid Membrane Transport.-To understand the molecular 
recognition properties better, ester ligands were examined as 
carriers for the transport of butylammonium perchlorates 
through a chloroform liquid membrane using a U-tube 
apparatus.20 Butylamines were chosen as guests because they 
possess the representatively varying alkyl substituent suitable 

* Dibenzo-18-crown-6 = 1,9-di[1,2]benzena-2,5,8,10,13,16-hexaoxa- 
cyclohexadecaphane. 

Table 3 Single transport of butylammonium perchlorates by esters 1- 
5" 

Transport rate/10-6 mol dm-, h-' 

Carrier Bu Bu' Bus But Bu/Bu' 

Control 0.20 0.20 0.20 0.14 1.5 
1 1.6 0.65 0.39 0.43 3.7 
2 11.3 4.2 2.8 0.80 14.2 
3 9.8 3.7 3.6 0.70 14.1 
4 11.4 5.0 3.9 0.97 11.8 
5 12.4 3.8 3.4 0.85 14.6 

a Source phase: aqueous solution contains 0.5 mmol of butylammonium 
perchlorates (10 cm3). Membrane: 0.05 mmol carrier in CHCI, (15 
cm'). Selectivity factor. 

for the elucidation of the effect of subtle structural variations for 
the molecular recognition of biogenic amines. 28  The transport 
experiment was performed until less than 1 % of employed guest 
was transported. In single transport, the rate was determined by 
means of a perchlorate selective electrode from the appearance 
of co-transported perchlorate salt in the receiving aqueous 
phase and the results are summarized in Table 3. 

All the tested ester carriers exhibited significant transport 
efficiency and selectivity toward butylammonium guests. The 
transport properties of calixC6larene-based ester carriers are 
found to be strongly dependent upon the alkyl substituent of the 
ester side chains duplicating the trend obtained with extraction 
experiments. That is the transport efficiency of ester derivative 
changes in the following sequence; 1 < 2 = 3 2: 4 2: 5. The 
transport behaviour was unique in the methyl ester again, 
among the tested carriers. The methyl ester 1 showed much 
inferior transport behaviour; inferior both in transport rate and 
selectivity. Of particular interest is the discrimination behaviour 
toward the Bu/Bu' pair, which is described as the selectivity 
factor of the transport rate of corresponding guests. They 
ranged from 3.70 to 14.6 for 1 and 5 ,  respectively. 

To obtain more insight into the selective transport behaviour 
of the present carriers toward butylammonium salts, we 
performed competition transport from aqueous solution 
containing mixtures of four butylammonium perchlorate salts. 
Esters 2 and 4 were chosen as carriers because they showed 
somewhat different single transport behaviour. The transport 
system was the same as for single transport, except for employing 
deuteriated solvents in order to avoid interference from the large 
residual solvent peaks in 'H NMR spectra. The transported 
amounts were measured after 24 h of stirring from the integrals 
of characteristic peaks for each constituent butylammonium 
guest in the receiving aqueous phase by 'H NMR spectroscopy 
(500 MHz). For comparison the result for DB 18C6 is included. 

As can be seen from Table 4, the general trend in single 
transport behaviour is retained in competitive transport. 
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Table 4 Competitive transport of butylammonium perchlorates 

Transport ratell 0-6 mol dm-3 h-' 

Carrier Bu Bu' Bus But 

2 5.1 2.1 1.7 0.2 I 
4 4.6 2.1 1.9 0.1 1 
DB 18C6 4.3 2.6 2.3 1.6 

"Source phase: aqueous solution contains 0.5 mmol each of 
butylammonium perchlorates in D,O ( 5  cm3). Membrane: 0.05 mmol 
carrier in CDCI, (1 5 cm3). 

However, the selectivity between the Bu/Bu' pair increased 
around two-fold as compared with single transport experiment. 
The selectivity factor of ca. 25 for ester derivatives is much larger 
than that of 2.7 for DB18C6. In fact, the selectivity might be 
much better than this estimate, because the reported values 
could not be corrected from the control experiment with 
reasonable accuracy.* 
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