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The water-soluble tetra- and hexasulfonated calix[4] and 
calix[6]arenes bind very strongly the neurotransmitter acetylcho- 
line and other quaternary ammonium cations with association 
constants K, up to 4x105 M-’ for NEt,+. The high affinities for 
choline and acetylcholine (I&= 5x10, to 8x10‘‘ M ’ )  are comparable 
to those of the biological recognition sites. The crystal structure of 
the [choline-tetrasulfonated calix[4]arene] complex was deter- 
mined. Two complexes A and B were observed in the asymmetric 
unit. In each one, the choline inserts its N-terminal inside the cavity 
of the receptor. The calix[4]arene adopts a single cone conforma- 
tion but the choline substrate is in an extended conformation in 
complex A and adopts two other folded conformations in complex 
B (75%-25%). The very high association constants and the crystal 
structure provide important information about the nature of the 
binding in this biologically most relevant complex. 

INTRODUCTION 

The binding of quaternary ammonium molecular sub- 
strates by macrocyclic receptors has been a subject of 
much activity in recent years. Most of these studies 
involved water-soluble receptors bearing negatively 
charged groups’-” although some reports on the size 
selective binding of ammonium ions by neutral receptors 
in water” as well as in organic medial3-” have been 
recently published. Of special interest, from the biologi- 
cal point of view, is the binding of the neurotransmitter 

*To whom correspondence should be addressed 

acetylcholine and of related quaternary ammonium 
ions.I8 

The binding of molecular cations in water is a very 
complicated phenomenon in which electrostatic forces 
and hydrophobic effects play a major role but other 
factors have also to be considered. The stabilizing 
cation-n interactions between the positive charge of the 
ammonium cation and an electron rich aromatic ring 
could be of special importance, particularly in biological 
recognition of the neurotransmitter a c e t y l ~ h o l i n e . ~ ~ ’ ~ , ~ ~  
This agrees with the determination of the structure of the 
binding site of acetylcholine in acetylcholine esterase 
(AChE) showing a narrow pocket surrounded by 14 
aromatic residues with no negative charge in the imme- 
diate vicinity.” Biological results are in line with these 
views2’ Very recently, it was suggested that the degree 
of freedom of the bound substrate may also play a 
significant role; a relatively loose association would be 
more favorable than a tight lock and key pairing to 
achieve a strong binding of quaternary ammonium spe- 
cies in water.8b 

Acetylcholine binding by a biological receptor involv- 
ing interaction with both lipophilic and anionic resi- 
d u e ~ ~ ~ ,  further enhancement of binding strength should 
result from constructing artificial lipophilic anionic cavi- 
ties better suited to its geometry. Such receptor mol- 
ecules would take advantage of the synergistic effect of 
electrostatic forces and apolar groups as defined for 
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98 J-M LEHN ETAL 

speleands and speleate complexes' Corey-Pauling- 
Koltun (CPK) models show that water-soluble calixarene 
derivatives delineate appropriate cavities, the symmetry 
of the calix[6] derivative being particularly well adapted 
to that of the quaternary ammonium group of acetylcho- 
line. Indeed it has been shown that tetrasodium 
p-sulfonatocalix[n]arenes 1 (n=4) and 2 (n=6) form 1:1 
complexes with trimethylanilinium chloride and 
1 -adamantyltrimethylammonium chloride in D,O and 
the association constants (K,) were estimated by the 
NMR method.' 'H and I3C NMR studies of the complex 
formed from the calix[4]arene derivative and trimethy- 
lanilinium chloride, in D,O, showed that the substrate is 
bound to the cone-shaped cavity of the calixarene. It was 
assumed that in acidic medium the phenyl moiety lies in 
the cavity whereas in neutral medium both the trimethy- 
lammonium and the phenyl moiety are included nonspe- 
cifically. X-ray crystallographic studies of the complex 
crystallized from acidic aqueous solution confirmed this 
conclu~ion.'~ Recently the binding of trialkylferrocenyl- 
methyl ammonium derivatives by 2 was also described." 

Our early interest in the binding process of neurotrans- 
mitters, specifically of choline and acetylcholine,'a led 
us to also investigate their interaction with polysul- 
fonated calixarenes. We report here the complexation of 
a series of quaternary ammonium cations by the 
p-sulfonatocalix[4] and [6]arenes 1 and 2, as well as the 
crystal structure of a choline-p-sulfonated calix[4]arene 
complex. 

EXPERIMENTAL SECTION 

At the beginning of this work the calix[4] and calix[6] 
p-sulfonic acids 1 and 2 were prepared according to 
ScharfT et aLZ4 These compounds are now commercially 
available from Janssen Chimica. 

P 
o=s=o 

.OH 

o=s=o 
OH 
1 

Determination of association constants 
Proton NMR spectra were recorded on a Bruker AC 200 
spectrometer. Stability constants, log K,, and limiting 
chemical shifts, AS,,,,,, were calculated from the plots of 
substrate chemical shifts A6 as a function of macrocycle: 
substrate ratio, obtained by diluting an aqueous mixture 
of 1 or 2 ( M), adjusted 
to pD 7.3 with a 0.1 M phosphate buffer, at ca 23°C. with 
an aqueous solution of the substrate at the same concen- 
tration ( lo4 M). In this manner, the concentration of the 
substrate was kept constant ( M) while the concen- 
tration of 1 and 2 varied from lo-, M to ~ X ~ O - ~ M .  In the 
case of 2, competition experiments I )  between NBu,' 
taken as reference substrate and PhNMe,' or NMe,' 2) 
between PhNMe,' as reference and MeCO, CH,- 
CH2NMe3+ or HOCH,CH,NMe,', gave ratios of stabil- 
ity constants consistent with the direct method. All 
substrates were used as halide salts. 

M) and of the substrate ( 

X-ray structure determination for the [choline- 
tetrasulfonated calix[4]-arene] complex 
A solution of 100 mg of calix[4]arene sulfonic acid 1 and 
32 mg of choline chloride in 4 mL of water was brought 
to pH 7.3 by adding 1N NaOH. This solution was 
evaporated to dryness; the residue was dissolved in 0.7 
mL of water and 1.57 mL of MeOH were added. The 
open vial containing this mixture was placed in a closed 
larger vial containing 4 mL of THE The diffusion of THF 
in the water-MeOH mixture gave crystals suitable for 
X-ray studies. 

A crystal of O.Sx0.65xl.O mm3 was used in a sealed 
glass capillary. The intensities of 15399 reflections were 
measured with a Philips PW 11 00 4-circle diffractometer 
using monochromatized CuK, radiation [speed 0.1 O s-I, 
width (14 .4  tang e ) O ,  mode 0/28]. An empirical absorp- 
tion correction was applied (p=3.2 mm-1). The 8813 
independent and significant [I>30(i) reflections were 

Y o=s=o 

HO' e0 

o=s=o 
I 
OH 
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Figwe 1 Plots of the observed (open circles) and calculated (curve) 
upfield shifts A8 (in Hertz at 200 MHz) of the 'H-NMR CH, signal of 
acetylcholine obtained by progressive addition of the substrate S to the 
artificial receptor 1 in aqueous solution at pH 7.3, 23°C. 

used to solve2' and refine26 the structure. Anisotropic 
thermal parameters were refined (with the exception of 
minoritary disordered atoms) during F-based blocked 
least-squares refinement (1 237 variable parameters, in 4 
blocks). Hydrogen atoms were calculated at theoretical 
positions whenever possible and introduced in structure 
factors calculation with isotropic temperature factors. 
The final R index was 0.064 (R,=0.069). The crystallo- 
graphic data are collected in Table 2. 

RESULTS AND DISCUSSION 

Determination of the association constants 
When various ammonium cations were added to 1 and 2 
in aqueous solution their 'H NMR spectra displayed 
large upfield shifts A& which reached a limiting value at 
a high proportion of calixarenes (Figure 1). The curves 
A&f[C]I[S], ([C] and [S] being the calixarene and 
substrate concentrations, respectively) indicated the for- 
mation of a 1: 1 complex and the association constants K, 
were determined by a non-linear least squares method2' 
(Table 1). 

The two compounds 1 and 2 form remarkably stable 
complexes with all the cationic ammonium substrates 
studied and the large shielding effects observed indicate 
that inclusion of the substrates into the aromatic cavities 
of the receptor probably takes place. Except entries 2,3 
and 4 (Table l), the stability constants are approxima- 
tively the same for the complexes of the two calixarenes 
but the limiting 'H NMR upfield shifts A&, are always 
greater with the calix[4]arene than with the calix[6]arene 
derivative, even with similar stability constants. In fact in 
the solid state a cone conformation is observed for the 
calix[4]arene-~ulfonate~~ whereas the calix[6]arene- 
sulfonate adopts a double partial cone c~nformation~~. If 
the solid-state conformation is assumed to reflect that of 
the solution state3' there is no direct correlation between 
the binding properties of 1 and 2. It may be that the 
stronger electrostatic interaction expected for the hexa- 
anionic 2 with respect to the tetracharged 1 is compen- 
sated in part by the less favorable conformation of 2 as 
compared to the cone shape of 1. 

The shift of the terminal methyl signals decreases 
along with the length of the alkyl chain which is in favor 
of an inclusion of the quaternary ammonium cation 
within the cavity. The selectivity which is about the same 
in the two series, Et4N+>Me4N+> F'r4N+>Bu4N+ (Table 
1, entries 1, 2, 3,4 and 6,7) may be taken to illustrate the 
opposite effects of the lipophilicity and of the steric 
interactions, the ethyl group showing the best balance 
between the two. As for the class of receptors termed 
speleands, that form inclusion complexes, speleates, with 
molecular substrates of various ge~metries'.~', the bind- 
ing properties of the sulfonated derivatives 1 and 2 result 
from the synergistic operation of electrostatic interac- 
tions and of hydrophobic effects. The role of the cation-x 
 interaction^^"^ or the CH-x interaction" between highly 
polarized CH,-N moieties of the guest and electron rich 
aromatic rings of the host is, here, difficult to evaluate. 

The upfield shifts of the methyl signals and the K, 
values of the complexes formed with choline derivatives 
are remarkable indeed (Table 1, entries 8-10). These are 
the highest values ever reported for the acetylcholine 

Table 1 
molecular substrates 

Stability constants log y and limiting 'H NMR upfield shifts Ahi,,, calculated for the complexes of calixarenes 1 and 2 with cationic 

Entry Substrate calix[4] calix[6] 

1 NMe,+ 4.9 37 1.5 4.9 258.2 
2 NEt,. 5.6 253.4 5.0 218.1 
3 NPr,+ 4.5 154.7 4.2 70.6 
4 NBu,+ 4.0 124.1 3.2 59.8 
5 PhNMe,. 4.6 273.7 4.5 261.8 
6 PhCH,NMe,+ 4.6 369.3 4.6 263.7 
7 PhCH,NEt,* 4.9 292.1 4.8 165.9 
8 HOCH,CH,NMe,+ 4.7 399.3 4.8 263 
9 MeCO,CH,CH,NMe,+ 4.7 403.4 4.9 264.9 
10 MeCOSCH,CH,NMe,+ 4.7 378.5 4.7 272.4 

"log K, i 0.2; K, in 1 mo1-l. 

log K," A L "  log K," Ahm6 

Shifts of the terminal Me signals given in Hz at 200 MHz. 
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100 J-M. LEHN ET AL 

Table 2 Crystal structure data for the complex of 1 with choline 

Formula [(C28H240,6S4)s; (C,H,,N0)+12, 8Na'. 14H20 
Weight 2109.9 
Crystal system triclinic 
Space group P-I 
Ce!/ dimensions 
a(A) 14.713 (6) 
b ( 4 )  18.267(7) 
c(A) 19.353(8) 
a(deg) 106.03(5) 
P(deg) 1 1  2.18(6) 

102.13(4) 
V ( + 3  4331(3) 
z 2 
d,(gcm.-') I .62 
R 0.064 

binding by an artificial receptor and are comparable to 
those of the biological recognition  site^^',^'. They agree 
with preliminary biochemical studies; the rate of hy- 
drolysis of the acetylthiocholine by the acetyl- 
cholinesterase decreases steadily in the presence of 
increasing concentration of calixZ63arene derivative 2 
showing a competition between the enzyme and the 
artificial receptor.33 

Crystal structure of the [choline-tetrasulfonated 
calix[l]arene]-complex 
The complex formed between the choline cation and the 
tetrasulfonated calix[4]arene 1 was crystallized and its 
structure was determined by X-ray crystallography. 
Crystallographic data are collected in Table 2. Two 
complexes A and B were observed in the asymmetric unit 
(Figure 2). In each one, the choline inserts its N terminal 
inside the cavity of the receptor. The calix[4]arene adopts 
a single cone conformation but the choline substrate is in 
an extended conformation in complex A, and in two 
other folded conformations in complex B (75%-25%). 

Calix[l]arene conformation 
The tilt angles of the aromatic rings with the methylene 
mean plane are listed in Table 3: in each complex, one 
phenyl ring is less tilted (ca.119") than the 3 others (ca. 
128" * 5"),  and therefore make smaller dihedral angles 
with its neighboring aromatic rings. This tilt is important 
with respect to the relative positions of the phenolic 
oxygens, and the S - S  distances correlate this disposi- 
tion. The distances between the oxygens are of two types 
in each complex (see Table 4): three short distances 
(2.58A average) and a long one (2.92A average). For 
each complex, two hydrogen atoms were clearly located, 
linking two terminal oxygens through hydrogen bonds 
(Figure 3): 

03aH..-.02a: 2S8A and 04aH...Ola: 2,64A (A) 

02bH.-..Olb: 2.63A and 03bH-04b: 2S2A (B) 

& 4 

? 0 

Figure 2 Ortep representations of the choline-calix[4]arene 1 com- 
plexes, side and top views: (a) complex A; (b) complex B: (top) major 
component of the choline (75%); (bottom) choline in its minor (25%) 
conformation. 

No hydrogen atoms could be found between 0 2 A  and 
Ola, nor between Olb  and 04b, but their extremely 
short contact: 2.53( l),& (A) and 2.49( 1)A (B) suggests a 
hydrogen atom in a flip-flop position. This pattern of 

Table 3 Dihedral angles of the aromatic rings in the calix[4]arene 
molecule 1: f a )  with the methylenic mean plane (=ring); (6) between 
themselves 

Ring 
(a) 

Complex A Complex B 
Ph 1 
Ph 2 
Ph3 
Ph 4 

127 
I27 
123 
119 

(b)  
Complex A Complex B 

133 
119 
126 
131 

~ 

Ph2 Ph3 Ph4 Phl Ph3 Ph4 
Phl 110 110 108 Phl 112 101 114 
Ph2 111 113 Ph2 103 111 
Ph3 104 Ph3 115 
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ACETYLCHOLINE BINDING BY CALIXARENES 101 

three shorter and one longer O.-O distance with only 
three hydrogen atoms is consistent with the pK, values 
for 1: the first dissociation occurs at very acidic pH 
values, whereas the residual three dissociations occur at 
relatively high pH.’4b.34,35 The phenolic O-.O distances 
found in calix[4]arene sulfonate are much longer: be- 
tween 2.60 and 2.92A.29b The C-0 bond lengths show no 
significant difference ( ~ 3 s ) .  

Insertion and conformation of the choline substrate 
The choline molecule is inserted inside the cavity of the 
calix[4]arene, with the positively charged N terminal 
directing axially one of its methyl groups towards the 
bottom. The linear molecule emerges from the cavity 
with its hydroxyl pointing between two sulfonates fram- 
ing a “window” (Figure 4). This contrasts with the 
structure of 1 with C,H,-NMe,’ where the phenyl group 
is located in the cavity.9d 

Complex A 
The choline chain is completely extended with trans 
torsion angles (see Table 5). The choline oxygen OHa 
points between sulfonates S3 and S4, with the choline 
oxygen at 3.16A from 034 and 3.42A from 013. This 
“window” is where the phenolic oxygens are the farthest 
apart (2.90A). OHa stands at 6.64A above the basal 
methylene mean plane of the basket, well above the 
highest sulfonate oxygen (ca. 4.9w height). The C5 
methyl group, deeply inserted in the basket, is situated at 
2.5A from the methylene mean plane. It is approximately 
in the center of the cavity, somewhat closer to C43 
(3.45A versus 3.7A average). The close distances from 
the methyl groups to the sulfonate oxygens are notewor- 
thy: 

choline sulfonates 

C3a 022 2.99A 

C4a 0 2  1 3.03A 

Table 4 Correlation between O...O and S...S distances: underlined 
values correspond to the probable flip-flop H-bond; bold values: 
correspond to the large O...O distance 

Complex A 

0 2  0 3  0 4  s2 s3 s4 
01 2.53 2.64 S1 7.24 7.38 
0 2  2.58 s2 7.47 
0 3  2.90 s3 6.96 

Complex B 

0 2  0 3  0 4  s2 s 3  s4 
01 2.63 2.49 S1 7.79 7.38 
0 2  2.94 s2 6.98 
0 3  2.52 S3 7.90 

Figure 3 Numbering of the complexes. Are labelled: all the choline 
atoms, and, for sake of clarity, only the sulfonates and phenolic 
oxygens; (a) complex A (minor); (b) complex B (major). 

Complex B 
The substrate has two conformations, obtained by rota- 
tion around C2-N and keeping the C1 -0Hb and the Nb in 
the same position. Both conformations are folded (see 
Table 5) ,  the major one having 75% of occupancy. The 
hydroxyl group is directed into the window between S3 
and S4. The phenolic 0 3  and 0 4  being hydrogen bonded, 
the phenyl rings are more strongly tilted (130”) and 
accordingly, S3 and S4 are further apart: 7.90A. OHb is 
at 3.33A from 014 and 3.76A from 0 3 .  Short contacts 
are also observed between the carbon atoms and the 
sulfonate oxygens: 
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1 02 J-M. LEHN E T A L  

Figure 4 CPK representations of the form A of the [choline, 11 
complex: top (bottom) and side (top) views. 

Choline sulfonate 

c 4  0 2 2  
c 3  0 2  1 
c 2  0 1 4  
C4' (minor) 0 2 2  

3.42 
3.36 
3.07 
3.07 

In this complex, the choline sticks less out of the 
basket, OHb being only at 5.7A above the basal plane. 
The calix B conformation is identical to that of calix A. 
C5 is situated at 2.7A from the basal plane, and is nearly 

Table 5 Torsion angles of the choline unit 

Complex A Complex B 
conf.major.(75%) conf.minor(25%) 

OHa-CI -C2-N 164" -114" 153" 
Cl-C2-N-C5 172" -67" 62" 

C5 is the methyl group directed towards the bottom 

Figure 5 
related, with short O...O distances. 

Representation of two complexes A, centrosymmetrically 

equidistant from the aromatic rings: C5--C43: 3.45A 
(average other distances: 3.9A). 

The very short contacts observed between the choline 
atoms and those of the calixarene groups are in line with 
strong interactions with the substrate and with the high 
stability of the complex. 

Intermolecular interactions 
Figure 5 shows the disposition of two complexes A 
related by a center of symmetry: the two calixarene 
cones are in reverse position, with the large openings 
facing each other and slightly offset. Thus, the choline 
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ACETYLCHOLINE BINDING BY CALIXARENES I03 

molecule inserted in one calix is in short contact with 
both the second calix and its own substrate: OHa 
(x,y,z)---OHa (1-x, I-y, 1-z): 3.07A; OHa (x, y, 
z).-..-013a (1-x, 1-y, 1-z): 2.84A. 

Most probably, the latter distance is a hydrogen bond 
between the choline hydroxyl and the oxygen 0 1  of the 
sulfonate S3. It is also possible that a three-center system 
exists between OHa and O l a  (’) and OHa(’) (centrosym- 
metrically related), but the hydrogen atom was not 
located on a difference map. 

The situation is slightly different with complex B and 
its centrosymmetrical partner. Although the relative dis- 
position is identical, these two molecules are further 
apart, and the closest distance is between OHb and the 
oxygen 01 (’) of sulfonate S1 (’): 3.30.k 

All these complexes are completely surrounded by 
sodium cations and water molecules. There are 8 sodium 
cations, one of them (Na4) being disordered between two 
sites (75-25%). There are 14 water molecules, 5 of them 
situated in two sites with 75-25% occupancy. The so- 
dium coordination is generally octahedral, the cations 
being bonded to water molecules, sulfonates oxygens 
and choline oxygen. 

Charge equilibration 
Each calixarene bears 4 minus charges (sulfonates) plus 
one between the phenolic oxygens, as we assumed the 
presence of a hydrogen oscillating between 2 of them. 
The total of 10 minus charges in the asymmetric unit is 
counterbalanced by the 8 sodium cations and the two 
cholines. This agrees with the results obtained from the 
crystal structures of the tetraethylammonium salt of the 
monoanion of p-terr-b~tylcalix[4]arene’~ as well as of 
the NMe,’ complex of 1 described in this issue36. 
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