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Abstract: Nine conformationally-immobilizedcalix[4]arenes (including two doubly-bridged 1,3-altematecalii[4]arenes) 
and several reference calix[.l]arenes with other conformations were synthesized. Two-phase solvent-extraction of and 
determination of association constants by 1H NMR spectroscopy for alkali metal cations established that, surprisingly, 
1,3-alternate and partial-cone conformers show an ion affinity higher than the corresponding cone conformers. Detailed 
examination with lH NMR spectroscopy presented unambiguous evidence that in the 1,3-alternate conformers the 
metal cation is bound asymmetrically to one of two metal-binding sites composed of two phenolic oxygens and two 
benzene rings, whereas in the partial-cone conformers the metal cation is bound to the upper rim composed of a phenolic 
oxygen in the inverted phenyl unit and two benzene rings in the proximal phenyl units. These metal-binding modes 
were rationalized in terms of the “cation- interaction”. The contribution of the cation- interaction was further 
confirmed by the finding that these conformers all show high Ag+ affinity without exception. The X-ray crystallographic 
study of the partial-cone-2*Ag+ complex established that Ag+ is bound to a phenolic oxygen in the inverted phenyl unit 
and two benzene rings in the proximal phenyl units. Dynamic ‘H NMR spectroscopy at  the low-temperature region 
showed that Ag+ alternates intramolecularly between the two binding sites through a *-basic hole of 1,3-alternate 
calix[4]arenes. To the best of our knowledge, this is the first example for Ag+-tunneling across an aromatic cavity 
and has important implications with regard to the metal cation- interaction expected for metal transport through ion 
channels, metal inclusion in fullerenes, intercalation of metal cations into graphites, etc. 

Introduction 

Selective recognition of alkali metal cations is one of the central 
research interests in biological systems. This is now possible by 
the use of either naturally-occurring ionophores or synthetic, 
polyether-type receptors, e.g., crown ethers.14 Over the last 
decade, it has been demonstrated that ionophoric cavities 
constructed from calix[4]arenes show Na+ selectivity much higher 
than that observed for crown ethers.5-1° The high Na+ selectivity 
is ascribed to the size of the ionophoric cavity fit to Na+ and to 
the rigid calix[4]arene skeleton serving as a platform. Also, it 
became possible to freeze the rotation of phenyl units by 
introducing bulky substituents into OH groups’ 1a~12-1* or by cross- 

* Abstract published in Adounce ACS Absrructs, March 15, 1994. 
(1) Raymond, K. N.; Carrano, C. J. Acc. Chem. Res. 1979, 12, 183. 
(2) Choy, E. M.; Evans, D. F.; Cussler, E. L. J. Am. Chem. Soc. 1974,96, 

7 n 5 ~  . 
(3) Cram, D. J. Science 1983, 219, 1177 and references cited therein. 
(4) Lehn, J.-M. Science 1985, 227, 849 and references cited therein. 
(5) (a) Arduini, A.; Pochini, A,; Reverberi, S.; Ungaro, R. Tetruhedron 

1986, 42, 2089. (b) Andrcetti, G. D.; Calcstani, G.; Ugozzoli, F.; Auduini, 
A.; Chidini, E.; Pochini, A,; Ungaro, R. J.  Inclusion Phenom. 1987.5, 123. 

(6) Chang, S.-K.; Cho, I. J.  Chem. Soc.. Perkin Trans. I 1986, 211. 
(7) McKervey, M. A.; Seward, E. M.; Ferguson, G.; Ruhl, B.; Harris, S. 

J.  Chem. Soc., Chem. Commun. 1985,388. 
( 8 )  Arnald-Neu, F.; Collins, E. M.; Deasy, M.; Ferguson, G.; Harris, S. 

J.; Kaitner, B.; Lough, A. J.; McKervey, M. A.; Marques, E.; Ruhl, B. L.; 
Schwing Weill, M. J.; Seward, E. M. J.  Am. Chem. SOC. 1989, 111, 8681. 

(9) Arimura, T.; Kubota, M.; Matsuda, T.; Manabc, 0.; Shinkai, S .  Bull. 
Chem. Soc. Jpn. 1989,62, 1674. 

(10) Shinkai, S.; Otsuka, T.; Fujimoto, K.; Matsuda, T. Chem. Lett. 1990, 
835. 

(1 1) For comprehensive reviews see: (a) Gutsche, C. D. In Culixurenes; 
Stoddart, J. F..Ed.;RoyalSocietyof Chemistry: Cambridge, 1989. (b) Vicens, 
J., Bdhmer, V., Eds.; Culixurenes; Kluwer Academic Press: Dordrecht, 1991. 
(c) Shinkai, S. Eioorg. Chem. Front. 1990, I ,  161. 

(12) (a) Iwamoto, K.; Araki, K.; Shinkai, S. J.  Org. Chem. 1991,56,4955. 
(b) Iwamoto, K.; Araki, K.; Shinkai, S .  J .  Chem. Soc., Perkin Trans. I 1991, 
1161. (c) Iwamoto, K.; Araki, K.; Shinkai, S. Tetruhedron 1991,47,4325. 

OOO2-7863/94/1516-3102$04.50/0 

linking two phenyl units.leZ2 These advances have enabled us 
to selectively synthesize and isolate four possible calix[4]arene 
conformers: cone, partial-cone, 1,2-alternate, and 1,3-alternate.11 
By using these synthetic methods, one can design new ionophoric 
conformers of calix[4]arene other than a cone. For example, 
certain rigidified calix[4] arenes such as calixcrowns and calix- 
spherands can form kinetically stable complexes with alkali metal 
cations.lgb It is also known for conformationally-immobilized 
5,11,17,23-tetra-tert-buty1-25,26,27,28-te~akis((e~oxy~r~nyl)- 
methoxy)calix[4]arenes that one can realize Na+ selectivity with 
the cone conformer, and conversely K+ selectivity with the partial- 
cone and the 1 ,3-alternateconformer.14 Theseresultsdemonstrate 
that conformational1 y-rigidified calix [ 41 arenes are exceptionally 
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useful in the design of ionophoric cavities with the desired size 
and preorganization of ligand groups. 

Among four possible conformers, the cone conformer has been 
extensively studied in the design of such ionophoric cavities because 
one can arrange ligand groups on the same side of the calix[4]- 
arene platform.Sl1 We noticed, however, that the 1,3-alternate 
conformer possesses several interesting structural characteristics 
which the other three conformers do not possess: for example, 
(i) two independent ionophoric sites exist at  both edges of the 
calix[4]arene cavity,l4 (ii) each ionophoric site is composed of 
two phenolic oxygens and two benzene rings, and (iii) the two 
ionophoric sites are connected by a "hole" surrounded by benzene 
rings?"' Careful examination of X-ray crystallographic pictures 
of 1,3-alternateconformers reveals that the size of the ionophoric 
sitesiscomparablewiththesizeof K+(2.7A),18J3-2s Thissuggests 
that K+complexes with 1,3-alternateconformers may bestabilized 
not only by the interaction with two phenolic oxygens but also 
by r-donor participation of two benzene rings.= With these things 
in mind, we synthesized nine different 1,3-alternate conformers 
plus several other conformers as reference compounds. We have 
found that these 1,3-alternateconformers show an unusually high 
affinity for K+ and Ag+, which supports the r-donor participation 
in the metal-binding.29 
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Results and Discussion 

Two-Phase Solveat Extraction. It has been established that 
neutral ligands derived from calix[4]arenes show affinity with 
alkali metal cations, and in particular, calix[4]aryl acetates and 
acetamides with a coneconformation show remarkably high Na+ 
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Table 1. Percent Extraction of Alkali Metal Picrates (MPic) at 25 
O c a  

Ex96 

calix[4]arene M+ = Li+ Na+ K+ Cs+ Aa+ 
cone- 1 
partial-cone-1 
1 ,2-aItcrnate-l 
1,3-alternate-l 
cone-2 
1,3-alternate-2 
cone-3 
1,3-alternate-3 
1,3-alternate-4 
1,3-alternate-5 
1,3-alternate-6 

0.7 0.8 (0.0) 
0.0 0.8 (0.0) 
0.0 2.6 (0.0) 
4.3 1.6 (0.2) 
1.6 3.9 (0.0) 
5.3 8.8 (0.0) 
0.0 9.0 (0.0) 
4.8 0.0 (0.0) 
1.1 0.0 (0.0) 
1.9 1.7 (0.0) 
3.0 4.5 (0.0) 

1.9 (0.0) 

0.4 (1.6) 
16.2 (1 .O) 

56.8 (4.3) 
3.5 (0.9) 

38.6 (16.6) 
88.8 (10.2) 

100.0 (21.3) 
100.0 (30.2) 

12.1 (0.0) 

3.9 (1.1) 

5.2 
11.4 

1.2 
11.8 
7.7 

44.7 
0.0 

41.1 
95.7 
27.1 
41.5 

~~ 

-(5.8) 
-( 22.4) 
-(23.0) 
-(23.0) 

-(7.6) 
-(34.8) 

-(4.0) 
-(66.7) 
-(31.9) 
-(61.7) 
489.6) 

a Method A: Organic phase ( 5  mL of CHzClz) contains caIix[4]arenc 
(2.50 mM); aqueous phase ( 5  mL) contains MPic (0.25 mM), MOH 
(0.10 M), and MCI (0.50 M). The values in the parenthcses (method 
B) are set for Ag+ extraction: aqueous phase ( 5  mL) contains picric acid 
(0.238 mM) and MNO3 (0.01 M) at pH 4.7. The two-phase mixture 
was shaken for 12 h at 25 OC, and Ex% values were determined 
spectrophotometrically. 

Although the metal selectivity of ionophoric calix- 
[4]arenes can bechanged by the conformation,13J4 the Na+ affinity 
observed for cone conformers is always the highest amongst all 
four possible c ~ n f o r m e r s . ~ ~ ~ J ~ J ~  This has been rationalized in 
terms of a steric characteristic of cone conformers that four ligand 
groups are preorganized in the same side of the calix[4]arene 
cavity so that they can encapsulate Na+. We also believed for 
a long period that the three other conformers would be useless 
as ionophores with high selectivity for alkali metal cations. We 
found quite accidentally, however, that 1,3-aIternate conformers 
show unusually high affinity with K+. 

Solvent extraction of alkali metal cations with picrate ion into 
dichloromethane was performed at 25 "C (method A: see a 
footnote to Table 1). The results are summarized in Table 1. 
Contrary to our e x p e c t a t i ~ n , ~ ~  cone-1 and cone-2 scarcely 
extracted Na+ (Ex% 0.8-3.9%). Cone-3, which has an ionophoric 
cavity composed of four EtOCHzCHzO groups, showed significant 
Na+ affinity, but the Ex% (9.0%) was relatively low. On the 
other hand, 1,3-alternate-1 and 1,3-alternate-2 showed moderately 
high Ex% for K+ and Cs+ (1 1.8-56.8%). Since Ex% values for 
1,3-alternate-2 are higher than those for 1,3-alternate-1, t-Bu 
groups at the para position suppress the metal-binding ability of 
1,3-alternate conformers. Partial-cone-1 showed the intermediary 
extraction ability between cone-1 and 1,3-alternate-1: it has a 
low but significant affinity with K+ and Cs+ (1 2.1% and 1 1.4%, 
respectively). On the other hand, 1,2-alternate-1 did not show 
any significant Ex% for alkali metal cations. 

To improve the extraction ability of 1,3-alternate conformers, 
we synthesized 1,3-alternate-5 and 1,3-alternate-6 in which two 
pairs of distal phenyl units are cross-linked with catechol.31 As 
recorded in Table 1,1,3-alternate-4 (a non-cross-linked reference 
compound for 5 and 6) showed the metal affinity for both K+ and 
Cs+, whereas 1,3-alternate-5 and 1,3-alternate-6 showed very 
high Ex% and selectivity only for K+. The difference is attributed 
to rigidification of the ionophoric cavity by the cross-link. 

One can easily image how cone calix[4]arenes interact with 
alkali metal cations: the four (or eight in the case of calix[4]aryl 
acetates and acetamides) oxygens arranged in the same side of 
the cavity encapsulate a metal ~a t ion .5-~~.~2  In fact, this idea is 
supported by NMR spectral studies and X-ray crystallographic 
studies.s-l1932 Then, how do 1,3-aIternate calix[4]arenes interact 

(30) Shinkai, S.; Iwamoto, K.; Araki, K.; Matsuda, T. Chsm. Lerr .  1990, 
1263. 
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with metal cations such as K+ and Cs+? Previously, X-ray 
crystallographic st~dies23-~5 and computational s t ~ d i e s ~ ~ , ~ ~  have 
established that the four phenyl units in 1,3-alternate calix[4]- 
arenes are more or less parallel to each other. In this structure, 
four oxygens in 1,3-alternate calix[4]arenes cannot interact with 
one metal cation but rather provide two metal-binding sites, each 
ofwhich consistsof two distal, phenolic oxygens. It then becomes 
difficult to explain why two-oxygen binding sites in 1,3-alternate 
calix[4]arenes show an Ex% higher than a four-oxygen binding 
site in conecalix[4]arenes. We considered that this contradiction 
could be solved by taking the participation of the "cation-* 
interaction"28J9 into account. The past investigations established 
that *-base receptors which feature the cation-* interactions 
always display a high affinity for Ag+.28,29 We thus estimated 
the extraction ability of calix[4]arene conformers for Ag+. For 
extraction of alkali metal cations we used an aqueous phase 
containing alkali picrate (0.25 mM), MOH (0.10 M), and MCl 
(0.50 M) (method A). However, these extractionconditions were 
not applicable to Ag+ extraction because the metal concentration 
is too high (Ex% values higher than 90% are always obtained 
when such a high Ag+ concentration is used) and Ag+ precipitates 
in the presence of C1-. We thus used an aqueous solution 
containing AgNO3 (0.01 M) and picric acid (0.238 mM), which 
gave moderate Ex% values (method B). To compare extraction 
properties of Ag+ with those of alkali metal cations under the 
sameconditions, we repeated extraction of Na+ and K+ by method 
B. The results are shown in parentheses in Table 1. The cone 
conformers (including cone-3, which showed an affinity for Na+) 
scarcely extracted Ag+ (4.0-7.6%), indicating that the oxygenic 
cavity isinefficient for Ag+-binding. In contrast, the 1,3-alternate 
conformers extracted Ag+ to a level of 23.0-89.6%, and in 
particular, 1,3-alternate-3, 1,3-alternate-5, and 1,3-alternate-6 
gave high Ex% values. Also, it is important to mention that not 
only the 1,3-alternate conformers but also partial-cone-1 and 
1,2-alternate-l can extract Ag+, their Ex% values (22.4% and 
23.0%, respectively) being comparable with that of 1,3-alternate-1 
(2 3 .O%) . 

The foregoing extraction data consistently support the view 
that the cation-* interaction participates in the binding of K+, 
Cs+, and Ag+ in partial-cone, 1,2-alternate, and 1,3-alternate 
conformers.33 

Association Constants. As described later, we measured IH 
N M R  spectra of several metal complexes to specify the metal- 
binding site. When signals for metal complexes appear separately 
from those for free calix[4]arenes, one can directly estimate the 
association constants (K,,). It is expected that such a peak 
separation occurs a t  low temperature. The measurement tem- 
perature was thus set at  -50 OC. TheK,,, values for 1:l complexes 
determined from the peak-separated lH N M R  are summarized 
in Table 2. 

It is seen from Table 2 that, in contrast to the significant Li+ 
andNa+ affinity of 7, cone-2does not show any perceptible affinity 
toward these metal cations. It is known that the conformation 
of 7 is not immobilized but changes to cone when it binds Li+ and 
Na+.3O We consider, therefore, that the disappearance of the 
metal affinity in cone-2 is attributed to the enhanced steric 
crowding of propyl groups and the increased lipophilicity around 
the metal-binding site which should be unfavorable to the metal- 
binding. On the other hand, 1,3-alternate-2, -3, and -5 possess 
log K,, = 4.3-5.5 for K+ and 3.7-6.0 for Ag+. These values 
compare favorably with those for crown ethers and cryptands,I4 
indicating that the cation-r interaction plays an important role 
in enhancing the K,, values. Also, we could determine the K,,, 
for the partial-cone-2-Ag+ system. The value (log K,,, = 3.7) 
is smaller than that for the 1,3-alternate-ZAg+ system. This 

(33) In the 18th International Symposium on Macrocyclic Chemistry 
(Twente, 1993, June-July) R. Ungaro also proposed the participation of the 
cation-r interaction in the Cs+-binding to calixcrowns. 

Table 2. Association Constants (K,,,) of Alkali and Silver Metal 
Cationsa 

log KUI 
calix[4]arene M+ = Li+ Na+ K+ Ag+ 

cone-2 < l b  < l b  < 16 C 
partial-cone-2 < l b  < 16 C 3.1 
1,2-alternate-2 < l b  < l b  < l b  C 
1,3-alternate-2 < l b  < l b  4.1 4.3 
1,3-alternate-3 < l b  < 16 5.5 6.0 
1,3-alternate-S < l b  < l b  4.3 3.1 
7 d  2.2 3 .O 2.6 

'-50 OC, CDCIa:CD3OD = 4:l v/v, [calix[4]arene] = [MX] = 1.00 
X M, where X- = Clod- for Li+ and Na+, Pic- for K+, and CF3SO3- 
for Ag+. These counteranions were chosen to enhance the solubility. 

The chemical shift scarcely changed. Judging from the sensitivity of 
'H NMR spectroscopy, the K,,, is expected to be log K,,, < 1. The 
association constant could not be determined because of the line 
broadening. Cited from the following: Iwamoto, K.; Ikcda, A.; Araki, 
K.; Shinkai, S .  Tetrahedron 1993, 49, 9937. 

implies that 1,3-alternate conformers provide the most well- 
preorganized cavity for Ag+-binding. 

Specification of the Binding Site by NMR Spectroscopy. To 
specify the metal-binding site, we measured the IH N M R  spectra 
(400 MHz) of 2-metal complexes for which significant Ex% values 
were observed. The temperature was set at  -50 OC to avoid peak 
broadening arising from the complexation-decomplexation re- 
action, and 20 vol % of CD3OD was mixed with CDCl3 todissolve 
the metal salts. The results are summarized in Figure 1. 

In cone-2 the chemical shift was not affected by the addition 
of alkali metal cations. On the other hand, the three other 
conformers showed interesting changes in the chemical shift which 
reflect the structural characteristics of each conformer. Exam- 
ination of Figure 1 reveals that a particularly large downfield 
shift is observed for 1,3-alternate-2 complexes with K+ and Ag+. 
In the 1,3-alternate-2-K+ system the signals for free 1,3- 
alternate-2 and those for the complex appeared separately, 
indicating that the rate of the complexation-decomplexation 
reaction is slower than the N M R  time scale at  -50 OC. In the 
illustration of 1,3-alternate-2 (Figure 1) K+ should be bound to 
the upper side because the ASH for the OCH2 protons (+0.27 
ppm) on the upper side are much greater than that for the OCH2 
protons (+0.19 ppm) on the lower side. Thus, one can consider 
that the downfield shift of the aromatic meta and para protons 
in the lower side (+0.11 and +0.15 ppm, respectively) is due to 
the inductive effect arising from the O-K+ interaction. Then, 
why does the chemical shift for the propyl and aromatic protons 
in the inverted phenyl units (see Figure 1) move to lower magnetic 
field? The oxygen atoms in these phenyl units do not interact 
with K+. The result is explicable only by the 'interaction" of K+ 
with the benzene rings: that is, K+ is trapped in a cavity composed 
of two phenolic oxygens and two *-basic benzene rings, by both 
metal-oxygen electrostatic interactions and cation-r interactions. 
On the basis of these results we propose that K+ is bound to 
1,3-alternate-2 as in Figure 2A through the interaction with two 
phenolic oxygens and two benzene rings. 

In the 1,3-alternate-2-Ag+ system the signals for free 1,3- 
alternate-2 and those for the complex appeared separately, but 
the signals for the propyl and aromatic protons in the upper side 
and in the lower side did not appear separately. It is therefore 
difficult to specify the Ag+-binding site from the lH NMR spectra 
a t  -50 OC. It is seen from Figure 1, however, that the large 
downfield shift (+0.42 to +0.47 ppm for OCHzCHz and +0.15 
to +O. 16 ppm for ArH) is induced by Ag+-binding. The results 
indicate that Ag+ is strongly bound to the cavity composed of two 
phenolic oxygens and two *-basic benzenes. In the cyclo- 
phane.Ag+ complexes (e.g., r-prismands and deltaphanes) it is 
known that Ag+ is not bound onto the center of the benzene ring 
but onto the edge of the .Ir-basic cavity, suggesting an interaction 
with specific C=C double bonds.*8d,eJ In the 1,3-alternate-2.Ag+ 
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Figure 1. Changes in the 'H NMR chemical shift i n d u d  by added metal cations: -50 O C .  CDC13:CD30D = 4 1  v/v. [calir[4]arene] = [MPic] = 
5.0 X l (r  M. [AgClOrl = 5.0 X IO-' M. A plus sign (+) denotes a shift to lower magnetic field. whereas a minus sign (-) denotes a shift to higher 
magnetic field. 

be bound to the upper rim of the cavity, which is composed of 
one phenolic oxygen and three benzene rings, because the large 

p r p  downfield shift was observed only for protons present around this 
cavity (Figure I). The magnitude of the shift indicates that a 
phenolic oxygen in an inverted phenyl unit and two benzene rings 
proximal to the inverted phenyl unit mainly contribute to the 
Ag+-binding (as in Figure 2B). Thesespectraldata suggest that 
the cation- interaction is also operative in the partial-cone- 
2.Ag+ complex. On the other hand, the chemical shift change 
induced by addition of K+ was relatively small and the signals 
for the K+ complex did not separate from those for free partial- 
cone-2. Thus, we could not specify the K+-binding site. In I,Z- 
alternate-2 a significant downfield shift was ObSeNed only for 
the Age complex. However, the signals for the propyl and 
aromatic protons on the upper side and the lower side did not 

pr& Pr" Pr Pr" PS 

(A) 

I \  

Y O  
O O 'PS 

I \ "  

0 0  

(B) 
F i p  2. Binding modes of I,3-alternate-2 and K+ (A) and partial- 
mne-2 and Ag+ (B). 

complex the candidate c=c double bonds are the 
C=C double bonds. 

In the partial-cone+Ag+ system the signals for free partial- 
cone-?. appeared separately from those for the complex. Ex- 
aminationofthechemicalshift changesuggests that Ag+should 
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Figure 3. X-ray stmcture of the panialsonc-Z.AgCPb0, complex. 

appear separately. The large downfield shift observed for meta 
and para protons (+0.17 lo  +0.29 ppm) suggests that Ag+ is 
trapped in a cavity composed of two proximal phenolic oxygens 
and two proximal benzene rings. 

X-ny CrystaliogmphicStudles. Incertain Ag*complexes with 
r-prismands and deltaphanes unequivocal evidence for the s-donor 
participation was obtained from the X-ray crystallographic 
studies.*".'.' The distance from Ag+ to the nearest carbon atom 
was estimated to be 2.4-2.7 These values are shorter 
than the sum of the ion radius of Ag+ plus the half thickness of 
the r-electron cloud of the benzene ring (2.86 A). The findings 
clearly substantiate the participation of the Ag+- interaction 
in these systems. 

In a calix[n]arenesystem the study of the cation- interaction 
has been very limited. Harrowfield et al." reported that in the 
crystal of mono cesium salt of 5.1 1,17,23-tetra-fert-butylcalix- 
[4]arene~25,26,27,28-tetrol Cs+is included within thecup formed 
by four benzene rings, but this system is rather complicated 
because the calix[4]arene is a mono-OHdissociated anionic form 
for which not only the cation- interaction but also the 
electrostatic interaction is expected as a driving-fore for inclusion. 
It was also reported that trimethylammonium ions are included 
in the cavities provided by calix[n]arenes, but among the calix- 
[4]arene conformers only cone conformers are capable of binding 
these trimethylammonium i~ns.".)l-'~ To the best of our 
knowledge, unequivml X-rayevidencefortheAg+q interaction 
in calix[n]arene complexes has never been reported. We 
attempted recrystallization of the 1,3-alternate-2.K+ and 1.3- 
aItcrnate-Z.Ag+ complexes, but a suitable singlecrystal for X-ray 
analysis could not be isolated. Instead, we succeeded in the 
crystallization of the partial-cone-2.AgCF3S03 complex from 
acetone (for the crystal data sec the Experimental Section). The 
X-ray structure is illustrated in Figure 3. As predicted from the 
'HNMRspectraldata,Ag+istrappedintheupperrimofpartial- 
cone-2 and interacts with C = C  double bonds around the para 
carbons. The distances from Ag+ to the para carbons in the two 
phenyl units proximal to the inverted phenyl unit are 2.40 and 
2.41 A. These values compare well with those observed for the 

J.  Chem. Sw.. Chrm. Commun. 1991, I 1  59. 

1.; Iwamoto. M. J .  Am. Chrm. Soe. 1990. II2.9053. 

(34) Harrowfield, J .  M.: Ogden. M. 1.; Richmond. W. R.; White, A. H. 

(35) Shinkai. S.: Araki. K.; Mauuda.T.; Nishiyama. N.; Ikcda. H.:Takasu. 

(36) Araki. K.; Shimizu. H.: Shinkai. S. Chem. Lcfl. 1993. 205. 
(31) In  the 2nd Workshop on Calirarena and Related Compounds 

(Kuru" 1993, June) J. de Mcndala also reported the inclusion of 
trimethylammonium ions in the caliiarene cavity. 

(38) Atwood et SI. reported the importance of the HI interaction in 
inclusion of g u a b  into calirarencr. which is mnsidcred to bs similar to the 
d o n ?  intcraction; see: Atwmd. J .  L.; Hamada. F.: Robinson. K. D.; Orr, 
G.W.;Vineent.R.L.Nolurr1991,349,683.Atwmd.J.L.;Bott.S.G.;Joncs. 
C.: Rartan. C. L. 3. Chcm. Sm.. Chem. Commun. 1992. 1349. 

Ag* complexes with u-prismands and deltaphanes.*"1.' On the 
other hand, the distance from Ag+ to the para carbon in the 
phenyl unit distal to the inverted phenyl unit is 5.63 A. This 
value is loo large for the r-donor participation. The distance 
from Ag+ to the phenolic oxygen in the inverted phenyl unit is 
2.94 A. This value is comparable with the sum of the ion radius 
of Ag* and 0 (2.78 A). However, the distances to the other 
oxygens (4.24-5.15 A) are all too long to be important in 
electrostatic interaction. These X-ray data clearly establish that 
AgC is trapped in an upper rim of partial-cone-2 through a 
cation- interaction with two benzene rings and an electrostatic 
interaction with one phenolic oxygen.39 Although the single 
crystal has not yet been isolated for the 1,3-alternatametal 
complex, we believe that the metal cation is bound to the edge 
of the 1.3-alternate cavity through interactions with two distal 
benzene rings and two distal phenolic oxygens. 

Evidence for Metal-Tunneling by Dynamic 'H NMR Spec- 
troscopy. In the IH N M R  spectra of 1.3-alternate4 in the 
presence of Ag+ the signals for the complex and those for free 
1.3-alternate-2 appeared separately a t  -50 "C and coalesced a t  
0 OC. This corresponds to the coalescence temperature for the 
intermolecular metal exchange (Te.intn). At 0 to -50 "C the 
1,3-alternate-Z.Ag+ complex gave symmetrical peaks and did 
not give any inequivalent proton signals for the Ag+-complexed 
siteand the Ag+-uncomplexed site. Thisresult can be interpreted 
in two different ways: (i) Ag* occupies the central position in 
the calix[4]arene cavity, so that four propyl groups and benzene 
rings become equivalent or (ii) Ag* is bound to one of the two 
binding sites composed of two benzene rings and two phenolic 
oxygens, and the two binding sites are actually inequivalent (as 
in Figure 2A), but they appear equivalent due to rapid AB+ 
exchange. If explanation i is correct, this is in conflict with the 
general concept of cyclophane-Ag+ complexes that Ag+ resides 
on theedgeoftheu-basiccavity.z8d~c' Ifexplanation ii iscorrect. 
an unsymmetrical signal pattern should appear a t  lower tem- 
peratures. The presence of rapid Ag+-hopping between two 
binding sites has been expected for cyclophaneAg+ complexes 
and has become a central interest in cation- interactions." In 
spite of many investigations using N M R  spectroscopy, the AB+- 
hopping has not yet been established by firm experimental 
evidence. The 1H N M R  spectra below -50 OC are shown in 
Figure 4A. Very interestingly, the signals arising from the 1.3- 
alternate-%Ag* complex are gradually broadened and eventually 
separate into pairs. The finding presents unequivocal evidence 
for hoppingofAg*between the two binding sitesin 1,3-alternate- 
2. The coalescence temperature for this metal exchange process 
is estimated to be -70 OC. 

(39) Thedctailsafbond Icngthr.bond an&s.etc..will be 'cpomed ckwhcre. 
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Fl8ure 4. Partial IH NMR spcctra of a 1,3-altematc-tAg+ system (A) and a 1.3-altcmate-2.Kt system (B): for A, CDfl,:CD,OD = 41 v/v. 
[I.3-altemate-2] = 1.00 X Ib'M and (AgCF1.3011 = 5.00 X lb l  M for B CDCI]:CD]OD = 41 v/v, [I,3-alternate-2] = 5.00 X l(r M and [KPic] 
= 2.50 X l ( r  M. Opn and solid (or shaded) circles denote the signals for free 1.3-alternate-2 and those for the 1.3-altcmaie-2~mctaI complex. 

1,3-alternate conformers are very close to each other (ca. 3 A 
from 0 to 0 and 5 A from edge to edge).]' As shown in Figure 
5 ,  the T,,dropped with increasing metal concentration. whereas 
the second coalescence temperature was scarcely affected by the 
change in the metal concentration. Above [AgCF,SO1]/[1,3- 
alternate-21 = 3, Te.in,m and the second coalescence temperature 
coalesced. Thedifferenceintheconcentrationdependenceclearly 
shows that the T,,i.,., reflects a concentration-dependent. inter- 
molecular event, whereas the second coalescence temperalure 
(Tc,int,,) reflects a concentration-independent, intramolecular 
event. In a summary we can now represent the metal exchange 
process as in Figure 6.  Ag+ is bound 10 one offwo binding sires 
in I ,3-aIfernafe-t, and fhe infermolecular complexafion- 
decomplexafion process gives fhe Tc,,n,e,. Bound Ag+ funnels 

Hercagain,theabovefindingcan beexplained in twodifferent 
ways: (i)Ag*hopsbetweentwobindingsitesviaanintermolecular 
metal exchange process or (ii) Ag* intramolecularly alternates 
between the two binding sites through a r-basic calix[4]arene 
hole. Todiscriminatebetwanthesetwopossibilities,weenamined 
the influence of the metal concentration on the two coalescence 
temperatures (Figure 5 ) .  A plot of A6 (=6M+-Nen ~ 6,) versus 
Ag+ concentration gave a break point at [AgCF3S01]/[1,3- 
alternate-21 = 1.0 (CD2C12:CD30D = 4 1  v/v. 25 'C) and was 
saturated at higher Ag+ concentrations (up to [AgCF3S03]/ 
[l,3-alternate-2] = 5.0, indicating that only a 1:l 1.3-alternate- 
2/AgCF,SO3 complex is formed. The instability of the 1:2 
complexrelative tothe 1:I complexisaccounted for byelectrostatic 
repulsion between two Ag+ ions because the two binding sites in 
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[Metal] / [1,3-altemate-Z] 
Figure 5. Concentration dependence of T,, and Tuntn: -50 'C. CDI- 
CI>:CD,OD = 41 v/v.Theconcentrationof 1.3-alternatu2(1.00 X lVz 
M) was maintained constant while the concentration ofAgCFlSO3 was 
varied. 

Tc-inter r /  v , i n t e r  

Metal-Tunneling through a aBasic Tube 

Flgure6. Schematic representationofthemetal exchangein 1.3-alternate 
conformers. 

through the u-basic rube to another bindingsite. the rareof the 
Apexchange beingreflected by the T,t,,.a The exchange rates 
are not affected by the difference in the counteranion (see runs 
2 and 3 in Table 3). This is the first example for AB+-tunneling 
through a u-basic tube. 

The Ag+-tunneling phenomenon is also expected for 1.3- 
alternate-1 with r-Bu groups. The temperature-dependent 1% 

NMR spectra showed that the signals for free 1,3-alternate-l 
and thcsefor thecomplexappearseparatelyevenat30OC.whereas 
the signals for the complex do not split even a t  -85 OC (run 1 in 
Table 3). This result implies that the intermolecular Ag* 
exchange is slower than that for 1.3-alternate-2, whereas the 
intramolecular Ag+exchangeis fasterthanthat for 1.3-alternate 
2. Thechangein theexchangeratescan bereasonablyexplained 
by using an energy diagram as in Figure 7. As previously 
demonstrated, the Ex% of 1.3-alternate-1 is inferior to that of 
1.3-alternate-?. (Table I); t-Bu groups at the para positions 
destabilize the 1,3-alternate-l.Ag+ complex. This means that 
the ground states for the complex (GS in Figure 7) are raised. 
The transition state for the complexation-decomplexation process 
(TSintc,) should be further raised because the 'H N M R  spectral 
data indicated that the exchange rate is slower than that for 
1.3-alternate-2. Probably, 1-Bugroups immobilized on thecavity 
edgesinterferewithinclusionand exclusionofAg+. On theother 

(40) The metal 'hopping" ktwccn two binding sites was reported for bis- 
(crown cthcr)sand bisealir[4]arenes: see Lchn, J.-M.;Stubbs, M. E. J. Am. 
Chem. Soe. 1974. 96, 4011. Ohscto, F.; Sakaki. T.: Araki. K.: Shinkai, S. 
TclrahedronLm. 1993.34.2149.Tothcbestofourkno~ledge. howevcr,this 
is the first example for the metal 'tunneling" across a *-baric tube. 

Tabk 3. lntermolaular and Intramolecular Coalescence 
Temperatures (T- and TG,,,, Respectively) for the Metal 
Exhanae ~ I 

I,3-altcmatc 
run metal salt calii[4larcnc T- ("C) T- ('C) 

2 AgCF,SO, 2 0 -70 
3 AgClO. 2 0 -70 

5 AeCFISOI S >3w -70 

1 AgCF,SO, I >3w <-BY 

4 AgCFJSO, 3 >30. -20 

6 A;CF;SO; 6 30 -60 
7 AgCFISO,' 8 >5w 20 
8 AgCFISO, 9 >3w -50 
'9 K P i e  3 >3w -10 
~ ... .. . .. .. 

I O  NaCIO,b 8 50 30 
11 KPicd 8 >5w >5w 
O400 MHz. CDCI,:CD,OD = 4 1  (v/v). [calix[4]arenc] = 1.00 X 

lV* M. [AgCF,SO, or AgClO.1- 5.00 X IV' M. CDCI,:CD,OD 
41 (v/v). Icaliil4larcnel = 5.00 X IV'M, [AgCFISO, or NaClO.1 - 
2.50 x IV' M .  CDCh:CD,OD = 41 (v/v). [calir[4]arcnel = 5.00 X 
lV' M. [KPic] = 2.50 X lV' M.dCDCI,:CD~OD = 4 1  (Y/v). 
[calix[4]arcnc] = 5.00 X I V ' M .  [KF'ic] = 2.50 X lW .W. 'Theproton 
signals for frce calix[4]arcne] and the complex appeared sewratcly at 
30 and 50 'C. !The complex gave a single set of proton signals. I The 
proton signals for the complex appeared reparatel) at 50 OC. 

Reaction coordinate 
Fi- 1. Energy diagram for intermolrcular and intramolecular m a l  
exchange mechanisms: GS and TS denote the ground state and the 
transition state. respectively. 

hand, the transition state for the intramolecular Ag+ exchange 
(mi",,,) would not be affected by the 1-Bu groups. The rate is 
thus accelerated because of the elevation of the GSs. 

In 1,3-alternate-3 both Tc,j.,and Tam are raised, indicating 
that both exchange rates are suppressed (run 4). Since each 
binding site in 1.3-alternate3 iscomposedof two EtOCHzCHzO 
groups (moreionophoricthanPr0groups)and twobenzenerings, 
the GSs should be more stabilized than those in 1.3-alternate-2. 
This proposal is supported by the high Ex%of 1.3-alternate-Jfor 
Ag+ (Table I) .  This effect increases the activation energies from 
G S  to TSintar and to TSi.,, and thus both exchange rates are 
apparently suppressed. In catechol-bridged 1,3-alternate-5 and 
1,3-alternate6 the Tu,values are enhanced up to 30 'C. while 
the T.,jm,, values are not or only slightly enhanced (runs 5 and 
6). Tbischangeisattributabletorigidificationofthe 1.3-altrmate 
architecture, which selectively retards the intermolecular Ag+ 
exchange. 

Runs 7 and 8 are very unique systems. 1.3-Alternate-8 has 
verystrong binding sites, eachof which is composedof two EtOC- 
( 4 ) C H 2 0 g r o u p s  and twobenzene rings." Therefore, theGSs 
should be extremely stabilized. This feature of 1,3-alternate-8 
is reflected by Tc,int,, = 2OoC,anexceptionaIlyhigh Tu.,,.among 
those observed for Ag* complexes. 1.3-Alternate-9 also has two 
binding sites, but the binding abilities are different between the 
two sites. The IH NMR spectrum of the 1,3-alternate-9.Ag+ 
complexat-85OCshowedthat 8.1WofAg+residesinthecavity 
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Table 4. Spectral Parameters, Coalescence Temperatures, Exchange Rates, and Free Energies of Activation for Intramolecular Cation 
Exchanges in 1,3-Altcrnatc-SM+ and 1,3-Alternate-8-M+ Complexes' 
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run compound IH signal Au, Hz (temp, Co) J, Hz Tc.inm, 1 5  'C &=inm, s-l AG*,hm. kcal/mol 
4 1,3-altcrnate-SAg+ ArH(p) 119 (-85) 7.32 -20 267 12.0 
7 1,3-alternate-%Ag+ ArH 58 (-50) 20 130 14.4 
9 1,3-altemate-SK+ ArH@) 22 (-85) 7.63 -10 65 13.2 

10 1,3-alternate-8-Na+ ArH 73 (-50) 30 163 14.7 
11 1,3-alternate-&K+ b ArH 105 (30) > 50 <233 >15.4 

Au, separation of the IH signals at the temperature indicated; J, spin-spin coupling constant; Tcjnm. coalescence temperature; k0hm, exchange 
rate at coalescence; AG*%hm, free energy of activation at coalescence calculated from Tc.intra and kc,intrp using the following equation. AG*,hm = RT 
ln(6.62 X 1012/kc,htm). b The conditions and counteranions are similar to those described in Table 3. 

composed of two Pr groups and two benzene rings and 91.9% of 
Ag+ resides in the cavity composed of two EtOCH2CH20 groups 
and two benzene rings. Thisimplies that thelatter cavity possesses 
an ionophoricity 10 times stronger than the former cavity. 

1,2-Alternate conformers also have two binding sites at  the 
edges of the calix[4]arene cavity, and thus metal-tunneling may 
be observable. Temperature-dependent IH N M R  spectroscopy 
of 1,2-alternate-2 in the presence of Ag+ (the measurement 
conditions are similar to those for 1,3-alternate-2) resulted in a 
Tc,intcr at -50 OC, but the intramolecular split was not detected 
evenat-85 O C .  Thespectrum for the 1,2-altemateZ.Ag+complex 
showed a symmetrical pattern, suggesting that Ag+-tunneling is 
operating. It is known that in 1 ,Zaltemate conformers four phenyl 
units are significantly flattened.26.2' This structural feature makes 
the binding sites open to the bulk phase and the distance between 
the two binding sites shorter. Hence, the intermolecular metal 
exchange (as shown by Tc,intcr = -50 "C) is faster than that for 
1,3-alternate-2 and the intramolecular metal exchange is very 
fast. 

We measured the temperature-dependent IH N M R  spectra of 
1,3-alternate-2 in the presence of potassium picrate (KPic). Thus, 
we attempted to find evidence for K+-tunneling using other 1,3- 
alternate conformers. 1,3-Alternate-3 with EtOCH2CH20 
groups and its KPic complex are more soluble in organic solvents. 
Separate signals for free 1,3-alternate-3 and the K+ complex 
were observed at  room temperature. In the low-temperature 
region the signals for the complex split into pairs and the Tc,intra 
appeared at  -10 OC (run 9: [ 1,3-alternate-3] = 0.50 mM, [KPic] 
= 0.25 mM). The Tc,intra was not affected by the change in the 
1,3-alternate-3 (0.3-2.0 mM) and KPic (0.25-1.0 mM) con- 
centrations. Thefindingssupport theview that K+canalso tunnel 
the r-basic tube of 1,3-alternate-3. When 1,3-alternate-8 with 
E t O C ( 4 ) C H z O  groups was used, Tc,intcr and Tc,intrs were 
observed at  50 and 30 OC, respectively (run 10). The Tc,intrs was 
not affected by the change in the 1.3-alternate-8 (0.5-5.0 mM) 
and NaC104 (0.25-2.5 mM) concentrations, whereas the Tc,intcr 
was significantly affected. The findings indicate that even Na+ 
can permeate intramolecularly through the cavity, although the 
exchange rate (as shown by Tc,intra = 30 "C) is much slower than 
those of the other systems. 

When the splitting pattern for the intramolecular metal 
exchange appears clearly, one can estimate the exchange rate a t  
the coalescence t e m p e r a t ~ r e . ~ ~  The results are summarized in 
Table 4. It is seen from Table 4 that the exchange rate for Ag+ 
is much faster than that for K+ (compare run 4 and run 9). This 
suggests that the affinity of Ag+ with the ?r-basic calix[4]arene 
tube facilitates the metal-tunneling from one site to another site. 

Conclusions 

The investigations reported in this article were initiated by an 
accidental finding that among conformationally-immobilized 
calix[4]arenes 1,3-alternate conformers show a cation affinity 
higher than cone conformers. The spectral examination estab- 
lished that the cation is bound to one of two ionophoric binding 

(41) Kurland, R. S.; Rubin, N. B.; Wise, W. B. J. Chem. Phys. 1964,40, 
2426. 

sites composed of two oxygenic ligands and two benzene rings 
with the aid of both electrostatic interaction and "cation-?r 
interaction" and that the metal cation alternates between the two 
binding sites in the N M R  time scale. The importance of the 
cation-?r interaction has been pointed out by several groups by 
the fact that certain cyclophanes are capable of binding Ag+. 
They expected that Ag+ might jump from one site to another site 
through the cyclophane cavity.Z* To the best of our knowledge, 
however, concrete experimental evidence for the intramolecular 
Ag+-tunneling through the r-basic cyclophane cavity has not 
been obtained to date. In the present study unequivocal evidence 
is given for intramolecular Ag+ alternation between the two 
binding sites in 1,3-alternate conformers, and similar behavior 
was observed even for Na+ and K+. We believe that the novel 
findings reported herein are particularly important in under- 
standing metal transport across ion channels, metal inclusion in 
r-base cavities (particularly, in fullerenes), intercalation of metal 
cations into graphites, etc. These possibilities suggest that the 
cation- interaction may be a ubiquitous phenomenon operating 
not only in vitro but also more generally in nature. 

Experimental Section 

Materials. Preparations of the following compounds have been 
described: cone-1,12 partial-cone-1,I2 1,2-alternate-1,12 1,3-alternate- 
1,'2 cone-2,,42 partial-cone-2,43 1,2-alternate-2,43 1,3-alternate-2,18.42 5,- 
1 1,17,23-tetra-tert-butyl-25,26,27,28-tetramethoxycalix[4]arene (7),44 
5,11,17,23-tetra-tert-butyI-25,26,27,28-~~~((e~oxycar~ny1)me~oxy)- 
calix[4]arene (8),5 and 25,27-dihydroxy-26,28-dipropoxycalix[4]arene 

25,26,27,28-Tetrakis(ethoxyethoxy)cali~4larene (1,3-Alternate-3). 
Calix[4]arene-25,26,27,28-tetrol (1.00 g, 2.36 mmol) was treated with 
2-bromoethyl ethyl ether (8.01 g, 47.1 mmol) in acetone (70 mL) in the 
presence of Cs2CO3 (12.28 g, 37.7 mmol). The reaction mixture was 
stirred at reflux temperature for 24 h. After cooling, the mixture was 
diluted with icewater and extracted with chloroform. The organic layer 
was washed twice with water and dried over MgSO4. After filtration, 
the filtrate was concentrated to dryness. The residue was recrystallized 
from chloroform/methanol: yield 37%. mp 176-177 "C; IH NMR 
(CDCI3,25 "C) 6 1.30 (CH3, t, 3H), 3.45-3.68 (OCH2 and ArCHzAr, 
m, 6H), 3.72-3.88 (ArOCH2, m, 2H), 6.65 and 7.10 (ArH, t and d, 
respectively, 1H and 2H, respectively). Anal. Calcd for C~H5608: C, 
74.13; H, 7.92. Found: C, 73.67; H, 7.44. 

5,11,17,21Tetrakis( chloromethyl)-25,26,27,28-tetrapropoxycali~4]- 
arene (1,3-Alternate-l0). Compound 1,3-alternate-2 (1 .OOg, 1.69 mmol) 
and paraformaldehyde (0.81 g) were suspended in dioxane (75 mL). 
After addition of acetic acid (4.05 g, 67.5 mmol), phosphoric acid (13.2 
g, 135 mmol), and concentrated HCI (1 1.3 mL, 135 mmol), the reaction 
mixture was heated at 80 "C for 36 h. After cooling, the mixture was 
diluted with ice-water and extracted withchloroform. Theorganic layer 
was washed twice with water and dried over MgSO,. The solution was 
evaporated to dryness, and the residue was recrystallized from 
chloroform/hexane: yield 82%, mp 283-285 "C; IH NMR (CDCl3,25 
"C) d 1.02 (CH3, t, 3H), 1.07-1.87 (CHz(CHa), m, 2H), 3.54 (ArCH2- 
Ar, s, 2H), 3.63 (OCH2, t, 2H), 4.43 (ArCHzCI, s, 2H), 7.00 (ArH, s, 

(42) Ikeda, A.; Nagasaki, T.; Araki, K.; Shinkai, S. Tetrahedron, 1992, 
48, 1059. 

(43) Iki, H.; Kikuchi, T.; Shinkai, S. J .  Chem. Soc., Perkln Trans. 1 1993, 
205. 

(44) Gutsche, C. D.; Dhawan, B.; Levine, J. A,; No, K. H.; Bauer, L. J. 
Tetrahedron 1983, 39, 409. 

(12).'8 
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2H). Anal. Calcd for CUHJZOICI~: C, 67.18; H, 6.66. Found: C, 
67.20; H, 6.59. 

dliX[4]rrene (1,3-Altemte-ll). This compound was synthesized from 
1,3-alternate-3 (1.20 g, 1.69 mmol), paraformaldehyde (0.81 g), acetic 
acid (4.05 g, 67.5 mmol), phosphoric acid (13.2 g, 135 mmol), and 
concentrated HCI (1 1.3 mL, 135 mmol) indioxane (75 mL). The workup 
was similar to that described for 1,3-alternate-l0 yield 86% mp 200- 
201 "C; IH NMR (CDCl3,25 "C) 6 1.37 (CH3, t, 3H), 3.52 (ArCHZAr, 
s, 2H), 3.69 (OCHz(CH,),q, 2H), 3.78 and 3.91 (OCHz(CHz),teach, 
2H each), 4.44 (ArCHZCI, s, 2H). 7.14 (ArH, s, 2H). Anal. Calcd for 
CaHwOsCb: C, 63.51; H, 6.67. Found: C, 63.58; H, 6.67. 

5,11,17,23-Tetrakb(methoxymethyl)-25,26,27,28-tetrapropoxycalix- 
[4larene (1,3-Altenute-4). Methanol (25 mL) and THF (25 mL) were 
treated with oil-dispersed NaH (0.81 g, 20.3 mmol) at 0 "C under a 
nitrogen stream. After 1 h 1,3-alternate-l0 (1.00 g, 1.27 mmol) was 
added. The reaction mixture was stirred at reflux temperature for 6 h. 
After cooling, the reaction was stopped by the addition of an aqueous 1 
M HCI solution and the product was extracted with chloroform. The 
organic layer was washed twice with water and dried over MgSO4. After 
filtration, the filtrate was concentrated to dryness. The residue was 
recrystallized from chloroform/methanol: yield 76% mp 174-176 "C; 

(CHz(CH,), m, 2H), 3.26 (OCH3, s, 3H), 3.50-3.70 (ArCHZAr and 
ArOCHz, m, 4H), 4.24 (ArCHzO, s, 2H), 6.95 (ArH, s, 2H). Anal. 
Calcd for CaHuOs: C, 74.97; H, 8.39. Found: C, 74.95; H, 8.38. 

1,3-Altemte-5. Compound 1,3-alternate-l0 (1 .OO g, 1.27 mmol) was 
dissolved in acetone (300 mL) and treated with KzCO3 (35.1 g, 254 
mmol). The reaction mixture was stirred at reflux temperature for 1 h, 
and a catechol solution (1.12 mg, 10.2 mmol) in 70 mL of acetone was 
added from a dropping funnel for 3 h. The mixture was stirred at reflux 
temperature for 36 h. After cooling, the mixture was diluted with ice- 
water and extracted with chloroform. The organic layer was washed 
twice with water and dried over MgSO4. After filtration, the filtrate was 
concentrated to dryness. The residue was recrystallized from 
chloroform/methanol: yield 81%, mp >310 "C; IH NMR (CDCl3, 25 
"C) 6 1.04 (CH3, t, 3H), 1.86-1.97 (CHz(CHs), m, 2H), 3.50 (ArCHZ- 
Ar, s, 2H), 3.73 (ArOCHZ, t, 2H), 4.81 (ArCHzO, s, 2H), 6.99-7.04, 
7.08, and 7.10-7.16 (ArH, m, s, and m, respectively, lH, 2H, and lH, 
respectively). Anal. Calcd for C J ~ H ~ O S :  C, 78.11; H, 7.02. Found: 
C, 78.02; H, 6.72. 

1,3-Altemte-6. This compound was synthesized from 1,3-alternate- 
11 (1.25 g, 1.27 mmol), catechol (1.12 g, 10.2 mmol), and CszCO3 (35.14 
g, 254 mmol) in acetone at reflux temperature for 24 h. The workup was 
similar to that described for 5 yield 86%, mp 210-212 "C; IH NMR 

(ArCHZAr,s, 2H), 3.74-3.79 ((CHz)CHzO, m,2H),3.92-3.96 (ArOCHz, 
m, 2H), 4.83 (ArCHzO, s, 2H), 6.98-7.04, 7.10-7.15, and 7.20 (ArH, 
m, m, and s, respectively, lH, lH, and 2H, respectively). Anal. Calcd 
for C~H6a01~.0.06CHCl3: C, 72.99; H, 6.94. Found: C, 72.98; H, 6.91. 

25,27-B&(etbxyetbxy)-26,28-dipmpoxy~4~rene (13Altemte- 
9). Compound 12 (0.25 g, 0.43 mmol) was treated with 2-bromoethyl 
ethyl ether (0.84 g, 4.91 mmol) in acetone (100 mL) in the presence of 
Cs2CO3 (2.77 g, 7.86 mmol). The reaction mixture was stirred at reflux 
temperature for 24 h. After cooling, the mixture was diluted with icc- 

51 1 , 1 7 ~ T e t n L h s ( e ) - 2 5 ~ 7 ~ ~ ( ~ ~ ~ ~ ) -  

1H NMR (CDCl3, 25 "C) 6 0.98 ((CHz)CH3, t, 3H), 1.68-1.85 

(CDCl3, 25 "C) 6 1.17 (CH3, t, 3H), 3.41 (OCHz(CHs), 9, 2H), 3.56 
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water and extracted with chloroform. The organic layer was washed 
twice with water and dried over MgSO4. After filtration, the filtrate was 
concentrated to dryncss. The residue was recrystallized from 
chloroform/methanol: yield 72%, mp 182-183 "C; IH NMR (CDCl3, 

1.78 ((CHz)CHz(CH3), m, 2H), 3.45-3.41 (ArCHZAr, ArOCHz(CZHJ), 
and OCHz, m, lOH), 3.80 (ArOCHz(CHzO), t, 2H), 6.66, 6.67, 7.00, 
and 7.08 (ArH, t, t, d, and d, respectively, lH, lH, 2H, and 2H, 
respectively). Anal. Calcd for C42H5206: c ,  77.27; H, 8.03. Found 
C, 77.16; H, 7.99. 

Solvent Extraction. Method A. Two-phase solvent extraction was 
carried out between water (5 mL, [alkali picrate] 5 2.50 X 1 P  M, 
[MOH] =O.lOM, [MCI] =OSOM)anddichloromethane(5mL, [calix- 
[4]arcne] = 2.50 X l k 3  M). The two-phase mixture was shaken for 12 
h at 25 "C. The extractability was determined spectrophotometrically 
from the decrease in the absorbance of the picrate ion in the aqueous 
phase. Method B. The workup was similar to that described for method 
A but was carried out bctwccn water ( 5  mL, [picrate acid] = 2.38 X l e  
M, [MNOI] = 0.01 M, pH 4.7) and dichloromethane ( 5  mL, [calix- 
[4]arene] = 2.50 X l k 3  M). 

Spectroscopic Meewewats. The apparatus used for the measurement 
of IH NMR spectra was a JEOL GX-400 (400 MHz). 
X-ray Crystal Structure Determisrtion of ParH.l-Coae-2.AgCF$303 

Complex. Colorless crystals were obtained by recrystallization from 
acetone. The crystal structure of partial-cone-2.Ag+ complex was 
determined by X-ray diffraction. Crystal data: C ~ I H ~ O ~ F ~ S A ~ ,  
monoclinic, space group P21/n; a = 17.902(2) A, b = 13.485(1) A, c = 

~ m - ~ ,  = 51.7 cm-I. Reflections were measured at 298 K in the 0-20 
scan mode [2" < 0 C as"], using Cu Ka radiation (A = 1.54184 A). The 
structure was solved by the direct method4' and refined with full-matrix 
least-squares methods. A total of 4408 reflections with fOz > 3a(fO) was 
used in the refinement. The R factors were R = 9.3% and Rw = 12.7%. 
All calculations were performed with MolEN.4 
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16.592(2) A, 4 99.942(8)"; V = 3945.8(7) As; Z 4; ddc  p 1.43 g 
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