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Abstract: The reaction of 1,3,5-tri-O-alkylated calix[6]arenes with 1,3,5-tris(bromomethyl)benzene
yielded capped calix[6]arenes (2 with tert-butyl groups on the upper rim and 3 without rent-butyl groups)
in unexpectcd)j high yields (80 - 91%). Combined studies of 2 and 3 by MM3 computation, X-ray
analysis, and 'H NMR spectroscopy established that these calix[6]arenes feature a unique structure
consisting of alternately-arranged three flattenaed mesitylene-linkad pheny! units and three stand-up anisole
units. Particularly, compound 2 possesses a closed ionophoric cavity: the upper hemisphere is closed by
three terr-butyl groups of amsole units and the lower hemisphere is closed by a mesitylene cap and three
anisole methoxy groups. The IH NMR spectrum was scarcely changed at wide temperature rmge 30 ~
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studies established that this cavity shows the high selectivity toward Cs* among alkali metal cations, the
high affinity with Ag*, and the moderate affinity with RNH3Y. Very sumpnsingly, the association-
dissociation processes for 2 and cesium picrwte was so slow that the rate could be followed by a
conventiond spectroscopic method  The thermodynamic parameters determined by kinetic studies
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disclosed that the major driving-force for Cs* inclusion is the entropy term based on the desolvation,
© 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Calix[n]arenes are cyclic oligomers that belong to the class of [1,])-metacyclophanes. As calix[n]arenes

have a cavity-shaped architecture, they are useful as building blocks for host-guest—type receptors and catalysts

mrougn appropnale modification. ! Functional groups can be iniroduced either o i

uppe
electrophilic substitution reaetions!-5 or to the lower rim by means of Williamson-type OH-modifications. !6-12
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those of calix[6]arenes and calix[8]arenes seem to be large enough to include them but are too flexible to show
guest selectivity.  To precisely recognize organic guest molecules, it is no doubt that the receptor cavity should
be "moderately” rigid and well delineated by functional groups. Since calix[n]arenes have the rotational freedom

p
calix[4]arenes by introduction of bulky O-substituents,!-9:13 but in larger calix[6]arenes and calix[8]arenes it is
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still a difficult job. Guische et al.2¢ previously described that "even the calix[6]arenes are rather flexible and
further insight into their mode of action must await the construction of more rigid and conformationally-defined

More recently, it was shown that the phenyl unit rotation in calix[6]arenes can be suppressed by the multi-

point bridging of the lower rim. In 1993, Biali et al.!4 succeeded in the immobilization using two

dialkylphosphates which can react with
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the 1,4-phenyl units are bridged by a xylenyl unit; 1 is capable of undergoing a conformational transformation
which the bridging moiety becomes threaded through the-annulus to produce a “self-anchored rotaxane”. We
synthesized triply-bridged calix[6]arenes at the upper-rim side or at the lower-rim side via complicated synthetic

conformation immobilization on the inclusion properties is little understood so far. To obtain further insights
) . . _ . . R "
into the relation between the ring inversion and the bridging effect, we synthesized triply-bridged (i.e., "capped")

products in unexpectedly high yields (80-91%).17 The high yields were accounted for by the advantage in C3-
symmetrical complementarity between these two reactants.!”7 In these capped products, ring inversion was
inhibited under the present measurement conditions, 18 and the presence of a closed inner cavity was suggested on
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characterize the inclusion properties of this unique cavity composed of seven benzene rings and six ethereal

oxygens.!9 We have found that the cavity shows very high Cs* and Ag* affinity and the association-

dissociation rates are so slow as to be measurable by a conventional spectroscopic method.
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RESULTS AND DISCUSSION

Combined Studies on the Structure of 2 and 3 by MM3(92) Computation, X-ray
Crystaiiographic Anaiysis, and !l NMR Spectroscopy. it has been shown ihai the siructural
characteristics of calix[n]arene derivatives are

satisfactorily  reproduced  using  MM3(92).20

-

only a few limited conformations. This situation

is very suitable to the theoretical prediction of the
energy-minimized structures. They are shown in

and 2. Itis clearly seen from Fig. | that

covered by three alicrnaic teri-butyl groups.

Three phenyl units linked (0 the mesitylene cap are

Fig. 1. Energy-minimized structure of 2: hottom view  considerably flattened (50.9 © to the least-squares
from the mesitylene-capped lower rim (left) and top view o0 0r cix AfCH AP methviene carbons) In
) . 1 I)I(UK, O SIX ATLIIAL THTUHTYICHT CATDOHS ) |38}
from the upper ritn covered by three alternate tert-butyl ual d o ‘ J

. ntrast, residual thr iisole units stand u
groups (right). contrast, ¢ ee anisole p

(105.4 °).  These angles can assemble six ter1-

butyl groups on the upper rimn and three of them in
the linked phenyl units occupy an exterior space
and three of them in the anisole units occupy an

interior space.  ‘The latter three rerr-butyl groups

annarently act as a lid of the unper rim edege.  The
pparently act as a lid of the upper run edge €
rraco_cortinn af tha innor cauvity thne coanctrnietad a1e
CIUDD-JSULLIUR U U NGl cavi HIUD CUBIDS U UCIiLa 1o

shown in Fig. 3. itis seen from Figs. | and 3 that
three benzene rings in the anisole units and one
benzene ring in the mesitylene cap are arranged in a

nearly tetrahedral architecture and lone-pair

cavity.
L. . . be highly electron-rich. In contrast, the upper rim

Fig. 2. Encrgy-minimized structure of 3: bottom view &Y ‘ Pl

(left) and top view (right). edge of compound 3 which does not have tert-

butyl groups on the upper rim is not closed (sce the

right picture in Fig. 2). Careful comparison of

Fi

o 1 reveals that three altermnate nhenvl
1g. | reveals that three alte pheny
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Cross section

A

electron-rich inner cavity of 2 visualized by the cross-section.
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units linked to the mesitylene cap in 3 are more flattened (26. 1 °) than those in 2. Furthermore, examination of
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Fig. 2 reveals that the mree ru(Cap) -org- U-ARCaLiX ) ummgca in 2 exists near ly

L5, & A%Vl

the same plane as the mesitylene cap whereas that in 3 is rather perpendicular to the mesitylene cap.
Presumably, the mesitylene cap in 2 is twisted to reduce the steric crowding among six tert-butyl groups on the

upper rim.

Fig. 4. X-ray structure of 2: bottom view from the mesitylene-capped lower rim (left) and top view from the
upper rim covered by three alternate terz-butyl groups (right).
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The X-ray structure of 2 is shown in Fig. 4. The X-ray structures of O-alkylated calix[6]arene derivatives

I-
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the X-ray structure of an O-alkylated calix[6]arene with a cone-like conformation. It is clearly seen from Fig. 4
that the angles for six benzene rings change alternately. Flattened A, C, and E phenyl units have the angles

19 2 alnennta /i o szazsz d) isomers 21 1n thi -
I,A,J—awcxuau: (ie., vuuddd) isomers. i

of 20.04°, 22.59°, and 21.93°, respectively whereas stand-up B, D, and F anisole units have the angles of
100.96°, 102.62°, and 103.47°, respectively, with respect to the least-squares plane of six ArCH»Ar methylene

carhong The anoles nredicted from the MMR3 calculation are 50.9° for th

carbons. The angles predicted from the MM3 calculation are 5
the stand-up anisole units. The angle for the stand-up anisole units well coincides with that predicted from the
MM3 calculation, but that for the flattened phenyl units is smaller by ca. 30°.  This discordance is related to the
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minimized structure these linkages exist nearly in the same plane as the mesitylene cap whereas in the X-ray
structure they are nearly perpendicular to the mesitylene cap. Presumably, 2 in the single crystal is enforced to
adopt a more flattened conformation in order to be packed in the crystal lattice. Comparison of these two
structures reveals that the more flattened the phenyl units are, the more perpendicular the Ar(cap)-CHj-O-

Ar(calix) linkages become and the lone-pair electrons of three oxygens are more directed toward the inside of the
cavity. The inner cavity size (3.2 - 4.0 A between the upper rim and the lower rim22; 5.0 A between the distal
benzene rings) is nearly the same between these two structures. Since this size is slightly larger than the
diameter of Cs*(3.62 A), it is predictable that this cavity would show high Cs* selectivity among alkali metal

cations. The open space at the upper rim, through which metal cations are associated or dissociated, is very
narraw A triangle farmed fram thrae tort_crarhnne in the terthntyl aranne nf anicenla nnite cancicte nf thras cidac
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smaller than that of Cs*, one may expect some interference with the association and dissociation of Cs+.

The temperature-dependent 'H NMR spectra of 2 showed that a pair of doublets for the ArCH>Ar protons

consistently appears from -85 °C to 130 °C (Fig. 5). The result indicates that 2 firmly maintains a cone

conformation. However, this fact is not sufficient to propose the permanent freezing of this conformation,
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evidence for immobilization was obtained from 2D EXSY(Brucker ARX-300 instrument, NOESYTP with time

proportional phase increment; [2] = 10 mmol dm3, Clb,CDCDClp, T 800 ms) in 'H NMR spectroscopy!6-23; at
30 - 130 °C the correlation arising from the exchange between Hax and Heq in the ArCH Ar methyiene protons

was not observed. The result reveals that 2 is immobilized in a cone conformation and flip-flop-type ring
inversion does not take place under the present measurement conditions.
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calix[6]arene derivatives (4). In these molecules the 8y values for the methoxy protons appear at higher magnetic
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Fig. 5. Temperature dependence of !H NMR spectra for 2 (400 MHz, CD;Cl; below 0 °C and

-~y

Ci,CDCDCij above 30 °C).

triply-capped calix[6]arene (5).16325 The 8y value for the methoxy protons appears at higher magnetic field
(Y £0
(. U7

contrast, the dy for the methoxy protons in 2 appears at relatively lower magnetic field (3.85 ppm). The 8y

values for the tert-butyl protons in anisole units and linked phenyl units appear at 0.72 and 1.41 ppm,
1

respectively; the shifts of these protons are opposite to those in 4 and 5 (1.24 -1.47 ppm for the fers-butyl protons
in anisole units and 0.71-0.94 ppm for those in linked phenyl units).  The results indicate that in 2 linked phenyl

units are flattened and anisole units rather stand up. The alternately flattened and stand-up structure substantiated
by !H NMR spectroscopy is in good agreement with those shown by theoretical calculations (Fig. 1) and X-ray
analysis (Fig. 4). On the other hand, the energy-minimized structure in Fig. 1 clearly indicates that two OCH2

methylene protons are inequivalent to each other. Although the inequivalency in the X-ray structure is not so

Al ottt tha amaear niniizmiea gty At H
clear as that in the energy-nminimized structure, the unsymmetrically-bent Ar{cap

suggest that the two OCH, methylene protons can be basically inequivalent. These structural characteristics
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imply that they may appear as a pair of doublets in lH NMR spectroscopy.  As seen from Fig. 5, however, they
appear as a singlet resonance even at -85 °C.  The result implies that even though the mesitylene cap occupies an
Fyr=== & witum =3 7 e o r
unsymmetrical position, the right turn-left turn twisting motion occurs faster than the NMR time-scale. The
OCH7 methylene protons in 3 also appeared as a singlet resonance.

The foregoing results indicate that MM3-based theoretical calculations, X-ray analysis, and 'H NMR
cuvdern nvennr ol Qareveaa PTSIPN PN AR SIS s TR VL T R T N T T DTy PHpun PRp IS PRpupRgs [P oy rade
apwuuawpy du auppuu uu: auuu i Ll DULd Ul &4 WIUL a4 uuxquc UHHIVICCUIALTY -CIUSCU HUICL LdVILY
Next, we estimated the guest-binding properties of this ionophoric cavity.
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Two-phase Solvent Extraction and Determination of Association Constants by Spectroscopic

Methods. It has been shown by Ungaro et al., 7026 McKervey et al., 10:11 Chang et al.,27 and others12.28 that
calix[n]arenes can be derived to neutral ligands by introduction of ester or amide groups into OH groups. They
demonstrated that the metal selectivity is dependent on the calix[n]arene ring size: that is, calix[4]aryl derivatives

show verv hich Nat selectivity whereas calixf6larvl and calix/flarv]l derivatives rather show broad alkali metal
SOOW very mign INa’ selecuvily wicreas Calixioj 1 g canxisj 1 & €S S V D Kail

affinity with K+, Rb*, and Cs*.1.7.10,11.26-28  Thjs is related to the ring flexibility inherent to calix[6]arene and
calix[8]arene, which inevitably features the induced-fit-type metal complexation. In contrast, the NMR spectral
data for 2 indicate that the framework is considerably rigidified and possibly shows high metal selectivity.
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the diameter of Cs+ (3.62 A), one can expect that this cavity shows high selectivity toward Cs* over other alkali
metal cations.
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Fig. 6. Percent extraction of alkali picrates in

dichloromethane at 25 °C (for the details of the extraction
conditions see Experimental Section).

Solvent extraction of alkali metal
cations  with  picrate ion  into

dichloromethane was performed at 25 °C

(for the details of the extraction conditions
see Experimental Section). The
extractabiiity vaiues (Ex%) are compared
with those of conformationally-mobile
calix[6]aryl ester 6 (Fig. 6). Itis clearly
seen from Fig. 6 that 6 shows the broad

affinity with alkali metal cations whereas
2 shows high selectivity toward Cs* over
other alkali metal cations: it extracts Rb*
and Kt only to a smaller extent and
shows no affinity with Na’.

Table 1. Bathochromic Shifts (Ayax) of Alkali Picrates Extracted into the Dichloromethane Phase?

ionophore A (nm) i
M+t=Na* K%t Rbt Cst
18-crown-6b 367 369 368 369
[2,2,1]cryptand® 375 375 375 375
[2,2,2]cryptand® 375 375 375 376
2 377 378 378 378

b Cited from Ref. 29.
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Table 2. Association Constants of 2 with Alkali Metal Cations and RNH3*Pic-2

guest Kass / M1
M*Pic-
Mt = Nat <20
K+ <20
Rb* ca. 20
Cst 21000
RNH;*Pic-
R=Me 14400
Et 11400
n-Pr 8000
n-Bu 1500
iso-Bu 3300
sec-Bu 500
iert-Bu 500

2 THF for M*Pic™ and CHCI3 : THF =99 : 1 v/v for RNH3*Pic"

Inoue et al. 2% suggested an interesting idea that the bathochromic shift of the absorption band of the picrate
anion, extracted into the organic phase with a macrocychc ligand from aqueous metal picrate solutions, serves as a
H - 1 mancnrad tha ala n...-. e ~F
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xtraction. As summarized in Table i, the
nm in the presence of 2. These bathochromic shifts are larger than

S PR | U of R i

those induced by cryptands, the ion pairs of which are considered to be nearly "naked".2% To the best of our
knowledge, these bathochromic shifts are the largest among those observed for alkali picrates.  As seen from Fig
3, the central cavity of 2 is surrounded by a mesitylene cap and six fert-butyl groups and sterically isolated from
the solvent medium. Hence, the picrate anion of the 2- M*Pic- complex should behave as a highly solvent-

o PR PR S

SEpare aied anion.

The association constants (K s) couid be readily determined from the spectral change of alkali picrates

using the Benesi-Hildebrand equation for a 1 : 1 complex.30 The typical spectral change for Cs*Pic™ is shown

in Fig. 7. The plots well satisfied the Benesi-Hildebrand equation with the comelation coefficients > 0.99
A let ) P A | Ep. ad hiaecaie £ cnen 1. A  dexs | T PP .
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(dichloromethane) because of the facile solubilization of alkali picrates into THF, 2 again shows very high Cs+
selectivity (Table 2). The Cs* preference of K a5 corresponds to ca. 103-fold for Rb* and more than 103-fold

for Nat.31 These results establish that the "hole-size selectivity” is satisfactorily operative in the present system
featuring a rigid and well-delineated cavity.
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Fig 7. Absorptlon spectral change of CstPic” in THF at 25 °C: [Cs+P1 -1=1.00 x 105M, [2] (in 105 M
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size of ammonium ions (NH4t and RNH3%) is usually comparable with that o

induced the bathochromic shifts for ammonium picrates, from which the K 4 values couid be determined (Table

2). The K, decreases with the increase in the steric bulkiness of R: for example, the K55 values for sec-

in terms of the steric crowding around the ionophoric inner cavity.

NMR Studies of Inclusion Complexes. To obtain further insights into the metal and ammonium binding
perties by 'H NMR spectroscopy. One can regard
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hemisphere is "soft” and the lower hemisphere 1s "hard".
The temperature-dependent 1H NMR spectra of a mixture of 2 (2.00 mM) and Cs*Pic (1.00 mM) are

shown in Fig. 8A. The peaks assignable to the 2- Cs* complex appear separately from those assignable to free
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Fig. 8. (A) Temperature dependence of partial 'H NMR spectra (400 MHz) for a mixture of 2(2.00 mM)
and Cs*Pic” (1.00 mM) in Cl,CDCDCly: although the spectra were measured at every 10 °C, only two of them

at 30 °C and 130 °C are shown here. (B) Partial lH NMR spectra (130 °C, 400 MHz) of 3(2.00 mM) and
Cs*Pic~(1.50 mM) in Cl,CDCDCl,

even at room temperature and ak intensities for the complex are always equivalent to the amount of added

=3
E

TH NMR signals did not take place even at 130 °C, indicating that the Cs* exchange with this rigid an

(=9
o
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cavity is exiremely siow. A mixiure of 3 (2.00 mM) and Cs*Pic™ (1.00 mM) resulted in the similar temperature-

dependent 'H NMR spectra, but the signals were significantly broadened at 130 °C (Fig. 8B) and the coalescence

that the Cs* exchange with 3 bearing a hole on the upper rim (Fig. 2) is faster than that with 2.

The chemical shift difference between 2 and 2- Cs* is summarized in Fig. 9. Examination of Fig. 9A

reveals that significant Cs*-induced down-field shift is observed only for the mesitylene ArH and CH; protons
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Fig. 9. Chemical shift difference between free 2 and 2- M (Mt = Cs+, Agt, or MeNH3t)
complexes: 400 MHz, 30 °C, CL,CDCDCly, [2] = 2.00 mM, [MtX-]=1.00 mM. A plus sign (+) denotes
a shift to lower magnetic field, whereas a minus sign (-) denotes a shift to higher magnetic field.

(A8 = +0.31 and +0.15 ppm, respectively) whereas the anisole ArH protons covering the upper hemisphere are

L ko . |

n that when the cation-nt interaction operaies in the metal binding, the
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1 is the Cst -0Xygen mieracuon with the mesitylene-
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results indicate that the md_)or v mg-um.c for Cs™ inclusioi
linked three oxygens whereas methoxy oxygens in the anisole units scarcely contribute to the Cs* binding. Here,
we expected that both the "hard" lower hemisphere and the "soft" upper hemisphere can act cooperatively to bind
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Fig. 10.  Partial 'H NMR spectrum of a mixture of 2 and CF38O3Ag at 130 °C: 400 MHz, Cl;CDCDCly,
[2] = 10.0 mM, [CF3803Ag] = 5.0 mM.
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to free 2 appeared separately at room temperature. ~ These peaks were neither broadened nor coalesced even at
130 °C (Fig. 10), indicating that the Ag* exchange rate is very slow. The chemical shift difference between free
2 and complexed 2- Agt is summarized in Fig. 9B. It is clearly seen from Fig. 9B that the significant down-
field shift is observed not only for the mesitylene ArH and CHj protons (Ad = +0.13 ~ +0.26 ppm) but also for

the anisole ArH protons (A8 = +0.14 ppm). The 3y for Hexo in the ArCH2Ar methylene protons moves to
lower magnetic field by +0. 17 ppm, indicating that the anisole units rotate upon the Ag™ binding. One can thus
consider that not only the Ag*-oxygen interaction but also the cation-rt interaction contributes to the Ag+ binding.
It is aiso confirmed (both at 30 °C and 130 °C) that the peak intensities of the 2- Ag* complex are always

equivalent to the concentration of added CF3S0O3Ag. This implies that 2 and Ag* form a very stable 1 : 1

The NMR studies of the
whether the C3-symmetrical architecture of 2 is really effective in the binding of C3-symmetrical ammonium ion

guests and (i1) which open space in 2 is used for the alkyl substituents in RNH3% to penetrate into the cavity.

RTTE

As expected, the peaks assignabie to the 2- RNH3* complexes and those assignable to free 2 appeared separately
at room temperature.  Neither the line-broadening nor the peak coalescence took place even at 130 °C.  The

Tr o Lot e o < e

resuiis indicate again that the iniermoiecular exchange rate with RNH3™ guests is very slow.  The difference in
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Table 3 Chemical Shift (3y) of the 2. RNH3% Complexes at 30 °C in ClL,CDCDCl,
protons OH /ppm

R=Me E n-Pr n-Bu teri-Bu
tert-Bu (anisole unit) 0.77 0.79 0.84 0.89 0.90

9
tert-Bu(mesitylene-linked unit) 1.42 1.42 1.42 1.42 1.41
9

OMe 3.92 3.92 3.91 3.91 391
Hezo in ArCHpAr 3.68 3.67 3.69 3.69 3.69
Hendo in ArCHyAr 4.79 4.80 4.81 4.81 4.79
ArOCH; 5.1 5.18 5.25 5.29 5.29
ArH (anisole unit) 6.41 6.51 6.62 6.70 6.71
ArH (mesitylene-linked unit) 7.33 7.34 7.35 7.36 7.35
ArH (mesitylene) 8.05 8.22 8.41 8.51 8.48

the chemical shifts between free 2 and 2- MeNH3* is summarized in Fig. 9C. It is seen from Fig. 9C that the
chemical shifts of 2- MeNH3* are more or less similar to those of 2- Cs*:i.e., the significant down-field shift is
observed only for the mesitylene ArH and CH protons. One can thus consider that the major driving-force
operating in ammonium guest inclusion is the hydrogen-bonding interaction between three CH>OAr oxygens and
RNH3% and therein the C3 complementarity between the host and the guest is an indispensable factor for the
effective binding. In this binding mode, it is most reasonable to propose that the alkyl substituent in RNH3+
penetrates into the cavity from the upper rim side through the narrow space surrounded by three alternate fert-
butyl groups in the anisole units. This view is clearly supported by the 8y of the 2- RNH3* complexes. As
shown in Table 3, the bulkiness of R affects not only the chemical shifts of the zerr-Bu protons in the anisole units

but also those of the ArH protons in the anisole units and the mesitylene cap.  Assuming the penetration from the

[, S Y Loaiaad D - -~ - L1 < cialhian A oL o
upper mnii cage, Dound KINI13 ', umn e OUiCr nandg, me oy vaiucs ot e

residual protons are scarcely changed. It is seen from Table 3 that a large chemical shift jump is observed

g LN o o d D.ATLT_<4
37 alld 7n1-riNm3 .,

| R =7 N4
DCIWCLTE CUNDM

group in n-PrNH3* partially opens up the space surrounded by three alternate ferr-butyl groups.
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Kinetic Studies of the Metal Association-Dissociation Processes. It is known that the metal
JIPS W S = PR SUPY NPy Fy SRR ST oAy Gy
exchange in conventional crown ethers and ionophoric calix[n]arenes occurs in the rate comparable with or fast

than an NMR time-scale. In certain macrocycles with a closed ionophoric cavity such as spherands and

cavitands, in contrast, the metal exchange occurs more slowly than a human time-scale. 3840  Although the

determina of the kinetic activation parame

cterminanon var it

neters which govern unit processes in these host-guest interactions is

of great signiﬁcance neither of them is suitable to this purpose. The CPK molecular model, theorencal energy-

£~ 1 PR, PR = s . ,1,‘}'._,,,.»_,1 | S (o

minimization, and X-ray analysis of 2 all suggested that they possess a closed inner cavity delineated by oxygen

atoms and n-basic benzene rings, the size of which is comparable with the ion size of Cst.  Although there is no

apparent hole for Cs* to get into the cavity (see Fig. 1), the mixture of 2 and Cs* affords a 2- Cs* complex.

This implies that 2 creates a " temporary hole" by its breathing molecular motion.  In contrast, compound 3 has

2). The NMR studies showed that the Cst exchan

g. 2). The NMR studies showed that the Cs* exchange r

2 is slower by far than the NMR time-scale whereas that with 3 is comparable with the NMR time-scale. Then,
how siow are they?

ate with

ale

We tentatively followed a complexation process between 2 and CstPic™ by a conventional spectroscopic

method.  Very surprisingly, this process could be easily monitored, the half-lives being 10 ~ 20 sec .41 To

confirm that this spectral change is not due to the transition in the mixing process we repeated the same operation
_____ s 10 i L i L iniband A Ao avivantad tha ahomclncan irvvsmadintals; tnarancad ¢4 natrr rrahaa AFfs 1.
using I8-crown-6 or 6 instead o1 2. As expected, the apsoroance nnmediately increased to a new vaiue aiter the

dead-time (ca. 5 sec) and then the time-course remained constant. The kinetic behavior of compound 3 without
tert-butyl groups on the upper rim was the same as that of 18-crown-6 or 6.  The difference clearly indicates that

the shielding of the calix[6]arene cavity by three alternate terr-butyl groups is essential for the slow Cs* exchange.
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Fig. 11. (A) Plots of k_, vs. [2] for the complexation between 2 and Cs*Pic’ in THF: [2] = 1.00 x 104 M.

sl

(B) Plots of AG* vs. T.
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The complexation between 2 and Cs*Pic™ is an equilibrium reaction, so that the pseudo-first-order rate
constant (kobs) under [2] >> [Cs*Pic™] can be expressed by eq 1,

kobs = kf [2] + k¢ ey

where k¢ and k. are the forward second-order rate constant for the association of 2 and Cs*Pic- and the reverse
first-order rate constant for the dissociation of 2- CstPic-, respectively.41:42  To determine k¢and k; at 25 °C,
the kps values were measured at various 2 concentrations.41¢  The k¢ and the k; are the slope and the intercept in

the plots of kops vs. [2], respectively. As the linearity of these plots was satisfactorily good (y> 0.98), the k¢

could be determined from the slope (Fig. 11A). On the other hand, the k; was too small to accurately determine

from the intercept. The K at 25 °C is already determined by a spectroscopic method (Table 2), so that one can

calculate the k. from the relationship K5 = k¢/ k.  We repeated the same measurements and determined k¢ and

K at 10, 15, and 20 °C in addition to 25 °C and then computed & from kfand K,5s.  From plots of AG* for k;

Table 4. Thermodynamic Parameters for the Equilibrium and the Reaction between Cs*Pic- and 2, 7a, and 7b2

2 7ab 7bb
K M) 2.1 x 104 1.3x103 1.9 x 104
AGO (kJ / mol) -25 -18 24
AHO (k] / mol) -1.3 -0.11 4.8
AS0 (J /K- mol) 78 62 70
kf M-1sT) 1100 520 410
AGe* (kI / mol) 54 57 58
AH# (kJ / mol) 25 41 16
ASt (J /K- mol) 110 -52 -140
kr (s71) 0.047 0.38 0.021
AG* (kJ / mol) 79 75 83
AHy¥ (kJ / mol) 27 41 21
ASt* (J /K- mol) 200 -110 2200

A K, kf, and ky are those at 298 K

b Mitad fenm rafaranca ATh
LAMEAL REULLL SVIVIVINNG Tl Y
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and k¢ vs. T 41¢ we obtained AH' and AS* for the forward reaction and the reverse reaction (Fig. 11B). The
results are summarized in Table 4. It was found that van't Hoff plots for the association equilibrium result in

good linear relationship.41¢ The AH" and AS° values were determined from the slope (-AH° / R) and the

'”

intercept (AS° / R), respectively, by a least-squares procedure.  The results are also summarized in Table 4.

In Table 4 we include thermodynamic parameters obtained from doubly-bridged calix[8]arenes (7a and 7b)#1b in

order to understand these thermodynamic parameters by extensive comparison.

7a: R = Me
-
7b: R = Et
One can raise a number of important and novel features of the Cs* complexation process disclosed for the
first time by the kinetic studies of capsule-like calix[n]arenes. Firstly, the k7 values are different only to a

smaller extent (only 2.7-fold between largest 2 and smallest 7b) whereas the k; values are largely different (18-

fold between largest 7a and smallest 7b).  The result implies that the K 4 is governed mainly by the decrease in

the kr. This tendency is in line with that of the metal complexation behavior in crown ethers and cryptands
which can be obtained only by the use of a stopped-flow method or a T-jump method.44.43.46  Secondly and
most intriguingly, the AS® values are all positive and the order of the K¢ is consistent with that of AS°Gi.e., 2 >

7b > 7a) but not with that of -AH"(7b >2 >7a). In general, the metal complexation process is driven by the

negative (favorable) enthalpy change and accompanies the negative (unfavorable) entropy change.47 In contrast,

the present results indicate that the major driving-force for metal inclusion is not the AH® term but the AS® term
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into this class of ionophores.#? Thirdly, the structural difference between 7a and 7b is the O-substituent
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{methyl or ethyl). Examination of the activation parameters reveals that 7b with ethyl substituents possesses the
more favorable AH' term and the more unfavorable AS* term both for the forward and the reverse reaction than

7a with methyl substituents. This indicates that also in 2, the steric crowding increases the -AS¥ term, which

suppressed the Cs* exchange and eventually enabled us to dctermine the reaction rates with a conventional
spectroscopic method.

The present calix[n]arene system is a very rare example in which the metal complexation process can be
followed by a conventional spectroscopic method. By taking this advantage one can readily determine the

activation parameters. The results established that the

[+

r-rnt‘aa”v ogoverned hv the entronv term but not by the enthalny term. bein
b VWA EEWAS IJJ AW WRE I-l\ltl" Wikl W 19 v . At LA Lol

far. This is a new therrnodynamic insight into the metal inclusion chemistry and useful as a new concept in
ionophore design.

CONCLUSION

The present study reports the thorough characterizations of a calix[6]arene with a unique unimolecularly-

closed 1nnnnhnn1‘ cavity. Its
10sed 10nophori cavit s

howed the hieh selectivity toward Cs™t

AUV LU WaL gl STallaViay WUV ~ 3

the hioh affinity with At and the

1 iigil Garianagy v Iolag , uIU v

moderate affinity with RNH3*% (probably because of C3-symmetrical complementarity). Furthermore, the Cst
association-dissociation processes could be followed by a conventional spectroscopic method. We believe that

compound 2 is on

e of such "more rigid and conformationally-defined calix[6]arene analogs"2¢ and useful to

understand the guest inclusion properties from both spectroscopic and thermodynamic viewpoints.

EXPERIMENTAL

Materials. Preparation of compound 2 has been described.!7b
37,39,4i-Trimethoxy-38,40,42-trihydroxycalix{6]jarene (8). 5,11,17,23, 29,35-Hexa-tert-

butyl-37,39,41-trimethyl-38,40,42-trihydroxycalix[6]arene 7¢:176,21.22 (150 mg, 0. 15 mmol) in toluene (30 mL)

was treated with AICls (1.2 g, 9.0 mmol) at room temperature under a nitrogen atmosphere.  After 4 h, the

man~tian oo otannad ;s tha ndditian ~Ff amiianize 1 A
ICAlLIUIL ' wWad ‘LUP!JCU U)’ U AAUIHIVIE UL ULAJUD 1 IVl Il

-
T
e

e Ak al .t PR, i UL Ry AA_OrY

with chioroform. The chioroform layer was separaied, washed ihree times with waier, and dried over MgSOa.
The solution was concentrated to dryness and the residual solid was subjected to column chromatography (silica
gel, dichloromethane). We separated the eluent into six fractions. We could isolate 10 and 11 from the fourth
and the fifth fraction, respectively, which gave Ry = 0.35 and 0.40 on the TLC plate (silica gel,

Ter nvwoamy o b ab el tab O Lt n

dichioromethane). On the other hand, the 'H NMR measurement showed that the sixth fraction (with R¢= 0.30)

contains two compounds. They could be separated by a preparative TLC method (silica gel, ethyl acetate:
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hexane =1:2 v/v) : Rg=0.35for 9 and 0.30 for 8. 11: yield 15%; !H NMR (CDCl3, 25 °C) § 1.05 (+-Bu, s,
27H), 3.51 (OCH3, s, 9H), 3.91 (ArCH>Ar, s, 12H), 6.73, 6.92, and 7.00 (ArH, t, s, and d, respectively, 3H,

LAY AT o _act A N L A T . ALEN 1, 2 11 18 D lEx mTR AT STV AL O\ S 1 NS s T - TQLIY
OrI1, and >n, ICprCUVCly), 0.4 (UTl, 5, OI1). AV, YICIA 1070, *IT INIVIK {ULAIZ, 23 LU) 0 1.UO({I-DU, 5, 1011),
3.43 and 3.70 (OCHg3, s each, 6H and 3H, respectively), 3.89, 3.92 and 3.94 (ArCH»Ar, s each, 4H each), 6.7-
M Y FALT arnd MNET e 1OLTN 0 ald 1NOL 1 NIAMD (OCTW . YK 0y S 1 NK 7+ Do < 1QLIV 2 AQ ~nnd 2 &7
7.0 (AT aIld Uy, B, 1711, b4 yIElU 170, I OINIVIN (O EACTY, 20 ) O .U DU, >, 10I1), 2.90 Al 0.0/

- vield 109, 1TH NMR (CTX]
. iV A\ 15>

7.1 (ArH and OH, m, 21H).
Compound 3. This compound was synthesized from 8 and 1,3,5-tris(bromomethyl)benzene under

high-dilution conditions in a manner similar to that described for 2.1/ Finally, the product w

reprecipitation from chloroform to methanol : mp > 320 °C, yield 90%; IR(Nujol) no voy; H NMR (CDCl3, 25

°C) 8 3.71 and 4.78 (ArCHjAr, d each, J= 16.5 Hz for all peaks, 2H each), 3.93 (OCH3, s, 3H), 4.54
(ArOCHjy, s, 2H), 6.29, 6.41, 7.12, and 7.27 (ArH(calixarene), d, t, t, d, respectively, 2H, 1H, 2H, 1H,
respectively), 6.82 (ArH(cap), s, 1H).

X-ray Crystal Structure Determination of 2. Colorless crystal were obtained by recrystallization

from p-xylene. The crystal structure of 2 was determined by X-ray diffraction. Crystal data; C94H11606,

e geiiss LR e a2 ~

~

triclinic, space group P1(#2); a = 19.524(2) A, b =21.541(2) A c= 10.5281(5) A o= 19.524(2) °, B =
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. ALY - 1n01~4‘~_q e A Q1 aun-] . e .
A7 L =2; Ugcaic=1.034 gem™; m= 4.8icm™*. Reiiections

~y O l'\tf\ Vds | wr “III\ AIIE) ﬂq,""

19.524(2) °, y=19.524(2) .; V= 0.4(5
were measured at 293 K in the w-20 scan mode [51.26 ° <20 < 55.99 °, using Cu-Ka radiation (A = 1.54178

A). The structure was solved by the direct methods(SAPI91) and refined with full-matrix least-square methods.
A total of 6715 reflections with [ > 3.000 was used in the refinement. The R factors were R = 19.8 % and Rw

=25.4 %. All calculation were perfomed with teXsan crystallographic software package of Molecular Structure
Corporation.
Craluvnmé Duwédnandlnm T nhaca cnalyant avirantian AfF alb ol noarotac vwrac aorrrad oot bt tam (&
JTJUERVOIL DALIAL LIV EWU-LHIGDHCO SULVOIIL CAU aluui ot Adil picd S Wda Lalll ut pelween waler L)

al
mL, [alkali picrate] = 1.00 x 104 M, [MOH] = 1.00 x 10 M) and dichloromethane (5 mL, [2] = 1.00 x 10-3 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.

Kinetics. The reaction rate for inclusion of Cs*Pic- into 2 was evaluated under the pseudo-first-order

conditions where 2 exists in great excess over CsTPic™ (1.00 x 10> M). A THF solution (3 mL) containing

P Y YT

Cs™ l"lC was equmnratca io me desired [empcramrc lnCﬂ a THF solution u.a 30 IHL) comamlng 2 was
injected from a micro-syringe. After rapidly shaking this mixture, the cuvetle was returned into the
spectrophotometer and the time-course of the reaction was followed at 390 nm. It took about 5 sec from the
injection of the 2 solution to the start of the measurement. The time (after 5 sec) vs. A3gq plots satisfied the

rdae th v N 0OQ
ULl unauuu wuu - uU.70.

Miscellaneous. !H NMR, VT-NMR, UV-Vis, and kinetic UV-Vis spectroscopic measurements
were carried out with a Bruker AC 250P spectrophotometer, a JEOL GSX-400 spectrometer, a Shimazu UV-160
spectrometer, and HITACHI U-3000 spectrometer respectivclv. The calculation of X-ray crystal structure
determination was nerf'nmed with teXsan crystallographic softwar pac acka age of Molecular Structure Cgrpgrmjgn,

MM3(92) calculation was performed on a UNIX orkstation system : SUN 4/2 GX-IRIS 4D/35G.
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