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Abstract: We describe here the behavior of the hydrogen-bonded capsule 1-1 and its complexes in protic
solvents. The kinetics and thermodynamics of the encapsulation process were determined through

conventional *H NMR methods. The enthalpies and entro

pies of encapsulation are both positive, indicating

a process that liberates solvent molecules. The rates of dissociation—association of the capsule were
comparable to the rates for the in—out exchange of large guests, which suggests that guest exchange
occurs by complete dissociation of the capsule in protic solvents. The stability of the hydrogen-bonded
capsule 1-1 toward protic solvents depends strongly on the guests, with the best guest being dimethylstilbene
8. The results establish guidelines for the properties of capsules that could be accessed in water.

Introduction

Molecular recognition, self-assembly, and nanoscale organic

chemistry are all features of reversible encapsulation complexes.

Whether held together by hydrogen bohds metal-ligand

interactions these complexes of molecules inside molecules
provide a means to explore intimate molecular relationships.
The metatligand capsules are formed in water, but the

hydrogen-bonded systems are stable in solvents that do not
compete well for donors and acceptors. Most of these assemblies

dissociate after the addition of small amounts of highly polar

solvents, but there are exceptions. We reported the encapsulation

behavior of the “tennis ball” in DMfand a dimeric pyrogallol[4]-
arene in methandl Atwood and co-workers used a hexameric
pyrogallol[4]arene as a host in protic mediahile Bohmer
showed high kinetic stability of hydrogen-bonded calixarene
capsules outfitted with bulky residues in DMSQOrhere are

recent reports by Reinhoudt of salt-bridged capsules that persist

in methanol and even in watet.The present research was
undertaken to examine the behavior of the hydrogen-bonded
cylindrical capsuld-1 (Figure 1) in the presence of competitive

(1) For reviews, see: (a) Conn, M. M.; Rebek, J.,GQnem. Re. 1997, 97,
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Figure 1. Line drawing of the tetraimide subunit (top) and the ball-and-
stick model of the cylindrical capsule and cartoon representation used
elsewhere in this work (bottom).

protic solvents, with an eye to finding what properties are needed
for hydrogen-bonded capsules that could persist in water.
Cavitandl forms a cylindrical capsulé-1 (Figure 1) in apolar
organic solvent§,such as benzene, toluene, chloroform, and
dichloromethane, but does not form in polar solvents, such as
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DMF and DMSO!° While mesitylene is too large to be
accommodated, encapsulation complexes form in this solvent
when suitable guests are presenhe capsule offers space for
one large (dodecan®), two medium (toluene), or three small
(isopropy! chloride 3) guests. In addition, two different guests
can be coencapsulated when together they fill about one-half
of the cavity (e.g.3 and p-xylene @) or 3 and naphthalene
(5)). The lifetime of the occupied capsule in mesitylene-&5

s, and the exchange rates of guest species in and out of the

capsule are typically slow on the NMR time scale (at ambient
temperature and 600 MHz). This allows the observation of

guests inside by conventional NMR techniques, and separate

signals are observed for free and bound guests.
Results and Discussion

The Effects of Methanol. The stability of the cylindrical
capsules against protic solvents was investigated by dilution
experiments with methanal;.. The number of guests and their
positions in the capsule were varied: a single molecule each of
dodecane?), (E)-4,4-dimethylbiphenyl §), stilbene ¥), and
4,4dimethylstilbene §) or coencapsulation complexes of iso-
propy! chloride ando-xylene @) or naphthalenelQ). Encap-
sulation phenomena are governed by a good fit of the guest
inside the host. For many guests, the optimal fit corresponds to
filling ~55% of the cavityt! The volumes and packing
coefficients of these guests are shown in Figure 2. Cap$ules
and10are at about 45% occupancy; dodecddmamcapsulation
11 offers a snug fit at 48%, and complex&8 and 13 have
lower PCs but allow some sliding of gue&sind7 within the
capsule. The best guest among thes which fills about 48%
of the space in complek4.

Dilution experiments were carried out in mesitylethe{600
uL) in the presence of excess guest, with methahaedded in
5 uL increments. The degree of capsule dissociation could be
followed by*H NMR. Figure 3 shows the spectra of capsife
and the new set of signals for monometi¢blue arrows) that
appear and grow with the addition of methadglAfter addition
of 40 uL of methanold,, capsulel2 was completely dissociated.
The resonances for monomefiovere identified in a separate
NMR experiment using the same amount of methanol with no

:
. o
72 R 4 5
106 &® 116 R®
: 0 C
200 R?
=z =z
6 7 8
178 3\3 168 Aa 198 R3

»
¢

PC = 41% PC = 48%

Figure 2. Guests and encapsulation complexes. The packing coefficients
(PCs) were obtained from the guest volumes as energy-minimized with the
Hyperchem 7.0 program (Hypercube Inc., 2002), at the semiempirical PM3
level, and calculated with WebLab Viewer Pro 4.0 (Molecular Simulation
Inc.).

PC =43%

ds (v/v in mesitylened;,) was varied from 0 to 60%. Figure 5
shows théH NMR spectra and its assignments. In the presence
of excess gues (25 mM), capsuld4 was formed quantitatively

guest. The results for several guests are summarized in Figure(Figure 5a). In the spectrum with 10% methanol (Figure 5b), a

4. Coencapsulation complex@sand 10 dissociated after the
addition of only 25uL of methanold,; capsulesl2 and 13
survived up to the addition of~40 uL of methanold,, and
capsulell required 60uL. However, capsuld4 was stable
even in the presence 62500 equiv of methanol. This stability
is not a kinetic effect since no difference was observed in the
NMR spectrum of the sample with G methanold, after 1
month. These results show that a capsule with multiple guests,
even one with a high PC, is not as stable as a well-filled capsule
with a single guest. This behavior prompted us to probe the
stability of complex14 when exposed to other alcohols.

The Stability of Capsule 14 in Protic SolventsTo follow
the dissociation of capsuletin methanol, the ratio of methanol-

(9) Heinz, T.; Rudkevich, D. M.; Rebek, J., Mature 1998 394, 764—766.

(10) (a) Kaner, S. K.; Tucci, F. C.; Rudkevich, D. M.; Heinz, T.; Rebek, J., Jr.
Chem—Eur. J.200Q 6, 187—195. (b) Shivanyuk, A.; Rebek, J., Zhem.
Commun2002 2326-2327.

(11) Mecozzi, S.; Rebek, J., Them—Eur. J.1998 4, 1016-1022.

(12) Dodecane? shows the highest affinity among the hydrocarbons t6
Cy4: Scarso, A.; Trembleau, L.; Rebek, J.,Angew. ChemlInt. Ed.2003
42, 5499-5502.
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set of small signals of monomérappeared. Like those of the
experiments with other capsules, these signals gradually grew
with increased addition of methand}: Surprisingly, ap-
proximately 12% of capsul&4 remained even in 50% methanol-

ds4 (Figure 5f). The upper limit for detection df4 by NMR

was approximately 60% methandj{Figure 5g), although some
precipitation of 8 occurred at this level. Ethandk and
2-propanolds were also used as protic solvents (Figure 6).
Capsule1l4 showed the highest stability in the presence of
2-propanolds and decreased in ethandy-and further in
methanold,. Binding constantsK (M~2), and binding free
energies, AG (kcal/mol), at 300 K in this dissociation
recombination process (Figure 7) were calculated (Table 1). The
binding constant increases by approximately 1 order of mag-
nitude when changing the solvent from methadete ethanol-

ds and again from ethanals to 2-propanolds.

The stability of14 results from a combination of hesguest
interactions, such as solvophobic efféét€H—a interactions;*
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Figure 3. '™H NMR spectra of dilution experiments with capsul2 (600 MHz, 300 K, L2]o = 1.0 mM, [6]o = 50 mM, mesityleneg» = 600 uL): ()
capsulel2; (V) dissociated capsule

T 100 4 rings of8 are properly positioned to interact with the capsule’s
2 s walls1® The capsule tends to dissociate to a greater extent in
g the presence of less sterically crowded protic solvents. Guest
= _ 60 is insoluble in pure methanol, ethanol, and 2-propanol, and it
E £ 40 is likely that solvophobic effects are also involved in the
- 2 encapsulation process in these solvents.

E 0 _ _ ) — _ Dependence of the DissociationRecombination Process

E 0 10 20 10 40 50 0 on Temperature. We investigated the thermodynamic behavior

Methanol-s [uL] of the capsule in the dissociat.ierecombination process (Fi.gure
] o ) ) 6). The temperature was varied from 285 to 320 K, and in each
Figure 4. Dilution experiments with methanal; (300 K, [12o = 1.0 mM, case, the concentration of capsiifeincreased with an increase
[guesio = 50 mM, mesitylenesh, = 600 uL). . . . .
in temperature. Linear van't Hoff plots (Figure 9 and Supporting
m—am stacking!® and hydrogen bonds. The inner space in the Information) reveal that encapsulation ®in the presence of
cylindrical capsuld-1is lined with eight aromatic rings at each methanol isendothermic(AH > 0) (Table 2), that is, this
end and the eight pyrazine imides of the central seam. The association process (Figure 6) is entropically driven (positive
energy-minimized structure df4 (Figure 9) shows that the AS). Isothermal titration calorimetry (ITC) data (for 10%
methyl groups of8 are nicely positioned to interact with the methanol in mesitylene; Supporting Informatiérglso showed
host aromatic rings at each end of the capsule. The benzendhat the encapsulation processeisdothermic
Most processes involving hoesguest associations are en-
tropically unfavorable but enthalpically favoraBfe-or encap-

(13) Cubberley, M. S.; Iverson, B. L1. Am. Chem. So2001 123 7560-
7563

(14) Meyér, E. A.; Castellano, M. R.; Diederich, Engew. Chenm.Int. Ed.

2003 42, 1210-1250. (16) For example, see: Colquhoun, H. M.; Zhu, Z.; Williams, DOdg. Lett.
(15) Waters, M. L.Curr. Opin. Chem. Biol2002 6, 736-741. 2003 5, 4353-4356.
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Figure 5. 'H NMR spectra at 300 K (600 MHz 1Jiotal = 2.0 MM, [8]iotal = 25 MM, methanob, + mesitylenedi; = 600 uL): (x) capsulels; (®)
dissociated capsule

sulation, the entropically favorable displacement of two sol- encountered earliéf-2! For the case at hand, the two com-
vent moleculednside a capsule by a single large guest was pletely dissociated monomers combine to encapsulate a large

(17) The ITC experiments were carried out as follows. The solutich (640 (18) (a) lzatt, R. M.; Bradshaw, J. S.; Pawlak, K.; Bruening, R. L.; Tarbet, B.
mM) in 10% methanol (v/v in mesitylene) was titrated with gu@g4.0 J.Chem. Re. 1992 92, 1261-1354. (b) Houk, K. N.; Leach, A. G.; Kim,
mM in the same solvents). The curve obtained was smooth and showed S. P.; Zhang, XAngew. Chemlnt. Ed. 2003 42, 4872-4897.
the process was endothermic (Supporting Information). However, we could (19) Kang, J.; Rebek, J., Xature 1996 382 239-241.
not access a proper curve-fitting program to calculate thermodynamic (20) An entropically favorable case of guest displacement of a solvent-filled
parameters for the case of a 2:1 (hegtiest) complex with the available capsule is known: Yamanaka, M.; Shivanyuk, A.; Rebek, J.J.JAm.
software (Origin 7.0 software, MicroCal, LLC). Chem. Soc2004 126, 2939-2943.
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—eo— Methanol-ds Table 1. Binding Constants K (M~2) and Binding Free Energies
1.0 4 —=— Ethanol-ds AG (kcal/mol) at 300 K in the Association—Dissociation Equilibria
—a— 2-Propanol-d ([1)iotat = 2.0 mM, [8liotal = 25 MM, Methanol-d; + Mesitylene-di»
. = 600 uL)
EE 08 1 K AG
2 Methanold, (v/v in mesitylened;,)
= * 10% 9.0x 109 -8.2
g 0671 20% 4.0x 10° -6.3
- 30% 9.3x 10° -5.5
z * 40% 3.6x 103 —4.9
2 04T 50% 1.6x 10° -4.4
E Ethanolds (v/v in mesitylened;,)
2 o2} 10% 1.1x 107 —-9.7
S 20% 1.9% 108 -8.6
30% 2.5x 1P 7.4
0 . . . . . 40% 9.2x 10¢ —6.8
0 10 20 30 40 50 50% ¢ ¢
. . - TG 2-Propanoldg (v/v in mesitylened; )
ROD ratio (v/v) in Mesitylene-di2 [%] 10% ~1.0x10°
Figure 6. Stability of capsulel4 in the presence of protic solvents (300 20% 1.1x 107 -9.7
K, [1total = 2.0 mM, Bliotas = 25 mM, protic solventt mesitylened;» = 30% 1.4x 10° -85
600uL): (*) precipitation occurred. 40% c c
50% c [«

aK = [HGH]/([H] 4G]), [G] ~ [G] 0. P AG = — RTIn K. ¢ Precipitation
occurred.

Figure 7. Equilibrium of encapsulation d8.

guest in a process that is also entropically driven, even though
the two halves of the capsule must come together (must
associate).

The dissociated cavitandl adopts a predominantly vase-
shaped conformation, as shown by the diagnostic chemical shifts - -
of its methine protorf (5.0-5.4 ppm). It is likely that the Figure 8. Energy-optimized structure (MMforce field) of capsulel4.
solvent (mesitylen&h, or methanold,) resides in the cavity of 92
1 to avoid an empty volume (vacuum), but all attempts to
observe bound methyl groups failed to give the appropriate
upfield-shifted signals. It is likely (but unproven) that the 9.1
exchange of these guests in and out of the half-capsule is rapid. v,
A signal for the imide NH ofl appeared in the downfield region =
(around 11 ppm) of théH NMR spectrum when methanol was or
used in place of methandl: This shift suggests that the oxygen
of methanol is hydrogen bonded to imide NHs. The positive

(320
315K

R?=0.9965

enthalpy observed is ascribed to the energy needed to assemble 89T

in these solvents (two mesitylenes and eight methanols), . L . .
assuming that one methanol oxygen (the best acceptor) hydrogen 0.0032 0.0034 0.0036
bonds to each NH (the best donor) bfThe positive entropy T

apparently results from the liberation of these bound solvents F"f‘”e 9 2\6an,|tv|H%ﬁ plot f205f 3%;%’ mft?;ha”(l’ﬁt JSV/V i”_tnl‘eségf'eieg&))
(Figure 10). This overrides the negative enthalpic contribution gd“"ah 0 MM, Blioras = 25 mM, methanotl, + mesitylenes;, =

involved in the formation of the encapsulation complek

Kinetics of the Encapsulation ProcessThe rates of dis-

(21) Cram and co-workers reported the entropy-driven dimerization of velcrands SOciation and recombination were determined using EXSY NMR
in apolar solvents; those systems did not involve guest encapsulation: (a) i -
Brymnt. J. A Ericson. J. L. Cram. D. 3. Am. Chem. Sod690 112 spectroscopy? The resonances of capsul4in each concentra

1254-1255. (b) Bryant, J. A.; Ericson, J. L.; Cram, D.JJ.Am. Chem. tion (10-50%) of methanol gave intense EXSY cross-peaks
So0c.199Q 112 1255-1256. (c) Cram, D. J.; Choi, H.-J.; Bryant, J. A,;

Knobler. C. B.J. Am. Chem. 904992 114 7748-7765. with the signals of the dissociated capsfilat 300 K. Figure
(22) Moran, J. R.; Ericson, J. L.; Dalcanale, E.; Bryant, J. A.; Knobler, C. B.;
Cram, D. JJ. Am. Chem. S0d.991 113 57075714. (23) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935-967.

J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004 14153
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Table 2. Thermodynamic Parameters in the
Association—Dissociation Equilibrium ([1]iotat = 2.0 mM, [8]iotal =
25 mM, Methanol-d; + Mesitylene-di» = 600 uL), AH (kcal/mol)
and AS (cal/mol)]

Table 3. Rate Constants for the Dissociation of Capsule 14 (Kyiss,
s~1) and Association of Cavitand 1 (kass, M~2 s71), and Free
Activation Enthalpy of Dissociation (AGiss, kcal/mol) and
Association (AG*ass, kcal/mol) (600 MHz, 300 K, [1liotal = 2.0 mM,
[8ltotal = 25 mM, Methanol-ds: + Mesitylene-dy, = 600 ulL, Mixing

methanol-d, Time 1.0 s)
(viv in mesitylene-dy,) AH? ASP
10% 6.4 9 methanol-d;

0 . i i - a b . C + d
20% 27 30 (v/v in mesitylene-d2) Kiiss Kass AGHss AGH e

30% 15 23 10% e e e e
40% c c 20% 0.41 1.6x 10* 18.1 11.8
50% c c 30% 0.95 8.8« 108 17.6 12.2
40% 2.0 7.1x 163 17.2 12.3

a AH values were obtained by van't Hoff plosAG = AH — TAS. 50% f f f f

¢ The changes in concentrationsbénd14, due to temperature, were too
small to obtain accurate values By NMR. aDetermined by EXSY spectrABd[HGH])/dt = —kgsdHGH] + kasfH]{G].
In steady statekass= kaisdHGH]/([H] 4G]); [G] =~ [Glo. ¢ AG¥giss= —RT
IN(hkyisdkaT). 9 AG*ass = —RT In(hkyisdksT). € The peak of dissociated

5 qe 3 : cavitandl was too small to integrate accurately in the 2D EXSY experiment.
e i fThe peak of capsul&4 was too small to integrate accurately in the 2D
2 7 g * L.+ 2 v +89Q EXSY experiment.

Mesitylens Methanol

Meathanal mesitylene@1

solvents?® The exchange rate of benzeneimylene was much
faster than the dissociatiemecombination rate of the two halves

of the host capsule. Guest exchange was interpreted to result
from partial disruption of the hydrogen-bonded seam by
conformational changes leading to a partial cone (partial kite
shape) rather than from complete dissociation of the capsule.
This mechanism is analogous to that proposed for the exchange
in the dimeric “tennis balls” and “softball&® (in contrast, the
guest release from the hydrogen-bonded calix[4]arene tetraurea
dimer requires the complete dissociation of the capstile).

In the presence of protic solvents, the mechanism for guest
exchange in the capsule at hand is different. The exchange rates
of the guestKi, (M2 s7?) andkout (s°1)) and the exchange rates
of the host with cavitand (Kgiss (571) andkass(M~2 s71)) were
revealed by EXSY spectroscopy. In this experiment, a small
excess of guesd (1.8 equiv ofl4,) Was used in the presence
of 12% methanobl; (v/v in mesitylened;,) at 300 K. The
resonances of capsulé gave intense EXSY cross-peaks with
the signals of the dissociated cavitahdintense cross-peaks
were also observed between gu8sinside and outside the
capsule. Figure 12 shows the downfield region of the EXSY
spectrum and its assignments for the cross-peaks. The rate
] ) constants are summarized in Table 4, which were determined
11 shows the downfield region of the EXSY spectrumIdr 1,y jnteqration of the EXSY cross-peaks: I for host exchange

in 30% methanoti, (v/v in mesitylene). The rate constants  5nq £+ for guest exchange (Figure 12). There is no significant
and AG* values are summarized in Table 3, which were difference betweelou and Kgiss (Kout = 0.17 S kgiss = 0.16

determined from integration of the EXSY cross-peaks between s-1y or hetweerki, andkass (kn = 4.8 x 10° M2 §L; Kyss=

the aromatic protons df4 and1 (Figure 1124 The rate constant, 4 5 10¢ M—2 s)). These results indicate that complete

kiiss (S™*), approximately doubles when the amount of methanol- gjissociation of the capsule is required to exchange the guest in

d, is changed from_20 to 30% and again Whe_” changed from the presence of protic solvents. With these competitive solvents,

30 to 40%. Concomitantly, there are decreases in the free energysolvophobic effects, CHzx interactions, andr—s stacking,

of activation for dissociationAGis¢® (kcal/mol). rather than hydrogen bonding, are the dominant factors for the
Earlier, we reported the mechanism by which guests enter encapsulation phenomenon.

and exit host capsul&sand proposed the mechanism of guest

exchange for the same cylindrical capsulel in apolar

14

Figure 10. Proposed liberation of solvents from cavitahdissuming that
one methanol acceptor coordinates to each imigeHNlonor of 1.

Ar-H
(dissociated capsule 1)

e
O lrsb
@ @ 787

8.0

@ @ 82

Ar-H
(capsule 14)

82 80

Figure 11. Downfield regions of EXSY spectra (600 MHz, 300 K ftal
= 2.0 mM, Bliota = 25 mM, 30% methanatl: in mesitylened;,, mixing
time 1.0 s).

Conclusions

The dilution experiments revealed that the stability of the
hydrogen-bonded capsule toward protic solvents depends strongly
on the guests, with the best guest in this series being dimeth-
ylstilbene8. Only slight dissociation was found in the presence
of ~2500 equiv of methanol, and some assembly was seen even

(24) The rate constaritgiss Was calculated using the 2D EXSY program: Abel,
E. W.; Coston, T. P. J.; Orrel, K. G.; Sik, V.; Stephenson,JDMagn.
Reson.1986 70, 34-53.

(25) (a) Szabo, T.; Hilmersson, G.; Rebek, J.JJAm. Chem. S0d.998 120,
6193-6194. (b) Santamaria, J.; MariT.; Hilmersson, G.; Craig, S. L.;
Rebek, J., JrProc. Natl. Acad. Sci. U.S.AL1999 96, 8344-8347. (c)
Castellano, R. K.; Craig, S. L.; Nuckolls, C.; Rebek, J.,JJ"Am. Chem.
Soc.200Q 122, 7876-7882. (d) Hof, F.; Nuckolls, C.; Craig, S. L.; Mant|
T.; Rebek, J., JrJ. Am. Chem. So@00Q 122, 10991-10996. (e) Rivera,

(26) Craig, S.; Lin, S.; Chen, J.; Rebek, J., JrAm. Chem. SoQ002 124,
8780-8781.

J. M,; Craig, S. L.; Mafn, T.; Rebek, J., JAngew. ChemInt. Ed.200Q
39, 2130-2132.

14154 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004

(27) Mogck, O.; Pons, M.; Bamer, V.; Vogt, W.J. Am. Chem. Sod 997,
119 5706-5712.
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Figure 12. Downfield region of the EXSY spectrum (600 MHz, 300 K]t = 2.2 MM, [8]iotal = 2.0 MM, 12% methanadh in mesitylened;», mixing

time 1.0 s) and their assignments.

Table 4. Rate Constants for the Dissociation of Capsule 14 (Kgiss,
s~1), the Association of Cavitand 1 (kass, M~2 s71), the Release of
Guest 8 (kout, 1), and the Uptake of Guest 8 (kin, M~2 s71) (600
MHz, 300 K, [1liotal = 2.2 MM, [8iotal = 2.0 mM, 12% Methanol-ds
in Mesitylene-d;2, Mixing Time 1.0 s)

without further purification. Compountl was prepared by following
the published procedufé.

Encapsulation Studies.!H NMR experiments were carried out at
300 K using a 600 MHz spectrometer. Mesitylethe- methanole,,

Keiss? Kass? ethanolds, and 2-propanotls were used as purchased from Cambridge

0.16 4.6x 10¢ Isotope Laboratories, Inc. In dilution experiments, the suspension in
mesitylened;, (600 xL) included capsule (1.0 mMa) and guest (50

kou® kn? MMiota) and was sonicated for several hours. Methaholas added

0.17 4.8x 10¢ to a solution of capsule in bL increments followed by equilibration

aThese values were calculated as shown in Table 3.

for ~30 min. This titration was continued until the capsules were
completely dissociated.

in a 50% methanol solution (v/v in mesitylene). The encapsula-  In the encapsulation studies (£ NMR and 2D EXSY NMR) for
tion process is entropy-driven, and guest exchange occurs byl14in the presence of protic solvents, the solution (capsule (1.@@M
complete dissociation of the capsule in the presence of protic guest (25 mNa), methanolds, ethanoles, or 2-propanolds + mesi-
solvents. Since hydrogen bonds in biological systems are alsotylened;, = 600 uL) was sonicated for several hours to reach an
stable in water, it is likely that hydrogen-bonded encapsulation equilibrium state before the NMR spectra were taken. 2D EXSY (2D
phenomena can be observed in the most biorelevant solvent ifNOESY) experiments were acquired with a spectrum width of 18 ppm

capsules with the appropriate solubility can be made. We are and a relaxation delayd() between each scan of 2.0 s, using 1024
directing our efforts at this goal. data points in the, dimension and 512 if, with subsequent weighting

with the sinebell function with 32 scans for eaglincrement, and the

Experimental Section mixing time @dg) was 1.0 s. Exchange cross-peaks were integrated using

General. 'H NMR spectra were recorded on a Bruker DRX-600
(600 MHz) spectrometer. Guests were purchased from Aldrich and used(28) Hayashida, O.; Rebek, J., Jr.Org. Chem2002 67, 8291-8298.
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XWINNMR Bruker software. The estimated integrations were then
processed using the 2D EXSY progréto give the chemical exchange
(K). In the steady state, the association rate constagt i6 given in

eq 1. The rate constark)(was further substituted to the Eyring equation
(eq 2) to derive the free energy of activatiohGF)

Kass= kaisd HGHI/(IH] ?(G]) 1)

k= (kgT/h) exp(—AG'/RT) 2)

14156 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004

whereT is temperatureks is the Boltzmann constant, ahds Planck’s
constant.
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