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Abstract: A deep, water-soluble cavitand extracts a variety of neutral hydrophobic species into its cavity.
Flexible species such as n-alkanes tumble rapidly on the NMR time scale inside the cavity, but this motion
is slowed for bulkier guests. Long, rigid guests such as p-substituted aromatics are either static or only
tumble at elevated temperatures via flexing motions of the cavitand. Strong selectivity in recognition of
long rigid guests is seen. The binding of neutral guests occurs via the classical hydrophobic effect; the
process is entropically favored, as shown by isothermal titration calorimetry measurements. Binding affinities
are generally on the order of 10*—10° M. The extent of the hydrophobic stabilization is shown by the
binding of long trimethylammonium salts, which bind the alkyl chain in the cavity, rather than the NMes*
group. Dynamic NMR studies show that self-exchange of neutral guests is independent of guest
concentration, and most likely occurs via rate-determining unfolding of the cavitand. In the absence of
guests, the cavitand exists in a dimeric velcrand structure.

1. Introduction

The hydrophobic effect is one of the strongest driving forces
for molecular recognition in watér;* and biological systems
have inspired the construction of many synthetic receptors wit
hydrophobic interiors. Fatty acid binding proteins (FABPs) and
nonspecific lipid-transfer proteins are examples of natural

cationic cyclophane-based receptéfd and metal-ligand
clusters through hydrophobic effeédfs18

In this report we narrow the perspective to hydrophobic

h effects in the context of the water-soluble cavitdrdd It features

aromatic walls that present polarizabtesurfaces to the cavity
and provide stabilizing effects to catid4$2 and molecules

bearing a thin layer of positive charge such asHCbonds. It

g@o binds charged, water-soluble gué&tand even anionic
species such as surfactants sodium dodecyl sulfate (SDS) and
dodecyl phosphocholine (DPC) bind at concentrations below
their critical micelle concentratiof¥:2* These lipids position their
hydrocarbon tails inside the cavity and coil them into a helical
fshape so as to optimally fill the space inside and leave the
hydrophilic head in the water layer. The binding of a wide
variety of neutral, water-insoluble species fyin aqueous

receptors that provide sizable hydrophobic cavities to surround
their guests, and these guests can assume unpredictable shap
in the host/guest complex&s’ Hydrocarbons and other hy-
drophobic groups behave similarly in the cavity of synthetic
receptors. They can flex and adapt to the surface of the cavity
to fill the available space properly, maximize the attractive
contacts, and escape from water. For example, the behavior o
n-alkanes and haloalkanes when confined in the restricted cavity
of calixarenes$,cyclodextrins, and self-assembled capsti¥s

reveals kinked and coiled conformatiol¥sRigid aromatic

hydrocarbons have been extracted into aqueous solutions of

(1) Tanford, C.Sciencel978 200, 1012-1018.
(2) Tanford, C. H. InThe Hydrophobic Effect: Formation of Micelles and
Biological MembranesWiley: New York, 1980
(3) Pratt, L. R.; Pohorille, AChem. Re. 2002 102, 2671-2692.
(4) Sutherland, I. OChem. Soc. Re 1986 15, 63—91.
(5) Zimmerman, A. W.; Veerkamp, J. Kell Mol. Life Sci.2002 59, 1096~
1116.
(6) Zanotti, G.; Scapin, G.; Spadon, P.; Veerkamp, J. H.; Sacchettini,J. C.
Biol. Chem.1992 267, 18541-18550.
(7) Han, G. W.; Lee, J. Y.; Song, H. K.; Chang, C. S.; Min, K.; Moon, J.;
Shin, D. H.; Kopka, M. L.; Sawaya, M. R.; Yuan, H. S.; Kim, T. D.; Choe,
J.; Lim, D.; Moon, H. J.; Suh, S. W. Mol. Biol. 2001, 308 263—-278.
(8) Brouwer, E. B.; Udachin, K. A.; Enright, G. D.; Ripmeester, J. A.; Ooms,
K. J.; Halchuk, P. AChem. Commur001, 565-566.
(9) Scarso, A.; Trembleau, L.; Rebek, Angew. Chem., Int. EQR003 42,
5499-5502.
(10) Gibb, C. L. D.; Gibb, B. CJ. Am. Chem. So@004 126, 11408-11409.
(11) Gibb, C. L. D.; Gibb, B. CJ. Am. Chem. So@006 128 16498-16499.
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Figure 1. Synthesis of the water-soluble tetracarboxylate cavithadd
(a) a representation of the dimeric complex Iofwhen synthesized by
saponification in EtOH/KHO and (b) a representation of the complexiof
with bound THF when synthesized by saponification in THI)H{Maestro
v7.0.2; AMBER forcefield?® some groups omitted for clarity).

2. Cavitand Structure

Cavitandl is prepared by saponification of the corresponding
tetraethyl este? in THF/H,0, and is isolated with one molecule
of THF occupying the cavity® The cavity retains a THF guest
so as to remain folded and avoid either a vacuum or the
unfavorable interactions between water and the aromatic interior.
Removal of THF from the cavity, even under extreme conditions
of heat and high vacuum, cannot be achie¥®tihe cavitand
exists in a kinetically stable (on the NMR time scale) “vase”
conformation in solution, held together by four water molecules
on the upper rim that provide hydrogen bonds to the benzimi-
dazoles (Figure 1. This is the only form observed in solution,
and the limit of concentration is about 20 mM.

In order to access the “empty” structure, saponification of
the precursor tetraethyl ester cavitéwas performed in EtOH/
H,0 instead of THF/HO. On isolation, théH NMR spectrum
of the cavitand was observed to be significantly different than
that from saponification in THF/O (Figure 2). Two sets of

peaks are present; the minor species corresponds to a foldedd

vase conformation, most likely binding one molecule of EtOH.
The major species shows the characteristic methine progon H
as a doublet of doublets at 3.97 ppm, indicative of a “kite”
conformation of two-fold symmetr$2 ThelH NMR spectra do

not distinguish between a dimer of (avera@ey symmetry or

a monomer of (averag&),, symmetry, but electrospray mass
spectrometric analysis showed the presence of a dimeric
complex of mass 2577.77 (corresponding to the octa-acid dimer
after ionization in a positive matrix). The solution structure is
a dimeric velcrand complex @,q symmetry (Figure 1&° The
monomeric kite form exposes a larger hydrophobic surface area
to the aqueous environment, and dimerization effectively reduces

(26) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;

its unfavorable interactions with solvent. Diffusion ordered
spectroscopy (DOSY) experiments were also perforfied.

The monomeric THF-containing cavitaridgave a diffusion
constant of 2.41x 1071 m%s, whereas the larger dimeric
velcraplexl-1 diffused more slowlyD = 2.17 x 10710 m%/s),

as might be expected from the larger mass and greater negative
charge. The forces that hold the dimer together are weak (indeed,
one equivalent of THF breaks the complex apart). The guest
binding properties of the dimeric complex were identical to that
of the THF-containing monomer, and (unless stated otherwise)
all binding studies described here were performed on the
monomeric THF-containing cavitand.

3. Extraction and Binding of Normal Alkanes

The binding of SDS mentioned above suggested that other
flexible hydrocarbons could be good guests, and this was the
case®® A 2 mM solution of cavitand was exposed to an excess
of a variety ofn-alkanes (methanredodecan&—14). Extraction
of the smaller guests proved extremely facitbe gases were
bubbled into the solution of for 2 min, and the liquids were
merely added as one drop. The smallest alkanes megane
ethanet were not bound, presumably because they are too small
to effectively occupy the cavity. The larger alkanes form 1:1
complexes with the host. The bound guests are revealed by their
characteristic upfielddH NMR resonances imparted by the
anisotropic magnetic shielding properties of the eight aromatic
rings34 Guest binding is quite strorgapparent binding con-
stants>10* M~ were calculated from the NMR spectra, and
in the case ofh-butane througm-octane, no free guest was
observed; the cavitand extracted only as much as it could
accommodate. Figure 3 shows the upfield portion of He
NMR spectra of the complexes ofalkanes bound irl. The
spectrum of SDS is also provided as a reference. It is clear that
the n-alkanes do not bind in the same manner as SDS. The
cavitand provides a gradient of magnetic anisotropy that
shifts the residues bound deepest in the cavity the furthest
upfield34 the spectrum of SDS illustrates this. The terminal
methyl group is bound as deep as its shape allows in the tapered
end of the cavity Ad ~ —5 ppm), and the penultimate
methylene residue is less shifted. Each subsequent methylene
is monotonically less upfield shifted, and a total of eight resi-
ues are affected; residues-82 are unshifted. A maximum
of 8 carbons can be buried in a helical conformation, and no
more than 5 carbons in an extended one. By contrast, the spectra
for the n-alkanes look quite different. PropaBe n-butane6,
andn-pentane7 are bound, but their upfield signals are broad
and undefined, presumably due to a relatively fast in/out
exchange raté! n-Hexane througm-dodecane §-14) show
individual signals that are broadened and clustered at smaller
Ad than would be expected for a static helical conforma-
tion. The chemical shifts indicate that the alkanes are not only
coiled in a helical conformation but atembling rapidly on
the NMR time scale. The spectra nfbutane anch-pentane
are too broad to interpret, but f&—14 each of the methyls
and methylenes of the alkanes show an averaged chemical shift

Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
199Q 11, 440-467.

(27) Far, A. R.; Shivanyuk, A.; Rebek, J., Jr. Am. Chem. SoQ002 124,
2854-2855.

(28) Moran, J. R.; Ericson, J. L.; Dalcanale, E.; Bryant, J. A.; Knobler, C. B.;
Cram, D. J.J. Am. Chem. Sod 991, 113 57075714.

(29) Haino, T.; Rudkevich, D. M.; Shivanyuk, A.; Rissanen, K.; Rebe€h&m.-
Eur. J.200Q 6, 3797-3805.

(30) Price, W. SConcepts Magn. Resoh997, 9, 299-336.

(31) Cohen, Y.; Avram, L.; Frish, LAngew. Chem., Int. EQ005 44, 520—
524.

(32) Avram, L.; Cohen, YJ. Am. Chem. So@005 127, 5714-5719.

(33) Hooley, R. J.; Rebek, J., Jorg. Lett.2007, 9, 1179-1182.
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Figure 2. 'H NMR spectra (2 mM, BO) of the two forms of water-soluble tetracarboxylate cavitand1{&HF (Cs, monomer) and (b)-1 (Dzq dimer).
B = minor complex1-EtOH.
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Figure 3. Representation of the complex bfvith coiled n-octane (Maestro v7.0.2; AMBER forcefietsome groups omitted for clarity). Upfield regions
of IH NMR spectra of sodium dodecy! sulfate (SDS) andlkanes (GHi2 to CiiHz4) in @ 2 mM solution of 1 in D2O. (@): encapsulated THF.

of two different magnetic environments. Figure 4 shows the aggregates; the reduced binding affinity is most likely not due
expected chemical shifts of each residue bound in cavifand to a decrease in guest solubility.

(derived from the observed chemical shifts of SDS). The NMR  Branched alkanes are guests also but show slower tumbling
signals of the exposed, terminal groupsmfonane through and broad, undefined NMR signals at 300 K. The temperature-
n-dodecane would be unshifted by binding, and the observed dependent spectra of 2,2-dimethylpentdfeand 2,2-dimeth-
NMR spectra can be calculated by averaging the chemical shiftylhexanel6 are shown in Figure 5. The small 2,2-dimethyl-

of the two relevant residues (e.g., feoctane, @+ Cgand G pentane is unaffected by temperature and shows relatively sharp
+ C7 show the sameé\, etc.; see Supporting Information for  peaks, but largel6 shows broad peaks at 300 K, and these
analysis). only sharpen at higher temperature. Monosubstituted alkanes

n-Nonane and longer alkanes are increasingly poor gtests such as 2-methylpentane and 2-methylhexane show similar
signals for competing bound THF are observed, indicating behavior. Evidently 2-methylpentane and 2,2-dimethylpentane
incomplete extraction of the alkane. Only after several days of are small enough to rotate freely and display sharp, averaged
sonication can any bound dodecane be seen. Unlike SDS, withpeaks in their spectra. The longer alkanes, 2-methylhexane and
its polar sulfate group that is fixed in the water solvent, the 2,2-dimethylhexane, do not have enough space to allow the large
n-alkanes are free to move in the cavity. As the alkanes get isopropyl andtert-butyl groups, respectively, to tumble in the
larger than @, they can no longer fit completely inside the cavity. Isooctane (2,2,4-trimethylpentane) also shows sharp
cavity, and the benefits of burying the hydrophobic surfaces averaged signals in thel NMR spectrum due to rapid tumbling.
are diminished. Accordingly, the displacement of THF from the
cavity becomes less favorable, and the amount of alkane
extracted decreases. For the larger alkanes, broad signals for For linear alkanes, helical coiling is necessary to appropriately
free guest can be seen due to the formation of micellar fill the available space, but cyclic hydrocarbons already feature

4. Cyclic Hydrocarbons

13466 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007
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Table 1. Averaging of the Position of Tumbling Helical Alkane
Residues in 1 Correlated with Ad

SDS n-heptane 9 n-octane 10 n-decane 12
Aohserved Aprediaed thsewed Apred\cted Aobsewed Apred\cted Aubsewed
C: —3.95
SDS C, —3.35
e C; —2.95
Cs —230 Gy —1.83 —1.80 Gp —1.63 —1.59 Gpo —1.58 —1.48
Cs —130 Gs —1.78 —1.80 Gy —1.33 —1.35 Gy —1.08 —1.00
Cs —020 Gs —2.13 —2.10 Gp —1.58 —1.59 Gp —0.93 —0.91
C; 070 G —240 —2.37 Cs —1.80 —1.83 C —0.80 —0.80
Cs 110 G —0.75 —0.75
Co 120
n-Octane Cio 1.20
27 18 54
. T - 36 . T - Table 2. Competitive Binding of Cyclohexane 17 and Other Cyclic
1 0 -1 -2 -3 -4 ppm Alkanes in 1
Figure 4. Averaging of the position of tumbling helical alkane residues in Kei Ke guest packing
1 correlated withAd. guest (c-CeHiy) (n-CHie) volume/A? coefficient
& b) cyclopentane 0.74 86 0.48
| cyclohexane 1 102 0.57
300 K | A cycloheptane 0.55 117 0.65
. . R O cyclooctane 0.28 135 0.75
cyclodecane 0.15 168 0.93
| n-hexane 0.33 1 113 0.63
310K I { n-heptane 0.18 0.39 126 0.70
A /L i n-octane 0.08 0.18 137 0.76
iso-octane 0.35 1.03 135 0.75
|
320K i A
St e carboxylate methylene groups on the rim, and this volume is
Sias . ; used for the calculations of Table 2. Strongest binding in systems
2 I such as these is usually observed when the guest has the shape
P M complementarity for the host and an appropriate size; a packing
— ) | coefficient of 0.55 is optimum for filling space in the liquid
’ fl phase®® The computed van der Waals volume of cyclohexane
A " . . . ..
i —N‘u-/\' St is 102 &3, leading to a very favorable packing coefficient of

-2.0 -2.5 -3.0  ppm -0.5 -1.0 -1.5 -2.0 -2.5 ppm

Figure 5. Temperature dependence of thé NMR spectra of (a) 2,2-
dimethylpentand5 and (b) 2,2-dimethylhexant6 in a 2 mM solution of
1 (D20).

shapes that can do $d.For cycloalkanes €Hig to CioHzo,
stoichiometric extraction was observed under mild conditions.

These cycloalkanes show some solubility in water, and free guest
can be observed, although the binding constants for each of the

tested guests were above the M limit accessible froniH
NMR integration. The complex between cyclopentane and
shows a broad singlet in the upfield region of theé NMR
spectrum, and the cycloalkanegHz, to CyoH20 Show one sharp
singlet, indicating that they are tumbling rapidly on the NMR

0.57. Cyclopentane (863\gives a packing coefficient of 0.48;
the guest is too small to adequately fill the cavityhe larger
guests might be conformationally constrained inside the cavity,
but it is likely that the cavitand walls flex a certain amount to
allow free motion of the guest The weak hydrogen-bonded
forces holding the walls together would allow such motions and

increase the volume of the host accordingly.

In contrast, rigid guests such as aromatic rings cannot alter
their conformations, and so their binding in the cavity is
weakened. Accordingly, small aromatic guests show only slight
affinity for the cavitand. ThéH NMR signals for free ben-
zene and furan in water are slightly broadened and shifted
upfield in the presence of cavitanti but the in/out ex-

time scale (see Supporting Information). Cyclohexane is the bestchange rates are too fast to observe separate signals for the
guest for the cavity, as shown by competition experiments (Table Pound complex. Less water-soluble guests such as toluene,
2). It was assumed that the binding constants were significantly P-Xylene, azulene, and naphthalene show no sharp peaks for

larger than that of THF (as all THF is expunged from the cavity €ither free or bound guest. Th]d"! NMR spectra of their
upon alkane binding), and so the binding of THF was not complexes with 1 mML in D,O exhibit shifts and broadening

included in the calculation of relative binding affinities. The N the peaks for cavitand (Figure 6), as well as signals for free
preference for € over G and G is not large, whereas THF, |nd|c§1t|ng its expulsion from the ca_V|ty by the a_ldqled
cyclooctane and cyclodecane show much lower binding affini- 9uests. Evidently a smalmM) concentration of guest is in
ties. The acyclic alkanes show lower binding affinities than exchange at an intermediate rate between the cavity and bulk
cyclohexane, and they decrease as the guest size increases. T@Ivent.

volume of the cavity can be estimatei molecular modeling

(36) Mecozzi, S.; Rebek, Lhem.-Eur. J1998 4, 1016-1022.

to be 180 R by fixing an artificial lid at the level of the

(35) Hooley, R. J.; Van Anda, H. J.; Rebek,JJ.Am. Chem. So2006 128
3894-3895.

(37) Gottschalk, T.; Jaun, B.; Diederich, Angew. Chem., Int. E®007, 46,
260—-264.

(38) Scarso, A.; Onagi, H.; Rebek, J. Am. Chem. SoQ004 126, 12728~
12729.
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Figure 6. Downfield region of the'H NMR spectra (2 mM, BO) of the complexes betweednand various rigid aromatic gues®.= free THF, expunged
from cavitandl.

Low-temperature NMR experiments that would be desirable W O O ™
in order to freeze out this motion are precluded by the high ‘ | ﬂ .
melting point of DO. Spectra acquired at 280 K were not |, | o =Y e BT
appreciably different from those at ambient temperature. When _i,_ |\ o
larger guests were introduced to the cavity, the picture became
clearer. At 300 K, the complekanthracene shows quite broad, I Q—Q—Q
undefined peaks, but cooling to 280 K reveals distinct assignable | il E 1w e
peaks for bound guest. This increase in kinetic stability of the ! | | | H ~ ; ;
complex can be ascribed to either (or both) a decrease in water~ ~ — ] ' v e
solubility or an increase in the number of favorable € s e o)

interactions of the larger guest with the cavity. At 280 K, Figure 7. *H NMR spectra (2 mM, BO) of the complexes betwedrand
anthracene does not tumble, and five distinct guest signals are4.4-dimethylbiphenyl18 and 1,4-ditert-butylbenzenel®.

shown, ranging in from 7.5 ppm (unshifted, residing above o4 ayhinit rapid tumbling due to its rigidity and length: all of

the cavitand rim) to 3.8 ppm (highly shifted, residing near the .1 signals can be distinguished in the NMR spectra.
resorcinarene base). The complex betwéesnd the shorter

but wider pyrene is kinetically stable at 300 K, although in this 5. Motion Inside the Cavity

case the guest is observed to tumble and only three averaged The pinding characteristics of the cavitand are nonspecific;
signals a® 5.8, 5.7, and 5.5 ppm are seen. Obviously the host there are no directed interactions between host and guest, merely
breathes to accommodate this tumblifig. London dispersion forces and Gkt interactions. Consequently,
Long, rigid substrates with appended methyltert-buty! the number of favorable guest conformations is large, and
groups are also good guests, due to favorable-@khteractions flexible guests can interconvert between these conformations
with the resorcinarene base. THel NMR spectra of the inside the cavity without loss of attractive contacts to the
complexes of 4,4dimethylbiphenyl18 and 1,4-ditert-butyl- cavitand. Figure 8a shows a “snaking” motioia a chairlike,
benzenel9 are shown in Figure 7. As expected, extraction of U-shaped intermediate where one end of the alkane moves past
these highly insoluble solids into aqueous solution requires the other, to the inverted helix shown. “Rotation” is illustrated
harsher conditions than for the liquid hydrocarbesenication in Figure 8b and describes the motion of the hydrocarbon
for a period of at least 12 h was required for complete without bending that is applicable only to short hydrocarbons.
displacement of resident THF. Even after 24 h, complete When branching is present on the alkyl chain, the snaking
extraction of19 is not achieved. In both cases, the guest does motion of an isopropy! otert-butyl group past the coiled chain

13468 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007
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a) “Sﬂakjﬂg 2

b) “Rotating”

Figure 8. Proposed modes of alkane tumbling.
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Figure 9. Temperature dependence of t& NMR spectra of (a}rans- 1 Ir(]je-t artyL gtulebSts amg_rg (C;.adne’ t sh ethylb.lghe?{[l.l& .an%
decalin23, (b) cis-decalin22, and (c)trans-1,4-dimethylcyclohexan2lin A-GHert _u ylbenzen Id not show rapi rq a 'On.'n_s' €
a 1.5 mM solution ofl in D;O. 1. The cavitand acts as a molecular ruiénere is a distinct
cutoff for the length of a rigid guest that can be extracted into
o . . . the cavity (see Figure 10). 4;Dimethylbiphenyl is the longest
is inhibited by the space constraints of the cavity. Accordingly, guest bound, with a van der Waals length of 11.9 A. Stilbene
only substituted alkanes with longest linear chain length of five (11 2 A) is bound (although it displays the same typeltdf
carbons (isooctane, 2-methylpentane) move rapidly on the NMR NMR spectrum as anthracengde suprd, but methylstilbene
time scale at ambient temperature, and they probably deso (12,7 A) and 4,4dimethylstilbene (14.3 A) are not extracted

rotation of the molecule as a whole. into the cavitand even after several days of sonication. If the
The mobility of more rigid guestsjs- andtrans-1,4-dimeth-  rigid guest protrudes beyond the cavitand rim, unfavorable
ylcyclohexane Z0, 21) andcis- andtrans-decalin @2, 23), was interactions between solvent water and the guest’s hydrophobic

examined. All were extracted and formed stoichiometric com- surface disrupt the energetic balances of the binding event.
plexes withl. cis-1,4-Dimethylcyclohexane is small enough to  Flexible guests such asalkanes can vary their shape in order
rotate rapidly in the cavity, but encapsulation tw&ns-1,4- to expose the minimum amount of surface area to the setvent
dimethylcyclohexane and both decalin isomers leads to com- hence, the slow dropoff in binding affinity as these guests are
plexes that exhibit broad peaks for bound guest, similar in nature lengthened. Whilen-octane reaches the cavity’s rim, alkanes
to those observed for the substituted acyclic alkanes. In theseas long ami-dodecane show binding. In contrast, the addition
cases, however, the guest cannot “snake” and the cavitand muspf only 0.9 Ain length to 4,4dimethylbiphenyl completely
flex instead. The effect of temperature on theNMR spectra abrogates binding, a remarkable behavior for an open-ended
of these complexes is shown in Figure 9. Upon heating, the container molecule.

signals for encapsulated guest sharpen considerably, indicatin

that at ambient temperature, rotations occur on an intermediate™" Thermodynamics and Kinetics of Guest Exchange

NMR chemical shift time scaleis-Decalin is shorter and more Investigation of the exchange properties of these hydrophobic
flexible thantrans-decalin, so a lower temperature is required guests is complicated somewhat by their strong binding and
for rapid rotation. low water solubility. Fortunately, certain guests display suffi-
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Table 3. Thermodynamic Binding Parameters (ITC) of Guests in a)
Cavitand 1 " SL (93 o
AH, AS, 202 5 ) )/ a1 su Y?
Guest K/M™! keal mol™! cal mol! K & — —= [ { 1 5
J A:‘;% . _r‘)
bt f S N

24
o

13x10°  -3.4 11.9 b) m

%O 1.6x10°  -4.0 10.0 S

26 ' ' ' 3 r

OOH S
27

N
9]

RDS \\
OH 29x10° 2.0 18.4 \ Y
K%

26x10° 2.4 16.8 { > ¢ ;x,.} Q7
® OH .© " >
MesN/\/ Cl 20 2.6x10 -9.0 -10 ) ‘ _
o 28 Figure 11. ||Iustrat|ons_of the two possible exchange mechanisms: (a)
MeaN/\/OAC Cle 2020 1.2 x 10* 45 37 Sn1l-like” and (b) “Sy2-like”.

tetramethylammonium groups allow strong binding of choline
by enthalpically favorable catior interactions; they com-
cient solubility in water to allow thermodynamic analysis by pensate for either an unfavorable (in the case of choline) or
isothermal titration calorimetry (ITC) and kinetic analysis by weakly favorable (in the case of acetylcholine) entropic term.
2D EXSY NMR. Table 3 shows the thermodynamic binding The pinding of neutral species, however, is more strongly driven
properties of five suitable neutral guests, each containing a Iargeby entropic effects. The enthalpic term is much smaller, due to
cyclic hydrocarbon anchor and a slightly polar group for added the absence of strong catien interactions (again, consistent
water solubility. In each case, the adamantyl/cycloalkyl group \yith the preferential binding of choline vs hydrocarbons in
binds inside the cavitand, with the hydroxyl/carbonyl group organic solventsy?
oriented to the aqueous solution (see Supporting Information  The magnitude of this hydrophobic effect is illustrated by
for NMR data). Guest&4—27 have solubilities on the order of e pinding of long alkyltrimethylammonium salts. Choline and
10'-10* mM in water, allowing titration of a stock solution  cetyicholine bind with the trimethylammonium group at the
into the ITC cell. Previously published parameters for charged pase of the cavity, as do short alkyltrimethylammoniums
choline and acetylcholine are included in the table as reference(EtNMes+, "BuNMes*, "HexNMes+).34 When decyl or dode-
points. ) o . cyltrimethylammonium bromide are addemla 1 mMsolution
The neutral hydrophobic guests binth a classical hydro- ¢ 1 in D,0, binding of the alkyl chain in the expected helical

phobic effect in cavitand. Binding is strongly entropy-driven,  conformation, anaiot the trimethylammoniuis observed. This
with a small favorable enthalpic term. The entropic benefit is |eaves the trimethylammonium group outside the cavity, where
due to release of ordered water from the surface of the hydro-jt can siill interact with the aqueous solvent and the carboxylates
phobic neutral species on binding that causes a net increase inyt the cavitand rim. Th&, is again>10* M~, even though
disorder. TheAC, value for the self-exchange of cyclooctanol  eachgaucheinteraction that propagates the helix conformation
in 1 was strongly negativeA(C, = —250 cal mof* K™) as gestabilizes the system by 6:8.6 kcal/mol** The increased
expected for classical hydrophobic binding. This cavitand |ength of the alkyl chain evidently enhances the entropic binding
evidently does not behave in the non-classical manner observederm and overcomes the unchanged enthalpic interaction of the
by Diederich in synthetic receptdfs*? (which can also be seen  Nve,*+ group with solvent water.
in membrane®). In the latter, charged water-soluble receptors  The mechanism of exchange was probed by studying the rate
showed strong hydrophobic binding due mainly teeathalpic  of self-exchange of guests betwegrand bulk solvent. Two
bonus gained on hydrocarbon binding. The cavitand walls are general mechanisms have been suggested for exchange processes
moderately good matches for the hydrocarbon guest in termsip, self-folding receptors of this type and are illustrated in Figure
of London dispersion forces consistent with the weaker binding 11. one possibility is that exchange involves a slow, complete
of hydrocarbons in neutral cavitands of this type in organic unfolding of cavitand followed by rapid guest exchange
solutions. The overall binding energy is large (averbg® 1 occyrring from the kite form, in an &.-like” manner. This is
x 10° M~ (Table 3),AG ~ 7 kcal mol%, consistent withtH the mechanism generally accepted for guest exchange in an
NMR measurements), almost an order of magnitude stronger grganic-soluble octamide cavitaff8(A dissociative exchange
than the binding of cholineK(= 2.6 x 10 M~). The charged  process that occursia loss of guest fronully foldedreceptor
(39) Smithrud, D. B.; Sanford, E. M.. Chao. I Ferguson, S. B.; Carcanague. is mgst unlikely'; this creates a vacuur.n,.gnd the energetic price

D. R.; Evanseck, J. D.; Houk, K. N.; Diederich,ure. Appl. Cheml99Q of this process is expected to be prohibitive.) Analogy can also

62, 2227-2236. be drawn with exchange mechanisms for fully enclosed capsules.

(40) Ferguson, S. B.; Seward, E. M.; Diederich, F.; Sanford, E. M.; Chou, A.;
Inocencioszweda, P.; Knobler, C. B.Org. Chem1988 53, 5593-5595.

(41) Ferguson, S. B.; Sanford, E. M.; Seward, E. M.; Diedericld, ARm. Chem. (44) Eliel, E. L.; Wilen, S. H. InStereochemistry of Organic Compounds
So0c.1991, 113 5410-5419. Wiley: New York, 1994; p 600.

(42) Diederich, F.; Smithrud, D. B.; Sanford, E. M.; Wyman, T. B.; Ferguson, (45) Rudkevich, D. M.; Hilmersson, G.; Rebek,J. Am. Chem. Sod997,
S. B.; Carcanague, D. R.; Chao, I.; Houk, K. Atta Chem. Scand.992 119 9911-9912.
46, 205-215. (46) Rudkevich, D. M.; Hilmersson, G.; Rebek,J.Am. Chem. Sod 998

(43) Seelig, J.; Ganz, Biochemistry1991, 30, 9354-9359. 120, 12216-12225.
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Table 4. Exchange Rates of Various Guests (3 mM) between 1 (2 providing stabilization to the vase conformationlat derived
mM) and Bulk Solvent (D20) from a different source than that of the octamide cavitand, the
Guest k(s AG*). keal mol number of hydrogen bonds is the same, and so one might expect
[T 47 14.6 16.0 the barrier to unfolding of the cavitand to be of approximately
the same magnitude.
£b30 11.7 16.1 Most of the guests in Tables 3 and 4 were not applicable for
o the determination of concentration dependence due to low water
% 2 | 8 16.2 solubility or unsuitable!H NMR spectra, bu26, 27, and 32
OH proved cooperative. No change in the rate of self-exchange of
O 3.2 16.9 cyclohexanone26 is observed over a 20 mM range in
27 concentration (Figure 12). This indicates that incoming guest
@\ is not present in the rate determining step of the exchange
OH 32 18 17.2 mechanism, and the {8-like” dissociative mechanism shown
in Figure 11a is dominant.
©31 1.7 17.2 The self-exchange data for cyclooctanol and adamantanol

corroborate this result; while the rate of self-exchange of these
species is slower than that 26, the rate is again independent
_of guest concentration, suggesting that cavitand unfolding is
It has been shown that, for small molecules such as benzene inpe rate-limiting step. This mechanism is also consistent with
a cylindrical capsulé] small cations in a tetrahedral clustér, e yariable exchange rate for different guests. The barrier for
and bicyclic hydrocarbons in a spherical capstielf-exchange  ¢ayitand unfolding consistsot onlyof the breaking of H-bonds
occurs by either opening of one or more “fIaps" of the capsule 1t aiso the loss of enthalpic interactions between host and
or distortion of a cluster wall to allow an opening. The parallel guest, combined with partial solvation of the guest, all of which

mechanism in this case can be described as a2-fige” vary depending on the hydrophobic surface presented by the
process: opening of one or two walls followed by concerted ; ,ast.

replacement of bound guest by free. The process is illustrated
in Figure 11b. It is not certain (or easily determinable) whether 7. Conclusions
one wall or more needs to open for exchange to occur, but _ _
Diederich has shown that exchange can ocgaropening of A self-folding, water-soluble synthetic receptor has been
two opposite walls in a related cavitafd. shown to extract a variety of insoluble guests including normal
Distinguishing between these two processes involves guestand substituted alkanes, cyclic and polycyclic, saturated and
concentration and the exchange rate; the dissociative procesgromatic hydrocarbons into aqueous solution. Flexible species
would show no dependence on incoming guest, and the Such as saturated acyclic and cyclic hydrocarbons tumble rapidly
concerted process should show first-order dependence onPn the NMR time scale. Binding constants are in most cases
incoming guest concentration. Two-dimensional EXSY experi- > 10* M™% Guests for which tumbling is restricted show lower
ment§%51were performed on 2 mM solutions @fwith 3 mM binding affinities, and small aromatic species that cannot
cyclohexanel?, cyclohexanone6, cyclooctanol27, norbor- adequately occupy the space inside the cavity show rapid
nadiene30, cyclooctadien@l, and 1-adamantan8R as guests ~ €xchange on the NMR time scale. Long rigid aromatic species
(See Supporting Information for NOESY Spectra). The rates and form hOSt:gUeSt Complexes if their |ength does not exceed that
barriers to exchange are shown in Table 4. The observed©f the cavitand; once that length is exceeded, binding affinity
activation energies for exchange are consistent with previously drops precipitously, leading to exquisite selectivity for certain
obtained values for cavitands that self-assemisehydrogen  rigid substrates. Self-exchange, monitored by 2D EXSY experi-
bonding® and vary between 16 and 17.2 kcal mbl ments, is most likely a dissociative process involving unfolding
Table 4 shows that the rate of self-exchange depends stronglyof the complex as the rate-determining step. Hydrophobic
upon the nature of guest, and is not determined solely by the stabilization can be even stronggr t'han caﬂmnteractlo.ns,
energy required to unfold the cavitand. Previous publications @S Shown by the preference of binding a long alkyl chain over
have shown that the barrier to unfolding of a deep cavitand @ trimethylammonium cation for long-chain alkyltrimethylam-
(with no hydrogen-bond stabilization) is of the order of 11 kcal Monium guests. Applications of these findings to the acceleration
mol~1,53 whereas the barrier to unfolding of a similar cavitand of reactions and transport processes are currently underway in
with eight amide groups providing intramolecular hydrogen Our laboratory.
bonds is 17 kcal mot.#6 While the hydrogen-bonding network

8. Experimental Section

47) Craig, S. L.; Lin, S.; Chen, J.; Rebek,.Am. Chem. So2002 124, i .
@) 87%69—8781. " en eve m em. S0@002 8.1. General Considerations!H, 2D NOESY, and DOSY NMR

(48) Davis, A. V.; Fiedler, D.; Seeber, G.; Zahl, A.; van Eldik, R.; Raymond, spectra were recorded on an Avance Bruker DRX-600 spectrometer
K. N. J. Am. Chem. So@006 128 1324-1333.

(49) Santamaria, J.; Martin, T.; Hilmersson, G.; Craig, S. L.; Rebek, Prdc. with a 5-mm QNP probe. ProtodH) chemical shifts are reported in
Natl. Acad. Sci. U.S.AL999 96, 8344-8347. parts per million §) with respect to tetramethylsilane (TM8,= 0),

Eg% Eglrrqia?i‘ % Iﬁargr:\ilgelr\i _T\'/i‘]igch_‘%rg'i('?ebl_gﬁgc%?éggsé%gk Inf. Comput and referenced internally with respect to the protio solvent impurity.
Sci. 200Q 40, 611—621. pic, B o o put Deuterated NMR solvents were obtained from Cambridge Isotope

(52) Gnslyn,,E-g/-; Douggertlzf,_D-sA- Im/lllode(r:n rF;hys_icalzg(;%fclnic?‘ 8Cgemi5try Laboratories, Inc., Andover, MA, and used without further purification.
(53) Crrmglntirslst.y‘]._cgﬁgieH.o\c])._sérya:;utsg.lt&_ K%g[g:ab_B_Ahf_ Chem. Soc. ESI-HRMS data were recorded on an Agilent Electrospray TOF Mass

1992 114, 7748-7765. Spectrometer. All added guests were obtained from Aldrich Chemical
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Figure 12. Plot of the concentration dependence of self-exchange of hydrophobic guests in caviganiM, D,O).

Co., St. Louis, MO, and were used as received. Molecular modeling mixture sonicated for 10 min. The mixture was transferred by pipet to
(molecular mechanics calculations) was carried out using the AMBER a 5-mm NMR tube for analysis.
force field?® with the solvation (dielectric) setting for water as 8.3.d. Representative Procedure for Preparation of Host:Liquid
implemented by Macromodel or Maestro (Schroedinger, Inc.) on a Guest Complexes: Preparation of iIn-Pyrene.A 2 mM solution of
Silicon Graphics Octane workstation. Cavitahednd precursors were  cavitandl was formed by mild sonication df (1.7 mg, 0.0012 mmol)
synthesized according to the literature procedfre. in D,O (0.6 mL) for 5 min. Solid pyrene (1 mg) was added, and the
8.2. ITC Studies.|TC data were obtained on a VP-ITC MicroCalo-  resulting suspension sonicated for 24 h. The mixture was microfiltered
rimeter, MicroCal, LLC (Northhampton, MA). Titrations were per- o remove unextracted solid and transferred by pipet to a 5>-mm NMR
formed at 25°C with a host concentration of approximately 0.1 mM  tube for analysis.
in the cell (1.4348 mL), and a guest concentration of approximately 1~ 8.4. NMR Studies. 8.4.a. Procedure for 2D NOESY and EXSY
mM in the syringe (25@L). All solutions were prepared with distilled Experiments. The 2D NOESY spectra of the cavitands were recorded
water. Injection volumes varied from 5 to 10, with a 300-s spacing ~ at 300 K at 600 MHz with the phase-sensitive NOESY pulse sequence
between injections. All titrations were performed in triplicate. After ~supplied with the Bruker software. Each of the 512 F1 increments was
the reference titration was subtracted, the revised data were fitted to athe accumulation of 32 scans. Two-dimensional ROESY spectra were
theoretical titration curve using the One Set of Sites model of the Origin also taken to determine whether the cross-peaks observed derived from
7.0 software provided by MicroCal, LLC. NOE enhancements or chemical exchange, and were recorded at 300
8.3. Experimental Procedures. 8.3.a. Synthesis of Dimeric Cav- K at 600 MHz with the phase-sensitive ROESY pulse sequence supplied
itand 1-1. The cavitand tetraethyles®r(102 mg, 0.073 mmol) was with the Bruker software. Before Fourier transformation, the FIDs were
dissolved in a mixture of EtOH (9 mL) and water (6 mL), and NaOH Multiplied by a 90 sine square function in both the F2 and the F1
(96 mg, 2.4 mmol) was added as a solid. The mixture was stirred for domain. 1K _ 1K real data points were used, with a resolution of 1
30 min, during which time a fine precipitate formed. Additional water Hz/point. All ROESY spectra were consistent with the NOESY data,
(1 mL) gave a clear solution, and stirring was continued at@3or but the NOESY spectra are shown here due to the greater resolution
2 d. The EtOH was slowly removed from the solution by rotary and signal-to-noise ratio obtained. For EXSY, two NOESY spectra were
evaporation until a precipitate formed. The mixture was transferred to taken sequentially, one with 300 ms mixing time and then with 0 ms
a centrifuge tube and centrifuged for 20 min. The pellet was retrieved MiXing time. The rate constakwas calculated using the EXSYCALC
from the supernatant and dried under high vacuum to give the product Program (Mestrelab Research, Santiago de Compo$teland is the
as an off-white solid (74 mg, 74%). The low solubility of the dimeric ~ SUM of the two dependent magnetization-transfer rate constants obtained

complex of1 in D,O precluded acquisition 6fC NMR spectra in from the calculations, an approximation due to the system being in

any reasonable amount of timiéd NMR (600 MHz, D:O): ¢ 0.71 (t, equilibrium 65052

J = 7.2 Hz, 24H); 1.852.0 (m, 16H); 3.83 (dJ = 16.8 Hz, 8H); ky

3.87 (d,J = 16.8 Hz, 8H); 3.97 (ddJ = 10.2 Hz, 5.4 Hz, 8H); 6.35 AT B

(s, 2H); 6.72 (s, 4H); 6.79 (s, 4H); 6.85 (s, 2H); 7.12 (s, 2H); 7.31 (s,

2H) ESIHRMS (acidic matrixwz calcd for GaH1iN1gOs2 (M + k=k, tk

H* of fully protonated tetraacid cavitand dimer) 2577.7701; found 8.4.b. Procedure for DOSY ExperimentsThe DOSY spectra were

2577.7739. acquired using an LED pulse sequence with bipolar gradient pulses
8.3.b. Representative Procedure for Preparation of Host:Gaseous  and two spoil gradients, as supplied with the Bruker softfa®ine-

Guest Complexes: Preparation of in-Propane. A 2 mM solution shaped pulsed gradients were incremented from 2.7 to 51.4 Giom

of cavitand1 was formed by mild sonication af (1.7 mg, 0.0012 32 steps, with each step consisting of 256 scans. The raw data were

mmol) in D:O (0.6 mL) for 5 min. Propane gas was bubbled into the processed using the MestreC program (Mestrelab Research, Santiago
solution slowly to avoid excess foaming for 10 s. The mixture was de Compostela).

transferred by pipet to a 5-mm NMR tube for analysis. K led W ful he Sk Insti
8.3.c. Representative Procedure for Preparation of Host:Liquid Acknowle .gment. _e are grateful to the Skaggs ns’qtute
Guest Complexes: Preparation of in-Hexane.A 2 mM solution of and the National Institutes of Health (GM 50174) for finan-

cavitandl was formed by mild sonication df (1.7 mg, 0.0012 mmol) (54) Wu, D. H.; Chen, A. D.; Johnson, C. $. Magn. Reson., Ser. 2995
in D,O (0.6 mL) for 5 min.n-Hexane (5«L) was added neat, and the 115 260-264.
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