JIAICIS

ARTICLES

Published on Web 09/22/2004

Helical Folding of Alkanes in a Self-Assembled, Cylindrical
Capsule

Alessandro Scarso, Laurent Trembleau, and Julius Rebek, Jr.*

Contribution from the The Skaggs Institute for Chemical Biology and Department of Chemistry,
Scripps Research Institute, MB-26, 10550 North Torrey Pines Road, La Jolla, California 92037

Received April 26, 2004; E-mail: jrebek@scripps.edu

Abstract: The reversible encapsulation of a series of normal alkane guests in a cylindrical host was studied
by NMR methods. For small hydrocarbons such as n-pentane or n-hexane, two guests enter the host, and
they move freely within. With n-heptane no encapsulation takes place. For longer alkanes such as n-decane,
a single guest enters and the aromatic walls of the host are seen to twist to avoid empty spaces and
increase favorable interactions with the hydrocarbon. The best guest (n-undecane) adopts a conformation
with minimal gauche interactions. The longest alkane accommodated, n-tetradecane, adopts a helical
conformation to fit in the cavity, a shape that maximizes CH/x interactions with the aromatic walls of the
receptor. These reciprocal conformational changes are discussed in terms of optimal host/guest interactions.

I. Introduction of normal alkanestCsH;» to n-Cy4Hs30) in organic media within
a self-assembled molecular capsule. Investigations using NMR
spectroscopy helped evaluate kinetic and thermodynamic pa-

. : rameters of these complexes and demonstrated that the longer
together. Cavitandsnd molecular capsuleare recent versions, . .
d guests 1i-C;2H26 to N-C14H30) coiled to adopt helical conforma-

and their relatively rigid structures as hosts present well-defined Y : .
spaces to guests. Recognition then depends on the complementlons within the capsule. The unfavorable gauche interactions
tarity of size, shape, and chemical surface between host andcreated were apparently compensated by the favorabler CH/
guest and on, entropi’c factors. Not surprisingly, rigid guests are interactions with the fl_xed aromatic walls_ and the proper filling

. ) ST . ’ .~ of the host. Deformation of the host during complexation was
studied the most: their interactions with the host are easily -
; . . - . also detected through NMR temperature coefficients and mo-
imagined, visualized, and even computed by modeling, and theyIecular modelin
give stable complexes since no internal rotations of the guest 9
are restricted during complexation. When the guest is flexible ||. General Methods
and can assume many shapes, an ensemble of complexes may . ) . o
form between host and guéstheir relative stabilities are harder " purified mesitylenedy,, resorcinarene-based tetraimitle
to predict as each complex has a different guest conformation (Figure 1) aggregates to undefined materials, which are mostly
and is inevitably destabilized by restricted internal rotations. NSoluble. The solvent mesitylene cannot fit inside. In the
We recently encountered these situations with guests bearingt®mmercially available solvent (98% purity), impurities exist
normal alkane chains too long to be accommodated in a rigid, that allow self-assembly into molecular capsig¢o occur. The
cylindrical host® An entirely analogous situation was encoun- capsule is held together through ac_ycllc seam of eight bn‘urcat_ed
tered by Gladyszwith flexible alkanes surrounding a rigid hydrogen bonds and whatever intermolecular forces exist

polyacetylene. Here, we describe the details of the encapsulatiorP€Ween host and guest. Typically, the most abundant resting
state in this solvent is a capsule with one molecule each of

(1) For reviews, see: (€ontainer Molecules and Their Gues@ram, D. J., deuterategb-xylene and deuterated benzene insittapurities

Cram, J. M., Stoddart, F., Eds.; The Royal Society of Chemistry: London, i i i
1004, (b) Timmerman. B.: Verboom, Wo. Reinhoudt. D Tetrahedron of the commercial solvent. This varies from batch to batch, and

Synthetic receptors in chemistry are used for the study of
molecular recognition phenomerbhow and why molecules fit

1996 52, 2663-2704. (c) Rudkevich, D. M.; Rebek, J., Bur. J. Org. since the capsule has a remarkable ability to encapsulate
Chem.1999 1991-2005. (d)Calixarenes 2001Asfari, Z., Bthmer, V., i it P 51 i ;

Harrowfield, J., Vicens, J., Saadioui, M., Eds.; Kluwer Academic Publish- impurities that approprlately fill It§ spapg, other resting States

ers: Dordrecht, Boston, London, 2001. can be present. Fortunately, the impurities, low concentrations

(2) Conn, M.; Rebek, J., JEhem. Re. 1997, 97, 1647-1668. Sherman, J. C. 0 ; i ;
Tetrahedron1995 51, 3395-3422. Boehmer, V.: Vysotzky, M. QAust. (at 0.01% of the pure solvent, an impurity is typically &1

J. Chem 2001, 54, 671-677. Hof, F.; Craig, S. L.; Nuckolls, C.; Rebek,  mM) can be displaced by the intended guests (at millimolar or

J., Jr Angew. Chem., Int. E®002 41, 1488-1508. f ; ; : ;
(3) For a recent example in water, see: Trembleau, L.; Rebek, Scignce hlgher concentratlons) n typlcal NMR experlmeﬁts.

@ |2-|003 Br?é 12019—§2§0. L Rebec 1 IrOm Chem2002 67 8201 The capacity defined by the internal aromatic surfaces is about
ayashida, O.; Sebo, L.; rRebek, J., dr.Org. em f — H B
8298. Scarso, A.; Trembleau, L.; Rebek, J., Amgew. Chem., Int. Ed. 425 &, assuming that the capsule keeps its symmetry and shape

2003 42, 5499-5502. during the encapsulation of guests. In general, the capsule binds
(5) Stahl, J.; Bohling, J. C.; Bauer, E. B.; Peters, T. B.; Mohr, W.; Marti

Alvarez, J. M.; Hampel, F.; Galdysz, J. Angew. Chem., Int. EQ002

41, 1871-1876. (6) Heinz, T.; Rudkevich, D. M.; Rebek, J., Mature 1998 394, 764—766.
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Figure 1. Line drawing of the synthetic receptar(left) energy-minimized dimet, (center) and the size and shape of its cavity (right) using the program

Swiss PDB viewer.
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Figure 2. Upfield and downfield regions of tht#H NMR spectra at 600

MHz in mesitylened;, at 300 K of encapsulated alkanes-@sHi, to

n-CisH32) @ 17 ([12] = 2 mM; [guests}= 100 mM).d indicates complexes

containing impurities from the deuterated solvent or from the commercial

hydrocarbons.

guests that fill about 55% of the available volufiEhis is the

appropriate packing coefficient (PC) in the liquid phase. Smaller
guests interact weakly, and larger, rigid guests are rejécted.
Combinations of two or more different guests can also be
encapsulated, a subject with consequences beyond the scope

the present worR.

Ill. Complexes with Alkanes

1. 1D NMR Results.Alkanes fromn-CsH1» to n-Ci4Hzg are
generally encapsulated and form kinetically stable complexes

on the chemical shift time scale

(Figure 2).

Two molecules ofn-CsHi, or n-CgH14 are incorporated in

the capsule as revealed by integration of the signals. The spectr

(7) Mecozzi, S.; Rebek, J., XEhem. Eur.

J199§ 4,1016-1022.

(8) Korner, S. K.; Tucci, F. C.; Rudkevich, D. M.; Heinz, T.; Rebek, J., Jr.

Chem. Eur. J200Q 6, 187—195.

(9) For leading references, see: (a) Shivanyuk, A.; Rebek, JCRem.
Commun2002 20, 2326-2327. (b) Shivanyuk, A.; Rebek, J., 2mgew.

Chem., Int. EJ2003 42, 684—686. (c) Scarso, A.; Shivanyuk, A.; Rebek,
J., Jr.J. Am. Chem. Soc2003 125 13981-13983. Yamanaka, M.;

Shivanyuk, A.; Rebek, J., JProc. Natl. Acad. Sci. U.S.2004 101, 2669

2672.

Table 1. Dimension of Hydrocarbons and Computed Packing
Coefficients (PC)

guest length (A) volume (A3) cavity (A3) PC? (%)
2(-CsHi)  2x87 2x 85 — (40)
2(-CeH)  2x 100 2x 102 — (48)
n-CrHie 11.2 117 — (28)
n-CaHis 125 134 —(31)
I’l-CgHzo 13.7 151 - (36)
n-CioH22 15.0 167 354 47 (39)
n-C11Hz4 16.3 185 357 52 (44)
n-Cleze 17.5 200 - (47)
n-Ci3Ho2g 18.8 222 — (52)
n-Ci4H30 155 240 422 57 (56)
n-C14H28 16.0 239 - (56)
n-C15H32 16.3 258

aVolume of the capsule’s cavity after energy minimization of the
structures® Packing coefficients of alkanes in capstlg after energy
minimization of the structures using nonhelical or fully helical conformations
of the hydrocarbons according to NOESY data. Values in parentheses refer
to packig\lsg coefficients calculated using a perfectly cylindrical caplgnf
= 425 M3).

of both encapsulated molecules show only two relatively sharp
signals betweer-1.8 ppm and-2.4 ppm—one corresponding

to the methylene protons and the protons of the terminal groups
of the hydrocarbonsindicating that both hydrocarbons can
tumble freely while within the capsule at room temperature.
The maximal internal capacity of the cylindrical capsule
(diameter of 6.6 A, length of 16 A) does not permit the tumbling
of molecules longer than 6.6 A. In their extended conformation,
the length ofn-pentane and-hexane is about 8.7 and 10.0 A,
respectively (Table 1). These hydrocarbons must therefore fold
in order to tumble rapidly on the chemical shift time scale in
the capsule. Given the restricted elongated space available it is
0r{easonable to presume that these two molecules adopt coiled
conformations, although it is presently not possible to observe
such structures experimentally. For the slightly longéeptane,

no clear signals are observed in the upfield region, even if the
NH resonances at 10.3 ppm are indicative of a capsulartfost.
In this peculiar case, no clear encapsulation occurs because the
cavity is too large to accept one molecule alone (small PC) but
too small to accommodate two molecules (Table 1). Instead,
é'mpurities must occupy the capsule.

For the alkanes-CgH15 to n-Cy4H30, Single molecules were
found in the capsule. In these cases, separate signals are
observed for each methylene and for the terminal methyl groups.
The magnetic shielding provided by the aromatic rings of the
hosts gradually increases from the middle of the capsule to its

(10) The upfield signals observed could be accounted for by co-encapsulation
of commercialn-heptane with low molecular weight impurities.
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Figure 3. Upfield portion of the 2D NOESY spectrum at 600 MHz in mesitylehgat 300 K of the encapsulation complexeslaf(2 mM) with (a)
n-CgH1g (100 mM), (b)n-CoHzo (100 mM), (c)n-CioH22 (100 mM), and (dn-Cyi1H24 (100 mM).

ends. Methyl groups are subjected to maximal upfield shifts observed all along the carbon chain, showing that these alkanes
with a Ad up to —4.95 ppm. The chemical shifts of each adopt extended conformations while inside the capsule. Ac-
methylene were determined by 2D-COSY experiments. Tum- cordingly, chemical shifts of the terminal methyl groups decrease
bling of these longer alkanes is improbable, but they are from extendedn-CgHig to extendedn-CioH2, in accord with
expected to rotate freely about the longitudinal axis of the increased shielding at the ends of the cavity.
capsule. Two encapsulated moleculeswhexane must adopt tightly

2. Conformations of Alkanes by 2D NOESY Experiments. coiled conformations in order to fit in the capsule. Molecular
For all the complexes, NOE cross-peaks were observed betweemmodeling clearly shows that hydrocarbons longer th oH24
methyl groups of the guests and only the signal for the aromatic are also too long to be encapsulated in the cavity in their fully
CH between the resorcinarene oxygens. Several cross-peakextended conformations (Table 1). Yet, all of them are
were also detected between the imide NH of the capsule andencapsulated as shown by thé NMR spectra. Coiling into a
methylene groups positioned in the middle of the hydrocarbon helix is one way for the hydrocarbon chain to decrease its length
chain. This confirmed that included hydrocarbons are lying in in a restricted, cylindrical space. Examination of the complexes
an elongated manner within the cavity, with methyl groups by 2D-NOESY showed that coiling starts at the alkyl chain
positioned close to the ends. Alkanes longer tha®y4Hzo are extremities. For example, the complex withC;;H24 shows
not encapsulated at all, even if employed in large excesses. INNOE cross-peaks between the hydrogensaai@i G and at
their extended conformations, alkanes frof@gH;5to n-CyoH22 C; and G. But G is in NOE contact only with ¢ Cz with Cs,
have lengths compatible with the capsule dimensions (Table and G with Cs. This demonstrates the presence of gauche
1). The conformations of included guests were further deter- conformations of four carbon atoms at the extremities and an
mined using 2D-NOESY experiments (Figures 3 and 4). Only extended chain of carbon atoms in the middle. With only one
cross-peaks between the hydrogen atoms; &n@ G, were more methylenen-Ci,Hy6) the guest assumes a more helical

13514 J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004
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Figure 4. Upfield portion of the 2D NOESY spectrum at 600 MHz in mesitylehgat 300 K of the encapsulation complexeslgf(2 mM) with (a)
N-C12H26 (100 mM), (b)n-CiaHzg (100 mM), (c)n-CiaHzo (100 mM), and (d)n-Ci4H2s trans7-tetradecane (100 mM).

conformation as demonstrated by the presence-635, and coiling can occur in an unsymmetrical manner at the extremities
Ci—Ci+3 NOE interactions all along the chain. WithC4H30, of the chain. Forn-Ci;sH,s and n-Ci4Hso the signals are
gauche conformations are predominant as indicated by NOEincreasingly sharp: a sextet and a triplet can be readily
cross-peaks between hydrogens gai@l G+3, and Gand G4 distinguished for the terminal methylene and methyl, respec-
indicative of a tightly coiled conformation. tively. This is expected for rapid rotation around the-C,

In theH NMR spectra, chemical shifts of the terminal methyl and G—Cs; bonds. Additionally, these two guests possess
groups increase with gradually longer and consequently more slightly sharper signals for the central methylene groups: this
coiled alkanes. In other words, coiling into helical conformations could be related to steric interactions of the extremities with
causes the terminal methyl groups to move slightly away from the capsule’s concave surfaces (Figure 2).
the tapered ends of the cavity. Helices are chiral structures, and the hydrogens at each

3. Dynamics of Coiling. Useful indications about the  methylene are therefore diastereotopic. This should result in
dynamics of the system are given by signal’'s multiplicity in geminal coupling but no such splitting is seen in theNMR
the IH NMR spectra. For hydrocarbons that fit in a strictly spectrum of the encapsulateeC;sHzo. Rather, a sharp sextet
extended conformatiom{CgH1g to n-Cy0H>»), the broadness of (3 = 7.48 and 6.78 Hz) is present for the penultimate
the signals observed is indicative of a process with a rate that, methylenes. We presume that helixelix interconversions
at the temperature employed for the experiments, is still lower (racemization) occur rapidly on the chemical shift time scale.
but not very different to théH NMR chemical shift time scale ~ There is not enough space in the capsule for this process to
(600 MHz). This can be due to the relatively small size of these take place within the cavity through a fully extended conforma-
guests and the low complementarity with the capsule that tion. A dynamic undulation of short extended conformations
increases the inout exchange rates, leading to broader signals. traveling up and down the chain véanti transition states is the
For n-C11H»4 andn-Cy2Hz6 the in/out exchange rates are likely  most probable mechanism. Some evidence of this is provided
to decrease. Signals are still slightly broad, possibly becauseby the olefin trans-7-tetradecene. It is a suitable guest as

J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004 13515
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Figure 5. Top and front views of the minimized structures for the complex€sH1s@1; (left), n-CioH22@1, (middle), n-C14H30@1> (right) (molecular
mechanics AMBER?* force field with the program Maestro using the dielectric constant for benzene). Alkyl chains of the cavitands have been omitted for
clarity as well as one-half of the capsule for views from the top.

Table 2. Imide Proton Chemical Shifts in Mesitylene-d;, at 300 K

Clt hydrogen under observation over a certain range of temperatures.
and Temperature Coefficients

In an apolar solvent like CDg,|Stevens and Tonioldshowed

NH TC NH TC (1) that the temperature dependence of NH chemical shifts are
guest (ppm)  (ppb/K) guest (ppm)  (ppb/K) small for NH protons exposed to the solvent and for NH protons
2(-GsHip) 1010 —7.0  nCpHxe 1031 -59 that are shielded (hydrogen bonded or buried) over the course
ﬁ_(gifl':“) 1?)'_22 :2:431 282:2: g:g? :2:8 o_f temperature variation and (2) that tl_1e dependence is
n-CoHao 10.40 -58 n-CaHzo 9.75 -36 significantly larger for NH protons initially buried but transferred
n-CioH22 10.43 -5.8 N-C1aH2g 9.69 -2.9 to a more solvated environment during the course of temperature

variation. For the capsular system under investigation changes
in guests conformation and more likely in/out exchange could
also affect this parameter, especially for guests smaller than
n-CioH22. Nevertheless, we anticipated that only a small
temperature dependence of NH chemical shifts of imides
participating in the capsule’s hydrogen bond network would be
observed for a perfectly cylindrical capsule. In the case of inward
deformations of the imide aromatic walls, larger variations
would be expected, as hydrogen bonds would move to a more
Alkanes encapsulated in their fully extended conformations prieq position. Therefore, we employed temperature coef-
seem too narrow to complement properly the cylindrical cavity ficients as a tool to investigate conformational changes of the
of the capsule, and light variations of its shape might occur receptor and variations of the NH’s chemical shift to probe the
upon binding, in response to the size of the guests. The NH strength of the hydrogen bond network.
chemical shift is a parameter that gives a good indication of | the case of complexes with-CsH1a)> and n-CiaHao, the
the hydrogen bond strength that is responsible for dimerization ¢qicyjated packing coefficients are maximal. As a result, a more
of the capsule. From-CgHig to n-CyoHz» (Figure 2 and Table ¢y jingrical shape of the capsule is expected. In agreement with
2), the NH's chemical shift is almost unchanged, while with his hypothesis, low absolute temperature coefficients (4.3 and
Io.nger guests there is an inverse trepd .that correlat.es this .Shlf'[3_6 ppb/K, respectively) and a relatively weak hydrogen bond
with the packing coefficient and indicates the increasing nenyork was observed as testified by a minimal chemical shift
difficulty to keep the capsule assembled. of the imide NHs (Table 2).

Molecular modeling of the complexes (Figure 5) combined Encapsulated guestsCgHyg to n-CioHzs possess extended
with the experimental temperature coefficients associated with -ins in the middle region, and coaxial to the imide hydrogen
the imide NH signals for each guest were explored. Temperaturey, o network considerable free space would remain unfilled if
coefficients are parameters extracted from chemical shift \he capsule would keep its cylindrical shape. Higher values of
measurements used to characterize conformations and aggregane apsolute temperature coefficients (6548 ppb/K) and a
tion status of peptides and proteins in solutidithey reflect  gyonger downfield shift of the NHs were observed, revealing
the temperatyre dgpendencéldfchemmal §h|fts of NH amldg that the capsule adopts a different conformation with a stronger
hydrogens, either involved or not involved in hydrogen bonding. hydrogen bond network. In agreement, computational modeling
Values are sensitive to the solvent used and the state of theys the complexes showed that the twisting of the imide walls

observed from Figure 2; its affinity for the capsule is diminished,
but only by a factor of 2.8 compared with-Ci4H30. The
presence of the four central atoms in a rigidns geometry
resembles thanti transition state as proposed for racemization
within the capsule.

IV. Capsule Deformation to Accommodate the Guest

(11) (a) Baxter, N. J.; Williamson, M. Rl. Biomol. NMR1997, 9, 359-369.
(b) Stevens, E. S.; Sugawara, N.; Bonora, G. M.; Toniolal. @m. Chem.
Soc.198Q 102 7048-7050. (c) Das, C.; Shankaramma, S. C.; Balaram,
P.Chem. Eur. J2001, 7, 840-847.
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Table 3. Relative Affinities of Capsule 1 for Hydrocarbons Small, extended guests force the capsule to adopt energetically
o Cotizo 10 -Caskio In Deuterated Mesitylene and Chloroform at demanding twisted conformations of the walls. On the other
y .

hand, folding of long guests into helical conformations increases

Quest Ha (C:D:2) K (CDC) the energy due to the presence of several unfavorable gauche
2'29""_70 12-3 178 interactions, each at an energy cost of-605% kcal/mol in the
n_cﬁHzi 100 100 liquid phasé“* Hydrogen bond strength is not directly correlated
n-CisHos 24.4 20.3 to the relative binding affinity of guests, indicating that for the
N-CizHog 1.0 preferred guesth-Ci1Hz4 a delicate balance of entropic and
ﬂgiﬂzg 12'5 enthalpic contributions is involved. It was no surprise that

binding affinities increased fronm-CgHig to n-CioH», since
packing coefficients rise toward an ideal value and NH's
with the guest (Figure 5). For instance, the internal volume of chemical shift is not affected by the size of these guests. From
the capsule minimized witn-C1oH,, decreases from 425 to  N-CiiHzs4 to n-CisHae, the favorable CHf contacts and the
about 354 & and the PC for the hydrocarbon increases from relaxation of the formerly twisted walls do not entirely
about 39 to 47%. In other words, this conformation change compensate the energetic cost of coiling and concomitant
reciprocates the solvation of the capsule’s aromatic surfaces byweakening of hydrogen bonds. These lead to a decrease in the
the guest and vice versa. A similar trend is observed for relative binding affinity. Remarkably, the binding of the
N-C1oH22, N-C11H24 andn_cle26 in the more po|ar chloroform- Cylindrical CapSUle for the fU"y COiled'C14H30 is about 13 times
ds, but with magnitude about half of that observed in mesitylene- (AAG = —1.5 kcal/mol) higher than fan-C,3H2s. Apparently,
dio. This is probably due to the higher polarity of the chlorinated the tightly coiled alkane forces the capsule to adopt the ideal
solvent and to the consequent higher exposure of the NHs toCylindrical shape-minimizing torsions of the imide aromatic

the external environment{y = 9.80 ppm). walls—providing better size and shape complementarity (PC of
56%) and stronger Chi/ interaction$>~17 with the aromatic

V. Relative Affinities and Driving Forces Involved in walls of the capsule. Finally, the binding affinity is reduced by

Complexation a factor of 2.8 for the longetrans-7-tetradecanentCi4H.g);

Relative binding constants were determined by competitive its length approaches the limit accepted by the cavity.
experiments usingH NMR spectroscopy. In the experiments,
the hostl, was offered large excesses (overall more than 200
equiv) of the two competitive guests and the system was left at Conformational changes during the binding of flexible
room temperature until the equilibrium was reached. Integration Molecules by natural receptors are frequently encountered in
of the NH signals for the different complexes allowed the biological systems but more rarely seen with synthetic receptors.
calculation of the relative affinities. In mesityledg, sometimes In this study, we showed that the intimate association of alkanes
up to 12 weeks was required to reach the equilibrium because©f different lengths with self-assembled capslién mesitylene
of an exceedingly slow in/out exchange rate (See the Supportingand chloroform results in conformational Changes of both gUeStS
|nf0rmation). Apparentiy, |ong hydrocarbon guests require the and host. These are driven by the combination of size and Shape
capsule to completely disassemble in this solvent before the complementarity as well as chemical surface interactions
incoming guest can occupy the Cavity_ Typica"y for ngid guests between the two partners. Solvation of alkanes outside the
of the size of benzene, infout exchange processes go througrpapsule requires organization of several molecules of mesitylene;
activation barriers of approximately 20 kcal/mdln mesitylene, inside the capsule the walls are more or less fixed and the guest
the solvent is too large to participate in the process; the transition Must conform to the presentation of the aromatic units.
state is expected to involve partially unfilled cavities and should
be of relatively high energy. In deuterated chloroform, equi-
librium was reached immediately on mixing the components. 1. General Methods.Deuterated solvents were used as purchased
This smaller solvent is known to be encapsulated and can p|ayfrom C_ambridge_lsotope Laboratorie_s. Hydrocarbons were obtained
a part in the exchange procéssijling space as required. from_ S|gma-AIdr|ch or Acros Chemicals and u_sgd without 'further
Consequently, only the best guestsmelyn-CigHas, n-CiiHas, purification. Capsulel, was prepared and purified according to

2 . . procedures previously describ&d.
andn-CroHzs—were detected in the capsule in CRGblvent. 2. NMR Spectroscopy Studies1D and 2D NMR data were recorded

The results of the determination of the relative binding , a Bruker 600-DRX (600 MHz) spectrometer. Chemical shifs (
constants are reported in Table 3. The relative affinities were gre expressed as parts per million (ppm) relative to the peak for.SiMe
found to be similar for both solvents. The nature of the external (TMS; ¢ = 0 ppm) and referenced internally with respect to that for
environment appears to have negligible effects on the interac-the protio solvent impurity. 2D-COSY and 2D-NOESY experiments
tions at work within the capsule. Several parameters influence were acquired with a spectrum width of 18 ppm, a relaxation deday
the free energies of the complexes; in particular, entropic factorsof 2.5 s, using 1K data points in thgdimension and 400 data points
related to these adaptation processes between capsular host and—— - - X -
guest are indubitably involved, but because of the slow kinetic ™ Sie: Gigq o™ S HStereochemistry of organic compoundéley: New
characteristic of some equilibration experiments, the temperature(15) Nishio, M.; Hirota, M.; Umezawa, YThe CHfr interaction Wiley: New
effect on binding constants was not investigated. These are thei¢) B?(;k‘zm?s\? * Engberts, J. B. F. NAngew. Chem., Int. Ed. Engl993 32,
1545.

subjects of ongoing experiments.

VI. Conclusions

VII. Experimental Section

(17) Meyer, E. A,; Castellano R. K.; Diederich, Aagew. Chem., Int. EQ003
42,1210-1250.

(13) Craig, S. L.; Lin, S.; Chen, J.; Rebek, J.,JrAm. Chem. So2002, 124, (18) Hayashida, O.; Sebo, L.; Rebek, J.,drOrg. Chem2002 67, 8291~
8780-8781. 8298.
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in the t; dimension, with subsequent weighting with the sine-bell (hours to weeks) until the thermodynamic equilibrium was reached (see

function using 64 scans for eat¢hincrement. The mixing timels the Supporting Information). The relative binding affinities of the guests
employed was 0.3 s, and the spectra acquired with different values (in to the capsule were determined by direct integration of the correspond-
the range 0.150.45 s) showed comparable results. ing peaks of the encapsulated guests and/or integration of the NH

For the mixing times employed, no-out exchange cross-peaks — signals.
between encapsulated and free guest in solution were observed. The 4. Molecular Modeling. Structures of the cylindrical capsuleand
temperature of the probe was calibrated prior of each experiment usingthe hydrocarbons were built and minimized (AMBER* force field with
a solution of 4% methanol in methandj-and applying the empirical a dielectric constant of 2.3 for benzene) using the program Macromodel

equation that correlates thiA difference between the GHand the or Maestro (Schroedinger, Inc.) on a Silicon Graphics Octane worksta-
OH resonance to the real temperattfr@he spectra were processed tion. The inner space of the capsule was determined using the program
and analyzed with the program XWIN-NMR. GRASP! (probe radius of 1.5 A). The length of the capsule was

Temperature coefficients: imide NH chemical shifts were plotted measured as a distance between the centroids of methine carbons of
versus temperatures in the range 2820 K for each guest, and the  the capsule. End-to-end lengths of the hydrocarbons were measured
corresponding temperature coefficients (ppb/K) were extracted from using the built-in tool provided by GRASP after generation of van der
the slopes of the lines obtained (see the Supporting Information). Waals surfaces.

3. Preparation of the SamplesSolutions of the complexes were .
prepared by mixing mesitylert, (or CDCL) solutions of capsuld, Acknowledgment. We thank the Skaggs Institute and NIH

with mesitylened,, (or CDC) solutions of the hydrocarbons. Typically, ~(GM50174) for financial support; A.S. and L.T. are Skaggs
400uL of guest solution at 125 mM was added to 1000of a solution Postdoctoral Fellows.

of 1, at 10 mM concentration to give 5@ of a solution of the capsule . . . . .
1, (2 mM) and the guest (100 mM). Competitive experiments were Supporting Information Available: Plots for the determina

performed by addition of mixtures of two hydrocarbons at overald0 tlon of temper{.ﬂure goeﬁICIGnts and klnetlcs. of complexation.
mM concentrations in the deuterated solvent to a host solution. NMR ThiS material is available free of charge via the Internet at
data were recorded directly after mixing and at regular time intervals http://pubs.acs.org.

(19) Braun, S.; Kalinowski, H. O.; Berger, 950 and More Basic NMR JAD47952F
ExperimentsWiley-WCH: New York, 1998.
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