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Abstract: We have developed a synthesis and examined the conformational behavior and recognition
properties of dynamic molecular containers 1—3. As follows from the *H NMR dilution, diffusion NMR, and
vapor pressure osmometry measurements, compound 1 has a low affinity for intermolecular aggregation
and is mostly present in monomeric form in dilute chloroform solutions. Inspecting the O—H chemical shift
resonances of 1, 3, and model compound 4 as a function of temperature afforded the AS/AT coefficients
of 17.0, 17.3, and 4.7 ppb K™, respectively. In combination with the results from variable temperature *H
NMR and IR measurements, the existence of conformers of 1 and 3 in equilibrium, each having a different
extent of hydrogen bonding, was confirmed. Molecular mechanics calculations suggested 1, as the most
favorable conformation, with three additional conformers, 1, 1¢, and 14, populating local energy minima.
Further optimization of each of the four conformers using semiempirical PM3 and ab initio (HF/6-31G*)
methods allowed a determination of their relative free energies and the corresponding Boltzmann population
distributions which were heavily weighted toward 1,. A computed composite IR spectrum of a fraction-
weighted mixture of the conformers of 1 reproduced the experimentally observed IR spectrum in its structural
features, leading to a conclusion that conformer 1, indeed dominates the equilibrium. The egg-shaped
cavity of 1 (136.6 A3) is complementary in size, shape, and electrostatic potential to chloroform (74.9 A3).
A single-crystal X-ray study of 2 revealed a disordered chloroform molecule positioned inside the cavitand
along its C; axis.

Introduction assembled capsules, and metal-assembled cage molecules have

) . been constructed to surround a target molecule and selectively
The design and study of molecules that, apart from being recognize i€ Housing a guest in this manner allowed its

receptors, can also regulate kinetics and thermodynamics of theIorotection from external reactafnd transport between phases
recognition is essential for understanding and linking structure and provided a molecular reaction doméiffhe controlled
with function in synthetic systerisThe inspiration comes from release of small molecules by hemicarceplexes, metal-containing

Fhe natural world wh(_ere “?‘“‘C of substrates, prod_ucts, or solutes self-assembled molecular cages, or self-assembled capsules has
in and out of the active sites of many enzymes is regulated by

the rapid opening and closing of a flaplike “gate” or by
conformational adjustments of the macromolecule in response
to an external stimuludMolecular vessels such as cavitands,
cyclotriveratrylenes, carcerands, velcrands, trinacrenes, self-
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been investigated However, the regulation of the kinetics of
molecular recognition, i.e., guest transport in/out of the host,
in synthetic receptors is still a challenging task. Rebek et al.
have recently recogniz€dhat the energy barrier for guest
exchange in resorcinarene-based cavitands can be controlled b
restricting their conformational dynamics. A set of amide groups
installed at the rim of the resorcinarene led to the formation of

a net of hydrogen bonds at the cavity opening that rigidified §
the cavitand’s conformation. Remarkably, upon accommodating 3
a target guest molecule, these cavitands formed complexes withs
high kinetic stabilities despite their open-ended structures and-§ 194
low binding affinities. It is plausible that gaining control over

the kinetics of in/fout molecular shuttling for artificial receptors

will allow the following: (a) regulation of useful and encap-

sulated reaction chemistry, (b) development of novel and
efficient molecular devices for delivery purposes, and (c) direct
engineering of controllable ion and molecular channels. In that
perspective, our efforts are focused on the design of molecular
containers having a set sfimuli-responsie gatesto enclose Figure 1. Energy minimized (Hartee-Fock, HF/6-31G*) conformatidmas
space and thus regulate the incarceration of target moleculesgp, 1¢, and1d and their calculated relative standard free energies;

as depicted in Figure 1. In the study described here, we reportbased on the calculation, the conformerdominates the equilibrium state,

on the synthesis, conformational analysis, and preliminary 94%- Chemical structures of dynamic receptbrs3, with their*H NMR
recognition properties of molecular containars3 (Figure 1). spectroscopic assignment. An external base/acid input is envisioned to drive

] A the opening and closing df (see Figure 6).
These compounds have a flat aromatic base which is fused to

three bicyclo[2.2.1]heptane rings to form a curved unit. Three ppenol, and Dianin’s compound are known to form hydrogen-
phthalimides extend this curvature into a rigid bowl-shaped ponged clathrates containing hexameric units of hosts stacked
cavitand, to which three aromatic gates, each containing a singlegn, top of each other to encapsulate guests between the sextets.
CHg rotor and, in1 and 3, a pH responsive OH group, are |ntegrated into dynamic receptors, but only in a multivalent

appended. We envision that (a) these three aromatics will fashion, phenols are herein designed to assemble in a comparable
assemble on top of the cavitand, by way of directed intramo- manner.

2.25 —

lecular O-H---O hydrogen bonds, and thereby serve as gates

to regulate in/out exchange of guests and (b) the rate of openingW
and closing of the gates, and therefore the kinetics of the guest;

exchange, will be controlled by pH to regulate their degree of
protonation. Phenolic host molecules such as hydroquinone,
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The design and study df—3 as gated molecular baskets as
ell as their related analogues are directed at expanding our
undamental knowledge of noncovalent forces which can drive
molecular self-assembly and at developing the important
principles for creating dynamic receptors. Moreover, elucidating
the mechanism by which these dynamic hosts operate will aid
in the predictable incorporation of their dynamic behavior
toward building more efficient receptors for various applications.

Results and Discussion

Synthesis.The synthesis ofi—3 is outlined in Scheme 1.
The originally reported methodology for the preparatiorBof
has been modified by u8. Diels—Alder cycloaddition of
cyclopentadiene tois-1,4-dichloro-2-butene, in refluxing ben-
zene, gave compourtilin 71% yield. The bromination db to
yield 6 was entailed with some difficulties.

We noticed that the reaction temperature had a dramatic effect
on the product distribution. At room temperature, the reaction
gave the products of WagneMeerwein rearrangement, which
could be rationalized by an ionic addition of Bo norbornene
mediated by ao-bridged nonclassical 2-norbornyl cation
intermediaté! In boiling decalin at 150°C, the addition of
bromine to5 was not accompanied with significant skeletal
rearrangements and yieldéas the major product, through, as

(9) Atwood, J. L., Davies, J. E. D., MacNicol, D. D., Edinclusion
CompoundsAcademic Press: London, U.K., 1984; Vol 2.
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Zambon, A.Tetrahedron Lett2002 44, 561-563.
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Soc.1965 87, 378-379. (b) Walling, CAcc. Chem. Red983 16, 448—
454,
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Scheme 1.
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we believe, a radical proce$sThe preferred stereochemistry
of the cis addition, occurring from thexo side, has been
confirmed by 2D-NOESY measurements. The compoénd
upon successive halogen eliminations ushiguOK and then
stanannylation, afforded the bromo(trimethylstannyl)tri&@ne
Cyclotrimerization of7, promoted by copper(l) thiophenylcar-
boxylate (Cu(l)Tc), yielde® as a 4:1 mixture oanti andsyn
isomers in 65% isolated yield. The desiregn isomer was
successfully separated from thati using column chromatog-
raphy. We initially anticipated th& would be highly reactive
in Diels—Alder reactiong? Interestingly, the cycloaddition of
a reactive dienophile, dimethyl acetylenedicarboxylate (DMAD),
to 8 had to be performed at a high pressure in order to y@eld
after the DDQ aromatization step. Hexaesferwas then
converted to a stable tris-anhydritl@, which, in a reaction with
14, benzylamine, ol 8, followed by subsequent hydrogenolysis,
yieldedl, 2, and3, in 76, 61, and 10% yield, respectively. For
the preparation ofl4, commercially available 4-hydroxyben-
zaldehydel1 was converted t@3that in a reaction with LiAIH
yielded 14 as a major product. Similarly, 4-benzyloxy-2-
methoxybenzylaminel8 was synthesized starting from 2,4-
dihydroxybenzaldehydel5. The model compoundd was
obtained by reacting phthalanhydride with 4-benzyloxybenzy-
lamine 14, followed by hydrogenolysis promoted with Pd/C
catalyst.

Solubility and Sample Preparation.The solubility of1 and
3 was very low in a range of neat organic solvents. We
discovered that the addition of methanol to a suspensidh of
or 3 in chloroform afforded a homogeneous solution. The

which was then readily soluble in chloroform or dichlo-
romethane. This observation provided qualitative evidence that
both of these two solvents efficiently solvate the interiorlof
and 3, and as such, render them soluble. It is likely that
methanol, as a polar hydrogen bonding solvent, aided the
solvation process by breaking the crystal latticelodnd 3.
Interestingly,2 was directly solubilized in nonpolar organic
solvents, without any pretreatment of its solutions with methanol.

IH NMR Spectroscopic Studies.Compoundsl—3 were
characterized by!H NMR spectroscopy, includingH—1H
COSY and TROESY two-dimensional experiments in order to
achieve full structural assignment. TH¢ NMR spectrum ofl
in dry CDCk is assigned to a molecule with averag€sl,
symmetry, Figure 2a. The signal for its—®1 proton shifted
upfield (from 6.88 to 6.66 ppm) as the CRolution was
diluted (from 3.8 to 0.5 mM) and then stayed constant after
further dilution. ThelH NMR signal for the G-H proton of
the model compound (Figure 2b) also shifted to higher field,
from 4.79 to 4.63 ppm with 30.0 to 1.0 mM dilution, and then
stayed constant at lower concentrations. The observed depen-
dence of the ©H resonance shift with the concentration of
both 1 and 4 provides some evidence fdantermolecular
hydrogen-bonding interactions which decreased upon dilution.
The small magnitude of the shift, however, signified nonex-
tensive aggregation.

The model compound self-associates via intermolecular
hydrogen bonding. Assuming a linear aggregation4oin
solution, the nonlinear curve fitting of its dilutididi NMR data
to an EK isodesmic mathematical model yielded an apparent

evaporation of such a prepared solution to dryness, using 5gqaciation constant of 58 10 M~L!3 From this analysis, the
elevated temperature in vacuo, afforded the desired compound,grmajized weight fraction for the oligomeric distribution

(12) Tutar, A.; Taskesenligil, Y.; Cakmak, O.; Abbasoglu, R.; BalciJMOrg.
Chem.1996 61, 8297-8300.

(13) Martin, R. B.Chem. Re. 1996 96, 3943-3063.
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Figure 2. 'H NMR spectra (400 MHz, 298 K) of () (0.5 mM) and (b} (1.0 m
resonance shifts df (top) and4 (bottom) obtained in dilution experiments.

indicates that 82% of the nonassociated and 15% of dinderic
are present in the 5.0 mM solution. A low propensity4dfor
having intermolecular association is particularly evident. The
trivalent1, however, could form both inter- and intramolecular
hydrogen bonds. A nearly complete absencatd#rmolecular
association or aggregation is suggested by the invariarti O
chemical shift observed in 0.5 mM or less concentrated solutions
of 1 (see inset in Figure 2a).

Vapor Pressure Osmometry.The intermolecular association
of 1 and4 was also examined using vapor pressure osmometry
(VPO). It is important to note that, in this technique, the
experimental molecular weight of the unknown is a weighted
average of the molecular weights of its free and aggregated
molecules* Calibration with a standard is required, and

consequently, the results are dependent on the choice of the

standard® The observed molecular weight of the modkl
(calculatedM,, = 253) varied between 256 5 and 325+ 7

for its 3.7-8.3 mM chloroform solutions, Figure 3a. A low
degree of intermolecular aggregation over this concentration
range is evident, and these results are in accord with'tthe
NMR chemical shifts and spectra. The VPO measurements of
1, using sucrose octaacetate and triacgtglyclodextrin as

standards, showed that the observed molecular weight deviates,

but not drastically, about the value calculated for the fréd,,

= 946), Figure 3b. At lower concentrations, the observed
molecular weights were below (almost 48%!) the expected value
and is presumably a result of the large experimental uncertainty
at those concentrations. The difference in the voltag¥)(

(14) (a) Solie, T. NMethods Enzymoll972 26, 50. (b) Hiroki, S.; Takahira,
Y.; Yamaguchi, M.J. Org. Chem2005 70, 5698-5708.

(15) Seto, C. T.; Whitesides, G. M. Am. Chem. Sod.993 115 905-916.
(b) Zimmerman, S. C.; Zeng, F.; Reichert, D. E. C.; Kolotuchin, S. V.
Sciencel996 271, 1095-98.
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M), in dry CDCH4. Insets: segments éH NMR spectra, showing the-6H

a
3751
=
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2 325} 3
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Concentration (mM)
b)
E 1200+
> } ) %
2 } _____________________
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Figure 3. Vapor pressure osmometry determined molecular weights of
(a) model compound and (b) dynamic receptdt, in dry chloroform at

310 K, using sucrose octaaceta®),(triacetyl3-cyclodextrine &), and
benzil @) as standards. The error bars correspond to the standard deviations
of the VPO measurements of the sample.

between the thermister beads in the osmometer is proportional
to the difference in the vapor pressures of the solvent and the
sample. The voltage change is smaller when the concentration
of the sample€) is decreased so the measured/C, used to
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determine the molecular weight, becomes uncertain in highly

dilute solutions. Nonetheless, these experiments unambiguously

suggested that, in the examined range of chloroform concentra-
tions, 1 is mostly present in its monomeric state.

Diffusion NMR Spectroscopy.HR-DOSY® measurements
additionally confirmed the low propensity @ffor intermolecular
association. The observed diffusion coefficientipin its 0.3—

1.0 mM CDC} solutions, increased from 5.50 10-1°to 6.17

x 10719 m? s 1. Importantly, under the conditions of fast
chemical exchange, the observed diffusion coeffici2mif the
unknown has the average value of the fBag. and bounMpoung
states weighted by their fractidd.The slight variation in the
experimentally determined diffusion coefficients with concentra-
tion, therefore, indicated insignificant alternations in the equi-
librium composition and, all together with thel NMR dilution
and VPO studies, confirmed thatis indeed “free” in dilute
chloroform solutions.

Conformational Studies.'H NMR Spectroscopy. Ruling
out the aggregation of allowed us to investigate its confor-
mational behavior. The resonance shift for theDgroups in
the™H NMR spectrum ofl is positioned downfield with respect
to the O-H signal for the model compound, AAS = 2.03
ppm (see Figure 2). It is reasonable to ascribe this observation
to the existence dhtramolecularhydrogen-bonding interactions
involving the three phenol gates of the capsule. Recall that the
IH NMR spectrum ofl is assigned to a molecule with averaged
Cs, symmetry, and this indicates (a) the simultaneous presence
of different conformers ofl in rapid exchange on the NMR
time scale or (b) the exclusive presence dtz symmetrical
conformer (as shown in Figure 1). To examine these possibili-
ties, variable temperatuféd NMR spectra were recorded for
the dynamic containers and3 and the model compoundlin
CDCls. In the case ol and3, as the CDJ solution was cooled
from 323 to 223 K, notable changes in the chemical shifts and
broadening of the signals for theg,Hp, and H protons as well
as H.r were observed (see Figure 1 for the hydrogen assign-
ments), while the signals for the other protons were unaffected.

[ ]|
] ]

8.0

7.0

6.0

Chemical Shift (ppm)

5.0

* 4 o o

300

320

220

240

260 280
Temperature (K)

Figure 4. *H NMR chemical shifts for the ©H in 1 (a, 0.5 mM), 3 (H,

0.5 mM), and4 (@, 1.0 mM) in dry CDC} as a function of temperature.
Based on these data, temperature dependence chemical shift coefficients
AOIAT, 223-323 K, were calculated to be 170 10-3 ppm K1 for 1,

17.3 x 1078 ppm K1 for 3, and 4.7x 1072 ppm K1 for 4.

that is, the higher the chemical shift, the more extensive the

hydrogen-bonding becomes. A small, but positive, temperature
coefficient (4.7x 1072 ppm K1) is calculated fo# and implies
a somewhat intensified hydrogen-bonding interaction as the

temperature is lowered (Figure 4). Evidently, the model

compound aggregates to a small extent at lower temperatures.
In contrast, the temperature coefficient calculated for theHO
resonance il and3 (17.0 x 102 and 17.3x 1072 ppm K2,
respectively) was significantly bigger. The existence of the
conformers ofl and3 in equilibrium, each having a different
extent of hydrogen bonding, could account for this result, as

the corresponding equilibrium constant is likely to be quite

receptive to a temperature change. To a first approximation,
extensive intermolecular aggregationloét low temperatures
can be eliminated when compared to the behavior of model
compound4.

Infrared Spectroscopy and Theoretical CalculationsThe
conformational behavior ofl and 4 was also thoroughly
examined using infrared spectroscopy in combination with

Furthermore, the appearance of new resonances, or the Coales[heoretical calculations. First, let us analyze the model compound

cence of existing ones, did not occur fband3. In the case of

the model compound, however, no changes were observed
when its CDC} solution was cooled across the same temperature
range. Since the protons of the aromatic gates, present in bot
1 and3, experienced chemical shift and line broadening at lower
temperatures, the spectral results are commensurate with
change in the conformational distribution of the aryl gate that
is occurring rapidly on the NMR time scale. Inspecting thetD
resonance shifts df, 3, and4 with temperature allowed us to
calculate the corresponding temperature-dependent, chemical
shift coefficientsAd/AT for the 223 to 323 K interval as shown

in Figure 4. The magnitude of this value provides qualitative
information about the structure of the molecule of intefést.
Namely, as the hydroxyl proton is rapidly exchanging among
its hydrogen-bonded and non-hydrogen-bonded conformations

4. As shown in Figure 5a, the FT-IR spectra of 0.4 to 4.8 mM
CHCl; solutions of the model compourdrevealed two G-H
stretching vibrations, one strong at 3597 ¢rand one weak at

466 cnt!, corresponding to free and hydrogen-bondedrD
groups, respectively. HF/6-31G* calculatidhef the optimized

eometries and the resultant harmonic vibrational frequencies
of monomeric and dimeric forms dfconfirmed this assignment
(Figure 5c¢). Moreover, the experimental spectrum was simulated
by a curve-fitting routine (IGOR) using two Gaussian functions

centered at the calculated peak positions. In this simulation, the
broadening (fwhm) of each peak was kept the same for both
calculated peaks so as to simulate the experimental spectrum
of the monomeric and dimerid. The resulting simulated IR

spectrum clearly reproduced the features of its experimentally
recorded spectrum, and from this analysis, we determined that

the observed chemical-shift signal represents a weighted averagena 4 8 mm CHG} spectrum of4 was composed of the

of the signals for the same proton in its alternative environments

monomeric (89%) and dimeric (11%) forms. Furthermore, this

(16) Cohen, Y.; Avram, L.; Frish, LAngew. Chem., Int. EQ005 44, 520~
554,

(17) Cabrita, E. J.; Berger, $lagn. Reson. Chen2002 40, S122-127.

(18) For instance, see: (a) Gellman, S. H.; Adams, B. R.; Dado, G. Rm.
Chem. Soc199Q 112 460-461. (b) Winningham, M. J.; Sogah, D.; Sogah,
D. Y. J. Am. Chem. S0d.994 116, 11173-11174.

(19) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAR.initio
Molecular Orbital Theory John Wiley & Sons: New York, 1986. (b)
Frisch, M. J. et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(20) 1988-2004 WaveMetrics, Inc. version: 5.0.2.0. More information can be
found at http://www.wavemetrics.com.
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% 06 Figure 6. A series of partialH NMR spectra ofl (400 MHz, 298 K)
3 o4l recorded on addition of Bl (a—I) and CRCO;H (m—o0) to a 1.0 mM
< CDCl; solution; (a) 0, (b) 0.24, (c) 0.48, (d) 0.96, (e) 1.44, () 1.92, (g)
0.2 2.64, (h) 3.36, (i) 4.32, (j) 5.52, (k) 7.92, (1) 9.12 mol equiv ot and
0 A (m) 3.90, (n) 7.80, (0) 11.70 mol equiv of GEOH.
—_— local energy minima, as shown in Figure 1. Predicting the
3600 35?’33\,6”“3”:‘8; (cm_?)soo 3200 hydrogen-bonded mediated folding pattern of small molecules
with molecular mechanics is indeed debatable and has already
© been addressed in parametrizing various force figldhere-
1.0 fore, we further optimized each of the four conformers using
sl A both semiempirical PM3 and ab initio Hartee Fock (HF/6-
8 Il"; 31G*) method¥ to (1) calculate their relative free energies,
é 06 'g (2) estimate their Boltzmann population distribution, and (3)
§ 0al ,’ ! calculate harmonic vibrational frequencies so as to simulate their
’ ‘.' 'u‘ composite infrared spectra. Based on the free energies (Figure
021 ¢ i 1), conformerl, having all three phenols involved in a cyclic
0 \ array of the intramolecular hydrogen bonding is the most stable

and largely populates the equilibrium, 94%. Confornigy
having three phenols interacting intramolecularly but forming
a linear array of only two hydrogen bonds, is less stable and

Figure 5. O—H stretch region of infrared spectra for (a) 4.8, 2.0, 1.0, and 0 ilibri ;
0.4 mM CHCh solution of4 and (b) 4.4, 2.1, 0.6, and 0.2 mM CHCI populates 3.5% of the equilibrium. The partially opgkn(one

solution of 1. The spectra were obtained after subtraction of the spectrum H-bond) and fully openl. (no H-bonds) conformers are
of pure CHC#4. (c) Calculated IR spectrum (HarteEock, HF/6-31G*) of energetically unfavored and contribute only 2.5% to the equi-
a fraction-weighted mixture of free and dimedi¢dashed line). Calculated librium. With this information in hand, we computed a
:R spectrum of a fractlon-welg_hted mixture of the conformerd g$olid composite IR spectrum of a fraction-weighted mixture of the
ine). The standard free energies for each conformet were calculated . .
using Hartee Fock theoretical method (HF/6-31G*). Vibrational frequencies conformers ofl, using computer-generated Gaussian-broadened
were calculated using the semiempirical PM3 theoretical method. Note that functions for each ©H vibrational frequency for each con-
the simulated spectra are deliberately shifted, 160'dor 4 and 245 cm? former, Figure 5c. The simulated spectrumlotioes indeed

for 1, to visually overlap the experimentally obtained results. reproduce the experimental spectrum in its features. All three
analysis indicated a low degree of intermolecular association IR bands are visible, although shifted in wavenumber and with

3600 3500 3400 3300 3200
Wavenumber (cm™)

which is in accord with the prior experiments. the off scale relative intensities. A better agreement between
The FT-IR spectra of 0.2 to 4.4 mM CHgsolutions ofl the theoretical and experimental results is possible if (a) the

revealed three concentration-invariant-B stretching vibra- ~ Solvation is accounted for in the calculations and (b) a higher

tions, two strong and broad bands at 3581 and 3402 @nd level of theory could be useéd.In this context, thero— signal

a shoulder at 3460 cr (Figure 5b). The signal at 3581 cih ~ at 3402 cmi* can be ascribed tontramolecularly hydrogen-

in 1 is at a slightly lower wavenumber than the free-B bonded G-H groups inla. The vo-n vibrations at 3581 and

stretching vibration at 3697 crh in the model compound. 3460 cnt* are in fact a composite of three-®i vibrations

The signal at 3402 cm, however, may well be due to (21) (a) Osawa, E.; Musso, Hngew. Chem.. Int, £d. Englog3 22, 1. (o)

intramolecularlyassociated ©H groups. In parallel with the Halgren, T. A.J. Am. Chem. Sod992 114, 7827-7843. (c) Halgren, T.

1 i i A. J. Comput. Cheml996 17, 616-641.
H NMR spectroscopic measurements, these results point to the(22) (a) Gellman, S. H.; Dado, G. Petrahedron Lett1991 50, 7377-7380.

existence of a conformational equilibriumanWhich conform- (b) McDonald, D. Q.; Still, W. CTetrahedron Lett1992 33, 7743-7747.
HHaYT H (c) Dado G. P.; Gellman, S. H. Am. Chem. S0d.994 116, 1054-1062.
grs then populr;lte the equmbrlum state15f As |mplemented (23) Stewart, J. J. P. Semiempirical Molecular Orbital Method®kédriews in
in MacroModel?! the results of molecular mechanics (MMFF) Computational Chemistryipkowitz, K. B., Boyd, D. B., Eds.; VCH: New
; ; York, 1990; Vol. 1, p 45.
Calcu'_atlons Sque_S_teu‘ as the most favorable Conformatlon’ (24) We have attempted, but unsuccessfully due to the molecular size, to
and with three additional conformers,, 1., and14, populating implement higher level calculations in a reasonable amount of time.
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Figure 7. (a) Electrostatic potential surface maploand CHC}, calculated using the AM1 method within Spartan Software. (b) ORTEP representation of
the structure of th@-CHCIlz complex in the solid state. (c) &—x stacked dimer of.

and correspond to three hydroxyl groupslij Comparing the
experimental and simulated IR spectra, it is likely that the
conformersl,_4 contribute more significantly to the equilibrium.
As the conformef, that encloses space dominates the equilib-

supporting the contention that an acid/base input can be used
to reversibly affect the conformational equilibrium inand
related molecules.

Recognition Studies.The egg-shaped cavity df is 136.6

rium, the designed receptor could operate as intended. We areA3 in volume and approximately 10 A tall dr® A wide, Figure
however, already examining various possibilities to completely 7.26 The interior of the cavity has walls built of electron-deficient

bias the conformational balance towdld
Acid/Base Titrations. One of the reasons for studying gated
molecular receptors such &s 3 is to develop molecular devices

phthalimides. Interestingly, the electrostatic potential map of
the concave interior surface df appears to have negative
electrostatic potentials, suggesting electron-deficient molecules

that can be acid/base driven. We were therefore motivated tocould be bound as potential guests, Figure?’7@he outer

subjectl to deprotonation and subsequent reprotonation condi-

convex surface is, in contrast, electron-deficient. A chloroform

tions and demonstrate a reversible cycle. The chemical shiftsmolecule is 74.9 A in volume2® with both shape and

for Hg and H, protons, in théH NMR spectrum ofl are affected

by addition of triethylamine and practically restored by subse-
quent addition of trifluoroacetic acid, Figure 6. Specifically,
addition of EtN to a CDC} solution of1 resulted in a change
in its 'H NMR spectrum, Figuré. The resonance for {Hvas
shifted upfield fromé = 7.04 to 6.96 ppm, whereas the
resonance for K changed fromé = 6.64 to 6.56 ppm.

electrostatic potential that are complementary to the receptor’s
interior. If trapped inside of, chloroform would occupy 54.8%

of its interior volume, which is proportionate to the packing
coefficient of liquids and is a good sign for molecular recogni-
tion in the liquid stateé$ We have attempted to observe the
encapsulation of various guests including chloroform, at ambient
and lower temperatures, in CD&Ind CDQCl,, using'H NMR

Interestingly, the resonances for other protons stayed unaffectedspectroscopy. The highly dynamic naturelpin combination

A 9-fold excess of BN is evidently required to fully complex
all three phenol units id. It is therefore likely that hydrogen
bonding interaction [EBN---H—OAr] rather then proton transfer

with its limited solubility in solvents which are not capable of
occupying the interior of the cavity, prevented us from observing
and studying the guest exchange in solution. Further studies

dominates in our system. This is further vindicated by the fact are being conducted in our laboratory wherein the fine balance
that for the proton transfer to occur in related aliphatic amine/ between the dynamic nature of these newly designed receptors
phenol complexes, sufficiently acidic phenols in more polar and thermodynamics of the molecular encapsulation are under
solvents are require®. The completely screened-H groups examination. A single-crystal X-ray study &, however,

in the complexed are incapable of interacting intramolecularly, revealed a disordered chloroform molecule positioned inside
and the receptor gates are therefore prevented from forming athe cavitand along it€; axis, as shown in Figure A5.The
cyclic array of hydrogen bonds as shownlg Subsequent three nonfunctionalized aromatic gates are situated on the
addition of a strong acid GEO,H practically restored the  opposite side of the cavity and arranged in a propeller fashion.
chemical shifts for | and H; in the 'H NMR spectrum ofl, The unit cell is comprised of dimers @f organized along the
crystallographicc-axis, facing each other using base tris-
bicycloannelated benzenes at a 4.1 A distance, indicating weak

(25) (a) Taft, R. W.; Gurka, D.; Joris, L.; Schleyer, P. Von R.; Rakshys, J. W.
J. Am. Chem. Sod.969 91, 4801~ 4808 (b) Hudson, R. A,; Scott, R. M;
V|nogradov S. NJ. Phys. Chem1972 76, 1989-1993. (c) Ilczyszyn
M.; Ratajczak, HJ. Mol. Lig. 1995 67, 125-131. (d) Menger, F. M.;
Barthelemy, P. AJ. Org. Chem1996 61, 2207-2209. (e) Hannon, C.
L.; Bell, D. A.; Kelly-Rowley, A. M.; Cabbel, L. A.; Anslyn, E. VJ.
Phys. Org. Chem1997, 10, 396-404.

(26) The inner volume of 1 was calculated following Rebek’s protocol. See:
Mecossi, S.; Rebek, J., Xthem—Eur. J.1998 4, 1016-1022.

(27) Kamieth, M.; Klaner, F.-G.; Diederich, FAngew. Chem., Int. EA.998
37, 3303-3306.
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m—x aromatic attraction, Figure 7c. The observed stacking (2) tendency for a high packing coefficient in the cry&tahat
geometry is generally not preferred in aromatic interact8ns. is attained by interdigitation of the Ghbicyclic bridges.

In the crystal structures of other tris-bicycloannelated benzenesconclusions

C—H/x interactions are usually seéhWe reason that herein The research described in this paper is projected toward

observed stacking could be ascribed to the following: (1) geyeloping multivalent molecular receptors that may potentially
reduced aromaticity of the central benzenes due to their bo”doperate in a stimuli-responsive fashion to regulate molecular

alternation and distortion imposed by bicyclic annelatfamd encapsulation, i.e., guest transport in/out of the host. As a first
step toward that goal, we developed the synthesis of dynamic

(28) Crystal data for2:CHCl;: CgoH3gN3Og + CHCls, formula weight = H i i i H
1017.31, trigonal, space grods. coloriess platea — 16.326(1) Ac — molegular contalners.havmg a set of functionalized aromatic
32.400(4) AT=150K,Z =6, R1F) = 0.118, and WRE?) = 0.298 on rings installed at the rim to assemble on top of the cavitand via

all the data. The structure was solved by the direct methods procedure in i i H i
SHELXS-972° Molecule 2 contains a crystallographic three-fold rotation hydrogen bondmg' Indeed, eXpenmental and theoretical studies

axis. There is a molecule of CH@isordered on this three-fold axis, with ~ have, in unison, demonstrated that these compounds have a
one chlorine atom and the carbon atom located on this axis and the ; ; ;
remaining two chlorine atoms and one hydrogen atom disordered over the tendency to associate 'mr‘?‘m‘?lecu'arly. and prefgr a confprmatlon
three sites related by the three-fold rotation. There is another region of whereby all three aromatic rings are involved in a cyclic array
disorder which is located outside of the cavity of the main molecule, and . . .

it is not within bonding range of it. Because the identity of the molecule of intramolecular hydrogen bonding, thus forming a fully closed
in this region cannot be determined, it is modeled as three carbon atoms, receptor. The recognition properties have been preliminarily

C(1A), C(2A), and C(3A), with each assigned an occupancy factor of 0.5. . . i
Full-matrix least-squares refinements based F8nwere performed in examined and have evidenced the dynamic nature of the receptor

SHELXL-97 as incorporated in the WinGX packageThe hydrogen and its propensity toward hosting small guest molecules. Studies
atoms were added to molec@at calculated positions using a riding model . .
with U(H) = 1.2*Ueq (attached atom). The final refinement cycle was iN OUr laboratory are now focused on the next challenge, which

based on 2939 intensities and 235 variables. The three largest peaks in thejs to understand the operation of this and related molecular
final difference map, ranging from 1.43 to 0.93 &/Are in the immediate

vicinity of the disordered CHGImolecule. The next three largest peaks, ~devices in controlling the encapsulation of guests.
ranging from 0.79 to 0.65 eFAare located in the region of the disordered . . .
“solvent” atoms of C(1A), C(2A), and C(3A). It may be possible that these Acknowledgment. Financial support of this research was
large final R factors are the result of insufficient modeling of the disordered  supported by the Ohio State University. Generous computational
CHCI; and “solvent” molecules. . .

(29) Sheldrick, G. MSHELXS-97Universitat Gatingen: Gitingen, Germany, resources were provided by the Ohio Supercomputer Center.
1997

(30) Sheldrick, G. MSHELXL-97 Universitat Gttingen: Gatingen, Germany, Supporting Information Available: Detailed descriptions of
1997. experimental methods, synthetic procedures, calculations, and

(31) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837—838. P ! Y P o ’

(32) (a) Hunter, C. A.: Sanders, J. K. Nl. Am. Chem. S0d.99Q 112, 5525~ X-ray crystallographic data fa2. Complete list of authors for
5534. (b) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, CJ.JChem. i inli i i
Soc.. Perkin Trang001 2, 651-669. (<) Keyer E. A Casteliano, R. K. ref 19b. This material is available free of charge via the Internet
Diederich, F.Angew. Chem., Int. E2003 42, 1210-1250. at http://pubs.acs.org.

(33) Frank, N. L.; Baldridge, K. K.; Gantzel, P.; Siegel, JT8trahedron Lett.
1995 36, 4389-4392 and references therein. JA060534L

(34) (a) Siegel, JAngew. Chem., Int. Ed. Endl994 33, 1721-1723. (b) Buergi,
H.-B.; Baldridge, K. K.; Hardcastle, K.; Frank, N. L.; Gantzel, P.; Siegel, (35) Kitaigorodsky, A. I.Molecular Crystals and Moleculeg\cademic Press:
J. S.; Ziller, J. Angew. Chem., Int. Ed. Endgl995 34, 1454-1456. New York, 1973.

5894 J. AM. CHEM. SOC. = VOL. 128, NO. 17, 2006





