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Encapsulation of Small Polar Guests in Molecular Apple Peels
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Introduction

Helically folded oligomers and polymers are currently ob-
jects of considerable interest. A potentially useful applica-
tion of these helices is molecular endo-recognition: the
hollow of a helix is sometimes large enough to accommo-
date guest molecules.[1] In recent years, helical structures
that recognize saccharides[2] or small hydrophobic mole-
cules,[3] or which bind to water[4,5] or to organic[6] and inor-

ganic cations[7] within an inner cavity have been described.
Some helices can also channel metal ions in their hollow
through biological membranes.[8] In other systems, the heli-
cal conformation occurs only on binding to small molecules
or ions,[9] as is the case for helicates.[10] The three-dimension-
al structure of these host molecules emerges from a dynamic
folding process governed by backbone rigidity, intramolecu-
lar noncovalent interactions, solvophobic effects, and/or in-
termolecular noncovalent interactions with their guests.
Thus, the self-organized nature of these folded architectures
sharply contrasts with the preorganized character of tradi-
tional synthetic receptors such as macrocycles.[1]

The binding of a guest molecule to a helical host may
occur on simple penetration into the helix hollow through
its openings. It may also require temporary unfolding of the
helix. A compelling illustration of such a phenomenon has
been provided by Moore et al., who designed a guest having
the shape of a thin rod complementary to the hollow of a
helically folded oligomer, and functionalized each end of
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the rod with bulky groups that are too large to enter the
hollow.[3b] For binding to occur, the helix thus has to unwind
and rewind around the rod. When large conformational
changes of the host occur on binding of the guest, major
spectroscopic changes may be expected and may prove
useful for developing sensors.[7b] For example, association of
racemic helices with chiral guests gives rise to strong in-
duced circular dichroism due to a preferred helical handed-
ness of the host in the presence of the guests (i.e., the con-
version of a number of helices of a given handedness to heli-
ces of the opposite handedness).[2,3, 11]

This paper deals with the concept that the two ends of a
helix hollow may be capped so as to define a confined space
in which guests can be completely secluded from the sur-
rounding medium (Scheme 1). The binding and release of
the guests consequently imply a conformational change of
the host to temporarily create a passage to and from the
binding site. This concept is a novel approach toward molec-
ular encapsulation.

Encapsulation, defined here as the complete isolation of
guest molecules from the solvent within a molecular or
supramolecular container, has attracted widespread interest
because of potential applications in molecular recognition
and catalysis,[12] and because of the new insights it gives into
otherwise unstable guest species protected from degradation
within a secluded environment.[13] Several strategies are
available to create a closed shell around a cavity. On the
one hand, unimolecular capsules may consist of polymacro-
cyclic structures[12a,14] or of deep bowl-shape molecules with
a bulky rim.[15] On the other hand, capsules may be formed
by self-assembly of several molecular components. Exam-
ples of the latter category illustrate the numerous possibili-
ties to divide the surface of a sphere[12d,e] (e.g., two hemi-
spherical halves,[16] two nonhemispherical parts,[17] four quar-
ters[18]) or of a polyhedron[12b, c] (e.g., tetrahedron,[19] icosahe-
dron,[20] snub cube,[21] triangular prism[22]) into complementa-
ry elements. In contrast, the original approach to molecular
capsules that we present here exploits the possibility of
tuning the diameter of a helically folded oligomer according
to the nature of the monomer units and their position in the
oligomer sequence. If the helix diameter is large at the
center and reduced at both ends, so that the helix has a
shape similar to that of the skin of an apple peeled in a heli-
cal fashion, it defines a closed shell and can encapsulate

guest molecules on unfolding and refolding, just like an
apple peel can be wrapped back around the apple.

Helices derived from aromatic oligoamides (AOAs) are
particularly well suited to elaborate helical capsules because
their diameter can be tuned at will according to the size of
the monomers and the orientation of the amine and acid
groups on each aromatic ring.[4,5, 23–25] Hollows as large as
3 nm[24] have been reported by Gong. et al. On the contrary,
the highly polar hollow of oligoamides of 2,6-diaminopyri-
dine and 2,6-pyridinedicarboxylic acid are much smaller (ca
0.5 nm), and have been shown to accommodate water both
in solution and in the solid state.[4] Other oligoamides, such
as those derived from 8-amino-2-quinolinecarboxylic acid,
form very stable helices with a hollow too small to accom-
modate any guest,[25] and therefore are ideal candidates for
capping the ends of a helix. In a preliminary communica-
tion,[5] we have shown that the short heptameric sequence 1
encapsulates one water molecule both in the solid state and
in solution. We now describe the design, synthesis, and

solid-state and solution characterization of the binding prop-
erties of nonameric and undecameric oligomers 2 and 3,
which have five and seven pyridine units, respectively, and
which were thus expected to have larger cavities. In particu-
lar, we show that 3 can accommodate up to two water mole-
cules or slightly larger polar guests such as methanol, hydra-
zine, formic acid, or hydrogen peroxide. These results dem-
onstrate the modularity of the helical capsule concept: the
size and cavity of the capsules can, in principle, be tuned at
will depending on the nature and number of monomers in-
troduced in the sequence.

Results and Discussion

Design principles : The main purpose of this study was to
demonstrate that the helical-capsule concept should in prin-
ciple give access to cavities of tunable size and properties.
Sequences 2 and 3 were selected as relatively easy synthetic
targets that would have cavities larger than that of proto-
type 1. As shown in Figure 1, energy minimizations and esti-
mations of the inner volumes of the three helical oligomers
(see Experimental Section) suggest that the helix cavities
should increase in size and progressively shift from a “spher-
ical” to a “cylindrical” shape as the number of pyridine
rings in the sequence increases. The diameter of the cylinder
is determined by the hollow of the pyridinecarboxamide

Scheme 1. Encapsulation of egg-shaped guests by a helix with a reduced
diameter at both ends via partial unfolding.
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oligomers, while its length is determined by the number of
pyridine rings in the sequence.

Synthesis : The convergent synthetic paths to nonameric
strand 2 and undecameric strand 3 are depicted in
Scheme 2. The syntheses appear to be relatively short be-
cause they involve previously described precursors that nev-
ertheless require several steps for their preparation. Thus,
quinoline dimer acid chloride 4[25] was coupled to dimeric
pyridine amine 5[11] to give tetrameric intermediate 6 that
constitutes the conical ends of a capsule (yield 80 %). The
ester terminal group of this tetramer was saponified (yield
85 %) and the corresponding acid was coupled to an excess
of 2,6-diaminopyridine to provide an unstable pentamer
amine intermediate which was again treated with 7 to afford
2 (yield 18 %). The two Boc-protected amino groups of hep-

tameric pyridine oligomer 8[26]

were deprotected quantitative-
ly with trifluoroacetic acid
(TFA) to give oligomer 9,
which reacted with two equiva-
lents of 4 to yield 3 (yield
35 %).

Solid-state studies : Five of the
oligomers relevant to this
study were characterized by
single-crystal x-ray crystallog-
raphy (Table 1): helical capsu-
les 1,[5] 2 and 3, as well as coni-
cal tetramer 6 and pyridinecar-
boxamide heptamer 9. All
show the single helical confor-

Figure 1. Energy-minimized conformations (MM3 in Macromodel) of left-handed helical oligomers 1–3 com-
prising central pyridine units that create an inner hollow of adjustable length and peripheral quinoline units
that cap both ends of this hollow. The inner cavities of the helices are shown in light blue. Estimations of the
corresponding inner volumes V are indicated below. Isobutoxy and benzyloxy side chains were omitted for the
calculations.

Scheme 2. Synthesis of 2 and 3.

Table 1. Crystallographic parameters for 2, 3, 6, 9.

2 3 6 9

formula C93H91N19O18·1.57 C7H16·C6H6·H2O C97H83N23O18·2 C3H7NO)·2 H2O 2C45H46N8O10·3 CHCl3 0.5C44H39N15O8·0.5 CH3OH
Mr [g mol�1] 2023.30 2041.09 4151.80 905.90
crystal size [mm] 0.20 N 0.08 N 0.04 0.20 N 0.20 N 0.10 0.50 N 0.50 N 0.20 0.15 N 0.10 N 0.10
color yellow yellow yellow colorless
crystal system triclinic triclinic triclinic monoclinic
space group P1̄ P1̄ P1̄ C2/c
Z 2 2 2 4
a [P] 15.4753(5) 13.4000(4) 13.44330(10) 15.7632(15)
b [P] 17.2696(2) 18.9513(6) 19.2509(2) 15.5898(14)
c [P] 22.8860(4) 19.8827(5) 20.8616(2) 15.9840(16)
a [8] 66.493(10) 86.711(4) 114.8082(5) 90.00
b [8] 71.498(10) 75.133(3) 92.1876(4) 100.484(7)
g [8] 85.494(10) 85.082(4) 92.8996(5) 90.00
V [P3] 5310.7(2) 4858.9(2) 4883.87(8) 3862.4(6)
1 [gcm�3] 1.265 1.395 1.412 1.558
T [K] 296(2) 163(2) 150(2) 153(2)
radiation CuKa CuKa MoKa CuKa

l [P] 1.54180 1.54178 0.71073 1.54180
scanned q [8] 6.40–50.43 6.40–58.93 3.04–26.37 7.34–68.23
total/unique refl. 10163/9367 13128/12 655 19929/13 102 3353/293
GOF 1.128 1.165 1.058 1.077
R1 [I>2 s(I)] 0.1101 0.0690 0.0915 0.1491
CCDC ref. 645200 645198 645197 645199
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mation expected on the basis of their sequence, and all but
6 include water or methanol molecules in the polar helix
hollow. The top view of the 1.5-turn helical structure of
tetramer 6 (Figure 2) clearly illustrates how the terminal
quinoline unit, and especially its nitro group, lie over the
inner space delineated by the pyridine units.

Several views of the crystal structures of capsules 1–3 are
shown in Figure 3. All three structures closely match the
energy-minimized models shown in Figure 1 and span 2, 2.5,
and 3 helical turns, respectively. They have an inner cavity
isolated from the surrounding medium on the sides by the
helix wall and on the top and bottom by the faces of the ter-
minal quinoline units. The size of the cavity increases with
increasing number of pyridine rings. In all three cases, the
cavity is filled by water molecules: one in 1 and 2, and two
in 3. When the helices are represented as van der Waals
spheres, the water molecules cannot be seen either from the
side or from the top (not shown) of the capsules. The bind-
ing of the guest molecules in the capsule cavities therefore
requires a temporary conformational change of the helical
architecture (Scheme 1). The X-ray data of 1 and 3 were
good enough to localize the hydrogen atoms of water. In all

cases, the oxygen atom lies close to the inner wall of the
capsule and is doubly hydrogen bonded to the amide pro-
tons of a 2,6-pyridinedicarboxamide unit (Figure 4). De-
pending on the water molecule considered, the hydrogen

bond length dNO varies from 2.84 to 3.17 P. Since 1, 2, and 3
have one, two, and three 2,6-pyridinedicarboxamide units,
respectively, one might have expected that they all corre-
spond to water-binding sites and that these numbers of
water molecules would have been encapsulated. In fact,
binding sites for water molecules that are contiguous in the
sequence appear to be too close in space to accommodate
water molecules simultaneously. Consequently, oligomer 2
has two binding sites for water molecules but can bind only
one at a time, and it can thus be considered as a degenerate
receptor relative to 1. Similarly, the cavity of 3 binds two
water molecules and can in principle do so in several ways.
Fortunately, however, these degenerate binding modes did
not give rise to crystallographic disorder that would have
made it difficult to accurately characterize the organization
of water in the capsules.

The observation that oligomer 3 hosts two water mole-
cules in the solid state led to speculation that, after releasing
water, it might bind slightly larger molecules as well. Evi-
dence for this was provided by the crystal structure of hep-
tameric pyridinecarboxamide oligomer 9, which constitutes
the central sequence of undecamer 3. In contrast to all other
crystal structures that we obtained for pyridine oligo-
mers,[4,11, 26] the structure of 9 (Figure 5) shows a methanol
molecule completely included in the helix hollow. The meth-
anol oxygen atom is doubly hydrogen bonded to the central

2,6-pyridinedicarboxamide
unit, but it statistically occupies
two positions slightly above or
slightly below the pyridine
plane, which leads to some
crystal disorder.

Solution studies : To demon-
strate that encapsulation as ob-
served within the helices in the
solid state is not merely inclu-
sion whereby small molecules
simply fill available void space,
the ability of 1–3 to host water
or other guests was investigat-
ed in solution by NMR spec-

Figure 2. Side and top views of the crystal structure of 6. Included solvent
molecules, isobutyl side chains, and non-amide hydrogen atoms have
been omitted for clarity.

Figure 3. Crystal structures at the same scale of a) 1, b) 2, and c) 3. Side chains and solvent molecules have
been omitted for clarity. The top structures show CPK representations of the helices, which completely sur-
round encapsulated water molecules. Bottom structures show tube representations of the inner rim of the heli-
ces and encapsulated water molecules as CPK models. Water hydrogen atoms could not be located in b).

Figure 4. Hydrogen-bonding motif of water molecules in a helix hollow.
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troscopy. The behavior of 1 has already been reported[5] and
only salient characteristics will be recalled here: 1) NMR
spectra show all the features of folded helices characterized
for oligomers comprising only pyridine[4,11,26] or only quino-
line[25] units (sharp lines, spreading of the signals over a
wide range of chemical shifts, downfield shifts of the signals
of the amide protons involved in intramolecular hydrogen-
bonding, shielding of the protons involved in intramolecular
p–p stacking); 2) the 1H NMR signals of the central amide
units (and only these signals) undergo strong downfield
shifts (Dd=1.5 ppm) with increasing water concentration in
CDCl3 or with decreasing temperature at a given concentra-
tion due to hydrogen bonding with the encapsulated water
molecule; 3) the central amide signals undergo much faster
chemical exchange with water protons than the peripheral
amide units; 4) at low temperature, binding and release of
water is slow on the NMR timescale and distinct signals are
observed for the full and empty capsule and for free and
bound water.

The NMR investigations showed that 2 also binds one
water molecule in solution, as it does in the solid state. The
main difference to 1 is that 2 is a degenerate receptor with
two binding sites (i.e. , two 2,6-pyridinedicarboxamide units)
of which only one at a time can be occupied. The 1:1 stoichi-
ometry of the H2O�2 complex was established by monitor-
ing the 1H NMR signal of the bound water molecule that ap-
pears at low temperature (Figure 6). The included water
molecule gives a signal at d=4.70 ppm at �55 8C, which
compares with d=4.41 ppm for H2O�1 at the same temper-
ature. Both values reflect the high polarity of the capsule
cavities as the focal point of amide protons and pyridine ni-
trogen atoms. In both cases, integration of the signal for in-
cluded water unambiguously indicated 1:1 stoichiometry of
the complex.

On cooling a solution of 2 in CDCl3, the two 1H NMR sig-
nals assigned to its four central amide protons undergo
downfield shifts as an increasing number of capsules bind
(i.e., form hydrogen bonds) to water (Figure 7). In compari-

son, the signal at 11.9 ppm assigned to the most peripheral
amide protons (between the two quinoline units) shifts very
little (Dd<0.1 ppm), in agreement with the solid-state struc-
ture, which suggests that these protons do not interact with
encapsulated water. Above 0 8C, the full and empty capsules
exchange rapidly on the NMR timescale and averaged sig-
nals are observed. Below this temperature, exchange be-
comes slow and two sets of signals for the empty and for the
full capsule are expected. However, because of the insuffi-
ciently low water content of the sample[27] and the low tem-
perature, all capsules are occupied by a water molecule and
only one set of temperature-independent signals correspond-
ing to H2O�2 is observed

The largest chemical shift difference between the amide
signals of full and empty 2 is 0.7 ppm. This maximum Dd

value is smaller (by about half) than that observed in the
NMR spectra of 1 (Dd=1.6 ppm). This is likely the result of
the degeneracy of the binding sites in 2 : at a given time,
only one site forms hydrogen bonds with water and the
other is unoccupied. Interestingly, even at �55 8C, the spec-
tra of 2 reflect an average C2 symmetry of the H2O�2 com-
plex, which indicates that the encapsulated water molecule
hops rapidly from one site to the other. The degeneracy of
water binding in 2 may in principle give rise to a binding
constant to water Ka twice as large for 2 than for 1. Howev-
er, this proved difficult to verify because of the poor accura-
cy of estimating binding constants based on the chemical
shift variations of the amide NMR signals and integration of
the water signal. Both constants are on the order of 100–
200 L mol�1.

Similar investigations were carried out with the largest
capsule 3, and again the solution data proved to be consis-
tent with those obtained in the solid state. At low tempera-
ture, three different sets of capsule signals were observed in
the 1H NMR spectra of 3 in CDCl3 depending on the water

Figure 5. Crystal structure of 9 showing a methanol molecule in the helix
hollow. Carbon-bonded hydrogen atoms have been omitted for clarity.
The methanol oxygen atom occupies two statistical positions.

Figure 6. Part of the 400 MHz 1H NMR spectra of 2 in CDCl3 showing
the signal of a bound water molecule at �55 8C.

Figure 7. Part of the 400 MHz 1H NMR spectra of 2 in CDCl3 showing
amide resonances at various temperatures.
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content of the sample. All sets coalesce to one on heating. If
more than two equivalents of water are present (not
shown), only one species is observed that corresponds to the
capsule with two water molecules (H2O)2�3. If more than
one but less two equivalents of water are present, two spe-
cies are observed: (H2O)2�3 as above, while the other was
assigned to the capsule with one water molecule H2O�3
(Figure 8 b). If less than one equivalent of water is present,
two sets of signals are again observed, one corresponding to
H2O�3 and the other to the empty capsule 3. As expected,
the resonances of amide groups that can form hydrogen
bonds to encapsulated water shift downfield from empty 3
to H2O�3 and further downfield to (H2O)2�3. Despite all
our efforts, we could never observe the three species simul-
taneously. It seems that (H2O)2�3 appears only when all
capsules already host one water molecule, and this suggests
some negative cooperativity between the first and second
water-binding events.

The stoichiometry of these complexes was easily con-
firmed by monitoring the integration of the signals of the
encapsulated water molecules (Figure 9). When one water
molecule is encapsulated, its signal appears at d= 4.50 ppm.
When two water molecules are encapsulated, they appear at
d= 5.26 ppm as a single signal, that is, unlike in the crystal,
they are equivalent on average even at low temperature.
Conversely, the spectra reflect an average C2 symmetry of
the H2O�3 and (H2O)2�3 complexes, that is, the encapsulat-
ed water molecule(s) hop(s) rapidly from site to site, though
two water molecules are unlikely to swap positions without
partial unfolding of the helix.

The kinetics of binding and release of water molecules
are slower for longer capsule 3 than for 1 and 2. Indeed, the
coalescence temperature of the amide signals of 3 and
H2O�3 is 25 8C, which compares to 0 8C and �10 8C for 2
and H2O�2, and 1 and H2O�1, respectively. This is consis-
tent with increasing stability of the helical conformation
with increasing number of helical turns, as described pre-
viously.[4a] It suggests that even larger capsules for larger

guests may undergo very slow kinetics that could be useful
for implementing controlled release of the guests.

Given the ability of 3 to host two water molecules in solu-
tion and of its central section 9 to host one methanol mole-
cule in the crystal (Figure 5), we investigated binding of 3
with several small polar guests larger than water (i.e., bear-
ing two or three non-hydrogen atoms): hydrazine, methanol,
hydrogen peroxide, and formic acid (Figure 10). In the case
of methanol and formic acid, the general trend is that when
water is abundant in the sample, the only species observed
at low temperature by 1H NMR is the doubly hydrated cap-
sule (H2O)2�3. When care is taken to remove water by dis-
tilling the guest and CDCl3 and by azeotropic distillation of
the capsule with anhydrous toluene, new species (different
in each case) appear in the NMR spectra, in slow exchange
with the hydrated capsule (Figure 10 b and d). New species
also appear in the case of hydrazine and hydrogen peroxide
even if no care is taken to remove water from the samples;
these guests were were in fact added as hydrates.

Figure 8. Part of the 400 MHz 1H NMR spectra of 3 in CDCl3 showing amide resonances at various temperatures: a) in the presence of less than one
equivalent of H2O and b) in the presence of more than one equivalent of H2O. The white circles, half-filled circles, and black circles indicate signals as-
signed to empty 3, H2O�3, and (H2O)2�3, respectively.

Figure 9. Part of the 400 MHz 1H NMR spectra of 3 in CDCl3 showing
encapsulated-water resonances (at d =4.50 and 5.26 ppm) and the reso-
nances of the CH2 group of the isobutoxy chains (at d =3.5–4.3 ppm):
a) at �40 8C in the presence of less than one equivalent of H2O, b) at
�40 8C in the presence of more than one equivalent of H2O, and c) at
25 8C. The half-filled circles and black circles indicate signals assigned to
H2O�3 and (H2O)2�3, respectively.
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These new species were assigned to capsules containing a
guest other than water. Based on the inner volume observed
in the solid state, methanol, hydrazine, hydrogen peroxide,
and formic acid can all be accommodated without significant
distortion of the helical conformation of 3. When similar ex-
periments were carried out with the smaller capsules 1 and
2, no species other than the hydrate was observed, except
when hydrogen peroxide was used as a guest with 2 (not
shown).

In the case of hydrazine, methanol, and formic acid, it
seems unlikely that the complexes observed with 3 corre-
spond to the simultaneous encapsulation of one polar guest
plus one water molecule, though this hypothesis could not
be completely ruled out on the basis of experimental data.
In the case of hydrogen peroxide, the number of new signals
in the presence of the guest allows one to hypothesize the
presence of more than one new species. In addition to
H2O2�3, (H2O,H2O2)�3 or (H2O2)2�3 can be envisaged. All
attempts to identify the complexes by mass spectrometry
(ES or MALDI) were unsuccessful: only the empty capsule
was observed.

Unfortunately, no reliable quantitative analysis of the
binding events could be performed in the presence of the
larger guests due to the difficulty of simultaneously evaluat-
ing the amounts of bound and unbound water. However,
some qualitative conclusions can be drawn. Among the four
guests tested, binding to methanol and formic acid are the
least favorable. Even in the presence of an excess of metha-
nol, some monohydrated capsule H2O�3 is observed, and
with both guests, only the hydrated species are observed
unless a large excess of methanol or formic acid is used.
This is possibly due to the lower polarity of methanol and
larger size of formic acid. In contrast, hydrazine and hydro-
gen peroxide were added to the samples as hydrates, but
their encapsulation nevertheless occurred. These two guests
are thus apparently able to compete with water. The encap-
sulation of hydrogen peroxide is of particular interest given

the poor stability of this compound in the absence of water
and its use as an oxidizing agent. In this respect, it is inter-
esting that hydrogen peroxide does not N-oxidize the central
2,6-diaminopyridine units in capsules 2 and 3. This contrasts
with our previous report that such units are easily and selec-
tively oxidized when they are located at the end of a helical
oligomer and when a stronger oxidizing agent (m-chloroper-
benzoic acid) is used.[28]

Conclusion

In summary, both solid-state and solution studies show that
progressively increasing the size of the helical capsules by
including additional monomers in the center of their se-
quence allows their binding properties to be tuned in a mod-
ular fashion. More guests or larger guests can be included
when the capsule size is rationally increased. Even though
the guests studied here are small, these findings open the
prospect of elaborating even larger capsules by incorporat-
ing monomers that code for an even larger helix diameter.
It also appears from our studies that water is a preferred
guest molecule in the hollow of the smaller capsules based
on aza-aromatic amide oligomers. However, it can be antici-
pated that capsules with larger cavities will prefer to accom-
modate larger guests rather than a large number of water
molecules for obvious entropic reasons. It is also possible
that guests of other types, such as phosphate or sulfate
anions, would be preferred to water because they are in-
volved in stronger interactions. So far, the binding and re-
lease of guest molecules is considerably slowed down by the
units that close the capsule ends but remains fast on the
NMR timescale at 25 8C. This implies characteristic ex-
change times of less than 100 ms, which would be too fast to
use the capsules as containers for controlled release of
guests. However, we find that increasing helix length results
in slower guest release and speculate that larger guests may
escape more slowly: controlled guest release may thus be a
potential application of advanced prototypes of molecular
apple peels.

Experimental Section

General : All reactions were performed in oven-dried glassware under a
slight positive pressure of nitrogen. 1H (400 MHz) and 13C NMR
(100 MHz) spectra were recorded on a Bruker DPX 400 spectrometer.
Chemical shifts for 1H NMR spectra are reported in parts per million rel-
ative residual solvent peaks. Infrared (IR) spectra were recorded on a
Mattson Satellite (ATR) FTIR.

Tetramer 6 : Quinoline dimer acid chloride 4[25] was prepared from the
corresponding carboxylic acid (110 mg, 207 mmol) by reaction with thio-
nyl chloride (0.75 mL, 10.3 mmol, 50 equiv). The solution was heated at
reflux for 5 min, and then thionyl chloride was removed under vacuum.
The solid was dissolved in dry dichloromethane (2 mL), and diisopropyle-
thylamine (72 mL, 414 mmol, 2 equiv) and pyridine dimer 5[11] (71 mg,
217 mmol, 1.05 equiv) were added to the solution. The reaction mixture
was stirred at room temperature for 12 h. The solution was washed with
water. The organic phase was dried over MgSO4, filtered, and concentrat-

Figure 10. Part of the 400 MHz 1H NMR spectra of 3 at �40 8C in CDCl3

showing amide resonances in the presence of an excess of a) NH2NH2,
b) MeOH (50 equiv), c) H2O2, d) formic acid (22 equiv). The half-filled
circles and black circles indicate signals assigned to H2O�3 and
(H2O)2�3, respectively. The stars indicate signals assigned to the capsule
hosting one polar guest other than water.
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ed. The residue was purified by column chromatography on silica gel
with CHCl3 as eluent to give tetramer 6 (142 mg, 80 % yield) as a yellow
powder. Single crystals for X-ray diffraction analysis were obtained by
slow liquid–liquid diffusion of heptane into a chloroform solution (see
Table 1 and Figure 2). 1H NMR (CDCl3, 400 MHz): d =12.19 (s, 1H),
10.51 (s, 1H), 9.41 (s, 1H), 8.96 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 8.18 (d, J-
ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 8.09 (d, 1 H, J ACHTUNGTRENNUNG(H,H) =7.6 Hz), 8.05–8.02 (m, 3 H),
7.94 (s, 1 H), 7.92–7.85 (m, 2H), 7.81 (s, 1 H), 7.74 (s, 1 H), 7.67 (t, J-
ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 6.96 (t, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 4.16–4.11 (m, 4 H),
3.96 (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 2 H), 2.35–2.17 (s, 3 H), 1.17 (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz,
12H) 1.10 ppm (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 6H); 13C NMR (CDCl3, 100 MHz):
d=167.6, 164.5, 163.6, 163.4, 162.7, 162.1, 161.2, 153.8, 151.1, 149.8, 149.6,
148.9, 148.0, 145.5, 140.5, 139.8, 138.9, 134.2, 127.6, 127.2, 127.2, 124.67,
123.5, 122.4, 118.8, 116.9, 114.6, 110.9, 110.9, 110.0, 99.5, 99.2, 75.8, 75.3,
52.6, 28.2, 28.1, 28.0, 19.2, 19.0 ppm.

Capsule 2 : Tetramer 6 (488 mg, 569 mmol) was dissolved in THF/H2O (4/
1, 250 mL). NaOH (455 mg, 11.4 mmol, 20 equiv) was added to the solu-
tion. The reaction mixture was stirred for 2 h at 25 8C. The solution was
acidified with acetic acid and solvents were removed under vacuum. The
residue was dissolved in CH2Cl2 and washed with water. The organic
phase was dried over MgSO4, filtered, and concentrated under vacuum.
The residual solid was purified by column chromatography on silica gel
eluting with CHCl3 to give tetramer acid 7 (412 mg, 85% yield) as a
yellow powder which was used without further purification. 1H NMR
(CDCl3, 400 MHz): d =12.05 (s, 1H), 10.49 (s, 1H), 9.81 (s, 1H), 9.06 (d,
J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 8.41 (d, J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 1H), 8.23–8.16 (m, 3H),
8.06 (d, J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 1H), 7.98–7.90 (m, 2 H), 7.82 (s, 2H), 7.69 (t, J-
ACHTUNGTRENNUNG(H,H) =8.0 Hz, 1 H), 7.29–7.25 (m, 2 H), 4.18 (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 2 H),
4.14 (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 2H), 3.91 (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 2H), 2.40–2,10
(m, 3H), 1.19–1.16 (m, 12 H), 1.06 ppm (d, J ACHTUNGTRENNUNG(H,H) =6.4 Hz, 6 H). Com-
pound 7 (44 mg, 52 mmol) and freshly sublimed 2,6-diaminopyridine
(28 mg, 260 mmol, 5 equiv) were dissolved in 2 mL of dry dichlorome-
thane. Triethylamine (14 mL, 104 mmol, 2 equiv) and 5-chloro-1-[bis(dime-
thylamino)methylene]-1H-benzotriazolium-3-oxide hexafluorophosphate
(HCTU, 214 mg, 521 mmol, 4 equiv) were then added. The mixture was
stirred for three days at 25 8C. Every day, additional HCTU (214 mg,
521 mmol, 4 equiv) was added to the mixture. The solvent was removed
and the residue was purified by column chromatography on silica gel
with CHCl3 as eluent to give 22 mg of an unstable mono amine inter-
mediate (mono adduct product) as a yellow powder. This pentameric oli-
gomer (22 mg, 24 mmol) was dissolved in dry dichloromethane (2 mL)
and then 7 (44 mg, 52 mmol, 8 equiv), HCTU (214 mg, 521 mmol, 8 equiv),
and triethylamine (14 mL, 104 mmol, 8 equiv) were added. The mixture
was stirred for 3 d at 25 8C and every day additional HCTU (214 mg,
521 mmol, 4 equiv) was added. The solvent was removed and the residue
purified by column chromatography on silica gel with CHCl3 as eluent to
give capsule 2 (18 mg, yield 18%) as a yellow powder. Single crystals for
X-ray diffraction analysis were obtained by slow liquid–liquid diffusion
of heptane into a toluene solution (see Table 1 and Figure 3). 1H NMR
(CDCl3, 400 MHz): d= 11.83 (s, 2 H), 10.25 (s, 2H), 9.15 (s, 2H), 8.96 (s,
2H), 8.60 (d, J ACHTUNGTRENNUNG(H,H) =7.2 Hz, 2 H), 8.33 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 2H), 7.97
(t, J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 1 H), 7.88 (d, J ACHTUNGTRENNUNG(H,H) = 5.2 Hz, 2 H), 7.81 (d, J ACHTUNGTRENNUNG(H,H) =

7.2 Hz, 2 H), 7.75–7.65 (m, 9H), 7.58 (d, J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2H), 7.39 (s,
2H), 7.31–7.25 (m, 3H), 7.19 (s, 2 H), 6.98 (s, 2 H), 6.46 (t, J ACHTUNGTRENNUNG(H,H) =

8.0 Hz, 2H), 4.34–4.30 (m, 2H), 4.17–4.11 (m, 2H), 3.93–3.89 (m, 4H),
3.70–3.65 (m, 4 H), 2.43–2.09 (m, 6 H), 1.48–1.05 ppm (m, 36H);
13C NMR (CDCl3, 100 MHz): d =167.4, 163.1, 162.6, 161.4, 161.2, 160.5,
159.3, 153.1, 149.4, 148.9, 148.7, 148.3, 148.0, 147.9, 144.1, 140.8, 140.6,
139.7, 137.7, 133.8, 127.7, 127.4, 127.1, 123.8, 123.3, 121.5, 117.5, 116.0,
110.7, 110.6, 109.9, 109.9, 109.5, 99.8, 98.6, 75.6, 75.3, 75.1, 30.9, 29.7, 29.3,
28.3, 28.2, 28.0, 19.4, 19.3, 19.2 ppm; IR (KBr): ñmax =3165, 2963, 2251,
1780, 1461, 1378, 1319, 1089, 1038, 921 cm�1; MS (TOF-MS ES + ): m/z
calcd for [M+H]+ (C93H91N19O18): 1762.68; found: 1762.54.

Capsule 3 : Heptamer 8[26] (40 mg, 48 mmol) was dissolved in CH2Cl2/TFA
(3/1, 4 mL). The solution was stirred for 2 h at 25 8C. All volatiles were
removed to give diamine 9 (32 mg, quantitative yield) as a white powder,
which was used without purification. 1H NMR (CDCl3, 400 MHz): d=

11.78 (s, 2H), 11.43 (s, 2H), 10.98 (s, 2 H), 8.50 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 2H),
8.99 (t, J ACHTUNGTRENNUNG(H,H) = 7.2 Hz, 3H), 8.30 (t, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 2H), 8.17 (d, J-

ACHTUNGTRENNUNG(H,H) =7.6 Hz, 2H), 8.01–7.93 (m, 4H), 7.42 (t, J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H),
6.74 (d, J ACHTUNGTRENNUNG(H,H) = 8.0 Hz, 2 H), 6.47 ppm (d, J ACHTUNGTRENNUNG(H,H) = 8.4 Hz, 2 H). Crys-
tals were obtained by gas–liquid diffusion of MeOH into a DMF (dime-
thylformamide) solution. Quinoline dimer acid chloride 4[25] was prepared
from the corresponding carboxylic acid (90 mg, 169 mmol) as described in
the preparation of 6. The acid chloride was dissolved in dry dimethylace-
tamide (2 mL). Diamine 9 (42 mg, 50 mmol, 0.3 equiv) and triethylamine
(90 mL, 676 mmol, 4.0 equiv) were added to the solution. The mixture was
stirred at 25 8C for 48 h. The solution was diluted with CH2Cl2 and the or-
ganic phase was washed with water, dried over MgSO4, filtered, and
evaporated to dryness. The residue was purified by column chromatogra-
phy on silica gel with CH2Cl2/MeOH (98/2) as eluent to give capsule 3
(32 mg, yield 35 %) as a yellow powder. Single crystals for X-ray diffrac-
tion analysis were obtained by slow liquid–liquid diffusion of Et2O into a
DMF solution (see Table 1 and Figure 4). 1H NMR (CDCl3, 400 MHz):
d=10.16 (s, 2 H), 9.73 (s, 2 H), 9.45 (s, 2 H), 9.07 (s, 2H), 8.41 (t, J-
ACHTUNGTRENNUNG(H,H) =8.0 Hz, 4 H), 8.13–8.06 (m, 4 H), 7.86 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 2 H),
7.80–7.69 (m, 17H), 7.63 (s, 2 H), 7.53 (d, J ACHTUNGTRENNUNG(H,H) = 8.4 Hz, 2 H), 7.21 (s,
2H), 7.14 (t, J ACHTUNGTRENNUNG(H,H) =8.0 Hz, 2H), 7.02 (s, 2H), 6.47 (t, J ACHTUNGTRENNUNG(H,H) =8.0 Hz,
2H), 4.25 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 4.24 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 4.13
(d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 4.11 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 3.81 (d, J-
ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 3.79 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 3.64 (d, J ACHTUNGTRENNUNG(H,H) =

7.6 Hz, 1H), 3.62 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H), 2.41–2.17 (m, 4H), 1.28 (d, J-
ACHTUNGTRENNUNG(H,H) =6.8 Hz, 6 H), 1.24 (d, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 6H), 1.14 (d, J ACHTUNGTRENNUNG(H,H) =

6.8 Hz, 6 H), 1.08 ppm (d, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 6H); 13C NMR (CDCl3,
100 MHz): d =163.0, 162.5, 161.5, 161.2, 160.1, 159.4, 153.3, 148.9, 148.7,
148.0, 147.8, 146.8, 145.4, 144.0, 141.1, 140.7, 139.6, 139.4, 137.5, 133.6,
127.9, 127.5, 127.2, 125.7, 124.6, 124.0, 123.6, 123.4, 121.5, 117.6, 116.3,
110.5, 110.4, 109.5, 109.0, 99.6, 98.9, 77.2, 75.3, 75.2, 28.2, 27.9, 19.3,
19.2 ppm; IR (KBr): ñmax =3160, 2975, 2885, 1645, 1447, 1409, 1371, 1333,
1085, 1040 cm�1; MS (TOF-MS ES+ ): m/z calcd for [M+H]+

(C97H83N23O18): 1858.63; found: 1858.51.

X-ray crystallography : Single crystals of 2, 3, and 9 were mounted on a
Rigaku R-Axis Rapid diffractometer equipped with a MM007 microfocus
rotating-anode generator with monochromatized CuKa radiation
(1.54178 P). Data collection, unit cell refinement, and data reduction
were performed with the CrystalClear software package. The positions of
non-H atoms were determined by the program SHELXD, and the posi-
tion of the H atoms were deduced from coordinates of the non-H atoms
and confirmed by Fourier synthesis. H atoms were included for structure
factor calculations but not refined. A single crystal of 6 was mounted on
a Bruker-Nonius k-CCD diffractometer with graphite-monochromatized
MoKa radiation (l =0.71073 P). The data collection was based on f-scans
completed by w-scans. The final unit cell was determined on the basis of
all the collected frames. The data reduction was performed by using the
COLLECT software (Nonius, 1998). The positions of non-H atoms were
determined by the program SHELXD and the positions of the H atoms
were deduced from coordinates of the non-H atoms and confirmed by
Fourier synthesis. H atoms were included for structure factor calculations
but not refined. CCDC-645197–CCDC-645200 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Molecular modeling : The oligomer conformations were obtained from
energy minimization performed with Maestro (v6.5)–Macromodel (v8.6)
software.[29] The structures were minimized by using the truncated
Newton conjugate gradient (TNCG) method and the MM3* force field
to obtain local energy minima. The volumes and shapes of the inner cavi-
ties were estimated by using the SURFNET[30] software.

Acknowledgements

This work was supported by the French Ministry of Research and Educa-
tion (predoctoral fellowship to J.G.) and the Conseil R<gional d’Aqui-
taine. We thank Katell Bathany for perfoming mass spectrometric analy-
sis, and Dr. Chuanlang Zhan for providing a sample of 9.

Chem. Eur. J. 2007, 13, 8454 – 8462 F 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8461

FULL PAPEREncapsulation in Molecular Apple Peels

www.chemeurj.org


[1] For a review, see: J. Becerril, J. M. Rodriguez, I. Saraogi, A. D.
Hamilton in Foldamers: Structure, Properties and Applications
(Eds.: S. Hecht, I. Huc), Wiley-VCH, Weinheim, 2007, Chap. 7.

[2] J.-L. Hou, X.-B. Shao, G.-J. Chen, X.-Y. Zhou, X.-K. Jiang, Z.-T. Li,
J. Am. Chem. Soc. 2004, 126, 12386; M. Inouye, M. Waki, H. Abe, J.
Am. Chem. Soc. 2004, 126, 2022; H.-P. Yi, X.-B. Shao, J.-L. Hou, C.
Li, X.-K. Jiang, Z. -Li, New J. Chem. 2005, 29, 1213; H. Abe, N.
Masuda, M. Waki, M. Inouye, J. Am. Chem. Soc. 2005, 127, 16189;
C. Li, G.-T. Wang, H.-P. Yi, X.-K. Jiang, Z.-T. Li, R.-X. Wang, Org.
Lett. 2007, 9, 1797; M. Waki, H. Abe, M. Inouye, Angew. Chem.
2007, 119, 3119; Angew. Chem. Int. Ed. 2007, 46, 3059.

[3] a) R. B. Prince, S. A. Barnes, J. S. Moore, J. Am. Chem. Soc. 2000,
122, 2758; b) A. Tanatani, M. J. Mio, J. S. Moore, J. Am. Chem. Soc.
2001, 123, 1792; c) A. Tanatani, T. S. Hughes, J. S. Moore, Angew.
Chem. 2002, 114, 335; Angew. Chem. Int. Ed. 2002, 41, 325; d) T.
Nishinaga, A. Tanatani, K. Oh, J. S. Moore, J. Am. Chem. Soc. 2002,
124, 5934; e) M. T. Stone, J. S. Moore, Org. Lett. 2004, 6, 469.

[4] a) V. Berl, I. Huc, R. G. Khoury, J.-M. Lehn, Chem. Eur. J. 2001, 7,
2810; b) I. Huc, V. Maurizot, H. Gornitzka, J.-M. L<ger, Chem.
Commun. 2002, 578; c) V. Maurizot, J.-M. L<ger, P. Guionneau, I.
Huc, Russ. Chem. Bull. 2004, 53, 1572.

[5] J. Garric, J.-M. L<ger, I. Huc, Angew. Chem. 2005, 117, 1990;
Angew. Chem. Int. Ed. 2005, 44, 1954.

[6] C. Li, S.-F. Ren, J.-L. Hou, H.-P. Yi, S.-Z. Zhu, X.-K. Jiang, Z.-T. Li,
Angew. Chem. 2005, 117, 5871; Angew. Chem. Int. Ed. 2005, 44,
5725; H.-P. Yi, C. Li, J.-L. Hou, X.-K. Jiang, Z.-T. Li, Tetrahedron
2005, 61, 7974; J.-L. Hou, M.-X. Jia, X.-K. Jiang, Z.-T. Li, G.-J.
Chen, J. Org. Chem. 2004, 69, 6228.

[7] a) T. Bell, H. Jousselin, Nature 1994, 367, 441; b) Y. Zhao, Z. Zhong,
J. Am. Chem. Soc. 2006, 128, 9988; c) H.-P. Yi, J. Wu, K.-L. Ding,
X.-K. Jiang, Z.-T. Li, J. Org. Chem. 2007, 72, 870

[8] B. M. Burkhart, N. Li, D. A. Langs, W. A. Pangborn, W. L. Duax,
Proc. Natl. Acad. Sci. USA 1998, 95, 12950; B. M. Burkhart, R. M.
Gassman, D. A. Langs, W. A. Pangborn, W. L. Duax, V. Pletnev,
Biopolymers 1999, 51, 129.

[9] V. Berl, M. J. Krische, I. Huc, J.-M. Lehn, M. Schmutz, Chem. Eur.
J. 2000, 6, 1938; K.-J. Chang, B.-N. Kang, M.-H. Lee, K.-S. Jeong, J.
Am. Chem. Soc. 2005, 127, 12214.

[10] M. Albrecht, Chem. Rev. 2001, 101, 3457; C. Piguet, G. Bernardinel-
li, G. Hopfgartner, Chem. Rev. 1997, 97, 2005.

[11] V. Maurizot, C. Dolain, I. Huc, Eur. J. Org. Chem. 2005, 1293.
[12] For reviews, see: a) R. Warmuth, J. Yoon, Acc. Chem. Res. 2001, 34,

95; b) M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita, T. Kusuka-
wa, K. Biradha, Chem. Commun. 2001, 509; c) S. Russel Seidel, P. J.
Stang, Acc. Chem. Res. 2002, 35, 972; d) F. Hof, S. L. Craig, C. Nuck-
olls, J. Rebek, Jr., Angew. Chem. 2002, 114, 1556; Angew. Chem. Int.
Ed. 2002, 41, 1488; e) L. C. Palmer, J. Rebek, Jr., Org. Biomol.
Chem. 2004, 305; f) D. Fiedler, D. H. Leung, R. G. Bergman, K. N.
Raymond, Acc. Chem. Res. 2005, 38, 349; g) J. Rebek, Jr., Angew.
Chem. 2005, 117, 2104; Angew. Chem. Int. Ed. 2005, 44, 2068;
h) D. M. Rudkevich, Angew. Chem. 2004, 116, 568; Angew. Chem.
Int. Ed. 2004, 43, 558; i) L. R. MacGillivray, J. L. Atwood, Angew.
Chem. 1999, 111, 1080; Angew. Chem. Int. Ed. 1999, 38, 1018.

[13] D. J. Cram, M. E. Tanner, R. Thomas, Angew. Chem. 1991, 103,
1048; Angew. Chem. Int. Ed. Engl. 1991, 30, 1024; R. Warmuth,
Angew. Chem. 1997, 109, 1406; Angew. Chem. Int. Ed. Engl. 1997,
36, 1347; M. Yoshisawa, T. Kusukawa, M. Fujita, K. Yamaguchi, J.
Am. Chem. Soc. 2000, 122, 6311; J. L. Brumaghim, M. Michels, D.
Pagliero, K. N. Raymond, Eur. J. Org. Chem. 2004, 5115; J. L. Bru-
maghim, M. Michels, K. N. Raymond, Eur. J. Org. Chem. 2004, 4552.

[14] D. J. Cram, S. Karbach, Y. H. Kim, L. Baczynskyj, G. W. Kalleymen,
J. Am. Chem. Soc. 1985, 107, 2575; L. Garel, J.-P. Dutasta, A.

Collet, Angew. Chem. 1993, 105, 1249; Angew. Chem. Int. Ed. Engl.
1993, 32, 1169; ; P. Timmerman, W. Verboom, F. C. J. M. van Veggel,
W. P. van Hoorn, D. N. Reinhoudt, Angew. Chem. 1994, 106, 1313;
Angew. Chem. Int. Ed. Engl. 1994, 33, 1292; C. L. D. Gibb, B. C.
Gibb, J. Am. Chem. Soc. 2006, 128, 16498.

[15] D. M. Rudkevich, G. Hilmersson, J. Rebek, Jr., J. Am. Chem. Soc.
1998, 120, 12216; J. L. Atwood, A. Szumna, J. Am. Chem. Soc. 2002,
124, 10 646; S. Tashiro, M. Tominaga, Y. Yamaguchi, K. Kato, M.
Fujita, Angew. Chem. 2005, 117, 247; Angew. Chem. Int. Ed. 2005,
44, 241; S. Iwamatsu, T. Uozaki, K. Kobayashi, S. Re, S. Nagase, S.
Murata, J. Am. Chem. Soc. 2004, 126, 2668.

[16] B. C. Hamann, K. D. Shimizu, J. Rebek Jr. , Angew. Chem. 1996,
108, 1425; Angew. Chem. Int. Ed. Engl. 1996, 35, 1326; O. Mogck, V.
Bçhmer, W. Vogt, Tetrahedron 1996, 52, 8489; J. J. GonzYlez, R. Fer-
dani, E. Albertini, J. M. Blasco, A. Arduini, A. Pochini, P. Prados,
J. D. Mendoza, Chem. Eur. J. 2000, 6, 73; E. Huerta, G. A. Metse-
laar, A. Fragoso, E. Santos, C. Bo, J. de Mendoza, Angew. Chem.
2007, 119, 206; Angew. Chem. Int. Ed. 2007, 46, 202; M. A. Zigan-
shin, L. S. Yakimova, K. R. Khayarov, V. V. Gorbatchuk, M. O. Vy-
sotsky, V. Boehmer, Chem. Commun. 2006, 3897.

[17] R. Meissner, J. Rebek Jr. , J. de Mendoza, Science 1995, 270, 1485.
[18] F. Hof, C. Nuckolls, S. L. Craig, T. Martin, J. Rebek Jr. , J. Am.

Chem. Soc. 2000, 122, 10991; D. W. Johnson, F. Hof, P. M. Iovine, C.
Nuckolls, J. Rebek, Jr., Angew. Chem. 2002, 114, 3947; Angew.
Chem. Int. Ed. 2002, 41, 3793.

[19] D. L. Caulder, R. E. Powers, T. N. Parac, K. N. Raymond, Angew.
Chem. 1998, 110, 1940; Angew. Chem. Int. Ed. 1998, 37, 1840.

[20] T. Kusukawa, M. Fujita, Angew. Chem. 1998, 110, 3327; Angew.
Chem. Int. Ed. 1998, 37, 3142.

[21] L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469.
[22] J. M. C. A. Kerckhoffs, F. W. B. van Leeuwen, A. L. Spek, H. Kooij-

man, M. Crego-Calama, D. N. Reinhoudt, Angew. Chem. 2003, 115,
5895; Angew. Chem. Int. Ed. 2003, 42, 5717.

[23] For reviews, see: B. Gong, Chem. Eur. J. 2001, 7, 4336; I. Huc, Eur.
J. Org. Chem. 2004, 17; Z.-T. Li, J.-L. Hou, C. Li, H.-P. Yi, Chem.
Asian J. 2006, 1, 766; L. Cuccia, I. Huc in Foldamers: Structure,
Properties and Applications (Eds.: S. Hecht, I. Huc), Wiley-VCH,
Weinheim, 2007, Chap. 1.

[24] B. Gong, H. Zeng, J. Zhu, L. Yuan, Y. Han, S. Cheng, M. Furukawa,
R. D. Parra, A. Y. Kovalevsky, J. L. Mills, E. Skrzypczak-Jankun, S.
Martinovic, R. D. Smith, C. Zheng, T. Szyperski, X. C. Zeng, Proc.
Natl. Acad. Sci. USA 2002, 99, 11583.

[25] H. Jiang, J.-M. L<ger, I. Huc, J. Am. Chem. Soc. 2003, 125, 3448; H.
Jiang, J.-M. L<ger, C. Dolain, P. Guionneau, I. Huc, Tetrahedron
2003, 59, 8365.

[26] V. Berl, I. Huc, R. G Khoury, J.-M. Lehn, Chem. Eur. J. 2001, 7,
2796.

[27] No sufficiently dry sample could be obtained: the solvent was dis-
tilled but the capsules carry their own water molecules, and azeo-
tropic distillation with refluxing toluene did not allow all water to
be removed.

[28] C. Dolain, C. Zhan, J.-M. L<ger, L. Daniels, I. Huc, J. Am. Chem.
Soc. 2005, 127, 2400; C. Zhan, J.-M. L<ger, I. Huc, Angew. Chem.
2006, 118, 4741; Angew. Chem. Int. Ed. 2006, 45, 4625.

[29] F. Mohamadi, N. G. J. Richards, W.-C. Guida, R. Liskamp, M.
Lipton, C. Cau?eld, G. Chang, T. Hendrickson, W. C. Still, J.
Comput. Chem. 1990, 11, 440.

[30] R. A. Laskowski, J. Mol. Graphics 2005, 13, 323.

Received: April 26, 2007
Published online: July 30, 2007

www.chemeurj.org F 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 8454 – 84628462

I. Huc et al.

http://dx.doi.org/10.1021/ja047436p
http://dx.doi.org/10.1021/ja039371g
http://dx.doi.org/10.1021/ja039371g
http://dx.doi.org/10.1039/b508773b
http://dx.doi.org/10.1021/ja054134u
http://dx.doi.org/10.1021/ol070492l
http://dx.doi.org/10.1021/ol070492l
http://dx.doi.org/10.1002/ange.200604176
http://dx.doi.org/10.1002/ange.200604176
http://dx.doi.org/10.1002/anie.200604176
http://dx.doi.org/10.1021/ja993830p
http://dx.doi.org/10.1021/ja993830p
http://dx.doi.org/10.1021/ja003678n
http://dx.doi.org/10.1021/ja003678n
http://dx.doi.org/10.1002/1521-3757(20020118)114:2%3C335::AID-ANGE335%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3757(20020118)114:2%3C335::AID-ANGE335%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20020118)41:2%3C325::AID-ANIE325%3E3.0.CO;2-1
http://dx.doi.org/10.1021/ja025698q
http://dx.doi.org/10.1021/ja025698q
http://dx.doi.org/10.1021/ol036238k
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2810::AID-CHEM2810%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2810::AID-CHEM2810%3E3.0.CO;2-5
http://dx.doi.org/10.1039/b111612f
http://dx.doi.org/10.1039/b111612f
http://dx.doi.org/10.1023/B:RUCB.0000046256.78082.8d
http://dx.doi.org/10.1002/ange.200462898
http://dx.doi.org/10.1002/anie.200462898
http://dx.doi.org/10.1002/ange.200500982
http://dx.doi.org/10.1002/anie.200500982
http://dx.doi.org/10.1002/anie.200500982
http://dx.doi.org/10.1016/j.tet.2005.06.042
http://dx.doi.org/10.1016/j.tet.2005.06.042
http://dx.doi.org/10.1021/jo049420n
http://dx.doi.org/10.1038/367441a0
http://dx.doi.org/10.1021/ja062001i
http://dx.doi.org/10.1021/jo0619940
http://dx.doi.org/10.1073/pnas.95.22.12950
http://dx.doi.org/10.1002/(SICI)1097-0282(1999)51:2%3C129::AID-BIP3%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3765(20000602)6:11%3C1938::AID-CHEM1938%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3765(20000602)6:11%3C1938::AID-CHEM1938%3E3.0.CO;2-Y
http://dx.doi.org/10.1021/ja0547984
http://dx.doi.org/10.1021/ja0547984
http://dx.doi.org/10.1021/cr0103672
http://dx.doi.org/10.1021/cr960053s
http://dx.doi.org/10.1002/ejoc.200400641
http://dx.doi.org/10.1021/ar980082k
http://dx.doi.org/10.1021/ar980082k
http://dx.doi.org/10.1039/b008684n
http://dx.doi.org/10.1021/ar010142d
http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G
http://dx.doi.org/10.1021/ar040152p
http://dx.doi.org/10.1002/ange.200462839
http://dx.doi.org/10.1002/ange.200462839
http://dx.doi.org/10.1002/anie.200462839
http://dx.doi.org/10.1002/ange.200300606
http://dx.doi.org/10.1002/anie.200300606
http://dx.doi.org/10.1002/anie.200300606
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1080::AID-ANGE1080%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1080::AID-ANGE1080%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1018::AID-ANIE1018%3E3.0.CO;2-G
http://dx.doi.org/10.1002/ange.19911030848
http://dx.doi.org/10.1002/ange.19911030848
http://dx.doi.org/10.1002/anie.199110241
http://dx.doi.org/10.1002/ange.19971091234
http://dx.doi.org/10.1002/anie.199713471
http://dx.doi.org/10.1002/anie.199713471
http://dx.doi.org/10.1002/ejoc.200400533
http://dx.doi.org/10.1021/ja00294a076
http://dx.doi.org/10.1002/ange.19931050835
http://dx.doi.org/10.1002/anie.199311691
http://dx.doi.org/10.1002/anie.199311691
http://dx.doi.org/10.1002/ange.19941061211
http://dx.doi.org/10.1002/anie.199412921
http://dx.doi.org/10.1021/ja0670916
http://dx.doi.org/10.1021/ja982970g
http://dx.doi.org/10.1021/ja982970g
http://dx.doi.org/10.1021/ja038537a
http://dx.doi.org/10.1002/ange.19961081214
http://dx.doi.org/10.1002/ange.19961081214
http://dx.doi.org/10.1002/anie.199613261
http://dx.doi.org/10.1016/0040-4020(96)00404-8
http://dx.doi.org/10.1002/ange.200603223
http://dx.doi.org/10.1002/ange.200603223
http://dx.doi.org/10.1002/anie.200603223
http://dx.doi.org/10.1039/b607568a
http://dx.doi.org/10.1126/science.270.5241.1485
http://dx.doi.org/10.1021/ja002340q
http://dx.doi.org/10.1021/ja002340q
http://dx.doi.org/10.1002/1521-3757(20021018)114:20%3C3947::AID-ANGE3947%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20021018)41:20%3C3793::AID-ANIE3793%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3773(20021018)41:20%3C3793::AID-ANIE3793%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1521-3757(19980703)110:13/14%3C1940::AID-ANGE1940%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3757(19980703)110:13/14%3C1940::AID-ANGE1940%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19980803)37:13/14%3C1840::AID-ANIE1840%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3757(19981116)110:22%3C3327::AID-ANGE3327%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3773(19981204)37:22%3C3142::AID-ANIE3142%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19981204)37:22%3C3142::AID-ANIE3142%3E3.0.CO;2-9
http://dx.doi.org/10.1002/ange.200352733
http://dx.doi.org/10.1002/ange.200352733
http://dx.doi.org/10.1002/anie.200352733
http://dx.doi.org/10.1002/1521-3765(20011015)7:20%3C4336::AID-CHEM4336%3E3.0.CO;2-1
http://dx.doi.org/10.1002/asia.200600186
http://dx.doi.org/10.1002/asia.200600186
http://dx.doi.org/10.1073/pnas.162277099
http://dx.doi.org/10.1073/pnas.162277099
http://dx.doi.org/10.1021/ja029887k
http://dx.doi.org/10.1016/j.tet.2003.08.058
http://dx.doi.org/10.1016/j.tet.2003.08.058
http://dx.doi.org/10.1021/ja0424631
http://dx.doi.org/10.1021/ja0424631
http://dx.doi.org/10.1002/ange.200600785
http://dx.doi.org/10.1002/ange.200600785
http://dx.doi.org/10.1002/anie.200600785
www.chemeurj.org

