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et des Techniques, 2 rue de la Houssinier̀e, BP 92208, 44322 Nantes Cedex 3, France
‡Universite ́ Bordeaux, Institut Europeén de Chimie Biologie, UMS 3033/US 001, F-33600 Pessac, France
#CNRS, Institut Europeén de Chimie Biologie, UMS 3033, F-33600 Pessac, France
∥INSERM, Institut Europeén de Chimie Biologie, US 001, F-33600 Pessac, France

*S Supporting Information

ABSTRACT: Helically folded molecular capsules based on
oligoamide sequences of aromatic amino acids which are
capable of binding tartaric acid in organic solvents with high
affinity and diastereoselectivity have been synthesized, and
their structures and binding properties investigated by 1H
NMR, X-ray crystallography, circular dichroism, and molecular
modeling. We found that elongating the helices at their
extremities by adding monomers remote from the tartaric
binding site results in a strong increase of the overall helix
stability, but it does not influence the host−guest complex
stability. The effect of this elongation on the binding and release rates of the guest molecules follows an unexpected non-
monotonous trend. Three independent observations (direct monitoring of exchange over time, 2D-EXSY NMR, and molecular
modeling) concur and show that guest exchange rates tend to first increase upon increasing helix length and then decrease when
helix length is increased further. This investigation thus reveals the complex effects of adding monomers in a helically folded
sequence on a binding event that occurs at a remote site and sheds light on possible binding and release mechanisms.

■ INTRODUCTION
Helically folded capsules based on aromatic oligoamides define
an original class of molecular containers that can completely
surround their guest and isolate it from the external medium.1

Recent results by our group have shown that such receptors
allow targeting of small chiral and polar guests with high
affinity, selectivity, and diastereoselectivity.2 The absence of any
passage in the folded capsule wall implies that guest binding
and release occur via a partial unfolding of the helix (Figure 1).

This process is relatively slow due to the high stability of the
helical conformations. For example, right-handed (P) and left-
handed (M) helices of oligoamides of 8-amino-2-quinoline-
carboxylic acid have been shown to interconvert, and thus to
transit through partially unfolded states, with half-lives that
range from minutes to hours, days, and even months when their
length increases.3 Such partially unfolded states would allow a
guest to enter (or escape from) a cavity. In this respect, helical
capsules differ from most helically folded receptors with an
open cavity in which a guest may rapidly enter.4 As an
exception, it has been shown that guests with a dumbbell shape
also require helix unfolding to bind to a helical receptor with an
open cavity; a sliding mechanism of guest binding and release is
proscribed, and slow kinetics result from the barrier to unfold
the receptor.5 Analogies can also be drawn between helical
capsules and other types of molecular capsules such as
hydrogen-bonded host complexes (for example “soft-
balls”),6−8 (hemi)carcerands,9−11 cryptophanes,12 and other
self-assembled organometallic cages.13−15 In these systems,
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Figure 1. Encapsulation of a guest by partial unfolding of a helix
possessing a reduced diameter at both ends.

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 11282 dx.doi.org/10.1021/ja304322c | J. Am. Chem. Soc. 2012, 134, 11282−11288

pubs.acs.org/JACS


guest exchange to and from the host is also governed by
dynamic conformational or structural changes. Examples
include “gating” and “slippage” mechanisms, or the complete
dissociation of the receptor.16

Aromatic oligoamide helical capsules resemble nature’s
receptor architectures in that they consist of self-organized
(folded) sequences of various monomers.17 This design offers
considerable modularity since monomers can easily be replaced
by others and sequences can be elongated without having to
entirely revise the synthetic plan. In aromatic oligoamides, each
monomer locally sets helix curvature and the functional groups
that converge toward the helix cavity, which in turn determine
the cavity size and molecular recognition properties,
respectively. The slow kinetics of guest binding and release
mentioned above hint at the possibility to develop fully
controlled systems in which guest release may be triggered on
demand. Intrigued by this perspective, we set out to explore the
extent to which modifications of the sequence may alter guest
binding and release rates. Our initial hypothesis was that
additional monomers introduced at the end of the sequence, at
locations remote from the receptor site, would not change the
thermodynamics of binding. Yet, they would contribute to the
overall helix stability via cooperative effects3 and thus slow
down guest binding and release kinetics. In the following, we
present some evidence for a more complex trend. As predicted,
monomers at remote locations do not influence the
thermodynamics of guest binding. However, their effect on
the kinetics is subtle: adding a few monomers at the end of a
capsule sequence indeed results in slower kinetics but
elongating the sequence further gives rise to fast kinetics
again. These results shed light on the factors that govern the
dynamic behavior of helical aromatic amide oligomers in
solution and how a gate may open in a capsule wall for a guest
to enter or leave the cavity. Thus, a very long helix may have an
overall very stable structure and yet be subject to stronger
conformation dynamics than a small helix, resulting in more
frequent guest capture and release.

■ RESULTS AND DISCUSSION
Design and Synthesis. The first purpose of this study was

to investigate the effect of elongating a helical-capsule sequence
on its guest binding properties. Sequence 1 (Chart 1) has been

shown to be an efficient design of a helically folded capsule
based on aromatic amino acids coding for a large helix cavity in
the center of the sequence and a narrow helix diameter at the
ends. It can bind tartaric acid18 with high affinity and high
diastereoselectivity (de > 99%) in organic solvents. As in other
aromatic oligoamide foldamers, folding is driven by well-
established local conformational preferences which set the
preferred relative orientation of each amide group and adjacent
aromatic units.19 The binding site of the receptor is composed

of three types of monomers, namely pyridine (P), naphthyr-
idine (N), and the long pyridine−pyridazine−pyridine segment
(pyr-pyz-pyr), all contributing to bring about specific structural
and functional features. The quinoline (Q) trimers at each
extremity of the strand are known to code for a strong
curvature forming two caps closing the helix cavity.20 Based on
previous results,3 we anticipated that the elongation of these
quinoline segments would cause a dramatic increase of the
overall stability of the helix. Hence, we designed two new
sequences which include either a quinoline pentamer (2) or a
quinoline heptamer (3) at each end of the sequence. As
described earlier, a hexameric hemicapsule O2N-Q3PN2-Boc
was convergently synthesized via the coupling of a O2N-Q3-Cl
acid chloride with the amino group of H2N-PN2-Boc (see the
Supporting Information (SI)). Two successive cycles of nitro
group reduction, followed by coupling with a O2N-Q2-Cl acid
chloride, provided octamer O2N-Q5PN2-Boc and decamer
O2N-Q7PN2-Boc in 94% and 95% yield, respectively. After
quantitative Boc cleavage in the presence of trifluoroacetic acid
(TFA), the three oligomers (O2N-QnPN2-NH2, with n = 3, 5,
7) were coupled to the 6,6′-diacid pyr-pyz-pyr segment21 using
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP) as coupling agent to give capsules 1
(91%), 2 (90%), and 3 (65%), as racemic mixtures of P and M
enantiomers. Similarly, (1S)-(−)-camphanyl chloride was
coupled to the hemicapsule H2N-Q3PN2-Boc to give
camphanyl-Q3PN2-Boc which, after Boc deprotection, was
reacted with the diacid of pyr-pyz-pyr to give the chiral capsule
4 in good yield (73%). As shown previously, single camphanyl
terminal groups result in quantitative helix handedness
induction as far as NMR can detect.22 Compound 4, which
possesses two camphanyl groups, was thus expected to fold
exclusively as a P-helix.

Structural and Thermodynamic Study of Tartaric Acid
Encapsulation. Single crystals of capsules 1−3 (free of any
guest) were obtained from the slow evaporation of chloroform
from a mixture of chloroform/DMSO (9/1), and their
structures in the solid state were resolved in centrosymmetric
lattices containing both P and M conformers (Figure 2A−C).
The structures confirm the predicted canonical folding of the
17-unit-long (2) and 21-unit-long (3) capsules into well-
defined helices as well as the conservation of the cavity shape at
the center of the sequence (see SI): elongating the terminal
quinoline segments does not much influence the conformation
imparted by the central PN2-pyr-pyz-pyr-N2P sequence. For
example, the distances between the N1 nitrogen atoms of the
two most central naphthyridine rings, which span the whole
capsule cavity, are 8.72, 8.19, and 8.21 Å for 1, 2, and 3,
respectively.
To compare with the properties of 1,2 the ability of capsules

2 and 3 to bind D/L-tartaric acid was assessed in CDCl3 using
1% DMSO-d6 to dissolve the guest in the stock solution. For all
capsules, guest binding and release was found to be slow on the
NMR time scale at 298 K. In this solvent, the binding constants
for receptors 1−3 were too high to be measured accurately
through the integral ratios of the free and bound receptor
signals. Quantitative binding of the guest to the host is
observed after each addition until saturation is reached. Thus,
the association constant (Ka) can be estimated to be higher
than 106 L·mol−1 under these conditions. As observed for 1⊃D/
L-tartaric acid, a single set of well-resolved NMR signals was
observed for the encapsulation of D/L-tartaric acid in 2 and 3 at
equilibrium, indicating a completely diastereoselective inter-

Chart 1. Formulas of Capsules 1, 2, 3, and 4 Together with
the Abbreviations Used for Their Subunits
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action (Figure 3). Each enantiomer of the guest was
encapsulated by a helix having a unique handedness (see
below). Remarkably, the 1H NMR spectra of the host−guest
complexes feature an overall upfield shift of all signals, including
those of the bound guest, upon increasing the length of each
quinoline segment at the extremities of the capsule. For
instance, the sharp signal which resonates at 14.1 ppm in the
spectrum of 1⊃D/L-tartaric acid was previously assigned to the
hydrogen-bonded tartaric acid protons. This signal is found at
13.85 ppm in the spectrum of 2⊃D/L-tartaric acid and at 13.65
ppm in that of 3⊃D/L-tartaric acid. This phenomenon has also
been observed in Qn sequences.

3 Presumably, it results from an
addition of ring current effects as the stack of quinoline rings
becomes thicker. The effect is long-range since signals of the
guest are upfield shifted even though the guest lies about 1 nm
away from the most peripheral quinoline rings in 3.
Titrations of 1−3 with D/L-tartaric acid were carried out in a

more polar solvent mixture (CDCl3:d6-DMSO 80:20 vol/vol)
to decrease the binding constants down to values at which they
can be accurately measured (Figure 4). In this medium, Ka
values were found to be around 950 L·mol−1 for 1−3, showing
that the additional quinoline units in 2 and 3 have essentially
no effect on the thermodynamics of tartaric acid binding,
despite the long-range ring current effects mentioned above.
Diastereoselectivity of tartaric acid encapsulation by these

helical receptors was assessed both in the solid state and in
solution. Previously, single crystals of 1⊃D/L-tartaric acid

showed that D-tartaric acid was encapsulated in the P-
enantiomer of 1 and, conversely, L-tartaric acid in the M-
enantiomer.2 This result was found to be consistent with the
diastereoselectivity observed in solution by 1H NMR. In order
to get an accurate estimate of chiral discrimination, we
introduced chiral capsule 4. Single crystals of 4 were grown
by slow diffusion of hexane into a chloroform solution, and its
structure was elucidated in the P212121 chiral space group
(Figure 2D). In the solid state, 4 is exclusively right-handed, as
expected from the handedness induction by (1S)-(−)-cam-
phanyl groups.22 This is confirmed in solution by the presence
of a single set of 1H NMR signals and by intense circular
dichroism (CD) bands (Figure 5D,E). We could not obtain
single crystals of 4 encapsulating either D or L-tartaric acid that
were suitable for crystallographic analysis. Nevertheless, these
host−guest interactions could be assessed in solution. A 1H

Figure 2. CPK representations of the solid-state structures of (A) the
M-helix of 1 (Q3PN2-pyr-pyz-pyr-N2PQ3), (B) the M-helix of 2
(Q5PN2-pyr-pyz-pyr-N2PQ5), (C) the M-helix of 3 (Q7PN2-pyr-pyz-
pyr-N2PQ7), and (D) the P-helix of 4 (camphanyl-Q3PN2-pyr-pyz-
pyr-N2PQ3-camphanyl) with S-(−)-camphanyl moieties highlighted in
gold at each end of the structure. Units are color-coded as in Chart 1.
Isobutoxy groups and solvent molecules are not shown. The first three
structures crystallized in centrosymmetric space groups and contained
a racemic mixture of P- and M-helices, whereas the fourth crystallized
in a chiral space group and contained only P-helices.

Figure 3. Part of the 700 MHz 1H NMR spectra of (A) 13mer 1, (B)
17mer 2, and (C) 21mer 3 at 2 mM in CDCl3:d6-DMSO 99:1 vol/vol
at 298 K in the presence of 1 equiv of D/L-tartaric acid. The sharp
signal around 14 ppm is that of the hydrogen-bonded acid protons of
the guest and is marked with a black circle. The star indicates an
aromatic proton resonance. The resonances of the host and of the
guest protons shift to higher fields when the sequence is elongated.

Figure 4. Part of the 700 MHz 1H NMR spectra of (A) 13mer 1, (B)
17mer 2, and (C) 21mer 3 at 1.8 mM in CDCl3:d6-DMSO 80:20 vol/
vol) at 318 K in the presence of 1 equiv of D/L-tartaric acid. Signals of
the empty host and of the host−guest complex are marked with empty
red and blue-in-red circles, respectively.
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NMR (700 MHz) titration of 4 with D-tartaric acid, which is
expected to bind preferentially to the P-helix, was carried out in
CDCl3 with 1% DMSO-d6 (Figure 5B). A single encapsulation
complex formed quantitatively whose spectrum was very similar
to those observed for capsules 1−3, and whose CD trace
matched that of empty 4 (Figure 5E). Accordingly, this new
complex was assigned to P-4⊃D-tartaric acid. In contrast,
titration with L-tartaric acid also gave rise to a new set of NMR
signals corresponding to a host−guest complex but with a
different pattern from the previous ones. The most notable
difference was the broadening and upfield shift of the sharp
signal at 14.1 ppm (characteristic of the hydrogen-bonded acid
of the guest in P-4⊃D-tartaric acid) to a broad signal at 10.5
ppm, suggesting a weaker hydrogen bonding between the host
and L-tartaric acid. The CD spectrum of this complex also
matches that of 4 (Figure 5E) allowing assignment of this
complex to P-4⊃L-tartaric acid. This result contrasts with
titrations of racemic helices 1−3 for which P-helix⊃L-tartaric
acid is absent (or transient, see below) since L-tartaric acid
quantitatively induces M handedness.2 Apparently, the
camphanyl groups prevail over tartaric acid in controlling the
P handedness of 4. Interestingly, an additional minor set of

signals is observed during the titration of 4 with L-tartaric acid
(white squares in Figure 5C) which features a sharp singlet at
14.1 ppm. This species likely corresponds to a small amount of
M-4⊃L-tartaric acid in which the handedness of the helix has
been inverted by tartaric acid despite the camphanyl groups,
resulting in more favorable host−guest interactions.
In order to determine the respective stability of the two

diastereoisomeric complexes, P-4⊃D-tartaric acid and P-4⊃L-
tartaric acid, a more competitive solvent was used again (10%
DMSO-d6 in CDCl3) to decrease the binding constants to a
level at which 1H NMR titrations are accurate. In this mixture,
Ka values for D and L-tartaric acid were found to be 9000 and
800 L·mol−1, respectively. In the following, we call P-helix⊃D-
tartaric acid and its enantiomer M-helix⊃L-tartaric acid
matching complexes, and the diastereomeric pair P-helix⊃L-
tartaric acid and M-helix⊃D-tartaric mismatching complexes
(Figure 5A). The matching complex of 4 is 1 order of
magnitude more stable than its mismatching complex. This
ratio is smaller than observed with 1−3, suggesting that
camphanyl groups have some influence on binding, though this
is not obvious in the crystal structure of 4. Of importance for
the experiments described below, we note that the stability of
the mismatching complexes may be substantial, even if it
remains smaller than that of the matching complexes.
The conformational stability of the helices 1−3 was studied

through measurements of their handedness inversion rate
(kinv).

3 Upon titrating 1−3, which exist at equilibrium as a
racemic mixture of P- and M-helices, with L-tartaric acid, we
observed in each case the appearance of two new sets of peaks
(Figure 6C) resembling the signals observed in solutions of 4
encapsulating D- or L-tartaric acid, respectively. In particular,
one set of signals possesses a sharp singlet at low field and the
other does not. Accordingly, the two sets of peaks were
assigned to the matching (M-helix⊃L-tartaric acid) and
mismatching (P-helix⊃L-tartaric acid) complexes (Figure 6A).
Upon standing, signals of the mismatching complexes
progressively decreased in intensity to finally disappear (Figure
6C−F) and intense CD signals emerge.2 This phenomenon
corresponds to the slow conversion of P-helices into M-helices
driven by the higher stability of the matching complex. Helix
handedness inversion proceeds through rotations about aryl-
amide bonds, and the disruption of local conformation
preferences and of interactions associated with aromatic
stacking.3 It thus entails partially unfolded intermediates, and
its rate reflects the intrinsic conformational stability of a helix.
Full handedness inversion proceeded within 3 h in the case of
oligomer 2 (Figure 6, half-life ∼23 min), whereas in the case of
oligomer 1, which is four quinoline units shorter, the inversion
proceeded faster (90 min, half-life ∼19 min). The amplitude of
this effect is spectacular for the longest capsule 3, with a half-life
of 71 h, for which 2 weeks were needed to invert its handedness
(see SI). These results therefore validate our initial hypothesis
that elongating the sequences results in more stable helices.

Direct Observation of Guest Exchange over Time.
Unlike in the experiments described above, when the P/M
racemic mixture of helices of 1−3 is titrated with D/L-racemic
tartaric acid, a racemic pair of matching complexes is expected
to form quantitatively without requiring any helix handedness
inversion. Nevertheless, during these titrations as well, another
species assigned to mismatching complexes was observed and
decayed rapidly (Figure 7). The transient appearance of
mismatching complexes is unexpected and highly significant.
It suggests that a given tartaric acid molecule does not

Figure 5. (A) Schematic representation of the encapsulation of D- or L-
tartaric acid within a chiral helical capsule 4 whose handedness (P-
enantiomer) is determined by two camphanyl moieties at each
extremity (golden balls). (B−D) Part of the 300 MHz 1H NMR
spectra of 4 (2 mM in CDCl3:d6-DMSO 99:1 vol/vol) at 298 K in the
presence of 1.1 equiv of D-tartaric acid (B), in the presence of 1.1
equiv of L-tartaric acid (C), and in the absence of guest (D). Signals of
the empty host are marked with empty black circles. Signals of P-
helix⊃D-tartaric acid are marked with blue circles and those of P-
helix⊃L-tartaric acid are marked with red-in-blue circles. Empty
squares denote a small amount of a matching complex. Triangles show
signals of the hydrogen-bonded acid protons of the guest. (E) CD
spectra of 4 (black), 4⊃D-tartaric acid (blue), and 4⊃L-tartaric acid
(red) in CHCl3/d6-DMSO 99:1 vol/vol at 298 K.
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discriminate the P or M handedness of a helix from the outside
and may enter either one at comparable rates to form matching

or mismatching complexes. Most likely, the two types of
complexes differ by their guest release rates: because of their
higher stability, the matching complexes dissociate at a slower
rate than the mismatching complexes. In the titration shown in
Figure 7, the D- and L-tartaric acid molecules initially distribute
themselves randomly in the P- and M-helices. Equilibrium is
reached as mismatching complexes dissociate and more
matching complexes form (Figure 8).
The monitoring of this process as a function of time thus

gives an estimate of the rates of guest exchange between
capsules; more specifically, it reflects the rate of mismatching
complex dissociation. This experiment was carried out with 1−
3, and we found that 5 min after the addition of D/L-tartaric
acid, the percentage of remaining mismatching complex in
solution is only 7% for 1, 28% for 2, and 12% for 3. In the case
of 1, equilibrium is reached in about 15 min, after which time
the signals of the mismatching complexes have disappeared (as
far as NMR can detect). In the case of 2 (Figure 7), the process
is slower, consistent with our initial hypothesis that elongating
the sequences at positions remote from the binding site should
stabilize the helix conformation and thus slow down guest
exchange. However, in the case of the longest sequence 3, this
process becomes rapid again. This nonmonotonous trend
clearly indicates that more than one factor is at play in
determining guest binding and release rates. Helix stability
alone as defined above (rate of helix handedness inversion)
does not allow to make a prediction. Intrigued by these results,
we set to explore guest exchange in more details and carried out
the 1H NMR and molecular modeling experiments described
below.

Kinetics of the Encapsulation Process. The rates of
encapsulation and dissociation were determined using EXSY
NMR spectroscopy23 for 1−3. These experiments were carried
out in presence of a large amount of DMSO (20%) so as to
decrease binding and obtain an even ratio of full and empty
capsules. In all cases, amide signals of the receptor
encapsulating tartaric acid gave strong exchange cross-peaks
with the corresponding amide of the empty capsule at 318 K.
The magnetization constants for the encapsulation (kin*) and
release (kout*) of tartaric acid for receptors 1−3 were obtained
through the integration of cross and diagonal peaks (Figure 9).
The encapsulation (kin) and release (kout) rates were then
calculated as kin = kin*/[capsule] and kout = kout*. The results
summarized in Table 1 show significant differences between the
different capsules and confirm the above observations: the rates
of guest exchange, as a function of the length of the sequence,
do not follow a monotonous trend. The rates of dissociation
(kout) of capsule 1 (0.110 s

−1) is twice as large as that of capsule
2 (0.055 s−1), whereas the largest receptor 3 presents an
intermediate kinetic stability (0.08 s−1). Thus, guests escape
faster from the longer sequence despite its larger overall
conformational stability. The rates of complex formation (kin)
follow the same trend, and the binding constants (kin/kout) are
found to be equal within experimental error for all foldamers.
Thus, additional quinoline monomers are indeed found to have
a significant remote effect on the guest binding and release
rates, but this effect operates in a nontrivial manner: although
longer sequences are overall more stable, this may not prevent
the opening of windows near the binding site through which
guests may enter or exit.

Molecular Dynamics. We gathered insights into the
mechanistic details of the encapsulation process using
molecular dynamics. Starting from a host−guest complex, as

Figure 6. (A) Schematic representation of the encapsulation of a chiral
guest (L-tartaric acid denoted in red) within a racemic helical capsule
(P and M enantiomers are denoted in blue and red, respectively). (B−
F) Part of the 300 MHz 1H NMR spectra of 2 (2 mM in CDCl3/d6-
DMSO 99:1 vol/vol) at 298 K before the addition of guest (B) and 4
min (C), 12 min (D), 58 min (E), and 184 min (F) after the addition
of 1.1 equiv of L-tartaric acid. Signals of matching and mismatching
diastereoisomeric complexes (M-helix⊃L-tartaric acid and P-helix⊃L-
tartaric acid, respectively) are marked with red circles and red-in-blue
circles, respectively. Empty black circles correspond to the empty
capsule.

Figure 7. Excerpts of 1H NMR spectra showing the discrimination as a
function of time of the P- and M-helices of 2 by the two enantiomers
of tartaric acid. Spectra were recorded at 273 K immediately after
adding 1.1 equiv of D/L-tartaric acid to a solution of capsule 2 (2 mM,
CDCl3/d6-DMSO 97.8:2.2 vol/vol). The selected window presents the
amide resonances before the addition of guest (A) and 110 s (B), 300
s (C), 790 s (D), and 1000 s (E) after adding the guest. Amide signals
of the empty capsule are marked with empty circles. Signals of
matching complexes are marked with black circles whereas those of
mismatching complexes are marked with crosses. An aromatic
resonance is marked with a star.
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observed in the X-ray structure of P-1⊃D-tartaric acid, 5 ns runs
of molecular dynamics using a GB/SA continuum solvation
model (see SI) were performed with increasing in silico
temperatures until the guest was ejected during the course of

the simulation. Quite remarkably, the trend was the same as
experimentally observed. While tartaric acid was expelled from
the binding site of 3 within 5 ns at temperatures of 900 K, or
higher, it took higher temperatures (>1200 K) to trigger guest
release in 2. On the contrary, guest release was the fastest in the
shortest sequences 1. A careful examination of the con-
formations that lead to tartaric acid release recurrently shows
that one terminal helical quinoline segment tilts away as a rigid
block and opens a window in the capsule wall at the binding
site, the neighbor pyridine unit playing the role of a hinge
(Figure 10). This allows us to hypothesize on why guest
binding and release could be faster in the longest and overall
more stable helices: elongating the quinoline segments does
lead to a local increase of the helix stability but does not
prevent these segments from tilting away around the hinge. On
the contrary, a larger compact terminal segment may be more
exposed to local fluctuations associated with thermal energy,
resulting in more frequent opening of the capsule cavity.

■ CONCLUSION

In summary, the parallel investigation of three helical capsule
sequences having identical binding sites but rigid segments of

Figure 8. Schematic representation of the encapsulation of a racemic mixture of a guest molecule (D- and L-tartaric acid are in blue and red,
respectively) within a racemic helical capsule (P andM handedness are denoted in blue and red, respectively). Encapsulation of the guest proceeds to
give both the matching (blue-in-blue or red-in-red) and the mismatching (blue-in-red or red-in-blue) complexes. After equilibration only the
matching complexes are observed which confirms a full diastereoselectivity.

Figure 9. Downfield aromatic amide region of 2D-EXSY 700 MHz
NMR spectrum of 2⊃D/L-tartaric acid ([2] = 1.8 mM, [tartaric acid] =
1.8 mM in CDCl3/d6-DMSO 80/20 vol/vol, 318 K, τm = 300 ms).
Signals of the empty host are marked with empty circles, whereas
signals of 2⊃tartaric acid are marked with black circles. Stars indicates
the presence of a minor (<1%) diastereoisomeric complex.

Table 1. Rate Constants for the Encapsulation (kin, s
−1 M−1)

and Release (kout, s
−1) and Half-Life (t1/2, s) of D/L-Tartaric

Acid for Receptors 1−3 at 318 K (CDCl3/d6-DMSO 80/20)a

capsule kin
b kout

b Ka ΔG⧧
in
c ΔG⧧

out
d ΔG0e t1/2

f

1 105 0.110 954 15.72 20.05 4.34 3.1
2 50 0.055 909 16.19 20.49 4.30 12.5
3 73 0.080 913 15.95 20.25 4.31 8.7

aFree activation enthalpy of dissociation ΔG⧧
out (kcal mol

−1) and
association ΔG⧧

in (kcal mol
−1) and free activation energy ΔG0 (kcal

mol−1) were determined using the Eyring equation. bDetermined by
EXSY 2D NMR. cΔG⧧

in = −RT ln(hkin/kBT).
dΔG⧧

out = −RT
ln(hkout/kBT).

eΔG0 = −RT ln K. ft1/2 = ln 2/kout.

Figure 10. (A) Snapshot picture of capsule P-2⊃D-tartaric acid
extracted from molecular dynamics simulation (GB/SA continuum
solvation model) before heating. (B) Snapshot picture from the
molecular dynamics of capsule 2⊃tartaric at 1200 K after 2.3 ns. Units
are color-coded as in Chart 1 except for the pyridine, which acts as a
hinge and is highlighted in gold. Isobutoxy groups and solvent
molecules are not shown.
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variable lengths at positions remote from the binding site
provided new insights into the parameters that determine guest
binding and release rates. We showed that diastereoselectivity
in these complexes occurs during the release of the guest (some
complexes are more stable than others) and not during the
binding (tartaric acid does not discriminate the capsule
handedness from the outside). Quite remarkably, we showed
that increasing the overall helix stability does not necessarily
result in slower guest binding and release. On the contrary, the
presence of long stable and rigid segments may result in more
frequent opening of the capsule around a monomer that plays
the role of a hinge. These results thus help improve the design
principles of synthetic helical molecular capsules. Slowing down
guest binding and release rates would require stabilization of
the helix locally around the monomers that most likely act as
hinges.
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