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The synthesis of chiral supramolecular host molecules exhi-
biting enantioselectivity is one main goal in today’s supra-

molecular chemistry. Different structures of chiral hosts have
emerged over the last twenty years, which can be categorized into
two main classes.1�8 The first class concerns the self-organized
host compounds, made of at least two different molecules, which
are capable of self-assembly in solution to provide a hollow rigid
structure. These compounds have attracted much attention due
to the possibility to design large cavities for the encapsulation of
chiral molecules. For instance, Rebek and co-workers have
reported the synthesis of chiral softballs exhibiting a good
enantioselectivity toward a large range of compounds.1 Chiral
self-assembled capsules built from calixarene-based dimers2 or
tetrameric assemblies3 have also been investigated. Finally, chiral
supramolecular assemblies using metal�ligand interactions have
been shown to carry out enantioselective reactions in solution.4

The second class of chiral supramolecular host molecules
involves chiral covalent capsules such as carcerand and cryptophane
derivatives.5 The elaboration of suchmaterials is more complicated
since their synthesis usually requires multistep procedures. Despite
these synthesis difficulties, the hollow rigid structure of these
systems is particularly well adapted for the molecular recognition
of chiral guests. Cram and co-workers have reported the synthesis
of chiral hemicarcerands showing a good enantioselectivity toward
chiral halogeno-compounds.6 On the other hand, Collet and co-
workers have reported the discrimination of the two enantiomers of
CHFClBr by chiral cryptophane-C, allowing the determination of
the absolute configuration of bromochlorofluoromethane.7 More
recently, enantioselective recognition of (R)- and (S)-CHFClI by

chiral cryptophane-E-(SCH3)6 has also been reported.8 So far,
these are the only two examples known in the literature of the
encapsulation of small chiral molecules by cryptophane derivatives.

We have recently synthesized a water-soluble cryptophane-A 1
whose two enantiomers MM-1 and PP-1 have been isolated.9

This molecule (Scheme 1) composed of two cyclotriveratrylene
bowls bearing five hydroxyl functions and connected by three
ethoxy linkers possesses an internal cavity of about 95 Å3, which
is appropriate to encapsulate a large range of small chiral
derivatives whose maximal volume is about 70�75 Å3. Thus,
chiral cyclopropane, aziridine, and epoxide derivatives are poten-
tially interesting molecules to investigate, since they have a good
size-matching to enter the inner cavity of 1.

In previous articles, we have shown that electronic circular
dichroism (ECD) spectroscopy is a very sensitive technique to
reveal the binding of a small molecule by chiral cryptophane
hosts.9,10 For example, cryptophane 1 exhibits specific circular
dichroism responses upon complexation which depend on the size
of the guest and the nature of the counterion (Liþ, Naþ, Kþ, Csþ)
present in the solution. Here, ECD has been used to evidence the
enantioselective complexation of small chiral molecules by the two
enantiomers of 1. Propylene oxide (PrO) has been chosen for its
well-adapted volume (V = 57 Å3)11 and because the racemate as
well as its two enantiomers are commercially available.

The ECD spectra of MM-1 and PP-1 in the presence of
rac-PrO, (S)-PrO, and (R)-PrO in NaOH/H2O solution (0.1M)
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ABSTRACT: ECD and NMR experiments show that the
complexation of propylene oxide (PrO) within the cavity of
an enantiopure water-soluble cryptophane 1 in NaOH solution
is enantioselective and that the (R)-PrO@PP-1 diastereomer is
more stable than the (S)-PrO@PP-1 diastereomer with a free
energy difference of 1.7 kJ/mol. This result has been confirmed
by molecular dynamics (MD) and ab initio calculations. The
enantioselectivity is preserved in LiOH and KOH solutions
even though the binding constants decrease, whereas PrO is not
complexed in CsOH solution.
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are presented in Figure 1. Even though the overall ECD spectra
appear identical for each enantiomer of host 1 (Supporting
Information, Figure S1), their careful examination in the 1Lb
region (280�330 nm) reveals a clear difference depending on
the nature (rac, S, or R) of PrO. For instance, the (R)-PrO@PP-1
diastereomer shows a positive CD band at 321 nm (Δε =þ2.0)
and a very small negative band at 313 nm (Δε = �0.5). On the
other hand, the (S)-PrO@PP-1 diastereomer shows a quite
different spectrum in the same region and presents a single
positive band located at 319 nm (Δε = þ2.6). This difference is
not an experimental artifact since opposite spectra are obtained
for the corresponding (S)-PrO@MM-1 and (R)-PrO@MM-1
diastereomers. Therefore, this result shows that a specific ECD
spectrum is measured for each diastereomer. Then, the enantio-
selective complexation of PrO with MM-1 and PP-1 has
been investigated. The ECD spectra of rac-PrO@MM-1 and
rac-PrO@PP-1 complexes have been recorded under the same
experimental conditions. The ECD spectrum of rac-PrO@PP-1
complex is very close to that observed for the (R)-PrO@PP-1
diastereomer. This result indicates that host PP-1 recognizes
more efficiently the (R)-PrO guest molecule than its correspond-
ing enantiomer. This enantioselectivity has been confirmed since
we have found that host MM-1 recognizes more efficiently the
(S)-PrO guest molecule.

The efficient binding of the two enantiomers of PrO has been
studied in more detail by 1H NMR spectroscopy to confirm the

results obtained by ECD spectroscopy. Indeed, the 1H NMR
spectrum of 1 in NaOD/D2O solution in the presence of propylene
oxide reveals at 275 K a slow exchange regime with signals in
the�0.5 to�2.0 ppm region characteristic of the guest inserted in
the cryptophane. The shielding effect of the six aromatic rings is
responsible for this effect. As shown in Figure 2, two different
patterns are observed for PP-1 in the presence of (R)-PrO and (S)-
PrO: 4 signals are clearly visible at�0.48,�1.20,�1.72, and�1.99
ppm for the (R)-PrO@PP-1 complex whereas three signals are
present in the same region (at�0.50,�1.19, and�2.00 ppm) for
the (S)-PrO@PP-1 complex. The 1HNMR spectrum of PP-1 in the
presence of rac-PrO clearly reveals the preferential formation of (R)-
PrO@PP-1 complex. Indeed, the signal observed at�1.72 ppm and
the presence of two peaks with different intensity around �0.5
ppm indicate the presence of the two (R)-PrO@PP-1 and (S)-
PrO@PP-1 diastereomers in different proportions ([(R)-PrO@PP-
1]/[(S)-PrO@PP-1] ≈ 2.45).

The slow exchange regime and the possibility to distinguish
both the empty and the filled cages on the 1HNMR spectra allow
the calculation of the binding constant of both diastereomers
(Supporting Information, Figures S2 and S3). The values of
the binding constants in NaOD/D2O solution are 281( 60 and

Scheme 1. Structure of Compounds MM-1 and PP-1

Figure 1. ECD spectra of MM-1 and PP-1 in the presence of rac-PrO,
(S)-PrO, and (R)-PrO in NaOH/H2O solution (0.1 M) at 293 K. The
concentration of MM-1 and PP-1 was taken in the range 5.10�5�10�4

M and the path length of the quartz cell was 0.5 cm. The experiments
were performed with an arbitrary PrO concentration of 2% (v/v).

Figure 2. 1H NMR (500 MHz) spectra of PP-1 in the presence of (R)-
PrO, (S)-PrO, and rac-PrO in NaOD/D2O solution (0.13 M) at 275 K.

Table 1. Binding Constants of Diastereomer Calculated from
1H NMR Spectra Recorded at 275 K in LiOD/D2O, NaOD/
D2O, KOD/D2O, and CsOD/D2O Solutions

diastereomer soln host concn (mM) K (M�1)a

(R)-PrO@MM-1 LiOD/D2O 12.6 108

(S)-PrO@MM-1 LiOD/D2O 10.7 241

(R)-PrO@PP-1 LiOD/D2O 13.9 194

(S)-PrO@PP-1 LiOD/D2O 13.4 95

(R)-PrO@MM-1 NaOD/D2O 13.9 146

(S)-PrO@MM-1 NaOD/D2O 12.4 309

(R)-PrO@PP-1 NaOD/D2O 13.1 281

(S)-PrO@PP-1 NaOD/D2O 13.2 131

(R)-PrO@MM-1 KOD/D2O 10.2 7

(S)-PrO@MM-1 KOD/D2O 12.6 17

(rac)-PrO@rac-1 CsOD/D2O 8.3 no binding
a Experimental error on K determination is estimated to be 20%.
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131 ( 25 M�1 for the (R)-PrO@PP-1 and (S)-PrO@PP-1,
respectively (Table 1). The free energies of complexation, ΔG�,
determined from these binding constants are significantly differ-
ent for the two diastereomers and the (R)-PrO@PP-1 complex is
1.74 kJ/mol lower in energy than the (S)-PrO@PP-1 one.
This enantio-discrimination has been confirmed since the (S)-
PrO@MM-1 diastereomer is more stable than the (R)-
PrO@MM-1 one by about 1.71 kJ/mol (Supporting Informa-
tion, Figures S4 and S5). These free energy differences are of the
same order of magnitude as that measured by NMR7a or
calculated by molecular dynamics simulation7b for the binding
of (R) and (S)-CHFClBr to (�)-cryptophane-C. Therefore,
NMR and ECD results clearly show that host PP-1 distinguishes
between the two enantiomers of PrO with a preference for the
(R)-PrO guest molecule.

We have also investigated the effect of counterions present in
the solution on the enantioselective complexation of PrO by host
1. The enantio-discrimination process is still clearly visible in
LiOH/H2O and KOH/H2O solutions (Supporting Information,
Figures S6 and S11) even though the difference between the
ECD spectra of the diastereomers is less marked in the 1Lb region
(300�330 nm) than those observed in Figure 1. The values of
the binding constants determined from 1H NMR experiments in
LiOD/D2O solution are lower than those obtained in NaOD/
D2O solution (Supporting Information, Figures S7�S10), indi-
cating that the counterions surrounding host 1 have an influence in
the molecular recognition process. However, the enantio-discri-
mination of chiral PrO by host 1 in LiOD/D2O solution is similar
to that found in NaOD/D2O solution since the free energy
difference between two diastereomers is around 1.7 kJ/mol. In
KOD/D2O solution, the values of the binding constants for the
(R)-PrO@MM-1 and (S)-PrO@MM-1 diastereomers dramati-
cally decrease (Supporting Information, Figures S12 and S13).
This behavior is due to the fact that the complexation of the PrO
guest is perturbed by the possible presence of Kþ cations inside the
cavity of host 1. Finally, in CsOD/D2O solution no encapsulation
effect of the PrO molecule has been observed (Supporting
Information, Figures S14 and S15). Indeed, we have shown in a
previous article that host 1 exhibits a very high affinity for cesium
cations, which prevents the complexation of any guest molecule.9

To gain information on the conformation (gauche, G or trans,T)
of the ethoxy linkers of host 1 and on the relative free energies of
diastereomers, we have tried to reproduce these experiments by
computational methods, and we have calculated the free energy
difference for the binding of (R)-PrO@PP-1 and (S)-PrO@PP-1.
For this purpose, molecular dynamics (MD) simulations were
performed on the host�guest system in a solvent box of water.MD

simulations performed for the (R)-PrO@PP-1 and (S)-PrO@PP-1
diastereomers reveal that the TTG conformation of the linkers is
the most favorable (Supporting Information, Figure S16) whatever
the starting conformation of the linkers. This conformation of the
linkers had been also found the most favorable for empty PP-1 and
CHCl3@PP-1 complexes,9 and more generally for CHCl3@cryp-
tophane-A complexes.12 Following the potential energy during the
dynamics (2 ns), we have found that the (R)-PrO@PP-1 complex
is more stable than the (S)-PrO@PP-1 one by about 4.6 kJ/mol
(Supporting Information, Figure S17).

To confirm this result and to evaluate more precisely the free
energy difference between the two diastereomers, ab initio
calculations at the density functional theory (DFT) level have
been performed by using the two geometries of (R)-PrO@PP-1
and (S)-PrO@PP-1 complexes obtained from MD simulations.
Given the small difference in the binding free energies of the two
diastereomers, great care must be taken in choosing the compu-
tational conditions (functional and basis set). Thus, the free
energies have been calculated by using various functionals and
basis set, and the results of these calculations are summarized in
Table 2. DFT calculations show that the (R)-PrO@PP-1 com-
plex is more stable than the (S)-PrO@PP-1 complex, whatever
the functional and the basis set used. The free energy differences
are found in the 0.5�4.3 kJ/mol range, which is of the same order
of magnitude as the experimental result.

Finally, it is noteworthy that even though these theoretical
calculations yield qualitatively the correct free energy difference
between the two diastereomers, they do not furnish information
about the structural origin of this small difference.

We have shown in this note that MM-1 or PP-1 are able to
discriminate the two enantiomers of propylene oxide (PrO). This
enantio-discrimination can be clearly evidenced by using either
NMR or ECD spectroscopy. The free energy difference between
diastereomers determined from NMR experiments is also sup-
ported by MD and ab initio calculations. The enantio-discrimina-
tion is independent of the counterion present in the solution
whereas the binding constants associated with the recognition
process can be modulated by carefully choosing the nature of the
counterion surrounding the host molecule.

’EXPERIMENTAL SECTION

Synthesis of Enantiopure Pentahydroxyl Cryptophane-1.
The synthetic route used to obtain water-soluble pentahydroxyl crypto-
phane, rac-1, and its two enantiomersMM-1 and PP-1 from cryptopha-
nol rac-2 and its two enantiomers MM-2 and PP-2 has been previously
reported.9

NMR Spectroscopy and ECD Measurements. 1H NMR spectra
were recorded at 500MHzwith use of a 5-mm liquid probe (nonspinning).
ECD spectra were recorded at room temperature with a 0.5 cm path length
quartz cell. The concentration of MM-1 and PP-1 was taken in the range
5 � 10�5 to 10�4 M in basic H2O solutions (0.1 M solutions of LiOH,
NaOH, KOH, and CsOH). Experiments were performed with use of an
arbitrary PrO concentration of 2% (v/v). Spectra were recorded in the
220�450 nm wavelength range with a 0.5 nm increment and a 1s
integration time. Spectra were processed with standard spectrometer soft-
ware, baseline corrected, and slightly smoothed by using a third-order least-
squares polynomial fit. Spectral units were expressed in molar ellipticity.
MM and MD Calculations. Molecular mechanics (MM) and

molecular dynamics (MD) calculations have been performed with the
Tinker package13 and the OPLS force field14 in a periodic box big
enough to avoid self-interaction problems. For the water molecules, we

Table 2. Free Energies Calculated at the DFT Level for the
(R)-PrO@PP-1 and (S)-PrO@PP-1 Diastereomers

diastereomer

functional/

basis set

Gibbs energy

(hartrees)

ΔE

(kJ/mol)

(R)-PrO@PP-1 BPW91/6-31G* �2873.018484 0.00

(S)-PrO@PP-1 BPW91/6-31G* �2873.000224 0.55

(R)-PrO@PP-1 BPW91/6-31G** �2873.726109 0.00

(S)-PrO@PP-1 BPW91/6-31G** �2873.724796 3.43

(R)-PrO@PP-1 CAM-B3LYP/6-31G* �2873.699589 0.00

(S)-PrO@PP-1 CAM-B3LYP/6-31G* �2873.697965 4.26

(R)-PrO@PP-1 B97D/6-31G* �2872.170080 0.00

(S)-PrO@PP-1 B97D/6-31G* �2872.169293 2.06
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used the TIP3P model embedded in the OPLS force field. We applied a
cutoff of 10 Å for both electrostatic and van der Walls interactions. The
solute has been soaked in a cubic box of solvent (size 27.936 Å)
containing 729 molecules of water. Given the cutoff of 10 Å, this
simulation box is large enough to avoid self-interaction between the
cryptophane and its images. The process to dissolve the cryptophane in
water was done by placing the molecule into the simulation box of a
thermally equilibrated water at a concentration of 1 g/cm3 and by
subsequent removal of solvent molecules overlapping with the crypto-
phane. MD calculations have been performed in the canonical ensemble
(NVT) at 300 K, using the Berendsen thermostat,15 with different values
for the dihedral angle of the�OCH2CH2O� linker as the starting point.
The three linkers were considered either with a trans conformation
(referring to the bonds to the O atoms having a (180� dihedral angle,
labeled TTT) or with a gauche conformation (�60� dihedral angle,
labeled G1G1G1 orþ60� dihedral angle, labeled G2G2G2). During the 2
ns of the dynamics, the values of the dihedral angles of the linkers are
recorded every picosecond.
DFT Calculations. The geometry optimizations, vibrational fre-

quencies, and absorption intensities were calculated by using the
Gaussian 03 program16 on the CIS-IBM (with 16 processors) at the
M3PEC computing center of the University Bordeaux I. Calculations of
the optimized geometry of (R)-PrO@PP-1 and (S)-PrO@PP-1 com-
plexes were performed at the density functional theory level, using
BPW91, CAM-B3LYP, and B97D functionals and 6-31G* and 6-31G**
basis set. DFT calculations were performed considering the phenol
(OH peripheral substituents) form of the molecule with the TTG
conformation of the three �OCH2CH2O� bridges. Vibrational fre-
quencies and IR intensities were calculated at the same level of theory.
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