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Chirality imprinting from a chiral guest to the hydrogen bonding
network of its hexameric resorcinarene host capsule
Corina H. Pollok,[a] Qi Zhang,[b] Konrad Tiefenbacher,[b,c ] and Christian Merten*[a]

Abstract: The hexameric capsule of resorcin[4]arene 1 is capable of
encapsulating tertiary amines, which has recently successfully been
taken advantage of in the application of [(1)6(H2O)8] as (co-)catalyst in
various asymmetric reactions. However, not much is known about the
highly asymmetric but conformationally very dynamic structure of the
capsule after uptake of chiral molecules. Therefore, in this contribution,
we utilize ECD and VCD spectroscopy to investigate how several
chiral guest molecules affect the structural preferences of the capsule
[(1)6(H2O)8]. In particular, we show that one small chiral amine
encapsulated in [(1)6(H2O)8] is sufficient to control and dictate the
stereochemical preferences of the entire capsule. Furthermore,
neither strong π-π-interactions nor a significant steric bulk are required
for this induction. The observation of such a chiral imprint of the
guest’s stereochemistry onto its host molecule is expected to have
implications also for other supramolecular capsules.

Self-assembled capsules are at the heart of supramolecular
chemistry, particularly as they bring together some key challenges:
controlled assembly in solution or solid state, recognition of small guest
molecules combined with an easily detectable response, and biomimetic
catalysis. In the last decades, a variety of architectures have been
developed which range from covalent cage structures,[1] over metalligand capsules,[2] to more weakly bound systems held together by
hydrogen bonding.[3] One very closely investigated system has been first
described by Atwood and co-workers, who have discovered the
hydrogen bonding driven formation of molecular capsules based on
bowl-shaped resorcin[4]arenes.[4] In case of the resorcinarene 1 (cf.
Figure 1), they observed the formation of a hexameric capsule. This
capsule is held together by an extensive hydrogen bonding network,
incorporating additional eight water molecules. The importance of the
water molecules for the stabilization of the capsule [(1)6(H2O)8] has first
been concluded from X-ray crystallographic data[4a], and later confirmed
by utilizing NMR diffusion measurements.[4c]

break the symmetry of the cube, as all resorcin units are slightly tilted in
the same direction with respect to the C4-symmetry axis of the cube. In
Figure 1C, which shows the structure of P-[(1)6(H2O)8] optimized at
density functional theory (DFT) level,[5] the resorcinarenes highlighted
in green as well as the other five units show a tilt to the left. The structure
with all resorcinarene units tilted to the right corresponds to the
enantiomeric M-structure of the capsule. As there is no chiral bias in the
[(1)6(H2O)8] capsule, both the P- and M-configuration can rapidly
interconvert. In addition to their chiral spatial arrangement, the OH⋅⋅O
hydrogen bonding patterns of four of the resorcinarene units feature a
chiral orientation:[4a] they are either all pointing clockwise (cw) or
counter-clockwise (ccw) around the rim of the resorcinarene (C4
symmetry), while both right and left handed 1 are equally present in the
capsule. The remaining two monomer units feature an achiral hydrogen
bonding network (C2v symmetry). Hence, the [(1)6(H2O)8] capsule is a
highly asymmetric, yet structurally very dynamic supramolecular
system.

A closer examination of the crystal structure of [(1)6(H2O)8] reveals
that each of the six resorcinarenes formally occupies a face of a cube (cf.
Figure 1B). The spatial orientation and hydrogen bonding, however,
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Figure 1. (A) Structure of the capsule building block (1), and the four
investigated chiral guest molecules (2-5); (B) Cube-view of the capsule; (C)
three-dimensional view of the hexameric capsule [16(H2O)8];

The observation of the encapsulation of tetraalkylammonium[6] salts
into the hexameric resorcinarene capsule via cation-π interactions
triggered the interest in studying them as cavities for catalytic
applications.[7] In this context, [(1)6(H2O)8] was found to be a highly
substrate selective catalyst for a variety of reactions,[8] including
enantioselective iminium-catalysed 1,4-reduction. In several of these
reactions, the capsule acts as Brønsted acid, so that the strong interaction
of the capsule with the encapsulated substrates such as trialkylamines is
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assumed to be related to cation-π stabilization between the resulting
ammonium ion and the capsule walls.[8h]
While the uptake of guest molecules into [(1)6(H2O)8] can easily be
monitored by 1H-NMR spectroscopy, not much is known about the
influence of the guest on the structural preferences of the capsule. This
is in stark contrast to other cage compounds such as coordination cages,
for which it could be shown that the encapsulation of a chiral guest can
efficiently induce preferred chiral structures to the host, which even
persists after removal of the guest.[9] In case of [(1)6(H2O)8], due to the
dynamic nature of the hydrogen-bond based assembly any potentially
guest induced stereochemistry would be lost upon guest exchange.
However, does this imply that the hydrogen bonding network of the
capsule is also too dynamic to allow the formation of a preferred chiral
superstructure in solution? In order to answer this question, we herein
utilize chiroptical spectroscopies to investigate the encapsulation of
chiral guest molecules in [(1)6(H2O)8].
As starting point for our investigation, we prepared mixtures of 1
and enantiopure tertiary amine 2 in water-saturated [D1]chloroform in
different ratios.[10] Figure 2A shows the electronic circular dichroism
(ECD) spectra recorded for seven different mixtures, which all reveal a
strong positive Cotton effect at 304 nm and a negative Cotton effect at
287 nm upon addition of (S)-2. These Cotton effects strongly suggest
that the interactions between the encapsulated protonated amine and the
deprotonated capsule are indeed strong enough to impose a preferred
handedness onto the entire capsule structure. In order to confirm that the
observed ECD spectral pattern is due to an induction of a stereochemical
preference into the capsule, and that the amine does not simply form
hydrogen bonded adducts with the host, the experiments have been
repeated in water-free solvent. As expected, if the water necessary for
the stabilization of the capsule is removed, no induced ECD is observed.
Interestingly, with increasing concentration of the guest, the
intensities of the ECD bands first increase until a plateau is reached for
ratios of about 1:3 to 1:6. Upon further addition of guest molecules, the
ECD intensities slowly decrease. This trend correlates qualitatively with
the number of encapsulated guest molecules 2 determined based on 1HNMR titration experiments (Figure 2B), which again supports the
conclusion that the encapsulated guest influences the stereochemistry of
the host superstructure.
It should be noted that the alcohol 3 and other chiral molecules have
previously been reported to induce a similar ECD signature to the π-π*
transitions of 1.[11] However, at the time of that study, the possible
formation of hexameric capsules was not known yet. Therefore, in
contrast to the present study, the experiments required significantly
higher concentrations of the chiral dopants. Furthermore, they have been
carried out using water-free solvents, so that a formation of a capsule
was suppressed. Under our experimental conditions, i.e. when using
water-saturated solvent, alcohol 3 does not show any ECD induction (cf.
SI).
In case of alcohol 3, the reported induced ECD was explained with
an incorporation of the OH group in the hydrogen bonding network
along the rim of the resorcinarene, which causes a local symmetry
breaking and thus an exciton coupling effect. In case of capsule
[(1)6(H2O)8], a similar mechanism of symmetry breaking could be in
effect, in which the desymmetrization is caused by the chiral
arrangement of the adjacent resorcinarene units. However, an empirical
analysis of the exciton coupling pattern is not possible, so that we

attempted to used TDDFT calculations to predict the ECD spectrum of
P-[(1)6(H2O)8]. Unfortunately, due to the size of the molecule, and even
after truncation of the undecyl groups, the calculations never finished
successfully, so that we turned to another chiroptical technique for the
determination of the configuration respectively chiral conformation of
(S)-2@[(1)6(H2O)8].

Figure 2. (A) ECD spectra of mixtures of [16(H2O)8] with (S)-2 in water-saturated
[D1]-chloroform. (B) Correlation of the normalized ellipticity of the first Cotton
effect (λ = 304 nm) and the number of encapsulated amines with the
capsule:amine ratio (concentration of 1 = 0.1 mM; 10 mm pathlength).

Vibrational circular dichroism (VCD) spectroscopy, the chiral
version of infrared spectroscopy, measures the differential absorbance
of left- and right-circularly polarized infrared light during a vibrational
transition. Hence, it does not relying on the presence of certain
chromophores, but each IR active vibrational mode of a chiral molecule
gives rise to a VCD band. While VCD spectroscopy finds its main
applications in the determinations of absolute configurations,[12] it has
also become an interesting tool to study solvation effects[13] or chirality
transfer phenomena,[14] and it has been shown to be applicable to larger
molecular assemblies, ranging from regular helical polymers[15] to
cryptophanes, [16] and should thus be the ideal technique for the
characterization of the chiral cage structure.
The IR and VCD spectra were recorded for mixtures of the capsule
with both enantiomers of 2 at the ratio of maximum encapsulation (1:6).
The obtained spectra are shown in Figure 3, which also provides the IR
and VCD spectra of the pure guest molecule 2 for comparison.[17] It
becomes immediately apparent that the main contributions to the IR
spectrum arise from the hexameric capsule as the band intensities of 2
are approximately five times weaker than those of the host. Due to the
size of the capsule and the complexity of the vibrational modes, detailed
assignments of bands to specific vibrational modes are very difficult,
even when considering the spectra calculations discussed below.
Nevertheless, some assignments could be made by comparison with
band assignment tables and by visual comparison of the animated
vibrations:[18] band 2 originates mainly from C=C stretching modes,
bands 3/4 arises from bending modes of the aromatic C-H (in-plane),
band 5 and bands 7-10 from deformation vibrations of the aliphatic
CH2/CH3, while band 6 has mainly contributions from (hydrogen
bonded) OH group.
In contrast to the IR spectrum, the VCD spectra of the enantiomeric
mixtures feature many sharp and well resolved bands. All observed VCD
spectral features can clearly be assigned to absorbance bands in the
parent IR spectrum, and even the water bending mode (band 1) appears
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to feature VCD activity. It can therefore be concluded, that the obtained
VCD spectra also originate from a chiral hexameric capsule structure.
This conclusion is further supported by comparison with the VCD
spectrum of the pure amine 2, which is generally much weaker in
intensity. Solely two relatively strong bands of 2 at 1451 and 1096 cm-1
might interfere with the VCD spectral signatures of the capsule.
However, careful comparison of the experimental spectra reveals that
the spectrum of the mixture [(1)6(H2O)8]/(S)-2 features a negative band
at 1450 cm-1 whereas a positive band is observed in the spectrum of pure
(S)-2. Similarly, the interference of the band at 1096 cm-1 is also
negligible. The VCD band 2 (1650-1580 cm-1) provides another support
for the conclusion that the VCD spectral signature arises from the host
molecule, as the amine does not feature any bands in the IR/VCD spectra
within this range.

Figure 3. Comparison of experimental IR (bottom) and VCD (top) spectra of a
1:6 mixture of capsule [16(H2O)8] and amine 2 with calculated spectra of the Pcapsule (B3LYP/6-31G(d,p)). (S) and (R) refer to the configuration of the amine,
while the numbers indicate band assignments. The spectra were taken at a
concentration of 45 mM in water-saturated [D1]-chloroform.

The experimental spectra provide clear evidence for the induction
of a chiral conformation to the capsule structure. However, the
handedness of the conformation can also not be determined directly from
the VCD spectra, so that DFT-based spectra calculations were attempted
once more. As vibrational spectra calculations do not require the
computation of electronic excitations, the choice of a very small basis
set finally allowed the successful completion of the frequency analysis

for a methyl-truncated [(1)6(H2O)8] for several protonation and
hydrogen bonding states. However, the predicted fingerprint range of the
IR and VCD spectra were found to be insensitive to the protonation state
or the orientation of the connecting water molecules, and even the
inclusion of (S)- or (R)-amine in the capsule did not affect the computed
spectral pattern (cf. Fig. S3). This insensitivity to minor structural
changes suggests that any other small conformational change or solutesolvent interaction occurring in solution, which are neglected in the
calculation, should also not significantly influence the outcome of the
calculations.
Alongside the experimental data, Figure 3 shows a representative set
of theoretical spectra obtained for P-[(1)6(H2O)8]. On first sight, an
unambiguous band assignment between the experimental and computed
IR spectra (cf. Figure 3, bottom) can only be made for bands 2-6, as the
range from bands 7-13 features a somewhat different intensity
distribution. In particular the range around IR band 7 appears to be
significantly less intense in the calculations. Therefore, in order to also
computationally confirm that the observed IR spectra arise from a
capsule structure, we calculated the IR spectrum of a single
resorcinearene molecule. As expected, the direct comparison of
monomer and hexameric supramolecular aggregate is in clear favour for
the spectrum of the capsule (cf. Fig. S4). A presumable cause for the
remaining disagreement might be the necessary neglect of the 24
undecyl chains and their substitution with methyl groups. Thereby, the
contributions of hundreds of CH2 deformation and C-C stretching modes,
which would be expected to appear in the spectral range from 1350-1000
cm-1, could not be considered at all. Consequently, the agreement in the
lower frequency range of the VCD spectra is also affected (cf. Figure 3,
top), but the overall comparison allows the assignment of significantly
more bands. In particular, the VCD the spectral pattern between 15501400 cm-1 (bands 3-6) can be concluded to be highly characteristic for
the configuration of the capsule, which is further supported by the
spectra calculations for other capsule structures (cf. Fig. S3). Therefore,
the VCD spectra in the range of the aromatic CH-in plane and OH
deformation modes provide the highest analytical value, and
consequently confirms that the capsule adopts a P-configuration upon
encapsulation of (S)-2.
To further explore whether the successful induction of chirality is
solely governed by cation-π and coulomb interactions, or if the aromatic
nature of the side group of the chiral amine may also play a role, we
prepared the amine 4 from the commercially available primary amine.[19]
We thus removed the possible influence of π-π interactions while
simultaneously slightly increasing the conformational rigidity of the side
group.[20] The VCD spectra, however, do not indicate any noteworthy
spectral changes (cf. Fig. SI), so that it can be concluded that additional
π-π interactions do not seem to play a key role in the induction process.
An influence of the bulky six-membered ring could also be excluded by
recording spectra of equimolar mixtures of [(1)6(H2O)8]/5, which
showed the same induced VCD signatures. It is worth noting that the
(S)-enantiomers of all three evaluated amines 2, 4, and 5 induce the same
VCD spectral signature to the vibrational modes of [(1)6(H2O)8],
suggesting that the three-dimensional shape of the guest molecule
determines the handedness of the capsule.
Concluding this study, it can be stated that a single chiral cationic
guest molecule can indeed impose stereochemical preferences onto the
hydrogen bonding network of the resorcinarene capsule [16(H2O)8].
While such chiral capsules could not be isolated, or even prepared
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without a chiral guest molecule, combining the strengths of different
chiroptical spectroscopies successfully lead to an unambiguously proof
of the induction of chirality. Moreover, this study constitutes the first
application of VCD spectroscopy for the investigation of the
stereochemical communication between an achiral supramolecular
capsule and its chiral guest molecule. Guided by the corresponding DFT
based spectra calculations, it even allowed the determination of the
preferred handedness of the hydrogen bonding network. We believe that
these observations are an important milestone not only for a better
understanding of supramolecular structure formation, but that it might
also stimulate further studies on enhanced enantioselectivities of
asymmetric catalysis in these and other capsules.[8h] In order to develop
a more general perspective on the observability of such chirality
imprinting events, we are currently investigating other chiral and achiral
capsules and their structural changes upon encapsulations of guest
molecules by VCD spectroscopy.

Experimental Details.
The resorcin[4]arene 1 and the amines 4 and 5 were prepared according
to previously reported procedures.[19, 21] Amine 2 and all other chemicals
were purchased from Sigma Aldrich and used without further
purification. Water-saturated chloroform-d1 was prepared by vigorously
stirring a mixture of distilled water and chloroform-d1 for one day
followed by phase separation if necessary.
The IR and VCD spectra were recorded in the fingerprint region
(1800-950 cm-1) on a Bruker Vertex 70v FT-IR spectrometer equipped
with a Bruker PMA 50 module for VCD measurements (spectral
resolution: 4 cm-1, PEM frequency: 1500 cm-1). The samples were held
in a sealed BaF2 cell with a pathlength of 100 µm, and about 40000 scans
have been averaged for the VCD spectra over the course of 8 hrs. The
baselines of the VCD spectra were corrected by subtraction of the
spectrum of the racemic mixture. UV and ECD spectra were recorded
on a Jasco J-815 spectrometer.
Geometry optimizations were performed in the DFT framework at
the B3LYP/6-31G(2d,p) level of theory with the Gaussian 09 Rev. D
program package.[22] The calculations were carried out for a truncated
capsule, in which all 24 undecyl chains were substituted by methyl
groups. The IR and VCD spectra calculations had to be performed with
the slightly smaller 6-31G(d,p) basis set, as all attempts to use the almost
negligible larger basis led to repeated sudden crashes of the calculations.
Hence, the frequency analysis showed small imaginary frequencies (<10
cm-1). For better comparison with the experimental data, and to account
for errors arising from the harmonic approximation, the calculated
wavenumbers were scaled by a factor of 0.96. Vibrational line
broadening was simulated by assigning a Lorentzian band shape of 12
cm-1 half-width at half-height (HWHH) to the calculated dipole and
rotational strength.
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