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We present the synthesis of new chiral water-soluble dimeric capsules by the
multicomponent Mannich reaction between charged amino acids (glutamic acid or
arginine), resorcinarene, and formaldehyde and by subsequent self-assembly. The
zwitterionic character of the backbones enables electrostatic interactions between
arms and induces self-assembly of dimeric capsules, namely, (L-ArgR)2 and (L-
GluR)2, in water with a wide range of pH, as demonstrated by NMR, diffusion
coefficient measurement, and circular dichroism. The assembly/disassembly processes
are fast on the NMR timescale. This mode of dimerization leaves side chains available for
additional interactions and creates chiral cavities of mixed hydrophobic/hydrophilic
character. According to this characteristic, capsules do not bind fully nonpolar or fully
polar guests but effectively encapsulate a variety of chiral molecules with mixed polar/
apolar characters (aliphatic and aromatic aldehydes, epoxides, alcohols, carboxylic acids,
amines, and amino acids) with moderate strength. We also demonstrate the formation of
heterocapsules (GluR) (ArgR) (homo- and heterochiral) that utilize additional interactions
between charged acidic and basic side chains and have better encapsulation properties
than those of the homodimers.
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1 INTRODUCTION

Water has been chosen by nature as an environment for all biologically relevant processes including
chemical reactions, molecular recognition, and signaling (Sheldon, 2008; Butler and Coyne, 2010; Simon
and Li, 2012; Gawande et al., 2013; Lipshutz and Ghorai, 2014; Sheldon, 2016; Sheldon, 2017). However,
most of these processes do not occur in the bulkwater environment butwithin isolated nanocompartments
that shield interacting partners from competitive external conditions. Tomimic this compartmentalization
concept, chemists aim at the creation of artificial molecular container molecules (capsules and cages) that
operate under various conditions. For obtaining water-soluble and water-stable capsules, numerous
covalent and noncovalent strategies have been tested, involving self-assembly by coordination bonds (Yi
et al., 2012; Yamashina et al., 2014; Cullen et al., 2015; Taylor et al., 2019; Percástegui et al., 2020),
electrostatic interactions (Corbellini et al., 2005; Martin et al., 2011; Zadmard et al., 2013), or hydrophobic
clustering (Gibb and Gibb, 2004; Hiraoka et al., 2010; Kondo et al., 2013; Suzuki et al., 2013; Jordan and
Gibb, 2015; Suzuki et al., 2016; Kondo et al., 2017; Zhan et al., 2018; Hanafusa et al., 2020; Ashbaugh et al.,
2021). Additional stabilization coming from interactions with guests (templation approach) is often
beneficial or even crucial for stability (Zhang et al., 2013; Ayhan et al., 2015; Tiefenbacher et al., 2015;
Rahman et al., 2020), which, however, blocks the cavity for further applications. Although the self-assembly
of container molecules in water is now quite well developed, the rational design of the cavity surface with
properly spatially arranged binding sites (Adriaenssens and Ballester, 2013), preferably in a chiral way,
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remains challenging. A functional chiral cavity is indispensable for the
effective separation of enantiomers or catalytic purposes. While a set
of chiral capsules that are soluble in organic solvents is quite large
(Tokunaga and Rebek, 1998; Rivera et al., 1998; Rivera et al., 2001;
Mateos-Timoneda et al., 2004; Sansone et al., 2004; Seeber et al., 2006;
Katagiri et al., 2007; Castilla et al., 2014; Brown et al., 2015; Liu et al.,
2015; Beaudoin et al., 2016; Chen et al., 2017; Gropp et al., 2018;
Kohlhaas et al., 2019; Guo et al., 2020; Nie et al., 2020; Ning et al.,
2020), there is only a limited number of examples of capsules that are
water-soluble and chiral. The examples include cages based on
covalent bonds and coordination bonds (Bolliger et al., 2013; He
et al., 2018) or cages obtained by internal functionalization with a
chiral appendage (Watfa et al., 2019).

Alongside these important advances, we describe the
construction of water-soluble molecular capsules using natural
chiral building blocks, amino acids. We demonstrate that
electrostatic and hydrophobic interactions are effective in
inducing their self-assembly in water. We also demonstrate
that such self-assembled capsules have cavities that are capable
of encapsulation of chiral molecules with a variety of polar
functional groups (epoxides, alcohols, acids, and amines) in a
competitive aqueous environment.

2 MATERIALS AND METHODS

2.1 Synthesis
2.1.1 Synthesis of (L-GluR)2
Resorcin[4]arene R (Gibb et al., 1996) (2.16 g, 3 mmol),
L-glutamic acid (2.21 g 15 mmol), and formaldehyde (40%
aqueous solution, 0.36 ml, 12 mmol) were added to the
mixture of DMF and water (1:3, 80 ml). The solution was
heated at 60°C and stirred at that temperature for 3 days. After
cooling, the reaction was evaporated, and the precipitate was
washed with water, acetonitrile, again with water, and dried to get
the product in a yield of 50%.

2.1.2 Synthesis of (L-ArgR)2
L-Arginine monohydrochloride (0.44 g 2.01 mmol) was dissolved
in water (pH 3.5, 5 ml). Further, methanol (5 ml), resorcin [4]
arene R (0.30 g, 0.41 mmol), and formaldehyde (40% aqueous
solution, 0.12 ml, 1.64 mmol) were added. The solution was
heated at 60°C and stirred at that temperature for 1 day. After
cooling, the reaction was evaporated to dryness, and the product
was purified on the Sephadex LH-20 column to get the product in
a yield of 47%.

2.1.3 Synthesis of (D-GluR + L-ArgR)
To an aqueous solution of (D-GluR)2 (5 mg, 2 μmol, in 2 ml of
water at pH 5.0), an aqueous solution of (L-ArgR)2 (5 mg,
1.5 µmol, in 2 ml of water at pH 5.0) was added. The
precipitate formed was washed with water (2 × 5 ml) and
dried. The product was obtained with a yield of 82%.

2.1.4 Synthesis of (L-GluR + L-ArgR)
To an aqueous solution of (D-GluR)2 (5 mg, 2 μmol, in 2 ml of
water at pH 5.0), an aqueous solution of (L-ArgR)2 (5 mg,

1.5 µmol, in 2 ml of water at pH 5.0) was added. The
precipitate formed was washed with water (2 × 5 ml) and
dried. The product was obtained with a yield of 80%.

For experimental details and full characterization see
Supplementary Data.

2.2 NMR Experiments
1H and 13C NMR spectra were recorded at 303 K on Bruker
400 MHz and at 298 K on Varian VNMRS 600 MHz instruments
with a residual solvent signal as an internal standard. The13C
NMR data in water were recorded without standards.

All 2D NMR spectra were recorded at 298 K on a Varian
600 MHz instrument. The use of deuterated solvent did not
influence the properties of the investigated capsules.

1H DOSY experiments were performed on a Varian VNMRS-
600 spectrometer at 298 K equipped with a 5-mm PFG AutoXID
(1H/X = 15N-31P) probe. DOSY experiments were run with the
DPFGDSTE (with convection compensation) pulse sequence for
measurements in THF-d8 and benzene-d6 solutions. The
gradient strengths were incremented as a square dependence
in the range from 6 to 55 G/cm. A total of 16 transients (with an
interleave option) were recorded for each increment with 3.2 s
acquisition time and 1 s relaxation delay (overall experiment time
ca. 18–20 min). The duration of magnetic field gradients (δ) was
1.5–2 ms, whereas a diffusion delay (Δ) was chosen as 50–150 ms.
Other parameters included the following: a sweep width of
12,000 Hz, and 32 K data points. The data were processed
using Varian DOSY software. The hydrodynamic diameters dH
(dH = 2rH) of the species are calculated using the Einstein–Stokes
equation as follows:

rH � kbT
6πηD

Where

kb − Boltzmann constant,

T − temperature,

η − viscosity coefficient, and

D − diffusion coeffcient.

The pH of the samples was set by NaOD and DCl solutions and
measured using a FiveEasy Plus pH meter FP20. Complexation
constants were calculated using HypNMR 2008 (Frassineti et al.,
1995; Frassineti et al., 2003).

2.3 Density Functional Theory Calculations
All calculations were performed using the density functional
theory (DFT) approach using Gaussian 09 program suite
(Frisch et al., 2016). Geometry was optimized with the B3LYP
functional and by employing the 6-31+G(d) basis set. Solvent
effects were considered within the SCRF theory and using the
polarized continuum model (PCM) approach to model the
interaction with the solvent. Excited electronic states were
determined at the wb97xd/6-31+G(d) level by means of the
time-dependent DFT (TD DFT) approach (200 excited states
in each case). The ECD spectra were simulated by overlapping
Gaussian functions for each transition in which the width of the
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band is 1/e, height is fixed at 0.16 eV, and the resulting intensities
of the combined spectra were scaled to the experimental values
(using UV–VIS spectra as references). Model compounds,
without any additional chromophores derived from amino
acids, were used for theoretical calculations. Aliphatic chains
at the lower rim were shortened since their lengths have negligible
influence on UV–VIS and ECD spectra.

3 ORIGINAL RESEARCH

3.1 Results and Discussion
3.1.1 Design and Synthesis
We have previously presented a hydrophobic chiral cavitand made of
phenylalanine attached to a resorcin [4] arene skeleton (L-PheR,
Figure 1A) (Kuberski and Szumna, 2009). Cavitand L-PheR has
a zwitterionic character, and in a non-polar environment it
quantitatively self-assembles to dimeric capsules (L-PheR)2 using
complementary, charged hydrogen bonding interactions
(Figure 1B). (L-PheR)2 resembles a molecular “reversed micelle”
with a hydrophobic outside core and a polar internal cavity (Szumna,
2009a; Szumna 2009b). The binding motif that is based on
electrostatic interactions can be also effective in water (Beyeh et al.,
2018). Therefore, we attempted to obtain capsules using polar amino
acids (Glu, Asp, Arg, and His) and resorcinarenes with hydrophilic
feet (Figure 1C), which, as we assumed, would render the cavitands/
capsules water-soluble and water-stable characters.

Synthesis involves the Mannich reaction between polar amino
acids resorcin[4]arene R and formaldehyde (Figure 1C). Among
the amino acids tested (Glu, Asp, Arg, and His), only glutamic
acid and arginine gave the cavitands (L-GluR, D-GluR, and L-
ArgR). Nevertheless, the ESI MS spectrum of L-GluR shows the
signal of (M-4H2O – H]– (Supplementary Figure S66), and in
the HMBC spectrum, we found an additional low-intensity
correlation between Hg and Ck (Supplementary Figure S4),
which suggests that L-GluR, in contrary to L-ArgR,
underwent intramolecular cyclization (Figure 1C). L-GluR
was obtained with 50% yield by the reaction in DMF/water in
a ratio of 1:3 and purification performed by a washing procedure.
L-ArgR was obtained with 47% yield by the reaction in MeOH/
water in a ratio of 1:1 at pH 3.5 and purification performed by
SEC chromatography. Cavitand PhR (Setner and Szumna, 2019),
which is based on 2-phenylethylamine and lacks a
complementary hydrogen-bonding pattern, was also
synthesized as a reference.

In contrast to glutamic acid and arginine, aspartic acid and
histidine gave complex mixtures of products in the Mannich
reaction with resorcin[4]arene R and formaldehyde under
various tested conditions (methanol, DMF, water, and their
mixtures, with or without the addition of acetic acid). The
formation of such mixtures was rationalized by the complex
reactivity patterns of functional amino acids with formaldehyde
(Kamps et al., 2019), which involved reversible (e.g.,
N-substitutions with hydroxymethyl groups) and irreversible
(e.g., CH-substitution in the imidazole ring of histidine)
modifications of side chains and/or lack of self-assembly, that
is, crucial “directing force” for the distribution of the products
(Wierzbicki and Szumna, 2013). It should be noted that under
acidic conditions partial or complete racemization was observed.

3.1.2 Self-Assembly of Homocapsules
The cavitands are expected to self-assemble to dimeric capsules
using electrostatic interactions between zwitterionic structures
involving their “backbone groups” (for L-ArgR, Figure 1B;

FIGURE 1 | Structures of the compounds used in this study along with
notation of the NMR signals: (A,B) hydrophobic capsule (L-PheR)2 and its
bindingmotif (ref. Kuberski and Szumna, 2009); (C) synthesis of water-soluble
cavitands; (D) structure of reference cavitand PhR (ref. Setner and
Szumna, 2019); and (E) guest molecules.
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Supplementary Figure S69) or by hydrophobic clustering (for L-
GluR, Supplementary Figure S68). Thus, self-assembly is
expected to be crucially dependent on the solvent,
concentration, and pH.

The diffusion coefficient (D, measured by DOSY) of L-GluR in
water is 2.1 × 10−10 m2s−1 (at pH 4.8, 5 mM), which corresponds to
rH = 11.6 Å (calculated using the Stokes–Einstein equation for
spherical particles, see ESI for details). This value is in reasonable
agreement with the estimated rH for a dimeric (L-GluR)2 [rH (dimer)
= 9.1 Å, rH (cavitand) = 7.2 Å calculated by averaging the dimensions
of the model structure, Supplementary Figures S68 and S69]. The
values of D remain constant over the range of pH 4–13 (Figure 2A,
for pH < 4, the compound is not soluble) indicating that (L-GluR)2
forms within a wide pH range. Concentration-dependent (L-GluR)2
(0.74–30mM) indicates that the values ofD reflect the size of dimeric
species within the concentration range of 0.74–10mM, and at a
higher concentration the compounds start to aggregate (Figure 2B).
To follow the process at lower concentrations, we used CD
spectroscopy, which can be a sensitive probe for self-assembly
(Szymański et al., 2021). Concentration-dependent CD spectra of
L-GluR (0.075–3.1 mM) show a gradual decrease of intensity of the
bands (Δε), while the intensities of the UV bands (ε) remain
unchanged (Figures 2C–E). This trend is interpreted by gradual
dissociation of the dimers to monomers at concentration < 1mM.
The explanation of this effect is based on the previous findings that
correlate conformational lability and self-assembly processes with the
intensity of ECD spectra (Szymański et al., 2021). Monomers are
expected to have higher conformational lability than the self-
assembled dimers. The ECD effects (Δε), in contrary to molar
absorptivity (ε), are highly conformation-dependent; therefore,
averaging many substantially different spectra of conformers of a
labile molecule lowers the intensity of the ECD spectrum in
comparison to the conformationally rigid analog. Self-assembly
restricts conformational lability, and thus the ECD spectrum of
(L-GluR)2 should have a higher intensity than the spectrum of
the conformationally labile monomer L-GluR.

Furthermore, the proof of capsule formation inwater comes from
the complexation of mandelic acid, 3. The addition of 3 (1 equiv.) to
(L-GluR)2 results in a substantial upfield chemical shift of the guest’s
signals consistent with the complexation of the guest within the
cavity (Figures 2H,I). Effective complexation is observed over the
wide pH range (Supplementary Figure S38). The addition of an
excess amount of 3 (5 equiv.) to (L-GluR)2 leads to a gradual
decrease of complexation-induced shifts (CISs), indicating that
complexation/decomplexation processes are fast on the NMR
timescale (milliseconds or faster). This fast kinetics of
encapsulation in water for (L-GluR)2 is in sharp contrast with
the previously observed behavior of the hydrophobic capsule (L-
PheR)2, that is, in non-polar solvents, it exhibits very slow kinetics of
guest complexation (in the range of days). Control experiments with
cavitandPhR (which ismonomeric but still can complex the guest in

FIGURE 2 | Self-assembly of homocapsules (L-GluR)2 and (L-ArgR)2 in
water. Diffusion coefficients (D, measured by DOSY) of (L-GluR)2 and (L-ArgR)2
in water: (A) at various pH (C = 10 mM); and (B) at various concentrations (pH =
4.8). Concentration-dependent CD and UV spectra: (C) a plot of
concentration-dependent intensity of CD bands for L-GluR and L-ArgR (water,
pH= 11.9); (D)CD for L-GluR; (E)UV for L-GluR; (F)CD for L-ArgR; and (G)UV

(Continued )

FIGURE 2 | for L-ArgR. The encapsulation of mandelic acid (R)-3 followed by 1H
NMR: (H) (R)-3; (I) (L-GluR)2 + (R)-3; (J) (L-ArgR)2 + (R)-3; (K) PhR+ (R)-3 (C(3)

10 mM, C(cavitand) 20 mM, D2O, pH = 4.8, 600 MHz, 298 K).

Frontiers in Chemistry | www.frontiersin.org April 2022 | Volume 10 | Article 8830934

Sakowicz and Szumna Chiral Water-Soluble Molecular Capsules

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


the cavity) and 3 demonstrate that PhR exerts considerably smaller
influence on the chemical shifts of 3 (Figures 2H,K).

L-ArgR shows an analogous self-assembly behavior inwater to L-
GluR, with differences originating from different solubility (L-ArgR
is insoluble in the pH of 6–8). In the remaining pH range and within
the concentration range of 0.74–20.0 mM, diffusion coefficients

remain similar corresponding to the size of capsules (L-ArgR)2
(D = 2.1 × 10−10 m2s−1 rH = 11.6 Å, Figure 2B). The concentration-
dependent CD spectra (3.1–0.20 mM) show a gradual decrease of
(Δε) upon dilution (Figures 2C,F,G). Complexation experiments
also show the encapsulation of mandelic acid, 3, in the cavity of (L-
ArgR)2 at different pH (Figures 2H,J).

FIGURE 3 | Structural changes of homodimers upon pH change: (A,B) pH-dependent ECD and UV spectra of L-GluR (C = 3.1 mM, water, pH was adjusted by
using NaOH); (C) pH-dependent changes of NMR spectra of (L-GluR)2 (C = 10 mM, water, pH was adjusted by using NaOD); (D,E) pH-dependent ECD and UV spectra
of L-ArgR (C = 3.1 mM, water, pHwas adjusted by using NaOH); (F) pH-dependent 1H NMR spectra of (L-ArgR)2 (C = 10 mM, water, pHwas adjusted by using NaOD);
(G) postulated mechanism of diastereoselective deprotonation; (H) geometry-optimized structures of model compounds: neutral (N) in C4 inherently chiral
conformation and tetraanionic, (M)-(N-4H)4−; comparison of calculated and experimental spectra: (I) CD; (J) UV (TD DFT wb97xd/6-31+G(d); y-axis: left, solid
axis—experimental intensity; right, dashed axis—calculated intensity).
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In agreement with the hydrophobic character interactions, L-
GluR does not self-assemble in DMSO. It is manifested by
diffusion coefficient D = 1.5 × 10−10 m2s−1 that corresponds to
rH = 7.4 Å. The addition of 3 (1 equiv.) to L-GluR in DMSO
causes no changes in the chemical shifts of the guest, indicating
no interactions in this solvent (Supplementary Figure S36).

3.1.3 Protonation Equilibria
Even though the dimers remain stable over the wide pH range, as it
was demonstrated in Figure 2A, protonation equilibria influence
their structures, due to the presence of various pH-dependent groups
(amine, guanidine, carboxylic, and phenolic groups) in different
structural parts (backbones and side chains). The influence of pH on
the structure of dimers was followed by UV, ECD, and NMR.

For (L-GluR)2, the band at 290 nm in the UV spectrum remains
unchanged up to a pH of 9.0, and then it shows the abrupt
bathochromic shift to 305 nm (Figure 3B), indicating
deprotonation of phenolic groups in agreement with resorcinol’s
pKa1 = 9.30. Furthermore, the increase of pH (up to 13) does not
induce substantial changes, which may indicate that the second
resorcinol deprotonation event (for resorcinol pKa2 = 11.06) is not
visible at UV spectra of (L-GluR)2. A similar trend is observed for
(L-ArgR)2, but deprotonation of phenolic groups takes place at a
lower pH (Figure 3E). The deprotonation processes for both
capsules are accompanied by large changes in CD signals
(Figures 3A,D). For (L-GluR)2 at a pH of less than 9, the
250–350 nm bands are CD-silent, while the band at 240 nm
shows a low-intensity negative CD effect. At a pH greater than
9, a positive couplet at 330/300 nm starts to emerge, and its
intensity increases with the pH. For (L-ArgR)2, the pH-induced
changes follow the same trajectory as for (L-GluR)2, but the
corresponding changes are observed at lower pH (maximum at
pH 8). The pronounced quantitative difference between (L-ArgR)2
and (L-GluR)2 appears at pH > 12, when the signs of CD signals
reverse but only for (L-ArgR)2. This change may be attributed to
the second deprotonation event of resorcinol rings that takes place
for basic L-ArgR, while acidic L-GluR is not reaching this point
within the studied pH range. It is interesting to note that
deprotonation of a phenol group does not preclude the
formation of a binding motif that stabilizes the capsule.

The enhancement of CD bands follows the first deprotonation
event of resorcinol, which was also detected by the UV spectra. We
attribute these changes to “diastereoselective deprotonation” of the
resorcinol rings, that is, one of the hydroxyl groups in each
resorcinol ring is selectively deprotonated and forms a C4-
symmetric inherently chiral OH··O− pattern (Figure 3G). This
hypothesis is consistent with the NMR results that show increasing
differentiation of diastereotopic Hf protons at high pH
(Figure 3C). It is further supported by the calculation of
theoretical CD spectra for model compounds: neutral (N) and
tetraanionic (N-4H)4− (Figure 3H) by TD DFT wb97xd/6-
31+G(d) (Frisch et al., 2016). The results show that neutral
form, N, possessing eight OH groups arranged in a C4-
symmetric chiral conformation has very small CD effects within
the resorcinol chromophore (Figure 3I). Upon tetra-
deprotonation and formation of a C4-symmetric inherently
chiral OH··O− pattern, like in the (M)-(R-4H)4−, the CD effects

become an order of magnitude larger, supporting the hypothesis
that diastereoselective deprotonation is responsible for an increase
of CD intensity at high pH. Thus, for (L-ArgR)2 and (L-GluR)2,
the chirality of the amino acids induces directional deprotonation,
which is effective only in the self-assembled dimers, and decreases
as the dimer dissociates (Figure 2C).

3.1.4 Self-Assembly of Heterocapsules
The acid/base character of the side chains and chirality of the
cavitands enables the formation of heterodimers involving either
acid–base dimers or D–L dimers. It can be expected that favorable
electrostatic interactions between side chains of positively
charged arginine and negatively charged glutamic acid may
favor the formation of heterodimers. On the other hand,
chirality may also play a role because in a head-to-head dimer
the steric repulsion between side chains should be smaller for D–L
dimers than for L–L dimers (Jędrzejewska and Szumna, 2017). To
test these possibilities, we performed experiments of heterodimer
formation for D-GluR + L-GluR, L-GluR + L-ArgR, and D-GluR
+ L-ArgR. Indeed, when the cavitands containing arginine were
mixed with those containing glutamic acid in methanol or water
at pH < 7, the formation of precipitates was observed
independently of the chirality of the components, indicating
the effective formation of heterodimers. For mixtures
containing only glutamic acid cavitands but of different
chirality, that is, D-GluR + L-GluR, no precipitation was
observed. It was found that precipitates have different
solubility profiles than the components, for example, they do
not dissolve in DMSO but dissolve in water only at pH ≥ 9. After
dissolution of the precipitates in water at pH = 9, it was found that
they contain equimolar mixtures of cavitands ArgR and GluR
(the supernatants contain only traces of the substrates). The
D-GluR + L-ArgR and L-GluR + L-ArgR heterodimers
remain in fast exchange with their components on the NMR
timescale, and the spectra are broad. Evidence for the formation
of heterodimers was found by analyzing ECD spectra and
complexation characteristics toward benzaldehyde 2 (Figure 4).

Experimental ECD spectra of acid–base heterodimers (D-
GluR + L-ArgR and L-GluR + L-ArgR are different than the
sum components, especially at pH > 10 (Figures 4A,C). Different
behaviors of the mixtures were also observed during titrations of
2 (10 mM) with varying amounts of capsules (3–10 mM in
respect to cavitand, pH 9) monitored by DOSY (Figure 4F).
D-GluR + L-ArgR and L-GluR + L-ArgR induce a decrease of D
values of 2 more effectively than it is expected for the sum of
components. This indirectly proves the formation of
heterodimers which have better encapsulation properties than
the components. The formation of heterochiral dimers D-GluR +
L-GluR remains ambiguous.

3.1.5 Screening of Encapsulation Properties
Assuming that the binding motif of hydrophilic capsules is
similar to that of hydrophobic (L-PheR)2, in case of (L-
ArgR)2 (Kuberski and Szumna, 2009) or based on
hydrophobic clustering, in case of (L-GluR)2, the size of the
cavity can be estimated as c.a. 300 Å3. Even after having these
initial hints, it is non-trivial to predict complexation preferences
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of the capsules in water because an aqueous environment
diminishes polar interactions while enhancing hydrophobic
ones (Escobar and Ballester, 2021). Additionally, due to the
dynamic character of the capsules in water, the size of cavities
may be adaptable.

We have found that purely hydrophobic guests, for example,
toluene and cyclohexane are not complexed in the cavity. This is
in contrast to previously reported water-soluble capsules known

from the literature that typically prefer encapsulation of
hydrophobic guests by hydrophobic effects. Highly hydrophilic
guests, for example, glucose or mannitol (known to interact with
resorcinarenes in a non-polar environment) (Kikuchi et al., 1992;
Evan-Salem et al., 2006) are also not complexed. Efficient
complexation was observed for guests with mixed polar/apolar
characters that are compatible with the character of the cavity
(Figure 1E). Neutral guests such as epoxides, esters, ketones,
aldehydes, and amides are effectively complexed inside (L-
GluR)2. Charged guests such as acids and amines, carnitine,
tetraalkylammonium salts, and some amino acids also
experience considerable upfield shifts upon interactions with
(L-GluR)2 (Supplementary Figures S32–S53). Control
experiments show no upfield shift for neutral guests upon
addition of control cavitand PhR, indicating that the observed
effects for complexation in (L-GluR)2 can be attributed to
encapsulation.

Titration experiments have been performed for representative
guests. Titration curves could not be fitted assuming a 1:1 H:G
model and may reflect the influence of the guest on capsule’s self-
assembly and/or complex formation with more than one guest
inside the cavity. The Job plot for representative guest 3
(Supplementary Figure S33) suggests mixed stoichiometry
with a dominant 1:1 complex and a lower amount of the
complex containing more than one guest molecule. Good
quality fits to the titration data were obtained assuming the
formation of two types of species: (guest)⊂(L-GluR)2 (K1) and
(guest)2⊂(L-GluR)2 (K2) (Supplementary Figures S32, S35, S37,
S49, S50). Data show that (L-GluR)2 exhibits an affinity for the
studied guests in the range of logK1 = 3.9–5.0 and contributions of
the complexes with two guests in the range of logK2 = 1.3–2.0
(Table 1). The experimentally determined K2 values are
considerably lower than the statistically predicted K2(stat) = K1/
4. This effect is attributed to negative cooperativity due to
repulsions in the cavity. The chiral recognition of the
enantiomers was moderate, with the largest difference
observed between (R)-3 and (S)-3. Qualitative chiral
recognition of all chiral guests was also observed in 1H NMR
spectra (Figures 5A,B), indicating different binding modes
between enantiomeric guests and chiral capsules. In most

FIGURE 4 | Formation of heterodimers: (A) pH-dependent ECD, and (B)
UV spectra of D-GluR + L-ArgR; (C) pH-dependent ECD and (D) UV spectra
of L-GluR + L-ArgR (solid lines—experimental spectra and dashed lines—a
weighted mathematical sum of the components at given pH). Diffusion
coefficient changes (capsules’ and guests’ signals) during titration of (E) 1 and
(F) 2, with various capsules (pH = 9, C(guest) = 10 mM).

TABLE 1 | Complexation constants determined by 1H NMR titrations and
subsequent curve fitting using HypNMR (D2O, pH = 4.8, 298 K).

Host (H) Guest (G) logK1
a σ1

c logK2
b σ2

c

(D-GluR)2 (R)-3 4.85 0.02 1.25 0.02
(L-GluR)2 (R)-3 4.20 0.03 1.80 0.03
(D-GluR)2 1 4.84 0.03 1.85 0.03
(L-(GluR)2 1 4.81 0.04 1.73 0.03
(D-GluR)2 13 4.80 0.02 1.46 0.02
(L-(GluR)2 13 4.80 0.05 1.32 0.05
(D-GluR)2 16 4.77 0.03 1.54 0.03
(L-(GluR)2 16 4.99 0.02 1.43 0.02
(L-ArgR)2 (R)-3 4.78 0.02 1.85 0.02
(L-ArgR)2 (S)-3 4.34 0.03 1.77 0.03

aK1 = [HG]/[H][G].
bK2 = [HG2]/[HG][G].
cσ—standard deviation.
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cases, determination of the exact mode of interactions by
NOE/ROE was not possible due to the broadening of the
signals as a result of in–out exchange and tumbling of the

guests inside the cavity. However, in the case of guest 7, the
ROESY spectra clearly show ROEs between the signals of
encapsulated 7 and (L-GluR)2 (Figure 5H). The C′ signal
of the guest (which is the most shifted) exhibits the strongest
interactions with the d protons of the capsule (positioned at
the bottom of the cavity), indicating that the C protons are
positioned deep in the cavity. The less-shifted signals of the
guest, B, exhibit the strongest interactions with g protons of the
capsule, which are positioned in the central part of the cavity.
Such an orientation of guest 7 is in agreement with the
amphiphilic character of the cavity; the hydrophobic poles
interact preferably with the aliphatic part of the guest
molecule, and the central hydrophilic part prefers to host
the polar part of guest 7.

3.2 CONCLUSION

We have presented the synthesis of new chiral dimeric capsules
made of polar amino acids and demonstrated their self-
assembly in the most demanding aqueous environment. The
capsules have functional interiors and encapsulate a variety of
guests that are compatible with the mixed hydrophobic/
hydrophilic character of their cavities. The assembly/
disassembly and complexation processes are fast on the
NMR timescale. These features make the reported capsules
markedly different from previously known water-soluble
capsules (typically achiral and encapsulating hydrophobic
guests) and from structurally analogous hydrophobic
capsules that exhibit very slow complexation rates. These
features are also desirable for future applications, for
example, in catalysis, which typically requires fast kinetics,
moderate complexation strength, and stabilization of chiral
polar transition states. Moreover, the possibilities of using
longer peptides open the way toward the extension of the
capsules. These possibilities are currently being tested.
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