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SUMMARY

Taking advantage of the dynamic covalent chemistry approach, four
different cages were synthesized by condensation of tripodal
pseudopeptides  with  4,4'-biphenyldicarboxyaldehyde. = Whereas
undesired products of polymeric nature were obtained in polar solvents,
the [3+2] cryptand-type macrobicyclic architectures were obtained in
excellent yields using chloroform as solvent, even at relatively high
concentrations. The presence of two encapsulated water molecules
may provide a positive template effect in the low polarity medium. The
final macrobicycles display a combination of two types of chirality: D,L
chirality due to the asymmetric a-C centres and P,M helical chirality.
The homochiral helicity found for all the enantiomerically pure
molecular cages indicates strong chirality induction by the asymmetric
a-C. Besides, the self-sorting properties of the different chiral
pseudopeptides have been studied, resulting in high-fidelity homo-self-
sorting. DFT calculations point out that the self-sorting outcome may
also be a direct result of the encapsulation of two water molecules
within the cavity.

Self-sorting, self-assembly, supramolecular, chirality, pseudopeptides, bioinspired,
molecular cages, template, macrocyclization, water-assisted

INTRODUCTION

Since the birth of supramolecular chemistry, a wide range of macrocycles and macrobicycles
(such as cryptands) have been designed and used for sophisticated applications.*
Nonetheless, the synthesis of preorganized three-dimensional species is generally
challenging, as the macrocyclization steps must always overcome the competing
oligomerization/polymerization processes.5®8 Dynamic covalent chemistry (DCC), in
particular imine formation, offers a thermodynamically-driven approach that may minimize
the generation of such by-products.9* One of the merits of using DCC is that, the reversible
nature of dynamic bond allows for the occurrence of component exchange, structural
rearrangement and error checking, providing the ideal scenario for self-sorting processes.s
19

Several inspiring self-sorting examples have been previously reported based on differences
in cation coordination preferences.>>» Nevertheless, the assembly of biological
supramolecular structures makes mainly use of organic non-covalent interactions such as
hydrogen bonding, donor-acceptor interactions and Van der Waals forces.?# This high-
fidelity molecular recognition is responsible for events as crucial as the formation of a DNA
double helical structure and the folding of polypeptide chains into proteins with remarkable
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The bigger picture

Nature employs elegant
pathways to build-up complex
architectures, including
macrocycles and cages, from
simple building blocks.
Biological evolution has
optimised such processes for
affording the desired product
with exceptional selectivity,
even in highly competing
media. Indeed, a well-defined
homochirality has been
favoured in the construction of
macromolecules, with L-amino
acids as the main component
of proteins and enzymes and
D-sugars as the ones for DNA
and RNA.

Although there are some
significant examples in the
literature describing
homochiral self-sorting, the
bioinspired design herein
presented for the synthesis of
dynamic pseudopeptidic
cryptands may shed light on
the complex mechanisms
leading to biological
homochirality. This work
reveals that water
encapsulation is essential for
the self-sorting outcome,
showcasing a non-biological
example of the role of water in
shaping sophisticated
molecules, including their
chirality, and therefore
mimicking biological
behaviours.
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selectivity.?s In conjunction with the forces between components, the medium, in particular
water molecules, may serve as supramolecular vectors affecting the stability, structure,
dynamics, and functions of biomolecules.?® Examples of self-sorting experiments between
organic components based on such type of supramolecular interactions are rather scarce in
the literature.27:3°

Among the diverse self-sorted examples described to date, chiral self-sorting, i.e., the
selection for a supramolecular assembly of an interaction partner with a specific chirality
from a complex mixture of possible partners, is of paramount relevance as chirality is an
omnipresent property in nature.3* In fact, in the course of evolution one type of chirality has
been favoured in the build-up of the biological molecules making up living organisms, with
L-amino acids as the main component of proteins and enzymes and D-sugars as the main
components of DNA and RNA.3? Appropriate design of chiral self-sorting systems may shed
light on the formation of complex molecular architectures,3 allowing for the gradual
development of applications involving chiral chemical entities.3# In this respect,
pseudopeptidic compounds could have major advantages, as they present high functional
density for potential noncovalent interactions, together with theirinherent chirality provided
by the amino acid scaffolds.35 Hence, they could contribute to an understanding of the
biomolecular processes.3®

Herein we report the highly selective formation of cryptand-type macrobicyclic
pseudopeptides upon condensation of the tripodal components bearing L or D valine V or
phenylalanine F amino acid residues (LTV [/ DTV [ LTF |/ DTF) with 4,4
biphenyldicarboxyaldehyde (A) (Scheme 1). These cryptands present enhanced chiroptical
properties compared to their corresponding pseudopeptidic precursors because of the
higher rigidity prompted by the non-covalent intramolecular interactions. Furthermore, in
view of the presence of six imine groups, we have also investigated the DCC behaviour of
these novel pseudopeptidic molecular cages in competition experiments with the parent
tris(2-aminoethyl)amine (TREN) as well as the related self-sorting properties.
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Scheme 1. Molecular structures of the [3 + 2] homoleptic imine-based organic
macrobicyclic cryptand cages
Molecular structures of the tripodal pseudopeptides (LTV, DTV, LTF, DTF) and the selected
dialdehyde (A), together with the generated [3 + 2] homoleptic imine-based organic
macrobicyclic cryptand cages. V (valine) and F (phenylalanine) indicate the amino acid used
for the preparation of the tripodal pseudopeptidic component. D and L indicate the amino
acid enantiomer used for the preparation of the tripodal pseudopeptidic component.

RESULTS AND DISCUSSION
Synthesis and characterisation of the pseudopeptidic cryptands

The reactions examined involved four pseudopeptidic tripodal compounds derived from
natural L-valine and L-phenylalanine, as well as from their corresponding D-enantiomers.
The syntheses of the different trisaminoamides followed previously reported procedures.3
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For the valine derivatives, DTV and LTV, details of their solid-state structures were
established by single crystal X-ray crystallography (Figure S1A and S1B, respectively). Both
structures present a highly symmetric fully expanded conformation, with the arms of the
pseudopeptide located in the same horizontal plane. The angles between the three different
arms are of 112.9(2)°, almost equivalent to the theoretical distribution for a trigonal planar
molecular geometry (120.0°). The adoption of such expanded conformation can be explained
by the low-energy packing accomplished in solid-state, as the neighbouring molecules of the
valine-derived tripodal compounds are interacting by means of parallel intermolecular
hydrogen bonding (Figure 51C).3839 Indeed, the calculated N---O distance in the solid-state
structures for the three symmetric intermolecular hydrogen bonds formed was 2.835(7) A
(HN---0=C bonding, 90% vdW(y,0).4%4* Hence, both LTV and DTV formed B-sheet-like self-
assembled crystalline solids.443
The synthesis of macrobicyclic structures from two tripodal triamine and three dialdehyde
components involves the formation of six imine groups by reversible amine-aldehyde
condensations in a multiple dynamic covalent process allowing for error correction in the
course of the reaction.3242527 Despite the unfavourable extended spatial conformation seen
in the solid-state for the pseudopeptidic precursors, their capability to form cryptands was
evaluated by reacting each of them with 4,4'-biphenyldicarboxyaldehyde (Scheme 1). First,
the reaction conditions were optimized using LTV as the triamino compound and A as the
dialdehyde. When the reaction was performed in acetonitrile (3 MM in LTV and 4.5 mMin A),
a substantial polymeric precipitate was formed after 15 h at room temperature. This
yellowish material was only soluble in a 50 mol% solution of trifluoroacetic acid in wet CDCl,,
allowing for identification of the characteristic *H NMR signals for LTV and A. This result
agrees with the formation of a highly crosslinked imine-based polymer, undergoing acid-
catalysed hydrolysis.44 Performing the reaction in CD;CN at 25 °C allowed real time
monitoring the imine formation reactions (Figure S2). After 15 h, some yellowish precipitate
was formed, while the solution contained a complex mixture of unreacted reagents (ca.
30%), unidentified intermediates, and 10% of the desired cryptand. After 10 days at room
temperature, the reaction led to 14% of unreacted A and ca. 30% of (LTV),A; as the
predominant product in solution. The presence of (LTV),A; was also corroborated by HRMS
(Figure S3). Diffusion-ordered spectroscopy (*H DOSY NMR) for the isolated homoleptic L-
valine-derived molecular cage provided a diffusion coefficient of 7.08-10-¢ cm?s (Figure Sg),
corresponding to a molecular volume of 3037 A3.45
When the reaction was performed in CDCl; at room temperature (3 MM in LTV, 4.5 mMin A)
no precipitation was observed even after 5 days of reaction. *H NMR revealed the formation
of the desired cryptand almost quantitatively (93% NMR yield) after 4 days (Figure 1A).
Conversion of A was higher than 9o% after 8 h, and complete after 20 h. Thus, the
consumption of A occurred much faster than the appearance of the (LTV),A, product. This
behaviour indicated the occurrence of multiple condensation reactions generating initially
different intermediates. This double macrocyclization process was also followed by HRMS
analysis. Although HRMS analyses are not fully quantitative, they can be very useful for
studying the appearance and disappearance of different components in the course of the
reaction.®s Indeed, Figure 1B shows the relative distribution for the detected intermediates
present at different reaction times, together with the formation of the desired [3+2] cage.
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Figure 1. Kinetic profiles for the formation of (LTV),A;
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(A) Kinetic profile (*H NMR, 400 MHz) for the formation of (LTV),A,. Amount of conversion
of A and yields for (LTV),A; determined with NMR integration. Reaction conditions: room
temperature, 3mMin LTV and 4.5 mMin Ain CDCl,.

(B) Trends in product distribution calculated for the different reaction times obtained from
non-linear fitting of HRMS data.

The evolution with time of the different signals in the *H NMR spectra afforded valuable
information (Figure SsA). After 2 h, once the characteristic signals for the macrobicycle
(LTV),A, were well displayed in the spectra, the signal corresponding to water started to shift
to higher & values (A8,,, = +0.4 ppm, orange discontinuous lines in Figure S5A). This
observation suggests the existence of strong interactions between the molecular cage and
water molecules, with the hydrophobic medium likely favouring the encapsulation of H,O
molecules tightly hydrogen bonded to the pseudopeptidic moieties of the cage. Therefore,
water molecules, as released in the condensation steps, could act as a thermodynamic
template, 46476 stabilizing the structure of (LTV),A; and thus favouring its formation, possibly
in an autocatalytic fashion.4®49 No significant shift was observed for water molecules in the
experiment in acetonitrile (Ad.0days = +0.02 ppm), suggesting that water templation is much
less effective in more polar solvents (Figure S5B).

Due to random twisting motions around the axis of the bridgehead nitrogens, the spectrum
of (LTV),A, appears as highly symmetrical, as only a single set of signals is observed, for
example, for the imine protons (marked as | in Figure S6) and the proton of the stereogenic
carbons (C in Figure S6). The two doublets distinctive of para-substituted aromatic rings (A
and B, Figure S6) appearing at 7.42 and 6.48 ppm, respectively, reveal the existence of very
different electronic environments for both hydrogen atoms, with one of them substantially
shielded. It suggests a significant twisting around the N---N bridgehead axis of the three-
dimensional molecular cage with the involvement of -1t intramolecular interactions. It was
especially noticeable in the signals of the protons of the methylene group attached to the
NH of the amide groups, appearing as diastereotopic protons (E and E’ in Figure S6). The
amide protons (D in Figure S6) increase their hydrogen bonding in the cage, as their signal
appears at higher & values than in the open-chain LTV (7.98 ppm vs 7.67 ppm, 1.5 mM in
CDCly).

The outcome of the self-sorting in the present system may result fromits response to solvent
effectors. When the reaction is carried out in a polar solvent such as acetonitrile, products of
polymeric nature are generated. Precipitation of such polymers traps the system out-of-
equilibrium, and thus without sorted outcome. This shortcoming can be addressed by
changing the solvent to chloroform, which keeps the various intermediates in solution and
allows for reaching equilibrium, possibly also facilitated by the template effect of
encapsulated water molecules, as found in the crystal structures (Figure 2).

Under these optimized conditions, the condensation reactions between A and the other
pseudopeptidic reagents, DTV, LTF and DTF, were studied separately. All the
macrobicyclization reactions afforded the corresponding cryptand with isolated yields
higher than 80% for a 3 mM concentration in the triamine (Entries 1-4, Table 1). Interestingly,
a 5-fold increase in concentration did not result in any significant decrease in yields (Entries
5-8in Table 1), emphasizing the robust fidelity of the reagents to self-assemble in such [3+2]
architectures. Regarding the effect of changing the amino acid sidechain, slightly better
results were observed for phenylalanine derivatives ((LTF),A; and (DTF),A;).

Table 1. Isolated yields obtained in the condensation reactions between A and
the four different pseudopeptidic tripodal compounds.

Isolated yield®

Entry Macrobicycle Conc (mM)ab %)
1 (LTV).A, 3 85
2 (LTF).A, 3 90
3 (DTV).A, 3 87
4 (DTF),A, 3 92
5 (LTV),A, 15 74
6 (LTF).A, 15 88
7 (DTV).A; 15 81
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8 (DTF),A, 15 90
aSolvent: CHCl,, reaction temperature: 25 °C, reaction time: 5 days.
bConcentration of the tripodal open-chain pseudopeptide.
< Pure products were isolated after Na,SO, filtration and solvent evaporation, not needing
further purification

Crystals suitable for X-ray diffraction were obtained for (DTV),A;, (LTF),A; and (DTF),A,.
These solid-state structures provided unambiguous evidence for cage formation (Figure 2).
In all cases, the hydrophobic sidechains (isopropyl and benzyl groups for valine and
phenylalanine derivatives, respectively) are located in the outer part of the cryptand. In the
same way, the three biphenyl fragments are arranged in a helical disposition involving
intramolecular m-minteractions. Thus, in the case of (LTF),A;, the three interacting aromatic
bridges adopt two circular edge-tilted-T arrangement with the angles between the centroids
of the benzene rings (61.22(2)°, 60.70(2)°, and 58.08(2)°) defining two essentially equilateral
triangles (Figure S7A).5° For each set of three aromatic rings, the smallest intramolecular Ha,-
centroid distances were of 2.8321(10), 2.7072(9), and 2.8671(10) A, corroborating the
definition of a slightly distorted equilateral triangle. Overall, the lines connecting the
centroids in the two sets of benzene rings identify a Star of David (Figure S7B).5+53
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Figure 2. Solid-state X-ray molecular structures of the cryptand-like
macrobicyclic pseudopeptides

Solid-state molecular structures of (LTF),A; and (DTF),A; and (DTV),A, (from left to right)
showing also the helical chirality enforced by the asymmetric a-C centre as obtained for (A)
M-(LTF),A,, (B) P-(DTF),A; and (C) P-(DTV),A,. Side-view (top) and front-view (bottom)
have been represented in all cases. Hydrogen atoms, non-essential solvent molecules and
disorder have been removed. Oxygen atoms of the encapsulated water molecules have
been represented in spacefilling mode for clarity. See supplemental information for
crystallographic details.

A similar scenario is found for (DTV),A,, although in the valine-derived cryptand the shortest
Har-centroid distances are slightly larger (2.9980(18) A). These CH---1t interactions are in
good agreement with the observed *H NMR shift of the aromatic proton appearing at 6.48
and 6.07 ppm for (LTV),A;/(DTV),A; and (LTF),A;/(DTF),A,, respectively (Figures S27 and
533). The aromatic sidechains of the phenylalanine derivative also display m-m interactions
with the bisphenyl bridging units. The shortest distance between the Ha, of phenylalanine
and the closest aromatic carbon of the biphenyl bridge is of 2.731(2) A. These additional
interactions can help to stabilize the three-dimensional structure, explaining the higher
yields observed in comparison with the valine derivatives (see Table 1). The polar groups of
the pseudopeptidic units are predominantly facing the cavity, creating two hydrophilic
pockets in a cage with a strongly hydrophobic surface. Two molecules of water are
encapsulated inside the polar terminal pockets (Figures 2 and S8), hydrogen bonded to the
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protons of the amide groups (distance Ouwater*Namide = 3.063(6) A, 97% vdWyo for
(LTF),A,/(DTF),A,; and 3.062(5) A, 97% vdWy,o for (DTV),A;) and with the basic nitrogen
atom of the imine groups (distance Ouwater*Nimine = 3.050(7) A, 97% vdWy,o for
(LTF),A3/(DTF),A; and 3.037(4) A for (DTV),A;, 96% vdWy,0). This finding is in accordance
with water acting as thermodynamic template. Additional intramolecular hydrogen bonds
are found between the NH group of the amides and the N atom of the imines, with distances
Namide***Nimine Of 2.732(4) A (82% vdWn,n) for (LTF),A;/(DTF).A; and 2.787(6) A 84% vdWp,n)
for (DTV),A; (Figure S8). The intermolecular interactions between water and cage were
further corroborated by variable temperature *H NMR spectroscopy, observing a shift
towards lower & for the water signal and for the NH protons of the amides with increasing
temperatures (Figure Sg).

Especial attention should be paid to the twisted conformation adopted by the cryptands.
Solid-state structures of the pseudopeptidic macrobicycles demonstrate that, in each of the
framework of the cages, the three biphenyl units adopt the same rotational conformation,
namely either P for clockwise rotation ((DTF),A; and (DTV),A;) or M for anti-clockwise
rotation ((LTF)2A; and (LTV),A,). Each homoleptic cage thus has helical homochirality,
namely P3 or M3,5455 which is driven by the orientation adopted by the three aromatic units
because of the aforementioned intramolecular CH---1t interactions. This propeller-shaped
central aromatic moiety can find similarities with secondary structures found in nature,*7:56
as for example the DNA triple helix or the collagen triple helix.57-59

We envisaged at this point that such chiral environment should result in strong CD
differences for the cryptands. The two enantiomers for each pseudopeptidic cage presented
mirror-like CD spectra (Figure 3), expressed through a cotton effect centred at 309 nm,
corresponding to the UV absorption for the conjugated central aromatic units.®>¢2 The
Cotton effect was positive in the case of the homoleptic L-cryptands ((LTF)2A; and (LTV),A;)
and negative for their enantiomeric molecular cages ((DTF),A; and (DTV),A;). Hence, the
helical arrangement was endowed by the intramolecular and intermolecular (with water)
supramolecular interactions and the rotational homochirality, was governed by the chirality
of the initial pseudopeptide. It agrees with the solid-state structure for the pseudopeptidic
based cryptands compared to that reported for the cage prepared from TREN and A, in which
the bridging units were barely twisted.*
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Figure 3. Experimental evidences for the strong helical homochirality induction
governed by the a-C chirality

(A) CD spectra comparison (CHCl;, 0.015 mM, 25 °C) for (LTV),A; / (DTV).A; (left) and
(LTF),A; / (DTF),A;, (right). The superposition of the spectra for each separated enantiomer
reflects mirror-like CD.

(B) Representation of solid-state structures found for (XTF)2A3 (X= D or L) showing the
helical chirality enforced by the asymmetric a-C chirality: M-(LTF),A, (left) and P-(DTF),A,
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(right). Solvent molecules and hydrogen atoms have been removed for clarity. The
aromatic biphenyl bridges have been coloured depending on the rotational chirality

Competition studies with the parent achiral component TREN (T)

After the successful synthesis, isolation, and characterisation of the four homoleptic cages
X,A; (X = LTV, DTV, LTF, DTF), we carried out competition experiments for two different
tripodal amines: LTV and tris(2-aminoethyl)amine (TREN, T). One may consider T to be more
reactive than LTV, as the steric hindrance resulting from the o-substitution in the
pseudopeptide might decrease its reactivity. Besides, the nitrogen atoms of the terminal
amino groups in LTV could be acting as hydrogen bond acceptor in intramolecular
interactions, decreasing their nucleophilicity. The initial experiment involved a 3 : 2 : 2
mixture of A (4.5 mM), T(3mM) and LTV (3 mM) using CDCl, as solvent (Figure 4).
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Figure 4. Competition experiment between T and LTV using A as the dialdehyde

Competition experiment between T and LTV using A as the dialdehyde. Reaction
conditions: CDCl;, 25°C, 3 mM for LTV, 3mM for T, 4.5 mM for A. The abundance of each
species was determined by NMR integration. Note: (ocd), only compound detected; (nd),
not detected.

In line with the expected tendency, the only cryptand appreciably present in solution after 41
h of reaction was T,A,;, with all the initial T reagent being consumed (Figure S10). In good
agreement with this result, the homoleptic cage (LTV),A; and the mixed heteroleptic cage
(T)(LTV)A; were not detectable in the *H NMR spectrum, whereas 95% of the initial LTV was
still present unreacted. Comparing the kinetic profiles for each separated macrocyclization,
noteworthy differences were observed. For instance, the consumption of the aldehyde was
slightly faster in the presence of T than for its competitor LTV, confirming the higher
nucleophilicity of T over the open-chain tripodal pseudopeptide (Figure S11A). In terms of
the yield for the respective cages, the formation of T,A; was also kinetically favoured, as
yields higher than 50% were achieved after only 50 min, while it took 600 min for reaching
such yields for (LTV),A, (Figure S11B). The product distribution was stable for more than 10
days, without any exchange between components occurring. This observation suggested
that the homoleptic cage T.A; was also the thermodynamically favoured product.

Effect of the sidechain in the self-sorting between components

The effect of the amino acid sidechain in the reactivity and self-sorting properties of the
cryptands was also studied. This experiment seemed more challenging, as the reactivity of
the tripodal pseudopeptides LTV and LTF was expected to be similar. The self-sorting
experiment was performed using a 2 : 2 : 6 mixture (LTV : LTF : A) in CDCl, at room
temperature (Figure 5A). Monitoring the product distribution by *H NMR spectroscopy
showed that the homoleptic cage (LTV),A; was formed prior to the homoleptic (LTF),A; one
(Figure 5B), the NMR yields being respectively 11% and 5% after 4 h. In addition to the
characteristic peaks of the homoleptic cages, a new signal at 6.20 ppm was assigned to the
heteroleptic (LTV)(LTF)A; species. The final *H NMR spectrum indicated that these three
products embraced a statistical distribution, namely 1:2:1, as confirmed by NMR integration.
The same statistical distribution was also observed in the HRMS analysis of the crude after
10 days of reaction (Figure S12). This result highlights that the sidechain did not trigger
significant changes in the energy distribution between homoleptic and heteroleptic
compounds.
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Figure 5. Self-sorting experiment between LTV and LTF using A as the dialdehyde
(A) Representation of the self-sorting experiment between LTV and LTF using A as the
dialdehyde. Reaction conditions: CDCl;, 25°C, 3 mM for LTV, 3 mM for LTF, g mM for A.

(B) Partial *H NMR (400 MHz, CDCl;, 25 °C) spectra for the self-sorting experiment at 1 h
(red spectrum), 4 h (green spectrum), 15 h (light blue spectrum) and 240 h (purple
spectrum).

To probe whether the distribution observed for the self-sorting experiment corresponded to
the thermodynamically favoured distribution, we envisaged that mixing two equimolar
solutions of pure (LTF),A; and (LTV),A; should result in the formation of the heteroleptic
cage over time. This process would be possible through component exchange in presence of
a nucleophile or hydrolysis and further rearrangement of the components, permitted by the
dynamic nature of the imine bonds. Similar exchange processes have been already
established for dynamic macrocycles and cryptands.*5*7 Thus, pseudopeptides LTV and LTF
were first reacted separately with A (3 mM for the pseudopeptide and 4.5 mM for the
dialdehyde, CDCl,, 25°C) for 72 h prior to combining the two reaction samples. The resulting
mixture was left to equilibrate, monitoring the change in the product distribution over 12
days (Figure S13). The increase in concentration of A over time suggested that the error-
checking was occurring through hydrolysis and further rearrangement of the components.
Although the self-sorting experiment was not completed in the time-range monitored, a
final distribution of 30 : 33 : 37 was observed for (LTV),A; : (LTV)(LTF)A; : (LTF),A,,
suggesting that the three cryptands presented similar energies. HRMS analysis of the final
reaction mixture (12 days of reaction) corroborated the formation of the heteroleptic
cryptand (Figure S14).

Performing the competition experiment in the presence of a defect of dialdehyde (3 mM for
LTV, 3 mM for LTF and 4.5 mM for A), the kinetic preferences of the macrocyclization were
also determined (Figure Si5A). The signals characteristic of (LTV),A; were the first to be
detectable in the *H NMR spectra (Figure S15B). The heteroleptic cage was the second
macrobicycle to be formed, whereas the homoleptic (LTF),A; cage was only detected after
8 h. The corresponding kinetic profiles suggest that the pseudopeptide LTV must be
somewhat more nucleophilic and/or less sterically hindered than LTF (Figure S15C). The
kinetic profiles for the separated synthesis of (LTF),A; and (LTV),A; confirmed the higher
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reactivity of LTV as indicated at short times by the faster consumption of A (Figure S16).
Inspired by previous studies where the introduction of external chemical species resulted in
interesting changes in selectivity, 35 the effect of anionic species as chemical effectors in
the competition experiment was assayed, but only minor changes were observed in the final
distributions after 8 days of reaction (Table S1).

Effect of component chirality in the self-sorting processes

The macrobicyclic compounds (LTX),A; and (DTX),A; (X=V or F) combine remarkable
chirality features of two types: asymmetric a-C D, L chirality and helical P,M chirality due to
twisting around the N---N bridgehead axis enforced by the asymmetric a-C centre in
opposite directions for D and L. Figures 2 and 3 show the corresponding molecular structures
in the solid-state for M-(LTF),A;, P-(DTF),A; and P-(DTV),A,. These observations, together
with the spectroscopic data found, suggest a strong helical chirality induction.®%67 A related
homochiral induction by asymmetric a-C centers is found in trinuclear double stranded
helicates, 8 and in the formation of chiral tetrahedral cages.®®

The information gathered from *H NMR, CD and solid-state analyses, indicated that the
helical macrobicycles here described could promote chiral self-sorting. Several examples can
be found in the literature describing homochiral rearrangements in the syntheses of highly
twisted molecules or pinwheel-shaped structures.”o7> The formation of helical architectures
generally results in homo-self-sorting, as the arrangement in the heteroleptic species would
always lead to a helical conflict, coming at high energy costs.32

The self-sorting between LTV and DTV was first considered. Reacting a mixture of the
enantiomeric tripodal pseudopeptides with A could produce either homochiral (homo-self-
sorting) or heterochiral (hetero-self-sorting) macrobicycles (Figure 6).7374 The heterochiral
(LTV)(DTV)A, assembly represents the unusual case of a triple stranded meso structure,
diastereomeric with respect to the homochiral assemblies.

(DTV),A; (LTV),A;

4~

z t l Enantiomers z t |
’ - !; ¥ ]l =
v J=

LTV
—
6 Diastereomers Diastereomers
A

DTV z=|

(LTV)(DTV)A3

Triply-meso
compound

Figure 6. Self-sorting experiment between LTV and DTV using A as the dialdehyde
Self-sorting experiment between LTV and DTV using A as the dialdehyde, leading to two
homochiral enantiomers (DTV),A;, (LTV),A; and a heterochiral triply-meso diastereomer
(LTV)(DTV)A,. Reaction conditions: CDCl;, 25°C,3mM LTV, 3mM DTV, g mM A.

It must be noted that *H NMR spectroscopy can only quantify the homochiral/heterochiral
ratio, namely ((LTV),A; + (DTV),A;) / (LTV)(DTV)A;. *H NMR spectra for the reaction mixture
at different times (Figure S17) allowed identifying new signals assignable to the heterochiral
cage. After 19 h of reaction, a product distribution of 59 : 41 (homochiral : heterochiral) was
determined, the homochiral being favoured. Thereafter, a progressive decrease in the
concentration of the heterochiral species was observed over time (Figure S18). After 13 days
at room temperature, the heterochiral cage was still present in the reaction mixture, with a
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90 : 10 homo- to heterochiral ratio. HRMS analyses corroborated that the major compounds
during the rearrangement were the homochiral/heterochiral cages of same mass, being the
three components characterised by m/z peaks at 1410.9 and 705.4 m/z, for [M+H]* and
[M+2H]?* respectively (Figure S19). Carrying out the experiment in the presence of 20 mol%
of TFA resulted in a ca. 2.6 times faster homochiral self-sorting, as the redistribution was
catalysed by the acid (Figure S20).

Interestingly, one of the signals assigned to the aromatic protons of the biphenyl groups of
the heterochiral cages did not show the characteristic § shift observed in homochiral
cryptands (compare B and B’ signals in Figure S21). This suggests that the heterochiral
species does not induce a helical twisting with m-1t stacking as a result of the opposite
twisting preference of the heterochiral (LTV) and (DTV) lids. The self-sorting process should
be even more efficient between LTF and DTF, as these phenylalanine-derived macrobicycles
presented a more pronounced helical conformation due to the additional Tt-interactions with
the aromatic sidechains. In agreement with this hypothesis, when reacting a LTF : DTF : A
mixture (2 : 2 : 6 equivalents respectively) the evolution of the peaks for the different species
showed a significantly faster rearrangement, shifting from an initial 6o : 40 homochiral :
heterochiral distribution to the final 96 : 4 distribution in less than 3 days (Figure S22).

DFT calculations for the homochiral and heterochiral macrobicylic cages were carried out to
estimate energy differences for valine and phenylalanine derivatives. All conformation
optimizations were calculated for the isolated molecules, providing endergonic formation
energies for the cryptands (Figure 7A). Energy diagrams for the isolated compounds do not
agree with experimental results, as, for instance, the heterochiral cage was calculated to be
almost 10 kcal/mol more stable for the valine cryptand. However, taking into account the
observed binding of water molecules inside the cavity of the ditopic cryptand cage, the
energies for the most stable conformation of the macrobicycles were calculated with two
molecules of water encapsulated within the hydrophilic pockets (Figure 7B). The trapped
water molecules were clearly stabilizing the homochiral cages, decreasing their energy by
15.2 and 10.6 kcal/mol for (LTV),A; and (LTF),A,, respectively. This stabilization was much
lower for the heterochiral cage, in which the weaker host-guest noncovalent interactions
barely modified the initial energy (< 2 kcal/mol). This role of the water molecules was
confirmed by *H NMR experiments, revealing a significant shift towards higher & values of
the water signal as the system underwent the heterochiral to homochiral change (Figure
S23). It must be noted that the encapsulation of water seemed more efficient for the valine
cryptand, Adu.o = +1.1 ppm for (LTV),A; and +0.35 ppm for (LTF),A,, which correlates well
with the energy reduction estimated upon water binding.

NEAT ENCAPSULATED WATER

304 304

J HETEROCHIRAL
— E—— 7.2
25+ HOMOCHIRAL 254 & ¥¥
~ = Wis
S 209 HETEROCHIRAL € %1  HETEROCHIRAL
E — 17.6 - 17.5 —17.1
= 154 T 154 HOMOCHIRAL
5 i o
= < E——11.6 ¥ék
104 o 104 HOMOCHIRAL oy o
(2 < X5
> g
54 54 }. o
0 04 ¥
4
2LTV+2DTV+6A 2LTF+2DTF+6A 2LTV+2DTV+6A 2LTF+2DTF+6A

Figure 7. DFT calculated conformations and energies for the cryptands

Most stable conformation (DFT, B3LYP, LANL2DZ, Gaussianog) for the homochiral and
heterochiral cryptands (A) in the absence and (B) in the presence of two water molecules.
Free energies (kcal/mol) have been calculated from the formation energies of the reaction
components. See computational section in supplemental information for more details

The energy differences between the homochiral and heterochiral cages in the presence of
water were of 5.9 and 10.1 kcal/mol for the valine and phenylalanine macrobicycles
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respectively. These values are in agreement with the self-sorting experiments for the
systems, revealing a higher predominance of the homochiral cage -under the same
conditions- for the phenylalanine derivative (Figures 518 and S22). These results indicate
that the encapsulation of water played a crucial role in the self-sorting outcome, showcasing
a non-biological example of the role of water in shaping sophisticated tertiary and
quaternary structures found in proteins.’s

The former results highlight the key role of the side chain of the constituent amino acid in
these processes. The efficient encapsulation of H,O can be associated to the hydrophobicity
of the sidechains in Val and Phe derivatives. The higher efficiency observed for Val can reflect
the higher hydropathy of its sidechain.’ It must be noted, besides, that the folding of the
benzyl group to maximize the aromatic-aromatic interactions leads to a less efficient
hydrophobic shielding of the pseudopeptidic fragment interacting with the water molecule
in XTF,A; and can also disturb the hydrogen bond interactions associated to this
encapsulation. Hence, the strong hydrophobic surface of XTV,A; can enhance water
encapsulation and, thus, homo-chiral self-sorting. It must be noted that experiments carried
out with the tripodal triamine derived from glycine (less hydrophobic?® but also lacking
chirality) did not produce in an efficient way the desired molecular cages (only complex
mixtures of products were obtained). Similar results were obtained with the triamino
compound derived from tryptophane (significantly more hydrophilic according to the same
scale)?®, but it is worth mentioning that results from Trp derived triamine must be handled
carefully as much as the large aromatic unit in the sidechain can also participate in aromatic
interactions and contains a H-bond donor fragment.

Considering this effective chiral self-sorting, one may surmise that the same pronounced
helical twisting induced by the chiral centers could also affect the self-sorting of two tripodal
pseudopeptides with different sidechains and opposite chirality. When components LTV,
DTF and A were mixed ina 2 : 2 : 6 ratio in CDCl;, the self-sorting of the system was clearly
apparent in the *H NMR spectra. Figure 8 shows the evolution of the spectra over time, with
the formation of both (LTV).A; and (DTF),A;. In excellent accordance with the kinetic
preferences of LTV over DTF, the (LTV),A; macrobicycle was formed earlier than its
phenylalanine analogue. The spectrum of the reaction outcome after 3 days was a
superimposition of the spectra from the individual reactions for the preparation of the
homoleptic/homochiral cryptands under similar experimental conditions, revealing the
absence of heteroleptic cage (LTV)(DTF)A;. This efficient self-recognition process was
confirmed by HRMS analysis, observing that after 78 h the two major products were the

I

S\

\

"

)

L TR ETr SRR,

A

8.68.5848.38.28.18.07.9787.7767.5747.37.27.17.06.96.86.76.66.56.46.36.26.16.05.95.8
(ppm)

Figure 8. Self-sorting experiment between LTV and DTF using A as the dialdehyde
Partial *H NMR (500 MHz, CDCl;, 25 °C) spectra for the self-sorting experiment at different
times. Reagents: LTV, DTF and A (3 mM, 3 mM and g mM, respectively). The two black
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spectra on top correspond to the pure macrobicycles (1.5 mM each), highlighting the
signals for (LTV),A; (blue lines) and (DTF),A; (purple lines).

The intramolecular noncovalent forces, and thus the helical chirality of the architecture,
appear to be responsible for reaching such high-fidelity self-sorting. Performing the process
with the alternative mixture of compounds, namely DTV : LTF : Areactingina 2:2: 6 ratio,
resulted as expected in the same homo-self-sorting, with the spectrum of the final reaction
mixture being a superimposition of (DTV),A; and (LTF),A;. Therefore, the intrinsic chirality
of the secondary structure was able to promote excellent selectivities in the self-sorting
between components. As evidence of chirality driven self-recognition, when all four tripodal
reagents were mixed in the presence of Aina2:2:2:2:12ratio (LTV: DTV :LTF: DTF: A),
the statistical distribution previously observed for the sidechain self-sorting experiment (see
for instance Figure 5) was obtained (Figure S25). Hence, the system was able to perform
chirality self-sorting towards homochiral compounds but did not distinguish between the
sidechains of the valine or phenylalanine derived species.

Conclusions

In conclusion, the work presented herein describes the efficient synthesis of novel chiral
pseudopeptidic macrobicycles. Whereas products of polymeric nature are favoured in polar
solvents, the cage structure is obtained in almost quantitative yields in homogeneous
solution where equilibrium can be achieved. This high efficiency is due to a large extent to
the positive template effect of water molecules bound in the three-dimensional cavities
formed by the tripodal capsules at each end of the macrobicyclic structure, as revealed in the
solid-state by radiocrystallography and *H NMR spectroscopy. The present pseudopeptidic
cages display helical chirality and a preorganized cavity for molecular recognition of polar
substrates in hydrophobic media, adding value to their straightforward synthesis via imine
condensation.

The pseudopeptidic dynamic library responded primarily to chirality features, as high-fidelity
chiral homo-self-sorting was achieved for the mixtures. Such fidelity is remarkable for such
complex multicomponent systems made up from purely organic building blocks that differ
in chirality, with structures presenting similar binding sites. The encapsulation of discrete
water molecules appears to be the main driving force for this error-checking process, thus
stressing the role of the aqueous medium in the formation efficiency and selectivity as well
as in the determination of structural features of complex three-dimensional architectures in
biomolecules.

EXPERIMENTAL PROCEDURES
Resource availability

Lead contact
Further information and requests for resources and reagents should be directed to and will
be fulfilled by the lead contact, prof. Santiago V. Luis (luiss@uiji.es).

Materials availability
All materials generated in this study are available from the lead contact upon request.

Data and code availability
Data and code generated during this study are available from the lead contact upon
request.

Instrumentation and Measuremets

NMR spectra were recorded on Bruker Avance 400 (400 MHz for *H and 100 MHz for 3C{*H}),
Bruker Avance Il plus 400 (400 MHz for *H and 100 MHz for 3C{*H}), and Bruker Ascend
Spectroscope Avance Neo-500 MHz (500 MHz for *H and 125 MHz for 3C{*H}) instruments.
MestReNova 10 software was used for the treatment of the NMR spectra. Chemical shifts are
given in ppm. Residual solvent peaks were taken as reference (CDCl;:7.26 ppm). NMR tubes
were sealed with Teflon caps to avoid evaporation of solvent and changes in concentration.
Quantitative *H NMR were measured using the integration of the residual solvent peaks as
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internal standard. The error in *H NMR integration amounts to + 5% (the error bars in the
quantitative NMR graphs account for 5% of each data point). The coupling constants (J) are
listed in Hz. Peaks are described as singlet (s), doublet (d), triplet (t), doublet of doublets (dd)
and multiplet (m). Unless otherwise noted, spectra were recorded at 25 °C.

HRMS-ESI (High-Resolution Mass Spectrometry-Electro-Spray lonisation) mass spectra
were recorded by direct injection into a ThermoFisher Exactive Plus EMR Orbitrap mass
spectrometer. The CD spectra were recorded on CD-ORD J-1500 (Jasco).

Commercially available chemicals were purchased from Sigma-Aldrich, Alfa Aesar,
Fluorochem, TCl and were used without further purification. Solvents and reagents of
pharmaceutical grade quality were purchased from Carlo Erba, and solvents of spectroscopic
grade were purchased from Sigma-Aldrich and Fisher Chemical. CDCl, was purchased from
Euriso-TOP and filtered through basic alumina to remove traces of acidity before use. CD,CN
was purchased from Euriso-TOP.

General Synthetic Procedures

Chemical synthesis was performed as detailed below and in the Supplemental Information
(Synthesis and isolation section, see Figure S26 for chemical structures). See Figures S27-
S42 for *H, 3C{*H}, HMBC, ROESY, COSY, HSQC and CD spectra of all products.

Synthesis of (LTV)2A;

LTV (0.220 mg; 0.496 mmol) was dissolved in CHCl; (15 mL), then A (0.156 g; 0.744 mmol) in
CHCI, (18 mL) was added dropwise over 5 min. The resulting clear, colourless solution was
stirred for 72 h at room temperature. Then, 0.2 mg of Na,SO, were added to the solution to
remove as much water as possible. The suspension was filtered off and the resulting solution
was dried at reduced pressure and low temperature (ca. 5-10 °C) to afford pure (LTV),A;as a
white solid.

Yield and Characterisation Data for (LTV),A,

Yield: 0.259 g (74%); *H NMR (500 MHz, 25 °C, CDCl;) & 8.25 (s, 1H), 8.00 (s, 1H), 7.72 (d, J =
8.1Hz, 2H), 6.48 (d, /=7.8 Hz, 2H), 3.96 (t, J =11.2 Hz, 1H), 3.62 (d, /= 7.9 Hz, 1H), 3.03 - 2.90
(m, 1H), 2.61(d, J=3.7 Hz, 2H), 2.22(d, J = 7.1 Hz, 1H), 1.04 (d, / = 6.7 Hz, 3H), 0.81(d, /= 6.6
Hz, 3H). 3C{*H} NMR (125 MHz, 25 °C, CDCl,) 6 172.1, 162.9, 143.3, 134.6, 128.8, 127.9, 84.8,
57.2, 37.4, 33.0, 19.7, 19.6. HRMS (ESI+) m/z: [M+2H]?** calcd 705.4361, found 705.4387.

Synthesis of (DTV),A;3

DTV (0.226 g; 0.510 mmol) was dissolved in CHCI; (16 mL), then A (0.160 g; 0.765 mmol) in
CHCl, (18 mL) was added dropwise over 5 min. The resulting clear, colourless solution was
stirred for 72 h at room temperature. Then, 0.2 g of Na,SO, were added to the solution to
remove as much water as possible. The suspension was filtered off and the resulting solution
was dried at reduced pressure and low temperature (ca. 5-10 °C) to afford pure (DTV),A; as
a white solid.

Yield and Characterisation Data for (DTV),A;

Yield: 0.284 g (81%); *H NMR (500 MHz, 25 °C, CDCl;) & 8.25 (s, 1H), 8.00 (s, 1H), 7.72 (d, J =
8.1Hz, 2H), 6.48(d, J=7.8 Hz, 2H), 3.96 (t, J = 11.2 Hz, 1H), 3.62(d, /= 7.9 Hz, 1H), 3.03-2.90
(m, 1H), 2.61(d, J=3.7Hz, 2H), 2.22(d, J = 7.1 Hz, 1H), 1.04 (d, /= 6.7 Hz, 3H), 0.81(d, /= 6.6
Hz, 3H). 3C{*H} NMR (125 MHz, 25 °C, CDCl,) § 172.1, 162.9, 143.3, 134.6, 128.8, 127.9, 84.8,
57.2, 37.4, 33.0, 19.7, 19.6. HRMS (ESI+) m/z: [M+2H]?* calcd 705.4361, found 705.4387.

Synthesis of (LTF);A3

LTF (0.298 g; 0.507 mmol) was dissolved in CHCl; (16 mL), then A (0.159 g; 0.762 mmol) in
CHCI, (28 mL) was added dropwise over 5 min. The resulting clear, colourless solution was
stirred for 40 h at room temperature. Then, 0.2 g of Na,SO, were added to the solution to
remove as much water as possible. The suspension was filtered off and the resulting solution
was dried at reduced pressure and low temperature (ca. 5-10 °C) to afford pure (LTF),A;as a
white solid.

Yield and Characterisation Data for (LTF),A,
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Yield: 0.379 g (88%); *H NMR (500 MHz, 25 °C, CDCl;) 6 8.33 (dd, J = 7.9, 4.4 Hz, 1H), 7.64 —
7.50 (M, 3H), 7.09 — 6.99 (M, 3H), 6.88 (t, J = 7.5 Hz, 2H), 6.07 (d, J = 7.8 Hz, 2H), 4.21(dd, J =
11.1, 2.6 Hz, 1H), 4.01-3.89 (M, 1H), 3.65 (dd, J = 13.4, 2.5 Hz, 1H), 3.05 —2.94 (m, 1H), 2.94 —
2.79 (m, 2H), 2.64 — 2.54 (M, 1H). 3C§*H} NMR (125 MHz, 25 °C, CDCl;) § 172.9, 163.7, 143.3,
136.9, 134.1, 130.2, 128.8, 128.4, 128.0, 126.7 128.8, 127.9, 77.9, 56.8, 42.1, 39.1, 29.9. HRMS
(ESI+) m/z: [M+2H]** calcd 849.4372, found 849.4356.

Synthesis of (DTF);A3

DTF (0.290 g; 0.493 mmol) was dissolved in CHCI, (15 mL), then A (0.155 g; 0.740 mmol) in
CHCl, (28 mL) was added dropwise over 5 min. The resulting clear, colourless solution was
stirred for 40 h at room temperature. Then, 0.2 g of Na,SO, were added to the solution to
remove as much water as possible. The suspension was filtered off and the resulting solution
was dried at reduced pressure and low temperature (ca. 5-10 °C) to afford pure (DTF),A;as a
white solid.

Yield and Characterisation Data for (DTF),A;

Yield: 0.377 g (90%); *H NMR (500 MHz, 25 °C, CDCl;) 6 8.33 (dd, J = 7.9, 4.4 Hz, 1H), 7.64 —
7.50 (M, 3H), 7.09 — 6.99 (m, 3H), 6.88 (t, J = 7.5 Hz, 2H), 6.07 (d, J = 7.8 Hz, 2H), 4.21(dd, J =
11.1, 2.6 Hz, 1H), 4.01-3.89 (m, 1H), 3.65 (dd, J = 13.4, 2.5 Hz, 1H), 3.05 - 2.94 (M, 1H), 2.94 —
2.79 (m, 2H), 2.64 — 2.54 (M, 1H). 3C{*H} NMR (225 MHz, 25 °C, CDCl;) § 172.9, 163.7, 143.3,
136.9, 134.1, 130.2, 128.8, 128.4, 128.0, 126.7 128.8, 127.9, 77.9, 56.8, 42.1, 39.1, 29.9. HRMS
(ESI+) m/z: [M+2H]>* calcd 849.4372, found 849.4356.

X-Ray crystallography

LTV and (LTF),A; X-Ray diffraction data was obtained on a 4-circle Xcalibur EosS2
diffractometer (Agilent Technologies) equipped with a CCD detector. CCDC numbers:
2143486 and 2143485, respectively. DTV, (DTF),A; and (DTV),A, X-Ray diffraction data was
obtained on a SuperNova-Dual diffractometer (Agilent Technologies) equipped with an Atlas
CCD detector. CCDC numbers: 2143483, 2143482, and 2143484, respectively. The structures
were solved with the SHELXT 2014/577 structure solution program and refined with the
SHELXL-2018/37® refinement package. Artwork representations were processed using
MERCURY?7s software.

Single-crystals for the cryptands were obtained by slow diffusion (gas-liquid) of cyclohexane
into a toluene:CHCl, solution of the desired macrobicycle.

See X-Ray crystallography details section in the Supplemental Information for additional
information. Figures S43-S47 display thermal ellipsoid plots for all solid-state molecular
structures.

DFT calculations

The X-ray geometric structures for the homochiral species were used as the starting point for
Montecarlo conformational searches. The most stable conformation was initially
determined at the MMFF level of theory using Spartano8 software,® and then the DFT
models were calculated. The same procedure was followed for the heterochiral species,
starting from the X-ray geometry of the homochiral species, and then modifying the three
chiral centres of one of the cage lids.

DFT calculations were run with Gaussian og (revision B.01).8* Geometry optimizations were
carried out without symmetry restrictions at the B3LYP level,®2 using the Lanl2Dz basis set.83
Analytical frequency calculations were used to characterise each stationary point as a
minimum. These calculations, carried out at 298.15 K, also allowed for obtaining the thermal
and entropic corrections required to calculate Gibbs energy differences.

See Computational details section in the Supplemental Information for additional
information.

SUPPLEMENTAL INFORMATION
Supplemental Information (PDF) can be found online at https://doi.org/XXXXXXXX.
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