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We present two methodologies for synthesizing cross-chain bridging cryptand 1 that incorporates tri-
and tetra(ethylene glycol) linkers (methods B and C). Method B involves the synthesis through the intra-
molecular cross-linking of C,-symmetric crown ether 3. While this method does not substantially reduce
the lengthy reaction steps compared to the previous approach, it improves the overall yield of cryptand 1a
containing three tri(ethylene glycol) linkers and allows for the creation of a new form of a cross-chain
bridging cryptand 1c with one distinct and two identical linkers. However, method C entails a synthesis
accomplished through a triple-linking reaction in a single step. This method offered a streamlined syn-
thesis of cryptand 1. The crucial triple linking reaction produced cross-chain bridging cryptand 1 as the
major isomer and the corresponding linear regioisomer 6 as the minor isomer. Moreover, we observed
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the interconversion of enantiomers of cryptand 1c, which contains a 28-membered macrocycle, under
chiral high-performance liquid chromatographic (HPLC) analytical conditions (with a half-life of 20.7 min
at room temperature). Finally, X-ray crystallography confirmed the cross-chain bridging structure in the
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Introduction

Many molecularly chiral architectures have been developed
from unique structural systems that lack classical chiral
elements." These include increasingly complex molecular
arrangements, such as calixarene host families,” their
analogs,”” helicenes,® other distorted aromatics,*>%°*?
Mobius strips,’® and others.*®**'> These inherently chiral
architectures are structurally intriguing, and their chiroptical
properties have been extensively studied.®>**™2°

The development of a cross-chain bridging structure rep-
resents an intriguing approach for inducing molecular chirality in
the absence of asymmetric centers. Figure-of-eights are represen-
tative examples of creating such chiral systems.***"** For a chiral
figure-of-eight structure to be effective, it must incorporate rigid
functional groups to inhibit the interconversion of its enantio-
mers. Walba and colleagues have successfully synthesized a chiral
Mobius strip featuring a cross-chain bridging arrangement,
demonstrating the induction of chirality without requiring rigid
linkers.>* Currently, molecular knots and links with multiple and
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two chemically equivalent chains in the solid state of cryptand 1a.

intricately entangled structures have been synthesized through
transition metal templating and/or thermodynamically controlled
methodologies,”* with one such system being used as an asym-
metric catalyst in organic reactions.>

In a previous work, we synthesized a cross-chain bridging cryp-
tand 1 bearing three oligo(ethylene glycol) linkers (Fig. 1).>° The
cryptand exhibits C, symmetry, and its cross-chain bridging struc-
ture is formed through triple linking at different positions of two
benzene moieties, with two of the three cross-chain linkers being
chemically equivalent. Cryptand 1a, which contains three tri
(ethylene glycol) linkers and a 25-membered macrocycle, demon-
strates molecular chirality. However, the conversion of the enan-
tiomers of the larger cryptand 1b, which features long linkers,
occurred at room temperature (Fig. S1f) owing to the large
31-membered macrocycle in 1b failing to sufficiently inhibit the
flipping of the benzoate moiety. Consequently, this type of cross-
chain bridging cryptand can act as both chiral and dynamic
chiral hosts, allowing for variation in the size of the macrocycles.

In a previous study, the cross-chain bridging cryptand was
synthesized through the intramolecular cross-linking of the
unsymmetric crown ether 2 (Fig. 1, method A). The primary
advantage of method A is that it yields cryptand 1 as a single
product when the intramolecular cross-linking reaction is per-
formed. However, this method requires extensive synthetic
steps, resulting in relatively low total yields of the cryptand,
particularly owing to the low yield associated with the syn-
thesis of crown ether 2. Additionally, this approach is limited
to the production of cross-chain bridging cryptands featuring
three identical linkers for creating C,-symmetric cryptands.

This journal is © the Partner Organisations 2025
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Fig. 1 Synthetic strategies for cross-chain bridging cryptand 1.

Here, we present two new methodologies for the synthesis of
cross-chain bridging cryptand 1 (Fig. 1, methods B and C).*
method B, the intramolecular cross-linking of C,-symmetric
crown ethers 3 is a key step, while method C involves performing
the triple linking reaction in a single step. Although method B
does not considerably reduce the number of lengthy reaction
steps, it increases the synthetic yield of the small cryptand.
Furthermore, this method allows for the incorporation of a dis-
tinct linker different from the other two, enabling the synthesis
of a new type of cross-chain bridging cryptand featuring two
types of linkers. However, method C offers a short-step synthesis
of cryptand 1, with the final triple linking step producing cross-
chain bridging cryptand 1 as the major isomer alongside the
corresponding linear regioisomer 6. Additionally, we confirmed
through X-ray crystallography that cryptand 1a, bearing three tri
(ethylene glycol) units as linkers, exhibits a cross-chain bridging
structure formed by two chemically equivalent linkers.

Results and discussion

Synthesis of cryptand 1 by linking the C,-symmetric crown
ethers 3 (method B)

We used 3-O-benzyl ethyl gallate (7)*® as the starting material
for synthesizing the C,-symmetric crown ethers 3 (Scheme 1).

This journal is © the Partner Organisations 2025
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Scheme 1 Method B: synthesis of cross-chain bridging cryptand 1.

Alkylation of compound 7 and the corresponding tosylates 8,
which contain tri- and tetra(ethylene glycol) units, produced
the oligoethers 9. To synthesize larger crown ethers (10b and
11b), diol 9b was converted into ditosylate 9¢c. Macrocyclization
of either dichloride 9a or ditosylate 9c with ethyl gallate 7
resulted in a 1:1 mixture of C,-symmetric crown ethers 10 and
o-symmetric crown ethers 11, obtained in moderate yields.
These mixtures were subsequently converted into the corres-
ponding deprotected crown ethers 3 and 12 as additional mix-
tures. C,-symmetric and o-symmetric small crown ethers 3a
and 12a were successfully isolated through chromatographic
separation. The 'H NMR spectra of crown ethers 3a and 12a
indicated their symmetric structures. Specifically, the spec-
trum of 12a, which features two sets of chemically equivalent
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Fig. 2 Structures and 'H NMR spectra (600 MHz, CDCls) of crown
ethers 3a and 12a.

protons in the ethylene glycol units (Fig. 2), showed two
singlet signals for the ethylene glycol protons at 3.77 and
3.69 ppm. In contrast, the 'H NMR spectrum of 3a did not
exhibit any singlet signals from the ethylene glycol units. The
separation of crown ethers 3b and 12b, which contain long
linkers, was achieved through crystallization. After the de-
protection of the benzyl groups in the mixture of 10b and 11b,
the crude product was treated with MeOH, affording a solid
that consisted of a 93 : 7 mixture of 3b and 12b in 44% yield.
Further washing of this mixture with EtOH resulted in the iso-
lation of C,-symmetric crown ether 3b as a single product with
ayield of 25%. o-Symmetric crown ether 12b was obtained as a
solid from the first filtrate after treatment with 'PrOH. At this
stage, the structures of the isomers were not elucidated
through '"H NMR spectroscopy. Finally, we established their
structures following the conversion of 3b and 12b into the
cross-chain bridging and linear cryptands 1b and 6b, respect-
ively (as described below).

The synthesis of the cross-chain bridging cryptand 1 from 3
and the corresponding ditosylate 13 was investigated using
four carbonates as bases and templates (Scheme 1). K,CO3
proved to be the most effective base for producing the small
cross-chain bridging [4.4.4]cryptand 1a with a yield of 59%.>®
The cross-linking of crown ether 3b led to the formation of the
large [5.5.5]cryptand 1b, achieved using K,CO; and Cs,CO3
with a good yield. To evaluate the products of the cross-linking
reactions, the crude products were analyzed by gel permeation
chromatography (GPC) (Fig. S2 and S31).

When Li,CO; was used as a base for the synthesis of 1, only
crown ethers 3 were recovered because the combination of the
crown ethers and the carbonate salt resulted in the formation
of an insoluble complex(es). After the workup of the reaction
between 3b and 13b, only the peak corresponding to 3b was
present in the chromatogram (Fig. S3a for 3bi). In contrast,
when using Na,COj;, the peaks of cryptand 1 appeared promi-
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nently alongside other distinct peaks in the chromatograms.
For the synthesis of the small [4.4.4]cryptand 1a, a non-negli-
gible peak was observed before the peak for 1a with both
K,CO; and Cs,CO;. The cyclization of two molecules of crown
ether 3a and ditosylate 13a likely yielded the larger macro-
cycle.”® Conversely, peaks for the large [5.5.5]cryptand 1b were
detected in the chromatograms when K,CO; and Cs,CO; were
used. The template effect of the potassium ion is more
effective than that of the cesium ion for synthesizing the small
cryptand 1a, while both potassium and cesium ions may serve
as effective templates for the synthesis of the large cryptand
1b. Upon purification of the cryptand using GPC, we con-
firmed that the 'H NMR spectra matched those previously
reported.>®

Synthesis of the cross-chain bridging cryptand 1c possessing
two different linkers

Next, we synthesized [5.5.4]cryptand 1e¢, which contains two
tetra(ethylene glycol) linkers and one tri(ethylene glycol)
linker, to demonstrate that method B allows the construction
of a cryptand with two different types of linkers (Scheme 2).
The macrocyclization reaction involving the large C,-symmetric
crown ether 3b and tri(ethylene glycol) ditosylate 13a, using
K,CO;3 and Cs,CO;3, yielded [5.5.4]cryptand 1c in 52% yield
under both conditions.

The mass spectrum (MALDI) of cryptand 1c showed a peak
at mfz 849.3499 (caled 849.3515), which corresponds to a
complex with the sodium cation (M + Na]") (Fig. S10%). The
NMR spectra of 1c¢ in Ce¢Dg indicate that the cryptand pos-
sesses a C, symmetric structure. In the '*C NMR spectrum of
1c, ten carbon signals from the ethylene glycol units were
observed at 73.1, 71.4, 71.3, 71.1, 71.0, 70.9, 69.8, 69.7, 69.6,
and 69.1 ppm; one signal appeared to overlap, although eleven
signals would be expected theoretically (Fig. S5f). In the 'H
NMR spectrum, several signals overlapped, yet many proton
signals from the ethylene glycol units were split into two
(Fig. 3 and S4%). This splitting is attributed to the desymmetri-
zation of the crown ether moiety in the cryptand, caused by
cross-chain bridging. These observations suggest that the
interconversion of the enantiomers of the 28-membered 1c
does not proceed or occurs slowly on the NMR spectroscopic
time scale, as indicated by the similar "H NMR spectral fea-
tures of the previously reported 25-membered [4.4.4]cryptand
1a.>® The interconversion likely involves the rotation of the
benzoate moiety (Fig. S11), but the 28-membered crown macro-

s (\
TSO O \ 0/, 0Ts

13a:n=1 ( Oﬁ
3b EtO,C CO,Et
M,CO;4
M = K: 52% Q
M = Cs: 52% 1c

Scheme 2 Method B: synthesis of cross-chain bridging cryptand 1c.
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Fig. 3 Partial 'H NMR spectrum (600 MHz, C¢Dg) of cryptand 1c.

cycle lacks sufficient space for the rotation of ethyl benzoate in
the NMR spectroscopic time scale at room temperature. The
proton and carbon signals of 1c were assigned using 2D NMR
spectroscopy (Fig. S6-S91).

Synthesis of linear cryptand 6 by linking ¢-symmetric crown
ethers 12

To synthesize linear cryptand 6 before method C and to
confirm the structures of the crown ethers (3b and 12b), which
could not be determined by NMR spectroscopy (as described
above), we linked the o-symmetric crown ethers 12 with the
ditosylates 13 using Cs,COj; as a base (Scheme 3).

The mass spectra (MALDI) of the small [4.4.4]cryptand 6a
(derived from 12a and 13a) and the large [5.5.5]cryptand 6b
(derived from 12b and 13b) exhibit peaks at m/z 761.2994
(caled 761.2991) and 893.3775 (calcd 893.3778), respectively,
corresponding to the sodium ion complexes (M + Nal)
(Fig. S14 for 6a and Fig. S18 for 6b}). The 'H NMR spectra of
both cryptands were in line with the highly symmetric struc-
tures of the linear cryptand. For instance, six sets of signals for
ethylene glycol protons were identified at 4.17 (8H), 4.14 (4H),
3.96 (4H), 3.89 (8H), 3.80 (8H), and 3.79 ppm (4H).

(\
TsO O \0/,0Ts K 03
13an=1 EtO,C 0 COEt
12a 13b:n=2

12b e}
Cs,CO3 K/O : o) ﬁ)
n
6a:n=1 63%
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Scheme 3 Synthesis of linear cryptand 6.
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Additionally, two singlet signals (3.80 and 3.79 ppm) were
observed in the 'H NMR spectrum of 6a (Fig. S11}). The signal
pattern and the integration confirmed the structure of linear
cryptand 6a. Likewise, the "H NMR spectrum of 6b also con-
firmed the structure of the linear cryptand (Fig. S15%). All
proton signals were assigned through 2D NMR experiments
performed on linear cryptand 6 (Fig. S12 and S13 for 6a and
Fig. S16 and S17 for 6bi).

The isomeric structures of the crown ethers (3 and 12) and
the cryptands (1 and 6) were confirmed through chemical con-
version and NMR analysis of the products.

Short-step synthesis of cryptand 1 by triple linking in one step
(method C)

First, we synthesized trichloride 14 through the alkylation of
ethyl gallate (5) and chlorotosylate, which was essential for the
key triple linking reaction (Scheme 4). However, the triple
linking of 14 with ethyl gallate (5) was inconsistent, preventing
the successful production of cryptands 1a and 6a owing to the
generation of insoluble complexes during the process. To
enhance the solubility of the substrates and intermediates, we
then produced tritosylates 4 for the triple linking reaction by
alkylating ethyl gallate (5) with the monotosylate of tri- and
tetra(ethylene glycol) and subsequently tosylating the triols 15.
As mentioned earlier, potassium and cesium ions act as
efficient templates during the final linking steps (the conver-
sion of crown ethers 3 to cryptands 1) in method B. The triple
linkage of tritosylates 4 with ethyl gallate (5) was performed
using K,CO; and Cs,CO; as bases and templates, respectively.
Following GPC and high-performance liquid chromatographic
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Scheme 4 Method C: synthesis of cross-chain bridging cryptand 1 and
linear cryptand 6.
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(HPLC) separation, we successfully isolated cross-chain and
linear cryptands 1 and 6. The "H NMR spectra of all isolated
cryptands (1 and 6) matched those of the products obtained
through the abovementioned methods. The isolated yields for
both the cross-chain bridging and linear cryptands from the
triple-linking reactions ranged from 24% to 32% across all
experiments (Table 1). Notably, the yields of cross-chain brid-
ging cryptand 1 consistently surpassed those of linear cryptand
6, and K,CO; provided slightly higher yields for both cryptands
compared to Cs,COs;.

The detailed processes of the triple linking reaction
between tosylate 4 and ethyl gallate 5 are shown in Fig. 4. In
the initial linking step, the hydroxy group at the 4-position of
ethyl gallate primarily undergoes deprotonation owing to the
electron-withdrawing effect of the ethoxy carbonyl group.
Consequently, the phenoxide anion is likely to statistically
attack the tosyloxy alkyl groups located at the 3- (5-) and 4-posi-
tions in tosylate 4, resulting in a 2 :1 mixture of intermediates
A and B. The subsequent intramolecular linking of intermedi-
ate A is expected to yield the cross-chain bridging cryptand 1
through intermediates C and D, which correspond to the key
precursors from methods B and A, respectively. In contrast,
only linear cryptand 6 is expected to be formed from the
second and third intramolecular linking of intermediate B via
intermediate E. Consequently, the triple linking reaction may
statistically yield a 2:1 mixture of the cross-chain bridging
cryptand 1 and linear cryptand 6, assuming that only the
4-hydroxy group of ethyl gallate is deprotonated and that the
second and third linking reactions occur equally. However, the
observed experimental selectivity of the triple linking reactions
was lower than this statistical ratio (2:1). Previous studies on
each linking reaction involving the analogs of the intermedi-
ates (methods A and B) indicated that the macrocyclization of
the A-analog produced the D-analog in a poor yield (method
A). As a result, the proportion of linear cryptand 6 may
increase relative to the cross-chain product. Additionally, a
minor first alkylation at the 3-hydroxy group of ethyl gallate
could further enhance the ratio of linear cryptand 6. The
detailed minor processes of the triple linking reaction are pro-
vided in the ESI (Fig. S19%).

The isolated yields of both cryptands may align with the
yields observed from the two macrocyclization reactions of
method B (first macrocyclization: 63% and 52% yields for the
synthesis of 1:1 mixtures of crown ethers 10 and 11a in the
presence of Cs,COj3; second macrocyclization: 34-65% yields
for the synthesis of cryptands 1 and 6 in the presence of
K,CO; or Cs,CO3). The overall isolated yields (24-32%) are a

Table 1 Method C. Isolated yields of cryptands 1 and 6 obtained
through the triple-linking reaction

K,CO; isolated yield Cs,CO; isolated yield

[4.4.4]cryptand 1a: 17% 1a: 15%
6a: 15% 6a: 10%

[5.5.5]cryptand 1b: 17% 1b: 15%
6b: 13% 6b: 9%
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Fig. 4 Key steps in the triple-linking reaction between tosylate 15 and
ethyl gallate.

result of the moderate yields achieved in the two macrocycliza-
tion reactions.

Total yields and steps for the synthesis of the cross-chain
bridging cryptand 1 using three methods

Table 2 shows the total yields and number of steps for the
three methods used in the synthesis of cross-chain bridging
cryptand 1. The new methods (B and C) considerably
enhanced the yields for synthesizing the small cross-chain
bridging cryptand 1a, with method B showing the most
improvement. Conversely, method A yields the best results for
preparing the larger cryptand 1b. Though method C allows for

Table 2 Total yields and steps for synthesizing cross-chain bridging
cryptand 1 via three methods

Method A* Method B Method C
[4.4.4]cryptand 3.6 and 3.0% 9.5% 7.3%
la 10 steps” 9 steps 4 steps
[5.5.5]cryptand 7.6% 4.3% 6.6%
1b 11 steps 10 steps 4 steps

“Ref. 26. ” Method A includes two approaches for cryptand 1a.

This journal is © the Partner Organisations 2025
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a shorter step-synthesis of cryptand 1, it requires HPLC and
GPC for the isolation of each cryptand.

Chiral HPLC analysis of cryptand 1c: observation of
racemization

The 25-membered cryptand 1a is chiral, whereas the racemiza-
tion of the 31-membered cryptand 1b occurred at room temp-
erature under NMR spectroscopic conditions. As mentioned
above, the interconversion of the 28-membered cryptand 1c
was not detected by NMR spectroscopy. Subsequently, we
investigated the chiral HPLC separation of the enantiomers of
1c using CHIRALPAK IG-3 as the stationary phase (Fig. S20%).
The chromatogram displayed the typical sharp peaks for both
enantiomers of 1c¢, along with a plateau peak located between
these peaks, indicating that the racemization of 1¢ was occur-
ring slowly under the HPLC conditions. Additionally, changes
in flow rate affected the ratio of the peak areas, which was
dependent on the retention time. The two usual peaks and the
plateau peak were attributed to the nonracemized and race-
mized forms of 1c, respectively. A plot of In[(peak area of enan-
tiomers)/(total area)] versus time (¢) produced a straight line,
allowing us to determine a racemization rate constant k of 5.57
x107* (s7") and a half-life (z) of 20.7 min at room temperature
from the first-order plot (Fig. 5).*>*" While the racemization
reaction is too rapid to isolate both enantiomers of 1c¢, increas-
ing the steric bulk of the benzoate groups in 1c is likely to
inhibit racemization because this reaction may occur through
the rotation of the benzoate moiety.

In this study, considering the racemization rate of the cryp-
tand, we only show the ring member of macrocycles. However,
the length of the crossing-chain linkage should affect the rate
because the length influences the flexibility and precise size of
the macrocycle even though the ring member is identical.
Further experimental studies should be needed to elucidate
the effects of the cross-chain linkage on the racemization rate.

Crystal structure of the cross-chain bridging cryptand 1a

In our previous work, we successfully crystallized a 1:1
complex of the (=)4.4.4]cryptand 1a with NH,PF,.”® X-ray
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Fig. 5 First-order plot depicting the racemization of cryptand 1c under
HPLC conditions.

This journal is © the Partner Organisations 2025

View Article Online

Research Article

Fig. 6 ORTEP representation of the solid-state structure of cryptand
1a. (a) Overhead view and (b) side view. Thermal ellipsoids are shown at
the 50% probability level. For clarity, hydrogen atoms and disordered
oxyethylene chains are omitted. Black: carbon; red: oxygen.

crystallography analysis indicated that two chemically equi-
valent tri(ethylene glycol) linkers were entangled in the solid,
and the absolute configuration of the complex was established.
In this study, we obtained a single crystal for analysis by recrys-
tallizing (+)-{4.4.4]cryptand 1a in the absence of any additional
species, using slow evaporation of a 1:1 acetone/hexane
mixture at room temperature. The crystal structure revealed
that 1a adopted an approximately C,-symmetric conformation,
with two benzene rings arranged in parallel (Fig. 6 and S21,
Table S1}). As expected, the two chemically equivalent tri
(ethylene glycol) chains became cross-linked with each other,
a structure resembling that of the (—)-1a and NH,PFs complex
in the solid state. A pair of enantiomers assembled to form a
crystal lattice featuring six CH-O intermolecular interactions
between the CH groups and the oxygen in the ethylene glycol
chains, alongside four CH-n intermolecular interactions
between the ethylene glycol CH groups and the phenyl groups
(Fig. S21a}). One enantiomer aligned along the a axis, result-
ing in a hetero-columnar crystal, with two crown cavities of 1a
oriented perpendicularly along the a axis (Fig. S21b%).

Conclusions

We explored two new methodologies (methods B and C) for
synthesizing cryptand 1. In method B, we produced the cross-
chain bridging cryptand 1 through the linkage of C,-symmetric
crown ethers 3. This approach increased the overall yield and
reduced the number of steps for synthesizing [4.4.4]cryptand
1a, using K,CO; as a base and template for the final cross-
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linking step. However, the total yield of [5.5.5]cryptand 1b did
not surpass that of the earlier methodology (method A).
Notably, method B allowed the synthesis of a new type of cross-
chain bridging cryptand 1c¢, which incorporates two tetra(ethylene
glycol) linkers and one tri(ethylene glycol) linker. This is a new
type of cross-chain bridging cryptand featuring various linkers
and a C,-symmetric structure. Furthermore, the isomeric ¢-sym-
metric crown ethers generated during the initial macrocyclization
were transformed into linear cryptand 6 to elucidate the structures
of the crown ethers. The triple linking method was investigated
for synthesizing cross-chain bridging cryptand 1 from tritosylate 4
and ethyl gallate (method C). The final triple linking step predo-
minantly yielded cross-chain bridging cryptand 1 as the major
isomer, while the corresponding linear regioisomer 6 appeared as
the minor isomer. Both cross-chain bridging cryptand 1 and
linear cryptand 6 could be isolated using GPC and HPLC separ-
ation techniques. This methodology could considerably reduce
the total number of synthetic steps required for preparing cryp-
tand 1. Chiral HPLC analysis of cryptand 1c, which features a
28-membered macrocycle, demonstrated the interconversion of
enantiomers, with a half-life of 20.7 min at room temperature.
Finally, X-ray crystal analysis confirmed the cross-chain bridging
structure of the chemically equivalent chains in cryptand 1a.
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