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We introduce a class of supramolecular precursors, termed ‘folda-bonders’, which utilize macrocycles to
fold and precisely align reactive groups, effectively acting as bonding facilitators. This design enables
highly efficient, selective, and mild ‘click-like" reactions, making them particularly well-suited for the
modular synthesis of complex structures. In this study, we highlight the versatility of folda-bonders in the
one-pot aqueous synthesis of chiral ring-in-ring complexes exhibiting torsion-induced circularly
polarized luminescence (CPL). Cucurbit[8]uril macrocycles facilitate the pseudostatic pre-folding of
bis(4-phenyl pyridinium) derivatives, which act as folda-bonders, enabling efficient, purification-free
covalent cyclization mediated by an axially chiral fragment. The single-crystal structure, obtained directly
from the product solution, confirms the formation of a chiral ring-in-ring configuration. The
macrocycle-imparted rigidity, combined with the tunable flexibility of alkyl linkers, drives the emergence

of distinct chiroptical properties in the ring-in-ring complexes. Remarkably, torsion within the strained
Received 23rd January 2025

Accepted 26th March 2025 shorter alkyl linker is responsible for generating CPL, whereas longer linkers retain chirality, as evidenced

by CD signals, but do not exhibit CPL. These findings demonstrate the potential of integrating
DOI: 10.1039/d55c00624d noncovalent and covalent strategies to design sophisticated molecular architectures with tailored

rsc.li/chemical-science functional properties.

overcoming the entropy loss associated with restricting the
conformational flexibility of molecular backbones.” Conven-
tional synthetic approaches often involves multi-step protocols,
which suffer from low reaction efficiency, multiple byproducts,

Introduction

Ring-in-ring complexes represent a unique class of supramo-
lecular architectures, characterized by one macrocyclic

component (ring) being nested within the other."* These
complexes typically exhibit either perpendicular**® or
parallel"*** alignment of the mean planes of the constituent
rings, requiring precise size complementarity and a delicate
balance between flexibility and rigidity in both the inner and
outer ring components. This distinctive structural arrangement
significantly constrains the relative motion between the
constituent rings, thereby conferring enhanced structural
rigidity and unique physicochemical properties to the system."

For chiral macrocycles, the structural constraints imposed
by the ring-in-ring architecture are expected to significantly
affect circularly polarized luminescence (CPL) performance.***¢
However, constructing such rigid chiral macrocycles requires
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and notable difficulties in product purification.'®** Therefore,
developing an efficient and straightforward method for
synthesizing chiral ring-in-ring complexes with tailored chi-
roptical properties remains a challenge.

Molecular assembly driven by noncovalent interactions can
direct and facilitate covalent synthesis, enabling the construc-
tion of complex structures and functions.”*** These non-
covalent interactions often lead to the preorganization or
predisposition of reactants, thereby enhancing their effective
concentration and increasing the likelihood of specific reaction
pathways.>*** However, due to the inherently slow kinetics of
bond-breaking and bond-forming processes in covalent
synthesis, the noncovalent assemblies employed to regulate
these reactions need to be relatively static (pseudostatic),
maintaining a specific conformation until the reaction occurs.

Pseudostatic supramolecular complexes have been increas-
ingly observed in cucurbituril-mediated foldamers. Urbach
et al. showed that cucurbit[8]uril (CB[8]) can induce the folding
of specific dipeptide segments through nanomolar affinity
interactions.””*® Later, Scherman et al. designed a synthetic
foldable guest, advancing the binding affinity to the picomolar
level.” Liu et al. utilized CB[8]-mediated foldamers to precisely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of one-pot aqueous synthesis of chiral ring-in-ring complexes.

position heavy atoms near chromophores, achieving ultralong
and efficient phosphorescence.*®** Li further introduced reac-
tive groups at the foldamer termini, enabling the efficient
synthesis of ultra-large macrocycles.?* Inspired by these devel-
opments, we propose that pseudostatic foldamers with predis-
posed reactive termini offer great potential as modular and
versatile precursors for chemical synthesis. By coupling them
with thermodynamically controlled dynamic covalent reactions,
more complex functional structures could be constructed with
precision and efficiency. In this study, we introduce the term
‘folda-bonders’ to describe these macrocycle-mediated fol-
damers, which effectively function as bonding facilitators.
Herein, we report a one-pot synthesis of chiral ring-in-ring
complexes by integrating macrocycle-directed folding of
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Fig. 2 One-pot synthesis of the chiral ring-in-ring complex. (a)
Schematic representation of precursors used for the synthesis of the
chiral ring-in-ring complex, (S)-BINAD-F3c CBI8L. (b) *H NMR spectra
(500 MHz, D,0, 298 K) of F3c CBI8], (S)-BINAD, and a mixture of (S)-
BINAD, F3, and CB[8] before and after incubation for 5 hours (from top
to bottom). Bromine counterions are omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

precursors, as a class of folda-bonders, with subsequent cova-
lent ring closure by an axially chiral molecular fragment
through dynamic covalent reactions (Fig. 1). This method not
only ensures efficient production of chiral ring-in-ring
complexes but also results in torsion-induced circularly polar-
ized luminescence. The foldable precursors, alkyl chain-bridged
aldehyde-functionalized bis(phenyl pyridinium) derivative
(denoted as F3, where ‘3’ represents the number of methylene
groups in the alkyl chain), undergo folding upon complexation
with cucurbit[8]uril (CB[8]), forming a stable, pin-like folda-
bonder, F3 CCB[8],”’** in aqueous solution (Fig. 2a and S507).
Subsequently, the resulting dialdehyde folda-bonders condense
with a dihydrazide derivative in water through the formation of
acylhydrazone linkers.**** The hydrazide molecule, BINAD, is
substituted at the 2,2’-position of 1,1’-binaphthol, introducing
axial chirality to the system.***® The two hydrazide groups adopt
a specific torsional angle, allowing the molecule to react with
the folda-bonder, thereby sealing their ends and forming chiral
ring-in-ring complexes in a ‘click-like’ manner.*”

Results and discussion

Mixing CB[8], F3, and (S)-BINAD in a 1:1:1 stoichiometry in
water immediately yields a mixture of (S)-BINAD and F3 C CB[8]
at room temperature as confirmed by "H NMR (Fig. 2b) and ESI-
MS (Fig. S307). The sharp and well-resolved proton signals for
F3 C CB[8] suggest that the complex remains relatively static at
the NMR timescale. Upon the addition of trace amounts of
hydrochloric acid and after incubation at 60 °C for 5 hours, the
"H NMR spectrum of the same system (the bottom spectrum in
Fig. 2b) reveals a new set of signals, accompanied by the
complete disappearance of the aldehyde proton signals (solid
gray circle) and a shift in the binaphthyl proton signals (a, b, c,
d, e, and f). These changes confirm the complete condensation
of aldehyde and acylhydrazide precursors into acylhydrazone
linkages. Both (S)-enantiomers and (R)-enantiomers exhibit
similar behaviour. Unless otherwise specified, the following
discussion will focus on the (S)-enantiomers, while results for
the (R)-enantiomers are provided in the ESLt

The formation of a single chiral ring-in-ring complex is
clearly supported by diffusion ordered spectroscopy (DOSY)
analysis, where all proton signals (excluding those from the
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solvent) exhibit the same diffusion coefficient (D) of ca. 2.1 x
107" m? s~ (Table S1 and Fig. $191). This D value suggests that
this sole product contains only one CB[8] macrocycle, as species
with two CB[8] macrocycles typically display D values smaller
than 1.8 x 107'° m® s~" under the same condition.*® The well-
resolved signal profiles of CB[8] between 4 and 6 ppm further
confirm the formation of a highly pure product that do not
require additional purification. Using DMSO as an internal
standard in NMR spectroscopy, the yield of the chiral ring-in-
ring complex was calculated to be 96% (Fig. S10t), which
highlight the high efficiency and purity of this approach.

This purification-free system allows for the preparation of
single crystals through solvent evaporation direct from the
product solution. The single crystal structure, as shown in
Fig. 3a, confirms the formation of a ring-in-ring complex, where
the folda-bonder F3CCB[8] is sealed by the 1,1’-binaphthyl
derivative through two acylhydrazone linkages. In the crystal of
the resulting ring-in-ring complex, the dihedral angle between
the 2 and 2’ positions of the 1,1’-binaphthyl moiety is 77°,
significantly compressed compared to the typical angle of 110°
observed in freely rotating 1,1’-binaphthyl derivatives such as
1,1-binaphthyl-2,2’-dicarboxylate (Fig. 3b).** This structural
strain propagates to the neighboring bis(4-phenyl pyridinium)
moieties, causing the two 4-phenyl pyridinium units to adopt
a twisted alignment with a small crossing angle of 18°, as
illustrated in the top view of crystal structure in Fig. 3a and
depicted in Fig. 3b.

The twisted alignment is also supported by the "H NMR
spectra (Fig. 2b), where the number of signals for the 4-phenyl
pyridinium units doubles upon completion of the reaction.
Each signal is identified and assigned using 2D correlation
spectroscopy (COSY) and 2D nuclear Overhauser spectroscopy
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Fig. 3 Structural and chiroptical analysis of the ring-in-ring complex.
(a) Crystal structure of (S)-BINAD-F3c CB[8] (CB[8] in gray; F3 moiety
in blue; and BINAD moiety in orange. Hydrogen atoms, counterions,
and solvents are omitted for clarity). (b) Illustration of the structural
chirality induced by the attachment to an axial chiral moiety. (c) UV-vis
and CD spectra for (S)-BINAD and (S)-BINAD-F3CCBI8]. Similar
spectra for (R)-enantiomers exhibit the same profiles, except for
inverted signal signs in CD spectra (Fig. S357). (d) CPL spectra and gium
measured for both (S)- and (R)-BINAD-F3c CBI8] (conditions: H,O,
100 uM, 25 °C, Aex = 350 nm).
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(NOESY), confirming the asymmetric chemical environment
arising from the crossing pattern (Fig. S51 and S527). Signal
splitting is also observed at around 5 ppm for the methylene
groups connected to 4-phenyl pyridinium units. This complex is
further confirmed by a cluster of m/z peaks observed in ESI-MS
(Fig. S30%), corresponding to the ionized product with a charge
state of +2 or +3. These findings demonstrate the formation of
a well-defined chiral ring-in-ring complex, where the outer ring
stabilizes the highly strained and twisted inner ring.

CB[8] is essential not only for promoting cyclization but also
for stabilizing the resulted cyclic structure. In the absence of CB
[8], the reaction between BINAD and F3 yields a complex
mixture, as evidenced by multiple imine proton signals in the
"H NMR spectrum (Fig. $497). Quantitative analysis shows that
only ~54% of the imine protons correspond to cyclic products,
while ~46% originate from linear oligomers or other byprod-
ucts. Furthermore, adding excess DMADA (Fig. S471),* a high-
affinity guest for CB[8] (K, > 10" M™"), to (S)-BINAD-F3 C CB
[8] complex fully displaces CB[8] (Fig. S48f). Once CB[8] is
removed, the system re-equilibrates, and the cyclic product
loses its thermodynamic bias, reverting to a mixture of species
probably due to the dynamic and reversible nature of the acyl-
hydrazone linkages (Fig. S497).

Circular dichroism (CD) response, particularly in
binaphthyl-type systems, is well known to be highly sensitive to
the dihedral angle between the two twist naphthalene units.>~*
Even moderate alteration in this angle can cause dramatic
changes in CD intensity. As illustrated by the (S)-enantiomer,
the CD spectrum of (S)-BINAD in Fig. 3c exhibits a positive
maximum at 250 nm, a large negative maximum at 230 nm, and
a small negative minimum at 280 nm, corresponding to the
axial chirality of (S)-1,1-binaphthyl. In contrast, the aqueous
solution of ring-in-ring complexes produced from (S)-BINAD
displays an almost opposite CD profile below 310 nm. This
significant change arises from the compression of the torsional
angle () of BINAD by nearly 35° (from 110° to 77°) upon ring
formation, which significantly alters the chiroptical properties
(Fig. 3b and c). Additionally, a new exciton type Cotton effect
with a negative valley and positive peak at 347 and 391 nm
emerges, indicating that the chirality of the closure moiety is
effectively transmitted to the folded segment. The exciton
coupling further demonstrates that the two aromatic ring inside
the CB[8] has a strong interaction. The (R)-BINAD-F3 C CB[8]
reveals a mirror image Cotton effect, verified the enantiomer
nature (Fig. S397).

It is further found that this highly constrained chiral ring-in-
ring complex can exhibit circularly polarized luminescence.
Upon photoexcitation at 350 nm (Fig. 3d), opposite handedness
CPL is observed at the emission band (around 533 nm) for both
(S)- and (R)-chiral complexes with a dissymmetry factor, gjum
values, of 2.6 x 107>, This value is relatively large compared to
typical pure organic emitters.>® Importantly, the rigidity of the
chiral ring-in-ring complex is crucial to ensuring a large gjum for
CPL. By extending the alkyl bridge of bis(4-phenyl pyridinium)
precursor from three methylene units (as in F3) to four (F4), five
(F5), and six (F6) units (Fig. 4a), all new folda-bonders are able
to generate chiral ring-in-ring complexes in a high conversion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Complex rigidity modulated by alkyl linker length. (a) Molecular
structures of (S)-BINAD-Fnc CB[8], where n denotes the number of
methylene units in the linker chain. (b) 'H NMR spectra (500 MHz, D,0,
298 K) of (S)-BINAD-FncC CB[8] (n = 3-6), showing signal shifting and
broadening corresponding to the variation in linker length. (c—e) CPL
spectra of (S)- and (R)-BINAD-FnC CB[8] (n = 4-6), demonstrating the
absence of detectable CPL signals in complexes with flexible linkers.
Bromine counterions are omitted for clarity.

manner similar to F3 (Fig. S11-S131). These complexes all
exhibit induced CD signatures with g,ps values also similar to
that of F3 (Fig. S40t). However, CPL is no longer detectable in
these systems. The increased length and flexibility of the alkyl
bridges (Fig. 4c-e and S41%) leads to the diminish of CPL. These
results suggests that the decreasing rigidity with longer spacers
impacts the excited-state chiroptical properties (CPL) more
significantly than the ground-state CD response (Fig. S427).
Crystal structure (Fig. 3a) reveals that the short spacer in F3
imposes structural strain, leading to a compressed BINAD
dihedral angle and inducing a helical twist between the two
stacked 4-phenyl pyridinium units (twist angle: 18°, Fig. 3b).
This reduced co-linearity®” of the 4-phenyl pyridinium stacking,
combined with the constrained BINAD geometry, enhances
chiral conformational stability in the excited state and enables
CPL activity in this chiral ring-in-ring complex.**

The influence of the bridged alkyl chain is evident in two key
aspects (Fig. 4a). First, the extended alkyl chain reduces struc-
tural tension, leading to a less twisted alignment of bis(4-phenyl
pyridinium) units. This is reflected in the gradual convergence
of the chemical shifts for the two types of hydrogen atoms in
different environments near the pyridine nitrogen, as indicated
by the changes in the "H NMR signals (lake blue and orange
hollow circle). Second, the increased flexibility of the linkage
enhances the axial sliding freedom of the folded bis(4-phenyl
pyridinium) units, resulting in faster exchange dynamics. This
is supported by the broader and more diffuse NMR peaks,
particularly evident in the spectrum of F6. The disappearance of
the CPL signal is primarily attributed to the increased flexibility
of the system, which induces dynamic changes in chiral

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conformation and destabilizes the coupling between the emis-
sive units. Interestingly, binding studies reveal that longer,
more flexible chains exhibit higher CB[8] affinities (Fig. S5071),
suggesting that CPL loss arises from internal conformational
dynamics rather than guest-host association kinetics. This
underscores the unique sensitivity of CPL to disentangle these
two closely related factors.

In addition to the differences in NMR and CPL behavior, the
three-methylene linkage induces a significant bathochromic shift
in emission (maximum at 533 nm) spectra of the resulting ring-in-
ring complexes (Fig. 5¢). This shift gradually diminishes (emission
maximum below 500 nm) as the linker length increases (Fig. S43
and S44t). These variations in photophysical properties are
attributed to the torsional flexibility of the 1,1’-binaphthyl groups.
The axial torsional flexibility allows the two 4-phenyl pyridinium
units to adapt to the most relaxed geometry based on the length of
the bridged linkage. For the complex with the shortest three-
methylene linker, the highly rigid inner-ring scaffold enhances
the coupling between the m-stacked chromophores, resulting in
a pronounced bathochromic shift in emission.®*%¢

When the 1,1-binaphthyl groups are replaced with non-
rotatable 1,8-anthracene units, ANT-FnCCB[8], the ring-in-
ring complexes are still formed with high conversion rates
(Fig. S14-S17%). the emission spectra of these
complexes show minimal variation with changes in linkage
length (Fig. 5d, S45 and S46%). Furthermore, since 1,8-anthra-
cene lacks chirality, the resulting ring-in-ring complexes exhibit
neither CD nor CPL characteristics. These results highlight the
critical role of high rigidity and axial torsion-induced chirality
in the effective generation of CPL.

However,

(a) . (b)

torsional

&= H

ZN-NH Oe

fixed

P D ,. . N-NH O
‘C@ 2N-NH
@00 O3 Q
(S)-BINAD-FncCBI[8] ANT-FnCCB[8]
(c) (d)
-‘E n=6 n=5 n=4 n=3 ‘;;' n=6 n=4 n=3 n=5
S 486 492 500 533 S| 480 485 488 491
£ £
- -
w w
T k-]
Q [
N N
s s
£ £
[} [<]
4 4
400 500 600 400 500 600
Wavelength (nm) Wavelength (nm)
Fig. 5 Influence of torsional or fixed closure moieties on emissions.

Schematic representations of ring-in-ring complexes for (a) those
bearing a torsional and chiral closure moieties, (S)-BINAD-Fnc CBI8],
and (b) those bearing rigid and achiral closure moieties, ANT-Fnc CB
[8]. (c) (S)-BINAD-FnCCBI[8] complexes exhibit significant shifts in
emission wavelength corresponding to variations in linkage length. (d)
ANT-FnCCB[8] complexes show minimal variation in emission
wavelength with changes in linkage length. Bromine counterions are
omitted for clarity.
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Conclusions

In conclusion, this work combines pseudostatic noncovalent
assemblies with efficient dynamic covalent reactions in a one-
pot synthesis to construct complexes with unique chiral ring-
in-ring structures and torsion-associated CPL features. The
reversible nature of dynamic covalent bonds, coupled with
noncovalent predisposition, ensures the formation of thermo-
dynamically stable, single products without the need for puri-
fication. In this study, acylhydrazone serves as the dynamic
covalent linkage, though other dynamic covalent bonds could
be explored in the future to examine their synergy with non-
covalent preorganization. The use of torsional flexible closure
units enables precise control over emission and CPL properties
of chiral ring-in-ring complexes, underscoring the critical role
of rigidity in effective CPL generation.

This work also highlights the versatility of folda-bonders in
‘click-like’ modular synthesis. As simple supramolecular
precursors, folda-bonders offer a fresh approach to chemical
synthesis, leveraging pseudostatic preassembly to precisely
arrange reactive groups. This strategy enables the formation of
well-defined reactive entities and provides a flexible toolkit for
constructing complex structures with high precision.
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