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a b s t r a c t

A kind of inherently chiral molecular barrels were efficiently constructed by a directional cascade hoop-

ing strategy. This strategy involves the anchoring of three nonsymmetric connecting arms onto a cap-

dissymmetric bis(tetraoxacalix[2]arene[2]triazine) cage core, followed by hooping via imine condensation

and reduction to afford the target molecular barrels with well-defined connectivity. The precise and high-

yielding synthesis stems from both the bidirectional Ctriazine-N bond flipping dynamics and the reversible

nature of imine formation. The molecular barrels comprise a bis(tetraoxacalix[2]arene[2]triazine) core en-

circled by a 72-membered loop, forming three fan-shaped cavities with inherent chirality and multiple

endo-functionalized sites. The existence of multiple diastereoisomeric conformers due to the restricted

Ctriazine-N bond flipping by the constrained loop structure was revealed by variable-temperature NMR

studies and DFT calculations.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Structurally sophisticated organic cage compounds have gar-

nered significant attention in recent decades due to their aesthetic

appeal, customizable multiple binding sites, and unique cavity mi-

croenvironments, which have facilitated diverse applications across

various fields [1–7]. The incorporation of chirality further broad-

ens their structural diversity and imparts chirality-related func-

tionalities, such as chiroptical properties, chiral recognition, separa-

tion, and catalysis [8–12]. Typically, chiral cages can be synthesized

either from enantiopure precursors or through post-modification

with chiral auxiliaries, utilizing conventional stereogenic elements

like point, axial, planar, and helical chirality. Recently, inherent chi-

rality has emerged as a new term of chiral motif [13–18]. Initially

coined to describe calixarenes with a typical ABCD arene array pat-

tern lacking conventional stereogenic elements [13], this concept

has since been extended to other macrocyclic and acyclic concave

skeletons [14–23]. Despite the intriguing structural characteristics

and properties associated with this chiral motif, its integration into

higher-order molecular architectures, such as cage compounds, re-

mains largely unexplored [24,25].

Previously, we successfully synthesized a D3h-symmetric,

prism-like bis(tetraoxacalix[2]arene[2]triazine) cage featuring two

phloroglucinol caps and three triazine arms, which form three V-

shaped electron-deficient cavities [26]. Owing to its straightfor-

ward synthesis, ease of modification, and unique structural fea-
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tures, the cage has proven to be an excellent platform for investi-

gating anion–π recognition and self-assembly [27,28], cooperative

anion–π catalysis [29–32], and for fabricating sophisticated molec-

ular architectures [24,33–35] and cage-based framework materials

[36–38]. To create more enclosed cavities, we developed a bottom-

up anchor-hoop strategy, introducing a loop around the cage core

via threefold ring-closing metathesis reactions, which enabled the

efficient construction of a sophisticated molecular barrel (Fig. 1a,

i) [33]. More recently, through hierarchical desymmetrization of

the parent D3h-symmetric cage, we achieved a new type of cage

inherent chirality (Fig. 1a, ii) [24]. This desymmetrization strat-

egy involved synthesizing a C3v cage precursor with two distinct

phloroglucinol caps, followed by progressive substitutions on the

three triazine arms using different nucleophiles to yield the de-

sired C1-symmetric inherently chiral cages.

Inspired by these advancements, we envisioned further incor-

porating inherent chirality into the construction of molecular bar-

rel through a directional cascade hooping strategy (Fig. 1b). By an-

choring three suitable nonsymmetric connecting arms onto the C3v
cage precursor, two possible sequential connection pathways theo-

retically exist in the subsequent hooping step due to the existence

of bidirectional flipping of the arms through Ctriazine–N bond rota-

tion. In such way, a pair of racemic C3-symmetric inherently chiral

molecular barrels could be readily formed. This one-pot cascade

hooping process would allow for the rapid and efficient fabrication

of novel sophisticated inherently chiral molecular barrels without

the necessity for incremental, stepwise substitutions.

https://doi.org/10.1016/j.cclet.2025.111443
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Fig. 1. (a) Previous work and (b) the conceptual design of inherently chiral molec-

ular barrels through a directional cascade hooping strategy.

The synthesis route began by replacing the parent D3h-

symmetric cage with the previously reported tribromo-substituted

C3v-symmetric cage 1 [24], followed by the introduction of three

non-symmetric amino anchoring arms (Scheme 1). To facilitate

the subsequent directional cascade hooping process, the bifurcated

arm 2, featuring two distinct sides, a short side (in orange) and

a long side (in green), was prepared (see Supporting information).

The terminals of the sides can be readily converted to aromatic

and alkyl amine sites for hooping connections, respectively. As an-

ticipated, the nucleophilic substitution reaction of 1 with 3 equiv.

of 2 afforded product 3 in a high yield of 93%. Under the condi-

tions of SnCl2 and HCl, deprotection of Boc groups and reduction

of nitro groups occurred simultaneously, producing the hexa-amino

cage product 4 in 89% yield.

In the following hooping step, the dynamic imine condensa-

tion reaction [39–41] was employed. The thermodynamic control

“error-correction” process would enable reversible connections be-

tween two adjacent terminal amine sites to favor the formation

of the desired C3-symmetric molecular barrels. Specifically, the

inter-arm consecutive short side-long side connection could be

promoted over other connection possibilities such as intra-arm

connections, inter-arm short side-short side connections and long

side-long side connections by geometry match (Fig. S8 in Support-

ing information). Such selectivity is necessary for the precise as-

sembly of the target structure. In the initial attempt, the imine

condensation reaction between 4 and three equivalents of m- or

p-phthalaldehyde proved incomplete, yielding a complex mixture

that included insoluble precipitates, but no desired product was

detected. This result indicated that the appropriate reactivity and

geometry of the aldehyde component must be considered.

Salicylic dialdehyde 5a [42] was then selected for its enhanced

solubility and reactivity attributed to intramolecular hydrogen

bonding. The reaction of 4 with 3 equiv. of 5a in CDCl3 was in-situ

monitored by 1H NMR (Fig. 2a). Notably, the spectra revealed

the gradual disappearance of the signals of the two reactants,

accompanied by the emergence of two distinct sets of charac-

teristic imine signals (δ 8.99, 8.59) and other relevant signals.

The benzylic proton signals split into two sets of multiplets (δ
5.94–5.44, 4.11–3.94), indicative of the formation of an enclosed,

restricted molecular barrel structure [33]. The reaction reached

near completion after 3 days at room temperature. High-resolution

mass spectrometry (HRMS) analysis of the reaction mixture dis-

played clear, predominant signals corresponding to the protonated

species of the target molecular barrel 6a (Fig. 2b and Fig. S4 in

Supporting information).

Encouraged by these findings, a scaled-up reaction (0.25mmol

for 4a) was conducted in CHCl3 under reflux for 3 days to ensure

full conversion (Scheme 1). The crude product was subsequently

reduced using sodium borohydride, yielding the final molecular

barrel 7a in 49% yield (for two steps). This yield is notably high,

considering the multiple reaction sites and many other connection

possibilities. Given the efficient synthesis, 2,6-diformylpyridine 5b

was also subjected (Fig. S1 in Supporting information). Following

imine condensation and reduction, a second molecular barrel prod-

uct 7b was obtained in 29% yield, demonstrating the adaptability

of the cascade hooping strategy. Compared to other conventional

macrocycle and cage construction approaches, this strategy high-

lighted the consecutive formation of six bonds at specific reaction

sites to form a large, 72-membered macrocyclic loop encircling a

cage core in a single step. The covalent templating effect exerted

by the cage core and the inter-arm geometry match of the loop

were crucial for the successful precise construction of the targeted

molecular barrel structure.

The molecular barrels 7a and 7b were fully characterized by
1H, 13C NMR and HRMS (Fig. 3 and Figs. S2, S3, S5 and S6 in

Supporting information). Taking 7a as a representative example,

ESI-MS analysis revealed exclusive signals for [7a+3H+]3+ and

[7a+2H+]2+, corresponding to the protonated species of the target

molecular barrel (Fig. 3a). The 1H NMR spectrum exhibited a com-

plex set of multiple signals at ambient temperature (Fig. 3b), con-

sistent with observations in previously reported symmetric molec-

ular barrel [33]. This complexity arises from the restricted flipping

rotation of the three Ctriazine–N bonds, which is caused by their

partial conjugation with the electron-withdrawing triazine rings

and being further constrained within the enclosed loop structure

(Fig. 3c). The situation is further complicated in the newly synthe-

sized inherently chiral molecular barrels due to the dissymmetric

nature of both phloroglucinol caps and the entire loop. As a re-

sult, four pairs of diastereoisomeric conformers (each comprising

a pair of enantiomers, donated as A and ent–A, for example) are

theoretically possible. Among these, two conformers exhibit C3-

symmetry (A and B, with alternating up/down/up/down/up/down

array or vice versa), while the other two are C1-symmetric (C

and D, with interrupted up/down/up/up/down/down array or vice

versa). Due to the tightly enclosed loop structure, the interconver-

sion between these diastereoisomers is slow on the NMR timescale

at ambient temperature, thus resulting in complex NMR signals.

However, upon increasing the temperature, the spectra simplified

and eventually converged to a set of simple signals at 388K (Fig.

3b), which corresponded to rapidly interconverted, averaged C3-

symmetric conformational characteristic. For 7b, a similar inter-

conversion process was also suggested by temperature-variable 1H

NMR spectra (Fig. S3 in Supporting information).

Since the dissymmetric arms are interconnected and locked

within a loop structure, interconversion between the pair of enan-

tiomers is impossible without deconstructing the molecular bar-

rel structure, thereby preserving the inherent chirality stable. Nu-

merous attempts were made to resolve the enantiomers using chi-

ral high-performance liquid chromatography (HPLC) with different

types of columns and various eluent systems, but remained un-

successful (Table S1 in Supporting information). In addition, reso-
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Scheme 1. Synthesis of inherently chiral molecular barrels. The drawing shows only one of the pair of enantiomers.

Fig. 2. (a) 1H NMR monitoring (298K, CDCl3, 400MHz) of the imine condensation

reaction between 4 and 5a. (b) High-resolution ESI-MS analysis of the reaction mix-

ture of 4 and 5a after 7 days.

lutions through co-crystallization with chiral acids (e.g., camphor-

sulfonic acid, chiral phosphoric acid) or by derivation with chiral

reagents like camphorsulfonyl chloride did not work out as well

(see Supporting information for details). The resolution challenges

likely stem from the molecular barrel’s large, inward enclosed

structure and the presence of intricate conformational isomerism.

To shed more light on the structure of the molecular barrels,

DFT optimization was performed. Using 7a as a representative ex-

ample, the structures of all the four diastereoisomeric conformers

were optimized (only one enantiomer was considered for each).

As depicted in Fig. 4, the optimized structures reveal the expected

“barrel” motif, featuring a bis(tetraoxacalix[2]arene[2]triazine) core

encircled by a 72-membered loop (minimum atom connection)

through three anchoring nitrogen sites. The two face-to-face

phloroglucinol caps constitute top and bottom of the molecular

barrel with a height of 4.5 Å (centroid-to-centroid distance). The

molecular barrel bears three enclosed fan-shaped cavities sepa-

rated by triazine rings with approximately 120° branching angles.

The distances between the anchoring nitrogen atoms are around

11.5 Å. Since the two phloroglucinol caps are different and the loop

is dissymmetric, each cavity is inherently chiral with an asymmet-

ric ABCD pattern, rendering the whole molecular barrel chiral.

The four diastereoisomers differ in the orientation of their arms

(1/3 loop segments) within the fan-shaped cavities (designated as

“up” or “down” relative to the top Br-cap, Fig. 4). These varying ori-

entations could have induced different degrees of twisting in the

bis(tetraoxacalix[2]arene[2]triazine) moiety. Single-point energy

calculations revealed that the C1-symmetric conformers (C and D)

are energetically more favorable than C3-symmetric ones (A and

B) (Table S2 in Supporting information). This was consistent with

the observation in the crystal structure of the previously reported

symmetric molecular barrel where a C1-symmetric conforma-
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Fig. 3. (a) High-resolution ESI-MS of 7a. (b) Temperature-variable 1H NMR spectra

(DMSO–d6, 500MHz) of 7a. (c) Schematic representation for the possible confor-

mational isomers of 7a caused by the local loop flipping due to restricted Ctriazine–N

rotation.

tion existed [33]. This preference likely reflects a more relaxed

loop configuration. While the C3-symmetric form features three

equivalent cavities, the C1-symmetric conformers exhibit three

distinct cavities with markedly different chiral microenvironments.

Notably, in all optimized structures, both the amine N–H and

phenolic O–H sites are oriented inward, creating a functionalized

cavity environment. With the presence of fan-shaped electron-

deficient π cavities and H-bonding sites on the loop, the molecular

barrels could be a potential platform for investigating cooperative

anion recognition. Moreover, the different conformers may open up

opportunity for achieving dynamic, selective recognition by manip-

ulating geometry-matched binding and synergistic conformational

response. While preliminary titrations with methanesulfonate and

camphor sulfonate anions did not show effective binding, further

systematic investigation toward this direction is warranted.

In conclusion, we have successfully developed an efficient

cascade hooping strategy to construct inherently chiral molecu-

lar barrels with precise structural control. This approach utilizes

a cap-dissymmetric bis(tetraoxacalix[2]arene[2]triazine) cage pre-

cursor that directs the anchoring of three nonsymmetric con-

Fig. 4. DFT optimized structures (at M06–2X/6–31G(d) level) for the four conforma-

tional isomers of 7a. The relative orientations of the arms in the fan-shaped cavities

are designated as “up” or “down” with respect to the top Br-cap. The relative en-

ergy difference of the four conformers is shown (calculated at M06–2X/6–311G(d,p)

level).

necting arms, followed by imine condensation and reduction to

complete the loop structure. The synthesis benefits from both

the bidirectional Ctriazine-N bond flipping dynamics and the re-

versible nature of imine formation, enabling high-yielding forma-

tion of the target molecular barrels with well-defined connec-

tivity. The molecular barrels feature a unique structure consist-

ing of a bis(tetraoxacalix[2]arene[2]triazine) core surrounded by

a 72-membered loop, creating three fan-shaped cavities with in-

herent chirality and multiple inwardly-directed functional groups.

Variable-temperature NMR studies combined with DFT calculations

revealed the existence of multiple diastereoisomeric conformers

due to the restricted Ctriazine-N bond flipping by the constrained

loop structure. The one-pot cascade hooping strategy eliminates

the necessity of incremental, stepwise connection, offering an ef-

ficient route for rapid construction of sophisticated inherently chi-

ral architectures. This work extends the concept of inherent chi-

rality to higher-order topological systems, opening new possibili-

ties for novel chiral functional materials design, construction and

exploring their diverse applications such as chiral recognition and

supramolecular catalysis.
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