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Self-similar chiral organic molecular cages

Zhen Wang 1,2,4 , Qing-Pu Zhang1,4, Fei Guo2,4, Hui Ma1, Zi-Hui Liang2,
Chang-Hai Yi2, Chun Zhang 1 & Chuan-Feng Chen 3

The endeavor to enhance utility of organic molecular cages involves the evo-
lution of them into higher-level chiral superstructures with self-similar, pre-
senting a meaningful yet challenging. In this work, 2D tri-bladed propeller-
shaped triphenylbenzene serves as building blocks to synthesize a racemic 3D
tri-bladed propeller-shaped helical molecular cage. This cage, in turn, acts as a
building block for a pair of higher-level 3D tri-bladed chiral helical molecular
cages, featuring multilayer sandwich structures and displaying elegant char-
acteristics with self-similarity in discrete superstructures at different levels.
The evolutionary procession of higher-level cages reveals intramolecular self-
shielding effects and exclusive chiral narcissistic self-sorting behaviors. Enan-
tiomers higher-level cages can be interconverted by introducing an excess of
corresponding chiral cyclohexanediamine. In the solid state, higher-level cages
self-assemble into supramolecular architectures of L-helical or D-helical
nanofibers, achieving the scale transformation of chiral characteristics from
chiral atoms to microscopic and then to mesoscopic levels.

Organic molecular cages (OMCs)1–6, a kind of three-dimensional
structure with defined cavities and solution-processible properties,
have been wildly used in the fields of separation7–14, catalysis15–17, and
recognition18. Due to the widespread utilization of OMCs, numerous
OMCs are currently being developed. For now, the construction of
OMCs ismainly focused on fabricating a diverse range of OMCs with
various geometries, including triangular prisms8,19–21, cubes22–25,
tetrahedron26, octahedra27, and dodecahedra28,29, etc. by carefully
selecting building blocks with different functionalities and shapes.
Of interest is that, in recent advancements, scientists have suc-
cessfully developed intriguing superstructures of interlocked cages
by employing non-covalent interactions such as π–π stacking,
hydrogen bonding, and coordination bonding among the building
blocks30,31. Zhang et al. reported another notable cage super-
structure featuring twin cavities, named “diphane” cages32,33.
Despite the significant strides made in constructing superstructural
OMCs, the current approach primarily focuses on building 3D
superstructures with intricate geometric shapes using lower-
dimensional organic building blocks. Moreover, there is still a

need to enhance the properties (such as porosity, catalysis, and
recognition) of existing OMCs, which currently lag behind polymers
like COFs and MOFs34. Furthermore, ongoing studies are investi-
gating the construction of supramolecular architectures by
employing 3D structural OMCs as monomers to create OMC-based
polymers with improved properties18,35,36. However, these OMC-
based superstructures, in essence, go beyond the scope of organic
molecular cages that lose the unique characteristics of solution-
processible.

By employing the approach of employing OMCs as foundational
units to assemble advanced OMC-based polymers, a strategy is being
pursued to develop OMC-based OMC advanced superstructures.
Developing a new OMC-based OMC is much more difficult than
developing current OMCs as the complexity enhancement in super-
structures. Especially, efforts to construct the intricate superstructures
displaying self-similarity across different scales in their arrangement
for enhancing and expanding their functional properties pose an even
greater challenge, requiringmeticulous engineering of the constituent
building blocks37,38. By adopting this strategy, it is anticipated that
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more fascinating structural OMCs could be obtained without com-
promising the advantageous property of solution processibility.

Chiral self-sorting is a fascinating phenomenon observed in bio-
logical systems, where chiral entities selectively interact and organize
themselves based on their handedness. Understanding the principles
behind chiral self-sorting has far-reaching implications, not only for
unraveling the fundamental mechanisms governing life processes but
also for designing and engineering advanced materials with tailored
chirality and hierarchical organization39,40. In recent years, significant
progress has been made in the synthesis and design of diverse chiral
OMCs through the condensation of imine and boronic ester
linkages41,42. The good solubility, well-defined structures, ease of
characterization, and intrinsic reversibility of bond formation in OMC-
based OMCs provide a valuable platform for studying the thermo-
dynamics of cage synthesis and offer opportunities to gain funda-
mental insights into self-sorting processes43–45. Despite the increasing
number of studied self-sorting processes during cage formation,
where chiral self-sorting OMCs often exhibit a coexistence of both
homochiral and heterochiral OMCs22. The achievement of exclusive
chiral narcissistic self-sorting OMCs, where only one chiral form is
selectively formed, remains rare and presents a significant challenge.

Herein, we report a pair of enantiopure higher-level triphe-
nylbenzene (TPB)-based molecular cages 4P-HTMC and 4M-HTMC
utilizing TPB-based [2 + 3] O-bridged oxacalixarene molecular cage
(TMC)46,47 as 3D tri-bladed propeller shaped building blocks through
dynamic covalent chemistry (DCC). The structural analysis reveals that
the 4P-HTMC and 4M-HTMC exhibit elegant 3D tri-bladed helical-
shaped structures with hetero-pores (3.9 and 9.8 Å) in one single
OMCs, evolving from 3D [2 + 3] OMCs to higher-level [2[2 + 3] + 3]
OMCs, which offers an approach to constructing OMCs-based super-
structures while preserving their intrinsic cavity and solution

processibility. Because of the formation of superstructure48, these
cages showcase an intriguing phenomenon of exclusive narcissistic
self-sorting49,50. In the solid state, the chiral 4P-HTMC and 4M-HTMC
show the supramolecular assembly of chiral L-helical or D-helical
nanofibers51–53, which is challengeable and has not been found yet in
OMCs fields. Furthermore, the assembly of 4P-HTMC and 4M-HTMC
exhibits the remarkable tunability of polymorphisms, tissue-like
assemble structures, flagellatas-shaped like vesicles, micro-scaled
nanofiber rings51,54, which give insight evidence for the formation of
chiral helical nanofibers. Meanwhile, the emergence of evolved OMCs
superstructures may open up possibilities to expand the range of
applications.

Results
Synthesis of TPB-based [2+ 3] molecular cage (TMC) and
structure characterization
The TPB-based [2 + 3]molecular cage (TMC) (Fig. 1 and Supplementary
Fig. 1 and 5)46 was decorated by 4-hydroxybenzaldehyde in N,N-dime-
thylformamide (DMF) with excess DIPEA at room temperature to
afford CHO-TMC. The chemical structure of CHO-TMC was char-
acterized using nuclear magnetic resonance (1H-NMR and 13C-NMR)
(Supplementary Figs. 6, 7, and 27) spectroscopy and X-ray single
crystal diffraction (SC-XRD).

To obtain suitable well-defined crystals of CHO-TMC for X-ray
single crystal diffraction (SC-XRD), CHO-TMC was dissolved in a
solution of dioxane and slowly diffused with Et2O in a closed system
over a few days. The single crystals of CHO-TMC were adopted in the
monoclinic space group C2/c. With the formation of a molecular cage
structure, two TPB scaffolds are linked by three triazine fragments.
Due to intermolecular steric hindrance, the free rotation and vibration
of the phenyl ring in TPB are partially restricted, resulting in a non-

Fig. 1 | Synthetic route ofmolecular cages CHO-TMC, 4P-HTMC, and 4M-HTMC.
a Racemic triphenylbenzene (TPB)-based [2 + 3] O-bridged oxacalixarene mole-
cular cages 2P-CHO-TMC (blue) and 2M-CHO-TMC (red).bThe enantiopure higher-

level TPB-based molecular cages 4P-HTMC (blue) and 4M-HTMC (red). For clearly
observing the structures, themolecular cages are schematically represented in blue
for the (P)-enantiomer, in red for the (M)-enantiomer.
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coplanar helical propeller conformation (Supplementary Fig. 30). And,
the following opposite rotational directions, two distinct chiral enan-
tiomers, the racemic 2P-CHO-TMC and 2M-CHO-TMC are formed,
exhibiting mirror-symmetric structures (Fig. 2). By computational
analysis, the racemic 2P-CHO-TMCand 2M-CHO-TMCshowed the same
total energy of −4395.2800Ha (Supplementary Fig. 36). In the
assembly of the crystal lattice, these enantiomers coexist in equal
proportions, resulting in an intertwined network structure (Supple-
mentary Fig. 31). It is essential to highlight that separating these
enantiomers proves impractical, primarily due to the partial freedom
of rotation and vibration exhibited by the phenyl rings within the
molecular cage in solution. This flexibility facilitates their inter-
conversion, a process that lacks any discernible signals in circular
dichroism (CD) spectra. (Supplementary Fig. 40). As demonstrated by
Zheng’s group55 who successfully achieved the separation of enantio-
mers with differing rotational directions of the phenyl rings by
implementing strategies that restrict and impede the rotation of the
phenyl rings. From a structural perspective, the O-bridged [2 + 3]
molecular cage TMC (3D) and its scaffold TPB (2D) indeed share a
similar tri-bladed propeller-shaped helical structure in different
dimensions. Therefore, by incorporating 4-hydroxybenzene into the
molecular cage CHO-TMC by the same C–O–C bonds (Supplementary
Fig. 32), it becomes possible to utilize this modified cage as a building
block for constructing higher-level [2[2 + 3] + 3] molecular cages
through a cage-to-cage strategy, where two instances of the modified
cage are assembled together to form a larger and more complex
molecular cage. The resulting structure would exhibit self-similarity,
meaning that it retains the same overall pattern or structure at dif-
ferent scales or levels of magnification.

Synthesis of higher-level molecular cage 4P-HTMC and 4M-
HTMC and their structure characterizations
For the synthesis of [2[2 + 3] + 3] higher-level molecular cage, the
building block racemic CHO-TMC was reacted respectively with (R,R)-
or (S,S)-diaminocyclohexane (CHDA) in dichloromethane with cata-
lysis amount of trifluoroacetic acid (TFA) at room temperature
through DCC (Fig. 1 and Supplementary Figs. 2, 3, and 6–9). Atten-
tionally, regardless of the duration of the reaction or the temperature
at which it is conducted, the reaction of molecular cage CHO-TMC
remains incomplete until an excess amount of CHDA is added. After
the CHO-TMC was consumed by the excess CHDA, the enantiopure
higher-level molecular cages 4P-HTMC and 4M-HTMC were obtained
with yields of 94% and 91% by participating with MeOH. The obtained
cages 4P-HTMC and 4M-HTMC were characterized unambiguously by
MALDI-TOF mass spectrometry, NMR, and SC-XRD. The results of
MALDI-TOF mass spectrometry showed that the 4P-HTMC and 4M-
HTMC calcd for C174H120N24O18 [M+H]+: 2835.96, found: 2835.93

(Supplementary Fig. 28 and 29). Compared with the building blocks
CHO-TMC, the increased steric hindrance in cages 4P-HTMC and 4M-
HTMC promotes stronger π-π stacking between the aromatic rings,
resulting in a higher electron density in the stacked system. As a con-
sequence, the proton signals experience an up-shift in their chemical
shifts. Additionally, the proton signals (d, e, f) of TPB units in building
block CHO-TMC are split into two sets of proton signals (d, e, f and d’,
e’, f’) in cages 4P-HTMC and 4M-HTMC. Upon analyzing the chemical
structures of 4M-HTMC and 4P-HTMC, they could form intriguing
multi-layer sandwich structures, and the proton signals splitting arises
from the TPB units in the presence of an inner (d’, e’, f’) and outer side
of “sandwich” (d, e, f). The TPB units located on the inner side exhibit a
strong shielding effect and, therefore, lead to a further up-shift of 0.38
ppm (Fig. 3a). To confirm the fascinating phenomenon of intramole-
cular self-shielding effect29, the 2D NMR spectra, such as 1H,1H-COSY,
1H,1H-NOESY, 1H,13C-HSQC and 1H,13C-HMBC NMR (Supplementary
Figs. 14–21), can provide valuable information about the connectivity
and spatial relationships within the molecules, which can help verify
the presence of the shielding effect and provide further evidence
supporting the observed up-shift and splitting of the proton signals.
This unique intramolecular self-shielding effect can hardly be achieved
in current OMC systems that only possess single-wall structures,
except for some interlocked superstructural OMCs.

The crystals of molecular cages 4P-HTMC and 4M-HTMC sui-
table for X-ray single crystal diffraction were obtained by dissolving
CHO-TMC molecular cages in a solution of dichloromethane with a
catalysis amount of TFA. Then, the solution of CHDA in MeOH was
layered on top, and after several days of standing still, needle-
shaped crystals appeared at the bottom of the vial. The molecular
cages 4P-HTMC and 4M-HTMC adopted in orthorhombic space
group P 21 21 21, indicating that the structure possesses three
mutually perpendicular axes of symmetry and the molecular cages
are arranged in a symmetrical manner. Of interest is that the
remarkable discovery of higher-level 3D tri-bladed propeller-shaped
hierarchical superstructures within the molecular cages 4P-HTMC
and 4M-HTMC unveils a captivating realm of structural intricacies
and self-similarity phenomena. What adds a layer of fascination to
this observation is the preservation of the analogous 3D tri-bladed
propeller-shaped configurations from their molecular cage pre-
cursor, CHO-TMC, where the constituent building blocks, TPBs, also
exhibited these tri-bladed propeller shapes, as outlined in Fig. 1. This
continuity of form across different scales in these OMCs evolu-
tionary process is similar to the evolution of biological macro-
molecules in nature, where like the protein complexes that form
quaternary structures evolved elegant self-similar superstructures,
exhibiting self-similarity across different scales in their arrangement
that can enhance and expand their functional properties56.

Fig. 2 | Structures of molecular cage CHO-TMC. The a chemical structure and b X-ray single crystal structures of molecular cage CHO-TMC from the side view and
top view.
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According to measurements, it has been observed that the dis-
tances between the four TPBmolecules within themolecular cages 4P-
HTMC and 4M-HTMC are 0.2 Å smaller than that in themolecular cage
CHO-TMC, which suggests that the four TPB molecules are more
compact within molecular cage 4P-HTMC and 4M-HTMC, and implies
that there are stronger π-π stacking interactions between them, cor-
responding to the up-shift in their chemical shifts in NMR (Fig. 3a, S25
and S28). As the higher-level molecular cages 4P-HTMC and 4M-HTMC
are formed, they exhibit hetero-pores with a single molecular cage
with the defined size of around 3.9 Å and 9.8 Å, which is hardly
achieved in current OMCs. The 3.9 Å pore originates from the inherent
pore of the building block CHO-TMC, and the pores with around 9.8 Å

are newly introduced (Supplementary Fig. 33c, d). The molecular size
of 4P-HTMC and 4M-HTMC is determined to be about 30–34Å, as
measured by the distance between the vertices of the tri-bladed pro-
peller superstructures (Supplementary Fig. 33e, f). Interestingly, these
molecular sizes are approximately double and triple larger than their
building blocks CHO-TMC and the constituent building blocks TPB,
respectively.

The molecular cages 4P-HTMC and 4M-HTMC exhibit a unique
and fascinating arrangement, leading to a misalignment of the four
TPBmolecules in a parallel orientation with different directions due to
sterichindrance and the intricate chiral induction andfixationbetween
racemic building blocks CHO-TMC and chiral units CHDA. (Fig. 3c, d,

Fig. 3 | Structural characterizationofhigher-levelmolecular cage4P-HTMCand
4M-HTMC. a The 1H NMR molecular cages of CHO-TMC (black), 4P-HTMC (blue)
and 4M-HTMC (red), and b the 2D 1H,1H-COSY spectrum of 4P-HTMC (600MHz,

CDCl3). cX-ray single crystal structures ofmolecular cages 4P-HTMCand4M-HTMC
from side view and top view. (The hydrogen atom was omitted for clarity).
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top view). It is visually demonstrated that molecular cages 4P-HTMC
and 4M-HTMC are a pair of mirror-symmetric tri-helical enantiomers.
The restricting rotational direction of the phenyl rings indicates that
the chirality of the resulting molecular cages is determined by the
chiral (R,R)- and (S,S)-CHDA. Further, both molecular cages 4P-HTMC
and 4M-HTMC show maximum UV absorption at a wavelength of
250nm (Fig. 4a) that displayed a 5 nm blue shift as the molecular cage
CHO-TMC developed to high-level molecular cages HTMCs (Supple-
mentary Figs. 38 and 39). Accordingly, the circular dichroism (CD)
analysis of 4P-HTMC and 4M-HTMC showed a strong negative Cotton
effect in the spectrum of 4P-HTMC and a positive mirror-image spec-
trum for 4M-HTMC (Fig. 4b), which can well correspond to their UV
spectra. Meanwhile, we also conducted a temperature variable CD
experiment. As shown below, through increasing the temperature
from 20 to 55 °C, the CD signal intensity of 4P-HTMC and 4M-HTMC
remain unchanged. The results strongly demonstrated that the
homochiral HTMC interconversion between P/M isomers should be
impossible, even at high temperatures (Supplementary Fig. 41).

Exclusive chiral narcissistic self-sorting behaviors
To study the chiral self-sorting, the molecular cage CHO-TMC was
reacted with racemic CHDA to give the product as molecular cage
4MP-HTMC (Supplementary Fig. 4). After characterizingwithNMR, the
4MP-HTMC showed almost the same 1H-NMR, 13C-NMR and 2D NMR

spectra with molecular cages 4P-HTMC and 4M-HTMC (Supplemen-
tary Figs. 12, 13, and 21–25). However, the CD spectrum of the 4MP-
HTMC showed no Cotton effect, which means the 4MP-HTMC is an
achiral compound or racemate. Despite attempting various separation
conditions, enantiomeric separation of themolecular cage 4MP-HTMC
using chiral HPLC was not achieved. By adding an excess of the chiral
shift reagent (S)-( + )−2,2,2-trifluoro-1-(9-anthryl)ethanol, the 1H NMR
spectrum of 4MP-HTMC in CDCl3 showed pronounced splitting of
proton peaks57. Under the same conditions with an excess of the chiral
shift reagent, by comparing the 1H NMR spectra of 4MP-HTMC with
those of 4P-HTMC and 4M-HTMC, the splitting peaks can exactly
match up with the peaks in 4P-HTMC and 4M-HTMC, respectively
(Fig. 4c). For instance, the splitting double peaks at 6.37–6.38 ppm in
4MP-HTMC correspond to a specific proton signal found in 4P-HTMC,
while the splitting double peaks at 6.34–6.35 ppm in 4MP-HTMC
correspond to a specific proton signal found in 4M-HTMC. Moreover,
the relative integration values of these splitting double peaks indicate
that the number of protons contributing to each set of peaks is in a 1:1
ratio, whichmeans that there is an equal amount of 4P-HTMC and 4M-
HTMC coexisting in the 4MP-HTMC complex. After Geometry Optmi-
zation, by calculating the four possible isomers HTMC with different
ratios of (R,R)-(CHDA)/(S,S)-(CHDA), which named here with R3 (4P-
HTMC), S3 (4M-HTMC) and other two isomers HTMCs (two (R,R)-
(CHDA) and one (S,S)-(CHDA), R2S) and (one (R,R)-(CHDA) and two

Fig. 4 | The chiral properties of higher-level molecular cage 4P-HTMC and 4M-
HTMC. a The UV spectra and b circular dichroism (CD) spectra of 4P-HTMC, 4M-
HTMC and 4MP-HTMC in dichloromethane DCM (c =0.5mM), and c the 1H NMR

(600MHz, CDCl3) of molecular cages 4MP-HTMC (black), 4P-HTMC (blue) and 4M-
HTMC (red) in CDCl3 upon adding an excess of the chiral shift reagent (S)-( + )
−2,2,2-trifluoro-1-(9-anthryl)ethanol.
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(S,S)-(CHDA), RS2), the total energy of pure chiral HTMC (3R
(−9380.4102Ha) and 3S (−9380.4114Ha)) are lower than that of hybrid
chiral HTMC (R2S (−9380.3763Ha, ΔE(2R+S)-3S = 22.0 kcal/mol)) and RS2
(−9380.3805Ha, ΔE(2R+S)-3S = 19.4 kcal/mol)). In pure chiral HTMC (R3
and S3), the misalignment of the four TPB molecules in a parallel
orientation can effectively avoid the steric hindrance effects to form a
lower energy state with the comparison of hybrid chiral HTMC (R2S
and RS2) (Supplementary Fig. 37). Therefore, by combining the results
above, it can conclude that the 4MP-HTMC is a racemicmixturewith an
equal amount of 4P-HTMC and 4M-HTMC,which confirm the exclusive
chiral narcissistic properties of the HTMC molecular cage (Fig. 4c).

Chiral interconversion between the 4P-HTMC and 4M-HTMC
Ascribed to the reversible DCC and the self-sorting property, the chiral
conversion between 4P-HTMC and 4M-HTMC was investigated. The
successful chiral conversion from 4P-HTMC or 4M-HTMC to their
enantiomers canbe easily achievedby introducing an enantiomerically
opposite chiral CHDA. As shown in Fig. 5a, the results wherein varying
amounts of (R,R)-CHDA was added to a solution of 4M-HTMC, along
with TFA as a catalyst, and subsequently stirred for several hours. The
negative Cotton effects initially observed in the solution of 4M-HTMC
gradually diminished and eventually transformed into positive Cotton
effects. On the contrary, the positive Cotton effects in the 4P-HTMC
solution were transformed into negative Cotton effects with the
addition of (S,S)-CHDA (Fig. 5b). These phenomena signified a notable
alteration in the chiral structure of the molecular cage. The transition
of Cotton effects is a direct indication of the successful chiral con-
version that occurred from 4P-HTMC or 4M-HTMC to their
enantiomers.

In addition, the 1H-NMR titration experiments were conducted for
further confirmation of the chiral interconversion. As shown in Fig. 5c,
focusing on cage 4M-HTMC as a representative case with an excess of
the chiral shift reagent, with progressively increased quantity of (R,R)-
CHDA, notable changes in the proton signal peaks of 4M-HTMC
became evident, while the proton signal peaks of 4P-HTMC exhibited

enhancements. For example, in the spectrum of 4M-HTMCwith Chiral
shift reagent spectrum, two prominent proton signal peaks in the
range of 6.34–6.35 ppm and 7.70–7.71 ppm underwent attenuation
with the incremental addition of (R,R)-CHDA. Concurrently, two new
proton signal peaks emerged adjacent to these attenuated signals,
measuring 6.36–6.37 ppm and 7.77–7.79 ppm, which corresponded to
cage 4P-HTMC and displayed intensification. These findings unequi-
vocally demonstrate the remarkable interconversion phenomenon,
wherein cage 4M-HTMC transformed into cage 4P-HTMC upon the
introduction of an enantiomerically opposite chiral CHDA. Notably, a
similar chiral interconversion from 4P-HTMC to cage 4M-HTMC was
also observed, as depicted in Supplementary Fig. 26.

However, it is essential to note that as an excess of CHDA into the
system, a fraction of theHTMCexperienceddecomposition, leading to
the formation of TMC. Following, the decomposed TMC subsequently
reacted with the excess CHDA, giving rise to cages NH2-TMC, which
was supported by titration 1H-NMR results (Fig. 5c). The addition of
CHDA induced the emergence of several new proton signal peaks
denoted as a’–e’, which closely corresponded to the proton signal
peaks a–e found in the 1H NMR spectrum of CHO-TMC. The only
exceptionwas theproton signal peaks associatedwith the -CHOgroup,
denoted as peak a, which were evidently involved in the reaction with
the excess CHDA, resulting in the formation of NH2-TMC. As we con-
tinued to introduce CHDA, a greater quantity of NH2-TMC was gen-
erated, while more HTMC underwent decomposition, creating a
dynamic and intricate interplay within the system. These observations
shed light on the complex and fascinating reactions occurring within
the HTMC environment, providing further insights into the structural
transformations and interconversions facilitated by the presence of
chiral CHDA.

Helical assembly behaviors
Due to the chiral pairs of 4P-HTMC and 4M-HTMC, they were prone to
align in a zig-zag manner to form L- or D-helical structures in the solid
state, illustrated by the assembly behavior in their single crystal

Fig. 5 | The chiral interconversionproperties of higher-levelmolecular cage 4P-
HTMC and 4M-HTMC. The circular dichroism (CD) spectra of a 4M-HTMC and
b 4P-HTMC in dichloromethane (DCM) (V = 2mL, c =0.5mM) upon adding differ-
ent volumes of (R,R)-CHDA and (S,S)-CHDA in DCM (c = 10mM), respectively. c The

1HNMR (600MHz, CDCl3) ofmolecular cages4M-HTMCwith anexcess of the chiral
shift reagent (S)-( + )−2,2,2-trifluoro-1-(9-anthryl)ethanol in CDCl3 upon adding
different quantity of (R,R)-diaminocyclohexane CHDA.
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assembly (Fig. 6a, b). These structures are composedof repeatingunits
ofmolecular cages’ blades arranged parallel to each other, exhibiting a
face-to-face stacking pattern. In this pattern, the intermolecular C −
H···N interactions occur between the aromatic protons and the nitro-
gen atoms of the triazine ring, while π–π stacking interactions take
place between the triazine ring moieties of adjacent molecular cages
(Supplementary Fig. 34). This stacking mode might provide efficient
packing and maximize intermolecular interactions, resulting in the
stability of the helical structures58. Furthermore, through inter-
molecular interactions, the chiral helical structures assumed by 4P-
HTMCand4M-HTMC in the solid state are further extended to form2D
layered structures. As the chiral helical structures propagate, neigh-
boring helices align and stack together, resulting in the formation of
2D layered structures. (Supplementary Fig. 35), and then would rotate
to form chiral L-helical or D-helical nanofibers with opposite helical
directions.

The assumptions regarding the formation of nanofibers and
their chiral properties can be demonstrated through the use of
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). To initiate the formation of nanofibers, MeOH is
diffused into the solution of 4P-HTMC or 4M-HTMC in dichlor-
omethane (DCM), resulting in the precipitation of the molecules.
The precipitate was dispersed with DCM and ultrasonicated. As
shown in Fig. 6c–f, the 4P-HTMC or 4M-HTMC can assemble into
nanofibers with a diameter distribution of 10–50 nm. Careful
observation of the surface morphology of the nanofibers shows the
presence of L- and D-helical structures, consistent with their single
crystal assembly (Supplementary Fig. 35). The structural insight was
further corroborated by powder X-ray diffraction (PXRD) analysis,
detailed in Supplementary Fig. 49. The PXRD patterns of 4P-HTMC
and 4M-HTMC exhibited analogous diffraction broad peaks, sug-
gesting a shared assemblymode. The observed broadening of peaks
can be attributed to the transition from an ordered assembly to a
low crystalline state during the evaporation of solvent molecules
from the single crystals. This phenomenon results in a state akin to
random assembly between nanofibers, elucidating the similarity in
their diffraction patterns. The formation of helical nanofibers can
be speculated by the morphology in a successional procession that
displayed from tissue-like assembled structures to flagellatas-

shaped like vesicles and to micro-scaled nanofiber rings (Supple-
mentary Figs. 44 and 45), which implied that the HTMC assembled
membranes curl to helical nanofibers (Supplementary Figs. 46–48).
Further, the CD analysis of 4P-HTMC and 4M-HTMC in the solid
state was also investigated. (Supplementary Fig. 42). Compared to
4P-HTMC and 4M-HTMC in solution, the observed significant red-
shift was approximately 30 nm in the CD signals. In solution, the CD
signals of 4P-HTMC and 4M-HTMC primarily arise from the indivi-
dual chiral cages and their interactions with the surrounding sol-
vent molecules. However, when these molecules assemble in the
solid state, the π–π stacking interactions between the aromatic
moieties of neighboring molecules become prominent. The
enhanced π-π stacking interactions in the solid state lead to
a change in the electronic transitions, resulting in the red-shift of
the CD signals59. This shift in the CD spectrum indicates the for-
mation of chiral aggregates or assemblies where the collective
behavior of the molecular cages contributes to the observed chiral
response.

In summary, a pair of enantiopure higher-level molecular cages
4P-HTMC and 4M-HTMC were synthesized by utilizing the racemic
TPB-based [2 + 3] O-bridged oxacalixarenemolecular cage (TMC) as
3D tri-bladed propeller shaped building blocks through DCC. The
X-ray single crystal analysis showed that they exhibit elegant 3D tri-
bladed propeller-shaped self-similar superstructures that resem-
bled building blocks CHO-TMC and TPBs across the double and
triple-scaled expansion, respectively. The intrinsic cavity (3.9 Å) of
building blocks was well preserved, and the new cavity (9.8 Å) was
introduced as the cage-based OMCs 4P-HTMC and 4M-HTMC
formed. The unique structural transformation leads to the creation
of hetero-pores within a single molecular cage and intramolecular
self-shielding effect, a feat that is challenging to achieve in current
OMCs. It is indeed intriguing that the assembly of 4P-HTMC and 4M-
HTMC demonstrates exclusive narcissistic self-sorting and chiral
inter-transformation, a phenomenon driven by steric hindrance and
intricate chiral induction and fixation. In the solid state, they
showed a supramolecular assembly of chiral L-helical or D-helical
nanofibers. These findings provide valuable insights into the design
and synthesis of OMC-based higher-level supramolecular archi-
tectures for improving and expanding applications.

Fig. 6 | The self-assembly of higher-level molecular cage 4P-HTMC and 4M-
HTMC. The assembly of L- or D-helical structures by a 4P-HTMC (blue) and b 4M-
HTMC (red), and the schemes of their assembly process. The transmission electron

microscopy (TEM) images of c 4P-HTMC and e 4M-HTMC assembled L-helical or D-
helical nanofibers and the scanning electron microscopy (SEM) images of d 4P-
HTMC and f 4M-HTMC assembled L-helical or D-helical nanofibers.
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Methods
General methods
1H NMR, 13C NMR, 1H,1H-COSY NMR, 1H,1H-NOESY NMR, 1H,13C-HSQC
NMRand 1H,13C-HMBCNMR spectrawere recorded on aDMX600NMR.
MALDI-TOF mass spectra were obtained on a BIFLEXIII mass spectro-
meter. CD spectrawere recordedon J-810 Jasco Japan. SEMstudieswere
conducted on JSM6510LV. TEM studies were conducted on a Tecnai
G220 electronmicroscope. The X-ray intensity data were collected on a
standard Bruker SMART-1000 CCD Area Detector System equipped
with a normal-focus molybdenum-target X-ray tube (λ =0.71073Å)
operated at 2.0 kW (50 kV, 40mA) and a graphitemonochromator. The
structures were solved by using direct methods and were refined by
employing full-matrix least-squares cycles on F2 (Bruker, SHELXTL-97).

Chiral interconversion between the 4P-HTMC and 4M-HTMC
4P-HTMC to 4M-HTMC. CHO-TMC (26mg, 0.02mmol) and (R,R)-
CHDA (3.3mg, 0.03mmol) were dissolved in DCM 20mL with a cata-
lysis amount of trifluoroacetic acid (TFA). The combined mixture was
stirred vigorously at room temperature overnight to afford a 4P-HTMC
solution. Then, eight vials were added to the 4P-HTMC solution 2mL,
and different amounts (0, 25, 50, 75, 100, 133, 200, and 400μL) (S,S)-
CHDA (c =0.3M) were added in and stirred overnight. The circular
dichroism (CD) spectra of them were collected.

4M-HTMC to 4P-HTMC. CHO-TMC (26mg, 0.02mmol) and (S,S)-
CHDA (3.3mg, 0.03mmol) were dissolved in DCM 20mL with a cata-
lysis amount of trifluoroacetic acid (TFA). The combined mixture was
stirred vigorously at room temperature for overnight to afford 4M-
HTMC solution. Then, eight vials were added to the 4M-HTMCsolution
2mL, and different amounts (0, 25, 50, 75, 100, 133, 200, and 400μL)
(R,R)-CHDA (c = 0.3M) were added in and stirred overnight. The cir-
cular dichroism (CD) spectra of them were collected.

Helical assembly experiments
4P-HTMC or 4M-HTMC. (2mg) was dissolved in DCM 1mL in a 5mL
vial and placed in a 100mL vial with 20mL MeOH, which resulted in
the precipitation of the molecules overnight. The precipitate was dis-
persed with DCM and ultrasonicated for 30min. The nanofibers of L-
and D-helical structures were formed in the solution. Let stand for
30min, and the supernatant was dropped on the Cu support films for
TEM and SEM.

Data availability
The authors declare that all other data supporting the findings of this
study are available from the article and its Supplementary Information.
Source data are provided in this paper. The X-ray crystallographic
structures reported in this study have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC) under deposition num-
bers 2180996, 2181020, and 2181024. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif. Additional data are available from
the corresponding author upon request. Source data are provided in
this paper.

References
1. Levy, E. D., Boeri Erba, E., Robinson, C. V. & Teichmann, S. A.

Assembly reflects evolution of protein complexes. Nature 453,
1262–1265 (2008).

2. Situ, A. J. & Ulmer, T. S. Universal principles of membrane protein
assembly, composition and evolution. PLoS ONE 14,
e0221372 (2019).

3. Yang, X. C., Ullah, Z., Stoddart, J. F. & Yavuz, C. T. Porous organic
cages. Chem. Rev. 123, 4602–4634 (2023).

4. Hasell, T. & Cooper, A. I. Porous organic cages: soluble, modular
and molecular pores. Nat. Rev. Mater. 1, 16053 (2016).

5. Acharyya, K. & Mukherjee, P. S. Organic imine cages: molecular
marriage and applications. Angew. Chem. Int. Ed. 58,
8640–8653 (2019).

6. Mastalerz, M. Porous shape-persistent organic cage compounds of
different size, geometry, and function. Acc. Chem. Res. 51,
2411–2422 (2018).

7. Liu, M. et al. Barely porous organic cages for hydrogen isotope
separation. Science 366, 613–620 (2019).

8. Sun, Y. L. et al. Chiral emissive porous organic cages. Chem.
Commun. 59, 302–305 (2023).

9. Xu, T. et al. Highly ion-permselective porous organic cage mem-
branes with hierarchical channels. J. Am. Chem. Soc. 144,
10220–10229 (2022).

10. Li, X. et al. Polycage membranes for precise molecular separation
and catalysis. Nat. Commun. 14, 3112 (2023).

11. He, A. et al. A smart and responsive crystalline porous organic cage
membrane with switchable pore apertures for graded molecular
sieving. Nat. Mater. 21, 463–470 (2022).

12. Chen, L. et al. Separation of rare gases and chiral molecules by
selective binding in porous organic cages. Nat. Mater. 13,
954–960 (2014).

13. Xu, T. T. et al. Highly ion-permselective porous organic cage
membranes with hierarchical channels. J. Am. Chem. Soc. 144,
10220–10229 (2022).

14. Li, H. et al. An unprecedented pillar-cage fluorinated hybrid porous
framework with highly efficient acetylene storage and separation.
Angew. Chem. Int. Ed. 60, 7547–7552 (2021).

15. Hua, M. M. et al. Hierarchically porous organic cages. Angew.
Chem. Int. Ed. 60, 12490–12497 (2021).

16. Wang, Z. et al. Emissive oxidase-like nanozyme based on an organic
molecular cage. Chem. Commun. 57, 11541–11544 (2021).

17. Smith, P. T. et al. A supramolecular porous organic cage platform
promotes electrochemical hydrogen evolution from water cata-
lyzed by cobalt porphyrins. Chemelectrochem 8, 1653–1657 (2021).

18. Wang, Z. et al. Networked cages for enhanced CO2 capture and
sensing. Adv. Sci. 5, 1800141 (2018).

19. McCaffrey, R. et al. Template synthesis of gold nanoparticles with
an organic molecular cage. J. Am. Chem. Soc. 136,
1782–1785 (2014).

20. Wang, Z. et al. Porous triphenylbenzene-based bicyclooxacalixar-
ene cage for selective adsorption of CO2/N2. Org. Lett. 18,
4574–4577 (2016).

21. Chen, Y. X. et al. Self-assembly of a purely covalent cage with
homochirality by imine formation in water. Angew. Chem. Int. Ed.
60, 18815–18820 (2021).

22. Wagner, P. et al. Chiral self-sorting of giant cubic [8+12] salicylimine
cage compounds. Angew. Chem. Int. Ed. 60, 8896–8904 (2021).

23. Qu, H. et al. Molecular face-rotating cube with emergent chiral
and fluorescence properties. J. Am. Chem. Soc. 139,
18142–18145 (2017).

24. Zhang, C. et al. A porous tricyclooxacalixarene cage based on tet-
raphenylethylene. Angew. Chem. Int. Ed. 54, 9244–9248 (2015).

25. Wang, Z. et al. Multicolor tunable polymeric nanoparticle from the
tetraphenylethylene cage for temperature sensing in living cells. J.
Am. Chem. Soc. 142, 512–519 (2020).

26. Wang, X. C. et al. Assembled molecular face-rotating polyhedra to
transfer chirality from two to three dimensions. Nat. Commun. 7,
12469 (2016).

27. Tozawa, T. et al. Porousorganiccages.Nat.Mater.8, 973–978 (2009).
28. Zhang, G., Presly, O., White, F., Oppel, I. M. & Mastalerz, M. A per-

manent mesoporous organic cage with an exceptionally high sur-
face area. Angew. Chem. Int. Ed. 53, 1516–1520 (2014).

29. Zhu, J. et al. Facile synthesis of a fully fused, three-dimensional pi-
conjugated archimedean cage withmagnetically shielded cavity. J.
Am. Chem. Soc. 143, 14314–14321 (2021).

Article https://doi.org/10.1038/s41467-024-44922-y

Nature Communications |          (2024) 15:670 8

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif


30. Zhang,G., Presly, O.,White, F., Oppel, I. M. &Mastalerz, M. A shape-
persistent quadruply interlocked giant cage catenane with two
distinct pores in the solid state. Angew. Chem. Int. Ed. 53,
5126–5130 (2014).

31. Benke, B. P., Kirschbaum, T., Graf, J., Gross, J. H. & Mastalerz, M.
Dimeric and trimeric catenation of giant chiral [8+12] imine cubes
driven by weak supramolecular interactions. Nat. Chem. 15,
413–423 (2023).

32. Sun, Z. W. et al. Controlled hierarchical self-assembly of catenated
cages. J. Am. Chem. Soc. 142, 10833–10840 (2020).

33. Yang,Z. Y. et al. A class of organic cages featuring twin cavities.Nat.
Commun. 12, 6124 (2021).

34. Li, Y. S. et al. Anion-induced structural transformation of a cage-
based metal-organic framework. Cryst. Growth Des. 23,
2264–2271 (2023).

35. Wang, Z. et al. Molecular engineering for organic cage frameworks
with fixed pore size to tune their porous properties and improve
CO2 capture. ACS Appl. Polym. Mater. 3, 171–177 (2021).

36. Wang, Y. et al. Chaperone-like chiral cages for catalyzing enantio-
selective supramolecular polymerization. Chem. Sci. 10,
8076–8082 (2019).

37. Tikhomirov, G., Petersen, P. & Qian, L. Fractal assembly of
micrometre-scale DNA origami arrays with arbitrary patterns. Nat-
ure 552, 67–71 (2017).

38. Yang,W. J., Huang,G. L. & Huang, H. L. Preparation and structure of
polysaccharide selenide. Ind. Crop. Prod. 154, 112630 (2020).

39. Mateos-Timoneda, M. A., Crego-Calama, M. & Reinhoudt, D. N.
Supramolecular chirality of self-assembled systems in solution.
Chem. Soc. Rev. 33, 363–372 (2004).

40. Safont-Sempere, M. M., Fernandez, G. & Wurthner, F. Self sorting
phenomena in complex supramolecular systems. Chem. Rev. 111,
5784–5814 (2011).

41. Zuo, Y., Liu, X., Fu, E. & Zhang, S. A pair of interconverting cages
formed from achiral precursors spontaneously resolve into homo-
chiral conformers. Angew. Chem. Int. Ed. 62, e202217225 (2023).

42. Takahagi, H., Fujibe, S. & Iwasawa, N. For crystallization-induced
self-assembly of discretemacrocyclic boronic esters. Chem. Eur. J.
15, 13327–13330 (2009).

43. Yang, Z. & Lehn, J.-M. Dynamic covalent self-sorting and kinetic
switching processes in two cyclic orders: macrocycles and mac-
robicyclic cages. J. Am. Chem. Soc. 142, 15137–15145 (2020).

44. Abet, V. et al. Inducing social self-sorting in organic cages to tune
the shape of the internal cavity. Angew. Chem. Int. Ed. 59,
20272–20272 (2020).

45. Rizzuto, F. J. & Nitschke, J. R. Narcissistic, integrative, and kinetic
self-sorting within a system of coordination cages. J. Am. Chem.
Soc. 142, 7749–7753 (2020).

46. Wang, M. X. Nitrogen and oxygen bridged calixaromatics: synth-
esis, structure, functionalization, and molecular recognition. Acc.
Chem. Res. 45, 182–195 (2012).

47. Wang, D. X., Zheng, Q. Y., Wang, Q. Q. & Wang, M. X. Halide
recognition by tetraoxacalix[2]arene[2]triazine receptors: con-
current noncovalent halide-pi and lone-pair-pi interactions in host-
halide-water ternary complexes. Angew. Chem. Int. Ed. 47,
7485–7488 (2008).

48. Wang, M. et al. Hexagon wreaths: self-assembly of discrete supra-
molecular fractal architectures using multitopic terpyridine
ligands. J. Am. Chem. Soc. 136, 6664–6671 (2014).

49. Beaudoin, D., Rominger, F. & Mastalerz, M. Chiral self-sorting of
[2+3] salicylimine cage compounds. Angew. Chem. Int. Ed. 56,
1244–1248 (2017).

50. Li, P. et al. Spontaneous resolution of racemic cage-catenanes via
diastereomeric enrichment at the molecular level and subsequent
narcissistic self-sorting at the supramolecular level. J. Am. Chem.
Soc. 144, 1342–1350 (2022).

51. Koner, K. et al. Porous covalent organic nanotubes and their
assembly in loops and toroids. Nat. Chem. 14, 582–582 (2022).

52. Nakagawa, M. & Kawai, T. Chirality-controlled syntheses of double-
helical Au nanowires. J. Am. Chem. Soc. 140, 4991–4994 (2018).

53. Chen, L., Li, X. F. & Yan, Q. Light-click in situ self-assembly of
superhelical nanofibers and their helicity hierarchy control. Mac-
romolecules 54, 5077–5086 (2021).

54. Adhikari, B., Aratsu, K., Davis, J. & Yagai, S. Photoresponsive circular
supramolecular polymers: a topological trap and photoinduced
ring-opening elongation. Angew. Chem. Int. Ed. 58,
3764–3768 (2019).

55. Xiong, J. B. et al. The fixed propeller-like conformation of tetra-
phenylethylene that reveals aggregation-induced emission effect,
chiral recognition, andenhancedchiroptical property. J. Am.Chem.
Soc. 138, 11469–11472 (2016).

56. Ji, Y. L. M., Lin, Y. Y. & Qiao, Y. Plant cell-inspiredmembranization of
coacervateprotocellswith a structuredpolysaccharide layer. J. Am.
Chem. Soc. 145, 12576–12585 (2023).

57. Luo, J., Zheng, Q. Y., Chen, C. F. & Huang, Z. T. Facile synthesis and
optical resolution of inherently chiral fluorescent calix[4]crowns:
enantioselective recognition towards chiral leucinol. Tetrahedron
61, 8517–8528 (2005).

58. Hu, Y. et al. Single crystals of mechanically entwined helical cova-
lent polymers. Nat. Chem. 13, 660–665 (2021).

59. Liu, H. C. et al. Pressure-induced blue-shifted and enhanced emis-
sion: a cooperative effect between aggregation-induced emission
and energy-transfer suppression. J. Am. Chem. Soc. 142,
1153–1158 (2020).

Acknowledgements
This work is supported by the National Natural Science Foundation of
China (22005110, 22031010, and 22275062). We thank Professor Xiang-
Gao Meng of Central China Normal University for the SC-XRD test and
analysis. We also thank the Analytical and Testing Center of Huazhong
University of Science and Technology and the Research Core Facilities
for Life Science (HUST) for related analysis.

Author contributions
Z.W., C.Z., and C.-F.C designed and conceived the study. Z.W., Q.-P.Z.,
and F.G. did all the experimental work. Z.W. and Q.-P.Z. analyzed and
interpreted the results. F.G. was responsible for the NMR experiments.
Z.H.L. was responsible for the SEM experiments. H.M. performed Geo-
metry Optimization. C.H.Y. contributed essential material and protocols.
Z.W. and C.Z. prepared the paper, which was edited by all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44922-y.

Correspondence and requests for materials should be addressed to
Zhen Wang, Chun Zhang or Chuan-Feng Chen.

Peer review information Nature Communications thanks Shaodong
Zhang and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-44922-y

Nature Communications |          (2024) 15:670 9

https://doi.org/10.1038/s41467-024-44922-y
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-44922-y

Nature Communications |          (2024) 15:670 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Self-similar chiral organic molecular�cages
	Results
	Synthesis of TPB-based [2 + 3] molecular cage (TMC) and structure characterization
	Synthesis of higher-level molecular cage 4P-HTMC and 4M-HTMC and their structure characterizations
	Exclusive chiral narcissistic self-sorting behaviors
	Chiral interconversion between the 4P-HTMC and 4M-HTMC
	Helical assembly behaviors

	Methods
	General methods
	Chiral interconversion between the 4P-HTMC and 4M-HTMC
	4P-HTMC to 4M-HTMC
	4M-HTMC to 4P-HTMC
	Helical assembly experiments
	4P-HTMC or 4M-HTMC

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




