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ABSTRACT: Macrocyclic structures are challenging synthetic targets owing to
various potential applications ranging from drug discovery to nanomaterials. Their
use, however, is highly limited due to synthetic diﬃculties arising from an entropic
penalty for folding of linear chains. Here, we report single-layered porous nanosheets
with 2D ordered internal cavities that act as a highly eﬃcient macrocycle generator,
changing linear substrates to release as macrocycles in aqueous methanol solution.
The nanosheets with hydrophobic cavities encapsulate a linear substrate with nearly
perfect uptake, perform clean cyclization, and then spontaneously release as a pure
macrocycle. The self-separation of the macrocycle that precipitates from the solution
leads to repeated cycles of macrocycle generation; thereby, the single-layered porous
materials enabling catch and release oﬀer a powerful novel strategy for repeated
macrocycle generation.

■

INTRODUCTION
Macrocycle topology holds great promise for pursuing
challenging targets involved in enhanced bioactivity, selectivity,
and stability in the range from drug discovery to nanomaterials.1,2 Their use, however, is limited due to synthetic diﬃculties
arising from a prerequisite for a linear precursor to adopt an
entropically disfavored, preorganized conformation and prevailed intermolecular reactions.3−5 One strategy to overcome
these limitations is the conﬁnement of a linear precursor inside
a hollow cavity of molecular pore structures such as cages,6,7
capsules,8 and container molecules.9 Constrictive conformations of the linear precursor inside the conﬁned space facilitate
eﬃcient cyclization due to the close proximity of the functional
ends;9−13 however, typically, the molecular pores are far from
perfect for cyclization and spontaneous release.
The extended porous nanostructures would be well-ﬁtted to
function as molecular containers performing clean cyclization
in a conﬁned space;14−18 however, the pores are required to be
laterally arranged to form a single-layered porous nanosheet
structure to preserve a discrete cavity of individual pores
without deformation or extension of conﬁned spaces.19 Singlelayered porous materials can be generated by the exfoliation of
metal−organic frameworks, 20 covalent organic frameworks,21,22 the self-assembly of aromatic building blocks,23,24
and surface-assisted synthesis.25 Nevertheless, most of the
single-layered porous materials are insuﬃcient for clean
cyclization due to poor stability in solution caused by strong
face-to-face sheet interactions to stack. To prevent sheet
stacking, one can introduce ﬂexible chains on the basal plane of
the aromatic sheet structures. With this in mind, we designed a
self-assembling aromatic building block containing a ﬂexible
oligoether dendron that renders isolated self-assembled
© 2020 American Chemical Society

structures stable in solution without further aggregation.
Here, we report highly stable, single-layered porous nanosheets
with in-plane hexagonally ordered hydrophobic internal
cavities with a lattice dimension of 4.6 nm that act as a highly
eﬃcient macrocycle generator, performing consecutive cycles
of changing a linear substrate completely to release as a
macrocycle through repetitive substrate catch in aqueous
methanol solution at room temperature (Figure 1).

■

RESULTS AND DISCUSSION
Molecular Design and Self-Assembled Porous Structure. The molecule that forms a single-layered porous
nanosheet structure consists of a hydrophilic oligoether
dendron and a paired bent-shaped aromatic segment (Figure
1a). Previously, we reported that a bent-shaped aromatic
segment with a hydrophilic dendrimer grafted at its apex selfassembles into a hexameric macrocycle that stacks on top of
each other to form hollow tubules.26 Based on our previous
results, we envisioned that an increased volume fraction of the
aromatic segment relative to the ﬂexible chain drives curved
structures to transform into planar nanostructures with inplane ordered pores, similar to the structural transformation in
the block copolymer assembly.27 Indeed, self-assembling
molecule 1 (Figures S1 and S2) based on a paired aromatic
segment leads to a single-layered porous structure in a mixed
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Considering the molecular size of 1, the nanosheet thickness
suggests that the primary structure consists of two molecules in
which the aromatic segments face one another. When diluted,
TEM showed the formation of discrete micelles associated
with dimers that self-assemble into crossed nanoﬁbers with
slipped packing arrangements (Figure S14). With increasing
concentration, the crossed nanoﬁbers are interconnected with
each other to form a 2D framework structure. This observation
corroborates that the framework consists of intersecting
nanoﬁbers in which the crossing points are organized in a
2D hexagonal lattice with a dimension of 4.6 nm. Taking all the
data together, we propose that the single-layered porous
structure is composed of 2-dimensionally intersected nanoﬁbers to form freestanding, single-layered porous crystalline
nanosheets with a thickness of 4.1 nm with an in-plane
hexagonal array of the pores (Figure 1b).
To gain more insight into the 2D nanosheet structure, X-ray
experiments were performed with freeze-dried samples. Smallangle X-ray scatterings showed several sharp reﬂections that
can be indexed as a hexagonal lattice with dimensions of a =
4.6 nm and c = 4.1 nm (Figure 2f and Table S1), indicating
that the single-layered porous nanosheets with a thickness of
4.1 nm are stacked in an eclipsed AA fashion.28 These
dimensions are in excellent agreement with those of SAED and
AFM, respectively. The wide-angle X-ray diﬀraction pattern
shows a number of sharp reﬂections which can be indexed as a
face-centered rectangular lattice with unit cell dimensions of a
= 1.61 nm and b = 0.92 nm (Figure 2h and Figure S15),
indicating that the dimers are stacked along the framework axis
with an interdimer distance of 0.46 nm (Figure 2i). On the
basis of these results, and the measured density, the number of
molecules consisting of a pore could be estimated to be 18
(Table S2), giving rise to a rhombus-shaped aromatic cavity
with dimensions of ∼2.2 nm in diameter and ∼2 nm in depth
(Figure 2g).
Linear Substrate Binding. We hypothesized that the
pores with aromatic internal cavities of such dimensions can
suﬃciently entrap a linear hydrophobic substrate to adopt a
constrictive conformation in hydrophilic solution, a favorable
shape for cyclization (Figure 3b). To explore the capability of
the porous nanosheets for entrapping a linear substrate,
hydrophobic R1 (Figure 3a and Figure S3) was selected
because its estimated size in a constrictive conformation of 2.0
nm is compatible with the internal cavity (Table S3 and Figure
S19). Considering that a single pore consists of 18 molecules
of 1, titration experiments showed that each pore is occupied
by a single R1 molecule with greater than 96% uptake of the
pores, indicative of the near-perfect ﬁt between the internal
cavity and the R1 substrate (Figure 3c and Figure S16). This
provides evidence that the 2D pore array preserves individual
porosity without compromising the pore performance for guest
uptake. NMR experiments showed the resonance peaks
associated with the aromatic protons of the reactant in the
porous solution. Considering that the pure reactant in the
experimental condition (H2O/MeOH mixture solution) does
not show any peaks associated with the aromatic protons due
to the solubility limitation, this result provides clear evidence
that the reactant is entrapped in the pore through host−guest
interactions (Figure 3d and Figure S17).29,30 This coupling was
further conﬁrmed by ﬂuorescence enhancement at 374 nm on
encapsulating the guests (Figure S18), which could be
attributed to the more restricted rotation of the phenyl groups
on the aromatic backbone.31 To evaluate the uptake of the

Figure 1. Self-assembly of single-layered porous nanosheets as a
macrocycle generator. (a) Molecular structure of 1. (b) Schematic
representation for the formation of a single-layered porous nanosheet
with a hexagonal lattice through aromatic stacks of the faced dimers of
1 into branched ﬁbers as an intermediate structure in aqueous
methanol solution. (c) Schematic representation of a single-layered
porous nanosheet that changes a linear substrate to release as a
macrocycle. Dendrimer parts from the porous structure are omitted
for clarity.

solution of water and methanol (3/7, v/v). Cryogenic
transmission electron microscopy (cryo-TEM) of the
structures using a frozen bulk solution of 1 showed largearea nanosheets with straight edges, ranging in their lateral
dimensions from submicrometer to several micrometers
(Figure 2a), indicating that the nanosheets are robust and
freestanding in bulk solution. The inset image revealed
hexagonally ordered light spots in a dark matrix, indicative of
in-plane ordered hollow cavities in solution (Figure S11). The
formation of stable 2D sheet structures in the solution state
was further conﬁrmed by ﬂuorescence optical microscopy
(FOM), which showed large-area, ﬂat sheet objects (Figure
S12). TEM experiments performed with cast ﬁlms revealed ﬂat
2D structures with straight edges (Figure 2b), consistent with
the cryo-TEM results. A high-resolution image revealed a
regular framework superstructure with hexagonally ordered
pores (Figure 2c and Figure S13). Selected area electron
diﬀraction (SAED) showed bright spot patterns corresponding
to a hexagonally ordered single-crystal domain with a lattice
dimension of 4.6 nm (Figure 2d). Atomic force microscopy
(AFM) analysis showed that the nanosheets are very ﬂat and
uniform with a thickness of 4.1 nm (Figure 2e). The magniﬁed
image showed that the nanosheet consists of in-plane 2D
hexagonal array of the pores, consistent with the results
observed from TEM.
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Figure 2. Structural characterization of single-layered porous nanosheets. (a) Cryo-TEM image of 1 (91 μM) in water−methanol solution (3/7, v/
v). Inset: high-resolution cryo-TEM image showing 2D hexagonal order. (b) Negatively stained TEM image of 1 (91 μM) in water−methanol
solution (3/7, v/v). (c) High-resolution TEM image of hexagonally ordered pores formed by 1. Inset: 2D fast Fourier transform image of a
hexagonal structure. (d) Selected area electron diﬀraction pattern of the hexagonal lattice showing {100} and {110} reﬂections from [001]
projection. (e) AFM height image of the ﬁlm on a mica surface from evaporation of 1 (91 μM) in water−methanol solution (3/7, v/v). The crosssectional proﬁle (top) is taken along the white line. Inset: magniﬁed image showing 2D hexagonal array of pores. (f) SAXS pattern of 1 with freezedried sample. (g) Schematic illustration of aromatic framework with a hexagonal lattice dimension of 4.6 nm and ∼2 nm in height. (h) Top view of
one pore consisting of 18 molecules of 1 with an internal cavity of ∼2.2 nm in diameter. The cross point on the right-hand side shows a facecentered rectangular lattice with dimensions of a = 1.61 nm and b = 0.92 nm. One subunit corresponds to the top view of the faced dimer of 1. (i)
Calculated dimensions of a faced dimer of 1 based on WAXS results.

nanosheets with diﬀerent substrates, we carried out the same
experiments with R2 (Figure 3a and Figure S4) (d = 1.9 nm)
based on a linear chain (Table S3 and Figure S19). Similar to
R1, the uptake capacity of R2 was found to be nearly perfect
with an uptake capacity of >95% occupied pores (Figure S16).
In sharp contrast, the nanosheets do not exhibit apparent
inclusion activity for the substrates such as R3 (Figure 3a,
Table S3 and Figures S5 and S19) (d = 1.3 nm) and R4
(Figure 3a, Table S3 and Figures S6 and S19) (d = 2.3 nm)
that are not ﬁtted into the cavity. The clear-cut selectivity in
size and the nearly perfect uptake capacity indicate that the

lateral arrangement of the pores into a single layer preserves
the pore performance of individual pores in guest uptake.
Macrocyclization of the Linear Substrates. Considering
that the end parts of the substrates are functionalized for a
Suzuki−Miyaura coupling reaction (Figure 3a), the internal
cavities of the pores would function as a molecular container
for the open substrates to adopt a preorganized conformation,
thus promoting cyclization inside the conﬁned space (Figure
4a).9 Moreover, sequestering the substrates would prevent any
possible intermolecular processes producing undesired linear
oligomers. To corroborate the aromatic coupling cyclization
inside the internal cavities, we added a catalytic amount of
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Pd(0) (1 mol % relative to R1) to the aqueous methanol
solution of 1 (water/methanol = 3/7, v/v) containing R1 at
room temperature, which is bound to a pyridine unit of 1
through coordination interactions (Figure 4b and Figure
S20).32 Remarkably, the 2D nanoporous sheets perform
perfect cyclization of the linear substrate preventing undesired
oligomerization at room temperature. Upon addition of Pd(0),
only a single additional peak corresponding to a macrocycle
product was identiﬁed in analytical HPLC of which the
intensity increases gradually at the expense of R1 and then
levels oﬀ at 4 h (Figure 4b). The result indicates that the
cyclization of the substrates is completed over 4 h (Figure 4c
and Figure S8), while preventing intermolecular oligomerization.
For a control experiment, we performed an identical Suzuki
coupling reaction of R1 in toluene/EtOH. In the absence of
the porous nanosheets, the coupling reaction did not yield any
noticeable reaction products within 4 h even at 75 °C (Figure
4c), indicating that the encapsulation inside the pores
accelerate the aromatic coupling reaction. When the toluene/
EtOH solution is heated to 75 °C, the reaction takes place very
slowly and is completed over 48 h (Figure S21). Nevertheless,
the reaction yielded predominantly linear oligomers with only
a tiny amount of the macrocycle product (∼1 mol %),
demonstrating that the inclusion of the open chains inside the
internal cavities is essential for perfect cyclization. Accelerating
the reaction inside the pores could be attributed to close
proximity between the functional groups caused by adopting a
folded conformation of the open chains in the conﬁned space.9
When entrapped inside the conﬁned space of the pore, the
linear precursor would considerably reduce conformational
ﬂexibility to promote intramolecular cyclization. Moreover,
sequestering the end-functionalized substrates inside the
hydrophobic cavity prohibits any possibilities for undesired
intermolecular oligomerization. The coupling reaction of a
similarly sized R2 without branched alkyl chains also
undergoes nearly perfect cyclization, indicating that the
compatible size of the precursors to the internal cavities rather
than molecular structure plays a pivotal role in clean cyclization
(Figures S9 and S22). This is further supported by the
identical experiments with a smaller substrate, R3, and a larger
substrate, R4, which are not compatible to the internal cavities
for binding, thus unable to be cyclized using the porous
nanosheets (Table S3). Subsequently, when the porous
nanosheet materials are added to a mixture solution of R1,
R3, and R4, the cyclization yielded only P1 (Figure 4d),
demonstrating that our single-layered porous materials are able
to perform selective cyclization of only a trapped open chain
among the mixed substrates of diﬀerent sizes. To extend the
scope of the cyclization reaction in the porous sheets, we have
performed metal-free Knoevenagel condensation with an
analogous linear substrate, which showed perfect macrocyclization within 80 min at room temperature (Figures S7,
S10, and S23).
Spontaneous Release of the Macrocycles. Notably,
when the substrate conversion is completed, the macrocycle
product is spontaneously released out of the porous materials
to precipitate without applying any external forces such as
shaking and stirring (Figures S24 and S25). After removal of
the precipitated macrocycle product by decanting, analytical
HPLC measurements of the solution showed a complete lack
of the cyclic product (Figure S26), demonstrating that
converting into a macrocycle leads the substrate to

Figure 3. Uptake of linear substrates in porous nanosheets. (a)
Chemical structure of linear substrates and macrocycle products. (b)
Top: schematic representation of an open chain conformation in a
free state and a constrictive conformation inside a conﬁned space.
Bottom: R1 with a constrictive conformation ﬁts into the pore cavity
to be entrapped through hydrophobic interactions. (c) Substrate
uptake as a function of R1 in water−methanol solution (3/7, v/v) at
the constant concentration of 1 (91 μM). The saturated
concentration of R1 is shown to be 5 μM. Considering one pore
consisting of 18 molecules of 1, the saturated concentration of R1 (5
μM) indicates that one pore includes one substrate. (d) 1H NMR of
R1 in CDCl3, R1 (50 μM) with 1 (912 μM) and without 1 in D2Omethanol-d4 mixture (3/7, v/v).

Figure 4. Cyclization of linear substrates in porous nanosheets. (a)
Schematic representation of the encapsulation of reactant R1 by
aromatic pore and the subsequent macrocyclization with addition of
Pd(0) leading to macrocycle product. Pd(0) is complexed with the
pyridine units of the pore frameworks. (b) HPLC chromatograms of
macrocyclization of R1 in the porous nanosheets of 1 with time
variation. (c) Conversion of R1 in the presence of 1 (91 μM) in
water−methanol mixture (3/7, v/v) (black ■) and without 1 in
toluene/EtOH (pink ●). (d) HPLC chromatograms of selective
macrocyclization of a mixture solution of R1, R3, and R4 in the
porous nanosheets of 1 with time variation.
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product, reminiscent of enzymatic action that changes a
substrate to release as a product.34
Repeated Macrocyclization. Considering the spontaneous release of the macrocycle product to precipitate, the
porous nanosheet solution is able to carry out a new cycle of
binding substrates to convert into macrocycles and then release
(Figure 5c). Indeed, upon subsequent addition of R1 into the
supernatant solution after removal of the precipitated product
by decanting, a new cycle of the substrate conversion takes
place without compromising the pore performance in both
uptake and conversion eﬃciency (Table S4 and Figures S30
and S31). The subsequent cycles showed that the porous
nanosheet materials repeatedly perform full conversion and
complete release up to 4 cycles, demonstrating that the pores
are highly stable without deterioration in their performance
even after many cycles of binding the substrate for conversion.
The stability of the porous materials was further conﬁrmed by
X-ray scatterings and TEM after 4 cycles of these performances
(Figures S32 and S33). The results showed that the original
porous nanosheet structures are retained without any structural
deformation, indicative of high stability over repeated
cyclization performance.

spontaneously release out of the internal pores. The release
experiments showed that the macrocycle is completely released
over an additional 8 h of standing (Figure 5a). This is in sharp

■

CONCLUSION
Our results show that the single-layered porous nanostructures
allow repetitive generation of macrocycles through repeated
cycles of substrate catch without deterioration in pore
performance (Figure 5d). This is attributed to the fact that
the single-layered 2D assembly enables all the pores to bind
the linear substrate inside discrete cavities to adopt a
constrictive conformation, to facilitate clean cyclization, and
to spontaneously release the substrate after conversion. The
regenerated porous nanosheets with hollow cavities after selfseparation of the product perform consecutive cycles of
binding the substrate for cyclization and spontaneous release.
The crystalline packing of 1 into the 2D frameworks seems to
play an important role, not only in pore stability for repeated
performance without deterioration but also in the ﬁxed internal
cavity enabling the spontaneous release of the substrates after
conversion. In most cases, molecular containers with a ﬂexible
size bind products as eﬃciently as substrates, thereby inhibiting
spontaneous release and recycles.35 Although extended porous
materials with ﬁxed, open channels may function as a
molecular container performing cyclization in a conﬁned
space, the cavities are inadequate to completely sequester
linear substrates for clean intramolecular cyclization because
the hollow cavities are not uniformly discrete.25 Considering
their compartmentalized structures, exfoliated porous layers
could be suitable for sequestering precursor molecules;
however, the layer thickness of sub-nanometer scales is
insuﬃcient for in-plane pores to restrict open chains with a
folded conformation for cyclization.20−23 Therefore, the
notable feature of our porous nanosheets is their ability to
sequester linear substrates inside conﬁned spaces with nearly
perfect uptake to perform clean cyclization. In combination
with the self-separation capability, the sequestration feature of
open precursors within conﬁned spaces enables the porous
materials to act as a highly eﬃcient macrocycle generator,
performing consecutive cycles of changing a linear substrate to
release as a macrocycle through repeated substrate catch.
Thereby, our results exemplify that a simple catch-and-release
puriﬁcation strategy can translate into extended porous
nanomaterials to create a powerful macrocycle generator.36

Figure 5. Spontaneous release of a macrocycle product and repeated
cycles. (a) Substrate amount remaining in the porous nanosheets of 1
in the presence of Pd (0) (orange ■) and in the absence of Pd (0)
(blue ●) with time variation. (b) Top: molecular sizes of R1 and P1
determined by molecular dynamic simulations in water. Bottom:
schematic representation of spontaneous release of products after
macrocyclization due to size mismatch between the internal cavity
and the cyclized product. (c) Repeated cycles of HPLC conversions
of R1 as a function of time. (d) Schematic representation of repeated
cycles of entrapping linear precursors, cyclization, and spontaneous
release of macrocycle products.

contrast to the linear substrate which resides inside the pore
during this period of time without any noticeable release
(Figure 5a). The spontaneous release could be attributed to
the size mismatch of the substrate with the ﬁxed internal cavity
by changing into a cyclic structure with decreasing hydrodynamic volume (Figures S27 and S28). Macrocycle structures
possess smaller hydrodynamic volumes in comparison to their
linear counterparts as a consequence of a conformational
constraint of cyclic chains.33 Considering that the substrates
adopt a constrictive conformation in a poor solvent together
with decreasing molecular weight after cyclization, molecular
simulations showed that the cyclization of R1 leads to
considerable size reduction from 2.0 to 1.5 nm in diameter
(Figure 5b and Figure S19), implying considerable size
mismatch between the internal cavity (d = ∼2.2 nm) and
the cyclized product. Hence, the cyclized substrate would no
longer ﬁt into the internal cavity, which is then spontaneously
released out of the pore interior. This is supported by
additional uptake experiments with presynthesized P1, which
showed that the cyclic molecule is incapable of binding to the
internal cavity (Figure S29). This result suggests that the
chemical transformation of the substrate would modulate
binding aﬃnity with the pore walls through size reduction, thus
being released as a product from the internal cavity, which is
spontaneously separated from the solution by precipitation. As
a result, the conversion of the substrate inside the cavity
enables the porous materials to spontaneous release the
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We anticipate that such a strategy will provide a new insight
into automated reaction machines capable of addressing
complex sorting and reaction problems,37 and reactor
membranes for diverse chemical conversions enabling selfgeneration and self-separation of the products on passing
across their internal cavities.
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