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Construction of stable porous organic cages: from
the perspective of chemical bonds

*3¢ and Dagiang Yuan () *3°¢

Miao Yang,®* Kongzhao Su
Porous organic cages (POCs) are constructed from purely organic synthons by covalent linkages with
intrinsic cavities and have shown potential applications in many areas. However, the majority of POC
synthesis methods reported thus far have relied on dynamically reversible imine linkages, which can be
metastable and unstable under humid or harsh chemical conditions. This instability significantly hampers
their research prospects and practical applications. Consequently, strategies to enhance the chemical
stability of POCs by modifying imine bonds and developing robust covalent linkages are imperative for
realizing the full potential of these materials. In this review, we aim to highlight recent advancements in
synthesizing chemical-stable POCs through these approaches and their associated applications.
Additionally, we propose further strategies for creating stable POCs and discuss future opportunities for
practical applications.

1. Introduction

Porous organic cages (POCs) and covalent organic frameworks
(COFs) are both low-density crystalline materials constructed
from organic building blocks through covalent bonds (Fig. 1)."”
However, POC synthesis typically requires a convergent concave-
shaped organic building block compared to COFs. Unlike
extended COFs with framework structures linked by strong
covalent bonds, POCs are distinct in their construction as they
consist of discrete (zero-dimensional or 0D) covalent-bonded
macromolecules with permanent intrinsic cavities, resulting in
a 0D framework via weak intermolecular interactions.”® As a
result, their porosity arises from the intrinsic cavities or extrin-
sic voids, resulting from inefficient molecule packing in
the solid state. Moreover, this discrete nature makes POCs
susceptible to structural changes in response to external stimu-
lation,” ® as well as endows POCs with advantages in solubility,
processability, modification, and regeneration compared to
COF materials.'*™*

The first organic cage compound can be traced back to
the 1960s when Nobel Prize-winning chemist Jean-Marie Lehn
introduced a crown ether-based cage molecule for cation
binding.'® However, no permanent porosities of organic cages
in the solid state have been explored since then, which may be
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Fig. 1 Construction of COFs and POCs.

attributed to the lack of appropriate gas adsorption instrumen-
tation. Until 2009, Cooper et al. first confirmed that tetrahedral
[4+4] imine-linked (C=N) POCs could serve as porous solids
and exhibit permanent porosity with Brunauer-Emmett-Teller
(BET) surface area up to 624 m> g~ ."® Since then, POCs with
different topologies, sizes, surface areas, and functions have
increased substantially.’”>*

The synthesized methods for POCs can be divided into two
classes based on their bond formation during self-assembly:>*
(1) irreversible linking chemistry, such as carbon-carbon bond
formation,*® nucleophilic substitutions,> Knoevenagel con-
densation;*® and (2) dynamic covalent chemistry (DCC),>*"?
including imine condensation,® boronic ester condensa-
tion,* alkene/alkyne metathesis,* amide bond formation,*®
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disulfide-sulfide bond formation,** combination of imine and
boronic ester condensations,>” combination of imine and
alkene metathesis,®® and combination of imine and imide
etc.’® The latter method typically yields higher results but
exhibits lower stability, while the former demonstrates the
opposite characteristics. To the best of our knowledge, most
reported POCs are linked by the dynamically reversible imine
condensation method, which have been extensively reviewed in
recent publications.*** However, these POCs are susceptible
to dissociation under acidic, basic, or even moist conditions
due to dynamic imine linkages within their backbones. Conse-
quently, they are not yet suitable for practical industrial appli-
cations such as catalysis, energy storage, pollutant removal,
and gas storage and separation that involve exposure to reactive
species and harsh physical conditions requiring materials with
high chemical robustness. The stability (e.g., thermal, mechan-
ical, hydrolytic, chemical, or photolytic stability) of materials is
fundamental, and chemical stability is one of the most impor-
tant characteristics of POCs which is deeply influenced by
chemical bonds. Thus, there is a growing demand for methods
in constructing chemically stable POCs to advance the devel-
opment of porous materials across various fields.** However,
few reviews have been conducted on this topic.

Herein, we provide a comprehensive overview of recent
advancements in the development and application of stable
POCs. From the perspective of chemical bonds, we mainly
present two strategies for preparing stable POCs: modifying
imine linkages to increase the POCs’ stability; using robust
covalent linkages to prepare stable POCs. As for the former, to
date, the proposed strategies for increasing the stability of
imine linkage can be divided into three fundamentally different
categories, that is, (1) constructing N-substituted imine deriva-
tives, such as hydrazone-linked POCs;*>™*” (2) transforming
imine to amine linkages via keto-enol tautomerization®®™>°
and the direct reduction method;*'* and (3) transforming
imine into other chemically stable linkages, such as quino-
line,”* carbamate,’” and amide bonds.?® As for the latter, stable
POCs constructed from more robust linkages based on alkyne
metathesis,””*® imide formation,> nucleophilic aromatic
reactions,®”®* Knoevenagel reaction,”® and so on,**®® have
been recently achieved. Fig. 2 highlights selected significant
reports on the efficient synthesis of stable POCs utilizing these
strategies. Moreover, an outlook on future suggestions for
efficient synthesis of stable POCs, along with the future oppor-
tunities that require attention, has also been presented.

2. Stable POCs based on Schiff base
reaction

Imine condensation is a widely adopted and straightforward
synthetic method for fabricating porous organic materials,
including porous organic polymers (POPs), COFs, and POCs.
Since Cram reported the first utilization of imine bond (C=N)
formation to prepare [2+4] lantern-shaped organic cage com-
pound based on tetraformylcavitand and 1,3-diaminobenzene
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synthons in 1991,°* a large number of imine-linked organic
cages with defined shapes and sizes, have significantly grown
over the past three decades. However, the stability issues
arising from imine linkage under harsh chemical conditions
considerably restrict the practical utility of these imine-
bonded POCs.

CC3, a robust organic cage formed via Schiff base reactions
involving four molecules of 1,3,5-triformylbenzene and six
molecules of 1,2-diaminocyclohexane,'® exhibits remarkable
stability. The material maintains its structural integrity in pure
water for up to four days and can withstand refluxing in water
for four hours without decomposition.®® This impressive stabi-
lity is attributed to the way POCs are constructed by stacking
organic molecules that contain internal voids, held together by
weak intermolecular forces. Moreover, in the case of CC3, the
cage molecules are packed in a window-to-window arrangement
to form diamond topology, which is the main reason for its
enhanced stability. In the meanwhile, the material can adsorb
up to 20.1 wt% water. Inspired by this resilience and utility,
POCs hold promise as versatile materials with diverse applica-
tions. Hence, further exploration of stable imine-based POC
materials is a significant area for development. This section
reviews notable advancements in bolstering the stability of
these compounds and their possible uses.

2.1 Transformation of imine to amine linkages

(1) To enhance the chemical stability of imine-linked POCs, a
straightforward approach involves their reduction to amine-
linked counterparts using hydride reagents. Beyond improving
stability, these C-N linked POCs offer additional sites for post-
synthetic functionalization and guest molecule binding.

Zhang and coworkers successfully converted labile imine-
linked POCs into robust C-N linked POCs through hydride
reduction with reasonable yield (74%).°® The material exhibited
high ideal CO,/N, adsorption selectivity of 73 at STP, which
was attributed to the unambiguous cage structure and the
interaction between amine groups and CO, molecules. Subse-
quently, numerous similar cages have been reported. Moreover,
due to their stability and active amine sites, these POCs can
undergo further functionalization as demonstrated by Cooper
et al., who synthesized a [4+6] imine organic cage (CC1),
constructed from four 1,3,5-triformylbenzene and six 1,2-
diaminoethane, its reduction product (RCC1). By modifying
RCC1, 12-arm dodecamine cages with different functional
groups were regarded as promising supramolecular building
blocks.®” Also reported by this group, RCC1 can be transformed
into protonated cage salts to increase protonic conductivity.®®
Su et al. reported two cases of metal-templated cages, which
were subsequently reduced to pure covalent-organic cages for
the meaningful incorporation of dithienylethene groups into
organic cages.®® All the obtained cages have photochromic
properties. In another notable development, Zhao et al. found
that tetraphenylethylene-based POCs, derived from reduction
and acidification processes, exhibit increased structural flex-
ibility and hydrophilicity conducive to the creation of AIE-active
POCs for biological applications.”®
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a) Stable POCs based on Schiff base reaction

b

c) Linkages used for the synthesis of stable POCs

B-ketoeneamine Hydrazone Imide Alkyne
o] o
__________ O O e=s
o
Amide Carbamate Alkene Ether
o]

_____ oo o 0t o

Fig. 2 Selected stable POCs based on (a) modification of imine linkage, (b) usage of robust linkage strategies, and (c) common linkages for the synthesis
of stable POCs.

However, in many cases, the C-N linked POCs obtained by
this method usually have a flexible skeleton, leading to their
structural collapse and a dramatic decrease in porosity. Therefore,
the main question that needs to be addressed is how to fix the
collapsed skeleton. Cooper’s group reported an effective method by
using small carbonyl molecules such as formaldehyde to “tie” the
flexible amine cages via post-synthetic modification to get shape-
persistent cage compounds (Fig. 3).>® They demonstrated that this
new protocol could improve the chemical robustness to acidic and
basic conditions (pH 1.7-12.3) and tuned the internal cavity, pore
environment, guest binding selectivity and so on, resulting in
outstanding quantum sieves for hydrogen isotope separation.””
Additionally, they collaborated with Ibarra to conduct pioneering

. . ; & )
research on the capture of SO, using CC3, RCC3, and a six- ATRees g:* Id3h ol 21 ’ FIARCE
;13 aldehyde A
formaldehyde-tethered cage called 6FT-RCC3. Notably, among diamine _ketone armina!

these materials, 6FT-RCC3 demonstrated an impressive capacity Fig. 3 Synthesis of “tied” porous organic cages. Reproduced with per-
for capturing SO, (13.78 mmol gfl) with excellent reversibility —mission: from ref. 53, Copyright 2014, The American Chemical Society.
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observed through over fifty adsorption-desorption cycles.”> More
recently, Koh et al. reported that CC3 and 6FT-RCC3 have
facilitated the rapid capture of Br,.”*

Benefiting from their exceptional stability, amine-linked
POCs have found extensive application anchoring ultrafine
metal nanoparticles within cavities as efficient supramolecular
catalysts for numerous organic transformations under severe
conditions.”*”> The size of the metal nanoparticles can be
precisely controlled based on the host cavity’s dimension.
Zhang et al. initially utilized amine-linked [2+3] POC to provide
well-regulated Au nanoparticle nucleation (particle diameter:
19 + 4 A) within a POC’s cavity via gold-sulfur interactions.”®
Since then, many groups have applied POCs with different
desired shapes, sizes, and functionalities to stabilize various
metal nanoparticles, such as Ru, Ag, Pd, and Pt nanoparticles.”” %>
These nanocomposites are being examined for various organic
transformations including photocatalytic nitroarene reduction,
Suzuki-Miyaura cross-coupling reactions of haloarenes, alkoxy-
carbonylation of aryl iodides, and sequential conversions via
aerobic hydroxylation and hydrogenation. Remarkably, these
catalysts outperform conventional ones in stability, substrate
scope, reactivity, and recyclability for the protection of POCs.

(2) Another easy method to make amine-linked POCs is
based on a synthetic strategy that hinges on the Schiff base con-
densation reaction concept followed by keto-enol tautomeri-
zation.®® This method leads to the exceptional chemical stability
of cages and facilitates their resistance to acids and bases.

Banerjee et al. developed these chemical-stable amine-linked
POCs employing trialdehyde resorcinol and aliphatic amine
ligands, through imine condensation and keto-enol tautomerism
reaction.”®* Due to the different lengths of the diamines, the
resulting organic cages showed an odd-even phenomenon.
In addition, the authors also proved that all these organic cages
can be stable in water, acids, and bases (Fig. 4). Inspired by this
work, Yuan’s Group successfully constructed three different types
of POCs based on reticular chemistry by using CARACHO with
diamines by Schiff base condensation (Fig. 5). These include the
[2+4] lantern-shaped organic cages with odd-even effect, [3+6]

H i
H 7N
N
HO. OH HZN\/\NH2 = 0
(1.5 equiv.) o N\ H
0, H One pot synthesis of chemicall N HN_/

stable cages

H ,%%
(1 equiv.) Keto form N

H OH O

Fig. 4 Synthesis of keto—enamine POCs. Reproduced with permission:
from ref. 48, Copyright 2017, Wiley.
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CHO
HO. OH

NH, NH,

CPOC-101
Fig. 5 Synthesis of CPOCs.

CPOC-201

CPOC-301

trigonal organic cages, [6+8] and [6+12] octahedral organic
cages.*”® Due to the presence of phenol hydroxyl group in
the C4RACHO units, the resulting imine bonded POCs can also
be spontaneously converted to amine bonded POCs through
keto-enol tautomerization, which ensured the stability of the
materials. In addition, the results show that the window
diameters of these POCs can be continuously tuned from 3.8
to 11.6 A. The cavity volume increased from 358 to 11243 A®,
and the BET surface area can be improved from 38 to 2803 m> g™ .
Subsequently, the octahedral CPOC-301 was used to purify ethylene
(C,H,).® 1ts excellent selectivity for ethane (C,Hs) is due to the fact
that C,H, forms more C-H- - - hydrogen bonds with calix[4]arene
than C,H,, which leads to the preferential interaction of C,Hs over
C,H, in POCs. This work provides a new avenue for the isolation
and purification of C,H,. Furthermore, CPOC-301 exhibits potential
as a dual-functional photoelectrochemical energy storage cathode
in a photo-assisted Li-organic battery when Cg, is encapsulated
within its cavity.*

In 2022, Wang et al. synthesized an ultra-stable chiral
amine-linked octahedral organic cage (PAC 1) through the
[4+6] condensation reaction of binaphthylenediamine with
2,4,6-triformylphloroglucinol.® As expected, the crystallinity
of PAC 1-S is kept in boiling water, as well as many harsh
chemical conditions, such as high-concentrated acid and alkali,
and 1 M H,S0,/MeOH/H,O solution. Moreover, stable PAC 1
can enantioselectively recognize axially chiral aromatic race-
mates. More recently, the introduction of Br and CH; substi-
tuents has afforded two new pairs of axially chiral PAC
enantiomers, namely R-PAC-2, S-PAC-2, and R-PAC-3, S-PAC-3.%”
Among these, PAC-2 demonstrates successful encapsulation
and selective binding of C,, over Cgq in simulated carbon soot.
Furthermore, Cgo-encapsulated PAC-2 can be utilized as an
electrochemical chiral sensor on glassy carbon electrodes
(GCE) for the detection of the chiral compound 1-3,4-
dihydroxyphenylalanine (DOPA), achieving a detection limit
of 2.8 mM.*

Chem. Commun., 2024, 60, 10476-10487 | 10479
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Recently, Khashab et al. reported three cases of POCs with
varying hydroxyl substitutions; notably, OC1, a [2+3] cage,
synthesized from 1,3,5-triformylphloroglucinol and (1R,2R)-
1,2-diaminocyclohexane, featuring a higher number of hydroxyl
groups exhibited keto-enol tautomerism and demonstrated
increased stability, biocompatibility, photostability, and cell
permeability. Consequently, the organic cage (OC1) shows
promise as an effective mitochondrial fluorescent probe.

2.2 Transformation of imine into other chemically stable
linkages

The dynamic nature of imine condensation allows for “self-
error correction” within the reaction process to yield thermo-
dynamically stable products at relatively high yields. Therefore,
utilizing imine chemistry as a foundation and combining it
with post-synthetic modification (PSM) undoubtedly represents
a universal and efficient approach for obtaining high-yield,
stable organic cage molecules.>> The PSM of imine bond
provides an alternative approach to improve the backbones’
chemical stability of porous organic materials, further provid-
ing tailored functionality for specific applications as demon-
strated by COFs systems. Fortunately, recent studies have
explored diverse transformations via imine bond PSM in POCs
systems.

Mastalerz et al. made significant contributions in this area.
For instance, the imine-linked cage was synthesized following
established procedures in literature; it underwent subsequent
reduction treatment to yield an amine-bonded cage. This
structure then reacted with N,N’-carbonylbisimidazole in DMF
at ambient temperature to form the carbamate cage.” Notably,
this resulting cage exhibits resilience towards acid and base
treatment, maintaining stability even in 1 M HCI at tempera-
tures of up to 100 °C.

Then, in 2019, this group reported converting the imine-
linked cage to amide-linked cage via Pinnick oxidation.’® To the
best of our knowledge, due to the irreversible nature of the
amide bonds, the yield of amide cage synthesised via the one-
pot method is very low, and only a few examples of amide cages
are reported with small cavities. Therefore, efficient synthesis
of larger amide cages still needs to be explored. In this part,
[4+6] cage containing twelve amide groups with durable shapes
was prepared via PSM of salicylbisimine cage. The cage has
superior chemical stability and thus can be further functiona-
lized. This study obtained hydroxylated, nitrated, and bromi-
nated amide cages in 60%, 84%, and 83% yield, respectively.
Among them, the nitrated cage could change the gas-sorption
selectivity for CO,/CH,. Similarly, eight different [2+3] amide
cages were obtained by this way and used as hosts for anion
recognition.’® Also reported by this group, the Povarov reaction
of [4+6] salicylimine cage with phenylacetylene led to a robust
quinoline cage (Fig. 6).”* The key to success in this reaction was
the reaction time. This reaction took them 20 hours and finally
the product was obtained in 25% yield, which was resistant to
harsh acidic conditions (pH - 1.9-15.2) without decomposition.
The as-synthesized cage has a BET specific surface area of
698 m? g~ . The cage also shows characteristic acidochromism
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View Article Online

Feature Article

tBu “

Fig. 6 Synthesis of stable POCs. (a) CHzl, K,CO3z, DMF, 80 °C, 16 h; (b)
NaClO,, NaH,PO4, 2-methyl-2-butene, THF, H,O, rt, 16 h; (c) Sc(OTf)s,
chloranil, phenylacetylene (neat), 100 °C, 20 h.

and can be used as a thin film sensor. They also reported the
transformation of imine cages into hydrocarbon cages through
a three-step reaction.”” Although the yield of cages was up to
24% with this method, it is much higher than the previously
reported one-step synthesis strategy.

Mukherjee et al. similarly used the Pinnick oxidation to convert
[2+3] imine cage to amide cage in 48% yield.”” The specific cavity
of this cage and the six amide groups allow it to bind F selectively.
As a result, NMR titration experiments and computational studies
demonstrated a 1:2 host-guest complex.

More recently, Schmidt and coworkers reported a novel,
multi-step post-synthetic modification (PSM) of organic cages
bearing fluorine substituents. This method generates stable
benzylamine-linked organic cages with functional groups through
azadefluorination cyclization (ADFC) reactions using readily avail-
able isocyanates.”® For instance, benzylamine-linked organic
cages such as Et’A%-Br can be further reacted with various boronic
acids via Suzuki-Miyaura coupling reactions to produce functio-
nalized benzylamine-linked cages (Fig. 7). These reactions demon-
strate the excellent chemical stability of the benzylamine-linked
cages, as the cross-coupling reactions require stirring for up to
4 days under either basic or acidic conditions. Furthermore, this
multi-step post-modification approach can also be employed to
create benzylamine-linked organic macrocycles and cross-linked
membranes from ditopic isocyanates.

These examples demonstrate that chemically stable POCs
can be obtained in reasonable or even high yields by transform-
ing imine linkages into other linkages. This strategy appears to
be an effective method for overcoming the stability drawbacks
associated with imine-based POCs.

2.3 N-substituted imine linkages

Introducing N-alkyl/aryl groups onto the N atom of the imine
bond yields the related N-substituted imine derivatives, namely

This journal is © The Royal Society of Chemistry 2024
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conditions
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Fig. 7 (a) Synthesis of benzylamine-linked POCs, and (b) the single-
crystal structure of Et?A%-Br. Reproduced with permission: from ref. 93,
Copyright 2024, Wiley.

hydrazone (C—N-N), a more robust counterpart of imine,
which is stable enough against hydrolysis in water.”* Hydra-
zone stability arises from the adjacent N atom’s lone pair
electrons, which can delocalize into the C=N bond, forming
a -C -N=—=N'- charge-separated state, rendering the double
bond less electrophilic and thereby more stable. As far as we
know, several robust hydrazone-linked covalent organic frame-
works (COFs) have been prepared and shown applications in
water pollutant removal, proton conduction, energy produc-
tion/storage, drug delivery, catalysis, etc. ref. 95-97, which have
also driven the development of hydrazone-linked POCs.**%°

The synthesis of well-defined cage compounds via hydrazone
bond formation was first reported in 2011 by Warmuth et al.,"**
who prepared polyacylhydrazone nanocages from tetraformylca-
vitand and hydrazides. Although this work made a significant
contribution, the resulting nanocapsules had cavity diameters
limited to no larger than 25 A and lacked characterization of their
porosity, which is crucial for POCs applications. To address this
issue, Yuan’s group developed water-stable hydrazone-linked
POCs (HPOCs) by coupling tetraformyl-functionalized calix[4]-
resorcinarene (C4RACHO) with various dihydrazides.*> By
adjusting the length and angle of the hydrazide linkers, the
size and crystal structure of the cage compounds could be
simultaneously tuned, resulting in cavity volumes ranging from
580 to 6800 A® (Fig. 8). The experimental results demonstrated
that C4ARACHO could serve as an efficient building block in the
formation of cage compounds due to its “convergent” struc-
tural properties. Additionally, HPOCs were found to effectively
remove toxic pollutants such as radionuclide waste, heavy metal
ions, and organic micropollutants from water. Their ability to
chemically chelate metals makes them suitable for use in per-
ovskite solar cells (PSC) to reconstitute buried interface,'** and
can also act as catalysts after metal modification.'®?

Schneebeli et al. have recently synthesized a series of tetra-
hedral hydrazone cages with varying sizes through the reaction
of hydrazides with different dialdehyde linkers.'* As the length
of the linker increases, so does the size of the resulting

This journal is © The Royal Society of Chemistry 2024
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HPOC-301
Fig. 8 Synthesis of hydrazone-linked POCs.

HPOC-401

molecular cages. The largest cage boasts a cavity volume of
approximately 17000 A%, making it one of the largest tetra-
hedral organic cages reported to date. Moreover, noteworthy
improvements have been made in the synthesis route, reducing
the solvent volume required by a factor of 6 and enabling gram-
scale preparation of the molecular cage.

3. Stable POCs based on other
coupling reactions

To expand the scope of stable COFs and POCs, it is crucial to
develop new linkage chemistries that can be employed in one-
pot or multi-step reactions, as demonstrated in organic synth-
esis. The implementation of these linkages has led to the
creation of materials with novel properties (Table 1). Notably,
certain stable linkages possess broader practical applications.
These findings provide valuable insights for designing stable
cages with new bonding modes. While previous studies have
focused on cage structures formed through imine bond for-
mations, this section will primarily discuss other coupling
reactions, including imide linkage formation, base-catalyzed
Knoevenagel condensation, alkyne metathesis, and ether link-
age formation, which have successfully prepared stable POCs
and COFs.'%>'%® Additionally, a brief introduction to stable
POCs formed through other coupling reactions such as Click
reaction, azo bond formation, Friedel-Crafts reaction will be
presented.'%™'"" Although numerous studies exist, the number
is limited due to the challenges in constructing POCs with less

Chem. Commun., 2024, 60, 10476-10487 | 10481
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Table 1 Examples of representative stable POCs and their applications
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POC Linkage Chemical stability

Applications Ref.

Amine
B-Ketoeneamine

FT-RCC3
TpEDA/TpPDA
TpBDA/TpPNDA

pH 1.7-12.3
Hot water
0.5 M HCI

1 M NaOH
Boiling water
1 M HCI

1 M H,SO,
12 M NaOH
Conc. HNO;
2 M HCI

4 M H,S0,
3 M NaOH
Conc. HCI

1 M NaOH
Water
Water

12 M HCI
36 M H,SO,
15 M NaOH
Boiling water
Conc. HNO3
12 M HCI
36 M H,SO,
12 M NaOH
Water
Conc. HCI

PAC 1/2/3 B-Ketoeneamine

Amide cage Amide
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Imide
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Quinoline

NKPOC-1
HPOCs
Quinoline cage

sp>C-POCs Alkene

Et°A*-Br Benzylamine

reversible or irreversible bonds, which often result in insoluble
polymeric species with low product yields and oligomers.
Despite these challenges, discovering novel POCs formed
through these bonds remain essential for their practical indus-
trial applications.

3.1 sp’C linkages

The virtue of relatively low reversibility and in-plane p-electron
delocalization makes sp”> carbon (C=C) linkages based on
various reactions suitable for constructing sp* carbon-conjugated
porous organic polymers and COFs with different pores and diverse
applications. These include the Gilch reaction, Witting reaction,
Mizoroki-Heck coupling reaction, Suzuki-Miyaura cross-coupling
reaction, Yamamoto coupling reaction, and Knoevenagel conden-
sation reaction."*>"'*

In contrast, the development of sp> carbon-conjugated POCs
has progressed more slowly than that of sp® carbon-linked
COFs. To our knowledge, only the Witting reaction and
Knoevenagel condensation reaction have been achieved in the
construction of sp> carbon-linked POCs."*>"*® The former was
demonstrated by Wennerstrom et al. in 1982, who achieved a
sp® carbon-linked cage-shaped bicyclophane through sixfold
Witting reactions between aromatic bisphosphonium salts and
1,3,5-benzenetricarbaldehyde, with a yield of only 2%.""” More
recently, a series of novel sp> carbon-linked POCs (sp*c-POCs)
were synthesized by Yuan’s team in 2023 through a one-step
Knoevenagel reaction as illustrated in Fig. 9.>® These triangular
prism-shaped sp”c-POCs are constructed from two bowel-
shaped aromatic trialdehydes acting as planes and three
V-shaped aromatic diacetonitriles molecules acting as the
edges. They exhibit excellent stability, remaining intact even
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Adsorption 56
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Sensing 54

Adsorption, separation 28
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in concentrated HCI, concentrated HNO; or saturated NaOH
solutions. Furthermore, their porosity and related applications
have been studied. For instance, sp’c-POC1 was found to
effectively adsorb CO,, CH, and C, hydrocarbons, as well as
separate CO,/CH, and CO,/N, gas mixtures.

Fig. 9 Synthesis of sp®c linked POCs.

This journal is © The Royal Society of Chemistry 2024
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3.2 Ethynylene linkages

Carbon-carbon triple bonds exhibit stability and reversibility,
without Z/E isomer issues, which leads to multiple isomers that
can be difficult to isolate and characterize."*® Their rigid and
linear geometry makes alkyne bonds frequently employed in
the synthesis of shape-persistent ethynylene-linked architec-
tures over the past decades. Ethynylene-linked POCs are a type
of molecular architecture consisting of interconnected organic
units connected by ethynylene linkers.

In 2013, Doonan et al. reported a [2+3] POC (Fig. 10), namely
C1, formed by irreversible Eglinton homocoupling of two rigid,
4-tris(4-ethynylphenyl)methyl]methoxybenzene.>®  Following
purification via chromatography, the yield was only 20%. The
study demonstrated that two distinct crystalline polymorphs,
Cla and C1pB, could be obtained through kinetic control.
Among them, Clo proved nonporous to N,, whereas C1f
exhibited a high BET surface area (1153 m” g~ ) as determined
by nitrogen adsorption at 77 K. This reaction has been used to
construct cage-like organic compounds since 2007 when Chen
et al. assembled lantern-shaped organic cages from terminal
acetylene units with a yield of 58%.''° However, they focused on
the crystal structure and packing of the molecular cages,
without studying the porosity after removal of solvent guests.
Nonetheless, these POCs were prepared through kinetically-
controlled Eglinton homocoupling reaction, which lacks selec-
tivity, high yields, and efficiency, thus limiting the broad
applications of these rigid cage molecules.

An alternative method for preparing ethynylene-linked POCs
is one-step alkyne metathesis, a significant bond exchange
reaction that facilitates the redistribution of alkyne groups via
reversible cleavage and reformation of carbon-carbon triple
bonds. A wide array of shape-persistent architectures have been
synthesized through alkyne metathesis under thermodynami-
cally controlled conditions due to its reversibility and self-
correcting behavior.'®

In 2011, Zhang et al. employed the alkyne metathesis reac-
tion to synthesize a porphyrin-based POC (Fig. 11) through a
one-step approach.’” This shape-persistent, three-dimensional

Fig. 10 Synthesis of ethynylene-linked POCs (C1).

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Synthesis of ethynylene-linked POCs (COP-5).

cage architecture featuring confined cavities and rigid back-
bones enabled it to encapsulate Cg, and C,, as host receptors.
UV-vis titration experiments, NMR spectroscopy, and MALDI-
MS confirmed the formation of 1:1 complexes between the
cage and the fullerenes. Notably, the association constant
between the cage and C,, was 1000 times higher than that with
Ce0, providing a promising platform for the efficient separation
of Cgo and C,,. Subsequently, they constructed carbon-carbon
bonded POCs using trialkynyl monomers via a similar synthetic
route; however, the resulting product was a tetramer rather
than the desired tetrahedral cage.’® This prompted them to
conduct a detailed investigation of the reaction process using
GPC traces and '"H NMR spectroscopy. The results showed that
a critical dimeric cyclic compound was first formed in this
reaction, followed by a “face-directed” formation of a tetramer
with D, symmetry. They also confirmed the strong binding
interaction between the cage and C,,. To understand the
relationship between ethynylene-linked POC structures and
organic synthons geometry, Zhang’s group performed systema-
tic experiments based on different organic synthons composi-
tions. Based on their previous synthetic strategy, cubic and
interlocked ethynylene-linked POCs have been obtained.**"?°

In 2016, Moore and colleagues utilized alkyne metathesis to
synthesize ethynylene-linked POCs (Td,). They employed a
tripodal precursor, 1,3,5-tribenzyl-2,4,6-triethylbenzene deriva-
tive, featuring well-defined angles and alternating up-down
conformation. This led to the successful synthesis of tetrahe-
dral ethynylene-linked POCs with near-quantitative yields.'>!
Two years later, the researchers began examining the influence
of the bite angle of tripodal precursors on cage formation."*?
Their findings indicated that high yields in the synthesis of
ethynylene-linked POCs can be achieved by designing and
synthesizing precursors with bite angles slightly smaller
than the theoretically optimal angle for the desired structure.
In the same year, Moore collaborated with Gewirth and Nuzzo
to develop solid-liquid lithium electrolyte nanocomposites
using Td, as the base material. This nanocomposite displayed
remarkable ionic conductivity, reaching values of approxi-
mately 1 x 107> S em™"."**

3.3 Imide linkages

The imide linkage can be synthesized through the reaction
between amine derivatives and acetic anhydride, which is less

Chem. Commun., 2024, 60, 10476-10487 | 10483
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Fig. 12 Synthesis of imide-linked POCs.

reversible and requires a high reaction temperature of up to
250 °C."** An imide linkage represents a chemical bond between
an amine (-NH,) group and a carbonyl (C—O0) group. It is
characterized by a nitrogen atom bonded to the carbonyl carbon.
The resulting compound is referred to as an imide. Imide linkages
are commonly found in various polymers, such as polyimides,
which are known for their high thermal stability and mechanical
strength.

Zhang’s group synthesized an imide-linked [2+3] organic
cage (Fig. 12), obtaining soft porous crystals with intrinsic and
extrinsic porosity through self-assembly.*® It was found that
under the stimulation of different guest molecules, the crystal
structure underwent a reversible phase transition ( phase <o
phase <y phase), and pores in this structure could selectively
open or close to achieve the selective adsorption and separation
of guest molecules.""* Furthermore, due to the dynamic nature
of the POCs structure, the author also combined it with a
polymer matrix to prepare a hybrid matrix membrane, which
was used as a humidity-responsive actuator.>®

3.4 Ether linkages

Nucleophilic substitutions are chemical reactions that involve
the nucleophile attacking an electrophilic center, resulting in
the displacement of a leaving group and the formation of stable
covalent bonds. Several stable POCs have been prepared based
on nucleophilic aromatic substitution reactions with ether
bonds‘1257129

For example, Katz et al. reported early examples of ether-
linked cage-like bicyclooxacalixarenes (Fig. 13a) with a yield of
up to 95% by condensation of phloroglucinol with electron-
poor pyridine and halogenated-substituted benzene synthons."*°
Notably, these cage-like bicyclooxacalixarenes have been docu-
mented as good precursors for preparing cage-based framework
materials for gas storage and separation applications."* "

In subsequent years, various ether-bonded organic cages
with diverse configurations and sizes, as well as assemblies
featuring complex structures, were reported. Zhang et al
synthesized a tetragonal cage (Fig. 13b) using tetrahydroxyte-
traphenylethylene and 2,6-dichloropyridine-3,5-dicarbonitrile
in the presence of cesium carbonate catalyst,®® with a yield
of 21% and a BET surface area of 432 m® g~ '. It is noteworthy
that the formation of the cage constrained the rotation of
the tetraphenylethylene units, resulting in an aggregation-
induced emission (AIE) effect. Carrillo et al. demonstrated the
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Fig. 13 Synthesis of ether linked POCs (a) bicyclooxacalixarene, (b) tricy-
clooxacalixarene cage, (c) tetrazine-based cage, (d) [4[2+3]+6]cage.

effectiveness of nucleophilic aromatic substitution of tetrazines
with phenols and alkyl thiols for preparing macrocycle and cage
compounds (Fig. 13¢).°" Li et al. developed a new type of POCs
featuring strong light absorption ability and photocatalytic
activity by using porphyrins as building blocks.>” This was the
first instance in which POCs supported single-atom catalysts to
promote benzylamine coupling and dipeptide preparation under
visible light irradiation. Apart from the [a+b] condensation-based
POCs mentioned earlier, topologically complex ‘cage of cages’
structures can be achieved through hierarchical self-assembly
strategy. The resulting [4[2+3]+6]cage (Fig. 13d) linked via ether
bonds exhibits high BET surface area and exceptional stability in
water, along with enhanced CO, and SFg uptakes.'**

3.5 Other linkages

To further explore stable organic cage constructions, it is
essential to consider additional types from an academic per-
spective. For instance, Flood’s group utilized the widely recog-
nized copper(i)-catalyzed azido-alkyne cycloaddition, also
known as the click reaction, to synthesize a novel cryptand-
like cage exhibiting strong binding affinity towards CI~ ions."*?
Li et al. reported synthesizing a prism-shaped cage linked by six
C-C bonds via the Friedel-Crafts reaction, which resulted in
a n-electron-rich cavity capable of encapsulating various planar
n-electron-poor guests."'* He et al. prepared an azo-linked
organic cage through direct reaction between a triple-diazonium
reagent and a triple-phenol molecule, demonstrating light-
triggered fine-tuning of its cavity."'® Li’s team efficiently synthe-
sized shape-controlled organic cages ([2]Cage and [4]Cage) via a
one-pot reaction involving 1,3,5-tris(2,4-dimethoxyphenyl)benzene
and paraformaldehyde/isobutyraldehyde catalyzed by a Lewis
acid. [2]Cage was successfully employed as a gas chromatographic
stationary phase for the high-resolution separation of benzene/
cyclohexane and toluene/methylcyclohexane.'*® Furthermore,
Wessjohann et al. utilized a one-pot, Ugi-type multiple multi-
component reaction to prepare organic cages containing

This journal is © The Royal Society of Chemistry 2024
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multidimensional arrays of peptoid cores.”*” It is important to
note that the number of organic cages formed through these
methods remains relatively small, offering significant scope for
systematic studies on their assembly behavior, particularly
those with cavities formed through more covalent bond forma-
tions. Additionally, exploring their potential applications is an
essential direction for future research.

4. Summary and outlook

In summary, numerous discrete POCs with diverse shapes and
sizes have been developed utilizing various reversible and
irreversible covalent condensation reactions. Despite this pro-
gress, these POCs frequently encounter stability concerns or
low yields. As an emerging class of materials with promising
practical applications, the need for efficient synthesis methods
that produce stable POCs has become increasingly pressing.
This review offers two guidelines for synthesizing stable POCs:
(1) three strategies to stabilize imine bonds commonly used in
POCs, such as incorporating hydrazone linkages, transforming
imines into amines, and replacing imines with more chemically
stable linkages; (2) four types of less reversible or irreversible
bond formations, including imide formation, Knoevenagel
condensation, alkyne metathesis, and nucleophilic aromatic
reactions — for the efficient preparation of stable POCs. However,
some strategies and covalent condensation reactions have been
successfully applied to porous materials but not yet to POCs.
Herein, we present three critical perspectives on synthesizing stable
POCs and their advanced applications.

1. The imine condensation method is a widely used and
effective approach for synthesizing POCs, particularly those
with large cavities that can accommodate more substantial
guests. However, as the size of imine-linked POCs increases,
their structural stability and porosity may be compromised due
to the metastable nature of imine bonds. Consequently,
improving the stability of imine linkages in these larger POCs
is essential. Besides the transformation methods mentioned in
Section 2.2, other strategies can enhance bond stability, as has
been achieved in imine-linked COFs.**"*® These include cycli-
zations of imines into imidazole, oxazole, thiazole, indazole,
as well as asymmetric addition, multicomponent reactions,
and linkage exchange methods. Meanwhile, various methods
for synthesizing highly chemically robust linkages, such as
triazine,™*® dioxin,'*® arylamine,**' and C-C single bonds'*?
in stable COFs with large channels can be adopted to construct
stable and functional POCs by selecting suitable organic
synthons.

2. POCs are discrete, purely organic molecules characterized
by their convergent structures, internal cavities, and open
windows. When designing these molecules, careful considera-
tion must be given to the shape of the organic synthons used in
bond-forming reactions. It is noteworthy that most reported
POCs are synthesized using two or three types of organic
synthons. A concave-shaped synthon is generally required for
efficient synthesis and to prevent the formation of infinite

This journal is © The Royal Society of Chemistry 2024
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covalent organic framework (COF) structures. The optimal bite
angle of these concave-shaped synthons can be calculated
using computational tools,"***** eliminating the need for
repetitive trial-and-error optimization in experimental synthesis.
Furthermore, building blocks such as calixarene,"*® substituted
1,3,5-triphenylbenzene,'*” substituted porphyrin,"*® have been
identified as excellent options for constructing POCs.

3. While the applications of well-developed COF materials
are extensive, those of POCs remain in their infancy.
To broaden their practical applications across energy, environ-
ment, sensors, catalysis, and other fields, functional groups
like benzothiadiazole, phthalocyanine, porphyrin, azobenzene,
viologen, triazine, and bipyridine can be incorporated into the
stable skeletons of POCs. Their discrete and soluble nature
offers the potential for more exposed sites compared to COFs in
a solution state. Furthermore, POCs are promising candidates
for 3D-printing, membrane, and porous liquid applications,
given their advantageous characteristics such as good solubility
and processability in solvents.
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