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Here, we announce the establishment of a new family of organic molecular cages, named cagearenes, by
taking advantage of a versatile strategy. These cagearenes were prepared via the Friedel-Crafts reaction by
condensing two equivalents of a precursor bearing three 1,4-dimethoxybenzene groups and three
equivalents of formaldehyde. Two cages, namely cagearene-1 and cagearene-2, are obtained and well
characterized. The cagearene-1 solid exhibits the ability to adsorb benzene vapour from an equimolar
benzene/cyclohexane mixture with a purity of 91.1%. Then, the adsorbed benzene molecules can be

released from the cage at a relatively lower temperature, namely 70 °C, as a consequence of which,
Received 28th March 2022 loh ith a high purity was left within th lid. Heating th lid further at 130 °C led
Accepted 4th May 2022 cyclohexane with a high purity was left within the cage solid. Heating the cage solid further a e
to the production of cyclohexane with a purity up to 98.7%. As inferred from the single crystal structures

DOI: 10.1039/d25c01782b and theoretical calculations, the ability of the cage in programmed release of benzene and cyclohexane
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Introduction

Programmed release is of great significance in both biomedical
and chemical production, especially in drug delivery and
adsorption/separation applications." Different targets can be
released procedurally under different environmental stimuli
(such as electric or magnetic fields,> enzymes,® temperature,*
etc.) to achieve the desired functions. Specifically, in the field of
adsorption/separation, it is desired that different hydrocarbon
compounds can be released stepwise and obtained in high
purities in one absorption/desorption cycle by taking advantage
of programmed release. This is economical and meaningful in
industrial separation, because it can replace many tedious
separation processes and greatly reduce energy consumption.
Therefore, it is necessary to seek and synthesize suitable
materials or compounds to achieve such programmed release.
In the past decade, programmed release has been explored in
the chemistry of extended frameworks, such as metal-organic
frameworks (MOFs).* The pores in these materials were chem-
ically and geometrically designed to efficiently and selectively
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results from the different binding modes of these two guests.

bind a single guest molecule. Although host-guest interactions
in these materials have been studied, the ability to create
a desired environment and thus realize precisely programed
release of different hydrocarbon compounds is very challenging
and remains largely undeveloped.

Supramolecular hosts may be good candidates for pro-
grammed release, in the case that the hosts have a high
absorption affinity to hydrocarbon compounds and rich envi-
ronmental responsiveness based on host-guest interactions.®
Under external stimuli, the programmed release of hydrocar-
bons may be realized because guest accommodation might
occur in different modes. However, in the case of a macrocyclic
host, host-guest recognition often occurs in the cavity of the
macrocycle. As a consequence, different guests might experi-
ence similar chemical environments and therefore undergo
similar host-guest interactions. Such behavior leads to diffi-
culty in programmed release of different guests. The question of
concern here is whether programmed release can be achieved
by creating a new cavity environment, such as the cavity of an
organic cage, where one host accommodates different guest
molecules via different interacting modes.

The interest in organic cage compounds, extended from
macrocycles, is nearly as old as the interest in supramolecular
chemistry.” Organic cages have been applied in host-guest
chemistry,® aromatic systems,’ separation,' catalysis,"* and
assembly." Until now, a variety of synthetic strategies have been
employed to access organic cages. Among these, the use of
reversible bond formation, or dynamic covalent chemistry
(DCC), is the most common method, which has some advan-
tages in terms of high yield and the ability to form self-
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assembled cages in a one-pot manner."®* However, the relatively
labile bonds from DCC reactions often result in poor structural
and chemical stability, and it is difficult for further synthetic
modification. Irreversible chemical bonds as an alternative
strategy have also been applied to construct cages, although
few.'* Very recently, Li's group ingeniously developed a one-pot,
shape-controlled synthesis of two covalent organic cages via the
Friedel-Crafts (FC) reaction.'” However, the poor solubility of
the bigger cage and the narrow cavity of the smaller cage pre-
vented further research in programmed release based on host-
guest interactions.

Here, we present the syntheses of two new organic cages and
their application in programmed release. Precursors composed
of 1,4-dimethoxybenzene groups were first synthesized, and
then para-bridged by methylenes to obtain cagearene-1 and
cagearene-2. For cagearene-1, we tested its absorption and
separation ability in the solid state. It was found that cagearene-
1 could adsorb benzene from an equimolar benzene/
cyclohexane mixture (50 : 50 v/v) with a purity of 91.1%. More
interestingly, benzene and cyclohexane could be both obtained
with high purities in one absorption/desorption cycle due to
their different release temperatures. We attributed this
phenomenon to the different host-guest interactions between
different guest molecules and the cage, which is supported by
single crystal X-ray and computational analyses.

Results and discussion
Synthesis of cagearenes

Cagearenes are defined as three dimensional organic cages in
which aromatic units are connected by methylene groups. Our
design of these FC-based cagearenes is shown in Scheme 1.
Here, two new organic cages, cagearene-1 and cagearene-2, were
prepared, for both of which three lateral edges link two

Br

6

Scheme 1 Syntheses of (a) cagearene-1 and (b) cagearene-2.
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aromatic building blocks. Each lateral edge contains two 1,4-
dimethoxybenzene groups which are bridged by one methylene
group.

The key step in the syntheses of these two cagearenes is the
initial formation of the precursors. In detail, precursor 5 was
prepared first by combining 1,3,5-tris(p-bromomethylphenyl)
benzene and 1,4-dimethoxybenzene in the presence of
aluminum chloride (AICl;) in 46% yield (Scheme 1a). Then, by
mixing 5 with an excess of paraformaldehyde, cagearene-1 was
synthesized via cyclization in a [2 + 3] manner. Several trials
were performed to obtain the optimal reaction conditions. As
shown in Table S1,f a high temperature was crucial and
mandatory for cage formation. Various catalysts, such as CF;-
COOH (TFA), BF;-OEt,, CF3;SO3H, p-toluenesulfonic acid and
AlCl;, were all tested, and TFA showed the best catalytic
performance. Besides, humidity, especially a high humidity
environment, had negative effects on the reaction yields. Under
optimized conditions, the reaction gave only one major
product, cagearene-1, in 31% yield.

The possibility of using the developed strategy to construct
new cages was investigated by introducing new building blocks.
We anticipated that replacing the 1,3,5-triphenylbenzene units
with 2,4,6-triphenyl-1,3,5-triazine moieties would produce
a similar cage, namely cagearene-2 (Scheme 1b). However, the
FC reaction between 2,4,6-tris(p-bromomethylphenyl)-1,3,5-
triazine and 1,4-dimethoxybenzene did not occur under the
catalysis of a Lewis acid. In order to get cagearene-2, precursor 7
was synthesized via a transition metal-catalyzed cross-coupling
reaction to connect one 2,4,6-triphenyl-1,3,5-triazine unit and
three 1,4-dimethoxybenzene units. Under the same optimal
reaction condition as above, cagearene-2 was obtained with
21% yield. The successful formation of cagearene-1 and
cagearene-2 clearly verified that this strategy was a versatile one
for forming diverse cages.

(HCHO)n
CICH,CH,CI, TFA, Reflux

MeOr

(HCHO)n
CICH,CH,Cl, TFA, Reflux

MeOr

Cagearene-2
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Fig. 1 Structures of (a) cagearene-1, (b) cagearene-2, (c) 1,3,5-trimethylbenzene@cagearene-1, and (d) pentane@cagearene-1 (top and side
views). The structures of cagearene-1, 1,3,5-trimethylbenzene@cagearene-1, and pentane@cagearene-1 were obtained from single crystal X-
ray diffraction analysis, while the structure of cagearene-2 was obtained from DFT calculations. Certain H atoms are omitted for clarity. The
cages are illustrated in a stick representation, while the guest molecules are in a space-filling representation. Color code: C gray, N blue, O red,

and H white.

Characterization studies of cagearenes

The structure of cagearene-1 was fully confirmed by nuclear
magnetic resonance spectrometry (‘H NMR, "*C NMR, and 2D
'H-"H COSY) (Fig. S4-S71), MS spectrometry (Fig. S81) and X-ray
single crystal diffraction (Fig. 1a). The corresponding 'H NMR
spectrum of cagearene-1 showed seven singlet signals and two
doublet signals, corresponding to benzene ring protons H;, H,,
H;, H, and Hs, methylene protons Hg and H;, and methyl protons
Hs and Ho, which were also assigned by using 2D "H-'"H COSY
and NOESY spectra (Fig. S4, S6 and S7t). Moreover, fifteen signals
were observed in the "*C NMR spectrum (Fig. S51). These results
were consistent with the D; symmetrical structure of cagearene-1.

A nitrogen sorption experiment at 77 K showed that
cagearene-1 was negligibly porous, with a BET surface area of 56
m?® g~' (Fig. S247). Broadened signals were observed in the
powder X-ray diffraction (PXRD) data of the activated cagearene-
1 (Fig. 2a), suggesting that the solid was in the amorphous state.

The crystal structure of cagearene-1 confirmed that two 1,3,5-
triphenylbenzene subunits grafted by six 1,4-dimethoxybenzene
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Fig.2 (a) The PXRD patterns of cagearene-1: (I) original cagearene-1;
(1) after adsorption of Cy vapour; (lll) after adsorption of Bz vapour; (IV)
after adsorption of Bz/Cy mixture vapour. (b) Time-dependent solid-
vapour sorption plot for single-component Bz or Cy vapour.

6256 | Chem. Sci., 2022, 13, 6254-626]

were all connected by methylene groups at para-positions to
form a cage-shaped structure (Fig. la). The average angle
between the three side phenyl rings and the central phenyl
panel in each 1,3,5-triphenylbenzene subunit is about 39°. The
average distance between the “roof” and “floor” aromatic faces
is 8.2 A, and the average distance between two lateral edges is
11.0 A, producing the intrinsic cavity of cagearene-1.

Identically, the structure of cagearene-2 was also confirmed
by '"H NMR, *C NMR, "H-'H COSY spectrometry (Fig. S$12-
S15t), and MS spectrometry (Fig. S167). Numerous attempts to
grow single crystals of cagearene-2 under different conditions
did not meet with success. Density functional theory (DFT)
calculations at the B3LYP-D3/6-31G level were performed in
order to generate the structure of cagearene-2 (Fig. 1b). It
revealed that the “roof” and “floor” of cagearene-2 were planar,
which was inherited from the 2,4,6-triphenyl-1,3,5-triazine
unit.’® Unfortunately, it was found that cagearene-2 was not as
stable as cagearene-1 which may be due to the instability of the
1,3,5-triazine unit,’”” which obstructed its further use in the
research of programmed release.

Host-Guest complexes of cagearene-1 in the solid state

The cavity of cagearene-1 indicated that it had a nearly perfect
structure for encapsulating guest molecules. This speculation
was unambiguously confirmed by the crystal structures of two
inclusion complexes, 1,3,5-trimethylbenzene@cagearene-1 and
pentane@cagearene-1 (Fig. 1c and d). Single crystals of 1,3,5-
trimethylbenzene@cagearene-1 were obtained by slow evapo-
ration of a 1,3,5-trimethylbenzene solution of cagearene-1,
while single crystals of pentane@cagearene-1 were prepared by
evaporating pentane into a toluene solution of cagearene-1. In
both cases, close contact occurred between the guest molecules
and the cage host, indicating the existence of [C-H:--7t| and/or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[-7t] interactions. For example, in the crystal structure of 1,3,5-
trimethylbenzene@cagearene-1, one 1,3,5-trimethylbenzene
molecule located in the center of the cage cavity forced by strong
[m-] stacking with an average distance of 3.6 A and multiva-
lence of [C-H---7t] interactions with an average distance of
about 3.0 A. Compared to 8.2 A of the “roof” to “floor” in the
empty cage (Fig. 1a), the corresponding value in 1,3,5-trime-
thylbenzene@cagearene-1 was decreased to 7.2 A (Fig. 1c),
demonstrating the strong [rt-7t] stacking between 1,3,5-trime-
thylbenzene and the cage. In the crystal structure of penta-
ne@cagearene-1, it was somewhat surprising to us that the
cavity of cagearene-1 was occupied by one pentane molecule,
instead of a toluene molecule, which sat outside of the cavity
(Fig. 1d). We attribute this phenomenon to the result of
multivalence of [C-H---7t] interactions with an average distance
of 3.1 A between pentane protons and the cage.

Absorption/separation experiment

In recent years, our group developed a new method to separate
hydrocarbon compounds based on pillararenes, and coined the
term nonporous adaptive crystals (NACs), where dense packing
and guest-free crystalloids were penetrated by preferable guest
molecules through solid-vapour contact, and a crystal structure
transformation was induced, achieving selective guest separa-
tion and adsorption.'® The proper structural features and the
host-guest properties in the solid state of cagearene-1 provide
the essential conditions for its application in the absorption/
separation of hydrocarbons.

Benzene (Bz) and cyclohexane (Cy) are both important
petrochemical products. However, their separation is chal-
lenging by various distillation and purification processes
because of their similar physical properties, such as similar
sizes (Bz: 4.6 A and Cy: 4.7 A in diameter), and close boiling
points (Bz: 353.25 K and Cy: 353.85 K).* Because Bz and Cy have
completely different electrostatic potentials (Fig. 4d), we antic-
ipated that cagearene-1 might provide a new alternative to
separate Bz and Cy.

In order to test its capability for adsorbing Bz or Cy vapour,
"H NMR and thermogravimetric analysis (TGA) experiments
were carried out to investigate the single-component solid-
vapour adsorption. It was found that the uptake of Bz was very
rapid and almost reached saturation after only 1 h (Fig. 2b and
S177), and eventually reached ~3 equivalents of benzene per
cagearene-1 (Fig. S227). In contrast, the uptake of Cy for
cagearene-1 was saturated after 12 h (Fig. 2b and S18%) and
a small amount of cyclohexane (0.6 Cy per cagearene-1) was
adsorbed in the solid (Fig. S23t). The TGA experiment of
cagearene-1 showed a weight loss of 13.4% at 100 °C after
adsorption of Bz vapour for 12 h, confirming that one cage
molecule contained about three Bz molecules (Fig. S277).
However, weight loss (3.2%) of cagearene-1 was relatively slight
before 130 °C after adsorption of Cy vapour for 12 h (Fig. S287).
The PXRD spectrum of the activated cagearene-1 solid after
adsorbing Bz showed sharper peaks, suggesting that the
amorphous solid had transformed into the crystalline state
(Fig. 2a). However, it showed only slight changes after taking up

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cy, indicating that the influence of Cy on molecule packing is
slight (Fig. 2a).

Then, the possibility of selectively adsorbing and separating
Bz/Cy mixture vapour was verified on activated cagearene-1
powder. We conducted a time-dependent, solid-vapour sorp-
tion experiment for equimolar Bz/Cy mixture vapour (50 : 50 v/v)
(Fig. S197). Like single-component vapour absorption, cagear-
ene-1 adsorbed Bz more effectively than Cy. It was found that
the uptake of Bz reached saturation after only 1 h, and even-
tually reached ~3 equivalents of benzene per cagearene-1
(Fig. S217). In contrast, a relatively small amount of cyclohexane
(0.4 equivalent Cy per cagearene-1) was present in the solid
(Fig. S217). Gas chromatography (GC) experiments showed that
the percentage of Bz adsorbed by cagearene-1 was 91.1%
(Fig. S30%).

Temperature-controlled vapour release

The TGA result of the Bz-adsorbed cagearene-1 solid showed
that the Bz molecules started to release at about 40 °C
(Fig. S271), while in the Cy-adsorbed cagearene-1 solid, the
temperature required to release Cy was about 80 °C (Fig. S287).
We anticipated that the difference of these two desorption
temperatures may provide an opportunity to investigate
temperature-controlled vapour release. After exposing the
cagearene-1 powder to an equimolar Bz/Cy (50 : 50 v/v) mixture
for 12 h, desorption was subsequently conducted at a tempera-
ture of 70 °C, which is lower than the desorption temperature at
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Fig.3 (a) The PXRD patterns of cagearene-1: (I) after adsorption of Bz/
Cy equimolar mixture vapour; () after desorption of Bz vapour at
70 °C for 12 h; (Ill) after desorption of Cy at 130 °C for 12 h; (IV) original
cagearene-1. (b) Relative uptake ratio of Bz and Cy in cagearene-1
powder through five cycles of activation/adsorption determined by
gas chromatography. (c) Time-dependent partial *H NMR (400 MHz,
298 K, CDClz) of desorption of Bz/Cy equimolar mixture adsorbed
cagearene-1 at 70 °C (red region: Bz, 6 = 7.36 ppm; blue region: Cy,
6 =143 ppm).
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which Cy absorbed by cagearene-1. The "H NMR spectra
revealed that the absorbed Bz was desorbed drastically within
30 min, while a small amount of absorbed Cy was removed
(Fig. 3c). After 2.5 h, there was no observable proton signal for
Bz on the "H NMR scale. In contrast, cyclohexane molecules
were present continuously even after 12 h. Upon heating for
12 h at 70 °C, the purity of Cy adsorbed in cagearene-1 was
determined by GC as 98.7% (Fig. S30t). Besides, the PXRD
spectrum showed that the resulting cagearene-1 solid after
releasing Bz was transformed into the initial state again
(Fig. 3a). Then, the release of Cy was triggered efficiently by
exposing the solid at 130 °C overnight.

Cycling performance is an important parameter for evalu-
ating an adsorbent. We demonstrated that the cagearene-1
powder could separate Bz/Cy mixtures without degradation
after recycling five times upon regeneration (Fig. 3b).

Mechanism analysis of absorption/separation and
temperature-controlled vapour release

In order to unravel the underlying mechanism, the detailed
structures of the solid with guests were studied by single

View Article Online

Edge Article

crystallography and PXRD analysis. Single crystals of Bz@ca-
gearene-1 were obtained by directly evaporating a benzene
solution of the cage. In the solid state, one cagearene-1 mole-
cule was surrounded by three Bz molecules, which majorly sat
outside of the cage cavity (Fig. 4a and Table S37f). Such
a complex formation was driven by [C-H:--wt] interactions
between the guest molecules and cage. However, such interac-
tions were very weak with an average distance of about 4.0 A.
The simulated PXRD spectrum of the Bz@cagearene-1 crystal
also showed a weak signal of the crystalline state (Fig. S317).
Trials to get single crystals of Cy@cagearene-1 were unsuc-
cessful. Because Cy has a higher release temperature than Bz,
we postulated that Cy has stronger host-guest interactions with
cagearene-1. In order to verify this hypothesis, computational
analysis was performed to study the binding interactions
between Cy and cagearene-1. A number of binding models were
created and optimized, i.e., (a) the guest in the center of the
cavity, (b) the guest on the lateral side of the cavity, (c) the guest
in the window of the cavity, and (d) the guest outside the cavity
(all with the molar ratio of Cy and cagearene-1 =1 : 1). Fig. S33+
shows the single point energies of the Cy-loaded structures.

Cagearene-1

Fig. 4

130 °C

@ Cy with 98.7% purity

(a) Single-crystal structure of Bz@cagearene-1- and (b) optimized structure of Cy@cagearene-1 with the lowest energy. Electrostatic

potential maps: (c) cagearene-1 (top and side views); (d) Cy and Bz (top and side views). (e) Structural representation of the Bz/Cy fractionation

process based on cagearene-1. Certain H atoms are omitted for clarity.
the cages are illustrated in a stick representation.
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The guest molecules are illustrated in a space-filling representation, while

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These energies suggested that Cy@cagearene-1, wherein Cy sat
at the center of the cavity, had the lowest energy among the four
structures, indicating its stable and preferred formation
(Fig. 4b). Upon binding with Cy, the two large phenyl panels on
the cage provided sufficient 7 surface areas to form six [C-H--
] interaction sites with an average distance of about 2.7 A, an
ideal position for sandwiching Cy. This preferred structure of
Cy@cagearene-1 was similar to the crystal structure of penta-
ne@cagearene-1 (Fig. 1d), in which the cavity of cagearene-1
was occupied by a pentane molecule with multivalence of [C-
H---7] interactions, instead of a toluene molecule.

Moreover, the electrostatic potential (ESP) map showed that
the center of the cagearene-1 cavity is electronegative and the
window of the cavity formed by three lateral edges is electro-
positive (Fig. 4c). Because the ESP of Cy is electropositive
(Fig. 4d), the center of the cagearene-1 cavity has good stereo-
electronic complementarity with a Cy molecule, and provides
ideal electrostatic attraction for Cy. Altogether, the [C-H-- 7]
interactions and a good stereoelectronic match drive the
formation of a stable host-guest complex between Cy and
cagearene-1.

Combining the single crystal structure and theoretical
analyses, the mechanism of selective adsorption/separation and
programmed release is summarized as follows: Bz molecules
tend to gather at the outside of the cavity of cagearene-1 quickly
in a weak binding manner. However, Cy prefers to form a much
more stable host-guest complex with cagearene-1 forced by
multivalence of [C-H---7t] interactions and electrostatic attrac-
tion. When cagearene-1 is exposed to Bz/Cy mixture vapours, Bz
molecules surrounding the cage reach adsorption saturation in
a shorter time. This process also prevents further uptake of Cy
molecules, affecting the mass transfer of Cy into the cavity. Even
50, there is still a small amount of Cy entering the cavity, which
prefers to form a more stable host-guest complex with the cage.
Then, during desorption, the Bz molecules are released at
a lower temperature, while the more strongly bound Cy mole-
cules are desorbed at higher temperatures. Hence, two
components with high purities can be obtained separately
through temperature-controlled release (Fig. 4e).

Conclusion

In summary, we successfully developed a new strategy to
synthesize molecular cages by taking advantage of the FC
reaction. By using different building units, two new cages,
namely cagearene-1 and cagearene-2, were synthesized and well
characterized. Illustrated by the successful formation of two
cages, it was demonstrated that this is a versatile strategy for the
construction of diverse cages using different building units.
Moreover, the cagearene-1 solid adsorbs Bz vapour from an
equimolar Bz/Cy mixture (50:50 v/v) with 91.1% purity.
Subsequently through temperature-controlled vapour release,
Cy with a purity of 98.7% could be obtained. The cage in the
solid state binds Bz molecules in a weak binding manner. In
contrast, Cy molecules prefer to form much stronger host-guest
interactions with the cage, which is confirmed by theoretical
calculations. As a consequence, the adsorbed Bz molecules are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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released at a lower temperature, and the Cy molecules are left
stable. These results indicate that there are broad prospects for
new cage design and fabrication aimed at programmed release
for important chemical separations. Such work is now in
progress in our laboratory, including (a) using these cages for
other applications and (b) synthesis of new cages with various
functionalized building blocks, such as tetraphenylethylene
(TPE), pyrene, and triphenylamine.

Data availability

Data for this paper, including synthesis and structural charac-
terization studies, are available in the ESL.}
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