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An adamantane-bearing macrocycle showed permanent intrinsic
porosity and adsorption of small organic compounds in a single-
crystal-to-single-crystal fashion. Guest uptake by the porous
crystals gave rise to the structural transformation of the
supramolecular organic framework, resulting in the change of
shape and size of one-dimensional pores.

Porous materials have attracted prominent attention in a wide
variety of fields due to their potential and practical applications
in gas storage and separation, heterogeneous catalysis, and
chemical sensing.'” Zeolites, metal-organic frameworks
(MOFs), and covalent organic frameworks (COFs) are
representative porous solids that are effectively constructed by
diverse methodologies and approaches.°’ The porosity of
macrocycles, including calixarenes, cucurbiturils, and
pillararenes, was energetically explored because the solubility
of these macrocycles in common organic solvents and their
mild reaction conditions provide fascinating advantages in
processability, in contrast to insoluble porous frameworks and
networks."' ™ The frameworks built from macrocyclic
compounds are generally less stable than those from other
porous materials because of the constructions by weak
intermolecular interactions. Therefore, macrocycle-based
crystals possessing intrinsic and extrinsic pores tend to
collapse after solvent removal by heating. Shimizu and co-
workers reported that a series of macrocyclic bis-urea
molecules were formed into hydrogen-bonded crystalline
materials made up of tubular structures containing one-
dimensional (1D) channels, which exhibited permanent
porosity and inclusion of various small organic
compounds.''® The porous ctystals of macrocyclic imines
were exploited by Costa's group and applied to the crystalline
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sponge method."”'® Hisaki and co-workers disclosed that a Cj-
symmetric macrocycle possessing carboxyl groups is a powerful
building block to access a multiporous, hydrogen-bonded,
hexagonal network that exhibits CO, gas adsorption.'**°

Single-crystal-to-single-crystal (SCSC) transformations, such
as guest exchange and phase transition in porous solids, are an
important phenomenon from which the precise structural
information of adsorptive guests and supramolecular organic
frameworks is obtained by single-crystal X-ray diffraction
methods.”’* In addition, the quantitative assessment of
dominant intermolecular interactions between individual
components is possible by Hirshfeld surface analysis.”**> In
contrast to MOFs, there are few studies on dynamic behaviors
triggered by external stimuli in porous solids of
macrocycles.’*?® In this context, we report herein the
preparation of permanently porous crystals composed of
network structures possessing tubular architectures from a
bromine-substituted adamantane-based macrocycle (1). The
dynamic behaviors of the frameworks accompanied by the
conformational changes of 1 were showed through the
adsorption and desorption of guests, leading to the alteration
of the shape and size of 1D pores. Meanwhile, the
incorporation of other guests into the porous crystals
maintained their frameworks. These processes occurred in the
SCSC fashion and were monitored by X-ray analysis.
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Fig. 1 Adamantane-bearing macrocycles with tetrazine units (1, 2).
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Recently, we described that the nucleophilic aromatic
substitution reactions of disubstituted adamantanes
possessing halophenol wunits and 3,6-dichlorotetrazine
afforded macrocycles (1, 2) and their [2]catenanes (Fig. 1).>°
In the crystalline state, both macrocycles had a hexagonal
structure with a cavity, and were formed into network
structures consisted of tubular architectures. Empty crystal
2a without solvents, which was prepared from macrocycle 2,
exhibited permanent porosity and inclusion of green leaf
volatiles in the SCSC fashion, and the liquid guests were
identified by X-ray analysis. The applicability of porous
macrocycle-based organic crystals to the crystalline sponge
method could be attributed to the robustness of the
supramolecular organic frameworks of macrocycle 2, which
is derived from the van der Waals forces and the halogen
bonding interactions. On the other hand, the porosity of
crystal 1 has not been examined yet.

The guest exchange of crystal 1a containing
dichloromethane as the crystallization solvent was carried
out by the immersion of the crystal in diethyl ether (Fig. S1
in the ESIf). From the X-ray analysis of the resulting crystal
(1b), the conformation and packing of 1 were similar to those
of the initial crystals (Fig. 2a). The macrocycle in crystal 1b
had a hexagonal structure with a cavity. The centroid-to-
centroid distances between the aromatic or aliphatic units
were 11.71 A for the tetrazine rings, 10.88 and 11.21 A for the
two pairs of benzene rings, and 13.63 A for the adamantane
units. The two pairs of two bromine atoms were positioned
at the top and bottom rims with respect to the macrocyclic
planes consisted of the linking oxygen atoms and located on
or laterally towards the macrocyclic skeleton. Diethyl ethers
were accommodated within the cavity of 1. The macrocycles
were fabricated to give a molecular network composed of
tubular structures through CH---Br interactions between the
hydrogen atom of the adamantane parts and the bromine
atoms and halogen--'m  interactions between the
bromobenzene parts (Fig. 3a).>**"

The treatment of crystal 1b under vacuum for 24 h at 100 °C
gave crystal 1c with empty channels. The crystal size and
morphology were almost intact. The 'H NMR spectrum of
crystal 1c dissolved in CDCl; also confirmed the absence of the

Fig. 2 Top and side views of the molecular structures of 1 in crystals
(a) 1b and (b) 1c. Solvent molecules are omitted for clarity.
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Fig. 3 Packing diagrams of 1 in side views of the tubular structures
and top views of the network structures in crystals (a) 1b and (b) 1c.
Solvent molecules are omitted for clarity.

used solvent within the crystal. Remarkably, the conformation
and arrangement of 1 in crystal 1c were considerably different
from those of 1 in crystal 1b (Fig. 2b). The macrocycle had a
slightly distorted hexagonal structure as shown in crystal 1c.
The centroid-to-centroid distance between the tetrazine rings
was longer, whereas that between the adamantane parts was
shorter than those in crystal 1b. All the bromine atoms
internally faced the macrocyclic skeleton, and the tetrazine
rings were tilted obliquely towards the macrocyclic planes. The
macrocycles were aligned to form tubular structures via
CH:--Br interactions between the hydrogen and bromine atoms
of the bromobenzene parts and CH:--n interactions between
the hydrogen atoms of the adamantane units and the
bromobenzene parts, and these tubular structures were
assembled into network structures via Br---N interactions
between the bromine and nitrogen atoms and CH:--O
interactions between the hydrogen atoms of the adamantane
parts and the oxygen atoms (Fig. 3b). Compared with crystal
1b, the pore shape in crystal 1¢ changed from hexagonal to
nearly rectangular, and the macrocycles were tilted from the
vertical position along the 1D pores.

To evaluate the robustness of porous crystal 1c, relative
quantification between macrocycles was performed using
Hirshfeld surface analysis and related 2D fingerprint plots
(Fig. S2 in the ESI{).>**® Multiple intermolecular interactions
between macrocycles, the main ones being H--*H contacts
(31.9%), Br:--H contacts (9.2%), and N---H contacts (8.9%),
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contribute to the preservation of the crystalline lattices. The
variation of bromine atoms between crystals 1b and 1c was
outstanding. The distances between the bromine atoms and
the hydrogen atoms of the bromobenzene parts or the center
of the tetrazine rings of adjacent macrocycles in the tubular
assemblies were 5.83 A and 5.96 A for crystal 1b and 2.99 A
and 4.05 A for crystal 1c (Fig. 4 and S5 and S7 in the ESIY).
As a result of the desorption of diethyl ether, the macrocycles
were inclined from the vertical position along the channel
axis in response to the reduction of the distances between
the bromine atoms and the hydrogen atoms of the
bromobenzene parts or the tetrazine rings involving in the
halogen-related interactions. Subsequently, the structural
change of the tubular assemblies culminated in different
structures of the entire molecular networks. The calculated
pore volume of the unit cell was 24.1% for crystal 1b and
16.5% for crystal 1c (Fig. S3 in the ESIf). In crystal 1c,
recessed regions were observed in the 1D channels.

Crystal 1c returned to its original crystal structure
containing diethyl ether after soaking in diethyl ether for 24 h
at room temperature. The conformation and frameworks of 1
in the resulting crystal were nearly identical to those of crystal
1b. The conformations of the included guests and their
orientation in 1 were also similar to those in 1b. From these
experimental outcomes, we concluded that the porous crystals
of adamantane-based macrocycles could be reversibly and
mutually converted to two different molecular networks
through the adsorption and desorption of diethyl ether (Fig. 6).

To examine the uptake of other guests, we selected two
aromatic compounds: styrene (3) and ethylbenzene (4).
Compound 3 is one of the most well-known aromatic
compounds in the petrochemical industry, and is employed
as a raw material for the polymerization into synthetic

Fig. 4 Shrinkage and inclination of the macrocycles in the tubular
structures of the porous crystals culminated in the desorption of
diethyl ether. Side and top views of the molecular packing of 1 in
crystals (a) 1b and (b) 1c. Diethyl ether is colored light blue for clarity.
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Fig. 5 Top and side views of the molecular structures of 1 and the guests
in crystals (a) 1d and (b) 1e. Disordered atoms are omitted for clarity.

rubbers and resins.*> The dehydrogenation of 4 produced a
mixture of 4 and 3. These two aromatic compounds have
similar boiling points and molecular shapes, and are
therefore difficult to separate. Diverse zeolites and MOFs
have been developed as absorbents to separate the two
compounds.®*** Previously, Huang and Cooper demonstrated
that pillar[6]arene is an excellent absorbent as a nonporous
macrocycle-based material for the separation of 3 over 4.%
The uptake of 3 and 4 by porous crystal was tested. The
immersion of crystal 1c¢ in 3 or 4 for 24 h provided clathrate
crystals (1d, 1e). The conformations and arrangements of 1
were unchanged, in contrast to when diethyl ether was used
(Fig. 6). The guest molecules were disordered in both crystals,
and one conformer of 3 or 4 per asymmetric unit appeared. 3
was accommodated within the cavities through CH--*N
interactions between the hydrogen atoms of the vinyl groups
and the benzene rings of 3 and the nitrogen atoms of the
tetrazine rings (Fig. 5a). 4 was also captured within the
cavities via CH-*-N interactions between the hydrogen atoms
of the benzene rings of 4 and the nitrogen atoms of the
tetrazine rings (Fig. 5b). The stoichiometric ratio of 1 and the

in vacuo
100 °C
—
-—
O %:;
1b 1c 1d

Fig. 6 Schematic representation of the dynamic behaviors in the
porous crystals of the adamantane-bearing macrocycle.
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guest was approximately 1:1 for both crystals, based on
crystal structure determination and "H NMR analysis of a
solution of the crystals in CDCl; (Fig. S4 in the ESIf). Both
aromatic guests were located along the channel axis, and the
benzene rings of 3 were sandwiched by the two tetrazine
rings unlike those of 4. Moreover, the vinyl group of 3 was
positioned in the plane of the benzene ring, whereas 4 was
non-planar. From these results, the orientations of the two
aromatic guests in the macrocycle were different. Among
various porous organic crystals of macrocycles,**° the
uptake of vaporized aromatic compounds was mostly treated
in the solid-gas phase. It is noteworthy that the porous
crystals of adamantane-bearing macrocycle could capture 3
and 4 in the solid-liquid phase.

The capture by empty crystal 2a was attempted and
compared with that by crystal 1c in conjunction to the
difference in pore size and shape. When crystal 2a was
immersed in 3 or 4, the crystal gradually and partly dissolved.
Crystal 1c¢ was less soluble in 3 or 4, indicating that the
framework of 1 is more robust than that of 2 for the two
aromatic compounds in the crystalline state. This is perhaps
attributable to the smaller pore volume of empty crystal 1c
than that of crystal 2a. The calculated void volumes of
crystals 1c and 2a are 401.0 A* and 630.0 A®. Moreover, as
regards the strength of halogen-related interactions, the
bromine atoms on the macrocycles showed a stronger
interaction than the chlorine atoms.

In summary, we demonstrated that the porous crystals of
adamantane-bearing macrocycles exhibited uptake of guest
molecules and structural transformation in the SCSC fashion.
Guest exchange of crystal 1a possessing dichloromethane
afforded crystal 1b containing diethyl ether, and 1b was
transformed into empty crystal 1c having a structurally
different form through thermal treatment under vacuum. The
supramolecular organic frameworks in crystal 1c were restored
into the same as those in crystal 1b by the adsorption of diethyl
ether. Furthermore, the inclusion of styrene and ethylbenzene
by crystal 1c was realized, where the conformation and
arrangement of 1 were preserved. Halogen interactions
participated in these dynamic SCSC transformations. Porous
crystals of adamantane-based macrocycles are convenient and
intriguing host materials for the adsorption and structural
determination of liquid organic compounds.
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