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Abstract: Activated perethylated pillar[5]arene crystals show
an unexpected alkane-shape- and -length-selective gate-open-
ing behavior. Activated crystals were obtained upon removing
solvents from perethylated pillar[5]arene crystals by heating.
The activated crystals could quantitatively take up n-alkanes
with carbon chains containing more than five carbon atoms as
a consequence of their gate-opening pressure. As the chain
length of the n-alkanes increased, the gate pressure decreased.
A transformation into a herringbone structure was induced
when n-hexane was used as a guest. By contrast, cyclic and
branched alkanes were not taken up and could not induce
a crystal transformation because they were too large to fit in the
cavities of the pillar[5 Jarene. Alkane-shape-selective molecular
recognition of pillar[5]arenes in the solution state was trans-
lated into the vapor/crystal state.

Alkanes“] are very important base materials for chemical
engineering, and are generally obtained from petroleum
processing. However, petroleum processing is an energy-
demanding processes, and, thus, the development of materials
for the selective inclusion of alkanes under mild conditions is
highly desired. Potential candidates include macrocyclic
compounds because they exhibit -cavity-size-dependent
host—guest interactions. However, alkanes exhibit a low
electric polarization because they only have C—C and C-H
groups, which makes the complexation between macrocyclic
compounds and alkanes inefficient. This is also indicated by
the family name of alkanes, “paraffins”, which originates from
the Latin parum affinis, which means “little affinity”.l!
Cyclodextrins,* calix[n]arenes,*® crown ethers,”! cucurbit-
[1]urils,®*! cyclobis(paraquat-p-phenylene)s (blue boxes),!!"!
calixpyrroles,'""! and pillar[n]arenes,'>*"5) which were
introduced by our group in 2008, are well-known macro-
cyclic molecules. However, there are only a few examples of
host—guest complexes formed between these macrocyclic
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compounds and alkanes.**"! Among these macrocyclic
compounds, pillar[S]arenes show superior shape-selective
complexation abilities of alkanes in organic solvents; pil-
lar[5]arenes can form host-guest complexes with linear n-
alkanes in CDCl,, but not with branched or cyclic alkanes.!'**"!
The driving force behind complexation would be CH/n
interactions. However, because CH/m interactions are the
weakest hydrogen bonds, the association constants between
n-alkanes and pillar[5]arenes are very low in CDCl; (K=
ca. 10m 1)1 A5 a consequence of the low affinity, the
separation of alkane mixtures by pillar[S]arenes is difficult. In
the present study, we discovered that the crystal state of
perethylated pillar[S]arene 1 without solvent molecules
(activated crystals 1) can quantitatively form a host-guest
complex with n-alkanes. Furthermore, the activated crystals
show an unexpected selective gate-opening behavior that
depends on the alkane length and shape, with sudden uptake
occurring at a given pressure. Pillar[S]arenes 1 do not exhibit
strong physical interactions, and show gate-opening behavior
along with a crystal transformation. In addition, the activated
crystals can store n-alkanes even under reduced pressures.
Overall, the activated crystals of 1 appear to have enhanced
alkane-recognition ability over solution-state complexation.

To investigate the crystal structure of 1 with and without
solvents, single crystals of 1 suitable for X-ray analysis were
grown by slow evaporation of an acetone solution. The
pentagonal structure of 1 formed infinite 1D channels along
the a axis (1a, Figure 1b). The pillar-shaped structures of the
pillar[n]arenes contributed to the formation of the 1D
channels. Acetone molecules were included in the channels.
A sample of 1a was heated at 50 °C under reduced pressure to
activate crystals of 1 (Figure 1, path I). Heating 1a for 24 h
was sufficient to desolvate all the acetone molecules from the
channels. However, the powder X-ray diffraction (PXRD)
pattern of the activated crystals (1§, Figure 1e) was different
from that of the original crystals (1e, Figure 1d). This
indicated that the removal of acetone molecules triggered
a solid-state crystal transformation from 1« into a new crystal
structure, 1p." When 1§ was exposed to acetone vapor
(Figure 1, path IT), the PXRD pattern of 1a was recovered
(Figure S2), thus indicating that the solid-state switching
between 1a and 1 could be reversed by the uptake and
release of acetone guest molecules. This structural change did
not occur in perhydroxylated pillar[5]- and pillar[6]arenes,
even on removal of the solvent, because their structures were
stabilized by inter-/intramolecular hydrogen bonds." In
contrast, the 1D channel structure of 1a was stabilized by
weak physical interactions. Therefore, the uptake and release
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Figure 1. a) Chemical structure of perethylated pillar[5]arene (1).

b) One-dimensional channel and c) herringbone crystal structure of 1.
PXRD patterns of d) 1, €) 1B, and f) 1vy; black lines: observed, red
lines: simulated from X-ray crystal structures. In the X-ray structures,
C: gray, O: red; H atoms are omitted for clarify.

of acetone guest molecules triggered reversible solid-state
switching between 1a and 1.

The gas and vapor sorption ability of activated crystals of
1P was investigated. The activated crystals 1f adsorbed
neither CO, nor N, (Figure S3). Pillar[S]arenes have pores of
sufficient size to encapsulate CO,,[*! thus the structure of 1
must not be suitable for the encapsulation of these gases.
Pillar[5]arene can form host-guest complexes with linear
alkanes in solution,!” and thus we investigated the uptake of
alkanes by 1f (Figure 2a). 1P took up minimal quantities of
methane (C1), ethane (C2), and n-butane (C4). In contrast,
pronounced gate-opening behaviors, followed by stepwise
isotherms, were observed for n-pentane (C5), n-hexane (C6),
n-heptane (C7), and n-octane (C8). The gate-opening pres-
sure decreased as the chain length of the n-alkane increased.
We calculated the efficiency of encapsulation from the
amount of n-alkane taken up, "H NMR spectroscopic analysis,
and thermogravimetric analysis (TGA, Table S1). Over 90 %
of n-alkanes with more than five carbon atoms were
encapsulated in the cavity of 1. In the desorption process,
the included n-alkanes were not released at all, which
indicated that the included n-alkanes were stable in the
pillar[5]arene cavity. This storage ability was attributed to
multiple CH/m interactions between the pillar[5]arenes and n-
alkanes, which would also be the main driving force for the
complexation in solution.'® We could clearly monitor the
encapsulation of n-alkanes by the gate-opening behavior, and
the included n-alkanes could even be stored at 25°C under
reduced pressure; in contrast, the association constants
between pillar[5]arenes and n-alkanes in solution are very
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Figure 2. Sorption isotherms of activated crystals 1 towards gases
and vapors of a) linear alkanes containing methane (C1, pink triangle),
ethane (C2, orange diamonds), n-butane (C4, purple squares), n-
pentane (C5, black diamonds), n-hexane (C6, red circles), n-heptane
(C7, blue triangles), and n-octane (C8, brown diamonds), and

b) branched alkanes containing 2,2-dimethylbutane (2,2, green circles),
2,3-dimethylbutane (2,3, black circles), and cyclohexane (CyCs6, yellow
circles) at 25°C. Solid symbols: adsorption; open symbols: desorp-
tion.

low.['" We also investigated the uptake of branched and cyclic
alkanes by 1B (Figure 2b). 1 showed minimal uptake of
branched alkanes, such as 2,3-dimethylbutane (2,3) and 2,2-
dimethylbutane (2,2) or the cyclic alkane cyclohexane
(CyC6). This result showed that the alkane uptake with
activated crystals 1§ was alkane-shape-selective. This selec-
tivity correlates with the host-guest properties of pillar[5]ar-
enes in solution.'®! Therefore, the alkane-shape selectivity of
pillar[5]arenes in solution was translated into the vapor/
crystal state.

The host—guest complexes formed in solution by pillar[5]-
arenes with 1,4-dicyanobutane are more stable (K >10*m™")
than those formed with n-hexane (K = ca. 10m™").'*'") When
we immersed activated crystals 1§ in 1,4-dicyanobutane and
analyzed the sample by '"H NMR spectroscopy, signals
corresponding to 1,4-dicyanobutane were observed (Fig-
ure S4). The stoichiometry between 1 and 1,4-dicyanobutane,
determined by 'H NMR spectroscopy (Figure S4), was 1:1,
which indicated that complexation even occurred in the solid
state. The solid 1D1,4-dicyanobutane complex showed min-
imal uptake of n-hexane, as compared to the activated crystals
1p (Figure S5). This indicated that 1,4-dicyanobutane acts as
a competitive guest to prevent the uptake of n-hexane, and
that the uptake sites for n-hexane are the cavities in 1.

We investigated the mechanism behind the uptake of n-
hexane vapor by gate opening (Figure 1, path IIT) and the
stable storage of n-hexane even under reduced pressures. The
PXRD pattern of 1 after n-hexane uptake (Figure 1 f) was
completely different from that of the 1D channels in 1la
(Figure 1d) and from that of activated crystals 1§ (Figure 1e¢).
These differences indicated that n-hexane uptake induces the
formation of a new crystal structure (1v). To investigate the
crystal transformation, crystals of 1 were grown by slow
evaporation of a solution of 1 in chloroform under n-hexane
vapor. In the crystal structure, one n-hexane molecule was
included in the cavity of 1, which formed a pseudorotaxane
(Figure 1¢ and Figure 3a). Neighboring 1Dn-hexane com-
plexes were perpendicular to each other (Figure 1c, herring-
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Figure 3. a) X-ray crystal structure, b) DSC heating curve, and c) TGA
of 1y (1Dn-hexane complex). In the X-ray structure, C: gray, O: red, H:
white.

bone structure). The simulated PXRD pattern of the crystal
was the same after the uptake of n-hexane (Figure 1 f), thus
indicating that n-hexane uptake with gate opening triggered
the crystal transformation from 1f to the herringbone
structure observed in 1y. An X-ray crystal-structure deter-
mination of the 1Dn-hexane complex showed that eight
hydrogen atoms of the included n-hexane had CH/rm plane
distances of 2.76-3.03 A (Figure S6), which are shorter than
the longest interatomic distance in a CH/m interaction
(3.05 A),"™ thus implying the existence of CH/x interactions
between 1 and n-hexane. These multiple CH/m interactions
would result in the release of only small amounts of n-alkanes,
even under reduced pressure at 25 °C. The release of adsorbed
n-hexane was examined by differential scanning calorimetry
(Figure 3b, DSC) and TGA (Figure 3¢). The DSC heating
trace of 1y (1Dn-hexane complex) showed an endothermic
peak from 85 to 130°C. TGA also showed a weight loss of
10% from 85 to 120°C. These data indicated that release of n-
hexane from 1y took place at 85-120°C, while the boiling
point of n-hexane is 60 °C under ordinary pressures. The data
also supported the stable inclusion of #-hexane in the cavity of
1v. A similar tendency was observed for other 1Dn-alkane
complexes (Figures S7-S9). In contrast, n-hexane was
released from the cavity of 1 when 1y was dissolved in
organic solvents, which was confirmed by '"H NMR measure-
ments (Figure S10). The release of n-hexane was also induced
by immersing 1vy in 1,4-dicyanobutane (Figure S11), because
1,4-dicyanobutane acts as a competitive guest.'”’ When 1y
was heated to remove n-hexane (Figure 1, pathIV), the
PXRD pattern of the sample returned to that of 1 (Fig-
ure S13). Therefore, the solid-state switching between 1 and
1y was completely reversible through the uptake and release
of n-hexane guests. Reactivated crystals 1§ could take up n-
hexane again through the gate-opening pressure (Figure S14),
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thus indicating that the gate-opening processes were rever-
sible.

In conclusion, this work unveils an length- and shape-
selective gate-opening behavior in the host—guest complex-
ation of perethylated pillar[S]arene molecules with alkanes in
the crystal state. The gate opening induces a crystal trans-
formation. The results shed light on how certain guests can
form host—guest complexes in the solid state. The molecular
selectivity of pillar[S]arenes toward alkanes in the solution
state could be translated into the crystal state because the
assembled crystal structure of 1 would be flexible, and could
be changed by guest inclusion. Guest-selective crystal trans-
formations are rare in macrocyclic compounds, although
there are a few examples of crystal transformations in porous
organic crystals.”™ Compared with porous organic crystals,”"!
the amount of gas and organic vapors taken up using
macrocyclic compounds is small.**!) However, pillar[5]ar-
ene crystals are superior adsorption materials in terms of
alkane selectivity because the pore size of pillar[5]arenes is
idea for n-alkanes."® The pillar[S]arene host-guest property
facilitated the unexpected alkane-length- and —shape-selec-
tive gate-opening behavior in the crystal state. To the best of
our knowledge, this is the first example of gate-opening
behavior using organic crystals based on macrocyclic com-
pounds, although there are reports about gate-opening
behavior using molecular organic frameworks (MOFs) and
porous coordination polymers (PCPs).?! There are few
examples of the gate opening of MOFs/PCPs following the
adsorption of alkanes.'*Y Compared with the alkane-
induced gate opening of PCPs/MOFs, it is clear that the
gate-opening pressure depended on the length and shape of
the alkanes, and this feature could be applied to separation of
alkanes.

Experimental Section

1B: Evaporation of acetone from a solution of 1 in acetone afforded
the one-dimensional channel 1a. Heating powder 1a at 50°C under
reduced pressure for 24 h afforded activated 1.

Keywords: alkanes - crystals - host—guest chemistry -
macrocyclic compound - pillar[n]arenes
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