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Encapsulation of long-chain molecules is challenging because host molecules must capture entire guest
structures through interactions at multiple points. Cavitand and capsule molecules bind long-chain
guests within their cavities, where long-chain guests adopt compressed conformations, to maximize
interaction with the walls of the receptors. However, pillar[5]arene exhibits selective binding toward
linear guest molecules in an extended chain conformation. It interacts more strongly with shorter guest
molecules than with longer ones, as the shorter guests better match the length of the pillar-shaped
cavity. Consequently, pillar[5]arene binds poorly to long-chain guest molecules that exceed its length.
Herein, we synthesized pillar[5]arene dimers linked by phenyl and biphenyl linkers. Due to the
cooperative binding provided by its two cavities, the biphenyl-linked dimer demonstrates length-
adaptive behaviors for long-chain a,w-dibromoalkanes that exceed its own length. This behavior is

distinct from that of monomeric pillar[5larene, which exhibits strict length-selectivity. Computational
Received 21st February 2025 vsi ts that the f ti ¢ d host— ¢ l truct ith 1 ts |
Accepted 2nd July 2025 analysis suggests that the formation of curved host—guest complex structures with longer guests is
facilitated by conformational adjustment of the biphenyl linker. Thermodynamic analyses reveal that

DOI: 10.1039/d55c01403d enthalpic gains from the cooperative binding overcome entropic losses during the formation of the
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Introduction

Encapsulation of long-chain molecules is challenging because it
requires capture of an entire structure through interactions at
multiple points. Rebek's and Gibb's groups have shown that
cavitand and capsule molecules can capture long-chain guests
within their cavities (Fig. 1a)."> In these cases, as the chain
length increases, the longer-chain guests tend to adopt
compressed arrangements, such as helical, J-shaped, and U-
shaped conformations, to maximize their interactions with
the walls of the receptors.*

Pillar[5]arene, a macrocyclic host first reported by our group
in 2008, can accommodate aliphatic-chain guests in their
extended conformation owing to its well-defined small cavity
(Fig. 1b).>**° However, the length of the guest to be encapsu-
lated is strictly determined by that of the pillar[5]arene
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curved host—guest complexes, thus enabling length-adaptive binding for longer-chain guests.

structure, leading to a significant decrease in binding ability for
alkane guests with five or more carbon units (Fig. 1c, S18-S20
and Table S1f). This is because the most electron-deficient
methylene groups of the guests, located near the electron-
withdrawing end groups, interact with the oxygen atoms on
the rims of pillar[5Jarene (Fig. S21}).2>*° However, this strict
length-selectivity prevents the capture of guests with lengths
exceeding that of the pillar[5]arene in their extended
conformation.

Constructing longer tubular structures based on pillar[5]
arene enables the encapsulation of longer guest molecules
because the host's multiple cavities can present cooperative
binding sites for one guest.*>® For instance, our group
prepared a pillar[5]arene cavitand end-capped with five
linkers.** Sue and coworkers constructed rigid nanotubular
hosts by connecting two pillar[5]arenes*** that exhibit length-
dependent host-guest interactions with o,w-dibromoalkanes.
Such well-defined tubular structures enable efficient binding
for long-chain guests by minimizing the entropy loss due to
rigidity, resulting in high association constants with suitable-
length guests. However, there is still a limitation where the
length of the tubular structure determines the length of guest,
leading to reduced binding ability for long-chain guests that
exceed the length of the host structure.

In this study, we constructed tubular structures by connect-
ing two pillar[5]arenes with single linkers that make them

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representations of (a) encapsulation of long-chain guests by capsule molecules, (b) encapsulation of extended chain guests
within pillar[5]arene cavity and (c) dimerization approach to extend the guest length beyond the limitation in this work.
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Scheme 1 Synthetic scheme for the pillar[n]arene dimers Ph and BPh.

n=1:Ph (26%)
n=2: BPh (38%)

adaptive (Fig. 1c). The key to achieving this is a delicate balance
of rigidity and flexibility. Therefore, we selected phenylene
linkers, as they were anticipated to minimize entropy loss
during host-guest complexation, while still allowing rotation
and moderate curving of the m-conjugated backbone. Although

© 2025 The Author(s). Published by the Royal Society of Chemistry

the two cavities of a monophenyl linked dimer do not exhibit
cooperative binding due to steric hindrance, the biphenyl-
linked version achieves cooperative binding for long-chain
a,w-dibromoalkanes. Notably, this system demonstrates
length-adaptive binding for guests with 16 or more carbon units
through conformational adjustment of the biphenyl linker,
overcoming its intrinsic length limitation (Fig. 1c).

Results and discussion
Synthesis and single-crystal X-ray diffraction analysis

Perethoxylated pillar[5]arene 1 was employed as a starting
compound for the synthesis of phenyl- and biphenyl-linked
pillar[5]arene dimers Ph and BPh, as it shows better solubility
in organic solvents compared to the permethoxylated analogue.
In the final step, Ph and BPh were synthesized in 26% and 38%
yields, respectively, by Suzuki-Miyaura cross-coupling of mono-
triflated pillar[5]arene 3% with 1,4-benzenediboronic acid
bis(pinacol) ester or 4,4’-biphenyldiboronic acid (Schemes 1

Chem. Sci., 2025, 16, 14262-14269 | 14263
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Fig. 2 Single-crystal X-ray structures (left: stick model; right: space-
filling model) of (a) Ph and (b) BPh (green or blue carbon atoms; red
oxygen atoms; white hydrogen atoms). Hexane molecules within the
cavities are shown in gray.

and S1-S31). They were fully characterized by 'H and *C NMR

View Article Online

Edge Article

unambiguously assigned through 'H-'H COSY, HMQC, and
HSQC two-dimensional NMR spectroscopy analyses (Fig. S8-
S13+).

Single-crystal X-ray diffraction analysis revealed that Ph
adopts a conformation involving two cavities located on oppo-
site sides to the linker (Fig. 2a and Table $21).*® In this
conformation, the two cavities are unconnected and exist
independently of each other (unconnected conformation). Since
the ethoxy groups orient parallel to the pillar-shaped cavities,
their steric interaction inhibits close contact of the two cavities,
which biases the wunconnected conformation in the crystal
structure (Fig. 2a, right).

As shown in Fig. 2b, BPh adopts a conformation whereby two
cavities located on the same side of the linkage form two con-
nected cavities (connected conformation). In contrast to that for
Ph, when the two cavities are connected in the same direction,
the biphenyl linker provides sufficient length to avoid steric
hindrance from the ethoxy groups (Fig. 2b, right). Conse-
quently, BPh can adopt the connected conformation to form one
pseudo-cavity in the crystal structure (see ESI Note 17 for
solution-state conformational study).* In both crystals, hexane
molecules are encapsulated within the cavities, and they adopt
an extended conformation owing to the small cavity of pillar[5]
arene (Fig. 2, left).

Pillar[5]arene has planar chirality depending on the orien-
tation of the alkoxy groups.* For the two pillar[5]arene cavities
of Ph, their planar chirality is defined as (all-pS, all-pR), that is,

spectroscopies and high-resolution ESI-MS spectrometry Ph acts as a heterochiral dimer in the crystals (Fig. 2a) in the
(Fig. S1-S7t). Furthermore, the proton peaks were crystals. In contrast, the planar chirality of the two cavities of
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(@) Chemical structures of a,w-dibromoalkane guests and the electrostatic potential map of C14 representing electron-deficient

methylene moieties around the electron-withdrawing bromine atoms. (b) Plots of chemical-shift changes (Ads) for the aromatic protons of 1, Ph,
and BPh (0.50 mM) with 1.0 eq. of o, w-dibromoalkanes (C2—C16, C18, and C20) and (c) the corresponding *H NMR spectra (500 MHz, CDCls, 295

K) of 1, Ph, and BPh with C2-C16, C18 and C20.
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Fig. 4 Plot of the association constants (K,s) for BPh (1.0 mM, CDCls,
295 K) with a,w-dibromoalkanes (Cn, n =2, 4, 6, 8, 10, 12-16, 18, and
20). The illustrations depict 1 : 1 host—guest complexes of BPh with C2
and C14, as suggested by Job's plots.

C14@BPh

C16@BPh C18@BPh
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Fig. 5 Optimized geometries of host—guest complexes C14@BPh,
C16@BPh, C18@BPh, and C20@BPh calculated at the M06-2X/6-
31G(d,p) level of theory.

(a) C16@BPh (b) cC18@BPh

Fig. 6 Optimized geometries of (a) C16@BPh and (b) C18@BPh rep-
resenting H, Hy and H, atoms and the distances between H¢ and
aromatic ring of the linker.

BPh are (all-pS, all-pS) or (all-pR, all-pR), that is, BPh molecules
act as homochiral dimers (Fig. 2b; see ESI Note 27 for details).
This alignment of planar chirality facilitates close contacts
between the ethoxy groups when BPh molecules adopt the
connected conformation.

Host-guest behaviors of 1, Ph and BPh with o, -
dibromoalkanes

To investigate the effect of connected and unconnected cavity
conformations on the complexation, a,w-dibromoalkane guests
with different aliphatic chain lengths were explored. In this
system, the electron-deficient methylene moieties around the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electron-withdrawing bromine atoms interact with the electron-
rich oxygen atoms on the rims of pillar[5]arene (Fig. 3a, S18 and
S21 and Table S17).

Initially, we measured the chemical-shift changes (Ads) in 'H
NMR spectra when 1.0 eq. of a,w-dibromoalkanes (Cn, n = 2-16,
18, and 20, Fig. 3a, $14-517 and Schemes S4-S71) were added to
CDCl; solutions of monomeric pillar[5]arene (1), Ph, and BPh
(Fig. 3b). The Ads at aromatic protons of pillar[5]arene moieties
were checked because the proton peaks of the guests became
significantly broadened and disappeared after complexation.
For Ph and BPh, the H; peaks were selected because they
showed the largest Ads among all the host protons (Fig. S287%).
This is due to the shielding of H¢ protons from aromatic ring
current in the linker moieties, resulting in upfield shifting
compared to that for Ph and BPh without a guest (Fig. S26 and
S27t). In all cases, comparable Aj values were observed for
shorter guests (C2-C6). Conversely, large Ads were observed
only for BPh complexes with longer guests (C14-C16, C18, and
C20; blue dots in Fig. 3b). This clear trend suggests that the two
cavities of BPh cooperatively capture one long guest in the
connected conformation. Ph also has two cavities; however, they
cannot work cooperatively because the connected conformation
is unfavorable due to steric hindrance. As a result, similar Ao
values are observed with 1 (see ESI Note 3t for a detailed
comparison of 1, Ph, and BPh using their association constants
(Kas) and Job's plots with short C2 and long C14 guests).

Host-guest behaviors of BPh with a,w-dibromoalkanes

As observed with the Ads for 1, Ph, and BPh, only BPh shows
a different chain-length dependence from those of 1 and Ph. In
order to investigate that accurately, we determined K,s for o,w-
dibromoalkane guests with other chain lengths (Fig. 4 and S40-
49%). For the shorter guests (C2-C12), the K, values are low,
which is consistent with the abovementioned results for Ads
(Fig. 3b). For longer guests, an increase is observed from C13. In
particular, the K, values for C16 and C18 reach 1.48 + 0.07 x 10°
M and 1.48 + 0.05 x 10> M, respectively, which are four
times higher than that for the C2 guest. These observations
demonstrate that cooperative binding enhances the binding
abilities of pillar[5]arene, even for the longer guests.**

Length-adaptive behavior of BPh for longer guests

Considering the length of BPh, C14 was expected to be a length-
matched guest for BPh because the most electron-deficient
moieties of C14 would efficiently interact with the oxygen
atoms of pillar[5]arene, as observed in the host-guest
complexation of 1 with short guests (Fig. 1c and S187}). However,
BPh shows increased K, values for much longer guests (=C16,
Fig. 4).

To better understand the host-guest behavior of BPh for
longer guests, we attempted single-crystal X-ray diffraction
analyses of the host-guest complexes with longer guests.
Regrettably, we could not obtain single crystals of these struc-
tures. Therefore, density functional theory (DFT) calculations
were performed to estimate the structures of the host-guest

Chem. Sci., 2025, 16, 14262-14269 | 14265
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(a) C14@BPh

Fig. 7
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(b) C16@BPh

Isosurfaces for (a) C14@BPh, (b) C16@BPh, (c) C18@BPh, and (d) C20@BPh calculated by IGMH analysis representing the non-covalent

bonds in the upper, middle, and bottom parts (isovalues set equal to 0.007 a.u.). The isosurfaces between the biphenyl linker moieties and the

middle parts of the guests are highlighted in pink.

Table 1 Thermodynamic parameters for the host—guest complexa-
tion of 1 with C2, C3 and C4, and BPh with C12, C14, C16, C18, and
C20 (1.0 mM, CDCls)

Host Guest AG(kfmol™") AH(kfmol™")  TAS® (k] mol™*)
1 C2 —18.7 £ 0.32 —51.7 £ 0.16 —33.0 £ 0.15

1 C3 —13.6 = 8.6 —39.4+44 —25.8 +4.2

1 C4 —22.3 £4.1 —68.1 £ 2.1 —45.8 + 2.0
BPh  C12 - —? —?

BPh C14 —14.2 £ 9.0 —71.4 £ 4.5 —57.2+ 4.4
BPh C16 —-17.2 £1.3 —88.8 + 0.66 —71.6 + 0.65
BPh C18 —17.2 £ 2.5 —91.6 = 1.3 —74.4 + 1.3
BPh C20 —15.0 £ 5.8 —78.5+ 3.0 —63.5 + 3.0

@ T =298 K. ? Thermodynamic parameters could not be determined due
to the low K, value of C12@BPh.

complexes of BPh (C14@BPh, C16@BPh, C18@BPh, and
C20@BPh).

In their optimized geometries (Fig. 5), curving of the guests
and BPh occurs when the guest-length increases, demon-
strating the length-adaptive conformational changes of BPh for
guest molecules exceeding that of itself. In addition to rotation
of the benzene moieties in the linkers, curving of the biphenyl-
linked structures also occurs (Fig. S507), while accommodating
the curved alkane structures around the biphenyl linker. These
host-guest complex structures are consistent with the experi-
mentally estimated structures using "H NMR spectra recorded

14266 | Chem. Sci, 2025, 16, 14262-14269

at 233 K (see ESI Note 47 for a detailed discussion for the host-
guest complex structures).

The curved structure of BPh allows the H; atom to come
closer to the aromatic ring of the linkers (Fig. 6 and S66bt).
Consequently, Hy is more shielded in the NMR spectra due to
aromatic ring current, leading to upfield shifting compared to
that for BPh without a guest (Fig. 3b). In response to that, Hj
and H; at the linker are deshielded, supporting the idea that H
is shielded by the aromatic ring current of the linkers
(Fig. S677). The largest upfield-shift is observed for C16 in the
experimental "H NMR spectrum, despite the fact that the K, is
comparable with that for C18 (Fig. 3b). This is because the more
curved structure of C16@BPh allows the H¢ atom to come closer
to the aromatic ring (compared with that for C18@BPh; Fig. 6),
which is supported by the DFT results calculated using the
optimized geometries, i.e., the calculated chemical shift for
C16@BPh being upfield compared with that for C18@BPh
(Fig. S66a and see ESI Note 5t for computational details). This
result clearly demonstrates that the host-guest complexes of
BPh with longer guests adopt the curved structures, as sug-
gested by the computational results.

Non-covalent bonds in host-guest complexes of BPh

To visualize the non-covalent bonds between BPh and the
guests, independent gradient-model based on Hirshfeld parti-
tion (IGMH) calculations were performed.*** The green

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isosurfaces indicate the presence of non-covalent bonds (Fig. 7).
The visualized isosurfaces reveal the presence of C-H---O and
C-H:--Br interactions near the end groups of the guests, as well
as van der Waals interaction around the linker. Among these
interactions, a distinct difference is observed for the C-H---O
interactions between C14@BPh and C16@BPh. For C14@BPh,
isosurfaces are observed in three of the four most electron-
deficient hydrogens at the o and w positions for the bromine
atoms (Fig. 7a). In contrast, those for C16@BPh are observed for
all hydrogens at the o and w positions (Fig. 7b), suggesting
stronger non-covalent bonds than those for C14@BPh. This is
because curving of both BPh and the guest allows closer contact
between the cavities and the end parts of the guests. This
optimization is also reflected in the closer distances between
the hydrogen and oxygen atoms of C16@BPh compared with
those for C14@BPh (Fig. S687). In the case of C18@BPh, the
isosurface is less distributed over one end part of the guest due
to elongation of the aliphatic chain (the bottom end part of C18
in Fig. 7c). Instead, non-covalent bonds between the biphenyl
linker moieties and the guest become more distributed than
those for C14@BPh and C16@BPh (Fig. 7). This can be
explained by the fact that the curved guest aligns along the tilt
of the biphenyl linker. For C20@BPh, an isosurface is scarcely
observed over one end part of the guest (the bottom end part of
C20 in Fig. 7d) because one of the pillar[5]arene cavities cannot
approach the end part of the guest, even though the BPh moiety
is curved.

Comparison of thermodynamic parameters between BPh and
1 in the host-guest complexation

Finally, we compared the entropy and enthalpy changes (AS and
AH, respectively) of BPh with those of monomeric pillar[5Jarene 1
(Fig. S69-S82t).** As shown in Table 1, the host-guest complex-
ations of both BPh and 1 are enthalpy-driven bindings. The
enthalpic gains for BPh are greater than those for 1. This is
attributed to the two-cavity binding of BPh, where abundant non-
covalent bonds contribute significantly to the enthalpic gains.
Furthermore, optimization of the non-covalent bonds of BPh
with C16 and C18 contribute to the enhancement of AHs, which
is consistent with the above-mentioned computational results.*

Accordingly, greater entropy losses are observed for BPh
compared with those for 1. This can be explained by two
reasons: (1) the degree of freedom for BPh in the uncomplexed
state is higher than that for 1 because the linker of BPh can
rotate in the solution.* (2) The abundant non-covalent bonds
for the two-cavity binding in the complexed structures of BPh
contribute to restriction of the molecular motions of BPh and
guests, resulting in a more significant reduction in the degree of
freedom than that for 1.

In the enthalpy-entropy compensation plots (Fig. S837), the
linear relationship of TAS versus AH is defined as TAS = SAH +
TAS,.*"* B shows the quantitative degree of conformational
change upon host-guest complexation. The slope § of BPh is
higher than that for 1 (BPh: § = 0.83 £ 0.02; 1: § = 0.70 £ 0.05),
which is greater than those of other conventional hosts (e.g.,
flexible crown ether: § = 0.76; rigid cryptand: 8 = 0.51).*® These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results may indicate that BPh is more flexible and adaptive than
1 during host-guest complexation due to the adjustability of the
biphenyl linker.

Conclusions

In summary, we synthesized pillar[5]arene dimers with
aromatic linkers. By tuning of the linker length, the biphenyl-
linked dimer shows host-guest behaviors for long o,w-dibro-
moalkane guests with 14 carbon atoms owing to the cooperative
binding across its two cavities. Notably, it still shows binding
behaviors even for guests of lengths longer than its own,
demonstrating length-adaptive binding. This behavior is totally
different from that of monomeric pillar[5]arene, which shows
strict length-selectivity for alkane guests. Computational and
thermodynamic analyses revealed that the length-adaptive
nature plays a crucial role in capturing longer guests with 16
or more carbon atoms.

Bindings of long-chain guests by previous synthetic recep-
tors are often dependent on the volume of the hosts because the
long guests are taken up in compressed conformations. These
binding motifs are complex and difficult to control through
molecular design. In contrast, our pillar[5]arene dimer can
capture long-chain guests in the linearly extended conforma-
tions, offering a more predictable and tunable binding strategy.
Importantly, our dimeric approach using pillar[5]arene has
extensibility, allowing encapsulation of much longer aliphatic-
chain guests by extending dimers to trimers, tetramers, and
beyond. By employing our strategy, the range of guest lengths
that can be captured is easily extended by varying the number of
linked pillar[5]arenes. Increasing the number of linked pillar[5]
arenes will enable the efficient complexation with linear poly-
mers, unlocking new opportunities for the development of
functional polymeric materials.
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