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Selective encapsulation of carboxylic acid dimers
within a size-regulable resorcinarene-based
hemicarcerand†

Kentaro Harada,a Yudai Ono, ab Ryo Sekiya a and Takeharu Haino *ab

A cavity within a resorcinarene-based hemicarcerand was con-

tracted and expanded through conformational changes induced

by the complexation and decomplexation, allowing self-sorting of

homo- and heterodimeric carboxylic acid pairs.

Allosteric regulation is crucial for controlling metabolic path-
ways, which modify the activity of proteins in response to
effector binding.1–5 For example, calmodulin exhibits allosteric
behavior.6 When a calcium ion binds to the remote site of
calmodulin, the structure of the hydrophobic binding pocket is
deformed. This process allows for the selective binding of target
proteins, such as myosin light-chain kinase. Abiotic molecular
capsules with large internal cavities that can accommodate
guests with large molecular dimensions have been developed
to mimic the allosteric regulation of proteins.7–25 Light,26–31

metals,32–35 pH,36–39 and anions40,41 act as effectors that activate or
deactivate binding sites, which drive the uptake or release of guest
molecules in an allosteric manner. Abiotic allosteric molecules
can be applied in many potential applications, including drug
delivery,42,43 catalysis,44,45 and sensing.46,47 Many efforts have been
devoted to developing size-adjustable abiotic capsules in which
guest encapsulation is switchable however, developing an artificial
molecular cavity that can self-sort specific guest pairs among
several possible pairs has been a great scientific challenge.48–53

Hemicarcerand 1 is a unique molecular container that pos-
sesses an internal cavity (Fig. 1a). This cavity can be contracted and
expanded by metal complexation and decomplexation, respectively,
which is accompanied by switchable molecular recognition.54,55

Herein, we report the development of homo and heterodimeric
carboxylic acid pairs with self-sorting behaviors inside the cavity

of 1. Carboxylic acids are known to dimerize in lipophilic
solvents,56,57 and mixtures of multiple carboxylic acids generate
homo and heterodimeric pairs according to a statistical dis-
tribution. Thus, it is generally difficult to selectively obtain a
desired dimeric pair. The cavity of 1 and the Ag-coordinated
hemicarcerand (1Ag) provided expanded and contracted envir-
onments, respectively, in which homo (G2a�G2a) or heterodi-
meric (G1a�G2a) pairs were selectively formed in a self-sorting
manner (Fig. 1b). The selective encapsulation of the dimeric
carboxylic acid pairs was reversibly regulated upon the addition
and removal of Ag+ cations.

Fig. 1 (a) Molecular structures of 1 and 1Ag and those of M1 and M1Ag for
DFT calculations. (b) Guests G1a–b and G2a–b. (c) Schematic representation
showing the self-sorting behavior of homo and heterodimeric carboxylic acid
pairs.
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Reversible contraction and expansion of the cavity was
achieved by the interconversion between 1 and 1Ag. The aro-
matic proton signals of 1 were assigned entirely in chloroform-
d1 (Fig. 2a). The addition of two equivalents of AgBF4 to a
solution of 1 caused downfield shifts in the pyridyl protons
Ha–He as a result of the reduced electron density of the
bipyridyl arms due to Ag–N coordination. In contrast, the
pyridyl proton Hf, which was located within the shielding
region of the neighboring bipyridyl arm in the tetrahedral coordi-
nation geometry, exhibited an upfield shift of 0.50 ppm. The eight
arms showed equivalent signals, indicative of the D4 symmetry on
the NMR time scale. The electrospray ionization mass spectrum
showed ion peaks corresponding to [1+Ag4]4+ and [1+Ag4(BF4)]3+.
The isotope pattern of [1+Ag4(BF4)]3+ corresponded well with the
simulated result (Fig. S3 in ESI†).

The host–guest complexation of 1 was evaluated by 1H NMR
spectroscopy (Fig. 3). A mixture of 1 and G1a generated methyl
protons of bound G1a at approximately d = �1.6 ppm (Fig. 3a),
which led to exchange cross peaks between the bound and free
G1a (Fig. S9 in ESI†). The large upfield shifts indicated that G1a
was encapsulated in 1. The signals consisted of broad and weak
sharp signals. As the bipyridyl arms function as Lewis bases,
G1a can anchor to the bipyridyl arms. Thus, the methyl protons
of bound guests show sharp signals due to their methyl groups
at the bottom of the capsules, which form C–H/p interac-
tions.54,58 Hence, the sharp signal was tentatively assigned as
G1a at the bottom of 1, and the broad signal originated from
G1a anchoring to the bipyridyl arms. The integration of the
signals indicated that two molecules of G1a were encapsulated
in 1 (Fig. S4 in ESI†). This host–guest complex was named
(G1a)2C1.

A mixture of 1 and G2a generated only a sharp signal
corresponding to the methyl protons of G2a at d = �1.27 ppm
(Fig. 3b). Based on the signal intensity, the host–guest ratio was
determined to be 1 : 2 (Fig. S12 in the ESI†). NOEs were
observed between the methyl protons of G2a and the methylene
bridges of 1 (Fig. S11 in ESI†), indicating that the methyl group
was located at the bottom of 1, resulting in the C–H/p interac-
tions. Hence, the carboxy group was pointed to the center of the
cavity, indicating that the hydrogen-bonded dimer was formed
in the host–guest complex G2a�G2aC1.

A control experiment showed that the COOH group is
required for the host–guest complexation of 1 when esters

G1b and G2b were employed. 1H NMR spectra showed no
signals assignable to bound G1b and G2b (Fig. S13 in ESI†).
Because 1 can adjust its cavity for the bound guests,54 the
longer size of G2b than G2a would not be responsible for the no
host–guest complexation. Further, in THF-d8 G2a was not
trapped in 1 (Fig. S23 in ESI†). THF functions as a hydrogen
bond acceptor. Thus, the hydrogen-bonded dimeric pair of G2a
is weakened by the competitive solvation, which most likely
interferes with host–guest complexation in THF-d8, although
the possibility of the encapsulation of THF in 1 instead of G2a
cannot be ruled out. In view of these facts, the hydrogen-
bonded dimeric form of G2a is crucial for host–guest
complexation.

When G1a and G2a were mixed with 1, two sets of signals
appeared, which were assignable to (G1a)2C1 and G2a�G2aC1
(Fig. 3c). The other signals of bound G2a�G2a resonated at the
same chemical shifts as those of G2a�G2aC1 alone (Fig. S4 in
ESI†). When the heterodimeric form was organized, the methyl
protons of G1a and G2a were expected to generate a 1 : 1 signal
ratio, as in the case of 1Ag (see below). However, these signals
were not detected. These observations rationalize that the
homodimeric form of G2a or two molecules of G1a were
selectively encapsulated in 1.

1Ag showed a distinct selectivity. Although a mixture of 1Ag
with G1a or G2a generated very weak signals (Fig. 3d and e), a
mixture of 1Ag with G1a and G2a generated methyl protons of
G2a and G1a with a 1 : 1 signal intensity at d = �1.69 ppm and
�1.86 ppm, respectively. Exchange peaks were observed
between bound and unbound G1a and G2a (Fig. 4a). The
methyl protons of bound G1a and G2a generated NOE correla-
tions with the bridge methylene signals Hj at 223 K (Fig. 4b),
revealing that the methyl groups of G1a and G2a were located at
the bottom of 1Ag; thus, the carboxy groups of these com-
pounds faced each other in the cavity. Accordingly, G1a�G2a
was likely to be organized in 1Ag. The host–guest complexation
was supported by 1H DOSY, wherein the diffusion coefficients
of bound G1a and G2a were consistent with that of 1Ag (Fig. 4c).

To evaluate the structural feasibility of the host–guest com-
plexes, density functional theory calculations were carried out

Fig. 2 Selected region of the 1H NMR spectra (500 MHz, chloroform-d1,
298 K) of (a) 1 and (b) 1Ag.

Fig. 3 Selected region of the 1H NMR spectra (500 MHz, chloroform-d1,
223 K) of the mixture of capsule 1 (1.5 mM) and (a) G1a (15 mM), (b) G2a
(15 mM), and (c) G1a (15 mM) and G2a (15 mM) and the mixture of capsule
1Ag (1.5 mM) and (d) G1a (15 mM), (e) G2a (15 mM), and (f) G1a (15 mM) and
G2a (15 mM).
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using M1 and M1Ag, in which the long alkyl chains on the
lower rim were replaced with hydrogen atoms.59 The optimized
structures of G1a�G2aCM1 (Fig. S22a in ESI†) and G2a�
G2aCM1 (Fig. 5a) suggested that the homodimer fit well within
M1. For G1a�G2aCM1, the cavity must be squeezed to fit the
heterodimer, which involves folding the alkyl chains that con-
nect two cavitands; these movements cause an energetic pen-
alty, which should contribute to the selective organization of
G2a�G2aC1 over G1a�G2aC1.

Although the homodimer G2a�G2a could not fit within the
interior of 1Ag (Fig. 5b), which has a cavity height of 14.5 Å, the
heterodimer G1a�G2a was complementary to the interior of 1Ag; this
complementarity explains the selective formation of G1a�G2aC1Ag.

The regulatable structural features of 1 were studied in
solution. AgBF4 was added to a solution of 1 in chloroform-d1,

resulting in 1Ag. Then, tetraethylammonium iodide (NEt4I) was
added to expel the Ag+ cations from 1Ag as silver iodide
(Fig. S18 in the ESI†). This structural interconversion was
performed to induce in situ pair exchange between the homo
and heterodimeric forms. Fig. 6 shows the change in the
signals of the methyl groups of bound G1a and G2a. The
mixture of 1 and the guests showed signals corresponding to
bound G1a and G2a�G2a (Fig. 6a). When four equivalents of
AgBF4 in acetonitrile-d3 were added to the solution, two signals
assignable to G1a�G2aC1Ag were observed (Fig. 6b). The
decomplexation of 1Ag with 8 equivalents of NEt4I resulted in
the conversion of G1a�G2aC1Ag to (G1a)2C1 and G2a�G2aC1
(Fig. 6c), although the presence of coexisting acetonitrile-d3

influenced their relative ratio. The original spectrum was
recovered by the concentration of the solvents and then adding
chloroform-d1 (Fig. 6d). The changes in chemical shifts of the
bipyridyl arms (the blue broken lines in Fig. 6a–d) confirmed
that the cavity expanded and contracted. A series of experi-
ments showed that bound carboxylic acids underwent pair
exchanges in situ by complexation and decomplexation.

In conclusion, resorcinarene-based hemicarcerand 1, which
possesses bipyridyl arms, self-sorted the carboxylic acid pairs
by contracting and expanding the cavity through the complexa-
tion and decomplexation of Ag+ cations in solution. In the
expanded form, the homodimeric form of G2a or two molecules
of G1a were encapsulated, while the heterodimeric forms of
G1a and G2a were selectively organized in 1Ag.
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Fig. 4 (a) and (b) Selected region of the 2D NOESY spectra (500 MHz,
chloroform-d1) of the mixture of 1Ag (1.5 mM), G1a (15 mM) and G2a
(15 mM) at (a) 298 K and (b) 223 K. (c) DOSY spectra (500 MHz, chloroform-
d1, 298 K) of the mixture of 1Ag (1.5 mM), G1a (15 mM) and G2a (15 mM).
The blue and green filled circles denote bound G2a and G1a, respectively,
and the blue filled triangles denote unbound G2a.

Fig. 5 Optimized structures of (a) G2a�G2aCM1 and (b) G1a�G2aCM1Ag
at the B3LYP/6-31G(d) and B3LYP/6-31G(d)+LanL2DZ levels. Color
scheme: gray (carbon), white (hydrogen), blue (nitrogen), red (oxygen),
and pale gray (silver).

Fig. 6 Selected region of the 1H NMR spectra (500 MHz, chloroform-d1,
223 K) of (a) a mixture of G1a (10 mM), G2a (10 mM), and 1 (1.0 mM), (b)
after four equivalents of AgBF4 were added in acetonitrile-d3 (60 mL) to the
mixture, (c) after 8 equivalents of tetraethylammonium iodide in chloro-
form-d1 (40 mL) were added to the solution, and (d) after removal of the
solvents and dissolution of the resulting solid in chloroform-d1.
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