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Abstract: Anisotropic expansion of a spherical M2L4 coor-
dination capsule through the elongation of the ligand led
to a new M2L’4 capsule. The expanded capsule provides
an elliptical cavity encircled by polyaromatic frameworks
with large openings and thereby can encapsulate elliptical
fullerene C70 and monofunctionalized fullerene C60 in high
yields. In addition, selective formation of a new M2L2L’2
capsule occurs by mixing the original M2L4 and expanded
M2L’4 capsules in a 1:1 ratio upon addition of C60 or mono-
functionalized C60 as a template molecule.

Coordination-driven self-assembly has proven to be useful for
preparing three-dimensional molecular architectures with de-
signed functions.[1, 2] Simple elongation of organic ligands ena-
bles polyhedral coordination cages to enlarge their inner
space.[3] The host capability of the expanded cavities has been
intensively investigated, whereas the selective incorporation of
the original and elongated ligands into a single-cage frame-
work remains uncommon, but would be expected to exhibit
unknown host–guest behavior in the new cavity. M2L4 coordi-
nation cages and capsules are accessible molecular hosts pro-
viding a simple composition and highly symmetric framework,
so that copious amounts of the derivatives have been pre-
pared.[4] However, the “anisotropic” expansion of the cage
frameworks, as well as the elucidation of the host properties of
the expanded structures, has not been reported.[5–7] Herein, we
describe: 1) the anisotropic expansion of an M2L4 coordination
capsule by using an elongated organic ligand (L’) (Figure 1 a);

and 2) the encapsulation of fullerene C70 and monofunctional-
ized fullerene C60 by the expanded M2L’4 capsule in high yields.
Furthermore, we report 3) the selective formation of a new
M2L2L’2 capsule from a 1:1 mixture of the original M2L4 and ex-
panded M2L’4 capsules upon addition of C60 or monofunction-
alized C60 as a template (Figure 1 b).

Bispyridine ligand 1 with two embedded anthracene panels
(Figure 2 a) acts as a building block for the construction of
spherical M2L4 coordination capsules with various metal ions
(M = Zn, Pd, Pt, Ni, Co, Cu, and Mn).[8] Of them, PdII-linked M2L4

capsule 2 shows the quantitative encapsulation of large guest
molecules up to fullerene C60 (ca. 1 nm) in the spherical
cavity.[9] Herein, we designed new bent shaped bispyridine
ligand 3 by the replacement of the phenylene spacer in ligand
1 with a naphthylene spacer (Figure 2 b, c). In a manner similar
to ligand 1, the elongated ligand 3 forms M2L’4 coordination
capsule 4 upon treatment with PdII ions. As a result, small elon-
gation of the length of ligand 1 by 2.5 � leads to large aniso-
tropic expansion of the cavity volume of 2 by approximately
90 �3, which imports new capsule 4 to enhanced host
capability.

Elongated bispyridine ligand 3 was synthesized starting
from 2,7-dihydroxynaphthalene in 30 % overall yield (six steps;
Scheme S1 in the Supporting Information).[10] When a mixture
of 3 (12.8 mmol), [Pd2Cl2(DMSO)2] (6.5 mmol), and AgNO3

(16 mmol) in [D6]DMSO (0.5 mL) was stirred at 100 8C for three
hours, PdII-linked M2L’4 capsule 4 was formed quantitatively, as
confirmed by NMR spectroscopy and MS (Figure 3). In the NMR
spectrum, the apparent shifts of the pyridyl signals Hg-j are
characteristic of PdII–pyridine coordination, and the large up-
field shift of the naphthylene signal Hb (7.17 ppm, Ddmax =

�0.69 ppm) is indicative of the formation of a capsular assem-
bly (Figure 3 b, c). The 1H DOSY NMR spectrum showed the
presence of a single product with a diffusion coefficient (D) of
1.32 � 10�10 m2 s�1 (log D =�9.88).[10] The M2L’4 composition of
4 was established by ESI-TOF MS analysis: observed prominent
signals at m/z 1734.0, 1135.4, and 836.0 were assigned to the
[4�n·NO3

�]n + species (n = 2, 3, and 4, respectively ; Figure S16
in the Supporting Information). An isostructural PtII-linked cap-
sule was also formed under the similar conditions (Figur-
es S17–22 in the Supporting Information).

The formation of an M2L’4 coordination capsule and the suc-
cess in anisotropic cavity expansion were unambiguously evi-
denced by the X-ray crystallographic analysis of capsule 4. The
pale yellow single crystals were obtained by slow concentra-
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Figure 1. Cartoon representation of a) the anisotropic expansion of a coordi-
nation capsule through the elongation of the ligand and b) a coordination
capsule with mixed ligands.

Figure 2. a) Previous bispyridine ligand 1 and b) elongated bispyridine
ligand 3 reported herein. c) The optimized structure of 3 (DFT calculation,
B3LYP/6-31G* level, a side view).
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tion of a CH3CN/H2O (2:1) solution of 4 over one week. The
crystal structure shows that four molecules of ligand 3 are
bound to two PdII ions in a square-planer manner to form an
elliptical capsular structure with a virtual D4h symmetry (Fig-
ure 4 a–c). The capsule framework provides four openings with
diameters of 0.74–1.07 nm at the equatorial positions, which is
a sharp contrast to the closed-shell framework of previous cap-
sule 2 (Figure 4 d).[8a] The Pd�Pd distance of capsule 4
(1.61 nm) is longer than that of 2 (1.36 nm), whereas the

widths of their capsule cavities are quite similar (4 : 1.14 nm
and 2 : 1.12 nm).[11] The cavity volume of capsule 4 was calcu-
lated to be approximately 670 �3.[12] Therefore, we emphasize
that the cavity volume of capsule 2 could be anisotropically ex-
panded (DV�90 �3) through the small elongation (Dd = 2.5 �)
of ligand 1.

Molecular capsule 4 has a large elliptical cavity encircled by
polyaromatic frameworks with large openings and thereby en-
capsulated one molecule of elliptical fullerene C70 and mono-
functionalized fullerene C60 in high yields (Figure 5 a). When

a suspended acetonitrile solution (0.5 mL) of 4 (1.4 mmol) and
C70 (2.3 mmol) was stirred at 80 8C for three hours, a clear dark
brown solution of 4�C70 was obtained after filtration of sus-
pended C70. The structure of 4�C70 was unambiguously con-
firmed by NMR and MS analyses. In the 1H NMR spectrum, the
proton signals derived from the anthracene moieties of 4 were
significantly broadened owing to the restricted motion by effi-
cient aromatic–aromatic interactions between the multiple
polyaromatic panels and the encapsulated C70 (Figure 5 b).
Thus, the host–guest structure is stable enough even under
MS conditions: ESI-TOF MS analysis of the product exclusively
showed the prominent peaks assignable to the
[4�C70�n·NO3

�]n + (n = 4–2) species (Figure S28 in the Support-
ing Information). In addition, although C70 is insoluble in aceto-
nitrile, the dark brown acetonitrile solution of 4�C70 exhibited
broad UV/Vis absorption bands at 450–700 nm, arising from
C70 encapsulated in the cavity of 4 (Figure 5 d).[13]

Similar to the formation of 4�C70, capsule 4 accommodated
diethyl malonate-derivatized fullerene C60 (f-C60) to afford
a dark brown solution of 4�f-C60 in 86 % yield (Figure 5 a,d).
Expectedly, the 1H NMR spectrum of 4�f-C60 revealed desym-
metrization of the capsule framework due to the encapsulation

Figure 3. a) Schematic representation of the formation of expanded molecu-
lar capsule 4 and its cartoon representation. 1H NMR spectra (400 MHz,
[D6]DMSO, RT) of b) ligand 3 and c) capsule 4.

Figure 4. X-ray crystal structures of coordination capsules 4 and 2. a) Ball-
and-stick and b,c) space-filling representations (side and top views) of 4.
d) Space-filling representation of 2 (side view). The counteranions and sol-
vent molecules are omitted for clarity.

Figure 5. a) Schematic representation of the encapsulation of fullerene deriv-
atives within capsule 4 and the optimized structures of 4�C70 and 4�f-C60

(R = H) by force-field calculations without counterions. 1H NMR spectra
(400 MHz, CD3CN, RT) of b) 4�C70 and c) 4�f-C60 (*: free host). d) UV/Vis
spectra (CH3CN, RT, 0.6 mm) of 4, 4�C70, and 4�f-C60.
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of the guest with a bulky substituent, which penetrated one of
the four openings (Figure 5 c). The pyridyl signal Hh of the cap-
sule split into four signals from 9.07 to 9.68 ppm after binding
f-C60. The formation of 1:1 host–guest complex 4�f-C60 was
clearly elucidated by the ESI-TOF MS spectrum, in which prom-
inent signals were observed at m/z 2173.6, 1427.8, and 1055.6,
assigned to the [4�f-C60�n·NO3

�]n + species (n = 2, 3, and 4, re-
spectively; Figure S30 in the Supporting Information). The
three-dimensional host–guest structures of 4�C70 and 4�f-C60

obtained by force-field calculations are in good agreement
with the NMR and MS data (Figures 5 a and S44 in the Support-
ing Information).[12] In contrast, the encapsulation of C70 and f-
C60 by capsule 2 was not observed under various conditions.[14]

Unexpectedly, we found the guest-induced reorganization[15]

of expanded capsule 4 and original capsule 2 in the presence
of fullerene C60, leading to the sole formation of new capsule 5
(Figure 6 a). When capsules 4 and 2 (in a 1:1 ratio) were com-

bined in DMSO at 100 8C for 3 h, the complicated 1H NMR and
ESI-TOF MS spectra of products were obtained (Figure 6 b, d),
which indicates the generation of a mixture of M2L4, M2L3L’1,
M2L2L’2, M2L1L’3, and M2L’4 capsules. On the other hand, addi-
tion of fullerene C60 to the complex mixture in acetonitrile fol-
lowed by stirring the mixture at 80 8C for three hours resulted
in the quantitative formation of the 5�C60 complex with the
composition of Pd2·12·32�C60.[16] The ESI-TOF MS analysis of the
resultant solution showed a simple spectrum, in which promi-
nent signals were observed at m/z 2044.0, 1342.0, and 991.0,

assigned to the [5�C60�n·NO3
�]n + species (n = 2, 3, and 4, re-

spectively; Figures 6 e and S36 in the Supporting Information).
Peaks derived from other host–guest complexes and the
empty capsules were not observed. In the 1H NMR spectrum,
two sets of the pyridyl signals (Hh-j and Hh’-j’) and the pendant
methoxyethoxy signals (HA-C and HA’-C’) of 5�C60 were clearly
observed (Figures 6 c and S31 in the Supporting Information).
Because each of capsules 2 and 4 can quantitatively encapsu-
late one molecule of C60, the 5�C60 structure is a thermody-
namically favored product over the other possible
M2LnL’4�n�C60 structures (n = 0, 1, 3, and 4). The 5�C60 com-
plex, in principle, is able to generate two geometrical isomers,
cis- and trans-isomers, based on the coordination geometry of
the square-planar PdII center. Force-field calculations indicated
that the structure of the cis-isomer, which is an unusual
“Janus”-like capsule, is much more favorable than that of the
trans-isomer (DE =�22.2 kcal mol�1; Table S2 in the Supporting
Information).[10, 12] In addition, the combination of a 1:1 mixture
of capsules 2 and 4 with the monofunctionalized C60 (f-C60) led
to the selective formation of a 5�f-C60 complex (Figures S48
and 49 in the Supporting Information).

The strong encapsulation of the fullerene derivatives and
the selective rearrangement of the host frameworks most
probably stem from efficient host–guest aromatic–aromatic in-
teractions. Thus, neither host–guest interaction, nor frame rear-
rangement was observed by the treatment of the capsules
with aliphatic and small aromatic guests (e.g. , 1-acetyladaman-
tane and [2.2]paracyclophane) as well as anionic guests (e.g. ,
sodium tetraphenylborate) under the same conditions.

In summary, we presented the anisotropic expansion of
a spherical M2L4 coordination capsule with a polyaromatic an-
thracene shell through the simple elongation of the organic
ligand. The expanded M2L’4 capsule provides a large elliptical
cavity surrounded by polyaromatic frameworks with four open-
ings and thereby encapsulates elliptical fullerene C70 as well as
monosubstituted fullerene C60. More importantly, the guest-in-
duced reorganization of the expanded M2L’4 capsule and the
original M2L4 capsule occurs in the presence of C60 or mono-
substituted C60, which exclusively gives multicomponent
M2L2L’2 capsule. The preparation of new expanded M’2L’4 cap-
sules by using a variety of metal ions (M’) and the guest-in-
duced frame rearrangement of the M’2L’4 capsule and previ-
ously reported M’2L4 capsules[8] are currently under
investigation.
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Figure 6. a) Schematic representation of the C60-induced reorganization of
capsules 2 and 4 (R = H). 1H NMR spectra (500 MHz, CD3CN) of b) a complex
mixture of M2LnL’4�n (n = 0–4; RT); and c) 5�C60 (50 8C). ESI-TOF MS spectra
(CH3CN, RT) of d) the complex mixture and e) 5�C60.
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