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Biological giant hollow structures, such as a family of spherical
viruses, have highly functionalized shell interior for efficient
interaction with substances (e.g., DNA) which are stored within
the shells.1 Contrary to this, the voids of artificial hollow compounds
are, in general, too small to be functionalized.2 Endohedral
functionalization is limited only to polymer materials, such as
mesoporous silica gel3 or micelles,4 which do not have well-defined
structures and shapes. Here, we report the 24-fold endohedral
functionalization of a large hollow coordination cage. The shell of
the cage consists of 12 metals and 24 ligands and has a roughly
spherical shape with the symmetry of cuboctahedron.5,6 Each ligand
has a bis(4-pyridyl)-substituted bent framework involving two
acetylene spacers. When complexed with Pd2+ ions, the ligand
assembles quantitatively into the M12L24 spherical complex. We
show that, by putting a functional group at the curvature of the
bent ligand, the 24 functional groups are precisely arrayed inward
within the spherical complex (Scheme 1).

To align 24 functional groups at the interior surface of the
spherical complex, we prepared ligand1aby the Sonogashira cross-
coupling reaction7 of 4-ethynylpyridine with 2,6-dibromotoluene.
When ligand1a (0.02 mmol) was treated with Pd(NO3)2 (0.01
mmol) in DMSO-d6 (1 mL) for 4 h at 70°C, the formation of a
single product was indicated by1H NMR spectroscopic analysis
(Figure 1). The five proton signals (Ha-e) agree with the formation
of spherical complex2a. The large downfield shifts of the protons
of pyridine rings (e.g.,∆δPyR ) 0.59 ppm) can be ascribed to the
metal-ligand complexation. After anion exchange from NO3

- to
OTf-, cold-spray ionization mass spectroscopy (CSI-MS)8 clearly
confirmed an M12L24 composition with the molecular weight of
11919 Da as evident from prominent peaks of [2a-(OTf-)m +
(DMSO)n]m+ (m ) 6-16, n ) 0-12). For example, in the 12+

region, the peak atm/z 870.1 was assigned to [2a-(OTf-)12 +
(DMSO)4]12+ (Figure 2). A clear AFM image was observed for2b
(Figure 3), strongly supporting the formation of a 4-5 nm-sized
molecular particle and revealing the stability of the complex under
AFM conditions.

In the endohedral functionalization of the M12L24 sphere, the
acetylene spacer of the ligand plays two important roles. First, the
acetylene spacer expands the cavity of the complex. The diameter
and the longest Pd-Pd distance of the sphere are 4.6 and 3.5 nm,
respectively, being considerably larger than those of the spherical
complex without the acetylene spacer.5 Second, the acetylene spacer
prevents the ligand from taking unfavorable nonplanar conforma-
tion, which is caused by steric repulsion between the pyridyl groups
and the core benzene ring when the acetylene spacer is absent. For
example, ligand3 having no acetylene spacer adopts twisted
conformation and does not assemble into the M12L24 complex upon
complexation with Pd(II) ions. At each Pd(II) center of the M12L24

complex, a perpendicular array of four pyridyl groups with respect
to the PdN4 plane seems to be essential to the self-assembly of the
spherical complex.

Thanks to the extraordinarily large cavity of the molecular sphere,
a variety of functional groups can be appended at the interior

Scheme 1. Self-Assembly of M12L24 Complexes with 24
Endohedral Functional Groups

Figure 1. 1H NMR spectrum of2a (500 MHz, DMSO-d6, 300 K, TMS).

Figure 2. CSI-MS spectrum of2a (CH3CN:DMSO ) 20:1, OTf- salt).
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surface. Ligand1b with a cyanophenyl appendix was assembled
into M12L24 sphere2b upon complexation with Pd(II). At the core
of 2b, 24 cyano groups were highly concentrated (Figure 4a),
potentially making possible the insulation of metal or metal oxide
clusters therein via cyano coordination. Sphere2c, assembled from
1cand Pd(II), included 24 photoresponsive azobenzene units (Figure
4b). A modeling study predicted considerable free volume change
of the cavity upon trans-cis isomerization (Figure 4c). Ligand1d
with an oligo(ethylene oxide) chain was assembled into sphere2d,
whose cavity was filled with a “pseudo-nanoparticle” of poly-
(ethylene oxide) (Figure 4d). This pseudo-nanoparticle, containing
120 ether oxygen atoms, has a well-defined structure with a
spherical shape (4.6 nm in diameter) and no size and molecular
weight distributions. The structures of2b-2d were reliably
characterized by1H NMR and CIS-MS (Supporting Information).9

Particularly interesting is that the poly(ethylene oxide) pseudo-
nanoparticle insulated within spherical complex2d absorbed metal
ions quite efficiently. When complex2d was mixed with rare earth
metal ions and alkaline earth metal ions,1H NMR spectroscopic
studies indicated the formation of metal-ethyleneoxide complex
inside2d. For example, when2d (0.83 mM) was mixed with La-
(OTf)3 (12 molar equiv) in CD3CN, outstanding downfield shifts

were observed for the signal of-CH3 (∆δ ) 0.13 ppm). In contrast,
the signals of the shell of2d remained almost unchanged. These
results indicated the selective binding of La(III) ions at the ether
oxygen atoms of the pseudo poly(ethylene oxide) core. The
complexation ratio of La(III) ion to each (OCH2CH2)4OMe chain
was estimated to be roughly 1:1 by the Job’s plot (Supporting
Information). This indicated that the sphere contained ca. 20 La-
(III) ions within the shell. Interestingly, the absorbed metal ions
were expelled by adding a coordinative solvent, such as DMSO.
Thus, upon the addition of DMSO (5 vol %), the broad signals of
the ethylene oxide chain were sharpened and the chemical shifts
of these protons became identical to that of La(III)-free2d in 5
vol % DMSO/CD3CN.

In summary, we have demonstrated the 24-fold functionalization
at the interior surface of a spherical complex. The facile endohedral
multi-functionalization is mainly indebted to two factors. The first
is the extraordinarily large cavity of the M12L24 spherical complex
that can accommodate 24 functional groups. The second is the
spontaneous and quantitative self-assembly of the spherical shell
from 36 components. By utilizing such a unique method for
“endohedral molecular coating”, well-defined nanospace surrounded
by various types of the interior surfaces can be provided at will, as
currently investigated in our laboratory.

Supporting Information Available: Preparation and physical
properties of1a-1d, 2a-2d, and Job’s plot of2d and La(III) ions.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 3. AFM image of2b on mica: (a) 3D image; (b) 2D image; and
(c) its height profile.

Figure 4. Molecular modeling of (a)2b, (b) 2c (trans form), (c)2c (cis
form), and (d)2d optimized by a force-field calculation with Cerius2 3.5.
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