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Self-assembled molecular cages provide powerful platforms for
recognition, storage, and catalytic reactions.1 Many types of
molecules,suchasproteins,2-7polymers,8,9andmetalcomplexes,10-12

have been utilized as components of systems designed to regulate
the functions of the cages. Proteins are able to form large spherical
cages ranging from several tens to hundreds of nanometers. The
protein cages provide the capabilities of preparation and/or storage
of nanosized molecular materials such as metal nanoparticles,
enzymes, and polymers.4,13-15 For example, it has been demon-
strated that small heat shock protein (sHsp) containing a Pt
nanoparticle catalyzes the production of hydrogen gas.13 When one
horseradish peroxidase (HRP) molecule was encapsulated within
the cage of Cowpea chlorotic mottle virus (CCMV), the composite
maintained the oxidation activity of HRP.4 These results suggest
that protein cages could provide useful reaction spaces through
introduction of molecular catalysts into the cages.

Ferritin (Fr), a spherical protein composed of 24 subunits with
an 8 nm diameter interior space (Figure 1a,b), is capable of
accumulating up to 4500 iron atoms as ferric oxyhydroxides within
the cage.16,17 Metal ions and small organic molecules are able to
penetrate the 3-fold axis channels located at the intersections of
three subunits of apo-Fr (Figure 1c).18 apo-Fr has been used to
prepare inorganic materials such as quantum dots as well as
magnetic and catalytic nanoparticles.2,14,19-23 More recently, we
have demonstrated redox and Suzuki coupling reactions catalyzed
by ferrocene and Pd(allyl) complexes, respectively, with these
complexes deposited on the interior surface of apo-Fr.24,25 The
crystal structure of the Pd(allyl) · apo-Fr composite shows that
the Pd(allyl) complexes form thiol-bridged dinuclear complexes on
the interior surface of apo-Fr. These results suggest that apo-Fr is
a good candidate for immobilizing synthetic metal complex catalysts
and serving as a catalytic reaction space. In this paper, we present
polymerization reactions of phenylacetylene and its derivatives
catalyzed by Rh(nbd) (nbd ) norbornadiene)26,27 complexes
immobilized within the apo-Fr cage. Such polymerization reactions
occurring within a discrete space could provide polymers with
restricted molecular weight and a narrow molecular weight
distribution.

An acetonitrile solution of [Rh(nbd)Cl]2 (1 mL, 10 mM) was
treated with a recombinant L-chain apo-Fr from horse liver [10

mL, 10 µM in 50 mM Tris/HCl (pH 8.0), 0.15 M NaCl], and the
reaction mixture (9% acetonitrile aqueous solution) was stirred for
1 h at 25 °C. A small amount of acetonitrile was added to increase
the solubility of [Rh(nbd)Cl]2 in the reaction medium, as reported
previously.25 After dialysis against a 0.15 M NaCl aqueous solution,
the apo-Fr-containing Rh(nbd) complex (Rh(nbd) · apo-Fr) was
purified with a size-exclusion column (ÄKTA design, Superdex
G-200) to remove unbound Rh complexes. The quantity of Rh
atoms incorporated into Rh(nbd) ·apo-Fr was estimated by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES)
and bicinchoninate (BCA) analyses. These analyses showed that
57.5 ( 3.5 Rh atoms per apo-Fr were maintained within the cage.
When apo-Fr was treated with 200 equiv of RhCl3 instead of
[Rh(nbd)Cl]2 (100 equiv) under the same conditions, only 4.8 (
0.6 Rh atoms remained within apo-Fr. The large difference between
[Rh(nbd)Cl]2 and RhCl3 is expected to be due to an extremely slow
ligand-exchange rate of RhCl3 with water molecules.28 [Rh(nbd)Cl]2

complexes are expected to penetrate more smoothly into the cage
by the decomposition to mononuclear Rh(nbd) aqua complexes in
water.29

A crystal of Rh(nbd) ·apo-Fr was obtained by a hanging-drop
vapor diffusion method in the presence of cadmium ions, as reported
previously.25,30,31 The crystal structure of Rh(nbd) ·apo-Fr was
refined to 1.80 Å resolution, as shown in Figure 2a. The X-ray
data and refinement statistics are summarized in Table S1 in the
Supporting Information.32 The root-mean-square deviation of the
CR atoms of Rh(nbd) ·apo-Fr from that of apo-Fr (0.42 Å) indicates
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Figure 1. (a-c) Ribbon diagrams of L-ferritin taken from PDB entry
1DAT: (a) the 24-subunit assembled cage; (b) the inner cavity; (c) the 3-fold
axis channel. (d) Schematic representation of insertion of [Rh(nbd)Cl]2 into
the apo-Fr cage and polymerization catalyzed by the Rh(nbd) · apo-Fr
composite.
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that the overall structure of Rh(nbd) ·apo-Fr is quite similar to
that of apo-Fr.30 The anomalous maps indicate that the total
numbers of Rh and Cd binding positions per apo-Fr are 72 and
144, respectively (Figure 2a). Each of the three Rh atoms on each
ferritin subunit is located on the interior surface of the apo-Fr
molecule. One Rh atom (Rh1) is located at the 3-fold axis channel,
and the other Rh atoms (Rh2 and Rh3) are bound to the
accumulation center (Figure 2a,b). At the 3-fold channel, the Rh1
atom ligates to the Nε atom of His114 with a bond distance of 2.13
Å (Figure 2c). At the accumulation center, Rh2 is bound to Nε of
His49 with a bond distance of 1.93 Å (Figure 2d). Electron density
corresponding to the nbd ligand was not observed in the vicinity
of Rh1 and Rh2. The side-chain structures of Cys126 and Glu130,
which are located near Rh1, and of Glu53 and His173, which are
close to Rh2, were also not determined as a result of disorder. On
the other hand, the coordination structure of Rh3 is different from
the coordination structures of Rh1 and Rh2 because Rh3 is bound
not only to Oε of Glu45, Sγ of Cys48, and three water molecules
but also to an nbd ligand, which is in turn bound to Sγ of Cys48
(Figure 2e). This cross-link appears to stabilize the coordination
of the nbd ligand to the Rh3 atom. The unusual cross-linking of
cysteine has also been identified in a cofactor binding site of a
quinohemoprotein amine dehydrogenase.33 The reaction might
proceed through an intermediate induced by the coordination of
Rh(nbd) (Figure 2f).

The polymerization of phenylacetylene to afford polypheny-
lacetylene by employing Rh(nbd) ·apo-Fr was examined as fol-
lows: 3000 equiv of phenylacetylene monomer (1.5 mM) was added
to a 0.15 M NaCl aqueous solution of Rh(nbd) ·apo-Fr (0.5 µM)
in the presence of NaOH (0.3 mM), and the solution was stirred
for 3 h at 25 °C under an argon atmosphere; the color of the reaction

mixture subsequently changed from colorless to pale-yellow as a
result of the formation of polyphenylacetylene in the apo-Fr cage
(Figure 3a,b). This polymerization of phenylacetylene was promoted
by Rh(nbd) complexes incorporated in the cage of apo-Fr, because
apo-Fr without Rh(nbd) complexes did not catalyze the reaction
under the same conditions. On the other hand, the same reaction
catalyzed by [Rh(nbd)Cl]2 in the absence of apo-Fr (15 µM
[Rh(nbd)Cl]2 in 0.15% acetonitrile aqueous solution) produced
water-insoluble polyphenylacetylene (Figure 3c). The reaction
solution of Rh(nbd) ·apo-Fr and phenylacetylene monomer also
gave a typical UV-vis absorption spectrum attributed to polyphe-
nylacetylene in the 300-500 nm wavelength range (see the
Supporting Information).34 The size-exclusion column chromatog-
raphy (ÄKTA design, Superdex G-200) elution profile of the
Rh(nbd) ·apo-Fr after the polymerization showed coelution of
protein (280 nm) and polyphenylacetylene (383 nm) components
(Figure 3d). In addition, the elution volume of the peak was the
same as the elution volumes of Rh(nbd) ·apo-Fr and apo-Fr (Figure
3e,f). These results indicate that the polymerization of phenylacety-
lene proceeds in the apo-Fr cage and that the spherical 24-mer
assembly of Rh(nbd) ·apo-Fr maintains its structure during po-
lymerization. To evaluate the stereoregularity and molecular weight
of the resulting polymer in Rh(nbd) ·apo-Fr, the polymer was
extracted from the Rh(nbd) ·apo-Fr cage at pH 2, where the ferritin
molecule is dissociated into subunits, allowing easy extraction of
the polymer.35 Rh(nbd) ·apo-Fr afforded a cis-transoidal main
chain of polyphenylacetylene, as confirmed by the 1H NMR signal
of the cis-olefin proton at 5.84 ppm in CDCl3.

36 This cis-transoidal
configuration is identical to the configurations of polyphenylacety-
lenes produced by catalysis using Rh complexes.26,37,38 The
number-average molecular weights (Mn) of the polyphenylacetylene
polymers produced by catalysis using Rh(nbd) ·apo-Fr and [Rh(n-
bd)Cl]2 were estimated to be (13.1 ( 1.5) × 103 (Mw/Mn ) 2.6 (
0.3) and (63.7 ( 4) × 103 (21.4 ( 0.4), respectively, as determined
by size-exclusion chromatography using polystyrene as a standard
calibrant (see the Supporting Information). The results indicate that
the molecular weight distribution of the polymer prepared in the
Rh(nbd) ·apo-Fr cage is narrower than that obtained using [Rh(n-
bd)Cl]2 in the absence of apo-Fr. On the basis of the molecular

Figure 2. (a-e) Crystal structures of Rh(nbd) ·apo-Fr: (a) the whole
structure; (b) a subunit structure containing Rh atoms (greenish-blue spheres)
and Cd atoms (beige spheres); and close views of the coordination structures
of (c) the Rh1 binding site at the 3-fold axis channel and (d) the Rh2 and
(e) Rh3 sites at the accumulation center. Cys126, Glu130, Glu53, and His173
have been replaced by Ala residues because of the disordered electron
densities of the side chains. Anomalous difference Fourier maps at 4.0σ
indicate the positions of the Rh atoms as shown in magenta. The 2|Fo| -
|Fc| electron density maps are colored in blue at 1.0σ. (f) Proposed
mechanism of unusual cross-linking of Cys48 with Rh(nbd) of Rh(nbd) ·apo-
Fr at the Rh3 site.

Figure 3. Polymerization of phenylacetylene catalyzed by Rh(nbd) ·apo-
Fr. (a) Solution of Rh(nbd) ·apo-Fr prior to addition of phenylacetylene
(b) Reaction mixture of Rh(nbd) ·apo-Fr and phenylacetylene after stirring
for 3 h at 25 °C. (c) Reaction mixture of [Rh(nbd)Cl]2 and phenylacetylene
under the same conditions. (d-f) Elution profiles from size-exclusion
chromatography of (d) Rh(nbd) ·apo-Fr after the reaction, (e) Rh(nbd) ·apo-
Fr, and (f) apo-Fr. Elution was monitored at both 280 nm (black line) and
383 nm (red line).
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extinction coefficient of polyphenylacetylene at 383 nm,34,39 235
( 35 phenylacetylene monomers per each apo-Fr molecule were
converted to polyphenylacetylene. The Mn of the polyphenylacety-
lene produced by Rh(nbd) ·apo-Fr (13.1 ( 1.5 × 103) indicates
that the polymer is composed of 130 monomers. Thus, it is expected
that two polymer chains are formed within the discrete space of
apo-Fr. When 6000 equiv. of phenylacetylene monomers (3.0 mM)
were reacted with Rh(nbd) ·apo-Fr (0.5 µM) for 3, 6, 9, and 12 h,
320 ( 36, 541 ( 72, 729 ( 40, and 811 ( 95 monomers are
polymerized with Mn (9.4 × 103, 9.3 × 103, 8.3 × 103, and 10.0 ×
103) and Mw/Mn (2.4, 2.5, 2.1, and 2.4), respectively. The number
of phenylacetylene monomers at 12 h (811 ( 95 monomers, 5.0
M) is comparable to almost half concentration of neat phenylacety-
lene (1479 monomers, 9.1 M) in the apo-Fr cage. The value is
thought to be the saturated concentration in the apo-Fr because the
number is almost maintained even after 18 h (841 ( 101). The
results suggest that approximately eight polymer chains are formed
in the cage. Thus, the most of rhodium complexes in Rh(nbd) ·apo-
Fr can not serve as the catalysts of the polymerization. Surprisingly,
the molecular weight of the resulting polymer is independent of the
reaction time and the monomer concentration within the cage.
The regulation of the polymerization appears to be influenced by
the size and environment of the interior space of apo-Fr. Further
investigations are in progress to completely elucidate the mechanism.

In order to examine the scope of Rh(nbd) ·apo-Fr reactivity,
derivatives of phenylacetylene bearing carboxylic acid, phosphonic
acid, or amino groups were employed. The UV-vis spectral
changes in the polymerization of phenylacetylene derivatives
showed that monomers bearing carboxylic or phosphonic acid
substitutents were not polymerized by Rh(nbd) ·apo-Fr, although
a monomer with an amino group was polymerized under these
conditions. In the absence of apo-Fr, all of the phenylacetylene
derivatives are polymerized by [Rh(nbd)Cl]2 under these conditions
(see the Supporting Information). These results indicate that anionic
monomers encounter difficulties in penetrating into the Rh(nbd) ·apo-
Fr cage because of repulsion between the negative charges of the
monomer and the anionic interior surface of the 3-fold axis channel,
which consists of three aspartic acids and three glutamic acids
(Figure 1c).14

In summary, we have demonstrated that Rh(nbd) complexes
immobilized within the discrete space of apo-Fr can catalyze the
polymerization of phenylacetylene with restricted molecular weight
and a narrow molecular weight distribution in aqueous solution.
Moreover, just a few polymer chains are prepared within the apo-
Fr cage. The cage could be useful for investigating the behavior of
a single polymer chain isolated in a nano-sized space.
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