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The construction of three-dimensional (3D) molecular
structures by linking two-dimensional (2D), planar organic
components through metal coordination provides a new
concept that is termed molecular paneling.[1] A family of 2D
components are coordinated by transition metals to give rise
to various hollow 3D polyhedral structures.[2±8] The triangular
exo-hexadentate ligand 2 has been recently shown to give
M18L6 hexahedral coordination capsule 4 by linking together
with PdII building block 1.[4b] This coordination capsule has a

very stable closed-shell structure which makes it difficult to
encapsulate guest molecules. We have designed another
molecular panel 3, which is similar to 2 but misses one
binding site, to prepare a hexahedral capsule with more
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flexibility that would allow guest encapsulation and release.
We show that, despite the lack of one binding site, ligand 3 is
assembled into a unique M15L6 hexahedral structure 5 without
the formation of any other positional isomers. An important
finding is that capsule 5 can encapsulate/exchange guest
molecules reversibly through the clefts at the nonbinding sites
of the capsule.[9]

When ligand 3[10] was treated with PdII complex 1 in D2O at
room temperature for 24 h we obtained a complex NMR
spectrum (Figure 1), from which the presence of 39 proton
signals was confirmed in the aromatic region. The observed
39 protons correspond to the total number of protons of three
ligands, which suggested the assembly of a (3L)n-type entity.
Since the only possible (3 L)n structure is a hexahedron, we
proposed an M15L6 composition with a hexahedral frame-
work. All the protons were fully assigned for three symmetri-
cally ligands by H ± H relay COSY and NOESY experi-
ments.[11] Furthermore, through-space correlation by NOESY
experiments made the connectivity of the six ligands clear. As
a consequence, the structure was assigned as 5. It is
remarkable that, of the many possible structures, only a single
isomer of a hexahedral structure was assembled from 21 small
components (15 metals and 6 ligands) and fully assigned by
NMR techniques alone.

The complex 5 was isolated as a colorless precipitate in
83 % yield by adding a large amount of EtOH to the reaction
mixture. The elemental analysis of 5 was consistent with a
formula of C144H198N90O90Pd15 ´ 25 H2O.

The hexahedral structure of 5 was unambiguously deter-
mined by an X-ray crystallographic analysis of a single crystal
of 5 (Figure 2). As expected, the crystal structure of 5
displayed the hexahedral M15L6 assembly with two non-
binding sites located around the apical corners and another
one situated on the equatorial corner (Figure 2 a ± c). As a
result, ligand 3 is placed in three different environments. In
the X-ray structure 28 out of the 30 nitrate anions of 5 were
found: five existed inside the capsule and the remaining were
outside.

Figure 2. The crystal structure of 5. Although two crystallographically
independent structures 5a and 5b are found in the solid state, only structure
5a is represented, except in (d). In (b) ± (d), the ancillary ethylenediamine
ligands on the Pd ions are omitted for clarity. The nonbinding sites are
emphasized with red-colored 3-pyridyl groups. a) The ball and cylindrical
representation of the front view; b) a view from an apical direction; c) a
view from the back side; d) the same view of structure 5b.

Interestingly, the X-ray analysis of capsule 5 showed the
presence of two crystallographically independent structures
(5a and 5b) for capsule 5. The difference between 5a and 5b is
that a 3-pyridyl group at the equatorial site flips outward in 5a
but inward in 5b (Figure 2 c, d). The large upfield shift of Hc at
d� 6.3 is most probably the result of the inward flipping of the

3-pyridyl group bearing Hc and suggests that
structure 5b is dominant in solution.

The size and the shape of complex 5 are almost
the same as those of 4. However, the striking
feature of capsule 5 is the presence of three clefts
at nonbinding sites. The clefts at the two apical
sites are relatively large (3.5 ± 5.0 �) but the cleft
at the equatorial site is almost closed. Thus, the
capsule may encapsulate small molecules
through the apical clefts (Figure 2 b).[9j] In fact,
the encapsulation of CBr4 was observed when
this guest was suspended in a solution of 5 in D2O
at room temperature. The facile complexation
was completed within 10 min, as monitored by
1H and 13C NMR spectroscopy (Figure 3). The
chemical shifts of the host were significantly
changed and, moreover, the entrapped CBr4 was
observed at d�ÿ26.9 in the 13C NMR spectrum.
The host ± guest ratio was estimated to be 1:2 by
inverse-gated 1H-decoupling 13C NMR spectros-
copy.[12] Guest encapsulation was also observed

Figure 1. 1H NMR spectra showing the formation of hexahedral capsule 5 (500 MHz, D2O,
TMS as external standard).
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Figure 3. 1H NMR spectra showing the reversible encapsulation of guests
by 5 (500 MHz, D2O, TMS as an external standard); a) complex 5 ;
b) complex 5 ´ (CBr4)2 formed upon the addition of 10 equivalents CBr4

(suspended); c) the spectrum after the addition of excess EtOH.

with similar small molecules such as CH2Br2 and CHCl3. The
formation of hydrophobic interactions in the capsule should
be the driving force for encapsulation. Thus, the addition of
ethanol to the aqueous solution of 5 ´ (CBr4)2 induced the
decapsulation of CBr4, as monitored by NMR spectroscopy
(Figure 3 c).[13]

Experimental Section

5 : Ligand 3 (7.9 mg, 0.025 mmol) was suspended in an aqueous solution
(0.7 mL) of 1 (20.3 mg, 0.07 mmol) and left to stand for 24 h at room
temperature. The addition of a large amount of EtOH to the mixture
precipitated 5 as a colorless powder (22.1 mg, 83%). M.p. 240 8C (decomp);
1H NMR (500 MHz, D2O, 25 8C): d� 2.90 ± 3.15 (m, 30 H), 6.24 (dd, J� 5.3,
6.1 Hz, 1 H), 7.65 (dd, J� 5.3, 6.1 Hz, 2H), 7.95 (s, 1H), 7.98 (s, 1H), 8.02 (s,
1H), 8.03 (d, J� 6.1 Hz, 1H), 8.12 (s, 1 H), 8.16 (s, 1 H), 8.22 (d, J� 6.1 Hz,
2H), 8.30 (s, 2H), 8.48 (d, J� 5.3 Hz, 1 H), 8.73 (s, 1H), 8.80 (s, 1 H), 8.81 (d,
J� 5.3 Hz, 2H), 9.29 (s, 2H), 9.59 (s, 1H), 9.85 (s, 2H), 10.05 (s, 2H), 10.06
(s, 1H), 10.07 (s, 1 H), 10.12 (s, 1H), 10.23 (s, 1 H), 10.31 (s, 1H), 10.37 (s,
1H), 10.43 (s, 2H), 10.45 (s, 1H), 10.46 (s, 1 H), 10.48 (s, 1H), 10.69 (s, 1H),
10.75 (s, 1 H), 10.76 (s, 1 H); 13C NMR (125 MHz, D2O, 25 8C): d� 47.4
(CH), 47.6 (CH), 47.7 (CH), 124.6 (CH), 125.0 (CH), 125.5 (CH), 126.3
(CH), 126.6 (CH), 127.0 (CH), 127.1 (CH), 127.9 (CH), 128.0 (CH), 128.4
(CH), 128.8 (CH), 129.2 (CH), 130.5 (Cq), 131.1 (Cq), 131.6 (Cq), 131.7
(Cq), 131.9 (Cq), 132.3 (Cq), 134.8 (Cq), 135.0 (Cq), 135.2 (Cq), 135.3 (Cq),
136.0 (Cq), 136.8 (Cq), 136.9 (Cq), 137.3 (Cq), 137.4 (Cq), 137.6 (Cq), 137.7
(Cq), 137.9 (Cq), 138.5 (CH), 138.6 (CH), 139.0 (CH), 149.4 (CH�2), 149.6
(CH), 150.7 (CH), 150.8 (CH �2), 158.5 (CH), 158.7 (CH), 158.8 (CH),
158.9 ± 159.0 (CH �4), 159.8 ± 160.3 (CH �9), 160.6 (CH), 160.9 (CH); IR
(KBr) 3480, 3210, 3100, 1610, 1431, 1380, 1080, 840, 725 cmÿ1. Elemental
analysis calcd for C144H198N90O90Pd15 ´ 25 H2O: C 25.91, H 3.74, N 18.88;
found: C 25.93, H 3.81, N 18.94.

X-ray structural analysis of 5 : The single crystal was obtained by the slow
diffusion of methanol into an aqueous solution of 5 at 20 8C for 7 days. A
single crystal of 5 (0.20� 0.15� 0.15 mm3) was mounted onto a glass fiber.
All measurements were made on a charge-coupled device (CCD) plate
area detector with graphite monochromated MoKa radiation. The data were
collected at 173(2) K. Crystal data for 5 : C144H198N90O90Pd15 ´ 57.5H2O ´
1.5 MeOH, Mr� 7309.91, triclinic, space group P1, a� 26.503(3), b�
30.887(3), c� 35.743(4) �, a� 85.468(2), b� 85.735(2), g� 89.850(2)8,
V� 29086(6) �3, 1calcd� 1.669 mgmÿ3, Z� 4, F(000)� 14 816, m(MoKa)�
1.016 mmÿ1, l(MoKa)� 0.71073 �, 189 592 reflections measured, 131 409
observed (I> 2s(I)), number of variables 6859, R1� 0.0867, wR2� 0.2189.
Crystallographic data (excluding structure factors) for the structure

reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-159454.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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