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Hierarchically ordered homochiral metal-organic frameworks were
built from the CuII connecting point and the new (R)-6,6′-dichloro-
2,2′-diethoxy-1,1′-binaphthyl-4,4′-bis(p-ethynylpyridine) bridging ligand
(L). [Cu3L4(DMF)6(H2O)3(ClO4)][ClO4]5 · 10DMF · 10EtOH · 7H2O (1)
adopts a unique three-dimensional framework structure via
simultaneous interlocking and interpenetration of one-dimensional
ladders formed by linking rectangles of 24.8 × 48.6 Å2 in
dimensions, whereas [Cu3L5(DMF)8][ClO4]6 · 6DMF · 8EtOH · Et2O ·
6H2O (2) exhibits an interesting network topology by threading
two-dimensional coordination square grids with one-dimensional
coordination polymers.

Bipyridine-type ligands, Py-X-Py (Py ) pyridyl, X )
-CH2CH2-,1 -CHdCH-,2 -CtC-,3 -NdN-,4 phenyl
and biphenyl,5 and others6), have been widely used as link-
ers in the synthesis of numerous metal-organic frameworks
(MOFs). Such bipyridine ligands provide a convenient means
for fine-tuning structures and functions of the resulting MOFs
by simply modifying the spacer X. For example, the cavity
dimensions can be tuned by changing the size of X, whereas
the cavity shapes can be varied by changing the spacer shape
and/or the pyridyl nitrogen positions relative to X. Secondary
functionalities can also be incorporated into the X spacer to
lead to novel functional MOFs.7 Among the vast number of
reported MOFs based on bipyridine-type bridging ligands,
two-dimensional (2D) square and rectangular grids are the
most common structural motifs. Our interest in designing
catalytically active MOFs has led us to examine the utility

of various chiral bipyridine-type bridging ligands in the
construction of homochiral MOFs.7,8 Herein we report the
synthesis of two homochiral MOFs built from exceptionally
large rectangular (24.8 × 48.6 Å2) and square (24.8 × 24.9
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Å2) grids that are constructed from CuII centers and a new
chiral bipyridine (R)-6,6′-dichloro-2,2′-diethoxyl-1,1′-binaph-
thyl-4,4′-bis(p-ethynylpyridine) (L). These hierarchically
complex homochiral MOFs adopt a unique three-dimenional
framework structure via simultaneous interlocking and
interpenetration of one-dimenional ladders and an interesting
network topology by threading 2D coordination square grids
with one-dimensional (1D) coordination polymers, respec-
tively.9

Enantiopure L was synthesized by a Pd-catalyzed Sono-
gashira coupling reaction between 4-bromopyridine hydro-
chloride and (R)-4,4′-dialkynyl-6,6′-dichloro-2,2′-diethoxyl-
1,1′-binaphthyl (Scheme 1)10 and has been characterized by
NMR spectroscopy.

Blue crystals of [Cu3L4(DMF)6(H2O)3(ClO4)][ClO4]5 ·
10DMF ·10EtOH ·7H2O (1) were obtained by slow diffusion
of ethyl ether into a mixture of L and Cu(ClO4)2 ·6H2O in
EtOH/CHCl3/DMF at 4 °C for 1 week. A single-crystal X-ray
diffraction study11a revealed that the framework of 1 was
constructed from three crystallographically independent CuII

centers that are linked by four L ligands. Two of the three
CuII centers have distorted octahedral coordination environ-
ments by coordinating to three nitrogen atoms of three L
ligands, one DMF and two H2O molecules, or one aqua
ligand and one perchlorate anion. The third CuII center also
adopts a distorted octahedral coordination environment with
two pyridyl groups at the apical positions and four DMF
molecules at the equatorial sites.

The third CuII center serves to link two adjacent L ligands
to form the long edge of a rectangle (Figure 1a). The other

two CuII centers form the corners of an exceptionally large
rectangle of 24.8 × 48.6 Å2, which further extends into a
1D ladder-shaped polymeric structure. The neighboring
rectangular ladders interlock each other with strong π · · ·π
interactions between the naphthyl rings (the nearest C · · ·C
distance of 3.51 Å) and between the CtC bond and the
naphthyl ring (the nearest C · · ·C distance of 3.53 Å) to form
an interesting 2D lamellar framework that is running along
the c axis (Figure 1b,c). The interlocking 1D ladders further
interpenetrate with equivalent 1D ladders that are 46.6° from
each other (Figure 1d). The 1D ladder motifs in 1 are thus
simultaneously interlocking and interpenetrating with their
neighbors to form an interesting three-dimensional (3D)
framework structure with large voids that are filled with
perchloride ions and solvent molecules. The solvent- and
anion-accessible volume calculated with the PLATON pro-
gram12 is 14 074 Å3 (51.7% of the unit cell volume).
Thermogravimetric analysis (TGA) showed a weight loss of
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Scheme 1

Figure 1. (a) 1D ladders formed by linking rectangles of 24.8 × 48.6 Å2

in size. The long edge of the rectangle is formed by linking two L ligands
with the third CuII center. (b and c) Interlocking of the 1D ladders to form
a 2D network that runs along the c axis. (d) Interlocking of the 1D ladders
that are 46.6° from each other.
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26.0% between 20 and 242 °C, corresponding to the loss of
solvent molecules (expected 26.0%). Above 242 °C, 1 began
to lose coordinating DMF and H2O molecules.

When the same reaction mixture was kept at room
temperature for 1 week, blue crystals of [Cu3L5(DMF)8]-
[ClO4]6 ·6DMF ·8EtOH ·Et2O ·6H2O (2) were obtained. Com-
pound 2 crystallizes in a P1 space group with three CuII

centers and five L ligands in the asymmetric unit. Two of
the three CuII center atoms coordinate to four L ligands
(Cu-N ) 2.002-2.053 Å) and two DMF molecules (Cu-O
) 2.408-2.436 Å), while the third CuII center coordinates

to two L ligands at the axial positions (Cu-N ) 1.991-1.994
Å) and four DMF molecules in the equatorial positions
(Cu-O ) 2.027-2.308 Å).

The first two CuII centers are linked by the L ligands to
form large square grids (24.8 × 24.9 Å2), which further
extend into 2D lamellar frameworks (Figure 2a). The two
nearest 2D networks form a double lamellar pair through
strong π · · ·π interactions (with the nearest C · · ·C distance
between two neighboring naphthyl rings of 3.42 Å). The
distance between two 2D networks in each lamellar pair,
measured from the plane of copper atoms, is thus 5.0 Å,
while the distance of the nearest lamellar pairs is 8.1 Å. All
of these 2D square-grid layers thus stack in an · · ·ABAB · · ·
fashion with open channels of reduced size (13.8 × 20.8
Å2). Interestingly, these channels are occupied by 1D
coordination polymers formed by linking of the third CuII

centers with the L ligands (Figure 2b). The “threading” of
the 2D frameworks by the linear polymers (Figure 2c) is
stabilized by strong supramolecular contacts: the strong
π · · ·π interactions between the naphthyl rings (the nearest
C · · ·C distance of 3.28 Å), the pyridyl and naphthyl rings
(the nearest C · · ·C distance of 3.32 Å), and the triple bond
and the naphthyl ring (the nearest C · · ·C distance of 3.51
Å). Although the channels are filled with linear polymers,
there is enough space to accommodate numerous ClO4

- and
solvent molecules. PLATON calculations showed that the
solvent- and anion-accessible volume in 2 is 3985 Å3

(49.5%). TGA showed a weight loss of 18.0% at 20-240
°C, corresponding to the loss of all solvent molecules
(expected 18.2%). Above this temperature, 2 began to de-
compose gradually.

In summary, we have designed a new long chiral bipyri-
dine bridging ligand and have constructed hierarchically
ordered homochiral MOFs that exhibit simultaneous in-
terlocking and interpenetration of 1D ladders or unique
threading of 2D coordination square grids with 1D co-
ordination polymers. These results further illustrate the
utility of bypyridine-type ligands in the construction of
structurally interesting MOFs. Our current work focuses
on the design of catalytically active porous MOFs by
elimination of the factors that tend to reduce porosity.
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Figure 2. (a) View of the square grid formed by two of the three
independent CuII centers. (b) View of the 1D coordination polymer formed
by linking of the third CuII center with L. (c) Threading of the 2D lamallae
by 1D coordination polymers.
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