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Self-assembled coordination polymers with well-defined
channels or pores have attracted intense interest as micro-
porous frameworks in which to carry out spatially confined
reactions that are potentially catalyzed by functional appen-
dages projecting to the inside of a framework structure.[1±8]

Accordingly, noninterpenetrating square-grid (or rectangular-
grid) polymers are an important class of networks that have
predictable openings and can accommodate guest molecules
that meet size-exclusion criteria.[9, 10] A challenge has been to
modify such square-grid polymers through the incorporation
of chiral moieties and allow their use in chiral recognition
applications.

A large number of square-grid polymers are known, which
were initially based on cyano ligands, and more recently have
been based on N,N�-bipyridine-type ligands.[11] Many of these
form interpenetrating frameworks that preclude their use as
porous materials. There are, however, a fair number of
noninterpenetrating square-grid coordination polymers, and
Zaworotko recently classified their structures based on the
stacking of the grids.[11] N,N�-bipyridine-type ligands are
convenient linkers for achieving square-grid architectures
with predictable grid dimensions, as demonstrated by Fujita
et al. using 4,4�-bipyridine (1) to form [{[Cd(1)2(H2O)2]-
(NO3)2}n]. More recently the longer 4,4�-bis(4-pyridyl)biphen-
yl (2) ligand in [{[Ni(2)2(NO3)2] ¥ 4o-xylene}n] was reported by
the same group. The latter polymer, for example, had grid
dimensions of 20� 20 ä2, making it the largest at that time.[12]

The stacking of the grids, in the case of noninterpenetrating
frameworks, further determines the maximum accessible
channel size that can be achieved in such systems. While it
has been suggested, based on existing systems, that longer
ligands will favor the formation of interpenetrating over
noninterpenetrating grid structures,[13] it appears that the
attachment of side chains that project perpendicular from the
linker, can inhibit interpenetration and enable the formation
of large square grids with infinite channels.[14]

An important issue in such noninterpenetrating square-grid
systems is to achieve control over the size of the channels,
which can be effected by using two N,N�-bipyridine ligands of

different lengths[9] or by modifying the ligand to effect the
shape of the grid. We decided to employ the latter strategy
and modified the ligand to gain control over the physical
dimensions of the grid and, more importantly, gain control
over the internal chemistry of the channels. Herein, we report
the synthesis[15] of two new types of very long, N,N�-
bipyridine-based ligands containing side chains that project
perpendicular to the linking direction: 9,9-diethyl-2,7-bis(4-
pyridylethynyl)fluorene (3), and chiral 9,9-bis[(S)-2-methyl-
butyl]-2,7-bis(4-pyridylethynyl)fluorene (4), and their use in
the formation of noninterpenetrating square-grid polymers
containing chiral and nonchiral chemical environments in
large channels. Treatment of 3 or 4 with copper nitrate in
ethanol leads to exceptionally large, noninterpenetrating,
square-grid polymers with grid dimensions of 25� 25 ä2.

Single crystals of [Cu(3)2(NO3)2] (5) were grown by care-
fully layering a solution of Cu(NO3)2 ¥ 3H2O ((8.0 mg,
0.033 mmol) in ethanol (1.65 mL) onto a solution of 3
(28.0 mg, 0.066 mmol) dissolved in dichloromethane
(2.0 mL). Crystals of [Cu(4)2(NO3)2] (6) were grown using a
similar procedure: Cu(NO3)2 ¥ 3H2O (6.0 mg, 0.025 mmol)
was dissolved in ethanol (1.0 mL) and the solution was
layered onto 4 (24.8 mg, 0.05 mmol) dissolved in dichloro-
methane (2.0 mL); crystals were obtained after two days.

The noninterpenetrating square-grid structure of 5 is
depicted in Figure 1a.[16] The short side chains of the ligand
lead to an open-grid space, in particular as the ligand
orientation alternates with the fluorene group rotated by
approximately 90� on opposing sides of each grid, projecting
the side chains parallel and perpendicular to the plane of the
grid. The grid dimension is 25� 25 ä2, making it, we believe,
the largest known noninterpenetrating grid to date. While
interpenetrating square-grid polymers are typically nonpo-
rous since all available space is filled by the interpenetration,
even large noninterpenetrating square-grid polymers, such as
the above-mentioned [{[Ni(2)2(NO3)2] ¥ 4o-xylene}n] can have
reduced porosity due to the stacking of the grids; in which
case the 20� 20 ä2 openings are reduced to 10� 20 ä2. In the
case of 5 the ABAB stacking of the layers (Figure 1b; B-type
grid[11]) generates reduced, yet still very large infinite channels
of dimensions 16� 16 ä2. The solvent-accessible volume
calculated with the PLATON program[17] is 5115.1 ä3, or
54.1% of the volume of the unit cell. Although not filled by
the side chains, the channels are occupied by a sea of
disordered solvent molecules and nitrate anions, which could
not be defined crystallographically. A view parallel to four
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Figure 1. a) Single square-grid layer of [Cu(3)2(NO3)2] (5). The fluorene
group is rotated by approximately 90� on opposing sides of each grid,
projecting the side chains parallel and perpendicular to the plane of the
grid. The ligand is shown in blue and the copper atoms in red. b) Stack of
four square grid layers. The grids stack in an ABAB fashion, creating large
infinite channels of dimensions 16� 16 ä2. c) A view parallel to four
adjacent stacked grids shows that the grids are virtually planar.

adjacent stacked grids (Figure 1c) shows that the grids are
virtually planar.

The major accomplishment using these fluorene-based
ligands, however, is the formation of the chiral system 6
(space group P21), using the chiral ligand 4. There are several
strategies to generate chiral systems: 1) starting with the use
of achiral components to make chiral structures,[18±20] 2) the
use of chiral ligands in molecular squares and their aggrega-
tion into chiral clusters,[21] and 3) the use of helical chains[22] or
helical frameworks;[23±25] the work described herein extends
the concept of chiral molecular square complexes, assembled
by using chiral ligands, to polymeric structures and, to the best
of our knowledge, 6 is the first chiral noninterpenetrating
square-grid coordination polymer.

The structure of the grid of 6 is shown in Figure 2a, and the
ABCABC stacking of the layers in Figure 2b. In 6, by contrast
with 5, the fluorene groups maintain the same orientation on
all grid sides. This forces the R groups to project into the grid,
thus taking up more space than in 5 and thereby significantly
reducing the channel size. The grid dimension is still 25�
25 ä2; however, the ABCABC stacking significantly reduces
the accessible channel dimension to about 8� 8 ä, which is
also reflected in a greatly diminished solvent-accessible
volume of 423.2 ä3 (11.8% total unit cell volume) compared
to 5. Unlike 5, the grid plane of 6 is not planar and in Figure 2c
the undulation can be clearly seen.

The existence of this chiral and porous system suggests
future opportunities for chiral selectivity of host molecules

Figure 2. a) Single square-grid layer of [Cu(4)2(NO3)2] (6). The fluorene
groups maintain the same orientation on all grid sides, forcing the side
chains to project into the grid. b) Stack of four square-grid layers. The grids
stack in an ABCABC fashion, creating infinite channels of dimensions 8�
8 ä2. c) A view parallel to four adjacent stacked grids shows that the grids
are not planar but undulate.
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and even, potentially, chiral-selectivity for reactions that
might benefit from taking place inside spatially confined
channels and its local chemical environment. The use of the
new ligand 4 represents a proof-of-concept in this respect, as
we have generated the new noninterpenetrating grid 6, in
which the organic side chains project inward. This illustrates
an exciting aspect of this square-grid family, namely that it can
potentially be further modified to be functional and space-
specific. That is, by using different polar or nonpolar groups,
the amount of space in the channel should be controllable–
while the noninterpenetrating square-grid frameworks are
maintained. One can readily envision their use for size-
exclusion chemistry, for reactions that are promoted by
reactant proximity,[3, 4] and for those catalyzed by the local
chemical environment. Work towards these goals is underway
and will be reported in the near future.
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