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Porous metal–organic frameworks (MOFs) have recently
received much attention owing to their potential applications
in several technological areas such as gas storage, separation,
and heterogeneous catalysis.[1] The modular nature of MOFs
means they are readily tunable and, as a result, the synthesis
of ideal, heterogenized single-site catalysts can be envisioned
from porous MOFs by a judicious choice of metal-connecting
nodes and/or bridging ligands.[2] Homochiral, porous MOFs
are particularly attractive candidates as heterogeneous asym-
metric catalysts for the economical production of optically
active organic compounds due to the lack of chiral, inorganic
zeolites.[3] Although we and others have recently provided
preliminary evidence for the potential utility of homochiral,
porous MOFs in enantioselective separation and catalysis,[4,5]

several key issues remain to be addressed before practical
applications of such materials can be realized. First, homo-
chiral MOFs with permanent porosity are still extremely rare,
even though there are now numerous reported examples of
porous, achiral MOFs with extremely high surface areas.[6]

Second, as yet there has been no study on the structural
integrity of homochiral MOFs under catalytic conditions.
Herein we report the design and synthesis of highly porous,
homochiral solids based on 1D MOFs and their single-crystal
to single-crystal transformations induced by solvent
exchange. Our results suggest that the framework integrity
of porous, homochiral MOFs can be maintained under typical
asymmetric catalytic reaction conditions.

Colorless hexagonal crystals of [CdL2-
(ClO4)2]·11EtOH·6H2O (1), where L is (S)-2,2’-diethoxy-
1,1’-binaphthyl-6,6’-bis(4-vinylpyridine), were obtained by
heating a mixture of Cd(ClO4)2·6 H2O and L in DMF/o-
C6H4Cl2/EtOH at 70 8C for two days.[7] A single-crystal X-ray
diffraction study revealed that 1 crystallizes in the chiral
hexagonal space group P6222 and adopts a 1D polymeric
chain structure (Figure 1).[8] The adjacent CdII centers are
linked by two L ligands to form 46-membered macrocycles
with a Cd�Cd distance of 19.333(1) �. The rhombic macro-
cycle has an opening of approximately 19.3 � 19.3 �2. Each
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CdII center adopts a slightly distorted octahedral environment
by coordinating to four N atoms from four L ligands in the
equatorial positions and two O atoms of two crystallograph-
ically disordered ClO4

� ions in the axial positions. All the 1D
chains lie parallel to each other in the ab plane due to
interdigitation (Figure 1). These layer structures of 1 are
stabilized by strong p···p stacking interactions (the nearest
carbon-to-carbon separation is 3.360 � between neighboring
molecules). The 62 operation generates an …ABCABC…
stacking pattern for all the 1D chains along the c axis, as
shown in Figure 2. As expected, the 1D chains in the adjacent
layers along the c axis are rotated by 1208 with respect to each
other to create chiral, 1D pseudo-hexagonal channels of
16.77 � in dimension. There are no significant interactions
between adjacent layers. Calculations with PLATON show
that the effective volume for the inclusion is 4900.6 �3 per
unit cell, which is 53.6% of the crystal volume.[9] TGA
analysis indicated that a weight loss of 30.4 % occurs between
20 and 194 8C, which corresponds to the loss of all the ethanol
and water molecules (expected 30.4 %).

We measured the CO2 gas-sorption isotherm of 1 at 273 K
to evaluate its permanent porosity. A sample of 1 was
evacuated at 50 8C for 6 h under vacuum to remove the
included solvent molecules before CO2-adsorption measure-
ments were attempted. As shown in Figure 3, a significant
increase in the amount of CO2 gas adsorbed by 1 was
observed as the pressure of CO2 increased, thus indicating the

rapid diffusion of CO2 molecules into the channels. The
microporous surface area was calculated by fitting the
adsorption data to the Dubinin–Radushkevich (DR) equa-
tion. The microporous surface area of an evacuated sample of
1 is 1096 m2 g�1, while the microporous volume is 0.47 mL g�1.
This level of porosity is among the highest reported for
homochiral MOFs.

Whereas most applications of MOFs require only the
presence of permanent porosity, the framework structures of
homochiral MOFs need to be maintained in the presence of
exchangeable solvents if they are to find applications in
heterogeneous asymmetric catalysis. We therefore examined
the framework stability of 1 during solvent removal and
exchange processes. The X-ray diffraction pattern of 1
disappeared almost completely upon exposing the crystal to
air for 30 min at room temperature. Such a distortion of the
long-range order of homochiral MOFs upon solvent loss has

Figure 1. A view of the packing of the 1D polymeric chains in the ab
plane (top) and a space-filling representation of 1 with chiral, 1D
hexagonal channels (bottom).

Figure 2. Schematic (a) and space-filling (b) views of the 62-helical
arrangement of the 1D polymeric chains of 1 along the c axis. Sche-
matic (c) and space-filling (d) views of the 61-helical arrangement of
the 1D polymeric chains of 2a along the c axis.

Figure 3. CO2 gas-adsorption isotherm for an evacuated sample of 1
at 273 K.
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previously been observed in chiral, lamellar metal phospho-
nates.[10]

Interestingly, however, the X-ray diffraction patterns
could be readily regenerated by submerging amorphous
evacuated samples of 1 in either EtOH or benzene for
30 min. We also noticed that many crystals of 1 fractured into
smaller pieces (while maintaining the same hexagonal mor-
phology) after being submerged in EtOH or benzene for
30 min. In order to rule out the possibility that 1 may have
undergone recrystallization due to the dissolution of the
building blocks in EtOH or benzene, we carried out the
solvent removal and exchange processes by exposing samples
of 1 to air, EtOH vapor, or benzene vapor. After exposure of
a crystal of 1 to benzene vapor for 12 h, no change in the
morphology, size, or transparency of the crystal was observed
under a microscope. An X-ray diffraction study, however,
revealed that the benzene-exposed crystal (2a) has a formula
of [CdL2(ClO4)2]·2 C6H6·7 EtOH·4H2O as a result of the
exchange of some of the ethanol and water guest molecules
by benzene molecules. The unit-cell size of the crystal doubles
as a result of the doubling of the c-axis in 2 a, and the space
group of 2a is P6122 instead of P6222 for 1 (Table 1). The most

significant structural difference between 1 and 2a lies in the
relative orientation of the ethoxy groups of the ligands L and
the coordinating perchlorate groups, and the relative orien-
tation of the 1D polymeric chains. As a result of these
changes, the 1D polymeric chains stack in an …ABCDE-
FABCDEF… pattern along the c axis in 2a instead of the
…ABCABC… pattern in 1 (Figure 2). Unlike 1, which has all
the macrocycle planes parallel to the ab plane, the macrocycle
planes in 2a are slightly tilted away (by 0.28) from the ab
plane.[11]

Exposure of 2a to benzene vapor for another 24 h caused
more of the ethanol guest molecules to be replaced by
benzene molecules, which results in a new crystal of the
formula [CdL2(ClO4)2]·4 C6H6·3 EtOH·4H2O (2b). Complex
2b is structurally very similar to 2a except that different
numbers of solvent molecules are included. Further exposure
of 2b to benzene vapor resulted in complete replacement of
EtOH by benzene to afford a new crystal of the formula
[CdL2(ClO4)2]·6 C6H6·H2O (3). Interestingly, the space group
of the resulting crystal 3 is now P6222 again and the packing of
the 1D polymeric chains in 3 is essentially identical to that of
1. The only difference between 1 and 3 lies in the inclusion of
different solvent molecules. We also prepared samples of 3 by

an entirely different route by slow diffusion of a solution of L
in benzene into a solution of Cd(ClO4)2 in methanol.

Because the solvent-exchange processes are carried out in
the presence of solvent vapors (with no condensed liquids),
we believe that no dissolution of the MOFs occurs. The
solvent exchange and accompanying structural transforma-
tion is thus a single-crystal to single-crystal process. Although
several examples of single-crystal to single-crystal trans-
formations were reported for achiral MOFs very recently,[12]

this is the first example where chiral MOFs exhibit a single-
crystal to single-crystal structural transformation induced by
solvent exchange.

The structural transformation 1Q2Q3 is totally reversible.
For example, a crystal of 3 can be transformed into 2’ and then
1’ by exposing 3 to ethanol vapor for varying amounts of time;
the corresponding structures were verified by single-crystal
X-diffraction studies. To eliminate the ambiguity of the
solvent identities from X-ray diffraction studies, we also
monitored the solvent-exchange processes by 1H NMR
spectroscopy. With an acetone internal standard and CD2Cl2

as the solvent, we determined that a freshly prepared sample
of 1 contains 11 EtOH molecules per formula unit, which is
consistent with the X-ray diffraction results (see Supporting
Information). After exposure of 1 to benzene vapor for 12 h,
crystals of 2 contain two benzene and 6.4EtOH molecules, as
determined by NMR integrations. Further exposure of 2 to
benzene vapor for 48 h resulted in complete exchange of
EtOH with benzene guest molecules. The reverse solvent-
exchange processes 3!2’!1’ were also confirmed by
1H NMR spectroscopy.

In summary, we have successfully constructed homochiral
MOFs based on 1D polymeric chains. As schematically
summarized in Figure 4, removal of the included solvent
molecules from these MOFs leads to homchiral solids with
permanent porosity and framework integrity. These homo-
chiral MOFs undergo interesting reversible single-crystal to
single-crystal structural transformations that are induced by
solvent exchange. These results lend support to the notion
that the framework structures of homochiral MOFs can be
maintained during potential heterogeneous asymmetric cata-
lytic reactions, and that true heterogeneous asymmetric
catalysts can therefore be built from homochiral MOFs.

Experimental Section
1: A mixture of Cd(ClO4)2·6H2O (4.2 mg, 0.01 mmol), L (5.5 mg,
0.01 mmol), CHCl3 (2 mL), o-C6H4Cl2 (1 mL), and EtOH (1 mL) in a
small, capped vial was heated at 70 8C for two days. Colorless crystals
of 1 were isolated by filtration, washed with EtOH and Et2O, and
dried at room temperature. Yield: 5.8 mg (57.3% based on L).
Elemental analysis (%) calcd. for 1: C 58.2, H 7.07, N 2.77; found: C
60.4, H 4.24, N 3.43 (microanaylsis results are not informative owing
to the ease of solvent loss). IR (KBr pellet): ñ = 3462 (m), 3251 (w),
3085 (w), 2978 (w), 1605 (s), 1506 (m), 1468 (m), 1383 (w), 1327 (w),
1244 (m), 1203 (w), 1173 (w), 1108 (s), 1050 (m), 963 (w), 920 (w), 862
(w), 818 (w), 788 (w), 624 (m), 564 (w), 518 cm�1 (w).

NMR studies: A freshly prepared sample of 1 was exposed to
benzene vapor. After 12 h, 13.2 mg of the benzene-exposed sample
(2) was loaded into an NMR tube. A defined amount of acetone (ca.
1 mL) was added as the internal standard, followed by the solvent
CD2Cl2. The absolute amounts of EtOH and benzene were deter-

Table 1: Selected crystallographic data for 1, 2a, 2b, 3, 2’, and 1’.

Compound Space
group

a [�] c [�] V [�3] Solvent content[a]

1 P6222 19.333 28.252 9145.1 11EtOH·6H2O
2a P6122 19.442 55.939 18312.0 2C6H6·7EtOH·4H2O
2b P6122 19.438 55.937 18304.3 4C6H6·3EtOH·4H2O
3 P6222 19.477 28.277 9289.8 6C6H6·H2O
2’ P6122 19.431 55.968 18300.7 2C6H6·7EtOH·2H2O
1’ P6222 19.254 28.326 9094.2 11EtOH·2H2O

[a] The solvent content is given per formula unit of [CdL2(ClO4)2].
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mined by integration of the signature peaks. Similar NMR studies
were carried out on 3 and samples of 1 and 2 that were prepared by
exchanging the benzene guest molecules of 3.
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Figure 4. Schematic representation of the reversible single-crystal to
single-crystal and single-crystal to amorphous to single-crystal transfor-
mation processes between 1, 2, and 3.
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