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Chiral L-malate and achiral succinate ligands have been integrated
into a three-dimensional homochiral framework by reacting transi-
tion-metal cations (Mn2+), L-(-)-malic acid (L-H2ma), succinic acid
(H2suc), and 4,4′-bipyridine (4,4′-bipy). Chiral L-malate bonds to
Mn2+ without using the -OH group, which is very unusual for
malate. Such unusual bonding of chiral malate results from the
cooperative effect of chiral malate and achiral succinate ligands
during the self-assembly process, further assisted by the third
complementary bipyridine ligand.

Crystalline microporous and open-framework materials
with chiral framework are of interest because of their
potential applications in enantioselective processes such as
catalysis and separation.1-5 Recent successes with metal-
organic framework (MOF) materials have opened up new
routes toward the synthesis of homochiral solids because
enantiopure organic building blocks can be directly integrated
into the framework to generate a homochiral environ-
ment.6-12 However, while this method appears to be
conceptually simple, the practical synthesis of bulk homo-

chiral materials remains a significant challenge, as evidenced
by the small number of three-dimensional (3D) bulk homo-
chiral materials among numerous known MOF materials.1-12

One synthetic strategy that has enjoyed some successes is
the use of the dual-ligand approach. In this approach, the
formation of neutral homochiral metal carboxylate substruc-
tures (e.g., clusters, chains, or sheets) is coupled with cross-
linking or pillaring by auxiliary achiral neutral bipyridine
ligands, leading to 3D homochiral frameworks.5a,d

Here we report a different strategy for the creation of bulk
homochiral materials: chirality doping. With this strategy, a
chiral carboxylate is used in conjunction with an achiral
ligand. With the exception of the chirality property, other
features of two ligands are chosen to be as close as possible
to promote the integration of two ligands, which will result
in the doping of chirality into an otherwise achiral frame-
work.

In this work, to enhance the probability for the formation
of a 3D framework (rather than low-dimensional layered or
chain-type structures), we combine our chirality doping
strategy with the previously used dual-ligand method, which
results in a special type of triligand strategy that integrates
transition-metal cations, L-(-)-malic acid ()L-H2ma), suc-* To whom correspondence should be addressed. E-mail: xbu@csulb.edu.
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cinic acid ()H2suc), and 4,4′-bipyridine ()4,4′-bipy) ligands
(Scheme 1).

Here we report two homochiral compounds, [Mn2(L-
ma)0.4(suc)1.6(4,4′-bipy)2(H2O)2] · 4,4′-bipy (1) and [Mn(L-
ma)(4,4′-bipy)(H2O)] ·3H2O (2), which were obtained through
the use of the above chirality-doping and triligand strategy.13

Compounds 1 and 2 were prepared as a mixture from the
same synthesis batch. The enantiopure L-malate ligand is
incorporated into both frameworks; however, the succinate
ligand is only in compound 1. It is worth noting that L-malate
exhibits different coordination modes in two structures. In
2, L-ma exhibits the commonly observed bonding mode in
which its R-hydroxyl group participates in the bonding to
metal cations because of the chelating effect involving five-
membered rings formed from -OH, -COO-, and Mn2+

(Scheme 2). In contrast, in compound 1, L-ma bonds to metal
cations using only carboxylate groups. Such a bonding mode
is extraordinary for the malate ligand. The unused R-hydroxyl
group may provide interesting chemical functionality. Com-
pound 1 is also quite unusual, because it is a very rare
homochiral 3D framework that is assembled using three
different organic ligands with both similar and complemen-
tary features.

Compound 1 crystallizes in the chiral space group P21 and
has a homochiral framework templated by the organic 4,4′-
bipy molecules.14 The dual function of 4,4′-bipy (i.e., cross-
linker and extraframework structure-directing agent) is
another interesting feature of this work. The most unprec-
edented structural feature of 1, however, is the coexistence

of the L-ma and suc ligands. In the asymmetric unit of 1,
there are two sites for the carboxylate ligand. One site is
occupied by the suc ligand only, while the other site is
occupied by 40% chiral L-malate and 60% achiral succinate
(Figure 2). To further verify the occupancy, the X-ray data
collections were performed with two different crystals. The
crystallographic refinement gives the occupancy of L-malate

(13) Synthesis of Mn2(L-ma)0.4(suc)1.6(4,4′-bipy)2(H2O)2 ·bipy (1) and Mn(L-
ma)(4,4′-bipy)(H2O) · 3H2O (2): Manganese nitrate (0.0768 g),
sodium carbonate (0.0756 g), L-malic acid (0.0693 g), succinic acid
(0.0623 g), 4,4′-bipyridine (0.0802 g), and ethanol (2.0237 g) plus
distilled water (2.0185 g) were mixed in a 15-mL glass vial, and
the mixture was stirred for 20 min. The vial was then sealed and
heated at 120 °C for 5 days. The glass vial was subsequently
allowed to cool to room temperature, and crystals formed after 48 h.
The final pH was 6.53. Transparent prism-shaped pale-yellow
crystals (1) and plate-shaped colorless crystals (2) were obtained
in approximately the same amount.

(14) Crystal data for 1: C38H36Mn2N6O10.4, Mr ) 854.61, monoclinic, space
group P21, a ) 8.8061(3) Å, b ) 17.9304(7) Å, c ) 11.6984(4) Å, �
) 100.884(2)°, V ) 1813.91(11) Å3, Z ) 2, Flack parameter ) 0.02(2),
R1 (wR2) ) 0.0429 (0.0917), and S ) 1.042 for 4906 reflections with
I > 2σ(I). Crystal data for 2: C14H11MnN2O9, Mr ) 406.19, monoclinic,
space group P21212, a ) 21.6208(4) Å, b ) 8.3474(2) Å, c )
11.6482(2) Å, V ) 2102.24(7) Å3, Z ) 4, R1 (wR2) ) 0.0773
(0.2223), and S ) 1.067 for 2704 reflections with I > 2σ(I).

Scheme 1. Two Ligands Used for Synthesis

Scheme 2. Two Types of Coordination Modes of the L-ma Ligand
Found in 1 (a) and 2 (b), as Well as the Coordination Mode of the suc
Ligand Found in 1 (c)

Figure 1. (a) Coordination environment in 1. (b) Homochiral 2D layer
with a 4.82 net in 1, showing the hydrogen-bonding interactions [O-H · · ·O
distance ) 2.683(13)Å] between the R-hydroxyl O atom (O5) of the L-ma
ligand and the carboxylate O atom (O9) of the suc ligand. (c) Homochiral
3D framework of 1, showing the guest 4,4′-bipy molecules in the ball-and-
stick mode.
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(measured by the site occupancy of the hydroxyl group) at
39.4% and 39.7%.

As shown in Figure 1a, two crystallographically indepen-
dent Mn centers have similar [MnO4N2] octahedral geom-
etries. However, the Mn1 center is surrounded by two L-ma/
L-suc ligands and one suc ligand, and the Mn2 center is
surrounded by one L-ma/L-suc ligand and two suc ligands.
Notably, the R-hydroxyl group of the L-ma ligand in 1 does
not participate in metal-ligand coordination. Only two
carboxylate groups of the L-ma ligand coordinate to three
Mn centers (Scheme 2). The suc ligand exhibits a µ3-bridging
mode similar to that of the L-ma ligand. These two types of
µ3 linkers connect the Mn centers into a 2D layer parallel to
the ab plane (Figure 1b). In the layer, the homochiral
[Mn(ma)]n chain and the achiral [Mn(suc)]n chain are
alternately arranged. This layer can be topologically repre-
sented as the three-connected 4.82 net.

Two-thirds of 4,4′-bipy ligands act as pillars to join
[Mn2(L-ma)(suc)]n layers into a 3D framework into a
previously known topology (Figure 1c).15 The remaining one-
third of 4,4′-bipy ligands serve as the extraframework
structure-directing agent.

Compound 2 also crystallizes in the chiral space group
P21212 and exhibits a hydrogen-bonded network based on
1D homochiral [Mn(ma)]n connectivity.14 In 2, the asym-
metric unit contains one Mn atom, one L-ma ligand, one 4,4′-
bipy ligand, one aqua ligand, and three guest water molecules
(Figure 3a). The Mn ion adopts a distorted octahedral
geometry as it coordinates with three O atoms from two
individual L-ma ligands, one aqua ligand, and two N atoms
from two 4,4′-bipy ligands. The L-ma ligand in 2 is a µ2

linker with one uncoordinated carboxylate group. It provides
one carboxylate O atom (O1) and the R-hydroxyl O atom
(O5) to chelate the Mn2+ ion and simultaneously uses another

carboxylate O atom (O2) to coordinate another Mn2+ ion.
Such µ2-bridging L-ma ligands connect the Mn2+ ions into a
homochiral [Mn(ma)]n chain along the b axis (Figure 3b).
The resulting chains are bridged by the 4,4′-bipy ligands via
Mn-N coordination, generating a 2D layer parallel to the
bc plane (Figure 3c).

It is interesting to note that the uncoordinated carboxylate
group of the L-ma ligand is deprotonated and forms hydrogen
bonds with the R-hydroxyl group of another L-ma ligand.
Between two L-ma ligands from two adjacent [Mn(ma)]n

chains, two O-H · · ·O hydrogen bonds, with the O · · ·O
distance being 2.757 Å, are formed, as shown in Figure 3d.
This leads to the formation of the 2D homochiral hydrogen-
bonded layer parallel to the ab plane. The layers are further
pilled up by the 4,4′-bipy ligands, which generates a 3D
hydrogen-bonded network with 1D channels along the b axis
(Figure 3e). The dimensions of each channel are about 9.1
× 11.6 Å2. The solvent-accessible volume of the main
framework is approximately 730.8 Å3 per unit cell volume,
and the pore volume ratio is calculated to be 34.8% using
the PLATON program. These channels are filled with guest
water molecules.
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Figure 2. View of the chirality doping through integration of the L-ma
ligand at the suc ligand at the same site in 1.

Figure 3. (a) Coordination environment in 2. (b) Homochiral 1D chain in
2. (c) 2D layer in 2. (d) 2D hydrogen-bonded network formed between the
Mn(L-ma) chains. (e) 3D packing structure of 2.
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