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ABSTRACT: Through judicious choice of the ligands and
patient regulation of the solvent conditions, three unique
chiral coordination polymeric isomers have been synthe-
sized. Their structures, gas adsorption, and structural
interconversion have been studied. One of the isomers
displays dynamic behavior, and its use in the enantiose-
lective separation of chiral alcohols has also been reported.

Chiral metal−organic frameworks (MOFs), which can be
afforded by self-assembly reactions of chiral organic linkers

andmetal ions, usually exhibit intriguing homochiral structures as
well as fascinating potential applications.1 To date, considerable
interest has been focused on the use of chiral MOFs for
enantioseparation in virtue of their stable chiral architectures,
controllable open cavities and tunable intermolecular inter-
actions.2 Recent breakthroughs of their applications in the area of
chromatographic and membrane-based separation demonstrate
their potential applications as a new generation of chiral resolving
agents.3 However, relative researches are still very scarce.
A key point to designing chiral MOFs with porous frameworks

and enantioseparation properties is to choose the proper chiral
building blocks. However, the design and preparation remain
challenging mainly because of the limited chiral source and
tedious synthetic process of the ligands.4 Hence, readily available
chiral polydentate ligands are highly desired. Amino acids and
their derivatives are attractive because of their inherent chirality,
inexpensive price, multiple coordination modes, and modifiable
structures. In addition, amino acid basedMOFs are rich in donors
and acceptors for hydrogen-bonding interactions that are of
importance for effective enantioselective recognition.5

Amino acid based chiral MOFs are reported to be increasing
each year,6 but most of them are of condensed packing structures
without accessible pores or channels, mainly resulting from the
backbone flexibility of the amino acids.7 To construct open
porous architectures, rigid ligands are usually adopted to
strengthen the frameworks and pillar cavities.8 Moreover,
synthetic conditions are also needed to regulate patiently.
Reaction media are extremely significant because they not only
make a great impact on the reactants’ solubility and polarity but
also act as templates to induce structural formation and
crystallization.
In this study, rare examples of amino acid based chiral MOFs

used for enantioselective adsorption are reported. We employ
N,N′-oxalylbis(alanine) (OBAla) as a flexible enantiopure

ligand,9 along with 4,4′-methylenedi-3,5-dimethylpyrazole
(H2mbdpz) as a conformationally flexible auxiliary ligand, to
construct three homochiral coordination polymeric isomers
under different solvent conditions, formulated as Cu2(L-OBAla)-
(H2mbdpz)2 (1), α-Cu2(L-OBAla)(H2mbdpz) (2), and β-Cu2(L-
OBAla)(H2mbdpz)⊃guest (3⊃guest) (Scheme 1). The signifi-

cant role of the solvent in framework formation is further
demonstrated by solvent-induced interconversion of compounds
2 and 3. Moreover, compound 3 undergoes a reversible structural
transformation during guest exchange and exhibits enantiose-
lective inclusion of aromatic alcohols.
Hydrothermal reactions of Cu(NO3)2, OBAla, and H2mbdpz

in a molar ratio of 2:1:1 at 100 °C for 3 days afford light-green
sheet-like crystals of compound 1. When water is replaced with a
mixture of EtOH (or CH3CN, DMA)/H2O (1:3, v/v), blue
spindle-shaped crystals of compound 2 are obtained. Light-green
polyhedral crystals of compound 3 are the main product in the
mixture of water and 2-butanol [or other alcohols such as
isopropyl alcohol, 2-pentanol, 2-hexanol, 2-heptanol, 1-pheneth-
yl alcohol (1-PEA), 1-phenyl-1-propanol (1-PPP)]. Compounds
1, 2, and 3⊃guest can be easily distinguished by their shape and
color (Figure S1 in the Supporting Information, SI). All
compounds are insoluble in common organic solvents.
Single-crystal X-ray crystallographic studies reveal that all of

the compounds contain planar Cu2(OBAla) subunits, which are
similar to our previous report (Scheme 1c).9b In this subunit, a
−NH−CO−CO−NH− (N,N′-disubstituted oxamide) core and
two terminal carboxyl groups chelate two Cu atoms in a bis-
tridentate manner, forming four five-membered rings. Each Cu
atom is five-coordinated in a distorted square-pyramidal
geometry. Compound 1 crystallizes in the triclinic space group
P1. The adjacent Cu2(OBAla) subunits are linked to each other
via the four H2mbdpz ligands to form a 1D loop chain running
along the b axis (Figures S22 and S23 in the SI).
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Scheme 1. Structures of the Ligands and Subunita

a(a) OBAla ligand; (b) H2mbdpz ligand; (c) Cu2(L-OBAla) subunits.
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Compounds 2 and 3⊃2-BuOH have identical coordination
modes and crystallize in the chiral space groups P41212 and
P43212, respectively. The binuclear copper subunits are
connected to each other through bonds contributed by pyrazole
N atoms of H2mbdpz ligands in the basal plane, as well as apical
Cu−O bonds contributed by carboxyl O atoms of L-OBAla
ligands from other Cu2(OBAla) subunits. Therefore, if
Cu2(OBAla) is simplified as six-connected nodes, 2 and 3⊃2-
BuOH display 3D noninterpenetrating frameworks with lcy
topology (Figure S24 in the SI). Along the c axis, there are two
types of right-handed helical chains in both compounds: a 41 helix
composed of Cu2(OBAla) subunits and a 21 helix constructed by
the copper subunits and H2mbdpz ligands (Figure S26 in the SI).
The 21 helix generates a rectangular channel with a small size of
3.2 × 3.2 Å in compound 2, whose cavity is seriously blocked by
four methyl groups pointing to the center of the channel (Figure
1b). However, with methyl groups located on the wall of the

tubular channels, compound 3⊃2-BuOH has a channel with a
square cross section of approximately 5.7 × 8.1 Å2 (Figure 1d).
PLATON analysis shows that the void space is 24.1% of the total
volume in 2. The porosity rises to 34.6% in 3⊃2-BuOH if guest
molecules are not included, which is 43% higher than that of 2
(Figure 1e,f).
Close observation reveals that the difference in the

conformation of pyrazoles causes dissimilar structural features
of compounds 2 and 3⊃2-BuOH. Consequently, the C3 and O3
atoms locate on the opposite side of the Cu2(OBAla) plane in
compound 2, while the two atoms reside on the same side in 3⊃2-
BuOH (Figure 1a,c). If guests were not considered, the two
compounds would be classified as “conformational isomers”.10

The powder X-ray diffraction (PXRD) patterns of all
compounds are in good agreement with the simulated ones,
suggesting the purity of the products (Figure S9 in the SI). The
circular dichroism (CD) curves of the three compounds,
produced from L- or D-OBAla, are mirror images of each other,
which suggests their enantiomeric nature (Figure S2 in the SI).
Notably, the different CD curves of isomers 2 and 3 allow us to
discern them by CD spectra.
The guest molecules, 2-butanol, in compound 3⊃2-BuOH are

disordered in structure. However, the high boiling guest
molecules in compounds 3⊃1-PEA and 3⊃1-PPP have been
clearly determined by single-crystal X-ray diffraction (Figure S27

in the SI). Compounds 3⊃1-PEA and 3⊃1-PPP crystallize in the
space group P21212 with skeletons that are nearly identical with
that of 3⊃2-BuOH. Each asymmetric unit involves one guest
molecule. According to the crystallography data that we collected,
the chiral framework of L-3 attracts (R)-1-PEA and (S)-1-PPP,
while D-3 adsorbs (S)-1-PEA and (R)-1-PPP.
Because the solvent is the only variable in the reaction

conditions, some empirical trends are found according to the
relationship between the solvent and final products (Table S12 in
the SI). Polar solvents prompt the assembly of 1 and 2, while
lower polar solvents result in the formation of 3. Small solvent
molecules lead to the construction of dense packing structures of
2; however, molecules that are larger than C5 can be served as
templates to generate the large pores of 3.
Not only in the forming stage do the solvents have an influence

on the thermal postprocessing of formed crystals. It has been
observed that the blue crystals of 2 can convert to green powders
of 3⊃1-PEA in the H2O/1-PEA mixture for 2 days under
hydrothermal conditions. Similarly, 3 can also convert to 2 by
heating in the H2O/EtOH mixtures (Figure 2a). The PXRD

patterns and CD spectra before and after solvothermal reactions
further demonstrate the occurrence of interconversion (Figures
S3, S4, S14, and S15 in the SI). Because the compound
experiences a process of bond breaking and regeneration, we
consider that interconversion is not through a single crystal-to-
single crystal transformation but via a decomposition and
reconstruction mechanism.
To investigate the crystal stability upon removal of the

solvents, thermogravimetric analyses (TGA) and PXRD experi-
ments at variable temperatures are carried out. TGA show that
the frameworks of compounds 1−3 are stable up to 240 °C.
Before framework collapse, compound 3⊃guest loses one solvent
molecule consistent with the formula (Figures S5−S7 in the SI).
Notably, when heating at 120 °C, the PXRD pattern of
desolvated 3⊃2-BuOH is distinct from the original pattern.
Meanwhile, the crystals become opaque and are unsuitable for
single-crystal X-ray diffraction. Removal of the high-boiling-point
solvent in 3⊃1-PEA, 3⊃1-PPP, or 3⊃2-PenOH by solvent
exchange with methanol also leads to different PXRD patterns,
which are close to that of desolvated 3⊃2-BuOH (Figures S11
and S12 in the SI). These phenomena reveal that nomatter which
guests are included, removing guests from 3 will generate a
desolvated framework of 3′.
Furthermore, gas adsorption experiments confirm the

structural transformation by the detection of porosity. Activated
by heating at 120 °C under vacuum, compound 2 exhibits a type I

Figure 1. (a) Coordination environment for L-OBAla in 2. (b) 1D helix
chains in 2. (c) Coordination environment for L-OBAla in 3. (d) 1D helix
chains in 3. (e) Space-filling models of 2. (f) Space-filling models of 3
viewed along the c axis (solvent molecules have been omitted for clarity).

Figure 2. (a) Photographs of the interconversion process of 2 and 3⊃1-
PEA. (b) PXRD patterns for as-synthesized 3⊃1-PEA, desolvated 3⊃1-
PEA (3′), and 3′ immersed in 1-PEA at room temperature and 100 °C
for 3 days.
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behavior with a moderate H2 uptake of 111 cm3 g−1 at 760
mmHg, while desolvated 3⊃2-BuOH adsorbed none of the three
gas probes, includingH2, N2, andCO2 (Figure S16 in the SI). The
loss of the adsorption capacity of 3 can be attributed to the
remarkable shrinking of the pore size during desolvation. Hence,
the guest molecules have a profound effect on sustaining and
stabilizing the open frameworks.
Interestingly, the guests can infiltrate the framework of 3′ and

regenerate 3⊃guest. This process is clearly verified by the PXRD
patterns before and after readsorption. Take 3⊃1-PEA for
example (Figure 2b). The strongest peak moves from 10.6° to
11.5° upon loss of guests, and then it returns to 10.6° after 3′ is
immersed in 1-PEA for 3 days at 80 °C, following with the
emergence of three characteristic peaks of 3⊃1-PEA at 2θ =
8.19°, 8.70°, and 9.13°. 1-PPP can also be readsorbed by
compound 3′ (Figure S13 in the SI). However, the regeneration
process cannot take place at room temperature.
The reversible and dynamic transition of compound 3 prompts

us to explore its resolution application on small chiral alcohols,
such as 1-PEA, 1-PPP, and 1-(2-naphthyl)ethanol (NPE). L-3 can
enantioselectively include 1-PEA (43.4% ee, in favor of the R
isomer) and 1-PPP (36.0% ee, in favor of the S isomer). The
desorbed guests from D-3 favor the opposite isomers, which agree
with the crystal structures described above (Table S13 and
Figures S17−S20 in the SI). However, owing to the size effect, the
ee values for desorbedNPE are very low.Moreover, desolvated 3′
is able to resolvate and be tested in the next cycle, but the ee values
decrease to 34.4% (for 1-PEA) and 26.0% (for 1-PPP), which
may be caused by certain loss of crystallinity during solvent
exchange and framework transformation (Figure S21 in the SI).
The enantioselectivity can be attributed to hydrogen-bonding

interactions between O atom (from oxamide) and hydroxyl
groups (from 1-PEA or 1-PPP), which make the guest molecules
orderly dock in the channels (Figure 3). The O···O distances of

O−H···O hydrogen bonds are in the range of 2.9802−3.1348 Å,
but the overall affinity of 3 toward alcohol is not strong enough
for complete resolution of racemates, resulting in a moderate
recognition capability.
The studies in the application of chiral MOFs for chiral

aromatic alcohol resolution are extremely rare because large
pores are required for aromatic alcohols to accommodate. The
enantioselective capability of compound 3 for 1-PEA is lower
than that of M′MOF-3−74a,b but higher than that of [Zn2(bdc)-
(S-lac)(dmf)],2b M′MOF-24a and Cd2(L-cps)4(bix)4.

4c This
work not only provides valuable clues for the convenient
synthesis of porous chiral MOFs but also explores a new way to
design chromatographic stationary phase materials using
homochiral MOFs containing inexpensive amino acid deriva-
tives.
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Figure 3. Hydrogen bonds between 1-PEA guests (yellow molecules)
and the 1D channel in 3⊃1-PEA (H atoms have been omitted for clarity
except hydroxy H).
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