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Unprecedented helix-based MMOFs with a cylindrical channel
constructed from a single, newly designed Na,Pra,biim
[Na,Prabiim =  1,1’-di(propionic  acid)-2,2’-biimidazole
disodium salt], [M(Pra,biim)(H,O)],-xnH,O (M = Cd, Pb)
have been presented, which are built from alternately arranged
left- and right-handed helical M-biim tubes interconnected by
the carboxyl arms of the ligand, and these findings reveal
the promising potential of functionalized helical ligands in the
construction of helix-based MMOFs from a single linker.

Microporous metal-organic frameworks (MMOFs) are of
great current interest in view of their fascinating structural
topologies and potential applications in gas storage, separa-
tion, catalysis, etc., as well as their framework dynamics and
guest-sensitive properties.' These MMOFs are utilizing poly-
functional organic ligands as linkers and the well-defined
metal centers as nodes.” Their practical applications depend
largely on two important factors: high porosity and structural
kinetic stability (i.e. intact upon removal of the guest mole-
cules). However, these two factors are often contradictory and
thus the design and synthesis of MMOFs of high structural
kinetic stability offers a great, current challenge in the develop-
ment of MMOFs-based materials.® Several effective strategies
such as reticular syntheses and in situ formed metal cluster
units as secondary building units (SBUs) have been well
established.'“* However, the use of helices as SBUs in the
construction of MMOFs has been much less developed. The
helix-based structures are of fundamental importance for life,
which has provided an important impetus for the creation of
artificial helical structures in supramolecular chemistry and
materials science with potential applications in the fields of
asymmetric catalysis, nonlinear optical materials and the
aesthetically appealing topologies of helical compounds.” A
large number of helical coordination polymers have been
known, but few further studies of their role in the construction
of MMOFs have been carried out.® Moreover, although the
several helix-based MOFs have been known, they, without
exception, contain auxiliary ligands as a second linker.” To our
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knowledge, helix-based MMOFs constructed from a single
linker have not been reported.

2,2’-Biimidazole (H,biim) has been widely used as a bio-
mimetic ligand in bioinorganic chemistry,® a bridging ligand in
oligometallic chemistry for catalysis,” antitumour drugs,'® and
building blocks of supermolecular frameworks.!' H,biim is
able to form varied helical coordination polymers in either cis
or trans coordinating mode.'? The coordination chemistry of
N-substituted biimidazole such as the N,N’-dimethylated
derivative of biimidazole (Me,biim) behaves quite differently,
and is dominated by the larger dihedral angle (67 to 89°)
between the two imidazole rings as a consequence of repulsion
between the substituents and thus bridging rather than chelat-
ing coordination modes.'® However, like H,biim, N-substi-
tuted derivatives such as Me,biim can also be linked by metal
ions into one-dimensional helical structures.'* Meanwhile,
polycarboxylate groups have proven to be one of the most
successful multifunctional ligands in the construction of
MOFs because of their strong coordination ability, structural
rigidity and chemical stability.'* With these two concerns in
mind, a new multifunctional ligand, Na,Pra,biim [Na,Pra,biim
= 1,1’-di(propionic acid)-2,2’-biimidazole disodium salt], has
been designed as illustrated in Scheme 1. One additional
advantage of this ligand is that it displays the flexibility usually
required in the formation of MMOFs, that is, the two
imidazole rings can rotate around the central C—C bond
as shown in Scheme 1. The present work will present an
unprecedented example of helix-based MMOFs constructed
from a single ligand: Na,Pra,biim.

Herein we report two helix-based MMOF species,
[M(Pra,biim)(H,0)],-xnH,O [M = Cd, x = 2 (1), M = Pb,
x = 1(2)], which were synthesized by the diffusion reaction of
M(NOs),-4H,0 and Na,Pra,biim (see ESIt). The X-ray struc-
trural analyses of 1 and 2 show that they are isostructural with
each other.f As shown in Fig. 1, the Cd(m) ion lying on the
crystallographic two-fold rotation axis has a distorted penta-
gonal bipyramidal coordination geometry with the two apical
positions taken up by the free N and equatorial ones occupied
by the two carboxyl groups and one water molecule.
Pra,biim™ uses all six coordinating atoms available including
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Scheme 1 The configuration of Pra,biim.
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Fig. 1 The coordination environments of Cdl atoms in 1. Atoms
with ‘A’, ‘B’ or ‘C’ in their labels are symmetry-generated. Symmetry
code: (A)2/3 —x,1/3—y,1/3 -2z (B)1/3-»,2/3—-x,1/6 + z (C) y,
x, 1/2 — z.

four chelating carboxylate O and two N in a coordination
mode (ESI, Fig. 3St). The Cd—Oy»0 is 2.27(5) A, significantly
shorter than Cd-Ocarpoxylate [2.409(7), 2.543(11) A], probably
caused by the fact that the location of this water is limited
by the H-bonding interactions with two the surrounding
carboxylate O atoms (ESI, Fig. 55t) to be described below.
A similar case has also been seen in the Pb analogue 2
[Pb-Om,0, 2.371(3); Pb—Ocarboxylates 2-575(2), 2.845(3) Al
The Cd—N distance is 2.358(5) A, significantly stronger than
Pb—N [2.629(3) A] The two imidazole rings of Pra,biim are
not coplanar as expected with the dihedral angle of 62.7° in 1
and 56.4° in 2.

The most striking feature of 1 is the microporous structure
featuring hexagonal channels constructed from left-and right-
handed helical chains (Fig. 2 and 3). The metal centers are
singly bridged by the biim moieties into helical structures of
crystallographically imposed Cs symmetry running along ¢
with a pitch the length of the c-axis [12.0736(6) A] (Fig. 3).
Unlike the cases in the Ag-H,biim helixes'* with dihedral
angles of 26° (cis mode) and 150° (trans mode), respectively,
the dihedral angle of 62.7° in the present Cd-pra,biim helix
(L N-Cd-N, 180°) results in the formation of an interesting
triangular helical tube (Fig. 3), so that the central positions

Fig. 2 Cylindrical channels formed by the six interconnected neigh-
boring R(L) helical tubes with the center occupied by a planar
benzene-like (H,O)g cluster (left). Polyhedral representation of the
open framework (right).

Fig. 3 (a) View of the helical chains along b-axis. (b) View along the
c-axis. (c and d) Neighboring helical chains are interconnected by the
carboxyl arms of Pra,biim.

can accommodate the coordination water molecules, differing
markedly from those in the tetrahedral [CdX,(p-Me,biim)],
(X = Cl, Br, I) (80.5-89.9°, N-Cd-N, / 95-103°)'3“ because
of the higher coordination numbers of the Cd atoms in the
present case. There are strong hydrogen bonds between the
coordinated water molecules and the carboxyl groups with
O---O distances of 2.691 A (ESI, Fig. 5Sf) as mentioned
above. The centered space group yields the two types (R and
L) of helical tubes alternately arranged around the hexagonal
channels. As can be seen from Fig. 3¢ and d, the two carboxyl
arms of Pra,biim™ are both chelating the two metal centers,
respectively, to interconnect the helical tubes into a unique
open framework (Fig. 2). The framework can be simplified by
using 4-connected nodes instead of metal and ligands centers,
which produces a network topology of (4>-6%-12%) as shown in
Fig. 6St with space filling from the lattice water molecules.'”

The cylindrical channel has a diameter of ca. 10.5015(4) Ale
wherein a water hexamer is located, comprising 21.4% of the
crystal volume of 1.'7 Interestingly, the planar water hexamer
has a benzene-like structure with a doubly enlarged size
(Olw-H---O2w = 2.733 A) (ESI, Fig. 5St). Each planar water
hexamer acting as a donors is H-bonded to the surrounding
carboxyl groups (O2w-H---O1 = 2.978 A) (ESI, Fig. 5S57).

Compound 2 has a similar structure to that of 1 but some
differences are noteworthy. The dihedral angle in 2 (56.4°) is
significantly smaller than that in 1 (62.7°) presumably as a
consequence of the larger atomic size, which leads to the
slightly smaller channel [10.1812(6) A]. However, the channels
constitute 24.7% of the crystal volume,'” larger than that in 1
(21.4%).

Thermal gravimetric analysis (TGA), differential thermal
analysis (DTA) and powder XRD measurements at different
temperatures were performed to examine the permanent poro-
sity of the MMOFs 1 and 2. The combined TGA-DTG
experiments (ESI, Fig. 7St) revealed that the loss of the water
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hexamer (7.8%, calculated 8.1%) occurred in the temperature
range 30-135 °C. The release of the coordination water
molecules (4.3%, expected 4.1%) took place between 135 to
185 °C. The ligand began to decompose at ca. 265 °C. VT-
XRPD as shown in Fig. 8S{ indicated that the structural
integrity of 1 is maintained after the removal of the water
molecules, revealing the permanent porosity. The framework
structure begins to change at ca. 200 °C. Surprisingly, it is
recovered after the sample is rehydrated, as indicated by the
similar XRPD pattern (e) to that of the fresh one (b).

The photoluminescent properties of the free ligand and
compounds 1 and 2 are also investigated in the solid state
(ESI, Fig. 11S¥). Free Naj,Pra,biim exhibits an emission
maximum at 337 nm when excited at 280 nm. A violet-
fluorescent emission band at 366 nm was observed for 1 upon
photoexcitation at 290 nm, attributable to the ligand-centered
emission. A blue-fluorescent emission band at 480 nm was
observed for the lead(11) compound 2 upon photoexcitation at
290 nm, attributable to the ligand-centered emission. Such
remarkable bathochromic shift has also been found in several
other Pb species.'®

In summary, the unprecedented helix-based MMOFs with
cylindrical channels constructed from single, newly designed
Pra,biim™, have been presented. They are built from alter-
nately arranged left- and right-handed helical M-biim tubes
interconnected by the carboxylate arms of the ligand. The Cd
compound 1 exhibits high structural stability and permanent
porosity. These findings reveal the promising potential of
functionalized helical ligands in the construction of helix-
based MMOFs from a single linker. Both compounds display
photoluminescent properties with an obvious bathochromic
shift observed for the Pb compound 2.

This work was supported by National Science Foundation
of China (#20773129), 973 Program (#2006CB932900) and the
Knowledge Innovation Program of the Chinese Academy of
Sciences.
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