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ABSTRACT

Starting from a chiral building block;r-cyclodextrin;and rubidium salts, the crystallization of a complex of chiral helices, which constitute a
“green” porous coordination polymer, has been realized. Cyclodextrin molecules coordinated by rubidium ions form porous, infinitely long left-
handed helical channels, interdigitated with each other. A theoretical examination of the potential of this newmaterial to act as amedium for chiral
separation is presented.

The absolute helicity, which arises from the presence of
specifc homochiral monomers such as amino acids and
nucleic acids in biological polymers, is unmistakably
integral1 to the myriad of functions that pervade the living

world. This fundamental link in the relationship between
structure and chirality, which is still not well understood,
has been the inspiration2 for several investigations into just
how chiral building blocks formhelical systems in the solid
state as a result of their coordinative3 bonding. Never-
theless, few studies have been undertaken in which in-
herently chiral natural products4 have been employed to
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create functional helical materials, a class of compounds
which have been investigated for their potential applica-
tions innonlinearopticalmaterials,5molecular recognition,
enantiomorphic separations, and asymmetric catalysis.6

Although metal-organic frameworks7 (MOFs), which
possess remarkably high porosities, are attractive candi-
dates for creating such materials, until recently, only a
handful8 of MOFs have been derived from natural pro-
ducts. Recently, we reported9 the structure of a MOF
comprised of γ-cyclodextrin (γ-CD) rings coordinated to
alkali metal cations, producing highly porous materials
from completely nontoxic and naturally occurring mate-
rials. While γ-CD is a (chiral) cyclic oligosaccharide com-
posedof eightR-1,4-linkedD-glucopyranosyl (R-1,4-D-Glup)
residues, the overall topology of the resultant MOF is cubic
with extended linear pores along the crystallographic axes.

In our ongoing investigation of materials which are form-
ed by the coordination of cyclic oligosaccharides10 to alkali
metal cations, we have uncovered yet another porous
material, this time arising from the crystallization of the
six-membered cyclic variant of CD, namelyR-cyclodextrin
(R-CD, Figure 1a), with RbOH to form elongated hollow
needles. Single crystals, colorless and several centimeters in
length, were obtained11 by dissolving 1 equiv of R-CD and
8 equiv of RbOH12 in H2O followed by slow vapor diffu-
sion of iPr2O into the solution. On visualizing selected
crystals under an optical microscope, it was immediately
evident that they contained longhollow interiors (Figure 1b).
Moreover, we were able to observe the displacement of
the aqueous solvent containedwithin the hollow regions of
these crystals with Paratone over time (movie in the
Supporting Information). Hollow organic crystals, while
not very common, are known,13 and typically occur in crys-
talline samples of chiral compounds. The hollow nature of
the crystal makes this R-CDmetal coordination framework
(CD-MCF) a unique example of a solid-state material ex-
pressing porosity simultaneously onboth thenanometer and
macroscopic scales.
The crystals were suitable for single-crystal X-ray analy-

sis, and the solid-state structure reveals interdigitated left-
handed helical pores (Figure 2b�e) running through the
structure created by the ligation of Rbþ ions to the primary
and secondary faces of the R-CD rings.14 A theoretical
analysis of the porosity of the structure exposed significant

Figure 1. (a) Structural formula of R-cyclodextrin (R-CD), a
naturally occurring cyclic oligosaccharide comprised of six R-
1,4-D-Glup residues portrayed in their stable 4C1 conformations.
(b) The strawlike crystals of CD-MCF obtained under con-
trolled crystallization conditions, formed from the self-assembly
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voids which should be accessible to small molecules.15 The
analysis used a region defined by four adjacent unit cells
(a 2 3 2 3 1 configuration, only one unit cell along the axis of
the helices), subdivided into a mesh of 0.5 Å resolution. A
spherical probeof radius 1.9 Å (approximating to amolecule
of N2) was used to locate the accessible voids. Connected
voids were identified by vertex traversal along the triangu-
lated surface mesh, and voids were colored in the following
way: complete helices were given a color (either green, red,
orange, blue or purple, as deplicted inFigure 2a,d).Adjacent
helices are given different colors to distinguish them easily.
Voids which do not form a complete helix (those that

were onlypartially represented in theunit cell) were omitted.
From the analysis it is clear that, from the vantage point of a
nitrogenmolecule, the voids are helical and adjacent, rather
than intertwined. Further in silico calculations uncovered
potential for the inherent chirality to allow the material
to act as a chiral liquid phase chromatographic medium
(SeeESI). These experimental resultswhichbeing cariedout
under HPLC conditions, will be presented in a follow-up
communication. Since the crystals do not survive solvent
removal in vacuo, simulations of N2 uptake at 77 K were
caried out using grand canonical Monte Carlo (GCMC)
simulations15whichhas led to the conclusion thatCD-MCF

has a BET surface area of 820 m2 g�1 (see Figure S1,
Supporting Information).
The R-CD rings in CD-MCF are coordinated (Figure 3)

toRbþ cations,with eachmetal ionbinding toR-1,4-D-Glup
residues on their primary and secondary faces through the
C-2, C-3, C-6, and ring oxygen atoms. Not every R-1,4-
D-Glup residue in the R-CD ring is coordinated to a Rbþ

cation. Two different coordination motifs are present
(Figure 3a,b) in the extended structure, namely, one in
which the R-CD rings interact with Rbþ ions through four
R-1,4-D-Glup residues while the other is coordinated toRbþ

ions by five of its sixR-1,4-D-Glup residues.Moreover, CD-
MCF contains three different secondary building units
(SBUs), which consist (Figures 3c�e) of 4-, 8-, and 10-co-
ordinate SBUs. The 8- and 10-coordinate SBUs are similar
in their arrangements of R-1,4-D-Glup residues; the 10-
coordinate SBU includes two oxygen atoms that are not
part of anyR-CDrings.We speculate that these atoms either
correspond to the OH� counterions that are closely asso-
ciated with Rbþ cations, or to residual H2O molecules that
are present as a result of the conditions employed during the
synthesis of CD-MCF.
Topological analysis (Figure 4) of the three-dimensional

net formed by the CD-MCF showed it to comprise four
different nodes. Three of these nodes are four-connected,
and based on two of the independent Rbþ ions and the
centroid of one of the independent R-CD rings, while the
other node is five-connected andbasedat the centroidof the
other R-CD. The resulting complex topological net, with a

Figure 2. (a) Side-on representation of the pores formed by the
left-handed helices of CD-MCF in the solid state wherein larger
voids are connected by smaller channels large enough for He,
H2, and N2 to traverse. The left-handed helices are arranged in
(b) an interdigitated fashion wherein one helix of CD-MCF
interpenetrates the groove of a neighboring helix. The channels
which are formed are punctuated by voids and (c) cluster to form
C4 symmetric arrays which are defined by each pore being
interpenetrated partially by four other pores as shown in (d)
the pore-filling image wherein each identical pore is colored
distinctly to show the connectivities.

Figure 3. In CD-MCF, (a) one R-CD ring is coordinated to four
Rbþ cations and (b) the other R-CD ring is coordinated to five
Rbþ cations. Note that, in both cases, the Rbþ cations are
coordinated to the primary and secondary faces of adjacent
residues in an alternatingmanner. There are three different Rbþ

cation coordination geometries � (c) a four-coordinate Rbþ

cation to the secondary faces of two R-1,4-D-Glup residues, (d)
an eight-coordinate Rbþ cation to the primary faces of two
R-1,4-D-Glup residues, and (e) a 10-coordinate Rbþ cation with
an identical set of coordinating ligands (d) together with two
oxygen atoms that could be OH� anions or H2O molecules.
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point symbol of (42.5.72.8)(43.53.6.73)(43.62.8)(44.5.6), has
not previously been identified. Suprisingly, as a result of its
connectivity, the third independent Rbþ ion does not form

a node within the net but instead acts as a link between
adjacent five-connected R-CD nodes.
With the development of new porousmaterials based on

the cyclodextrins firmly established as a fruitful area of
research, and already providing solutions to problems in
areas as diverse as chemical sensing, energy storage and
separations, it is not unreasonable topredict that one of the
next logical growth areas will be the use of these materials
from green and renewable sources in integrated functional
systems. This CD-MCF, based on R-CD, and the alkali
metal ion Rbþ meet these criteria while also containing
chemical sorting domains16 on both the nanoscopic and
macroscopic scales. In common with the CD-MOFs9

based on γ-CD, we have demonstrated that it is possible

to generate remarkably complex solid-state structures
spontaneously under extremely simple conditions. While
the synthetic protocols have been established for the self-
assembly of nanoporous carbohydrates,9 merely changing
the cyclodextrin from γ-CD to R-CD has resulted in the
formation of a very different class of extended structures.
The CD-MCF structure contains a series of chiral, helical
pores, reminiscent17 of the organizational behavior of
other chiral molecules found in nature. Theoretical simu-
lations of its potential capability as a separation material
demonstrate (see the Supporting Information) that it is
more than just a scientific curiosity. We believe that this
new R-CD-based material is noteworthy not only because
of its dual-scale porosity and chirality but also because it
provides a convincing demonstration of the ease in which
solid-state complexity can be generated18 from readily
available starting materials.
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Figure 4. View of the complex topological net formed by
the CD-MCF, point (Schläbi) symbol (42.5.72.8)(43.53.6.73)-
(43.62.8)(44.5.6), shown down the crystallographic c-axis. Nodes
based on R-CD are shown as gray spheres, those based on Rbþ

ions as dark blue spheres. The Rbþ ions which act as a link
between R-CD nodes can be seen as a elongated pale blue bond.
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