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Polymeric Layers Catenated by Ribbons of
Rings in a Three-Dimensional Self-Assembled
Architecture: A Nanoporous Network with
Spongelike Behavior

Lucia Carlucci, Gianfranco Ciani,* Massimo Moret,
Davide M. Proserpio, and Silvia Rizzato

The current interest in the crystal engineering of polymeric
coordination networks!!l stems from their potential applica-
tions as zeolite-like materials®® for molecular selection, ion
exchange, and catalysis, as well as in the intriguing variety of
architectures and topologies. Particularly attractive are the
novel types of supramolecular intertwinings observed in these
species, that still need a rational classification. According to
Batten and RobsonP! an “interpenetrating framework” is
comprised of motifs that are infinite and inextricably en-
tangled, that is, they cannot be separated without breaking
links. On this basis, we must exclude some interesting
polymeric entanglements recently described, including poly-
meric catenanes,!! infinite double helices,’! two-dimensional
clothlike warp-and-weft sheets, and other noteworthy supra-
molecular architectures.”) For “true” interpenetrating net-
works, however, different classes can be envisaged. The
dominant type (“class A”) is represented by 2D or 3D species
that are comprised of a limited number of individual frames of
equal topology that interpenetrate into an array with the same
original dimensionality as in, for example, n-fold parallel
interpenetrating hexagonal layers (n < 6) or diamondoid nets
(n <9).B Other types of interpenetration have been observed
in coordination polymers that are reminiscent of molecular
catenanes and rotaxanes. Some examples of polymeric
catenated species are illustrated in Figure 1. In contrast to
the class A interpenetrated nets, these examples all show the
following features: 1) the constituent motifs have a lower
dimensionality than that of the resulting architectures;
2) each individual motif is intertwined only with the surround-
ing ones and not with all the others, as “a ring in a chain”; and
3) the concept of “n-foldicity” cannot be used in the same
sense as for class A.[¥l We report here on a new member of
this class of catenated motifs, 1, obtained from the self-
assembly of copper(l1) sulfate and 1,3-bis(4-pyridyl)propane

(bpp)-

[Cus(bpp)s(SO.)«(EtOH)(H,0):](SO,) - EtOH -25.5 H,0 1
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Figure 1. Schematic examples of polymeric catenated structures. Motifs
b)-f) are simplified versions of entanglements found in real species: b) a
poly[2]catenane;* ®l ¢) parallel interpenetration of ladders;! d) inclined
interpenetration of ladders;!'" e) catenation of simple undulating layers;!'!]
f) catenation of multiple layers.'”l No real example of an infinite
polycatenane of type (a) has yet been reported.

This species presents a remarkable and unprecedented
three-dimensional architecture sustained by the polycatena-
tion of two different types of coordination polymers, that is,
one-dimensional ribbons of rings and two-dimensional (4,4)
layers. It shows, moreover, an interesting nanoporous behav-
ior due to the presence of large cavities full of guest solvent
molecules. These solvent species can be completely removed
by thermal treatment and regained in a reversible process, to
imply some degree of flexibility in the network.

Compound 1 is obtained in high yields as beautiful blue
crystals by the slow diffusion of bpp as an ethanol solution
into copper(Il) sulfate as an aqueous solution, with metal:
ligand molar ratios ranging from 1:1 to 1:4. Similar crystalline
species are also obtained using other solvents for the ligand
(acetone, ethyl acetate, tetrahydrofuran), as shown by X-ray
diffraction measurements on the powders. Although crystals
start to lose solvated water and ethanol molecules when
removed from their mother liquor, they reach an equilibrium
at room temperature and display the same X-ray powder
diffraction (XRPD) pattern even after two months in the air.
Crystals taken from the solution for the XRPD experiments
(at 223 K) were manipulated in an ice bath.!'%l

The crystal structure of 1 shows the presence of two
different and crystallographically independent polymeric
motifs packed together (Figure 2). One motif, the ribbons of
rings, consists of 48-membered cycles, in which each ring
includes four copper atoms and four bpp ligands. The ribbons

Angew. Chem. 2000, 112, Nr. 8
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Figure 2. The two polymeric motifs present in 1 are a ribbon of rings (top)
and a (4,4) layer (bottom). The eight independent bpp ligands are labelled
A-H and show conformations TG, TG, TG, TT, TT, TG, TT, and TG,
respectively (T=trans, G =gauche). Bond distances [A] involving the
copper atoms are: in the rings: Cu2—N (four bonds) 2.050(5)-2.068(4);
Cu2—Ogae (two bonds) 2.418(4), 2.523(4); Cul—N (two bonds) 2.020(5),
2.027(5); Cul—Ogye (two bonds) 2.435(4), 2.508(4); Cul—Oyyer (two
bonds) 2.001(4), 2.034(4); Cu3-N (two bonds) 2.015(5), 2.032(5);
Cu3—O, (three bonds) 2.167(6)-2.333(5); Cu3—O,gpano 2-137(7); in the
layer: Cud—N, Cu5—N (four bonds each) 2.034(5)-2.066(5); Cud—Ogyarc
2.385(4); Cu5—Ogygae 2.305(4).

undulate slightly, with the metal atoms disposed at the vertices
of rhombuses (Cu---Cu 11.80-13.53 A). All these polymers
run parallel to the [101] direction with a 4724 A period
corresponding to two successive rings. Adjacent ribbons show
a relative displacement of % of this period. The copper atoms
shared by adjacent rings (Cu2) are connected to four bpp
ligands, whereas the lateral Cul and Cu3 atoms are connected
to two such ligands. The octahedral coordination geometries
of these metals are completed by sulfate anions and solvent
molecules.

The other polymeric motif of 1 is a two-dimensional
tessellated sheet of (4,4) topology (Figure 2 bottom) which
contains two types of copper atoms, Cu4 and Cu5, and four
types of bpp ligands. Within these layers, the copper atoms are
located at the nodes of a square grid with edges 11.93—
12.49 A long. Both copper atoms are connected to four
equatorial pyridyl rings and are bonded to an oxygen atom of
a sulfate group in an axial direction, to form a square-
pyramidal coordination. These sulfate anions are the same
involved in axial interactions with the Cu2 atoms of the
ribbons and represent the only bridge between the two types
of polymers. The layers stack in the [101] direction with an
ABCD sequence.

The most interesting structural feature of 1, however, is that
the ribbons and the layers are entangled (Figure 3) in a unique
three-dimensional array. Each ring of the ribbons locks two
adjacent layers and each “square” mesh of the layers is
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Figure 3. The entanglement of
one ribbon with two adjacent
layers. Only the metal atoms and
the bpp ligands (without hydrogen
atoms) are shown.

catenated by two rings be-
longing to different ribbons.
The overall architecture is
schematically represented in
Figure 4. Few examples of
entangled polymeric species
with a differing nature, with
either identical or different
topologies,®l are presently
known, but this is, to our
knowledge, the first example
of intertwining involving two
polymeric motifs of different
(1D and 2D) dimensionality.

The coordination network
of 1 contains large voids in
the interlayer regions (inter-

layer separation approxi-
mately 11.8 A), which are filled by solvated molecules of
water and ethanol (102 and 4 solvent molecules per unit cell,
respectively). An analysis of these regions, by neglecting all
the solvent molecules but those coordinated to the copper
atoms, shows that there are two type of large, isolated
chambers of volumes around 790 and 670 A® and smaller
holes of 140 A3 (two, two, and four per unit cell, respectively;
Figure 5).[! The total void space in a unit cell corresponds to
3626 A3, equivalently, 25.8% of the cell volume. The uncoor-
dinated solvent molecules display a variety of environments
and form an intricate, extended net of hydrogen bonds.
According to the structural data they can be roughly assigned
as: a) tightly bonded molecules, anchored to the network by
two or more hydrogen-bond bridges involving the coordi-
nated sulfate or water molecules; b) molecules with “inter-
mediate” bonding, with only one such hydrogen bond
described under (a); and c) loosely bonded molecules show-
ing only contacts with other solvated molecules. Group a)

% &

Figure 4. Schematic view of the overall entanglement of 1. The representa-
tion of the bpp ligands is simplified by showing only the central methylene
atoms.

1568 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 5. View down the [101] axis of the three-dimensional array of 1
showing the distribution of the empty cavities. The cavities are represented
by their limiting surfaces. The layers run horizontally and the ribbons
vertically.

includes the free ethanol and about 27% of the solvated
water, group b) accounts for about 24 % of the solvated water,
while the majority (49 %) of the water falls into group c). Such
distribution is reflected in the nanoporous behavior of this
material. When the crystals are removed from the solution
they begin to weep solvent. Thermogravimetric analysis
(TGA) at room temperature under a N, flux shows that an
equilibrium situation is achieved after about 100 min, with a
13.5% mass loss (approximately corresponding to the loss of
the free ethanol and the solvated H,O of groups b) and c)).
Equilibration in the air at room temperature occurs after an
initial mass loss, estimated of 2—4 % but this value is very
sensitive to temperature and humidity. At this point most of
the crystals under the microscope appear almost unchanged in
morphology and color but they do not remain monocrystal-
line. These polycrystalline samples exhibit XRPD spectra
quite similar to that simulated from the single crystal
structure.'! Desolvation can be completed by thermal
activation and TGA in the range 40—180°C shows an almost
continuous weight loss. On heating to about 120°C, all of the
guest molecules are eliminated,'”l while the coordinated
solvents are lost in the range 120-180°C (mass loss 3-4%);
the decomposition of the network starts above 200°C.
Monitoring the samples heated to different temperatures
(50, 95, 120, 150°C) reveals a progressive loss of crystallin-
ity—with a significant change of the pattern above 90°C—
resulting in an almost completely amorphous phase. However,
these samples left in the presence of water vapors at room
temperature for some hours regain solvent (specifically,
solvent groups a), b), and about half of c) to correspond to
the equilibrium situation described above) and, unexpectedly,
crystallinity, showing XRPD patterns identical to the original
one. The cycle of desolvation-solvation can be repeated
many times as controlled by TGA and monitored by
XRPD.['¥l Only after elimination of the coordinated solvent
molecules does the array become unstable.
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The desolvation of 1is accompanied by a (reversible) loss of
order, probably due to the local structural modifications
following the spongelike shrinking of the chambers.!'") This is
possible due to the variable ligand conformations and to the
flexibility of the catenated architecture. For more information

d

Figure 6. AFM snapshots of the
desolvation sequence. Scan area
100 x 100 pm?. Several macrosteps
100-300 nm high running perpen-
dicular to [010] are evident.
a) 110 min: the first cracks 1.5 um
wide orthogonal to [010] appear.
b) 170 min: cracks continue to en-
large and small, misaligned blocks
appear. ¢) 460 min: main cracks are
now 4um wide and intercalated
with smaller blocks. d) 26 h: a par-
tial healing of the crystalline surface
by exposure to water vapor for a
few hours is evident.

Angew. Chem. 2000, 112, Nr. 8

on this behavior, we exam-
ined 1 by atomic force mi-
croscopy (AFM). A sample
of 1 was left in the air for
several hours (at approxi-
mately 25°C and 50 % rela-
tive humidity) to observe
the initial stages of desolva-
tion on the [101] surface.
About 45 min after removal
of 1 from its mother liquor,
cracks start to appear rough-
ly running orthogonal to
[010]. As time elapses, these
existing cracks enlarge to
1.5um wide (Figure 6a)
and accompany the random
formation of new ones (Fig-
ure 6b). The net of cracks
produces a mosaiclike sur-
face with a significant mis-
alignment of the crystal
blocks. Cracks parallel to
[010] also develop but they
shift to the (apparently fa-
vored) perpendicular direc-
tion. After about 7 h, the
cracks are about 4 pm wide
(Figure 6¢). The shrinking
of the crystal is also demon-
stated by the height of the
macrosteps on the crystal
surface decreasing by 10—
15% during the first 8 h of
the experiment. Interesting-
ly, on leaving the partially
desolvated crystal overnight
in a sealed AFM fluid cell
connected to a water vapor
reservoir, spontaneous wa-
ter uptake from the air pro-
duces a partial healing of the
cracks (Figure 6d). An at-
tempt to follow the rehydra-
tion by AFM of a crystal
heated up to 120°C was
hampered by rapid water
uptake causing large surface
movement that was beyond
the imaging capability of the
AFM. Though the evolution
of cracks in relation to the
network structure remains
difficult to explain, it is

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

clearly a consequence of mechanical strain following the
depletion of the cavities.

In conclusion, the fascinating three-dimensional catenated
structure of 1, with more than Y% of its volume available for
guest molecules, contains a mobility not present in the
common rigid zeolite-like networks.? It can be considered
prototypical of a new family of “nonrigid”, nanoporous,
spongelike coordination frames assembled with long, flexible,
polydentate ligands.

Experimental Section

Synthesis of 1: A solution of 1,3-bis(4-pyridyl)propane (bpp) (0.097 g,
0.488 mmol) in EtOH (8 mL) was added to a stirred solution of CuSO,-
5H,0 (0.061 g, 0.244 mmol) in water (8 mL) at room temperature. A blue
precipitate formed immediately. The reaction mixture was stirred for 1 h.
The precipitate was filtered and dried in the air (yield >90 % ). The purity
of these powdered samples was confirmed by XRPD. Compound 1 is
sparingly soluble in polar organic solvents. Variable elemental analyses
were obtained due to the loss of solvent molecules to the air (3-4 % ). For
example, elemental analysis for C,;isH;3sCusN4Os,5Ss: caled: C 42.87, H
6.16, N 7.41; found: C 42.96, H 6.11, N 7.67. Single crystals suitable for
structural analysis were obtained by slow diffusion of an ethanolic solution
of bpp into an aqueous solution of the copper salt at a molar ratio 2:1. The
presence of ethanol in 1 has been confirmed by 'H NMR on solutions
obtained by suspending some crystals in [DgJacetone. Thermal analyses
were performed on Perkin-Elmer DSC7 and TGA7 instruments at a
heating rate of 10 °Cmin~! under a nitrogen flux. X-ray powder diffraction
spectra were collected on a Rigaku D/Max horizontal-scan diffractometer.
A Digital Instruments “Nanoscope III” AFM, equipped with a J-type piezo
scanner, operated in contact mode in the air or using a standard fluid cell
for water uptake experiments. Silicon nitride cantilevers with integrated
tips and nominal spring constants of 0.06-0.12 Nm~! were used. The tip—
sample contact force was reduced to the order of a few nN to minimize
artifacts and surface erosion phenomena. The scan frequency was 3—4 Hz.
All images shown represent unfiltered height data.
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(SIR97) and refined by full-matrix least-squares on F? (SHELX-97).
Anisotropic thermal factors were assigned to all the nonhydrogen
atoms except the water molecules with half occupancy. All diagrams
were generated using the SCHAKAL 97 Crystallographic data
(excluding structure factors) for the structure reported in this paper
has been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC-136800. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).
Analysis of the holes was performed with the PLATON program
(A. L. Spek, PLATON, Utrecht University, 1999). The representation
of the surfaces of the cavities was obtained with SURFNET; R. A.
Laskowski, J. Mol. Graph. 1995, 13, 323.
Refinement of the unit cell parameters on the XRPD spectra at room
temperature gave a =28.06, b =17.68, ¢ =30.88 A, £=109.1°,and V=
14476 A3. The increased dimensions with respect to the single crystal
data at 223 K can be attributed mainly to thermal expansion.
Differential scanning calorimetry (DSC) analysis shows a broad
exothermic peak (40-120°C) with its maximum at 90°C and a minor
complex event at 160-190°C..
Exchange with other polar solvents (methanol, acetonitrile) has also
been successful. Samples of 1 dried at 100 °C and left in the presence of
vapors of the polar solvent gave rather different XRPD spectra but
after desolvation and rehydration with water vapors again show the
original spectrum.
This contrasts with that observed in the (reversible) desolvation of a
recently reported hydrogen-bonded framework compound of remark-
able flexibility that transforms into a second (dehydrated) monocrys-
talline form:C.J. Kepert, D. Hesek, P. D. Beer, M. J. Rosseinsky,
Angew. Chem. 1998, 111, 3335; Angew. Chem. Int. Ed. 1998, 37, 3158.
[20] The nonrigidity of catenated networks with flexible ligands is
confirmed by a 3D array of interpenetrated ladders that expands by
enclathration of p-dibromobenzene while maintaining the same
topology: M. Fujita, O. Sasaki, K.-Y. Watanabe, K. Ogura, K.
Yamaguki, New J. Chem. 1998, 189.
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Asymmetric Synthesis of an Organic
Compound with High Enantiomeric Excess
Induced by Inorganic Ionic Sodium Chlorate**

Itaru Sato, Kousuke Kadowaki, and Kenso Soai*

Recent progress in asymmetric synthesis has been made by
the developments of both organic asymmetric catalysts and
stoichiometric organic chiral auxiliaries.!!'. The origin of
significant enantiomeric enrichments in organic compounds
such as L-amino acids on the earth has been an intriguing
puzzle.’! One of the proposed mechanisms for the enantio-
meric enrichments of organic compounds is through asym-
metric synthesis and/or subsequent asymmetric adsorptiont®!
on the surface of inorganic enantiomorphic crystals. We
recently reported an enantioselective synthesis of an organic
compound promoted by chiral quartz, which is an enantio-
morphic inorganic molecule with covalent bonds between the
silicon and oxygen atoms.

On the other hand, sodium chlorate (NaClO;) is an
enantiomorphic inorganic ionic crystal.l’) Kondepudi et al.
reported that almost all of the NaClO; crystals precipitated
from a stirred particular solution have the same chirality.[® 7]
However, the relevance of the chirality of NaClO; to that of
an organic compound was not established. An earlier report[®!
on the enantioselective adsorption of racemic compounds by
NaClO; was disproved by the later examination of Gillard and
da Luz de Jesus.”! Thus, the question has remained as to
whether significantly enantiomerically enriched organic com-
pound can be formed using chiral NaClO;, an inorganic ionic
crystal.

Herein we report an unprecedented highly enantioselective
synthesis of an organic compound which is induced by d- or
[-NaClOs; crystals. The enantioselective addition of diisopro-
pylzinc (iPr,Zn) to 2-(tert-butylethynyl)pyrimidine-5-carbal-
dehyde (1) in the presence of d- or [-NaClO; powder gave
pyrimidylalkanol 2 with high ee values (9698 % ee) in high
yields (90-99 %; Scheme 1, Table 1).

The (S)-pyrimidylalkanol (S5)-2 was obtained with 98 % ee
in 93% yield when iPr,Zn was added to the mixture of
d-NaClO; and aldehyde 1 (Entry 1). The reaction is reprodu-
cible (Entries 2 and 3). On the other hand, reactions between
aldehyde 1 and iPr,Zn in the presence of /-NaClOj, instead of
d-NaClO;, always gave (R)-2 with 98% ee in yields of 91—
98 % (Entries 4—6). When the reactions were run sequentially
in the presence of d-, I-, d-, and /-NaClOs, using exactly the
same reaction equipments, (S5)-, (R)-, (S)-, and (R)-2 with
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