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An unusual, honeycomb-like cadmium-tri-thiocyanate poly-
meric framework was found in the studied hybrid material
of general formula (L*),[Cd(SCN):L,~" (3), where L* is
bis[4-(N-benzylpyridinium)]piperazine dication. The perforated
coordination net forms due to a template effect of the organic
dications which reside in the holes penetrating the net in a
polyrotaxane-like manner. The salt (L>*)(SCN),-2H,O (4) was
studied for comparison.

Supramolecular self-assembly of pre-selected reactants is an
important approach for generating new chemical entities, from
simple discrete species to polymeric frameworks,! and unusual
species may be created while using certain combinations of
participating components.> Organic—inorganic hybrid materials
well illustrate this approach presenting new fascinating inorganic
structures resulting from the interaction “with organic compo-
nent”. The components used in our studies, cadmium(il),
thiocyanate anion and dipyridinium-based organic cation, may
create a set of important properties when combined in a supra-
molecular solid. The dipyridinium cations and their derivatives are
of considerable interest due to their specific physical properties
and potential applications in biology and photochemistry.> On
the other hand, the Cd-N complexes exhibited such qualities as
nonlinear optical (NLO) property* and ligand-to-metal charge-
transfer (LMCT) in the solid state.’

Previous studies on hybrid architectures with dipyridinium-
type cations were concentrated on the variation of the metal
complex to construct 1-D or 2-D inorganic frameworks, such as
Cdy(SCN),*", Cd5(CN)CI*", Pbly!™ or V,05°7, as “the
inorganic complexes” are very versatile for the designing purpose.
However, none of these architectures have ever been found to
possess a rotaxane-like topology.*® In contrast to the previous
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studies, our efforts were concentrated on the organic dipyridinium
cation and its potential to act as a template in self-assembly of
Cd-SCN polymeric nets.** It was believed that the geometry of
the organic cation as well as its propensity for the formation
of hydrogen bonds with inorganic component may affect the
assembly of the inorganic net, with the resulting structural
anisotropy being a basis for potential applications of the materials
in the optical area. This communication reports the synthesis and
X-ray crystallographic study of a novel hybrid architecture in
which the organic dipyridinium cation penetrates the inorganic
cadmium-tri-thiocyanate network.

Scheme 1 elucidates the preparation method and structural
formula of the designed template. Bis(4-pyridyl)piperazine 17 was
used to prepare the target bis[4-(N-benzylpyridinium)]piperazine
dication 2 as the dichloride salt (2)Cl,-3H,0O. Compound 3, with
stoichiometry (2)Cd»(SCN)g, was prepared as a yellow crystalline
product.

The crystal structure determination of compound 3 revealed
its hybrid nature and supramolecular organization as shown
in Fig. 1 and 2. The compound is described by the formula
(2),[Cd(SCN);],,, which reflects the presence of two components in
the structure: organic dications 2 and a cadmium thiocyanate
anionic network, with no chemical bonds connecting the com-
ponents in the crystal. There is a sandwich-like stacking of
alternating inorganic and organic layers propagating in b and ¢
directions of the crystal while the layers alternate along the a-axis
(Fig. 1). The packing of the layers is controlled by van der Waals
forces; no m—m or hydrogen bonding interactions were found
within the organic layer.

The inorganic layer has the stoichiometry [Cd(SCN);]™ and a
coordination polymeric structure. The Cd(11) cation is coordinated
by three N and three S atoms of six SCN -groups. At the same
time, each SCN™-group bridges two Cd(11) cations. This mode of
coordination produces a distorted honeycomb 2-D network with
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Scheme 1 Preparation of dication 2 as a dichloride salt
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Fig. 1 Molecular packing in hybrid 3. Inorganic network is shown in ball-and-stick style and organic cations are shown in wire style (C, gray; N, blue; S,

yellow; Cd, green; H atoms are omitted).

Fig. 2 View of part of the hybrid structure 3 along « axis. Left: inorganic network is shown in ball-and-stick style and organic cations are shown in wire
style. Right: inorganic network is shown in wire style and organic cations are omitted

Cd atoms in the vertices and pairs of SCN-bridges connecting
them (Fig. 2). The network is negatively charged, with (2—) charge
per each Cdg(SCN);; ring. Further, each ring is penetrated by the
organic dication 2 so that the central part of the dication resides
inside the ring while its hydrophobic ends contribute to the
formation of the hydrophobic layers on both sides of the inorganic
net. Topologically, this architecture may be described as a
polypseudorotaxane.

Simple rotaxane is formed by two mechanically interlocked
molecules, “the axle molecule” threaded into “the wheel
molecule” ®® Polyrotaxanes have attracted significant attention
recently in the area of organic synthesis, the species resulting from
the combination of a large number of wheels and a polymeric axle
molecule threaded through them (“molecular necklaces”).!
Poly(ethylene glycol) and other organic molecules were used as
the axle component, with cyclodextrins,” crown ethers,'? cucurbi-
turils and other macrocycles' utilized as wheels. Polyrotaxanes

with coordination polymers of various dimensionalities and
cyclodextrins,14 crown ethers," cucurbiturils'® as wheels also have
been reported. Other examples with metal complexes included
parallel 1-D coordination polymers with an infinite sequence of
rings penetrated in another direction with 1-D polymeric axles'”
and similar grids formed by 1-D coordination polymers consisting
of alternating axle and wheel segments.'® There was one example
reported “where 1-D polymeric chains penetrated 2-D coordina-
tion polymeric net”.!” At the same time, the polyrotaxane
architecture observed in our study and consisting of a 2-D
inorganic network perforated with organic molecules has never
been reported before and deserves special consideration.

The structure of the [Cd(SCN);],"~ polymeric network is
particularly interesting. A great number of cadmium thiocyanate
complexes have been studied and many of them contain the
Cd-SCN-Cd link and eight-membered ring as observed in the title
structure. When Cd(1) forms four links participating in two
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Fig. 3 H-bonds between organic and inorganic moieties in hybrid 3.

adjacent eight-membered rings, either 1-D polymeric chains as
[CA(SCN),Q,], with the residual two axial coordination sites
occupied by terminal ligands Q are formed,” or 2-D polymeric
sheets develop if a bridging ligand is used instead.”! When Cd(1r)
forms six links, each of them connects another Cd(ir), and 1-D
anionic chains are formed” with the same formula,
[CA(SCN);]," ", as the 2-D net observed in the title compound.
The 3-D networks based on cadmium thiocyanate have been
reported in the literature, requiring the use of additional ligands.>®
Finally, 1-D chains were also observed in cadmium thiocyanate
complex,” where each Cd(11) is linked to two adjacent Cd(i)
centers by four SCN™ bridges in the equatorial plane, while the
axial coordination sites are occupied by S atoms from neighboring

2 943

chains. In comparison with the known cadmium thiocyanate
polymers, the honeycomb-like network observed in the title
compound is very unusual and can hardly form unless a suitable
templating agent is present in the reaction mixture.

The ability of the dipyridinium cation 2 to template the
formation of the observed type of inorganic polymeric network is
likely to be a result of three factors. First, the charge on the
dication is partially delocalized towards the middle part of the
molecule and the penetration appears to be a suitable way to
compensate the charge of the anionic net. Second, the geometry of
the middle part of the dication (piperazine fragment) provides a
good fit to the hole in the eight-membered Cdg(SCN);, ring.
Finally, there seem to be weak noncovalent interactions between
the components (Fig. 3). The N---H and S---H distances vary
within 2.62-2.75 and 2.87-2.96 A, respectively, implying weak
C-H--"Ngs and C-H---Scy bonds.”

For the purpose of comparison, the thiocyanate salt of 2 was
isolated and studied. The crystal structure of the salt conforms
with the formula (2)(SCN),-2H,O (hereinafter 4); the packing
diagram is shown in Fig. 4. As in the previous structure, there are
well distinguished organic and inorganic layer fragments alternat-
ing along the g-axis. Also, in addition to strong hydrogen bonds
formed by water, there are similar weak hydrogen bonds as in 3
(Fig. 5). The comparison of the piperazine fragments in the crystals
of 3 and 4 indicates that the piperazine ring in 4 adopts a regular
chair conformation while in 3 it is in a distorted boat form
[both C-N-C angles in hybrid 4 are 111.5(4)° while in 3 they are
115.1(1) and 115.4(1)°]. Therefore, the organic dication displays
an ability to adjust its geometry in order to satisfy packing
requirements and to facilitate noncovalent interactions present in
the crystalline solids.
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Fig. 5 H-bonds in salt 4
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In order to compare the contribution of the organic dication to
overall stability of the crystalline 3 and 4, the bulk materials were
examined with TGA. Compound 3, (2),[Cd(SCN);],,,, decomposes
in a single step, with the mass loss of 54% being in good agreement
with 54.1% calculated for the release of (2)(SCN), salt (as volatile
products) to yield polymeric cadmium thiocyanate [Cd(SCN),],..
The onset temperature of this process is 299 °C. In contrast, the
decomposition of unhydrated 4, (2)(SCN),, starts at 263 °C.
Therefore, the 2-D inorganic framework in 3, to some extent,
stabilizes the hybrid system, although the torsional strength from
piperazine moiety in 3 is greater than that in 4. This observation
provides a new example of contact stabilization and self-
stabilization phenomena.>?®

In summary, a novel hybrid architecture was prepared from
bis[4-(N-benzylpyridinium)]piperazine and cadmium(ii) thiocya-
nates, in which an unusual, honeycomb-like 2-D cadmium-tri-
thiocyanate anionic network is penetrated by the dipyridinium
cations to form a polypseudorotaxane structure. To our best
knowledge, this is the first example showing such an interesting
geometry in the organic-inorganic hybrids. It should be noted that
the new template 2 has a great potential for further functionaliza-
tion. For example, functional groups may be attached to the
terminal phenyl rings for a specifically desired property or other
alkyl moiety instead of piperazine can be used to connect two
pyridine rings to adjust the solubility or conformation of the
organic template.”” The synthesis and utilization of such modified
organic templates is a subject of our future studies.

This work was financially supported by the National Chi Nan
University and the National Science Council (NSC 94-2113-M-
260-004).

Preparation of (2)Cl,-3H,O

Bis(4-pyridyl)piperazine 1, prepared according to a literature
procedure,” was treated with two equivalents of benzyl chloride
in DMF (10 ml) at 140 °C for two days to give bis[4-(N-
benzylpyridinium)]piperazine dichloride trihydrate (2)Cl-3H,O in
81% yield (see Scheme 1). '"H-NMR, & (CDCly): 3.89 (8H, s, 4 x
CH, of piperazine), 5.43 (4H, s, 2 x CH, of benzyl), 7.21 (4H, d,
J =72Hz 4 x Ar—H of pyridine), 7.36 (10H, s, 10 x Ar—H of
benzyl), 8.50 4H, d, J = 72 Hz, 4 x Ar-H of pyridine).
Calculated for CygH3oCLNy4 + 3H,O (%): C, 61.42; H, 6.63; N,
10.23. Found (%): C, 61.57; H, 6.57; N, 10.33.

Preparation of (2),[Cd(SCN);]., (3)

Cd(NOs), (0.0473 g, 0.20 mmol) and KSCN (0.0970 g, 1.00 mmol)
were mixed in methanol (10 ml), and the solid KNO; was filtered
and discarded. Salt 2 (0.05 g, 0.10 mmol) was dissolved in water
(15 ml) and added to the filtrate. The resulting solution was
allowed to stand at room temperature for two weeks. Pale yellow
crystals 3 formed from the solution were separated by filtration,
washed with dried ethyl acetate and air-dried to give 0.021 g (yield
20%). Calculated for Cs34H30Cd>NoSg (%0): C, 41.01; H, 3.25; N,
14.07. Found (%): C, 41.15; H, 3.17; N, 13.93.

Preparation of (2)(SCN),-2H,0 (4)

KSCN (0.0970 g, 1.00 mmol) and salt (2)ClL-3H,O (0.05 g,
0.10 mmol) were dissolved in water (10 ml), and the resulting

solution was allowed to stand at room temperature for a
week. Colorless crystals 4, formed from the solution were
separated by filtration, washed with dried ethyl acetate and air-
dried to give 0.029 g (yield 49%). Calculated for C;oH30NgS, +
2H,0 (%): C, 62.69; H, 5.96; N, 14.62. Found (%): C, 62.50; H,
5.96; N, 14.58.

X-Ray crystallography

Single crystals of 3 and 4 were studied on a CCD diffractometer
with Mo Ko radiation (4 = 0.71073 A, graphite monochromator)
at 100 and 295 K, respectively. The structures were solved
using SHELXS-97 program and refined using SHELXL-97
anisotropically for non-hydrogen atoms. Hydrogen atoms were
placed in calculated positions and were refined isotropically
(except for the hydrogen atoms of water molecules in 4).
Crystal data and selected refinement details are listed below,
while full crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre and are available free of
charge at www.ccde.cam.ac.uk/conts/retrieving.html or by request
from the following electronic address: deposit@ccdc.cam.ac.uk.
CCDC reference numbers 288698 and 628691. For crystal-
lographic data in CIF or other electronic format see DOI:
10.1039/b701229b

Crystal data for 3 (T =100 K) C34H30Cd2N1086, M = 99584,
monoclinic, space group P2i/c, a = 20.8688(6), b = 18.5411(5),
¢ =9.894403) A, B = 94.905(1)°, V = 38144Q) A’, Z = 4,d =
1.734 cm® gfl, R1 = 0.017, wR1 = 0.042 with goodness-of-fit on
F* = 1.139. CCDC No: 288698. Crystal data for 4 (T = 295 K):
C30H34NgO,S,, M = 574.75, orthorhombic, space group Pnnm,
a = 41.046(4), b = 4.5649(5), ¢ = 7.9777(8) A, V = 1494.8(8) A>,
Z=2,d=1277 ecm® g ', Rl = 0.076, wRl = 0.207 with
goodness-of-fit on F* = 1.115. CCDC No: 628691.
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