
Design and Structural Extension of a Supramolecular Inclusion-Compound
Host Made by the Formation of Dimers of Isonicotinic Acid and Thiocyanato
Coordinating Bridges

Ryo Sekiya and Shin-ichi Nishikiori*[a]

Abstract: A new host design for an
inclusion compound with a preference
for large planar aromatic guest mole-
cules has been proposed. Our host
design includes a rectangular cavity
made using a long and a short building
block based on the concept of supra-
molecular chemistry. The long building
block facilitates the inclusion of large
guests, and the short building block
prevents the formation of an interpene-
trated structure, which is often observed
in frameworks with large void spaces.
The long building block is made when
dimers of 4-pyridinecarboxylic acid
(isoH) form through hydrogen bonding
between the two carboxylic acid moiet-
ies. This isoH dimer can link two tran-
sition metal centers using the N atoms at
both ends to act as a long building block.
For the short building block, the thio-
cyanato ion was used. This makes a bent

bridge between two metal centers to
form a 1D double-chain [M(SCN)2]�
complex. From the self-assembly of
isoH, SCN� and Ni2�, a 2D network of
[Ni(SCN)2(isoH)2]� , in which the 1D
[Ni(SCN)2]� complexes are linked by
the isoH dimers, is built up. The rectan-
gular cavity is formed as a mesh within
the 2D network. The crystal of our
inclusion compound has a layered struc-
ture of 2D networks, and a 1D channel-
like cavity penetrating the layered 2D
networks is formed where guests may be
included. Moreover, our host design has
the advantage of easy extension of the
host structure. Replacement of isoH

with another component and use of
three components is possible for making
the long building block. In the latter
case, a linear spacer having two carboxy
groups is inserted into the isoH dimer to
form a long building block with a trimer
structure. Based on our host design, a
series of new inclusion compounds were
synthesized. The crystal structures of
three compounds were determined by
single crystal X-ray diffraction. These
were a biphenyl inclusion compound
[Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (the basic
case), a 9,10-dichloroanthracene inclu-
sion compound [Ni(SCN)2(acrylH)2] ¥
1³2C14H8Cl2, where isoH is replaced with
3-(4-pyridinyl)-2-propenoic acid (acrylH),
and a perylene inclusion compound
[Ni(SCN)2(isoH)2(fumaricH2)] ¥1³2C20H12,
whose long building block is a trimer
inserted with fumaric acid (fumaricH2)
as a linear spacer.

Keywords: crystal engineering ¥
host ± guest systems ¥ hydrogen
bonds ¥ self-assembly ¥ supramolec-
ular chemistry

Introduction

Solid-state supramolecular chemistry and material science
have shown quite spectacular advances over the last two
decades. At the present time, supramolecular chemistry is one
of the most prosperous fields in the whole of chemistry, and
recent advances can be divided into three areas. The first aims
at the construction of multi-dimensional supramolecular
structures through self-assembly of various kinds of building
blocks, from the viewpoint of structural interest.[1±3] The
second targets particular solid state phenomena such as

metallic conductivity,[4] superconductivity,[5] non-linear optical
behavior[6] and molecular magnetism[7] invoked from the
accumulation of composite organic molecules in a requisite
manner. The third studies supramolecular inclusion com-
pounds.[8, 9] Perhaps an ultimate purpose of the construction of
such inclusion compounds is their chemical and/or physical
properties, which originate from the structural arrangement of
guests formed inside their structures. This is the purpose of the
second category, and such inclusion compounds are con-
structed by multi-dimensional structures of the first category.
The third category has an important application in combining
the first and the second. A considerable amount of effort has
been devoted to the former two categories, and many
interesting and sophisticated compounds have been synthe-
sized. In the last case, however, two problems still remain
unsolved. The most troublesome obstacle is interpenetra-
tion.[2, 3, 10] Even though a host may have a desirable cavity size
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for inclusion of a guest of interest at the appropriate stage of
its design, in many cases the resultant compound has an
interpenetrated structure and the guest is expelled from the
cavity. In particular, use of a long building block, which is
inevitable for constructing a large cavity suitable for a large
guest, dramatically increases the possibility of forming such
undesirable structures. The inclusion ability of these inclu-
sion-compound hosts is significantly lowered or their guest
species are restricted to small organic molecules such as
solvents.[11±13] Another problem is the difficulty of controlling
the construction of component molecules in the solid state.
This difficulty comes from the fact that supramolecular
structures are sensitive to many factors including the structure
of component molecules, the functional groups of guests and
the nature of counter ions and solvents.[11n, 14] As a result, the
formation of undesired closed-packed structures is often
observed and polymorphism also frequently takes place.[15] To
predict the resultant structure is therefore difficult.
We believe that solving these problems is important and

indispensable for the development of solid-state inclusion
chemistry. Our main theme in this study is to establish a
strategy for constructing an inclusion-compound host having
the ability to include large guest molecules without forming an
interpenetrated structure, based on the concept of supra-
molecular chemistry. In the following sections, we present the
strategy of our fundamental host design and further structural
development of the host. The crystal structures of three new
inclusion compounds, which were synthesized in accordance
with our host design, will be discussed.

Results and Discussion

Host Design : Our fundamental strategy for constructing an
inclusion-compound host consists of two parts: formation of a
linear long building block by the most simple and easy method
possible, and construction of a host lattice with no inter-
penetrated structure using this long building blocks. In order
to construct a host with the ability to include large guest
molecules, a long building block is necessary. However, such a
long building block requires multi-step synthetic procedures
for its preparation and has a large molecular weight combined
with poor solubility in common organic solvents. The latter

point may cause a serious problem in the preparation of a host
lattice using such a long building block. In this regard, a small
building block is advantageous. With these contradictory
demands in mind, we have designed a long building block
based on the following strategy. Essentially, our strategy is not
to directly synthesize a long building block, but to construct it
through self-assembly of two small components. For connect-
ing the two components, a certain interaction between them is
inevitable. Among the interactions used in constructing
supramolecular structures, hydrogen bonding is attractive
because of its highly directional nature and relatively high
bonding energy.[16±18] In order to use hydrogen bonding more
efficiently, we considered employing the double hydrogen
bonds of a carboxylic acid dimer. The enthalpy of formation of
a carboxylic acid dimer was estimated to be 29.3 ±
31.4 kJmol�1.[19] In the absence of strong competing hydro-
gen-bonding groups, we could therefore expect the dimer to
form.[20] The resultant dimer usually has a straight and planar
structure.[21] This predicted dimer structure is an indispensable
factor for the construction of a pre-designed long building
block. Considering the above, we first selected isonicotinic
acid (4-pyridinecarboxylic acid, isoH) as a small component
for making a long building block. As shown in Scheme 1, isoH
can dimerize through the formation of a carboxylic acid
dimer. The resultant molecular structure is long and planar.
Both distal pyridyl N atoms of the dimer can coordinate to
transition metal centers so that the isoH dimer acts as a
bridging ligand, in the same way as 4,4�-bipyridine, a well
known bridging ligand used in constructing multi-dimensional
structures.[22]

Scheme 1. An isonicotinic acid (isoH) dimer as a building block.

Next, we attempted to make a rectangular cavity using this
isoH dimer. Our survey of recent works dealing with inter-
penetrated structures revealed that large square and polyhe-
dral cavities constructed with long building blocks often
provoke self-inclusion and interpenetration.[3, 10] To avoid
such problems, we examined the possibility of a rectangular
cavity, which is formed as a mesh in a 2D network and is
framed by two long and two short building blocks.[23] The short
dimension of a rectangular cavity prevents it from forming an
interpenetrated structure of the 2D networks, and the long
dimension contributes to the enlargement of its cavity space.
At the same time, the dimensions may generate a guest
preference of the cavity. The whole crystal structure of our
inclusion compound is a layered structure of 2D networks.
This layered structure forms a 1D arrangement of rectangular
cavities and a 1D channel-type cavity penetrating the layered
2D networks formed there.
In order to make a rectangular cavity, we chose a SCN� ion

as a short building block. SCN� ions can work as ambidentate
ligands between transition metal centers to form a 1D double-
chain structure as shown in Scheme 2.[24] If a divalent metal
ion with an octahedral coordination form (M2�) is used as a
transition metal center, the [M(SCN)2]� 1D complex has no
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Scheme 2. A 1D [M(SCN)2]� complex formed with double chains of
SCN�.

electronic charge and the axial coordination sites of the metal
ions are available to the isoH dimers. We expected a 2D
network, as shown in Scheme 3, to be constructed by self-
assembly of the two building blocks and M2� ions. Rectan-
gular cavities are formed as meshes of the 2D network. The
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Scheme 3. A 2D network formed from isoH dimer building blocks and 1D
[M(SCN)2]� complexes.

dimension of the long side of the rectangular cavity is 16 ±
17 ä, which is the length of the isoH dimer building block, and
that of the short side is 5 ± 6 ä, which is the length of the SCN�

double bridge. The width of the rectangular cavity is expected
to be narrow enough to prevent the formation of an inter-
penetrated structure and wide enough to accept a planar
aromatic guest molecule.

Structural extension of host : Given the success of our method,
namely the preparation of a long bridging block by self-
assembly of small building blocks, we tried to develop the
structure of the host. In the self-assembly process, the key
feature is a carboxy group on the small building block.We first
chose isoH as a small building
block, because isoH is consid-
ered to be the simplest and
most fundamental case. How-
ever, another choice was possi-
ble. In a subsequent step, we
used 3-(4-pyridinyl)-2-propeno-
ic acid (acrylH)[25] as a small
building block. AcrylH is lon-
ger than isoH, forming as a
result a dimer that is longer
than the isoH dimer, as shown
in Scheme 4. The resultant 2D

network containing the acrylH dimer and the [M(SCN)2]� 1D
complex has rectangular cavities with greater height.
Moreover, it is possible to prepare a long bridging block by

self-assembly of three components. As an example, we
attempted to insert a fumaric acid molecule (fumaricH2),
which has two carboxy groups, into the isoH dimer as shown in
Scheme 4. The fumaric acid molecule works as a linear spacer
that connects two isoH molecules with a pair of double
hydrogen bonds. The resultant trimer of isoH-fumaricH2-isoH
acts as a long bridging ligand. The insertion of the fumaric acid
molecule causes a remarkable increase in the height of the
rectangular cavity.

Synthesis : A series of new inclusion compounds with the
chemical formula [Ni(SCN)2(isoH)2] ¥ 1³2G were obtained by
the synthetic procedure outlined in Scheme 5. A small
building block of isoH was used and Ni2� provided the
transition metal center.[26] The following were confirmed as
molecules which it was possible to include as guests (G):
anthracene,[26] naphthalene, naphthacene, phenanthrene, flu-
orene, 9-fluorenone oxime, biphenyl, p-terphenyl, mesitylene,
styrene, 1,4-diethynylbenzene, thieno[3,2-b]thiophene, benz[a]-
anthracene, anthraquinone, triphenylene, thianthrene, 9,10-
dihydroanthracene, benzoic acid phenyl ester, azobenzene,
pyrene, stylbene, 1,2,5,6-dibenzanthracene, chrysene, benzo[a]-
pyrene, pentacene, quarter phenyl, diphenyl sulfide and 1,5-
naphtalendiol. The inclusion compounds obtained were
insoluble in common organic solvents except for aprotic
solvents such as DMF and DMSO. The presence of the guests
was confirmed by 1H NMR spectra of their [D6]DMSO
solutions and the chemical formulae were determined by
elemental analysis. Their IR spectra showed characteristic
very strong absorptions at 2124 cm�1 and 1707 cm�1. These
indicate the presence of SCN� and the carbonyl group of
isoH, respectively. A broad absorption band observed in the
range 2300 ± 3400 cm�1 is presumed to originate from hydro-
gen bonds within the isoH dimer.
As examples of the host structures based on our host design,

two more new types of inclusion compounds were synthe-
sized: [Ni(SCN)2(acrylH)2] ¥ 1³2G (G� pyrene, 9,10-dichlor-
oanthracene, phenanthrene, benz[a]anthracene, and coro-
nene) and [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2G (G� perylene
and naphthacene). These were obtained by preparative
procedures similar to those shown in Scheme 5, but in the
former case acrylH was used as a small building block instead
of isoH and in the latter case fumaricH2 was added as a linear
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Scheme 5. Procedure for the synthesis of an inclusion compound
[Ni(SCN)2(isoH)2] ¥ 1³2G.

spacer. Characterization was carried out by 1H NMR, IR
spectroscopy and elemental analysis similar to that performed
on [Ni(SCN)2(isoH)2] ¥ 1³2G.

Crystal structures : The crystal structures of a biphenyl
inclusion compound [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1), a 9,10-
dichloroanthracene inclusion compound [Ni(SCN)2(acryl-
H)2] ¥ 1³2C14H8Cl2 (2) and a perylene inclusion compound
[Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3) were determined
by single crystal X-ray diffraction. Their hosts consist of 2D
networks that are formed with the combination of long
building blocks and [Ni(SCN)2]� 1D double-chain complexes
as predicted by Scheme 3. The structures of the long building
blocks found in 1 ± 3 are shown in Figure 1.

Figure 1. Structures of the long building blocks. a) Ni-isoH-isoH-Ni link-
age in 1. b) Ni-acrylH-acrylH-Ni linkage in 2. c) Two Ni-isoH-fumaricH2-
isoH-Ni linkages in 3. The Ni�Ni distances are 16.256(1) ä, 20.9826(8) ä
and 23.722(5) ä for 1, 2 and 3, respectively. I� x, y, z� 1.

The space group of 1 is P1≈, and there are two crystallo-
graphically-independent Ni2� ions which lie on independent
inversion centers of the crystal. Each Ni2� ion has an
octahedral coordinated structure, in which two N atoms and
two S atoms of two ambidentate SCN� ligands occupy four
equatorial sites. All SCN ligands form bent bridges between
two Ni2� ions to build up a 1D double-chain structure of
[Ni(SCN)2]� as shown in Scheme 2. The interval between two
Ni2� ions in the 1D complex is 5.5536(5) ä. The axial sites of
the Ni2� ion are coordinated by the pyridyl N atoms of isoH
molecules from the upper and the lower side of the 1D
complex. Two isoH molecules form an isoH dimer through
double hydrogen bonds to their carboxy groups(Figure 1a).
The isoH dimer links two Ni2� ions in two adjacent 1D
[Ni(SCN)2]� complexes to form a linkage of Ni-isoH-isoH-Ni,
whose length is 16.256(2) ä. The 1D [Ni(SCN)2]� complex

and the Ni-isoH-isoH-Ni linkage run along the b axis and the
direction of [012], respectively, so that the
[Ni(SCN)2(isoH)2]� 2D network spreads over the bc plane.
These structural arrangements are shown in Figure 2a and 2b,
which are projections along the bc plane and the b axis,
respectively.
Figure 2a shows the plane of the [Ni(SCN)2(isoH)2]� 2D

network and biphenyl guests. In the 2D network, two kinds of
rectangular meshes framed by the isoH dimer building blocks
and the SCN� bridges, one wide and one narrow, are

Figure 2. Crystal structure of [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1). a) A view
projected onto the bc plane. A 2D network of [Ni(SCN)2(isoH)2]� and the
biphenyl guests which are sandwiched by the 2D network are illustrated.
b) A view along the b axis. The 2D [Ni(SCN)2(isoH)2]� networks are
stacked along the a axis and biphenyl guests are arrayed in the 1D channel
cavity penetrating the stacked 2D networks along the a axis. I� x, y, z�1;
II� x, y�1, z ; III� x, y�1, z�1.

generated. The isoH dimer building block is not completely
flat but slightly waved. The two kinds of meshes are formed
alternately along the b and the c axis as shown in Figure 2a.
The wide mesh acts as a rectangular cavity, and includes a
biphenyl molecule as a guest. On the other hand, the open
space of the narrow mesh is occupied by the waved isoH
dimers themselves so that the narrow mesh has no function as
a cavity. The whole crystal structure of 1 is a layered structure
of the 2D networks stacked along the a axis. Figure 2b shows
this stacking scheme.
The molecular plane of the isoH dimer is almost perpen-

dicular to the plane of the 2D network, and a biphenyl
molecule, which has a planar structure, is sandwiched between
the planes of four isoH dimers of two adjacent 2D networks.
The molecular center of the biphenyl guest lies on an in-
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version center, being positioned at the midpoint between the
two adjacent 2D networks. One benzene ring of the biphenyl
guest is sandwiched by the isoH dimers of one 2D network,
and the other benzene ring is sandwiched by the isoH dimers
of another 2D network adjacent to the first one. This is
repeated along the a axis in which direction the 2D networks
stack. As a result, 1D channel cavities running along the a axis
and penetrating the stacked 2D networks are formed;
biphenyl guests are arrayed one-dimensionally there. Fig-
ure 2a shows the section of the 1D channel cavity and
Figure 2b shows the arrangement of the biphenyl guests in the
1D channel cavity. These are related by the inversion centers
of the crystal, so that the orientation of all guests is fixed to
one direction.
The crystal structure of the 9,10-dichloroanthracene inclu-

sion compound [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2) is very
similar to that of 1 except for acrylH, which was replaced with
isoH for extension of the host structure. The [Ni(SCN)2]� 1D
double-chain complex and the linkage of Ni-acrylH-acrylH-
Ni run along the b axis and the direction of [012], respectively.
A 2D network formed with the SCN� bridges and the Ni-
acrylH-acrylH-Ni linkages spreads over the bc plane. The
lengths of the Ni-(SCN)2-Ni and the Ni-acrylH-acrylH-Ni
linkage are 5.5392(2) and 20.9826(8) ä, respectively. The
structure of the Ni-acrylH-acrylH-Ni linkage is shown in
Figure 1b. There is a wide mesh, which works as a rectangular
cavity, and a narrow mesh with no function as a cavity in the
2D network, as is the case for 1. The stacking scheme of the
2D networks, the formation of the 1D channel cavity and the
arrangement of 9,10-dichloroanthracene guests in the 1D
channel cavity are also same as was found for 1. These
similarities can be seen in Figure 3a and 3b, which show the
host projected along the bc plane and also viewed along the b
axis.
In [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2G (3), it was confirmed

that a fumaric acid molecule works as a linear spacer between
two isoH molecules as we aimed to achieve in our host design.
The two carboxy groups of the fumaric acid connect two isoH
molecules with a pair of double hydrogen bonds to make a
long building block of a isoH-fumaricH2-isoH trimer. This
building block links two Ni2� ions in two adjacent 1D
[Ni(SCN)2]� complexes to form a 2D network of
[Ni(SCN)2(isoH)2(fumaricH2)]� . The whole crystal structure
of 3 is a layered structure of the 2D networks similar to those
found in 1 and 2.
The space group of 3 is P1≈. The unit cell contains two

independent Ni2� ions at independent inversion centers.
There are two independent linkages of Ni-isoH-fumaricH2-
isoH-Ni, but their structures are very similar to each other as
shown in Figure 1c. In both linkages, the center of the
fumaricH2 molecule lies on an inversion center of the crystal.
The linkages run along the direction of the c axis so that they
have the same length, 23.722(5) ä, which is the length of the c
axis. The molecular planes of the linkages are slightly waved
in an S-shape as shown in Figure 4. The [Ni(SCN)2]� 1D
complex extends along the b axis so that the
[Ni(SCN)2(isoH)2(fumaricH2)]� 2D network spreads over
the bc plane. In the 2D network there is one kind of mesh
framed by the SCN� bridges and the two S-shaped linkages.

Figure 3. Crystal structure of [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2). a) A
view projected on to the bc plane. The 2D network of
[Ni(SCN)2(acrylH)2]� and 9,10-dichloroanthracene guests sandwiched by
the 2D network are shown. b) A view along the b axis. The 2D
[Ni(SCN)2(acrylH)2]� networks are stacked along the a axis, and 9,10-
dichloroanthracene guests are arrayed in the 1D channel cavity penetrating
the stacked 2D networks along the a axis. I� x, y, z�1; II� x, y�1, z ; III�
x, y�1, z�1.

The combination of the two S-shaped linkages generates wide
and narrow parts in the mesh. The wide part of the mesh acts
as a cavity and include a perylene guest molecule. The
structure of the 2D network is shown in Figure 4, in which the
structures of the mesh and the sandwiched perylene guest
depicted. The center of the perylene guest lies on an inversion
center which is located at the midpoint between two adjacent
2D networks stacked along the a axis. The perylene guest is
sandwiched between the two adjacent 2D networks similarly
to those seen in the cases of 1 and 2. Figure 5 shows this
structural arrangement. The length of the Ni-isoH-fumaricH2-
isoH-Ni linkage suggests potential ability to include guests
larger than the guests of the [Ni(SCN)2(isoH)2]� and
[Ni(SCN)2(acrylH)2]�-type hosts. However, the waved struc-
ture of the long building block narrows the cavity space of the
rectangular cavity.
The coordination structures of the Ni2� ions in 1, 2 and 3

were those such as may be observed in similar thiocyanato Ni
complexes.[27] The lengths of Ni�N and Ni�S bonds in the 1D
[Ni(SCN)2]� complexes were in the ranges of 2.018(2) ±
2.045(8) ä, and 2.5102(9) ± 2.5642(6) ä, respectively. The
bond angles of Ni-N-C and Ni-S-C were in the ranges
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156.3(9) ± 164.0(7)� and 97.94(16) ± 101.95(10)�. The shortest
distance between the guests and the long bridging blocks was
found to be 3.430(6) ä for C(103) ¥ ¥ ¥C(22) in 1, 3.393(5) ä for
C(107) ¥ ¥ ¥C(22) in 2 and 3.271(18) ä for C(106) ¥ ¥ ¥O(204IV)
in 3 (IV: x, y� 1, z), respectively. These data show the usual
van der Waals contact. The lengths of the hydrogen bonds
forming the carboxylic acid dimer structure are in the range
2.604(4) ± 2.704(12) ä, normal for this type of hydrogen
bond.[28] No structural abnormality was found in the guests
of 1, 2 and 3 except for slightly larger displacement factors due
to thermal molecular motion.

Conclusion

We have proposed a strategy for constructing an inclusion-
compound host. Specifically, a long building block is made by
the dimer formation of two carboxy groups through double
hydrogen bonding, and a host is formed by the combination of
the long building blocks and thiocyanato coordinating bridges.
Moreover, we have pointed out possibilities for extension of
our host structure based on the concept of supramolecular
chemistry, and have demonstrated two examples. In the first

section of this paper we alluded to two problems in
constructing a supramolecular inclusion compound host.
The first is to avoid forming an interpenetrated structure,
and the second is to control and predict the host structure. In
respect of these points, our host design works well. No
interpenetrated structure has been found in our preparative
experiments. The formation of the long building blocks and
the 2D network have usually been observed; the exception is
when an aromatic species with a functional group stronger
than a carboxy group and a SCN� ligand with respect to
forming a hydrogen bond and a coordinating bond has been
used as a guest. However, in the case of fumaric acid being
used as a linear spacer, the structural flexibility of the
resultant long building block appeared and disturbed the
expansion of the inclusion ability. In this regard, the second
problem remains to be solved.
Besides the easy preparation, the predictable structure and

the easy structural extension mentioned above, one of the
remarkable properties of our host is its clear preference for
planar aromatic guests. The inclusion of non-aromatic guests
into our host has not been observed, and our host may accept
large aromatics whose inclusion into existing hosts has been
difficult due to their size. The complete orientational order of

the included aromatic guests is
also one of the properties of our
host. The presence of strong
anisotropy of the crystals orig-
inating in these structural fea-
tures could be considered. These
properties will be useful in the
field of developing materials with
interest in chemical and/or phy-
sical properties, such as chemical
reactions in hosts, and optics.

Experimental Section

Preparation of [Ni(SCN)2(isoH)2] ¥ 1³2C12H10 (1): KSCN (1.76 g, 18.1 mmol)
was added with vigorous stirring to acetonitrile (100 mL) in which NiCl2 ¥
6H2O (2.02 g, 8.5 mmol) was suspended, and the mixture refluxed for 1 h.
Precipitated KCl was filtered off, and isonicotinic acid (2.09 g, 17.0 mmol)
and biphenyl were added to the filtrate. Green crystals of the clathrate were
obtained after slowly evaporating of the solvent over a period of a few days
at ambient temperature. The crystals were collected, washed with acetonitrile,
and dried in air. Elemental analysis calcd (%) for C20H15N4O4S2Ni (498.19):
C 48.21, H 3.04, N 11.25; found: C 48.04, H 3.04, N 11.31.

Preparation of [Ni(SCN)2(acrylH)2] ¥ 1³2C14H8Cl2 (2): Green crystals of 2
were obtained by the same procedure used in the preparation of 1,
however, KSCN (2.15 g, 22.1 mmol), 3-(4-pyridyl)-2-acrylic acid[25] (2.6 g,
17 mmol) and 9,10-dichloroanthracene were used instead of KSCN (1.76 g,
18.1 mmol), isonicotinic acid and biphenyl, respectively. Elemental analysis
calcd (%) for C25H18N4O4ClS2Ni (596.71): C 50.31, H 3.05, N 9.39; found: C
50.48, H 3.05, N 9.20.

Preparation of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3): KSCN (2.48 g,
2.5 mmol) was added with vigorous stirring to acetonitrile (100 mL) in
which NiCl2 ¥ 6H2O (2.49 g, 10.1 mmol) was suspended. After refluxing the
mixture for 1 h, precipitated KCl was filtered off, and isonicotinic acid
(2.49 g, 20.2 mmol), fumaric acid (2.34 g, 20.2 mmol) and perylene were
added. Brown crystals of the clathrate were obtained after slowly
evaporating the solvent for a few days at ambient temperature. Elemental
analysis calcd (%) for C28H20N4O8S2Ni (663.31): C 50.69, H 3.05, N 8.45;
found: C 50.79, H 2.99, N 8.68.

Figure 4. Crystal structure of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3).
A view projected on to the bc plane shows the structure of the 2D network
of [Ni(SCN)2(isoH)2(fumaricH2)]� and its rectangular cavity with wide and
narrow gaps coming from the waved structure of the isoH-fumaricH2-isoH
trimer building blocks. The perylene guests are enclosed in the wide part of
the cavity. I� x, y, z�1; IV� x, y� 1, z ; V� x, y� 1, z�1.

Figure 5. Crystal structure of [Ni(SCN)2(isoH)2(fumaricH2)] ¥ 1³2C20H12 (3) viewed along the b axis. The 2D
[Ni(SCN)2(isoH)2(fumaricH2)]� networks are stacked along the a axis.
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X-ray Crystal structure determinations : The intensity data were collected
on a Rigaku RAXIS-RAPID imaging plate area detector for 1 and 2 and on
a Rigaku AFC-7R four-circular diffractometer for 3 using graphite-
monochromatized MoK� radiation (�� 0.71069 ä) at ambient temperature.
The crystal structures were solved by the direct method using the SHELXS-
97 program[29] and refined by the successive differential Fourier syntheses
and full-matrix least-squares procedure using the SHELXL-97 program.[30]

Anisotropic thermal factors were applied to all non-hydrogen atoms. All
hydrogen atoms were generated geometrically.

Crystal of 1: C20H15N4O4S2Ni, FW� 498.19, triclinic, space group P1≈ (no. 2),
a� 7.5146(5) ä, b� 11.107(1) ä, c� 16.504(1) ä, �� 102.267(4)�, ��
52.054(3)�, �� 96.638(4)�, U� 1061.3(1) ä3, Z� 2, �(MoK�)� 1.146 mm�1,
T� 293 K. The intensity data collection was carried out for a 0.40� 0.20�
0.10 mm green crystal in the range of 3.2� 2�� 59.8� with � scan.
Empirical absorption correction[31] was applied to 6026 reflections meas-
ured (Rint� 0.021), and 4747 independent reflections (Fo� 4�(Fo)) were
used for the analysis. The final reliability factors were R1(Fo)� 0.0387,
wR2(F 2

o�� 0.1103 and GOF.� 1.111 for 283 parameters. The maximum
and minimum electron density residues found in the final differential
Fourier syntheses were �0.424 and �0.451 eä�3, respectively.

Crystal of 2 : C25H18N4O4ClS2Ni, FW� 596.71, triclinic, space group P1≈ (no.
2), a� 9.2611(3) ä, b� 11.0783(4) ä, c� 21.3992(8) ä, �� 78.235(1)�, ��
36.562(1)�, �� 81.068(1)�, U� 1280.23(8) ä3, Z� 2, �(MoK�)�
1.065 mm�1, T� 293 K. The intensity data collection was carried out for a
0.30� 0.10� 0.10 mm green crystal in the range of 3.2� 2�� 59.9� with �

scan. Empirical absorption correction[31] was applied to 7195 reflections
measured(Rint� 0.0280), and 5678 independent reflections (Fo� 4�(Fo))
were used for the analysis. The final reliability factors were R1(Fo)� 0.0367,
wR2(F 2

o�� 0.0903 and GOF� 1.079 for 337 parameters. The maximum and
minimum electron density residues found in the final differential Fourier
syntheses were �0.431 and �0.419 eä�3, respectively.

Crystal of 3 : C28H20N4O8S2Ni, FW� 663.31, triclinic, space group P1≈ (no. 2),
a� 14.383(3) ä, b� 11.007(2) ä, c� 23.723(5) ä, �� 78.60(2)�, ��
38.61(2)�, �� 109.70(2)�, U� 1367.4(4) ä3, Z� 2, �(MoK�)� 0.922 mm�1,
T� 293 K. The intensity data collection was carried out for a 0.20� 0.20�
0.20 mm brown crystal in the range 5.54� 2�� 60.0� with �-2� scan. No
absorption correction was applied to the 8342 reflections measured, and
4461 independent reflections (Fo� 3�(Fo)) were used for the analysis. The
final reliability factors were R1(Fo)� 0.0489, wR2(F 2

o �� 0.0983 and
GOF� 1.06 for 391 parameters. The maximum and minimum electron
density residues found in the final differential Fourier syntheses were
�0.436 and �0.421 eä�3, respectively.

CCDC-186249 (1), 186250 (2) and 186251 (3) contain the supplementary
crystallographic data. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK; fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).
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