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The unique strength, directionality, and complementarity of
noncovalent interactions such as hydrogen bonding and
coordination bonding play a central role in the creation of a
variety of molecular architectures for molecular self-assembly
and recognition in chemical, physical, and biological scien-
ces.[1, 2] The building blocks possessing such noncovalent
interaction sites can produce one-, two-, and three-dimen-
sional molecular arrangements with long-range order.[3±5]

Control of such multidimensional molecular arrangements is
essential for progressing crystal engineering and in construct-
ing the desired molecular-based materials.[6±8] We have
designed a new anionic building block, a tris(biimidazolato)-
nickel(ii) complex, in which the three strong, p-conjugated
biimidazolate ligands each provide one complementary
hydrogen-bonding site. We now report the construction of
four types of hydrogen-bonded and coordination-bonded
molecular architectures of nickel(ii) ions, biimidazolate li-
gands, and counter cations.

Since 2,2'-biimidazole (H2bim) is a bidentate chelating
ligand with multiple proton-donor sites, it can coordinate to a
transition metal in three reversible protonated and deproto-
nated modes: neutral (H2bim), monoanionic (Hbimÿ1), and
dianionic (bimÿ2).[9] The mono-deprotonated ligand (Hbimÿ1)

can form both a complementary
binary NH ´´´ N-type hydrogen
bond and a coordination bond
with metal ions (see structure
A).[10]

In this study, we have found
that simple one-pot proce-

dures[11] of mixing the nickel(ii) ions, Hbimÿ1, and counter
cations produces four types of hydrogen-bonded crystals (1 ±
4) based on arrangements of the [Ni(Hbim)3]ÿ building blocks

(Figure 1). Figures 2 and 3 show the schematic drawings
and crystal structures of the four types of molecular arrange-
ments.

Figure 1. L and D isomers of the building block [Ni(Hbim)3]ÿ .

d)   expanded 2D honeycomb sheet

b)   1D zigzag ribbon

c)   2D honeycomb sheet

a)   0D dot

Figure 2. Schematic representations of the hydrogen-bonded networks of
[Ni(Hbim)3]ÿ building blocks for 1 ± 4 (a ± d). Water molecules (*) and free
2,2'-biimidazole (*) also function as intermediate spacers.

As a common feature, all the structures contain the anionic
building block [Ni(Hbim)3]ÿ , in which the central NiII atom is
coordinated by three bidentate Hbimÿ ligands through the
lone pairs of the imine nitrogen atoms in the imidazole rings.
The NiÿN bond lengths are in the range of 1.96(3) ± 2.19(2) �.
The building block has approximate D3 symmetry; both the D

and L isomers are illustrated in Figure 1.
Structure 1[12a] contains tetramethylammonium as the

counter cation (Figures 2 a, 3 a). Although there is no hydro-
gen bonding between the ligands of the [Ni(Hbim)3]ÿ building
blocks, the units are connected by hydrogen bonding through
water molecules to make a sheet arrangement along the ab
plane (Figure 2 a): The length of the hydrogen bonds between
the oxygen atoms of the water molecules and the nitrogen
atoms of the Hbimÿ ligands are 2.753(4) and 2.756(4) �. The
water molecules themselves form a 1D columnar structure
along the c axis. A single sheet consists of only one of the two
optical isomers (D or L). The whole structure is formed by an
alternate stacking of the D and L sheets along the c axis, and
the NMe�4 counter cations occupy the cavity formed between
three [Ni(Hbim)3]ÿ building blocks in a sheet.

Structure 2[12b] contains tetra(n-propyl)ammonium as the
counter cation (Figures 2 b, 3 b). Of the three hydrogen-
bonding sites in the building block, the one oriented along the
b axis is blocked by hydrogen bonding with a methanol
molecule. The other two sites are linked by complementary
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binary NH ´´´ N hydrogen bonds to
produce a 1D zigzag ribbon structure
along the a axis (Figure 2 b); the ribbon
is made up of alternating D and L

isomers of the building block. The
N ´´´ N distances of intermolecular hy-
drogen bonds are 2.70(2), 2.76(3),
2.89(2), and 2.91(1) �. The NnPr�4
counter cations occupy the cavity
formed between the ribbons.

Structure 3[12c] contains potassium
cis-syn-cis-dicyclohexano-[18]crown-6
([K(DCH[18]crown-6)]�) as the coun-
ter cation (Figures 2 c, 3 c). The char-
acteristic feature is that 3 has a micro-
porous structure with a double-channel
system (Figure 3 c). All three ligands of
the [Ni(Hbim)3]ÿ building blocks form
complementary intermolecular hydro-
gen bonds. Interactions of two of the
hydrogen-bonding sites result in a 1D
hydrogen-bonded zigzag ribbon as for
2. Then, the ribbons are connected to
each other through the remaining hy-
drogen-bonding site to form 2D hon-
eycomb sheets along the ab plane in
which each hexagon is made up of
alternating D and L optical isomers of
[Ni(Hbim)3]ÿ (Figure 2 c). The sheets
are stacked along the c axis in such a
way that [Ni(Hbim)3]ÿ units of the
same chirality are above each other in
the outer channels formed (Figure 4 a).
The N ´´´ N distances of intermolecular
hydrogen bonds are 2.737(9) and 2.74
(1) �. The inner channels are formed
by stacking of two [K(DCH[18]crown-
6)]� cations facing each other along the
c axis. The channel contains methanol
and water molecules that are involved
in hydrogen bonding.

Structure 4[12d] contains tetraethyl-
ammonium as the counter cation (Fig-
ures 2 d, 3 d). This crystal structure
shows an unprecedented example of a
3D supra-cross-catenated self-organi-
zation based on hydrogen-bonded net-
works of the anionic [Ni(Hbim)3]ÿ

building blocks (Figures 4 b, c). The
crystal has four structural character-
istics. First, there is a 1D zigzag ribbon

Figure 3. Arrangement of the [Ni(Hbim)3]ÿ building blocks in the crystal structures (stereoviews): a) ªZero-dimensionalº dot structure without
complementary hydrogen bonds between the ligands in [NMe4][Ni(Hbim)3] (1), as viewed along the c axis. b) One-dimensional zigzag ribbon structures in
[NnPr4][Ni(Hbim)3] (2), as viewed along the c axis. c) Double-channel structures built up by two-dimensional honeycomb sheets in [K(DCH[18]crown-
6)][Ni(Hbim)3] (3). The inner channels (yellow) are constructed by K� ± crown ether complexes, and the outer channels (red) are constructed by the
[Ni(Hbim)3]ÿ building blocks to form a microporous crystal. d) Two-dimensional expanded honeycomb sheet structure in [NEt4]2[{Ni(Hbim)3}2(H2bim)] (4),
as viewed along the a axis. The free neutral H2bim ligands connect zigzag ribbons through complementary hydrogen bonds to form an expanded sheet
structure along the bc plane.
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Figure 4. Representations of the final crystal structures for 3 and 4. a) A
perspective view of the microporous structure with a double channel
formed by [Ni(Hbim)3]ÿ building blocks and K� ± crown ether complexes
for 3. b) A part of the polycatenate network for 4 (stereoview) c) Schematic
drawing of the polycatenate network for 4 (stereoview): The straight lines
represent the distance between nickel ions in two [Ni(Hbim)3]ÿ building
blocks connected by hydrogen bonds. A double-interlocking polycatenate
structure is formed by two sets of stacked honeycomb sheets (red and blue)
that are perpendicular to each other.

arrangement of the anions similar to that in 2 ; the distances of
hydrogen bonds between the building blocks are 2.77(1),
2.78(1), 2.82(1), and 2.84(1) �. Second, free neutral H2bim

ligands connect the 1D ribbons by complementary hydrogen
bonding to form an expanded 2D honeycomb sheet along the
bc plane; the N ´´´ N distances of the hydrogen bonds are
2.70(1), 2.76(1), and 2.84(1), 2.88(1) �. Third, two sets of
honeycomb sheets that are perpendicular to each other
interpenetrate to construct a double-interlocking catenate
structure. Finally, the catenated structure is arranged in 3D to
form an infinite interlocking cross-catenated structure (Fig-
ure 4 c).

The production of the four types of molecular architectures
by the one-pot molecular self-organization of the anionic
building blocks evolves from three fundamental factors:
1) the presence of three complementary binary hydrogen-
bonding sites, 2) the occurence of D and L optical isomers of
the anionic nickel building blocks, and 3) the identity of the
counter cations. Therefore, our results suggest that the mode
of self-organization can be controlled by varying the kind of
counter cation, although at this stage the cation specificity is
difficult to predict. With a systematic approach, we have
succeeded in the organization of [Ni(Hbim)3]ÿ building blocks
to microporous crystals of type 3 with double channels and
crystals of type 4 with double-interlocking chains as poly-
catenate structures. These created crystals are involved in the
construction of organic zeolites[13] and superstructures for
supramolecular chemistry.[14] Our further study will be aimed
at finding the mutual relationship between the building blocks
and the kinds or shapes of counter cations for hydrogen-
bonded superstructures. Thus, the cations play an important
role in the prediction of crystal structures and the ration-
alization of the crystal structure engineering in this systems. In
addition, the introduction of paramagnetic metal ions and
transition metal chromophores into the system of the hydro-
gen-bonding extended arrays may lead to a new material with
interesting magnetic and electronic properties.

Experimental Section

1: A suspension of H2bim (0.4 g, 3 mmol) and Me4NOH ´ 5 H2O (0.42 g,
2.2 mmol) in methanol (60 mL) was added to a 28% NaOMe solution in
methanol (5 mL) and heated under reflux until the ligand had dissolved. A
solution of Ni(ClO4) ´ 6H2O (0.36 g, 1 mmol) in methanol (40 mL) was
added dropwise, and the mixture was heated under reflux for 15 min. The
insoluble components were removed by filtration, and the filtrate was
allowed to stand at room temperature. After renewed filtration of white
precipitate, blue prisms were obtained from the filtrate after several weeks.
Elemental analysis calcd for [NMe4][Ni(Hbim)3] ´ 2H2O (C22H31N13NiO2):
C 46.50, H 5.50, N 32.04; found: C 46.98, H 5.09, N 32.36; IR (KBr): nÄ �
2620 (br, n(NH)), 1899 cmÿ1(br, 2g(NH)).

Crystals 2 ± 4 were obtained by a method similar to that of 1, except that
different counter cations were used. 2 : Elemental analysis calcd for
[NnPr4][Ni(Hbim)3] ´ MeOH (C31H47N13NiO): C 55.04, H 7.00, N 26.92;
found: C 54.51, H 6.53, N 27.34; IR (KBr): nÄ � 2844 (br, n(NH)),
1912 cmÿ1(br, 2g(NH)). 3 : Elemental analysis calcd for
[K(DCH[18]crown-6)][Ni(Hbim)3] ´ 0.5H2O (C38H52N12KNiO6.5): C 50.90,
H 6.07, N 18.74; found: C 50.85, H 5.86, N 18.77 (sample dried under
vacuum for 6 h at 100 8C); IR (KBr): nÄ � 2513 (br, n(NH)), 1902 cmÿ1 (br,
2g(NH)). 4 : Elemental analysis calcd for [NEt4]2[{Ni(Hbim)3}2(H2bim)]-
MeOH ´ H2O (C59H82N30Ni2O2): C 52.07, H 6.07, N 30.88; found: C 52.02, H
6.16, N 30.32; IR (KBr): nÄ � 2811 (br, n(NH)), 1912 cmÿ1 (br, 2g(NH)).
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Bioaffinity NMR Spectroscopy: Identification
of an E-Selectin Antagonist in a Substance
Mixture by Transfer NOE**
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Wei-Tong Wang, Bernd Meyer,* and Thomas Peters*

Leukocytes play a central role in the body�s resistance to
tissue lesions and microbial infections. So to be able to
exercise their defense function, they must selectively enter the
area of the affected tissue. The first step in this inflammatory
cascade is the cytokine-induced expression of P-selectin and
E-selectin, which, located on the surface of endothelial cells,
interact specifically with ligands on leukocyte surfaces. With
E-selectin this is the ESLÿ 1 ligand, with P-selectin the
PSGLÿ 1 ligand.[1] The specific interactions between selectins
and ligands first initiate a ªrollingº of the leukocytes, which
leads to further specific interactions with other membrane
proteins and, ultimately, to leukocyte migration into the
affected tissue. In pathological situations such as myocardial
infarction, transplantation, or rheumatoid arthritis, suppres-
sion of the inflammatory cascade is desirable. Considerable
effort has therefore been expended on the preparation of
potent P- and E-selectin antagonists.[2] In the case of
E-selectin, the bioactive conformation of the sialyl Lewisx

mimetic 2 was recently elucidated by transfer NOE experi-
ments.[3] It emerged that the bioactive conformation of this
antagonist has much in common with that of the sialyl Lewisx

1 (see Scheme 1).[4]

As always in the search for active compounds, the search for
sialyl Lewisx mimetics requires screening procedures that
allow the rapid identification of lead compounds. A procedure
we have described recently, ªbioaffinity NMR spectroscopyº,
is based on the selective detection of transfer NOEs
(trNOEs).[5] It makes use of the observation that small
molecules (relative molecular mass up to about 2 kDa)
exhibit strong negative trNOEs when bound to receptor
proteins, and can thus be differentiated from nonbinding
molecules with weak positive NOEs. Isotope labeling of the
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