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Abstract

In the field of crystal engineering, many attempts have been made to control the molecular
arrangements in crystal by simultaneous use of coordination bonds of a transition metal ion
and complementary intermolecular hydrogen bonds. We obtained the first crystal structure
of the hydrogen bonded metal complex of 2,2"-biimidazolate monoanion ligand Hbim~ with
Cu(Il) as a neutral dimer metal complex. The hydrogen-bonded dimer structure indicates
that the Hbim~ ligand controls the crystal structure using not only the coordination to a
transition metal ion as a bidentate chelate but simultaneously the formation of complemen-
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tary intermolecular hydrogen bonds. We also found that the Hbim ™~ ligand gave [Ni(H-
bim);]~ as a new building block for hydrogen-bonded self-assembling networks by one-pot
synthesis to mix Ni(II) ion, counter cation and the ligand. The networks form zero-dimen-
sional, one-dimensional, two-dimensional, and three-dimensional structures depending upon
the kind of counter cations. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Crystal engineering; Hydrogen bond; Metal complex; Nanostructure; Supramolecular
chemistry

1. Introduction

The unique strength, direction, 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
molecular recognition in chemical, physical, and biological sciences [1,2]. The
building blocks possessing such noncovalent interaction sites can produce one-
(1-D), two- (2-D), and three-dimensional (3-D) molecular arrangements [3—5] with
the long-range order. Control of such a dimensionality is essential to advance
crystal engineering and to construct the desired molecular materials [6—8§].

Complicated crystal structures composed of self-organizing networks can be
formed by simultaneous use of complementary hydrogen bonds and coordination
bonds [9]. As a preliminary experiment, we prepared a copper(Il) complex,
[Cu'(salenNMe,)(Hbim)],, with a dimer structure using 2,2’-biimidazolate, Hbim ~
as a bridging ligand with a n-conjugated system [10]. The crystal structure indicated
for the first time that Hbim~ ligand could be used for the formation of metal
complexes having complementary intermolecular hydrogen bonds in the solid state.

We next designed a new anionic building block, tris-biimidazolate nickel(II)
complex [Ni(Hbim);]~, with the block possessing three complementary hydrogen-
bonding sites. We found that simple one-pot procedures mixing nickel(Il) ion,
Hbim—, and counter cation produce four types of hydrogen-bonded crystals based
on the arrangement of the [Ni(Hbim);]~, in which the nickel(II) center is linked by
three Hbim~ ligands: (1) a zero-dimensional dot structure with no complementary
hydrogen bond, (2) a 1-D hydrogen-bonded zigzag ribbon, (3) a 2-D hydrogen-
bonded honeycomb sheet and (4) a 3-D supra-cross-catenated network [11].

2. Hbim~ ligands as a candidate for transition metal complexes with hydrogen
bond

As 2,2'-biimidazole (H,bim) is a bidentate chelating ligand with multi-proton
donor sites, it is able to coordinate to a transition metal with three reversible types
of protonated and deprotonated modes: neutral (H,bim), mono-deprotonated
(monoanion, Hbim™), and di-deprotonated (dianion, bim>~) types [12] (Fig. 1).
The H,bim ligand itself, which has a trans configuration in crystal, forms the
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Fig. 1. 2,2’-biimidazole with three reversible types of protonated and deprotonated mode.

complementary hydrogen-bonded network with 1-D linear chains [13], as shown in
Fig. 2. A metal complex with the configuration H,bim, as a bidentate chelate
ligand; however, can not form the complementary hydrogen bonds between the
ligands. In such a case, the hydrogen-bonding sites of the H,bim ligand in a metal
complex are not used for a complementary intermolecular hydrogen bond, but are
used for the hydrogen bonds with counter ions and solvent molecules in crystal [14].
Among the three types of protonated states of H,bim ligand, the Hbim ~ ligand can
form both a complementary intermolecular hydrogen bond of binary NH-*N type
and a coordination bond with metal ions as shown in complex 1. Oro and
coworkers proposed the dimer structure shown in this diagram, built up by a
palladium(II) complex (2) containing only one Hbim ™~ ligand, as the complex was
observed to have a higher molecular weight in solution than that calculated [19b].
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Conventional synthesis of metal complexes focusing on proton dissociation of a
H,bim ligand has been practiced in the past [15]. Many transition metal complexes
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Fig. 2. 1-D hydrogen-bonded chain in crystal of 2,2'-biimidazole with frans configuration.
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containing Hbim ™~ ligands have also been prepared, but few crystal structures have
been determined by X-ray crystal analysis. A coordination polymer
{[Fe"(Hbim),]},, which affords the first example of bridging Hbim™~ ligands, was
created by direct coordination between two vacant coordination sites of Fe'! ion
and the N atom [16]. In this case, the metal complex forms no complementary
intermolecular hydrogen bonds of Hbim™ ligand as in complex 1.

We have identified the crystal structure of [Cu'(tacn)(Hbim)](ClO,)MeOH (3)
(tacn = 1,4,7-triazacyclononane) [10]. The Cu(Il) ion is bound to five nitrogen-
donor sites to give a distorted square-pyramidal coordination. The metal complex
moiety has a + 1 charge and the counter ion ClO; is a kind of proton acceptor;
therefore, the Hbim ™~ ligand forms the intermolecular hydrogen bonds with CIO,
and no complementary hydrogen bonds between the Hbim ™~ as shown in Fig. 3.
This is a common feature in cationic transition metal complexes.

3. Hydrogen-bonded dimer structure

To preclude the interaction with counter anions, and to construct the comple-
mentary hydrogen bonded dimer as in complex 1, we chose the copper(Il) complex
of the mononegative, tridentate ligand N-salicylidene-N',N’-dimethylethylenedi-

2.61 A 3 cr

31

Cc13

Cu - N(2}, 2.01(1) A; Cu - N(4), 2.02(1)A; Cu - N(5), 2.02(1)A;
Cu - N(6), 2.23(1}A; Cu - N(7), 2.02(1)A; N(1) - C(1), 1.38(2)A;
Cu - C(2), 1.34(2)A; N(5)-0(2), 2.88(2)A; N(6)-0(2), 2.93(1)A;
N(7)-O(1), 2.78(2)A; N(1)-0(3), 2.63(1)A; and N(3)-0(4),
2.63(2) A.

Fig. 3. oRTEP view of the complex [Cu'!(tacn)(Hbim)](ClO,)-MeOH (3).
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amine (salenNMe,) in place of the neutral, triazamacrocycle ligand of tacn in
complex 3. Thus, a neutral complex of a copper(Il) with Hbim~ and salenNMe,,
[Cu'(salenNMe,)(Hbim)], (4), was designed and synthesized [10]. The desired
neutral complex was obtained by treatment of [Cu(salenNMe,)(H,bim)]CIO, with
an equimolar amount of Me,NOH in ethanol in 26% yield.

In this system, the tridentate ligand cannot donate a hydrogen bond and the
methyl groups suppress the coordination of a solvent molecule to axial coordina-
tion positions [17]. However, an equatorial coordination position is available for
binding to the Hbim ™~ ligand. An ORTEP view of complex 4 is shown in Fig. 4 (a)
along with the numbering scheme.

The primary coordination sphere of complex 4 is pseudo-square pyramidal with
the tridentate Schiff base. It has N(2) of the Hbim™ monoanion defining the
equatorial plane and N(4) of the coordinated Hbim ™~ ligand occupying one of the
axial positions. The Hbim~ ligand acts as a chelate ligand employing both
equatorial and axial ligations [17,18].

The most important intermolecular interaction found in the crystal packing is
formation of the dimeric hydrogen bonding [N(1)-N(3) 2.83(10) /0\] as in complex
1 (Fig. 4 (b)). The two Hbim~ skeletons connected by the hydrogen bonds of
double NH "N types are coplanar to each other. The shortest Cu---Cu distance is
6.72 A between the dimeric units along the a axis. The Cu---Cu distance through the
hydrogen-bonded ligands in a dimeric unit is 10.60 A. We measured magnetic
susceptibility on powered samples in the range of 2.5-270 K. A weak antiferromag-
netic interaction between Cu(Il) ions (u.= 1.86 uB (270 K), 1.70 uB (2.5 K)) was
observed, which is caused by dipole—dipole interaction between the dimeric units.
The exchange interaction in a hydrogen-bonded dimeric unit is presumed to be very
weak, since the Cu—Cu distance is so long.

In the literature, complementary hydrogen-bonded neutral metal complexes
containing a Hbim ™~ ligand were proposed, but no crystal structures were reported
[19]. For example, the neutral complexes such as [M(CO),(Hbim)] and
[M(COD)(Hbim)] [19a], [Pd(n?-2-RC;H,)(Hbim)](R = H, Me) [19b],
[Mn(CO),(Hbim)L,] [19¢], [Mn(n>-CsH;)(CO),(Hbim)] and [Rh(n’-CsHs)CI(Hbim)]
[19d], [MH(CO)(PPh,),(Hbim)] (M =Ru, Os) [19f], and [OsCl(n*-
H,)(Hbim)(P'Pr;),] [19h] are presumed to form the dimer structure but no X-ray
crystal analyses were performed. The structures of such complexes were tentatively
assigned from the analysis of IR spectra; that is to say, the IR spectra showed
medium strong signals around 1800 ~ 1900 cm~'. The signals are assigned to
2y(NH) secondary bending vibration [20]. Furthermore, the IR spectra showed a
broad absorption band around 2500 cm~!, which is assigned to intermolecular
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Cu(1) - O(1), 1.933(6) A; Cu(1) - N(2), 1.970(6) A; Cu(1) - N(4),
2.365(7} A; Cu(1) - N(5), 2.082(6) A; Cu(1) - N(E), 1.962(6) A;
N(1) - C(1), 1.344(9) A; N(1) - C(4), 1.38(1) A; N(1)-N(3),
2.83(10) A.

Fig. 4. (a) ORTEP view of the hydrogen-bonded dimer complex [Cu''(salenNMe,)(Hbim)], (4). (b)
Stereoview of crystal-packing for complex 4. The dotted lines represent complementary intermolecular
hydrogen bondings.

hydrogen-bonded N-H stretching. The signal of v(NH) stretching vibration is
shifted ca. 500 cm ~! toward low frequency by general hydrogen bonds. Those
complexes are believed to form intermolecular hydrogen-bonded dimers between
Hbim ™~ ligands. The IR spectrum of complex 4 possesses all these characteristic
features. Therefore the assignments of the dimeric structures mentioned above are
partly confirmed by X-ray crystal structure analysis of complex 4.
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4. New anionic building block [Ni(Hbim);]~

In this way, we determined the first crystal structure of a hydrogen-bonded dimer
bridging a transition metal ion by the complementary hydrogen bond between two
Hbim ™~ ligands in complex 4 It was then planned to flexibly control the crystal
structure by self-assembly using configurations of transition metal ions and comple-
mentary intermolecular hydrogen bonds. We designed a new anionic building
block, a tris-biimidazolate nickel(IT) complex (5) [Ni"(Hbim);]~, where the biimida-
zolate ligand with bidentate chelate ability possesses three complementary hydro-
gen-bonding sites. In fact, we found that a new, simple one-pot procedure mixing
the Ni(IT) ion, the Hbim~ and a counter cation produces the self-assembling
crystals with complementary hydrogen bonds based on building block 5. It is
possible to make up a variety of self-assembling networks with long-range orders
depending upon the kind of counter cations [11].

As a common feature, all crystals contain anionic building block 5, in which the
central Ni(IT) atom is coordinated by three bidentate Hbim ~ ligands through lone
pairs of the imine nitrogen atoms in the imidazole rings. Building block 5 has an
approximate point group D, symmetry, whose A and A isomers are illustrated in
Fig. 5. The coordination geometry is a distorted octahedron. The distortion results
from small N-Ni-N bite angles between 75 and 81°, which are similar to those of
[Ni(bpy)s]** (79°) and [Ni(phen);]>* (79°) [21].

As shown in Fig. 6, we obtained four types of hydrogen-bonded and coordina-
tion-bonded molecular architectures of building block 5: (1) a zero-dimensional
(0-D) dot structure with no complementary hydrogen bonds, (2) a 1-D hydrogen-
bonded zigzag ribbon, (3) a 2-D hydrogen-bonded honeycomb sheet, and (4) a 3-D
supra-cross-catenated network. The results indicate formation of an unexpected
example of 3-D supra-cross-catenated self-organization with counter-cation specific-
ity, which shows unambiguously that nature surpasses our prediction or imagina-
tion for the mode of the self-assembly of building blocks.

A

“"-u 11N N
BSEINIES  ASey

A isomer { /]\ ) A isomer (J\)

Fig. 5. A and A isomers of building blocks [Ni(Hbim),]~ (5) and their schematic symbols.
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Fig. 6. Schematic representations of four types of the hydrogen-bonded networks using building blocks
[Ni(Hbim);]~ (5). (@®): a water molecule and (g): a free 2,2"-biimidazole for intermediate spacers.

5. Multi-dimensional structures

The crystals, [Ni''(Hbim);](NMe,)-2H,O (6) and [Ni"(Hbim),](NEt,)-2H,O (7)
built up by building block 5 with tetramethyl ammonium ion (NMe;) and
tetracthyl ammonium ion (NEt)) as a counter cation are those with a ‘0-D dot’
structure. We have shown in Fig. 7 one crystal structure containing a NEt;” ion.
Although the three hydrogen-bonding sites of 5 form no complementary hydrogen
bonds between the ligands, what we call a 0-D structure, water molecules connect
them to make a sheet arrangement by hydrogen bondings along the ab plane (Fig.
6(a)). The counter cation NEt, occupies the cavity formed by three building block
5.

The crystals, [Ni''(Hbim);](N"Pr,)-MeOH (8), [Ni"(Hbim),;](N"Bu,)-MeOH (9)
and [Ni'(Hbim),](Etpy)-MeOH (10) containing tetra-n-propyl ammonium ion
(N"Pr;), tetra-n-butyl ammonium ion (N”"Bu,; ) and 1-ethyl pyridinium ion (Etpy™)
ion, respectively, as a counter cation are among those with an 1-D zigzag ribbon
structure. Fig. 8 shows the crystal structure of crystal 9. One of the hydrogen-bond-
ing sites oriented towards the b axis is blocked by hydrogen bonding with a
methanol molecule. The other two sites are linked by complementary binary
hydrogen bonds of NH:N type to produce a 1-D zigzag ribbon structure of
building block 5 along the a axis (Fig. 6(b)). The counter cation N”"Bu,” occupies
the cavity between the 1-D zigzag ribbons.

The crystals, [Ni"(Hbim);][K—Cryp] (11) and [Ni"(Hbim),][K-DCH(18-crown-6)]
(12) containing a potassium cryptand complex ([K—Cryp]*) and a potassium
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Fig. 8

Fig. 7. Stereoview of ‘zero-dimensional dot’ structure without complementary hydrogen bonds between
the ligands in [Ni(Hbim);][NEt,] (7).
Fig. 8. Stereoviews of 1-D zigzag ribbon structure in [Ni(Hbim);][N"Bu,] (9).

cis-syn-cis-dicyclohexano-18-crown-6 complex ([K-DCH(18-crown-6)]*)(Figs. 9(a)
and 9(b)), as a counter cation are among those with a 2-D honeycomb sheet
structure. Fig. 9(c) shows the 2-D honeycomb-sheet structure of crystal 11. The
characteristic structural feature is that they all have a microporous structure with a
large diameter (Fig. 9(d)). All three hydrogen-bonding sites of building block 5
form complementary intermolecular hydrogen bonds. Two of the hydrogen-bond-
ing sites make a 1-D hydrogen-bonded zigzag ribbon like crystal 9. These ribbons
are connected to each other by the remaining hydrogen-bonding site to form the
2-D honeycomb sheets along the ab plane (Fig. 9(e)). The six-membered building
blocks are constructed by the alternate arrangement of A and A optical isomers
(Fig. 6(c)). The 2-D sheet stacks along the ¢ axis to produce the channel structures.
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[K-DCH(18-crown-6)]* [K-Crsfp]+

Fig. 9. (a) Potassium cryptand complex ([K-Cryp]™) (b) Potassium cis-syn-cis-dicyclohexano-18-crown-
6 complex ([K-DCH(18-crown-6)]"). (c) Stereoview of 2-D honeycomb sheets in [Ni(Hbim),;][K—Cryp]
(11). (d) Hydrogen-bonded network structure of a 2-D honeycomb sheet. (¢) A perspective view of the
microporous structure with a large channel formed by six [Ni(Hbim);]~ (5) building blocks and two
K*—cryptand complexes.

The crystals  {[Ni"(Hbim);](NEt,)},(H,bim) (13) and {[Ni"(Hbim),]-
(NMeEt,)},(H,bim) (14) containing a NEt,” cation and a methyl-triethyl ammo-
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nium ion (NMeEt;) as a counter cation are among those with a 2-D expanded
honeycomb sheet structure. Fig. 10(a) shows this structure containing the crystal
14. The crystal structure shows an unprecedented example of a 3-D supra-cross-
catenated self-organization based on hydrogen-bonded networks of building block
5 (Fig. 6(d)). First, this crystal has a 1-D zigzag ribbon structure similar to crystal
11. Next, free neutral H,bim ligands connect that 1-D ribbon array by complemen-
tary hydrogen bonds to form an expanded 2-D honeycomb sheet structure. Then,
the sheets interpenetrate each other with a perpendicular orientation to construct a
cross double-interlocking catenate structure (Fig. 10(b)). Finally, the catenated
structure is arranged in 3-D to form an infinite polycatenated structure (Fig. 10(c)).

6. Conclusions

We found that the Hbim~ ligand has an important function of controlling crystal
structures by one-pot self-assembly using simultaneously, both the configuration of
a transition metal ion and a complementary intermolecular hydrogen bond. First,
we proved that the Hbim ™~ ligand can form a complementary hydrogen bond by
X-ray crystal structure analysis of complex 4. Based on this fundamental result, we
utilized the Hbim~ ligand to control the molecular arrangements in crystal by
designing a new anionic building block 5.

The production of the four types of molecular architecture by one-pot molecular
self-organization of building block 5 evolves from three fundamental factors: (1)
three complementary binary hydrogen-bonding sites, (2) A and A optical isomers in
the chiral coordination mode, and (3) the kind of counter cations. Each crystal has
a different kind of counter cation: alkyl pyridinium, alkyl ammoniums or crown
ether derivatives, as shown in Table 1. Our results indicate that the mode of
self-organization can be controlled by varying the kind of counter cation, although
at this stage the prediction of the cation specificity is difficult. Interestingly, we have
succeeded systematically in the organization of building block 5 for the creation of
microporous structures with large channels containing counter cations [K—Cryp]™
and [K-DCH(18-crown-6)]", and the 3-D double-interlocking polycatenate struc-
tures containing the counter cations NEt;” and NMeEt; . Our further study will be
aimed at comprehending the mutual relationship between hydrogen-bonded super-

Table 1
Dimensionalities of crystal structures constructed by building blocks 5 depending upon the type of
counter cations

Dimensionality Counter cations

0 NEt; NMe;

1 N"Pr;j N"Bu; Etpy™

2 [K-Cryp]* [K-DCH (18-crown-6)]*
3 NEt;” NmeEt;
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Fig. 10. (a) Stereoviews of 2-D expanded honeycomb sheet structure in {[Ni'(Hbim),]-
(NMeEt;)},(H,bim) (14). The free neutral H,bim ligands connect zigzag ribbons through complemen-
tary hydrogen bonds to form an expanded sheet structure. (b) A part of the polycatenate network for
the crystal. (c) Schematic drawing of the polycatenate network for the crystal in three-dimension; the
straight lines represent the distance between nickel ions in two [Ni(Hbim);]~ (5) building blocks. A 3-D
double-interlocking structure is formed by two sets of stacked honeycomb sheets (red and blue) that are
perpendicular to each other.
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structures of the building block and the kind or shape of component counter
cations. Elucidation of the role of counter cations in self-assembly is important to
predict the crystal structures and to understand the crystal structure engineering in
these systems.
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