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Manipulation of molecular crystals formed from self-organization
is one of the important methods to develop the new molecular
functional materials. In particular, we look upon mutual cohesive
interactions of hydrogen bonding and metal coordination as one
useful tool to construct the preprogramming superstructures. In
this study, five controlled superstructures of a one-dimensional
linear chain—a zigzag ribbon, right-handed and left-handed heli-
ces, and a two-dimensional honeycomb sheet—-are newly created
by using the neutral metal complexes with some 2,2’-biimidazolate
mono-anions.

M olecular arrays with desirable topological networks re-
cently have been realized in crystal by self-organized
binding between molecular building blocks with hydrogen-
bonding (H-bonding) and metal-coordinating affinities. The
coordination bonds and the H-bonds are relatively weak inter-
actions that impart strength, directionality, and complementarity
(1-6). Such crystal manipulations, often known through crystal
engineering, are performed to yield arrays of controlled super-
structures that provide new functional molecular solids (7-8).
Thus, the self-organization of designed molecules containing
certain kinds of complementary H-bonding and coordinating
units has stimulated new efforts in the material sciences that use,
for example, controlled molecular arrays adsorbed to a solid
surface (9-11), a self-organized molecular assembly with unique
cavities (12), and an integrated system of molecular device (13).

In some molecular systems, it has been possible to control
molecular aggregation in the crystal by the difunctional ligands
that bond to metal with coordinate—covalent interactions and to
each other with H-bonding interactions (14-19). The 2,2'-
biimidazolate mono-anion (Hbim™!), recently introduced (20),
works as such a difunctional bridging ligand not only to form a
stable metal-chelate complex but also a new intermolecular
complementary H-bonding with two sets of NH donors and N
acceptors, as shown in Scheme 1. A molecular system like
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Scheme 1

Hbim ™! has not been found in molecular aggregation used for
crystal engineering except in our aggregation system.

The previously reported [Ni''(Hbim)s] ™!, obtained by self-
organization with an Ni(II) ion and an Hbim ™!, forms a variety
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of multidimensional superstructures with long-range ordered
arrays (21). In these cases, the nature of the metal anion
assembly was affected by the nature and size of the counter
cation. We have tried to eliminate the counter ion and to create
a new superstructure with an infinite chain without the effect of
counter ions on the assembly of metal complexes constructed
from the H-bonding dimer units like Scheme 1. In this report,
four types of self-organizing superstructures with infinite chains
are identified by designing four neutral Hbim~! complexes with
altered metal coordination spheres. As the result, we can sys-
tematically produce five types of preprogramming superstruc-
tures (shown in Fig. 1) of a dimer (A4), a linear chain (B), a zigzag
ribbon (C), a honeycomb sheet (D), and a helical chain (E),
respectively (see data sheets, which are published as supporting
information on the PNAS web site, www.pnas.org).

Materials and Methods

Preparation of trans-[Ni"(Hbim)(*Bupy).] (Complex 2). H>bim (0.40 g,
3 mmol) and 4-tert-butyl pyridine (‘Bupy) (0.28 g, 2.0 mmol) were
added to MeOH (60 cm?) containing potassium fert-butoxide
(1.10 g, 10 mmol), and the suspension was heated until the
refluxing condition was achieved. To the resulting solution,
Ni(ClO)46H>0 (0.36 g, 1.0 mmol) in MeOH (40 cm?) was added
dropwise. The reaction mixture was refluxed for 15 min and
filtered. The obtained filtrate was cooled slowly to room tem-
perature and left overnight. The orange-prism crystals were
obtained after several days. Elemental analysis was as follows:
for [Ni(Hbim),(‘Bupy)2]-0.5H>0 (C30H37N190y sNi), calculated
values were C, 59.62%:; H, 6.17%; N, 23.18%: values found were
C, 59.40%; H, 5.98%; N, 23.39%; (the sample was dried under
vacuum for 6 h at 100°C), IR (KBr) 2656 cm™![br, v (NH)]; 1910
cm~! [br, 2y (NH))].

Preparation of [Ni"(Hbim)(bpy)] (Complex 3). The blue crystals of
complex 3 were obtained in a similar way to that of the crystals
of complex 2, except for using 2,2'-bipyridine (bpy) (0.16 g,
1.0 mmol) instead of 'Bupy. Elemental analysis: for
[Ni(Hbim)(bpy)] (C22HigNyoNi), calculated values were C,
54.91%; H, 3.77%; N, 29.11%: values found were C, 54.56%; H,
3.88%; N, 28.79%; (the sample was dried under vacuum for 6 h
at 100°C), IR (KBr) 2788 cm ™~ ![br, v (NH)]; 1919 cm~! [br, 27
(NH)].

Preparation of [Ru(Hbim)s] (Complex 4). Synthesis of the crystals of
complex 4 was performed as described (22). Elemental analysis:

This paper was submitted directly (Track Il) to the PNAS office.
Abbreviations: 'Bupy, 4-tert-butyl pyridine; bpy, 2,2'-bipyridine; 1-D, one-dimensional.

Data deposition: The atomic coordinates have been deposited in the Cambridge Structural
Database, Cambridge Crystallographic Data Centre, Cambridge CB2 1EZ, United Kingdom
[CSD reference nos. 174718 (2), 174719 (3), 174720 (4), 174721 (5), and 174927 (6)].
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Schematic representations of multidimensional assemblies formed by transition-metal complexes with controlled configurations that regulate the

number of Hbim~" ligands. (A) “Zero-dimensional dimer" constructed by the complementary intermolecular hydrogen bonds between Hbim~" ligands in the
metal complexes coordinated by only one Hbim~' ligand. (B) One-dimensional linear chain assembled by the metal complexes with trans-configuration
coordinated by two Hbim~" ligands. (C) One-dimensional zigzag ribbon assembled by the metal complexes with at least two Hbim~" ligands in cis-configuration.
(D) Two-dimensional honeycomb sheet linked by three intermolecular hydrogen bondings of the metal complexes with three Hbim~" ligands. The sheet is
constructed by hydrogen bondings with alternate linkage between different optical isomers of A and A types. (E) Helical chain assembled by intermolecular
hydrogen bondings between the same optical isomers of A or A containing at least two Hbim~" ligands. n = number of Hbim~' ligands coordinated to transition

metal ions.

for [RU(Hblm)g]l/ZHzo (C]3H16N120()'5RU), calculated values

were C, 42.44%; H, 3.17%; N, 32.99%; values found were C,
42.77%; H, 3.29%; N, 32.61%; (the sample was dried under

vacuum for 6 h at 100°C), IR (KBr) 2502 cm™! [br, v (NH)]; 1890
m~! [br, 2y (NH)].

Preparations of A-[Co"(Hbim)s;] (Complex 5) or A-[Co"(Hbim)s]
(Complex 6). A methanol solution of sodium methoxide (28%)
was added to a methanolic suspension (5 cm3) of the op-
tically resolved cobalt (III) complex of A- or
A-[Co™(Hbim);](NO3); (0.10 g, 0.15 mmol) until the mixture
became an orange solution. The cobalt (III) complex was
resolved according to the method described (23). 2-Propanol was
diffused to each solution to give red prismatic crystals of complex
5 or complex 6. Elemental analysis: for complex 5 (dried under
vacuum at 100°C) A-[Co(Hbim);]-H>O (CisH;7N;2,0Co), calcu-
lated values were C, 51.77%; H, 4.10%; N, 40.25%; values found
were C, 51.56%; H, 4.02%; N, 40.15%; IR (KBr) 2824 cm™! [br,
v (NH)]; 1898 cm™! [br, 2y (NH)]. Elemental analysis: complex
6 (dried under vacuum at 100°C) A-[Co(Hbim);]-H,O
(CisH17N120Co0), calculated values were C, 51.77%; H, 4.10%;
N, 40.25%; values found were C, 51.61%; H, 4.30%; N, 40.16%;
IR (KBr) 2824 cm™! [br, v (NH)]; 1898 cm™! [br, 2y (NH)].

Crystal Structure Data for Complexes 2-6. Crystal data for complex
[Nr(Hbrm)z(‘Bupy)z] (CsoH36N1oNi), triclinic, space group P-1
QNO 2) with a = 10.395 (8) A, b = 11.117 (6) A, ¢ = 8.425 (4)
,a =106.84 (5)°, B = 106.97 (5) v =104.33 (6)°, =830 (1)
A3 Z =1, peaica = 1.190 gem™, F (000) = 314, T = 23°C,
w(MoKea) = 6.18 cm™1, 215 parameters, R; =0.089, R,, = 0.119,
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and GOF = 1.55 for all 1,314 data [I >4 (I)]; values of minimum
and maximum residual electron density 1.13 and —0.54 eA3,
3,827 reflections were collected by Lp, and W scan absorption
correction was applied. Crystal data for complex 3:
{[Ni(Hbim)(bpy)|}2 (CaaHssN2oNiz); orthorhombic, space
group Pbca (No. 61) with a = 33.248 (6) A b=16.832 (5) Ac=
16.279 (4) A, V = 9110 (6) A3, Z = 8, peatea = 1.403 gem ™3, F
(OOO) 3968, T = 23°C, pL(MoKa) = 8.84 cm ™!, 740 parameters;
=0.042, R,, = 0.033, and GOF = 1.51 for all 3,727 data [I >3c

(I)] values of minimum and maximum residual electron density
0.22 and —0.17 eA3, 11,611 reflections were collected by Lp, and
W scan absorption correction was applied. Crystal data for
complex 4: {[Ru(Hbim)s]}> (C3sHzoN24Ruz), monoclinic, space
group P2; (No. 4) with a = 12.2426 (8) A b =12.643 (1) Ac=
13.2066 (6) A, B = 92.738 (4)°, V = 2041.8 (2) A3, Z = 2, peatca
= 1.628 gem 3, F (000) = 1004, T = 23°C, p(CuKa) = 65.12
Cmfl 560 parameters R; = 0.042, R,, = 0.067, and GOF = 1.75
for all 2,776 data [I >30 (I)]; values of minimum and maximum
residual electron density 0.72 and —1.46 eA3, 3,194 reflections
were collected by Lp, and ¥ scan absorption correction was
applied. Crystal data for complex 5: {A-[Co(Hbim)s]}»-3(2-
PrOH)-2H,0 (C45Hs54N2405Co02), orthorhombzc space roup
P2,2,2y (No. 19) with a = 13.917 (4) A b =31216(8) A, ¢ =
12721 (5) A, V' = 5526 (2) A3, Z = 4, peatea = 1.362 gem™3, F
(000) = 2360, T = —123°C, pL(CuKa) = 5254 cm™}; 686
parameters, R; = 0.044, R,, = 0.051, and GOF = 1.25 for all 2,913
data [I >30 (I)]; values of minimum and maximum residual
electron density 0.38 and —0.31 eA3, 4,528 reflections were
collected by Lp, and W scan absorption correction was applied.
Crystal data for complex 6: {A-[Co(Hbim)s]}2-3(2-PrOH)-2H,O
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Fig. 2.

Arrangement of one-dimensional linear chains in crystal formed by
2 (stereoviews). Three CH3 groups containing BBupy are omitted for clarity. (a)
One-dimensional linear chains link along the a axis and pile along the b axis.
Hbim~", red; Ni2*, green; and 'Bupy, blue. (b) A perspective stereoview of
linear chains, as viewed along the a axis.

(C4sHs54N2405C02), orthorhombic, space group P2,2)2; (No. 19)
witha = 13.90 (3) A, b =31.2 (1) A,c = 12.71 (1) A, V' = 5516
(19) A3, Z = 4, peatea = 1.359 gem =3, F (000) = 2360, T =
—123°C, w(CuKe) = 52.63 cm™!; 686 parameters, R; = 0.049, R,
= 0.068, and GOF = 1.76 for all 3,327 data [I >30 (I)]; values
of minimum and maximum residual electron density were 0.55
and —0.44 eA3, 4,214 reflections were collected by Lp, and ¥
scan absorption correction was applied. A Rigaku AFC7R
diffractometer (Rigaku, Tokyo) was used for all crystals; com-
puting structure solution, SIR92 (24) for crystal complexes 2 and
5; SHELXS-86 (25) for crystal complexes 3, 4, and 6; computing
structure refinement, DIRDIF9%4 (26) for all crystals; reflections
for all crystals were refined based on F, by full-matrix least
squares. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as CSD refer-
ence nos. 174718 (2), 174719 (3), 174720 (4), 174721 (5), and
174927 (6).

Results and Discussion

Classification of multidimensional superstructures has already
been performed in organic compounds assembled by intermo-
lecular H-bonding of carboxylic acid derivatives (27), as well as
in coordination polymers by bridging ligands such as oxalate
(28-31). Carboxylic acid H-bonding and oxalate-coordination
polymer have been rationally synthesized in a linear chain, a
zigzag ribbon, a honeycomb sheet, and other three-dimensional
superstructures. These superstructures afford the classification
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Fig. 3.

Arrangement of one-dimensional zigzag ribbons in crystal formed by
3 (stereoviews). (a) A zigzag ribbon structure is formed by alternate linkage
between different optical isomers of A (red) and A (blue) types along the b axis.
(b) Stacking of the zigzag ribbons along the a axis. Hbim~", red; Ni2*, green;
and bpy, blue.

of the multiaggregation compounds that consist of only H-bonds
or coordination bonds. Here, we have established a new cate-
gorical classification of the superstructures generated by simul-
taneous use of both complementary intermolecular H-bondings
and stable coordination bondings, as shown in Fig. 1.

The H-bonded dimer unit through the Hbim~! ligands has
been assembled securely and strongly by using neutral complexes
containing Hbim™! (Scheme 1). For example, the previously
reported neutral [Cu'(Hbim)(SalenNMe,)] (1) is formed by an
H-bonded dimer of the type A. In contrast, the positively charged
[Cu'(Hbim)(tacn)]" formed an intermolecular H-bonding in-
teraction with ClO4~ counter anion in preference to self-
complementary NH-N H-bonding interaction between Hbim ™!
ligands (32). This result suggests that the counter ions, in
particular, the anions with strong H-bonding ability in the ionic
complexes, interrupt the formation of the dimer unit. Although
counter cations like alkylammonium ions in the crystal with the
anionic complex [Ni(Hbim);] ™! affect the superstructures, they
do not perturb the complementary H-bondings. Thus, these facts
indicate that there is no chance of interruption of self-
complementary ligand-ligand interactions because of sterically
demanding bulky cations and the preferential H-bonding be-
tween Hbim ™! ligands of anion complexes. From this point, to
develop the effective self-organization of superstructures, neu-
tral complexes rather than charged ones should be used.

Fig. 2 shows a superstructure with one-dimensional (1-D)
linear chains of the type B constructed by neutral
[Ni'(Hbim)»('Bupy).] (2) with a zrans configuration. The blue
single crystals of 2 are obtained from a basic methanol solution
by simple one-pot self-organization with Ni (II) ions, Hbim™!
and '‘Bupy. The chain in the crystal along the a axis is composed

Tadokoro et al.



Fig.4. Arrangement of two-dimensional honeycomb sheetsin crystal formed by 4 (stereoviews). (a) A two-dimensional honeycomb sheet is formed by alternate
linkage between different optical isomers of A (blue) and A (red) types (Ru3* ion is shown in magenta sphere). The sheet is constructed by complete hydrogen
bonds on three Hbim~" sites of 4. (b) Schematic drawing of the polycatenate network for the crystal of 4. The straight lines represent the distance between Ru
(l11) ions in two [Ru(Hbim)s] building blocks connected by hydrogen bonds. Double-interlocking interpenetrations with the polycatenate structure are formed

by two sets of stacked honeycomb sheets (red and blue lines) that are nearly perpendicular to each other in three-dimensionality.

of infinite links of intermolecular H-bonds of two Hbim™!
ligands, located in equatorial positions on the distorted octahe-
dron (the range of NH-N distances: 2.80 A ~ 2.82 A). The two
axial positions are occupied by two monodentate ‘Bupy ligands.
Each chain is piled along the b axis to form stacking sheets in the
ac plane while fitting each ‘Bu group into the space between the
chains. On the other hand, formation of the 1-D linear chains can
be altered to that of 1-D zigzag-ribbons by changing the direction
of intermolecular H-bonding sites in the building blocks. Fig. 3
shows the zigzag ribbon of the type C constructed by
[Ni"[(Hbim)x(bpy)] (3) with the bpy ligand. The pale orange
crystals of 3 are obtained by the same synthetic method of 2
except that the bidentate bpy was used instead of ‘Bupy. The
zigzag ribbon consists of 1-D ordered arrays along the b axis
formed by alternative H-bondings between different optical
isomers of A and A of 3. Two Hbim ! ligands of 3 are used to
form the H-bonded zigzag-ribbon networks, but a coordinated
bpy does not participate in the formation of the networks (the
range of NH-N distances: 2.78 A ~ 2.83 A). Each bpy residue
on the zigzag ribbon is aligned standing alternately parallel to

Tadokoro et al.

each other and perpendicular to the 1-D main chains. Thus, we
have demonstrated that we can control linear vs. zigzag
1-D networks by using monodentate and bidentate ligands,
respectively.

As shown in Fig. 4a, a neutral racemic complex of [RuM'(H-
bim);] (4) with D3 symmetry forms a two-dimensional honey-
comb sheet of the type D with (6,3) nets. Compound 4 is
prepared from the precursor complex [Ru'(Hybim);]?*, and the
desired dark blue single crystals are crystallized from a methanol
solution. All of the three Hbim™! sites of 4 form the comple-
mentary intermolecular H-bonds completely. The honeycomb
sheet self-organized by 4 is constructed by using alternative
H-bondings between optical isomers of A and A types of 4 (the
range of NH-N distances; 2.79 A ~ 2.80 A). Each sheet forms
an infinite number of identical sheets and passes each hexagonal
cavity created by six 4 units through the two interpenetrating
rods of the other two sheets at an inclination of ~70° to give a
three-dimensional (3-D) polycatenate structure with a double
interlocking interpenetration (Fig. 4b). The two chiral building
blocks of A—[Co™(Hbim)s] (5) and A-[Co™(Hbim)s] (6) form
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Fig.5. Arrangement of helical chains in crystal formed by 5 or 6 (Co3* ion is
shown in yellow sphere). (a) View of each helical chain is represented by the
left-handed helix formed by A-isomers of 5 in blue (the left-side view) or the
right-handed one by A-isomers of 6 in red (the right-side view) along the c axis.
(b) A stereoview of two left-handed single helices by A-isomers of 5 (blue). Two
single helices do not intersect each other and do not form a double helix. (c)
A stereoview of two right-handed single helices by A-isomers of 6 (red).

1-D helical chains of the type E (Fig. 5) with a left-handed and
a right-handed orientation, respectively. The red single crystals
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of 5 and 6 are crystallized from 2-propanol by the deproton-
ation reaction of the optically resolved A— and
A-[Co™(Hbim);](NO3); precursor complexes. Each 1-D helical
chain is constructed by employing intermolecular H-bonds be-
tween the same optical isomers that use two of three Hbim™!
sites in 5 or 6. Both helig:al chains form 4, single strands, which
have a pitch of ~ 33.4 A, similar to that of the B-DNA double
strand. Another residual Hbim ™! site of 5 or 6 is blocked by
H-bonds with 2-propanol of crystallization, without using the
helical chain construction.

In the case of a superstructure that uses all of three sites, a
three dimensional chiral network with larger porous spaces
formed by 87 cavities of (10,3)-a nets would be expected to be
constructed as that found in the crystal with [Ni(Hbim)s] ™!
building blocks, which has the structure reinforced by a 2-fold
interpenetration and a stable double-helical structures (33). In
contrast, the crystal of 5 or 6 does not have any larger porous
networks. It has not been obvious to date why large cavities are
not constructed by (10,3)-a single networks, although two fac-
tors, solvent effect and the strength of the H-bonds formed, are
anticipated. Here, the two superstructures of a honeycomb sheet
and a helical strand built from Tris-2,2'-biimidazolate complexes
with D3 symmetry can be individually prepared by using a
racemic compound and an optically resolved one, respectively.

In summary, we demonstrated the practical structures of A ~
E in Fig. 1 based on the relationships between specified molec-
ular arrays and molecular building blocks and identified the four
types of new superstructures B ~ E by x-ray analysis. The
knowledge from structural data should help provide the pre-
programming of new superstructures built from the “neutral”
Hbim ™! complexes. Thus, we found that the neutral complexes
with some Hbim™! ligands can control the preprogramming
superstructures in multidimensionality by using configurations
around the coordination sphere, because there is no chance of
interruption of self-complementary ligand-ligand interactions
caused by sterically demanding bulky cations and the preferential
H-bonding between Hbim™! ligands of anion complexes.

Crystal engineering techniques that make use of those func-
tionalized molecular building blocks will be employed in future
studies for the creation of new solid-state materials. Thus, the
building blocks in Fig. 1 would produce the functionalized
preprogramming superstructures by introducing additive ligands
with physical properties such as magnetic and photoactive ones
to other coordination sites on the arrays of A, B, C, and E.
Further attempts to develop functional solid-state materials with
these techniques should be undertaken.
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