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Hydrogen-bonding and stacking interactions are essential in
determining the equilibrium conformations in biological macro-
molecules.1 In coordination chemistry this type of interaction can
lead to supramolecular formation, especially in mixed ligand
complexes.2 The study of supramolecular systems emerging above
the traditional frontiers of science, is important in chemistry,
biology, and medicinal and material sciences, and enables the
development of the new areas of experimental and theoretical
works.3

Adenine and its derivatives form a large family of biological
compounds offering a variety of hydrogen-bonding functional
groups.4 The two most often occurring types of hydrogen bonding
involving adenine are: Watson-Crick interaction, observed in
DNA,5 and Hoogsteen bonding, dominating in the complexes of
adenine with Rebek imides.6

There is an extremely large number of reports devoted to both
the theoretical and experimental studies of adenine; therefore, we
will mention here only several recently published reports on diverse
investigations concerning this compound.7

We have obtained by self-assembly the cocrystals of [M(quin-
2-c)2(H2O)2]‚2Ade (where quin-2-c) quionline-2-carboxylate ion,
M ) Mn2+(1), Fe2+(2), and Co2+(3)), in which the extensive
systems of hydrogen bonds andπ-π interactions result in su-
pramolecular structure. The striking feature of the structure of1 is
the fact that the adenine molecules form simultaneously the
Watson-Crick and Hoogsteen types of hydrogen bonding in the
crystal. It should be stressed that both the quinoline-2-carboxylate
ion and adenine molecule are planar and permit theπ-stacking
interactions.

The crystal of1 is built of the complex molecules [Mn(quin-2-
c)2(H2O)2] (4) and ribbons of adenine (5).8 Figure 1 shows the
molecular structure of1, whereas Figure 2 illustrates the fragment
of adenine ribbon. The molecular motif4 has been already reported
as an independent structure (6).9 The geometries of4 and6 are in
good agreement; the minor differences concern the coordination
sphere and the hydrogen bond parameters. The Mn(II) ion in4
and 6 is coordinated by four oxygen and two nitrogen atoms in
pseudooctahedral geometry. In4 and6 the manganese ions together
with water molecules are located within the thick, parallel layers
and are connected by strong hydrogen bonds.10 The distances
between manganese ions in the layers are very similar in4 and in
6 and are close to 7 Å.

The adenine ribbons found in the crystal of1 are formed of
hydrogen-bonded nucleobase molecules in AA22 configuration.4

Both Watson-Crick and Hoogsteen faces4 of adenine are involved
in the hydrogen-bonding system within the ribbon. It should be
emphasized that the ribbon or layer arrangements of nucleobase
pairs are common;4 however, the ribbons consisting solely of

adenine molecules have not yet been observed. A similar pattern
of ribbon structure has been found in the crystal of 9-methylad-
enine.11 The same spatial arrangement of the adenine molecules
was also used as the model for adenine bilayers deposited on
graphite surfaces, studied by scanning tunneling microscopy,12 and
for adenine aggregates formed on Cu, examined by the RAIRS
method.13

The Watson-Crick distance in5 equals 2.985(6) Å and is in
the normal range,4 whereas the Hoogsteen contact in5 is slightly
longer than typical, and equals 3.061(5) Å.

The layers containing manganese and the ribbons of adenine are
connected together by strong hydrogen bonds, Figure 3. Each
adenine molecule acts as a donor (N9H9) and as an acceptor (N3)
in the interaction with the atoms from the coordination sphere of
manganese.10 The ribbons5 are perpendicular to manganese layers.
It is also interesting to note the weak intramolecular C-H‚‚‚O
interactions in4, which stabilize the equatorial plane comprising
15 atoms.10

The second type of noncovalent forces stabilizing the crystal1
are the face-to-faceπ-π interactions between the planar hetero-
cycles of adenine and quinoline-2-carboxylate. The stacks formed
along thea axis by the alternately packed5 and quinoline rings
fill the space between the manganese layers, creating the wide
organic layers. The area of interaction is very large, and the shortest

Figure 1. Molecular diagram of1.

Figure 2. Adenine ribbon, view along thea axis.
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contacts are lower than 3.32 Å. It should be noted that a face-to-
face alignment of the rings is very rare.14,15

The wide organic layer can be described as an infinite wall built
of bricks (the quinoline rings) tightly joined by the “double-sided
adhesive tapes” (adenine ribbons). Very close packing in the crystal
of 1 is reflected by the relatively high density of1 (1.625 g/cm3)
vs that of6 (1.527 g/cm3).

The organization of the crystals of1 and6 is very similar, Figure
4 a and b. The structure6 can be regarded as the host which after
filling by the guest5 changes only in one dimension and in which
the distance between layers containing manganese doubles.

In the IR spectrum of1, in the region 3000-1600 cm-1 there
are two very broad bands. The first band, located between 3000
and 2500 cm-1 is very strong, whereas the second band centered
at 1900 cm-1 has the medium intensity. These bands can be assigned
to the stretching vibrations of the hydrogen-bonded N-H and O-H
groups. It should be noted that in the IR spectrum of adenine several
strong, well-resolved bands are observed in the frequency region
3200-2500 cm-1, and no absorption is found near 1900 cm-1. The
occurrence of a broad complicated bands below 3000 cm-1 is
characteristic for the systems containing conjugated hydrogen bonds
and indicates a large proton polarizability.16,17 Hydrogen-bonded
chains show particularly large proton polarizabilities due to the
collective proton motion and may allow for the directed long-range
transport of protons.18

In conclusion, the supramolecular structure of1 has been created
by three types of molecular recognition: (a) between adenine
molecules, (b) between molecules of4, and (c) between ribbons5
and layers consisting of4. The first interaction, between the base
molecules results in the double-faced hydrogen-bonding recognition

unit and leads to the ribbon form,5. Molecules of4 collected within
the parallel layers are joined by hydrogen bonds. Finally, the
multiple stacking interactions between heterocycles are accompanied
by the third group of hydrogen bonds, which complete the very
effective set of weak interactions and build the closely packed
structure. Efforts to study the presented compounds by experimental
and theoretical methods are being undertaken.
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Figure 3. Adenine ribbon connected with4 and overlapping of quinoline
and adenine rings in stacks.

Figure 4. Packing of the crystals of1 (a) and of6 (b).
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