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A unique tetranuclear Cu'-based 2D aggregate containing 26-
membered Cu'ade macrocycles, [Cus(DMF)g(tt4-ade)s(tt2-Cl)5Cly]
(1; Hade = adenine, DMF = N,N-dimethylformamide), was isolated
by the reaction of CuCl, and Hade in a mixed DMF—methanol
medium and structurally characterized by X-ray crystallography,
elemental analysis, Fourier transform infrared, fluorescence spec-
troscopy, and thermogravimetry—differential thermal analysis
techniques. Unexpectedly, the adeninate in 1 represents an
unprecedented tetradentate 14-N1,N3,N7,N9-bridging mode, which
significantly contributes to both the aggregate of four Cu" cores
within the subunit and the extension of the 2D covalent framework.
Additionally, 1 displays the intense Hade-based fluorescence
emission in solution at room temperature.

The interactions of nucleic acids or their constituents with
metal ions have currently received intense interest owing not
only to the biological importance of the metal—nucleobase
bonds, the functions of nucleic acids, and genetic information
transfer but also to their structural diversity, molecular
recognition behaviors, and potential applications as advanced
functional materials.' > Native adenine (Hade) nucleobase
with considerable water solubility and five possible donor
sites (the endocyclic N1, N3, N7, and N9 and exocyclic N6
atoms) has already exhibited the widest range of binding
possibilities including monodentate N9,*~'> N7,%!3!% and
N3'313-16 hidentate bridging and/or chelating u,-N7,N9,'7 20
N3 N9,2! 11p-N3,N7,"* 11,-N1,N9,** and u,-N6,N7** as
well as tridentate /43-N3,N7,N918’24’25 modes, which depend
essentially on the properties of the metal ion (main group or
transition metal, charge, d-electron configuration, and hard-
or softness), the nature of the Hade nucleobase (the basicity
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of the N-donor site, the degree of protonation, as well as
the different tautomeric forms), and, sometimes, the auxiliary
ligands that complete the metal coordination sphere."'
However, the polymeric structures bridged by Hade are
relatively uncommon.' >2*?*35 Egpecially, the discrete/
polymeric Hade-based metal complex, in which the unsub-
stituted Hade ligand binds the metal ion either by its
individual N1 site or by combinations of N1 with more other
two N donors, has never been observed by far, although it
is reasonable in principle.? On the other hand, in addition to
the classical coordination bonds, the presence of a primary
6-amino group in Hade also offers interesting possibilities
for acting as an H donor in interligand hydrogen-bonding
interactions, which cooperates with the coordination bonds
to stabilize and/or extend the resulting complexes into higher
dimensional architectures.> Thus, as a continuation of the
significant research field, herein, a unique two-dimensional
(2D) aggregate with an ade nucleobase, [Cuy(DMF)q(u4-
ade),(u,-C1),Cly], (1; Hade = adenine, DMF = N,N-
dimethylformamide), was isolated and structurally charac-
terized by X-ray crystallography, elemental analysis, Fourier
transform infrared (FT-IR), thermogravimetry—differential
thermal analysis (TG—DTA), and fluorescence spectros-
copy. To the best of our knowledge, this interesting tetra-
nuclear Cu'-based polymer is the first example in which the
adeninate ion coordinates to the metal ion by a tetradentate
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us-N1,N3,N7,N9-coordination mode and simultaneously
presents its exocyclic amino group to consolidate the
metal—nucleobase bonds by 4-fold intraligand hydrogen-
bonding interactions. More importantly, the unprecedented
tetradentate adeninate is significantly responsible for both
the aggregate of four Cu'" cores within the subunit and the
extension of the overall framework structure.

In the presence of octanedioic acid, the one-step reaction
of CuCl, and Hade with a molar ratio of 4:1 in a mixed
DMF—methanol medium affords blue block-shaped crystals,
complex 1.%° The nucleobase ligand in 1 is a monodepro-
tonated adeninate ion (ade), not a neutral molecule (Hade)
or adeninium cations (H,ade and Hjade). Notably, the
presence of octanedioic acid is to increase the solubility of
the mother liquor that produces well-shaped crystals of the
target polymer even though this octanedioic acid itself is
potentially able to produce a mixed-ligand complex.** Such
a specific role of octanedioic acid is somewhat similar to
that of thymine in [Cuy(NBzIDA),(H,0),(1-N7,N9-Ade-
(N3)H)]-3H,0 (NBzIDA = N-benzyliminodiacetate).'’

The X-ray crystal structural analysis®’ revealed that 1 is
an unusual tetranuclear Cu'-based 2D covalent layer contain-
ing 26-membered Cu''ade macrocycles. As shown in Figure
1, the fundamental subunit of 1 is a dimer of two crystal-
lographically asymmetric units with an inversion center and
is composed of four Cu'! cores, two ade anions, six terminal
DMF molecules, and six chloride anions. Locating at a
distorted octahedral geometry, six-coordinated Cul is sur-
rounded by two N atoms (imidazole N7 and pyrimidinic N1)
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Figure 1. Tetranuclear subunit of 1 with atomic labels in the asymmetric
unit and the binding mode of ade (H atoms are omitted for clarity, and the
hydrogen-bonding interactions within the subunit are shown as black broken
lines). Symmetry codes: (A) —x, —y,2 —z; (B) 0.5 —x,05+ y, 1.5 — z;
(©)—05+x05—y05+zMD05—x —05+y 15—z (E)—05
+x, —0.5 —y, 05+ z.

from two different ade anions, three O atoms from terminal
DMF molecules, and one terminal chloride anion. In contrast,
Cu2 is in a flattened trigonal-bipyramidal geometry (Addison
parameter 7 = 0.93) with three chloride ions (two CI anions
are bridge and the third one is terminal) locating at the basal
plane and two N atoms (imidazole N9 and pyrimidinic N3)
from a pair of head-to-tail arranged ade ligands occupying
the apical positions. The bond lengths of Cu—N are in the
range of 1.892(5)—2.062(8) A and are comparable to
previously reported values (see Table S1 in the Supporting
Information).>'>!7-1825 Moreover, the Cu—N bonds are
further reinforced by interligand hydrogen-bonding interac-
tions between ade and DMF—CI (see Figure 1 and Table S2
in the Supporting Information). Two pairs of different linkers
(Cl and ade anions) quadruply bridge the Cu2 and Cu2A to
generate a tetranuclear Cu'" subunit, with the four Cu" cores
locating at the same plane, along with the two ade anions,
further linking Cul and CulA (Figure 1). Thus, the ade anion
within the subunit acts as a bridge to hold three Cu'" atoms
together (Cul, Cu2, and Cu2A) by a x3-N3,N7,N9 binding
mode. The Cu-++Cu separations across the same ade are
5.8607(6) A for Cul and Cu2 and 2.9206(16) A for Cu2
and Cu2A.

Unexpectedly, in addition to affording N3, N7, and N9 as
donor atoms, the adeninate anion also presents its N1 site to
covalently coordinate with the Cul atoms from the adjacent
subunits, extending the tetranuclear Cu" subunits into an
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(28) (a) Sheldrick, G. M. SHELXL-97, Program for X-ray Crystal Structure
Refinement; Gottingen University: Gottingen, Germany, 1997. (b)
Sheldrick, G. M. SHELXS-97, Program for X-ray Crystal Structure
Solution; Gottingen University: Gottingen, Germany, 1997.



A x¢x¢

T_I’_‘ﬂ' X(.’ "T‘r.\

A A x St
WAL D M
\.*:q""%\ 9:» :Q_“‘J

:’Ix, g

S a

Figure 2. 2D covalent layer of 1 with 26-membered Cu-ade macrocycles
(the tetranuclear Cu" cores with A and A arrangement are differentiated
by blue and green balls, respectively; the terminal DMF molecules are
omitted for clarity).

infinite 2D layer (Figure 2). As a consequence, the versatile
ade finally displays an unprecedented tetradentate y-
N1,N3,N7,N9-bridging mode and thus plays a dual role for
both the aggregation of four Cu'l cores within the subunit
and the extension of an infinite 2D covalent layer. On the
other hand, the self-assembly pattern directed by the Cu'ade
linkages creates scarce 26-membered Cu'lade macrocycles.
Furthermore, the adjacent tetranuclear Cu™ subunits within
the 2D plane are interestingly arranged in a chiral A and A
way (Figure 2) to generate a common 4,4 topology, which
is somewhat similar to the linear trinuclear Cd"-based
complex with the ade nucleobase.?* Additionally, the exo-
cyclic N6 amino group in 1 remains uncoordinated and acts
as a H donor to produce 4-fold hydrogen-bonding interactions
with N7, 02, O3, and CI1 atoms (see Table S2 in the
Supporting Information) to consolidate the metal coordination
sphere as well as the 2D covalent layer (see Figures land S1
in the Supporting Information). Thus, 1 is the first crystal
structure to support the theory the ade anion binds a metal
ion on N1 and uses the N6—H bond to reinforce this
coordination with suitable hydrogne-bonding interactions.”

Surprisingly, probably owing to the presence of long and
flexible DMF, extensive interlayer C—H-++sr weak interac-
tions can be observed (see Table S3 in the Supporting
Information) but no popular ;7—z-stacking interactions (the
distance between the adjacent layers is ca. 7.874 A), which
finally leads to the formation of the overall three-dimensional
supramolecular architecture of 1 (see Figure S2 in the
Supporting Information).

The FT-IR spectrum of 1 shows characteristic bands at
3329 and 3176 cm™! for the asymmetric and symmetric
stretching vibrations of the exocyclic amino chromophore
of ade, respectively. TG experiments (see Figure S3 in the
Supporting Information) of 1 reveal that the first weight-
loss process with two continuously endothermic DTA peaks
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Figure 3. Fluorescence spectra of 1 in a DMF—methanol solution at room
temperature.

was observed from room temperature to 260 °C, correspond-
ing to the removal of terminal DMF molecules and terminal/
bridged chloride anions (expt, 56.3%; calcd, 55.5%). Also,
the adeninate ion is decomposed between 396 and 462 °C
(expt, 24.0%; calcd, 22.9%), accompanying a strong and
sharp exothermic effect.

At room temperature, 1 in a DMF—methanol solution
exhibits a strong emission peak at 405 nm upon excitation
at 311 nm (Figure 3). The strong emission behavior can be
assigned to an intraligand charge transfer because a similar
emission can be observed for the free Hade ligand.

In conclusion, the first 2D photoluminescent Cu'-based
complex with tetradentate u,-N1,N3,N7,N9-adeninate nu-
cleobases was constructed and fully characterized. Undoubt-
edly, the new metal—nucleobase binding pattern is of
significance for the investigations of the DNA—metal binding
processes in the development of new biologically active
metallodrugs as well as the stability and functions of nucleic
acids.?’
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