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Topological Networks

Twelve-Connected Net with Face-Centered Cubic
Topology: A Coordination Polymer Based on
[Cu,,(n;-SCH;)(]*" Clusters and CN~ Linkers**

Dan Li,* Tao Wu, Xiao-Ping Zhou, Rui Zhou, and
Xiao-Chun Huang

In recent years, the analysis of topological networks of metal—
organic coordination polymers has been a topical area of
research in crystal engineering, not only as an important tool
for simplifying complicated supramolecular coordination
polymers, but also in the rational design of some functional
materials with unique properties.'*! Considerable effort has
been invested in the characterization and design of such
coordination polymers.” O’Keeffe et al. identified five reg-
ular nets, one quasiregular net, and fourteen semiregular
three-periodic nets by transitivity pgrs.”! Of these nets, the
face-centered cubic net (fcu) is the only quasiregular net with
transitivity 1112, which exhibits the highest coordination
number (12). It has been suggested that among the numerous
topological nets, the most important and plausible targets for
designed synthesis are those with “simple, high-symmetry”
structures.!) Although many coordination polymers with
different topological networks containing 3~ 8-connected
nodes are known,! synthetically prepared examples of
higher connected and higher symmetry nets, such as fcu,
have not been reported to date.

Significant interest has also arisen in organic and coordi-
nation chemistry for the design and synthesis of novel
coordination polymers with ligands generated in situ.’) We
have previously reported® the reaction of CuSCN with
acetonitrile and methanol under solvothermal conditions,
which yielded a novel 3D polymeric photolumines-
cent complex, {[Cu(us-SCH;),(CN)[Cuyo(ma-SCHz)o (-
SCHs;),]},, in which the methyl mercaptide is generated in
situ. The complex contains dodecanuclear copper(i) clusters,
which can be rationalized in terms of an a-Po simple cubic net
(pcu), by defining the decanuclear copper cluster [Cuyo(ps-
SCH;),(us-SCHj;),] as a node and [Cu(p;-SCH;),(CN)] as a
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linker. In our ongoing research, we have found that the
complex can also be obtained by reaction of Cu(NO;),-3H,0
or Cu(CH;COO),2H,0 and NaSCN in the presence of
acetonitrile and methanol under the same solvothermal
conditions (140°C). Interestingly, when the reaction temper-
ature was increased to 160°C, a very different product,
namely, [Cu;,(u-SCH;)¢(CN)g],-2H,0O (1), was obtained in
low yield. This compound is very stable in air at ambient
temperature, and relatively insoluble in common solvents.
X-ray single-crystal analysis!'”! revealed that the crystal
structure of 1 is composed of a 3D neutral microporous
framework based on the highly symmetrical, spherical
dodecanuclear copper(i) cluster [Cuy,(p-SCH;)]*" connected
by CN™ ligands and guest water molecules, with space group
Fm3m. The basic spherical unit (Figure 1) contains a cen-

Figure 1. Structure of the basic globular Cu,,(SCH;)¢(CN)g unit with a
center of symmetry at the center of the S; cage; hydrogen atoms are
omitted for clarity.

trosymmetric Cu;, cubo-octahedron, involving a regular
octahedron of sulfur atoms with each edge bridged by a
CuX unit (X=C or N) from the CN~ ligand. All methyl
groups point outwards. Three mutually perpendicular, copla-
nar, eight-membered Cu,S, rings intersect at the sulfur atoms
to generate an globular configuration. Each Cu' center lies in
a planar and trigonal coordination sphere and binds to two
bridging u,-SCHj; ligands and to one N or C atom of the CN™
ligand (S—Cu 2.2284(17), Cu—X 1.889(15), C-N 1.17(3) A, s-
Cu-S 127.1(2), S-Cu-X 116.44(12)°). The coordination envi-
ronment of all the sulfur atoms in p, bridging mode is a
square-pyramidal CSCu, unit, with one carbon atom at the
apex and four copper atoms in the equatorial plane. The C—S
bond lengths are all 1.81(2) A, similar to those in other
mercaptanes.'!! While y,- and ps-thiolate bridging modes are
relatively common, symmetric p,-thiolates remain scarce.!'!
Three adjacent Cu' atoms bridged by three sulfur atoms form
an equilateral triangle with a Cu--Cu distance of 2.987(2) A
that indicates a weak Cu--Cu interaction. The corresponding
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bond angles and lengths are equal, and thus an ideal 32-face
polyhedron results: eight equilateral triangles and 24 isosceles
triangles (see Supporting Information).

A polymer [Cuy;Cl;3(SCH,CH,NH;)H,0], containing
(Cuy,S¢) clusters with a similar globular configuration has
been previously reported*! in which the corresponding bond
angles and lengths in each cluster are non-equivalent, for
example, Cu—S bond lengths range from 2.221 to 2.300 A. In
this complex, "SCH,CH,NH;* is a neutral ligand, and the
clusters act as 4-connected nodes linked by CuCl subunits and
chloride ions to form a 2D framework. In contrast, each
[Cup(uy-SCH3)]*t unit in complex 1, which has higher
symmetry, is connected to twelve adjacent clusters by
twelve cyanide ions to give a 3D microporous supramolecular
framework (Figure 2). Approximately 20.3 % of the crystal
volume is occupied by free water molecules with a volume of
about 748.1 A% in each cell unit.

Figure 2. The site of each Cu,,S¢ cluster in the cell unit.

The 3D framework can be rationalized as a face-centered
cubic net (fcu) with Schlifli symbol (3%4°°5°) by assigning the
dodecanuclear copper() cluster [Cuy,(p,-SCH;)4]*" as a node
and the CN~ ligand as a linker (Figure 3), in accordance with
the quasiregular net structure defined by O’Keeffe. In each

Figure 3. The 3D, 12-connected augmented fcu topological network.
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cell unit, the central node or the center of the central cluster is
located at (0.5, 0.5, 0.5), and the other adjacent twelve nodes
are located at the center of each edge of the cube, respectively
(Figure 2). Eight water molecules occupy the center of the
tetrahedron. The distance from the center of each spherical
unit to adjacent units is a/v/2 (10.918 A), and each spherical
unit resides at a crystallographic inversion center. To the best
of our knowledge, this is the first fcu topological network
observed in coordination polymers, and represents the highest
connected topology of any known coordination network.

Thermogravimetric analysis of 1 showed that the struc-
tural skeleton remains stable up to 190°C (see Supporting
Information). Initial loss of guest water molecules is followed
by the abrupt loss of organic components (CH; and CN) from
190 to 275°C (found weight loss 21.9 %, calcd 22.8%; see
Supporting Information).

Another interesting feature of 1is the in situ generation of
SCH;™ and CN™ ligands. We have previously shown that the
sulfur atom in SCH;" originates from SCN™ and the methyl
group from methanol rather than acetonitrile.”) In an attempt
to understand the mechanism for the transformation of
inorganic sulfur into organic sulfur, we identified the follow-
ing experimental phenomena: 1) the colorless residual solu-
tion has a characteristically pungent smell and quickly
becomes green after the reactor is opened to air; this
indicates reduction of Cu’* to Cu™ and production of
CH,SH or H,S in the reactions; 2) yellow a-CuSCN single
crystals and yellow Sg single crystals were found in the
residual solid in two analogous reactions.'’”! Even though it
cannot be found in the present reactions, we assume that H,S
acts indirectly as the sulfurization reagent, which is generated
by the reaction of S with H,O, and which can then react with
CH;O0H to form SCH;™. Possibly, S from the decomposition
of SCN™ and CuSCN from redox reaction of Cu** and SCN~
are two important intermediates in the present reactions.
Moreover, it is likely that the frameworks of the two
complexes were determined by the reaction temperature.
The precise mechanism and the effect of the temperature on
the reactions warrant further investigation.

In conclusion, a novel microporous polymer containing a
face-centered cubic (fcu) topological network with the highest
connectivity, based on a dodecanuclear copper(i) cluster as a
twelve-connected node, was synthesized by a simultaneous
redox, sulfurization, and self-assembly reaction under solvo-
thermal conditions. The concept of using a cluster as a
building block to construct high-connectivity networks is
therefore feasible, and the reactions confirm the transforma-
tion of inorganic into organic sulfur. The result provides a new
avenue for designing and generating new solid-state materials
based on networks of high-coordinate nodes linked by
bridging ligands.

Experimental Section

1: A mixture of Cu(NO;),-3H,0 (0.241 g, 1.0 mmol), NaSCN (0.081 g,
1.0 mmol), methanol (5.0 mL), and acetonitrile (5.0 mL) was stirred
for 1 min in air, then transferred and sealed in a 25 mL teflon-lined
reactor, which was heated in an oven to 160°C for 72 h and then
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cooled to room temperature at a rate of 5°Ch™". Yellow cubic crystals
were obtained in 4.5 % yield based on Cu(NO;),-3H,0.

Elemental analysis (% ) calcd for 1 (C,H,,Cu,,N¢O,S,): H1.79, C
11.65, N 6.79%; found: H 1.82, C 11.59, N 6.82%; IR (KBr, cm™'):
2920s, 2825w, 2127s, 1418m, 1305m, 957s, 689w, 645m, 463w.
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