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ABSTRACT: The long, linear cobalt(III) bis(dicarbollide)-
based bis(isophthalic acid) anion was synthesized as a
tetraphenylphosphonium salt in five steps from 8-iodo-closo-
1,2-C,B;yH;;. The solvothermal reaction between the anionic
bis(isophthalic acid) linker and copper(Il) nitrate in acidified
DMF vyielded single crystals. Despite the tendency for
copper(Il) and analogous linear tetraacids to form members
of an isoreticular family of metal—organic frameworks (MOFs)
with the fof topology, single-crystal X-ray diffraction analysis
revealed the growth of three different frameworks. These
MOFs, NU-150, NU-151, and NU-152, have three distinct
topologies: fof, sty, and hbk, respectively. NU-152 has a novel
quadrinodal topology in which cuboctahedral coordination
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polyhedra are each connected to 10 neighboring polyhedra via the cobalt bis(dicarbollide) portions of the linkers. The formation
of these frameworks illustrates the limitations of structure prediction in MOF chemistry and the possibility of using flexible
linkers to generate unexpected topologies. Furthermore, this work represents the first example of the incorporation of an anionic

bis(dicarbollide) unit into a MOF.

B INTRODUCTION

Porous coordination polymers' ~* constitute a class of materials
with potential in the areas of ion exchange,® catalysis,”® gas
separation,””'? sensing,"* and storage.'"*'® Crystalline porous
coordination polymers, commonly known as metal—organic
frameworks (MOFs), are unique as their properties can be
precisely tailored through judicious choice of ligand and metal
combination. The underlying topologies of MOFs are
particularly important as they define the properties of the
material.'” Topology is dictated by the geometries of the
structural components of the MOF, which are typically
polytopic organic ligands and metal clusters with defined
geometries, herein referred to as “linkers” and “nodes”,
respectively. Often, the relationships between the structural
components are well-defined, which allows for structure
prediction and the targeting of specific MOFs with desirable
properties. This implementation of rational design is a
particularly attractive aspect of MOF chemistry.'® Much
attention has been focused on the investigation of isoreticular
frameworks,'” i.e., families of MOFs with the same underlying
topology, as they provide a unique opportunity to investigate
structure—activity relationships in a systematic fashion.*’
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However, there are several important exceptions in which the
expected topologies are not obtained.

An example of this is the family of isoreticular zinc(II)-based
MOFs, known as the IRMOF series. This family, which
contains the archetypal MOEF-S, has received much attention
over the past several years.'” MOF-5, which contains octahedral
six-connected Zn,O nodes, is synthesized cleanly under
solvothermal conditions. However, if the material is synthesized
via vapor diffusion at room temperature, a two-dimensional
network (MOF-2) is formed in which the terphthalate linkers
are connected via square-planar, four-coordinate biszinc(II)
paddlewheels.”’ The combination of a tetratopic bis(isophthalic
acid) linker and a square planar four-coordinate biscopper(II)
paddlewheel node reliably produces, with a few exceptions,
MOFs with the fof topology (Figure 1).>* Since the first report
of this topology in MOF-50S, this family of isoreticular MOFs
has been studied extensively and shows potential in the areas of
hydrogen and methane storage’***™*° Of the 20 linear
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Figure 1. Structure of isoreticular MOFs with the fof topology.22 (a)
Generalized structure viewed along the crystallographic a axis. Atom
color code: C = small gray spheres; O = red; Cu = blue. The spacer
subunit between the isophthalate groups is represented by a large gray
sphere. (b) Simplified representations of the generalized tetraacid
linker and biscopper(II) paddlewheel nodes. The tetraacid linker is
composed of two three-coordinate (3-c) vertices, which are
represented by red triangles, connected via the spacer group (gray
spheres). (c) Several examples of organic and inorganic spacer unit. (d,
e) Simplified extended structure, illustrating the topology of the
framework.

bis(isophthalic acid) linkers that have been used in combination
with biscopper(Il) paddlewheels, 18 produce MOFs with the
fof topology.””*™*> The remaining two linkers, which are
based on the naphth-1,4-diyl subunit®® or a porphyrin,
produce MOFs that crystallize in tetragonal space groups with
the stx and Ivt topologies, respectively. In these cases, the steric
bulk of the cores of the linkers renders the fof topology
unfeasible. In a related example, a fluorene-based ligand with a
slight curvature produced a MOF with the rare sty topology.*”
Interestingly, it is not possible to generate the sty topology with
rigid, linear linkers because of the orientation of opposing
biscopper(I) paddlewheels (vide infra).

As a part of our research into the synthesis and properties of
carborane-based MOFs,' 122438740 e have been investigating
a series of axially functionalized bis(dicarbollide) metal
complexes*' as linkers. Bis(dicarbollide) complexes are
attractive because they combine rich redox chemistry,**
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comparable to that of cyclopentadienyl complexes, with a linear
geometry that is perfectly suited to the construction of
extended materials. MOFs that are based on these metal-
lacarboranes are particularly interesting as they show potential
in the area of stimuli responsive porous materials for gas
storage and separation, sensing, and waste remediation
applications. We were targeting a MOF with both high
porosity and high phase purity, and thus prepared an anionic
cobalt bis(dicarbollide) complex that is functionalized in the
axial positions with S-ethynylisophthalic acid groups [5]~
(Scheme 1). This linker was chosen specifically because of
the above-mentioned propensity of analogous tetraacids to
form, reliably and in high purity, highly porous MOFs with the

Scheme 1. (A) Synthesis of Linker [PPh,][5].” (B) ORTEP-
Type Representation of the Crystallographically Determined
Molecular Structure of the [5]” Anion in Its Cesium Salt”

(a) i

1 R=SiMe;
2 R=H

i [

“Reagents and conditions: (i) (trimethylsilyl)ethynylmagnesium
bromide (3 equiv), PdCL,(PPh,), (5 mol %), THF/Et,0, 65 °C, 16
h, 92%. (ii) KOH (2 equiv), H,O/MeOH (1:4), rt, 2 h, 96%. (iii)
diethyl S-iodoisophthalate, Pd(PPh;), (3 mol %), Cul (10 mol %), i-
Pr,NEt/THF (1:1), 65 °C, 24 h, 85%. (iv) CsF, EtOH, reflux, 6 h,
95%. (v) CoCl,, NaOH (40% aq), 105 °C, 1 h; Et,O, HCI (aq);
[PPh,]Br, H,O. “Thermal ellipsoids are drawn at 50% probability.
Atom color code: Co = purple; C = gray; H = white; B = pink; O =
red. Cesium cations are omitted for clarity.
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Figure 2. Representation of the crystal structures of NU-150 and NU-151. (a) Simplified representations of the linker (top) and biscopper(II)
paddlewheel node (bottom). The bis(dicarbollide) linker is defined as being composed of two three-coordinate (3-c) vertices mutually connected
through the cobalt bis(dicarbollide) moiety. These are represented by two red triangles connected by two conjoined gray icosahedra. This
description is particularly suitable for this system because of the lateral and torsional flexibility of the bis(dicarbollide) linker. (b, c) Orthographic and
perspective views, respectively, of NU-150. (d, e) Orthographic and perspective views, respectively, of NU-151. In projections b and d, some red
triangles and blue squares are not visible as they are oriented parallel to the viewing direction. In all cases, the anionic nature of the bis(dicarbollide)
complex leads to a framework with an overall negative charge. Although countercations are necessarily present,*® they could not be located
crystallographically, and the solvent-occupied regions were treated with a solvent-masking procedure during refinement.*’

fof topology. Interestingly, the solvothermal reaction between
[PPh,][5] and Cu(NO;),-2.5H,0 in acidified DMF resulted in
a mixture of MOFs with three distinct topologies: (1) NU-150,
which has the expected fof topology; (2) NU-151, which has
the rare sty topology; (3) NU-152, which has an
unprecedented hbk topology and consists of a complex
network of interconnected metal—organic polyhedra. The
formation of these unexpected topologies is ascribed to the
length (ca. 22 A) and flexibility of the linker. The synthesis and
characterization of these unique and potentially useful frame-
works is described herein.

B RESULTS AND DISCUSSION

The anionic linker [$]~ was synthesized in five steps from 8-I-
closo-1,2-C,B;oH,, (Scheme 1).*' Detailed experimental
procedures are presented in the Supporting Information.
Briefly, the trimethylsilylethynyl group was installed at the 8-
position of the carborane cage via a palladium-mediated
Kumada coupling reaction.** Following the removal of the
trimethylsilyl group to give the terminal alkyne 2, the diethyl
isophthalate group was attached using typical Sonagashira
conditions to give compound 3. The structures of compounds
2 and 3 were confirmed via single-crystal X-ray diffraction
analyses (Supporting Information). The reaction of 3 with
cesium fluoride in refluxing ethanol* resulted in the
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quantitative deboronation of the carborane cage to give the
anionic nido-compound [4]” as the cesium salt. Importantly,
the deboronation was highly selective, and only the 1-
substituted nido-compound was obtained. Treatment of Cs[4]
with cobaltous chloride in hot, concentrated aqueous sodium
hydroxide resulted in the saponification of the esters and the
simultaneous formation of the anionic cobalt(III) bis-
(dicarbollide) complex.42 Following acidification and extrac-
tion, the complex was isolated as the tetraphenylphosphonium
salt [PPh,][S]. A single-crystal X-ray diffraction study revealed
that the distance between the terminal carbons of the
isophthalic acid groups is ca. 21.6 A (Scheme 1, Supporting
Information). This distance is comparable to that of the
analogous quinquephenyl-based ligand (19.7 A) that is a
component of NOTT-104.>°

The solvothermal reaction between [PPh,][5] and Cu-
(NO;),-2.5H,0 in a mixture of DMF and aqueous
tetrafluoroboric acid at 80 °C for 3 days resulted in the growth
of small, emerald green crystals. Inspection of the material using
an optical microscope revealed a mixture of green hexagonal
plates and prisms. In addition, a small number of crystals with
cubic morphology were also present in the mixture. Single-
crystal X-ray diffraction analyses were performed on several
crystals. Three structures were obtained (NU-150, NU-151,
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Figure 3. Representations of the crystal structure of NU-152. (a, b, d, e) The bis(dicarbollide) linkers are represented by two red triangles connected
by gray conjoined icosahedra, and the biscopper(II) paddlewheels are represented by blue squares (as shown in Figure 1). (c) A single cuboctahedral
supercluster (gray) with crystallographically independent linkers shown in blue and pink. (f) Purple spheres represent the centroids of the 10-
coordinate cuboctahedra, and black lines represent the connectivities between the cuboctahedra via sets of four “pink” linkers or sets of two “blue”

linkers.

and NU-152), which all have the same general formula (LCu,),
yet each possess a different topology.

Single-crystal X-ray diffraction analysis was performed on one
of the platelike crystals. Solution and refinement of the data in
the space group R32 (155) led to structure with the expected
fof topology and unit cell dimensions of a = b = 18.1367(8) A
and ¢ = 69.883(4) A; this framework is denoted as NU-150.
NU-150 has a layered structure (Figure 2): the isophthalate
units and biscopper(II) paddlewheels define sheetlike motifs
that are aligned parallel to the crystallographic ab plane.
Considering the paddlewheels and the isophthalate units as
vertices and edges, respectively, the ab layers resemble a
kagome net; ie., the Cu—isophthalate layers contain large
hexagonal and small triangular pores. The Cu—isophthalate
layers are connected to one another by the bis-
(ethynyldicarbollide) portions of the linkers, which are aligned
approximately parallel to the crystallographic ¢ axis. In terms of
crystallographic symmetry, the layers are related to one another
by a threefold screw axis that runs parallel to the c axis; thus, the
unit cell is composed of three Cu—isophthalate layers, and the
layers repeat along the ¢ axis in an ABCABC fashion.
Interestingly, NU-150 is not interpenetrated and thus differs
from the analogous, yet catenated, quinquephenyl-based MOF,
NOTT-104.%° This is probably because of the steric bulk of the
metallacarborane core. Thus, NU-150 possesses a relatively
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large solvent-accessible void space of ca. 71%, as determined
using PLATON.**8

The structure of NU-151 was solved via a combined
experimental and theoretical approach. It was possible to
obtain a partial structure solution in the space group P63mc
(186) with unit cell parameters a = b = 18.248(2) A and ¢ =
47.113(7) A. The partial solution revealed a Cu—isophthalate
kagome net motif, similar to that found in NU-150, and also
the positions of the central cobalt atoms of the metal-
lacarborane linkers (Figure 2). The unit cell parameters,
together with the relative positions and orientations of the
structural elements, suggested that NU-151 had the sty
topology. Thus, the cell parameters were used to produce a
structural model with the sty topology,* the optimization of
which resulted in a structure in the P31c (163) space group.
The experimental data were then refined successfully using this
model. NU-151 shares many structural features with NU-150.
NU-151 also belongs to a trigonal space group, and, as
mentioned above, the structure exhibits the same Cu—
isophthalate kagome net motif that is found in NU-150. In a
similar fashion to NU-150, the Cu—isophthalate planes are
connected to one another via the metallacarborane portions of
the linkers, which are aligned approximately parallel with the
crystallographic ¢ axis. However, in the case of NU-151, the
layers are connected in such a way that each layer is related to

dx.doi.org/10.1021/cg401817g | Cryst. Growth Des. 2014, 14, 1324—1330
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its neighbors via twofold rotation axes that are aligned
perpendicular to the crystallographic ¢ axis. Thus, the unit
cell is composed of two layers rather than three, and the layers
repeat along the ¢ axis in an ABAB fashion. The linkers are each
disordered over two positions with approximately 2:1
occupancy. The positions of the linkers influence the porosity
of the framework: when the linkers are in the positions of major
occupancy, linear channels, which are aligned parallel to the
each of the cell axes, are present. When the linkers are in the
positions of minor occupancy, the linear channels are
obstructed. In each case, the solvent-accessible void space is
ca. 70%.* The linkers exhibit an obvious curvature, especially
when they are in the minor occupancy positions. Indeed,
because of the relative angles of the opposing isophthalate
groups, it is not possible for the sty topology to exist with a
linear linker. From the data it is not possible to determine
whether the occupancy is random or whether there is long-
range order.

The structure of NU-152 was solved and refined from single-
crystal X-ray diffraction data collected from a crystal with
approximately cubic morphology. NU-152 crystallizes in the
orthorhombic space group Immm with unit cell parameters a =
36.549(3) A, b = 38.148(3) A, and ¢ = 55.536(4) A. In contrast
to NU-150 and NU-151, the rather complex structure of NU-
152 has a novel, quadrinodal hbk topology and is composed of
interconnected metal—organic polyhedra (MOPs) with topo-
logical symmetry I4/mmm (Figure 3). These coordination
polyhedra, or tertiary building units (TBUs), are composed of
12 biscopper paddlewheels and 24 isophthalate moieties that
describe the vertices and edges, respectively, of a cuboctahe-
dron, and are commonly referred to as MOP-1.>°"°* The
interconnected MOP-1 motif is relatively common among Cu—
and Zn—isophthalate MOFs."” The motif is present in MOFs
with exceptionally high porosities, for example, the isoreticular
rht-MOF family in which the TBUs are each linked to 12 others
in a face-centered cubic array.'>**7%% In the case of NU-152,
the length and unusual flexibility of the linker allow for the hbk
topology to occur. The TBUs are each connected via the 24
bis(dicarbollide) linkers to 10 neighboring polyhedral in a
body-centered tetragonal array. Along the a axis, each
polyhedron is connected to two neighbors via sets of four
linkers. Each polyhedron is connected to the eight remaining
near-neighbors via sets of two linkers. This arrangement of
linkers and nodes produces a much larger solvent-accessible
void space (ca. 79%) than is present in NU-150 or NU-151 (ca.
70%). Importantly, this arrangement differs markedly from that
of the family of MOFs derived from rigid meta-phenylene-
based or methylene-based linkers.”>*”** In these cases, each
MOP-1 TBU is linked to six others in a primitive cubic array.

B CONCLUSIONS

An attractive aspect of MOF chemistry is that it allows for the
targeted synthesis of frameworks with specific topologies. The
periodic nature of MOFs makes them ideal for computational
study, and, thus, a particular material with desirable properties
may be designed and then synthesized. This combination of
calculation with reliable, predictable syntheses is very powerful.
Certain combinations of linkers and nodes are especially robust,
in that they reliably produce a single topology regardless of the
nature of the core of the linker. However, as this work
illustrates, the expected topology is not always obtained even
when a particularly robust system is used. In this work, the
combination of a bis(isophthalic acid) linker and a biscopper-
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(II) paddlewheel node, which ordinarily generates MOFs with
the topology fof, resulted in the formation of MOFs with three
different topologies. In addition to a MOF with the expected
fof topology, MOFs with the unusual topologies sty and hbk
were also formed. Considering the curvature of the linker
exhibited by the two unusual structures, it seems that the length
and flexibility of the linker play an important role in the
formation of the unprecedented framework. This work
exemplifies how new topologies may be accessed by using
structural units that possess properties that are not usually
associated with MOFs, for example, flexible or curved rather
than rigid and with defined angles. Such structural units should
be flexible enough to generate new topologies, yet stiff enough
to generate porous structures rather than collapsed, condensed
structures. Indeed, the solvent-accessible void space of NU-152,
the structure of which is possible because of the flexibility of the
linkers, is significantly greater than that of NU-150. As the
underlying topology of a MOF has a critical influence on the
material properties, strategies to produce new topologies and
thus new properties are very attractive. Indeed, the expansion of
the number of known topologies may greatly expand the scope
of the MOF design. Furthermore, we will seek to expand the
chemistry of these linkers to other metal centers. For example,
it has also been shown that tetracarboxy linkers when combined
with zinc paddlewheels generate novel topologies along with
the standard fof topology.””® With this in mind we are
investigating the combination of novel redox-active polytopic
metallacarborane-based linkers with a variety of metal-based
nodes in order to generate new families of stimuli-responsive
MOFs with new properties and topologies for use in areas such
as ion exchange, gas separation, and energy storage.

B ASSOCIATED CONTENT
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General procedures, materials, instrumentation, synthesis, and
characterization of all compounds. Crystallographic information
files (CIF) for compounds 2, 3, Cs[S], [PPh,];[5—2H"], NU-
151, and NU-152. Crystal structure and refinement details for
NU-150 in CIF format. Calculated structures of NU-150 and
NU-151 in CIF format. This material is available free of charge
via the Internet at http://pubs.acs.org.
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