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ABSTRACT: The current study describes the first in situ
synthesis and characterization of a new family of cationic
coordination tetrahedra of both the V,F, and V,Eq type,
which are constructed by a new building block based on a
trinuclear zirconocene moiety and the dicarboxylate or
tricarboxylate anions.

he self-assembled coordination polyhedra have received

much attention from chemists and not only illustrate the
beauty of chemistry and art of synthesis but also reveal potential
applications at the frontiers of chemistry and materials science.”
As the simplest Platonic polyhedron, coordination tetrahedra are
very important because of their abilities as catalysts for chemical
transformations, mimics of the microenvironments of biopro-
cesses, and stabilization of reactive intermediates and metastable
materials.” Although the fundamental concepts of constructing a
coordination tetrahedron are well understood,® the rational
design and synthesis of a new coordination tetrahedron is still
filled with challenges. Usually, the cyclopentadienyl or arene
metal moiety can be used to build up supramolecular
architectures.* However, they have never been extensively
employed to generate coordination tetrahedra. In this work, we
report a series of robust coordination tetrahedra that are
assembled by a zirconocene unit and carboxylate acid. To the
best of our knowledge, it is first reported that the isostructural
supramolecular structures of the coordination tetrahedra have
been prepared with zirconocene nodes in a one-step in situ
method.

Bis(cyclopentadienyl)zirconium dichloride (Cp,ZrCl,, Cp =
1°-CsH;) can be slowly hydrolyzed in water and carboxylate acid
to form a trinuclear ligand-bridged (CH;)Zr-cation cluster
(Figure 1a).° The trinuclear cluster is close to C symmetry with
the carboxylate ligands oriented to one face and the y-OH groups
oriented to the other, in which the C, axes in carboxylate ligands
form an angle of about 60°. Thus, the trinuclear cluster looks like
a 3-connected secondary building unit (SBU) with pyramidal
geometry and provides a chance to use it as a vertex to construct
coordination polyhedra. One of the simplest strategies is the
replacement of the original carboxylate in the SBUs by the linear
dicarboxylate, which will easily form a V,E¢ (V = vertex and E =
edge) coordination tetrahedron (Figure 1b). Meanwhile, a V,F,
(F = face) coordination tetrahedron will be created under proper
trigonal tricarboxylate conditions. With this background in mind,
we attempted the assembly of a coordination tetrahedron based
on zirconocene nodes and ditopic or tritopic carboxylate ligands.
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Figure 1. (a) Schematic representations of the formation of trinuclear
zirconocene nodes. (b) Configurations of [4 + 6] V,E¢and [4 + 4] V,F,
tetrahedra.

The reaction of Cp,ZrCl, and benzene-1,4-dicarboxylic acid
(H,BDC) in the mixtures of N,N-dimethylformamide (DMF)
and H,0 at 60 °C for 8 h resulted in the isolation of single crystals
of the complex {[Cp,Zr;us-O(u,-OH),],(BDC)¢}-ClynS (1,
where S = noncoordinated solvent molecule). Just as expected,
the single-crystal X-ray structure of 1 revealed that an isolated
cationic coordination zirconocene tetrahedron, {[Cp;Zr;O-
(OH);1,(BDC)g}** (ZrT-1), with V,E4 topology was formed
(Figure 2a), and the cationic charge was balanced by Cl~ (space
group I4,/a). The vertexes of ZrT-1 are composed of
Cp3Zr;O(OH), SBUs, in which the Cp ligands block one
coordination site of Zr atoms to prevent the formation of
extended structures. The edges of ZrT-1 are occupied by six
ditopic BDC ligands. ZrT-1 has ideal S, symmetry with one-
fourth of the coordination tetrahedron (one SBU and one and
half ligands) appearing in the asymmetric unit. In ZrT-1, the
separation of p3-O---43-O is about 11.0 A, and the internal
tetrahedral volume is about 158 A?, estimated using the VOLCAL
program in the WinGX package (Table S2 in the Supporting
Information, SI). In the crystal, one tetrahedron is connected to
four adjacent tetrahedra through double O—H:--Cl---H-O
hydrogen bonds (Figure Sla in the SI) to form a porous
material that shows 44.9% porosity calculated using the
PLATON routine with a probe radius of 1.8 A.° The connection
between the tetrahedra is approximately considered as a vertex-
sharing mode, which results in a 3-fold interpenetrated
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ZrT-4 (V,F,)

ZrT-3 (V,E,)

Figure 2. Crystal structures of cationic coordination zirconocene
tetrahedra. Color code: C, gray; O, red; Zr, green. The free spaces in the
coordination tetrahedra are depicted as the inserted pink tetrahedra. For
clarity, H atoms were omitted.

diamondoid topology if the tetrahedron is regarded as a node
(Figure S1b in the SI). The severely disordered solvent
molecules can hardly be located from the single-crystal X-ray
diffraction data, which may be both inside and outside ZrT-1. On
the basis of elemental analysis and thermogravimetric analysis
(TGA), the as-synthesized 1 contained 47 DMF and 90 H,0O
molecules per unit cell

Replacement of the BDC ligand by benzene-1,3,5-tricarboxylic
acid (H,BTC) led to the formation of a new complex,
{[Cp3Zrsu5-O(u,-OH);],(BTC),}-Cl,-4DMF-nS (2). Complex
2 crystallizes in the tetragonal system (space group P4,/n) and
also features an isolated cationic coordination tetrahedron with
chemical composition of {[Cp;Zryu;-O(u,-OH),]1,(BTC),*
(ZrT-2). Unlike ZrT-1, ZrT-2 is a V,F, assembly with T,
symmetry, in which the BTC ligands act as the faces of the
tetrahedron (Figure 2b). The size of ZrT-2 is slightly smaller
than that of ZrT-1; namely, the distance between two y3-O
molecules is 8.75 A, and the calculated internal tetrahedral
volume is about 79.2 A>. Similar to crystal 1, complex 2 forms a
porous 2-fold interpenetrated diamondoid net by the similar
double O—H---Cl-"-H—O hydrogen bonds observed in 1 (Figure
S2 in the SI), and the evaluated value of the porosity is 44.5%,
which includes 30 DMF and 35 H,O molecules per unit cell.

According to the basic principles of reticular chemistry, the
extended carboxylate ligands are used to explore the construction
of a coordination tetrahedron. Although the reaction conditions
have not been completely optimized, coordination tetrahedra
can be easily obtained using the aforementioned facile methods.
As expected, two isoreticular complexes, {[Cp;Zrsp3-O(u,-
OH);]4,(BPDC)¢}-ClynS (3) and {[Cp3Zriu;-O(u,-
OH),],(BTB),}-Cl,-nS (4), were successfully synthesized with
4,4’ -biphenyldicarboxylic acid (H,BPDC) and 4,4,4” -benzene-
1,3,5-triyltris(benzoic acid) (H;BTB) ligands reacted with
Cp,ZrCl, under similar synthesis conditions. Complexes 3 and
4 are cationic coordination tetrahedra, ie., {[Cp;Zryu;-O(u,-
OH);]4,(BPDC)g}** (ZrT-3) and {[Cp3Zrspu;-O(u,-
OH),],(BTB),}* (ZrT-4), which are isostructures with 1 and
2, respectively (Figure 2c,d and Table S2 in the SI). However,
their packing modes in crystals of ZrT-3 and -4 are significantly
different from those of ZrT-1 and -2, which crystallize in cubic

space groups of Fm3m and F43m, respectively. Moreover, the
cubic phases of ZrT-3 and -4 are exceptionally less dense than the
tetragonal phases of ZrT-1 and -2. In the crystal of 3, there are
eight ZrT-3 units per unit cell that stack edge-to-edge to form a
simple cubic net (Figure S3a,c in the SI), and each unit cell
contains one large truncated octahedral interstitial site in its
center with 67.7% solvent-accessible volume. Compared with 3,
the crystal of 4 has the lower stacking density and the porosity is
up to 74.1%. Furthermore, four ZrT-4 units in one unit cell are
widely spaced and packed in face-centered-cubic mode, where
the tetrahedral and octahedral pores are spontaneously created
with a ratio of 2:1 (Figure S3b,d in the SI). Taken together, ZrT-1
and -4 show respectively the highest and lowest stacking densities
among all four coordination tetrahedra, and the internal cavity
volume and efficient window size increase with ligand extension.

Complexes 1—4 possess certain solubility in polar solvents
such as methanol (MeOH) and dimethyl sulfoxide (DMSO),
which can provide the possibility for ZrT-X as a kind of host
molecule in supramolecular chemistry. Consequently, '"H NMR
and electrospray ionization mass spectrometry (ESI-MS)
analyses of activated 1—4 were performed to determine their
stability in solution. The "H NMR spectra of ZrT-1, -3, and -4 in
DMSO-dg and ZrT-2 in MeOH-d, show very simple peaks and
only one set of ligand proton resonances, which reflect the
formation of discrete, highly symmetric coordination tetrahedra
(Figure 3).
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Figure 3. "H NMR spectra (400 MHz, 295 K, DMSO-dy) of 1, 3, and 4
and 'H NMR spectra (400 MHz, 295 K, MeOH-d,) of 2 (2 has poor
solubility in DMSO-dg, so MeOH-d, was used).

As shown in the 'H NMR spectrum of each tetrahedral
assembly, the proton signals for the Cp and Ph groups
respectively resonate in the ranges of 6.60—6.75 and 7.75—8.60
ppm, while the proton signals for the hydroxyl groups are at
10.45—10.60 ppm. It is worth noting that the proton signals for
the BTC ligands in ZrT-2 are split into two sets of peaks (8.55
and 8.58 ppm) because of the two different tetrahedra in the
solution with the ratio of 2:3 inferred from the integral. The
major difference between the two tetrahedra is that one is empty
and the other is occupied by a DMF molecule with large upfield-
shifting signals of —0.46 and —1.66 ppm in 'H NMR. This
difference is also confirmed by ESI-MS analyses because of the
two close signals (Figure SS in the SI). Because the efficient
window size of ZrT-2 is very small and is not effective enough to
enable the guest DMF molecule to move freely in and out of the
tetrahedral cage, DMFCZrT-2 should form in the synthesis and
exist in the crystal. However, the included DMF molecule cannot
be located from difference maps because of partial occupancy and
high symmetry. ESI-MS shows further evidence that the

dx.doi.org/10.1021/ic402428m | Inorg. Chem. 2013, 52, 13815—13817



Inorganic Chemistry

Communication

tetrahedral assemblies remain intact in the solution, and the [M-
2H"-CI"]* ions (M represents the intact assemblies ZrT-X)
locate at m/z 3160.4, 3004.2, 3635.7, and 3936.5 for ZrT-X
(Figures S4—S7 in the SI), respectively, which is consistent with a
whole tetrahedron losing two H" and three Cl”. Meanwhile, the
peaks attributable [M]**, [M]*, and even [M]*" for ZrT-X are
also observed. Echoing the '"H NMR of ZrT-2, in the MS of ZrT-
2 the peaks appear in pairs with a difference of about m/z 74 in
the [M]* mode, which can be attributed to a DMF molecule.
Above all, the results of 'H NMR and ESI-MS clearly reveal that
these coordination tetrahedra stably exist in solution, which
offers the possibility for the study of supramolecular chemistry in
solution.

Powder X-ray diffraction (PXRD) identified the phase purity
of bulk samples for the four complexes (Figures S8—S11 in the
SI). To determine whether these tetrahedral structures have
architectural rigidity and permanent porosity after activation, we
measured the N,, H,, and CO, adsorption isotherms of the four
activated samples (Figures 4 and S13 and S14 in the SI). The

240
220-
200
180 4
160 '
LI
140100 iobvavsd
120 {9
1004¢
80 {ge**"
608
404w
20 4

0+ T
0.0 0.2

sssscssssessssbatsit 3
1

L I SESSSTERRREEl TS BEEERREEY S S S8 Y
'.‘LU'\'U-NJ LLALUSIIIL

Sverees asal

'.2

ae®
——
LA Sseeene s -
LA

Quantity Adsorbed (cm’ g” STP)

04 06 08

Relative Pressure (p/p®)

Figure 4. N, sorption isotherms of activated 1—4. Solid and open circles
represent adsorption and desorption data.

isotherm shapes of 1—4 are best described as type I or pseudo-
type I with the apparent Brunauer—Emmett—Teller surface areas
in the range of 341—729 m” ¢! (Table S3 in the SI), and the
slight hysteretic behavior of 2 and 3 implies the presence of
structural inhomogeneity or poor uniformity in the crystal size
distribution. Furthermore, 1—4 adsorbed 7.05—11.8 mg g_1 of
H, at 77 Kand 1 bar and 60.2—113 mg g™ of CO, at 273 Kand 1
bar, in which some hysteresis was observed in the H, and CO,
isotherms upon desorption (Table S3 in the SI). The results are
similar to the ones with the cage structure in the literature. The
permanent porosity of the hydrogen-bonding framework in the
crystal structure has not been retained; however, the individual
tetrahedral structure and porosity of 1—4 are maintained at the
molecular level even in amorphism.™™’

In summary, the coordination zirconocene tetrahedra
represent new examples of tetrahedral cages, which provide a
novel strategy for the synthesis of a tetrahedral assembly. The
successful in situ synthesis of these coordination tetrahedra
shows that the trinuclear zirconocene unit as a node is
controllable and reproducible. We believe that the coordination
zirconocene tetrahedra will become new study members of the
supramolecular tetrahedral assembly and will derive some
interesting chemistry.
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Full experimental details, crystallographic analysis and crystal
data (CIF), ESI-MS, PXRD, TGA, gas sorption, and additional
figures and tables. This material is available free of charge via the
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