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Zincophosphates and phosphonates are among the targets
of current vigorous research activity aimed at the preparation
of novel types of porous structures. These materials could
serve as molecular sieves, size/shape selective catalysts,
adsorbents, ion exchangers, and matrices for electronic and
optical devices. Zincophosphates display a large structural
variety and in most cases, they form three-dimensional
networks.[1] Importantly, chiral structures[2] and large-pore
structures with low densities[3] have also been demonstrated in
zincophosphates. Recently, a new family of M3Zn4O(PO4)3

phases (M� alkali metal) that feature Zn4(m4-O) centers was
reported.[4] Layered,[5] chain-like,[3d, 5a,b, 6] and, in rare cases,
even molecular species are also known. Of the two molecular
zincophosphates known one features an eight-membered

C6D6): d�ÿ103.3 (s, 6 Si, SiOCHMe2), ÿ103.0 (s, 2 Si, SiOH); IR (KBr,
Nujol): nÄ � 3411.3 cmÿ1; elemental analysis calcd for C18H44O20Si8: C 26.84,
H 5.47, Si 27.93; found C 26.47, H 5.32, Si 27.85.
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[{Zn(m2-O)2PO2}2] ring[3b] while the other possesses a [Zn4(m4-
O){(m2-O)2PO2}4] moiety.[6b]

The majority of zincophosphonates, on the other hand,
have layered structures into which various organic species can
intercalate.[7, 8] However, the dimensionality of the resulting
network can be controlled by changing the functionality and
steric bulk of the phosphonate R group and through this
three-dimensional and chain compounds have been synthe-
sized.[9]

Oligonuclear zinc complexes have been studied as polymer-
ization catalysts, reagents in organic synthesis, precursors to
ZnO-based materials,[10] and models of active sites in zinc
enzymes. The most prevalent species are tetranuclear clusters
with an oxygen-centered tetrahedral Zn4O core.[11] Other
structural types involve Zn4O4 cubanes,[12] a linear Zn4O6

chain,[13] and an eight-membered Zn4O4 ring.[14] However,
only a handful of high-nuclearity aggregates have been
structurally characterized. The sole example of a hexanuclear
aggregate is a drum-like Zn6O9 species.[15] Heptanuclear
arrays feature dicubane Zn7O8 units,[16] a Zn7O2 double
tetrahedron,[17] and a Zn7O12N12 aggregate in the form of a
six-point star.[18]

Herein we report on the synthesis and the structural and
spectroscopic characterization of a large dodecanuclear
zincophosphonate aggregate 1 that possesses a Zn4(m4-O)
core. Reaction of tert-butylphosphonic acid in THF with

[Zn2(thf)2(EtZn)6Zn4(m4-O)(tBuPO3)8] 1

ZnEt2 in toluene (in a 1:1.5 ratio) provided compound 1 as
colorless crystals in 27 % yield. The 31P NMR spectrum of the
reaction mixture displayed signals of several products, with 1
being the major species as shown by four signals of the same
intensity in the 31P NMR spectrum (Figure 1).

Figure 1. 31P NMR spectrum of 1.

The four types of chemically inequivalent phosphorus
atoms present in the aggregate 1 in solution are also evident
in the solid state structure of 1, which was established by single
crystal X-ray diffraction (Figure 2).[19] The dodecanuclear
aggregate consists of a central Zn4(m4-O) core and a zinco-
phosphonate ªshellº. The molecule 1 has approximate C2

symmetry with a pseudo-C2 axis that passes through the m4-
O3 atom in the central moiety. There are four pairs of
equivalent phosphonate tBuPO3 groups and six pairs of
chemically quite diverse zinc centers. Half of the zinc atoms
retained one ethyl group while the other half lost the alkyl
substituents completely. Four of these zinc atoms surround the
central oxide in a tetrahedral fashion whereas the remaining
two complete their coordination sphere by accepting an
oxygen atom from the THF ligands. Two zinc atoms reside in a
five-coordinate environment and the rest are four coordinate.

Figure 2. Molecular structure of 1. Selected bond lengths [�]: O3 ± Zn4
1.948(4), O3 ± Zn5 2.073(4), O3 ± Zn6 2.072(4), O3 ± Zn7 1.958(4).

Interestingly, the Zn:P ratio in 1 is the same as in the
starting reaction mixture (Zn:P� 1.5:1). Thus, 1 contains an
excess of zinc with respect to the usual 1:1 ratio that is found in
divalent metal phosphonates. This is in turn reflected in the
presence of the Zn-O-Zn bonds and, consequently, also of m3-
and m4-bridging oxygen atoms.[20] The bond distances between
the phosphorus and m2-O atoms (1.499(5) ± 1.527(5) �) and m3-
O (1.531(5) ± 1.569(5) �) fall in a narrow range, while the
corresponding distances with zinc display a wider spread: Zn-
m2-O 1.891(5) ± 1.990(5) �, Zn-m3-O 1.971(4) ± 2.291(5) �, and
Zn-m4-O 1.948(4) ± 2.073(4) �. The presence of the m4-O atom
cannot be attributed to adventitious moisture because of the
relatively high yield of 1. We speculate that its origin can be
ascribed to the induced dehydration of phosphonic acid by
ZnEt2, which resulted in the formation of the phosphonic
anhydride (tBuPO2)3. A signal observed in the 31P NMR
spectrum of the crude reaction mixture at d� 31.18 supports
this notion as it agrees well with the reported value for
(tBuPO2)3.[21]

In summary, we have presented the largest zinc oligonu-
clear aggregate 1 to date, which features several interesting
structural motifs that are closely related to zincophosphate
and phosphonate frameworks, namely the Zn-O-Zn bonds,
three- and four-coordinate oxygen atoms, and a Zn:P ratio of
1.5:1. Moreover, this molecule contains several reactive
centers, which may be potentially utilized for the trans-
formation of this precursor into porous materials.

Experimental Section

1: A solution of tert-butylphosphonic acid (0.44 g, 3.2 mmol) in THF
(10 mL) was added dropwise to a solution of ZnEt2 (4.3 mL, 1.1m in
toluene) in toluene (10 mL) at ÿ78 8C. The resulting solution was slowly
warmed to room temperature and stirred for 6 h, and then concentrated to
5 mL. A white precipitate formed overnight and was removed by filtration.
The clear solution was allowed to stand at room temperature for two
months. Colorless crystals of 1 (0.22 g, 27 %) suitable for single crystal
X-ray diffraction experiments were formed. M.p. > 270 8C decomp;
1H NMR (250.1 MHz, C6D6/[D8]THF 1:3): d� 0.15 (m; ZnCH2), 0.75 (m;
CH3), 1.14 (m; tBuP) 1.55 (m; THF), 2.14 (s; CH3C6H5), 3.44 (m; THF), 7.0
(m; CH3C6H5); 31P NMR (101.3 MHz, C6D6/[D8]THF 1:3): d� 42.94, 39.04,
34.75, 31.04 (s, 1:1:1:1); IR (nujol): nÄ� 1603 vw, 1496 w, 1476 s, 1394 m, 1262
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Hydrogen-Bonding Cavities about Metal Ions:
A Redox Pair of Coordinatively Unsaturated
Paramagnetic Co ± OH Complexes**
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Described herein is a synthetic system that uses hydrogen
bonds to regulate the chemistry at a coordinatively unsatu-
rated metal center. These regulatory properties are illustrated
by the isolation and characterization of monomeric Co ± OH
complexes, including a five-coordinate paramagnetic CoIII ±
OH complex which, to our knowledge, has not been observed

m, 1232 m, 1171 vs, 1139 vs, 1093 vs, 1055 s, 1021 m, 982 s, 955 vs, 921 m, 881
m, 834 s, 802 w, 734 m, 675 vs, 615 s, 586 m, 529 m, 509 m, 465 w, 454 w cmÿ1;
elemental analyses (THF and toluene were removed by drying 1 under
vacuum) calcd for C44H102O25P8Zn12 (2063.51): C 25.61, H 4.98; found: C
25.86, H 5.25.
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