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On the basis of the argument that a monochelated octahedral
transition-metal unit is topologically analogous to the Type II
(cis-dioxo) metal center frequently observed in the structures
of many polyoxometalates, we report the synthesis and struc-
tural characterization of salts of two polyoxomolybdate
anions demonstrating this principle, [{Co(en)};Mo;003g]*" (1)
and [{Co"(H,0),}{Co(en)}s{Mo0,,076}]®" (2). Anion 1 has a
structure of nominal Cg symmetry and consists of two blocks
of seven edge-shared metal-centered octahedra linked by
two corner-shared junctions (Co-O-Mo). The four octahedra
which contain {Co(en)}** instead of {M0O,}?* are distributed
unequally between the two blocks, three in one and the
fourth in the other. The structure of 2 can be described as a

chiral macrocyclic assembly (C, symmetry) of four identical
blocks of seven octahedra as observed in the structure of 1,
but now containing two {Co(en)}** per block. As in 1 the
blocks are linked by corner-shared Co-O-Mo linkages. A
trans-diaquacobalt(Il) cation occupies the center of the anion.
The opportunities provided by the introduction of chelated
metal centers, especially those with unsymmetrical diamines,
into new polyoxometalates include the generation of resolv-
able and optically stable structures that have so far eluded
polyoxometalate chemists.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The structures of the overwhelming majority of polyoxo-
metalate anions are commonly described in terms of cor-
ner- and edge-sharing of MOg octahedra.'! The outer sur-
faces of these anions contain MQOg octahedra with either
one unshared (terminal) oxygen, as is the case for the well-
known Keggin structure, or two mutually cis unshared oxy-
gen atoms, as in the Anderson-Evans anions, e.g. [Te-
Mog024]% 121 These structural features have been termed
types I and II respectively,>¥ and we have recently noted
that a monochelated metal cation such as {Co(en)}3* is to-
pologically equivalent to a type II metal center.”! Because
type II centers are considerably more common in polymo-
lybdate structures than in polytungstates,6l it seemed
probable that multiple {Co(en)}3* groups could be incorpo-
rated as part of the framework of new polymolybdate struc-
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tures. We report here two such structures as a proof-of-prin-
ciple, and these point the way to new polyanion architec-
tures and properties, not necessarily limited to molybdates.

Results and Discussion

Careful acidification of a solution containing potassium
biscarbonatoethylenediaminecobaltate(III) and sodium
molybdate simultaneously releases carbon dioxide and
drives the polymerization of molybdate. The resulting green
solution yields crystals of K3Na[{Co(en)}4Mo0,¢033]-4H,O
(1). The structure of the anion of nominal Cy symmetry
(Figure 1) consists of two blocks of seven edge-shared MX¢
octahedra linked by two vertices in order to conform to the
Lipscomb criterion®® for the MoOgy octahedra. The four
Co-centered octahedra are unevenly distributed between the
two blocks. Although it is possible to imagine more sym-
metrical structures, it is interesting to note that the same
anion is formed, and confirmed by a total of three structure
determinations, from syntheses starting with [M070,4]% as
well as [MoOy4]*, and with Co/Mo ratios between 1:2.5 and
1:4. It is of further interest to note that if all octahedra were
Mo-centered to give the hypothetical anion [Mo4O46]* the
two halves of the structure would be identical. We discuss
this feature in more detail below.
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Figure 1. Polyhedral representation of the structure of the anion in
1. MoOjs octahedra (white), Co(en)Oy4 octahedra (hatched), carbon
atoms (black spheres). Selected average bond lengths [A]: Mo—
O(Co) 1.77; Co-O(Mo) 1.85; Mo-O(t) 1.69(3).

Crystals of a second product, [Co"(H,0),{Co™-
(en)}§Mo0,yO76]® (2) were initially discovered in the mother
liquor of a synthesis of 1 after several weeks. Structural and
elemental analysis revealed a mixed-valence anion contain-
ing Co®* as well as {Co(en)}3*. It has subsequently been
possible to prepare 2 in a more rational way (see Experi-
mental Section) but currently in poor yield. Nevertheless,
the structure of the anion in 2 (Figure 2) is of considerable
novelty in polyoxometalate chemistry. The anion can be de-
scribed as a chiral macrocyclic ligand surrounding a central
“octahedral” Co atom. Bond-valence sums!” for the central
Co (2.14) and its trans-related unshared oxygen atoms
(0.29, 0.34) identify divalent cobalt with two aqua ligands.
Although no bond-valence parameters have yet been estab-
lished for Co™-O, N bonds, the average bond lengths ob-
served for these in 2, 1.922 A (O) and 1.928 A (N) are sim-
ilar to those found for [Co(en)(COs),]", 1.913 and 1.938 A
respectively,®! and are significantly shorter than the bonds
to the central cobalt atom (2.014-2.154 A). The cyclic poly-
oxometalate ligand, of nominal C4 symmetry, is composed
of four equivalent blocks of seven edge-shared octahedra,
5MoOQO¢ and 2CoN,O,, linked by Co-O-Mo vertices. The
overall anion structure may be compared to that of a
metalloporphyrin with two possible sites for ligand substi-
tution, one of which is more crowded than the other; on
the side of the anion shown in Figure 2 the separation be-
tween the central Co™! and the nearest carbon atom varies
from 4.8-5.2 A compared with 6.7-7.2 A for the corre-

Figure 2. Polyhedral representation of the structure of the anion in
2. Color scheme as in Figure 1 with central Co atom (gray sphere)
and H»O ligands (white spheres). Selected average bond lengths
[A]: Mo—O(Co™™) 1.78; Co™M-O(Mo) 1.92; Mo—O(Co™) 1.75; Co'-
O(Mo) 2.09.
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sponding separation on the opposite side (Figure 3). It is of

interest to note that both new polyoxoanions have the same

empirical stoichiometry if the central Co™ atom is excluded,

ie.:

2[{Co"(en)}4Mo0,(O35]* + Co?** + 2H,0 —
[Co™(H,0),{Co™(en)} sM029076]*"

Figure 3. Space-filling representations of the structure of anion 2
viewed from the “open” (upper) and “crowded” (lower) sides. Key:
cross-hatched sphere (central Co' aqua ligand), white (oxygen),
gray (hydrogen) black (nitrogen).

The structures of both 1 and 2 are based on the common
“building block™ of seven edge-shared metal-centered octa-
hedra shown in Figure 4. Octahedra labeled 1, 2, 3, 4 and
6 in that Figure form a lacunary version of the Lindqvist
structure [M¢O9]", observed for example in the lanthanide
complexes [Ln™(Ws0,5)]° .} In anion 1, “half” of the
structure contains Co in octahedron 6, and the other “half”
has Co in 5, 6 and 7. In anion 2 the cobalt cations occupy
octahedra 5 (or 7) and 6. When Mo occupies octahedra 5
and/or 7 with three unshared vertices, one of “terminal”
oxygen atoms becomes a bridging atom to cobalt, which
allows the structure to conform to the Lipscomb criterion.

Figure 4. The structure of the common block of seven edge-shared
MXg octahedra found in the structures of anions 1 and 2 is derived
from a lacunary version of the Lindqvist structure (octahedra 1, 2,
3,4,6).

Conclusions

The introduction of {Co(en)}** groups as topological
analogs of cis-{MoO,}>* units in polyoxomolybdate struc-
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tures may easily be achieved through the use of bis(carbon-
ato)diamminecobaltate(I11) anions. The two new molybdo-
cobaltate structures reported here have unprecedented poly-
oxometalate architectures and indicate that a larger and
more varied field of such complexes should be accessible.
The chiral macrocyclic ligand in 2 offers possibilities for
new metal- and ligand-derivative chemistry. The broad
range of bis(carbonato)cobaltate anions containing unsym-
metrical and/or chiral diammine ligands provides opportu-
nities to modify polyoxometalate structures via steric re-
straints and to generate chiral polyoxoanions that are resist-
ant to facile racemization.

Experimental Section

Syntheses

Anion 1: A solution of Na,MoO42H,0 (4.32 g, 17.8 mmol) in
40 mL water heated to 70 °C was treated with a solution of K[Co-
(en)(CO3),]-H,0M (2,00 g, 6.8 mmol) in 10 mL water and the clear
mixture was carefully acidified with 6 M HCI (CO, evolution) to a
final pH of 5.4 (color change from purple to green). Green crystals
(0.9 g; 22% based on Mo) were harvested after 3 d and used for
X-ray structural analysis. The filtrate deposited additional crystals
upon standing for several days. CgHyoCosK3Mo9gNgNaOy,
(2255.8): caled. C 4.26, H 1.79, Co 10.45, K 5.20, Mo 42.53, N
4.97,Na 1.02, 0 29.79, Mo/Co 2.50; found C 4.2, H 1.2, Co 10.3, K
4.8, Mo 42.5, N 4.9, Na 0.9, O 27.7, Mo/Co 2.54.''l UV(aqueous
solution): . = 640 nm. IR: v = 921 (vs), 899 (vs), 886 (vs), 842
(s), 720 (m), 631 (s) 541 (m).

The same anion (as confirmed by additional structure determi-
nations) can be synthesized starting with solutions of ammonium
or sodium heptamolybdate (no further acidification required in this
case), and with Mo/Co ratios as high as 4:1.

Anion 2: KCo(en)(CO3),’H,O (2.37g, 8.0mmol) and
Na,Mo00,4:2H,0 (4.84 g, 20.0 mmol) were added to 20 mL of warm
(50 °C) water The pH of the resulting dark purple solution was
carefully lowered from 9.2 to 6.5 using 2 M HCI (CO, evolution)

Table 1. Crystallographic data.
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and the resulting solution was stirred for 10 min. A solution of
CoCly*6H,0 (0.23 g, 1 mmol, 5 mL water) was added dropwise for
30 min maintaining the pH near 6 during the addition. The re-
sulting cloudy solution was treated with saturated solutions of am-
monium chloride and potassium chloride (I mL each), the turbid
solution was stirred for 2 h at 50 °C, cooled in a refrigerator and
filtered. The dark green filtrate was allowed to stand at room tem-
perature in an open beaker. Within a week green crystals of
K5 5sNa, s(NHy)[Co(H,0),Cog(en)sM0,0076]22H,O were formed
and harvested (yield 0.27 g; 6% based on Mo). C;¢H;;,CooK> s-
Mo,oN7Na, sO1gg (4751.5): caled. C 4.04, H 2.46, Co 11.16, K
2.06, Mo 40.38, N 5.01, Mo/Co 2.22; found C 4.1, H 2.8, Co 11.2,
K 2.2, Mo 40.5, N 5.4, Mo/Co 2.26. An isostructural compound,
confirmed by partial X-ray structural analysis, was synthesized
using a solution of 0.16 g of Cu(NOs),-2.5H,0 in 5 mL water in-
stead of CoCl, Yield 0.12 g. Elemental analyses were carried out
by Kanti Labs Ltd., Mississauga, Ontario, Cnada.

Single-crystal X-ray analyses were performed with a Bruker-
Siemens SMART CCD diffractometer equipped with a Mo anode
and graphite monochromator, K,, wavelength 0.71073 A. The crys-
tals were mounted on a glass fiber and placed in a nitrogen stream
at 173 K. An empirical absorption correction was applied, based
on measured intensities of equivalent reflections at different ¢ and
 values.'>13 The structures were solved by direct methods and
refined against |F?| over all independent refections, using SMART,
SAINT, SHELX-97, and X-SEED programs.'*19 Structural Fig-
ures were generated by DIAMOND.!'7I Atoms heavier than oxygen
were refined anisotropically except for disordered sodium atoms.
As is common in polyoxomolybdate structures there is extensive
disorder of the cations and water molecules, to the extent that some
of the cations cannot be located. In order to determine the occu-
pancy of the disordered atoms their atomic displacement parameter
factors were first set to be comparable to the corresponding non-
disordered atoms and their occupancies were refined. The occu-
pancy numbers were then held fixed and the atomic displacement
factors refined. A summary of crystallographic data is presented in
Table 1.1

CCDC-737233 (for 1) and -737234 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-

1 2
Empirical formula CsHs4C04K3M0,9NgNaOs3 C16Hos 75C09K 1 25M 030N sNa3 25099, 75
M, 2446.00 4693.63
Space group P1 Pl
a[A] 10.974(3) 16.911(2)
b [A] 15.945(5) 18.813(2)
c[A] 17.728(5) 23.064(3)
a [°] 86.834(5) 75.383(2)
N 78.146(5) 75.542(2)
7 [°] 78.031(5) 71.066(2)
v [A3 2969.7(15) 6602.6(14)
z 2 2
p (caled.) [Mg/m?) 2.735 2.361
u [mm]! 3.456 3.075
Crystal size [mm] 0.30 X 0.10 % 0.06 0.26X0.24 X 0.18
F(000) 2356 4502
T [K] 173(2) 173(2)
0 range [°] 1.17 to 30.54 1.86 to 28.34
Number of reflections 23745 69680

Independent reflections
R [I>20(1)]
R (all data)

14762 [R(int) = 0.0430]
0.0936 (R1) 0.2492 (wR>)
0.1306 (R,) 0.2822 (wR>)

29507 [R(int) = 0.0387]
0.0526 (R,) 0.1511 (wR»)
0.0760 (R,) 0.1644 (wR5)
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tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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