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Three new polymetallic nickel(II) phosphonate complexes are

reported; in one cage the twelve nickel centres are arranged at

the vertices of a truncated tetrahedron in a similar manner to a

Keggin ion.

Polyoxoanions were first discovered in the 19th century by

Berzelius.1 In 1933 Keggin2 showed that the structure of the

archetypal polyoxoanions was a truncated tetrahedron, which has

become known as the Keggin ion. The Keggin ion [XM12O40]
n2

(X = PV, SiIV, BIII, AsV, CuII, CoIII, etc., M = MoVI, WVI, VV or

TiIV) comprises twelve metal ions linked via twenty-eight oxygens

and can be viewed as four M3O4 surrounding a central tetrahedral

heteroatom. Many examples of Keggin ions have been reported

with metals with d0 configuration, but there has only been one

Keggin ion reported with non-d0 metals, an [Fe13O4F24(OMe)12]
52

ion reported by Bino and co-workers.3 Magnetic studies of this

Keggin ion show a high spin state but with very many low-lying

excited states due to the topology of the spin centres.4

We have been synthesising cage complexes of first row transition

metals with phosphonate ligands with the aim of preparing new

clusters, hopefully with interesting physical properties.5–10 We have

shown that ligand displacement reactions starting from oxo-

centred metal carboxylate triangles can make large clusters of

trivalent metal ions,5–8 and that use of phosphonates with

pyridonate ligands can be used to make high nuclearity cages

with cobalt(II).9,10 Here we report reaction of a dinuclear nickel

pivalate complex11 with phosphonic acids, which gives three new

nickel complexes. Extended lattices involving Ni phosphonates are

well-known.12

[Ni2(H2O)(O2C
tBu)4(HO2C

tBu)4] 1{ was mixed with phenyl-

phosphonic acid in a 1 : 1 mole ratio in MeCN, and the reaction

heated under pressure to 150 uC. On cooling crystals of [Ni12(m3-

OH)4(m6-O3PC6H5)4(m2-O2CCMe3)12(m2-L)6] 2 were found in the

autoclave, where L is a disordered mixture of HO2CMe, MeCN,

H2O and HO2C
tBu (see below).

Structural studies§ show that 2" has a core which can be

thought of as an e-Keggin with the central tetrahedral atom

removed (Fig. 1). The four phenyl phosphonate ligands bind in the

6.222-mode (Harris notation13), thus each creates an approxi-

mately planar hexagon of Ni centres; the hexagons edge share to

form the e-Keggin structure. The triangular faces of 2 have central

m3-OH groups. Twelve pivalate ligands surround the periphery of

the complex binding in a 2.11-mode. 2.20-bridging ligands lie along

the edges which are shared between two of the hexagonal faces.

There is partial occupation of these sites by pivalic acid as well as

acetic acid, which probably arises from hydrolysis of MeCN under

solvothermal conditions; this has been seen previously.14

The reaction appears to be dependent on the phosphonate used.

If 1 is reacted with benzylphosphonic acid at room temperature

in a 1 : 1 mole ratio crystals of [Ni8(m3-OH)4(m2-OH2)2(5.221-

O3PCH2C6H5)2(O2CCMe3)8(HO2CCMe3)6] 3 formI. The same

reaction, but with a mole ratio of 1 : 1 : 1/2 of 1 with benzyl-

phosphonic acid and Hchp gave crystals of [Ni9(m3-OH)3(m2-OH2)

(6.222-HO3PCH2C6H5)(5.221-O3PCH2C6H5)(chp)4 (O2CCMe3)8-

(HO2CCMe3)2(H2O)] 4**.

Structural studies{ show 3 has two phosphonate ligands, both

binding in a 5.221-mode, thus holding together two {Ni4(m-OH)2}

butterflies of nickel(II) ions (Fig. 2). There are eight pivalate groups

binding in a 2.11-mode, two bridge body–body Ni centres within

the butterflies, four bridge wing-body nickels and two bridge
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Fig. 1 The core and structure of 2 in the crystal. Ni, green; P, magenta;

O, red; N, blue; C, grey lines. tBu groups and some of the disordered L

groups have been omitted for clarity.

Fig. 2 The structure of 3 in the crystal. Colours as Fig. 1. tBu groups

have been omitted for clarity.
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between the butterflies. There are also six terminal pivalic acids.

Two m2-OH2 groups are found bridging between the nickel

butterflies; the protonation states were assigned by bond valence

sums on the O-atom.15

The structure of 4 contains eight metal centres arranged in a

similar, but not identical core to that of 3, but with an additional

metal centre being bound to the cage, leading to one phosphonate

binding in a 6.222-mode and the other in a 5.221-mode (Fig. 3).

An additional change is that while one of the butterflies retains two

m3-OH groups on the body–body edge, in the second butterly one

of these OH groups is replaced by an O from a 3.31-chp, and binds

to the ninth nickel rather than bridging the body–body vector. The

four chp ligands in 4 show three modes: two are 3.31-bound, one is

2.21-bound and one shows the 2.20-mode. There are eight 2.20-

pivalates and two terminal pivalic acids. Protonation states of the

m3-OH, m2-OH2 and the HPO3CH2C6H5 group were assigned by

oxygen bond valence sums.15

The magnetic behaviour{{ of powder samples of 2, 3 and 4 has

been studied under a constant magnetic field of 0.1 T and 0.5 T in

the temperature range 2 to 300 K (Fig. 4). All show room

temperature xmT values close to that calculated for the appropriate

number of non-interacting Ni(II) centres, and a decline in xmT as T

falls. For 2 the variable temperature behaviour can be fitted to a

Hamiltonian (see ESI eqn 1{) which contains an exchange

parameter (J1) for exchange within the oxo-centred triangle, which

occurs twelve times, and a second parameter (J2) for the exchange

between triangles, i.e. along edges of the hexagon. This occurs six

times in the model. The best fit of the data was achieved with J1 =

26.5 cm21, J2 = 13.3 cm21 and g = 2.25, for a Hamiltonian of the

form H = 2J.Ŝa.Ŝb. The observation of a ferromagnetic exchange

between the triangles can be explained by acute bridging angle at

the m3-OH atom within the Ni triangles. Although the strongest

exchange interaction is ferromagnetic, the resulting ground state is

S = 0.

For 3 the magnetic behaviour can also be modelled with a

Hamiltonian (see ESI eqn 2{) containing two exchange para-

meters. The first (J1) is assigned to the four Ni…Ni vectors that are

bridged by two m2-O atoms; these vectors are the two body–body

contacts within the butterflies, where the O-atoms are derived from

two m3-hydroxides, and the nearest contacts between butterflies,

where the oxygens come from a phosphonate and a bridging

water. The second (J2) is assigned to the eight body–wing contacts

within butterflies. All Ni…Ni contacts not bridged by a mono-

atomic bridge were neglected, and an excellent fit of the data was

achieved with J1 = 7.6 cm21, J2 = 222.4 cm21, g = 2.42. Again the

spin ground state is zero.

For 4 the symmetry of the cage is much lower and therefore, in

principle, we should require at least three exchange parameters to

model the magnetic behaviour§; J1 is assigned to six Ni…Ni

vectors bridged by two m2-O atoms, J2 is assigned to five Ni…Ni

vectors bridged by only m3-O atoms and J3 is assigned to four

Ni…Ni vectors bridged by m3-O atoms as well as m2-pivalates.

However, in order to avoid over-parameterization, we initially

required J2 and J3 to be equal. This allows a very good fit of the

magnetic behaviour, even reproducing a maximum at 10 K. The

best fit parameters are: J1 = 19.4 cm21, J2 = J3 = 222.1 cm21,

g = 2.37. These parameters lead to an S = 2 ground state, with an

S = 3 low lying spin excited state at 1.9 cm21 above the ground

state. The magnetisation (M) against field (H) behaviour at 1.8 K

was also fitted using the twelve lowest energy states (Fig. 5), which

confirms we have a good picture of the energy states of this

molecule even by using a Hamiltonian which is much simpler than

might seem required by the structure of the cage. Interestingly the

saturation value of 6.7 mB is due to population of the S = 3 first

excited state rather than the S = 2 ground state. No zero-field

splitting of any state was required to achieve the fit shown.

According to a reported magneto-structural correlation derived

from studies on clusters with a [NiII4(m3-O)4] core,16 Ni–O–Ni

Fig. 3 The core and structure of 4 in the crystal. Ni, green; P, magenta;

Cl, small green spheres; O, red; N, blue; C, grey lines. Pivalate Me3 groups

have been omitted for clarity.

Fig. 4 Variable temperature DC measurement on polycrystalline

samples of 2, 3 and 4 at 0.5 T. Fig. 5 Magnetisation against field plot for 4 at 1.8 K.
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angles smaller than 99u favour ferromagnetic interactions, whereas

wider angles tend to give anti-ferromagnetic couplings. Here the

exchange coupling constant (J1) is ferromagnetic, with values of

+13.3, +7.6 and +19.4 cm21 for 2, 3 and 4 respectively. The

relevant Ni–O–Ni bond angles observed are: for 2, 78.1–89.5u; for

3, 90.8–99.9u; 4, 91.3–96.6u, therefore all fall within the range for

ferromagnetic exchange.16,17 The exchange coupling constant (J2)

is anti-ferromagnetic, with values of 26.5, 222.4 and 222.1 cm21

for 2, 3 and 4 respectively. The relevant Ni–O–Ni bond angles are

in the range: for 2, 115.9–119.5u; for 3, 113.9–137.5u; for 4, 122.8–

133.9u, consistent with the observed anti-ferromagnetic exchange

coupling constants. AF interactions are also observed for Ni…Ni

contacts that are bridged by m3-oxo and m2-carboxylate/oximate

with Ni–O–Ni bond angles ¢ 110u [J = 28 cm21 to

255.6 cm21].18 The trend in anti-ferromagnetic exchange interac-

tions is 3 |J2| # 4 |J2| . 2 |J2|, which agrees with the trend in their

Ni–O–Ni bond angles for 2, 3 and 4. The observed exchange

coupling constants are very similar to previously reported values

for high nuclearity nickel clusters.16–18

Previously we have shown that oxo-centred carboxylate

triangles can be reacted with phosphonates to produce larger

clusters;5–8 the results here show that the approach can be extended

to other metal carboxylate complexes. The structure of 2 is the

second example of a Keggin structure being found with an open-

shell ion,3 and this is strongly connected with the 6.222 binding

mode observed for the phosphonate.
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Notes and references

{ 1 was synthesised as reported.11

§ Crystal data: 2: C104.35H171.9N3.2Ni12O47.8P4, monoclinic, P21/c, a =
28.765 (6), b = 19.213 (4), c = 28.414 (6) Å, b = 90.00(3)u, V = 15703(6) Å3,
M = 3064.55, Dc = 1.296 g cm21, Z = 4, R1 = 0.0696 for 28535 reflections;
3: C90H165NNi8O41.6P2, monoclinic, P21/c a = 21.512(5), b = 16.983(3),
c = 34.416(6) Å, b = 91.234(17)u, V = 12571(4)Å3, M = 2484.09, Dc =
1.309 g cm21, Z = 4, R1 = 0.0682 for 28524 reflections; 4: C87.7H133-
Cl3.6N6.2Ni9O36P2, monoclinic, P21/c, a = 15.1594(5), b = 22.9262(5),
c = 34.2611(9) Å, b = 97.160(3), V = 11814.5(6) Å, M = 2562.15, Dc =
1.440 g cm21, Z = 4, R1 = 0.0699 for 14380 reflections.CCDC 656183–
656185]. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b711650k Data collection, structure solution and refinement
used SHELXL.19

" 2. Compound 1 (0.10 g, 0.1 mmol) and H2O3PC6H5 (0.016 g, 0.1 mol)
were dissolved in MeCN (8 ml) and added to a small autoclave and heated
to 150 uC for 12 h, then cooled to rt at a rate of 0.05 uC min21. Green plates
of 2 suitable for X-ray diffraction studies using synchrotron radiation were
formed directly. Yield 55%, Anal. calcd (found) ) C 41.43 (41.27); H 5.80
(5.92); P 3.96 (4.19); Ni 22.22 (21.82). The calculated value assumes
replacement of MeCN by H2O during analysis.
I 3. 1 (0.10 g, 0.1 mmol) and H2O3PCH2C6H5 (0.017 g, 0.1 mmol) were
dissolved in MeCN (20 ml) and stirred for 6 h at rt. The solution was
filtered and left to stand at rt for 4 weeks, after which time small green
crystals of 3 were isolated, yield 35%. The green precipitate was
recrystallised from toluene/MeCN layering to give green crystals of 3.piv.

K C7H8, yield 20% (based on total Ni). Anal. calcd (found); C 44.70
(44.76); H 6.82 (6.66); P 2.51 (2.53); Ni 18.77 (18.54).
** 4. 1 (0.10 g, 0.1 mmol), H2O3PCH2C6H5 (0.017 g, 0.1 mmol) and Hchp
(0.006 g, 0.05 mmol) were dissolved in MeCN (20 ml) and left to stir for
18 h at rt. The solution was filtered and left to stand at rt for 2 weeks, after
which time green crystals of 4 were isolated. Yield 65%. Anal. calcd (found)
C 40.63 (40.64); H 5.36 (5.28); Cl 5.32 (5.27); P 2.36 (2.42); Ni 19.84 (19.62).
{{ Magnetic measurements were in the temperature range 1.8–300 K, using
a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T
magnet. Data were fitted with CLUMIN.20 Supplementary information{
includes more detail of the fitting procedure.
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