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Organic-soluble lacunary {M2(P2W15)2} polyoxometalate sandwiches showing
a previously unseen αββα isomerism†
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New polyoxometalate ‘sandwiches’ have been formed where two [P2W15O56]
12− lacunary

Dawson clusters encapsulate two transition metal ions to give clusters with the general formula
[MII

2(P2W15O56)2]
20− (where M = Mn, Co, and Ni respectively), [FeIII2(P2W15O56)2]

18−, and
[CuII4(P2W15O56)2]

16−. The Mn, Co, and Ni clusters exhibit a hitherto unseen αββα isomeric geometry
and all five compounds are associated with tetrabutylammonium cations which allow for their dissolution
in non-aqueous solvent.

Introduction

Polyoxometalates (POMs) are a vast and varied class of mole-
cular metal oxide clusters formed from early transition metal
cations in their highest oxidation state linked by shared oxo
ligands.1–3 These anionic clusters are assembled via conden-
sation reactions in acidic solution4 and can be partially dis-
assembled in controlled basic conditions giving lacunary POMs
which have vacancies in their structure5 (as opposed to plenary
POMs which have no vacant sites). Lacunary POMs can be
reacted further with other transition metal species in acidic solu-
tion to form structures where the vacant sites are occupied by the
new transition metal ion.6,7 Reactions of this type have allowed
the substitution of most d-block elements into POM structures to
give new polyoxometalates with emergent properties.8–11

The trivacant lacunary POM [P2W15O56]
12− (shortened to

{P2W15}) is formed by controlled decomposition of the parent
phosphotungstic Dawson12 anion [P2W18O62]

6− to remove a
triad of tungsten atoms located at one polar ‘cap’ of the
cluster.13–15 This trivacant POM is known to combine with a
variety of transition metal ions to give two types of structurally
unique compounds. First, with high valent transition metal ions
such as MoVI, WVI, VV, NbV and TaV the incoming metals refill
the vacant cap positions giving compounds of general formula
[M3P2W15O62]

n−, where M is the new metal.16,17 However, with

lower valent metals such as MnII, FeIII, CoII, NiII, CuII, and ZnII

‘sandwich’ compounds are formed where two of the lacunary
[P2W15O56]

12− anions are joined by the sharing of transition
metal ions18–23 (the POMs are the bread of the sandwich and the
encapsulated transition metal ions are the filling). The most
common architecture formed from reactions of this type is
known as the Weakley sandwich which consists of a diamond
arrangement of four transition metal ions encapsulated between
two trilacunary POMs. This is favoured because a diamond
arrangement of four transition metal ions is capable of coordi-
nating between the three vacant metal sites on two discrete
POMs (see Fig. 1).

Whilst it is possible to form Weakley-type sandwiches
with fewer than four transition metal ions, these clusters are
considered to still be lacunary, and in the solid state the vacant
sites are usually occupied by alkali cations with coordinated
water molecules. An example of a trinuclear analogue is the tri-
cobalt sandwich reported by Thouvenot et al. which has a
sodium cation occupying the vacancy where the fourth transition
metal is commonly found.24,25 Examples of dinuclear sandwiches
are less common but include an iron cluster,26 [(NaOH2)2-
FeIII2(As2W15O56)2]

16−, its copper analogue27 [(NaOH2)2-
CuII2(P2W15O56)2]

18−, and the cobalt version24 [(NaOH2)2-
CoII2(P2W15O56)2]

18−, all of which also contain hydrated sodium
ions in the vacant sites. It has been shown that these sodium
atoms can be exchanged for other metal ions to give mixed
metal sandwiches,28,29 highlighting the increased reactivity of
these species. There has been one published example of a dinuc-
lear sandwich which does not contain any alkali metals in the
lacunary sites and this is the dititanium sandwich, [(TiIVP2-
W15O55OH)2]

14−, which is formed as an ammonium salt.30 It is
possible to form different isomers of these clusters depending on
the orientation of the transition metal centres in the junction.
Interestingly all of these dinuclear sandwiches form the αααα
isomer whereas the tetranuclear sandwiches tend to adopt the
αββα arrangement.31

†Electronic supplementary information (ESI) available: TGA analysis,
IR spectroscopy, UV/Visible Spectroscopy, Cyclic Voltammetry and
X-ray diffraction data. CCDC reference numbers 872057–872061. For
ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c2dt30616f
‡Current address: School of Basic Sciences, Indian Institute of Techno-
logy Mandi, Mandi 175 001, Himachal Pradesh, India.

WestCHEM, School of Chemistry, University of Glasgow, Joseph Black
Building, University Avenue, Glasgow G12 8QQ, UK.
E-mail: Deliang.Long@glasgow.ac.uk, Lee.Cronin@glasgow.ac.uk;
http://www.croninlab.com; Fax: +44 (0)141 330 4888;
Tel: +44 (0)141 330 6650
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Here we report a new synthetic technique which results in the
isolation of tetrabutylammonium (TBA) salts of Weakley-type
Dawson sandwiches from alkali POM salts in a one pot reaction.
Interestingly, for the metals Mn, Fe, Co, and Ni these sandwiches
contain only two metals and are stable despite the absence of
alkali metals in the remaining addendum atom vacancies. The
products for the metals Mn, Co, and Ni are also αββα isomers
and represent the first examples of this sandwich type.

Experimental

Syntheses

All chemicals and solvents were of analytical grade purchased
from Sigma Aldrich and used as supplied, without further purifi-
cation. Na12[α-P2W15O56]·24H2O was synthesised by a pre-
viously reported method.32

(TBA)9Na[H10MnII2(P2W15O56)2]·6CH3CN (1). Into 50 mL of
deionised water was dissolved 1.5 mmol of MnSO4·H2O fol-
lowed by Na12[P2W15O56]·24H2O (1.0 g, 0.23 mmol) and the
solution was stirred for 10 minutes. 75 mL of acetonitrile was
then added to this reaction mixture giving a cloudy solution
which was stirred for a further 5 minutes followed by the
addition of tetrabutylammonium bromide (6.0 g, 18.6 mmol).

The solution was then stirred for another 10 minutes before low-
ering the pH to 1.5 using aqueous 4.5 M sulfuric acid. The
resulting turbid solution was stirred for a further 5 minutes and
then set aside for 2–3 hours. During this time an oily material
was formed which separated down the beaker, and was collected
by centrifugation. The aqueous solution was poured away and
the oil was washed three times with 20 mL aliquots of water and
once with a 20 mL aliquot of ethanol to dry (take care, the
ethanol slightly dissolves the product) eventually resulting in a
fine red/brown powder which was dried overnight in a desicca-
tor. This powder is recrystallised in acetonitrile/ether diffusion
affording red/brown crystals of 1 in 43.1% yield (based on W).

Elemental analysis calcd (found): Mn 1.10 (0.97), W 55.32
(55.7), Na 0.23 (0.44), C 18.79 (17.32), H 3.56 (3.35), N 2.10
(1.53).

(TBA)8[H12Co
II
2(P2W15O56)2]·3CH3CN (2). The same reac-

tion conditions were used as for the formation of 1 except that
the MnSO4·H2O is replaced with an equimolar amount of
CoSO4·7H2O to give red crystals of 2 in 39.3% yield.

Elemental analysis calcd (found): Co 1.22 (1.01), W 57.30
(59.7), C 16.72 (16.48), H 3.24 (3.22), N 1.60 (1.49).

(TBA)9[H11Ni
II
2(P2W15O56)2]·CH3CN (3). The same reaction

conditions were used as for the formation of 1 except that the

Fig. 1 (a) Left: ball and stick representation of the trivacant Dawson, [P2W15O56]
12− {P2W15}. The three vacancies are found at the bottom of the

cluster and the ring of reactive oxygen atoms which bonds to the transition metal core is highlighted in yellow. Right: polyhedral representation of the
same structure. (b) Ball and stick and polyhedral representation of the view from underneath the cluster. Here the ring of yellow reactive oxygen atoms
is more clearly visible along with the pendant oxo ligand on the central phosphate group which also bonds to the transition metal core. (c) Diagram
showing the two possible locations for the three metal centres from the core to bind. Metals which prefer a longer M–O(W) bond in the place of the
purple triangles, metals which prefer shorter bonds are found where the red triangles are located. This means that it is possible to form four different
isomers of each sandwich compound. (d) Showing how the tetranuclear moiety found in Weakley-type sandwiches is capable of filling the lacunary
vacancies of two trivacant {P2W15} anions (the bonds between the atoms on this moiety are non-existent and the transition metals are held together by
oxo-bridges from the oxygen atoms on the lacunary POM).

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10000–10005 | 10001
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MnSO4·H2O is replaced with an equimolar amount of
NiSO4·6H2O to produce raw materials of 3 in 87% yield.

Elemental analysis calcd (found): Ni 1.21 (0.58), W 57.01
(60.45), C 17.01 (18.05), H 3.50 (3.47), N 1.45 (1.68).

(TBA)8Na[H9Fe
III

2(P2W15O56)2]·2CH3CN (4). The same reac-
tion conditions were used as for the formation of 1 except that
the MnSO4·H2O is replaced with an equimolar amount of
FeSO4·7H2O to give yellow crystals of 4 in 45.2% yield.

Elemental analysis calcd (found): Fe 1.16 (1.65), W 57.47
(60.8), Na 0.24 (0.3), C 16.52 (16.68), H 3.18 (3.22), N 1.45
(1.42).

(TBA)9Na[H6Cu
II
4(P2W15O56)2]·3CH3CN·3H2O (5). The

same reaction conditions were used as for the formation of 1
except that the MnSO4·H2O is replaced with an equimolar
amount of CuSO4·5H2O to give yellow/green crystals of 5 in
53.8% yield.

Elemental analysis calcd (found): Cu 2.52 (1.66), W 54.74
(60.9), Na 0.23 (0), C 17.88 (17.71), H 3.45 (3.42), N 1.67
(1.88).

Results and discussion

Syntheses and structure

The reaction proceeds by first dissolving the alkali salt of the
{P2W15} anion and the required transition metal sulfate in water,
followed by the addition of a larger volume of acetonitrile
(by 3 : 2). This produces a cloudy solution to which is added
an excess of TBA bromide and this solution is acidified to
pH 1.5 with sulfuric acid giving a slightly turbid solution which
eventually produces oil that settles to the bottom of the reaction
vessel. This oil can be extracted and washed with water to give a
powdered product which can be recrystallised in an acetonitrile/
diethyl-ether diffusion. This reaction was performed with the
transition metal sulfates of Mn, Fe, Co, Ni, and Cu to give the
compounds:

(TBA)9Na[H10MnII2(P2W15O56)2]·6CH3CN (1),
(TBA)8[H12Co

II
2(P2W15O56)2]·3CH3CN (2),

(TBA)9[H11Ni
II
2(P2W15O56)2]·CH3CN (3),

(TBA)8Na[H9Fe
III
2(P2W15O56)2]·2CH3CN (4),

(TBA)9Na[H6Cu
II
4(P2W15O56)2]·3CH3CN·3H2O (5).

All five compounds have been characterised using X-ray
single crystal structure determinations, crystal data of which
are listed in Table 1. As shown in Fig. 2 compounds 1–4 are
dinuclear sandwiches containing two transition metal ions whilst
compound 5 is a tetranuclear copper sandwich. All except com-
pound 4 contain the transition metal in the +2 oxidation state.
The compounds are all formed as a mixed TBA/proton salt with
slight alkali metal impurity in compounds 1, 4, and 5.

The majority of the cations on all of these compounds are
TBA and protons. The TBA cation was employed due to its
large size and low polarity. The large steric size of this cation is
capable of directing the assembly of POMs into more reactive
lacunary arrangements by hindering the formation of larger
plenary structures.33,34 The low polarity of this compound allows
clusters with this cation to be dissolved in solvents with lower
polarity than water, for example, acetonitrile, allowing the
cluster to be used for catalysis in organic media,35,36 for further T
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functionalization in low polarity solvent37,38 and also for analysis
for example in mass spectrometry which requires species which
are soluble in acetonitrile.39,40 The protons associated with the
cluster are mostly located around the core of the cluster, bonded
to some of the oxo ligands. The exact location of these protons
can be inferred from bond valence sum calculations, by observ-
ing bond lengths from crystallographic data, which can tell us if
a particular oxygen atom is associated with two, one, or zero
protons.

As can be seen from Fig. 2, the structures of the four dinuclear
sandwiches are very similar. Compound 1, the manganese sand-
wich, is the only cluster of the five to show any evidence of
sodium ions binding to the lacunary sites in the transition metal
core. Crystallographic measurements show one sodium ion to be
partially disordered over the two lacunary sites and flame photo-
electron spectroscopy and crystallographic measurements
support this observation.

Compound 4, the dinuclear iron sandwich, is the only com-
pound of the five to feature the transition metal with an oxidation
state of +3. This is unambiguously calculated by bond valence
sum measurements on the iron and confirmed by charge balan-
cing arguments with the calculated number of cations by elemen-
tal analysis. A consequence of this is that the iron sandwich
forms a different isomer to the other sandwich compounds due
to the smaller more highly charged ion preferring shorter bonds
to the POM cluster. In Fig. 1(c) the two different binding sites
are shown. In all of our compounds except for 4 the transition
metal ion binds preferentially in the location of the blue

triangles, but in the case of FeIII the red location is preferred and
this might be due to the higher charge and smaller size of FeIII

centres. A convention for the nomenclature of these isomers was
presented by Hill et al. in their review of iron sandwich com-
pounds in 2002.31 The convention states that the two {W3} caps
which are at the ends of the cluster are defined as α and then at
the junction where the transition metal core is found if the substi-
tuted transition metals are in the same orientation as the cap it is
an α junction, and if the orientation is flipped it is a β junction
(Fig. 3). By this method we can say that compounds 1, 2, 3, and
5 are αββα isomers and the Fe sandwich, compound 4 is an
αααα isomer. As stated earlier, all previously reported dinuclear
sandwiches are of the αααα form so compounds 1–3 are the first
reported examples of the αββα cluster geometry.

When the reaction which forms these lacunary dinuclear tran-
sition metal sandwiches is performed using equimolar copper
sulphate as the transition metal salt the full plenary tetranuclear
copper(II) sandwich is formed. In the core of this sandwich are
found four copper(II) ions, two of which are six coordinate with
octahedral bonds to the two clusters. The other two copper ions
in the structure are only five-coordinate, displaying square-based
pyramidal geometry with a vacant coordination site where a
water molecule would tend to be located. This geometry is not
uncommon for copper but it is different from the previously
reported examples of this compound20 which both feature co-
ordinated water molecules. Attempts to form the dinuclear copper
sandwich by this method by lowering the molar ratio of copper
in the reaction system were unsuccessful which is interesting

Fig. 2 The structure of clusters 1–5 with the transition metal core highlighted to the right. Structures 1–3 are all dinuclear sandwiches containing MII

adopting the αββα cluster geometry. Compound 4 contains FeIII and is a different isomer to the first three compounds, the more common αααα geome-
try. Compound 5 is a tetranuclear sandwich containing four CuII ions. In compound 1 one sodium atom is found to be disordered over the two lacunary
vacancies in the core, this is shown as a white sphere. In the diagrams of the cluster core the oxygen atoms have been highlighted to show their proto-
nation. Red is unprotonated, purple is singly protonated and blue is deprotonated to give a coordinated water molecule. In the dinuclear cores the four
pendant oxygen atoms on the cluster are also shown so that their protonation can be ascertained.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10000–10005 | 10003
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when considering that copper is one of only a few examples of
previously published dinuclear sandwiches.27

Cyclic voltammetry

The redox behaviour of compounds 1–5 were studied in aceto-
nitrile solution. Table 2 shows the main characteristic peaks
associated with W redox couples of compounds 1–5 between
−2.000 V and +1.900 V vs. Ag/Ag+ at the scan rate region of
100 mV s−1. The form of the diagram remained identical inde-
pendent of the scanning potential direction. At a scan rate of
100 mV s−1 and scanning towards the negative region of

potential values, 6 (for 1), 7 (for 2), 7 (for 3) 6 (for 4) and 3
(for 5) closed spaced quasi-reversible redox waves were
observed, respectively. Table 2 summarizes the E1/2 values
observed for the W-centred redox processes. The cyclic voltam-
mograms of the compounds are represented in figures presented
in the ESI.† The peak currents related to the tungsten redox pro-
cesses were proportional to the square root of the scan rate,
(see insets on the ESI† graphs) suggesting that redox processes
are diffusion-controlled. In the case of compound 1 it was poss-
ible to detect an ill-defined oxidation peak centred at +0.275 V
which can be assigned to oxidation of Mn(II) centres to Mn(III).
On potential reversal the counter redox process takes place
before the reduction of the tungsten metal centres which helped
us assign unambiguously the remaining waves to W-centred
reductions. Compound 2 gave us a similar pattern for the
W-redox waves shifted to slightly more negative values. In this
case the existence of the Co(II) centres are not electroactive
within the negative potential domain being explored here which
makes the assignment of the reduction peaks easier. The nickel
compound, 3, continues this trend and once again only the tung-
sten redox waves are observed. In the case of compound 4
the reduction of Fe(III) metal centres overlaps with the W-redox
waves making the assignment of the latter process compli-
cated. Nevertheless, after completing the first cycle it is possible
to observe the oxidation of the iron centres back to their
initial oxidation state with the two corresponding waves located
at +0.181 and +0.321 V. It is important to note that the
two Fe centres are oxidized stepwise in agreement with
the previously reported electrochemical studies in aqueous
medium of [Fem(X2W15O56)2]

n− (where X = As or P and m = 2,
3 or 4).41–43

As expected in compound 5, the characteristic pattern origi-
nating from the Cu-centred waves conceal the first four consecu-
tive W-reduction processes. It was possible though to assign
the remaining three waves (V, VI and VII) and allow us to
draw useful conclusions regarding the influence of the incorpor-
ated transition metal on the redox potentials of the tungsten
centres.

Comparing the electrochemical behaviour of compounds 1–5
we can observe the similar processes which take place, as was
expected. The observed E1/2 potential values are in agreement
with previously reported W-based POMs, even though important
differences in potential locations can be observed depending on
the experimental conditions.44–49 Overall, the observed patterns
associated with the reduction of the tungsten centres are shifted
towards more negative values according to the electronegativity

Fig. 3 Showing how the nomenclature for the different isomers is
determined. (a) Compound 5. The isomerism is determined by the orien-
tation of the {W3} cap in the {P2W15} moiety and {Cu3} triangle that
completes a conventional Dawson cluster at the joint position. In this
example the four Cu centres form two {Cu3} triangles (yellow and
pink), each of which is orientated differently with respect to the same-
coloured {W3} cap triangle in individual Dawson clusters. Conformation
of the structure is labelled αββα. (b) Compound 1, 2 and 3. In these
cases, there are lacunary vacancies (Z, grey coloured positions). Each of
the two {M2Z} (M = Mn, Co or Ni) triangles is orientated differently
with respect to the same-coloured {W3} cap triangle in individual
Dawson cluster. Conformation of the structure is labelled αββα.
(c) Compound 4. In the dinuclear iron sandwich, each of the two {Fe2Z}
triangles is orientated similarly with respect to the same-coloured {W3}
cap triangle in individual Dawson cluster. Conformation of the structure
is labelled αααα, which is isomeric to that of compound 1–3. Com-
pound 4 adopts this structure because of the higher charged iron(III) ion
preferring shorter bonds to the {P2W15} moieties. (d) Showing the iso-
meric forms of compounds 1–5.

Table 2 Positions of the relative W centred redox peaks for
compounds 1–5 as determined by cyclic voltammetry. Values are
reported in Volts

1 2 3 4 5

1st −0.102 −0.284 −0.175 −0.123 —
2nd −0.484 −0.438 −0.418 −0.478 —
3rd −0.751 −0.797 −0.723 −0.796 —
4th −1.118 −1.155 −1.015 −1.130 —
5th −1.325 −1.335 −1.251 −1.309 −1.352
6th −1.660 −1.574 −1.619 −1.530 −1.529
7th — −1.736 −1.871 — −1.681

10004 | Dalton Trans., 2012, 41, 10000–10005 This journal is © The Royal Society of Chemistry 2012
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of the transition metals as well as on the overall charge of the
clusters.

Conclusions

In conclusion, five new Weakley-type {P2W15} Dawson sand-
wich compounds have been made by a new synthetic procedure
which crystallises the clusters with TBA cations. Four of these
are the lacunary dinuclear sandwiches for the transition metals
Mn, Fe, Co, and Ni. These are formed with an isomeric geome-
try, αββα, as yet unreported for dinuclear sandwiches, which
normally form αααα junctions between the POM and the transi-
tion metal core. Compound 4, the dinuclear iron(III) sandwich,
has been reported previously as an As-centred Dawson,26 but its
structure is mentioned again here because our reported procedure
enables access to the tetrabutylammonium salt as opposed to the
sodium salt. Compound 5, the tetranuclear copper(II) sandwich,
also has a similar cluster geometry to a previously reported
example except two of the copper atoms are pentacoordinate
with missing coordinated water molecules (reported here as a
TBA salt). CV measurements of these compounds show that as
the transition metal becomes more electronegative, the tungsten
redox peaks are shifted to more negative values. This type of
sandwich compound has been shown to be effective at cata-
lyzing the reduction of nitrite in a similar way to metallopor-
phyrins,24 and the clusters reported here could be useful in
developing novel organic soluble mixed metal sandwich clusters
having potential applications in organo-catalysis and for the
development of new magnetic materials.
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