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Mixed-Metal Dawson Sandwich Complexes: Synthesis, Spectroscopic
Characterization and Electrochemical Behaviour of Na,[M"Co;(H,0),-
(P,W5056)2] (M = Mn, Co, Ni, Zn and Cd)
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Mixed-metal Dawson sandwich complexes [MCoz(H,0),-
(P,W;5056),]'¢" (represented as {MCosP,W5,}) have been
synthesized by the reaction of M?* (where M = Mn, Co, Nij,
Zn and Cd) with the “lacunary” sandwich complex of-[Na-
Co3(H0),(P,W15056)2]'"" (represented as {NaCosPsWso)):
[NaCos(H,0)5(P2W150s56)2]"" + M?*— [MCos(H,0)2(P,Wis-
O56)2]'% + Na*. The {MCo3P,W5,} species were characterized

by IR spectroscopy, elemental analysis and 3!P solution NMR
spectroscopy. The electrochemical behaviour of these mixed-
metal sandwich complexes was investigated in aqueous solu-
tion and compared with that of BB-[Co,(H,0)o(P2W15056)2]1~
(represented as BB-{Co,P4W3}) and {NaCosP,W3).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Polyoxometalates (POMs) and their transition-metal-
substituted derivatives are metal-oxygen anionic clusters
with applications in fields as diverse as magnetochemistry,
medicine and catalysis.[!#

All investigations centred around this large and growing
class of clusters required previous knowledge of their pre-
cise composition and structure; therefore, the continuing
development of rational methods for the systematic modifi-
cation of POM systems remains very important.

It is well known that the reaction of the trivacant Daw-
son anion o-[P,W;50s¢]'> with transition-metal cations
yields sandwich complexes [M4(H50),(P,W;5056),]'¢~ (M2
= Mn?*, Co?*, Ni?*, Zn?>* and Cd?"), in which a sheet of
four M atoms (two internal and two external) is sandwiched
between two {P,W,s! subunits.’! For all Dawson, tetranu-
clear, sandwich complexes characterized by X-ray diffrac-
tion, the “classical” BB configuration is observed with 3
connectivities between both trivacant {P,W,s} units and
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the central M, tetradl>e->%3%3h (Figure 1a). This type of ar-
rangement leads to a molecular anion with C,, symmetry
in which the two {P,W,5} moieties are equivalent.

a) b) c)

Figure 1. Polyhedral representation of the (a) affa-{M4sP,;Wso}
sandwich structure, and of the (b) § and (c) o junctions.

The B junction implies a connection between one internal
MOg octahedron and one dimeric W>O,, unit (Figure 1b),
whereas for the a junction, this internal MOg octahedron is
connected to two dimeric W»Oy, units (Figure 1¢).[®

In the case of cobalt complexes, we previously reported
that the synthesis in neutral solution leads to a mixture of
symmetrical and unsymmetrical complexes as shown by 3'P
NMR spectroscopy.l’dl One reasonable hypothesis for the
structure of the dissymmetrical {CosP,W3,} species is that
it presents both types of junction, a and B, between the two
{P,W,s} units and the central Co, sheet.
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Dinuclear and trinuclear sandwich complexes [Na,M,-
(Hy0)2(P,W5056),)""  and  [NaM;3(H,0)5(P2W5056)o]""
(M?* = Co**, n =18, m = 17 and M3** = Fe**, n = 16, m
= 14) have also been obtained.l”b-7¢-8-]

For the diiron species [Na,(H,0),Fe,(P,W;5056)-]'¢, the
junctions between the trivacant moieties {P,W,s} and the
metallic sheet are both of the a-type (Figure 2), whereas in
the case of the trimetallic complexes (M>*3* = Co** or
Fe3*), the structures may be considered as resulting from
the fusion of one a-{M;P,W;s} and one “lacunary” B-

{M,P,W s} unit, and the lacuna is occupied by a Na* cat-
;o [8-10]
ion.

L1

Figure 2. Polyhedral representations of the crystallographically re-
solved Dawson sandwich structures: BB-{MsP;Wso} (left), af-
{NaM;P,W;,} (middle) and ao-{Na,M,P,W;,} (right). For the
“lacunary” structures, the aqua ligands are omitted for clarity.

As the Na™ cations are weakly bonded, the di- and tri-
metallic complexes may act as divacant and monovacant
“lacunary” species, respectively, and mixed-metal sandwich
complexes can be obtained by addition of a transition-
metal cation M”*. Indeed, the reaction of M?* (M = Mn,
Co, Ni, Zn) with {Na,Fe,P,W3} leads to “saturated” sand-
wich complexes [M",(H,0),Fe™,(P,W;50s56)-]'* (abbrevi-
ated as {M,Fe,P,W5,})."®11121 In each case, replacement
of the two Na™* cations by two M>* metallic cations induces
conformational changes that lead to a B connectivity for
both {P,W,s}-M,Fe, junctions.

The tricobalt species [NaCos(H,0)>(P2W50s6),]'"~ (ab-
breviated as {NaCosP,W3,})® reported recently also ap-
pears to be a suitable starting species for the synthesis of
mixed-metal sandwich complexes (Figure 3).

| Mw—bg

Figure 3. Principle of the synthesis of the mixed-metal Dawson
sandwich complexes {MCosP,W5}.
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Such complexes can be used in catalytic reactions as in-
organic analogues of metalloporphyrins, and both the re-
dox and the catalytic properties of these complexes can be
modulated by the nature of the addendum atom M.[!3]

We report here the synthesis and characterization
(by IR and 3'P NMR spectroscopy and elemental
analysis) of a new family of these mixed-metal sandwich
complexes [MCo3(H50),(P,W;5054),]'®" (abbreviated as
{MCo3P,W3}) where M?* = Mn?*, Co?*, Ni**, Zn>* and
Cd?*. We also present the electrochemical behaviour of
{MCosP,W;,} and compare it with that of the tetracobalt
complex and the trinuclear precursor {NaCosP,Wsg}.[!

Results and Discussion

Synthesis

The tricobalt sandwich complex is formally an unsatu-
rated species. As shown by 3'P NMR spectroscopy, addition
of a slight excess of Co?* to the aqueous solution of
{NaCo3;P4W;} leads to the immediate and quantitative
formation of one dissymmetrical {Co4P4W30} complex
(Figure 4, middle)® according to the global reaction [Equa-
tion (1)]:

[NaCo3(H,0)5(P,W;5056)2]'"~ + Co** —
dissym-[Co4(H,0)5(P,W;5056)2]'¢" + Na™ (1)

The pH of the solution (initially around 6.5) does not
change markedly by addition of Co?*. At this pH, the dis-
symmetrical complex appears very stable, whereas at low
pH (ca. 3) it evolves into the symmetrical BR-{Co4P,W3o}
form (Figure 4, bottom).['> As reported by Coronado and
co-workers, % the lacunary {NaCo;P,W;,} species presents
an of connectivity; the rapid addition of Co?* to form the
saturated compound likely leads primarily to the of-
{Co4P4W;o} isomer, which is stable in neutral medium. In
acidic medium, however, it isomerizes slowly and irrevers-
ibly into BB-{CosP,;W3o} by formal m/3-rotation of the
{P,W 5} unit of the a-{CosP,W,s5} moiety leading to B-
{Co3P,W,s}. The whole process is described as follows
[Equation (2)] and [Equation (3)]:

rapid, pH ca, 6.5

aB-[NaCo3(H,0),(P;W150se)]' "+ Co™*

oB-[Cos(H20)2(P3W150s6)2]'* ™+ Na” @

OB-[Cos(H;0)2(P2W1s0s)2] " — =52 BB [Coy(H 0)(P2W1s0s6)2]' (3)
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Figure 4. Formation of {CoCo;P,W;,} by addition of Co** to
{NaCo;P,W;,} followed by 121.5 MHz 3'P NMR spectroscopy.
Top: initial spectrum of {NaCos;P,W3,}, middle: immediately after
addition of 2 equiv. Co?* per {NaCo;P,W;,}, bottom: after lower-
ing the pH by addition of 2 equiv. H;0". Experimental conditions:
¢ =0.02mol L in D,O/H,O (1:1), T = 300 K.

To obtain analytically pure of-Na;s[Cos(H,0),-
(P,W,5056)-] it is necessary to use a fourfold excess of Co>*
in order to displace the Na* cation from the central Na-
Co0304(H50), cluster. Actually, by using less than four
equivalents of Co?*, a mixture of aB-{Co4P,W3,} and ap-
{NaCo3P4W;,} is always obtained. The crystallisation of
{MCosP,W3,} further requires the addition of NaCl in or-
der to lower the solubility by ionic strength and common
cation effects.

The mixed-metal tricobalt sandwich complexes
{MCosP,W;y} (M = Mn?*, Ni**, Zn?* and Cd>*) are pre-
pared similarly by addition of a fourfold excess of M?* to
{NaCosP,W;,} in 1 molL' NaCl. 3'P NMR spectroscopy
shows that the addition reaction is quite selective as no
other compound can be detected except for trace amounts
of the {NaCo;P4sW;q} precursor.

This method, namely simple addition of a transition-
metal ion to the “lacunary” tricobalt compound, then leads
to a clean reaction without any substitution in the POM
subunits. This furnishes a coherent series of new mixed-
metal sandwich complexes.

IR Characterization

The IR spectra of {MCosP,Wso} (M?* = Mn?*, Co?*,
Ni%*, Zn?>* and Cd?") are shown in Figure S1 (see Support-
ing Information) and are compared to that of the precursor
compound af-{NaCo;P;W3,} and to that of ff-
{Co4PsW30}.

In addition to numerous W-O and W-O-W bands at
relatively low wavenumbers (<1000 cm1),['%) the IR spectra
of phosphorus-centred polyoxotungstates present well-sepa-
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In our previous papers, we have discussed in detail the
pattern of the PO, stretching region for various Bp-
{M4P4W;3o} sandwich complexes; it shows two bands at
around 1080 (strong) and 1010 cm™' (weak) that are as-
signed to the unperturbed PW, moiety and one band at ca.
1055 cm™! (medium) that is attributed to the perturbed PW
subunit.l’28! For the tricobalt precursor of-{NaCo;P,Ws},
the latter signal is split into two bands, at 1044 cm ' and
1035 cm™!, according to the non-equivalence of the two
PW, subunits (PW4Cos; and PW¢Co,Na).[5-10]

The mixed-tricobalt species {MCosP;W3,} can be
formed from the trimetallic species by replacing the “exter-
nal” Na* ion by one transition metal (Figure 3). Unlike
those for {CdCos;P,W;q}, the two bands for the PW¢ sub-
units in {NaCos;P,W3,} coalesce into one band at ca.
1050 cm™', which shows that the two saturated subunits
PW4Co; and PW¢Co,M are nearly equivalent. Such a be-
haviour was already observed for lacunary and monosubsti-
tuted Keggin tungstophosphates, where addition of the
transition-metal cation to the lacunary species induces a
marked decrease in the splitting of the P-O stretching vi-
brations.!'74]

Whereas the size of the first row transition-metal cations
Mn2* (r = 0.83 A), Ni%*(r = 0.69 A) and Zn?* (r = 0.74 A)
are comparable to that of Co?* (r = 0.74 A), the cadmium
cation is significantly larger (r = 0.95 A) and it does not fit
exactly into the lacuna and therefore does not interact as
strongly as the other cations with the oxygen atom of PO,.
This accounts for the observation of two bands at around
1045 cm™' (PW¢Cos) and 1035 cm™! (shoulder, PW¢Co,Cd)
for {CdCosP4W;,}. Nevertheless, the overall IR spectra of
all {MCo3;P,W;,} are similar to that of {Co4P, W3y}, which
indicates a structural similarity throughout the whole
series.

stretching vibrations between 1200 and

3Ip NMR Characterization

3P NMR spectroscopy is particularly suitable to check
the polyoxometalate purity and to obtain some structural
information, i.e. overall symmetry of the species and relative
positions of the substituting elements.['?]

The 3'P NMR spectra of {MCo3;P,W3o} (M2 = Mn>*,
Co?*, Ni?*, Zn?* and Cd?*) are reported in Figure 5 and
all data are given in Table 1. Paramagnetic Dawson species
always exhibit two markedly different types of 3'P reso-
nances: the P atoms labelled P(1) in the PW¢ subunits close
to the paramagnetic centres give rise to broad and strongly
shifted (generally towards high frequency) signals, and
those labelled P(2) in the PWy subunits far from the para-
magnetic centres give rise to relatively sharp lines at a chem-
ical shift close to that of diamagnetic metallophosphates
(between +20 and —20 ppm).[!8]

As in the case for {NaCo;P,Ws,!, the 3'P NMR spectra
of all {MCo3;P,W3,} present two relatively narrow lines
(Avyo: 10-30 Hz) of equal intensity, which are assigned to
1495
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Figure 5. 121.5 MHz 3'P NMR spectra of various {MCo3;P,W;,}
[0.02 molL™! in unbuffered solutions in D,O/H,O (1:1)] (from top
to bottom: M?* = Mn?*, Co?*, Ni**, Zn>* and Cd**).

Table 1. 3'P NMR spectroscopic data for the Dawson sandwich
species. [

Compound P(1)®] P(2)l]
Slel Av ) el Avy )
BB-{CosPs W30} +1483 420 +9.9 20
aB-{NaCosP;Wso}  +1125 450 93 10
+1673 450 +22.0 10
(MnCosP,Ws,) +1150 470 +0.4 17
+2425 2400 +18.4 21
{CoCosP,Wso} +1203 440 +10.0 14
+1522 540 +14.5 13
(NiCosP, W30} +1164 450 +0.6 31
+1435 630 +17.9 31
(ZnCosP, Wi} +1163 550 +0.4 10
+1116 365 +18.4 10
{CdCosP, W50} +1075 250 32 8
+1283 430 +19.2 8

[a] Unbuffered 0.02 molL"! solutions in D,O/H,O (1:1) at 300 K.
[b] P(1) and P(2) in the PW¢ and PW, subunits, respectively. [c] In
ppm with respect to 85% H3PO,. [d] In Hz.
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the two non-equivalent P(2) atoms, and two broad signals
attributed to the P(1) atoms (Figure 5). This confirms that
the two {P,W,s} moieties remain non-equivalent in the
{MCosP,;W;,} complexes (Figure 3).

By examination of the data reported in Table 1, we notice
that, for all first-row transition-metal species, one P(1) sig-
nal is always observed from about +1150 to +1200 ppm. By
plotting its *'P chemical shift with respect to the atomic
number of M?*, we observe a moderate and quasilinear
variation, whereas the second P(1) signal shifts considerably
(Figure 6a). We can tentatively assign the latter signal to
the P(1) atom of the PW¢Co,M subunit that is closer to the
addendum M?* cation (dp(y m: ca. 3.3 A) rather than to
the P(1) atom of the PW¢Cos subunit (dpg;) m: ca. 4.6 A).
On the contrary, the P(2) chemical shifts are not very sensi-
tive to the nature of M?* with the exception of Co?*. Two
P(2) signals are observed at around +0.4 to +0.6 ppm and
+17.9 to +18.4 ppm, which agrees with phosphorus atoms
in the PWy subunits far from the paramagnetic centres
(dpy m > 7 A) and consequently less affected (Figure 6b).
It is somewhat puzzling that both the P(2) chemical shifts

2800 -
a)

2400 -

2000 -

51 ppm

1600 -

1200 ~

800 T T T r r r ‘
24 25 26 27 28 29 30 31

20 1

5/ ppm

—10 A

24 25 26 27 28 29 30 31
Zz
Figure 6. Plot of the variation of a) dpqy, and b) Jpp, of
{MCo3P4sW;o} (M?>* = Mn?*, Co®*, Ni** and Zn>") with respect
to the atomic number of M. (For the complete series including
Cd?* see Figure S3 of the Supporting Information).
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for ap-{Co4P,W3y} do not fall on the line, which may sug-
gest that the {MCosP,W;¢} (M # Co) species present an-
other conformation with BB connectivities. This question
cannot be answered until an X-ray structure determination
has been performed.

We notice that the Mn compound presents the largest
shift amongst the P(1) signals (+2425 ppm); this 3!'P reso-
nance is also the broadest one (2.4 kHz, Figure 5, top).

Electrochemistry

General Electrochemical Behaviour

The  electrochemical  behaviour of  complexes
{NaCo3;P4W;y} and {MCos;P,W3,} was studied in aqueous
solution (pH 3.5) by cyclic voltammetry (CV). All electro-
chemical data are gathered in Table 2, and typical cyclic vol-
tammograms are presented in Figure 7 and Figure 8.

These complexes exhibit three successive reduction pro-
cesses involving the W centres. For these three couples, the
cathodic (and anodic) peak currents are almost pro-
portional to the square root of the scan rate up to
100 mVs™!, which indicates that the reduction (and oxi-
dation) processes are both diffusion-controlled.

The voltammograms of {ZnCo3;P,W3o}, {NiCosP,W3,}
and of-{CosP4sW;,} are very similar to that of PBB-
{Co4P,W3} (Figure 7 top and Figure S2), however, with
slightly different potentials (Table 2).

In the case of {CdCo3;P4W3y}, the third reduction pro-
cess presents a typical pattern that is characteristic of ad-
sorption of metallic Cd at the electrode (Figure 7, bottom).
In the forward scan, at —0.859 V, Cd>" is also reduced along
with the W centres; this results in the deposition of metallic
Cd. In the reverse scan, Cd is reoxidized to Cd?*, which
re-enters the sandwich anion; this gives rise to the intense
and symmetrical anodic redissolution peak. The whole re-
duction and the first reoxidation processes of
{CdCosP,W30} can be expressed according to Equations
4, (5), (6), (7) and (8).

For all species, controlled-potential coulometry at
—0.55 'V shows that the solution turns deep blue and con-
sumes between 2.1 and 2.2 electrons per sandwich complex;

[CdCo3(H20),(P,W5056),]'¢ + 26~ S

[CdCo3(H,0)2(PaW5056),]"* " (4)
[CACo3(H,0),(P,W5056)]'* + 2¢ S
[CdCo3(H20)2(PaW5056),]*°  (5)
[CdCo3(H>0)o(P,W5056)2]*" + 4 +Na* —
[NaCo3(H,0),(P,W;5056),]** +Cd°  (6)
Cd® — Cd?* +2e @)
[NaCos(H,0),(P,W;5056),]** + Cd** —
[CdCo3(H,0)1(PaW5056),]* +2e +Na™  (8)

at —0.70 V, the number of exchanged electrons is between
4.1 and 4.3. This shows that both the first and the second
processes involve two electrons.

In addition to the cathodic waves as discussed above, the
manganese species {MnCos;P,W3,} is also electroactive at
a positive potential: an anodic peak at +1.027 V and the
associated cathodic peak at +0.719 V correspond to the oxi-
dation and reduction of the Mn centre (Figure 8).[78:12:1]

Controlled-potential coulometry at +1.10 V results in the
passage of 2.2 electrons per complex, whereas subsequent
reduction at +0.60 V consumes only 1.1 electron. This sug-
gests that the Mn'! is oxidized directly to Mn'Y, but in the
reverse process Mn'V is reduced to Mn'"; further reduction
to recover Mn"" in {MnCosP,W;,} likely leads to a broad
peak hardly detectable even after several repetitive scans.

Similar behaviours were previously reported for
0-[Mn"P,W;,06,]*", [ZnW;;MnO5]* and [Mny(H,0),-
(P,W;505¢),]'% (abbreviated as {Mn,P,Ws,}); in the last
case, the four Mn centres are simultaneously oxidized in
a eight-electron process, and the two successive reduction
processes Mn"" to Mn'"" and Mn"" to Mn'" both consume
four electrons.[71°]

In that case, the curve-crossing at about 1 V is probably
due to the deposition, at the electrode, of the species gener-
ated during the oxidation process (Figure 8, dotted line).

Table 2. Electrochemical data of the Dawson sandwich complexes obtained from cyclic voltammetry (scan rate = 20 mVs!) in
0.5 molL ' Na,SO, + H,SO, (pH 3.5). All redox potentials E°', approximated by (E3 + E})/2 for the reversible steps, are given in V vs.

SCE.
Compound W(D)l W)kl W(3)l Mn
BB-{Co,PaWa! 0.436 (2¢, 71) 0.641 (2¢, 144) 0832 (le, 64)
~0.917 (le, 94)
aB-{NaCosP Wi} ~0.470 (1e, 93) 0.660 (2¢, 83)! ~0.835 (2e, 65)!
~0.531 (1e, 58)
(MnCosP,Wo! 0.482 (2¢, 106) 0673 (2¢, 124) ~0.908 (2¢, 84) Ey = +1.027
E = +0.719
{CoCosP,Wio! ~0.467 (2e, 126) 0673 (2¢, 114) ~0.903 (2e, 110)
(NiCo3P, W1} ~0.470 (2e, 121) 0.663 (2¢, 116) ~0.896 (2e, 100)
(ZNnCosP,Ws! 0.465 (2¢, 121) ~0.690 (2, 81) ~0.909 (2e, 101)
{CACosP,Wo!} 0.488 (2e, 128) 0.693 (2¢, 151) ~0.859 (4e, 225)

[a] In parentheses: number of exchanged electron(s) n and AE, = |E} — E|. [b] Simultaneous exchange of one electron and one proton
(see ref.l73l). [c] Simultaneous exchange of two electrons and two protons (see ref.l’4]). [d] Irreversible, see text.
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Figure 7. Cyclic voltammograms of {ZnCo;P,W;y} (top) and
{CdCo3P,W3,} (bottom) in 0.5 molL' Na,SO4 + H,SO, at pH
3.5 with different negative potential limits: —0.60 V, —0.89 V and
~1.05 V. Scan rate =20 mVs !, ¢ = 0.5 mmol L . Inset: Differential
pulse voltammetry at a scan rate of 25 mVs™!.
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Figure 8. Cyclic voltammograms of {MnCo3;P4sW3,} (full line) and
{Mn,P,W;,} (dotted line) in 0.5 molL! Na,SO, + H,SO, at pH
3.5. Scan rate = 20 mVs!, ¢ = 0.5 mmol L.
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Summary and Concluding Remarks

In this work, we report for the first time the preparation
and characterization of mixed-metal-tricobalt sandwich
complexes [MCo3(H;0),(P,W5056),]'*" ({MCo3PsW30};
M?* = Mn?*, Co?*, Ni?*, Zn>* and Cd?*).

As in the case for {NaCos;P,Ws}, the 3'P NMR spec-
trum of each {MCosP,W;y} complex presents two relatively
narrow lines of equal intensity assigned to the two non-
equivalent P(2) atoms and two broad signals attributed to
the P(1) atoms, which indicates that the two {P,W,s} moie-
ties remain non-equivalent in the {MCosP,W3,} complexes.
Moreover, by plotting Jp(;, with respect to the atomic
number of M, we notice that one of the two P(1) signals
presents a moderate and quasilinear shift with respect to
the atomic number, whereas the second P(1) signal changes
considerably. This large variation leads us to tentatively as-
sign this signal to the P(1) atom of the PW¢Co,M subunit
that is closer to the addendum M?>* cation.

On the contrary, the P(2) signals are not very sensitive to
the nature of M?* (with the exception of Co?*), which is in
agreement with the fact that these phosphorus atoms are in
the PW, subunits far from M?*,

The electrochemical behaviours of {MCo;P,W;o} were
investigated systematically, with reference to that of of}-
{NaCo3P4W3o} or BBR-{Cos4P4sW;,}. All these compounds
exhibit three reversible W-centred reduction processes with
slightly different peak potentials, which suggests that the
anions have similar structures.

Different electrochemical behaviours can be distin-
guished: with Co?*, Ni*>* and Zn?*, the metallic centres are
not electroactive, whereas with Mn?* and Cd?", redox reac-
tions originating from the metals are observed.

The Mn?* complex presents one oxidation process, corre-
sponding to the Mn"/Mn'V couple, followed, in the reverse
scan, by the reduction of Mn'Y to Mn™. Further reduction
to recover Mn'" complex is hardly detectable.

The “lacunary” sandwich complex {NaCos;P,W;,} ap-
pears to be a good precursor to prepare new classes of
mixed-metal polytungstates in which the nature of the metal
can be varied considerably. This opens the route to the
preparation of mixed-metal sandwich complexes with inter-
esting catalytic and magnetic properties.

Experimental Section

General Comment: Most common laboratory chemicals were of
reagent grade purchased from commercial sources, and were used
without further purification.

Preparation of Compounds: The trinuclear complex af-[NaCos(-
H,0)5(P,W,5056),]'" {NaCosP,W;,} was prepared as described
previously.[f]

For all subsequent compounds, the purity was checked by 3'P
NMR spectroscopy: except for {CoCosP,W;¢}, no spurious signal
could be detected from the noise for all compounds, which shows
that the purity is at least 97%.

aB-Na ;6| Coy(H,0)2(P2W;5056)2]'5STH,0:  {NaCosPsW3o} (1.00 g,
0.110 mmol) was dissolved in 10 mL of water. By addition of
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Co(NO3),"6H,0 (128.0 mg, 0.440 mmol) while stirring vigorously,
the solution immediately turned from dark red to brown. The re-
sulting neutral solution (pH ca. 6.5) was stirred for 2 h, after which
NacCl (0.60 g) was added. The solution was concentrated in air in
an open vessel, and a greenish brown precipitate appeared after ca.
1 d. The precipitate was collected on a sintered glass frit (porosity
4) after 2 d and dried in air (yield 0.43 g, 43%). 3'P NMR spec-
troscopy shows that this sample is contaminated by less than 5%
of the symmetrical Bf isomer. Co4Na;sP,;W3001,°53H,0 (8989.7):
caled. Co 2.62, P 1.38, W 61.35, H,O 10.62; found Co 2.60, P 1.38,
W 61.21, H,O 10.62. 3'P NMR: (D,O/H,0, 1:1): § = +10.0 (Av;»
= 14Hz), +145 (Avy, = 13Hz), +1203 (Av,, = 440 Hz),
+1522 ppm (Avy), = 540 Hz).

Na4|[MnCo3(H,0),(P,W5056),]-51H,0.: This complex was pre-
pared following the same procedure as that for ap-{CosP,W;y} by
using MnCl,-6H,O (102.9 mg, 0.440 mmol) instead of Co-
(NO3),*6H,0. The greenish-orange precipitate was collected on a
sintered glass frit (porosity 4) after 2d (yield 0.72 g, 73%).
MnCosNa;¢PsW300112°53H,0 (8985.7): caled. Co 1.97, Mn 0.61,
P 1.38, W 61.38, H,O 10.63; found Co 1.95, Mn 0.63, P 1.37, W
61.29, H,O 10.63. 3'P NMR: (D,0/H0, 1:1), § = +0.4 (Avy), =
17 Hz), +18.4 (Avy;, = 21 Hz), +1150 (Avy, = 470 Hz), +2425 ppm
(Avy;, = 2.4 kHz).

Na[NiCo3(H,0),(P,W5056),]"49H,0: This complex was pre-
pared following the same procedure as that for ap-{CosP,W3,} by
using NiCl,*6H,O (104.4 mg, 0.440 mmol) instead of Co(NO;),*
6H,0. The yellow-brown precipitate was collected on a sintered
glass frit (porosity 4) after 2d (yield 0.68g,  69%).
NiCosNasPsW300112-51H,0 (8989.5): calcd. Co 1.97, Ni 0.66, P
1.38, W 61.60, H,O 10.26; found Co 1.99, Ni 0.63, P 1.39, W 61.70,
H,0 10.26. 3'P NMR: (D,O/H,0, 1:1): 6 = +0.6 (Av,» = 31 Hz),
+17.9 (Avy, = 31 Hz), +1164 (Avy, = 450 Hz), +1435 (Avyp =
630 Hz).

Na4|ZnCo3(H,0),(P,W15056),]'-49H,0: This complex was pre-
pared following the same procedure as that for ap-{Co4P,W3,} by
using ZnCl,*6H,O (107.5 mg, 0.440 mmol) instead of Co(NO3),*
6H,O. The grey-brown precipitate was collected on a sintered
glass frit (porosity 4) after 2d (yield 0.84g 85%).
ZnCo3Na sPsW300,15-51H,0 (8996.1): caled. Co 1.97, P 1.38, W
61.56, Zn 0.73, H,O 10.25; found Co 1.96, P 1.35, W 61.91, Zn
0.76, H,O 10.25. 3'P NMR: (D,0/H,0, 1:1): § = +0.4 (Avy, =
10 Hz), +18.4 ppm (Av,, = 10 Hz), +1116 ppm (Avy, = 365 Hz),
+1163 (Avy,, = 550 Hz).

Na4|CdCo3(H;0),(P,W15056),1'-47H,0: This complex was pre-
pared following the same procedure as that for af-{Co,P,W3,} by
using CdCl,6H,O (128.0 mg, 0.440 mmol) instead of Co(NOs3),
6H,O. The grey-brown precipitate was collected on a sintered
glass frit (porosity 4) after 2d (yield 0.70g, 71%).
CdCosNa¢PsW;00,,,,49H,0 (9043.2): caled. Cd 1.25, Co 1.97, P
1.38, W 61.48, H,0 9.84; found Cd 1.22, Co 1.94, P 1.39, W 61.24,
H,0 9.84. 3P NMR: (D,0/H0, 1:1): § = 3.2 (Av;, = 8 Hz),
+19.2 (Avy;, = 8 Hz), +1075 (Avy;, = 250 Hz), +1283 ppm (Av, =
430 Hz).

NMR and IR Spectroscopic Measurements: >'P NMR spectra were
recorded in 5-mm o.d. tubes on a Bruker AC 300 or a Bruker Avan-
cell 300 spectrometer operating at 121.5 MHz. The NMR spectra
were obtained at 300 K with 0.02 M solutions in D,O/H,O (1:1)
and were referenced to external 85% H;PO4, (IUPAC convention)
by the substitution method. The 3'P chemical shifts are pH depend-
ent and some small differences may be observed between the syn-
thetic solution and those obtained after redissolving the solid sam-
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ples. IR spectra were recorded on a Bio-Rad FTS 165 FTIR spec-
trophotometer on KBr pellets.

Electrochemical Experiments: Water, used for all electrochemical
measurements, was obtained by passing through a Milli-RO, unit
and subsequently through a Millipore Q water purification set.
H,SO, solutions and solid Na,SO,4 were commercial products (Pro-
labo). The electrolyte was made up from 0.5 M Na,SO, aqueous
solution, and its pH was precisely adjusted to 3.5 by addition of
0.5 M (H,SO4 + Na,S0O,4) aqueous solution. The solutions were de-
aerated thoroughly for at least 30 min by bubbling argon (Ar-U
from Air Liquide) through the solution and kept under argon at-
mosphere during the whole experiment.

The source, mounting and polishing of the glassy carbon electrode
(GC, Tokai, Japan) have been described previously.'l The glassy
carbon samples had a diameter of 3 mm. The electrochemical appa-
ratus EG&G 273A was driven by a personal computer. Potentials
are quoted against a saturated calomel electrode (SCE). The
counter electrode was a platinum gauze with a large surface area.
All experiments were carried out at room temperature. Controlled
potential coulometry experiments were conducted under con-
tinuous bubbling and stirring, and a large surface glassy carbon
plate (s = 6 cm?) was used.

Analyses: Elemental analyses were performed by the Service Cen-
tral d’Analyse du CNRS, Vernaison (France). The water content
was determined by thermogravimetric analysis.

Supporting Information (sce footnote on the first page of this arti-
cle): The IR spectra of {MCosP,W;¢} (Figure S1), cyclic voltam-
mograms of BB-{Co4P,W3o} and af-{Co,P W3¢} at pH 3.5 (Fig-
ure S2) and plot of the variation of dp(;) and dp(z) of {MCo3P, W3},
including that of M = Cd>* (Figure S3).
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