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The first structurally characterized iridium-substituted polyoxo-
metalate, Ki4[(IrCls)KP2W20075] 23H,0 [1; orthorhombic Pnnm,
with @ = 18.6546(7) A, b = 19.5192(6) A, ¢ = 14.8670(5) A, V =
5413.4(3) A%, and Z = 2, final R = 0.0730], is reported. Elemental
analysis, X-ray crystallography, and NMR all indicate one Ir atom in
each molecule, while IR and electronic absorption spectroscopy,
thermal gravimetric analysis, and electrochemistry all indicate its
purity in both solid and solution states. Complex 1 is a molecular
model of iridium supported on redox-active metal oxides, and
aqueous solutions of 1 catalyze oxidation of water to O,.

Metallic iridium and iridium complexes have long been
known as catalysts in several significant organic reactions
including C—C bond formation," allylation and vinylation,
hydrosilylation,> and alkane dehydrogenation.* Recently,
iridium-containing complexes® were found to catalyze the
oxidation of water.®” Despite all of these achievements
and considerable ongoing iridium chemistry research, how-
ever, no crystallographically characterized Ir centers in all-
inorganic environments have been reported to date (several
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noncrystallographically characterized iridium polytungstates
are thoroughly documented).®* ' Some inorganic ligand
systems are resistant to hydrolytic and oxidative decom-
position as exemplified by a tetraruthenium oxo cluster
stabilized by two polytungstate ligands, [y-SiW g05¢]° ", that
catalyzes the oxidation of water without degradation of the
complex.">'® Given the importance of iridium complexes in
catalytic chemistry and the lack of crystallographically char-
acterized Ir centers in stable inorganic ligand environments,
we seek to develop and investigate the chemistry of such
species.

Polyoxometalates (POMs), and in particular polytung-
states, have many chemical and structural features in com-
mon with the redox-active metal oxides used as supgorts in
many important catalytic reactions and processes.'” 2 POM
structures and their solubility and stability in solution make
them attractive molecular models of metal oxide supports.
Furthermore, they are amenable to extensive physicochem-
ical and structural characterization. Defect POMs (deriva-
tives with vacant metal binding sites) are good inorganic
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Figure 1. Polyhedral/ball-and-stick representation of polyanion 1a (top
left), [(IrCl,)KP,W,0075]'*". The WOg and PO, polyhedra are shown in
gray and pink. The Ir, Cl, and K atoms are shown in dark green, light
green, and purple, respectively. The top right is the X-ray structure around
the Ir in 1a (CI2, Irl, and CI3 line on a symmetry plane). The 'P
NMR spectrum of 1 in D,O (bottom) shows two peaks at —11.05
and —12.75 ppm, which are assigned to P2 and P1 in the polyanion 1a,
respectively.

ligands, and their properties can be easily and extensively
altered. Recent studies indicate that POM ligands are both
good o donors and 7 acceptors, fdcﬂitating stabilization of
high-valent transition-metal centers.”' ~** Here, we report the
first structurally characterized iridium-containing polytung-
state, K 4[(IrCly)KP,W,,07,]- 23H,0 (1), and assess its spec-
troscopic properties, stability in solution, and catalytic
activity for water oxidation.

Attempts to react IrCl; and Nao[A-0-PWyOs4] always
produce colorless all-tungsten complexes: no Ir atoms are
incorporated into polytungstates Hydrolytic degradation of
[A PW9034] occurs prior to its reaction with fairly inert
d® low- spin Ir'"" centers; thus, we decided to generate the [A-
PWyO54]”~ ligand in situ instead of using its isolated sodium
salt. The addition of 1.1 equiv of IrCl; 1n water (pH 7.0,
adjusted by 1.0 M KOH) to [A-PW405,4)” generated from
the reaction of K]()[(lz-P2W17061] and K2W04 at pH 68,
produces a dark-green solution. This solution is stirred at
60 °C for 1 h, and its pH is maintained at 6.8 during this
process by the dropwise addition of 1.0 M KOH. Dark-green
needles of 1 appear in 2 days if this solution is allowed to stand
at ambient temperature. The use of an extra 1 equiv of IrCly
does not give the diiridium-substituted product (see below
and the experiment in the Supporting Information, SI).

The X- ray structure of 1 reveals that the polyanion [(IrCly)-
KP,W,,07,]'*" (1a) is located at the special position with an
imposed C, axis and a perpendicular symmetry plane. The C,
axis passes through potassium cation K3 (shown in Figure 1)
and W6, and the symmetry plane is defined by CI2—Ir1—
CI3—P1—W2—K3 (Figure 2). Two symmetry-equivalent [A-
PW,0,4]° ligands are linked by two [WY'O,]* " units in an
anti configuration. Unlike the other tungsten units in 1a, the
two W6 bridging units both have two terminal oxo groups.
The potassium cation located at the center of 1a (K3) likely
stabilizes the overall structure, but this is very difficult to
prove.

During our initial refinement, we found that the thermal
parameters of the Ir atom and its four Cl ligands are much
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Figure 2. Thermal ellipsoid plot and numbering scheme for poly-
anion la.

larger than those of the other heavy atoms (Figure S3 in
the SI). In addition there is a large electron density hole
(—12.29 e A73) close to the Ir atom. There are two
possible explanations for these anomalous values. First,
the dangling IrCly unit, which is connected to the poly-
tungstate through two oxo groups (O18), has a structu-
rally proximal distribution of positions, resulting in a
spread of their electron densities. Second, the IrCly unit
is partially occupied. Elemental analysis confirms the
second scenario: only one IrCly unit is present per poly-
anion unit. This result suggests half-occupancy of the
IrCly unit on each of the two symmetric sites. Figure 2
shows the final ellipsoid plot of polyanion 1a. The crystal-
lographically imposed C; axis and the plane of symmetry
on a Cy molecule result in the one IrCly unit positionally
distributed between the two sites. .

The Ir—O bond distances are 2.01(2) A, and the Ir—Cl
distances are typical single covalent bonds [2.358(11),
2.384(16), and 2.367(14) A]. The *'P NMR spectrum (two
peaksat —11.05and —12.75 ppm; Figure 1) is consistent with
maintenance of the solid-state structure in solution and
confirms that the bulk sample of 1 is pure.

The ability of 1 to catalyze water oxidation was studied.
Small amounts of 1 efﬁciently catalyze the reduction of [Ru-
(bpy)s’ " to[Ru(bpy)s]* (bpy = 2,2'-bipyridine) in a 20 mM
sodium phosphate buffer solution (pH 7. 2) In the absence of

1, the typical reaction time of [Ru(bpy)s]* " reduction is about
30 min, while in the presence of 3—5 uM 1, this is shortened to
less than 3 min. Cyclic voltammetry (CV) data are consistent
with this observation: at a low concentration of 1 (0.03—
0.11 mM), a significant increase of the current is observed at
a potential corresponding to the oxidation of [Ru(bpy)s]*
[Ru(bpy)s]* * (Figure 3). No such current increase is shown in
the control experiments using the polytungstate ligand
[KP,W007,]"".

On the basis of these findings, we quantified the yield of O,
ineql by gas chromatography (5 A molecular sieve column,
Ar carrier gas, and thermal conductivity detector) Under
unoptimized conditions (1.4 mM [Ru(bpy)s]**, 0.02 mM 1,
20 mM sodium phosphate buffer, pH 7.2, 21 C), the yield
was ~30% (based on eq 1). The low yield of O, is consistent
with the well-documented catalytic oxidation of bipyridine
ligands in [Ru(bpy)s]’ *. Because IrO, is known to be one of
the most efficient catalysts for water oxidation,*” we used
IrCl; as a catalyst in a control experiment: the O, yield was
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Figure 3. CVsof 1 mM [Ru(bpy)s]*" solution with different concentra-
tions of 1: 0, 0.01, 0.03, 0.07, and 0.11 mM, respectively (from top to
bottom). Conditions: scan rate 25mV's~';0.2 M sodium phosphate buffer
(pH 7.2). Potentials are versus Ag/AgCl.
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Figure 4. Time profile of the electronic absorption spectra of 1.0 mM 1a
in water (natural pH 6.5) at 25 °C showing the dissociation of [IrCl,]™
from la. The monomolecular reaction rate constants obtained from
fitting of the absorbance at 378, 438, and 556 nm using eq 4 were the
same: k, = 1.5 x 10~*s ™!, The example of fitting at 556 nm is shown in the
inset: black dots (#), experimental points; red line, the fitting curve (rms =
0.0029).

almost the same (~38%) under the same conditions. For this
reason, we address the stability of 1 in solution.

4[Ru(bpy),]*" + 2H,0 — 4[Ru(bpy),]*" +
4H* + 0O, (1)

The UV—vis spectra of 1 in water change with time
(Figure 4). Both *'P NMR and UV—vis studies suggest that
the polyanion la dissociates in solution to give [IrCly-
(H,0),] and [KP,W,,0-,]"*" (eq 2). The UV—vis spectrum
(350—800 nm) of a 24-h-aged 1.0 mM solution of 1 is almost
identical with that of a fresh aqueous solution made from
IrCl;. Because the reaction product [KP,W,,07,]" " has a
negligible absorbance in this wavelength range (Figure S4 in
the SI), this result suggests complete (> 99%) dissociation of
la in solution in 24 h.

The reaction kinetics were carefully studied. The same half-
life (71)2) of this dissociation is observed at different initial

concentrations of 1 (Figure S5 in the SI; 5600—5800 s),
consistent with the reaction rate law in eq 3.

[(IrCly) KPy;WayO7] ™™ + 2H,0 —[KP,Wo07] ™~ +
[IrCly(H,0),] - ()

1] = 1] exp(—ka1) (3)

A, = & [1], exp( —kat) +
ex{[1]p =1y exp(—kat)} =
(1], + exp(—kat)(er —&2)[1], (4)

The first-order rate constant, k», was obtained by fitting the
experimental data to eq 4, where [1]y and [1] are the concen-
trations of 1 at time 0 and ¢, respectively; 4, is the absorbance
of the solution at time 7 at wavelength A (we used 4 = 378,438,
and 556 nm); &; and ¢, are the molar extinction coefficients of 1
and [IrCl4(H,0),] at A = 378 (or 438 or 556) nm (determined
from freshly prepared solutions of authentic samples). Fitting
the data at different wavelengths and different initial concen-
trations of 1 to eq 4 (Figure 4 and S5 in the SI) gives the same
k> = (1.5£0.1) x 10~*s~". Significantly, the same value of k,
is obtained when 1 decomposes in a 20 mM sodium phosphate
buffer (pH 7.2). A good fitting to the exponential law of
experimental kinetic curves to high conversions suggests that
the reaction products, [IrCly(H,0),]~ and [KP;W1,07,]"*"
(eq 2), do not affect the reaction rate. This conclusion was also
confirmed by adding 1.0 mM K 5[KP,W,,07,] to the reaction
mixture: a small decrease of k» from (1.5 £ 0.1) x 107*s™ " to
(1.2£0.1) x 10~*s~" was in the range of experimental error
(Figure S7 in the SI).

The findings that (i) the oxidation of water (eq 1) in the
presence of 1a proceeds much faster than the dissociation of
la (eq 2), (ii) both 1a and IrCl; (a model complex of the
decomposition product of 1a) show similar activities, and
(iii) the POM ligand [KP,W,07,]"*" is inactive to water
oxidation argue that intact la could well catalyze water
oxidation. However, it cannot be ruled out that under turn-
over conditions 1a is much less stable and thus produces a
small and undetectable amount of catalytically active 1rO,
nanoparticles.

In conclusion, the first crystallographically characterized
Ir-substituted POM is reported. A IrCly unit is ligated to the
polyanion [KP,W,,07] 3 through two O atoms. Crystal-
line 1 is pure and stable in the solid state but slowly decays in
an aqueous solution. Complex 1 may catalyze the oxidation
of water by strong oxidants, such as [Ru(bpy)s]*".
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