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The first discrete mixed platinum(iv)—gold(i) oxoanion [Pt',Au'"';O¢-
((CH3),As0,)g]~ (1) was synthesized by reaction of H,Pt(OH)g with
H[AuCl,] in a simple one-pot procedure in aqueous solution at pH 7
and comprises two equivalent PtVOg(As(CHs),)s units which are
linked by three square-planar Au''O,4 units. Polyanion 1 could be
isolated as a potassium or sodium salt in good yield, which were
structurally characterized in the solid state by single-crystal XRD and
TGA, and in solution by multinuclear (*H, 3¢, 1°5Pt) NMR, indicating
that polyanion 1 is stable in solution, which was confirmed by ESI-MS
studies. The sodium salt of 1 undergoes a clean single-crystal-to-
single-crystal (SCSC) structural transformation upon rehydration and
dehydration.

Polynuclear coordination complexes form a large and diverse
class of inorganic compounds, and anionic metal-oxo clusters
known as polyoxometalates (POMs) form an important
subclass.' The enormous structural and compositional diversity
and associated unique combination of different physicochem-
ical properties of POMs have had an impact in many areas of
chemistry, material science, medicine, and catalysis.” Classical
POMs comprise early d-block metal ions in high oxidation states
(e.¢. W', V¥) as addenda and mainly edge- and corner-shared
MOg octahedra as structural motifs. The incorporation of noble
metals such as Pt, Pd, and Au in lacunary POMs has attracted
extensive attention, not only due to structural features, but the
combination of the catalytic properties of the noble metals with
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the ability of the POM fragment to act as a thermally stable,
soluble and redox-active host, relevant for catalytic intermedi-
ates in numerous industrially relevant processes and devices,
including easily accessible “green” H,0,/O,-based oxidations.?

In 2004, the first noble metal oxoanion, [Pt™;,05(S04)12]* ",
was reported by Wickleder’s group and this species is composed of
six dumbbell-shaped metal-metal bonded Pt™, dimers coordi-
nated by oxo and sulfato bridges,"* and recently the first
polythioplatinate(n), [Pt";5,(SO5)¢]'*~, was reported by our group.*’
The first member of a polyoxopalladate(n), [Pd";3As5054(OH)s]*~
(Pdy3Asg), was discovered by our group in 2008 and this anion
comprises a cuboid-shaped assembly with one central and 12
external Pd" ions in a square-planar coordination geometry, and
eight arsenato capping groups.” To date, more than 80
polyoxopalladates(u) with a large compositional and structural
variety (e.g. cube, star, bowl, dumbbell, wheel, and open-shell
archetypes) have been prepared by using various external cap-
ping groups RX0;"~ (X = PY, As", Se'¥, VY; R = O, Ph, lone pair)
and many different central metal ion guests M (M =s, p, d or f
element).?” Recently, we reported the first examples of neutral
palladium(u)-oxo clusters (POCs), [Pd;605(OH)s((CH;3),A50,)s]
(Pdy), [Pd605(OH)5Cl5((CH;),A50,)s] (Pd6Cl), [Pd,404,(0H)s-
((CH3),A50,)16] (Pd,4), and [Pd490,4(0OH);6(CH3),A80,)16] (Pdao),
by using dimethylarsinate as capping group.® Very recently, we
could isolate the first two examples of cationic palladium(u)-oxo
clusters (POCs) by incorporating f-metal ions, [Pd"0;,Mg-
{(CH3),A50,}16(H,0)g]* (M = Ce™, Th'),” as well as the mixed-
valent palladium(iv/u)-oxoanion [Pd"OsPd"¢((CH;),A50,)e]*.”?
In 2010, we reported the first discrete polyoxoaurate, [Au™,-
As,0,0]°" (AuyAs,), which was prepared via aqueous condensa-
tion of in situ formed [Au(OH),]” in the presence of AsO,>~
capping groups.® Interestingly, in the solid state two Au,As,
units are linked by a belt of five sodium counter cations,
resulting in the cuboid assembly {Nas(Au,As,),}, which resem-
bles the polyoxo-12-palladate family {MPd,,Xs}. Later a similar
strategy was employed to prepare the selenium(iv) analogue
[Au™,Se,0,0]*" (AusSey), with the arsenate caps being replaced
by lone pair containing selenite groups.” When reacting Pd" and

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Combined ball-and-stick/polyhedral representation and Ball-and-
stick representation (side view) of 1. Color code: {PtO¢} orange octahedra,
{(CH3),AsO,} blue tetrahedra, Au yellow atoms. Pt orange, Au yellow, As
sky blue, O red, C grey. Hydrogen atoms omitted for clarity.

Au"™ ions at the same time with the arsenate capping group,
the first fully inorganic, mixed gold-palladium-oxoanion
[NaAu™,Pd";04(AsO,)s]"" ™ (AusPdg) could be obtained.'® Very
recently, three more 12-palladate cubes with arsenate capping
groups were reported, [ScOgPd;,(AsO,)s]"> and [MOgPd;,-
(AsOL)s]"™ (M = Co", cu™."" It becomes apparent that the
polyoxoplatinate and polyoxoaurate chemistry has been stagnant
ever since the reports of the early members (vide supra). The
research on Pt-Au containing compounds is largely limited to
bimetallic nanoparticles, which exhibit excellent catalytic activity.'>
However, to date no polyoxoanion containing both platinum(w)
and gold(m) centers has been reported.

Herein, we report on the first example of a discrete mixed
platinum(iv)-gold(m) oxoanion, [Pt",Au™;04((CH;),As0,)s] ™ (1,
see Fig. 1), which was synthesized in aqueous medium at 80 °C and
isolated as a hydrated sodium salt, Na[Pt",Au™;04((CH;),As0,)s]
NaCl-NaNO;-6H,0 (Na-1) or a potassium salt, K[Pt" ,Au™;0¢((CH),-
AsO,)s]- KCI-KAsO,(CH3),-18H,0 (K-1) in good yield."* The polya-
nion 1 was prepared by reaction of H,[Pt(OH)s] with hydrogen
tetrachloroaurate H[AuCl,] in a pH 7 sodium dimethylarsinate (also
known as sodium cacodylate, Na-Cac) buffer, resulting in a rapid
color change (the initial orange solution color becomes orange-red).
It is well known that an acidification of a [Au(OH),]” solution leads
to the formation of insoluble Au(OH)s, and that chloride ions do not
compete with OH~ for Au™ in neutral or slightly alkaline solutions
(pH 7.0 to 8.5)."* In our case, the in situ formed tetrahydroxogold(m)
ion [Au(OH),]™ (or a closely related derivative) reacts smoothly with
[Pt(OH)]>~ in the presence of cacodylate ions, which act as capping
groups, thereby terminating the condensation process.

The polyanion 1 possesses a waterwheel structure with two
Pt" ions linked by three square-planar coordinated Au™ ions and
terminally coordinated by six cacodylate ligands, resulting in an
assembly with C3;, symmetry (Fig. 1). For K-1, the average Au™-O
bond lengths are 1.953(9) A for the oxo ligands and 2.017(9) A for
the oxygen atoms of the cacodylate fragments. Bond valence sum
(BVS) calculations showed no protonation for any bridging oxy-
gen atoms (Table S5, ESI%)."* The average Au™-O bond lengths in
K-1 (1.986 %+ 0.010 A) are comparable to those in other known
gold(m)-oxo complexes, such as the square-planar Au,O, core of
[AUL{N,C;oH,(CH,CMe,)-6},(1-0),][PFe), (1.976(3) and 1.961(3) A),*
the SrAu,(CH;COO)g) (1.979 =+ 0.008) A" or the polyoxoaurate
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AusAs, (1.980 + 0.023 A),® and quite a bit shorter than the Au-O
distance in dimethylgold(m) hydroxide ((2.154 + 0.148) A)."” The
Au---Au distance in K-1 (3.973 = 0.070 A) is significantly longer than
in AuyAs, (3.246 + 0.024 A). The Pt-O bond lengths around the
octahedrally coordinated Pt centers are quite regular, ranging from
1.960(9) to 2.063(9) A. The same applies for the sodium salt Na-1.
The three Au™ ions in 1 are located in the same plane and exhibit a
slightly distorted square-planar coordination. The oxo ligands brid-
ging to the platinum centers are situated on both sides of this {Aus}
plane, while all O-As-O bridges connect a Pt and a Au atom (Fig. 1).
In the solid-state lattice of Na-1, the polyanions are surrounded by a
belt of six Na" ions, three NO; ™~ ions, and three Cl~ ions, resulting in
a supramolecular 2D layer with a hexagonal pattern (Fig. S2, ESI}).

To complement our solid-state XRD results on 1 with solution
studies, we performed 'H, "*C and '°*Pt NMR measurements on
Na-1 and K-1 redissolved in H,0/D,0. The "H NMR spectrum of
the reference Na-Cac in water exhibits sharp peaks at 4.7 and 1.4
ppm, respectively, corresponding to the protons of the cacodylate
methyl groups and crystal water molecules. On the other hand,
the "H NMR spectrum of Na-1 exhibits peaks at 2.1 and 1.7 ppm
that correspond to the two structurally and hence magnetically
inequivalent cacodylate methyl groups (Fig. 2). The '"H NMR
spectrum of K-1 exhibits three distinct peaks at 2.1, 1.7, and
1.6 ppm, respectively. The two downfield signals belong to 1,
whereas the peak at 1.6 ppm corresponds to the methyl protons
of free cocrystallized cacodylate ions. We also investigated the pH
stability of polyanion 1 by NMR and the pH-dependent "H NMR
spectra show that polyanion 1 is stable at pH 2 to 10 (Fig. S4,
ESI$). The "*C NMR spectrum of Na-1 exhibits peaks at 22.8 and
17.1 ppm that correspond to the two structurally inequivalent
cacodylate methyl groups (Fig. 2). The *C NMR spectrum of Na-
Cac exhibits a narrow peak at 17.3 ppm. The *C NMR spectrum
of K-1 exhibits three distinct sharp peaks (in analogy to its
'"H NMR spectrum) at 22.8, 17.2, and 17.4 ppm corresponding
to the methyl groups of the two structurally inequivalent cacody-
late methyl groups of 1 and free cocrystallized cacodylate ions,
respectively.

Next, we performed
redissolved in water. This technique had been applied earlier for
the platinum(iv)-containing decavanadate [H,Pt"V40,5]> ", exhibit-
ing a clean signal at § = 3832 ppm.'® We located the expected
singlet for Na-1 and K-1 at 3140 and 3142 ppm, respectively (Fig. 3).
The corresponding '>>Pt NMR signal for the precursor H,[Pt(OH)g]

195pt NMR measurements on Na-1 and K-1

14
1 Na-Cac J
; & sippm "

o/ppm

Fig. 2 H (left) and **C (right) NMR spectra of Na-1 and K-1 dissolved in
H,O/D,0O compared to spectra of the sodium cacodylate reference.
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appeared more downfield at 3294 ppm. We also performed time
and temperature dependent '*>Pt NMR measurements on fresh
synthesis solutions of Na-1 (Fig. S5, ESIi). After stirring at room
temperature for 10 min and 40 min there are two peaks at 3316
and 3142 ppm, respectively, corresponding to the reagent
H,Pt(OH)s and polyanion 1. However, after heating at 40 °C for
30 min, the spectrum exhibits only a narrow peak at 3141 ppm,
indicating that 1 is formed cleanly as the only product during the
reaction procedure, suggesting a reaction yield of essentially 100%,
which is extremely rare in POM chemistry. The combination of 'H,
3¢, and "°Pt NMR is fully consistent with the solid-state structure
of K-1 and Na-1 and hence provides unequivocal evidence for the
presence of polyanion 1 also in solution.

Furthermore, the sodium and potassium salts of polyanion
1 were investigated by ESI-MS in the positive and negative ion
modes. In the negative ion mode, signals centered around m/z
1898.55 were observed for both Na-1 and K-1. These could be
clearly assigned to the singly-charged title polyanion
[PtV,Au™,06((CH;),A50,)6]~ (1), see Fig. 4. In the positive ion
mode spectrum of Na-1, a main group of signals was observed
centered around m/z 983.75, corresponding to a doubly-charged
species with an elemental composition of [NazPt,AuzO4(ASO,-
(CHa),)e]*" (Fig. S11, ESI). The isotope distribution was fully
confirmed by comparison of the experimental spectrum to a
simulated spectrum. Thus, the ESI-MS spectra of Na-1 and K-1
corroborate the solid-state structural analysis and show that poly-
anion 1 is structurally intact in solution, even under ESI conditions.

We discovered that Na-1 undergoes a reversible single-crystal-
to-single-crystal (SCSC) transformation in the solid state upon
rehydration and hydration, where rehydration was achieved by
keeping the sample in an atmosphere of water vapor at room
temperature and dehydration was achieved by air drying for one
day. The polyanion 1 crystallizes in the centrosymmetric space
group P6;/m when in the mother liquor (Na-1a), but after air
drying for one day, it transforms to the non-centrosymmetric
space group P6 (Na-1). The two crystal structures show the exact
same polyanion as confirmed by single-crystal XRD, but the unit
cell volume shrinks significantly from 2775.2(4) to 2130.9(12) A®
upon air-drying for a day, and the packing arrangement is
significantly different, because the layer sequence is AAA in
Na-1 and ABA in Na-1a (Fig. S3, ESI}). The structural transforma-
tion of Na-la to Na-1 upon dehydration by air drying was
also confirmed by powder-XRD (PXRD) measurements (Fig. 5
and Fig. S12, ESI), due to significantly different stacking of the

3140 3142

Na-1 K-1

T T T A T
3100 3050 3000 3300 3250 3200 3150 3100

S/ppm J/ppm
Fig. 3 9Pt NMR spectra of Na-1 and K-1 dissolved in H,O/D-O.
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Fig. 4 Simulated ESI-MS spectrum of Na-1 and K-1 in negative-ion mode
(top) and experimental ESI-MS spectrum (bottom) of the singly-charged
polyanion 1 (expanded view).

2-D layers. A pure phase of Na-1a is obtained in the crystals in the
mother liquor, but after drying in air for one day, a transforma-
tion to the new phase Na-1 occurs. After 2 days, a completely pure
phase of Na-1 is observed. The transformation from Na-1 to Na-1a
is fully reversible during a rehydration and dehydration process.
Rehydration of Na-1 in the presence of water vapor at room
temperature results in Na-1a within half an hour. The rehydra-
tion behavior of Na-1 was also demonstrated by thermogravi-
metric analysis (TGA) and infrared spectroscopy (FT-IR) on Na-1
(Fig. S7 and S9, ESI¥). Single-crystal-to-single-crystal (SCSC) trans-
formations constitute solid-state transitions induced by an external
stimulus, such as light, heat, guest, or mechanochemical forces."
While SCSC transformations in metal-organic frameworks (MOFs)
and coordination polymers (CPs) are well-documented, examples
for discrete complexes remain scarce. To our knowledge, only five
other thermally-induced processes in POM structures have been
described, involving high-, room- and low- temperature poly-
morphic transitions® or structural variations by dehydration.*
We have synthesized and structurally characterized the first
discrete mixed gold-platinum-oxoanion [Pt",Au™;0((CH;),-
AsO,)s]” (1) by using simple one-pot open-beaker techniques.
The '®*Pt NMR spectrum of redissolved solid 1 in water
demonstrates solution stability, which provides much potential

17, ), A ‘ | T 5i1\1l/11ulcd Na-la
as synthesized (Na-1a)

\ *\\ . pair dried 1 d (Na-1 and Na-1a)
U WL e AT R, T AT (A R

air dried 2 d (Na-1)

simulated Na-1
7AJ o o utenti 1] LAJ¥+AM.,,L,JMJ\,LU T P irries i
T 7 T T T T T T

15 20 25 ;L;n X 35 40 45 50
Fig. 5 Experimental and simulated PXRD patterns of Na-la and Na-1
during a dehydration process by air drying (simulated diffraction patterns
derived from single-crystal data).
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for further applications of 1 in catalysis and biomedicine. The
reversible single-crystal-to-single-crystal transformation of
Na-1a to Na-1 upon dehydration and rehydration is of particular
interest, as concern solid state applications (sorption etc). The
title polyanion 1 merges the areas of polyoxoplatinate and
polyoxoaurate chemistry and pushes the area of polyoxo-
noble-metalate chemistry to a higher synthetic and analytical
level. Further studies in this area are ongoing.
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