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ABSTRACT: The first Pt'V-containing discrete polyoxoplatinate(Il) [Pt'YPt!'sOs(AsO2(CH3)2)s]* (Pt7)
and polyoxopalladate(IT) [Pt"VPd"sOs(AsO2(CH3)2)s]* (PtPds) have been prepared and characterized
in the solid-state, in solution, and in the gas phase. The molecular structures of the noble metal-oxo
clusters Pt; and PtPde comprise a central, octahedral Pt"VOs hetero group surrounded by six square-
planar MO4 (M = Pt!!, Pd") units, which are capped by six dimethylarsinate ligands. The polyanions
were prepared in simple one-pot aqueous solution conditions by reacting H2Pt(OH)s with either
K2PtCls or Pd(NO3)2 in sodium dimethylarsinate buffer (pH 7) at 80 °C. Catalytic studies were
performed on Pt; supported on SBA15-apts for o-xylene hydrogenation at 300 °C and 90 bar H»

pressure and indicated excellent activity and recyclability with low activation temperature.



INTRODUCTION

Polyoxometalates (POMs) are discrete and soluble polynuclear metal-oxo cluster anions, typically
formed by edge- or corner-shared MOs octahedra where M is usually an early d-block metal ion in a
high oxidation state (e.g. W', Mo"!, V¥, NbY, Ta").! POMs or POM-based materials are of interest in
analytical chemistry (e.g. microscope staining), catalysis (supported heterogeneous oxidations,
biologically relevant reactions, CO2 reduction, water splitting, photo-/electrocatalytic reactions),
biochemistry, medicine (antibacterial, antitumoral, antiviral activity), and solid-state devices (memory
devices, energy production and storage).? In view of Dobereiner’s idea that structurally well-defined
noble metal-oxo clusters could serve as ideal models to decode the molecular mechanism of noble-
metal-based catalysis,? an important milestone was the discovery of polyoxo-12-platinate(IIl) (POPt),
[Pt1208(S04)12]*", by Wickleder and co-workers in 2004, which is the only polyoxoplatinate known
till date.*® In 2022, the first polythioplatinate(I), [Pt"3S2(S03)s]'"", was synthesized by the Kortz
group.*® The first polyoxopalladate(1I) (POPd), [HePd"130s(As04)3]®", and the first polyoxoaurate(I11)
(POAu), [Au404(As04)4]*", were discovered by Kortz and co-workers in 2008 and 2010, respectively,
which eventually led to the discovery of a large family of POPds with different shapes, sizes and
compositions.’ Recently, the first neutral palladium(Il)-oxo clusters (POCs) were reported by Kortz
and co-workers, such as the disk-shaped [Pdi160s(OH)s((CH3)2As02)s] (Pdi6) and its chloro-derivative
[Pdi160s(OH)sCl3((CH3)2As02)s]  (PdisCl), the larger, bicapped derivative [Pd24O12(OH)s
((CH3)2A502)16] (Pd24) and the even larger [Pd40024(OH)16(CH3)2A502)16] (Pd40).® Even more recently,
Kortz and co-workers discovered the first two examples of cationic POCs containing f~metal ions,
[Pd"s012Mg{(CH3)2As02} 16(H20)s]*" (M = Ce!, ThY).” Although, the classical coordination

chemistry of platinum has a long history and is replete with interesting compounds, only limited work
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has been reported on the coordination of Pt'Y or Pt" to POMs. For example, in the 1990s oxonitro-
complexes comprising di- and/or tetravalent platinum ions (e.g. [Pt'VPt'303(NO2)o],
[PtVPt"s0s(NO2)12]%) were reported.® In 2015 polynuclear hydroxido-bridged platinum(IV) nitrato
complexes, [Pt!V4(OH)s(NO3)10] and [Pt'Ve(OH)10(NO3)12]**, were reported.” In POM chemistry, PtV
was shown to act as a central hetero atom in Anderson-Evans-type hexatungstate and hexamolybdate
with various degrees of protonation.! In 2008, the platinum(IV)-containing decavanadate

[HoPt™VVoO2:] was prepared and structurally —characterized.!! The platinum(IV)-grafted
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polyoxoniobate [NbsO19{Pt(OH)2}]2!* was reported in 2015.1* To date, some examples of Pt!-
containing POMs have been reported, such as [Pt2(W5018)2]%,!% [a-PW11039(cis-Pt(NH3)2)2]*,'* anti-
and  syn-[Pt"2(a-PW11039)2]'%,">  and [a-PW11030{cis-Pt"(Me2ppz)}]>> (Meppz = N,N’-
dimethylpiperazine).'® Recently, the Kortz group has reported a Pd"V-centered polyoxopalladate(II),
[Pd"VPd"s06((CH3)2A50:2)6]*.!7 This result motivated us to try and prepare a mixed-valent platinum

analogue, and possibly to develop the class of polyoxoplatinates further.

EXPERIMENTAL SECTION

General methods and materials. The elemental analyses were performed by Zentrallabor,
Technische Universitit Hamburg (TUHH), Am Schwarzenberg-Campus 1, 21073 Hamburg (Pt, Pd,
As for PtPds) and Analytische Laboratorien, Industriepark Kaiserau (Haus Heidbruch), 51789 Lindlar,
Germany (Pt, As, CHN for Pt; and CHN for PtPds). The K and Na analyses were performed in house
by atomic absorption (AA) spectroscopy carried out on a Varian SpectrAA 220 AA spectrometer. The
crystal water content was determined by thermogravimetric analysis (TGA) on a TA Instruments Q600
device at a heating rate of 5 °C min™' under N2 atmosphere (25-500 °C). The TGA curves of freshly
prepared KNa-Pt; and Na-PtPds indicated initial weight losses (~25—-150 °C) of ~13.5% and ~7.8%,
respectively, which correspond to the loss of the lattice water molecules (calculated ~12.7% for KNa-
Pt; and ~7.6% for Na-PtPdg, respectively, see Figure S1). The second weight loss steps for KNa-Pt;
and Na-PtPde (~150-500 °C) correspond to the overall decomposition of the POM skeleton. Fourier
Transform Infrared spectra (FTIR, KBr pellets) were recorded on a Nicolet-Avatar 370 spectrometer
(4000—400 cm™). The solution 'H and '*C NMR spectra were recorded on a JEOL ECS 400 MHz
spectrometer using 5 mm tubes, and with resonance frequencies of 399.78 MHz and 100.71 MHz for
'H and '3C, respectively. The resonance frequency for '*>Pt NMR was 85.94 MHz and the chemical
shifts are reported with respect to 1M Naz2PtCls in H20/D20 as 0 ppm reference. All measurements

were performed at room temperature and by using H2O/D20 as the solvent.

High-resolution ESI-MS spectra were recorded using a Bruker Daltonics Q-TOF Impact instrument
employing both negative and positive electrospray ionization modes. MicrOTOF Focus mass
spectrometer (Bruker Daltonics) was fitted with an ESI source and external calibration was achieved
with 10 mL of 0.1M sodium formate solution. The instrument ion source and tubing were rinsed with
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methanol. The calibration was carried out using the enhanced quadratic calibration mode. All ESI-MS
measurements were performed in both negative and positive ion modes. Samples were measured as
direct infusions at a concentration of 100 ug/mL in deionized water at a flow rate of 180 pL/min. The
spectral simulations were carried out in Data Analysis 4.1 (Bruker Daltonics, Bremen).

The oxidation states of Pt and Pd in Pt; and PtPds were ascertained using X-ray photoelectron
spectroscopy (XPS) measurements. The samples were dispersed in acetone and spin-coated onto the
as prepared substrates at a rotation speed of 1000 rpm. The ultra-high vacuum vessel, which had a
vacuum pressure of ~1 x 10" mbar, was equipped with a water-cooled X-ray gun with a double Mg/Al
anode (Specs XR 50) and a hemispherical electron analyzer (Specs Phoibos 100). Mg Ko 2 radiation
(E=1253.6 ¢V) was used as a source of excitation. The photoelectrons were detected in the large area
lens mode and fixed analyzer transmission at a pass energy of 50 eV. The measured data were analyzed
using the CASA-XPS software. The positions of the peaks were in the expected regions.

X-ray crystallography. Data for KNa-Pt; were collected at 100 K on a Bruker D8 APEX II CCD
single-crystal diffractometer equipped with kappa geometry (graphite monochromator, AMo Ka =
0.71073 A) by using the APEX III software package.'® Data for Na-PtPds were collected at 100 K on
a Rigaku XtaLAB Synergy, Dualflex, HyPix single-crystal diffractometer equipped with kappa
geometry (graphite monochromator, Amo ke = 0.71073 A) by using the CrysAlis™™ software package.'
The crystals were mounted in a Hampton cryoloop with paratone-N oil. Multi-scan absorption
corrections were applied using the SADABS?’ and ABSPACK?! program, respectively. The structures
were solved by direct methods with the aid of successive difference Fourier maps, and were refined
against all data using SHELXL-2014.?2 The H atoms of the cacodylate methyl groups were placed in
calculated positions and refined using a riding model. All atoms were refined anisotropically, except
for some oxygen atoms of crystal waters. Refinements were conducted by full-matrix least squares
against |F| using all data. Images of the crystal structures were generated by Diamond, version 3.2
(software copyright, Crystal Impact GbR). Some of the lattice water molecules were too disordered
and thus the disagreeable reflections were removed by the SQUEEZE command in PLATON.?
Crystallographic data for KNa-Pt; and Na-PtPds are summarized in Table 1. The cif files are provided
free of charge by The Cambridge Crystallographic Data Centre (CCDC 2246656-2246657).



The catalytic reactions were carried out in a 100 mL Parr 5500 stainless-steel high-pressure compact
reactor in conjunction with a Parr 4848 reactor controller and equipped with a magnetically coupled
stirrer drive that ensured proper mixing of the reactants. In between the catalytic runs, the reactor was
cleaned by washing with soap water thoroughly, rinsing with acetone and then drying at 100 °C in an
oven. This was followed by gas chromatography (GC) analysis using a Shimadzu GC-2010 equipped
with a flame ionization detector (FID) in order to measure the substrate conversion and selectivity of
the obtained products via a HP-5 column (15 m x 0.25 mm, [.D. 0.25um) with the carrier gas being
He. The surface area of the supported catalysts was determined utilizing a gas adsorption analyzer.
Nitrogen physisorption isotherms were measured at 77 K using a Quantachrome AUTOSORB 1
apparatus, and this was used to determine the Brunauer—Emmett—Teller (BET) surface area. The
samples were degassed at 90 °C for 14 h. The specific surface areas were evaluated utilizing the BET
method in the P/Po range of 0.05—0.35. The pore volumes were measured using the BJH analysis
method.

Bond valence sum calculations. The bond valence sum (BVS) calculations were performed on a
program copyrighted by Chris Hormillosa & Sean Healy and distributed by 1. D. Brown.?* In KNa-
Pt; and Na-PtPds, the BVS values for the central Pt atoms are 3.992 and 3.778, respectively. In KNa-
Pt7, the BVS values for the six surrounding Pt atoms range from 1.990 to 1.943. In Na-PtPds, the BVS
values for the six surrounding Pd atoms range from 2.123 to 2.178. The BVS values for different types
of us-bridging oxygens are presented in Tables S1 and S2. These values show that these oxygens are
not protonated and therefore the central Pt ion is in the 4+ oxidation state and the surrounding Pt and

Pd ions are in the 2+ oxidation state, respectively.

KNa[Pt"VPt!'s06(As02(CH3)2)s]-NaNO3-NaAsO2(CH3),-21H,0 (KNa-Pt7). H2Pt(OH)s (9 mg, 0.03
mmol) was dissolved in 0.1 mL of 1 M NaOH. This solution was added to 2 mL of 2 M sodium
dimethylarsinate buffer (pH 7) containing KoPtCls (75 mg, 0.18 mmol), and stirred for 1 h at 80 °C.
After two weeks, red block-shaped crystals were collected by filtration and washed with 96% ethanol.
Yield: 9 mg (10% with respect to H2Pt(OH)s as limiting reagent). Elemental Analysis: Calculated (%)
for KNa-Pt;: Pt 46.00, As 17.67, K 1.32, Na 2.32, C 5.66, H 2.85, N 0.47. Found (%): Pt 46.00, As
18.40, K 1.38, Na 2.28, C 5.13, H 2.52, N 0.43. FT-IR (KBr/cm™): 3600-3300 (s) [v(O-H) of H20],
3003-2922 (w) [v(C-H) methyl groups of cacodylate], 1633 (m) [H20 bending fundamental mode 6],
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1383 (s) [0(C-H) methyl groups of cacodylate], 1267 (m) [Sin-plane(O-H)], 1056 (W) [vsymN-0) of NO37],
898 (W) [Sout-of-plane(O-H)], 794-604 (s) [v(Pt-O)], 505 (m) [v(As-C)].

Naz[Pt'VPd"606(AsO2(CH3)2)6]:2NaNO3-9H0 (Na-PtPde). H2Pt(OH)s (9 mg, 0.03 mmol) was
dissolved in 0.1 mL of 1 M NaOH. This solution was added to 2 mL of 2 M sodium dimethylarsinate
buffer (pH 7) containing Pd(NOs3)2 (43 mg, 0.18 mmol), and stirred for 1 h at 80 °C. After ten days,
red needle-shaped crystals were collected by filtration and washed with 96% ethanol. Yield: 30 mg
(47% with respect to H2Pt(OH)e as limiting reagent). Elemental Analysis: Calculated (%) for Na-
PtPds: Pt 9.16, Pd 29.98, As 21.11, Na 4.32, C 6.77, H 2.56, N 1.32. Found (%): Pt 8.90, Pd 29.80,
As21.70,Na4.11, C 7.13, H 2.28, N 1.01. FT-IR (KBr/cm™): 3600-3300 (s) [v(O-H) of H20], 3007-
2853 (w) [v(C-H) of methyl groups of cacodylate], 1639 (m) [H20 bending fundamental mode 9],
1384 (s) [8(C-H) of the methyl groups of cacodylate], 1268 (m) [din-plane (O-H)], 1050 (W) [VsymN-0) of
NOs7], 904 (W) [Sout-of-piane (O-H)], 806-581 (s) [v(Pt-O), v(Pd-O)], 514-491 (m) [v(As-C)].

SBA15 and SBA15-apts. A modified synthetic procedure was used to synthesize SBA15 (Santa
Barbara Amorphous-15).2° In a typical synthesis, 120.0 g of Pluronic® P123 (Mn ~ 5,800, Sigma
Aldrich) was stirred in a mixture of 100 mL of 37% HCl and 3.6 L of water until complete dissolution
(~ 4 hours). To this solution, 270 mL of TEOS was added dropwise and stirred in a water bath for 16
hours at 36 °C. Subsequently, the solution was aged at 95 °C under static conditions for 3 days. The
resulting white precipitate was collected by filtration, dried in air for 2 days followed by calcination at
550 °C for 6 hours under air with a heating rate of 1 °C/min in order to remove the template. Following
this, a mixture of (3-aminopropyl)triethoxysilane (18 mL) and SBA15 (33.0 g) was refluxed for 5
hours in 1 litre of toluene followed by filtration at room temperature. The resultant white powder was

dried at 100 °C for 5 hours to obtain the SBA15-apts.

KNa-Pt;@SBA15-apts. The KNa-Pt; (20 mg, 0.0067 mmol) was dissolved in 100 mL of deionized
water followed by the slow addition of 380 mg of the SBA15-apts to the resulting orange coloured
solution under stirring. The quantities of the KNa-Pt7 and support were taken such that the resultant
composite material would have a ~5 wt% Pt-loading. After refluxing for 2 h, the mixture was filtered
under vacuum and the residue was washed three times with deionized water and air-dried. The filtrate

was found to be colourless, which indicated quantitative loading. The dried KNa-Pt;@SBA15-apts
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composite material was then calcined at 250 °C for 4 h (heating rate = 0.5 °C/min) in order to obtain
the calcined pre-catalyst that was eventually reduced in situ under H: inside the Parr compact reactor

to generate the catalyst for the hydrogenation of arenes.

Catalytic Hydrogenation. In a typical catalytic reaction, 50 mg of the catalyst (0.005 mmol Pt content)
was introduced into a 100 mL stainless-steel high-pressure Parr Compact reactor and 50 mL of a 0.5
M solution of the monocyclic arenes in n-hexane was added. The catalyst was then reduced in situ
under Hz (~50 bar) at 250 °C and stirred for 1 min. Subsequently the reaction was started by increasing
the temperature to 300 °C and stirring the reaction mixture at 1000 rpm keeping the initial H2 pressure
at ~90 bar. Instead of using milder Hz pressures, a high reaction pressure of ~90 bar was used in order
to drive the reaction forward using the Le Chatelier’s principle. The progress of the reaction was
followed by monitoring the consumption of Hz (pressure decrease) and gas chromatography (GC)
analysis and the completion of the reaction was correlated with no further decrease in the Hz pressures.
Recyclability experiments on the catalyst were performed by filtering off and drying the used catalyst

and utilizing it again in subsequent catalytic cycles under the same reaction conditions.

RESULTS AND DISCUSSION

Synthesis and Structure. We have discovered the first discrete mixed-valent
polyoxoplatinate(IV,II), [Pt"Pt'sOs(AsO2(CH3z)2)6]*" (Pt7) and the first platinum(IV)-centered
polyoxopalladate(II) [Pt'VPd"sOs(AsO2(CH3)2)6]*” (PtPds). Single-crystal XRD studies revealed
that Pty crystallizes as a mixed potassium-sodium salt,
KNa[Pt'VPt"s06(AsO2(CH3)2)s]-NaNO3-NaAsO2(CH3)2-:21H20 (KNa-Pt7), in the orthorhombic
space group Pcca and PtPdg crystallizes as a sodium salt,
Nax[Pt"VPd"6Os(AsO2(CHs)2)s]-2NaNO3-9H20 (Na-PtPds), in the triclinic space group P1,
respectively. Both novel polyanions Pt; and PtPds are isostructural, displaying a central
distorted Pt'YOs octahedron surrounded by a ring of six square-planar MO4 (M = Pt'", Pd") units
with six terminal dimethylarsinate (also known as cacodylate, cac) ligands, resulting in a disk-
shaped structure with idealized D3z symmetry (Figure 1). Close inspection of the Pd7 and PtPd6
structures exhibit subtle differences in the bonding characteristics of the six cacodylate capping
groups, rendering PtPd6 chiral (consistent with crystallization in the space group P1). This
phenomenon could be rationalized by computational studies (see Supporting Information). All
seven metal centers in both polyanions are coplanar forming a regular Pt'V-centered Mg hexagon
(M = Pt"!, Pd") with metal-metal distances Pt"---Pt"! 3.065-3.129 A and Pt'V---Pt" 3.083-3.094 A
in Pt; and Pd"---Pd" 3.009-3.102 A and Pt'V---Pd" 3.038-3.076 A in PtPds, respectively. The
octahedral coordination environment of the central Pt' ions is formed exclusively by p3-oxo



groups and the Pt'"Y—O bond distances are in the range of 2.023-2.033 A in Pt, and in the range
0f2.037-2.071 A in PtPds. The square-planar coordination environments of the Pt! and Pd"
ions in Pt; and PtPds, respectively, are formed by two ps-oxo groups and two cacodylate
oxygens (Pt'-0: 1.998-2.071 A; Pd"-0: 1.964-2.064 A). The average Pt"V—O bond length in
Pt; 0 2.029 A and in PtPde of 2.023 A is comparable with that of 2.01 A observed in
[H3PtWs024]>".!1% Bond valence sum (BVS) calculations suggest no protonation for any of the
oxygen atoms in Pt; and PtPde (Tables S1 and S2).

y

Figure 1. Structural representation of Pt; (left) and PtPds (right). Color code: Pt (orange), Pd (dark
red), O (red), C (gray), {(CH3)2As0z} (blue tetrahedra); hydrogens omitted for clarity.

Table 1. Single crystal data and structure refinement parameters for KNa-Pt; and Na-PtPds.

Compound KNa-Pt; Na-PtPds

empirical formula“ KNazPt;As7C14Hg4044N NasPtPdsAssCi12Hs54033N2
fw,” g mol’! 2968.86 2129.64

crystal system Orthorhombic Triclinic

space group Pcca P1

a(A) 26.8981(9) 6.71005(9)



b(A) 13.4671(4) 15.14730(18)

c(A) 19.6627(7) 15.2445(2)

a(®) 90 62.3352(13)

BC) 90 86.3984(12)

7(°) 90 88.6937(11)

V(A3) 7122.6(4) 1369.56(3)

VA 4 1

Dc (g cm™) 2.499 2.532

abs coeff, mm’! 16.603 8.171

F(000) 4768 971

@range for data collection, deg ~ 2.206 to 26.477 2.680 to 25.027

completeness to Omax 99.8 % 99.9%

index ranges :i 2 zz E zz “;' 2 : :Zgzi<hk25<7’1 8.
22 =<1=<24 -18=<1=<18

reflns collected 56395 91736

indep reflns 7294 9526

R(int) 0.1190 0.0851

abs corn Semi-empirical from equivalents Semi-empirical from equivalents

data/restaints/param 7294/18/302 9526 /3 /575

GOF on F? 1.020 1.046

R1,> WRx [1>20(1)]
R1.> wRy¢ (all data)
Absolute structure parameter

Largest diff peak and hole, e A=

0.0465,0.1188
0.0860, 0.1356

/

1.533 and -2.517

0.0339, 0.0922
0.0353, 0.0934
0.479(6)

3.133 and -2.588

“The entries are the actual formula units and weights as obtained from bulk elemental analysis.
PRy = X||Fo| = | F||[/Z| Fol. “WRy = [EwW(Fo* — F&) Zw(Fo*)*]"%

Mass Spectroscopy. ESI-mass spectra of KNa-Pt; and Na-PtPds were acquired from aqueous
solutions in the negative ion mode. For Pt7, two groups of signals centered around m/z 1141 and 2284
were observed (Figure 2). As a starting point for spectra assignment, we assumed the presence of the
core structure [PtIYPt'sO6(AsO2(CH3)2)6]*" (Pt;) as established by XRD, and the observed isotope
pattern is in full agreement with this structure. The signal centered around m/z 1141 can be assigned

to a doubly-charged species based on the spacing of the isotope peaks (Figure 2). The simulated mass

9



spectrum is in good agreement with the experimentally observed spectrum. The signal centered at
around m/z 2284 can be assigned to a singly-charged ion accompanied by a proton, suggesting that the
charge of the oxo-cluster is reduced from 2- to 1- (Figure 2). For the structural analogue PtPds, one
signal was observed in the negative ion mode centered at m/z 875 with isotope patterns expected for
the structure (Figure 3). Following spectral simulations, we assigned these signals to the doubly-

charged species [Pt!YPd"sOs(AsO2(CHs)2)s]* (PtPds) (Figure 3).
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Figure 2. Top: ESI-MS spectrum (full scan) of an aqueous solution of KNa-Pt7 in the negative-ion
mode; Bottom left: Simulated (bottom panel) and experimental ESI-MS spectrum (top panel) of a
doubly charged [Pt706((CH3)2As02)6]* ion (expanded view); Bottom right: Simulated (bottom panel)
and experimental ESI-MS spectrum (top panel) of a singly charged [HPt;O6((CH3)2As02)6] ion
(expanded view).
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Figure 3. Left: ESI-MS spectrum (full scan) of an aqueous solution of Na-PtPds in the negative-ion
mode; Right: Simulated (bottom panel) and experimental ESI-MS spectrum (top panel) of a doubly
charged [PtPdsOs((CH3)2A502)s]* ion (expanded view).

XPS Spectroscopy. X-ray photoelectron spectroscopy (XPS) measurements were performed on both
KNa-Pt; and Na-PtPds in order to ascertain the oxidation states of Pt and Pd. Both Pt; and PtPds
exhibited a Pt 4f7> band at ~74.9 eV, which is typical for Pt in the 4+ oxidation state. The XPS
spectrum of Pty exhibited characteristic 4f72 peaks at ~72.5 eV and ~74.9 eV with a ratio of 6 :1,
indicating that Pt is present in the 2+ and 4+ oxidation states, respectively (Figure 4). The XPS
spectrum of PtPde exhibited the characteristic Pd 3ds2 band at 337.2 eV, which is typical for Pd in the
2+ oxidation state (Figure 5). These observations were also corroborated by bond valence sum (BVS)
calculations on Pt and Pd in Pt7 and PtPds, which indicated that the central Pt ion is in the 4+ oxidation

state and the surrounding Pt and Pd ions are in the 2+ oxidation state.
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Figure 4. X-ray photoelectron spectra and fits for Pt 4f72 and 4fs2 doublet of KNa-Pt7.
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Figure 5. X-ray photoelectron spectra and fits for Pt 4f72 and 4fs2 doublet of Na-PtPds left), and Pd
3ds2 and 3d3/2 doublet of Na-PtPds (right).

Solution NMR Spectroscopy. To complement our solid-state XRD results on Pt; and PtPds with
solution studies, we performed 'H, '*C and !’Pt NMR measurements on KNa-Pt; and Na-PtPds
redissolved in H2O/D20. The 'H (D20) NMR spectrum of sodium cacodylate (Na-cac) exhibits sharp
peaks at 4.70 and 1.41 ppm, respectively, corresponding to the protons of the crystal water molecules
and cacodylate methyl groups, respectively. The '"H (D20) NMR spectra of Pt; and PtPde exhibit
theexpected two peaks at 2.36 and 1.60 ppm for Pt; and 2.38 and 1.60 ppm for PtPds, respectively,
corresponding to the two structurally and hence magnetically inequivalent cacodylate methyl groups
(Figure 6). The small peak at 1.64 ppm for Pt; corresponds to the methyl groups of co-crystallized
cacodylate (Figure S3). On the other hand, the small peak at 1.62 ppm for PtPds can be assigned to
free cacodylate, which is formed in situ by partial decomposition of PtPde. This observation is further
supported by the time-dependent 'H spectrum of PtPds (Figure 7). The '"H NMR spectrum of Pty
remained unchanged even for two months, which indicates the high solution stability of this polyanion
(Figure S4). The 3C (D20) NMR spectrum of Na-cac exhibits a narrow peak at 17.4 ppm, whereas the
13C (D20) NMR spectrum of Pt; exhibits peaks at 18.7 and 15.7 ppm, corresponding to the two
crystallographically inequivalent cacodylate methyl groups (Figure 6). For PtPds, the expected two
signals were observed with chemical shift values of 20.3 and 16.7 ppm, respectively. In analogy to the
'"H NMR spectrum, there is also a small peak at 17.3 ppm for this compound. The '°Pt spectrum of
Pt; shows a broad singlet at 727 ppm (Figure 8), which is assigned to Pt"". On the other hand, we could
not observe any signal for the Pt center. However, the '>Pt NMR spectrum of PtPds revealed the
expected singlet at 4080 ppm, which is unequivocally due to the central Pt! ion (Figure 8). The
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chemical shift of 1Pt NMR of polyainons Pt; and PtPde were confirmed by DFT calculations (vide
infra). In any case, the combination of 'H and '3C NMR spectra is fully consistent with the solid-state
structures of Pt; and PtPde, providing clear evidence for the presence of the polyanion in solution.

(a) O (b) 18.7
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Figure 6. 'H (a) and '°C (b) NMR spectra (D20) of Pt; and PtPds compared to spectra of the references
cacodylic acid (H-cac) and sodium cacodylate (Na-cac). The * represents free cacodylate ions.
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Figure 7. Time dependent 'H spectra (D20) of Na-PtPds.

13



726 4080

L e Ry

T T T J T T T T T T T
5 700 €50 600 550 50D 50 400 35 300 20 200 4400 4350 4300 4250 4200 4150 4100 4050 4000 3950 3900 3850 3800

J/ppm S /ppm

Figure 8. 1Pt NMR spectra of KNa-Pt (left) and Na-PtPds (right) redissolved in water.

Computational Studies. The structures of the anions Pt; and PtPds have been computationally
optimized using Density Functional Theory (DFT) methods (B3LYP?® and OPBE?’) together with the
basis sets 6-31g(d,p)?® for light atoms (H, O and C) and LANL2DZ? with corresponding Effective
Core Potentials for the heavier elements (Pt, Pd and As), the aqueous environment has been simulated
through a continuum model, namely PCM,>® as implemented in Gaussian.?! The geometries obtained
for Pty where compared with the available crystal structures, a root-mean-square deviation (RMSD) of
0.24 and 0.22 A (without hydrogens) was found respectively using B3LYP and OPBE functionals,
indicating that both functionals provide geometries similar to the crystal structures (note calculations
are in aqueous solution). To simulate the Pt NMR spectra of these two anions, ADF*? calculations
with different functionals together with the TZ2P* basis set, relativistic spin-orbit ZORA,* simulation
of the water environment with COSMO?® and Gaussian nuclear distribution model*® were run on the
previously optimized structures, and the selected results are presented in Table 2. Computationally
derived NMR chemical shifts (8car) are strongly dependent on the methodology used.*”**¢ For Pt; and
PtPd; the best results compared to experiment were achieved using SSB-D** and OPBE methods on
B3LYP geometries, similarly to previously reported results* on similar systems. Predicted NMR shifts
show errors from few ppm to few hundreds of ppm. However, the difference on the NMR chemical
shifts of PtV in PtPds and the average of the six Pt in Pt; shows only a small error. This difference
of the two signals is 3408 ppm with SSB-D and 3548 ppm with OPBE, which are both close to the
experimentally measured difference of 3354 ppm. This suggests that the predicted signal for PtV in

Pt; should appear in the range above 4080 and below 4500 ppm, whereas the Pt!! signals in this type
14



of complex should appear around 700 ppm. It can be concluded that the assignments of the

experimental '*>Pt NMR chemical shifts described in this work are correct.

Table 2. Computationally predicted NMR chemical shifts (Scaic) in ppm for Pt; and PtPds using
different methods.?

Compound PtPds Pt;

Metal center pt'v pt'! pt'v PtV - ptl'®
SSB-D/B3LYP¢ 3854 446 4057 3408
SSB-D/OPBE* 4415 802 4696 3613
OPBE/B3LYP* 4307 759 4538 3548
BP86/B3LYP* 4503 895 4628 3763
Experimental 4080 726 - 3354

@ All chemical shifts dcalc (in ppm) correspond to differences between the predicted '*>Pt NMR shielding for
indicated species and NMR shielding of > Pt NMR reference PtCls> both at the same level of theory.

® Difference between the averaged signal of the unique Pt in the PtPds anion and the signal of the six Pt!!

nuclei in the Pt; anion.
¢ Notation Method1/Method2 corresponds to: Method 1 is the method used for NMR calculations in ADF,
Method 2 is the method used for geometry optimization in Gaussian.

Catalytic Studies. The hydrogenation of arenes provides a direct and retrosynthetically simple route
towards saturated carbo- and heterocycles. This is an important industrial process with a wide range
of applications ranging from the production of functional materials, important intermediates in organic
synthesis, pharmaceuticals, to the improvement of diesel fuel quality.’® Metals, especially noble metals
and their nanoparticles, have been found to be highly effective catalysts in this area. The reduction of
noble metal salts and the decomposition/reduction of organometallic compounds are both common
methods for forming noble metal nanoparticles.*’ In both cases, the resulting nanoparticles are
typically stabilized by ligands or capping groups such as polymers, dendrimers, ionic liquids, and
surfactants, in order to prevent uncontrolled aggregation. Recently, the anionic template-assisted
method was used to synthesize a series of silver nanocrystals (NCs) with different sizes and shapes.*!
However, these methods do not allow for an elegant control over the size and shape of the resulting
nanoparticles. Therefore, our aim has been to design and synthesize discrete noble metal-based oxo
clusters having a particular size, shape, and nuclearity, and subsequently loading them onto stable and

catalytically inert supports with high surface area, such as SBA15. Subsequent thermal reduction under
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a Hz atmosphere would then yield SBA15 supported nanoparticles of controlled sizes and shapes,
which would depend on the size and shape of the parent noble metal-oxo clusters.

Thus, we have investigated the efficacy of the porous silica-supported Pt; as a heterogeneous
precatalyst in the hydrogenation of o-xylene. The o-xylene was chosen as a model substrate to study
the efficacy of the Pt;@SBA1S5-apts catalyst because the reaction rate for o-xylene was the slowest
among the monocyclic arenes (p-xylene > m-xylene > o-xylene).*? For the catalytic studies, KNa-Pt;
was used as the precursor, and the supported precatalyst Pt;@SBA15-apts was obtained by dissolving
KNa-Pt; in water and slowly adding the 3-aminopropyltriethoxysilane (apts)-modified SBA15
(SBA15-apts) to the stirred solution, which was subsequently refluxed for 2 h (Pt loading = 5 wt %.
The mixture was filtered, and the residue was washed multiple times with deionized water, air-dried,
and subsequently calcined at 250 °C for 4 h (heating rate = 0.5 °C/min) in order to obtain the precatalyst
Pt;@SBA1S5-apts that was eventually reduced in situ under H2 inside the Parr reactor, thereby
generating the actual catalyst for the hydrogenation of arenes. It was found that for o-xylene as the
substrate, the reaction was complete in ~10 min with a ~96% conversion and a cis/frans ratio (Scit) of
67:29, which is opposite of the selectivity of the trans-1,2-DMCH favored with Pd-based catalysts
(Table 3). The reaction of arenes with SBA15-apts alone did not show any hydrogenation activity. The
catalyst was also found to be recyclable up to 3 consecutive reaction cycles with a slightly increase in
the reaction conversion (Table 3). Also, N2 sorption measurements were performed on the precatalyst
before and after loading/calcination and after catalysis, provided valuable insights into the effect of
these processes on the surface area of the material (Figure 9, Table S3). It was observed that the surface
area as well as the pore volume of the unmodified SBA15 support (434 m*/g and 0.691 cc/g) decrease
after modification with apts (377 m?/g and 0.535 cc/g), as expected. Immobilization of KNa-Pt; on
the modified SBA15 further decreases the surface area and pore volume, which indicates that the pores
are partially blocked upon loading, as expected. These values increase again upon calcination due to
loss of the aminopropyl arms from the silica surface. After catalysis, there is a subsequent decrease in
the surface area and pore volume, probably due to partial blocking of the pores by the Pt nanoparticles.
The "H NMR spectrum of the filtrate obtained after loading the KNa-Pt; on the modified SBA15
support only exhibited one peak at 4.7 ppm, corresponding to water, confirming that during the loading

process the Pt7 polyanion has been adsorbed quatitatively into the pores of the SBA-15 (Figure S5).
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The activity of KNa-Pt; as a heterogeneous hydrogenation precatalyst has been compared with the

other Pt-based catalysts, and various polyoxopalladates (POPds) supported on SBA15-apts (Table 3).

Pt;@SBA15-apts has the distinct advantage of requiring a much lower activation temperature with

excellent activity and recyclability.

Table 3. o-xylene hydrogenation at 300 °C and 90 bar Hz pressure using different supported catalyst
materials (support = SBA15-apts).

Reaction

Pre-Catalyst M loading Activation Method Time Con\(f)ersmn Selectivity References
(mmol) (mi (%) (Sert)
in)
~96 (1% cycle) | Scx=67/29
KNa-Pt; 0.005 250 °C air calcination (4 h) 10 ~99 (2™ cycle) | Sck=66/33 | This work
~100 3" cycle) | Scx=65/35
Pd4o-SiW2 0.009 250 °C air calcination (4 h) 55 ~99 37/63 6b
Chemical reduction by
Pdi3Ass 0.01 hydrazine, 650 °C air 960 ~100 40/60
calcination (4.5 h)
PdysSes 0.01 550 °C air ca}tllcmatlon 4.5 50 ~100 43/57
) 43
NiPdy;Ses 0.01 530°C air “}‘ll)cmat‘on (4.5 25 ~100 40/60
Pdys4Pio 0.01 550 °C air ca}tll)cmatlon 4.5 15 ~100 40/60
o L ~100 (150 °C) 70/30
Najo[Pt3S2(SO3)6] 0.006 425 °C air calcination (1 h) 150 ~100 (350 °C) 75/25 4b
Pt/ALLO3 0.002 500 °C air calcination (12 h) 180 27.4 (250 °C) o 44
Silicalite- o~ L o
1@Pt/a-ALOs 0.1 500 °C air calcination (4 h) 240 80.7 (200 °C) e 45
Pt/C1,MCM-41 0.013 300 °C H; reduction (2 h) 120 38 (110 °C) 25/13 46
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Figure 9. N> sorption isotherms of the SBAI1S5 support before and after modification, after
immobilization with KNa-Pt7 and after calcination and catalysis.

As mentioned above, for Pt; a higher selectivity towards the formation of the cis-isomer was observed.
On the other hand, when using polyoxopalladate (POPd) based catalysts a higher selectivity for the
formation of the trans-isomer was observed,* and this is in line with results reported for o-xylene
hydrogenation over supported Pd, Ni and Pt catalysts.*’ The nature of the catalyst and the operation
conditions have a strong effect on the product stercoselectivity, such as temperature and metal
dispersion.*® The o-xylene substrate is believed to adsorb parallel to the metal surface because of the
interaction between the m-electrons in the aromatic ring and the empty d-metal orbitals.*” To reduce
the repulsive effect, the two methyl substituents in o-xylene should be oriented away from the surface,
and consequently cis-DMCH should be obtained predominantly. Hence, the cis stereoisomer is the
kinetically favored product, whereas the trans stereoisomer is thermodynamically favored.*’® The
increased selectivity of the trans-isomer as a function of temperature and increased metal dispersion
has been rationalized by a roll-over mechanism proposed by Inuone,’® where the model explains well
the exchange of hydrogen atoms on both sides of a cyclopentane molecule (over Pd catalysts).

Therefore, the cis/trans ratio of the final product is opposite for Pt- and Pd-based catalysts.

CONCLUSIONS

In summary, we have synthesized and structurally characterized the first mixed-valent polyoxo-
platinate(IV,II) Pty and the first Pt!V-containing polyoxopalladate(II) PtPds as discrete inorganic oxo
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complexes by using simple open beaker and aqueous solution synthetic conditions. Both polyanions
Pt; and PtPds were fully characterized in the solid state and the oxidation states of the noble metal
ions were unequivocally identified. The solution ('H, *C and '">Pt NMR) and gas phase studies also
support the existence of the two polyanions. In fact, Pt; was shown to be stable in solution for several
months, which provides much potential for further studies and applications, e.g. in the catalytic or
biomedical directions. We have also shown that the Pt; polyanion supported on porous silica can be
an effective heterogeneous catalyst for the hydrogenation of arenes. Our work can be considered as
a synthetic breakthrough in polyoxoplatinate (POPt) and platinum-containing polyoxopalladate
(POPd) chemistry, and besides performing catalytic studies (e.g. hydrogenation of olefins using the
novel polyanions homogeneously or as bottom up precursors for supported noble metal
nanoparticles) we aim at the synthesis of more derivatives of this family of polyoxo-noble-metalates

in the future.
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TOC text and figure
The first mixed-valent Pt'V-centered hexaplatinate(II) [Pt'VPt'sOs(AsO2(CH3)2)s]* (Pt7) and the Pt'V-
centered hexapalladate(Il) [Pt"VPd"sOs(AsO2(CH3)2)6]*" (PtPds) have been prepared and characterized

in the solid-state, in solution, and in the gas phase.
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