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Abstract

Polyoxometalates (POMs) are discrete, anionic, soluble polynuclear metal-oxygen clusters
forming a distinct class of compounds which can be finely tuned at the molecular level.
POMs can be subdivided in isopoly- and heteropolyanions and are usually comprised of
(distorted) octahedral MO building blocks, where M is tungsten, molybdenum, or
vanadium, and less frequently niobium or tantalum in high (d°, d') oxidation states. The
large number of POM structures and compositions result in many different
physicochemical properties (fine tuning of compositional, structural, electronic, magnetic,
redox, photochemical, and thermal properties is possible) which can result in applications
ranging from catalysis and material science to bio-medicine. Noble metal-containing
POMs including palladium, platinum, rhodium and iridium are of distinct interest as
catalysts for organic transformations, including industrially relevant processes. Examples
include the activation of readily available “green” oxidants O, and H»O,, as well as
(selective) hydrogenations and C—C coupling reactions.

This thesis 1s divided into six chapters. Chapter I generally introduces the historical
background, structural aspects, properties, and applications of POMs, the state of the art
of polyoxo-noble-metalates, noble-metal-containing POMs and arsenic compound, as well
as the motivation to perform this work. Chapter II includes the information of applied
analytical techniques and synthetic procedures for the used POM and organorhodium(III)
precursors.

Chapter III is devoted to polyoxoplatinate, polyoxopalladate and mixed polyoxo-noble-
metalates, and 7 novel polyoxo-noble-metalates have been obtained with the following

highlights: (i) The  first  Pt'V-containing  discrete  polyoxoplatinate(II)
\Y



[Pt'VPt606(AsO2(CH3)2)s]* (Pt7) and polyoxopalladate(Il) [Pt"VPdsO6(AsO2(CHs)2)s]*

(PtPde) have been prepared and characterized in the solid-state, in solution, and in the gas

phase; (i) The first discrete mixed platinum(IV)-gold(Ill)  oxoanion

[Pt"Y2Au"306((CH3)2A502)6]” (Pt2Aus) was structurally characterized in the solid state by

single-crystal XRD and TGA, and in solution by multinuclear ('H, '*C, '®°Pt) NMR,

indicating that polyanion Pt2Aus is stable in solution, which was confirmed by ESI-MS

studies. The sodium salt of Ptz2Aus undergoes a clean single-crystal-to-single-crystal

(SCSC) structural transformation upon rehydration and dehydration; (iii) the mixed noble

metal gold(I1I)-palladium(II)-oxo nanocluster [Pd"10Au"4012(AsO2(CH3)2)10]*" (AusPdio)
with a central cube shaped [Pd4O4((CH3)2As02)2] unit, connected to two tetrameric bowl

shaped [AuPd304((CH3)2As0:2)4] units by two square-planar coordinated gold atoms on

each side; (iv) Two M- (Pdis)4 type palladium oxo clusters incorporating 3d Sc! and Zn"!

as guest metal M have been prepared.

Chapter IV presents 3 novel Platinum(II/Ill)-containing isopolytungstates. The
polyoxoanion [PtsWi11041]% (PtsWa11) consists of three {Ws013} and one {W:010}
fragments connected by three Pt(11) atoms forming linear {Pts012} triad involved in direct
Pt—Pt bonding (2.64 to 2.68 A). The polyoxoanion [Pt"yWs01s((CH3)2As0,)2]* (P12 Ws)
and [Pt™,Ws015((CH3)2As02)4]* (Pt'"2Ws) both consists of one lacunary Lindqvist
fragments {Ws015}% coordinated by two Pt(Il) in square planar coordination and two
Pt(111) in square-pyramidal coordination with direct Pt—Pt bonding (2.64 A), respectively.

Chapter V describes the synthesis of three all-inorganic platinum arenate(l11) compound.
The first two full inorganic discrete platinum arsenate(IIl) clusters: [Pt'V(As3O¢)2]*

(PtAss) and [Pt'4(H2A503)s(HAsO3)2]> (PtsAss), have been synthesized in aqua media. In
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PtAss, one Pt atom is coordinated by two [As30¢]*" units via O atoms, in which PtAs;Os
rings are formed. In PtsAss, Each Pt atom is coordinated by two O atoms and two As atoms
from AsOs group forming square-planar PtO2As; involved in direct bonding between As™!
E and Pt orbitals (Pt-As = 2.31 A), resulting an open cage structure. And a platinum
arsenate(I1l) heteropolytungstate [Pt2AseW402s]'" (Pt2AssW4) has been synthesized in
aqua media and characterized by '*>Pt NMR. Each Pt atom is coordinated by one u3-O
atom and three As atoms from AsO3 group forming square-planar PtOAs; with Pt—As
bonding.

Chapter VI deals with the synthesis and characterization of two RhCp*-containing
heteropolytungstates, [Na(Rh'"'CsMes)sAs;W10042]> and [Na(Rh™CsMes)sP2W10042]%,

which are composed of two equivalent AsWs022 or PWs02, fragments linked via corners

and a Na" templating ion, and capped by four RhCp* units.
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Chapter I  Introduction

1.1 Polyoxometalates (POMs)

Polyoxometalates (POMs), often described as discrete and soluble polynuclear metal-
oxygen cluster anions, which contain highly symmetrical core assemblies of MOy units,
where M is usually tungsten or molybdenum, less frequently vanadium, niobium or
tantalum, or mixtures of these elements, at high (d°, d') oxidation states.! POMs include
two families of isopolyanions ([MyO.]"™) and heteropolyanions ([X:iMyO.]™) (X =
heteroatom, e.g. As, P, Si and M = metallic elements in their high oxidation numbers). The
structure of POMs is defined primarily by either corner sharing (one bridging x2-0xo group)
or edge sharing (two bridging u2-oxo groups) of MOg octahedrals. Occasionally it can be
also defined by sharing of three bridging u2-oxo groups (face sharing).? Eventually
connection of polyhedrals in different fashions leads to various structures (Figure 1.1), for
example, Keggin type,®> Wells-Dawson type,* Anderson-Evans type,> Lindqvist type,’
Allmann-Waugh type (1:9),” Strandberg,® Dexter-Silverton type (1:12),° and Weakley-

Yamase.'”

POMs show great promise in terms of their applications, including in catalysis,
biotechnology, medicine, electrochemistry, material sciences and molecular magnetism

etc.!!

These applications stem from the noticeable features of POMs, such as: (1)
possessing high solubility in various media, thermal and oxidative stability; (2) displaying
a wide variety of well-defined sizes and shapes, usually with highly symmetric topologies;

(3) having interesting redox properties (e.g. recognized as electron reservoirs because of

their high capacity to bear and release electrons) that can be tuned to great extent by the

1
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POM skeletons modifications; and (4) containing sufficient charge density at their surface

oxygens to incorporate either functional organic moieties or additional metallic centers

from the d and f blocks.'?

-2 -

Keggin Wells-Dawson Strandberg Dexter—Silverton

0003\“"-

¢¢

Lindqvist Allmann-Waugh Anderson Weakley—Yamase

Figure 1.1. POM structural types: Keggin, Wells-Dawson, Strandberg (edge-shared and
corner-shared); Lindqvist, Anderson, Allman-Waugh, Weakley-Yamase (edge-shared) and
Dexter-Silverton (face-shared and corner-shared).

The Keggin anion, first to be reported was 12-tungstophosphoric acid [H;PW12040] in
1933.3¢ Ever since that, Keggin structure motif has become the archetypical
polyoxometalate (POM) and one to which the majority of POM-related publications are
devoted. The Keggin structure consists of four {M3013} triads of edge-sharing octahedra,
surrounding a central tetrahedral oxoanion XO4 with a charge that can range from 2- (X =
SYH13 to 7- (X = Cu').!* The original (a) Keggin anions isomer can undergo 60° rotations
of one, two, three and four {M30O13} units to respectively give the f, y, J, and ¢ isomers (see
the Figure 1.2).!° The rearrangement of the triads affects not only the overall electronic and

atomic structure but also the electrostatic repulsion between these units. The Keggin anions
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are preferred to adopt a and S forms, especially the most stable o one (a>f), whereas the y,
d, and & frameworks are thermodynamically unstable.'® And the J and & isomers can only
be obtained in a reduced state when bound to a transition metal ion. The energy grows as
well as the number of rotated triads of the metal-oxide core in the order a < f <y <o <e,
a trend that does not hold for the reduced clusters.!” Indeed, some V!V-containing Keggin-
based anions have been used as qubits for molecular spintronics'® or as molecular

magnets."”

p-Keggin

Figure 1.2. View of 5 isomers of Keggin type polyanions. Color codes: original {M30O13}
polyhedrons, blue; after rotating {M3O13} polyhedrons, green.

Primitively, POMs have been prepared and isolated from conventional aqueous and
nonaqueous solutions and hydrothermal synthesis. Based on the information obtained over
the years, chemists are making efforts to re-evaluate their synthetic approach and employ
new approaches, such as “superheating” microwave synthesis, ionothermal method, and

1.20

solid-phase synthetic protocol.”” Generally, a small number of steps, or even just one step

(one-pot synthesis) are required to produce POM-based clusters, during which the

3
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acidification is a main factor that drives the condensation reaction. There are some crucial
experimental variables for the formation of specific molecular species, and need to be taken
into consideration during the synthesis, such as: (1) concentration/type of metal oxide anion,
(2) pH, (3) ionic strength, (4) heteroatom type/concentration, (5) presence of additional
ligands, (6) reducing environment, (7) temperature and pressure of reaction (e.g.,
microwave, hydrothermal, refluxing), (8) counter-ion and metal-ion effect and (9)

processing methodology (one-pot, continuous flow conditions, 3D printed reactors).?!

1.2 Polyoxo-noble-metalates

Recently, an entirely new family of POM clusters which are based on non-traditional metal
centers, is the family of palladates. Like all the other noble metals, Pt and Au, discussed in
this section, the square-planar Pd"! ions can assemble into POM-like molecular structures
bridged with oxygen ligands, containing heteroatom capping groups or both ligand and
heteroatom capping groups. To date, more than 80 polyoxopalladates(II) 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 capping groups RXO3™ (X =PV,
AsY, Se!V, VV; R = O, Ph, lone pair) and many different central metal ion guests M (M = s,
p, d or felement).?? There have been a series of {Pdx} species which are first examples of
polyoxopalladate(II) reported by Kortz group of different nuclearities, such as {Pdis},*
{Pdis}?* and {Pd»}?° (Figure 1.3). Recently, the same group demonstrated the ability of
[Pd";3AsV5034(OH)s]® to be used as secondary building blocks for the formation of the
first stable heterogeneous noble metal-based metal-organic framework exhibiting

interesting sorption and catalytic properties.?® In 2021, Kortz group reported the first
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examples of neutral palladium(Il)-oxo clusters (POCs), [PdisOs(OH)s((CH3)2As02)s]
(Pdi6), [PdisOs(OH)sCl3((CH3)2As02)3] (Pd16Cl), [Pd24012(OH)3((CH3)2A502)16] (Pd24),
and [Pd40024(OH)16(CH3)2A502)16] (Pd40), by using dimethylarsinate as capping group.?’
Later, the first two examples of cationic palladium(Il)-oxo clusters (POCs) by
incorporating f-metal ions, [Pdc012Ms{(CH3)2A502}16(H20)s]*" (M = Ce'V, Th'Y),?® as
well as the mixed-valent palladium(IV/II)-oxoanion [Pd"VOePd"s((CH3)2As02)s]> were
also syntheized by Kortz group.?” When reacting Pd" and Au'"! ions at the same time with
the arsenate capping group, the first fully inorganic, mixed gold-palladium-oxoanion
[NaAu"4Pd!s0s(AsO4)s]'" (AusPds) could be obtained.*® In 2016, Kortz group reported
on the rational synthesis of the first examples of noble metal-capped bimetallic silver(I)-
palladium(II)-oxo nanoclusters {AgsPdi13} and {AgsPdis} in a fully inorganic assembly,

featuring an unprecedented host—guest mode.>!

(b)

Figure 1.3. Combined polyhedral/ball-and-stick representation of [Pd";3As"s034(OH)s]*
(a), [NacPd"15040(PY0)10]"" (b) and [Cu',Pd"2PY12060(OH)s]*" (c). Color code, balls:
Pd (pale blue), Cu (sky blue), Na (blue), O (red); polyhedra: {AsO4} (green), {PO4} (light
blue).

Moving to the larger and more kinetically inert Pt, the reported examples are limited to the
structure published by Wickleder group in 2004 with the formula [Pt",0s(SV'04)12]*
(Figure 1.4) where the Pt atoms lie on the corners of an icosahedron formed by six

dumbbell-shaped {Pt>}®" units.*> Obviously, the reactivity of Au with comparable ionic

5
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radius proved to be more diverse. In 2010 Kortz group successfully synthesized the first
ever members of polyoxoaurate [Au'4AsV402]* and its dimeric adducts
{ClsNas[Au"4AsV4020H25]2} 1" and {(NO;3)sNas[Au"4AsV4020H25]2} 1" are shown in

Figure 1.5.%* The main polyanionic skeleton consists of a tetrameric structure with four

111

square-planar coordinated Au™ ions linked by four oxo and arsenate/selenite bridging

ligands.**

Figure 1.4. Combined polyhedral/ball-and-stick representation of [Pt™,05(SV'04)12]*.
Color code, balls: Pt (orange), O (red); polyhedra: {SO4} (yellow).

(a)

Figure 1.5. Ball-and-stick representation of (a) [Au"4AsV402]> and (b)
{ClsNas[Au"4AsV4020H25]2}'* dimeric fragment. Color code: Au, yellow; As, light blue;
O, red; Na, blue. Chlorides and solvent molecules have been omitted for clarity.

6
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1.3 Platinum-containing POMs

The coordination chemistry of platinum has a long history and can be regarded as classics,
but surprisingly little is known about incorporation of Pt(1V) or Pt(I1) to polyoxometalates
(POM). Moreover, some reports on supposedly Pt-coordinated POM remain controversial.
In terms of platinum-containing POMs, well established examples of Pt containing POM
are sparse and are essentially restricted to a series of Pt(I\V)-containing Anderson-type
clusters with various degrees of protonation reported in the course of years, such as
[HsPtVWs024]%,*° and [Pt'YMo0s024]% (Figure 1.6).%° In 2003, the Lee group also reported
a double Pt-substituted silicotungstate (C(NH2)3)s[SiPt"V2W10040] 6H20.%" Later it was,
however, suggested that this formulation was incorrect, the product being instead the
guanidinium salt of monolacunary [SiW11039]%.% In 2011, a Pt'V-containing Keggin-type
tungstophosphate anion a-[PW11030{Pt(NH3)2}2]* was proposed, based on *H and 83w
NMR spectra.®® This suggestion was confirmed very recently by single-crystal XRD on
Css[a-PW11039{cis-Pt(NH3)2}2] 8H20, which demonstrated that the {cis-Pt(NHs)2}
groups are attached to the lacunary polyanion.®®  Platinum-containing

[ZnWPt'5(ZnWy034)2]*2 complexes are represented but not yet fully characterized.**

s

Figure 1.6. Combined polyhedral/ball-and-stick representation of [Pt"YWs024]> (left),
[H2PtYVoO25]> (middle) and [Pt"Y(NbsO19)2]'*(right). Color code: Pt (orange), O (red), H
(green), {WOs} (blue), {VOs} (sky blue), {NbOe} (green).
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In 2012, Pt(11)-containing dimeric POM complex [Pt2(Ws01s)2]®” was reported, containing
two lacunary Lindgvist isopoly fragments [Ws015]® linked by two square planar Pt(I1)
centers.*? In the family of group 5 POM the only example of a Pt-containing complex is
Nas[H2Pt'"VVgO2s] 21H.0 (Figure 1.6).** The 5V and **Pt NMR chemical shifts for
[H2Pt'VV02s]> were successfully modeled by DFT methods.** In 2015, the first platinum
polyniobates was characterized by Abramov and Sokolov groups.*® Reaction of [NbgO19]®
with [Pt(OH)4(H20)2] in a 1:1 molar ratio upon heating yielded a dimeric complex
[NbsO19{Pt"V(OH)2}]2**. Increasing the Pt/Nbs molar ratio to 1:2 yielded a mixture of
[NbsO1s{Pt"V(OH).}]2*? and a sandwich type complex [Pt'"V(NbsO10)2]*? (Figure 1.6). The
first examples of dimeric, di-Pt"-containing heteropolytungstates are reported, the two
isomeric  diplatinum(Il)-containing 22-tungsto-2-phosphates anti- and syn-[Pt'>(a-
PW110390)2]*%.%¢ Another Pt(l1)-containing POM also has been reported, [o-PW1103ze{Cis-
Pt"'(Mezppz)}]> (Mezppz = N,N’-dimethylpiperazine).*” Later, there are several reports
describing very interesting electrocatalytic activity of single-atom Pt-containing POM and
[Pt2(Ws01s)2]® in the hydrogen evolution reaction (HER).*® Hence the preparation and
reliable characterization of Pt-containing POM (this is also more or less true for other noble

metals) still remains a considerable challenge.

1.4 Arsenic(IIT) Compounds

Transition metal oxoarsenates(l11) are of interest due to the presence of the 4s? electron
lone pair E situated at the As'"' atom. The spatial arrangement of corresponding -
tetrahedral AsO3z> groups may result in compounds with non-centrosymmetric crystal

structures exhibiting interesting physical properties like pyroelectricity, piezoelectricity,
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ferroelectricity, or non-linear optical (NLO) properties.*® Moreover, oxoarsenates(I11) are
possible sources or intermediates of natural arsenic compounds in the lithosphere. In
particular, arsenic(111) compounds are considered as the main and most toxic pollutants in
drinking or ground waters with high arsenic concentrations in some areas of the earth.>
Finally, a large number of water-containing and anhydrous oxoarsenates is known from
nature as minerals.>! In combination with the different valence states of the transition
metals, it exists a variety of ternary compounds. Representatives of oxoarsenates(V) are
well known. However, representatives of oxoarsenates(lll) are comparatively scarce.
Although, the classical coordination chemistry of platinum has a long history and is replete
with interesting compounds, only limited work has been reported on the cluster of Pt'V or
Pt''. For example, in the 1990s oxonitro-complexes comprising di- and/or tetravalent
platinum ions (e.g. [PtVPt"'303(NO2)e]*, [Pt'VPt"'s06(NO2)12]%) were reported.>? In 1988,
a mixed-valence tetranuclear platinum(l,11) complex ([Pt'2Pt">(je-0)2(DMSO)sCl2]) with
a Pt()-Pt(1) bond was reported.>® In 2015 polynuclear hydroxy-bridged platinum(IV)
nitrato complexes, [Pt'V4(OH)s(NOs)10] and [Pt'Ve(OH)10(NOs)12], were reported.>* An
important milestone in the area of polyoxo-noble-metalates was the discovery of polyoxo-
12-platinate(I11) (POPt), [Pt"'1208(SO4)12]*", by Wickleder and co-workers in 2004 (using
rather extreme experimental conditions), which is the only polyoxoplatinate known till date,
as mentioned above. In 2022, the first polythioplatinate(ll), [Pt"sS2(SOs)s]'" was
synthesized by Kortz group.®

Besides, it is very rare that lone pair electron (E) containing cations bond directly to
transition-metal cations as ligands. A few examples known so far involve the As* ions of

pyramidal EAsO3 groups, which are bonded to Cu* (d'°) ions to form tetrahedral clusters
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with short Cu—As bonds, and to low-spin Fe?* (d®) ions to form octahedral clusters with
short As—Fe bonds; such as the tetrahedral CuAss cluster of dixenite with As—Cu = 2.240
and 2.336 A 5° the tetrahedral CuAs.Cl, cluster of freedite with Cu-As = 2.32 A and the
tetrahedral CuClsAs cluster of PhsCu(AsO3).Cly with As-Cu = 2.34 A" In the octahedral
FeAss clusters of nanlingite,>® the low-spin Fe?* (d°) ion is surrounded by six As** ions
with As—Fe = 2.40 A. To the best of our knowledge, although many oxide compounds that
contain AsOs® ions have been prepared, and most metal ions in such types of compounds
are transition- and rare-earth-metal ions, nearly nothing is known about the platinum. In
particular, the only known compound is the arsenoplatin, [Pt(peNHC(CH3)O)2CIAs(OH).]

with Pt-As = 2.27 A%

1.5 The RhCp*- and IrCp*-Containing POMs

In recent years there has been a growing interest in the chemistry of organometallic oxides,
not least the organometallic clusters derived from polyoxometalates, a field which has been
developed by W. G. Klemperer, W. Knoth, and R. G. Finke.!* 8 Various organometallic
groups, for example, [M(Cp*)]** (M = Rh, Ir; Cp* =1°-CsMes), [M(CO)s]* (M = Mn, Re),
[M(CO)2]* (M =Rh, Ir), [Ru(CeHs)]", [Rh(C7Hg)]*, and [Ir(CgH12)*, have been employed
to assemble the oxide clusters. The derivatives can serve as models for metal oxide surfaces
and thus help to provide a basic understanding of catalyst-to-support interactions in
heterogeneous catalytic processes. Recent in situ EXAFS®! and FT-IR% studies show that
RhCp* derivatives supported on inorganic oxide surface are more active and selective for
hydroformylation than classical impregnation catalysts. However, and despite such

potential, the chemistry (e.g. catalysis) of RhCp*- and IrCp*-containing POMs has not
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been extensively investigated.

At an early stage, most of these studies have employed niobium incorporated
heteropolytungstates as the support system, namely Klemperer and Day’s [RhCp*(cis-
Nb2W4019)]% (the first RhCp*-containing POMSs in 1984),% in which the cis-NbW4019*
ion behaves as a tridentate ligand utilizing a triangle of bridging oxygen atoms for the
rhodium binding site, and Finke’s Keggin SiWoNbszOs"~ and Dawson P2Wi1sNbsOg2®
systems.®% 63-64 Finke’s work was followed up in 1996 by Nomiya with the synthesis of
Nas[RhCp*SiWgsNb3O40] 3DMSO 2H,0.%° The report of (MCp*)4Vs019 (M = Rh, Ir)
constituted the first example of a vanadium-substituted polyoxoanion-supported
organometallic groups [M(Cp*)]?*,%® and only three other examples of trivanadium
polyoxoanion-supported organometallics group [RhCp*]?*,
(Bu"sN)s[(RhCp*)2P2W15V3062], [(RhCp*)(a-1,4,9-PWsV3040)]* and
(NBu4)s[(RhCp*)(a-1,2-P2W1sV2062)], have since reported by Nomiya group.®’ In 1993,
five organorhodium [RhCp*]?* oxomolybdenum complexes had been reported by Gouzerh
group, the [Mos013(OCH3)4(NO)]* anion of which can be viewed as a lacunary Lindqvist-
type species. In 2017, Jin had introduced two noble metal-containing POMs, the
Hs[(RhCp*)4sPMo0sO32] 14H20 and the Hs[Naz(IrCp*)sPM0sOs4] 13H.0.8 They were
chemically adsorbed and successfully nanostructured on the nanofiber surface and proved
to be active electrocatalytic materials. In 2003, Nishikawa reported the triple cubane- and
windmill-type isomers of an organorhodium tungsten oxide clusters [(Cp*Rh)4W4O16].%°
Later, the [Hs{Rh(Cp*)}sWsO32] 23H.O and its iridium analogue the
[Ha{Ir(Cp*)}sWs032] 17.33 H20 were synthesized by Niu group.”” In 2015, two new

hybrid complexes of niobium and tantalum Lindqvist-type anions, [M¢O19]>, with
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organometallic [RhCp*]** fragments, were reported by Abramov group.”' Recently,
Blanchard group have described the synthesis of a new organometallic derivative of POMs,
(TBA)s[a-H2PW11039{Rh""Cp*(OH>)}], presenting an accessible coordination site on the
Rh"" center.”2 Furthermore, in 2021, four organometallic RhCp*- and IrCp*-containing 20-

Tungstobismuthates(III) and -Antimonates(I1I) were reported by Kortz group.”

1.6 Catalysis

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, and 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.
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Chapter I  Experimental Details

2.1 Instrumentations

2.1.1  Single-Crystal X-Ray Diffraction

Data for crystals were collected at 100 K on a Bruker D8 APEX Il CCD single-crystal
diffractometer equipped with kappa geometry (graphite monochromator, Amo ke = 0.71073
A) by using APEX Il1 software package,’” except for KNa-Pts3W11, KNa-Pt'';Ws, KNa-
Pt'"'>2Ws and K-PtsAss(dehy) which were collected at 100 K on a Rigaku XtaLAB Synergy,
Dualflex, HyPix single-crystal diffractometer equipped with kappa geometry (graphite
monochromator, Amok« = 0.71073 A) by using CrysAlisP 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 the APEX Il software in conjunction with
SHELXL-2014.8! The hydrogen atoms of the organic groups and hydroxyl groups were
placed in calculated positions and refined using a riding model and the remaining non-
hydrogen atoms were refined with anisotropic displacement parameters. The H atoms of
the crystal waters were not located. 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.%
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2.1.2  Fourier Transform Infrared (FT-IR) Spectroscopy

By virtue of characteristic metal-oxygen vibrations, FT-IR spectroscopy provides valuable
structural information of every polyanion, especially in the fingerprint region (1000 to 400
cm ). All the spectra were recorded on KBr disks using a Nicolet-Avatar 370 spectrometer
between 400 and 4000 cm!. The abbreviations used in the thesis to assign the peak

intensities are as follows: s = strong, m = medium, and w = weak.

2.1.3  Elemental and Thermogravimetric Analyses

The elemental analyses were performed by Zentrallabor, Technische Universitit Hamburg
(TUHH), Am Schwarzenberg-Campus 1, 21073 Hamburg (heavy atoms) and Analytische
Laboratorien, Industriepark Kaiserau (Haus Heidbruch), 51789 Lindlar, Germany (CHN).
The K and Na analyses were performed in house by atomic absorption (AA) spectroscopy
carried out on a Varian SpectrAA 220 spectrometer.

In order to evaluate the thermalstability of obtained polyanions, thermogravimetric
analyses were carried out on a TA Instruments SDT Q600 thermobalance with a 100 mL
min~! flow of nitrogen, with the temperature being ramped from 20 — 500 °C at a rate of

5°C min .

2.1.4  Nuclear Magnetic Resonance (NMR) Spectroscopy

The solution stability of all the polyanions was examined by multinuclear NMR
spectroscopy after redissolution of their alkali metal salts in H2O/D,0O. The corresponding
NMR spectra were recorded on a 400 MHz JEOL ECX instrument at room temperature or
by heating, using 5-mm tubes for 'H, *C, 3'P and Pt with respective resonance
frequencies of 399.78 MHz (‘H), 100.71 MHz ('3C), 162.14 MHz (*'P) and 85.94 MHz
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('>Pt). The chemical shifts are reported with respect to the references Si(CH3)s (‘H and

13C), 85% H3PO4 ('P) and NayPtCls ('°Pt).

2.1.5 Electrospray-lonization Mass Spectrometry (ESI-MS)

To better assess the solution behavior of as-synthesized compounds, High-resolution ESI-
MS spectra were recorded using a Bruker Daltonics Q-TOF Impact instrument employing
both negative and positive electrospray ionization modes. MictOTOF 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 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 uL/min. The spectral simulations were

carried out in Data Analysis 4.1 (Bruker Daltonics, Bremen).

2.1.6  X-ray photoelectron spectroscopy (XPS)

The oxidation states of atoms in compound 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 Kay » radiation (E = 1253.6 eV) was used as a source of excitation.

The photoelectrons were detected in the large area lens mode and fixed analyzer
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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.

2.1.7 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction data were acquired on a Rigaku Miniflex 600 (Rigaku
Corporation, Tokyo, Japan) using a primary beam Cu Ka radiation (A = 1.541838 A) at 40
kV and 15 mA. The instrument scanning 26 range was from 5 to 5099n steps of 0.029with

a scan speed of 5 9min™.

2.1.8  Sorption Measurements

N2-adsorption (physisorption) measurements for surface area and pore size analysis were
performed at 77 K on a Quantachrome NOVA 4000e surface area and pore size analyzer
and a Quantachrome Autosorb-1 analyzer (Figure 3.6). Samples were placed in 9 mm
Quantachrome cells and degassed under vacuum at 100 <C for 16 hours prior to
measurements. The surface area was estimated using the Brunauer—Emmett-Teller (BET)

theory and pore size was determined using Barrett-Joyner-Halenda (BJH) method.

2.1.9 Batch Reactor

Hydrogenation reactions were also performed in a 100 mL Parr 5500 stainless steel high-
pressure compact reactor coupled with Parr 4848 reactor controller, allowing operation at
high temperature (up to 350 <C) and pressure (up to 180 bar). In a typical reaction, the
reactor was loaded with 50 mL substrate solution and 50 mg of the supported catalyst
(noble metal loading is always indicated). The reactor was purged with pure Hz prior to

each reaction. The progress of the reaction was followed by monitoring the drop in
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hydrogen pressure. The reaction mixture was analyzed using a GC-FID from Shimadzu

after each reaction.

2.1.10 Gas chromatography (GC)

Gas chromatography (GC) analysis was performed in 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 % 0.25 mm, 1.D. 0.25pm)

with the carrier gas being He.

2.1.11 Bond Valence Sum (BVS) Calculations

To determine the oxidation states of incorporated metal ions as well as the protonation
states of oxygen ligands in obtained polyanions, bond valence sum (BVS) calculations
were performed with a program copyrighted by Chris Hormillosa & Sean Healy and

distributed by 1. D. Brown.®’
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2.2 Synthesis of (RhCsMesClz): and POM Precursors

All the mentioned POM precursors in the thesis were synthesized according to the
published procedures and the identity of the products was confirmed by NMR and FT-IR
spectroscopy. The amount of crystal water present in each compound was determined by

thermogravimetric analysis.

2.2.1  Synthesis of (RhCp*Cl2):2

The RhCp* dimers were synthesized according to the published procedures.®** In a 50 mL
round bottom flask, a sample of 1.0 g of RhCl3-xH>O (Sigma-Aldrich) was dissolved in 30
mL of methanol followed by the addition of 690 wuL of 1,2,3,4,5-
pentamethylcyclopentadiene (Cp*H). The flask was connected to a condenser and flushed
with nitrogen for about 5 min, then refluxed at 73 °C in an oil bath for 48 hours during
which the setup was constantly flushed with nitrogen. After cooling to room temperature,
the solution was filtered to isolate a red microcrystalline material. The filtrate was
concentrated to about 5 mL on a rotary evaporator and some additional product crystallized
out during the evaporation. The obtained crystals were then added to the previously filtered
material and the combined batch was washed with 10 mL of diethyl ether and dried under

air. (Yield: 95% based on Rh)

2.2.2 Nao[4-a-AsVWo034]-18H20

To a solution of NaaWO4:2H>0 (45 g, 136 mmol) in H>O (40 mL), NaHAsO4-7H>0 (4.7
g, 15 mmol) and 8.7 mL of pure acetic acid were successively added. The solid which
precipitated gradually was filtered, washed with ethanol and air-dried with aspiration.

Yield: 38 g (90% based on W).*°
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2.3 Synthesis of Mesoporous Supports

2.3.1  Synthesis of SBA1S

A modified synthetic procedure was used to synthesize the Santa Barbara Amorphous-15
(SBA15).8¢ In a typical synthesis, 120.0 g of Pluronic® P123 (Mn ~ 5,800, Sigma Aldrich)
stirred in a mixture of 3.6 L of water and 100 ml of 37% HCI until complete dissolution (~
4 hours). To this solution, 270 mL of TEOS were added dropwise. The resulting solution
was stirred in a water bath for 16 hours at 36 <C, and then aged at 95 <C under static
conditions for 3 days. The white precipitate was collected by filtration, dried in air for 2
days followed by calcination at 550 <C under air for 6 hours with a heating rate of 1 <C

mint to remove the template.

2.3.2  Synthesis of Aminopropyl-Modified SBA15 (SBA15-apts)

SBA15 (33.0 g) and (3-Aminopropyl)triethoxysilane (18 mL) were refluxed for 5 hours in
1 L of toluene and filtered at room temperature. The resulting white powder was dried at

100 °C for 5 hours.
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Chapter III  Polyoxo-noble-metalates

polyoxopalladates(II) represent a significant subclass of the polyoxo-noblemetalate family
and are continually developing. No platinum analogues of polyoxopalladates(Il) have been
reported to date, except the first polyoxoplatinate [Pt'1,05(SO4)12]*. The polyoxoaurates
Au'4As4020]% and [Au'4SeqO020]* exhibit tetrameric structure. It becomes apparent that
the polyoxoplatinate and polyoxoaurate chemistry has been stagnant ever since the reports
of the early members. However, by now no polyoxoanion containing both platinum(IV)
and gold(IIl) centers has been reported. As a part of our ongoing research interests to
expand the polyoxo-noble-metalates system, in this chapter, 6 novel polyoxo-noble-
metalates are presented in an effort to push the area to a higher synthetic and analytical

level.

3.1 Pt'V-containing hexaplatinate(IT) and hexapalladate(IT)

In this work, the first Pt"V-containing discrete  polyoxoplatinate(II)
[PtVPt!506(AsO2(CH3)2)6]* (Pt7) and polyoxopalladate(Il) [Pt!YPd"O6(AsO2(CH;)2)6]*
(PtPds) have been prepared and characterized in the solid-state (single-crystal XRD, FT-
IR spectroscopy, elemental and thermogravimetric analyses), in solution (multinuclear

('H, 13C, '°Pt) NMR), and in the gas phase (ESI-MS spectroscopy). Catalytic studies were

performed on Pt7 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.
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3.1.1  Synthesis

KNa[Pt'VPt''sO6(AsO2(CHz3)2)s] NaNOz NaAsO2(CHs)2 21H20 (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 K2PtCls (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)e as limiting reagent). Elemental Analysis: Calculated (%) for KNa-Pt7: 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,
Na2.28, C5.13, H 2.52, N 0.43. FT-IR (KBr/cm™): 36003300 (s) [v(O-H) of H-0], 3003-
2922 (w) [v(C—H) methyl groups of cacodylate], 1633 (m) [H20 bending fundamental
mode 5], 1383 (s) [6(C—H) methyl groups of cacodylate], 1267 (m) [din-pane(O—H)], 1056
(W) [vsymn-0) Of NO3], 898 (W) [Sout-of-plane(O—H)], 794-604 (s) [v(Pt-0)], 505 (m) [v(As—

o).

Naz[Pt'VPd''sOs(AsO2(CHz)2)s] 2NaNOs 9H20 (Na-PtPds)

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(NO3). (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, As

21.70, 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
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fundamental mode 5], 1384 (s) [6(C—H) of the methyl groups of cacodylate], 1268 (m) [Sin-
plane (O—H)], 1050 (W) [Vsym(N-O) Of NO37], 904 (W) [6out-of-p|ane (O—H)], 806—581 (S) [V(Pt—

0), v(Pd-0)], 514-491 (m) [v(As-C)].

KNa-Ptz@SBA15-apts

The KNa-Pt7 (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-Pt7@SBA15-apts composite material was then calcined at 250 € for 4 h
(heating rate = 0.5 €€/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.

Taso0 3000 Tes00 =00 100 1000 T 00
Wavenumbers (cm-!)

Figure 3.1. FT-IR spectrum of KNa-Pt7 (red) and Na-PtPde (blue).
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Figure 3.2. Thermograms of KNa-Pt7 (left) and Na-PtPde (right) from room temperature
to 500 °C under N> atmosphere.

3.1.2  Single-Crystal XRD Data

Table 3.1. Crystal data and structure refinement for KNa-Pt7 and Na-PtPde.

Compound KNa-Pt; Na-PtPds
empirical formula® KNazPt;As7C14Hg404sN NasPtPdsAssC12Hs4033N>
fw,2 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)
(P 90 62.3352(13)
BT 90 86.3984(12)
(D 90 88.6937(11)
V (A3 7122.6(4) 1369.56(3)

Z 4 1

Dc (g cm™3) 2.499 2.532

abs coeff, mm1 16.603 8.171

F(000) 4768 971
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@ range for data collection, deg 2.206 t0 26.477 2.680 to 25.027
completeness to Omax 99.8 % 99.9%

-33 =<h=<33, -7=<h=<7,
index ranges -16 =<k =< 16, -18 =<k =<18,

-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,? WR2C [1>26(1)] 0.0465, 0.1188 0.0339, 0.0922
R1,” WR2® (all data) 0.0860, 0.1356 0.0353, 0.0934
Absolute structure parameter / 0.479(6)
Largest diff peak and hole, e A®  1.533 and -2.517 3.133 and -2.588

&The entries are the actual formula units and weights as obtained from bulk elemental analysis.
PRy = X||Fo| — | Fo||[/Z| Fo|. “WR2 = [EW(Fo? — F2)Z/Zw(Fo2)2]Y2,

3.1.3 Bond Valence Sum Calculations

In KNa-Pt7 and Na-PtPde, the BVS values for the central Pt atoms are 3.992 and 3.867,
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
2.030 to 2.183. The BVS values for different types of u3-bridging oxygens are presented
in Tables 3.2. 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.
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Table 3.2. BVS values for u3-bridging oxygen atoms in KNa-Pt7 and Na-PtPde.

-O | Bond distance(A) | BVS value | 16-O | Bond distance(A) | BVS value
KNa-Pt;
01 Pt1-O1 (2.0336) 1.682 03 Pt3-04 (2.0307) 1.680
Pt2-01 (2.0253) Pt4-O4 (2.0151)
Pt3-01 (2.0064) Pt1-04 (2.0243)
02 | Pt2-02(1.9984) | 1.697
Pt4-02 (2.0262)
Pt1-02 (2.0314)
Na-PtPds
01 Pd1-0O1 (2.0736) 1.699 04 Pd3-04 (1.9815) 1.826
Pd6-O1 (1.9911) Pd4-04 (1.9708)
Pt1-O1 (2.0393) Pt1-O4 (2.0618)
02 | Pd1-02(1.9885) | 1.866 | O5 | Pd4-O5(1.9864) | 1.850
Pd2-02 (1.9928) Pd5-05 (1.9820)
Pt1-02 (2.0124) Pt1-05 (2.0326)
03 Pd2-03 (2.0078) 1.773 06 Pd5-06 (1.9953) 1.721
Pd3-03 (1.9921) Pd6-06 (2.0301)
Pt1-03 (2.0486) Pt1-06 (2.0570)

3.1.4 Results and Discussion

3.1.4.1 Solid-State Structure
Single-crystal XRD studies revealed that Ptz crystallizes as a mixed potassium-sodium salt,
the

KNa[Pt'Pt's06(AsO2(CHs)2)s] NaNOs NaAsOz(CHs)2 21H20  (KNa-Pt7), in

orthorhombic space group Pcca and PtPds crystallizes as a sodium salt,
Naz[Pt"VPd"s0s(AsO2(CHs3)2)s] 2NaNOs 9H,0 (Na-PtPds), in the triclinic space group P1,

respectively. The symmetry unit of solid-state interaction of polyanions are showed in
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Figure 3.3. Both novel polyanions Ptz and PtPds are isostructural, displaying a central
distorted Pt"VOs 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 Ds¢ symmetry (Figure 3.4). 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 --Pt" 3.083-3.094 A
in Ptz and Pd" --Pd" 3.016-3.103 A; PtV --Pd'": 3.047-3.076 A in PtPds, respectively. The
octahedral coordination environment of the central Pt" ions is formed exclusively by pe-
oxo groups and the Pt'"V—O bond distances are in the range of 2.023-2.033 A in Pt7, and in
the range of 2.012—2.063 A in PtPds. The square-planar coordination environments of the
Pt'' and Pd'"ions in Ptz and PtPds, respectively, are formed by two &-0x0 groups and two
cacodylate oxygens (Pt"-0: 1.998-2.071 A; Pd"-0: 1.972-2.095 A). The average Pt'V-O
bond length in Pt7 of 2.029 A and in PtPds of 2.042 A is comparable with that of 2.01 A
observed in [H3PtWgO24]>.%° Bond valence sum (BVS) calculations suggest no protonation

for any of the oxygen atoms in Ptz and PtPds (Tables 3.2).
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Figure 3.3. The symmetry unit of solid-state interaction of polyanions with Na* and K*
counter cations in Pt7 (left) and Na* counter cations in PtPds (right), respectively (50%
probability ellipsoids).
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%4

Figure 3.4. Structural representation of Pt7 (left) and PtPds (right). Color code: Pt (orange),
Pd (dark red), O (red), C (gray), {(CH3)2AsO>} (blue tetrahedra), hydrogens omitted for
clarity.

3.1.4.2 Multinuclear NMR Study

To complement our solid-state XRD results on Ptz and PtPds with solution studies, we
performed *H, 3C and **Pt NMR measurements on KNa-Pt7 and Na-PtPds redissolved
in H20/D,0. 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 (Figure 3.5a). The *H (D.0) NMR
spectra of Pt7 and PtPds exhibit theexpected two peaks at 2.36 and 1.60 ppm for Ptz and
2.38 and 1.60 ppm for PtPds, respectively, corresponding to the two structurally and hence
magnetically inequivalent cacodylate methyl groups (Figure 3.5a). The small peak at 1.64
ppm for Ptz corresponds to the methyl groups of co-crystallized cacodylate (Figure 3.6).
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 PtPds. This observation is further

supported by the time-dependent H spectrum of PtPds (Figure 3.7). The *H NMR
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spectrum of Ptz remained unchanged even for two months, which indicates the high

solution stability of this polyanion (Figure 3.8).
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Figure 3.5. 'H (a) and *C (b) NMR spectra (D20) of Pt7 and PtPds compared to spectra
of the references cacodylic acid (H-cac) and sodium cacodylate (Na-cac). The * represents
free cacodylate ions.

The 3C (D20) NMR spectrum of Na-cac exhibits a narrow peak at 17.4 ppm, whereas the
13C (D20) NMR spectrum of Ptz exhibits peaks at 18.7 and 15.7 ppm, corresponding to the
two crystallographically inequivalent cacodylate methyl groups (Figure 3.5b). 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 Ptz shows a broad signal at 727 ppm (Figure 3.9),
which is assigned to Pt"'. On the other hand, we could not observe any signal for the PtV
centers for the low concentration. However, the **Pt NMR spectrum of PtPds revealed the
expected singlet at 4080 ppm, which is unequivocally due to the central Pt'" ion (Figure
3.9). The chemical shift of **Pt NMR of polyainons Ptz and PtPds were confirmed by DFT

calculations (vide infra). In any case, the combination of *H and 3C NMR spectra is fully
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consistent with the solid-state structures of Ptz and PtPds, providing clear evidence for the
presence of the polyanion in solution.
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Figure 3.6. Enlarged 'H spectrum (D20) of KNa-Pt.
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Figure 3.7. Time dependent 'H spectra (D,0) of Na-PtPds.
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Figure 3.8. 'H spectrum (D,0) of KNa-Pt7 after 2 months.
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Figure 3.9. > Pt NMR spectra of KNa-Pt7 (left) and Na-PtPds (right).

3.1.4.3 ESI-MS Analysis

ESI-mass spectra of KNa-Pt7 and Na-PtPde 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 3.10). As a starting point for spectra assignment, we assumed the presence

of the core structure [Pt!YPt'sOs(AsO2(CHs)2)s]* (Pt7) as established by XRD, and the
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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 3.11). The simulated mass 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 3.11). 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 3.12). Following spectral simulations, we assigned these signals

to the doubly-charged species [Pt'YPdsO6(AsO2(CH3)2)6]* (PtPds) (Figure 3.12).
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Figure 3.10. ESI-MS spectrum (full scan) of an aqueous solution of KNa-Pt7 in the
negative-ion mode.
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Figure 3.11. Left: Simulated (bottom panel) and experimental ESI-MS spectrum (top panel)
of a doubly charged [Pt;06((CH3)2A50,)s]* ion (expanded view); right: Simulated (bottom

panel) and experimental ESI-MS spectrum (top panel) of a singly charged

[HPt7;06((CH3)2As02)6] ion (expanded view).
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Figure 3.12. Left: ESI-MS spectrum (full scan) of an aqueous solution of Na-PtPde in the
negative-ion mode; Right: Simulated (bottom panel) and experimental ESI-MS spectrum
(top panel) of a doubly charged [PtPdsOs((CH3)2A502)6]* ion (expanded view).

3.1.4.4 XPS Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed on both KNa-Pt7

and Na-PtPds in order to ascertain the oxidation states of Pt and Pd. Both Pt7 and PtPds

exhibited a Pt 4f72 band at ~74.9 eV, which is typical for Pt in the 4+ oxidation state. The

XPS spectrum of Ptz exhibited characteristic 4f7> peaks at ~72.5 eV and ~74.9 eV with a
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ratio of 6 :1, indicating that Pt is present in the 2+ and 4+ oxidation states, respectively
(Figure 3.13). The XPS spectrum of PtPds exhibited the characteristic Pd 3ds, band at
337.2 eV, which is typical for Pd in the 2+ oxidation state (Figure 3.14). 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 3.13. X-ray photoelectron spectra and fits for Pt 4f7> and 4fs/> doublet of KNa-Pts.
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Figure 3.14. X-ray photoelectron spectra and fits for Pt 4f7,» and 4f5,> doublet of Na-PtPds
(top), and Pd 3ds/2 and 3ds,2 doublet of Na-PtPde (bottom).
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3.1.4.5 Computational Study

The structures of the anions Pt7 and PtPde 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 Pt7 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 3.3. Computationally derived NMR chemical shifts (0cal) are
strongly dependent on the methodology used.”® ?** 3 For Pt; and PtPds 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 Pt!¥ in PtPds and the average of the six Pt!! in Pt7 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 Pt! in Pt7 should appear in the range above 4080 and
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below 4500 ppm, whereas the Pt signals in this type 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 3.3. Computationally predicted NMR chemical shifts (8caic) in ppm for Pt7 and PtPde
using different methods.?

Compound PtPds Pt;

Metal center PtV Pt PtV PtV _ PP
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

a 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 PtCle? both at the same
level of theory.

b Difference between the averaged signal of the unique Pt"V 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.

Table 3.4. Cartesian Coordinates of computationally optimized structures for Pt; and
PtPds anions (Angstrom, A)

B3LYP optimized structures

Pt7 (E=-2704.39024651 hartree) PtPde (E=-2749.86031087 hartree)

C 11.51219 6.239557 18.44955 C 11.39559 6.498758 18.34859
As 10.50165 5.096236 17.26097 As 10.45199 5.235408 17.22419
C 1091647 3.241424 17.66648 C 10.96543 3.438359 17.7616
O 8.176254 5.478381 14.59704 Pd 9.873097 4.526939 14.14562
O 8.852169 5.422103 17.57968 O 8.152834 5.508683 14.57717
Pt 6.914744 4.663864 13.12553 Pd 7.500233 447664  16.19603
O 5.089541 5.628471 13.52218 O 8.790046 5.473892 17.51617
O 2.182657 5.88283  12.62032 Pt 6.914316 4.663366 13.12523
As 1.597772 5.544079 14.19216 O 5.124642 5.661876 13.52186
C 0.18277  6.821166 14.52109 Pd 3.955518 4.799657 12.10487

O 4.007069 3.545437 16.92919 O 2.259894 5.920341 12.62311
As 5.109231 3.721234 18.22578 As 1.673971 5.680136 14.20487
C 4.570963 2.426579 19.55789 C 0.360642 7.068432 14.5199
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3.335164
3.670216
3.741572
5.586035
5.657523
3.20617
5.874784
5.909575
7.178403
3.490816
3.569975
2.977642
6.500003
7.739578
6.570866
5.665252
6.290207
5.769354
2.648849
2.762426
1.516135
2.546016
2.950687
2.988426
3.417402
3.453196
2.149104
3.662252
3.037365
3.558418
5.75778
5.836906
6.3501
6.781513
6.377204
6.338596
2.827989
2.756928
1.58823

10.64305
9.066867
8.689259
8.720822
9.406911
13.65902
15.60816
17.7765

14.24077
7.40414

18.84717
12.01047
7.831208
19.44717
18.26924
18.22088
15.23597
13.47715
14.04225
15.51385
14.49192
13.75736
19.71129
18.06676
19.15151
20.39617
19.82447
19.14496
16.86623
18.59546
17.43022
7.98247

6.804028
8.02988

6.540131
8.184606
7.099606
12.77404
11.01524
12.20901
9.385957
7.656219
8.819501
10.73744
12.49395
11.75917
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13.47839
5.679871
7.549365
8.674349
2.902491
6.279099
2.870661
3.422825
2.980192
5.08578

9.786365
11.49945
10.95806
6.807349
0.936113
8.858553
4.970382
12.89219
2.412158
11.13359
12.48841
11.18744
0.509316
0.148526
1.702975
-0.07958
0.785098
-0.42587
5.623488
5.260683
3.926507
5.276879
3.582805
4.705794
10.29573
10.56897
11.92695
1.34209

2.69667

2.644272
8.205798
8.567937
9.902557
13.68008
13.31862
12.12552

2.370972
3.808681
5.711353
3.639669
5.849776
3.617209
3.797965
4.140448
5.978999
3.804359
5.884394
3.330679
5.530063
3.283664
3.878387
3.950289
5.37884
5.449493
2.957558
6.171465
6.177
7.402444
3.726296
3.827369
3.125232
6.771179
7.960399
6.861626
5.420118
6.146915
5.517984
2.363935
2.476325
1.296111
2.658369
3.188158
3.19736
3.144985
3.150466
1.920955
3.909406
3.181855
3.811266
5.500507
5.601347
6.202811

11.71139
11.69341
11.44912
12.72445
15.4681

14.8021

10.69423
9.095399
8.593154
8.779961
9.475859
13.64867
15.55676
17.72204
14.26083
7.332234
18.91755
11.98926
7.923032
19.36829
18.19457
18.06753
15.25766
13.50172
14.06012
15.52856
14.50454
13.7721

19.79555
18.19547
19.21757
20.27767
19.70282
18.95729
17.00846
18.70102
17.52658
8.057757
6.883737
8.185952
6.45396

8.053818
7.032629
12.74805
10.99223
12.19013
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10.26796  6.565271 6.426924
8.573317 6.67829  5.854875
9.174122 7.811454 7.105914
9.281532 4.677239 11.07435
9.871547 4.524299 14.14672
7.500076 4.482871 16.19599
4.547902 4.65042  15.17689
Pt 3.957779 4.803242 12.10448
Pt 6.329235 4.844681 10.05512

3.534126 6.667009 9.237666
3.260686 6.134193 7.546148
1.902772  6.127262 8.720673
13.90759 2.556787 10.72165
14.254 2.466371 12.47808
13.04303 1.367547 11.74573
10.24522 6.855303  6.549869
8.551355 6.966086 5.97401

9.120283  8.033468 7.295695
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3.1.4.6 Catalytic Study

The efficacy of the porous silica-supported Ptz has been investigated as a heterogeneous
precatalyst in the hydrogenation of o-xylene (Figure 3.15). 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 <€ and stirred for 1 min. And subsequently the reaction was started by increasing the
temperature to 300 € and stirring the reaction mixture at 1000 rpm keeping the initial H>
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 H> (pressure
decrease) and gas chromatography (GC) analysis and the completion of the reaction was
correlated with no further decrease in the H 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.

The o-xylene was chosen as a model substrate to study the efficacy of the KNa-
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-
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Pt7 was used as the precursor, and the supported precatalyst KNa-Pt7@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 KNa-Pt;@SBA15-apts that was eventually reduced in situ under H» 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/trans ratio (Sct) of 67:29, which is opposite of the selectivity of the

favored trans-1,2-DMCH with Pd-based catalysts (Table 3.5).

CH;

CH; H
CH;
H,, n-Hexane H CH;
cn, *+ CH;
300 °C, 90 bar
o-xylene Cis-1,2-DMCH Trans-1,2-DMCH

Figure 3.15. Schematic representation of the catalytic hydrogenation of o-xylene using the
catalyst KNa-Pt;@SBA15-apts.

Such observations are also in line with those reported for o-xylene hydrogenation over
supported Pd and Ni and Pt catalysts.'”! The nature of the catalyst and the operation
conditions have a strong effect on the product stereoselectivity, like temperature, metal
dispersion.'®? O-xylene is believed to adsorb parallel to the surface of metals because of
the interaction between m-electrons in the aromatic ring and the unoccupied 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. Hence,
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the cis stereoisomer is the kinetically favored product. While the cis stereoisomer is
thermodynamically favored.!®?® The increased selectivity to trans-isomer as a function of
temperature and increased metal dispersion has intensively been explained by roll-over
mechanism proposed by Inuone group,'® where the model well explained the exchange of
hydrogen atoms on both sides of cyclopentane molecule (over Pd catalysts). Therefore, the

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

Table 3.5. o-xylene hydrogenation at 300 °C and 90 bar H> pressure using different
supported catalyst materials (support = SBA15-apts).

Reaction

Pre-Catalyst M loading Activation Method Time Con\;ersmn Selectivity References
(mmol) . (%) (Sci)
(min)
~96 (1% cycle) Seit = 67/29
KNa-Pt; 0.005 250 °C air calcination (4 h) 10 ~99 (2™ cycle) Sei=66/33 | This work
~100 (3" cycle) | Seix=65/35
Pd40-SiW, 0.009 250 °C air calcination (4 h) 55 ~99 37/63 27b
Chemical reduction by
PdizAss 0.01 hydrazine, 650 °C air 960 ~100 40/60
calcination (4.5 h)
Pdi3Ses 0.01 550 °C air calcination (4.5 h) 50 ~100 43/57 105
NiPd;>Ses 0.01 550 °C air calcination (4.5 h) 25 ~100 40/60
Pdis.4P10 0.01 550 °C air calcination (4.5 h) 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) 7525 55
Pt/Al,O3 0.002 500 °C air calcination (12 h) 180 27.4 (250 °C) S 106
Slhcalz‘fz'(l)3@w o 0.1 500 °C air calcination (4 h) 240 80.7 (200 °C) - 107
Pt/C1x-MCM-41 0.013 300 °C Ha reduction (2 h) 120 38 (110 °C) 25/13 108

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 3.5). Also, N2 sorption measurements
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were performed on the precatalyst before and after loading/calcination and after catalysis
in order to investigate the effect on the surface area (Figure 3.16, Table 3.6). We found that
both the surface area and pore volume of the 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.

Table 3.6. Variation of the surface area and pore size of the prepared materials after
modification, Pt immobilization, calcination and after catalysis.

Materials Surface Area (m?/g) | Pore Volume (cc/g)
SBA15 434 0.619
SBA15-apts 377 0.535
Ptz@SBA15-apts (1 wt% Pt-basis) 300 0.500
Ptz@SBA15-apts (1 wt% Pt-basis)
calcined at 250 € 333 0.518
- 0, - i
Ptz@SBA15-apts (1 wt% Pt-basis) 955 0.500

calcined at 250 <€ and after catalysis

Immobilization of KNa-Pt7 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-Pt7 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 qunatitatively into the pores of the
SBA-15 (Figure 3.17). The activity of KNa-Pt7 as a heterogeneous hydrogenation

precatalyst has been compared with the other Pt-based catalysts, and various
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polyoxopalladates (POPs) supported on SBA15-apts (Table 3.5). KNa-Pt7@SBA15-apts
has the distinct advantage of requiring a much lower activation temperature with excellent

activity and recyclability.

500
|l —®—SBAISADS
450 4 —O—SBAI15DES
_ 1 —® sBA15-apts ADS O W e |
B0 4004 2 o——0—0—C
I>) — O — SBA15-apts DES D=
o . ®
; 350 Pt7@SBA15-apts ADS ‘;, 7
o . Pt7@SBA15-apts DES | H—
e / [/
300 Pt7@SBA15-apts calcined at 250 °C ADS 4 / o
S | y /d S
2} Pt7(@SBA15-apts calcined at 250 °C DES > e
= 250 e B /
< ] @  Pt7@SBA15-apts after catalysis ADS ‘r
3’ 200 < Pt7@SBA 15-apts after catalysis DES ,/”‘ ‘ <
.: W = @
i 0= ¢
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0.4 0.6
Pressure (P/PO)

Figure 3.16. N2 sorption isotherms of the SBA15 support before and after modification,
after immobilization with KNa-Pt7 and after calcination and catalysis.
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Figure 3.17. 'H spectrum of the filtrate obtained after immobilizing KNa-Pt; on the
modified SBA15 support.

44



Chapter 111 Polyoxo-noble-metalates

3.1.5 Conclusions

In summary, the first mixed-valent polyoxo-platinate(IV,Il) Pt7 and the first Pt'V-
containing polyoxopalladate(ll) PtPds as discrete inorganic oxo complexes by using
simple open beaker and aqueous solution synthetic conditions have been synthesized and
structurally characterized. Both polyanions Ptz and PtPds were fully characterized in the
solid state and the oxidation states of the noble metal ions were unequivocally identified.
The solution (*H , 3C and **Pt NMR) and gas phase studies also support the existence
of the two polyanions. In fact, Ptz 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. The Ptz polyanion supported on porous silica can be an
effective heterogeneous catalyst for the hydrogenation of arenes. This 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) the synthesis of more derivatives

of this family of polyoxo-noble-metalates in the future is also the aim.
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3.2 Au(IIT)-containing noble metal-oxo clusters

3.2.1  Synthesis

Na[Pt'V2Au"306(AsO02(CH3)2)s]'NaCl-NaNQOs-6H20 (Na-Pt2Aus)

H[AuCl4] (0.061 g, 0.18 mmol) was dissolved in 1.5 mL aqueous sodium cacodylate buffer
(2 M, adjust pH to 7 by adding 68% HNO3), leading to an orange solution. Then H2Pt(OH)e
(0.036 g, 0.12 mmol) was dissolved in 0.4 mL 1M NaOH solution, and added to the
resulting orange solution while heating at 80 °C. During the dropwise addition of
H>Pt(OH)s, the color of the reaction mixture changed from orange to orange-red. The
obtained solution was stirred at 80 °C for 30 min. Slow evaporation of the filtrate at room
temperature in an open vial resulted in yellow hexagonal crystals within 2 days. The
obtained crystals Na-Pt2Aus were collected after 5 days by filtration and air dried for 2
days. Yield: 0.085 g (68% based on Au). Upon rehydration, Na-Pt2Aus can be fully
transformed to the crystalline phase in the mother liqgour Na-Pt2Aus(a) (see main text for
details). Polyanion Pt2Aus can also be synthesized using the reagents in stoichiometric
ratio in water (instead of cacodylate buffer), but the yield was only 35%. FT-IR (KBr, cm"
1): 3529-3143 (s) [v(O-H) of H0], 3000-2800 (w) [v(C-H) of methyl groups of
cacodylate], 1597 (m) [H20 bending fundamental mode 8], 1381 (m) [8(C—H) of the methyl
groups of cacodylate], 913 (W) [dout-of-plane(O—H)], 803 (s) [V(Au—O)], 679-646 (w) [v(Pt—
0)], 566452 (m) [v(As—C)]. Elemental analysis (%) calcd for Na-Pt2Aus: Au 27.18, Pt
17.95, As 20.68, Na 3.17,C1 1.63, N 0.64, C 6.63, H 2.23; found: Au 26.80, Pt 18.90, As

20.80, Na 3.35, C12.60, N 0.73, C 6.65, H 2.18.
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K[Pt"V2Au"306(AsO2(CH3)2)s]- KCIl- KAsO2(CH3)2-18H20 (K-Pt2Au3)

H[AuCl4] (0.061 g, 0.18 mmol) was dissolved in 1.5 mL aqueous cacodylic acid buffer (2
M, adjust pH to 7 by adding solid KOH), leading to an orange solution. Then H>Pt(OH)s
(0.036 g, 0.12 mmol) was dissolved in 0.4 mL 1 M KOH solution, and added to the orange
solution while heating at 80 °C. During the dropwise addition of HoPt(OH)e, the color of
the reaction mixture changed from orange to orange-red. The obtained solution was stirred
at 80 °C for 30 min. Slow evaporation of the filtrate at room temperature in an open vial
resulted in yellow rod-shaped crystals within 1 month. The obtained crystals were collected
by filtration and dried in air. Yield: 0.068 g (46% based on Au). FT-IR (KBr pellet, cm™):
3407 (s) [v(O-H) of H2O], 3019-2924 (w) [v(C—H) of methyl groups of cacodylate], 1668-
1643 (m) [H20 bending fundamental mode 6], 1411 (m) [8(C—H) of the methyl groups of
cacodylate], 915 (W) [out-ot-plane(O—H)], 810 (s) [V(Au-0)], 702-648 (w) [v(Pt-0)], 523
(m) [v(As—C)]. Elemental analysis (%) calcd for K-PtzAus: Au 23.51, Pt 15.53, As 20.87,
K 4.67, C 6.69, H 2.13; found: Au 23.50, Pt 15.70, As 20.60, K 4.37, C 6.62, H 2.60.
Naz[Pd"10Au"4012(AsO2(CH3)2)10]-17H20 (Na-Aus4Pd10)

H[AuCl4] (0.034 g, 0.1 mmol) was dissolved in 3 mL aqueous sodium cacodylate buffer (2
M, adjust pH to 7 by adding 68% HNO:3), leading to an orange solution. Then Pd(NOs3),
(0.057 g, 0.25 mmol) was added to the resulting orange solution. The obtained deep-red
solution was stirred at 80 °C for 60 min. Slow evaporation of the filtrate at room
temperature in an open vial resulted in dark red rod-like crystals within 2 days. Then decant
the supernatant and the rod crystals were washed with 96% ethanol ((Pd7*® determinated
by FT-IR and single crystal XRD, yield: 20% (based on Pd)). Later, slow evaporation of

the supernatants leads to formation of dark red blocky crystals Na-Aus4Pdi0 within two
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weeks, which were collected by filtration. yield: 5% (based on Pd). FT-IR (KBr, cm™):
3500-3200 (s) [v(O—H) of H>0O], 3013-2920 (w) [v(C—H) of methyl groups of cacodylate],
1638 (m) [H20 bending fundamental mode 9], 1384 (m) [6(C—H) of the methyl groups of
cacodylate], 1264 (W) [Sin-plane(O—H)], 916-890 (W) [Sout-otplane(O—H)], 803 (s) [v(Au-0)],

649 (m) [v(Pd-0)], 518 (m) [v(As—C)].
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Figure 3.18. FT-IR spectra of Na-Pt2Aus (red) and K-Pt2Aus (blue).
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Figure 3.19. Thermograms of Na-Pt2Aus (red) and K-PtzAus (blue) from room
temperature to 500 °C under N».
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Figure 3.20. FT-IR spectrum of Pd7 from 400-4000 cm™ on KBr pellets.
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Figure 3.21. FT-IR spectrum of Na-Au4Pd1o from 400-4000 cm™ on KBr pellets.
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Figure 3.22. Thermograms of Na-Au4Pdio from room temperature to 500 °C under No.

3.2.2  Single-Crystal XRD Data

The solvent masking was done using the SQUEEZE command of Platon,®” the results of
which have been added to the CIF files in the section titled “SQUEEZE RESULTS”. From
the calculations, it can be seen that the solvent accessible void of the crystal structure Na-
Pt2Aus(a) is ~739 A®, and the electron count in the solvent accessible void is ~291.
Considering Z = 2, this roughly comes out to be around 14 H>O molecules, which is larger
as compared to what is observed from TGA analysis and elemental analysis (this air-dried
material actually corresponds to the compound Na-Pt2Aus). This is typically due to the
facile removal of the lattice water molecules (converting Na-Pt2Aus(a) to Na-Pt2Aus),
which has been carefully studied using SXRD, PXRD and TGA. Similarly, for K-Pt2Aus,
a solvent accessible void of ~148 A® was observed, and the electron count in the solvent
accessible void to be ~90. Considering Z = 2, this roughly comes out to be around 5 H>O
molecules. If we add this to the 11 H20 molecules already assigned from XRD, we get 16

lattice H2O molecules, which is very close to what is observed from TGA analysis and
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elemental analysis (~18 lattice HoO molecules). For Na-Pt2Aus(a), two Au positions are
disordered within the structure due to thermal motion, with partial occupancies of 47:3. For
K-Pt2Aus, two As positions of free cacodylate ions are disordered within the structure due
to thermal motion, with partial occupancies of 80:20. The disorder on the Au atom in Na-
Pt2Aus(a) has been modelled by using the PART function and allowing for free refinement
of the occupancies of the disordered atoms as well as their thermal parameters. This
indicated a ~6% disorder on the Au atom. Based on our observations from PXRD studies,
we seem to form a mixture of two closely related crystalline phases differing in the amounts
of lattice water molecules (Na-Pt2Aus and Na-Pt2Aus(a)). Even a slight exposure to air
results in the removal of some of the lattice water molecules, which may lead to the

observed disorder in the Au atoms as such a phase change appears to be facile.

Table 3.7. Crystal data and structure refinement for Na-Pt2Aus, Na-Pt2Aus(a), K-Pt2Aus
and Na-Au4Pdio.

Compound Na-Pt;Aus Na-Pt;Aus(a) K-Pt;Aus Na-AusPdio

empirical formula NasPt,AuzsAssCi2Hag NazPt,AuzAssCioH3s KsPt AuszAs;C14H780 NapdsAU2AS5C10H30

O27NCI? O27NClI 3sCI? O1s
fw, g mol? 2173.512 2161.44 2513.002 1761.86
crystal system Hexagonal Hexagonal Triclinic Triclinic
space group P6 P6s/m P1 P1
a(hA) 10.933(3) 10.9156(7) 13.5559(16) 12.910(2)
b(A) 10.933(3) 10.9156(7) 14.1105(16) 14.335(2)
c(A) 20.585(5) 26.8948(18) 16.6726(19) 14.431(2)
a(F 90 90 75.614(3) 62.125(3)
B 90 90 66.913(3) 71.102(4)
WS 120 120 85.534(3) 73.751(4)
V (A3 2130.9(12) 2775.2(4) 2841.1(6) 2207.0(6)
Z 1 2 2 2
Dc (g cm™®) 1.684 2.587 2.790 2.651
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abs coeff, mm 10.817 16.612 17.013
0 range for data 5467404850 3.719 to 26.382 2.970 to 25.790
collection, deg
completeness to Omax ~ 99.2% 99.5% 99.6%
-12 =<h=<12, -13=<h=<12, -16 =< h =< 186,
index ranges -12 =<k =< 12, -13 =<k =< 13, -17 =< k =< 17,
20=<1=<24 -33=<1=<33 -18=<1=<20
reflns collected 22878 36290 33904
indep reflns 2531 1944 10846
R(int) 0.1073 0.0735 0.0896
abs cormn Semi-empirical from Semi-empirical from Semi-empirical from
equivalents equivalents equivalents
data/restraints/param 2531 /57 /84 1944 /0/98 10846 /33 /632
GOF on F? 1.061 0.891 0.969
R1,2 WR2® [1>20(1)] 0.0606, 0.1538 0.0274, 0.0685 0.0490, 0.1077
R1,? WR:® (all data) 0.0713, 0.1632 0.0331, 0.0723 0.0785, 0.1212
hg{gegtﬂe;ﬁ peak and 5 753 and -3.135 1.407 and -1.045 2.442 and -2.096

&The values are the actual formula units and weights as obtained from bulk elemental analysis.
PRy = X||Fo| — | Fo||/Z| Fo|. “WR2 = [EW(Fo? — F2)Z/Zw(Fo2)2]Y2,

12.391

1.626 to 27.460
99.8%

-16 =< h =< 186,
-18 =< k =< 18,
-18 =<1=<18
28170

10055

0.0944
Semi-empirical from
equivalents
10055 /12 /389
1.057

0.0688, 0.2111
0.1046, 0.2513

4,811 and -5.087

3.2.3  Bond Valence Sum Calculations

In Na-Pt2Aus and Na-Pt2Aus(a), the BVS values for the independent gold atom are

2.911 and 2.592, and the values for the independent platinum atom are 3.798 and 4.348,

respectively. The BVS values for different types of u2-bridging oxygens are presented in

Table 3.8. These values show that these oxygens are not protonated and therefore

polyanion Pt2Aus is a true gold(IIl)-platinum(IV) oxo species. In K-Pt2Aus, the BVS

values for the three gold atoms range from 2.609 to 2.665, and the values for the two

platinum atoms are 4.209 and 4.228, respectively, supporting the +3 oxidation state of

gold and +4 oxidation state of platinum in polyanion Pt2Aus. In Na-AusPdio, the BVS

values for the two gold atoms are 2.413 and 2.760, respectively, and the values for the

five palladium atoms range from 2.114 to 2.265, supporting the +3 oxidation state of
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gold and +2 oxidation state of palladium in polyanion AusPd10. The BVS values for

different types of u3-bridging oxygens in Na-AusPd1o are presented in Table 3.9.

Table 3.8. BVS values for u>-bridging oxygen atoms in Na-Pt2Aus, Na-Pt2Aus(a), and

K-Pt2Aus.

Compound u2-0 BYVS value
Na-Pt;Aus Au-02-Pt 1.433
Na-Pt;Ausz(a) Au-0O1-Pt 1.498
K-Pt:Aus Aul - Ol —Pt2 1.494

Aul - 03 -Ptl 1.492

Au2 - 05 -Ptl 1.476

Au2 - 07 -Pt2 1.470

Au3 -09 —-Pt2 1.558

Au3 -010-Ptl 1.509

Table 3.9. BVS values for u3-bridging oxygen atoms in Na- Au4Pdio.

-O | Bond distance(A) | BVS value | 16-O | Bond distance(A) | BVS value

01 | Pd1-O1 (1.9984) 1.714 05 | Aul-O5 (2.0010) 1.739

Pd2-01 (2.0106) Pd4-05 (2.0063)

Au1-01 (2.0264) Pd3-05 (2.0120)

02 | Pd1-O1 (1.9915) 1.674 06 | Aul-O6 (2.0007) 1.703

Pd2-01 (2.0322) Pd5-06 (2.0190)

Aul-01 (2.0392) Pd4-06 (2.0259)

O7 | Au2-O7 (1.9572) 1.805 08 | Au2-0O8 (1.9530) 1.814

Pd3-07 (2.0053) Pd5-08 (2.0048)

Pd1-07 (2.0244) Pd2-08 (2.0239)

3.2.4  Results and Discussion

3.2.4.1 Solid-State Structure
The first example of a discrete mixed platinum(IV)-gold(Ill) oxoanion,
[PtV Au"306((CH3)2A50:)6] (Pt2Aus, see Figure 3.23), which was synthesized in aqueous

medium at 80 °C and isolated as a  hydrated sodium  salt,
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Na[Pt"Y2Au""306((CH3)2A502)6]-NaCl-NaNOs3-6H20 (Na-PtzAus) or a potassium salt,
K[Pt"2Au"304((CH3)2A50:)]- KCl-KAsO2(CHs),- 18H20 (K-Pt2Aus) in good yield. The
symmetry units of solid-state interaction of polyanion PtzAus are showed in Figure 3.24.
The polyanion Pt2Aus was prepared by reaction of H>[Pt(OH)s] with hydrogen
tetrachloroaurate H{AuCl4] in a pH 7 sodium dimethylarsinate 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)4] solution leads to the formation of insoluble Au(OH)3, and

that chloride ions do not compete with OH™ for Au'! i

in neutral or slightly alkaline solutions
(pH 7.0 to 8.5).1% In this case, the in situ formed tetrahydroxogold(IIl) ion [Au(OH)4]" (or

a closely related derivative) reacts smoothly with [Pt(OH)s]* in the presence of cacodylate

ions, which act as capping groups, thereby terminating the condensation process.

Figure 3.23. Combined ball-and-stick/polyhedral representation and Ball-and-stick
representation (side view) of Ptz2Aus. Color code: {PtOs} orange octahedra, {(CH3)2AsO>}
blue tetrahedra, Au yellow, Pt orange, As sky blue, O red, C grey. Hydrogen atoms omitted
for clarity.
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Figure 3.24. The symmetry unit of solid-state interaction of polyanion 1 with Na" counter
cations in Na-Pt2Aus (top left) and Na-Pt2Aus(a) (top right), as well as K* counter cations
in K-Pt2Aus (bottom), respectively (50% probability ellipsoids). Hydrogen atoms omitted
for clarity.

The polyanion Pt2Aus 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 (Figure 3.23). In K-Pt2Aus, 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
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for any bridging oxygen atoms (Table 3.6). The average Au—O bond lengths in K-Pt2Aus
(1.986 = 0.010 A) are comparable to those in other known gold(IIl)-oxo complexes, such
as the square-planar AuyO> core of [Au2{N2CioH7(CH2CMe3)-6}2(u-O)2][PFs]2 (1.976(3)
and 1.961(3) A),'"'° the SrAux(CH3COO)s) (1.979 + 0.008) A,!'! or the polyoxoaurate
AusAss (1.980 £ 0.023 A),** and quite a bit shorter than the Au—O distance in
dimethylgold(III) hydroxide ((2.154 + 0.148) A).!'?> The Au---Au distance in K-Pt2Au3
(3.973 £0.070 A) is significantly longer than in AusAss (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-Pt2Aus. The three Auions
in 1 are located in the same plane and exhibit a slightly distorted square-planar coordination.
The oxo ligands bridging to the platinum centers are situated on both sides of this {Aus}
plane, while all O—As—O bridges connect a Pt and an Au atom. In the solid-state lattice of
Na-Pt2Aus, the polyanions are surrounded by a belt of six Na* ions, three NO3 ions, and
three CI” ions, resulting in a supramolecular 2D layer with a hexagonal pattern (Figure

3.25).

Figure 3.25. Solid state structure of Na-Pt2Aus highlighting the supramolecular 2D
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layered plane.

Single-crystal X-ray analysis revealed that the polyanion AusPdio comprises 10 square-
planar oxo-coordinated Pd" ions and 4 square-planar oxo-coordinated Au'"! ions, which can
be subdivided in a central cube shaped [Pd4O4((CH3)2As02)2] unit, connected to two
tetrameric bowl shaped [AuPd3;04((CH3)2As02)4] units by two square-planar coordinated
gold atoms on each side, resulting in a mixed palladium(Il)-gold(Ill) oxoanion
[Pd" 10 Au4012(AsO2(CHs)2)10]* (AusPdio) (Figure 3.26). The symmetry unit of solid-
state interaction of polyanion AusPdio is showed in Figure 3.27. In Na-Au4Pdio, the
average Au"-O bond lengths are 1.967(6) A for the oxo ligands linked to central cube
[PdsO4((CH3)2As0,)2] unit and 2.017(3) A for the oxygen atoms from the
[AuPd304((CH3)2As0:)4] unit. The Pd—O distances range from 1.991(5) to 2.059(1) A. To

the best of our knowledge, this is the second example of mixed gold-palladium polyoxo-

noble-metalate, except for [NaAu'"sPd"sOs(AsO4)s]*1".*°

|

Figure 3.26. Combined ball-and-stick/polyhedral representation and Ball-and-stick
representation (side view) of Au4Pdio. Color code: {(CH3)2AsO>} blue tetrahedra, Pd
green, Au yellow. Hydrogen atoms omitted for clarity.
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Figure 3.27. The symmetry unit of solid-state interaction of polyanion AuaPdio with Na*
counter cations in Na-Aus4Pd10 (50% probability ellipsoids). Hydrogen atoms omitted for
clarity.

3.2.4.2 Multinuclear NMR Study

To complement our solid-state XRD results on Pt2Aus with solution studies, we performed
'H, BC and Pt NMR measurements on Na-Ptz2Ausz and K-PtzAu3 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-Pt2Au3s
exhibits peaks at 2.1 and 1.7 ppm that correspond to the two structurally and hence
magnetically inequivalent cacodylate methyl groups (Figure 3.28). The 'H NMR spectrum
of K-Pt2Aus exhibits three distinct peaks at 2.1, 1.7, and 1.6 ppm, respectively. The two

downfield signals belong to Pt2Aus, whereas the peak at 1.6 ppm corresponds to the methyl
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protons of free cocrystallized cacodylate ions. We also investigated the pH stability of
polyanion Pt2Ausz by NMR and the pH-dependent '"H NMR spectra show that polyanion

Pt2Aus is stable at pH 2 to 10 (Figure 3.29).

H,0
4.5 CH.
21 17 22.8 17.1
Na-Pt,Au, Na-Pt,Au,
on 228 17.2
17.4 %
K-Pt,Au, L
K-Pt,Au, J J l
17.4
Na[(CH.),As0,] l Na[(CHj;),As0,] J
5fo 4,‘5 4,‘0 Y 3 0 2.5 g 2 2% 25 2% A 2 :'1" P 1 18
5/PP111 S/ppm

Figure 3.28. 'H (left) and '*C (right) NMR spectra of Na-Pt2Aus and K-Pt2Aus dissolved
in H2O/D,0 compared to spectra of the sodium cacodylate reference.
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pH7
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Figure 3.29. pH-dependent 'H NMR spectra (D>0/H>0) of Na-Pt2Aus.
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The 3C NMR spectrum of Na-Pt2Aus exhibits peaks at 22.8 and 17.1 ppm that correspond
to the two structurally inequivalent cacodylate methyl groups (Figure 3.28). The °C NMR
spectrum of Na-Cac exhibits a narrow peak at 17.3 ppm. The '*C NMR spectrum of K-
Pt2Aus 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

cacodylate methyl groups of 1 and free cocrystallized cacodylate ions, respectively.

Next, Pt NMR measurements were performed on Na-Pt2Aus and K-Pt2Aus redissolved
in water. This technique had been applied earlier for the platinum(IV)-containing
decavanadate [HoPt!YV9O2s]™, exhibiting a clean signal at 5= 3832 ppm.** We located the
expected singlet for Na-Pt2Aus and K-Pt2Aus at 3140 and 3142 ppm, respectively (Figure
3.30). The corresponding '*>Pt NMR signal for the precursor Ho[Pt(OH)s] appeared more
downfield at 3294 ppm. We also performed time and temperature dependent '*>Pt NMR
measurements on fresh synthesis solutions of Na-Pt2Aus (Figure 3.31). 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 HoPt(OH)s and polyanion Pt2Aus. However,
after heating at 40 °C for 30 min, the spectrum exhibits only a narrow peak at 3141 ppm,
indicating that Pt2Aus 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, *C, and !*°Pt NMR is fully consistent with the solid-state structure
of K-Pt2Aus and Na-Pt2Aus and hence provides unequivocal evidence for the presence of

polyanion Pt2Aus also in solution.
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Figure 3.30. >Pt NMR spectra of Na-Pt2Aus and K-Pt2Aus dissolved in HO/DO.
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Figure 3.31. '>Pt NMR spectra of fresh synthesis solutions of Na-Pt2Aus after stirring at
room temperature for 10 min (top left, 4510 scans) and for 40 min (top right, 3018 scans),
as well as at 40 °C for 30 min (bottom left, 3052 scans) and the same solution after a longer
measurement time (bottom right, 126693 scans).
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3.2.4.3 ESI-MS Analysis

Furthermore, the sodium and potassium salts of polyanion Pt2Aus were investigated by
ESI-MS in the positive and negative ion modes (Figure 3.32). In the negative ion mode,
signals centered around m/z 1898.55 were observed for both Na-Pt2Aus and K-Pt2Aus.
These could be clearly assigned to the singly-charged title polyanion
[PtV Au306((CH3)2A502)6]” (Pt2Au3), see Figure 3.33. In the positive ion mode spectrum
of Na-Pt2Aus, a main group of signals was observed centered around m/z 983.75,
corresponding to a doubly-charged species with an elemental composition of
[NasPt2AusO6(AsO2(CH3)2)6]*" (Figure 3.34). The isotope distribution was fully confirmed
by comparison of the experimental spectrum to a simulated spectrum. Thus, the ESI-MS
spectra of Na-Pt2Aus and K-Pt2Aus corroborate the solid-state structural analysis and
show that polyanion Pt2Aus is structurally intact in solution, even under ESI conditions.

Additional MS assignments for Na-Pt2Aus and K-Pt2Aus are summarized in Table 3.10.

Intensé_ -MS, 0.1-0.4min #4-21
x10 1898.6018
1.0
0.8
0.6
0.4
0.2
0.0 LA ' ' ' N ;I!l ll .j N ' '
500 1000 1500 2000 2500 mz

Figure 3.32. ESI-MS spectrum (full scan) for aqueous solutions of Na-Pt2Aus in the
negative-ion mode (identical result for K-Pt2Aus).
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Figure 3.33. Simulated ESI-MS spectrum of Na-Pt2Aus and K-Pt2Aus in negative-ion
mode (top) and experimental ESI-MS spectrum (bottom) of the singly-charged polyanion

Pt2Aus (expanded view).
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Figure 3.34. Simulated ESI-MS spectrum of Na-Pt2Aus in positive-ion mode (bottom) and
experimental ESI-MS spectrum (top) of the doubly-charged
[NasPt2AuzO6(AsO2(CH3)2)6]*" ion (expanded view).
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Table 3.10. Peak assignments of the ESI-MS spectra of Na-Pt2Aus and K-Pt2Aus.

Na[Pt2AuzOs(AsO2(CHs)2)6]-NaCl-NaNO;-6H>0 (Na-Pt2Aus)

Formula Target Mass (amu) Measured Mass (amu)
[Pt2Au306(AsO2(CH3)2)6] 1898.9887 1898.7804
[NazPt2AuzOs(AsO2(CH3z)2)6]" 1944.9682 1944.4715
[NasPt2AusO6(AsO2(CHs))*" | 983.979 983.7274
K[Pt2Au306(AsO2(CH3)2)s]- KCl- KAsO2(CHs)2- 18H20 (K-Pt2Aus)

Formula Target Mass (amu) Measured Mass (amu)
[Pt2Au306(AsO2(CH3)2)6] 1898.9887 1898.8694
[K2Pt2AuzOs(AsO2(CH3)2)s] " 1977.1853 1976.4124

[K3Pt AuzO6(AsO2(CH3)2)6]* 1008.1418 1007.6855

3.2.4.4 Powder XRD Study

Single-crystal-to-single-crystal (SCSC) transformations consititute solid-state phase
transitions induced by external stimulus, such as light, heat, guest, and mechanochemical

forces.'!3

While SCSC transformations in metal-organic frameworks (MOFs) and
coordination polymers (CPs) are well-documented, reports on SCSC transformations at the
discrete clusters remain scarce. Such transformations in discrete clusters are challenging
because they usually involve the breakage and formation of chemical bonds, as well as the
rearrangement of structures in the solid state, which can destroy the crystalline state of the
molecules. To our knowledge, only five other thermally induced processes have been
described, involving high-, room- and low temperature polymorphic transitions''* or
structural variations by dehydration.!!®

Na-Pt2Aus3 undergoes a reversible single-crystal-to-single-crystal (SCSC) transformation

in the solid state upon rehydration and dehydration, where rehydration was achieved by

keeping the sample in an atmosphere of water vapor at room temperature and dehydration
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was achieved by air drying for one day. The polyanion PtzAus crystallizes in the
centrosymmetric space group P63/m when in the mother liquor (Na-Pt2Aus(a)), but after
air drying for one day, it transforms to the non-centrosymmetric space group P6 (Na-
Pt2Aus). 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)
A3 upon air-drying for a day, and the packing arrangement is significantly different,

because the layer sequence is AAA in Na-Pt2Aus and ABA in Na-Pt2Aus(a) (Figure 3.35).

Na-Pt,Au,

6.0195 A

Na-Pt,Au,(a)

N > S A g =
ADIADADAADHK B
Rl 'r»"’\. o WA $ I > e

RNy T AN

6.0389 A

Figure 3.35. The fully reversible SCSC transition of Na-Pt2Aus to Na-Pt2Aus. Left: ball-
and-stick representation; right: packing diagrams for Na-PtzAusz (AA mode) and Na-
Pt2Aus(a) (AB mode). Color code: Au yellow, Pt orange, O red, C grey, N blue, As light
blue, Cl light green, Na pink, H light grey.

The structural transformation of Na-PtzAus(a) to Na-Pt2Aus upon dehydration by air
drying was also confirmed by powder-XRD (PXRD) measurements (Figure 3.36 and 3.37),
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due to significantly different stacking of the 2D layers. A pure phase of Na-Pt2Aus(a) is
obtained in the crystals in the mother liquor, but after drying in air for one day, a
transformation to the new phase Na-Pt2Aus occurs. After 2 days, a completely pure phase
of Na-Pt2Aus is observed. The transformation from Na-PtzAus to Na-Pt2Aus(a) is fully
reversible during a rehydration and dehydration process. Rehydration of Na-Pt2Aus in the
presence of water vapor at room temperature results in Na-Pt2Aus(a) within half an hour.
The rehydration behavior of Na-Pt2Aus was also demonstrated by thermogravimetric

analysis (TGA) and infrared spectroscopy (FT-IR) on Na-Pt2Aus (Figures 3.38 and 3.39).

A MA 7

“ | as synthesized (Na-Pt,Au;(a))

MA}\/\ //\J\_f airdried 1d
S AN S —
‘_/\J\_/\'\ e A N
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6/20, ©

Figure 3.36. Experimental and simulated PXRD patterns of Na-Pt2Aus(a) and Na-Pt2Aus
during a dehydration process by air drying (simulated diffraction patterns derived from
single-crystal data).
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Figure 3.37. PXRD patterns for Na-Pt2Aus in the presence of water vapor for different
periods of time at RT.
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Figure 3.38. Thermograms of air-dried and partially rehydrated (several hours) Na-Pt2Au3

from room temperature to 500 °C under N> atmosphere. Complete rehydration of the bulk
material Na-Pt2Aus results in partial dissolution.
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Figure 3.39. FT-IR spectra of air-dried and rehydrated Na-Pt2Aus from 4004000 cm™ on
KBr pellets.

3.2.4.5 Light irradiation

We have also investigated the stability of solid Na-Pt2Aus under blue light (A = 450-480
nm, blue LED lamp LED PAR30, E-27). The PXRD spectra revealed that the crystal
structure maintains a high degree of crystallinity up to at least 4 h (Figure 3.40). Regarding
solutions of Na-Pt2Aus in water upon irradiation with blue light, "H NMR revealed that
the free cacodylate signal at 1.6 ppm gradually increased from the original 0% to 2, 3, 6,
14, 17 and 20% after 5, 15, 30, 60, 120 and 240 min, respectively (Figure 3.40). Without
irradiation, "H NMR demonstrated that there is only a 2% decomposition of Na-Pt2Au3

after 1 day (Figure 3.41).
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Figure 3.40. Time-dependent PXRD spectra of Na-Pt2Aus under blue light irradiation.
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Figure 3.41. Time-dependent "H NMR spectra of Na-Pt2Aus without (left) and with (right)
blue light irradiation.

3.2.5 Conclusions

We have synthesized and structurally characterized the first discrete mixed gold-platinum-
oxoanion [Pt"V2Au""306((CH3)2As02)6]” (Pt2Aus) 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 for further applications of Pt2Aus3 in catalysis and
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biomedicine. The reversible single-crystal-to-single-crystal transformation of Na-
Pt2Aus(a) to Na-Pt2Aus upon dehydration and rehydration is of particular interest, as
concern solid state applications (sorption etc). The polyanion Pt2Aus 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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3.3 Sc(IIT) and Zn(II)-containing 16-palladium(II)-oxo cluster

3.3.1  Synthesis

4[Pd16024(OH)s((CHs)2As)s]-NaSc((CH3)2As)4(H20)2-xH20 (Sc-Pdi6)

Sc(NO3)3 (7 mg, 0.03 mmol) and Pd(NO3); (43 mg, 0.18 mmol) were dissolved in 4 mL
aqueous sodium cacodylate buffer (0.5 M, adjust pH to 7 by adding 68% HNO3), and stirred
at RT for 1 day leading to deep-red solution. Slow evaporation of the filtrate at room
temperature in an open vial resulted in dark red crystals after 45 days. But the yield is too
low to collect sample for elemental analysis. FT-IR (KBr, cm™): 3414-3241 (s) [v(O-H)
of H>0], 3003-2924 (w) [v(C—H) of methyl groups of cacodylate], 1617 (m) [H20 bending
fundamental mode 6], 1408 (m) [6(C—H) of the methyl groups of cacodylate], 1269 (w)
[Sin-plane(O—H)], 906 (W) [Sout-ot-planc(O—H)], 828—645 (s) [v(Pd-0O)], 503 (m) [v(As—C)].
4[Pd16024(OH)s((CHz3)2As)s]-Na2Zn((CHz3)2As)4-xH20 (Zn-Pdis)

The compound was prepared by exactly the same procedure as Sc-Pdie, but with Zn(NO3)>
(6 mg, 0.03 mmol) instead of Sc(NO3)3. Dark dark red crystals were obtained. But the yield
is too low to collect sample for elemental analysis. FT-IR (KBr pellet, cm™): 3500-3200
(s) [v(O-H) of H20], 3001-2921 (w) [v(C—H) of methyl groups of cacodylate], 1639 (m)
[H20 bending fundamental mode 6], 1408—1386 (m) [8(C—H) of the methyl groups of
cacodylate], 1265 (W) [Sin-plane(O—H)], 903 (W) [Sout-of-plane(O—H)], 829—647 (s) [v(Pd-O)],

586-499 (m) [v(As—C)].
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Figure 3.42. FT-IR spectra of Sc-Pdis (red) and Zn-Pdis (blue) from 400-4000 cm™ on

KBr pellets.

3.3.2

Single-Crystal XRD Data

Table 3.11. Crystal data and structure refinement for Sc-Pdi¢ and Zn-Pdie.

Compound

SC-Pdm

le-Pd]e

empirical formula
fw, g mol?
crystal system
space group
a(A)

b(A)

c(A)

(P

BT

nF

V(A9

Z

Dc (g cm™)

abs coeff, mm*

@range for data collection, deg

Na1oPdssSCAS36C72H2160160
13408.14
Tetragonal
141/a

39.276(3)
39.276(3)
22.279(2)

90

90

90

34367(6)

4

2.598

6.795

1.466 to 20.884

NagPdssSCAS36C72H2160160
13398.44
Tetragonal
141/a

39.205(3)
39.205(3)
22.283(2)

90

90

90

34250(7)

4

2.598

6.866

1.469 to 20.892
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completeness to Omax 99.7% 99.6%
-39 =< h =< 39, -39 =< h =< 38,
index ranges -38 =< k =< 38, -39 =< k =< 39,
-23 =<1=<23 -22=<]=<21
reflns collected 132540 153891
indep reflns 9060 9027
R(int) 0.1347 0.1495
abs corrn Semi-empirical from equivalents Semi-empirical from equivalents
data/restraints/param 9060/ 7/780 9027 /11787
GOF on F? 1.160 1.131
R1,2 WR2" [1 >206(I)] 0.0844, 0.2264 0.0903, 0.2394
R1,2 WR2" (all data) 0.1541, 0.3190 0.1512,0.3232
Largest diff peak and hole, e A®  3.927 and -2.997 4.743 and -3.728

TRy = 3||Fo| — | Fell/Z| Fol. 'WR; = [EW(Fo? — Fe2)2/Ew(Fe2)2] V2.

3.3.3 Bond Valence Sum Calculations

In Sc-Pdis, the BVS values for the independent Pd atom range from 2.039 to 2.345. And
the values for the independent Pd atom In Zn-Pdi6 range from 1.996 to 2.349. The BVS

values for different types of bridging oxygens are presented in Table 3.12.

Table 3.12. BVS values for u2- and u4-bridging oxygen atoms in Sc-Pdi¢ and Zn-Pdie.

SC-Pdle

e-O | Bond distance(A) | BVS value | .-O | Bond distance(A) | BVS value

o1 Pd9-01 (2.0111) 1.081 021 | Pd9-021 (2.0064) 1.092

Pd13-01 (2.0281) Pd11-021 (2.0250)

O5 | Pd10-0O5 (2.0185) 1.068 025 | Pd13-025 (2.0216) 1.074

Pd12-05 (2.0297) Pd2-025 (2.0228)

028 | Pd16-028 (2.0014) | 1.124 | 026 | Pd15-026 (1.9872) | 1.104

Pd12-028 (2.0087) Pd10-026 (2.0379)

029 | Pd11-029 (2.0019) | 1.072 | 033 | Pd15-033 (2.0127) | 1.084
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Pd3-029 (2.0446) Pd16-033 (2.0281)
-O | Bond distance(A) | BVS value | u-O | Bond distance(A) | BVS value
06 Pd14-06 (2.0044) 2.192 011 | Pd1-0O11 (1.9979) 2.154
Pd5-06 (2.0085) Pd9-011 (2.0172)
Pd11-06 (2.0197) Pd8-011 (2.0320)
Pd15-06 (2.0263) Pd12-011 (2.0377)
o7 Pd4-07 (2.0028) 2.180 014 | Pd5-014 (1.9726) 2.163
Pd8-07 (2.0164) Pd7-014 (2.0109)
Pd13-07 (2.0214) Pd3-014 (2.0392)
Pd12-07 (2.0260) Pd15-014 (2.0566)
08 | Pd1-08 (1.9923) 2179 | 016 | Pd4-016 (1.9631) | 2.269
Pd2-08 (2.0109) Pd16-016 (1.9912)
Pd10-08 (2.0226) Pd6-016 (2.0278)
Pd9-08 (2.0427) Pd13-016 (2.0288)
010 | Pd2-010 (1.9549) 2.232 017 | Pd6-017 (1.9744) 2.192
Pd14-010 (1.9999) Pd7-017 (2.0171)
Pd11-010 (2.0407) Pd16-017 (2.0276)
Pd10-010 (2.0427) Pd3-017 (2.0424)
Zn-Pdss
e-O | Bond distance(A) | BVS value | p-O | Bond distance(A) | BVS value
02 Pd8-02 (1.9819) 1.103 011 | Pd8-0O11 (2.0130) 1.103
Pd3-02 (2.0281) Pd11-011 (2.0118)
03 Pd5-03 (2.0151) 1.078 025 | Pd13-025 (2.0216) 1.074
Pd11-03 (2.0226) Pd2-025 (2.0228)
04 | Pd2-04 (2.0036) 1081 | 026 | Pd15-026 (1.9872) |  1.104
Pd4-04 (2.0366) Pd10-026 (2.0379)
05 | Pd12-05(1.9971) | 1.136 | 033 | Pd15-033(2.0127) | 1.084
Pd4-05 (2.0055) Pd16-033 (2.0281)
-0 | Bond distance(A) | BVS value | u-O | Bond distance(A) | BVS value
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012 | Pd15-012 (1.9559) | 2.172 | 023 | Pd9-023 (1.9911) | 2.144
Pd16-012 (2.0147) Pd2-023 (2.0142)
Pd11-012 (2.0451) Pd1-023 (2.0165)
Pd12-012 (2.0657) Pd5-023 (2.0741)

018 | Pd5-018 (1.9936) | 2.194 | 024 | Pd10-024 (1.9666) | 2.235
Pd1-018 (2.0006) Pd6-024 (1.9770)
Pd7-018 (2.0296) Pd4-024 (2.0319)
Pd13-018 (2.0350) Pd3-024 (2.0625)

019 | Pd9-019 (1.9650) | 2.178 | 027 | Pd13-027 (1.9679) | 2.260
Pd10-019 (2.0313) Pd11-027 (1.9989)
Pd3-019 (2.0330) Pd15-027 (2.0002)
Pd2-019 (2.0435) Pd7-027 (2.0505)

022 | Pd14-022 (1.9906) | 2.212 | 028 | Pd16-028 (1.9950) |  2.159
Pd6-022 (2.0062) Pd14-028 (1.9984)
Pd8-022 (2.0163) Pd12-028 (2.0434)
Pd4-022 (2.0331) Pd8-028 (2.0469)

3.3.4 Results and Discussion

3.3.4.1 Solid-State Structure

Single-crystal X-ray analysis revealed that both Sc-Pdi¢ and Zn-Pdis crystallize in the
tetragonal space group l41/a (Table 3.11), and their asymmetric units consist of 1/4 Sc'!
and Zn" ions, respectively, along with one Pdi6 unit which was reported by Kortz group.?’
The Pdis comprises 16 square-planar oxo-coordinated palladium-(II) ions, which can be
subdivided in a central [PdsOs(OH)s]®" square-antiprismatic unit, encircled by a cyclic
[PdsO16((CH3)2As)s]®" unit, resulting in the neutral, discrete metal oxo cluster Pdie (Figure

3.42). The Pdie has idealized D44 point group symmetry with the Cy4 principal rotation axis

passing through the central [PdsOs(OH)s]®" square-antiprismatic unit. Bond valence sum
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(BVS) calculations on the w>-OH groups yields values of 1.068-1.136 (Table 3.12),
confirming that these oxygens are monoprotonated. Therefore, in the solid state, the
molecular clusters are composed of four Pdis units, and one octahedral coordinated Sc™
ion with four cacodylate ligands and two water ligands and tetrahedral coordinated Zn' ion

with four cacodylate ligands, respectively, which are linked to each other through weak C—

H---O hydrogen bonds (Figure 3.43).

/ \

Figure 3.43. Structural representation of the disk-shaped Pdis (top left), view of H-bond
interaction in Sc-Pdis (top right (along b axis) and bottom left (along ¢ aixs) and Zn-Pdie
(bottom right (along ¢ aixs)). Color code: Pd green, O (red), H grey, {(CH3)2AsO2} blue
tetrahedra, {ScO¢} green octahedra, {ZnO4} orange tetrahedron.
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3.3.5 Conclusions

Two M- (Pdi6)4 type palladium oxo clusters incorporating 3d Sc'" and Zn"" as guest metal
M have been prepared. Further structural characterization needs to be studied. Without
forming internal coordination mode via metal-oxo interactions, such results confirm that,

the guest metal ions can be introduced via host-guest interaction.
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Chapter IV Platinum(II/IIT) Isopolytungstates

The coordination chemistry of platinum has a long history and can be regarded as classics,
but surprisingly little is known about coordination of Pt(IV) or Pt(II) to polyoxometalates
(POM). Moreover, some reports on supposedly Pt-coordinated POM remain
controversial.''® Hence the preparation and reliable characterization of Pt-containing POM
(this is also more or less true for other noble metals) still remains a considerable challenge.
To further extend the research of this area, in this chapter, three new platinum(I1/I1I)
isopolytungstate, [PtsW11041]'>  (PtsWu1), [PtaWs0:13((CH3)2As02)2]*  (Pt'2Ws),
[PtTLWs013((CH3)2As0,)4]*  (Pt"2Ws), and one dimeric Pt(IlI) compound
{[Pt"((CH3)2A50,)s] "}« (Pt2) are presented. The hydrated salts of all three compounds
were characterized in the solid state by single-crystal XRD, FT-IR spectroscopy, elemental
and thermogravimetric analyses. Their aqueous solution behaviors of Pt"'2Ws were studied

by multinuclear (‘H, *C and '*>Pt) NMR.

4.1 Synthesis

KsNa7[PtsW110a41] 46H20 (KNa-PtsW11) and NazKz[Pt''2W5018((CH3)2As02)2] 9H20
(KNa-Pt''2Ws)

K2PtCls (41.5 mg, 0.1 mmol) and Na;WO4 (33.0 mg, 0.1 mmol) were added in aqueous
sodium cacodylate buffer (2 mL, 0.5 M, adjust pH to 7 by adding 68% HNO3), then stirred
for 20 min at 80 <C. The initial orange-red solution colour first becomes light brown and
then changes to deeper brown. Colorless and grey grennish crystals which is paratungstate

came out overnight, then filtrated after 2 days. After several days, dark red block crystals
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(KNa-PtsWaz1, yield: 2% (based on Pt)) and grey-greenish crystals were obtained. Then
decant the supernatant and the crystals were washed with 2 M sodium cacodylate buffer
and finally with 96% ethanol. Since the crops of KNa-PtsWa1 crystals practically always
contained crystalline grey-greenish crystals, we can mechanically separate them under a
microscope (relatively easy because of the different color). Anal. Calcd (%) for KNa-
PtsW11: Pt 15.28, W 52.80, K 3.06, Na 4.2. Found: Pt 16.30, W 50.60, K 3.07, Na 3.79.
FT-IR (KBr/cm™): 3600-3200(s) [v(O—H) of structural H20], 1622 (m) [§(O—H) of H20],
1380 (W) [din-ptane(O—H)], 933 (m) [v(W-O (terminal))], 890-768 (m) [v(W-O (bridging))],
713 (m) [v(Pt-0)], 497 (w) [v(Pt-0)]. Later, slow evaporation of the supernatants leads to
formation of red rod crystals KNa-Pt'"'2Ws, within 2 d, which were collected by filtration
(Method 1). yield: 14% (based on Pt). Anal. Calcd (%) for KNa-Pt''2Ws: Pt 18.08, W
42.60, As 6.94, K 3.62, Na 2.13, C 2.23, H 1.40. Found: Pt 19.00, W 42.40, As 7.62, K
3.56,Na2.46, C 2.77, H 1.39. FT-IR (KBr/cm™): 3600-3200(s) [v(O-H) of structural H,0,
3026-2853 (W) [v(C-H) of methyl groups of cacodylate], 1629 (m) [8(O—H) of H20], 1384
(S) [0(C—H) methyl groups of cacodylate], 1271 (w) [8in-plane(O—H)], 925 (m) [v(W-O
(terminal))], 863 (m) [v(W-0O (bridging))], 802 (s) [v(As—O-Pt)], 700-514 (s) [v(Pt-O)],
406 (m) [v(As-C)].

Method 2 for KNa-Pt"'2Ws: KyPtCls (16.6 mg, 0.04 mmol) and Na;WOs (33.0 mg, 0.1
mmol) were added in aqueous sodium cacodylate buffer (2 mL, 1 M, adjust pH to 7 by
adding 68% HNO:3), then stirred for 20 h at RT, then stirred for another 30 min at 80 <C.

slow evaporation of the orange solution leads to formation of colorless block and orange

rod crystals within 2 weeks. Red-orange crystals were collected by filtration. Yield: 10%
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(based on Pt). This material is identical to that produced by Method 1 as based on FT-IR

and single crystal XRD.

NazK2[Pt"2W5018((CH3)2As02)4 xH20 (KNa-Pt''2Ws)

KNa-Pt"'2Ws (30 mg, 0.01 mmol) were added in aqueous sodium cacodylate buffer (1.5
mL, 0.5 M, adjust pH to 7 by adding 68% HNO3), then stirred at 80 <T for 20 min. Slow
evaporation of the orange solution leads to formation of orange rod (KNa-Pt''2Ws) and red
cube crystals (KNa-Pt'"'2Ws) within one week. The yield of KNa-Pt'"'2Ws is very low,
thus we can’t collect the sample for elemental analysis. FT-IR (KBr/cm™): 3600-3200(s)
[v(O-H) of structural H20, 30262936 (w) [v(C—H) of methyl groups of cacodylate], 1629
(m) [8(O-H) of H20], 1405 (s) [6(C—H) methyl groups of cacodylate], 1274 (w) [din-
plane(O—H)], 964-935 (m) [v(W-O (terminal))], 862 (m) [v(W-O (bridging))], 802 (s)
[v(As—O-Pt)], 700-514 (s) [v(Pt-0)], 400 (m) [v(As-C)].

4[Pt"2((CHz3)2As0z2)s] 2[PtCla] Naz[PtCls] xH20 (Pt2)

K2PtCls (75 mg, 0.18 mmol) and Mn(OAc)sz (9 mg, 0.03 mmol) were added in aqueous
sodium cacodylate buffer (2 mL, 1 M, adjust pH to 7 by adding 68% HNO3), then stirred
for 3 h at 80 <C. Slow evaporation of the red solution leads to formation of red rod crystals
(Pt) within 2 months. The yield of Ptz is very low, thus we can’t collect the sample for
elemental analysis. FT-IR (KBr/cm™): 3500-3200(s) [v(O-H) of structural H.O, 3000—
2900 (w) [v(C—H) of methyl groups of cacodylate], 1624 (m) [6(O—H) of H20], 1405 (s)
[6(C—H) methyl groups of cacodylate], 1286 (w) [din-piane(O—H)], 806 (S) [v(As—O-Pt)],

701-519 (s) [v(Pt-0)], 427 (m) [v(As-C)].

80



Chapter IV Platinum(II/1IT) Isopolytungstates

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
wavenumber/cm’”

Figure 4.1. FT-IR spectra of KNa-PtsWn (orange), KNa-Pt';Ws (blue) and KNa-
Pt'";Ws (purple).
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Figure 4.2. Thermograms of KNa-PtsW1 (top), KNa-Pt',Ws (bottom left) and KNa-
Pt"; W5 (bottom right) from room temperature to 500 °C under N> atmosphere.
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4.2 Single-Crystal XRD Data

Table 4.1. Crystal data and structure refinement for KNa-PtsWn, KNa-Pt';Ws, KNa-

Pt'"">2Ws and Pta.

Compound KNa-Pt;W1; KNa-Pt!"';Ws KNa-Pt")Ws Pt2

empirical formula  KsNa;PtsW10016H32?  KoNaPtWsAs;  KoNaPtoWsAssO3 - NagPtinAsxoCliz
03:C4H30* 7CsH24 042C40H120

fw, g mol? 3829.922 2157.64° 2445.56 5389.12

crystal system Triclinic Monoclinic Monoclinic Monoclinic

space group P1 P2/n C2lc P21/n

a(A) 12.6266(3) 16.9228(3) 17.2840(3) 20.9500(11)

b(A) 13.6378(4) 11.8389(2) 11.6921(2) 11.0222(5)

c(A) 17.5633(4) 17.8814(3) 22.3889(4) 32.2968(13)

a(P 82.104(2) 90 90 90

B 82.452(2) 93.2993(17) 93.0538(14) 102.515(3)

"P 64.519(3) 90 90 90

V (A% 2695.47(13) 3576.56(12) 4518.08(13) 7280.6(6)

z 1 4 4 2

Dc (g cm®) 4.459 4.003 3.595 2.458

abs coeff, mm 31.401 25.999 22.056 15.314

F(000) 3102 3776 4344 4880

0 range for data 2.349to 25.026 2.411 t0 25.025 2.318 to 31.677 1.292 to 26.400

collection, deg

completeness to 99.9 % 99.9 % 99.9 % 99.9 %

Omax

moexrages TR TNG k14 dok—<ls  Bck—<D)

20=<1=<20 21 =<1=<21 -32=<1=<33 -40 =<1=<37

reflns collected 31292 25593 57273 61624

indep reflns 9501 6320 6818 14874

R(int) 0.0616 0.0463 0.0406 0.1130

abs corrn Semi-empirical Semi-empirical Semi-empirical Semi-empirical

equivalents

from equivalents
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data/restaints/para 9501/ 30/ 658 6320/0/443 6818 /6 /281 14874/ 36 / 604
m

GOF on F? 1.039 1.064 1.099 1.030

R1,? WR*[1>25(I)]  0.0487, 0.1304 0.0300, 0.0726 0.0295, 0.0630 0.0665, 0.1658
R1,? WR;¢ (all data)  0.0595, 0.1384 0.0336, 0.0739 0.0361, 0.0651 0.1031, 0.1827
Largest diff peak 4.389 and -3.800 1.922 and -2.000 7.618 and -2.147 6.813 and -3.797
and hole, e A3

aThe entries are the actual formula units and weights as obtained from elemental analysis.
bRy = X||Fo| — | Fell/Z| Fol. “WR2 = [EW(Fo? — Fc2)Z/Zw(Fo?)?]Y2.

4.3 Bond Valence Sum Calculations

The BVS values for the W atoms range from 5.749 to 6.236. In KNa-Pt"2Ws, the BVS
values for two Pt atoms are 2.080 and 2.073, respectively. In KNa-Pt'";Ws, the BVS values

for Pt atom is 3.292. In Pt2, the BVS values for Pt atoms range from 3.098 to 3.211.

4.4 Results and Discussion

441  Solid-State Structure

A new tri-Pt(11)-contaning isopolyoxotungstate [PtsW11041]%% (PtsWa11) was synthesized
by reaction of KoPtCls with Na,WO4 2H20 in aqueous medium with rapid colour change
overnight (the initial orange-red solution colour first changes to brown and then becomes
deeper). Slow evaporation of the solution leads to formation of gray-greenish and dark red
blocky crystals (Figure 4.3), which were separated by fractional crystallization. The
hydrated salts of PtsWi1 was isolated as a mixed potassium-sodium salt,
KsNa7[PtsW11041] 46H20 (KNa-PtsWa1). After collecting the Na-PtsWis crystals, a new
di-Pt(11)-contaning isopolyoxotungstate [Pt";Ws015((CH3)2As02)2]*  (Pt'2Ws) was

obtained from the filtration, forming red rod-like crystals. The hydrated salts of Pt!'2Ws
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was isolated as a mixed potassium-sodium salt, KoNaz[Pt";Ws5015((CH3)2As02),] 9H20
(KNa-Pt''2Ws). Then another di-Pt(111)-contaning isopolyoxotungstate
[Pt",W5015((CH3)2As02)4]* (Pt""'2Ws) was synthesized by reaction of KNa-Pt''2Ws with
Na(CHz)2As0: in aqueous medium, forming red cubiod crystals. The hydrated salts of
P! Ws was isolated as a mixed potassium-sodium salt,
K2Naz[Pt"';W5015((CH3)2As02)4] XH.0 (KNa-Pt'"'2Ws). The symmetry units of solid-

state interaction of polyanion with Na" and K* counter cations are shown in Figure 4.4 and

- \
\,k \ l .

Figure 4.3. Crystal shape of KNa-PtsW11, KNa-Pt";Ws and KNa-Pt'";Ws (small cube
crystals) from left to right.

4.5.

Figure 4.4. The symmetry unit of solid-state interaction of polyanion with Na* and K*
counter cations in KNa-Pt'2Ws (top) and KNa-Pt'""2Ws (bottom). (50% probability
ellipsoids).
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Figure 4.5. The symmetry unit of solid-state interaction of polyanion with Na* and K*
counter cations in KNa-PtsW11 (top), Na™ and CI" counter ions in Ptz (bottom). (50%
probability ellipsoids).

The cluster Pt3W11 crystallized in the triclinic lattice with space group P1. This is a unique
complex, first of this type in the chemistry of polyoxotungstates. The [Pt3W11041]*"
polyanion encapsulated by metal-oxo {W11041} ring constructed by one corner-sharing
W3013 groups, two corner-sharing WOs groups and three corner-sharing W»O10 groups

(Figure 4.6). Three W-O10 groups and two {WOs} square-pyramids are alternating. A

linear {Pt3012} triad is located on the central axis of the {W11041} ring, indicating that the
85



Chapter IV Platinum(II/1IT) Isopolytungstates

{Pt3012} unit may induce an inter templating effect, resulting in an assembly with Cs
symmetry, is also believed to be a driving force for the formation of square-pyramidal
{WOs} moiety. The W3013 group consists of three edge-sharing WQOe octahedra. The
central Pt atom is coordinated by four oxygen atoms from three {Ws0} and one {W.0}
corners. The other two Pt atoms are each coordinated by four oxygen atoms from three
{W30} and one {W.0} terminals. The Pt-Pt bonds in PtsW11 are contracted to some
2.636(2) and 2.674(4) A, suggesting metal-metal bonding interactions between the three
Pt atoms.!'” The Pt--O distances between [Pt3W11041]'% polyanions are 2.368(1) and
2.630(1) A, which are shortest distances of the fifth position found by now. In the solid
state, the {PtsW11041} units bridge each other via two pairs of weak Pt—O bonds consistent

with [4+1] coordination geometry forming a zig-zag chain (Figure 4.7).

Figure 4.6. Combined polyhedral/ball-and-stick representation of [Ptz W11041]'"
polyanion. Pt red, {WOs} blue and green octahedra, {WOQOs} orange square-pyramids.
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Figure 4.7. Combined polyhedral/ball-and-stick representation of {[Pt;W11041]'%}, chain.
Pt red, {WOs} and {WOs} blue octahedra.

In platinum(I1) chemistry, It is well-known that the number of coordination five complexes
is generally less common compared to coordination four complexes. The reason is related
to the well-known tendency of this d® ion to form a favorable square-planar geometry (sp)
maintaining the coordinative unsaturation. Nevertheless, it is possible to obtain five-
coordinate complexes through a rational design of the coordination environment, mainly
based on the steric destabilization of the sp geometry, like cisplatin and its second-
generation derivatives,'® which mainly with halides,!*® pseudohalides,'?® hydride,?
hydrocarbyl*?? or organometal fragments?®) and neutral (nitrogen-2* or sulfurcontaining
ligands).1?® Whereas, no structures of five-coordinated complexes with oxygen atoms
occupying the five positions in the coordination sphere were found. By contrast several
examples were found of the metal complexes containing the oxygen atom located inside
the coordination sphere or outside but at a short distance from the metal centre (range

Pt --O 2.734-3.275 A*? significantly longer than those found for PtsWi1) suggesting a
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weak bonding interaction between the metal center and the oxygen atom, consistent with a
[4+1] coordination.

In the crystal structure of Pt'>Ws, the centrosymmetric [Pt';WsO1s((CH3)2As02)2]*
anions comprise two platinum(ll) ions in the square-planar environment; each Pt(ll)
coordinates two chelating cacodylate ligands and {WsO1g}°" anion with monolacunary
Lindquist structure by two terminal oxygen atoms (Figure 4.8). A minor distortion in the
Pt(11) environment is required to coordinate neighbouring oxygen atoms of POM ligands.
In Pt''2Ws, the O-Pt-O angles are 86.7(3)-91.8(3)< the larger angles corresponding to
bonding to the {Ws01s} moiety. And the diagonal angles are 173.0(3)-176.8(3)< The
distances Pt—O vary in the range of 1.970(7)-2.044(7) A. The Pt atoms are spaced by
2.983(8) A, which is by 0.15 A shorter than the Pt --Pt separation of 3.13 A reported for

[Pt2(Ws018)2]% .2 This distance should be regarded as nonbonding.

Figure 4.8. Combined polyhedral/ball-and-stick representation of
[Pt'h,Ws015((CH3)2A502)2]* anion (left) and [Pt Ws015((CH3)2As02)4]* anion (right). Pt
red, {WOs} blue octahedra, {(CH3)2AsO,} green tetrahedra.
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In Pt""2Ws, the centrosymmetric [Pt'"';Ws01s((CH3)2As02)4]* anions also comprise two
platinum(11) ions coordinated with two chelating cacodylate ligands and Ws01s®~ anion
(Figure 4.8). But each Pt atom has an extra monodentate cacodylate ligand leading to
square-pyramidal coordination symmetry with direct Pt—Pt bonding (2.642(4) A), Which
is common in {Rh2} and {Pt.} dimers, each Rh'"" or Pt"" center typically binds to four
equatorial ligands and one axial ligand.*?” The O—Pt-O angles are 79.8(2)-91.7(2)<? the
larger angles corresponding to bonding to the {WsO1s} moiety. The diagonal angles are
171.51(2)-172.51(2)which are smaller than that in Pt''>Ws. Additionally, the O—Pt—Pt—
O bonds are not colinear, with value of 169.6(1)<for the angles at Pt atom due to the steric
crowding by the polyoxometalate ligand. The distances Pt—O vary in the range of 1.978(4)—
2.157(5) A, the longest distance corresponding to bonding to the mono-dentate cacodylate
ligand. In the solid state, the discrete anions are surrounded by K™ and Na* cations, which
coordinate both oxygen atoms of cacodylate ligands as well as of solvate water molecules.
And we also synthesized the dumbbell Pt> with cacodylate ligands. In contrast to the
discrete anions in Pt'""2Ws, the monodentate (CH3)2AsO;" ions are connected to further
Pt2" ions in a chelating way leading to chains of the composition {[Pt"'2((CH3)2As02)s]
(Figure 4.9). The lacunary Lindgvist pentatungstate has typical geometric characteristics;
W=0, W—tO and W—%-O bond lengths are 1.719(6)-1.786(8), 1.802(4)-2.009(4) and
2.229(7)-2.3541(8) A, respectively, being in good agreement with the [Pta(Ws01s)2]%".
Powder X-ray diffraction (PXRD) studies on KNa-Pt''2Ws indicated that the compounds
were crystalline and pure as evidenced from the fact that the PXRD spectra of freshly
prepared samples matched well with the simulated PXRD spectra (calculated from the SC-

XRD data, see Figure 4.10).
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Figure 4.9. Combined polyhedral/ball-and-stick representation of
{[Pt"((CH3)2A50,)s]"}» chain. Pt red, {(CH3)2As0,} green tetrahedra.
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T T T T T

T
10 15 20 25 30 35

6/20, ©

Figure 4.10. Simulated and experimental PXRD patterns of KNa-Pt''2Ws upon

dehydration and rehydration. (simulated diffraction pattern derived from single-crystal
data).

442 Multinuclear NMR Study

To complement the solid-state XRD results on Pt''2Ws with solution studies, *H, *3C and
195pt NMR measurements were performed on KNa-Pt"'2Ws redissolved in H,0/D;0. The
'H NMR spectrum of sodium cacodylate (Na-cac) exhibits sharp peaks at 4.7 and 1.4 ppm,
respectively, corresponding to the protons of the crystal water molecules and cacodylate

methyl groups, respectively. The *H NMR spectra of Pt'';Ws exhibit the expected two

90



Chapter IV Platinum(II/1IT) Isopolytungstates

peaks at 1.8 and 1.6 ppm, corresponding to the two structurally and hence magnetically
inequivalent cacodylate methyl groups (Figure 4.11). The *H NMR spectrum of Pt'2Ws
remained unchanged even for 5 days, which indicates the high solution stability of this
polyanion. The 3C NMR spectrum of Na-cac exhibits a narrow peak at 17.4 ppm, whereas
the 1*C NMR spectrum of Pt''2Ws exhibits peaks at 19.4 and 16.6 ppm, corresponding to

the two crystallographically inequivalent cacodylate methyl groups (Figure 4.11).

1.8 1.6

sa | 1
1L

Pt'L,W,
LI | /P i
PtLW, | |
1.4 Na-Cac
Na-Cac I
o0 55 50 45 €0 a5 30 25 20 15 1o o5 2 % 24 2 2 8 6 14 12 10
&/ppm S/ppm

Figure 4.11. Time-dependent 'H (left) and '*C (right) NMR spectra (H.0/D,0) of Pt'2Ws
compared to spectra of the reference sodium cacodylate (Na-Cac).

Next, we performed Pt NMR measurements on KNa-Pt';Ws redissolved in water
(Figure 4.12). We located the expected singlet for KNa-Pt'"'sWs at 610 ppm. The
corresponding '*>Pt NMR signal for the precursor K,PtCls appeared more upfield at —1616
ppm. In 1996, Kuznetsova et al. observed a > Pt NMR singlet of an aqueous reaction of
[PW11039]” with [PtCls]* at —1179 ppm.'?® In 2011, Lefebvre and co-workers reported a
195pt NMR chemical shift of =3962 ppm for a DMSO solution of the [SiW12040]* Keggin
ion with [Pt"(CH3)(COD)]" moieties grafted on its surface.'?® Later, Kato and co-workers

observed the broad signals of '"Pt NMR spectra of Pt'-incorporating POMs [a-
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PW11039(cis-Pt(NH3)2)2]>% 3% and [PW11039{cis-Pt''(Mexppz)}]>" (Mexppz = N, N’-
dimethylpiperazine).*” By now, no Pt(Il)-containing solid POM showed discernible '*°Pt
NMR peaks under all conditions studied, likely due to severe chemical shift anisotropy of

four-coordinate Pt" species. Importantly, this is the first report on the successful use of '°Pt

NMR in Pt(II)-containing POM.

610
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Figure 4.12. >Pt NMR spectrum (H.0/D,0) of Pt"2Ws.
4.5 Conclusions

Three new platinum(II/IIT) isopolytungstate: [PtzsW11041]'% (PtsWn),
[PthWs01s((CH3)2A502)2]* (Pt"2Ws), [Pt WsO015((CH3)2A502)4]* (P2 Ws), have
been synthesized in aqua media and characterized by 'H, '*C and Pt NMR spectra. The
polyoxoanion [PtsW11041]' consists of three {W30i3} and one {W,0i0} fragments
connected by three Pt atoms forming linear {Pt3012} triad involved in direct Pt-Pt bonding
(2.64t02.68 A). The distance between the metal and the oxygen from neighbouring PtsW11
cluster (Pt---O distances, 2.34 and 2.65 A), consistent with [4+1] coordination for outer

platinum centers in compound, showing a weak bonding interaction. The polyoxoanion
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Pt'";Ws and Pt";Ws both consists of one lacunary Lindqvist fragments {WsO;s}®
coordinated by two Pt(II) in square planar coordination and two Pt(III) in square-pyramidal
coordination with direct Pt—Pt bonding (2.64 A), respectively. This work is the first report

on the successful use of *>Pt NMR in Pt(II)-containing POM.

93



Chapter V. Platinum(II/TV) Arsenate(IIl) Clusters

Chapter V  Platinum(II/IV) Arsenate(IIT) Clusters

Representatives of oxidoarsenates(V) are well known. However, representatives of
oxidoarsenates(III) are comparatively scarce. Although, the classical coordination
chemistry of platinum has a long history and is replete with interesting compounds, only
limited work has been reported on the cluster of PtV or Pt!l. although many oxide
compounds that contain AsOs* ions have been prepared, and most metal ions in such types
of compounds are transition- and rare-earth-metal ions, nearly nothing is known about the
platinum. In particular, the only known compound is the arsenoplatinum, [Pt(u-
NHC(CH3)0)2ClAs(OH),] with Pt-As = 2.27 A.>° While exploring systems containing
platinum and arsenic in aqua media, the first two full inorganic discrete platinum
arsenate(I1I) clusters: [Pt'V(As306)2]* (PtAss) and [Pt4(H2AsO3)6(HAsOs)2]* (PtaAss),
have been synthesized in aqua media. And a platinum arsenate(Ill) heteropolytungstate
[Pt2AssW4025]'" (Pt2As6Wa4) has been synthesized in aqua media and characterized by

195pt NMR.

5.1 Synthesis

Naz[Pt(As30e)2] 7H20 (Na-PtAss)

H2Pt(OH)s (50 mg, 0.167 mmol) and As203 (100 mg, 0.9 mmol) were added in 3 mL of 1
M NaOH and stirred for 1 h at 80 °C. Yellowish blocky crystals came out overnight, and
after 3 days crystals were collected by filtration. Yield: 50% based on Pt. Anal. Calcd (%)
for PtAss: Pt 19.34, As 44.56, Na 4.56. Found: Pt 18.94, As 44.63, Na 4.31. FT-IR

(KBr/cm™): 3451(s) [v(O-H) of structural H20], 3363-3267 (s) [v(O-H) of absorbed H.0],
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1633 (m) [8(O—H) of H20], 998 (W) [v(As—O-Pt)], 773 (s) [v(As—O)], 625-598 (s)
[vas(AsO3*)], 531-512 (s) [v(Pt-O), v(As-O-As)].

K2[Pt4(H2A303)6(HASO3)2] 5H20 (K-PtsAss)

K2Pt(NO2)s (45.7 mg, 0.1 mmol) and As2O3 (20 mg, 0.1 mmol) were added in 1 mL of 0.5
M H>SO4 and stirred for 20 min at 80 °C with copious evolution of brown gas. Yellowish
blocky crystals came out overnight, and after 3 days crystals were collected by filtration.
Yield: 70% based on Pt. Anal. Calcd (%) for PtsAss: Pt 40.10, As 30.80, K 4.02. Found:
Pt 40.62, As 29.75, K 4.15. FT-IR (KBr/cm™): 3600-3300 (s) [v(O-H) of H»0O and
hydroxyl], 2916-2366 (s) [v(O—H) of unit Pt-O-As(OH)2], 1627 (m) [8(O—H) of hydroxyl],
1408 (s) [Sin-plane(O—H)], 1220 (m) [5(As—OH)], 810(s) [y(O—H), vas(As-0)], 723 (5)
[vs(As-0), v(Pt-As)], 550-508 (m) [v(Pt-O)].

Naio[Pt2As6W4O2s] 18H20 (Na-Pt2Ass\Wa)

Method 1: K2PtCls (41.5 mg, 0.1 mmol) and Na;WO4 (66.0 mg, 0.2 mmol) were added in
2 mL of 0.5 M NaAsO; solution and adjusted pH to 8 by 1 M NaOH, then stirred for 30
min at room temperature. Yellowish rod crystals came out after one week and were
collected by filtration. Yield: 50% based on Pt. Anal. Calcd (%) for Pt2AssWa4: Pt 15.14,
W 28.53, As 17.44, Na 8.92. Found: Pt 15.40, W 29.00, As 16.80, Na 8.40. FT-IR (KBr/cm"
1): 3436(s) [v(O-H) of structural H,0], 1670-1636 (m) [8(O—H) of H20], 1384 (s) [Sin-
plane(O—H)], 937 (m) [v(W-O (terminal))], 886 (m) [v(As—O-Pt)], 782 (s) [v(As—O)], 648
(s) [v(W-O (bridging))], 516-458 (s) [v(Pt-O), v(As—O-As)]. Method 2. The same
polyanion can also be synthesized using a stoichiometric procedure in water as follows:
K2PtCls (41.5 mg, 0.1 mmol), Na;WOs (32.9 mg, 0.1 mmol) and NaAsO: (38.0 mg, 0.3

mmol) were added in 2 mL H>O and stirred at 70 °C for 20 min. Yellow rod crystals came
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out overnight, and after 3 days crystals were collected by filtration. Yield: 53% based on
Pt. This material is identical to that produced by Method 1 as based on FT-IR and single

crystal XRD.

“3s00 3000 200 2000 T 00 T w00 " 500

Wavenumber/cm™!

Figure 5.1. FT-IR spectrum of Na-PtAss.

“3s00 3000 2s0 00 100 1000 500
Wavenumber/cm-!

Figure 5.2. FT-IR spectrum of Na-Pt2As¢Wa.
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Figure 5.3. Thermograms of Na-PtAse (left) and Na-Pt2As¢W4 (right) from room
temperature to 500 °C under N> atmosphere.

5.2 Single-Crystal XRD Data

Table 5.1. Crystal data and structure refinement for Na-PtAse, K-PtsAss, K-PtsAss (dehy)
and Na-Pt2Ase¢Wa.

Compound Na-PtAss K-PtsAss K-Pt;Ass (dehy)  Na-Pt,AssW4
empirical formula NazPtAssO20H16? K2PtsAsgOs3H 142 KPt1As5024 Na1oPt2AssW4046H36?
fw, g mol? 1026.702 1946.052 1802.82 2577.202
crystal system Triclinic Tetragonal Tetragonal Triclinic
space group P1 P4/nnc P4/nnc P1

a(A) 6.704(3) 19.3248(7) 16.7915(3) 8.607(3)

b(A) 7.034(3) 19.3248(7) 16.7915(3) 12.765(4)
c(A) 8.177(3) 16.9569(7) 18.0190(4) 13.030(4)
T 100.415(8) 90 90 117.519(8)
B 101.514(8) 90 90 97.633(8)
G 104.523(8) 90 90 90.295(8)

V (A3 354.8(3) 6332.5(5) 5080.5(2) 1254.7(7)

Z 1 4 8 1

Dc (g cm™) 4.281 3.838 4.714 3.375

abs coeff, mm* 23.904 26.067 32.562 18.803
F(000) 410 6460 6296 1133
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0 range for data 3.2481t027.418 1.490 to 25.054
collection, deg
completeness to Omax  99.8 % 99.9 %
; -8 =<h =<8, -22 =<h =< 23,
index ranges 9=<k=<9 23=<k=<22

-10=<1=<10 -20=<1=<20

reflns collected 6444 54917
indep reflns 1614 2825
R(int) 0.0591 0.1529
abs corrn Semi-empirical Semi-empirical

data/restaints/param 1614 /0/ 106 2825/ 145/176
GOF on F? 1.054 1.093
Ri.P WRS[1>25(I)]  0.0288, 0.0721 0.0795, 0.1752

R1,b wR® (all data)
Largest diff peak and 2.100 and -2.247

hole, e A3

from equivalents

0.0336, 0.0742

from equivalents

0.1093, 0.1987
3.525 and -3.097

2.261 to 25.020
99.9 %

-19 =<h =<19,
-19 =< k =< 19,
-20=<1=<21
40868

2257

0.0590

Semi-empirical
from equivalents

2257/ 147/ 168

1.065

0.0805, 0.2246
0.0935, 0.2383
6.745 and -3.477

3.073 10 26.419

99.8 %

-10 =< h =< 10,
-15 =< k =< 15,
-16 =<1=<16

21401
5120
0.1458

Semi-empirical from

equivalents
5120/ 144 /313
1.024

0.0554, 0.1181
0.1075, 0.1398
2.350 and -3.236

aThe entries are the actual formula units and weights as obtained from elemental analysis.

bRy = X||Fo| — | Fel/Z| Fol. WR2 = [SW(Fo? — F)2/Zw(F2)2] V2.

5.3 Bond valence sum calculations.

Table 5.2. Bond valence sum values for different types of bridging oxygen atoms and
terminal oxygen atoms for K-Pt4sAss and Na-Pt2As¢Wa.

0 Bond distance(A) BVS value o Bond distance(A) BVS value
K-PtsAss

01 Pt2-01 (2.076) 1.750 O] Pt1-O8 (2.066) 1.770
As1-01 (1.688) As3-08 (1.686)

010 | Pt2-010 (2.077) 1.703 011 | Pt1-O11 (2.070) 1.652
As4-010 (1.701) As4-O11 (1.719)

02 | As1-02(1.722) 1.108 06 As2-06 (1.709) 1.174

03 | As1-03(1.737) 1.089 07 As3-07 (1.765) 1.008

04 | As2-04 (1562) 1.848 09 As3-09 (1.704) 1.257
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05 As2-04 (1.805) 0.958 012 As4-09 (1.711) 1.234

Na-Pt;As¢W4

03 As2-03 (1.777) 1.99 06 W1-06 (2.194) 1.74
As3-03 (1.807) As1-06 (1.701)

07 W2-07 (2.209) 1.79 08 W1-08 (1.981) 2.03
As1-07 (1.681) As2-08 (1.727)

Oll | WI-O11 (1.949) 1.84 012 | As3-012(1.731) 2.05
W2-011 (1.947) As3-W2 (1.965)

ol Pt1-O1 (2.088) 1.57

W1-01 (2.105)

W2-01 (2.143)

5.4 Results and Discussion

5.4.1  Solid-State Structure

We have discovered first two full inorganic discrete platinum arsenate(lll) clusters:
[PtV(As306)2]> (PtAss), [Pt'4(H2AsO3)s(HASOs)2]> (PtsAse), and one platinum
arsenate(I11) heteropolytungstate [Pt2AssWiO28]'%  (Pt2AssWa). Single-crystal XRD
studies revealed that PtAss crystallizes as a sodium salt, Naz[Pt(As3Og)2] 7H2O (Na-
PtAss), in the triclinic space group P 1, PtsAss crystallizes as a potassium salt,
K2[Pta(H2As03)6(HASO3)2] 5H20 (K-PtsAss), in the Tetragonal space group P4/nnc, and
Pt2AssW;4 crystallizes as a sodium salt, Naio[Pt2AssW1O2s] 418H20 (Na-Pt2AssWa), in the
triclinic space group P1, respectively. The symmetry unit of solid-state interaction of

polyanion with Na™ and K* counter cations are shown in Figure 5.4.
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Figure 5.4. The symmetry unit of solid-state interaction of polyanion with Na" counter
cations in Na-PtAss (top left) and Na-Pt2AssWi4 (top right), as well as K* counter cations
in K-PtsAss (bottom left) and K-PtsAss (dehy) (bottom right), respectively (50%
probability ellipsoids).

In cluster PtAss, the central Pt atom in this complex is in an ideal octahedral environment
coordinated by two Asz0Os aggregates through three O atoms, generating a ten-membered
ring PtAsz0s (Figure 5.5). It comprises three crystallographically independent As(l11) sites
both possessing distorted tetrahedral environments when taking into account the
stereochemically active lone pair. The trivalent ones usually contain y-tetrahedral AsOs*
groups because of the 4s?-configuration. The cyclic [AssOg]® anion is formed by three
vertex-linked AsOjs trigonal pyramids. The average Pt—O bond distance is 2.022(4) A. The

[Pt(AssOs)2]> anion is remarkable for that it is the only arsenate(l1l) of platinum. The
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similar structure of [AssOs]* is cyclic thioarsenate anion [As3Se]*.**! In the solid-state
structure of PtAss, three terminal O atoms of the [AssOs]> units are oriented toward the
same side of the [As30s] ring. The anions are arranged in a tripod-like manner along the b
axis with opposite orientations in neighboring tripods. The connectivity of the Na—O bonds
leads to a 3D framework consisting of [Na:Pt(AssOg)2] units (Figure 5.6), which
interpenetrate the above-mentioned 3D framework by sharing both O vertices and O-O
edges. The Na* cations are coordinated by seven oxygen atoms with Na—O distances in the

range 2.421(6)-2.701(5) A.

o

Figure 5.5. Ball-and-stick representation of [Pt'V(As30¢)2]* polyanion. Pt orange, As light
blue, O red.

B SES *\\f > ‘?&

Figure 5.6. Crystal packing diagram of PtAse, showing the layered structure (left) and 3D
framework (right) self-assembled by the [Pt(As306)2]>" moieties via Na' ions. {PtOs}
orange octahedra, {NaO7} pink polyhedra, As light blue, O red.
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The cluster Na-Pt2AssWa crystallized in P1. The centrosymmetric [Pt2AssWi025]'% anions
comprise two platinum(ll) ions in the square-planar environment. Each Pt(11) coordinates
three AsOs ligands by apex As atoms and one [W2010]® ions by one -O atom (Figure
5.7). There are two types of AsOz pyramid ligands. Two AsOs units bind to one Pt atom
by apex As atom and two W atoms by O atoms. Four AsO3 ligands coordinate to one W
atom and one Pt atom each employing one O atom and apex As atom, respectively. Two
pairs of vertex-linked AsOs3 trigonal pyramids are sited on the opposite of Pt atoms. Two

WOgs octahedral share two by two an edge forming [W2010]% ion. The Pt atoms are spaced

/

by 2.9797(9) A.

N

Figure 5.7. Ball-and-stick representation of [PtzAs¢W4025]'" polyanion. Pt orange, W
green, As light blue, O red.

The first example of a fully inorganic arsenous acid platinum(ll) cluster,
[Pta(H2AsO3)s(HAsOs)2]> (PtsAse) (Figure 5.8), is synthesized by heating K2Pt(NO2)4
with As;0O3 in 0.5 M H2SO4 at 80 °C for 20 min. It possesses an open cage structure with
four square-planar coordinated Pt" ions linked by six arsenite ligands. Each Pt atom is

coordinated by two O atoms and two As atoms. There are three types of AsO3z pyramid
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ligands. Two AsOz units bind to three Pt atoms as Lb-1,2k0:3kAs bridging ligands. The
one remaining O atom is coordinated with K atom. Four AsOs ligands coordinate to two
Pt atoms each employing one O atom and apex As atom. The remaining two ligands bind
to one Pt atom each only employing the apex As atom, generating the novel

[Pta(H2AsO3)6(HASO3)2]* (PtsAss) anionic cluster.

Figure 5.8. Ball-and-stick representation of [Pt'4(H2As0;3)s(HAsO3)2]* polyanion (left)
and the [Kao(Pt'4(H2As03)s(HAsO3)2)4]% fragment (middle). 3D lattice structure of K-
PtsAss (right). Color code: Pt orange, As light blue, K violet, O red, H sky blue.
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In the solid-state structure, four Pt4Ass tetramers are linked through two potassium cations,
resulting in the kaleidoscope-shaped polyanion assembly [Kz(Pt"4(H2AsO3)s(HASO3)2)4]®
(K2(PtsAss)4). Each K atom lies on a 4-fold rotational axis and is connected to eight O
atoms of four PtsAss tetramers and four water molecules to form a coordination polyhedron
in the shape of a slightly distorted square antiprism. This arrangement results in the
polyanion K2(PtsAss)s with idealized Dan point-group symmetry. The K—O bond distances
are 2.637 A for the water ligands and 2.913 A for the oxygen atoms of the arsenite groups.
The As-O bond lengths appear to be normal for three dihydrogen arsenite group H2AsOs,
with two significantly longer As—OH bonds (1.723-1.758A) and one shorter As—O bonds
(1.556-1.685 A), whereas the bond lengths of the hydrogen arsenite group HAsOj3 are
atypical: one shorter As—O bond of 1.704 A, one somewhat longer As—OH bond of 1.711
A, and one long As-O bond of 1.718 A are observed.

Furthermore, the introduction of the protonized arsenite groups introduce strong hydrogen
bonds in K-PtsAss, which in turn leads to stronger intermolecular interactions in 3D space.
Thus, each Kz2(PtsAss)4 unit with internal hydrogen bonding is linked to two others leading
to a stable 3D hydrogen-bonded inorganic framework (HIF) (Figure 5.9 and 5.10).
Hydrogen-bonded organic frameworks (HOFs)!? have received increasing attention and
are expected to find applications in a wide range of fields. But the HOFs strategy can also
be applied to inorganic materials.®*® The formation of a stable 3D framework in K-PtsAss

is accompanied by a higher isolated yield and crystallinity as well as aqueous insolubility.
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Figure 5.9. H-bond interactions (orange dotted bonds) within the K2(PtsAss)4 fragment. Pt
orange, As light blue, K violet, O red, H sky blue.

Figure 5.10. H-bond interactions (orange dotted bonds) in the K-PtsAss crystal
packing along b and c axis.

We have identified three important factors governing the stacking in this series of
compounds: interligand steric repulsions, interligand charge-transfer bonding, and Pt --Pt
bonding. Although PtsAss is a discrete tetranuclear complex, it interacts with adjacent

complexes by weak Pt --Pt stacking interactions to form a 1D chain (Figure 5.11 and Figure
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5.12). The Pt --Pt separation of 3.446(2) A is comparable with that of the mononuclear
platinum complexes with aromatic ligands possessing a Pt--Pt interaction.’** Square
planar platinum(ll) complexes often form linear-chain materials with striking
spectroscopic properties. In these structures, the planar molecules stack with short Pt --Pt
contacts (<3.5 A), and the Pt --Pt --Pt chain is sometimes slightly zigzag: In analogy to
hydrogen bonds, this weak bonding interaction between d® metal centers is a potentially

useful tool for the controlled assembly of molecules.

3.45A

Figure 5.11. Crystal packing diagram of PtsAss, Pt orange, As light blue, O red. H
atoms are not shown.

> T

Figure 5.12. Pt---Pt distance in K2(PtsAss)4 fragment. {AsO3} sky blue tetrahedra,
{KOs} purple polyhedral, Pt orange.
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The closest precedents for the cluster PtsAss are found in arsenious acid complex where
the Pd"'® and Pt'"® centers bind directly to arsenous acid. In Pd" and Pt" complexes,
As(OH)s is bound to the metal as a Lewis base with arsenic in a distorted tetrahedral and

" can act as either a Lewis base or a Lewis

pyramidal environment, respectively. While As
acid, in PtsAsg As'"' acts simultaneously as a Lewis base (As—Pt) and as a Lewis acid
(O—As). These multiple intramolecular interactions explain in part the strong Pt-As
interaction (2.310(6)-2.316(3) A) in PtsAss. The bond valence sums (BVS) of the As and
Pt atoms in PtsAss are summarized in Table 5.3. The As2 atom which only employs the
apex As atom engaged in the Pt—As bond formation has a larger BVS than does other three
As atoms (+4.06 vs. +3.70). It can be explained by the covalent character of Pt—As bond
due to the interaction between hybridized sp orbitals of both As and Pt atoms, where part

of the bonding density is polarized toward the positively charged arsenic atom leading to a
more electropositive As®* center.13® A high electron transfer in the As— Pt direction taking
place in the Pt—As mode, in agreement with its higher stability compared with the Pt—O
mode (mainly because the bond in this case is coordinative).

Table 5.3. Bond valence sum values for Pt and As atoms for K-PtsAss.

atom | Bond distance(A) | BVS value | atom | Bond distance(A) | BVS value
Ptl 08 (2.064) 2.043 Pt2 010 (2.073) 2.031
011 (2.070) 01 (2.077)
Asl (2.312) Asl (2.310)
As4 (2.316) As4 (2.314)
Asl 01 (1.686) 3.710 As2 04 (1.558) 4.059
02 (1.716) 05 (1.805)
03 (1.730) 06 (1.711)
As3 07 (1.764) 3.677 As4 010 (1.704) 3.703
08 (1.685) 011 (1.718)
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09 (1.697) 012 (1.711)

54.2 19Pt NMR Study

195pPt NMR spectroscopy reveals that the strong Pt—As interaction observed in the solid
state persists in aqueous solution (Figures 5.13). We located the expected singlet for

Pt2AssW4 at -4118 ppm, which confirmed that Pt is in a 2+ oxidation state.

-4118

I g

T T T T T T T
800 -3850 -3900 -3950 4000 4050 -4100 -4150 -4200 -4230

J/ppm
Figure 5.13. '°°Pt (D20) NMR spectra of Na-Pt2As¢Wa.
543 Powder XRD Study

We discovered that K-PtsAss undergoes a reversible single-crystal-to-single-crystal
(SCSC) transformation in the solid state upon rehydration and dehydration, where
rehydration was achieved by keeping the sample in an atmosphere of water vapor at room
temperature for overnight and dehydration was achieved by heating the compound at 80 <C
for 5 h under vacuum. The polyanion PtsAss crystallizes in the centrosymmetric space
group P4/nnc when in the mother liquor or dry in air (K-PtsAss), even after heating under
vacuum, the space group keeps the same (K-PtsAss (dehy)). The two crystal structures

show the exact same polyanion as confirmed by single-crystal XRD, but the unit cell
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volume shrinks significantly from 6332.5(5) to 5080.5(2) A2 upon heating, and the packing
arrangement is noticeable different (Figure 5.14). In K-PtsAss, four PtsAss tetramers are
linked through two potassium cations, resulting in discrete Kz(PtsAss)4 fragment. Whereas
in K-PtsAss (dehy), each K atom is coordinated by eight PtsAss tetramers resulting a high

ordered packing arrangement in the 3D framework.

L

NN “
Y \ »

Figure 5.14. Top: Packing diagrams for K-PtsAss (top) along b and c axis. Bottom:

the {K(Pt"4(AsOs)s)s} fragment (left) and packing diagram (right) along ¢ axis of K-
PtsAss (dehy). {KOs} purple polyhedron.

The structural transformation of K-PtsAss to K-PtaAss (dehy) upon dehydration by heating
was also confirmed by powder-XRD (PXRD) measurements (Figure 5.15). A pure phase

of K-PtsAss is obtained in the crystals when freshly prepared, but after heating at 80 C
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for 5 h, a transformation to the pure new phase K-PtsAss (dehy) occurs. The transformation
from K-PtsAss to K-PtsAss (dehy) is fully reversible during a rehydration and dehydration
process. Rehydration of K-PtsAss (dehy) in the presence of water vapor at room
temperature results in K-PtsAss within overnight. If we keep the crystals K-PtsAss air
drying for two days, there is no new phase appeared. And if we heating at 70 <C for 5 h,
we can observe the intermedial state with two phases (Figures 5.16). Thermogravimetric
analysis (TGA) studies (Figure 5.17) and infrared spectroscopy (FT-IR) (Figures 5.18) on
K-PtsAss reiterated the stability of the compound upon dehydration and rehydration. Thus,
the interaction of K™ ions and direct Pt-As bonding into the K-PtsAss induces a drastic
improvement in the stability and crystallinity of the compound due to the formation of

stable extended supramolecular assembly.

Simulated K-Pt,Asg (dehy)

Dehydrated K-Pt,Asg

Rehydrated K-Pt,Asg

Freshly synthesized K-Pt,Asq

J—l A A sk e = Simulated K-Pt,Asg

I T T T T T T T
10 15 20 25 30 35 40 45
/20, ©

Figure 5.15. Simulated and experimental PXRD patterns (left) of K-PtsAss and K-Pt4Ass
(dehy) upon dehydration and rehydration. (simulated diffraction patterns derived from
single-crystal data).
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80 °C for 5 h

70°C for5h

" i || ANANAN N, f

air drying 2 d
Freshly synthesized

— T T T T — T T T T T —TT T
10 15 20 25 30 35 40 45

6/20, °

Figure 5.16. PXRD patterns K-Pt4Ass upon dehydration by air drying and heating.

100

90 —
S
N
g
'g —— Freshly synthesized K-Pt Asg
80 —— Dehydrated K-Pt,Asg
— Rehydrated K-Pt,Asg
70

T . T y T ! T T
100 200 300 400 500

Temperature/°C

Figure 5.17. TGA curves of freshly prepared, dehydrated, and rehydrated compound
K-Pt4Ass.
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A A

Dehydrated K-Pt,Asg

Freshly synthesized K-Pt,Asg

' 35(.)0 ' ) ’ ’ 30(‘)0 ' ' ' ’ 250‘(] ' ' ' ' 20(’]0 ' ' ' ' 1560 ’ ' ) ' 1060 ’ ' ' ' 50(‘]
Wavenumber/cm!

Figure 5.18. FT-IR spectrums of freshly synthesized and dehydrated K-PtsAss.
5.4.4  XPS Study

X-ray photoelectron spectroscopy (XPS) measurements were performed on K-PtsAss in
order to ascertain the oxidation states of Pt and As. The cluster exhibited a Pt 4ds,> band at
~316.6 eV, which is typical for Pt in a 2+ oxidation state (Figure 5.19 (left)). The XPS
spectrum of As exhibited characteristic 3p peak at ~145.4 eV, indicating that As is in the
3+ oxidation state (Figure 5.19 (right)). The BVS of Pt** is calculated to be smaller than
+2 (i.e., +0.86) by considering only the Pt—O bonds (Table 5.3). To come up with the BVS
of +2 for Pt?*, the Pt—As bond should contribute the BVS of +0.57. On the basis of the
BVS formula, s = exp[(ro-r)/B) with s = 0.57, B = 0.37 and r = 2.31 A, we derive ro=2.11
for the Pt>*~As®*" bond. A similar value of ro=1.99 was extracted for the Fe**—As** bond

from the FeAss octahedra in nanlingite.>®
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Figure 5.19. X-ray photoelectron spectra and fits for Pt ds;» and ds» doublet (left) and
As 3p doublet (right) of PtsAss.

5.4.5 Infrared Spectroscopy Study

In FT-IR spectra of K-PtsAss (Figure 5.20), the most intense bands are at 803 cm™! and 723
cm’!, which most likely arise from y(O—H) + Vasym(As—0) (803 cm™) and v(As—Pt) +
vsym(As—0) (723 cm) vibrations, respectively. In the FT-IR spectrum of an aqueous
solution of ATO (i.e., arsenous acid), As—O antisymmetric and symmetric stretches were
observed at 800 cm™ and 750 cm™.'37 Upon complexation, a significant shift of these bands
in the FT-IR spectra of K-PtsAss toward lower frequencies is observed. Thus, the presence
of this strong vibration at around 700 cm™' can be used to confirm that the AsO3 pyramid
is bound directly to platinum(II). To our knowledge, PtsAss is the only cluster to contain
arsenous acid moieties coordinated to the platinum(II) centers. Bands at 3558 cm™ and
3412 cm™ in the experimental spectrum of K-PtsAss are assigned to asymmetric and
symmetric stretching vibrations of the O—H groups. The bands at 2916 and 2316 cm™! are
due to the two OH stretching frequencies of the unit Pt—~O—As(OH),. The large separation
of these bands occurs because of the coupling occurring through the heavy central atom.

The band at 1627 cm! is assigned to the bending vibration of O—H groups connecting As
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atoms and K atoms. The sharp band observed at 1408 cm™! is caused by in-plane bending
vibration of O—H groups. The bending vibration of As—OH is at 1220 cm™ as expected.

The stretching vibration of Pt—O occurs in 544 and 508 cm™.

3558. 01
3411.90

00 " " 2500 T 2000 BT 000 T
Wavenumber/cm!

Figure 5.20. FT-IR spectrums of K-PtsAss.

5.4.6  Conclusions

In  summary, Clusters with arsenite ligands [Pt"V(AssOg)2]> (PtAss) and
[Pt"'4(H2As03)s(HASO3)2]> (PtaAss) have been first prepared in aqueous solutions. And a
platinum arsenate(l1l) heteropolytungstate [Pt2AssWiO2s]*® (Pt2AssWai) has been
synthesized in aqua media and characterized by **Pt NMR. This result demonstrates that
the coordination of AsOz* anions to Pt' ions with both As and O atoms can be achieved.
The reversible single-crystal-to-single-crystal transformation of K-PtsAss to K-PtsAss
(dehy) upon dehydration and rehydration is of particular interest, as concern solid state
applications (sorption etc). PtsAss is expected to open a wide field of investigation for

exotic platinum arsenate(l11) cluster.
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Chapter VI  Organorhodium(III)-containing POMs

RhCp*-containing  heteropolyoxotungstates: ~ [Na(Rh™CsMes)a(cis-As"2W10042)]>
(Rh4As2W1o) and [Na(Rh'™'CsMes)a(tran-PV2W10042)]°” (RhaP2W1o), were synthesized by
reaction of (RhCp*Clz), with Naa WOy in aqueous pH 7 NaHAsO4 or NaxHPOy4 solution
at 70 °C. The two polyanions were structurally characterized in the solid state by single-

crystal XRD, FT-IR, and TGA and in solution by 3!P and '3C NMR.

6.1 Synthesis

Nas[Na(Rh"'CsMes)s(cis-AsV2W10042)] 12H20 (Na-RhsAs2W1o)

Method 1. A mixture of (RhCp*Cl2). (10 mg, 0.0162 mmol) and Nag[A-a-
AsVWg034] 18H20 (46 mg, 0.0162 mmol) was dispersed in 3 mL 2 M sodium acetate
solution (pH 8.8). The solution was heated for 30 min at 70 <C, then cooled to room
temperature. Orange crystals were collected after two weeks. The yield: 30% (based on
Rh).

Method 2: A mixture of (RhCp*Cl2). (9 mg, 0.0125 mmol) and Na;WO4 2H-0 (32.9 mg,
0.1 mmol) was dispersed in 2 mL 0.5 M NaHAsO;4 solution (pH 7). The solution was
heated for 30 min at 70 <C, then cooled to room temperature. Orange crystals were
collected after one week by filtration. The yield: 45% (based on Rh). Anal. Calcd (%) for
Na-RhsAs2W1o: Rh 10.29, W 45.97, As 3.75, Na 2.87, C 12.01, H 2.29. Found: Rh 10.30,
W 46.00, As 4.00, Na 2.70, C 11.96, H 2.61. FT-IR (KBr/cm™): 3600-3300 (s) [v(O-H)
of H20], 3000-2900 (w) [v(C—H) of methyl groups], 1640 (m) [H20 bending fundamental

mode J], 1451 (w) [v(C=C) of the Cp* groups], 1378 (s) [6(C—H) of the methyl groups],
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1080-1014 (m) [v(W-O (terminal))], 931-716 (m) [v(W-O (bridging))], 609-506
[vibrational modes of Rh with Cp* groups].

Nas[Na(Rh"'CsMes)a(trans-PV2W10042)] 412H20 (Na-RhsP2W10)

A mixture of (RhCp*Cl>)2 (9 mg, 0.0125 mmol) and Na,WO4 2H20 (32.9 mg, 0.1 mmol)
was dispersed in 2 mL 0.5 M Na,HPO;4 solution (pH 7). The solution was heated for 30
min at 70 <C, then cooled to room temperature. Orange crystals were collected after one
week by filtration. The yield: 50% (based on Rh). Anal. Calcd (%) for Na-2: Rh 10.52, W
47.00, P 1.58, Na 2.94, C 12.28, H 2.35. Found: Rh 10.36, W 44.10, P 1.70, Na 2.70, C
11.87, H 2.35. FT-IR (KBr/cm™): 3600-3300 (s) [v(O-H) of H-0], 3000-2900 (w) [v(C-
H) of methyl groups], 1635 (m) [H20 bending fundamental mode o], 1447 (w) [v(C=C) of
the Cp* groups], 1380 (s) [0(C—H) of the methyl groups], 1081-1015 (m) [v(W-O
(terminal))], 930-721 (m) [v(W-O (bridging))], 610-508 [vibrational modes of Rh with

Cp* groups].

3000 2500 2000 1500 1000

Wavenumber/cm™!

Figure 6.1. FT-IR spectra of Na-Rh4As2Wio (red) and Na- Rh4aP2Wio (blue).
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Figure 6.2. Thermograms of Na-RhsAs:Wio (red) and Na-RhsP2Wio (blue) from
room temperature to 500 °C under N> atmosphere.

6.2 Single-Crystal XRD Data

Table 6.1. Crystal data and structure refinement for Na-Rh4As2 W10 and Na-Rh4P2Wio.

Compound Na-Rh4As; Wi Na-Rh4P> Wiy
empirical formula® NagRhsW10AS2C10Hg4Os4 NagRhsW1oP2CoHgsaOs4
fw, 2 g mol? 3966.87 3878.97
crystal system Monoclinic Monoclinic
space group P2i/n P2i/c

a(A) 14.2654(3) 18.483(2)
b(A) 18.1929(4) 13.8800(18)
c(R) 35.6075(9) 18.120(2)

a(J 90 90

B 90 106.324(3)
(P 90 90

V (A3 9241.2(4) 4461.1(10)

Z 4 2
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Dc (g cm®)

abs coeff, mm

F(000)

@ range for data collection, deg

completeness to Omax
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reflns collected
indep reflns

R(int)

abs corn

data/restaints/param
GOF on F?

R1,? WR2® [1 >26(1)]
R1,” WR2° (all data)

L argest diff peak and hole, e A

aThe entries are the actual formula units and weights as obtained from bulk elemental analysis.
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6.3 Results and Discussion

6.3.1

Solid-State Structure

The tetra-Rh''-containing heteropolytungstates [Na(Rh™CsMes)a(cis-As¥2W10042)]>

(RhsAs:W10) and [Na(Rh"'CsMes)a(tran-PV2W10042)]°" (RhaP2Wio; Figure 6.3) were

synthesized by heating mixture of (RhCp*Clz); and Na;WO4 in a 1:8 molar ratio in aqueous

Na;HAsO4 or Na,HPOy4 solution (pH 7) at 70 °C for 30 min using conventional “open

beaker” methods. The hydrated salts of Na-RhsAs2W10 and Na-Rh4P2W1o were isolated

successively  from  the

same mother liquor
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Nas[Na(Rh'"'CsMes)sAsY2W10042]- 12H.0 (Na-RhsAs2Wo) and
Nas[Na(Rh"™'CsMes)sPY2W1004]-12H,0  (Na-RhsaP2Wio), in 45% and 50% yield,
respectively.

Single-crystal XRD analysis revealed that RhaAs2Wio and RhaP2Wio crystallize in the
triclinic lattice with space group P21/n and P21/c, respectively. Polyanions RhsAs2 W10 and
Rh4P2W1o are isomeric structures both exhibit V-shaped structure which is composed of
two XWs02, (X = As, P) fragments linked via corners, in which there are two unique types
of RhCp* moieties. One type of RhCp* moiety occupies the fourth vacant site of
symmetrical pseudo-cuboidal halves arranged by three unique tungsten atoms in a trigonal
plane, which thus complete a distorted pseudo-cubane ring. Each of the three oxygen atoms
bonded to Rh atom form bridges to two tungsten atoms. For another type, RhCp* moiety
is bonded to the cluster via two cisoid terminal oxygen atoms over a face of the distorted
cubic core and connect to X (X = As, P) atom by oxygen atom. These two oxygen atoms
only form bridges to one tungsten atom. The cavity is occupied by a sodium ion,
coordinated by eight oxygens of the inner {O10} polyhedron, with idealized C;s point group
symmtry. The main difference between the two polyanions is the relative orientation of the
two two XWs02, (X = As, P) fragments, either pointing in the same directions (cis isomer,

Rh4As2W), or in opposite direction (tran isomer, RhaP2Wiy).
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Figure 6.3. Polyhedral representation of the structure of RhaAs2Wio (left) and RhaP2Wio
(right). Color code: Rh (dark red), As (yellow), P (purple), Na (green), O (red), C (grey),
WOsg (blue octahedra).

6.3.2 Multinuclear NMR Study

To complement our solid-state XRD results on RhsAs2W10 and RhaP2W10 with solution
studies, we performed *C NMR measurements on Na-RhsAs2W1o and Na-RhsP2Whio
redissolved in D20. 3P NMR measurement was also performed on RhaP2W1o. The 3C
NMR spectra of polyanions show the expected four peaks at 8.4, 8.0, 93.7 and 92.9 ppm
for RhsAs2W10and 8.4, 8.1, 93.5 and 92.8 ppm for RhaP2W1o corresponding to the carbons
of two structurally inequivalentthe methyl groups and the Cp* rings, respectively (Figure
6.4). It is important to mention that the C-Rh coupling which is observed for the
(RhCp*Cl.). was not observed when the monomer is coordinated to the POM. The absence
of the C-Rh coupling is attributed to the fluxional behavior of the molecule. As shown in
Figure 6.5, the 3'P NMR spectrum of RhsP2W10 in H,0/D,0 exhibits an expected singlet

at 2.3 ppm.
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Figure 6.4. 3C NMR spectra (H.0/D,0) of RhaAs2W 1o (top) and RhaP2W1o (bottom).
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Figure 6.5. 3'P NMR spectra (H20/D>0) of RhaP2Who.
6.4 Conclusions

In conclusion, two RhCp*-containing heteropolyoxotungstates have been synthesized and

structurally characterized. Both polyanions are composed of two equivalent AsWsO22 or
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PWs02; fragments linked via corners and a Na* templating ion, and capped by four RhCp*

units, resulting in a structure with idealized Cs point group symmetry.
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Chapter VII. Summery and Outlook

The work presented in this dissertation comprises three research projects, polyoxo-noble-
metalates, noble metal-containing heteropoly- and isopoly- oxometalates and
platinum(II/IV) arsenate(II) clusters. The obtained 16 novel compounds have been
structurally characterized by a combination of solid-state techniques, such as single-crystal
XRD, powder XRD, FT-IR spectroscopy, thermogravimetric, elemental analyses and XPS
spectroscopy, and their solution stability was validated by multinuclear (e.g., 'H, °C, 3'P,
and '°Pt) NMR and ESI-MS spectroscopy.

A total of 16 novel noble metal containing compounds have been discovered, associated
with the main highlights as follows:

» Expand the family of polyoxoplatinates and polyoxopalladates by synthesizing the
first mixed-valent polyoxoplatinate(IV,lI) Pt; and the first Pt'V-containing
polyoxopalladate(Il) PtPds as discrete inorganic oxo complexes by using simple open
beaker and aqueous solution synthetic conditions. 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.

» Synthesize and structurally characterize the first discrete mixed gold-platinum-

oxoanion [Pt'V2Au™

306((CH3)2As02)6]” (Pt2Au3) by using simple one-pot open-beaker
techniques. The Pt NMR spectrum of redissolved solid PtzAus in water demonstrates

solution stability, which provides much potential for further applications of PtzAus in

catalysis and biomedicine. The reversible single-crystal-to-single-crystal transformation
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of Na-Pt2Aus(a) to Na-Pt2Aus upon dehydration and rehydration is of particular interest,
as concern solid state.

> Synthesize three new platinum(II/III) isopolytungstates: [Ptz W11041]'" (PtsW11),
[Pt Ws013((CH3)2A50:2)2]* (Pt2Ws), [PtT,Ws015((CH3)2A502)4]* (Pt2Ws) in aqua
media. Exhibit a transformation from Pt Ws to Pt";Ws involving single Pt"-Pt" bond.
> Prepare clusters with arsenite ligands [Pt'V(As3O06):]* (PtAss) and
[Ptl4(H2As03)6(HAsOs)2]* (PtsAss) in aqueous solutions, as well as a platinum
arsenate(Ill) heteropolytungstate [Ptz2AssWiO25]'" (Pt2AssWa4) characterized by '*°Pt
NMR. This result demonstrates that the coordination of AsOs*" anions to Pt!! ions with
both As and O atoms can be achieved. The reversible single-crystal-to-single-crystal
transformation of K-PtsAss to K-PtsAss (dehy) upon dehydration and rehydration is of
particular interest, as concern solid state applications (sorption etc).

The progress summarized above allows us to gain a deeper understanding of
polyoxoplatinate, mixed polyoxo-noble metalates, noble metal containing POMs and
platinum arsenate(IIl) chemistry. These polyanions enrich the class of metal-metal bonded
and platinum containing compounds, especially can be considered as a synthetic
breakthrough in polyoxoplatinate (POPt) and platinum-containing polyoxopalladate
(POPd) chemistry. These discoveries allow us to shed light on design and preparation of
desirable noble metal-based compounds as bottom-up precursors for supported noble
metal nanoparticles.

The following work could be done as an outlook to future research: (i) synthesis of more
derivatives of polyoxoplatinates and mixed polyoxo-noble-metalates; (ii) employ

multifunctional ligands to provide a new path to synthesize novel polyoxoplatinates; (iii)
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investigate the applications (e.g. catalysis, electrochemistry, HER) of obtained
polyoxoplatinate, mixed gold-platinum-oxoanion and platinum containing POMs; (iv)
expand the binary noble metal-based clusters by other precious metal ions, in order to

produce innovative structures and interesting functionalities.
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