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Abstract

Silicones possess a multitude of remarkable properties, rendering them indispensable for everyday
life. For their industrial-scale manufacturing, platinum-catalyzed hydrosilylation is essential, which
leads to the regrettable depletion of platinum resources due to catalyst encapsulation in cured
silicones, calling for efforts to reduce the amount of spent precious metal. To be mentioned in this
context is the innovative development of excellent (NHC)Pt(dvtms) catalysts by Marké that is only

accompanied by one adverse effect — the excessive induction period.

Two distinct strategies aimed at surpassing the constraints of Markd-type catalysts are elucidated in
this thesis, commencing with the investigation of selected alkyl and aromatic NHC wingtips with the
aim to deduce direct structure-reactivity relationships, with focus on the influence of N-donors. These
compounds are conveniently stable and easily accessible using the industrially highly important
Karstedt’s catalyst [Pt(dvtms)s] as platinum source. Evaluation of the catalytic properties in well-
established model reactions revealed unfavorable stabilization of the Pt(ll) oxidation state by
N-donors, while phenyl wingtips more than double the activity with regards to a reference catalyst in

combination with improved yield and selectivity.

Adding to this, bimetallic platinum complexes were designed, which demonstrate superior catalytic
activity and shorter induction periods despite structural and electronic similarities with the parent
monometallic complexes, unveiling synergistic interactions between platinum centers. Experiments
with varying catalyst loading and temperature demonstrate fundamentally different reactivity of the
mono- and bimetallic catalyst classes, which is also reflected by the activation behavior in the presence
of silane, where intermediate stabilization of the bimetallic complex as di-p-hydrido complex is
postulated. Additional insight into the stability and reactivity of bimetallic systems is gained by
stoichiometric reactions and mercury poisoning studies, suggesting promising avenues for future

application in hydrosilylation catalysis.

Vil



Zusammenfassung

Silikone verfligen Uiber eine Vielzahl bemerkenswerter Eigenschaften, die sie fir das tagliche Leben
unverzichtbar machen. Fir ihre Herstellung im industriellen Malstab ist die platinkatalysierte
Hydrosilylierung unerlasslich, was langfristig zu einer bedauerlichen Erschopfung der Platinressourcen
flihrt, da der Katalysator in ausgeharteten Silikonen eingeschlossen wird, sodass Anstrengungen
unternommen werden missen, um die Menge des verbrauchten Edelmetalls zu verringern. Die
innovative Entwicklung herausragender (NHC)Pt(dvtms)-Katalysatoren durch Markd wird nur von

einem negativen Effekt begleitet - der exzessiven Aktivierungsdauer.

Zwei unterschiedliche Strategien, die darauf abzielen, die Beschrankungen von Marko-Katalysatoren
zu Uberwinden, werden in dieser Arbeit erldutert. Zu Beginn werden ausgewahlte alkyl- und
aromatische NHC-Flugelspitzen mit dem Ziel untersucht, direkte Struktur-Reaktivitdts-Beziehungen
abzuleiten, wobei der Schwerpunkt auf dem Einfluss von N-Donatoren liegt. Diese Verbindungen sind
stabil und unter Verwendung des industriell dauRerst wichtigen Karstedt-Katalysators [Pty(dvtms)s] als
Platinquelle leicht zuganglich. Die Evaluierung der katalytischen Eigenschaften in etablierten
Modellreaktionen ergab eine ungiinstige Stabilisierung der Pt(Il)-Oxidationsstufe durch N-Donatoren,
wahrend die Phenyl-Fligelspitzen die Aktivitdt im Vergleich zu einem Referenzkatalysator mehr als

verdoppeln, bei gleichzeitig verbesserter Ausbeute und Selektivitat.

Dartiber hinaus wurden bimetallische Platinkomplexe entwickelt, die trotz struktureller und
elektronischer Ahnlichkeiten mit den monometallischen Ausgangskomplexen eine iiberlegende
katalytische Aktivitat und kirzere Induktionszeiten aufweisen, was synergistische Wechselwirkungen
zwischen den Platin-Zentren offenbart. Experimente mit variierender Katalysatorbeladung und
Temperatur zeigen eine grundlegend unterschiedliche Reaktivitdt der mono- und bimetallischen
Katalysatorklassen, was sich auch im Aktivierungsverhalten in Gegenwart von Silan widerspiegelt, wo
eine Zwischenstabilisierung des bimetallischen Komplexes als di-pu-hydrido-Komplex postuliert wird.
Weitere Einblicke in die Stabilitdt und Reaktivitdit bimetallischer Systeme werden durch
stochiometrische  Reaktionen und Quecksilbervergiftungsstudien gewonnen, die eine

vielversprechende Zukunft fir Anwendungen in der Hydrosilylierungskatalyse aufzeigen.
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1 Introduction

1 Introduction

1.1 Fundamentals of Catalysis

The catalytic efficacy of yeasts in facilitating the fermentation of sugars into alcohol has been
recognized since ancient times, with applications in the controlled production of wine, beer, and
vinegar.! While yeasts serve as biocatalysts in this process, the earliest documented instance of
inorganic catalysis dates back to a publication from 1561, when Valerius Cordus utilized sulfuric acid
to convert ethanol into diethyl ether.? Berzelius linked a plethora of isolated observations of other
researchers?, like the dehydration of ethanol on clay at elevated temperatures, the decomposition of
ammonia on heated metals, or the inflammation of hydrogen in the presence of platinum sponge at
ambient temperature, to a broad concept and defined catalysis in 1835.% Catalysis is derived from the
Greek term kataAUw (kota = down; AUw = dissolution of an object or a group), in contrast to analysis.®
The immense importance of catalysis is reflected in the attention it receives in research, but also the
presentation of the most important award in science, the Nobel prize. An overview of the most

important milestones, that have contributed directly or indirectly to catalysis, is presented in Table 1.%

Table 1: Selected Nobel laureates that contributed to the area of catalysis.®

Nobel laureate(s) Year Prize motivation

Wilhelm Ostwald 1909 “in recognition of his work on catalysis and for his investigations
into the fundamental principles governing chemical equilibria and
rates of reaction”

Paul Sabatier 1912 “for his method of hydrogenating organic compounds in the
presence of finely disintegrated metals”

Alfred Werner 1913 "in recognition of his work on the linkage of atoms in molecules
by which he has thrown new light on earlier investigations and

opened up new fields of research especially in inorganic

chemistry"
Fritz Haber 1918 “for the synthesis of ammonia from its elements”
Arthur Harden, 1929 '"for their investigations on the fermentation of sugar and
Hans K.A.S. von Euler- fermentative enzymes"
Chelpin
Karl Ziegler, 1963 "for their discoveries in the field of the chemistry and technology
Guilio Natta of high polymers"
Christian B. Anfinsen, 1972 "for his work on ribonuclease, especially concerning the
Stanford Moore, connection between the amino acid sequence and the biologically
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Nobel laureate(s) Year Prize motivation

William H. Stein active conformation" and "for their contribution to the
understanding of the connection between chemical structure and
catalytic activity of the active center of the ribonuclease
molecule"

Ernst O. Fischer, 1973 "for their pioneering work, performed independently, on the

Geoffrey Wilkinson chemistry of the organometallic, so called sandwich compounds"

John Cornforth, 1975 "for his work on the stereochemistry of enzyme-catalyzed

Vladimir Prelog reactions" and "for his research into the stereochemistry of
organic molecules and reactions"

Sidney Altman, 1989 "for their discovery of catalytic properties of RNA"

Thomas Cech

William S. Knowles, 2001 "for their work on chirally catalysed hydrogenation reactions" and

Ryoji Noyori, "for his work on chirally catalysed oxidation reactions"

Barry K. Sharpless

Robert H. Grubbs, 2005 "for the development of the metathesis method in organic

Yves Chauvin, synthesis"

Richard R. Schrock

Gerhard Ertl 2007 "for his studies of chemical processes on solid surfaces"

Richard F. Heck, 2010 "for palladium-catalyzed cross couplings in organic synthesis"

Ei-ichi Negishi,

Akira Suzuki

Benjamin List, 2021 "for the development of asymmetric organocatalysis"

David W.C. MacMillan

In contemporary scientific discourse, a catalyst is defined as a compound that accelerates reaction

rates without undergoing consumption or affecting the reaction equilibrium.” This acceleration is

achieved by modification of the energy hypersurface, opening up alternative reaction pathways with

a lower maximum activation energy barrier by splitting into more elemental steps (Scheme 1), thus

expanding the scope of viable synthesis routes.* 8



1 Introduction

AG TS*

Product(s)

Reaction coordiante

Scheme 1: Schematic representation of the free energy (AG) for an uncatalyzed (blue) and a catalyzed reaction (green).
Conversion of the educt(s) via transition states (TS*) and possibly intermediates (1). If the largest enthalpy barrier (AH.t) for
an alternative reaction pathway is smaller than that of the uncatalyzed reaction (AHuncat), acceleration of the reaction rate is
observed.8>

Highlighting the importance of catalysis, as of 2019 it contributes to more than 35% of the global gross
domestic product (GDP) of 88 trillion USD.° This share is almost equivalent to the entire chemical
industry, as 85% of processes rely on catalysts (Figure 1), and the trend is rising.’® The production of
ammonia by the Haber-Bosch process probably is still the most important development even today, as
the obtained fertilizers indirectly feed about half of the world population.'® ! Typically, classification
is employed to distinguish between homogeneous, heterogeneous, and biocatalysis.?® % Additionally,
specialized fields such as organocatalysis, photocatalysis, and electrocatalysis, among others, are

recognized within the broader scope of catalytic processes.®"

Heterogeneous
Catalysis 80%

Catalytic
85%

Homogeneous
Non-Catalytic Biocatalysis 3% Catalysis 17%
15%

Figure 1: Share of catalysis in chemical processes (left) and quota of the catalytic categories.!°

Each of the categories of catalysis possesses certain strengths while suffering from drawbacks in other
aspects (Table 2).8% 12 Heterogeneous catalysts are most commonly employed in industrial processes
and consist of active metals or metal oxides that are dispersed over a support like alumina, silica or
carbon. This reduces the cost for the frequently expensive active component, as only the surface atoms
are accessible for substrates, unlike in homogeneous and biological catalysts, where, at least in theory,
all sites are active. Although heterogeneous catalysts generally lack activity, selectivity, and require

harsh reaction conditions, they are currently the industry’s workhorse as they are highly stable, cheap,
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and easily separated from the product, allowing continuous reactor operation. However, the
production of fine chemicals and pharmaceuticals, especially with chemo-, region-, stereo-, or
enantioselective transformations frequently requires well-defined homogeneous or biological
systems, where particularly homogeneous catalysts allow for tailor-made coordination spheres and

hence reactivity.

Table 2: Comparison of heterogeneous, homogeneous and biocatalysts regarding selected properties.8d. 12

Property Heterogeneous Homogeneous Biological
Catalyst gﬂne;aslﬁ?sgi oxides Molecule, complex Enzyme, molecule
Phase Gas or liquid Liquid Liquid

Activity Variable High Very high
Selectivity Variable High Very high
Structure Undefined Defined Defined

Reaction conditions Harsh Mild Mild

Diffusion problems High None None

Product separation Easy Difficult Difficult
Tuneability Low (via promotors) High (via ligands) High (via genetics)
Mechanistic Low High High

understanding
Even though the definition of catalysts ideally assumes that consumption thereof does not occur, they
remain susceptible to decomposition and hence deactivation.’® A key figure for the robustness or
lifetime of a catalyst is the turnover number (TON) which describes the amount of substrates that are
converted per active site, which raises limits for the application in heterogeneous systems (Eq. 1).

moles [substrate]
TON = (1)
moles [catalyst]

The derivative of the TON with respect to time, determines the turnover frequency (TOF), which
describes the activity of a catalyst (Eq. 2). The TOF and TON depend on the reaction conditions,
complicating the comparison of these figures. Also, the logarithmic reaction rate has to be respected
when assessing the TOF, therefore the initial and fastest regime should be used for the calculation of
the TOF, which is commonly the steepest slope of a yield-time curve.

moles [substrate]
TOF = . (2)
moles [catalyst] - time
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1.2 The Chemistry of Silicones

Silicones are synthetic polysiloxanes, containing a —O-Si—O— backbone, that are not to be confused
with the element silicon and are also fundamentally different than conventional polymers (Figure 2).1*
The remaining valence sites are usually occupied by hydrocarbon moieties, or are used as crosslinks to
other siloxanes. The most important polysiloxane is poly(dimethyl)siloxane (PDMS), in which two

methyl groups are bound to each silicon.

Figure 2: Schematic representation of a generic silicone.14b

Siloxanes and polysiloxanes can exist in various forms, including linear chains, cyclic structures,
branched configurations, and network formations with varying degrees of crosslinking.> These
compounds are classified into different categories of commercial products, such as fluids, compounds,
lubricants, resins, and rubbers (= elastomers), based on their structural characteristics.'® Regarding
nomenclature, the building blocks are commonly described by the letters M, D, T, Q (mono, di, tri, and
quarternary), which indicate the degree of oxygen substitution at silicon (Table 3).1** 17 The capital
letters are often provided with a superscript that specifies silicon-bound groups. Methyl, as the most

common substituent is usually not written out.

Table 3: Symbol and functionalities of siloxane building blocks.42 17

Sym bOI MMe DMe TMe Q DMeVi DMeH
CH, CHs CHs Oos = H

Functionality H3C-Si-Ogs H3C-Si-Ogs O05=8i-Ogs O05~Si-0ps HsC-8i-Op5 H3C-8i-Oq5
CHy Ogs Ogs Oos Ops Qs

The distinctive properties of silicones arise from their exceptionally stable inorganic backbone, coupled
with organic residues chemically bonded to it, resulting in an amphiphilic character (hybrid semi-
inorganic polymer?8) 14 153 19 \While C—C bonds possess a dissociation energy of roughly 355 kJ-mol™,
Si—0 bonds are significantly more stable at 444 kJ-mol™.1420 This renders silicones extremely resistant
to chemicals and heat and at the same time provides electrical conductivity due to extensive
delocalization of electrons along the backbone.?’ Additionally, the —0-Si—O— backbone is highly flexible
due to comparatively long Si—C and Si—O bonds?., lack of substituents on every second (oxygen) atom

1% and can therefore even pass through a linear 180° state?2. This facilitates the rotation

of the chain
of methyl groups (or other organic groups) towards the polymer surface.?® Consequently, silicones
exhibit a low-tension/energy surface compared to organic polymers, rendering them resistant to
reactions with the surrounding environment.'® 2! This property makes silicones well-suited for

pressure-sensitive release coatings.’® Other phenomenal properties of silicones include flame

5



1 Introduction

retardancy, biocompatibility, abrasion resistance, weatherability, oxidative stability, gas permeability,
radiation resistance, excellent dielectric properties, and physical properties, including glass transition
temperatures as low as —120°C, making them the ideal material for a plethora of applications.1# 14 16,
176, 20,24 Thjs s reflected by the global silicone production that exceeded 8 million metric tons in 2020,

correlating to a market valuation of 15.1 billion USD.*

The Direct Process, also known as the Miiller-Rochow process?, serves as the pivotal step in generating
the essential raw materials necessary for silicone manufacturing.?’” This process can occur through
condensation or radical polymerization reactions, but also through a transformation called
hydrosilylation.6 17520, 28 A hydrosilylation reaction entails the atom-efficient addition of a Si—H entity
to large scope of unsaturated organic functional groups (Scheme 2, left), typically a C=C double bond,

under the influence of a catalyst, resulting in that case in the formation of an alkyl silane.?®

| S
Rssi—?—flﬂ" RsS‘_%?H Sli Sli Sli Sli \Si
V07107 VOT VO Y
VOOV O

B

571/S\l\O,S\l\O,S\l\(),S\l\c),8|l||\;

|
R3Si—N=CH R3Si—N—NH R3Si—O—NH /Si Si Si Si Si\
| | | %\ 5

Scheme 2: Hydrosilylation reaction of diverse unsaturated functional groups (left).2%2 Crosslinking of two polysiloxane chains
(right).142

The hydrosilylation is of major importance for the crosslinking of polysiloxane chains (Scheme 2, right)
for the generation of rubbers or resins, where the properties of the product are not only determined
by the nature of the educts but also by the degree of crosslinking. Additionally, fumed silica might be
added as filler, reinforcing the materials.1* > The process of network formation is also called
vulcanization and the products thereof are referred to as silicone rubbers, conceivably due to the

fortunate discovery of vulcanization of natural rubber by Goodyear in 1839.%°
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1.3 Hydrosilylation Catalysts
1.3.1 Synopsis of the Periodic Table of Elements

A multitude of compounds are known to be catalytically active in the hydrosilylation reaction, among
them free radical initiators (e.g. peroxo compounds), nucleophilic-electrophilic catalysts, strong acids,
organic bases such as trialkyl amines and Lewis acids (e.g. AlCl3, B(CsFs)3)).2%" 2°%3° Most prominently

transition metal compounds (e.g. Ti, Zr, Hf, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt)42 275, 290-d,30-31 1 ;¢

)29b )30

also alkali and alkaline earth metals (e.g. Ca, Sr, K)**® and lanthanides (e.g. Y, La, Sm)*° are employed in
the hydrosilylation reaction. They are used in the form of homogeneous complexes and heterogeneous
catalysts, among them nanoparticles and supported nanoparticles, single atom-site catalysts and
immobilized catalysts.?”> 3%3! |nitiation and control of the reaction is possible by light or temperature,

but also microwave, sonic and electrochemically triggered compositions are reported in literature.?*¢

Until now, platinum-based catalysts remain essential for industrial applications due to their unmatched
activity and ability to function effectively under ambient conditions.?’? However, encapsulation of the
catalyst in cured silicones irreversibly removes up to 6 t/a of platinum3? from the available resources,
which are made up of 190 t/a of primary production and 65.4 t/a of recycled platinum?. If one excludes
recycling, the present-day demand would deplete all currently available platinum resources in about
200 years.?® Yet, the demand for platinum is expected to increase drastically®*, which has led to the
recycling of platinum, mainly from automotive catalysts®, but also feasibility studies concerning
silicones have been conducted®. Furthermore, the utilization of platinum is intertwined with
economic, environmental, and human health considerations.?” These factors collectively underscore

the imperative to diminish platinum usage, or potentially substitute it with alternative materials.

Efforts to design highly potent catalysts, exploiting vastly available and cheap elements are ongoing
and require tailor-made ligands to overcome intrinsic element-specific barriers.?’> 2% 31b. 31c
Additionally, mechanistic considerations of non-platinum catalysts might differ from those of the
established platinum catalysts, which has to be reflected during development.® This also affects the
regioselectivity, as platinum catalysts almost exclusively yield the anti-Markovnikov product, while
other elements might form the Markovnikov product.3'® While the mechanism of platinum-catalyzed

30, 38

hydrosilylation is presented in great detail later on, a superficial review of non-platinum catalysts

and their associated reaction cycles for the hydrosilylation of alkenes has to suffice.

Seitz and Wrighton disclosed the mechanism3® (Scheme 3) of photocatalytically*® active [(CO)4Co-
SiMes], building on evidence of the reaction cycle of [(n°-CsMes)(CO).Fe-SiRs]*! (n°-CsMes = Cp*).
Removal of one CO entity (I) generates the coordinatively unsaturated 16-electron complex [(CO);Co-

SiMes] as evidenced by FTIR following near-UV photolysis at 77 K.%> Subsequent side-on coordination

7
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of ethylene (ll) is accounted for by FTIR analysis, as well as *H NMR.3® Migratory insertion of ethylene
into the Co-Si bond (silyl migration) (lll) is succeeded by oxidative addition of silane (IV) and
completion of the catalytic cycle achieved by C—H reductive elimination (V) of the product. Steps IV
and V were further investigated by reaction of [(CO)sCo-Me] with HSiMes and analysis by *H NMR,
which confirmed the generation of CHs, not SiMes, the expected product according to the Chalk-
Harrod*® mechanism. In the absence of silane, B-H elimination takes place (VI), releasing
vinyl(triethyl)silane (VII), which was detected by GC. Later on, it was reported that the introduction of

NHCs as spectator ligands for cobalt complexes significantly alters the reactivity thereof.**

Me3Si—Co(CO),

e

Me3Si—Co(CO);

MesSi™ > =
v I
: T
Me3Si—/_(é:ic|)\f|:))3 Me3Si—Co(CO),
v n
HSiMe,

Co(CO)s
Me3Si_/_

N

H—Co(CO) H—Co(CO)
00k TN R eleon

T USiMe;  MesSiTY

Scheme 3: Seitz-Wrighton mechanism for the hydrosilylation and dehydrogenative silylation of alkenes.3?

Duckett and Perutz also studied the hydrosilylation of ethylene, however in the presence of
[N°-CsHsRh(C2H4)2]* (n°-CsHs = Cp; Scheme 4), illuminating two competitive pathways — especially for
rhodium complexes — olefin insertion into M-Si vs. M—H bonds®°. In addition to Rh, olefin insertion
into M—=Si bonds has been reported for Fe, Co, and Ru.*® Photolysis of [CpRh(C,H.)2] in the presence of
silane (1)¥, particularly at low temperatures®, generates [CpRh(C,H4)(SiR3)H], reflecting the basic
structure that is also required in the Chalk-Harrod mechanism?3. A (1,3)-H shift (ll) yields a 16-electron

species that reversibly coordinates ethylene (lll), succeeded by a (1,3)-silyl shift (IV) that is also



1 Introduction

reversible. Oxidative addition of silane (V) forms a species that contains two silicon atoms, hence the
description as a two-silicon cycle, and rhodium in oxidation state V that is possibly stabilized by a RhSiH
or RhCH 3-center-2-electron bond*. Related Rh(V) intermediates were earlier reported by Maitlis et.
al.>® The reaction cycle is concluded by reductive elimination (VI) of the hydrosilylation product and
regeneration of the active species. By means of cross-alkene, cross-silane, and deuterium labeling
experiments, it was determined that (1) silyl migration is a key step, (2) [CpRh(C2H4)(SiRs)H] is not
involved in the catalytic cycle, and (3) the ethyl group is retained as a spectator ligand. Indeed, this
sequence mirrors the one proposed by Seitz and Wrighton3®, with [Co(CO)s] substituted by [CpRhEt].
Despite the presence of silation products in the hydrosilation system examined by Duckett and

Perutz®®, no mechanistic route was suggested for their generation, unlike for Seitz and Wrighton®°.

Rh *+ HSIiRj

RhZ.
X SiRs f X 7
=

J
\

Vi 1]

Rh ) Rh .
\/ N \/\SIR3 \/ SIR3
S|R3 —_—

v %
|
HS|R3 Rh
~ \/\SiR3

Scheme 4: Duckett-Perutz mechanism (two-silicon cycle) for the hydrosilylation of alkenes.*>

“Direct evidence for a silyl migration pathway” was also provided by Brookhart and Grant.>? Initially
they found that electrophilic Co(lll) complexes efficiently catalyze olefin oligomerization and
polymerization reactions®?, as well as hydrogenation®® thereof. Parallels between H, and silanes
prompted investigation of hydrosilylation properties of [Cp*(P(OMe)3)CoCH,CH,-u-H][BAr4] ([BArs] =
B[3,5-(CF3)2C6Hs]a) and resulted in the elucidation of the reaction mechanism (Scheme 5) by
identification of two key intermediates, in conjunction with kinetic and deuterium labeling

experiments.>! Variable temperature H NMR experiments revealed the formation of ethane as initial

9
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step in the presence of silane (l). Side-on coordination of hex-1-ene (ll) would be succeeded by
oxidative addition if this mechanism would proceed according to the Seitz-Wrighton3® (Co(lll)) or
Duckett-Perutz* (Rh(V)) mechanism. However, Co(V) might be avoided herein and o-bond metathesis
(1) would retain Co(lll) with an agostic stabilization. This species, as well as the one after the rate-
limiting isomerization (IV), were spectroscopically identified and in a final conversion with silane (V),
the catalytic cycle is concluded. In conclusion, the herein discussed mechanisms of Seitz and
Wrighton®®, Duckett and Perutz®®, and Brookhart and Grant® rely on silyl migration as key
transformation, thereby avoiding a metal alkene silyl hydride intermediate in the catalytic cycle as in

the Chalk-Harrod** mechanism.

Me5©_|@

EtsSis o~~~ |

Co N
HSIEt, (MeO);P~  “SiEt,
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(MeO)3P/ / CO_

! MeO 3P
H- S|Et3 Siety
\
rds
Me5
c'
(o]
(MeO)sP~ ;
H

SiEt;

Scheme 5: Brookhart-Grant mechanism for the hydrosilylation of hex-1-ene. [BAry]- omitted for clarity.>!

Glaser and Tilley reported ruthenium-catalyzed hydrosilylation that proceeds via silylene extrusion,
the transfer of a silylene unit from HsSiR to the ruthenium center (Scheme 6).>® Charge distribution

stabilizes the cationic ruthenium fragment (1) that readily adds the sp? Si—H bond to an alkene (ll, 111).

10
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1,2-Migration of hydrogen from ruthenium to silicon (IV), Si—-H bond activation (V) and reductive

product elimination (VI) with subsequent a-H migration (VII) complete the catalytic cycle.>*>*

Consistent with the Chalk-Harrod mechanism?, there is compatibility with highly substituted alkenes,

strict anti-Markovnikov selectivity, and cis-addition of Si-H entities to alkenes, however, exclusively

primary silanes are converted by this mechanism.>3>*
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Scheme 6: Glaser-Tilley mechanism for the hydrosilylation of 1-alkenes by primary silanes. [B(CsFs)4]- omitted for clarity.>3-54
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1.3.2 Supremacy of Platinum Catalysts

Platinum catalysts are by far most often used in industry due to their excellent properties that offset
the financial drawback compared to other elements by a long way.?’? A significant share of the
references in this section are patents, rather than research articles, acknowledging the applied nature
and significant industrial research on the topic of platinum-based hydrosilylation catalysis. In this
context, the review on hydrosilylation from an industrial point of view from Troegel and Stohrer from

the Wacker Chemie AG is illuminating in dissecting advances and actual challenges.?”®

Only ten years after the discovery of radical-mediated hydrosilylation by Sommer>® in 1947, Speier
found that a solution of chloroplatinic acid hexahydrate in isopropanol is catalytically active in the
hydrosilylation reaction (Figure 3).°® CpPtMes of Robinson and Shaw adopts a piano stool®’
arrangement and was synthesized for purely structural-chemical reasons and without direct
application intentions.>® Kinetic decomposition experiments later revealed relatively labile Pt—-Me
bonds at about 164 kJ-mol™.>® The photohydrosilylation properties of CpPtMes; were commercially
protected by patent registration®, expanding the scarcely investigated area of light-induced
hydrosilylation with pioneers like Faltynek®!, Wrighton®, Trogler®?, and Eckberg®, especially by
elucidation of the activation mechanism®. The volatility of CpPtMes allows simple purification by
sublimation®®, application in organometallic chemical vapor deposition (OMCVD)®, but also poses
problems with respect to workplace safety, due to the inherent toxicity of the compound?’?. These
issues are resolved by introduction of silyl substituents or alkyl moieties at the Cp ligand®® ¢, while
the quantum efficiency is improved by extension of the m-system® or addition of auxiliary radical
photoinitiators®, or a combination thereof®’. Returning from photocatalysis to thermally-induced
hydrosilylation, the system of Speier was further developed by Lamoreaux, extending the range of
alcohols to 1-octanol but also isoamyl, 2-ethylhexyl, hexyl, and pentyl alcohols.®® Willing patented a
platinum hydrosilylation catalyst in 1968, that is formed by heating a mixture of
divinyltetramethyldisiloxan (dvtms, MVIM")) and chloroplatinic acid hexahydrate. Karstedt improved
Willings catalysts by including ethanol and sodium bicarbonate into the synthesis that was optimized
to remove inorganic halogens’. In this context it is noteworthy that solutions of MYIMV-Pt(0)
complexes in excess vinylsiloxane are referred to as solution A.”** 7i¢ To this day, Karstedt’s catalyst
remains the benchmark system for newly developed catalysts as it represents the most established
and versatile catalyst in the industrial repertoire.?’? Consequently, an in-depth mechanistic
presentation is provided further below. In retrospect of the last chapter, it is worth noting, that the
nickel equivalent of Karstedt’s catalyst favors dehydrogenative silylation, while the “original” platinum
version exhibits high selectivity for the hydrosilylation reaction.”? Ashby patented a cyclic DVi;-Pt(0)

catalyst which is closely related to Karstedt’s catalyst on behalf of the General Electric Company, like

12
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Karstedt and Lamoreaux before.?®® 73 By contrast, Willing and Speier worked for Dow Corning
Corporation. NHCs were used for the first time by Marké which resulted in more selective catalysts.”
The stronger NHC ligands prevent colloidal platinum formation that was observed for weakly
coordinating olefinic Pt catalysts. Colloidal platinum was found to deactivate the catalyst, reduce
selectivity but also lessen product quality by yellowing.’® 7> The great importance of Markd-type
complexes for this work is acknowledged by a detailed account of the catalytic performance and overall

reactivity further below. More recently silylene ligands were employed by Kato and Baceiredo’® and

Iwamoto’’, which gave both highly active and selective catalysts.

\ /
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Figure 3: Selected hydrosilylation catalysts of industrial and academical importance.
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1.3.3 Markoé-type Complexes

In 2002, Markd et al. addressed limitations associated with Karstedt's catalyst, including inadequate
stability leading to colloidal platinum formation, resulting in yellowing of the reaction mixture and
reduced selectivity.”* This was achieved by incorporating NHC spectator ligands, which, while slightly
diminishing the catalyst's activity, enabled tolerance of a broad spectrum of functional groups and
hydrosilylation of their alkenes with absolute regioselectivity.”* The hydrosilylation kinetics of these
complexes are characterized by sigmoidal behavior due to the rate-determining initiation step, as they
are “slow-release” precursors of the catalytically active platinum species.” The air and moisture-stable
16-electron Pt(0) complexes of the general formula (NHC)Pt(dvtms) are easily accessible, but are
sensitive towards light, especially in solution.” 7 Initially, their phosphine congeners, (RsP)Pt(dvtms),
were also investigated and although Karstedt’s activity is not quite matched, the Markoé-type
complexes are easily outclassed in terms of activity.”* However, the rate of isomerization remains
high, and colloidal platinum formation indicates displacement of the phosphine ligand at least to some
extent. Additionally, phosphines are readily oxidized, which directed the focus of further research to
the NHC complexes™ 8, also attracting great attention of other groups”™® 7® &, The long-held
assumption that no platinum colloid is formed during catalysis’* 7® has recently been challenged by
UV-vis data of Nahra and Nolan et al.®? However, it is estimated that platinum colloids play a

subordinate role, as selectivity is maintained at an excellent level.

In Markoé-type complexes, the dvtms chelate coordinates to platinum in a bidentate fashion, spanning
a hexagon, that adopts chair conformation. In combination with the carbene, platinum is in a
characteristic, distorted trigonal planar environment, improving nt*-backbonding to the vinyl groups
due to better overlap.”® Indeed, the C=C bond distance serves as a probe for the degree of backbonding

from platinum, and hence as an indicator of electron density at the central atom.”®

Initially’®, the synthesis of these complexes from an imidazolium salt and Karstedt’s catalyst via the
free carbene was conducted in accordance with an arduous procedure of Herrmann et al.2® (Scheme
7, a), at -40 °C in a mixture of liquid ammonia and THF (5:1) and in the presence of stoichiometric
amounts of NaH with catalytic amounts of KO'Bu. As a matter of fact, imidazolium salts are much more
soluble in the presence of liquid ammonia, than in pure organic solvent, and also hydrogen bonding
enhances the acidity of the carbenoid proton. The selected bases form simple alkaline salts as
byproducts, that are easily removed after evaporation of all volatiles and filtration as diethyl ether or
hexane solution, rendering this route ideal for large-scale synthesis of free carbenes. Most commonly,
a strong base (e.g. KO'Bu) is combined with an aprotic and rather apolar (e.g. toluene) solvent, leading
to product formation after 16 h.”® 8¢ 81& 81k The yse of sulfonated NHCs, however, requires a highly

polar, yet aprotic solvent, like DMSO, in combination with NaO'Bu for improved solubility, granting
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access to hydrosilylation reactions in aqueous media.’'® 8f Recently, the weak-base route was
proposed as a more sustainable alternative, employing K,CO3 as a base in acetone, which requires
60 °C for 20 h and gives the target complexes in good yields. The final synthesis route generates a free
carbene by reduction of the corresponding thiourea in the presence of Na/K amalgam after 20 d and

is merely employed in the case of challenging access to certain imidazolium salts.8%

a) NaH, [KOBu] (NH; and THF)

R b) KO'Bu/KHMDS (toluene/THF)
[/ x© — - <8I /\Si/
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Scheme 7: Synthesis strategies for the access of Markdé-type complexes via generation of a free carbene, which reacts with
Karstedt’s catalyst. a) procedure of Herrmann et al. where a 5:1 mixture of liquid NH; and THF is used with stoichiometric
amounts of NaH as base and catalytical amounts of KO!Bu at -40 °C.78 8 b) most common: combination of a strong base and
(rather) apolar, aprotic solvent.”8 81c 81g, 81k ¢) combination of a strong base and polar, aprotic solvent for highly polar (e.g.
sulfonated) NHCs.81e 81f d) weak-base method, using K2CO3 and acetone at 60 °C for 20 h.84 e) reduction of the thiourea over
Na/K amalgam for 20 d at RT.802

As previously noted, early investigations involved phosphine complexes; however, they were
discontinued due to stability concerns, rendering (imidazole-2-ylidene)Pt(dvtms) complexes as the
first-generation of Marké-type complexes (Scheme 8).7% At remarkably low catalyst loadings of
30 ppm, terminal alkenes are efficiently and selectively hydrosilylated, while epoxides, alcohols,
ketones, esters, and protecting groups tetrahydropyranyl ether and t-butyl dimethylsilyl ether are
tolerated, achieving TONs beyond 10°.74 The duration of the induction period correlates with the steric
bulkiness of the substituents attached to the NHC moiety. Consequently, initiation phases are
prolonged in the presence of bulky NHC-wingtips but also aromatic wingtips compared to alkyl
substituents. Once activated, the rate of reaction is inversely proportional to the steric demand,
resulting in activity series Me < Cy < 'Bu for alkyl NHC-wingtips, and Mes < Dipp for aromatic NHC-
wingtips.”#* 78 The first-generation of Markd-type complexes was also employed in the hydrosilylation

of alkynes, where it was found that the electronic influence of the NHC on the regioselectivity (B-(E)

vs. a) is negligible, and only the steric demand of the NHC-wingtips increases the B-(E)/a-ratio.5%®
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Developement of Marké-type complexes
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Scheme 8: Generations of Marké-type complexes with modifications of the NHC spectator and diene- or silyl-ligands.

Subsequently, in the second-generation of Markd-type complexes, stronger o-donors based on
benzimidazole-2-ylidene were employed only in combination with alkyl NHC-wingtips, and the
resulting catalysts were found to be superior to their parent complexes.?% This concept was expanded
by incorporation of 4,5-dihydroimiazol-2-ylidenes®, which are even stronger o-donors than
benzimidazole-2-ylidenes in a herein-called generation 2.1.78 This study validated the observed trend
wherein ligands possessing greater o-donating abilities result in complexes with platinum centers that
are more electron-rich. This phenomenon correlates with extended induction periods while
concurrently enhancing activity. Instead of altering the NHC, in generation 2.2 (herein) the dvtms
chelate is substituted by allyl ether, giving significantly more active complexes, which were only
subjected to the hydrosilylation of alkynes.® Reason is, the nature of the diene inherently determines
the rate-limiting de-coordination of itself during the activation procedure, also affecting the overall
stability of the (L)-Pt-(n*-alkene), complexes.”® 8’ Hence, the synthesis of generation 2.2 cannot occur
by exchange of the dvtms moiety of the first-generation as a post-modification, but rather by reduction
of H,PtCls in the presence of the respective diene analogous to the synthesis of Karstedt’s catalyst with
subsequent coordination of the NHC.%% The exerted influence of the (bis)olefin on the stability and

reactivity of complexes is shown in Scheme 9 with the related reports of Marké et a/.8% 8 87f

Increasing 1-acceptor strength of olefins

Increasing stability of complexes

Increasing reactivity of complexes

/ N
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Dipp Dipp R’
N /\ N /\s/i\/ N /&
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Scheme 9: Acceptor properties of varying (bis)olefins on the stability and reactivity of complexes, combined with the
associated studies of Marko et al.8%. 86, 87f
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802 and generation 2.2%8 are both specified

In this context, it is worth noting, that the second-generation
as the second-generation by Markd et al., which might lead to poor comprehensibility when accessing
literature. Additionally, with regard to NMR, upfield and downfield are used inaccurately.”® Hence,
upfield is defined as the shift to lower ppm (more shielded), and downfield is defined as the shift to

higher ppm (less shielded) to avoid misconceptions.

In the third-generation, the established imidazole-2-ylidene is applied once more and the diene chelate
is substituted by two silyl groups, resulting in a unique Y-shaped tricoordinate Pt(ll) complex.2%° The
compound was published in 2009 as a coordination curiosity®® and it then took six years to discover its
exceptional catalytic properties® for the hydrosilylation of alkenes and alkynes. Although the
mechanism of formation is not yet confirmed, it is presumed that after the initial hydrosilylation of the
diene and oxidative addition of one silane entity a Pt(ll) species is formed that subsequently generates
the target compound either by o-bond metathesis of the Pt—H and the Si—H bond of a fresh silane, or
by another oxidative addition of silane, which gives Pt(IV), and successive reductive elimination of
dihydrogen. The resulting catalyst is highly active and selective in the hydrosilylation reaction of
alkynes and under identical conditions, [(ImP®P)Pt(SiRs),] as the third-generation catalyst outperforms
his predecessors by far (3™ gen. >> 2.2 gen > 1% gen.), both in activity and selectivity. Unfortunately,
the third-generation catalyst requires exclusion of light and high vacuum for storage purposes that
exceed two days®®, unless dissolved in excess silane, where it is stable even under ambient conditions

for several weeks®.

The electronic environment of the catalytically active platinum atom is conveniently assessed using
sensitive %Pt NMR spectroscopy® and influenced by two main factors. Ligands exhibiting o-donor
properties contribute to an increase in electron density around the platinum center, generating a more
shielded nucleus with resonances that are upfield shifted to lower ppm, while those with m*-acceptor

t.”® Comparing the first-generation catalyst, (Im°*P)Pt(dvtms), with

properties have the opposite effec
a chemical shift of §=-5340 ppm’® to the generation 2.2 catalysts, (Im°*°)Pt(allyl ether), with
6 =-5574 ppm?®®, the °>Pt NMR data validates the sequence of olefin acceptor strength as depicted
in Scheme 987", Indeed, there exists an overall correlation between the °*Pt shift and the activity of
complexes in the hydrosilylation reaction. Specifically, compounds displaying highfield shifts tend to
demonstrate higher activity.”® An overview of platinum catalysts and their Pt shift is presented in
Scheme 10, where the shift-activity-correlation is generally abided by.”*> 77-78 8. 91 The highfield shift
of silylene-compounds therein acknowledges the surpassing donor properties of silylenes compared
to NHCs and phosphines.>* 76 92 Careful consideration is warranted for the third-generation Marké

catalyst due to its Pt(ll) nature, in contrast to all other compounds that feature Pt(0), as Pt(ll) species

typically exhibit more pronounced downfield shifts in their NMR spectra.®®
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Caution: Pt(ll)
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Scheme 10: Chemical shift of 1%Pt in selected compounds.71b. 77-78, 89, 91
Extended reactivity of Marko-type complexes is discussed in conjunction with the activation and

reaction mechanism (vide infra).
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1.3.4 Bimetallic Hydrosilylation — An Emerging Prospect

Metalloproteins are vital for carrying out numerous reactions efficiently and selectively in living
organisms to sustain essential biological functions.®® These elaborate metal complexes are coordinated
by endogenous biological ligands via nitrogen, oxygen, and sulfur atoms of amino acids, and thereby
anchored to the polypeptide backbone, constituting prosthetic groups.®* Protein-bound metal sites
might be essential for (1) the configuration of the tertiary and/or quaternary structure, (2) uptake,
storage, and release of metals, (3) uptake, storage, and release of electrons, (4) reversible O, binding,
and (5) catalytic activation and turnover of substrates.?** Bimetallic sites, where two metal ions are
closely positioned, often demonstrate the ability to overcome reaction barriers under physiological

conditions, that remain challenging even in artificial non-protein systems.*® Selected bimetallic sites of

metalloproteins are depicted in Figure 4 that fulfill points 3 to 5 in the prior recital of functions.®3%*
O
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Figure 4: Selected bimetallic sites of metalloproteins and their functions.?3-94

Many biomimetic studies have been inspired by these proteins, highlighting the importance of
considering the larger protein structure in addition to the first coordination sphere % 94 944,95 The
recognition of synergistic or cooperative effects® between metals in close proximity (Figure 5) has
spurred investigations into a wide array of bimetallic complexes in catalysis, aiming to replicate and
enhance the activity and selectivity observed in natural metalloproteins.?’ Artificial systems are not
restricted to bioavailable metals and ligands and might therefore utilize a greater variety of structures

that expand reactivity patterns of biological systems.*
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j | A\
Interaction of a substrate with  |nteraction of substrate witha  Interaction of substrate with a
a monometallic system bimetallic system with a bimetallic system with a
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M? on the M-S interaction and M?

Figure 5: Interaction modes between a substrate and monometallic and bimetallic systems. S = substrate, M = metal %

Bimetallic catalysts also pose an emerging prospect for the hydrosilylation reaction, with a plethora of
studied complexes (Figure 6; exhaustive display of literature reports) that exploit the reactivity of Rh,
Pt, Ir, and Co but also of oddities like the early transition metals Ti, Zr, Nb, and Ta.*® While platinum
catalysts are prevalent in industrial applications (vide supra), Ishii et al.'s Pt-Ir heterobimetallic

complexes stand out as the sole platinum-containing bimetallic complexes to catalyze hydrosilylation

thus far.*
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Figure 6: Bimetallic hydrosilylation pre-catalysts.%8-9°
The Rh-Ti heterobimetallic complex of Comte and Le Gendre et al. successfully catalyzes the

hydrosilylation of aromatic ketones, surpassing the respective monometallic rhodium complex in
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terms of activity and final product yield.®® Although comprehension of the effect of the titan
component is deficient, it is noteworthy that the induction period remains virtually unaffected upon
incorporation of titanium into the monometallic rhodium complex, whilst the TOF doubles. Ishii et al.'s
Pt-Ir heterobimetallic complexes excel in the stereoselective hydrosilylation of terminal alkynes,
exclusively forming B-(Z) vinylsilanes under the right conditions.?® The basic 1,3-bis(imidazol-2-ylidene-
1-yl)benzene scaffold has found extensive application for the synthesis of homobimetallic rhodium
complexes and dangling, or rhodium-coordinating groups at the NHCs have been explored, as well as
extension of the aromatic system in the shape of benzimidazol-2-ylidene %8¢ 98¢ 98h, 98i, 98k The
hydrosilylation of a vast variety of substrates like alkenes, aldehydes, ketones, acyl chlorides, a,B-
unsaturated carbonyls, nitriles, nitro groups, isocyanates, and tertiary amides is efficiently catalyzed
by this complex class.’® Also, a cooperative increase in the TOF has been determined, inter alia, by
altering the scaffold to 1,4-bis(imidazol-2-ylidene-1-yl)benzene to exclude metal-metal interactions.*®
Most importantly, insights into the mechanism revealed that the main catalytic cycle is the same for
mono- and bimetallic complexes, but the pre-catalyst activation follows different sequences, which is
in certain cases the origin of the synergistic effect.’®" In the monometallic complex, dissociation of the
COD (cycloocta-1,5-diene) is required for complex activation, while the energetically favorable
hydrogen transfer between adjacent COD moieties results in disproportionation to cycloocta-1,3,5-
triene and cyclooctene to generate a free coordination site at the rhodium center. The catalytic
mechanism of hydrosilylation with bimetallic complexes is — so far — based on the Chalk Harrod
mechanism, with only one pivotal metal atom in a catalytic cycle, further indicating that mainly the
induction period is affected by our bimetallic complexes.%® %" % An exception, however, is the

hydrosilylation of ketones by a Co/Zr heterobimetallic complex, where a mechanism based on ketyl

radicals was proposed.®®
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1.4 Mechanistic considerations of Platinum-Catalyzed Alkene Hydrosilylation

Understanding the activation of the pre-catalysts and mechanism of catalytic (by-)product formation,
along with stability issues and the role of platinum colloids is of major importance for the improvement
of catalysts and in particular ligand design. Equally affected is the development of proper methodology
for the catalytic evaluation of complexes to account for the analysis of key compounds and to avoid
methodic mistakes. Hence, this chapter about the mechanistic considerations will be presented in

great detail.

1.4.1 The (Modified) Chalk-Harrord Mechanism

Platinum-catalyzed hydrosilylation seized a pivotal role in silicone chemistry since the discovery of
Speier’s catalyst®® in 1957 and was first mechanistically described by Chalk and Harrod*® in 1965 with
a simple model that is still commonly accepted today (Scheme 11) but that was complemented by

further mechanistic work!”< %,

RN 8iR,
H—SiRs
[Pt]
\% \2 |
rds
[Pt] A
RENpy-siRy, HO Y SR [Pt]:ilR3 py= R—A /K\
. Pt
R VW
R3S| S|R3

/"

Scheme 11: Left: Catalytic cycle of the Chalk-Harrod mechanism4? (outer cycle) and the modified Chalk-Harrod mechanism10t
(inner cycle via I’ and IV’). Right: Proposed structure of the catalytically active species. 17¢ 79, 100a

The mechanistic cycle begins with a catalytically active platinum species that is depicted as [Pt]. The
catalytic cycle involves oxidative addition of a hydrosilane (1), thereby increasing the oxidation state of
Pt from 0 to +II. Introduction of an olefin into the coordination sphere of platinum (ll) facilitates the
preferred migratory insertion into the Pt-H bond, rather than silyl migration, yielding a Pt-C sigma bond
(111). The hydrosilylation product is finally reductively eliminated (IV), re-generating free coordination
sites for a new catalytic cycle. An extension of this mechanism involves insertion of the alkene into the
Pt-Si bond (NI, silyl migration), as is common for non-platinum metals (vide supra), followed by

reductive elimination of the product (IV’) and is referred to as the modified Chalk-Harrod
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mechanism.'! Reversibility is attested to steps I-lll, while IV is believed to be the rate-determining
step.17¢ 79,1002, 101b, 102 | nyestigations of the active species revealed Pt-C and Pt-Si bonds, while no proof

of Pt-H bonds was detected, which led to the proposal of a bis(alkenyl)-bis(silyl)-complex.17¢ 79 1002

Fundamentally, the rate of conversion is dependent on electronic and steric factors of the substrates.
The rate is increased for electron-rich olefins and electron-poor silanes, while strongly coordinating
olefins, especially chelates, decrease the reaction rate.r® 19 Unfortunately, the Chalk-Harrod
mechanism is not strictly obeyed in platinum-catalyzed hydrosilylation and is often accompanied by
side reactions that significantly reduce the yield of the desired product.?’* 2°® Byproducts are formed
by dehydrogenative silylation, hydrogenation, olefin isomerization, oligomerization, polymerization,
and redistribution of hydrosilanes (Scheme 12).2° This requires further purification steps, or in the

case of silicone materials imposes adverse effects on product quality.?®®

hydrosilylation R H
dehydrogenative silylation - RaSie %
hydrogenation
Yool /\/.1%
. [cat.]
RaSi—H + %
olefin isomerization
e

oligomerization, polymerization \[\/\/]/
n

redistribution

> R,Si, R,SiH,, RSiH3, SiH,
Scheme 12: Catalytic hydrosilylation of an alkene and competing side reactions.2%®

Additionally, several phenomena remain unaddressed by the mechanism of Chalk and Harrod, like the
induction period, the formation of colored bodies, the oxygen effect, and the formation of
vinylsilanes. 172 17¢ 1033, 104 The dyration of the induction period depends on the characteristics of both
the olefin and silane and also the platinum pre-catalyst and their concentrations. Especially the
oxidation state of the platinum compound is of major importance, as H;[PtCls]-6H,0 for instance needs

to undergo reduction prior to hydrosilylation.'’

1.4.2 Activation and Decomposition of Karstedt’s catalyst — An In-Depth Study

100a _ \whether mononuclear

Furthermore, the nature of platinum-catalyzed hydrosilylation catalysis
and homogenous’ 17¢ or at the surface of platinum colloids!®®* 1% — has been the subject of lively

discussions. Stein and Lewis et al. determined the mononuclear nature of platinum-catalyzed
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hydrosilylation in 1999 and revealed the errors that led to the assumption of colloid catalysis.'’ The
transmission electron microscopy (TEM) and high-resolution electron microscopy (HREM) images®?
105-106 that evidenced colloids were based on evaporated solutions after completion of the reaction and
a false positive mercury poisoning test!%>? was observed as contact of the platinum catalyst to mercury
for 7 h prior to catalysis led to decomposition and amalgamation of the catalyst precursor and
therefore showed no activity. Done with the correct methodology, mercury demonstrates no adverse
effect on the catalytic properties of platinum catalysts.?’® Platinum colloids, however, can still be
detected upon completion of the hydrosilylation reaction in certain cases (vide infra).t’ It was also
established that both Speier’s and Karstedt’s catalysts follow the same sequence of identical steps and
form the same platinum products.’ The reaction scheme of Stein and Lewis et al. is depicted in

Scheme 13 and explained in more detail hereafter due to its importance.

An in-depth study of the reaction cascade of Karstedt’s catalyst was conducted using extended X-ray
absorption fine structure (EXAFS), small-angle X-ray scattering (SAXS), X-ray photoelectron
spectroscopy (XPS), ultraviolet-visible (UV-vis) spectroscopy, HREM, deuteration experiments and the
kinetic isotope effect!?” (KIE), and variation of substrates and their stoichiometry.?’ In the induction
period, de-coordination of the bridging dvtms moiety of Karstedt’s catalyst is succeeded by
hydrosilylation of the dvtms chelate in the presence of silane which leads to the active species that
proceeds according to the Chalk-Harrod mechanism. Upon completion of the reaction, two different
species form dependent on the ratio of silane and olefin and the coordination strength of the olefin.
An excess of olefin forms a Pt(alkene); species (A), while excess of silane or poorly coordinating olefins
favors the formation of B, where platinum is bound in a silicon-rich environment. Interconversion of A
and B is possible by addition of the required substrate, but both species are susceptible to colloid
formation. The previous assumption, that colloids are the active species!®® 103105 j5 reyersed and

17¢ gre linked to platinum colloids. The oxygen effect!032 1035 108 hag 3iso

inactivity and isomerization
been revised and evidence was provided that oxygen disassembles and prevents!’® the formation of

multinuclear platinum species.
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Scheme 13: Reaction scheme for the hydrosilylation of alkenes by Karstedt’s catalyst, including the activation procedure,
catalytic cycle and transformation of platinum species at the end of catalysis when platinum colloids are frequently formed.7¢
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1.4.3 State of the Art Kinetic and Mechanistic Considerations

Further investigations of Karstedt’s catalyst remain scarce as common laboratory techniques are
hampered by the nature of said compound that requires excess vinylsiloxanes’ 78 to avoid
decomposition to platinum black (colloids)'’ 71, the sensitivity towards temperature, light, and
atmospheric conditions’**. Additionally, the characterization of intermediates is challenging because

746, 109 Understandably enough, the next major

of their high activity and susceptible character
mechanistic advance took a while and was put forth by Kiihn et al. in 2016.2'° The study with the
objective of gaining more insight into reaction kinetics and the hydrosilylation of internal double bonds
presents an improved reaction scheme (Scheme 14) that accounts for isomerization, re-evaluates the
reversibility of the olefin into the Pt—H bond (llus) into an irrevocable and rate-determining step.
Deuteration experiments and evaluation of the KIE evidence the proposed modifications and are in

fact a revised interpretation of the findings of Stein and Lewis et al.’¢ rather than a contradiction.

s g

[Pt] SiR;

Scheme 14: Revised Chalk-Harrod Mechanism including the hydrosilylation cycle (HS, left) and isomerization cycle (IS,
right).110

1.4.4 Mechanistic Aspects and Reactivity of Markd-type Complexes

Markd-type complexes pose an integral part of this work, hence a concise introduction into the
reactivity of this complex class is appropriate. The activation via partial de-coordination of the dvtms
chelate (I, Scheme 1578 889 111) noses the rds of the overall reaction mechanism and is succeeded by
two-fold hydrosilylation of said moiety. The initiation period is significantly prolonged compared to
Karstedt’s catalyst, hence Markd-type complexes are described as “slow-release precursors”.”® This
raises the dilemma of a strongly bound NHC to achieve high selectivites and activities, but at the same
time n*-backbonding from electron-rich platinum to the dvtms ligand impedes activation of the parent
complex.”® The main catalytic cycle (lll-V) proceeds based on the Chalk-Harrod mechanism with

concerted oxidative addition and 1,2 migratory insertion of the educts. Additionally, isomerized
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2-alkenes might form in step IVis. At high olefin concentrations, the active species is deactivated by
formation of Im“Pt(olefin), (VI), but deactivation occurs also by dimer formation in the presence of
silane (VII). In the absence of olefin, the formation of a Y-shaped tricoordinate bis(silyl)platinum
complex in cycle VIII was observed (caution: here ImP*PPt(dvtms) is the starting compound), which
catalyzes the hydrosilylation of alkenes in without an induction period.®% Upon exposure to olefin,
reductive elimination of disilane or bis-silylation of the olefin occurs, re-generating the active species.
No proof for the formation of colloids has been available for a long time”*788% byt recent experimental

data® suggests minor agglomeration thereof (IX), though without major impact on catalysis.
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Scheme 15: Activation, equilibria, and hydrosilylation mechanism for Marké-type complexes, including isomerization of
alkenes.’8 8-89, 111 Although the reaction scheme is explicitly drawn for Im&Pt(dvtms), apart from generation of Y-shaped
tricoordinate bis(silyl)platinum complex in cycle VIl which was investigated for ImPiPPPt(dvtms), it is believed that other
Marko-type complexes react according to this scheme.
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Indeed, the hydrosilylation reaction is of major importance in accessing a multitude of chemical
building blocks and forms the backbone of the silicone industry in combination with the Direct process.
Platinum-based systems, such as Karstedt’s catalyst, exhibit unmatched activity and tolerance to
atmospheric conditions, rendering them indispensable for industrial use. The revolutionary
introduction of NHCs by Markd et al. generates highly selective and efficient catalysts that tolerate a
wide range of functional groups while boasting extensive shelf life, albeit accompanied by a notable

induction phase.”

Two strategies are pursued in this thesis (Figure 7) with the aim of overcoming this drawback with the
potential of increased activity and selectivity on top: (1) the wingtips at the NHCs of the first-generation
Marka catalyst are varied in terms of steric bulk and electronic properties, while presumably hemilabile
N-donors are also investigated based on promising catalytic reports on compounds with NHC-tethered
thioether ligands.'*? (2) The established class of Marké-type complexes is extended to a
homobimetallic platinum-based system, in anticipation of cooperative, synergistic effects. Such effects

98-99

have been reported for a range of mostly non-platinum bimetallic compounds®®?°, virtually demanding

the exploration of auspicious bimetallic platinum catalysts.

Benchstable precursors of highly efficient and selective catalysts

R
leaving group =<— —> established NHC reliably binds platinum (- monometallic catalysts
X=R
Ko/ <
N \Si\/
[N> / > bimetallic catalysts
! l 7S~ X = CH,

bimetallic platinum catalyst induces synergistic effect

Figure 7: Overcoming the limitations of Markd-type complexes with two strategies. (1) Variation of NHC wingtips in
monometallic catalysts and (2) extending the established system to a novel class of bimetallic complexes with prospect of
synergistic effects.

Careful selection of framework conditions for the implementation and verification of hydrosilylation
benchmark reactions is succeeded by in-depth catalytic evaluation of selected compounds and their
comparison by means of key parameters, serving as a starting point for future improvements. Insights
into the activation procedure will be generated by pre-catalytic reaction of platinum complexes with
silane. Screening of temperature and catalyst loading is expected to provide further information on

the properties, while mercury poisoning experiments elucidate stability aspects.
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3 Results and Discussion

3.1 Synthesis and Characterization of Markoé-type (NHC)Pt(dvtms) Complexes and their Evaluation

in the Hydrosilylation Reaction of Alkenes

Michael J. Sauer, Leon F. Richter, Jeff Offorjindu, Robert M. Reich, Fritz E. Kihn*
J. Organomet. Chem. 2024, 1005, 122995-123005.

3.1.1 Publication Summary

The introduction of NHCs as spectator ligands by Marké et al. in the field of platinum-catalyzed
hydrosilylation drew great attention due to the selective and efficient nature of the resulting
catalysts.”* However, these complexes suffer from prolonged induction periods, as the removal of the
dvtms chelate is the overall rate-determining step, and delays generation of the catalytically active
species.”® Here, the synthesis and characterization of seven (NHC)Pt(dvtms) complexes (1-7;
numbering applies only to this publication) by multinuclear NMR spectroscopy, SC-XRD, and elemental
analysis is presented in conjunction with an investigation of the catalytic performance in the

hydrosilylation of alkenes.*®

To overcome the issue of slow initiation, the wingtips at the NHC moieties are varied in terms of their
steric demand. Dangling N-donors were attached at the wingtips of the NHCs for 3 and 4 on the basis
of research by Huynh and Bernhammer, which demonstrated the efficiency of Pt(Il) complexes with
hemilabile NHC-tethered thioether ligands in the hydrosilylation reaction.!*? Also, an abnormal 1,2,3-
triazole-5-ylidene Pt(0) complex (5) was designed, where an increase in selectivity and activity’® is

anticipated due to the stronger o-donor properties'

The target complexes are easily accessible, by deprotonation of the respective azolium salt in the
presence of potassium tert-butoxide as a base, which generates a free carbene, that reacts with

Karstedt’s catalyst”?, applying an adapted procedure of Marké et al. (Scheme 16).7®
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Scheme 16: Synthetic procedure for the preparation of complexes 1-7 from the respective azolium salt and Karstedt’s
catalyst’! in the presence of potassium tert-butoxide. 1: X=CH,Y=CH,Z=N,R=/"Pr,2: X=CH,Y=CH,Z=N,R=Ph, 3: X =
CH,Y=CH,Z=N,R=2-Py,4:X=CH, Y =CH, Z= N, R = methylene-1-mesityl-1H-1,2,3-triazole, 5: X=N, Y = (CH3)N,Z=C,R =
2,4,6-trimethylphenyl (Mes), 6: X=CH,Y=CH,Z=N,R=Me, 7: X=CH,Y=CH, Z=N, R = Mes.
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3 Results and Discussion

The kinetics of model reaction A are characterized by sigmoid time-yield curves due to varyingly
pronounced induction periods. The least sterically demanding methyl groups at the NHC for 6 virtually
eliminate the induction behavior while that period takes up to 1 h for 3 with pyridyl wingtips.
Complexes 3 and 4 exhibit inferior performance in comparison to their non-nitrogen-containing
congeners, which is attributed to the stabilization of a Pt(ll) species due to coordination of nitrogen to
platinum. As expected, an increased selectivity of 95% for 5 compared to 92% for 7 (Table 4) is
observed coupled with a prolonged induction period, both factors as a result of the increased o-donor
strength of the 1,2,3-triazole-5-ylidene compared to the imidazole-2-ylidene. The overall best
performance is exhibited by 2 with a miniscule induction period and a TOF of 39,000 h™* and 94% yield

of the desired product.

Table 4: Catalytic formation of product (M,D-oct) by hydrosilylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD"M
(1.0 eq., 2.024 mmol, 0.5 M) in p xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal standard (A).

Me i
P MesSiO. | -OSiMe; 50 ppm [Pt] MesSio |\
CeHis™ X + Si _— A~USKC
b (p-xylene)  CgHq3 OSiMe;
72 °C

Catalyst Y(M:D-oct) [%] X(oct-1-ene) [%] X(MD"M)[%] S[%] Y(isomerization) [%] TOF [h7]
1 88 92 87 96 4 14,000
2 94 98 93 96 3 39,000
3 82 85 81 97 3 11,000
4 56 60 55 94 2 10,000
5 93 98 92 95 4 12,000
6 83 98 82 84 12 31,000
7 91 98 90 92 4 17,000

Y: yield. X: conversion. S: selectivity regarding oct-1-ene at t = 6 h; Selectivity regarding MD"M > 99%. Sum of Cg isomers at
t =6 h. n-Octane is included herein. TOF of oct-1-ene calculated at the steepest slope.
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A series of Marko-type complexes of the structure (NHC)Pt(dvtms) were prepared (dvtms = 1,1,3,3-tetramethyl-
1,3-divinyldisiloxane, NHC = N-heterocyclic carbene, Im = imidazole, Trz = triazole; NHC = Prim (1), Phim (2),
2-Pylm (3), MesTrzMelm (4) Mes(Me)Trz (5) Melm (6), Meslm(7)), with 5 being the first reported abnormal
1,2,3-triazole-5-ylidene Pt(0) complex. All these compounds are easily accessible using Karstedt’s catalyst
[Pto(dvtms)s], the respective azolium salts (L1-7) and potassium tert-butoxide. Comprehensive characterization
by NMR spectroscopy ('H, '3C, 2%si, %°Pt), SC-XRD and CHNS analysis is presented. The hydrosilylation re-

actions of oct-1-ene or MM"! with MD'M, respectively, where the latter mimics the cross linking of silicones, are
efficiently catalyzed at remarkable low Pt-loadings of 50-100 ppm.

1. Introduction

A hydrosilylation reaction is an atom-efficient addition of a silane to
an unsaturated organic compound, most commonly a C=C double bond,
to form an alkyl silane (Scheme 1) [1-4]. In combination with the
“Direct Process”, also called Miiller-Rochow process [5-7], this key
transformation is of major importance for the silicone industry [8,9].
The hydrosilylation reaction is efficiently catalyzed by platinum-based
systems, such Speier’s (l—[th(Ilﬁ/[PrOH) [10-12] and Karstedt’s cata-
lyst (Ptadvtmss) [13-15] on an industrial scale. The latter system rep-
resents an improvement in terms of activity, induction period and
overall better solubility in polysiloxane matrices [8]. Certain drawbacks
like low selectivity and colloidal platinum formation due to deficient
stability were countered by the introduction of N-heterocyclic carbene
(NHC) spectator ligands by Marké et al. The isolable 16 e Pt(0) com-
plexes of the general formula (NHC)Pt(dvtms) -are insensitive towards
air and moisture, displaying outstanding selectivity and efficiency
[16-19]. In conjunction with a straightforward synthesis [18,20] this
class of catalyst precursors has attracted extensive attention in research
[21-35].

Platinum loss due to catalyst encapsulation in cross linked silicones
[8,36,37] alongside economic and environmental reasons, have sparked
efforts to design platinum-free catalysts with great interest in

* Corresponding author.
E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).
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compounds based on more common and cheaper metals such as Co, Fe
and Ni, among others [2,3,38,39]. However, the unparalleled activity of
Pt-based catalysts and their applicability under ambient conditions
render them - so far - indispensable for industrial use.

Thus, in this work the synthesis and comprehensive characterization
of seven (NHC)Pt(dvtms) complexes (1-7) by NMR spectroscopy (1H,
13¢, 2si, 195pt), SC-XRD and CHNS analysis and their evaluation in two
instructive hydrosilylation model reactions (Fig. 1) is reported. A more
exhaustive characterization of PhIm-Pt(dvtms) (2) is presented in
combination with hydrosilylation kinetics although the complex has
been already reported by Marinetti et al. [26]. Also, MeIm-Pt(dvtms) (6)
[16,18] and MesIm-Pt(dvtms) (7) [18] are included in this study as
reference systems for comparison to the closely related, novel complexes
PrIm-Pt(dvtms) (1) and, to the best of our knowledge, the first abnormal
1,2,3-triazole-5-ylidene Pt(0) complex, Mes(Me)Trz-Pt(dvtms) (5).
However, Marké-type complexes with 1,2,4-triazole-ylidene ligands had
been reported previously [21,23]. The ligand in 5, is a stronger o-donor
[40-42] which is expected to lower the amount of isomerization [18].
On the basis of Pt(II) complexes with hemilabile NHC-tethered thioether
ligands as catalysts for the hydrosilylation reaction, originally reported
by Huynh and Bernhammer [43], Pt(0) complexes Pylm-Pt(dvtms) (3)
and MesTrzMelm-Pt(dvtms) (4) were designed. In this work, pyridine or
a modified 1,2,3-triazole moiety are attached to the NHC scaffold,
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e e (Pt H
R™ ™~ + R'3Si—H —_— RJ\/SiRla
Scheme 1. Pt-catalyzed hydrosilylation of alkenes.
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Fig. 1. Structure of (NHC)Pt(dvtms) complexes used in this study. Compounds
2 [26], 6 [16,18] and 7 [18] are literature known.

respectively. The influence of these N-donors is discussed based on
NMR, SC-XRD and catalysis data.

2. Experimental
2.1. Methods and materials

All reactions were carried out under oxygen free, dry conditions in an
argon atmosphere using standard Schlenk and glovebox techniques
unless specifically stated otherwise. The solvents were purified,
degassed, and dried according to standard purification techniques or
obtained from an MBraun solvent purification system (SPS). The ligand
precursor salts 'Prim-Br (L1) [44], PhIm-PFe (L2) [45], PyIm-Br (L3)
[46], MesTrzCHoIm-Br (L4) [47], Mes(Me)Trz-I (L5) [48], Melm-PFq
(L6) [49] and MesIm-BF4 (L7) [50] were prepared from adapted liter-
ature procedures. All further chemicals were purchased from
Sigma-Aldrich, VWR or aber and used as received. NMR spectra were
recorded on a Bruker Avance Ultrashield 400 MHz spectrometer. All 'H,
3¢ and 2°Si chemical shifts are reported in parts per million (ppm)
relative to TMS, with the residual solvent peak serving as internal
reference. °Pt chemical shifts are externally referenced to KoPtCly in
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H»0 (6 = —1628 ppm). 29gi NMR spectra were recorded via the INEPT
technique. Abbreviations for NMR multiplicities are singlet (s), doublet
(d), heptet (hept), and multiplet (m). Coupling constants are given in Hz.
Catalytic experiments were conducted under atmospheric conditions
and GC grade p-xylene and n-hexane were employed therein. An in
depth description of the procedure is provided in the SI. GC analysis was
performed with an Agilent Technologies 7890B GC system using an
HP-5 column (30 m x 320 pm x 0.25 pm). Injection volume was 1 pL at
an oven temperature of 50 °C and with a split ratio of 30:1. A flow of 0.9
mL min” of nitrogen as carrier gas was applied and the system was
equipped with an FID detector, that was kept at 50 °C. After injection of
the sample at 50 °C the oven temperature was held for 9 min and sub-
sequently ramped to 80 °C at a rate of 6 °C min™.. Afterwards the ramp
was increased to 15 °C min! until 205 °C were reached and the final
temperature of 250 °C were reached by heating at 30 °C min” and then
keeping the temperature for 3 min. Elemental analyses were performed
at the microanalytical laboratory of the Catalysis Research Center,
Technische Universitat Miinchen. Single crystals were measured in the
SC-XRD laboratory of the Catalysis Research Center at Technische Uni-
versitat Miinchen, Germany.

2.2, Synthesis and characterization

2.2.1. General protocol for the synthesis of (NHC)Pt(dvtms) complexes
a-7

The respective imidazolium salt (1.00 eq.), Karstedt’s catalyst (1.00
eq.), potassium tert-butoxide (1.50 eq.; 1.05 eq. for 4) and toluene are
combined under argon atmosphere. The suspension is stirred overnight
under exclusion of light. Under atmospheric conditions, pentane is
added and the suspension stirred before filtration over Celite and elution
with pentane. Volatiles are removed in vacuo and resulting solid washed
with propan-2-ol and pentane, yielding the target compound. A more
detailed account is presented in the SL

2.2.2. 'Prim-Pt(dvims) (1)

Yield: 71%. 'H NMR (400 MHz, CDClg3, 298 K): 5 [ppm] = 7.05 (s,
*Jpon = 12.8 Hz, 2H, Hyp), 4.71 (hept, 3Jy 4 = 6.8 Hz, 1H, CH3CHCH3),
4,63 (hept, *Juu — 6.8 Hz, 1H, CH3CHCH3), 2,20 (d, *Jypn — 10.6 Hz,
2Jpeyg = 52.8 Hz, 2H, CH,CHSi), 1.98-1.72 (m, 4H, GH,CHS), 1.31 (d,
3Jyy1 = 6.6 Hz, 6H, CHCH3), 1.29 (d, *Jiy 11 = 6.7 Hz, 6H, CHCHs), 0.33
(s, 6H, SiCHzeq), —0.30 (s, 6H, SiCHzay). *C{'H} NMR (101 MHz,
CDCl3, 298 K): 6 [ppm] = 179.9 (Pt-Cear, 'Jpi.c = 1387.7 Hz), 116.9 (Ciy,
3Jp.c = 37.4 Hz), 51.3 (CH3CHCH3), 51.1 (CH3CHCH3), 40.6 (CHaCHS,
Upec = 157.6 Hz), 33.8 (CH2CHSi, Jpcc = 119.2 Hz), 23.3 (CHCH3),
23.2 (CHCH3), 1.6 (SiCHz ), —2.0 (SiCHz ). *°Si{"H} NMR (79 MHz,
CDCls, 298 K): 5 [ppm] = 2.65 (s, 2Jpy5i = 42.7 Hz, 2 Si). %Pt NMR (85
MHz, CDCl3, 298 K): 5 [ppm] = —5379 (s, 1 Pt). Elemental analysis caled
(%) for C17H34N20PtSiy: C 38.26; H 6.42; N 5.25; found: C 38.36; H
6.45; N 5.25.

2.2.3. PhIm-Pt(dvims) (2)

Yield: 62%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 7.57-7.48
(m, 4H, Hyy), 7.44 (s, “Jp, = 10.8 Hz, 2H, Hym), 7.34-7.27 (m, 6H, Hyy),
1.94 (d, *Jp = 10.2 Hz, 2H, 2Jp, i = 53.2 Hz, CH2CHS), 1.76-1.49 (m,
4H, CHoCHS1), 0.22 (s, 6H, SiCHz ), —0.59 (s, 6H, SiCH3 ). *C{'H}
NMR (101 MHz, CDClz, 298 K): 6 [ppm] = 185.1 (Pt-Cear, ‘Jprc =
1400.9 Hz), 140.9 (C,y), 128.7 (Cay), 128.0 (Cyy), 124.7 (Cyy), 122.5 (Cy,
3Jprc = 38.4 Hz), 41.6 (CH2CHSI, Upec = 163.6 Hz), 34.0 (CH,CHS;,
Uprc = 123.2 Hz), 1.6 (SiCHz eq), —2.7 (SiCH3 40). 2°Si{"H} NMR (79
MHz, CDCl3, 298 K): & [ppm] = 2.68 (s, 2Jp.si = 41.9 Hz, 2 Si). %Pt
NMR (85 MHz, CDCl3, 298 K): § [ppm] = —5298 (s, 1 Pt). Elemental
analysis caled (%) for CazH3oN2OPtSio: C 45.91; H 5.03; N 4.66; found: C
45.67; H 5.00; N 4.70.

2.2.4. Pylm-Pt(dvtms) (3)
Yield: 58%. 'H NMR (400 MHz, CDCls, 298 K): & [ppm] = 8.63-8.20
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(m, 4H, Hay), 8.14 (5, *Jpyu = 10.4 Hz, 2H, Hp), 7.63-7.41 (m, 2H, Hay),
7.29-7.13 (m, 2H, Hay), 2.13 (d, 3Jyn = 11.4 Hz, 2H, 2Jp,s = 53.8 Ha,
CH,CHSi), 2.02-1.66 (m, 4H, CH,CHS4), 0.30 (s, 6H, SiCH3 ¢q), —0.37 (5,
6H, SiCH3 ,). 1*C{'"H} NMR (101 MHz, CDCls, 298 K): 5 [ppm] = 186.5
(Pt-Cear, Wprc = 1372.6 Hz), 152.3 (Cyy), 148.0 (C,yp), 137.6 (Cyp), 122.7
(Car)y 121.2 (C1), 116.8 (Car), 42.7 (CH2CHS, Mp ¢ = 163.6 Hz), 35.1
(CH2CHS, Ypc = 123.2 Hz), 1.6 (SiCHz eq), —2.6 (SiCHa 4. 2Si{’H}
NMR (79 MHz, CDCl3, 298 K): 5 [ppm] = 2.85 (s, 2Jpy.si = 40.3 Hz, 2 Si).
19pt NMR (85 MHz, CDCls, 298 K): & [ppm] = —5277 (s, 1 P).
Elemental analysis calcd (%) for CaiHagN4OPtSia: C 41.78; H 4.67; N
9.28; found: C 41.47; H 4.64; N 9.19.

2.2.5. MesTrzMelm-Pt(dvtms) (4)

Yield: 64%. '"H NMR (400 MHz, CDCl3, 298 K): & [ppm] = 7.43-7.26
(s, 4H, Hyr), 6.96 (s, 4H, Hyp), 5.37 (s, 2H, NCH,C), 5.33 (s, 2H, NCH,C),
2.33 (s, 6H, p-CHz), 2.22 (d, *Jyu = 10.2 Hz, 2H, 2Jp, 5 = 50.6 Haz,
CH,CHSi), 2.11-1.73 (m, 4H, CH,CHS4), 1.90 (s, 12H, 0-CHs), 0.30 (s,
6H, SiCH3 eq), -0.32 (s, 6H, SiCH3 4,). "*C{'H} NMR (101 MHz, CDClj,
298 K): & [ppm] = 184.4 (Pt-Cear, Jprc = 1371.6 Hz), 143.5 (Cy,), 143.3
(Car), 140.3 (Cap), 135.0 (Cay), 133.3 (Car), 129.2 (Cop), 124.3 (Cay), 124.0
(Car)s 121.9 (Cap), 121.4 (Cyy), 44.9 (NCH,C), 41.1 (CHCHSI, Vpc =
157.6 Hz), 35.2 (CHyCHSI, Yp ¢ = 119.2 Hz), 21.2 (p-CHa), 17.4 (o-
CHy), 1.5 (SiCH3eq), —1.5 (SiCH3,ay). 2°Si{'H} NMR (79 MHz, CDCls,
298 K): 5 [ppm] = 2.90 (5, %Jprsi = 41.9 Hz, 2 Si). '**Pt NMR (85 MHz,
CDCl3, 298 K): § [ppm] = —5386 (s, 1 Pt). Elemental analysis caled (%)
for CasH4gNOPtSia: C 49.57; H 5.71; N 13.21; found: C 49.62; H5.77; N
13.11.

2.2.6. Mes(Me)Trz-Pt(dvims) (5)

Yield: 46%. '"H NMR (400 MHz, CDCl3, 298 K): 5 [ppm] = 6.92 (s,
2H, Hay), 6.91 (s, 2H, Ha), 3.85 (s, 3H, CH3N), 2.29 (s, 3H, p-CHa), 2.28
(s, 3H, p-CH3), 2.11 (s, 6H, 0-CH3), 2.10 (s, 6H, 0-CHz), 1.87 (d, *Jun =
11.4 Hz, 2H, 2Jp,y = 53.4 Hz, CH,CHSi), 1.69-1.39 (m, 4H, CH,CHSi),
0.17 (s, 6H, SiCHz og), —0.73 (s, 6H, SiCHz o). *C{'H} NMR (101 MHe,
CDCl3, 298 K): & [ppm] = 168.4 (Pt-Cear, 'Jprc = 1274.6 Hz), 145.3
(Car), 139.8 (Cap), 139.6 (Cay), 138.3 (Cyr), 136.9 (Cyyp), 134.7 (Cyy), 129.0
(Car), 128.7 (Cay), 125.1 (Cay), 40.6 (CH2CHS, Jpc = 163.6 Hz), 36.1
(CH3N), 33.9 (CH2CHSI, Yprc = 120.2 Hz), 21.3 (p-CHz), 21.2 (p-CHz),
20.2 (0-CHg), 17.8 (0-CHg), 1.6 (SiCHzeq), —2.5 (SiCH3ax). 2°Si{'H}
NMR (79 MHz, CDCl3, 298 K): 5 [ppm] = 3.01 (s, %Jpy gi = 41.9 Hz, 2 80).
195pt NMR (85 MHz, CDCls, 298 K): & [ppm] = —5306 (s, 1 Pt).
Elemental analysis caled (%) for CogHa3N3OPtSio: C 49.69; H 6.18; N
5.99; found: C 49.83; H 6.25; N 5.90.

2.2.7. Melm-Pt(dvtms) (6)

Yield: 74%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 6.99 (s,
qJPLH =11.6 Hz, 2H, Hlm)s 3.51 (S, 6H, NCHs), 2.22 (d, 3.]][!” =11.1 Hz,
2H, 2Jp = 53.0 Hz, CH,CHSi), 2.01-1.71 (m, 4H, CH,CHSi), 0.32 (s,
6H, SiCH3,eq), —0.27 (s, 6H, SiCHz o). *C{'H} NMR (101 MHz, CDCl3,
298 K): 6 [ppm] = 184.2 (Pt-Car, 'Jpi.c = 1375.6 Hz), 121.9 (Cr, “Jpec
= 37.4 Hz), 39.5 (CH2CHSi, Jp.c = 157.6 Hz), 36.9 (NCH3), 34.2
(CH2CHS, Ypec = 119.2 Hz), 1.6 (SiCHz eq), —1.7 (SiCHz 2. 2Si{'H}
NMR (79 MHz, CDCl3, 298 K): § [ppm] = 2.80 (s, “Jpy.si — 41.9 Hz, 2 Si).
195pt NMR (85 MHz, CDCls, 298 K): 6 [ppm] = —5392 (s, 1 Pt).
Elemental analysis calced (%) for C13HogN2OPtSis: C 32.69; H 5.49; N
5.87; found: C 32.67; H 5.37; N 5.89.

2.2.8. MesIm-Pt(dvtms) (7)

Yield: 64%. 'H NMR (400 MHz, CDCls, 298 K): § [ppm] = 7.14 (s,
“Jpen = 9.2 Hz, 2H, Hyy), 6.88 (s, 4H, Hyy), 2.27 (s, 6H, p-CH), 2.15 (s,
12H, 0-CHg), 1.91 (d, *Jiyi = 11.6 Hz, 2H, %Jp i1 = 54.4 Hz, CHaCHSI),
1.76-1.37 (m, 4H, CH,CHS1), 0.17 (s, 6H, SiCH3 ¢q), —0.74 (s, 6H, SiCH3,
a0). *C{'"H} NMR (101 MHz, CDCls, 298 K): & [ppm] = 184.4 (Pt-Cegy,
Wprc = 1409.0 Hz), 138.6 (Cap), 136.8 (Ca), 135.3 (Cyy), 129.0 (Cay),
123.0 (Crm, Jpic = 41.4 Hz), 41.3 (CHoCHS, Wp ¢ = 165.6 Hz), 35.2
(CH2CHS, "Jpy,c = 118.2 Hz), 21.1 (p-CHj), 18.2 (0-CHy), 1.6 (SiCHa ¢g),
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—2.5 (SiCH3 ay). 28i{"H} NMR (79 MHz, CDCl3, 298 K): 5 [ppm] = 3.57
(s, 2Fpy.51 = 40.3 Hz, 2 Si). 1Pt NMR (85 MHz, CDCl3, 298 K): 5 [ppm] =
—5368 (s, 1 Pt). Elemental analysis caled (%) for CagHsaN20PtSia: C
50.78; H 6.17; N 4.08; found: C 50.64; H 6.20; N 4.09.

2.3. Single crystal X-ray structure determination

Single crystals of 1 were obtained by layering a solution in
dichloromethane with n-hexane. Evaporation of a concentrated solution
in n-pentane gave suitable crystals respectively of 2, 4 and 5. Cooling of
a hot solution of 3 in n-hexane yielded suitable crystals thereof. X-ray
crystallographic data was collected on a Bruker D8 Venture single
crystal X-ray diffractometer, equipped either with a CMOS detector
(k-CMOS) and a TXS rotating anode or a CMOS detector (Bruker Photon-
100) and a IMS microsource, both in conjunction with a Helios optic as
setup using the APEX4 software package [51]. The measurement used
MoK, radiation (1 = 0.71073 f\) and was performed on single crystals
coated with perfluorinated ether. The crystals were fixed on top of a
micromount sample holder and frozen under a stream of cold nitrogen at
100 K. A matrix scan was used to determine the initial lattice parame-
ters. Reflections were corrected for Lorentz and polarization effects, scan
speed, and background using SAINT [52]. Absorption corrections,
including odd and even ordered spherical harmonics were performed
using SADABS [53]. Space group assignment was based upon systematic
absences, E statistics, and successful refinement of the structure. The
structure was solved by direct methods (SHELXT) with the aid of suc-
cessive difference Fourier maps, and was refined against all data using
SHELXL-2015 in conjunction with SHELXLE [54-56]. Hydrogen atoms
were calculated in ideal positions as follows: Methyl hydrogen atoms
were refined as part of rigid rotating groups, with a C—H distance of
0.98 A and Uiso(H) = 1.5:Ugg(C). Other H atoms were placed in calcu-
lated positions and refined using a riding model, with methylene, aro-
matic, and other C—H distances of 0.99 ;\, 0.95 ﬁ\_, and 1.00 f\,
respectively and Ujg(H) = 1.2:Ugq(C). Non-hydrogen atoms were
refined with anisotropic displacement parameters. Full-matrix least-s-
quares refinements were carried out by minimizing L‘w(F%—F‘f)2 with the
SHELXL weighting scheme [54]. Neutral atom scattering factors for all
atoms and anomalous dispersion corrections for the non-hydrogen
atoms were taken from International Tables for Crystallography [57].
The unit cell of 4 contains solvent accessible voids of 108 A*. Therein the
PLATON SQUEEZE procedure found seven electrons, which excludes the
possibility of cocrystallized solvent [58]. The images of the crystal
structures were generated with PLATON [59]. CCDC 2301898-2301902
contain the supplementary crystallographic data for this paper. This
data can be obtained free of charge via www.ccde.cam.ac.uk/data reque
st/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033.

3. Results and discussion
3.1. Synthesis and characterization of (NHC)Pt(dvtms) complexes (1-7)

The (NHC)Pt(dvtms) complexes (1-7) were obtained by reaction of
the respective azolium salt (L1-L7, 1.00 eq.) with potassium tert-but-
oxide (1.50 eq.) and Karstedt’s catalyst [13-15] (1.00 eq.) in dry toluene
at room temperature for 16 h, applying an adapted procedure of Marko
et al. (Scheme 2) [18]. An exception, however, is the synthesis of com-
plex 4, where the amount of potassium tert-butoxide was reduced to
1.05 equivalents to avoid potential deprotonation of the triazole wings
[60,61]. Two routes were employed for the removal of the formed po-
tassium salts. Filtration over Celite and extraction of a DCM/H20 sys-
tem. It was found that filtration is superior as the synthesis of complex 4
for instance was not successful via the extraction route. In any case, hard
anions of the parent ligands simplify both routes. Subsequent washing
with 'PrOH and n-pentane gives analytically pure produets in yields
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Scheme 2. Syntheses of complexes 1-7 from Karstedt's catalyst [13-15].

between 46 and 74% (Table 1). In doing so, complexes 1-7 have been
isolated and characterized by NMR spectroscopy (IH, 13(2, 2951', 195Pt),
elemental analysis and the structure of complexes 1-5 has been
confirmed by SC-XRD. While the syntheses of complexes 1-7 are con-
ducted under inert conditions, the formed products are insensitive to air
and moisture and may be stored indefinitely in solid or dissolved state.
However, the complexes are sensitive towards light, especially in solu-
tion [16,30]. The synthesis of 2 was also attempted via the weak-base
route of Nolan, Nahra and Cazin et al. [20,62] in an effort to extend
the scope of NHC-HCI pro-ligands to their NHC.-HPFg cognates, but
proved unsuccessful (SI).

NMR spectroscopy of complexes 1-7 reveals a similar nature in
comparison to structurally related complexes [16-18,27,35]. The
disappearance of the carbenoid proton in the 'H NMR, upfield shift of
the vinyl protons of dvtms from é = 6.17-5.70 ppm for the free molecule
to 2.31-1.38 ppm as a bound ligand, along with the parting of the SiMe2
singlet into two resonances at about § = 0.3 and —0.5 ppm indicate
coordination of the in-situ generated NHC to a Pt(dvtms) moiety of
Karstedt’'s catalyst [18]. The carbene resonances are observed at § =
186.5-179.9 ppm for the imidazolylidene complexes, while the carbene
shift of the triazolylidene complex 5 is significantly upfield shifted to &
= 168.4 ppm (Table 2), indicating enhanced donor strength. Compa-
rable triazolylidene carbene shifts of organometallic complexes have
been reported in literature [63-65]. The formation of (NHC)Pt(dvtms)
complexes is further substantiated by the presence of !?°Pt satellites for
several peaks in the 'H and '*C NMR spectra. Connection of platinum to
the NHC moiety is proven by a lJ'p[!C coupling of on average 1371 Hz,
along with 4th,H and 3.]])[‘(;[.“ couplings of Pt and the imidazole backbone
protons and carbons, respectively. It is noteworthy, that the weakest

Table 1

Yields of (NHC)Pt(dvtms) complexes.
Complex Yield [%]
Prim-Pt(dvtms) (1) 71
Phlm-Pt(dvtms) (2) 62
Pylm-Pt(dvtms) (3) 58
MesTrzMeIm-Pt(dvtms) (4) 64
Mes(Me)Trz-Pt(dvims) (5) 46
Melm-Pt(dvtms) (6) 74
MesIm-Pt(dvtms) (7) 64

1th‘c coupling of 1274.6 Hz is observed for complex 5. The dvtms ligand
provides lth,C couplings for the terminal and internal vinyl carbon
atoms and “Jp; i coupling for the vinyl protons. The extracted data of
reference compounds 6 and 7 are in agreement with reported values,
apparat from the °>Pt NMR shifts, where deviations of 49 and 29 ppm
are observed for 6 and 7, respectively [18]. While 'H and '*>C NMR
spectroscopy are state of the art for organometallic complexes, the
presence of silicon and platinum in the complexes in question enables
further analysis. The 2°Si NMR shifts are quite similar (§ = 3.57-2.65
ppm), due to the distance of silicon from the varying NHC-moieties.
However, the downfield shift from § = —3.07 ppm of free dvtms and a
Zme coupling of on average 42 Hz reinforces the claim of NHC-Pt
(dvtms) formation. Also, dvtms is bound symmetrically, since a singlet
is observed. The electronic environment of the catalytically active cen-
ter, the platinum atom, is obtained by sensitive !?>Pt NMR spectroscopy
[66,67]. Electron density is increased by the o-donor properties of li-
gands and reduced by n*-acceptor properties of the ligands [18]. The
recorded '*>Pt NMR shifts range from 5 = —5277 to —5392 ppm, typical
for Pt(0) complexes [67]. Complex 2 with phenyl wingtips and complex
3 with 2-pyridine wingtips are closely related, with 195pt NMR shifts of &
= —5298 and —5277 ppm, respectively. The less shielded platinum
center in 3 may be attributed to energetically lowered LUMO of 2-pyri-
dine compared to phenyl in 2 and therefore increased n-acceptor prop-
erties, apparently outweighing potential intra- or intermolecular
interaction of the nitrogen lone pair with platinum. However, the Ithyc
coupling constant of 1400.9 Hz for 2 compared to 1372.6 Hz for 3 in-
dicates a stronger carbene-platinum bond for 2. Also structurally similar
are complexes 5 and 7 with an abnormally coordinating triazolylidene-
and imidazolylidene-carbene, respectively. Although abnormally coor-
dinating carbenes are generally considered to possess stronger ¢-donor
properties [40-42], 19°Pt NMR shifts of § = —5306 (5) and —5368 ppm
(7) are recorded, with a de-shielded 5 compared to 7. Also, the lowest
and the largest ]me coupling in the series of 1-7 are found with 1274.6
Hz (5) and 1409.0 Hz (7). Complex 4 possesses methyl-
ene-1-mesityl-1H-1,2,3-triazole wings and a 195pt NMR shift of § =
-5386 ppm. Thus, complex 4 is most closely related to 6 in terms of
electron density at platinum and coupling constants. The difference in
the '%°Pt NMR shift might be attributed to a —I effect of the triazole alike
the mismatch between 2 and 3, even though the wingtip in 4 is more
flexible than in 3 due to the additional methylene bridge.
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Table 2

Key chemical shifts and coupling constants of complexes 1-7 as observed by NMR spectroscopy.
Complex 1 2 3 4 5 6 7
Chemical shifts § [ppm]
13C carbene 179.9 185.1 186.5 184.4 168.4 184.2 184.4
29i 2.65 2.68 2.85 2.90 3.01 2.80 3.57
195pt -5379 —5298 —5277 —5386 -5306 -5392 ° —-5368 "
Coupling constants [Hz]
Vne 1387.7 1400.9 1372.6 1371.6 1274.6 1375.6 1409.0
“Torcim 37.4 38.4 na. n.a. / 37.4 41.4
ot cvi (terminal) 157.6 163.6 163.6 157.6 163.6 157.6 165.6
Uprevi (internal) 119.2 123.2 123.2 119.2 120.2 119.2 118.2
o 12.8 10.8 10.4 na. / 11.6 9.2
o 52.8 53.2 53.8 50.6 53.4 53.0 54.4
pesi 42.7 41.9 40.3 41.9 41.9 41.9 40.3

 Differs by 49 ppm from the previously reported shift of —5343 ppm [18].
b Differs by 29 ppm from the previously reported shift of —5339 ppm [18].

The molecular structure of 1-5 was confirmed by SC-XRD, showing
in all cases the characteristic [18,25,31,35], distorted trigonal planar
coordination of platinum by the Cgarpene atom of the NHC ligand and the
vinyl groups of the dvtms ligand (Fig. 2). A comparison of selected bond
lengths and angles is presented in

Table 3, including the reference complexes 6 [16,18] and 7 [18]. The
observed bond lengths of Pt-Ceybene lie in the narrow range of
2.038-2.054 A as is typical for these complexes [18,30,35]. The
Pt-Cearbene distance in 2 is 2.038(2) Aand significantly shorter in terms
of statistic uncertainty (3c) than the same bond in 3 with 2.0542(19) A,
which is in agreement with the found lJpyc coupling constants. The
Co—c-Co=¢ distance is an indicator for the n*-backbonding from plat-
inum to the dvtms ligand. However, even though the C¢—¢-Co—¢ bond in
2 appears somewhat elongated compared to 3, this finding is not sta-
tistically relevant. The largest difference of 1Jp.,(-, coupling constants is
observed for 5 and 7 (vide supra), however the found Pt-Cgarpene bond
lengths of 2.054(3) and 2.046(4) A, respectively, do not reflect that
mismatch. Contrasting the complexes in terms of the torsion angle that is
stretched by the NHC and Pt(dvtms) plane was pioneered by Marko
et al., and is referred to as “tilt” angle ®@ [18]. In sterically unhindered
complexes such as 6, the possible maximum of ® = 90.00° is achieved.
Bulky ligands force a rotation along the Pt-Ccarbene axis to reduce steric
strain between the NHC wingtips and the dvtms group. The mesityl
wingtips of 5 and 7 render the complexes in question as the sterically
most encumbered ones. Although 4 also incorporates mesityl moieties,
the methylene linker acts as a joint that allows rotation away from the
dvtms ligand, resulting in ® = 80.85°. The tilt angles for 5 and 7 are even
lower at @ = 59.00 and 64.67°, respectively. In this context the
N—Cearbene-C angle of 101.6(3)° of the triazolylidene 5 and the
N—Ccarbene-N angle of 103.1(3)° of the imidazolylidene 7 is relevant.
This indicates that the mesityl groups in 5 point further away from the
dvtms unit than in 7, which should in theory allow a larger tilt angle @.
This contradiction is attributed to the methyl group at the triazole
backbone in 5 that prevents the mesityl moiety in proximity to tilt as far
as the mesityl group in 7, where hydrogen atoms are symmetrically
bound to the backbone of the NHC. This feature increases the actual bulk
of the mesityl wings in 5 compared to 7 and therefore lowers the tilt
angle ©, Using an excessively bulky ligand, Zak et al. described IPr*™-pt
(dvtms) (where Prfh — 1,3-bis(2,4,6-tris(diphenylmethyl)phenyl)imi-
dazol-2-ylidene) where the steric demand accounts for ® = 53.03° [34].

3.2. Catalytic hydrosilylation of alkenes

The performance of compounds 1-7 in the hydrosilylation reaction
was evaluated in the model reaction of oct-1-ene and 1,1,3,5,5-heptame-
thyltrisiloxane (MD"M) that was established by Markd et al. (Scheme 3),
where MD"'M mimics a PMHS (polymethylhydrosiloxane) [16,17]. This
reaction will be referred to as model reaction A and proceeds at rela-
tively mild conditions. However, in terms of selectivities regarding

oct-1-ene, the catalysts compete for minimal formation of isomerized Cg
alkenes and the reduction to n-octane. Linking both educts might also
yield by byproducts [16,17], though they are neglected in this work, as
their combined yields always total < 1%. To simulate the industrial
three-dimensional silicone network formation via platinum-catalyzed
addition-cure crosslinking, model reaction B was established (Scheme
4). The vinyl siloxane group is represented by 1,1,1,3,3-pentamethyl-3--
vinyldisiloxane (MMVYH) and the hydrosilane group by MD"M as in model
reaction A [3,68]. Due to the nature of this reaction harsher conditions
are required and unlike in A mainly linked byproducts [69] are formed.
The hydrosilylation experiments were carried out under ambient con-
ditions but due to the homogeneous and well-defined character of the
catalyst and of the reaction mechanism [17,18], respectively, the
occurrence of the beneficial “oxygen™ effect [70,71] is ruled out.
Furthermore, no visual discoloration of the reaction mixtures, that
would indicate the formation of colloidal Pt species [71], was observed
as is in agreement with literature reports for these (NHC)Pt(dvtms)
complexes [16]. However, the “cocktail” nature of a similar catalytic
system was suggested on the basis of UV-vis data, but excellent selec-
tivity indicates a minor contribution of Pt-colloids in that case [72].
The kinetics of the hydrosilylation model reaction A at 72 °C with 50
ppm catalyst and equimolar amounts of oct-1-ene and MD"M are
characterized by sigmoid time-yield curves that are caused by the in-
duction period of the initial hydrosilylation of dvtms of the catalyst
precursors (Fig. 3) [18]. MeIm-Pt(dvtms) (6) shows virtually no induc-
tion period, which is attributed to the sterically least demanding wing-
tips among the examined complex series. This trait is accompanied by a
low selectivity regarding oct-1-ene of merely 84%, which results in the
by far highest amount of Cg byproducts of 12% (Table 4). A minor in-
duction period is observed for 1, where the wingtip ligands are
iso-propyl entities. This change causes a harsh drop in the TOF (turnover
frequency) from 31,000 to 14,000 h™! from 6 to 1, respectively. How-
ever, the selectivity is improved from 84 to 96% and therefore only 4%
Cg byproducts are formed. Due to varying induction kinetics the
apparent TOF values have to be handled with caution, as different
amounts of the catalyst precursor might have been converted to the
active platinum species, which is not reflected in the TOF [18]. A concise
overview of TOFs of platinum catalysts for A was published by Bai and
Zhang et al. [73]. Complex 4 as the last non-aromatic substituted
congener is closely related to 6 in terms of electronics (vide supra), but
the catalytic performance differs significantly. A prolonged induction
period for 4 is attributed to the steric demand of the NHC wingtips in
solution and after 6 h solely 60% of oct-1-ene are converted to yield 56%
M,D-oct with the lowest TOF of 10,000 h . A noticeable loss in activity
after around 2 h, where more than half of the educt amount is still
present indicates the deactivation of the active species. Coordination of
an Nijazele to the metal center [47] might form a stabilized Pt(II) species
[74,75] that is eliminated from the pool of active Pt catalyst. The most
active catalyst in this series is formed by 2 with a TOF of 39,000 h ' and a
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C15

Phim-Pt(dvtms) (2)

Fig. 2. ORTEP style molecular structure representation of complexes 1-5. Thermal ellipsoids are given at a 50% probability level. Hydrogen atoms are omitted for

clarity. One of the two crystallographically independent molecules is shown for 1.

miniscule induction period, especially if compared to other complexes
with aromatic wingtips. Despite the high reactivity, the selectivity re-
mains excellent at 96% and a yield of 4% Cg byproducts. Replacing the
phenyl wingtips of 2 with 2-pyridine in 3 severely impedes the initial
hydrosilylation of dvtms and results in an induction period of 1 h. This
behavior is attributed to the coordination of N_py to the platinum center
[74,75] upon dissociation of one dvtms vinyl moiety [18] during the
initiation process. Unfortunately, the deactivated species of 3 and 4
remained elusive and could thus not be characterized. Finally, the
comparison of 5 and 7 shows slightly improved induction properties for
the triazolylidene complex 5, which is in agreement with the 1°°Pt NMR
data (vide supra). However, due to the inherent activity of 7 with a TOF

of 17,000 h™! the time-yield curve outpaces its congener (5: TOF = 12,
000 h™1) in the middle section of the catalysis. Due to enhanced selec-
tivity of 5 at 95% compared to 7 at 92% the kinetic curves cross once
more just before the 3 h mark. In conclusion, the catalytic performance
depends both on steric and electronic factors of the NHC ligand in
accordance with literature known reports [18,21,32] with the additional
finding, that N-donors impose a detrimental effect due to the formation
of unduly stabilized Pt species.

Sigmoid time-yield curves are also found for model reaction B at
100 °C and a catalyst loading of 100 ppm with equimolar amounts of
MMV! and MD'M (Fig. 4; complete kinetic in ST). Table 5 summarizes the
results of the kinetic study with generally higher TOFs than for A due to
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Pylm-Pt(dvtms) (3)

Mes(Me)Trz-Pt(dvtms) (5)

Fig. 2. (continued).

the increased temperature. Also, in model reaction B merely a maximum
yield of 72% of product MM(C;H4)DMj is obtained for 2, compared to
94% of the desired product MyD-oct in model reaction A, which was also
achieved by 2. Complex 4 exhibits the same deactivation trait as in A,
which is indicated by a stagnation in yield, while the conversion of MM"!
(82%) and MD"M (79%) has not reached quantitative levels yet.
Nevertheless, 4 exhibits the highest selectivity of S(MM"Y) = 81% in the

investigated series. In contrast to A, 1 and 6 show less profound dif-
ferences in selectivities and also 5 not only reveals are shorter induction
period compared to 7, but also a higher TOF of 16,000 h! for 5 in
comparison to a TOF of 9000 h™! for 7. Moreover, the highest TOFs of
50,000, 47,000 and 44,000 h™! are achieved by 6, 1 and 4, respectively,
which are the non-aromatic substituted NHC complexes in the order of
their steric demand. The percentage share of three major, unidentified
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Table 3

Relevant crystallographic data of novel complexes (1-5) in comparison to literature known complexes (6 [16,18], 7 [18]).
Complex 1¢ 2 3 4 54 6° 7/
Bond lengths (A)
0 2.046(3) 2.038(2) 2.0542(19) 2.039(8) 2.054(3) 2.050(11) 2.046(4)
Pt-Ce=c (cerminal a) 2.118(3) 2.121(2) 2.1210(19) 2.121(8) 2.114(3) 2.103(15) 2.141(5)
Pt-Ce=¢ (terminal b) 2.117(3) 2.120(2) 2.1265(19) 2.111(8) 2.116(3) 2.103(15) 2.138(5)
Pt-Cc=¢ (internal a) 2.127(3) 2.132(2) 2.1387(18) 2.138(8) 2.140(3) 2.178(11) 2.146(4)
Pt-Cc— (internal b) 2.137(3) 2.138(2) 2.1265(19) 2.135(7) 2.139(3) 2.178(11) 2.148(5)
Cearbene-N (a) 1.355(4) 1.364(3) 1.368(2) 1.350(9) 1.373(4) 1.34(2) 1.360(5)
Cearbene"N (b) 1.362(3) 1.361(3) 1.373(2) 1.367(9) 1.404(4) 1.34(2) 1.367(7)
CimN () 1.388(4) 1.390(3) 1.398(2) 1.397(9) 1.349(4) 1.35(2) 1.377(7)
Cim-N (v) 1.387(3) 1.398(3) 1.402(2) 1.377(10) 1.358(4) 1.35(2) 1.390(7)
Cim-Cim 1.335(4) 1.338(3) 1.331(3) 1.348(10) 1.324(4) 1.34(3) 1.332(8)
Ce=c-Cc=c @ *¥ 1.436(4) 1.435(3) 1.430(3) 1.415(12) 1.431(5) 1.491(13) 1.437(7)
Co—cCo—cm?® 1.437(4) 1.435(3) 1.426(3) 1.441(10) 1.435(5) 1.491(13) 1.419(7)
Angles (°)
N—CcarbeneN 104.0(2) 103.50(18) 103.33(15) 103.1(6) 101.6(3) 104.8(10) 103.1(3)
tilt angle ® NHC-Pt(dvtms) 83.43 70.00 79.94 80.85 59.00 90.00 64.67
Torsion (°)
N-Ciy-Cim-N —-0.5(3) 0.7(3) 0.5(2) —-0.9(8) 0.4(3) 0.0(7) 0.4(6)
G Cime i i 2.1(3) ~0.3(2) ~1.3(2) ~0.2(8) 0.0(3) 0.0(1) 4.3(5)

¢ Data is only given for one of two crystallographically independent molecules. d Atom types are not necessarily identical, as 5 is a triazolylidene. The equal position as
in an imidazolylidene is described. e Data was extracted from CCDC 197066 [16,18]. f Data was extracted from CCDC 275306 [18]. g Refers to the distance between the
two olefinic carbons.

M .
CHN Me;SiO. Sli?OSiMe3 50 ppm [PY] MeSiQ 1o
AR Rl d
TR H (p-xylene) CeHig™ 'osiMe3
72°C

Scheme 3. Model reaction A is the hydrosilylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD"'M (1.0 eq., 2.024 mmol, 0.5 M) in p-xylene at 72 °C with 50
ppm [Pt] and n-decane (1.518 mmol) as internal standard, where M,D-oct is formed.

M Me;Sio
Nt . Mesio.gsiMe, 10PN g, Z aie
- Si —- i f g
Me3SiO 7 Ill (p-xylene) I\Sllle OSiMe;
2

100 °C

Scheme 4. Model reaction B is the hydrosilylation of MM"! (1 eq., 2.024 mmol, 0.5 M) with MD"'M (1 eq., 2.024 mmol, 0.5 M) in p-xylene at 100 °C with 100 ppm
[Pt] and n-decane (1.518 mmol) as internal standard, where MM(C,H4)DM, is formed.

100 Table 4
e Catalytic formation of pro.duct (IXIZD-oct) by hydrosilylation of o.ct-l-ene 1.0
/./' /- eq., 2.024 mmol, 0.5 M) with MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-xylene at
80 4 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal standard (A).
/ /7 Analysis by GC-FID.
e / / Catalyst Y X(oct- X S Y TOF
:g 60 (M2D- 1- (MDHM) [%] (ison_)erization) h 11/
S /v oct) ene) [%] " [%]*
=} . - [%] [%]
s — 1 'Prim-Pt(dvtms) (1)
% 40 4 - Phim-Pt(dvtms) (2) 1 88 92 87 96 4 ,}4,000
= P ~~ Pylm-Pt(dvtms) (3) 2 94 98 93 % 3 39,000
—— MesTrzMelm-Pt(dvtms) (4) 3 82 85 81 97 3 11,000
20 - Mes(Me)Trz-Pt(dvtms) (5) 4 56 60 55 94 2 10,000
—~ Melm-Pt(dvtms) (6) 5 93 98 92 95 4 12,000
-— MesIm-Pt(dvtms) (7) 6 83 98 82 84 12 31,000
0 4 : - - - : - 7 91 98 20 2 4 17,000

0 1 2 3 + 5 6 . . .. . .
Y: yield. X: conversion. S: selectivity. h Selectivity regarding oct-1-ene at t = 6 h;

time [h] Selectivity regarding MD"'M > 99%. i Sum of Cg isomers at t = 6 h. n-Octane is
included herein. j “Apparent” TOF of oct-1-ene calculated at the steepest slope. k

Fig. 3. Time dependent catalytic formation of product (MzD-oct) by hydro- calculated from ¢ — 2 to 20 min. [ calculated from ¢ — O to 5 min.

silylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD''M (1.0 eq., 2.024
mmol, 0.5 M) in p-xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) =
as internal standard (A). Analysis by GC-FID. 4. Conclusion

byproducts was evaluated and an odd composition was found for 4, Seven Marké-type complexes of the structure (NHC)Pt(dvtms) were

i
which coincides with the high selectivity of the complex in question (see prepared, among them PrimPt(dvims) (1), Pylm-Pt(dvims) (_3)’
SD). MesTrzMelm-Pt(dvtms) (4) and Mes(Me)Trz-Pt(dvtms) (5) for the first
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100

80

- 'Prim-Pt(dvtms) (1)
—— Phim-Pt(dvtms) (2)

-+ Pylm-Pt(dvtms) (3)

—v— MesTrzMelm-Pt(dvtms) (4)
—+ Mes(Me)Trz-Pt(dvtms) (5)
—- Melm-Pt(dvtms) (6)

-— Mesim-Pt(dvtms) (7)

yield MM(C,H,)DM, [%]

2 3

time [h]

Fig. 4. Time dependent catalytic formation of product (MM(C,;H;)DM;) by
hydrosilylation of MM"' (1.0 eq., 2.024 mmol, 0.5 M) with MD"M (1.0 eq.,
2.024 mmol, 0.5 M) in p-xylene at 100 °C with 100 ppm [Pt] and n-decane
(1.518 mmol) as internal standard (B). Analysis by GC-FID. An uncapped ki-
netic for the duration of 6 h is included in the SL.

Table 5

Catalytic formation of product (MM(C,H4)DM3) by hydrosilylation of MMYi (1.0
eq., 2.024 mmol, 0.5 M) with MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-xylene at
100 °C with 100 ppm [Pt] and n-decane (1.518 mmol) as internal standard (B).
Analysis by GC-FID. Evaluation of selected byproducts is included in the SI.

Catalyst  Y(MM X X s(MM“)  s(Mb"M)  TOF
(CoHa) MYy (uDYM) (%] [%] th'1m
DMy) [%] [%]
[%]
1 69 98 99 71 70 47,000
2 72 98 >99 73 72 33,000
3 71 93 92 76 77 20,000
4 66 82 79 81 84 44,000
5 71 96 98 74 73 16,000
6 66 98 >99 68 66 50,000
7 68 94 94 72 72 9000

Y: yield. X: conversion. S: selectivity. All data given at t = 6 h. m Apparent TOF of
MM calculated at the steepest slope.

time. Compound 5 is the first described abnormal 1,2,3-triazole-5-yli-
dene Pt(0) complex to the best of our knowledge. The structures of
these complexes alongside PhIm-Pt(dvtms) (2) were investigated by SC-
XRD and the whole ensemble of this study was characterized by NMR
spectroscopy ('H, 3¢, 29Si, 1%°Pt) and CHNS analysis. The performance
of these compounds as catalyst precursors was studied in two different
hydrosilylation reactions. The reaction of either oct-1-ene (A) or MmYi
(B) with MDPM are employed as references to literature and to mimic
the crosslinking of silicones, respectively. Among the examined com-
plexes, the presumed hemilabile N-donors in 3 and 4 displayed a
detrimental effect on the catalytic capabilities that indicate a blockade
of the catalytic cycle by stabilization as a Pt(II) species with a Pt-N bond.
The best performance was obtained with PhIm-Pt(dvtms) (2), achieving
the highest yield of the products of model reaction A and B, at 94 and
72%, respectively after a very short induction period.
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3 Results and Discussion

3.2 Homobimetallic bis-NHC(Ptdvtms), Complexes for the Hydrosilylation of Alkenes

Michael J. Sauer, Jeff Offorjindu, Greta G. Zambd, Robert M. Reich, Fritz E. Kihn*
J. Organomet. Chem. 2024, 1007, 123030-123044.

3.2.1 Publication Summary

Synergistic or cooperative effects between metals in close proximity, such as in bimetallic complexes,
have been recognized to promote activity and selectivity. Based on this, a series of six homobimetallic
bis-NHC(Ptdvtms), complexes (1—6; numbering applies only to this publication) was prepared with the
anticipation of cooperative effects and characterization by multinuclear NMR spectroscopy, SC-XRD,
and CHNS analysis is reported.’™ Due to the remarkable properties of Marké-type complexes, two
methylene-bridged imidazolium units were selected as the basic scaffold of this new complex class,
that enables a wide range of Pt—Pt—distances by rotation of the central methylene linker. These

complexes are prepared following an adapted procedure of Marké et al. (Scheme 17).78

\ R
/ \,S'i/\ _<N]
A~ ““1si— X\ ./ KOBu o Pt—(
Ny |p{¥ U1 _Rron N>
GI;/N 5 %@ N\s \/—Sf (toluene) N /\¥S€/
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L1-6 Karstedt's catalyst 1-6

Scheme 17: Synthetic procedure for the preparation of complexes 1-6 from the respective bis-(imidazolium) salt and
Karstedt’s catalyst’! in the presence of potassium tert-butoxide. 1: R = Me, X~ = PF¢~; 2: R=Ph, X~ =Br—; 3: R=2-Py, X = PF¢";
4: R=Mes, X =Br; 5: R-=2,6-diisopropylphenyl (Dipp), X =PFs; 6:R =4-methylene-1-(2,6-diisopropylphenyl)-
1H-1,2,3-triazole (MeTrzDipp), X~ = PFs.

Hindered rotation of the Pt—C bond generates conformational isomers, whereby a rotational barrier of
52.5 kJ-mol™* was determined for 5 based on 'H variable temperature NMR spectroscopy. Apart from
this finding, spectroscopic and crystallographic data indicate a similar chemical environment of
platinum in the mono- and bimetallic complexes, which allows catalytic comparison regardless of

further parameters.

The bimetallic complexes prove to be potent catalyst precursors and catalyze the hydrosilylation of
alkenes efficiently and selectively, outperforming their monometallic congeners due to minuscule
initiation periods. The best performance is achieved by 2 with a TOF of 48,000 h™* and a selectivity of
98% (Table 5). However, complexes 1, 3, and 6 demonstrate poor suitability for the hydrosilylation of
alkenes, as they quickly deactivate. For 3 and 6 this effect is attributed to Pt(ll) stabilization by

N-coordination, but the deactivation of 1 demanded further investigations.
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3 Results and Discussion

Table 5: Model reaction A: Catalytic formation of product (M,D-oct) by hydrosilylation of oct-1-ene (1.0 eq., 2.024 mmaol,
0.5 M) with MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal
standard. Complex 7 is ImMesPt(dvtms) as catalytic reference.”®

P Me;SiO. 1 OSiMe; 50 PPm [P1] MesSiQ
CeHiz™ ™ Si — AUSI
|\I/|e (p-xylene) CsH13 OS|M33
72 °C

Catalyst Y(M:D-oct) [%] X(oct-1-ene) [%] X(MD"M)[%] S[%] Y(isomerization) [%)] TOF [h]
1 36 43 37 85 2 5000
2 90 92 88 98 3 48,000
3 22 27 23 80 1 12,000
4 90 94 90 96 3 38,000
5 95 99 93 96 3 43,000
6 52 56 51 92 2 5000
7 91 98 90 92 4 17,000

The initiation behavior of mono- and bimetallic complex classes is examined by the pre-catalytic
reaction of 4 and 7 with silane (Figure 8). In the case of 4, a deactivation is observed at first with
subsequent reactivation, while selectivity is maintained. On the other hand, 7 is continuously more
activated but suffers reduced selectivity at tsiy = 16 and 40 h, which indicates transformation of the
active species. This is further investigated by stoichiometric reaction of 1 with a silane, which reveals
platinum-bound hydrides. Based on this and considering literature, a di-u-hydrido complex is
postulated. This species provides intermediate stabilization as demonstrated in mercury poisoning
experiments contrary to monometallic 7, which decomposes to platinum colloids under the same
conditions. Finally, this also serves as an explanation for the inferior performance of 1 in A, where the
methyl wingtips of the NHC cannot prevent the formation of an inactive di-p-hydrido complex under

standard conditions.
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Figure 8: Asiy — Preceding reaction of 4 (left) and 7 (right) with MD"M for defined durations tsy. Catalysis is launched upon
addition of oct-1-ene. Reaction conditions: oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) and MD"M (1.0 eq., 2.024 mmol, 0.5 M) in
p-xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal standard.
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A series of six bimetallic bis-NHC(Ptdvtms), complexes 1-6 (dvtms = 1,1,3,3-tetramethyl-1,3-divinyldisiloxane)
has been designed by expansion of the monometallic Marko-type system in anticipation of synergistic bimetallic
cooperation. The new compounds are easily accessible using Karstedt's catalyst [Pty(dvtms)s] as platinum(0)
precursor and the respective bis-(imidazolium) salts (L1-6), deprotonated by potassium tert-butoxide. Charac-
terization via NMR spectroscopy ('H, 3¢, #si, '95Pt) and SC-XRD reveals a strong similarity of this new complex
class to the parent monometallic complexes. The hydrosilylation reactions of oct-1-ene or 1,1,1,3,3-pentamethyl-

3-vinyldisiloxane MM"Y) with 1,1,3,5,5-heptamethyltrisiloxane (MDY M), respectively, are efficiently and
selectively catalyzed with turn-over frequencies (TOF) of up to 78,000 h™! after a significantly shortened in-
duction period compared to their monometallic relatives. Mercury poisoning experiments demonstrate the su-
periority of bimetallic compared to monometallic systems in terms of stability when exposed to silanes.

1. Introduction

Metalloproteins are essential in living organisms to perform count-
less reactions efficiently and, first and foremost, selectively to sustain
vital biological functions. Frequently, bimetallic sites are capable of
overcoming reaction barriers under physiological conditions that pose
problems in artificial non-protein systems [1-4]. A range of biomimetic
studies has been inspired by these proteins, indicating the larger protein
structure has to be considered in many cases in addition to the first
coordination sphere [5-12]. Synergistic or cooperative effects between
metals in close proximity have been recognized to promote activity and
selectivity [13-17] and led to studies of a plethora of bimetallic com-
plexes in catalysis [18-26]. This also holds true for the hydrosilylation
reaction [27-35], where platinum catalysts dominate in industrial ap-
plications [36-38]. However, the Pt-Ir heterobimetallic complexes of
Ishii et al. are the only platinum-containing bimetallic complexes that
have been subjected to hydrosilylation so far [39]. The introduction of
N-heterocyclic carbenes (NHCs) as spectator ligands by Markoé et al. for
monometallic platinum (NHC)Pt(dvtms) complexes proved beneficial in
terms of selectivity and stability, reducing colloidal platinum formation
under catalytic conditions [40-43]. They do, however, suffer from a
pronounced initiation process, which is why they are frequently referred

* Corresponding author.
E-mail address: fritz.kuehn@ch.tum.de (F.E. Kiihn).

https://doi.org/10.1016/j.jorganchem.2024.123030

to as “slow-release” precursors.

In this work the class of Marké-type complexes is extended to
homobimetallic systems with the anticipation of cooperative effects and
the synthesis and characterization of six bis-NHC(Ptdvtms), complexes
1-6 (Fig. 1) is reported. The basic scaffold consists of two methylene-
bridged imidazole-2-ylidene-Pt(dvtms) moieties that enable variable
distances of the platinum atoms by conformational dynamics. The outer
wingtips of the NHCs are altered in terms of steric bulk and contain, inter
alia, dangling pyridine (3) or triazole (6) groups as presumed N-donors,
virtually duplicating monometallic complexes [40,42,44,45]. These
compounds are evaluated as catalytic precursors in the hydrosilylation
of alkenes and compared to ImM®*Pt(dvtms) (7) [41,42,46] as mono-
metallic catalytic reference. A comparison of monometallic and bime-
tallic complexes is presented, especially in the presence of silanes.

2. Experimental
2.1. Methods and materials
All reactions were carried out under oxygen-free, dry conditions in

an argon atmosphere using standard Schlenk and glovebox techniques
unless specifically stated otherwise. The solvents were purified,
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Fig. 1. Structure of NHC(Ptdvtms), (x = 1,2) complexes used in this study. Compound 7 is literature known and used as catalytic reference [42]. .
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degassed, and dried according to standard purification techniques or
obtained from an MBraun solvent purification system (SPS). The ligand
precursor salts bis-Im™®.(PFg); (L1) [47], bis-Im"™(Br), (L2) [48],
bis-Im™-(PFg)z (L3) [49], bis-ImM®.(Br)y (L4) [48], bis-Im™PP.(PFg)s
(L5) [48], bis-ImMeT™PPP.(PE¢), (L6) [50] and Im™®-BF, (L7) [51] were
prepared according to literature procedures. Where necessary, the
ligand precursor salts were further purified by an anion exchange with 5
eq. NH4PFg. All further chemicals were purchased from Sigma-Aldrich,
VWR, or abcr and used as received. NMR spectra were recorded on a
Bruker Avance Ultrashield 400 MHz and a Bruker DPX 400 MHz spec-
trometer. All 'H, 13C, and 2°Si chemical shifts are reported in parts per
million (ppm) relative to TMS, with the residual solvent peak serving as
an internal reference. %Pt chemical shifts are externally referenced to
KoPtCly in Ho0 (5 = -1628 ppm). >°Si NMR spectra were recorded via the
INEPT technique. Abbreviations for NMR multiplicities are singlet (s),
broad singlet (bs), doublet (d), triplet (t), and multiplet (m). Coupling
constants are given in Hz. Catalytic experiments were conducted under
atmospheric conditions and GC-grade p-xylene and n-hexane were
employed therein. GC analysis was performed with an Agilent Tech-
nologies 7890B GC system using an HP-5 column (30 m x 320 pm x 0.25
pm). The injection volume was 1 pL at an oven temperature of 50 °C and
with a split ratio of 30:1. A flow of 0.9 mL-min of nitrogen as carrier
gas was applied and the system was equipped with an FID detector, that
was kept at 50 °C. After injection of the sample at 50 °C the oven tem-
perature was held for 9 min and subsequently ramped to 80 °C at a rate
of 6 °C-min~'. Afterward, the ramp was increased to 15 °C-min~" until
205 °C was reached and the final temperature of 250 °C was reached by
heating at 30 °C-min"! and then keeping the temperature for 3 min.
Elemental analyses were performed at the microanalytical laboratory of
the Catalysis Research Center, Technical University Munich. Single
crystals were measured in the SC-XRD laboratory of the Catalysis
Research Center at Technical University Munich, Germany.

2.2. Synthesis and characterization

2.2.1. General protocol for the synthesis of bis-NHC(Ptdvtms), complexes
(1-6)

Under argon, the respective bis-(imidazolium) salt (L1-L6, 1.00 eq.),
Karstedt's catalyst (2.00 eq. Pt), potassium tert-butoxide (3.00 eq.; 2.05
eq. for 6) and toluene are combined. The resulting suspension is stirred
overnight in the dark. Under air, n-pentane is added to the reaction
mixture and stirred before filtration over Celite. Elution with n-pentane
and removal of all volatiles in vacuo gives crude product. The target
compound is obtained by washing with propan-2-ol and n-pentane and
subsequent drying. A more detailed account is presented in the ESI.

2.2.2. bis-ImMe(Ptdvims) (1)

Yield: 53%. 'H NMR (400 MHz, CDCl3, 298 K): & [ppm] = 7.12 (s,
2H, Hjp), 6.93 (s, 2H, Hiyp), 5.99 (s, 2H, NCH;N), 3.51 (s, 6H, CH3), 2.20
(bs, 4H, CH2CHSi), 2.06-1.82 (m, 8H, CH>CHSi), 0.34 (s, 12H, SiCH3 ¢q),
-0.27 (s, 12H, SiCHj5p). *C{'H} NMR (101 MHz, CDCl3, 298 K): &
[ppm] = 185.8 (Pt-Cear), 122.8 (Ci), 120.4 (Cyy), 61.6 (NCHzN), 41.4
(CH2CHSi, LJp; c= 160.6 Hz), 37.1 (CH3), 35.5 (CH2CHSi), 1.6 (SiCHs,
eq)s —1.6 (SiCHa o). 2Si{"H} NMR (79 MHz, CDCl3, 298 K): 5 [ppm] =
3.11 (s, psi = 41.1 Hz, 4 Si). '9°Pt NMR (85 MHz, CDCls, 298 K): &
[ppm] = -5390 (s, Pt, rotamer), -5395 (s, Pt, rotamer), -5399 (s, Pt,
rotamer). Elemental analysis caled (%) for CosHagN4O2Pt2Sis: C31.97; H
5.15; N 5.97; found: C 31.62; H 5.12; N 5.83.

2.2.3. bis-Im""(Ptdvims)z (2)

Yield: 89%. 'H NMR (400 MHz, CDCls, 298 K): 6 [ppm] = 7.49-7.35
(m, 6H, Hy), 7.34-7.27 (m, 6H, Hy.), 7.17 (s, 2H, Hyp), 6.23 (s, 2H,
NCH;,N), 2.35-2.08 (m, 4H, CHzCHSi), 2.03-1.69 (m, 8H, CH,CHS),
0.30 (s, 12H, SiCHzq), —0.54 (s, 12H, SiCHj ). "*C{'H} NMR (101
MHz, CDCl3, 298 K): § [ppm] = 186.5 (Pt-Cear), 140.4 (Cyp), 129.0 (Cap),
128.2 (Ca), 124.6 (Cay), 122.4 (Cim), 121.2 (Cry), 62.3 (NCH3N), 42.6
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(CH2CHSI, 'Jpc = 161.6 Hz), 35.3 (CH,CHSI), 1.6 (SiCHseq), 2.5
(SiCH3 ay). 29Si{'H} NMR (79 MHz, CDCl3, 298 K): & [ppm] = 2.98 (s,
2Jpesi = 40.1 Hz, 4 Si). 1Pt NMR (85 MHz, CDCl3, 298 K): & [ppm] =
-5339 (s, Pt, rotamer), -5356 (s, Pt, rotamer), -5363 (s, Pt, rotamer).
Elemental analysis caled (%) for C3sHs2N402Pt2Sis: C 39.53; H 4.93; N
5.27; found: C 39.53; H 4.91; N 5.17.

2.2.4. bis-Im™ (Ptdvims) (3)

Yield: 16%. 'H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 8.54-8.40
(m, 2H, Hy;), 8.40-8.19 (m, 2H, Hyy), 8.19-7.91 (m, 2H, H,,), 7.64-7.47
(m, 2H, H,,), 7.43-7.24 (m, 2H, Hy,), 7.24-7.17 (m, 2H, H,), 6.38 (s,
2H, NCH5N, rotamer), 6.17 (s, 2H, NCH5N, rotamer), 2.44-2.17 (m, 4H,
CHaCHSI), 2.15-1.74 (m, 8H, CH2CHSI), 0.35 (s, 12H, SiCHa eq), —0.31
(s, 12H, SiCHs 5). **C{'H} NMR (101 MHz, CDCl3, 298 K): 4 [ppm] =
187.6 (Pt—Cear), 151.6 (Cyr), 148.1 (Cyy), 137.7 (Cap), 122.7 (Cyp), 121.1
(Car), 120.5 (Car), 116.0 (Cay), 63.0 (NCH3N), 43.1 (CHRCHSI, Yprc—=
161.6 Hz), 36.1 (CH,CHSI), 1.6 (SiCHj,eq), —1.8 (SiCHj 4y, rotamer), 2.5
(SiCH3 gy, rotamer). 2°Si{'"H} NMR (79 MHz, CDCls, 298 K): 6 [ppm] =
3.11 (5, Upsi = 41.1 Hz, 4 Si). Pt NMR (85 MHz, CDCl3, 298 K): &
[ppm] = -5343 (s, rotamer), -5347 (s, rotamer), -5353 (s, rotamer).
Elemental analysis caled (%) for C33HsoNgO2Pt2Sis: C 37.21; H 4.73; N
7.89; found: C 37.10; H 4.66; N 7.79.

2.2.5. bis-ImM®(Ptdvitms), (4)

Yield: 79%. 'H NMR (400 MHz, CDCls, 298 K): & [ppm] = 7.41 (d,
*Juu= 2.0 Hz, 2H, Hyy,), 6.86 (d, *Jyp = 2.0 Hz, 2H, Hyy,), 6.83 (s, 4H,
Har), 6.28 (s, 2H, NCH,N), 2.31-1.67 (m, 12H, CH,CHSi), 2.22 (s, 6H, p-
CHs), 2.00 (s, 12H, 0-CH3), 0.26 (s, 12H, SiCHgg,), -0.69 (s, 12H,
SiCHz ). 13C{'H} NMR (101 MHz, CDCl3, 298 K): § [ppm] = 187.0
(Pt-Cear, “Jpc = 1381.7 Hz), 139.1 (Cyy), 136.3 (Cyy), 135.1 (Cyy), 129.0
(Car), 123.2 (Cay), 120.6 (Cqy), 62.1 (NCHN), 42.3 (CHoCHSI, 'pic =
164.6 Hz), 35.9 (CH,CHSI, 1Jp,,c = 119.2 Hz), 21.1 (p-CHj), 18.0 (o-
CHy), 1.6 (SiCHjeq), —2.3 (SiCHj4x). 2*Si{’"H} NMR (79 MHz, CDCl;,
298 K): 5 [ppm] = 3.78 (s, 2Jp.si = 40.3 Hz, 4 Si). "*°Pt NMR (85 MHz,
CDCl3, 298 K): 6 [ppm] = -5390 (s, Pt). Elemental analysis caled (%) for
C41HsaN4O2Pt:Sis: C 42.92; H 5.62; N 4.88; found: C 43.14; H 5.61; N
471,

2.2.6. bis-ImPPP(Ptdvims), (5)

Yield: 55%. 'H NMR (400 MHz, CDCls, 298 K): & [ppm] = 7.43 (d,
3Jun = 2.0 Hz, 2H, Hyp), 7.34 (t, 2y = 7.8 Hz, 2H, Hyy), 7.15 (d, 3y u
= 7.8 Hz, 4H, H,p), 6.96 (d, 3/ = 2.0 Hz, 2H, Hyy), 6.37 (s, 2H,
NCH;N), 2.81-2.52 (m, 4H, CH(CH3),), 2.23-1.95 (m, 4H, CH,CHSi),
1.92-1.68 (m, 8H, CH2CHSI), 1.21 (bs, 12H, CH(CHz)3), 1.05 (d, *Jyy i =
6.8 Hz, 12H, CH(CH3)z), 0.28 (s, 12H, SiCHj3eg), -0.42 (bs, 12H,
SiCH34y). 13C{'H} NMR (101 MHz, CDCly, 298 K): 5 [ppm] = 187.5
(Pt—Ccar), 145.9 (Cyy), 135.9 (Car), 129.8 (Cyp), 125.5 (Crp), 123.7 (Cay),
119.4 (Cim), 62.2 (NCHgN), 42.5 (CH2CHSi, p.c = 165.6 Hz), 36.3
(CH2CHSI, Ypic = 120.2 Hz), 28.4 (CH(CH3)3), 26.3 (CH(CH3)y), 22.4
(CH(CH3)2), 1.7 (SiCHz eq), 1.7 (SiCHzay). °Si{’H} NMR (79 MHz,
CDCl3, 298 K): 6 [ppm] = 3.41 (s, 2Jpysi = 41.1 Hz, 4 Si). 1°Pt NMR (85
MHz, CDCl3, 298 K): 6 [ppm] = -5382 (s, Pt). Elemental analysis caled
(%) for C47H76N402Pt2Sis: C 45.83; H 6.22; N 4.55; found: C 45.97; H
6.50; N 4.39.

2.2.7. bis-ImMeT=PPP (Prdyims) ; (6)

Yield: 50%. "H NMR (400 MHz, CDCls, 298 K): & [ppm] = 7.50 (t,
3Jip = 7.8 Hz, 2H, Hy), 7.44-7.11 (m, 6H, Hyy), 7.29 (d, *Jyy 13 = 7.7 Hz,
4H, Ha,), 6.09 (s, 2H, NCH3N, rotamer), 5.99 (s, 2H, NCH>N, rotamer),
5.35 (s, 4H, NCH»C, rotamer), 5.40 (s, 4H, NCH,C, rotamer), 2.37-1.80
(m, 4H, CH,CHSi, 4H, CH(CH3), 4H, CH,CHSI), 1.14 (d, *J;; 11 = 6.8 Hz,
12H, CH(CH3)3), 1.09 (d, >Jj1 11 = 6.8 Hz, 12H, CH(CHz)y), 0.34 (s, 12H,
SiCHz,eq), —0.28 (s, 12H, SiCHza,). "*C{"H}M NMR (101 MHz, CDCls,
298 K): 4 [ppm] = 186.5 (Pt-Cear), 146.0 (Cyy), 143.1 (Cyp), 142.8 (Cyyp),
132.9 (Cap), 131.1 (Cay), 124.9 (Cyp), 124.0 (Cyp), 121.9 (Cyp), 120.9 (Cyy),
61.8 (NCHaN), 45.3 (NCH3C), 42.2 (CH2CHS, Mpyc = 158.6 Hz), 36.3
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(CH,CHSI, rotamer), 35.9 (CH,CHSI, rotamer), 28.5 (CH(CH3)y), 24.2
(CH(CHz)y), 24.1 (CH(CH3)), 1.5 (SiCHzeq), ~1.6 (SiCHs o). 2°Si{'H}
NMR (79 MHz, CDCl3, 298 K): 6 [ppm] = 3.11 (s, 4 Si). %Pt NMR (85
MHz, CDCl3, 298 K): 4 [ppm] = -5386 (s, Pt, rotamer), -5391 (s, Pt,
rotamer), -5396 (s, Pt, rotamer). Elemental analysis caled (%) for
Cs3HgaN1002Pt2Sig: C 45.67; H 5.93; N 10.05; found: C 45.62; H 6.00; N
9.88.

2.2.8. Platinum hydride test — reaction of 1 with MD"'M

Under atmospheric conditions 1 (20.0 mg, 21.3 pmol, 1.0 eq.),
MD"M (40.5 uL, 149 umol, 7.0 eq.) and toluene-dg (0.3 mL) are reacted
for 7 min at 72 °C. Analysis by 'H NMR reveals four major hydride
resonances at § = —4.25 (Jpyy = 640 Hz), -5.16, -7.18 (\Jpyyy = 632 Hz)
and -9.46 ppm (lth,H = 652 Hz) with %Pt satellites.

2.3. Single crystal X-ray structure determination

Single crystals of 1 were obtained by slow evaporation of a
concentrated solution in CDCl3. The same procedure was successfully
applied for a n-pentane solution of 3. The layering of a solution of either
2 or 4 in DCM with n-pentane gave suitable crystals of the respective
compounds. Complex 5 was carefully recrystallized from n-hexane at 80
°C. Finally, crystals of 6 were obtained by layering a solution thereof in
CDCl3 with n-pentane. X-ray crystallographic data was collected on a
Bruker D8 Venture single crystal X-ray diffractometer, equipped either
with a CMOS detector (k-CMOS) and a TXS rotating anode or a CMOS
detector (Bruker Photon-100) and an IMS micro source, both in
conjunction with a Helios optic as setup using the APEX4 software
package [52]. The measurement used MoK, radiation (4 = 0.71073 ;\)
and was performed on single crystals coated with perfluorinated ether.
The crystals were fixed on top of a micromount sample holder and frozen
under a stream of cold nitrogen at 100 K. A matrix scan was used to
determine the initial lattice parameters. Reflections were corrected for
Lorentz and polarization effects, scan speed, and background using
SAINT [53]. Absorption corrections, including odd and even ordered
spherical harmonics were performed using SADABS [54]. Space group
assignment was based upon systematic absences, E statistics, and suc-
cessful refinement of the structure. The structure was solved by direct
methods (SHELXT) with the aid of successive difference Fourier maps
and was refined against all data using SHELXL-2015 in conjunction with
SHELXLE [55-57]. Hydrogen atoms were calculated in ideal positions as
follows: Methyl hydrogen atoms were refined as part of rigid rotating
groups, with a C-H distance of 0.98 Aand Uiso(H) = 1.5:U¢q(C). Other H
atoms were placed in calculated positions and refined using a riding
model, with methylene, aromatic, and other C-H distances of 0.99 fi,
0.95 A, and 1.00 A, respectively, and Uj(H) = 1.2:Ug(C).
Non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Full-matrix least-squares refinements were carried out by
minimizing Ew(F2-F2)? with the SHELXL weighting scheme [55].
Neutral atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International
Tables for Crystallography [58]. The images of the crystal structures were
generated with PLATON [59]. CCDC 2321225-2321230 contain the
supplementary crystallographic data for this paper. This data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

3. Results and discussion

3.1. Synthesis and characterization of bis-NHC(Ptdvims)2 complexes (1
6)

The homobimetallic bissNHC(Ptdvtms), complexes 1-6 are easily
accessible by reaction of the respective bis-(imidazolium) salt (L1-L6,
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1.00 eq.) with potassium tert-butoxide (3.00 eq.) in the presence of
Karstedt’s catalyst (2.00 eq. Pt) [37,60,61], based on the synthetic
procedure of Marké et al. (Scheme 1) [42]. Solely in the synthesis of 6,
the amount of potassium tert-butoxide was reduced to 2.05 equivalents
in accordance with the synthesis of a monometallic congener [45] to
avoid unintended deprotonation of the triazoles [62,63]. The target
compounds, bis-ImM¢(Ptdvtms); (1, 53%), bis-Im"(Ptdvtms); (2, 89%),
bis-Im™ (Ptdvtms)y (3, 16%), bis-Im™*(Ptdvtms); (4, 79%), bis-Im-
DipP(prdvtms), (5, 55%) and bis-ImM<T™PPP(prdvims), (6, 50%) were
isolated as off-white or colorless, air- and moisture stable compounds.
The comparatively low yield of 3 is caused by the low solubility of the
desired complex during the filtration step, which was however found to
be necessary on top of the washing process to obtain pure product.
Improving the yields might be facilitated by the weak base approach in
acetone as solvent [64,65], recrystallization [43], precipitation [66,67],
or column chromatography [41,68] which have been applied in the
purification of related complexes. A potential yield optimization ach-
ieved by screening alternative synthetic routes, however, was not the
goal of this work.

The chemical composition of 1-6 was confirmed by comprehensive
NMR spectroscopy (*H, ¢, #si, 1%5pt), SC-XRD, and elemental anal-
ysis. Complex formation is indicated by vanishing of the carbenoid
proton resonances in the 'H NMR, upfield shifting of the dvtms vinyl
protons from § = 6.17-5.70 ppm for the free molecule to § = 2.44-1.68
ppm and splitting of the SiMe; singlet into two resonances at approxi-
mately 5 = 0.3 and -0.4 ppm, for equatorial and axial methyl groups,
respectively. The '3C carbene signal is observed in the narrow range of 5
= 187.6-185.8 ppm (Table 1), approving the similar Pt-C bond in the
investigated complexes. In addition, a singlet at 5 = 3.78-2.98 ppm in
the 2%Si NMR with 2Jp 5; = 40.1-41.1 Hz platinum satellites reinforces
the claim of (NHC)Pt(dvtms) complex formation. 195pt satellites are also
observed for the '3C resonances at 1Jp; ¢ terminal = 158.6-165.6 Hz and
l.jpt'c:in‘emal = 119.2-120.2 Hz. These results match with the mono-
metallic Marko-type complexes, for instance 7, with § = 184.4 ppm for
the carbene signal, 1Jpl,c,lem,m] =165.6 Hz, ljpl_ggimemﬂl =118.2Hz and
for the 2Si resonance & = 3.57 ppm, with a coupling constant of zJpl.Si =
40.3 Hz. This demonstrates a very similar chemical environment for the
monometallic and bimetallic systems, which is the prerequisite for a
meaningful comparison in catalysis in terms of structure.

The electronic environment of the catalytically active platinum atom
is directly probed by highly sensitive '**Pt NMR, where 6-donor prop-
erties of ligands lead to an increase in electron density and n*-acceptor
properties of ligands induce the opposite [42,69,70]. The observed
resonances range from § = -5339 for 2 with phenyl wings to -5399 ppm
for 1 with methyl wings for the bimetallic complexes and are charac-
teristic for Pt(0) complexes [70]. The 195pt shifts of 1 and 6 with
aliphatic wingtips at the NHC, although slightly more shielded, resemble
their monometallic congeners [45]. Complexes 2-5 with terminal aro-
matic wingtips at the NHC are significantly upfield shifted by As = 22
for 4 and 76 ppm for 3 compared to their monometallic counterparts.
This is attributed to the internal methylene bridge that renders these
compounds mixed aromatic/aliphatic substituted NHCs and partly in-
troduces a characteristic of ImM°Pt(dvtms) (Im™® = 1,3-dimethylimida-
zolyl) that exhibits an upfield shifted °*Pt of 5 = -5392 ppm [45]. The
most striking feature however is, that for 1-3 and 6 three slightly
chemically different platinum atoms are observed at room temperature.
This behavior was previously reported for asymmetric monometallic
(tetrylene)Pt(dvtms) compounds (tetrylene = carbene or silylene) and is
induced by a hindered rotation along the Pt-C axis which might result in
syn and anti-conformational isomers [44,46,67,68,71,72]. Our group
[46] and Iwamoto et al. [72] investigated the issue for their compounds
by variable temperature 'H NMR from 183 to 363 K and from 203 to 343
K, respectively but no coalescence point was reported. The group of
Iwamoto pushed even further and calculated the preference of the syn
conformation (# rotational barrier) by 4.3 kJ-mol ™. Expansion of this
concept to incorporate two hindered rotational Pt-C axes is necessary to
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Scheme 1. Syntheses of bimetallic complexes 1-6 from Karstedt’s catalyst [37,60,61]. 1: R = Me, X = PFg; 2: R=Ph, X" =Br; 3: R = 2-Py, X =PFg; 4: R =24,
6-trimethylphenyl (Mes), X = Br'; 5: R = 2,6-diisopropylphenyl (Dipp), X = PFg; 6: R = 4-methylene-1-(2,6-diisopropylphenyl)-—1H-1,2,3-triazole (MeTrzDipp),
X~ = PFg. Stoichiometry: 1.00 eq. L1-6, 2.00 eq. Pt, 3.00 eq. KO'Bu (2.05 eq. for 6).

Table 1
Chemical shifts of complexes 1-7 as observed by NMR spectroscopy. Main species are highlighted.
Complex 1 2 3 4 5 6 7
Chemical shifts § [ppm]
13C arbene 185.8 186.5 187.6 187.0 187.5 186.5 184.4
-5390 -5339 -5343 -5386
19%pr -5395 -5356 -5347 -5390 -5382 -5391 -5368 °
-5399 -5363 -5353 -5396

 Differs by 29 ppm from the previously reported shift of -5339 ppm [42].

properly describe bis-NHC(Ptdvtms), complexes 1-6 (Fig. 2). This re-
quires three permutations with syn/syn as the energetically most
favorable according to the SC-XRD results (vide infra). Evaluation of the
ratio of rotamers is not presented due to improper resolution of the NMR
signals. Variable temperature 'H NMR studies were performed from 233
K to 363 K in steps of 10 K for 5 and 6 to elucidate conformational dy-
namics (ESI). Complex 5 was selected as it exhibits a clean singlet in the
195p¢ NMR and is sterically more hindered than 4, where also a singlet is
observed. It is expected that an increased steric bulk should enhance
conformational effects, making them easier to monitor. In contrast, 6
was selected as distinct rotamers are present at room temperature, and,
on top of the internal methylene bridge, the external methylene bridges
that connect the triazoles to the central scaffold also serve as a probe for
conformational dynamics. Analysis of the VT NMR data of 5 reveals the
splitting of the NCH,N bridge into two individual singlets at § = 5.90 and
5.53 ppm at 233 K. Also, the axial methyl groups of the dvtms moiety
separate into singlets at § = 0.13 and -0.24 ppm at 233 K. Both signal
groups coalesce at about 268 K with Ay = 148 Hz, calculating AG™
52.5kJmol ! for both barriers using a derivation of the Erying equation
[73,74]. This indicates that these dynamics are linked to one another.
Values of similar magnitude were reported for rotation along a met-
al-NHC bond [75-77]. Lastly, the equatorial methyl groups of dvtms
start to separate at 233 K into peaks at § = 0.77 and 0.69 ppm. The axial
methyl groups of dvtms are generally further split as they point towards
the NHC ligand and hence their separation is more easily detected, while

the equatorial methyl groups, that point away from the complex, are not
that well unraveled [44,72]. The VT NMR data of 6 reveals a more
complex behavior, where both the equatorial and axial methyl groups of
dvtms split into three, narrowly parted signals each at 233 K at § = 0.83,
0.81, 0.80 and 0.10, 0.08 and 0.07 ppm, respectively. This contradicts
the previously stated findings and is attributed to the introduction of
additional degrees of freedom in the form of the methylene bridge on the
outer wingtip of the complex scaffold. Coalescence of both peak sets into
two singlets is observed at roughly 298 K. At 363 K two singlets at 6 =
6.10 and 5.31 ppm in the ratio of 2:4 indicate chemically equivalent
protons in each case of the internal and external methylene bridge(s),
respectively. The internal methylene bridge exhibits a T, = 343 K and
disaggregates into three peaks at low temperatures, which might be
explained by the conformational isomers of Fig. 2. For the outer meth-
ylene bridges two consecutive coalescence points are observed at T, =
333 and 308 K, splitting each peak into two successors repeatedly.
Contrary to expectations, the sterically more hindered specimens 4 and
5 don’timpose a barrier on the Pt—C rotation at room temperature, while
1-3 are divided into rotamers. This hints at an additional factor that - so
far — remains unaccounted for.

Structure elucidation of 1-6 by single crystal XRD reveals coordi-
nation of the platinum atoms in characteristic [45,46,66,68,78-80],
distorted trigonal planar fashion by the carbene and vinyl groups of the
dvtms moiety (Fig. 3). The dvtms groups invariably crystallize in strict
syn/syn orientation, pointing away from each other, thereby reducing

s’ R R R
N K N N N
RN ] \Si/’Pt_« ] \Si/-* P—( ]
N = N o7 = N
> /SI\ > /SI\ > \Si/
N =~ N = N \\{,\/Si
= .
| P—Pt - [) Pt - [) Pt '~
EN>_ \//’XS'\ N>_ ~ il N% \//
\ §— \ - \
R /SI\ R /SI\ R
syn/syn anti/syn anti/anti

Fig. 2. Conformational isomers produced by hindered rotation along Pt-Ce s pene axes. Syn: the dvtms moiety is pointing towards the NHC wingtip R. Anti: the dvtms

moiety is pointing away from the NHC wingtip R.
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ci8 C17

Fig. 3. ORTEP style molecular structure representation of complexes 1-6. Thermal ellipsoids are given at a 50% probability level. Hydrogen atoms are omitted for
clarity. One molecule of co-crystalized dichloromethane per unit cell is omitted for 2. Only the mainly occupied site is depicted for the disordered iso-propyl group

in 5.

steric strain. Therefore, only the most energetically favorable confor-
mation is observed in the crystalline state, which may also be due to
packing, while other rotamers may prove viable in solution. The sup-
posedly hemilabile N-donors in 3 and 6 are oriented in the opposite
direction to the platinum centers, which rules out an intramolecular
interaction between the two groups in the solid state. This is consistent
with monometallic Marko-type complexes that also contain pyridine or
triazole wingtips at the NHC, where no Pt-N interaction was observed
either [45] . The main geometric parameters of the bimetallic complexes
are summarized in Table 2 and compared to 7 as representative of
monometallic complexes. The Pt-Cearhene bond lengths lie in the narrow
range of 2.022 A for the sterically least hindered 1 to 2.054 A for 6 with
bulky, though admittedly flexible NHC wingtips. The geometric pa-
rameters of the trifold ligated platinum centers are consistent with their
monometallic relatives, which further emphasizes the similarity of the

bimetallic and monometallic complexes. However, torsion of the dvtms
vinyl groups is generally more pronounced in the bimetallic system,
culminating at —14.7(4)° for 5 in this study. This value has so far only
been exceeded once in a report by Pietraszuk et al. where an extremely
bulky ligand forces a distortion of 17.2(6)° [79]. Although bound to the
identical main scaffold, the Pt-Pt distances vary in the range of 5.787 A
in 1 to 7.004 A in 6. For complexes 2-5, which contain aromatic NHC
wingtips, the Pt-Pt distance correlates with the Pt—Ccarpene bond length,
indicating that both parameters are affected by steric strain in the same
way. Thus, the ideal metal-metal distance for bimetallic catalysis of
3.5-6 A [19] is partially exceeded but could be realized after the loss of
the dvtms moieties and due to conformational dynamics in solution.
Interaction of the substrate with both platinum atoms or binding of two
reactants in close proximity might still prove beneficial, even if there is
no direct interaction between the platinum atoms.
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Fig. 3. (continued).

3.2. Catalytic hydrosilylation of alkenes

3.2.1. Catalytic reaction of oct-1-ene with MD'M

The performance of the bimetallic catalyst precursors 1-6 was
evaluated and compared to 7 as a reference system for monometallic
Marko-type complexes in the catalytic hydrosilylation reaction of oct-1-

ene and MD"™M at 72 °C. The bulky MD"M mimics a PMHS (poly-
methylhydrosiloxane) in this by Marké et al. established benchmark
reaction (= A, Table 3) [40,41], which finds widespread application in
research [45,46,66,81]. The target compound MaD-oct is formed at very
good to excellent yields of up to 98% with respect to the alkene. Linked
byproducts are observed at total yields < 1% and are therefore neglected
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Fig. 3. (continued).
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Table 2
Selected crystallographic data of bimetallic complexes (1-6) in comparison to literature known complex 7 [42].

Complex 1 2 3 4 5 6 7"

Bond lengths (A]

Pt—Cearbene 2.027(5) 2.050(4) 2.050(3) 2.044(3) 2.044(4) 2.054(7) 2.046(4)
2.022(5) 2.042(4) 2.039(3) 2.039(6)

Pt-Ce—¢ " 2.124(4) 2.133(4) 2.120(4) 2.114(3) 2.124(4) 2.147(6) 2.141(5)
2.110(4) 2.123(4) 2.133(49) 2.129(3) 2.106(4) 2.116(7) 2.138(5)
2.127(5) 2.138(4) 2.122(3) 2.123(7)
2.120(6) 2.137(5) 2.130(3) 2.103(7)

Pt-Ce— ! 2.143(5) 2.141(4) 2.140(4) 2,141(3) 2.134(4) 2.151(7) 2.146(4)
2.121(5) 2.143(4) 2.137(4) 2.142(3) 2.139(4) 2.141(6) 2.148(5)
2.142(5) 2.140(4) 2.133(3) 2.151(7)
2.139(5) 2.147(4) 2.148(3) 2.145(7)

Ce=cCc= " 1.420(7) 1.436(6) 1.426(5) 1.428(4) 1.429(6) 1.428(9) 1.437(7)
1.447(7) 1.429(6) 1.427(6) 1.426(4) 1.425(6) 1.432(11) 1.419(7)
1.438(7) 1.435(5) 1.433(4) 1.439(9)
1.442(8) 1.435(5) 1.427(5) 1.426(9)

Pt-Pt 5.7874(4) 6.7208(8) 6.5177(6) 6.2245(5) 6.396(1) 7.0041(8) n.a.

Angles (°)

Nim—CHa—Nim 113.4(4) 113.0(4) 114.2(4) 113.8(2) 112.9(4) 112.5(5) n.a.

tilt angle @ 84.12 70.81 83.32 69.42 61.21 66.11 64.67

NHC-Pt(dvtms) 82.05 78.03 72.80 74.82

Torsion (*)

Comc—Co—c-Co—c-Co—c 5.9(5) 0.0(4) 8.2(4) -3.8(3) ~14.7(4) ~1.1(7) 4.3(5)
4.3(5) -3.4(4) -4.0(3) —-6.6(7)

b Data was extracted from CCDC 275,306 [42].

¢ Denotes the distance to the terminal carbon.

4 Denotes the distance to the internal carbon,

¢ Denotes the distance between the two olefinic carbons of dvtms.

Table 3

Model reaction A: Catalytic formation of product (M;D-oct) by hydrosilylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal standard. Analysis by GC-FID.

. H . i

A MeSiO. 1| .0SiMe; 20 ppm [P1] MegSiO \\

CgHqa™ ™% S;" - /\/Si; :
(p-xylene) CgH13 OSiMe;
Me N
72 °C

Catalyst Y(MD-oct) [%] X(oct-1-ene) [%] X(MDHM) [%] S [%] ° Y(isomerization) [%] * TOF [h 1] ©
1 36 43 37 85 2 5000
2 90 92 88 98 3 48,000
3 22 27 23 80 1 12,000
4 20 94 90 9 3 38,000
5 95 99 93 9% 3 43,000
6 52 56 51 92 2 5000
7 91 98 90 92 4 17,000

Y = yield. X = conversion. S = selectivity.

f Selectivity regarding oct-1-ene at t = 6 h; Selectivity regarding MD"M > 97%.

& Sum of Cg isomers at t = 6 h. n-Octane is included herein.
?‘ TOF of oct-1-ene calculated at the steepest slope.
! Yield used for calculation.

(Smpum = 97%). However, the catalysts compete for the minimization of
Cg byproducts that are formed by isomerization and reduction of
oct-1-ene.

Equimolar amounts of oct-1-ene and MD'™M are reacted under air at
72 °C in the presence of 50 ppm [Pt]. In the case of the bimetallic
compounds 1-6, this entails loading the respective complexes at 25 ppm
to account for both platinum atoms in them. For 7 on the other hand,
loading is fixed at 50 ppm complex, which equals the platinum con-
centration due to the monometallic nature. This allows comparison of
catalytic performance in relation to the amount of platinum sites inde-
pendent of the catalyst precursor. The reactions were monitored by GC-
FID using n-decane as an internal standard. The observed time-yield
kinetics (Fig. 4) exhibit sigmoidal behavior due to an initiation period
in which the active catalyst is formed by hydrosilylation of the dvtms
ligand, which is the rate-determining step [42].

This characteristic is most pronounced for 7 and results in < 1%

product formation after 20 min. Classical, monometallic Markd-type
(NHC)Pt(dvtms) complexes are therefore described as “slow-release™
precursors of catalytically active platinum species [42], a drawback that
limits the performance of these complexes and is surpassed by bimetallic
complexes 1-6. For instance, a yield of 37% MyD-oct is obtained for 4
after 20 min, both compounds being related and containing mesityl
wingtips at the NHC(s). However, the overall catalytic performance also
depends on the inherent activity and stability of the active species. The
latter appears to be poor for 1, 3, and 6, as is indicated by flattening of
the kinetic curves at yields < 10% in a logarithmic form. Previously,
pyridine and triazole wingtips at the NHC moiety proved detrimental in
monometallic (NHC)Pt(dvtms) complexes and was attributed to the
stabilization of a Pt(II) species [45]. However, these N-donor-containing
ligands prevent catalysis for bimetallic systems at a different magnitude.
An inflection point, caused by increasing activity, around the 1 h mark
for 1 and 6 implies another transformation. Investigation and discussion
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Fig. 4. Time dependent catalytic formation of product (MzD-oct) by hydro-
silylation of oct-1-ene (1.0 eq., 2.024 mmol, 0.5 M) with MD'M (1.0 eq., 2,024
mmol, 0.5 M) in p-xylene at 72 “C with 50 ppm [Pt] and n-decane (1.518 mmol)
as internal standard. Analysis by GC-FID.

of the deactivation and transformation reactions are presented below. At
this point a discrepancy of calculated selectivity (S = Y-X') and
observed byproduct formation for 1, 3, and 6, which yield the least
desired product is worth mentioning. This finding was however
confirmed by a fourfold determination for each complex. The cause of
this might be the minimal evaporation of oct-1-ene, which has the
lowest boiling point in the catalysis mixture, and the resulting error
propagation since no additional byproduct was identified by GC-FID.
Addressing the difference of 4 and 7 again, not only does initiation
occur faster for 4, but also the turnover frequency (TOF) of 38,000 h 1
more than doubles the TOF of 17,000 h™! for 7. The highest TOF in this
study is observed for 2 at 48,000 h™" with no distinct induction period,
just as for the monometallic ImMePt(dvtms), where a TOF of 31,000 ht!
was achieved [45]. The monometallic relative of 2, ImPhPt{dvtms), falls
short at a TOF of 39,000 h™! and a selectivity of 96% compared to 98%
for 2, but forms more MzD-oct at a yield of 94% (2: Y = 90%) [45].
Contradicting our expectations, 4 and 5 exhibit virtually the same in-
duction period, while in the case of the monometallic relatives Im™*pPt
(dvtms) and ImPPPPt(dvtms), the steric bulk of the later prolongs the
induction period by 1/3 [41]. With the highest yield of 95% and a TOF
of 43,000 hlats= 96%, 5 emerges with the best performance in the
investigated series.

Table 4

Journal of Organometallic Chemistry 1007 (2024) 123030

3.2.2. Catalytic reaction of vinylsiloxane MM"" with MD"'M

The hydrosilylation of MMY with MD"™M is selected to simulate
industrial-relevant three-dimensional silicone network formation by
addition-cure crosslinking using a platinum catalyst (= B) [82,83].
Experiments were carried out at 100 °C with a loading of 100 ppm [Pt]
for direct comparison to the performance of the monometallic relatives
of 1-6 [45]. The results are summarized in Table 4, showing excellent
performance of the bimetallic complexes (reaction kinetics are provided
in the ESI).

The highest yield of the target product MM(C3H4)DM3 is achieved by
1, namely 75%, contradicting the results in A (vide supra), where poor
performance was realized, due to deactivation. This is attributed to the
raised reaction temperature of 100 °C compared to 72 °C in A, which
supports the presumed transformation in A that is accompanied by an
increase in activity. A TOF of 51,000 h™! is calculated for 1, slightly
exceeding 50,000 h™! of ImMPt(dvtms) under equal conditions, which
signals that the reaction is not limited by diffusion, even though two
platinum atoms are linked in close proximity. Complex 2 is by far the
most active with a TOF of 78,000 h™%, outperforming the monometallic
relatives by over 50%. Substitution of the phenyl wingtips in 2 with
pyridine in 3 impairs catalytic performance significantly to a TOF of
34,000 h™!. This detrimental effect of N-donors was previously reported
for monometallic Marko-type (NHC)Pt(dvtms) complexes and is attrib-
uted to excessive stabilization of the Pt(II) state as mentioned above
[45]. Lowering the catalyst loading and the temperature might prove
beneficial in more clearly distinguishing the kinetics of 1-6 but was not
pursued in the work presented here.

3.2.3. Comparison of a monometallic (7) and bimetallic (4) complex

In the following, a detailed comparison of the homobimetallic plat-
inum system with the classical monometallic system is presented, with
the mesityl-containing complexes 4 and 7 serving as representatives of
their respective classes and A as benchmark reaction (Table 5). The
temperature is fixed at T = 72 °C, while the [Pt] loading is set to 100, 50,
25, and 10 ppm and even as low as 5 ppm for 7. At a loading of 100 ppm,
4 yields 91% of the main product with a TOF of 42,000 h™! which is
calculated based on the recorded reaction kinetics (see ESI). Lowering
the catalyst concentration to 50 and subsequently to 25 ppm yields 90
and 89% product while maintaining catalyst activity at TOFs of 38,000
and 42,000 h™!, respectively. The difference in TOFs is negligible in
terms of uncertainty and indicates that catalytic activity is decoupled
from the catalyst loading. This is however contradicting experiments at
10 ppm of 4, where the TOF is reduced to half to 20,000 h™. Complex 7
on the other hand increases activity while catalyst loading is reduced. At
100 ppm a TOF of 11,000 h! is calculated that continuously improves
and peaks at 33,000 h™! at the lowest investigated loading of 5 ppm. This
finding is attributed to catalytic overloading at higher catalyst

Model reaction B: Catalytic formation of product (MM(C;H4)DM,) by hydrosilylation of MMY' (1.0 eq., 2.024 mmol, 0.5 M) with MD'M (1.0 eq., 2.024 mmol, 0.5 M) in
p-xylene at 100 °C with 100 ppm [Pt] and n-decane (1.518 mmol) as internal standard. Analysis by GC-FID. Evaluation of selected byproducts is included in the ESL

Me3S|Q Me

H
Me; Me;SiO. | _OSiMe; 100 ppm [P1] . -
i i —» Me;Sio. . Si. .
Megsio” '~ o potene) O SI 0siMes
e 100 °C €2
Catalyst Y(MM(C;H4)DM,) [%] X(MMY) [%] X(MD"M) [%] S(MM") [%] S(MD"M) [%] TOF [h ~ ']
1 75 97 97 77 77 51,000
2 71 97 98 72 72 78,000
3 72 92 91 79 80 34,000
4 71 98 99 73 72 46,000
5 73 97 99 75 73 52,000
6 72 91 89 80 82 51,000
7 68 94 94 72 72 9000

Y = yield. X = conversion. S = selectivity. All data given at t = 6 h.
J TOF of MMV calculated at the steepest slope.
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Table 5
Catalytic hydrosilylation of oct-1-ene with MD"'M at varying temperature and
catalyst loading. The corresponding reaction kinetics are included in the ESI.

Catalyst T [ Catalyst loading Y(MM({(C5H,)DM3) TOF
°Cl [ppm] * [%] th™'1'
4 72 100 91 42,000
4 72 50 90 38,000
4 72 25 89 42,000
4 72 10 59 20,000
4 62 50 86 29,000
4 52 50 84 12,000
7 72 100 94 11,000
7 72 50 91 17,000
7 72 25 91 26,000
7 72 10 82 31,000
7 72 5 62 33,000
7 62 50 78 6000
7 52 50 45 3000

Yields (Y) after 6 h.
k denotes the loading of platinum.
! TOF of oct-1-ene calculated at the steepest slope.

concentrations and emphasizes the inherently different nature of the
investigated systems. To examine the thermal dependence of the cata-
lysts, the temperature is lowered in steps of 10 K to 62 and 52 °C, while
the platinum loading is fixed at 50 ppm. The bimetallic complex 4
achieves yields of 86 and 84% at TOFs of 29,000 and 12,000 h! at 62
and 52 °C, respectively. This preserves 76 and 35% of the activity at
standard conditions as the temperature is lowered. This retained activity
to original activity ratio is significantly lower for 7, where TOFs of 6000
and 3000 h™! reveal that merely 32 and 18% of the activity at standard
conditions are preserved. This is rationalized in terms of the initiation
process, which was determined as the rate-determining step for mono-
metallic Marko-type complexes [42]. The induction period of 7 is
considerably longer compared to 4 (Fig. 4) and is consequently more
strongly affected as temperature is decreased. To summarize, the per-
formance of 7 exceeds 4 at low catalyst loadings, while 4 is superior at
low temperatures.

3.2.4. Addition of fresh reactants

The initiation behavior is further investigated by the addition of
fresh reactants (equimolar ratio of oct-1-ene and MDHM) after comple-
tion of a standard experiment (see ESI for kinetics and detailed experi-
mental). Conversion of the second batch of reactants starts immediately
without an induction period, demonstrating that 4 and 7 are still cata-
lytically active. TOFs of 20,000 and 14,000 h™ are calculated (3 to 10
min) for 4 and 7, respectively. The decrease in activity is - at least in part
- attributable to the dilution of educts from 0.5 to 0.4 M due to their
repeated addition. However, 4 only retains 53% activity, while 7 per-
forms at 82%. This may be due to the continuous activation of 7 upon
the addition of fresh reactants, due to the inherently slow initiation
behavior of the monometallic complex. Previously, Im®Pt(dvtms) was
repeatedly subjected to fresh reactants under similar conditions [84].
The absence of the initiation period in follow-up runs was here also
observed, but the TOF increased ninefold, while a third addition raised
the activity 16 times compared to the first experiment. The disagree-
ment with the herein presented results might be attributable to the
different characteristics of the catalysts and applied methods.

3.2.5. Pre-catalytic reaction of complexes and MD'M

Since it is assumed that the initiation process of Marké-type com-
plexes proceeds by partial dissociation of the dvtms chelate and subse-
quent hydrosilylation of the latter by two SiH entities [42], model
reaction A was modified with the objective of comparing “true” TOFs of
4 and 7. The respective complex is reacted with MD"M for defined
durations tgji in the presence of solvent (p-xylene) and internal standard
(n-decane) prior to the addition of oct-1-ene that launches catalysis (=

11
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Fig. 5. Agiy — Preceding reaction of 7 with MD"M for defined durations tg;.
Catalysis is launched upon addition of oct-1-ene. Reaction conditions: oct-1-ene
(1.0 eq., 2.024 mmol, 0.5 M) and MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal
standard. Analysis by GC-FID.

Agin). As expected, the induction period is significantly shortened after
exposing 7 to MD''M for 0.5 h (Fig. 5), but disappears completely at tgjy;
= 3 h, transforming the sigmoidal shape to a logarithmic curve. Activity
accumulates to a TOF = 220,000 h™! at tsip = 6 h, a 13 times increase
compared to the performance of 7 in A (Table 6). The selectivity and
yield remain virtually unchanged at 91 and 92%, respectively,
compared to 92 and 91% in A. At tsjy = 16 and 40 h a notable decrease in
yield to 81 and 79%, respectively, can be observed, accompanied by S =
82 and 81%. This indicates a transformation of the catalytically active
species and is supported by TOFs of 296,000 h™! and a decline to 174,
000 h7! after exposure of 7 to MD''M for 16 and 40 h, respectively. The
drop in activity at tg;y = 40 h also transforms the kinetic curve back into
a sigmoidal shape, reintroducing an initiation phase. Potential loss of the
NHC moiety and platinum agglomeration might form colloids where
reactivation due to the “oxygen effect” occurs [85,86]. This is further
investigated by mercury poisoning experiments that are presented
below.

Contrary to our expectations 4 shows inverse behavior to 7 in Agig
(Fig. 6). Exposure of 4 to MD"'M before catalysis results in a prolonged
induction period and activity loss, which is most pronounced at tgjy = 6
h. The selectivity is slightly reduced to 92% and activity is cut down to
7000 h‘l, compared to 96% and 38,000 htin A, respectively. This in-
dicates deactivation by transformation into another species. However, at
longer tgjy higher activities are observed again with TOFs of 25,000 and
79,000 h™! after 16 and 40 h, respectively, which is only a fraction of the
activity of 7. Interestingly, the selectivity remains at 92% and is even
slightly enhanced to 95% at tg;z = 40 h, which matches — within the

Table 6
Preceding reaction of 4 and 7 with MD"M for defined durations tg; in Agim.
Catalyst tgin [h] Y(M2D-oct) [%] S [%] * TOF [h'] "
7 6 92 91 220,000
7 16 81 82 296,000
7 40 79 81 174,000
4 6 48 92 7000
4 16 85 92 25,000
4 40 90 95 79,000

Y = yield. S = selectivity.
™ Selectivity regarding oct-1-ene att = 2 h.
" TOF of oct-1-ene calculated at the steepest slope.
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Fig. 6. Agy - Preceding reaction of 4 with MD™M for defined durations tg.
Catalysis is launched upon addition of oct-1-ene. Reaction conditions: oct-1-ene
(1.0 eq., 2.024 mmol, 0.5 M) and MD"M (1.0 eq., 2.024 mmol, 0.5 M) in p-
xylene at 72 °C with 50 ppm [Pt] and n-decane (1.518 mmol) as internal
standard. Analysis by GC-FID.

margin of error — § = 96% under standard conditions. This indicates,
that the Pt—C bond remains undamaged and an interim species is formed
upon exposure of 4 to MD'M. In this context, di-u-hydrido platinum
dimers D and E (Fig. 7) were reported to form in the presence of silanes
[84,87]. The structures of both species were unequivocally resolved by
SC-XRD. Catalytic evaluation of D revealed a longer initiation period
and lower activity compared to Im®Pt(dvtms), which matches the
behavior of 4 in the Agiy method. To investigate this issue, 1 (1.0 eq.) is
reacted with MD"M (7.0 eq.) at 72 °C for 7 min. Analysis by 'H NMR
reveals four major hydride resonances with %3Pt satellites at 5 = -4.25
(Mpy = 640 Hz), -5.16, —7.18 (Mp; iy = 632 Hz) and —9.46 ppm (Upy ;=
652 Hz). Chemical shifts and coupling constants are consistent with
platinum hydride complexes, among them p-hydrido platinum dimers
[88-96]. Attempts to isolate or crystallize the formed species remained
unsuccessful. Based on this, di-p-hydrido-bridged species C is postu-
lated, whose formation is favored due to the proximity of two platinum
atoms in the bimetallic complex. This also serves as an explanation of the
inferior performance of 1 in A, which indicates that the sterically least
occupying methyl wingtips at the NHCs cannot prevent the formation of
C even under standard catalytic conditions. In this context and also
relevant for 7 in Agiy, the di-p-hydrido-bridged Im“Pt species of Marko
et al. was obtained under relatively mild conditions with five equivalents
silane at 80 °C for 10 h. Harsher conditions of 20 equivalents silane and

.R
(/\N C c
J iR' y Y
N/&Ptf& 3 N  HSiRsN
(H H [ )—pi-Pt—( ]
N Pt NRgsi H N
Y SiR'; c Cy
<\/N\ Y Y
R
Cc D
postulated species Marko, 2006

Journal of Organometallic Chemistry 1007 (2024) 123030

100 °C for 15 h however facilitate conversion of Im®PPPt(dvtms) into
tricoordiante bis-(silyl)platinum(II)-NHC complex F that remains stable
in the presence of excess silane even under ambient conditions [97].
Especially in the hydrosilylation of alkynes, F proves significantly more
active and selective than the parent ImP®PPt(dvtms) complex [98].
Following this model, further conversion of C into a silyl species appears
reasonable and explains the increase in activity [99,100]. In addition,
the initial activation of dvtms is of particular interest as it was reported
that the catalyst activation pathway for mono- and bimetallic complexes
might be fundamentally different. Investigation of monometallic (NHC)
Rh(COD) and bimetallic bis-NHC(RhCOD), complexes revealed
hydrogen transfer from one to another COD moiety that forms
cycloocta-1,3,5-triene and opens up a free coordination site at the site
with reduced cyclooctene [34]. This pathway is significantly faster than
the dissociation of COD for the monometallic complex and increases
catalytic performance. Work is currently in progress to unveil the origin
of the synergistic effect and to elucidate the transformations of bime-
tallic bis-NHC(Ptdvtms), complexes, especially their induction period.

3.2.6. Mercury(0) poisoning experiments

The pre-catalytic reaction of 7 with MD"M (vide supra) raised the
question of (NHC)Pt stability and clearly demanded a more in-depth
examination, as colloid formation for similar complexes has been
assumed in previous reports [81,101]. The catalyst poisoning experi-
ment with elemental mercury is commonly used to distinguish homo-
geneous molecular catalysis from heterogeneous catalysis [102,103]
and is applied to the monometallic (7) and bimetallic (4) systems. The
method is based on the assumption that Hg(0) will amalgamate Pt(0)
clusters/colloids and nanoparticles and render them inactive. However,
wrong conclusions might be drawn as it was shown that there are mo-
lecular complexes that are reactive to Hg(0) and a proper methodology
is crucial to obtain meaningful results [102-106]. To overcome these
issues 1500 equivalents of Hg(0) with regards to platinum are used and
intimate contact of Hg(0) with the reaction mixture is ensured by raising
the stirring frequency from 500 to 1400 rpm. Also, mercury is only
added to the reactor, after educt conversion is higher than 10%, which
results in a bending of the kinetic curve if Hg(0) influences the catalyst.
On top of this, the mercury poisoning experiment is conducted under
standard conditions (A) and after 40 h of pre-reaction of 4 and 7 with
MDYM. In this study, no visual discoloration of the reaction mixtures
was observed, which would indicate the formation of colloidal platinum

Table 7
Results of mercury poisoning experiments (1500 eq. Hg/Pt) and observed final
yields in parentheses.

Catalyst A Agini (40 h)
4 Negative (90%) Negative (88%)
7 Negative (94%) Positive (56%)
Dipp
H SiEts N SiMeyPh
CysP—Pt-Pt—PCys [ )—Pt
Et:Si 1’ N SiMe,Ph
Dipp
E F
Stone, 1978 Marko, 2009

Fig. 7. Postulated di-p-hydrido complex C. Platinum dimer D of Marké et al. with SiR; = MDM [84]. Platinum dimer E of Stone et al. [87]. Bis-(silyl)platinum(II)-

NHC complex F of Marko et al. [97].
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species but does not necessarily rule out their existence. There is no
abnormality in the kinetics of the mercury test of 4 in either A or Agjy
(40 h) as is expected from the maintained selectivities (Table 7, Kinetics
in ESI). While no poisoning is observed for 7 under standard conditions
(A), Hg(0) completely deactivates the catalyst in Agiy (40 h). This
matches with the behavior of 7 in Agiji (40 h), without mercury addition,
where a decrease in selectivity and activity was recorded, which even
leads to the formation of an induction period. These independent results
indicate the formation of colloidal platinum from 7 in the presence of
MD"M after 40 h, while 4 is intermediately stabilized as di-p-hydrido
complex.

4. Conclusion

A series of six homobimetallic bis-NHC(Ptdvtms); complexes 1-6
was prepared with the anticipation of cooperative effects. Character-
ization by NMR spectroscopy ('H, '3C, 2°Si, and 1°°Pt) and SC-XRD
revealed the strong similarity of this new complex class to the parent
monometallic Marko-type (NHC)Pt(dvtms) complexes. Hindered rota-
tion of the Pt-C bond generates conformational isomers for 1-3 and 6 at
room temperature. 'H VT-NMR experiments with 5 disclose coalescence
at 233 K, which gives AG™ = 52.5kJmol ! as a rotational barrier, using
the Erying equation. The bimetallic complexes prove to be potent
catalyst precursors for the hydrosilylation of alkenes and are charac-
terized by minuscule initiation periods compared to ImMespt(dvtms) (7)
which is used as a reference to Markd-type complexes. Inverse behavior
was observed for 4 and 7 in the pre-catalytic reaction of the complexes
with MD"'M. Activation of 7 results in a TOF of 296,000 h'l, with
selectivity decreasing under harsh conditions, while 4 is first deactivated
and then reactivated under harsh conditions, with selectivity being
maintained. These findings are explained by the decomposition of 7 to
platinum colloids after extended exposure to MD™M as revealed by
mercury poisoning experiments and intermediate stabilization of 4 as
the postulated di-p-hydrido complex C under the same conditions.
Relevant for the application is the performance of 7 at low catalyst
loadings, while 4 is superior at low temperatures due to easier
activation.
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In this thesis, two distinct strategies to overcome the limitations of Marké-type hydrosilylation
catalysts are described, consisting of the preparation and characterization of mono- and bimetallic

platinum complexes and their evaluation in the hydrosilylation of alkenes.

The first section focuses on classical, monometallic Marké-type complexes of the general formula
(NHC)Pt(dvtms) where selected alkyl and aromatic NHC wingtips were employed, that were not
investigated hitherto and also allow determination of the effect of the lone pair of nitrogen (e.g. Ph vs.
Py). %Pt NMR data reveal that the —/ effect for the pyridine and 1,2,3-triazole wingtips outweigh the
potential intra- or intermolecular interaction of nitrogen with platinum, rendering the respective
compounds electron-poor compared to complexes with phenyl or methyl wingtips, respectively. The
first ever described abnormal 1,2,3-triazole-5-ylidene Pt(0) complex is presented, confirming the
enhanced o-donor strength of the ligand with an upfield shifted resonance of § = 168.4 ppm for the
carbene shift, with respect to the imidazole-2-ylidene compounds that exhibit carbene shifts in the
range of 6 =179.9-186.5 ppm. However, the alkylated backbone of the triazole limits the flexibility of
the mesityl wingtips, leading to a distortion of @ = 59° for the dvtms ligand to reduce the steric strain,
an elongated Pt-NHC bond of 2.054(3) A, and in consequence to a downfield shifted platinum
resonance (6 = -5306 ppm), compared to the imidazole-2-ylidene congener (& = —5392 ppm). This trait
is also reflected by the performance in the hydrosilylation of oct-1-ene with MD"M, with a TOF of
12,000 h™! for the 1,2,3-triazole-5-ylidene, while the imidazole-2-ylidene achieves 17,000 h™. The
presumed hemilabile N-donors impede the catalytic process, which is attributed to the durability of a
Pt(Il) species by excessive stabilization, disclosing the promoting effect of N-donors as an erroneous
assumption. Overall, phenyl wingtips at the NHC give the most potent catalyst precursor, that achieves
a TOF of 39,000 h! in combination with excellent yield and selectivity after a minor induction period,

using oct-1-ene as substrate.

The concept of bimetallic catalysts is applied to Markd-type complexes in the second part, revealing
synergistic interaction of two platinum centers, that is not yet fully understood. Multinuclear NMR
spectroscopy and SC-XRD data demonstrate electronic and structural analogy of the mono- and
bimetallic system, which is a prerequisite for meaningful deduction of the implication of the bimetallic
nature. Depending on their NHC wingtips, these complexes are present as rotamers. Investigation of
the rotational barrier by *H VT-NMR disclosed coalescence at 233 K in the case of Dipp as wingtip gives
AG* =52.5 kl'mol™, using the Erying equation. N-donors (pyridine, triazole) as NHC wingtips were
examined once more, however, the bimetallic complexes also proved incapable of overcoming the

Pt(ll) stabilization issue, which was evident for monometallic complexes. Generally, the bimetallic class
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of complexes proves to be superior to monometallic complexes, achieving higher TOFs (up to
48,000 h™?) and exhibiting shorter induction periods. An in-depth comparison of the mono- and
bimetallic complexes is presented using mesityl wingtip compounds in both cases. The bimetallic
catalyst is less dependent on temperature than the monometallic relative, implicating a lower
activation barrier. Also, the reactivity of the catalyst classes is fundamentally different, as the TOF of
the investigated bimetallic complex is independent of the catalyst concentration, while the TOF of the
monometallic complex increases as the concentration is lowered. Further experiments, especially
substrate screening, and calculations are required to fully elucidate the origin of the synergistic effect
and understand the mechanism with regard to activation and the catalytic cycle. Preceding reaction of
the selected representatives of the complex classes with silane initially leads to activation in the case
of the monometallic complex and inverse behavior for the bimetallic catalyst. Coupling of this
experiment with mercury poisoning studies highlights the stability of the bimetallic system compared
to the monometallic one and is attributed to intermediate stabilization thereof as a di-y-hydrido
complex. Stoichiometric reaction of silane with the bimetallic complex and analysis by *H NMR exposes

hydridic reflexes with reasonable Pt—H coupling as additional evidence.

The herein-disclosed results demonstrate the impressive performance of platinum-based catalysts in
the hydrosilylation of alkenes. To the best of my knowledge, the alkenyl complexes of Marké (gen. 2.2)
were not yet tested in the hydrosilylation of alkenes, which is demanded by the outstanding results
when alkynes are employed as substrates. Generally, exploring unsaturated compounds, which are
frequently used as inhibitors for thermally activated catalysts, as leaving groups appears promising.
Investigation of N-heterocyclic heavier tetrylenes, especially silylenes, as strong donors with balanced
acceptor properties is currently in progress in other groups, but suffers from insufficient stability,
which might be tackled by kinetic or thermodynamic protection. Cyclic(alkyl)(amino)carbenes (CAACs)
are also exceptionally strong donors that might be worth examining in this context. Concerning the
bimetallic complexes of this thesis, the best combination of activity and product yield is achieved by
Dipp, which is the most sterically demanding NHC wingtip in this study. Therefore, increasing the steric
bulk even further might be beneficial and would also prevent formation of the inactive di-u-hydrido
complex. One could also employ benzimidazole-2-ylidenes for the bimetallic complexes, incorporating

the knowledge gained during the studies of the second-generation Markd catalysts.
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