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Abstract

Abstract

The still-young research field of silyliumylidene ions — Si(II) cations with a lone pair of
electrons, two vacant orbitals and a positive charge — has started to garner an
increased interest from both academia and industry, with a number of reports over the
last 15 years focused on their potential for single-site small molecule activation and

transition metal-free catalysis.

Importantly, due to the presence of a stereochemically active lone pair of electrons
on the low-valent silicon center, they can also be employed as ligands in transition
metal complexes like phosphines, carbenes or silylenes. Yet, compared to these
commonly used ligand classes, their application in organometallic chemistry is still in
its infancy. Understanding their reactivity with transition metals and their properties as
ligands is of crucial importance, as the design of new and improved catalysts requires
extensive knowledge about the coordination behavior of a variety of ligands. Notably,
the extremely high inherent reactivity of silyliumylidene ions requires the coordination
of up to two Lewis bases for their stabilization, which significantly reduces their -

acceptor ability.

Accordingly, this thesis describes the synthesis of novel NHC-stabilized
silyliumylidene ions and their application as ligands in transition metal complexes. The
first part of this dissertation focuses on the synthesis and isolation of the first silyl-
substituted Si(II) cations. The introduction of new substituents with different steric and
electronic properties is important, as the features of the single silyliumylidene
substituent can have a significant influence on their stability and reactivity. As an
interesting follow-up chemistry, it was also shown that NHC-stabilized silyliumylidene
ions can undergo facile NHC exchange reactions from weaker to stronger o-donating

carbenes.

The second part of the thesis focuses solely on the coordination chemistry of NHC-
stabilized silyliumylidene ions. As proof of principle — that coordination chemistry is
indeed a possibility — group 11 (Cu, Ag, Au) complexes were synthesized directly from
aryl-substituted Si(II) cations through reaction with simple coinage metal salts. It was
shown that their solid-state structures and their stability in solution depends on the
steric demand of the silyliumylidene substituent: bulky groups lead to stable monomers

whereas smaller groups form dimeric complexes with a significantly reduced stability.
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In a follow-up publication, the ligand properties of NHC-stabilized silyliumylidene ions
were investigated experimentally and theoretically with the synthesis and analysis of
group 6 (Cr, Mo, W) and group 8 (Fe) transition metal carbonyl complexes and then
compared to other common ligand classes. It could be shown that NHC-stabilized Si(1II)

cations can be classified as weak o-donor ligands with negligible 1r-acceptor character.

These investigations are followed by a final publication focused on the reactivity of
various silyliumylidene ions with dimeric, chloro-bridged transition metal precursors:
after the initial splitting of the dimeric complexes through coordination of the low-valent
silicon moiety, an insertion reaction into the metal—chloride bond takes place with
concomitant NHC-migration leading to chlorosilylene complexes with long Si—-M bond
distances. Reductive dechlorination of these complexes with either one or two
equivalents of potassium graphite leads to an increase in the silicon—metal bond order,

furnishing Si—-M single and Si=M double bonds, respectively.
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Zusammenfassung

Zusammenfassung

Das noch junge Forschungsfeld der Silyliumyliden-lonen — Si(II) Kationen mit einem
freien Elektronenpaar, zwei unbesetzten Orbitalen und einer positiven Ladung — erfreut
sich einem steigenden Interesse, sowohl aus der Wissenschaft, als auch aus der
Industrie. Uber die letzten 15 Jahre erschien eine Reihe von Berichten die auf das
Potential dieser hochreaktiven, niedervalenten Silicium-Kationen in der Aktivierung

kleiner Molekulle und in der metallfreien Katalyse fokussiert waren.

Aufgrund des vorhandenen stereochemisch aktiven freien Elektronenpaares am
niedervalenten Siliciumzentrum, vergleichbar mit Phosphinen, Carbenen oder
Silylenen, konnen Silyliumyliden-lonen auch als Liganden in
Ubergangsmetallkomplexen eingesetzt werden. Im Vergleich zu diesen haufig
verwendeten Ligandenklassen steht ihre Anwendung in der metallorganischen
Chemie jedoch noch am Anfang. Das Verstandnis ihrer Reaktivitat mit
Ubergangsmetallen und ihrer Eigenschaften als Liganden ist von entscheidender
Bedeutung, da das Design neuer und verbesserter Katalysatoren umfangreiche
Kenntnisse Uber das Koordinationsverhalten einer Vielzahl an Liganden erfordert.
Bedingt durch die hohe Reaktivitat und Instabilitdt der Silyliumyliden-lonen ist die
Koordination von bis zu zwei Lewis-Basen an das Silicium-Zentrum fir eine
erfolgreiche Synthese notig. Diese notwendige Stabilisierung verringert jedoch deren

m-Akzeptoreigenschaften erheblich.

Dementsprechend beschreibt diese Arbeit die Synthese von neuartigen NHC-
stabilisierten  Silyliumyliden-lonen und deren Anwendung als Liganden in
Ubergangsmetallkomplexen. Der erste Teil dieser Dissertation konzentriert sich auf die
Synthese der ersten silyl-substituierten Si(II)-Kationen. Die Einfiihrung von
Substituenten mit unterschiedlichen sterischen und elektronischen Eigenschaften ist
von Bedeutung, da die Charakteristiken des einzigen Silyliumyliden-Substituenten
einen wesentlich Einfluss auf deren Reaktivitdt und Stabilitdt haben kénnen. Als
interessante Folgechemie konnte aullerdem gezeigt werden, dass ein einfacher
Austausch der koordinierten NHCs von schwacheren zu starkeren Carbenen mdglich

ist.

Der zweite Teil dieser Arbeit konzentriert sich ausschliellich auf die
Koordinationschemie von NHC-stabilisierten Silyliumyliden-lonen. Als ,Proof of
Principle“ — dass Koordinationschemie tatsachlich moglich ist — wurden Gruppe 11
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Zusammenfassung

Komplexe (Cu, Ag, Au) direkt aus der Reaktion von aryl-substituierten Si(1l)-Kationen
mit MUnzmetallsalzen synthetisiert. Es konnte gezeigt werden, dass ihre Struktur im
Festkorper und ihre Stabilitat in Losung direkt vom sterischen Anspruch des
Silyliumyliden-Substituenten abhangt: grof3e Gruppen fuhren zu stabilen Monomeren,

wahrend kleinere Reste deutlich instabilere dimere Komplexe bilden.

In einer weiteren Publikation wurden die Ligandeneigenschaften von NHC-
stabilisierten Silyliumyliden-lonen sowohl experimentell als auch theoretisch durch die
Synthese von Gruppe 6 (Cr, Mo, W) und Gruppe 8 (Fe) Metallcarbonylkomplexen
untersucht und anschlie®end mit gangigen Ligandenklassen verglichen. Es konnte
gezeigt werden, dass diese Art von Silyliumyliden-lonen am besten als schwache o-

Donorliganden mit vernachlassigbarem 1r-Akzeptorcharakter beschrieben werden.

Auf diese Untersuchungen folgt eine abschlieRende Publikation bezuglich der
Reaktivitat verschiedener Silyliumyliden-lonen mit dimeren, chloro-verbruckten
Ubergangsmetallkomplexen: Nach einer Spaltung des Dimers induziert durch die
Koordination des niedervalenten Siliciumzentrums an das Metall findet eine
Insertionsreaktion in die Metall-Chlor Bindung mit gleichzeitiger NHC-Wanderung
statt, die zu Chlorosilylen-Metallkomplexen mit langen Si—-M Bindungslangen fuhrt.
Eine reduktive Dechlorierung dieser Komplexe mit einem oder zwei Aquivalenten
Kaliumgraphit fuhrt zu Si—-M Einfachbindungen bzw. Si=M Doppelbindungen mit

jeweils signifikant verklrzten Bindungslangen.
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1. Introduction

1. Introduction

The concept of catalysis lies at the heart of the modern chemical industry as it closely
combines important economic and ecological principals. Without a doubt, it is the most
important cornerstone regarding environmental protection, which will only become
increasingly important in the coming decades: through catalysis, it becomes possible
to reduce waste and emissions and also use finite resources and energy much more

efficiently.’

Since the original introduction of the concept by Berzelius almost 200 years ago?,
hetero- and homogeneous catalyst systems have been systematically investigated and
developed and they are nowadays involved in the production of more than 85% of all
manufactured goods.>* Hence, the importance of the large number of industrial scale

catalytic processes for our society can hardly be overstated.®

The high activity and robustness of the many different heterogeneous catalyst
systems — which make up the large majority (>80%) of the catalysts used in the
chemical industry* — is responsible for the millions of tons of fuels, fabrics, fertilizers
and pharmaceuticals produced each year.® On the other hand, the milder reaction
conditions (e.g. lower temperature and pressure) possible for homogeneous systems
and their impressive stereo- and chemoselectivity allows for an unprecedented control
over the outcome of a reaction. This makes them especially attractive for laboratory
scale preparations and fundamentally useful in the complex syntheses of

pharmaceuticals and fine chemicals.®

Further development and improvement of these systems is of paramount
importance for the future. However, almost all industrially relevant processes rely on
the catalytic properties of transition metals, which bring the inherent downside of
generally being rare, expensive, toxic and harmful to the environment. Therefore, over
the past decades, the need for green and sustainable technologies and processes has

been equally important.

A concept that has been gaining more and more attention in recent years is the
utilization of (low-valent) main group compounds as an alternative to transition
metals.”° Due to their high abundance — for example, silicon and aluminum being the
2" and 3 most abundant elements in the earth’s crust'® — they are significantly less

costly and often non-toxic. However, this rather young research field is still in its infancy



1. Introduction

and until sustainable, transition metal-free alternatives are developed and adjusted to
industrial scale chemical processes, the preparation of new and improved transition
metal catalysts is also of significant interest. One of the easiest ways to change the
behavior of a catalyst (i.e. activity, selectivity and stability) is to change the ligation of
the transition metal. In this context, given the close relationship of silicon and carbon
in the periodic table, silylene ligands are highly promising alternatives to the commonly
used carbenes (cf. chapter 2.2.2), which is why they are starting to gather more and

more attention in recent years."'-'4

The directly associated class of silyliumylidene ions, also known as Si(II) cations, is
a new research field, that can also be of interest for the development of novel, intriguing
catalyst systems. However, fundamental work in regard to their coordination chemistry
with transition metals and their properties as ligands is necessary first, as a deep
understanding of ligand properties and their influence on transition metals is vital to

designing better catalytic systems.



2. Low-coordinate Silicon Compounds

2. Low-coordinate Silicon Compounds

The chemistry of low-coordinate and/or low-valent silicon compounds can be
fundamentally different to that of related carbon compounds. These often incredibly
reactive species have attracted much attention over the past several decades because
of their interesting properties, reactivities and potential applications. Reported
compounds include silylium ions [R3Si]*, silyl radicals [R3Si¢], disilenes [R2Si=SiR2],
disilynes [RSIi=SiR], silylenes [R2Si:], silenes [R2Si=CR:], silanones [R2Si=0],
silyliumylidene ions [R-Si:]*, silylones [:Si:] and more, including a wealth of reported
reactivities like the activation of small molecules and applications like transition metal-
free catalysis.”® In this chapter, the chemistry of silylium ions [R3Si]* and silylenes
[R2Si:] will be briefly discussed and a particular emphasis will be placed on the
development of the field of silyliumylidene ions [R-Si:]*. Their syntheses, properties

and reactivities will be discussed in detail.

21 Silylium lons

R’f, +

R” 8_R

Figure 1 Schematic representation of the cationic part of a silylium ion [R3Si]*.

Silylium ions [R3Si]* (Figure 1) are the direct heavier analogues of carbenium ions
[RsC]*.">'6 As a three-coordinate silicon species with six valence electrons, a positive
charge and a vacant p-orbital at the central Si(IV) atom, they are extraordinarily strong

Lewis acids.

In principle, it should be easier to isolate silylium ions compared to carbenium ions,
as silicon is larger, more electropositive and shows higher polarizability than carbon.'”
While that is indeed the case in the gas phase, this does unfortunately not apply in the
condensed phase due to the high electrophilicity of [R3Si]*. As a consequence, silicon
cations strongly interact with most o- and tr-electron donors (e.g. nucleophiles,
solvents and even arenes). In fact, it took a deliberate effort of over 100 years'® after
the isolation of the first carbocation [(CeHs)3C]* to isolate the first three-coordinate,

solvent-free silylium ion [(Mes)sSi]* (L-1, Figure 2)."%-2
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2. Low-coordinate Silicon Compounds

Consequently, it seems readily apparent that the approaches useful for the synthesis
of carbenium ions are generally not suitable for the synthesis of the heavier
analogues.'® Their successful isolation necessitates kinetic stabilization through bulky
substituents and thermodynamic stabilization by electron-donating substituents, which
reduce the electrophilicity of the silicon center. Furthermore, they also require non-
nucleophilic non-coordinating reaction conditions (i.e. solvents and anions). Frequently
employed weakly coordinating anions (WCAs) are (per)fluorinated borate anions?' or

carboranate anions.??

Silylium ions are most commonly prepared from four-coordinate neutral silanes
through electrophilic abstraction of one substituent, for example, abstraction of a
hydride substituent (i.e. cleavage of a Si—H bond) with a tritylium salt, the protonation
of Si—H bonds with Brookhart’s acid ([H(OEt2)2][B(ArF)4], forming H.) or the abstraction
of alkyl groups with strong acids. Another approach to silylium ions is the abstraction
of allylic substituents with an electrophile, which also allows for the synthesis of silylium
ions with very bulky substituents.???> A number of free (although rare) as well as donor-
stabilized silylium ions (both inter- and intramolecularly stabilized) have been reported
over the last decades (see Figure 2 for examples).'%2%23 Very recently, Oestreich et
al. even reported a series of isolable hydrogen-substituted carboranate-stabilized
silylium ions, including a derivative of the parent silylium ion [H3Si]® through a

protonolysis strategy with a carborane acid.??

Free Intermolecular Stabilization Intramolecular Stabilization
o-donor m-donor o-donor m-donor
Me Et
Mes, , Me\s:f‘Me Et\S:i'Et F F
lSi—Mes i P @ +d. Q @ +d Q
Mes o. /@ F’i,s';*F "":S'\
Et” Et Me Me Me Me
L-1 L-2 L-3 L-4 L-5

Figure 2  Examples for free silylium ions and through o- and 1-donors inter- and intramolecularly
stabilized silylium ions (anions omitted).?

Free silylium ions generally exhibit a characteristic 2°Si NMR resonance at very low
field (>200 ppm).?® For example, [(Mes)sSi]* (L-1) shows a resonance at 225.5 ppm."®
Upon interaction with donors such as anions or solvent molecules, a significant upfield
shift can be observed. In the case of L-1, no coordination with benzene, toluene or p-
xylene takes place, however, upon addition of MeCN or EtsN, the expected shift to a

higher field (37.0 and 47.1 ppm, respectively) occurs.
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The increasing availability of isolable silylium ions has led to a growing interest
regarding their reactivity as catalysts or reagents in synthetic organic chemistry
(Scheme 1).2923 Silicon-based Lewis acids can be efficient catalysts for cycloaddition
reactions, for example, the toluene-stabilized silylium ion L-3 catalyzes the Diels-Alder
cycloaddition of methylacrylate and 1,3-cyclohexadiene even at low temperatures.?*
Further applications of silylium ions include the hydro-defluorination of C(sp®-F
bonds?>-?%, hydrosilylation of C=X bonds?’?° or carbonyl-deoxygenation.*° Even the
challenging cleavage of C(sp?)-F bonds has been reported.®'*2 An application unique
to this class of compounds is the silylium ion-catalyzed bis(silylation) of alkenes, where
currently no alternative transition metal catalyst is known.** Furthermore, a modern
field of research is the introduction of chiral substituents on silylium ions for the

development of new and improved protocols in asymmetric catalysis.3

Diels-Alder Cycloaddition

C(sp®)-F Activation
S O Ao ]
+ _—
N 7
OMe CO,Me F CFs3 _ [ReSIT
Alkene Disilylation F F
F

~ r
SiMes "y [RsSIT* ! !
| + ! e R

C(spz) F Activation
SiMe3 R/ )\/ SIM93

e O
Lo [R3S|]
Alkene Hydrosilylation .
Ph - R s. OO
R3Si 3
RySIH + =< _[RST

Ph

Scheme 1 Selected examples for applications of silylium ions (adapted from 23).

The use of stoichiometric amounts of silylium ions can also be useful, for example in
the Friedel-Crafts C—H silylation of aromatic compounds, which is generally more
difficult to achieve than the corresponding Friedel-Crafts alkylation. This is due to the
competing reverse reaction (proto-desilylation), which is significantly more facile in the
case of silylium ions and necessitates the removal of the protons from the reaction

mixture with proton scavengers (e.g. bases).

With reliable methods for their synthesis and isolation becoming more and more
available, silylium ions have continuously found an increasing number of applications
in organic synthesis and catalysis. In the future, their incredibly high electrophilicity —
which once prevented their isolation altogether — is sure to provide new and interesting

reactivities and open up new catalytic pathways.
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2.2 Silylenes
R\
© Si B
R

Figure 3  Schematic representation of a silylene [R2Si:].

As the direct heavier congeners of carbenes, silylenes [R2Si:] (Figure 3) are two-
coordinate neutral Si(II) compounds with six valence electrons (two of them as the lone

pair of electrons) and a vacant p-orbital on the low-valent silicon center.'®

Despite their close relationship in the periodic table, the properties of carbenes and
the heavier tetrylenes can differ significantly (Figure 4): for example, while the parent
carbene [H2C:] exhibits a triplet ground state (negative singlet-triplet gap AEs.t), [H2E]
(E = Si, Ge, Sn, Pb) prefer the singlet ground state due to an increasing singlet-triplet
gap for the heaver tetrylenes.'® This singlet ground state of silylenes is responsible for
the presence of the vacant orbital on the silicon center (high Lewis acidity) as well as
a lone pair of electrons (Lewis basicity), leading directly to their Lewis ambiphilicity.
Additionally, as hybridization becomes more and more difficult for the heavier elements
(due to an increasing separation of the s and p-orbitals with an increasing nuclear
charge), the lone pair of electrons of the heavier tetrylenes exhibits an increased s-
character compared to the more pronounced p-character of the carbene lone pair. As
a direct consequence of this “inert s-pair effect”®, the stability of the +II oxidation state

also increases significantly with an increase of the principal quantum number.35-37

Group
13 14 15
low
H /, @@ C A E ST
H ’8
Si Eniybria
triplet
M(11)
G e stability
H /,,O metallic
H v 5@ S n character
singlet lone pair
P b s-character
E=Si-Pb
high

Figure 4  Schematic representation of triplet carbenes and heavier singlet tetrylenes and general

trends of the most important electronic properties of group 14 elements (adapted from *%).
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2. Low-coordinate Silicon Compounds

While silylenes were initially considered as elusive species and highly reactive
intermediates, nowadays they represent arguably one of the most important research
aspects of modern (low-valent) main group chemistry with their versatile reactivity (e.g.
due to their Lewis ambiphilicity) and numerous promising applications. They are
regularly shown to be indispensable building blocks for organosilicon chemistry and
their incredible potential in the metal-free activation of small molecules (and, by
extension, in metal-free catalysis) is currently under heavy investigation — as are
transition metal silylene complexes for the development of improved and novel

transition metal-catalyzed conversions.

To stabilize these species and allow them to be studied and utilized under ambient
conditions, introduction of appropriate substituents is necessary. Similar to the
concepts used for the isolation of silylium ions, either thermodynamic or kinetic
stabilization (or a combination of both) is required.’® Over the past three decades, a
large variety of bulky substituents with easily adjustable steric demand and strongly
electron-donating systems have been developed, which has greatly increased the
number of viable systems for the stabilization of highly reactive low-valent main group
compounds. Furthermore, as silylenes can be highly electrophilic due to the presence
of the empty p-orbital, additional stabilization can be achieved through inter- or
intramolecular coordination of a Lewis base to the silicon center. This significantly
reduces its electrophilicity, but also weakens the inherently high reactivity of the free

silylenes at the same time.

2.2.1 Milestones in Silylene Chemistry: Isolation and Reactivity

Historically, silylenes have been postulated as transient intermediates and extensively
studied via low-temperature matrix isolation studies, various trapping reactions and

theoretical investigations.®°

The concepts of thermodynamic and kinetic stabilization as well as stabilization
through Lewis bases have been successfully employed for the isolation of a plethora
of silylenes. While most of the reported examples are three-coordinate compounds
with external donor molecules®4%-4" such as NHCs*?, even a handful of acyclic, two-
coordinate examples have been reported and studied extensively. The most important

milestones in this field are briefly summed up below.
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(i) Isolation of Silylenes

The first major breakthrough in regards to isolable, room temperature stable Si(II)
compounds was achieved by Jutzi and co-workers in 1986, with the isolation of
decamethylsilicocene [Cp*2Si:]** (L-6) (Figure 5). However, due to the hyper-
coordinate nature (1'°) of the silicon center in L-6, it cannot be considered a true two-
coordinate silylene. Nevertheless, because of the n°-n3-n' rearrangement processes**
easily possible for the Cp* group, L-6 still shows the reactivity expected for a
nucleophilic silylene.*> This discovery was soon followed by the isolation of L-7, an
actual two-coordinate silylene and the first representative of the now well investigated
class of N-heterocyclic silylenes (NHSis) — the heavier analogues of the well-known

and widely utilized NHCs — by Denk and co-workers in 1994 .46

first isolable first NHSi acyclic 4- and 6-membered base-stabilized stable acyclic
Si(l1) compound silylene NHSis dichlorosilylene silylenes
1986 1994 2003 2006 2009 2012
1 1 1 1 1 1
L L L L L L
) . t Dipp
/Bu TMS Dipp B YeTer  rvs—N
'. N, TMS-N N, N . . S, ..
S.i: [ Sit /Si: \ /Si: ph—<</5i\ IDipp—>Si,,,CI /Si! DIPP\ /S"
- N TMS—N. N, N cl o] S N-B
Bu ™S Dipp Bu MesTot NMN~Dipp
L-6 L-7 L-8 L-9 L-10 L-11 L-12 L-13
Jutzi Denk West Driess Roesky Roesky Power  Jones/Aldridge

Figure 5  Selection of important milestones in the synthesis of silylene compounds.

Just like in NHCs, the cyclic framework and the tr-donating N-substituents can
effectively stabilize the low-valent silicon center. Since then, a wealth of new cyclic
silylenes have been synthesized, including a bis(alkyl)-substituted example*’ and the
6- and 4-membered NHSis L-9* and L-10.*° Importantly, the amidinate-stabilized
three-coordinate silylene L-10 is also the first example of a compound with a Si(II)-Cl
bond that is stable at room temperature. Thanks to the easy functionalizability of the
chloride substituent, numerous derivatives of this silylene with a variety of substituents

have been reported since the initial synthesis of L-10.%0-5"

With the isolation of the NHC-stabilized dichlorosilylene L-11 in 2009 through the
reductive elimination of HCI from HSIClz via NHCs (or reduction of NHC—SiCls with
KCs), the chemistry of low-valent silicon finally caught up with that of the heavier group
14 elements germanium, tin and lead, where comparable precursors were already
known and readily available.>? The availability of an easily accessible Si(II) precursor
for salt metathesis reactions paved the way for an abundance of novel low-valent
silicon compounds.®® It is worth mentioning, that the NHC-stabilized dibromo- and

8



2. Low-coordinate Silicon Compounds

diiodo-silylene analogues have since also been prepared through reduction of the

corresponding SiBrs and Sils NHC adducts.>*>°

The acyclic silylene L-8 was synthesized in 2003 through the reductive
debromination of the corresponding dibromosilane precursor.®® However, the
compound is unstable under ambient conditions (as opposed to the germanium and
tin analogues®’-°%) and decomposes quickly at temperatures higher than —20 °C. The
breakthrough in the chemistry of stable, acyclic, two-coordinate silylenes came only
very recently: in 2012, the groups of Power and Jones/Aldridge independently, at the
same time, reported the isolation of silylenes L-12°° and L-13%°, respectively. Over the
past few years, this compound class has been extended with a handful of other
examples.*® However, some representatives, e.g. the highly reactive bis(silyl)silylenes,

still remain elusive with no room temperature stable examples reported so far.°’

(ii)  Activation of Small Molecules

Recent years have started to reveal the true possibilities of silylenes (especially that of
acyclic, two-coordinate systems) in terms of reactivity, not just as synthons for
organosilicon compounds®%6263 and ligands in transition metal complexes'?'439 but
also as transition metal mimics in the activation of small molecules, with the potential
to become genuine environmentally friendly alternatives to transition metal complexes
in catalysis. The single-site activation of enthalpically strong molecules such as H>
used to be a domain that was essentially entirely dominated by transition metal
complexes, but since 2012, several silylenes have been reported that easily cleave the
H-H bond (even under very mild conditions), most notably silylene L-13%, silepin L-
14B°%* (as a masked variant of the acyclic silylene L-14A) (Scheme 2) and a masked
bis(silyl)silylene.®" Furthermore, silylenes are also capable of facilely activating other
challenging small molecules such as CO2%°, CO%-" NyO%, ethylene®, white
phosphorus (P4)%° and NH3.%86570-71 Even the reversible, temperature dependent
insertion into a C=C double bond has been reported with the NHI-substituted silylene
L-14A. Interestingly, at room temperature, L-14B also easily undergoes oxidative
additions with CO2, N2O and ethylene (Scheme 2).546°

While a full catalytic cycle (i.e. involving oxidative addition and product formation

followed by reductive elimination) with a silylene has not been found yet, the reported
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reactivities are a promising starting point for further investigations regarding true

catalytic applications of silylenes.

H, IDippN  H
- .
sl
(TMS);si” H
Silylene, Si(II) Silepin, Si(IV)
-78°C rt. = IDippN\
N e - S
iy iPr 1 (TMS)3Si
Pr \ 3
n iPr.. — \Si/ Sipr
Si__ “Si(TMS IDippN, O
[ SN s g [ >= (TMS)3 CO, 5N
— PN
N (TMS)sSi. O
Dipp DIPP
. IDippN
IDippN N,O Si=0
L-14A L-14B (TMS)sSi”

Scheme 2 Temperature dependent, reversible insertion into a C=C double bond of a silylene and
examples for silylene-based small molecule activation reactions with a masked silylene.

(iii) Coordination Chemistry with Transition Metals

In terms of transition metal complex chemistry, the close relationship of silicon with
carbon and the isolation of the first carbene complexes by Fischer and Schrock
inspired the early attempts in the coordination chemistry of silylenes.”?> While silylene
complexes have also been postulated as intermediates in transition metal-catalyzed
organosilicon reactions’>’4, the chemistry of isolable representatives started out with
the synthesis of complexes with silylene moieties that would often not be stable under
ambient conditions and therefore require the metal fragment for stabilization (e.qg.
L-15° and L-16%, Figure 6). Early synthetic methodology involved abstraction of
anionic groups (e.g. triflate, hydride) from silyl-substituted complexes, a-hydrogen
migration or the generation of a transient silylene and subsequent trapping as a metal
complex.”? Soon after, complexes were also synthesized directly from stable silylenes

(e.g. L-17-L-19)""-"% and a variety of complexes have been reported since.*°

T
BPh,~ D|pp
‘B0, MeCN ‘ \@
Buo” ?l—Fe(CO) \ o/ Sit— AuCl E sit— Mo Sl —>N|-
Ph“‘SI_Ru"/
HMPA 4 | "PMes &S
Ph PMes Dlpp
L-15 L-16 L-17 L-18 L-19
Figure 6 Examples for early silylene transition metal complexes (L-15 and L-16) and complexes of

stable silylenes (L-17-L-19).
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Unfortunately, this area of silylene chemistry has been largely overshadowed by the
success of carbene transition metal complexes. However, with the incredible
developments in the field of isolable silylenes, their coordination chemistry has also
seen advances.*® In recent years, it has been shown that silylenes can be potent
ligands for a variety of transformations and that they might have the potential to

supersede carbene ligands in the near future.’'4

2.2.2 Silylenes as Ligands: A Superior Alternative to Carbenes?

One of the most important cornerstones of modern carbene chemistry are the class of
N-heterocyclic carbenes (NHCs) and their ability to function as incredibly diverse
ligands in transition metal chemistry. This versatility and the ability to stabilize highly
reactive and otherwise elusive species has also found widespread success in main
group chemistry as of late.*? Over the past decades, an absolutely staggering amount
of NHC transition metal complexes has been isolated and a plethora of catalytic
applications of these complexes have been reported.®%-%3 Similarly, Fischer and
Schrock carbene complexes have shown to be impressive catalysts for a range of
organic reactions.?*% Most notably, they are efficient and versatile catalysts for a
variety of olefin metathesis reactions (e.g. ring opening metathesis polymerization
(ROMP) and ring closing metathesis (RCM)) and their incredible impact was

recognized with the Nobel prize in chemistry in 2005.8¢

Considering that modification of the ligation of the transition metal is one of the
easiest ways to change catalytic behavior, combined with the ever-growing number of
isolable free silylenes — which facilitates the synthesis of novel silylene transition metal
complexes — and a wealth of isolated silylene complexes®®7287 an interesting question
arises: can silylenes as ligands compete with or even surpass carbenes

in terms of complex stability, catalytic ability and versatility?

A recent theoretical investigation sought to provide an answer to this question by
comparing the most important ligand properties (i.e. o-donor and TT-acceptor ability,
steric factors (e.g. buried volume®) and ligand-to-metal charge transfer) of model
phosphines (PPhsz and PCys3) and NHCs (IDipp) with a large selection of synthetically
available low-valent silicon compounds (for proton affinity as an indicator for a-donor

ability as a comparative example, see Figure 7).8°
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The authors concluded that some reported silylenes can indeed compete and
sometimes even outperform carbenes regarding all important favorable ligand
features. For example, donor-stabilized silylenes can offer incredibly strong o-donating
effects — combined with a small buried volume, these ligands can promote the oxidative
addition step of the catalytic cycle. Conversely, strongly tr-accepting low-valent silicon

ligands with a large buried volume can speed up the reductive elimination step.®’
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PTMS,, CI, ...
11 .
Bu Bu Dipp
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I\ | \ / ‘ | ‘ / | | \
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X =H, NH,, OH,
OTf, Cl, ...
Figure 7  Calculated proton affinity (in “/me) as a quantification of o-donor ability for selected silylene

examples; PPhs, PCys and IDipp are added for comparison (adapted from &°).

Unfortunately, even though the number of isolable silylene complexes continues to
grow, investigations into their catalytic potential are still lacking, especially compared
to those of carbene complexes. Hence, direct real-world comparisons of carbenes and
silylenes are difficult, as analogue complexes of carbenes and silylenes are scarce and
comparable catalytic investigations even more so. But from the handful of reported
catalytic applications, it is evident that silylene ligands in transition metal-catalyzed
transformations have a large untapped potential. At the same time, this so far limited
number of applications makes it also obvious that silylene complexes do not appear to
generate the same interest and uptake that NHC complexes have enjoyed over the

last several decades.

Nevertheless, several recent reports undoubtedly suggest that the use of silylenes
as ligands in transition metal-catalyzed organic transformations can offer advantages
compared to carbenes or phosphines.'49 While the direct relationship of NHSis with
NHCs makes them prime candidates for improving existing conversions, these

publications also show that not only improved catalytic performance is a possibility.
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Specifically designed silylene ligands can play an essential role in the catalytic cycle
by enabling new reactions through cooperative effects.®*°! For example, Driess et al.
reported the hydrosilylation of ketones catalyzed by a hydridosilylene iron complex
where the NHSI ligand plays a key role, as the first step of the proposed catalytic cycle
includes a silicon-iron hydride transfer.®’ In the upcoming years, comprehensive
studies on the feasibility of silylenes as ligands and reports on novel or improved

catalytic applications are expected.

2.3 Silyliumylidene lons

This chapter is intended as a comprehensive summary of the chemistry of silyliumylidene ions, including

reported compounds and their reactivity.

Figure 8  Schematic representation of a silyliumylidene ion [R-Si:]".

Silyliumylidene ions [R-Si:]* (Figure 8) are one-coordinate Si(Il) cations, with four
valence electrons (two of them as the stereochemically active lone pair of electrons),
two vacant degenerate p-orbitals and a positive charge located at the central silicon
atom.’® Due to this unique electronic structure, they can be considered related to
silylium ions (empty p-orbital and cationic charge) as well as silylenes (empty p-orbital

and lone pair of electrons) (Figure 9).

Silylium lons Silylenes
high electrophilicity e[z pj’ fiizl
O/ R rRO)
R/,, + R/,, + \Si: C’\SIQ
Si—R 'Si—R / /
R/ R/ O R R
high s character
Silyliumylidene lons
high electrophilicity
J
+ +OD
R—Si: R&SI@
O o-donor

Figure 9  Formal combination of properties of silylenes (empty p-orbital, lone pair of electrons, Lewis
ambiphilicity) and silylium ions (empty p-orbital, cationic charge, high electrophilicity) to
silyliumylidene ions.
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With that, they of course also combine the Lewis ambiphilic nature of silylenes and the
high electrophilicity of silylium ions, which further means Si(II) cations can be highly
useful in a wide range of synthetic and catalytic applications. Gaspar even theorized,
that this exceptional combination of properties could result in an incredible synthetic
potential of silyliumylidene ions (which he initially dubbed “supersilylenes”) in
organosilicon chemistry, theoretically allowing the simultaneous formation of up to
three new bonds in a single reaction (Scheme 3).°? Unfortunately, because of that, the
challenges that make the isolation of silylium ions and silylenes so difficult are also

combined in the case of Si(II) cations.

_Si.
R Y
= | formation of
one new bond
X Y-X Y-X + X
R-Si_ , R-SiC
Ay
formation of formation of
three new bonds two new bonds
_,X + X
R-Si._ + R-Si_l
vy X Y=X Y
X Y vy

Scheme 3 Schematic representation of the synthetic potential of silyliumylidene ions.%%

The smallest possible representative of the silyliumylidene class, which is also the
smallest possible polyatomic silicon moiety, [H-Si]*, can only be observed
experimentally under mass spectrometric conditions in the gas phase as a short-lived

intermediate® as well as spectroscopically in astrochemical processes.®>%

In the condensed phase, no one-coordinate silyliumylidene ions have been isolated.
This is quite easily understandable, as the single substituent of a Si(II) cation simply
cannot provide the steric and electronic protection necessary to stabilize such reactive
species. Therefore, the isolation of silyliumylidene ions in the condensed phase
requires the same concepts presented for silylenes and silylium ions (vide supra):
kinetic stabilization of the extremely electron deficient silicon center with a sterically
demanding and protecting substituent is necessary, as is the thermodynamic
stabilization provided by coordination of one or two Lewis bases (LB, Figure 10). While
the isolation of silyliumylidene ions initially required the use of WCAs and non-
nucleophilic solvents, the use of relatively bulky substituents and NHCs as stabilizing
Lewis bases also opened the door for simple halides as counter anions and the use of
lower-priced solvents such as acetonitrile. Unfortunately, the bulky substituents and

coordinated Lewis bases that are needed to tame the extreme inherent reactivity and
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electrophilic nature of the [R-Si]* moiety also influence and somewhat weaken its
reactivity. For example, coordination of two Lewis bases to the silicon center — which
is the most common method utilized for the stabilization of silyliumylidene ions (vide
infra) — occupy both empty p-orbitals and thereby significantly reduce the 1T-acceptor

ability of the silyliumylidene ion.

LB LB

0 0 0
+ D + D + D
R—=SI R—=SI R—=SI

d
0 AN P
LB

one-coordinate two-coordinate three-coordinate

Figure 10 Schematic representation of one-, two- and three-coordinate silyliumylidene ions.®’

These three-coordinate silyliumylidene ions generally exhibit a pyramidal structure.
Comparable to silyl radicals®®'%, electropositive substituents lead to an increase of the
sum of the bond angles around the central silicon atom (ie. a reduced
pyramidalization, which corresponds to a reduced s-character of the silicon-centered
lone pair), whereas electronegative substituents lead to an increased pyramidalization

and with that an increased s-character.'%"-19

The group of Muller computationally investigated the electronic properties of a series
of one-coordinate silyliumylidene ions as well as the principal reactivity of
silyliumylidene ions (e.g. o-bond insertion and t-bond addition reactions).’®® The
calculations revealed a singlet ground state and the presence of a sp-type HOMO (i.e.
the lone pair) and two low-lying degenerate p-type LUMOs (i.e. the empty p-orbitals).
The singlet-triplet gaps (up to 450 */ma) are predicted to be substantially higher than
those of the related silylenes. Electronegative and/or 1r-donating substituents (e.g.
NH2, OH, F) increase both the stability of the Si(II) cation as well as the singlet-triplet
gap significantly due to the destabilization of the LUMO through the conjugation
between the lone pair and the heteroatom. Conversely, electropositive substituents

(e.g. SiHs, GeHs) lead to decreased singlet-triplet gaps.’%

The group further predicted that the m-terphenyl substituent should be very effective
at stabilizing a silyliumylidene ion due to potential “through-space” interactions with the
1r-system of the flanking aryl groups (cf. silylium ion L-5, Figure 2).'°% This concept was
later put into practice with the thermally induced generation of the MesTer-substituted
silyliumylidene ion from the corresponding 7-silanorbornadienyl cation L-20

(Scheme 4)."% Immediate C—H activation of the solvent benzene leading to silylium
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ion L-21 showcases the extremely high reactivity of this almost completely unstabilized

species (meaning, without donor stabilization by Lewis bases).

70 °C
(benzene)

e |-CC0)

+ C6H6 + ,H
MesTer —Sit ———> MesTer—si
Ph

Scheme 4 Generation of the mono-substituted silyliumylidene ion [MesTer-Si:]* from L-20 and its C—H
activation of benzene (anions omitted).'%

Going down the periodic table, the heavier tetryliumylidene ions [R-E]* (E = Ge, Sn,
Pb) are generally easier to synthesize and isolate due to the increased stability of the
+1I oxidation state for the heavier elements (just like in the case of tetrylenes).?’ It is
therefore unsurprising, that examples of the heavier congeners appeared much earlier
and more frequently in the literature®” 44105110 (g g. [Cp*Sn:]* in 1979""" and [Cp*Ge:]*
in 1980""? vs. [Cp*Si:]* in 2004''%). Similarly, while the synthesis of [Cp*E:]* (E = Ge,
Sn) could be carried out with a simple protonation of [Cp*2E:] with HBF4''""'"2 the
synthesis of [Cp*Si:]* required a more nuanced approach (vide infra)."'® In the context
of the C-H activation of benzene with the essentially unstabilized [MesTer-Si:]*
(Scheme 4)'%, the isolation of the “quasi one-coordinate” plumbyliumylidene ion

clearly demonstrates the much higher stability of the heavier analogues.'*

2.3.1 Isolable Silyliumylidene lons — an Overview

Generally, the synthesis and isolation of silyliumylidene ions involve multi-step
approaches including the reduction of suitable Si(IV) species followed by isolation and
purification of the Si(II) precursors and their subsequent conversion to the cationic

species (Scheme 5).

These work-intensive and difficult syntheses have generally limited their potential
applications, however, in recent years a significant amount of progress has been made

in a more facile approach to their targeted synthesis and isolation. Furthermore,
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2. Low-coordinate Silicon Compounds

reactivity studies of these highly reactive species are starting to appear more frequently

in the literature (see chapter 2.3.4).

Si(II) precursors  sypstituent/ligand
. protonation
R,Si: 4\
s X R halodisilene Si(IV) precursors
si(v) uction Si—g) splitting R—SiX,H
species Pl reductive A2
R X dehydrohalogenation
ligand exchange
. of dihalosilylenes
NHC —SiX,
multi-step procedures direct access

Scheme 5 Commonly used routes to isolable silyliumylidene ions.

The vast majority of reported silyliumylidene ions are three-coordinate species with
either an aryl or halide substituent on the central silicon moiety and utilize NHCs for
their stabilization. Nevertheless, a handful of other two- and three-coordinate Si(II)
cations have been reported throughout the last 15 years. Figure 11 gives an overview
over the most important milestones in the isolation of silyliumylidenes: from the major
breakthrough in 2004 with the isolation of a n°>-Cp*-coordinated Si(II) cation and the
synthesis of a two-coordinate silyliumylidene ion in 2006, to the first synthesis of an
NHC-stabilized silyliumylidene ion in 2013 up to the isolation of the NHC-stabilized
parent silyliumylidene ion in 2017 — the history of and progress in the field of

silyliumylidene ion chemistry will be discussed in detail below.

" . . first two-coordinate first NHC-stabilized facile synthesis X .
first Si(II) cation Si(il) cation Si(i1) cation from Si(IV) precursors parent Si(ll) cation
2004 2006 2013 2014 2017
1 1 1 1 1
L] L] L] L L]
Dipp~
.. Dipp NL\ IMey4 IMey4
Si* + a N
1 \ + 4 + +
s S cl—sit ) Aryl—Si: H-si:
N, \/,—N
Dipp IMey IMey
Dipp~ N \)
Jutzi Driess Driess Inoue So
Figure 11 Most important milestones in the isolation of silyliumylidene cations (anions omitted).

2.3.2 Donor-stabilized Silyliumylidene lons (excluding NHCs)

The first derivative of [H-Si:]* was reported by Jutzi and co-workers in 2004.""® They
were able to successfully isolate the cationic T-complex [(CsMes)Si][B(CsFs5)4] (L-22)
(Figure 12) by taking advantage of silicon’s ability to form hyper-coordinate compounds
as well

as the stabilizing effects of the Cp* ligand via protonation of
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2. Low-coordinate Silicon Compounds

decamethylsilicocene [Cp*2Si:] with the proton-transfer agent [MesCsH2][B(CeFs)4].
Initial experiments with HBF4 as the proton source — an approach comparable to Jutzi’s
earlier efforts for the isolation of the heavier analogues [Cp*Ge:]* and [Cp*Sn:]*!"1-112
— were unsuccessful and only led to decomposition products. In the 2°Si NMR of L-22,
an extreme high-field shift of —400.2 ppm could be observed, which is characteristic for

m-complexes of divalent silicon (cf. —398.0 ppm for [(CsMes)2Si:] (L-6)).""°

[B(CeFs)al” cr Bu

Bu P _

B(CoFs).] oiep ¢ )SN O BU oy
¥ N .
Ph~(si"

.S.
cl—si: >
D R
2 ! DMAP

Dlpp ("Bu)sP By

L-22 L-23 L-24 L-25

Figure 12 Literature reported silyliumylidene ions (excluding NHC-stabilized variants).

While, technically, L-22 cannot be considered a true one-coordinate silyliumylidene ion
due to the hyper-coordination of the Cp* ligand (cf. silylene L-6, Figure 5), it can be
regarded as the “resting state” of the actual one-coordinate Si(II) cation ['-Cp*Si:]*,
and its reported reactivities support this assumption (vide infra). An updated, more
convenient method for its preparation with higher yield was later reported by Filippou
et al.: reaction of NHC—SiX2 (NHC = IDipp, SIDipp; X = ClI, Br) with two equivalents of
KCp* yields [Cp*2Si:], which can then be protonated with Brookhart’s acid.''® Very
recently, the WACKER Chemie AG disclosed a technical scale preparation method
through hydride abstraction of [Cp*2Si:] with a tritylium salt, resulting in tetramethyl-
fulvene and L-22 in high yield.""” This approach is also suitable for the convenient
introduction of a variety of different anions. A derivative of L-22 with Cs'Prs instead of
Cp* was also synthesized through protonation of the mixed silicocene
[(CsMes)(CsPrs)Siz].""8

In 2006, Driess et al. utilized a sterically demanding B-diketiminate ligand to isolate
the two-coordinate Si(II) cation L-23, which is stabilized by 61r-electron delocalization
into the B-diketiminate ligand."'® L-23 is formed via protonation of the ligand backbone
of the corresponding zwitterionic N-heterocyclic silylene with Brookhart’s acid. It is
important to note that L-23 was the first reported two-coordinate Si(II) cation and still
remains one of only two reported silyliumylidene ions of this class (cf. complex L-33,
Figure 14). The group further reported a silicon(Il) cation stabilized by a
bis(iminophosphorane) ligand via reaction of NHC—SiCl. with the free ligand.'*° Due

to the three-coordinate silicon center in L-24, the 2°Si NMR resonance is shifted
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2. Low-coordinate Silicon Compounds

significantly upfield to —3.3 ppm compared to the +69.3 ppm observed for the two-

coordinate L-23.

In 2013, So and co-workers split and oxidized an amidinate-stabilized Si(I) dimer
through addition of N-TMS-dimethylamino-pyridinium ftriflate in the presence of
additional DMAP and were able to isolate the amidinate-based DMAP-stabilized
silyliumylidene triflate L-25."%" The 2°Si NMR resonance (—82.3 ppm) is shifted upfield
even further because of the three strong N-donor substituents/ligands. The high
pyramidalization around the central silicon atom (sum of bond angles: 266.1°) is

indicative of a high s-character of the silicon-centered lone pair.

Since then, only silyliumylidene ions utilizing either one or two NHC moieties for the

stabilization of the low-valent silicon center have been reported.

2.3.3 NHC-stabilized Silyliumylidene lons

As NHCs are excellent donors, capable of stabilizing a wide variety of low-valent main
group species*?, it is unsurprising that the majority of reported silyliumylidene ions
employ up to two NHC moieties for the kinetic and thermodynamic stabilization of the
highly electrophilic silicon center. However, an important point regarding NHC-
stabilized silyliumylidene ions is the location of the positive charge and, consequently,
their representation either as a donor-acceptor complex (Figure 13A) with the positive
charge localized on the silicon center or as the zwitterionic form (Figure 13B) as a silyl-
anion with the positive charge distributed over the NHCs. Directly related to that, the
use of arrows in regards to NHCs in main group compounds is a frequent point of

contention in the literature as well.'2>124

donor-acceptor zwitterionic
NHC *NHC
A i
R—Si: - R—=Si:
\
NHC *NHC
A B

Figure 13 Donor-acceptor (A) and zwitterionic (B) canonical structures of NHC-stabilized Si(II)
cations (anions omitted).

On the one hand, the zwitterionic form (which diminishes the cationic charge at the
silicon center) can be justified from the relatively short Si-CN"C bond lengths and the

relatively high-field '3C NMR resonance of the carbene carbon atom (~150-
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2. Low-coordinate Silicon Compounds

160 ppm).3"4297 This resonance is closer to imidazolium salts (~130—-140 ppm) than
free carbenes (~200 ppm) and generally upfield shifted from metal NHC complexes.
On the other hand, the pyramidal structure observed for NHC-stabilized silyliumylidene
ions and the silicon-centered positive charge suggested by NBO analysis clearly
support the depiction as the donor-acceptor complex.'?® It is reasonable to assume
that both resonance structures contribute to the overall electronic structure, however,
for simplicity and consistency, NHC-stabilized silyliumylidene ions throughout this
thesis are always depicted using arrows with the positive charge located at the central

silicon atom.

The first NHC-stabilized Si(II) cations L-26'?° and L-27°° were reported by the
groups of Driess and Filippou, respectively, at essentially the same time in 2013
(Figure 14). For L-26, Driess et al. opted for the same approach they already utilized
for the bis(iminophosphorane) silyliumylidene ion L-24. Compared to the 2°Si NMR shift
observed for L-24 (-3.3 ppm'?°), the bis(NHC)-stabilized compound exhibits a
significantly high-field shifted silicon resonance of —58.4 ppm, which can be attributed
to the strong electron donation of the bis(NHC) ligand."?® The chelating ligand forces a
relatively pyramidalized geometry around the central silicon atom with a sum of bond
angles of 282.1°.

Dipp~
NN )
L _ IDipp CAACMe:
J—N cCl
+ ¥, + 7 I~ + -
c—sit ) I—si: =it
.
Fj IProMe; I'Pr,Me,
Dipp/N 7
L-26 L-27 L-28
IMey I'ProMe, IMey4
X o N ‘ SIDipp
R-Si: R-Si: H-Ssi: s +S/
\ N N\ TS _
IMe, liPr,Me, IMe, oC” [Nco  [B(CsFshl

L-29a R =MesTer X = CI- L-31a R = EMind L-32 L-33
L-29b R=Tipp X =CI- L-31b R = Eind
L-30a R = EMind X =Br~-
L-30b R=Eind X=Br"
L-30c R=Tbb X =Br

Figure 14 NHC-stabilized silyliumylidene ions L-26-L-33; Eind = 1,1,3,3,5,5,7,7-octaethyl-s-
hydrindacen-4-yl; EMind = 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl; Tbb =
2,6-(CH(TMS)2)2-4-Bu-CeHo.

L-27 could be isolated from the reaction of the NHC-stabilized diiodosilylene

IDipp—Sil2 with I'ProMe2, which led to the displacement of one iodide substituent. A

fascinating feature of this silyliumylidene ion is the presence of a doublet at —55.3 ppm
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2. Low-coordinate Silicon Compounds

(Jsi-n = 10.4 Hz) in the 2°Si NMR, which stems from the “through-space” coupling of
the silicon center with one methine proton of the iso-propyl wingtip due to their close
spatial proximity, which can also be observed in the solid-state structure
(dsi--n = 2.57 A).%° Interestingly, addition of the smaller NHC IMe4 to IDipp—Sil, leads
to the formation of the unprecedented silicon(Il) dication [Si(IMes)s]** through a
carbene substitution reaction instead of a silyliumylidene ion.>> The mixed CAAC/NHC
iodo-silyliumylidene iodide L-28 was synthesized via the same route from the
CAAC—Sil; precursor.’?’

In 2014, Inoue et al. reported the facile access to NHC-stabilized aryl-substituted
silyliumylidene ions through abstraction of HCI from easily accessible Si(IV)
dichlorosilane precursors.’”® Addition of three equivalents of NHC to suitable
precursors leads to the formation of the desired silyliumylidene chlorides L-29 with
concomitant formation of one equivalent of imidazolium chloride (Scheme 6). The
advantages of this route are that it completely avoids the need for the highly reactive
Si(IT) precursors and the silyliumylidene ion can be synthesized in a simple one-pot
reaction. Furthermore, it is anticipated that this synthetic route can be employed to

access silyliumylidene ions with different substituents and other NHCs.

IMe4
3 IMey A oor
R—SiClLH ————— R-Si:
— IMe4-HCI
IMe4

L-29a R = MesTgr
L-29b R = Tipp

Scheme 6 Synthesis of aryl-silyliumylidene ions L-29.

Initially, the isolable yield was limited to ~50% as the work-up procedure involved the
separation of large crystals of L-29 from fine imidazolium chloride powder via hexane
suspension. However, the yield was later improved to 66% through an amended

procedure.'?8

The same method was later used by Sasamori, Tokitoh and co-workers for the
isolation of silyliumylidene bromide L-30b from the corresponding dibromosilane.'?°
Interestingly, these aryl-substituted silyliumylidene ions L-30 are also accessible
through splitting of various arylbromodisilenes by addition of 4 equivalents of NHC.
(e.g. the disilene (Eind)BrSi=SiBr(Eind) with IMe4 leads to L-30b)."2°'30 Distinctive for
bis(NHC)-stabilized silyliumylidene ions, the 2°Si NMR shifts can be observed in the
high-field region between —50 and —80 ppm (cf. Table 1).
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2. Low-coordinate Silicon Compounds

An important milestone was achieved by So et al. in 2017 with the isolation of the NHC-
stabilized parent silyliumylidene ion L-32. Upon homoleptic Si—Si bond cleavage of the
NHC-stabilized iodosilicon(I) dimer [IDipplSi:]2 with four equivalents of IMes, they were
able to isolate [H-Si(IMe4):]l via intermediate formation of a silicon(I) radical, which
abstracts H- from the solvent toluene.”" The 2°Si NMR exhibits a doublet at
—77.9 ppm ('Jsizn = 283 Hz) and the Si—H moiety can be observed at 9.73 ppm in the
'H NMR. The sum of bond angles around the central silicon atom (292.2°) is
significantly smaller (which equals an increased pyramidalization and therefore a
higher s-character of the lone pair) than in the case of the aryl-substituted
silyliumylidene ions L-29-L-31 (cf. Table 1), but nevertheless indicates the presence of

a stereochemically active lone pair.

Table 1 Comparison of 2°Si NMR shifts and sum of bond angles around the central silicon atom of
reported silyliumylidene ions (left: excluding NHCs, right: including NHCs).

# 29Si NMR [ppm] 2/Si[°] # 298i NMR [ppm] 2/Si[°]
L-22 —400.2 X L-26 -58.4 2821
L-23 +69.3 X L-27 -55.3 301.4
L-24 -3.3 286.6 L-28 -51.5 322.9
L-25 —82.3 266.1 L-29a —68.8 310.2

L-29b —69.5 313.0
L-30a —60.8 x
L-30b —63.3 x
L-30c -70.9 314.7
L-31a -75.9 327.0
L-31b -59.6 327.3
L-32 —77.9 292.2
L-33 +828.6 x

The cationic compound L-33 with a transition metal-bound silicon moiety can be
considered a silyliumylidene ion with a transition metal substituent, as NBO and NRT
calculations indicated the presence of a lone pair and a positive charge at the silicon
center.’® The complex, which was synthesized through addition of CO gas to a
chromium silylidyne complex, represents one of only two known two-coordinate
silyliumylidene ions (cf. L-23, Figure 12). The compound is also notable for exhibiting
the most downfield shifted 2°Si NMR resonance (+828.6 ppm) reported to date, which
clearly indicates the difference in the electronic structures and also illustrates the

significant difference the silyliumylidene substituent can make.
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2. Low-coordinate Silicon Compounds

Nevertheless, even with all of the advances made over the past 15 years in the field of
silyliumylidene chemistry, the notoriously difficult synthetic target of a genuinely one-

coordinate Si(II) cation as an actual derivative of [H-Si:]* remains elusive.

2.3.4 Reactivity of Silyliumylidene lons

In general, reactivity studies of silyliumylidene ions are quite limited (especially
compared to silylenes), as their restricted availability and their generally demanding
synthesis makes related follow-up chemistry more difficult. Nonetheless, as this
chapter will highlight, Si(II) cations can offer a variety of intriguing reactivities, from
acting as synthons for highly reactive, novel low-valent silicon species such as
silylones or donor-free silylenes to small molecule activation reactions, transition metal

coordination chemistry and even catalytic applications (Figure 15).

cluster H,S co,

salt metathesis formation
N,O
Svnth f alkynes
ntnons Tor .
y reduction Small Molecule
Novel (Low-valent) Activation
Si Compounds NH; H20
ambipﬁ{/ic stoichiometric H
reactivity & saiee chalcogens
ligand .
p m% erties hydroboration
Coordination Catalytic
Chemistry Applications
Si-M transition .
multiple metal hydrosilylation ollgoeth('-:-r
bonds catalysis degradation

Figure 15 General overview over the fields of applications of silyliumylidene ions [R-Si:]".

(i) Synthons for Novel (Low-valent) Silicon Compounds

It is of course unsurprising that the most expansive reactivity investigations reported
so far center around the first isolated silyliumylidene ion L-22. In addition to its
impressive stabilizing effects allowing the isolation of L-22, the Cp* substituent also
has the added benefit of coordinative flexibility (i.e. the possibility of a hapticity shift
from n®to n'), giving L-22 a range of possible applications. Jutzi himself has previously
comprehensively reviewed the reported reactivities of [Cp*Si]* in 2014.'%

Nevertheless, an outline is given in Scheme 7 which will be briefly discussed below.
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2. Low-coordinate Silicon Compounds

A large part of the reported reactivities focus on the synthesis of novel acyclic silylenes
via reaction of L-22 with suitable precursors that generally incorporate a small cation
(e.g. Li*, Na¥) to remove the counter anion of L-22 via salt metathesis. Jutzi and co-
workers reported multiple new sandwich complexes L-34 related to
decamethylsilicocene, which were synthesized by reaction of L-22 with different
lithiated Cp-derivatives like Li(Cs'Prs)."'® Similarly, utilization of a lithiated bulky aryl'*,
imino'3> or amino group'®® furnished the corresponding Cp*-substituted aryl-, imino-
and amino- silylenes L-35, L-36 and L-37, respectively. Interestingly, while the amino-
substituted complex L-37 exhibits a monomeric structure with a 1-bonded Cp*
substituent in solution, dimerization to a trans-disilene with a o-bonded Cp* substituent
can be observed in the solid state.”*® Furthermore, the metallo-substituted silylene
L-38 could be obtained after addition of Na[Fe(CO).Cp*]."%’
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°Si si CO
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D|pp\N/§ L-37 L-38 R
//\“\N R. !
N b Si—Si—R
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i 1 \\ ﬁ\
L-36 [IDippN]Li Li[RSi=SIRy] L-39
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Li["PPTer] =Ti )
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Scheme 7 Selected reported reactivities of [Cp*Si:]* (anion omitted).

Jutzi and Scheschkewitz et al. also described a novel route to cyclotrisilene L-39 via

addition of the lithium-disilenide Li(TippSi=SiTipp2)."*® Addition of 2 equivalents of this

reagent leads to the formation of the hexasilabenzene isomer L-40."3%"4° The concept

of utilizing [Cp*Si:]* and [Cp*.Si:] as a stoichiometric source of silicon was further used

by Scheschkewitz and co-workers to isolate several silicon-based clusters.’*
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2. Low-coordinate Silicon Compounds

Remarkably, reaction of L-22 with the lithium salt of the [-diketiminate ligand
(LiNacnac) leads to the tricyclic Si(IV) compound L-41 through cleavage of the ligand

framework and multiple rearrangement reactions.’#?

Driess et al. showed in 2013 that Si(II) cations can offer a remarkably simple access
route to silylones. Reductive dehalogenation of their bis(NHC)-stabilized
silyliumylidene ion L-26 with sodium naphthalenide led to the silylone (“sila-dicarbene”)
L-42 (Scheme 8).'%¢

Dipp~ Dipp~
NN N
N o
. /N Cl TN
cl—=sit ) 2 NaCqoHs s
NN —_— NN
I8 [
Dlpp/N\/ Dipp/N\)
L-26 L-42

Scheme 8 Conversion of silyliumylidene L-26 to silylone L-42.

So and co-workers were also able to demonstrate the nucleophilic and electrophilic
character of the DMAP-stabilized silyliumylidene L-25 through unique reactivities:
addition of the amidinate Si(I)-dimer'*® (the precursor of Si(II) cation L-25) resulted in
the formation of L-43, which is the first example of a silylium cation with low-valent
silicon substituents. Reduction of L-25 using K-selectride yielded the silylsilylene L-44
(Scheme 9)."?"

K[HB('Bu)s] Bu g /Bu

Scheme 9 Unique reactivity of DMAP-stabilized silyliumylidene L-25.
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(ii)  Small Molecule Activation

The activation of (relatively) inert small molecules is one of the most important fields of
modern main group chemistry, especially in the context of transition metal-free
catalysis. Silyliumylidene ions have been employed in a variety of activation reactions,
ranging from chalcogens, to C—-H bonds in terminal alkynes and small gaseous
molecules such as N2O, CO2 and H2S, which is a testament to the high reactivity of

even three-coordinate Si(II) cations.

Inoue and co-workers reported multiple diverse and interesting reactivities of their
NHC-stabilized silyliumylidene ions L-29, which were recently reviewed in a personal
account.”” Initially, the reactivity towards phenylacetylene was investigated: addition of
three equivalents of phenylacetylene to L-29a results in the formation of alkenyl-
dialkynyl-silane L-45 (Scheme 10) via multiple C—H bond activations.'?> The observed
formation of the (Z)-isomer as the sole product was explained using DFT calculations,

where formation of the (E)-isomer could be excluded due to high activation barriers.

Furthermore, it was shown that activation of CO using L-29 is also possible.'*
Utilization of the bulky m-terphenyl group (L-29a) allowed the isolation of sila-acylium
ion L-46a, the silicon analogue of an acylium ion. Using the smaller Tipp substituent
(L-29b) lead to the same activation product, although the compound decomposes
above —-30 °C because of the reduced steric protection, presumably undergoing

polymerization.
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M Qo COZ, NQO Ph———
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Mes * /-/ ¢ IMe4 //S
Ter=Si~—|ve, S, Se, Te L-29a H,S MesTgr —fSi\
IMes IMe
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L-46b E=S L-47
L-46c E =Se
L-46d E=Te

Scheme 10 Reported small molecule activation reactions of silyliumylidene ion L-29a.

Using N2O as the oxidation agent leads to the same product. The related heavier
homologues L-46b-d of sila-acylium ion L-46a could also be isolated via reaction of

L-29a with Sg, Se and Te.'*® For these compounds, unique chalcogen exchange
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2. Low-coordinate Silicon Compounds

reactions could be observed, going from Te — Se — S, which corresponds well with
the calculated Si=E bond dissociation energies. Further examples of sulfur activation
were reported by Driess and co-workers as well as So et al., furnishing the expected

sila-thionium compounds.'2%-12

Recently, Inoue et al. also reported the activation of S—H bonds in H>S."?® Reaction
of the silyliumylidene ion with hydrogen sulfide furnished thio-sila-aldehyde L-47 with
concomitant formation of imidazolium chloride. Detailed computational studies
elucidated the mechanism of formation, which commences with a proton transfer from

H>S to L-29a, followed by an attack of the SH™ moiety on the silicon center.

Furthermore, sila-aldehyde L-48 as the lighter congener of L-47 could also be
isolated by reaction of L-29a with water (Scheme 11). However, as opposed to the
sulfur-containing compound, L-48 requires the presence of a Lewis acid (e.g. GaCls)
for donor-acceptor stabilization.’® In the absence of a Lewis acid, only formation of
spiro-siloxane L-50 could be observed. The sila-aldehyde was then further
functionalized to sila-aroyl-chloride L-49 through chlorination with additional GaClz and
hydrolysis of this heavier acid chloride in the presence of free NHC (leading to L-52)
was also presented. Moreover, convenient conversion to phosphasilene L-51 using

P(TMS)s; was achieved as well.
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Scheme 11 Conversion of L-29a to sila-aldehyde L-48 and follow-up chemistry.

Filippou and co-workers also demonstrated the use of N2O as oxidation agent with the
isolation of a metalla-sila-acylium ion from the metalla-silyliumylidene ion L-33."%? They
further reported that, due to the small HOMO-LUMO gap of the metalla-silyliumylidene
ion, activation of Hz, NH3, H20O and HCI is also possible, but no further details were
disclosed.
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(iii) Catalytic Applications

Due to their unique electronic structure, silyliumylidene ions are promising transition
metal-free alternatives for catalytic applications. Especially Si(II) cations with a formal
coordination number of two or less have the potential to supersede transition metal
complexes in various organic transformations. Accordingly, silyliumylidene ions are
one of the few low-valent main group compounds with multiple reported catalytic

reactivities that even include applications that can be relevant on an industrial scale.

The first report of a catalytic activity of a silyliumylidene ion was published in 2011,
when Jutzi and co-workers discovered the facile degradation of oligoethers (e.g.
dimethoxyethane) to dioxane and dimethylether (Scheme 12A) in the presence of

catalytic amounts of L-22 without any decomposition of the Si(II) cation.*’
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Scheme 12 Catalytic conversion of oligoethers to 1,4-dioxane and dimethylether by L-22 (A) and
suggested mechanism for the conversion (B) (anions omitted).

The free coordination sites at silicon — available due to the open coordination sphere
of L-22 — were deemed essential for the catalytic activity, with calculations showing
multiple weak and non-rigid Si—O interactions between the silicon cation and two DME
molecules being responsible for the rearrangement reactions (Scheme 12B). Similarly,
degradation of cyclic ethers (e.g. 12-crown-4) lead to the formation of 1,4-dioxane
without byproducts. While catalytic activity is rather low at room temperature (15 days
for full conversion with 7 mol% catalyst), the observed reactivity clearly serves as a

proof of concept for catalytic applications of a Si(II) cation.

The WACKER Chemie AG has also taken notice of the catalytic potential of
silyliumylidene ions: very recently, the company reported the utilization of Jutzi’s
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2. Low-coordinate Silicon Compounds

silyliumylidene ion L-22 as a catalyst in technically relevant organosilicon reactions: in
the transition metal-free hydrosilylation of olefins (Scheme 13A) and the Piers-
Rubinsztajn (PR) reaction (Scheme 13B).""" L-22 efficiently catalyzes the
hydrosilylation of C=C double bonds, with terminal olefins showing higher reaction
rates. It was even possible to achieve full conversion with a catalyst loading as low as
0.0013 mol% with a turnover number (TON) of ~80000, which is in the range of the
commonly employed platinum-based catalysts. As L-22 is still active even after full
consumption of the starting materials, recovery of the catalyst and reuse in further
hydrosilylation reactions is a possibility. The potential recycling of the catalyst makes

this especially attractive for industrial applications.

A Hydrosilylation

) cat. L-22
— + HSIR3 H SiR3

B Piers-Rubinsztajn

. . cat. L-22 o
R3Si—OR' + HSIRj3 ——— RySI” "SR; * R'—H

Si+ R'

H SiR3

L-22

Scheme 13 Catalytic hydrosilylation of olefins (A) and Piers-Rubinsztajn reaction (B) using L-22 as
the catalyst and suggested mechanism of the hydrosilylation (C) (anions omitted).

Hydrosilylation of double bonds attached to silicon is more difficult due to a competing
redistribution reaction between the Si-bound H and the Si-bound vinyl group taking
place. Similarly, hydrosilylation of C=C bonds is more limited in its application, giving
a mixture of hydrosilylation and dehydrogenative silylation products. Once again, the
open coordination sphere of L-22 was found to be crucial for the catalytic activity, with
the presumed mechanism involving “activation” of the silane Si—H bond (Scheme 13C).
L-22 is also able to efficiently catalyze the PR reaction between Si-OR and Si-H
groups (0.1 mol% catalyst at 60 °C), giving siloxanes without significant catalyst

deactivation. Importantly, addition of alkoxysilanes to a hydrosilylation mixture inhibits
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2. Low-coordinate Silicon Compounds

the catalytic activity through coordination of the oxygen to the silicon center. However,
this inhibition is fully reversible, as heating to 60 °C leads to consumption of the
coordinated alkoxysilane through the PR reaction, allowing the hydrosilylation to

continue uninhibited.

Also very recently, So and co-workers reported hydroboration reactions of a variety
of substrates (e.g. carbonyl compounds and pyridine derivatives) with the NHC-
stabilized parent silyliumylidene ion L-32, including the catalytic reduction of CO>
(Scheme 14)."%® Hydroboration of aliphatic aldehydes as well as aromatic aldehyde
substrates, including derivatives with electron-donating and electron-withdrawing
substituents is possible at a high rate at room temperature. On the other hand, ketones
and pyridine-based substrates require temperatures of up to 90 °C. While higher
catalyst loadings are necessary (10 mol%) in comparison to the aforementioned
hydrosilylation catalysis, it is nevertheless equal parts surprising and impressive that
catalytic reactions — especially the reduction of CO2 — can also be carried out with an

NHC-stabilized low-valent silicon compound.

O
CO, Y -
HJ\OBpin
O HBpin R H
cat. L-32 N
R)J\R' > ————— < R” "OBpin
X R
| JR lN)
N ~ ~ |
Bpin

Scheme 14 Catalytic hydroboration of CO2, carbonyl compounds and pyridine derivatives by L-32.

The mechanism of the aldehyde/ketone hydroboration is presumed to proceed via
activation of the substrate with the silyliumylidene ion lone pair, followed by addition of

the B—H bond to the C=0 functional group with elimination of the catalyst.

These reported examples strikingly demonstrate the potential of silyliumylidene ions
to serve as efficient and versatile catalysts in organic transformations. The industrially
relevant hydrosilylation with Jutzi’s silyliumylidene ion stands out as one of the most
promising catalytic applications of a low-valent main group compound to date and even
the three-coordinate silyliumylidene ion L-32 with two NHC moieties attached to the
silicon center shows promising activity in a catalytic transformation. As the
investigation of catalytic activity of silyliumylidene ions is still in its infancy, further

interesting developments over the next years are expected.
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(iv) Transition Metal Coordination Chemistry

As discussed in chapter 2.2.2 of this thesis, silylenes have an extraordinary potential
in transition metal coordination chemistry. With their relationship to silylenes — i.e. the
presence of a lone pair on the central silicon atom — the same can also apply to
silyliumylidene ions. For example, a (formally) one-coordinate silyliumylidene ion could
be used to form a Si=M triple bond — a notoriously difficult synthetic target — in a single
reaction step. The low-coordinate nature of Si(II) cations would also potentially allow
further functionalization of silyliumylidene transition metal complexes to isolate hitherto
unobtainable silylene and silyl-substituted complexes. Furthermore, due to their ionic
nature, facile salt metathesis reactions with anionic transition metal complexes (i.e.
using the precipitation of a salt as the driving force of the reaction) can be employed.
Additionally, silicon-coordinated NHC moieties can be of interest for transition metal
coordination chemistry, as the migration of NHCs to the metal center could allow for
the synthesis of novel, interesting complexes. However, just like the area of
silyliumylidene ions compared to silylenes, the coordination chemistry of Si(II) cations
is far less developed than the field of silylene ligands. In fact, only a handful of (formal)
silyliumylidene complexes have been reported in the literature and no studies

regarding the properties of silyliumylidene ions as ligands have been carried out.

The first example was reported in 2013 by Inoue et al.: rearrangement reactions of
zwitterionic phosphasilene L-53 in the presence of group 10 d'° transition metal
phosphine complexes (Pd(PPhs)s or (n*>C:H4)Pt(PPhs).) give the formal
silyliumylidene phosphide complexes L-54 (Scheme 15A)."%° Interestingly, such a
rearrangement does not take place with Ni(COD)2, forming a bis(silylene)nickel

complex instead.

A Pd(PPh), B
11 11 1
jBu or |BU PPh3 lBU PPhg
N_ TMS  (C,H,)Pt(PPhj3) T™S Pt 9 TMS
AN PART 3/2 N
Ph—(siC, —<( si’ | P/ Ph—( s.©| 4
N MS Pt OTMS
|
'rBu ™S lB PPha EB PPh;
L-53 M=Pd L-54a
M =Pt L-54b

Scheme 15  Synthesis of formal silyliumylidene ion complexes L-54 from phosphasilene L-53 (A)
and schematic representation of the bonding situation in L-54b (B).

According to molecular orbital calculations, the bonding situation is best described as
an interaction between the lone pair orbital of the silyliumylidene moiety and the lone
pair orbital of the phosphide with the empty d-orbitals of the metal (Scheme 15B). NBO
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2. Low-coordinate Silicon Compounds

charge analysis revealed a positive charge on the silicon atom (+0.974) and a negative
charge on the phosphorus atom (-0.715), also indicating the silyliumylidene-type
character of the silicon moiety. In the 2°Si NMR the central silicon atom resonates at
187.8 ppm and 234.5 ppm for Pd and Pt, respectively, which is a considerable
downfield shift to comparable silylene or silyl bis(palladium) and bis(platinum)

complexes.

One year later, So and co-workers described the synthesis of tungsten and rhodium
complexes directly from a stable silyliumylidene ion (Scheme 16)."°° Addition of
[Rh(COD)CI]2 or W(CO)s(THF) to the amidinate-substituted DMAP-stabilized Si(II)
cation L-25"?" results in the formation of complexes L-55 and L-56, respectively.”™" In
the case of W(CO)sTHF, the monomeric complex is formed via displacement of the
coordinated THF moiety by the silyliumylidene ion. Unexpectedly, for [Rh(COD)CI]2,
one cyclooctadiene ligand in the transition metal dimer is replaced by two

silyliumylidene ligands instead of the expected cleavage of the dimer.

N/ 20Tf Bu By
'F“{h\ [Rh(COD)CI] N, O W(CO)sTHF N /’W(CO)5
t Cl Cl t 2 NFte. 5 NFe! _
Bu = /Bu Ph—(si Ph—( s’ or
N\+S.-./ \.-S*./N N\ NN
' \ ' ' DMAP
on AL / \ \ D s, DMAP b
\ DMAP DMAP/
BU B L-25 L-56
L-55

Scheme 16 Synthesis of Rh and W complexes L-55 and L-56 from L-25.

SC-XRD analysis of complex L-56 revealed a Si(II)-W bond length of 2.497(1) A,
which is in the range of typical Si-W bonds (2.388-2.708 A)."*° Unfortunately, crystal
quality of the rhodium complex was not sufficient enough for a detailed structural
analysis. 2°Si NMR (40.5 ppm (L-55) and 51.6 ppm (L-56)) shifts exhibit an expected
downfield shift compared to L-25 (—82.3 ppm). Regrettably, IR spectra and o-donor/tr-

acceptor strength of L-56 were not discussed.

Very recently, Filippou et al. reported the silylidyne molybdenum complex L-57
synthesized from Jutzi’s [Cp*Si][B(CeF5)s4] (L-22) via a salt metathesis reaction with a
sodium metallate precursor (Scheme 17).""® The PMes ligand on the metal was
introduced to offer a more easily displaceable ligand than CO to promote the formation
of a multiple-bonded complex. 2°Si NMR data revealed a strong downfield shift from
—400.2 ppm in L-22 to —272.4 ppm in L-57. SC-XRD analysis of L-57 showed a short
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Mo-Si bond length of 2.309(1) A, which is considerably shorter than Mo-Si single
bonds (~2.56 A) and is at the short end of Mo=Si double bonds (2.287-2.387 A), which
confirms a significant multiple bond character between Si and Mo. Interestingly, the
Cp*-ring in L-57 is coordinated to silicon in a n°fashion. Charge analysis via natural
resonance theory (NRT) revealed a high positive charge located at the silicon center
(+1.13), which is even higher than that found in the starting material L-22 (+0.89).
Hence, the complex can also be described as a silyliumylidene complex with a very

short metal—silicon bond.

_|_Na+
/©<Nnu .B/H /@"" 'B/H
v

St [B(CeFs)al”
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L-22
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X
1 &é'——“ﬂg O
oc to OoC CO

NNy
TN N

L-57

Scheme 17  Synthesis of silylidyne complex L-57 from L-22.

These reported examples already demonstrate the potential of silyliumylidene ions as
ligands in transition metal complexes. It is understandable, however, that much like
any reactivity investigations of Si(II) cations, the field of silyliumylidene ion coordination
chemistry is still in its infancy, especially given how young the field of silyliumylidene
ions itself still is. Add that to the fact that syntheses and isolation of these cations are
often laborious and difficult procedures, the small number of reported coordination

compounds as well as the limited knowledge about their properties is not surprising.
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3. Scope of this Work

The past 15 years have shown silyliumylidene ions to be highly interesting low-valent
silicon species worth investigating, with a breadth of possible applications, from
stoichiometric activation of small molecules to acting as metal-free catalysts in organic
transformations. However, as pointed out in the introduction, silyliumylidenes are still
in their infancy regarding the investigation of their properties and applications,
especially concerning their possible coordination chemistry with transition metals. In
fact, prior to this thesis, only a single report detailed a transition metal complex
synthesized directly from a silyliumylidene ion."® However, no further studies on the
properties of the ligand were disclosed. Hence, the primary goal of this thesis was the
investigation of the possible coordination chemistry of NHC-stabilized silyliumylidene

ions and to achieve a fundamental understanding of their properties as ligands.

Furthermore, the overwhelming maijority of reported Si(II) cations feature either an
aryl or halide substituent. Keeping in mind that the electronic and steric properties of
the sole substituent in silyliumylidene ions has a profound influence on the properties
and reactivity of the low-valent silicon center, another focus of this work was to

introduce other substituents on the central silicon moiety.

Therefore, the work in this thesis can be divided into two parts: first, the isolation of
novel NHC-stabilized silyliumylidene ions with different substituents (i), followed by
investigation of the possible coordination chemistry of these Si(II) cations with a variety
of transition metals (ii), including investigation of the properties and reactivities of the

obtained complexes.

(i) Increasing the Variety of Available Substituents on Si(II) Cations

The initial goal was to expand the previously reported, convenient silyliumylidene ion
synthesis method (i.e. utilization of NHCs for the abstraction of HCI from an easily
accessible Si(IV) dichlorosilane precursor'®) (Scheme 18, for details cf. chapter 2.3.1)
to other substituents with different steric and electronic properties in order to increase
the available range of substituents on NHC-stabilized silyliumylidene ions. Obviously,
dichlorosilane (R—SiCloH) derivatives of the selected substituents needed to be easily
accessible to be able to increase the scope of this synthesis route. With that in mind,

we selected three promising substituent classes, based on their excellent electron-
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donating properties and their easily tunable steric demand: silyl groups, N-
heterocyclic imines (NHIs) and the related N-heterocyclic carbene-
phosphinidenes (NHCPs). Additionally, aryl groups with low steric demand to allow
facile reaction with bulky substrates as well as sterically demanding transition metal

complexes were also considered.

Si(1V) precursor Si(Il) product
3 NHC NHC
R-Si-CI %» R-Si:

[R =aryl, silyl, NHI, ... |

N-Heterocylic Imines (NHIs) &

Silyl Groups NHC-Phosphinidenes (NHCPs)
t t . R'
TMS\ . . BU\ . . BU\ - Ph3$|\ . R" N/ -~ E= N, P
TMS-Si-§  Bu-Si-§  Bu-Si-f  PhySi—Sig : e Al alk
™S Bu Mé PhsSi Wa: = Aryl, alky
R N R"=H, CHs
Hypersilyl Supersilyl R'

Scheme 18 Schematic representation of the synthesis of silyliumylidene ions through abstraction of
HCI from dichlorosilane precursors with NHCs and promising substituents for the
isolation of novel NHC-stabilized Si(II) cations.

Furthermore, as the desired silyliumylidene ion and the imidazolium salt [NHC-HCI]
byproduct are formed in a 1:1 ratio during the synthesis and their separation is difficult,
the work-up of the reaction was deemed to be an essential target for further

improvements.

(i) Utilization of Literature Known and Novel NHC-stabilized Si(II) Cations
as Ligands in Transition Metal Complexes and Investigation of Their

Properties

With the presence of a stereochemically active lone pair on the silicon center,
silyliumylidene ions can act as ligands in transition metal complexes. Even though a
number of Si(II) cations have been reported in recent years, the corresponding
transition metal coordination chemistry is still very much in its infancy. However, this is
understandable, considering that silyliumylidene ion chemistry itself is still a very young
field and that transition metal complexes incorporating a positively charged silicon-
based ligand are an incredibly challenging synthetic target. The general low stability
and simultaneous often extremely high reactivity of Si(II) cations with multiple reactive

sites makes predictions about their general behavior with transition metals difficult.

35



3. Scope of this Work

Furthermore, reactivity investigations are also made difficult with the limitations of

usable solvents, as generally polar, coordinating solvents are needed for

homogeneous reactions, which bring their own challenges in transition metal

chemistry. Additionally, chlorinated solvents often lead to decomposition.

NHC-stabilized silyliumylidene ions [R—-Si(NHC).]X offer three distinct reactive sites

that can possibly be taken advantage of regarding coordination chemistry with

transition metals (Figure 16)."’

NHC migration
Imidazolium salt formation

OI @ Salt metathesis
*
RéSi
O Coordination
chemistry

Figure 16 Potential reactive sites of an NHC-stabilized silyliumylidene ion (adapted from '°").

Each reactive site can be specifically targeted through the choice of a complementing

transition metal precursor:

Silicon-centered Lone Pair

Due to the presence of the stereochemically active lone pair on the silicon center,
the silyliumylidene ion can act as a o-donor. Using either labile ligands (e.qg.
solvent molecules, ethylene, ...) on the transition metal, dimeric metal precursors
that can be easily cleaved or simple metal salts can facilitate the coordination.
Counter Anion

Reaction with an anionic transition metal complex with a counter cation and
using a salt metathesis reaction with precipitation of a simple salt as the driving
force of the reaction can be a simple access route to transition metal complexes.
Additionally, anion exchange reactions can increase the spectrum of available
silyliumylidene ions with potentially different reactivities and solubilities.
Coordinated NHCs

It is conceivable, that the coordinated NHC moieties can potentially migrate to a
transition metal. Furthermore, the anion of the silyliumylidene and a hydride
substituent of a transition metal complex can be used in conjunction with the
NHC moiety to form and precipitate an imidazolium salt and with that free up an
additional coordination site on the silicon center. Access to Si—M multiple bonds

is also a possibility with this route.
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Content:  So far, the available substituent range on silyliumylidene ions remains
very limited, with the overwhelming majority of Si(Il) cations featuring either aryl or
halide substituents. However, as the choice of substituent can have a profound impact
on the electronic situation of the central silicon atom, it is desirable to increase the
variety of possible substituents in these highly reactive species. Different substituents
can markedly influence the reactivity and stability of the low-valent silicon species itself
and also that of any possible reaction products. Importantly, isolation of silyliumylidene
ions with a broader range of substituents has been generally hampered by the lack of
availability of a suitable synthetic approach.

This publication outlines the synthesis and isolation of the first silyl-substituted
silyliumylidene ions through a convenient one-pot synthesis directly from a Si(IV)
precursor. Before that, this previously reported synthesis route was limited to aryl-
based substituents on the central silicon atom. Addition of three equivalents of free
NHC (NHC = IMe4, IEt2Me?) to a solution of a dichlorosilane precursor R-SiCl2H (R =
‘BusSi, ‘BuzMeSi) results in rapid formation of the desired silyliumylidene ions [R—
Si(NHC)2]Cl and concomitant formation of imidazolium chloride [NHC-HCI]. Separation
of the product and byproduct can be achieved through simple extraction with a mixture
of toluene and acetonitrile.

Introduction of the highly electropositive silyl-based substituents results in a reduced
pyramidalization around the central silicon atom and with that a reduced s-character of
the silicon-centered lone pair. Additionally, the stronger o-donating properties of the
silyl substituent compared to aryl-based substituents are reflected in a significant
upfield shift in the 2°Si NMR. Furthermore, the facile exchange reaction of the
coordinated IEtoMe2 moieties to the more o-electron donating NHCs IMes could be
demonstrated. The kinetics of the reaction were analyzed via reaction progress
monitoring through 'H NMR, which revealed an associative Sn2-type mechanism.

@P. Frisch planned and executed all experiments, conducted the SC-XRD measurements including
processing of the data and wrote the manuscript. All work was performed under the supervision of S.
Inoue.
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The first silyl-substituted silyliumylidene ions are reported. The
scope of a previously described convenient one-step procedure
for the preparation of N-heterocyclic carbene (NHC) stabilized
silyliumylidene ions via dehydrochlorination from a Si(iv) precursor
with NHCs is expanded to silyl-based substituents as well as aryl
substituents with reduced steric bulk.

As a novel class of low-valent silicon compounds, silyliumyl-
idene ions [RSi:]" have gained increasing scientific interest over
the last decade, as they exhibit a unique electronic structure:
they combine the properties of silylenes [R,Si:] and silylium
ions [R;Si]" into one silicon center and therefore feature a lone
pair of electrons (with four total valence electrons), a positive
charge and two vacant orbitals on the central silicon atom.’
Si(n) cations are extremely reactive species” and their isolation
generally necessitates kinetic and thermodynamic stabilization
by bulky substituents and electron-donating ligands. Since
Jutzi's initial report on the Me;Cs-stabilized Si(u) cation I in
20047 (Fig. 1), the overwhelming majority of isolated silyliumyl-
idene ions are three-coordinate and utilize two Lewis bases
such as NHCs" for stabilization and bear either an aryl- or
halo-substituent at the silicon center (e.g. IV-VII)."™* Notable
exceptions are the f-diketiminate-based (11)° and the amidi-
nate-stabilized (III)” Si(n) cations and the impressive isolation
of the NHC-stabilized parent silyliumylidene ion v.*

The synthetic approach for most reported silyliumylidene
ions involves multi-step procedures with Si(n) precursors.
These often laborious and difficult syntheses have unfortu-
nately limited potential applications.””” However, in 2014,
our group reported a simple one-pot procedure for the iso-
lation of NHC-stabilized silyliumylidene ions from easily acces-
sible Si(1v) precursors.""'J Addition of three equivalents of IMe,
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NHC-stabilized silyl-substituted silyliumylidene
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(1,3,4,5-tetramethylimidazol-2-ylidene) to aryldichlorosilanes
R-SiCl,H (R = m-Ter, Tipp) leads to the selective formation of
silyliumylidene ions IV and concomitant formation of imid-
azolium chloride. Since then, we have shown a variety of reac-
tivities, including small molecule activation'” and transition
metal coordination chemistry."" Unfortunately, this protocol
has so far been limited to aryl substituents. Very recently, this
approach was also utilized to isolate the Eind-substituted silyl-
iumylidene VI from the corresponding aryldibromosilane.*?

In order to generalize this synthetic protocol as well as
expand the available substituent possibilities for silyliumyl-
idenes, we envisioned the introduction of other groups on the
central silicon atom using the same reductive dehydrochlori-
nation approach. Because of the lack of a suitable synthetic
procedure, no silyl-substituted silyliumylidene ions have been
isolated so far. Owing to their tunable steric demand and
strong c-clectron-donating properties,'” silyl groups are excel-
lent substituents for main group chemistry. In fact, our group
has already demonstrated that they are useful and valuable for
the isolation of various highly reactive and otherwise elusive
low-valent main group compounds." We now report the first

[B(CeFs)al™ ‘Bu
IB[CaFald DIDD N IMe,
N+, TOTE + Fox-
Ph—<<N S R—Sit
I' DMAP Me,
Bu

IVa R=m-Ter, X=Cl
IVb R=Tipp, X=CI
V R=HX=I

Vvl R=Eind, X = Br

PrDl \
O O )

Dipsl s Dipp
& oer P

Vil

Fig. 1 Selected examples of silyliumylidene ions (I=11l) and NHC-stabil-

ized silyliumylidenes (IV=VII); m-Ter = 2,6-Mes,CgHs, Mes = 2,4,6-
MesCeHa, Tipp = 2,4,6-PrsCeH, Dipp = 2,6-ProCeHs, Eind =
1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl.
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silyl-substituted silyliumylidene ions synthesized via the same
approach.

Similarly to the previously reported synthesis of IV,"”
addition of three equivalents of NHC (IMe, or IEt,Me,) to a
silyl-substituted dichlorosilane precursor solution in toluene
(or benzene) (Scheme 1) led to the formation of a yellow pre-
cipitate, consisting of a mixture of imidazolium chloride and
silyliumylidene chloride. Product separation can be achieved
by extraction of the precipitate with an acetonitrile/toluene
mixture. The products can be isolated in moderate yields
(56-65%) as yellow to orange air- and moisture sensitive
solids. Furthermore, we set out to expand this one-pot pro-
cedure to aryl substituents with reduced steric bulk, because
the size of the substituent has a profound influence on poss-
ible reactivities like activation of small organic substrates and
coordination to transition metal complexes. Based on this, in
addition to the previously reported bulky aryl substituents, we
have been able to apply this approach to the less bulky mesityl
system, affording 3.

All silyliumylidene ions 1-3 show good solubility in pyri-
dine, acetonitrile and (di-)fluorobenzene. Additionally, 2b
(NHC = IEt,Me,) also shows good solubility in THF. While IV
(R = m-Ter/Tipp) as well as 1-2 (R = ‘Bu,Si and ‘Bu,MeSi) are
indefinitely stable in MeCN solution, 3 (R = Mes) fully decom-
poses to an unidentified mixture of products in less than four
hours. However, compound 3 is stable in pyridine solution for
at least three days.

It is worth mentioning that isolation of a silyliumylidene
ion incorporating both the bulky supersilyl (‘Bu,Si) group as
well as two IEt,Me, NHCs could not be achieved, presumably
due to steric reasons. Similarly, employing sterically more
demanding NHCs (e.g. I'Pr,Me,) with the ‘Bu,MeSi substituent
did also not yield the desired products. We have also
attempted to utilize the (TMS);Si group (TMS = Me;Si) as a
possible substituent with (TMS);Si-SiCl,H as the starting
material. Unfortunately, we were not able to isolate the corres-
ponding NHC-stabilized silyliumylidene ion. In our experience,
decomposition occurred at temperatures above —40 °C ( presum-
ably TMS group migration), which led to a mixture of products
with TMS,Si and imidazolium chloride as the main products.

*ISi NMR spectra for compounds 1-3 show sharp singlets
in the expected range. The resonance of the central silicon
atom in 3 (—71.2 ppm) is shifted slightly upfield compared to
the bulky aryl substituted derivatives IVa/b (-68.8/—69.5 ppm).
Introduction of the silyl substituent expectedly causes a
more pronounced upfield shift to -82.0 ppm (1) and

NHC 1 R='BuSi, NHC = IMe,
' 3 NHC + / ClI™  2a R='Bu,MeSi, NHC = IMe,
R—SICI,H —si: '
(toluene) 2b R ='BuMeSi, NHC = IEt,Me,
56-65% NHC 3 R=Mes, NHC = IMe,

Scheme 1 Synthesis of silyl-substituted silyliumylidene ions 1-2 and
aryl-substituted silyliumylidene ion 3; IMe; = 1,34,5-tetramethyl-
imidazol-2-ylidene; |Et;Me, = 1,3-diethyl-4,5-dimethylimidazol-2-
ylidene; Mes = 2,4,6-Me;CgH,.
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=90.7/-86.2 ppm (2a/2b), presumably due to the stronger o-
donating properties of the silyl group. A similar trend can be
observed between Miillers terphenyl-substituted IMe,-stablized
hydrosilylenes (—80.3/—87.6 ppm)"* and the ‘Bu,Si-substituted
IMe,-stabilized hydrosilylene (-137.8 ppm) reported by our
group.’™ "H NMR and "C NMR spectra each show one signal
set corresponding to the silyliumylidene substituent and the
NHCs.

Single crystals suitable for X-ray diffraction (XRD) analysis
of compound 1 and 2a were obtained by slow diffusion of Et,O
into a concentrated MeCN solution at —35 °C and by storing a
concentrated CyH,F, solution at —35 °C, respectively. Both
silyliumylidene ions show the expected structure with a three-
coordinate silicon centre with two NHC moieties and a dis-
torted trigonal-pyramidal geometry around the central silicon
atom (Fig. 2). A summary of the most important NMR and
XRD data of the different silyliumylidene ions is given in
Table 1. The shortest Si---Cl distances are 5.720/5.759 A for 1
and 2a, respectively (cf. 6.234 A in IVa).*” Si-Si bond lengths in
1 and 2a (1: 2.424(1) A; 2: 2.388(1)/2.396(1) A) are very similar
to the Si-Si distance (2.415(1) A) in the ‘Bu,Si-substituted
hydrosilylene and of course significantly longer than the
Si1-C1 bond length in IVa (1.935(2) A (ref. 5h)). Si-Cnye bond
distances are very similar (1.937(2)/1.943(3) A for 1, avg.
1.944 A for 2a and 1.948(2)/1.967(2) A for Iva“”). The sum of
the bond angles around the central silicon atom (ie. the

L L

& \

g,

Fig. 2 Ellipsoid plot (50% probability level) of the molecular structures
of silyl-silyliumylidene ions 1 (left) and 2a (right, one out of two indepen-
dent molecules in the asymmetric unit shown). Hydrogen atoms and
anions are omitted for clarity. Selected bond lengths [A] and angles [°]:
1: Si1-Si2 2.424(1), Si1-C13 1.937(2), Si1-C20 1.943(3), Si2-Si1-C13
122.1(1), Si2-Si1-C20 113.5(1), C13-Si1-C20 93.1(1); 2a: Sil-Si2
2.388(1)/2.396(1), Si1-C10 1.943(2)/1.940(3), Si1-C17 1.945(3)/1.947(3),
Si2-Si1-C10 107.4(1)/105.8(1), Si2-Si1-C17 117.9(1)/117.5(1).

Table 1 Comparison of the 2?Si NMR data in CD:CN (central Si atom)
and XRD data of aryl-substituted (IV, 3) and silyl-substituted (1, 2) silyl-
iumylidene ions

# R NHC *%Si NMR [ppm] Sil-R[A] ¥ Si1[°]
IVa  m-Ter IMe, —68.8 (ref. 5b) 1.935(2) 310.2
IVb  Tipp IMe, —69.5 (ref. 5b) — —

3 Mes IMe, -71.2 — —

1 'Bu,Si IMe, —82.0 2.424(1) 328.7

2a  'Bu,MeSi  IMe, -90.7 Avg. 2,392 319.0

2b  'Bu,MeSi  IEt;Me, —86.2 — -

This journal is © The Royal Society of Chemistry 2019
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degree of pyramidalization) is 319.0° for 2a and 328.7° in the
case of 1, which corresponds to a reduced pyramidalization
compared to the 310.2° observed for IVa, and with that a
reduced s character of the silicon-centered lone pair of the
silyl-substituted silyliumylidene ions. This reduced pyramidali-
zation can presumably be attributed to the introduction of the
silyl-group and its strong o-donor properties, as electropositive
substituents lead to a lower degree of pyramidality.'® This
effect can also be observed in silyl-substituted silyl-radicals,
which show a very low degree of pyramidalization.'®

As multiple NHC exchange reactions of NHC-stabilized low-
valent group 14 compounds have been reported in recent years,'”
we examined whether an exchange of the coordinated IEt;Me,
moieties in 2b to the more o-electron-donating and less bulky
NHC IMe, could be achieved. Indeed, treatment of an orange
THF solution of 2b with two molar equivalents of IMe, at room
temperature resulted in rapid precipitation of a yellow solid
(Scheme 2). After washing the precipitate with THF to remove
free IEt,Me,, compound 2a could be isolated in 82% yield.

Importantly, precipitation as the driving force is not necess-
ary, as the exchange reaction can also be carried out in fluoro-
benzene-d; where both starting material 2b and product 2a are
well soluble and then easily monitored via '"H NMR (¢f ESI
Fig. §22-5237). Intermediate formation of a mixed IEt,Me,/
IMe, silyliumylidene 2INT can be clearly observed via 'H and
9Si NMR (cf ESI Fig. S24%). As expected, the *?Si NMR reso-
nance of the central silicon atom of 2INT (-89.2 ppm) falls
between the resonances of 2b (—86.2 ppm) and 2a (—90.7 ppm).
Unfortunately, isolation of 2INT was, so far, not possible.

Fig. 3 shows the time-dependent relative concentrations of
starting material 2b, intermediate 2INT and product 2a, which
can be derived from the NMR data. Because of the presence of
two molar equivalents of free IMe,, the first NHC exchange
occurs rapidly, with about 90% of 2b being consumed after
just 27 minutes. This exchange slows down as more IMe, is
consumed to form 2a from 2INT, therefore full consumption
of 2b occurs after roughly 150 minutes. The maximum concen-
tration of 2INT (62%) is reached after 20 minutes of reaction
time. After 300 minutes, 91% 2a and 9% 2INT is present in
the mixture while full conversion to 2a is achieved after
24 hours. Presumably, these exchange reactions follow the 2"
order rate law (i.e. linear relation between 1/c,py and the reac-
tion time, ¢f. ESI Fig. S287), indicating an associative Sy2-type
mechanism, similarly to the NHC exchange reactions observed
for NHC-stabilized silylenes by Jana and Scheschkewitz et al.'””

|Et;Me, IMe,, IMey4
. / Cl~ IMey4 N / Ccl- IMe, . Cl~
R_Sii R_Sii — R—Si‘:\
IEt;Me, IEt,Me, IMe,
2b 2INT 2a

Scheme 2 NHC exchange of silyliumylidene ion 2b to 2a via the
mixed-NHC silyliumylidene 2INT; R = ‘Bu,MeSi.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Plot of the change in the relative concentrations of 2b, 2INT and
2a with time in the NHC exchange reaction of 2b to 2a with IMe,.

The reverse reaction, ie. exchange of IMe,; with IEt;Me,
could not be achieved, even with a large excess of IEt,Me,.
This can be attributed to the increased o-donor strength of IMe,.

Conclusions

In conclusion, we present the expansion of a convenient prepa-
ration method for NHC-stabilized silyliumylidene ions to silyl
groups as well as sterically less demanding aryl substituents.
The first silyl-substituted silyliumylidene ions 1, 2a and 2b
have been prepared and fully characterized. Furthermore, we
were able to show that the coordinated IEt,Me, moieties in 2b
can easily be exchanged to the more o-electron-donating NHC
IMe,. Novel reactivity investigations of these silyliumylidene
ions, including coordination chemistry with transition metals,
are currently under investigation in our laboratory and will be
reported in due course.
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Content: In recent years, silyliumylidene ions [R-Si:]* have shown to be intriguing
low-valent silicon species with a unique electronic structure: they combine the
properties of silylenes [R2Si:] — a lone pair of electrons and an empty p-orbital — with
those of silylium ions [R3Si]" — a positive charge and an empty p-orbital — into a single
silicon center. Because of the presence of this stereochemically active lone pair on the
silicon center, Si(II) cations can act as ligands in transition metal complexes just like
silylenes or carbenes.

This publication describes the synthesis of the first coinage metal complexes of a
silyliumylidene ion through addition of simple metal salt precursors (CuCl, AgOTTf,
(Me2S)AuCI) directly to NHC-stabilized silyliumylidene ions [R—Si(IMe4)2]CI (R = m-
terphenyl, Tipp) and constitutes the entry of our group into the coordination chemistry
of Si(II) cations. Isolation of these complexes can be seen as a proof of concept that
NHC-stabilized silyliumylidene ions can in fact act as ligands in transition metal
complexes.

Coordination of the silyliumylidene ion to the group 11 metal is readily apparent by
the rapid decolorization of the initially bright orange solution and a significant downfield
shift of the 2°Si NMR resonance that gets progressively stronger with increasing atomic
number of the transition metal. The complexes show a monomeric structure in the solid
state with a four-coordinate silicon center that still carries both NHC ligands and Si—M
bond lengths in the expected range. A reduction in steric bulk of the aryl substituent
(from m-terphenyl to Tipp) on the silyliumylidene ion leads to a dimerization of the
complexes via the M-Cl| bonds. Additionally, the complexes with the smaller
substituents show significantly lower stability in solution, rapidly decomposing at room
temperature to unidentified silicon species and transition metal bis(NHC) complexes.

@P. Frisch planned and executed all experiments, conducted the SC-XRD measurements including
processing of the data and wrote the manuscript. All work was performed under the supervision of S.
Inoue.
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The first silyliumylidene ion coinage metal complexes are reported.
Treatment of N-heterocyclic carbene (NHC) stabilized silylium-
ylidene ions (R = m-Ter, Tipp) with transition metal precursors (CuCl,
AgOTf, (MezS)AuCl) yields the first silyliumylidene coinage metal
(M = Cu, Ag, Au) complexes, which have been fully characterized
including X-ray diffraction analyses.

Silyliumylidene ions [RSi:]" are a relatively new class of low-
valent silicon compounds that feature a positive charge, a lone
pair of electrons and two vacant orbitals on the silicon center.'
Their successful isolation generally requires steric and electronic
stabilization of the Si(u) cation by utilization of bulky sub-
stituents as well as external donors (e.g. NHCs).> A number
of silyliumylidenes® have been reported since Jutzi's seminal
work on the pentamethyleyclopentadienyl silyliumylidene ion
[Cp*Si:][B(CgF5),] in 2004." So far, reactivity investigations
remain limited to the activation of few small molecules and
some specific subsequent reactions.*"*

Due to the presence of a lone pair on the silicon atom -
similarly to silylenes® - silyliumylidene ions should also be able
to act as ligands in transition metal complexes. However, it is
important to note that the external donors required to stabilize
the Si(n) cations generally reduce their m-acceptor ability by
(partially) filling the vacant orbitals on the silicon center.

In contrast to silylenes, the coordination behavior of silylium-
ylidene ions has been barely explored. In 2013, we described
bis(platinum) and bis(palladium) complexes I and 1I
(Fig. 1), which can formally be regarded as base-stabilized
silyliumylidene-phosphide complexes.” In 2014, So et al.
reported rhodium (III) and tungsten (IV) complexes of a base-
stabilized Si(n) cation.” Very recently, Filippou et al also

Department of Chemistry, WACKER-Institute of Silicon Chemistry and Catalysis
Research Center, Technische Universitdt Miinchen, Lichtenbergstrafie 4,

85748 Garching bei Miinchen, Germany. E-mail: s.inoue@tum.de

+ Electronic supplementary information (ESI) available: Experimental details and
crystallographic data. CCDC 1870254 (2a), 1870256 (3a), 1870258 (3b), 1870255 (4a)
and 1870257 (5). For ESI and crystallographic data in CIF or other electronic format
see DOL: 10.1039/c8ec07754a
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Fig. 1 Examples of (formal) silyliumylidene transition metal complexes
(I-1Vv) as well as silylene coinage metal complexes (V=IX), DMAP =
4-dimethylaminopyridine; TMEDA = tetramethylethylenediamine.

reported a molybdenum silylidyne complex synthesized from
[Cp*SiE|[B(CAFS). ]

While a variety of coinage metal compounds with silyl-based
substituents have been reported over the last decades,” group
11 complexes incorporating ligands with a low-valent silicon
atom are quite rare. For example, Jutzi et al. described the AuCl
complex of [(Cp*),Si:], however, no crystal structure was
reported.'® Dialkylsilylene complexes of copper (V) and silver
(v)'* and silacyclopropylidene complexes of copper and gold
were structurally characterized.'® In recent years, Roesky's
silylene [PhC(N'Bu),]SiX (X = Cl, N(SiMe;),)"? has shown great
potential in the isolation of various monomeric and dimeric
silylene coinage metal complexes VII-IX.'! However, no coinage
metal complexes with silyliumylidene ions as a ligand have been
reported so far, Motivated by our recent reports on the interest-
ing chemistry of NHC-stabilized silyliumylidene ions 1°%**5
we set out to utilize 1 as ligands in transition metal complexes.
Herein we disclose the first silyliumylidene coinage metal com-
plexes synthesized from stable NHC-stabilized Si(n) cations.

This journal is © The Royal Society of Chemistry 2018
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Me, 2 4b | AU CI -

m-Ter = 2,6-Mes,CgH3
Tipp = 2,4,6-PryCgH;
Mes = 2 4 6-Me3CgH,

Scheme 1 Synthesis of NHC-stabilized silyliumylidene ion coinage metal
complexes 2—4 (MX = CuCl (2), AgOTf (3), (Me,S)AuCl (4)); IMe4 = 1.3,4,5-
tetramethylimidazol-2-ylidene.

As shown in Scheme 1, the coinage metal complexes 2-4 can
be conveniently synthesized by addition of simple metal pre-
cursors (CuCl, AgOTf, (Me,S)AuCl) to the silyliumylidene ions 1.
Treatment of an acetonitrile solution of 1a or 1b with one
equivalent of copper(i)chloride (Scheme 1) results in dissolu-
tion of the salt accompanied by rapid decolorization of the
orange solution. A similar reactivity can be observed upon
addition of (Me,S)AuCl. In the case of AgOTf, addition of the
coinage metal salt leads to immediate precipitation of a color-
less solid (AgCl) without any color change of the solution. This
is due to an anion exchange of the chloride counter anion in 1
to a triflate anion. After stirring for 5 minutes, the colorless
precipitate gradually dissolves and the solution changes color
from orange to colorless. Complexes 2-4 can be isolated as air-
and moisture-sensitive (in the case of 3a and 3b also light-
sensitive) colorless solids in good to excellent yield (71-94%) by
crystallization from a MeCN-Et,0 mixture at —40 'C. The
complexes are insoluble in benzene, hexane and Et,0 and show
good solubility in pyridine, difluorobenzene and acetonitrile.

The coordination of the coinage metal to the silyliumylidene
ion is accompanied by a downfield shift of the *’Si NMR
resonance (Table 1) from —68.8/—69.5 ppm (1a/1b)** to —46.6/
—48.8 (2a/2b, M = Cu), —44.1/—46.6 (3a/3b, M = Ag) and —34.6/
—38.0 ppm (4a/db, M = Au), however the downfield shift is
significantly less pronounced than the one observed by So
et al. upon coordination of their DMAP-stabilized silyliumylidene
to rhodium and tungsten (—82.3 to +40.5 and +51.6 ppm,
respectively).® For comparison, the reported silylene coinage
metal complexes show resonances in a relatively narrow range,
e.g. 4.4 ppm (VIIa),"" 7.9 ppm (VIII)'* and 8.8 ppm (IX)." " Tt is
noteworthy that the *Si NMR of silver complex 3a shows two
doublets at —44.1 ppm corresponding to the '"’Ag and '"Ag
isotopes with coupling constants of lfsiuw,\g = 408.1 Hz and
'j_.,-im:,\g = 352.6 Hz. Similarly, complex 3b also shows two
doublets at —46.6 ppm, with coupling constants of 'Jgimay =
410.1 Hz and 'Jgura, = 355.8 Hz. The '"H NMR spectra of the
m-Ter substituted complexes 2a-4a are quite similar, each

This journal is © The Royal Society of Chemistry 2018
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Table 1 Comparison of the ?Si NMR and XRD data of silyliumylidene ions
1°¢ and the coinage metal complexes 2-4

# R M “'SiNMR [ppm] Si1-M1[A]  Si1-M1-Cl1 ]
1a m-Ter — 68.8 — —

ib  Tipp — 695 - —

2a  m-Ter Cu —46.6 2.238(2) 169.3(1)

2b  Tipp Cu —488 — —

3a  mTer Ag 441 2.379(1) 171.8(1)

3b  Tipp  Ag 46.6 2.398(1) 141.2(1)

4a  m-Ter Au 34.6 2.281(1) 176.8(1)

4b  Tipp Au  —38.0 — —

showing a single signal set for the m-terphenyl ligand with a
broadened singlet for the mesityl CH-groups, which split into
two separate singlets at —40 "C (¢f. ESI, ¥ Fig. S5 for VI-NMR).
The NHC wingtip CH; groups split into two broad signals from
one broad signal observed for the silyliumylidene ion 1a,*
which also coalesce into one signal at +60 "C. The NHC back-
bone methyl groups as well as the mesityl methyl groups give
only one broad signal in total. At low temperature (—40 "C) as
well as high temperature (+60 "C), this broad signal splits into
multiple singlets corresponding to each unique methyl group.
The "C NMR spectra show resonances for the carbene carbon
atoms and one signal set for the m-terphenyl ligand. Line broad-
ening can also be observed. The '*C NMR spectra of 3 also
exhibit a quartet at 122.1 ppm corresponding to the CF;50;
anion (*Jcy = 321.0 Hz).

Interestingly, no signal broadening or splitting in the
'H NMR spectra of the Tipp substituted complexes 2b-4b can
be observed. This corresponds to a less restricted rotation of the
Tipp group and the coordinated NHCs due to the reduced steric
bulk of the Tipp substituent compared to the m-Ter group.
Compared to starting material 1b, the signals in the complexes
appear slightly shifted downfield, except for the septet corres-
ponding to the ortho iso-propyl groups, which appears shifted
upfield. While we could observe gold complex 4b by 'H and
9Si NMR, we were unable to obtain satisfactory analytical data
due to rapid decomposition (¢f. ESI,{ Fig. $20-525).

Single crystals suitable for XRD measurements of all three
m-Ter substituted complexes 2a-4a were obtained by slow
diffusion of Et,O into a concentrated acetonitrile solution at

40 “C. As expected, the solid-state structures of the complexes
are very similar (Fig. 2). All three compounds are monomers in
the solid state and feature a four-coordinate silicon(n) center
with a distorted tetrahedral geometry. Going from copper to
silver, an increase in the Si-M bond length (2.238(2) and
2.379(1) A, respectively) is observed while going from Ag to Au
the bond length decreases (2.379(1) to 2.281(1) A, respectively).
This is unsurprising since it has been previously shown that
gold is indeed smaller than silver.'® Frenking et al. also
reported that, among the coinage metals, silylenes form their
strongest coordination complexes with gold,'” which could also
explain a decrease in bond length. Furthermore, a similar trend
can be observed in the coinage metal silylene complexes

Chem. Commun,, 2018, 54, 13658-13661 | 13659
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Fig. 2 Ellipsoid plot (50% probability level) of the molecular structures of complexes 2a (left), 3a (middle) and 4a (right). Hydrogen atoms and anions are
omitted for clarity. Selected bond lengths [A] and angles [']: 2a: Si1-C1 1.916(3), Si1-C25 1.939(2), Si1-C32 1.938(2), Sil-Cul 2.238(2), Cul-Cl1 2.1477(6),
Si1-Cul-Cll 169.3(1), C25-Si1-C32 955(2), C1-Si1-Cul 119.4(2); 3a: Si1-C1 1.911(4), Si1-C25 1.936(3), Si1-C32 1.938(4), Sil-Agl 2.379(1),
Agl-Cll 2.366(1), Sil-Agl-Cll 171.8(1), C25-5i1-C32 95.8(1), C1-Si1-Agl 114.8(1); 4a: Si1-C1 1.916(2), Si1-C25 1.942(2), Si1-C32 1.941(2), Sil-Aul 2.281(1),

Aul-Cll 2.354(1), Sil-Aul-Cll 176.8(1), C25-5i1-C32 96.5(1), C1-Sil-Aul 115.0(1)

reported by Khan et al.'** The M-Si bond length in all three
complexes lies in the same range as previously reported Si(u)
coinage metal complexes (Cu: 2,171'1-2,289'% A; Ag: 2,337~
2,425 A; Au: 2.246'"7-2.318""" A). With increasing atomic
number of the transition metal, the linearity of the M-Si1-Cl1
bond increases from 169.3(1)" to 171.8(1)" from Cu to Ag and
finally to 176.8(1)" for the gold complex. The angle between the
two coordinated NHCs (C25-8i1-C32) increases slightly from
the silyliumylidene ion 1a (93.8(1)°)" to 95.5(2)°, 95.8(2)" and
96.5(1)" for 2a, 3a and 4a, respectively.

Single crystals suitable for XRD analysis for complex 3b were
obtained by diffusion of Et,O into a concentrated solution of 3b
in CH;CN:C;Hg (2:1) at —40 'C. Interestingly, the complex
shows a dimeric structure in the solid state (Fig. 3). The two
silyliumylidene ligands are bridged via a 4-membered Ag,Cl,
ring. The Si1-Ag1-Cl1 angle (141.2(1)") is significantly smaller
than in the monomeric complexes. The dimerization is most

cl

=

Fig. 3 Ellipsoid plot (50% probability level) of the molecular structure of
complex 3b. Hydrogen atoms and anions are omitted for clarity and the
Tipp substituents are depicted as wireframes. Selected bond lengths [A]
and angles []: Si1-C1 1.919(2), Si1-C16 1.935(2), Si1-C23 1931(2),
Sil-Agl 2.398(1), Agl-Cll 2.562(1), Sil-Agl-Cl1 141.2(1), C16-Si1-C23
100.8(1), C1-Sil-Agl 118.0(1).

13660 | Chem. Commun., 2018, 54, 13658-13661

likely a result of the reduced steric bulk of the Tipp ligand. The
Si-Ag bond length (2.398(1) A) is slightly longer than in 3a, a
possible consequence of the dimeric structure, but still well
within the reported Si-Ag bond range. Due to their marked
instability, we were not able to obtain single crystals of complex
2b and 4b, but judging from their comparable reactivity and
similar 'H and ?”Si NMR data, it is expected that their struc-
tures are analogous.

While the m-terphenyl substituted compounds are stable
indefinitely in the solid state and for weeks in acetonitrile
solution at room temperature (under exclusion of light for 3a),
slow decomposition occurs in CgH,F, and pyridine. Decomposi-
tion also occurs slowly in acetonitrile upon heating at 90 'C,
resulting in an unidentified product mixture. In contrast, the
Tipp substituted complexes undergo full decomposition over a
period of 2 to 4 hours (Scheme 2), which is accompanied by an
NHC migration to the metal center. For example, the decom-
position of an acetonitrile solution of gold complex 4b results
in a linearly coordinated [(IMe,),Au]Cl complex (5, ¢f. ESIT for
SC-XRD and NMR data) and two silicon-containing species with
a significantly upfield shifted *°Si NMR resonance (40.5 and
64.0 ppm, respectively; ¢f —38 ppm for 4b). Unfortunately, we
were not able to unambiguously determine the composition of
these silicon-containing species.

In summary, we have reported the first coinage metal com-
plexes 2-4 of an NHC-stabilized silyliumylidene ion. They were

|M84 cl- IMe., cl-

Cl -

. + ) s o) + unidentified
Tipp—Sit—= A . Al +

PP I\ u/ CH4CN Tu Si species

IMey IMe,
* | Tipp = 24,6-PriCsHy

4b 5

Scheme 2 Decomposition of the Tipp-substituted Au complex 4b in
solution to [Au(lMe4);]Cl (5) and unidentified Si species.
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synthesized from the NHC-stabilized silyliumylidene ions 1 via
addition of simple metal salts. The complexes bearing the
sterically demanding m-terphenyl substituent show a mono-
meric structure in the solid state and are stable for weeks in
acetonitrile solution. On the other hand, the complexes having
the smaller Tipp substituent reveal a dimeric structure and a
significant decrease in stability. Possible catalytic applications
of the complexes as well as their reactivity are currently under
investigation in our laboratory.
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Tr-acceptor strength can significantly influence the stability and reactivity of complexes,
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properties of novel ligand systems and their influence on the transition metal itself and
its coordination sphere. Not much is known about the properties of Si(Il) cations as
ligands, as no studies into their o-donor/1-acceptor ability have been carried out so
far. A common method for the study of ligand properties is the investigation of the IR
carbonyl stretching frequencies of the respective carbonyl transition metal complexes.

This publication outlines the synthesis of several novel transition metal carbonyl
complexes incorporating a silyliumylidene ligand, including the first Fe, Cr and Mo
complexes of a Si(II) cation. It constitutes a logical continuation of our previous work
on silyliumylidene transition metal complexes. However, contrary to our previous
publication on coinage metal complexes, the bulky m-terphenyl substituent did not
react with the transition metal precursors, whereas utilization of the Tipp substituent
allowed us to isolate a series of stable group 6 and group 8 carbonyl complexes.

Coordination of the silyliumylidene ion to the transition metal is once again apparent
by a significant downfield shift of the 2°Si NMR resonance and the solid-state structures
revealed long Si—-M bond lengths. A combination of experimentally determined IR
stretching frequencies of the carbonyl ligands on the transition metal together with DFT
calculations give insight into the relative donor/acceptor strength of the Si(II) cation,
which revealed weak o-donor as well as negligible 1r-acceptor properties. Furthermore,
comparisons to common ligand classes like NHCs and other low-valent silicon ligands
are drawn.
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ABSTRACT: Silyliumylidene ions—Si(II) cations with a stereo-
chemically active lone pair of electrons—can act as ligands in
transition metal complexes comparable to silylenes. However, no
investigations concerning their donor abilities have been carried
out. Carbonyl complexes lend themselves exceptionally well to
determine the donor/acceptor strength of various ligand systems.
We now report the synthesis of novel group 6 and group 8
transition metal carbonyl complexes 2—5 of N-heterocyclic
carbene (NHC) stabilized silyliumylidene ion 1b, including the

+ +
IMe - Group 6 and 8 IMe4—| OTf
OTf  metal carbonyls /
R-Si R-Sli\—" M(CO),
IMe, IMey
R = Tipp n=5,M=Cr, Mo, W
n=4,M=Fe

first Cr, Mo, and Fe complexes of a Si(Il) cation. The complexes were fully characterized by multinuclear NMR and IR
spectroscopy and SC-XRD studies. A combination of experimentally determined IR bands together with theoretical calculations
revealed weak o-donor properties and a negligible 7-acceptor ability of NHC-stabilized Si(II) cation 1b.

B INTRODUCTION

Since Jutzi's initial report on the pentamethylcyclopentadiene-
silicon(II) cation [Cp*Si:]* in 2004," silyliumylidene ions have
gained increasing scientific interest. Because of their unique
electronic structure—a silicon center with a lone pair of
electrons, a positive charge, and two vacant orbitals"—they are
promising candidates for the facile activation of various bond
types, as well as small molecules and, importantly, main-group
catalysis. These highly reactive species can also give new access
routes to novel low-valent silicon compounds, such as
silylones.” Their potential in the activation of small molecules
has already been shown with the isolation of sila-acylium ions
through the activation of CO," and their heavier homologues
directly from Sy Se, and Te.” Other reported reactivities
include the activation of O—H,® $—H,” and C—H" bonds and
even the catalytic degradation of oligoethers to dioxane.”
Another possible application of Si(II) cations is their use as
ligands in transition metal complexes. Because of the presence
of a lone pair of electrons on the silicon center, silyliumylidene
ions can function as ligands just like silylenes and carbenes.
However, one-coordinate silyliumylidene ions [R—Si:]* (ie.,
without donor-stabilization) have not been isolated so far due
to their instability and high reactivity.”> Hence, isolation of
these Si(II) cations necessitates their kinetic and thermody-
namic stabilization through generally sterically demanding
substituents as well as electron donating ligands, such as
NHCs.”™'" On the other hand, introduction of these moieties
generally hampers their reactivity and in the case of the
stabilization through Lewis bases also (partially) fills the vacant

< ACS Publications  © 2019 American Chemical Society 14931
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orbitals on the silicon center, therefore reducing their -
acceptor ability.

Understandably, the reported transition metal coordination
chemistry of silyliumylidene ions is significantly more limited
than the related silylene coordination chemistry: our group
described formal Pd, and Pt, silyliumylidene-phosphide
complexes, obtained from a rearrangement reaction of a
phosphasilene.'" So et al. reported a Rh- and W-complex (1)
(Chart 1) of a DMAP-stabilized silyliumylidene ion."”
Recently, we described the first coinage metal complexes II
of Si(II) cations, synthesized directly from an NHC-stabilized
silyliumylidene ion."* The synthesis of a silylidyne molybde-
num complex from [Cp*Si:]* was also recently accom-
plished."* It is important to note that the donor strength of
silyliumylidene ions as ligands in transition metal complexes
has not been studied so far.

In contrast, a variety of group 6 and group 8 metal carbonyl
complexes with silylenes as ligands have been isolated."* For
example, West et al. reported a series of saturated and
unsaturated bis(N-heterocyclic silylene) (NHSi) complexes 111
of group 6 carbonyls.'® Related group 8 complexes with Fe and
Ru,"” as well as monosilylene complexes,'” were also described.
Complexes IV of an amidinate-stabilized chlorosilylene were
prepared and utilized for the isolation of the corresponding
fluorosilylene derivatives.'® Furthermore, related amidinate-
stabilized hydrosilylene complexes of Fe(CO),"” and various
Fe(CO), complexes VI*’ from NHC-stabilized silylenes have
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Chart 1. Examples of Reported Silyliumylidene Transition
Metal Complexes (I, II) and Silylene Transition Metal
Carbonyl Complexes (1I1-VI)“

Bu~N-g;NBu

‘Bu 1t
I W(CO)s -
LN o et co H Mo
Ph( Jsi oc"M~co Si:— W(CO)s
'l" N ! Bu,Si
| DMAP By S g
Bu U~y Ny-Bu
oo/
1 llla (M = Cr) v
Iilb (M = Mo)
liic (M = W)
[{
IMe, | . BY Micoys R ,Mea
; . Si:— Fe(CO),
MesTer —Si: — M-CI Ph \Si /
\ <(N/ al R
IMe,4 I Vla (R = ™Ter, R' = H)
‘Bu Vib (R = 'Bu;Si, R' = H)
lla(M=Cu, X=Cl) IVa(M=Cr) Vic(R=R'=H)
Ilb(M=Ag,X=0Tf) IVb(M=Mo) VId(R=R'=CHj)
llc(M=Au, X=Cl) INc(M=W) Vle(R=R'=Cl)

“DMAP = 4—dimeth}/lnmin0pyridine, IMe, = 1,3,4,5-tetramethylimi-
dazol-2-ylidene, M** PPTer = 2,6-(Mes/Tipp),-CsH;, Mes = 2,4,6-
Me,\'c(\Hlﬂ T'PP = 234.6'![)?3—(:“"{1.

been reported in recent years. The electronic properties of
silyltle:'ngls as ligands have also been investigated computation-
ally. ™

Therefore, to start of any investigation into the donor
strength of NHC-stabilized silyliumylidene ions and to
determine their donor ability, we set out to synthesize
transition metal carbonyl complexes utilizing our previously
described NHC-stabilized silyliumylidene ions™ as ligands.
Herein, we report the synthesis and full characterization of
several novel group 6 (Cr, Mo, W) and group 8 (Fe) transition
metal carbonyl complexes of NHC-stabilized Si(II) cations and
an investigation of the donor ability of the silyliumylidene
ligand by experimental as well as theoretical means.

B RESULTS AND DISCUSSION

Synthesis and NMR Analysis. In an initial attempt, we
reacted the group 6 transition metal carbonyl W(CO), with
the bulky m-terphenyl (m-Ter = 2,6-(2,4,6-Me;-C¢H,),-C¢H;)
substituted silyliumylidene chloride™ 1a-Cl as a suspension in
THE. However, no reaction occurred, even at elevated
temperatures and prolonged reaction times. Irradiation of the
mixture with UV light led to the full consumption of W(CO),
accompanied by complete dissolution of the Si(II) cation,
however, no change in the 'H and *’Si NMR could be
observed. Interestingly, the *C NMR indicated formation of
the chloropentacarbonyltungstate anion™ [W(CO)Cl]". This
prompted us to exchange the chloride counteranion from the
silyliumylidene ion 1a-Cl to a triflate anion via reaction with
KOTf to prevent any undesired anion formation (Scheme 1).

Introduction of the OTf anion also brings the additional
benefit of increased solubility in THF, allowing for a
homogeneous reaction. Unfortunately, even with the triflate
anion, the steric bulk of the m-terphenyl substituent in 1a-OTf
seemed to prevent any reaction with W(CO), or W-
(CO)s(THF). Hence, we moved our efforts to the sterically

Scheme 1. Synthesis of Silyliumylidene Triflates 1-OTf

+ _ _|+
IMes ' I IMes ' OTf
S-_’ KOTf S/
—Si: —_— —Si:
R=8; (THF) RSE
IMey4 —KCl IMe,4

1a-Cl (R = m-Ter)
1b-Cl (R = Tipp)

1a-OTf (R = m-Ter, 92%)
1b-OTf (R = Tipp, 94%)

less demanding Tipp substituent (1b-Cl, Tipp = 2,4,6-Pry-
C¢H,) and, consequently, introduced the OTf™ anion. Finally,
reaction of a THF solution of silyliumylidene triflate 1b-OTf
with a freshly prepared solution of M(CO);(THF) (M = Cr,
Mo, W) in THF allowed us to isolate the desired [Tipp—
Si(IMe,), — M(CO);]* complexes 2—4 in high yield (80—
86%) as pale to bright yellow solids (Scheme 2). The
successful complex formation can be observed by a visible
color change from bright orange (1b-OTf in THF) to pale to
bright yellow (2—4).

Scheme 2. Synthesis of Group 6 Carbonyl Complexes 2—4

1t +
IMes ' 57¢ lMea—l ot
. s"/ M(CO)sTHF /
ipp—Si: —————— Tipp—Si:— M(CO
N (THF) Ly (CO)s
IMe4 IMe.,

1b-OTf 2 (M =Cr, 80%)
3 (M= Mo, 83%)

4 (M=W, 86%)

While no direct reaction could be observed with M(CO),,
initial preparation of M(CO);(THF) is not necessary, as
irradiation of a simple mixture of the starting materials with
UV light led to formation of the same complexes, albeit slightly
less clean. The complexes are well soluble in THF, C;H.F,
acetonitrile, and pyridine and are slightly soluble in Et,O. They
are stable for about 2 days in THF, Et,0, and CgH:F solution
at room temperature, but after 48 h, small amounts of
unidentified decomposition products can be observed in the
'"H NMR. They decompose rapidly in acetonitrile to an
unidentified mixture of products.

Coordination of the silicon center to the transition metal is
accompanied by marked downfield shift in the *’Si NMR
(—69.5 ppm for 1b-OTf), which gets progressively weaker
with an increasing atomic number of the group 6 metal. The
Cr(CO); complex 2 resonates at +6.3 ppm, whereas the
Mo(CO); and W(CO); complexes (3 and 4) are shifted
upfield to —17.3 and —30.5 ppm, respectively. The same trend
was also observed for the related group 6 silylene complexes
I (unsat./sat.; Cr, 136.9/170.3 ppm; Mo, 119.3/155.3 ppm;
W, 97.8/137.1 ppm)'® and IV (Cr, 92.3 ppm; Mo, 72.8 ppm;
W, 53.0 ppm)."" However, this is in stark contrast to the
coinage metal silyliumylidene complexes II, where an
increasing atomic number resulted in a stronger downfield
shift (Cu, —48.8 ppm; Ag, —46.6 ppm; Au, —38.0 ppm)."” For
comparison, the only other silyliumylidene ion W(CO);
complex I shows a significantly stronger downfield shift of
the *’Si NMR resonance from —82.3 ppm in the uncoordi-
nated silyliumylidene ion®” to +51.6 ppm in the complex.'* We
were also able to observe the coupling of the central Si atom
with "*W (~14% natural abundance, S = '/,; cf,, Figure $28),
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resulting in a doublet with '/, = 123.0 Hz, which is in line
with other reported Si(II) — W(COQ); complexes.'” No
coupling with S Mo (*Mo, ~16%; “"Mo, ~10% natural
abundance; § = °/,) could be observed, even with a high
concentration and significantly increased number of scans. **Si
NMR shifts as well as other important analytical parameters are
summed up in Table 1.

Table 1. Comparison of **Si NMR & *C NMR (THF-dy)
and Si—M Bond Lengths of Silyliumylidene Ion 1b-OTf and
Its Transition Metal Complexes 2—5

gi NMR 3C NMR (CO)
M [ppm] [ppm] Sil=M1 [A]
b —69.5
2 Cr 6.3 225.2, 222.0
3 Mo -17.3 210.0, 202.2 2.673(1)/2.740(1)
4 w -30.5 2019, 192.4
5 Fe 5.4 2174 2.349(1)

The '"H NMR spectra of complexes 2—4 are very similar,
showing a single set of resonances for the Tipp-substituent and
the NHCs. The biggest difference, also compared to
silyliumylidene 1b-OTf, is the broadening of the septet
corresponding to the iso-propyl groups in ortho-position to
the central silicon atom. The "C NMR spectra show one set of
resonances for the Tipp-substituent and the coordinated
NHCs and two separate resonances for the metal-bound CO
ligands, presumably due to the trans effect,” which is
consistent with other low-valent silicon complexes.'”'® The
CO resonances can be observed in the expected range, with a
gradual upfield shift going from Cr (225.5/222.0 ppm) to Mo
(210.0/202.2 ppm) to W (201.9/192.4 ppm).

To further expand the coordination chemistry of silyliumy-
lidene ions, we also attempted the synthesis of group 8
carbonyl complexes. No reaction could be observed between
Fe(CO); and 1b-OTf. However, addition of one equivalent of
the more reactive iron carbonyl compound Fe,(CO), to 1b-
OTf in THF resulted in the formation of Fe(CO), complex 5§,
which unfortunately was accompanied by slow polymerization
of the solvent. We, therefore, switched to fluorobenzene, which
allowed us to isolate complex 5 in good yield (72%) and purity
as a colorless solid (Scheme 3). Fe(CO); as the byproduct can

Scheme 3. Synthesis of Iron Carbonyl Complex §

+
IMe | :JTf_ IMe,4 oTf~
i FEQ(CO)Q ) ¥
Tipp—Si Tipp—Si:— Fe(CO),
(CgHsF)
IMe, - Fe(CO)s IMe,
1b-OTf 5(72%)

be easily removed under reduced pressure and no further
polymerization occurred when the NMR measurements of the
purified product where carried out in THF-dg. As expected,
coordination of iron to the silicon center once again causes a
significant downfield shift of the *’Si NMR resonance from
—69.5 ppm (1b-OTf) to +5.4 ppm (5) (cf, Table 1). For
comparison, the hydrosilylene complexes VIa and VIb show
resonances at —11.1 ppm and —483 ppm, respectively
(downfield from —80.5 ppm and —137.8 ppm in the free
silylenes). The "H NMR spectrum is comparable to 2—4, with
a key difference being the significant upfield shift of the septet
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corresponding to the ortho 'Pr groups to 3.14 ppm (for 5)
compared to 4.10—4.24 ppm observed for 2—4 (and 3.74 ppm
for 1b-OTf). Interestingly, no signal broadening of this septet
occurs in this case. It is important to note that the '*C NMR of
complex 5 only shows a single resonance for the CO ligands at
217.5 ppm compared to the two resonances observed for the
group 6 complexes.

Single-Crystal X-ray Diffraction (SC-XRD) Structure
Determination. Single crystals suitable for XRD measure-
ments of Mo(CO); complex 3 were obtained by cooling a
concentrated solution of 3 in Et,0 to —35 °C and single
crystals of Fe(CO), complex 5 were obtained by cooling a
concentrated solution of 5 in C,HF to =35 °C. The
complexes are monomers in the solid state and feature a
four-coordinate Si(Il) center with a distorted tetrahedral
geometry (Figure 1). As expected, the Mo atom in 3 features
an octahedral coordination sphere with five terminal carbonyl
ligands. The Sil—Mol bond lengths in 3 (2.673(1)/2.740(1)
A) are at the upper end of the reported Si—Mo bond lengths
(2.41-2.71 A).”" In fact, 2.740(1) A is the longest reported
Mo—Si bond to date. They are much longer than the Si—Mo
bonds in the silylene complexes IIIb (unsat./sat. = 2.471/
2480 A)'" and IVb (2.455(1) A)."" The bond is also
significantly longer than the Si—W bond in silyliumylidene
W(CO); complex I (2.497(1) A)."” The Sil—Cyyc (avg.
1.956 A) bond lengths, as well as the Mo1—C (avg. 2.035 A)
and C—O (avg 1.142 A) bond lengths, are in the expected
range. So far, we were unable to obtain single crystals of the
analogous Cr and W complexes, but because of their very
similar NMR data and reactivity, they should exhibit
comparable structures. The solid-state structure of iron
complex 5 is very similar to that of tungsten complex 3,
except that the Fe atom adopts a trigonal bipyramidal structure
with four terminal CO ligands (Figure 1, right) instead of five.
Similarly, the Sil—Fel bond (2.349(1) A) is also quite long. It
is only slightly shorter than the longest reported Si—Fe bond to
date (VIb, 2.372(1) A).”™ Similar to those in complex 3, the
Sil=Cyyic, Fel=C, and C—O bonds are in the expected range.

IR Spectroscopic Analysis. All complexes 2—5 were
characterized by IR spectroscopy. Experimentally determined
values (solid state, neat) of CO stretching frequencies and the
calculated bands of complexes 2—5 are listed in Table 2.
Conclusions about the o-donor or m-acceptor ability of
silyliumylidene ion 1b as a ligand can be drawn from the
characteristic CO stretching frequencies in these complexes.
To put the relative donor/acceptor strength of 1b into
perspective, we selected multiple literature known complexes
and compared the CO stretching frequencies: strong(er) o-
donors/weak(er) z-acceptors increase the 7-backbonding from
the metal to the CO ligand and therefore strengthen the M—C
bond while simultaneously weakening the C—O bond (which
results in lower wave numbers of the CO stretching frequency,
i.e., a bathochromic shift). Conversely, ligands with weak(er)
o-donor/strong(er) m-acceptor properties lead to higher wave
numbers observed in the IR spectrum (ie, a hypsochromic
shift). In general, strong o-donors are weaker 7-acceptors and
vice versa. However, in the case of 1, the two coordinated
NHC moieties occupy the p-orbitals, significantly reducing the
m-acceptor ability of the central silicon atom. This drastically
reduces the z-backbonding contribution from the metal
fragment to the silicon center. Hence, any changes of the
carbonyl stretching frequency observed in the IR spectrum
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Figure 1. Ellipsoid plot (50% probability level) of the molecular structure of Mo(CO); complex 3 (one out of two independent molecules in the
asymmetric unit shown) and Fe(CO), complex 5. Tipp-substituents are simplified as wireframes. Hydrogen atoms, solvent molecules, and anions
are omitted for clarity. Selected bond lengths [A] and angles [°]: 3 Sil—Mol 2.673(1)/2.740(1), Si1—C1 1.942(3)/1.966(3), Si1—C16 1.951(2)/
1.950(3), Si1—C23 1.962(4)/1.960(3), Mo1-C30 2.037(3)/2.040(3), Mo1—C31 2.004(3)/1.998(3), Mo1-C32 2.043(4)/2.018(3), Mo1-C33
2.052(3)/2.057(3), Mol—C34 2.041(4)/2.056(4), C30—01 1.143(4)/1.140(4), C31-02 1.140(4)/1.146(4), C32—03 1.144(5)/1.154(5),
C33-04 1.140(3)/1.139(4), C34—05 1.142(5)/1.142(4), Mo1-Si1—C1 132.7(1)/131.2(1), Mol1-Sil—C16 103.1(1)/102.2(1), Mol1—Sil—
€23 108.1(1)/109.3(1), C1=Sil—=C16 104.3(1)/108.6(1), C1-Sil—C23 98.9(1)/98.5(1), C16=Si1—C23 108.1(1)/104.8(1), Sil—Mol—C31
169.4(1)/171.5(1); § Sil—Fel 2.349(1), Sil—=C1 1.91(2), Sil—C16 1.949(2), Sil—C23 1.956(2), Fel —C30 1.768(2), Fel—C31 1.775(2), Fel—
C32 1.781(3), Fel—C33 1.790(3), C30-01 1.160(3), C31-02 1.157(3), C32—03 1.154(3), C33—04 1.146(3), Fel—Sil—C1 115.5(6), Fel—
Sil1=C16 116.5(1), Fel=8i1—=C23 106.4(1)), C1=Si1=C16 104.9(6), C1=Si1—=C23 112.1(6), C16=8i1—-C23 100.6(1), Sil =Fel—=C33 176.5(1).

Table 2. Experimentally Determined (Solid State, Neat) and
Calculated CO Stretching Frequencies of Complexes 2—5
and Relevant IR Data for Reported Complexes 1,'” v,
and VI*°

CO stretching frequencies 8= [em™']"

M experimental calculated

2 Cr 2037, 1965, 1889 2026, 1964, 1946, 1915, 1907
3 Mo 2054, 1969, 1897 2039, 1967, 1961, 1921, 1916
4 w 2052, 1963, 1891 2034, 1961, 1954, 1913, 1907
1 w 2070, 1991, 1921

v w 2042, 1952, 1879

5 Fe 2021, 1943, 1887 2030, 1962, 1919, 1903

Via Fe 2009, 1922, 1884

VIib Fe 2002, 1919, 1878

Vic Fe 2011, 1904, 1855

Vid Fe 1999, 1911, 1855

Vie Fe 2029, 1950, 1893

“The difference in the number of observed and calculated IR bands
can most likely be attributed to the overlap of close bands in the IR
spectra.

should be mainly attributable to the o-donor ability of Si(II)
cation 1b.

In general, common ligand classes like phosphines (e.g.,
PhyP — W(CO); dc=o = 2060, 1914, 1887 cm ™')™ or NHCs
(e.g, IMes — W(CO); dcog = 2057, 1911, 1876 cm™")™ are
(significantly) stronger o-donors than Si(Il) cation 1b,
presumably because of the cationic nature of the silyliumyli-
dene, as well as stronger m-acceptors, because of the presence
of two NHC ligands on the central silicon atom reducing its z-
acceptor ability. However, as this was expected, a comparison
to other (donor-stabilized) low-valent silicon species is more
fitting and interesting: the IR bands of silyliumylidene
W(CO); complexes I'* and 4 (Table 2) show that
silyliumylidene 1 is a stronger o-donor/weaker m-acceptor
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than the corresponding DMAP-stabilized silyliumylidene ion.*"

An increased o-donor ability might be attributable to the two
coordinated NHC moieties in 1 (vs the weaker N-donors in I),
as it has been predicted that coordination of strong donors to
silylenes actually increases their o-donor strength consider-
a.bly.Zl The substantial difference in bond lengths (cf,, SC-XRD
discussion) of these complexes could stem from the bulkier
ligand framework present in our system. Comparison to
complex V*" shows 1 to be a slightly weaker o-donor than the
respective hydrosilylene, presumably attributable to the
cationic nature of 1.”°

Since no Fe(CO), complexes of a Si(II) cation have been
reported so far, we chose various related silylene complexes
VI'? for comparison. From this data, we can see that the o-
donor ability of silyliumylidene 1b is very similar to the NHC-
stabilized aryl-hydrosilylene ligand in VIa and, again, slightly
lower than the NHC-stabilized silyl-hydrosilylene ligand in VIb
(cf, W(CO); complex). Considering that silyl groups have an
increased o-electron donating ability compared to aryl
substituents, this is not surprising. Complex Ve (IMe, —
SiCl, — Fe(CO),) shows comparable IR bands and with that
should be very similar in relative 6-donor/z-acceptor strength.
Furthermore, we have calculated the Tolman Electronic
Parameters (TEPs) of the [Tipp—Si(IMe,), — Ni(CO),]*
complex (TEPs: 2063, 2017, 2001 cm™'), which support the
weak o-donor/r-acceptor strength of 1.

Computational Studies. Density functional theory
(DFT) calculations were performed to gain further insight
into the ligand properties of silyliumylidene 1b and the
electronic structure and bonding situation in complexes 2-5.
We calculated the proton affinity (PA) of silyliumylidene 1,
which can be used to quantify its o-donor ability.”® For easy
comparability, we employed the same method and basis set
(B97-D/Def2-TZVP//B97-D/6-31G*) utilized in our pre-
vious publication discussing ¢-donor/z-acceptor strength and
ligand properties of various silylenes.”' Expectedly, the
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predicted PA of 917 kJ/mol for 1b was found to be rather low,
which can most likely be attributed to the cationic nature of
the silyliumylidene ion. This value does take the zwitterionic
mesomeric structures of 1b into consideration.”" Driess et al.
reported a zwitterionic f-diketiminate silyliumylidene™ that
exhibits a similarly low PA (888 kJ/mol), which also stems
from the cationic charge in the #-system of the ligand
framework.”' For comparison, these PAs are significantly lower
than model phosphine compounds (Ph,P, 1031 kJ/mol; Cy,P,
1072 kJ/mol), NHCs (IDipp, 1176 kJ/mol), and donor-
stabilized NHSis (~1200 kJ/mol) and slightly lower than
nonstabilized NHSis (~980 kJ/mol).”" These results agree
well with those derived from the IR analysis.

Additionally, we calculated the frontier orbitals of all
complexes: as expected, the HOMO and LUMO of 2-35 are
very similar (as an example, see Figure 2 for HOMO and

Figure 2. DFT-calculated frontier orbitals of silyliumylidene Fe(CO),
complex 5: HOMO (left, =7.08 eV) and LUMO (right, —=4.76 eV).

LUMO of §, cf,, Figures $39—541 for complexes 2—4). While
the HOMO of § is localized on the transition metal fragment,
the LUMO is mainly located on the silicon center and the
adjacent NHC framework. Furthermore, we also calculated the
Wiberg Bond Indices (WBI) (Table 3). The low values for the
WBIs (i.e., 0.63—0.78) correlate well with the long Si—M bond
distances observed for the complexes. Investigation of the
atomic charge distribution in complexes 2—5 via natural
population analysis (NPA) shows a substantial positive charge
located on the silyliumylidene silicon with a significant
negative charge on the transition metal center. The negative
charge located on the metal center decreases considerably with
increasing atomic number of the metal (i.e., Cr (=2.61) — Mo
(—2.25) = W (—1.66)), which is most likely the consequence
of the orbital size differences that makes donation of the
silicon-centered lone pair to the metal more difficult with its
increasing size. Additionally, this conclusion is in line with the
obtained bond polarization values and the increasing s
character of silicon, which also indicate a decreasing donation
of the silicon centered lone pair.

Interestingly, the calculated bond dissociation energies
(BDEs) of 2—4 follow an opposite trend, showing the

strongest binding for 4 (51.9 kcal/mol) and the weakest
binding for 2 (41.5 kcal/mol). We presume that this trend can
be traced back to an increased ionic nature of the Si — M
bond with an increasing atomic number. This results in an
increased bond strength with a decreasing covalent character,
which is also reflected in the calculated WBI values. Finally, we
note that 5 has both a much larger BDE than 2—4, as well as
an increased covalent character (WBI = 0.78). These results
are comparable to the results of our previous study where we
have systematically investigated Fe-carbonyl silylene complex-
es.”’” Additionally, NBO analysis (cf, Table 52—S5) of iron
complex 5 revealed a small contribution of z-backdonation
from a metal d-orbital to the central silicon atom, while no -
backdonation for the group 6 complexes 2—4 was found.
These substantial differences are also reflected in the thermal
stability of the complexes: whereas the group 6 complexes 2—4
melt under decomposition between 74 and 83 °C, solid 5 only
decomposes at temperatures higher than 195 °C.

B CONCLUSIONS

In summary, we have synthesized and fully characterized a
series of novel group 6 (Cr, Mo, W) and group 8 (Fe)
carbonyl complexes 2—5 of an NHC-stabilized silyliumylidene
ion, which includes the first reported Fe, Cr and Mo complexes
of a silyliumylidene ion, by directly reacting silyliumylidene
triflate 1b-OTf with transition metal carbonyl precursors.
Coordination of the Si(II) cation to the metal is accompanied
by a significant downfield shift of the *’Si NMR resonance. SC-
XRD analysis revealed surprisingly long Si—M bond lengths.
Analysis of the complexes via carbonyl IR stretching
frequencies together with DFT calculations give insight into
the o-donor ability of the Si(Il) cation, which is significantly
lower than in model NHC or phosphine complexes, most
likely because of the positive charge located on the silicon
center. Further coordination chemistry of NHC-stabilized
Si(Il) cations toward other metals and their application in
organometallic transformations is currently under investigation
in our laboratory.
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Content: Dimeric, halide-bridged metal precursors are often used in metalorganic
chemistry as convenient starting materials for a variety of complexes. They can easily
dissociate into monomers and therefore can offer an essentially free coordination site
for the reaction with additional ligands. With the presence of multiple halides, they also
have the potential for further functionalization and follow-up chemistry.

This publication outlines the synthesis of a variety of NHC-stabilized chlorosilylene
metal complexes through reaction of NHC-stabilized Si(II) cations with chloro-bridged
dimeric transition metal precursors. The mechanism of formation was investigated in-
depth by theoretical means: the initial coordination of the silyliumylidene ion with
concomitant cleavage of the metal dimer is followed by a rapid insertion into the M—ClI
bond with simultaneous migration of a silicon-bound NHC to the metal. The mechanism
could also be verified experimentally with NMR and SC-XRD characterization of the
initially formed silyliumylidene complex.

Due to the presence of three chlorides in the complexes, they were presumed to be
ideal starting materials for further functionalization. Initial reduction with one equivalent
of potassium graphite leads to an unexpected outcome: the NHC coordinated to silicon
dissociates with simultaneous migration of the metal-bound chloride substituent to the
silicon center. SC-XRD analysis revealed a substantial decrease in the Si—M bond
length. Further reductive dechlorination of the di(chloro)silyl ruthenium complex with
additional KCs furnishes an unstabilized chlorosilylene transition metal complex. The
solid-state structure once again showed a significant decrease in the Si=Ru bond
distance, suggesting a double bond character. However, it remains to be seen whether
an isolation of a Si=M triple bond can also be realized with this system, either through
further reductive dechlorination or through salt metathesis chloride abstraction.
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processing of the data and wrote the manuscript. T. Szilvasi carried out the computational studies. All
work was performed under the supervision of S. Inoue.
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Abstract: Silicon(ll) cations can offer fascinating reactivity
patterns due to their unique electronic structure: a lone pair
of electrons, two empty p orbitals and a positive charge
combined on a single silicon center. We now report the
facile insertion of N-heterocyclic carbene (NHC)-stabilized si-
lyliumylidene ions into M—Cl bonds (M=Ru, Rh), forming a
series of novel chlorosilylene transition-metal complexes.
Theoretical investigations revealed a reaction mechanism in
which the insertion into the M—Cl bond with concomitant

1,2-migration of a silicon-bound NHC to the transition metal
takes place after formation of an initial silyliumylidene transi-
tion-metal complex. The mechanism could be verified exper-
imentally through characterization of the intermediate com-
plexes. Furthermore, the obtained chlorosilylene complexes
can be conveniently utilized as synthons to access Si—M and
Si=M bonding motifs bonds through reductive dehalogena-
tion.

/

Introduction

The presence of a lone pair of electrons, two vacant orbitals
and a positive charge on the silicon center makes silyliumyli-
dene ions an incredibly versatile and promising class of low-
valent silicon compounds.™ They offer a large, yet untapped
synthetic potential in organosilicon chemistry with the possibil-
ity to form up to three new bonds in a single reaction.”’ They
are promising candidates for the activation of small molecules,
transition metal free catalysis® and can act as synthons for
novel (low-valent) silicon compounds. Further, with the pres-
ence of a stereochemically active lone pair, they can also func-
tion as ligands in transition metal complexes. So far, no one-
coordinate Si' cation has been isolated® and most reported
examples are three-coordinate and utilize two Lewis bases for
their stabilization (e.g. NHCs).”’ This brings the drawback of a
generally reduced reactivity by blocking the empty p-orbitals.
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Hence, both amount and diversity of reported reactivities
lag behind those of silylenes, where common reactivity pat-
terns include insertion reactions into various types of (strong)
bonds. A staggering number of examples for the insertion into
E-H (E=H, N, O, S, C, B, ...) and E—Halogen bonds have been
reported in recent years.” Similarly, the coordination chemistry
of silylenes with transition metals is a continucusly expanding
research field with various catalytic applications.”®*”

In contrast, even as the number of isolable base-stabilized si-
lyliumylidenes continues to grow,"*® reported reactivities
remain scarce.”* Only few reactivity studies with small mole-
cules"” have been found and E-H bond activation reactions
are limited to S—H, O-H and acidic C—H bonds.”™""!

The chemistry of Si' cations as transition metal ligands has
seen some progress in recent years.'? Reported examples in-
clude complexes with coinage metals"*? and group 6 and 8
metal carbonyls,"®¢ but no further reactivity of these com-
plexes has been reported to date. Importantly, the synthesis of
new types of complexes with silicon-based ligands and sub-
stituents is of high interest for the development of improved
catalysts.”*"* With their intriguing synthetic potential, silyliu-
mylidenes are uniquely suited for the facile synthesis of various
types of Si—M (multiple) bonds (e.g. through salt metathesis or
formation of coordination complexes followed by abstraction/
migration of stabilizing Lewis bases). This was elegantly dem-
onstrated by Filippou et al. with the direct synthesis of a mo-
lybdenum silylidyne complex.'*?

For silylene complexes, a variety of follow-up chemistry is
known.®®” For instance, multiple insertion reactions into
metal-chloride bonds of a coordinated transition metal frag-
ment have been reported. For example, Jutzi and co-workers
disclosed the insertion of Decamethylsilicocene into a Hg—X
bond, furnishing silyl-substituted Hg compounds (I,
Scheme 1A)." The group further reported analogous insertion

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(A) Insertion of silylenes into M-CI bonds:

L,M-CI )
Juntzi Cp*;Si — [Cp*2(CSI-M-L,
M = Hg, Ni, Au |
si' sV
N,Dipp Dipp
v ..Cl N ©lI
Kato & S _o, ( par
Baceiredo  Rp” '\ 1
CI—Rh(COD) RyP—Rh(COD)
1] mn
si' sV
(B) Insertion of Si'' cations into M—~CI bonds (this work):
NHCT™ Ly, T L, T
- M- M
R-gk L T A - I T
R-Si R-Si,
NHC 1 “NHC o
NHC NHC
si' si' si'

Scheme 1. (A) Examples for silylene insertion reactions into M—Cl bonds.
(B) Formation of chlorosilylenes via insertion of si" cations into M—Cl bonds.

reactions into Ni—Cl and Au—Cl bonds''” and related reactivi-
ties with Pt—Cl bonds were also reported by Lappert et al."
Recently, Kato, Baceiredo, and co-workers reported the inser-
tion of a chlorosilylene ligand into the Rh—Cl bond of a coordi-
nated [RhCI(COD)] fragment (lI), forming the corresponding
RSiCl,—Rh(COD) compound IIL"" For silyliumylidene ions and
their transition-metal complexes, no analogous reactivity has
been observed so far. In fact, insertion reactions into E—Halo-
gen bonds have not been reported at all.

Herein, we now report the first reactivity studies regarding
insertion reactions of a Si' cation into transition metal-chloride
bonds. Reactions of NHC-stabilized silyliumylidene ions with di-
meric, chloro-bridged transition-metal precursors lead to coor-
dination of the Si' cation to the metal fragment, followed by
insertion of the silyliumylidene ligand into the M—Cl (M=Ru,
Rh) bond, furnishing NHC-stabilized transition metal silylene
complexes (Scheme 1B). The complexes have been fully char-
acterized by multinuclear NMR spectroscopy and SC-XRD
(single crystal X-ray diffraction) and the insertion mechanism
has been investigated theoretically and verified experimentally,
Furthermore, we present a facile access route to Si-M and
Si=M bonds through stepwise reduction of the isolated com-
plexes with KCy, initially furnishing silyl-substituted complexes,
followed by the formation of the corresponding Si=Ru double
bond through additional reductive dehalogenation. Important-
ly, while these types of insertion reactions are generally accom-
panied by an increase of the silicon oxidation state from Il to
IV, no such change occurs for silyliumylidene ions (cf.
Scheme 1).

Results and Discussion
Insertion of a Si" cation into a Ru—Cl Bond

While exploring the coordination chemistry of NHC-stabilized
Si' cations, we investigated the reaction of the Tipp-substituted
silyliumylidene ion 1a® with the transition metal precursor
[RuCly(p-cym)], (Scheme 2, p-cym = 1-Me-4-iPr-benzene). Addi-

LS}
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+
-
IMel CI i
/ "2 [RuCla(p-cym)l; ci-Ru
Tipp-Siz —.'(CH;,CN) , L
IMe, =40 ;CE%- rt Tlpp*?LCI 4
1a IMe,
Tipp = 2.4,6-Pr;-CeHy .

IMe,4 = 1,3,4,5-tetramethyl-
imidazol-2-ylidene

Scheme 2, Synthesis of chlorosilylene ruthenium complex 2.

tion of cold acetonitrile to a mixture of 1a and the precursor
at —40°C led to an immediate color change of the solution to
deep red. At about —20 to —15°C, the color of the solution
rapidly changed to orange. Even at —40°C, a color change to
orange can be observed within 2 hours. The **Si NMR of the
orange solution displays one resonance with an expected
downfield shift at 17.6 ppm (from —69.5 ppm (1a)*¥), indicat-
ing the formation of a single coordination product. Interesting-
ly, the corresponding "H NMR (cf. Supporting Information, Fig-
ure S8) showed a highly asymmetric species with four separate
septets and eight doublets (corresponding to four chemically
unique iso-propyl groups) and two distinct signal sets for the
NHCs. The "CNMR showed two resonances for the carbene
carbon atoms at 169.9 and 154.8 ppm, indicating the possible
migration of one NHC to the transition metal.

The complex rapidly decomposes at room temperature in
solution to a mixture of products, making further investigation
and functionalization difficult. Nevertheless, crystals suitable
for SC-XRD analysis could be obtained by storing a concentrat-
ed solution of 2 in MeCN at —35 °C. Figure 1 shows the solid-
state structure of 2, unambiguously confirming the asymmetric
nature of the complex and the shift of one NHC to the metal.
The half-sandwich complex with a piano-stool configuration

Figure 1. Ellipsoid plot (50%) of the molecular structure of 2. Hydrogen

atoms and the anion are omitted. The Tipp substituent is simplified as a

wireframe for clarity. Selected bond lengths [A] and angles [ ]: Si1—Rul

2.409(1), Si1-CI1 2.167(1), Si1—C1 1.941(4), 5i1-C16 1.970(4), Ru1—-Cl2

2.404(1), Ru1-C23 2.077(4), Rul—p-cym , 1.770(1), C1-Si1—-Ru1 123.3(1), Si1—

Rul—p-cym 131.1(1), CI1-Si1—Ru1-Cl2 —173.1(1), C16-Si1-Ru1-C23
11.1(2).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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features an NHC- stabilized aryl-chlorosilylene ligand with a tet-
rahedral coordination sphere around the silicon center and a
Si1-Rul bond length (2.409(1) A) typical for Si-Ru bonds."®
The Si—Cyyyc (1.970(4) A) and Ru—Cyyc (2.077(4) A) bond lengths
are in the typical range for Si—Cy,c and Ru—Cyyc bonds.

It is worth noting that attempts to stabilize the complex by
employing the significantly bulkier m-terphenyl (2,6-(2,4,6-Me,-
C.H.),-C,H;) substituent were unsuccessful and no reaction
could be observed, presumably due to its large steric hin-
drance. Similarly, we envisioned the introduction of a Cp*
ligand (Cp*=1,2,3,4,5-pentamethyl-cyclopentadienyl) on the
metal. The p-cymene ligand is often a weak spot in such com-
plexes, as it can be relatively easily cleaved from the metal. Un-
fortunately, no reaction of the related precursor [RhCl,(Cp¥)l,
with 1a could be observed, most likely due to the increased
steric demand of the Cp* substituent.

Formation of complex 2—mechanistic insights

To elucidate the mechanism of formation of chlorosilylene
complex 2, we performed DFT calculations at the B97-D/def2-
SVP level of theory (Figure 2). In a first step, the coordination
of a silyliumylidene moiety to each transition metal center
leads to the splitting of the dimer, forming the silyliumylidene
complex 2. This also indicates why no reaction could be ob-
served at all for the significantly bulkier m-terphenyl and Cp*:
the initial coordination step is blocked due to their large steric
hindrance, which completely stops any product formation.
After the coordination, the insertion reaction of the low-valent
silicon into the Ru-Cl bond occurs with concomitant 1,2-mi-
gration of one NHC moiety to the transition metal. We have
previously observed a related NHC migration reaction involv-
ing NHC-stabilized silyliumylidene ions with the formation of a
[(IMe,),Au]Cl complex from a silyliumylidene gold complex.*®
This migration/insertion reaction is similar to the mentioned in-

sertion reaction of a chlorosilylene ligand into a Rh—Cl bond
(I—1Il, Scheme 1)."” However, a key distinction to the inser-
tion reactions of silylenes is that in the case of the Si' cation,
the formal oxidation state of the silicon center does not
change: here, the insertion reaction leads from [R-Si"l" to [R—
Si'-Cl], whereas silylenes [R,5i"] yield silyl-substituted com-
plexes [R,CISI"—M] (cf. Scheme 1).

Based on the calculated reaction profile we presumed that
the deep red species observed at low temperatures during the
synthesis should be the silyliumylidene complex 2'. Indeed,
low-temperature *°Si NMR analysis (—30°C) showed a weak res-
onance at considerably higher field (—21.1 ppm vs. 4+ 17.6 ppm
for 2) that immediately vanished upon warming and even dis-
appeared at low temperatures within 2 hours. This upfield
shifted resonance is expected for a Si' center with two coordi-
nated NHC moieties and is in line with our previously reported
group 6 silyliumylidene complexes (Cr: +6.3 ppm; Mo:
—173 ppm; W: —30.5 ppm and the related iron complex
(++5.4 ppm)).""! To further reinforce the suggestion that 2" is in
fact the intermediate observed at low temperatures, we calcu-
lated the **Si NMR shifts for 2 and 2': we find that the calculat-
ed chemical shifts (19.8 ppm for 2 and —23.4 ppm for 2'
(HCTH407/def2-SVP//B97-D/def2-SVP)) are in good agreement
with the experimentally observed values.

Due to the relatively rapid insertion reaction occurring even
at low temperatures, we were unable to structurally character-
ize 2. However, based on these results we hypothesized, that
the insertion/migration reaction from 2’ to 2 occurs so rapidly
to reduce the considerable steric congestion at the silicon
center and that reducing the size of the aryl substituent could
enable us to isolate the intermediate silyliumylidene complex.
Consequently, we utilized 1b™ and performed the same reac-
tion (Scheme 3). Indeed, *’Si NMR analysis of the resulting red—
orange solution showed a resonance at —20.5 ppm, considera-
bly upfield shifted compared to 2 (17.6 ppm) and very close to

AG iMes ] P N
il CI,ﬁiu————:Si—R o >_®:l >‘@:I
X ., -
s Cl-ply ! L . i 2 cr;‘“‘cw 2 g
+10 — 1 - - -2 \ . el M
NOCY g el R-Si. r-si IMes
R-Sii----Ru Me4 1 "> IMey 1
T 456 IMe e 3 e
°T oo 0 i 13 23
— T '
Me,] i o :
=10 - | 2 R-sit =3 P 2 g :
T =-11.5 St )
IMes IMey R-SI ]
T =l - 7o M, i
=20 —+— T C"I / \Cf X >—< % IMe, “
: E CI‘R_U’C‘ IMe ., 2 CI‘/RU'CI .:
a-Ru-ci R-Si, >_®:| i
-30 4 Cl-gyCl + IMeMea ci-Ru 3
1a ) Y /
2 R-Si _ IMes \
t Cl [
-40 — IMey y
i 2 \
453

Figure 2. DFT-derived reaction mechanism and energy profile for the formation of 2 from 1a via 2"
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Scheme 3. Synthesis of silyliumylidene complexes 3 and 4. N4
N2

the —21.1 ppm for 2". However, 3 decomposes incredibly
quickly at room temperature (even faster than 2) and slowly at
—35°C, preventing further characterization and analysis (espe-
cially through SC-XRD). Hence, to stabilize the desired com-
plex, we also attempted the reaction with [RhCl,(Cp*)],, which
proceeds instantly even at —40°C. **Si NMR analysis of the
deep red solution showed a resonance at —24.2 ppm (d,
'Js an=66.9 Hz), indicating the formation of the desired com-
plex 4. While 4 is somewhat more stable in solution than 3, it
still decomposes rapidly (for details concerning the decomposi-
tion, see Supporting Information). Still, we were able to obtain
single crystals of 4 through quick diffusion of Et,0 into a
MeCN solution at —35°C. The solid-state structure (Figure 3)
revealed a silyliumylidene complex with a geometry compara-
ble to the chlorosilylene complex 3, except that in 4 both
NHCs are still located on the silicon center and both chlorides
are still bound to the metal. The compound features a long
Rh1-Si1 bond length of 2.426(2) A with typical Si—Cy,c bond
lengths (1.958(7) and 1.944(7) A). The angle between the coor-
dinated NHCs (93.9(3)") is comparable to uncoordinated silyl-
iumylidene ions (e.g. 1a: 94.3(1)").1'*

Attempts to convert 4 into the chlorosilylene complex analo-
gous to 2 through prolonged stirring failed due to the low sta-
bility of 4 in solution. No conversion could be detected after
12 hours at —35"C and at higher temperatures only decompo-
sition products were observed.

Reactivity of silyl-substituted silyliumylidene ions

Silyl groups have proven to be excellent substituents for the
stabilization of elusive main group species because of their

Figure 3. Ellipsoid plot (50%) of the molecular structure of 4. Hydrogen
atoms and the anion are omitted. The mesityl substituent is simplified as a
wireframe for clarity. Selected bond lengths [A] and angles []: SiT—Rh1
2.426(2), 5i1—C1 1.899(7), Si1—C10 1.958(7), Si1—C17 1.944(7), Rh1—CI
2.420(2), Rh1-CI2 2.404(2), Rh1—Cp*, 1.857(1), C1-Si1-Rh1 112.7(2), C10—
Si1-C17 93.9(3), Si1—Rh1-Cp* | 132.3(1).

tuneable steric demand as well as their strong o-electron-do-
nating properties."” Consequently, we attempted the same
conversions with our recently reported silyl-substituted silyl-
iumylidenes®®™ 5 in the hope of furnishing analogous silylium-
ylidene or chlorosilylene complexes with increased stability in
solution to allow further functionalization. Reaction of 5 with
[RuCl,(p-cym)], and [RhCp*Cl,), (Scheme 4) furnished the
orange to red chlorosilylene complexes 6 and 7, respectively.
Only 5c¢ did not react in a clean fashion with [RhCp*Cl,],,
giving a mixture of products containing the desired complex
with less than 40 % (cf. Supporting Information Figure 556). Pu-
rification attempts were not successful. This can presumably
be attributed to the increased steric demand of the bulkier
NHCs together with the Cp* ligand, thus favouring side reac-
tions. 2Si NMR analysis of 6-7 (see Table 1) revealed resonan-
ces close to 2, clearly indicating the formation of the analo-
gous chlorosilylene complexes. Furthermore, 'H and "C NMR
spectra show formation of asymmetric species with clear signal
sets for NHCs bound to both silicon and the metal. Generally,
reactions with the rhodium precursor give higher yields than
the analogous ruthenium reactions due to higher stability of
the Rh complexes in solution. While complexes 6 still slowly

+
TTer — _Ter

= \ /NHC cr ; n

ci-Ru /2 [RuClz(p-cym)] /5 [RhClz(Cp*)]z R

N LR g siesis —— o=

RySi—Si_ NHC (CHACN) (CH4CN) o M
t cl —40°C —~rt NHC —40°C —~rt Rssl—?l_c‘
45-64% 62-70%

NHC NHC
R;Si NHC R,Si NHC R;Si NHC
6a  (Bu)Si IMe, 5a  fBu,Si IMe,4 7a BusSi  IMey
6b fBuMeSi  IMe, 5b tBu,MeSi IMe, 7b BuMeSi IMe,

6c BuzMeSi IEt;Me;

5¢c tBu;MeSi IEt;Me;

7c BuMeSi IEt;Me;

Scheme 4. Synthesis of 6 and 7 from 5 (IEt,;Me, = 1,3-diethyl-4,5-dimethylimidazol-2-ylidene).
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decompose at room temperature in solution (6a being the
most stable of all ruthenium complexes with full decomposi-
tion after roughly 12 hours), 7a and 7b are stable for at least
two weeks.

To further elucidate and strengthen our proposed reaction
mechanism, we used the tBu,Si-substituted silyliumylidene tri-
flate 5a-OTf (instead of chloride) and carried out the same re-
action: the corresponding complex 7a-OTf could be obtained
(cf. Supporting Inforamtion, Figures S46-548), excluding any
relevant involvement of the anion in the reaction mechanism.
This reactivity also further underscores the hypothesis that the
Si' cation indeed inserts into the M—Cl bond.

SC-XRD analysis of complexes 6a, 7a and 7b (for details,
see Supporting Information Figure $82-584) revealed the same
general structural motif present in 2. The Si-M bonds (2:
2.409(1) A, 6a: 2.499(1) A, 7a: 2.423(2) A, 7b: 2.384(1) A) in all
complexes are quite long. Interestingly, 2 exhibits a shorter
bond length (4=0.09 A, 3.6%) than 6a. This trend in bond
lengths can also be observed in the related silyl- and aryl-sub-
stituted hydrosilylene iron complexes (e.g. Si-Fe distance in Ar-
YI(H)SI(NHC)—Fe(CO), (2.3268(6) A™) is shorter than in Sily/(H)-
Si(NHC)—Fe(CO), (2.3717(16) A®")). The distance between the
metal and the centroid of the aryl ligand M-aryl , are statisti-
cally identical in 2 and 6a (1.770(1) A vs. 1.767(1) A).

i e i - Si1—Cl1 bonds are essentially identical in all complexes, with
Table 1. Comparison of *’Si NMR shifts (CD,CN, Central Silicon) and XRD " . lightly | for th . .
data of SI' cations 1 and 5 and complexes 2-4 and 6-10.% Si1—Cyy bonds being slightly longer for the tBu,Si substituted
complexes. The two chloride substituents are oriented almost
R M “SINMR - Si-M [A] M-aryl, [A completely opposite to each other in 2 (dihedral angle CI-Si—
ppm] M-Cl: —173.1(1)", while they exhibit a slightly more staggered
la  Tpp *69-5::‘ position in 6a and 7a (—156.1(1)° and —154.8(1)", respective-
;: ?QESSi _;;;m ly). A similar trend can be observed for the dihedral angle be-
5h fBuzMeS'\ _ap.7% tween the two NHC ligands: 2 shows a Cc—Si—M—Cyyc dihe-
5¢  (Bu,MeSi" 86.2™ dral angle of —11.1(2)", whereas narrowing of this angle can
3 Mes Ru  —205 be observed for 6a and 7a (—0.2(2)” and —4.2(3), respectively).
4 Mes Rh 242 2.426(2) 1.857(1) 3
2 Tipp Ru 4176 24050) 177001) The ar\gle betwee'n the f:alculated planes of the two NHC scaf
6a  (BuSi Ru  +294 2.499(1) 1.76701) folds in the tBu,Si-substituted complexes (6a: 25.0°, 7a: 32.57)
6b  tBuMeSi  Ru +294 are significantly smaller compared to the Tipp-substituted
6c  tBu,MeSi® Ru  +235 complex (2: 45.8°), meaning they are oriented in a more paral-
7a  tBuSi Rh 235 2.423(2) 1.896(1) lel fashion
7b  tBuMeSi  Rh 239 2.384(1) 1.890(1) ’
7¢  BuMeSi® Rh 4186
8  BusSi Ru 2.374(1) 1.756(1) . . .
) 1Bu.Si Rh 2.328(1/2.331(1)  1.911(1)/1.909(1) Access to Si—M single and Si=M double bonds
i [c]
10 Busi Ru +24067 22360 175100 As complexes 2, 6 and 7 exhibit a halide counterion and one
[a] Ordered according to structural relationship. [b] NHC = IEt;Me,. halide bound to the silicon and transition metal each, we
[ €D thought them to be ideal precursors for the synthesis of Si—Ru

and Si—Rh multiple bonds through reductive dehalogenation.
We utilized the tBu,Si-substituted complexes 6a and 7a for
further investigations due to their significantly increased stabil-
ity in solution. After treatment of 6a and 7a with one equiva-
lent of potassium graphite (Scheme 5), we were able to isolate
the unexpected paramagnetic silyl-substituted complexes 8
(bright green) and 9 (grey-black) in moderate and good yield,
respectively. EPR analysis of 8 and 9 revealed only a single
band in both cases (cf. Supporting Information, Figures 564
and S67). No hyperfine coupling to a- or [3-silicon could be ob-
served. The g-values (8: g=2.1062, 9: g=2.1003) are in line
with other paramagnetic ruthenium and rhodium com-
plexes.*’ We successfully confirmed the composition of 8 and
9 through SC-XRD analysis (Figure 4, left and center). Forma-
tion of these complexes most likely takes place through 1,2-mi-
gration of the metal-bound chloride to silicon under dissocia-
tion of the silicon-bound NHC. As expected, the chloride coun-
terion was the first halide to be removed through reductive
dehalogenation.

The Si1—Rul bond length in 8 (2.374(1) A) is shortened sig-
nificantly (4=0.125 A, 5.0%) in comparison to 6a, which is
consistent with a reduction of the complex and an increase in
the bond order of the Si—Ru bond. Similarly, the Si1-Rh1 bond
length in 9 (2.328(1)/2.331(1) A) is also reduced (4=0.094 A
(average), 3.9%) in comparison to 7a. Interestingly, the Ru—p-
cym | distance in 8 (1.756(1) A) is slightly shorter than in 6a

Ter
J;Ar “ KC, M KBC : @
- U a
CI-/M\\M (THE] -M"“\Me4 —(TH) Ru,_
i—gi e, Si A
fBu;Si ?‘m Y g8tCort BuSITYCl BTt Busios, T
Ve, 57-65% Cl 63% cl

4

6a M = Ru, Ar = p-cym 8 M = Ru, Ar = p-cym 10

7aM = Rh, Ar = Cp*

9 M = Rh, Ar= Cp*

Scheme 5. Reduction of 6a and 7 a with KC, to silyl complexes 8 and 9 and to silylene complex 10.
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Figure 4. Ellipsoid plot (50%) of the molecular structures of 8 (left), 9 (middle, one out of two independent molecules in the asymmetric unit shown) and 10

(right). Hydrogen atoms are omitted and the tBu substituents are simplified as wireframes for clarity. Selected bond lengths [A] and angles []: 8: 5i1-Ru1l

2.374(1), Si1-CI1 2.161(1), Si1-CI2 2.160(1), Si1-Si2 2.424(1), Ru1-C13 2.064(2), Rul-p-cym |, 1.756(1), Si2—Si1-Ru1 128.0(1), Si1-Ru1-p-cym

134.0(1); 9: Si1—

Rh1 2.328(1)/2.331(1), Si1—CI1 2.145(1)/2.146(1), Si1—CI2 2.170(1)/2.171(1), Si1-5i2 2.430(1)/2.429(1), Rh1-C13 2.033(3)/2.018(3), Rh1-Cp*, 1.911(1)/1.909(1),
Si2—Si1-Rh1126.6(1)/126.0(4), 5i1—Rh1-Cp*, 135.7(1)/136.1(1); 10: Si1—Ru1 2.236(1), SiT—CI1 2.169(1), 5i1-5i2 2.416(1), Ru1—C13 2.055(4), Rul—p-cym |

1.751(1), 5i2—Si1—Ru1 143.8(1), Si1—Rul—p-cym | 147.7(1).

(1.767(1) A), whereas the Rh-Cp*, distance is slightly in-
creased from 1.895(1) A in 7a to 1.911(1)/1.909(1) A in 9.

We further attempted the reaction of 6a with two equiva-
lents of KC, in the hopes of furnishing a Si=Ru bond. Indeed,
two-electron reduction of 6a or additional reduction of 8 with
1 KC; yielded the ruthenium silylene complex 10 (Scheme 5,
63% from 8, 41% from 6a). During the reaction, an intense
color change from bright green (8) to deep red (10) can be
easily observed. We also attempted the reduction of complex
7 a (or 9; color change from black to purple) to a similar Si=Rh
species. While *Si NMR and mass spectrometry analysis (for de-
tails, see Supporting Information) suggest that formation of
the analogous complex takes place (albeit in a significantly less
clean fashion), we have been unable to obtain satisfactory ana-
lytical data so far.

With the additional reductive step, 10 is no longer paramag-
netic. The **Si NMR exhibits a significantly downfield shifted
resonance at 240.6 ppm, which falls in the expected range of
Si=M bonds with a three coordinate Si center”” and indicates
the multiple-bond character of the Si~=Ru bond. The observed
resonance is even more downfield shifted than the previously
reported structurally related aryl-chlorosilylene complexes
Cp*(R;P)(H)Ru=SiCl(aryl) (aryl=Tipp (221.7 ppm), m-terphenyl
(205.0 ppm)).** No signal splitting analogous to complexes 6
and 7 could be observed in the 'H/"*C NMR spectra. The car-
bene carbon atom of the metal-bound NHC also exhibits a sig-
nificantly more downfield shifted resonance at 188.5 ppm com-
pared to the 172.1 ppm observed for 6a.

SC-XRD analysis of 10 (Figure 4, right) revealed the expected
structure with only one chloride atom bound to the silicon
center. The silylene silicon adopts a trigonal planar coordina-
tion sphere (sum of angles around Si1: 359.4°). Again, a signifi-
cant shortening (A=0.138 A, 5.8%) of the Si—Ru bond takes
place from 2.374(1) A (8) to 2.236(1) A (10) (cf. 4=0.263 A,
10.5% from 6a), further indicating double-bond character. In
fact, the Si=Ru bond length is easily in the range of other
Si=Ru double bonds (2.18%%-2,34 A!'824),

Chem. Eur. J. 2020, 26, 1-9 www.chemeurj.org

Computational studies

To better understand the bonding situation and the electronic
structure of the isolated complexes, we also carried out DFT
calculations (for details, see Supporting Information). The cal-
culated metric parameters (Table 2, Supporting Information
Table 510) show good agreement with the experimentally ob-

Table 2. Summary of the calculated Si-M bond lengths, NPA atomic
charges and Wiberg bond index (WBI)/Mayer bond order (MBO) of the in-
vestigated complexes.
M Theor. NPA atomic charge WBI MBO
Si-M [A] Si M Si-M Si—M
2 Ru 2.392 +1.31 —0.56 0.73 0.83
4 Rh 2365 +1.23 025 0.64 0.81
Ga Ru 2.481 +0.81 —0.53 0.73 0.72
7a Rh 2.428 +0.74 021 0.64 0.70
8 Ru 2371 +0.74 046 0.60 0.86
9 Rh 2324 +0.68 —-0.21 0.68 0.91
10 Ru 2225 +0.62 073 1.35 1.52

served values, indicating the validity of the computational
method. Analysis of the Natural Bond Orbitals (NBO, Support-
ing Information Table $3-59) revealed that the Si-M bond po-
larity can change in different complexes: for example, the Si—
Ru bond is polarized towards the metal center in complexes 2,
8, and 10. In contrast, the bond is polarized towards the Si
atom in 6a. Combined with the very long Si-Ru bond distance
in 6a (2.499(1) A), we conclude that the Si-Ru bond in 6a is
more dative in nature while it exhibits an increased covalent
character in the other complexes. Natural Population Analysis
(NPA, Table 2 and Supporting Information Table S10) shows
that for the aryl-substituted complexes 2 and 4 the central Si
atom bears a more positive charge than in the silyl-substituted
complexes 6a, 7a and 8-10. This can presumably be attribut-
ed to the stronger o-donating properties of the silyl moieties
compared to aryl groups. In general, the ruthenium center in
complexes 2, 6a and 8 exhibits a more negative charge than

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the Rh atom in 4, 7a and 9. The Ru center in complex 10 ex-
hibits the highest negative charge (—0.73) out of all com-
plexes. This increased negative charge is most likely the conse-
quence of the double bond character of the Si=Ru bond in 10
suggested by the NBOs (cf. Supporting Information, Table 59).
The Wiberg Bond Index (WBI) and Mayer Bond Order (MBQ)
also support the double bond character, as both WBI and MBO
for complex 10 are significantly higher than in the other com-
plexes. These results agree well with the experimentally deter-
mined Si—M bond lengths. The calculated frontier orbitals also
confirm the validity of the Si=Ru bond in 10 (Figure 5), where
the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) correspond to the bond-
ing and anti-bonding orbital of the Si—Ru mi-bond. Additionally,
we were unable to find similar orbitals for the other investigat-
ed complexes (cf. Supporting Information, Figure S88-593), in
which the HOMO and LUMO are associated with the metal d
orbitals and the mt-system of the Cp* or p-cymene ligands.

Figure 5. Calculated frontier orbitals of Si=Ru complex 10: HOMO (left,
—3.52 eV) and LUMO (right, —1.43 eV).

Conclusions

In summary, we have used NHC-stabilized Si' cations as a con-
venient entry point for the isolation of Si—M, Si-M and Si=M
moieties via the insertion of silyliumylidenes into M—Cl
(M =Ru, Rh) bonds with simultaneous silicon-to-metal NHC-mi-
gration, followed by reductive dehalogenation. This work sig-
nificantly expands the still-young field of silyliumylidene transi-
tion metal coordination chemistry and showcases the ease
with which relatively bulky aryl- and silyl-substituted silyliumy-
lidenes insert into M—Cl bonds, forming chlorosilylene transi-
tion metal complexes. This is an important distinction to previ-
ously reported M—Cl insertion reactions of low-valent silicon
compounds, where the insertion leads to Si'" compounds. The
mechanism of formation was investigated theoretically and
predicted to include an initially formed silyliumylidene transi-
tion metal complex followed by insertion of the si' cation into
the M—Cl bond with concomitant 1,2-migration of a silicon-
bound NHC moiety to the metal. This could be verified experi-
mentally through NMR and XRD characterization of the silyl-
iumylidene complexes.

The presence of multiple halides on the isolated chlorosily-
lene complexes gives a simple access route to Si—M single and
Si=M double bonds through successive reductive dechlorina-
tion. The possible utilization of this synthetic approach to

Chem. Eur. J. 2020, 26, 1-9 www.chemeurj.org
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access various transition metal silylidene and silylidyne com-
plexes is currently under investigation in our laboratary.
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8. Summary and Outlook

Since Jutzi's seminal work on the pentamethylcyclopentadiene silicon(1I) cation L-22
in 20043, the field of silyliumylidene ions has been expanding ever since and these
highly reactive species have been garnering increasing interest in both academia and
industry. As detailed in chapter 2.3.4 of this thesis, not just the stoichiometric activation
of a variety of small molecules has been reported, but also transition metal-free
catalytic applications, the use of silyliumylidene ions as synthons for novel low-valent

silicon compounds and coordination chemistry with transition metals.

In 2014, our group reported the novel aryl-substituted NHC-stabilized silyliumylidene
ions L-29, isolated through a convenient one-pot procedure from readily available aryl-
dichlorosilane precursors through abstraction of HCI with free NHCs.'?> Motivated by
the interesting chemistry reported on the activation of phenylacetylene'?® and CO2'#*
with L-29 as well as the first report of a transition metal coordination complex
synthesized directly from a silyliumylidene ion from So et al.”™° with their DMAP-
stabilized silyliumylidene ion L-25'?", this thesis sought to expand the scope of

transition metal coordination chemistry with Si(II) cations as ligands.

Furthermore, as the sole substituent of a silyliumylidene ion can have a pronounced
impact on their reactivity and stability including the coordination behavior, the isolation
of novel silyliumylidene ions with different substituents was also targeted and the
previously reported dichlorosilane-based one-pot procedure chosen as the synthetic

approach.

8.1 Novel NHC-stabilized Silyliumylidene lons

To isolate the first silyl-substituted silyliumylidene ions, a variety of literature known
silyl-dichlorosilanes were synthesized and then reacted with three equivalents of NHCs
(Figure 17A)."? Addition of free NHCs to the dichlorosilane precursors leads to a rapid
precipitation of a 1:1 mixture of imidazolium chloride and silyliumylidene chlorides 1-3.
While the reaction is essentially quantitative, removal of the imidazolium chloride
byproduct reduces the isolable yield to ~55-65%. Separation of the low-valent silicon
species and the imidazolium salt was conveniently achieved through extraction with a
mixture of acetonitrile and toluene. This procedure can also be applied to other
silyliumylidene ions synthesized via the same route. Adapting to the different
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solubilities of various combinations of imidazolium salt and Si(II) cation as well as the

stability in different solvents is easily possible by varying the polar solvent and the

solvent mixture ratio.

Whereas the bulky ‘BusSi substituent does not allow isolation of silyliumylidene ions
with NHCs larger than IMes, replacement of the ‘BusSi moiety with ‘Bu:MeSi makes
the isolation of the IEtoMe> coordinated Si(II) cation 2b possible. In comparison to the
previously utilized aryl substituents, introduction of these silyl groups leads to a strong
upfield shift in the observed 2°Si NMR resonance due the stronger o-electron donating
properties of the silyl moieties and a decreased pyramidalization around the central

silicon atom.

Moreover, implementation of the mesityl group as a substituent with a relatively
small steric demand was also achieved. As 3 is not stable in acetonitrile solution,

separation of the IMes-HCI byproduct was achieved by using pyridine as the solvent.
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Figure 17 Synthesis of novel NHC-stabilized silyliumylidene ions 1-3 and SC-XRD structures of 1 and
2a (A); NHC exchange reaction of silyliumylidene 2b with plot of the relative concentrations
of 2b, 2int and 2a over time (B).

Interestingly, it is easily possible to exchange the coordinated IEt2Me, moieties in 2b
with the smaller, stronger Lewis base IMe4. The reaction progress can be conveniently
monitored via '"H NMR analysis, which also allows investigation of the reaction kinetics:
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the exchange reactions follow the 2" order rate law, which indicates an associative
Sn2-type mechanism. Exchange of IMe4 with IEt2Me2 cannot be achieved due to the

increased o-donor strength of IMea.

8.2 Coordination Chemistry of NHC-stabilized Silyliumylidene lons

With a variety of different silyliumylidene ions in hand, the field of coordination
chemistry with Si(II) cations as ligands was tackled. The transition metals, that could
be successfully utilized for the synthesis of a variety of different NHC-stabilized

silyliumylidene complexes are indicated in Figure 18.

Group
4 5 6 7 8 9 10 11 12

Ti | V|I[Cr|{Mn|Fe |[Co| Ni [Cu]| Zn

Zr [Nb [Mo| Tc [Ru|Rh | Pd | Ag | Cd

Hf | Ta | W [Re [Os | Ir | Pt | Au | Hg

Figure 18 Successfully employed transition metals in the coordination chemistry with NHC-stabilized
silyliumylidene ions during this thesis.

It was possible to isolate and fully characterize a range of complexes with transition
metals from groups 6, 8, 9 and 11. A more detailed summary of the obtained results is

given below.

8.2.1 Coinage Metal Complexes — Monomeric vs. Dimeric Structures

In an initial experiment, the m-terphenyl-substituted silyliumylidene ion L-29a was
reacted with the simple coinage metal salts CuCl, AgOTf and (Me2S)AuCI
(Figure 19A)."%% Addition of these salts to an acetonitrile solution of L-29a led to the
rapid decolorization of the initially bright orange solution. After recrystallization, the full
series of the first coinage metal complexes 4a, 5a and 6a of a silyliumylidene ion could
be isolated in high yield. 2°Si NMR analysis of the complexes revealed the expected
downfield shifts in comparison to the free Si(II) cation. In this context, the most
interesting feature is the observation of two doublets in the 2°Si NMR of the silver

complex 5a due to the coupling with the '°“”Ag and '°°Ag nuclei.
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In the case of the sterically demanding MesTer substituent on L-29a, the formed

complexes 4a, 5a and 6a are indefinitely stable in solution and display a monomeric

structure in the solid state. Reducing the steric bulk of the silyliumylidene substituent

to the Tipp group results in a dimerization along the M—Cl bond (complexes 4b, 5b and

6b) and a significantly decreased stability in solution. Upon decomposition, NHC

migration to the transition metal takes place, furnishing bis(NHC) metal complexes

(Figure 19B). The resulting silicon species could not be identified.

A | Complex Synthesis
IMe, X IMe, /IMe4 X
MX - MX Cl
MesTgr —Sjt—M-Cl = glg: © —— > Tipp-sit —'M\)/
\ A
M X L-29a R = MesTer M X
5a Ag OTf 5b Ag OTf
6a Au CI 6b Au ClI
T <+ ® /
o . a, N
@ |
Lo N2 %?
b\a%ﬁ*bczs @ N%ﬁ A - /
N2 C23 ap N A L
¢ | Monomeric Structure 9o \%
e 3% vs N %
- v - . N1 P
& Gagr N Dimeric Structure —_— & %r [+
ﬁ{ Scn / 1]
N\ 44
“\Wg
) d
©
Si1-Ag1: 2.379(1) A Si1-Ag1: 2.398(1) A
295i NMR: —44.1 ppm 29gi NMR: -46.6 ppm
& =Y
B | NHC Migration | . <
i} W/J\%)Lw
IMe, Cl IMe,
+ / JCL O l + cr unknown 1
Tipp—Si: —>Au\/< Au Si ;
i-species &8
\ X f i
IMey IMe4 e
6b <1 &

Figure 19

Synthesis of the first coinage metal complexes 4-6 of a silyliumylidene ion with the SC-
XRD structures of the monomeric and dimeric Ag complexes (A); NHC migration reaction
observed for the dimeric Au complex 6b (B).

8.2.2 Transition Metal Carbonyl Complexes and Ligand Properties

Since no investigations of the properties of silyliumylidene ions as ligands had been

reported and transition metal carbonyl complexes are exceptionally useful in the

determination of o-donor and/or T-acceptor properties of ligands, we decided to
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approach this research field as a continuation of our previous efforts on silyliumylidene

coordination chemistry.

Reaction of the Tipp-substituted silyliumylidene ion L-29b-OTf with group 6 carbonyl
THF complexes (M(CO)s(THF), M = Cr, Mo, W) resulted in the clean formation of the
metal carbonyl complexes 7-9 (Figure 20), which includes the first Cr and Mo

complexes of a Si(Il) cation.’*

| Anion Exchange & Transition Metal Carbonyl Complex Synthesis |

a) Cr(CO)sTHF
b) Mo(CO)sTHF
IMe, IMe, c) W(CO)sTHF IMe, OTf~
o or KOTf /o~ 9 Fey(CO) .
Tipp—Si: T Tipp—Si: Tipp—Si:—M(CO),
IMe4 IMe4 IMe4
L-29b L-29b-OTf M n
7 Cr 5
8 Mo 5
9 W 5
10 Fe 4

Si1-Mo1: 2.637(1) A Si1—Fe1: 2.349(1) A
295i NMR: -17.3 ppm 298j NMR: +5.4 ppm

Figure 20 Silyliumylidene anion exchange, synthesis of transition metal carbonyl complexes 7-10 and
SC-XRD structures of complexes 8 and 10.

Importantly, introduction of a triflate anion via an anion exchange reaction is necessary,
as the chloride anion in L-29b readily reacts with M(CO)s(THF) to form [M(CO)sCI]~.
The analogous MesTer-substituted complexes could not be obtained due to the
increased steric hindrance of the larger aryl substituent. Furthermore, it was possible
to isolate the first iron complex of a silyliumylidene ion by reaction of L-29b-OTf with
Fez(CO)o. Utilization of the more reactive iron carbonyl dimer is necessary, as no
reaction takes place upon addition of Fe(CQO)s. SC-XRD analysis of the complexes
revealed surprisingly long Si—-M bonds and IR analysis together with theoretical
investigations gave insight into the donor/acceptor properties of the silyliumylidene
ligand, which showed L-29b to be a weak o-donor ligand (presumably due to the
positive charge located on the silicon atom) with negligible Tr-acceptor ability (because

of the presence of 2 NHCs on the silicon center).
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8.2.3 Insertion into M-CIl Bonds and Access to Si—M Multiple Bonds

Dimeric, chloro-bridged transition metal complexes are well known and often employed
precursors in transition metal carbene complex chemistry. As these conveniently
accessible dimers can easily dissociate, they can essentially offer a “free” coordination
site that facilitates coordination of a new ligand. Moreover, the presence of multiple
halides allows the use of transmetallation reactions with, for example, Ag and Li
compounds in addition to having the potential for further functionalization via the halide

substituents.

Hence, we were interested in exploring the coordination chemistry of silyliumylidene
ions with these versatile dimers. Reaction of either silyl-based (R = ‘BusSi and
‘Bu,MeSi) or aryl-based (R = Tipp) silyliumylidene ions with [RuClz(p-cymene)]z or
[RhCIx(Cp*)]2 leads to highly asymmetric chlorosilylene complexes 11-15 through
coordination of the silyliumylidene ion to the transition metal accompanied by splitting
of the dimer, followed by insertion of the coordinated silyliumylidene ion into the metal—
chloride bond and migration of a silicon bound NHC to the transition metal
(Figure 21A).7%°

The mechanism of the coordination/insertion/migration reaction was investigated
theoretically (Figure 21B) and also verified experimentally with the isolation of the
silyliumylidene ion complexes 16 and 17 (R = Mes), which represent the first step of
the reaction mechanism before the insertion. Reaction of a silyliumylidene triflate
(instead of chloride) with the same transition metal precursors led to the identical
complexes with OTf~ as the counter anion, providing further evidence for the insertion
and rearrangement reaction mechanism and excluding the potential involvement of a

chlorosilylene in the coordination reaction.

Presumably, increasing the steric bulk of the silyliumylidene substituent favors the
insertion reaction to decrease the steric congestion around the silicon center. The
mesityl substituent in 3 is small enough to allow isolation of the silyliumylidene
complexes 16-17, whereas the slightly larger Tipp substituent in L-29b forces the rapid
insertion/migration reaction. Further increase of the steric bulk with the m-terphenyl
substituent prevents the initial coordination altogether, which explains why no insertion
reaction can take place in this case. Unfortunately, the low thermal stability of the
mesityl substituted complexes prevented the isolation of the corresponding

chlorosilylene complexes through prolonged reaction time or heating.
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Figure 21 Coordination/insertion behavior of various silyliumylidene ions with dimeric [MCI2(Aryl)]2

complexes and crystal structures of silyliumylidene complex 17 and chlorosilylene complex
11 (A); Calculated mechanism of the coordination and insertion reaction (B).

The presence of three chlorides in the obtained complexes makes them ideal starting
points for further functionalization. Reduction of the ‘BusSi-substituted ruthenium and

rhodium complexes 12 and 14 with one equivalent of KCg led to the expected removal
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of the chloride counter anion with a surprising rearrangement reaction: the chloride
bound to the transition metal migrates to the silicon center with concomitant
dissociation of the silicon-bound NHC, resulting in di(chloro)silyl-substituted complexes
18 and 19 (Figure 22). In both cases, a color change (12—18: orange—green; 14—19:
orange-red—black) can be observed. SC-XRD analysis of these complexes revealed
substantially shortened Si—-M bond lengths in comparison to the chlorosilylene
complexes 12 and 14. Further reduction of complex 18 with an additional equivalent of
KCs gave the unstabilized chlorosilylene complex 20. Once again, SC-XRD analysis
revealed a significantly shorter Si-M bond distance, indicating a double bond

character. An intense color change (18—20: green—red) can be observed as well.

Reduction and Access to Multiple Bonds |

.
ar Tor Ar 18 >
cI-M KCg : KCg -

./ \,M —_— PN IMe, T PAR
BusSi—Si., e Bu,Si~ 1 Cl ugsi-s,  Mes
f Cl ¢l

IMey4

M Ar M Ar 20
12 Ru p-cym 18 Ru p-cym
14 Rh Cp* 19 Rh Cp*

Si1-Ru1: 2.499(1) A Si1-Rut: 2.374(1) A Si1-Ru1: 2.236(1) A
295i NMR: +29.4 ppm EPR: g=2.1062 29gi NMR: +240.6 ppm

Figure 22 Reduction of chlorosilylene complexes 12 and 14 to silyl-substituted complexes 18 and 19
and further reduction of 18 to the Si=Ru double bond 20.

8.3 Outlook

This thesis has succeeded in significantly expanding the scope of the field of
coordination chemistry with silyliumylidene ions as ligands. It was possible to
synthesize, isolate and fully characterize the first transition metal complexes of NHC-
stabilized silyliumylidene ions. The coinage metal complexes 4-6 can be regarded as

a proof of principle, that NHC-stabilized Si(II) cations can indeed act as ligands in
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complex chemistry. Building on this, experimental and theoretical analysis of transition
metal carbonyl complexes 7-10 gave insight into the o-donor and Tr-acceptor
properties of NHC-stabilized silyliumylidene ions. Moreover, interesting reactivity
patterns could be observed, for example the migration of the silicon-bound NHCs to a
transition metal (Figure 19B, complex 6b), or the insertion of the low-valent silicon
moiety into the M—CI bonds of a coordinated transition metal fragment, resulting in
chlorosilylene complexes 11-15 (Figure 21). Nevertheless, further investigations into
the influence of the silyliumylidene substituent on their coordination behavior would

allow for a better understanding of the possible coordination chemistry.

While it was already shown that the obtained chlorosilylene complexes can offer a
relatively simple access route to Si=M double bonds through reductive dehalogenation,
further investigations are required as to whether they are also useful precursors for
Si=EM triple bonds. Conceivable approaches include either the further reductive
dehalogenation of the Si=M chlorosilylene complexes, or formation of a cationic
complex through abstraction of a chloride and exchange with a suitable weakly
coordinating anion. Additional functionalization of the chloride substituents is also a
possibility, which could give access to a series of otherwise unobtainable, asymmetric

silylene complexes.

However, the most important follow-up chemistry of the isolated complexes is their
application as catalysts in organic transformations. For example, iron-catalyzed
hydroboration reactions, ruthenium-catalyzed transfer hydrogenations or gold-
catalyzed hydroamination reactions could be attractive targets for silyliumylidene
complexes. In this context, isolation of nickel and palladium complexes could also open

up even more potential catalytic applications.
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9. Zusammenfassung und Ausblick

Seit Jutzis bahnbrechender Arbeit Uber das Pentamethylcyclopentadien-Silicum(II)-
Kation L-22 in 2004'"® hat sich das Forschungsfeld der Silyliumyliden-lonen stetig
erweitert und das Interesse von Wissenschaft und Industrie an diesen hochreaktiven
Verbindungen nimmt kontinuierlich zu. Wie in Kapitel 2.3.4 dieser Dissertation
detailliert dargelegt, wurde nicht nur Uber die stdéchiometrische Aktivierung einer
Vielzahl an kleinen Molekulen berichtet, sondern auch metallfreie katalytische
Anwendungen. Ebenso wurde die Verwendung von Silyliumyliden-lonen als Synthone
fur neuartige niedervalente Siliciumverbindungen beschrieben und die

Koordinationschemie mit Ubergangsmetallen untersucht.

Im Jahr 2014 berichtete unsere Gruppe Uber die Synthese von neuartigen, NHC-
stabilisierten Silyliumyliden-lonen L-29 mit sterisch anspruchsvollen Aryl-Resten, die
in einer einfachen ,one-pot‘-Reaktion aus leicht verfugbaren Aryl-Dichlorsilanen durch
Abstraktion von HCI mit Hilfe von freien NHCs dargestellt wurden.'?> Motiviert durch
die spannende und vielversprechende Chemie von L-29, die die Aktivierung von
Phenylacetylen’?® und CO,'** aufzeigte, sowie die erste Publikation von So et al. Giber
Ubergangsmetall-Koordinationskomplexe ', die direkt aus einem Silyliumyliden-lon
synthetisiert wurden, zielte diese Arbeit darauf ab, das Forschungsgebiet der
Ubergangsmetall-Koordinationschemie mit Si(II)-Kationen als Liganden signifikant zu

erweitern.

Da der alleinige Substituent eines Silyliumyliden-lons einen ausgepragten Einfluss
auf dessen Stabilitat und Reaktivitat (einschliel3lich des Koordinationsverhaltens)
haben kann, wurde auch die Isolation neuartiger Silyliumyliden-lonen mit
unterschiedlichen Substituenten angestrebt, wobei das zuvor erwahnte Dichlorsilan-

basierte ,one-pot“-Verfahren als synthetischer Zugang gewahlt wurde.

9.1 Neuartige NHC-stabilisierte Silyliumyliden-lonen

Um die ersten silyl-substituierten Silyliumyliden-lonen zu isolieren, wurden mehrere
literaturbekannte Silyl-dichlorsilane synthetisiert und anschlieRend mit je drei
Aquivalenten NHC umgesetzt (Abbildung 23A)."52 Die Zugabe von freien NHCs zu den
Dichlorsilanen flihrt zu einer schnellen Bildung einer 1:1-Mischung aus
Imidazoliumchlorid und den gewinschten Silyliumyliden-Chloriden 1-3. Obwohl die
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Reaktionen im Wesentlichen quantitativ verlaufen, reduziert sich die isolierbare
Ausbeute auf ~55-65% durch die Abtrennung des Nebenproduktes. Die Trennung der
niedervalenten Siliciumspezies und des Imiazoliumsalzes kann bequem durch
Extraktion mit einer Mischung aus Toluol und Acetonitril erfolgen. Dieses Vorgehen
kann auch auf andere Silyliumyliden-lonen angewendet werden, die mit der gleichen
Vorschrift synthetisiert wurden. Eine Anpassung an die unterschiedlichen Loslichkeiten
verschiedener Kombinationen von Imidazoliumsalzen und Si(II)-Kationen, sowie die
Stabilitat in verschiedenen Losungsmitteln kann problemlos durch eine Variation des

polaren Losungsmittels und des Losungsmittelverhaltnisses erreicht werden.
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Abbildung 23 Synthese der NHC-stabilisierten Silyliumyliden-lonen 1-3 mit Kristallstrukturen von
1 und 2a (A); NHC Austauschreaktion von Silyliumyliden 2b mit zugehérigem Plot
der relativen Konzentrationen von 2b, 2int und 2a aufgetragen gegen die Zeit (B).

Um Silyliumyliden-lonen mit groReren NHCs als IMe4 zu isolieren, muss die sterisch
anspruchsvolle ‘BusSi-Gruppe durch kleinere Silylreste wie beispielsweise Bu.MeSi
ersetzt werden. Die kleinere Silylgruppe ermdglicht problemlos die Synthese des
IEtoMe2-koordinierten Si(I1)-Kations 2b.

Im Vergleich zu den bisher verwendeten Aryl-Substituenten wird aufgrund der
starkeren elektronenschiebenden Eigenschaften der Silylgruppen eine starke
Hochfeldverschiebung der  2°Si-NMR-Resonanz  und eine  verminderte

Pyramidalisierung um das zentrale Siliciumatom beobachtet.
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Daruber hinaus war es moglich ein Silyliumyliden-lon mit dem sterisch wenig
anspruchsvollen Substituenten Mesityl zu isolieren. Da 3 allerdings in Acetonitril nur
eine geringe Stabilitdt aufweist, wurde die Abtrennung des Imiazoliumsalz-

Nebenproduktes mit Pyridin als Losungsmittel durchgefuhrt.

Interessanterweise ist es leicht moglich die koordinierten NHCs in 2b mit der
kleineren, starkeren Lewis Base I[IMes auszutauschen (Abbildung23B). Der
Reaktionsfortschritt kann bequem Uber 'H-NMR Analyse verfolgt werden, was
ebenfalls eine  Untersuchung der  Reaktionskinetik  ermoglicht:  die
Austauschreaktionen folgen dem Geschwindigkeitsgesetz 2. Ordnung, was auf einen
assoziativen Sn2-artigen Mechanismus hindeutet. Der umgekehrte Austausch von

IMe4 durch |Et2Mez ist aufgrund der hdheren o-Donorstarke von IMes nicht moglich.

9.2 Koordinationschemie von NHC-stabilisierten Silyliumylidenen

AnschlieRend wurde die Mdglichkeit der Ubergangsmetall-Koordinationschemie mit
Silyliumyliden-lonen als Liganden genauer untersucht. Die Ubergangsmetalle, von
denen erfolgreich Komplexe mit NHC-stabilisierten Si(II)-Kationen als Liganden

erhalten werden konnten, sind in Abbildung 24 dargestelit.

Gruppe
4 5 6 7 8 9 10 11 12

Ti | V|I[Cr|{Mn|Fe |[Co| Ni [Cu]| Zn

Zr [Nb [Mo| Tc [Ru|Rh | Pd | Ag | Cd

Hf | Ta | W |Re |Os | Ir | Pt | Au | Hg

Abbildung 24 Im Laufe dieser Arbeit erfolgreich eingesetzte Ubergangsmetalle in der
Koordinationschemie mit NHC-stabilisierten Silyliumyliden-lonen.

Es war moglich eine Reihe von Komplexen mit Ubergangsmetallen der Gruppen 6, 8,
9 und 11 zu isolieren und vollstandig zu charakterisieren. Eine detailliertere

Zusammenfassung der erzielten Ergebnisse ist im Anschluss aufgeflhrt.
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9. Zusammenfassung und Ausblick

9.2.1 Miinzmetallkomplexe — Monomere vs. Dimere Komplexe

Als Ausgangsexperiment wurde das m-terphenyl-substituierte Si(II)-Kation L-29a mit
den einfachen Munzmetallverbindungen CuCl, AgOTf und (Me2S)AuCl umgesetzt
(Abbildung 25A).">* Die Zugabe der Metallverbindungen zu einer orangefarbenen
Acetonitrilldsung von L-29a fuhrte zu einer raschen Entfarbung. Nach Umkristallisation
konnte die gesamte Reihe 4a, 5a und 6a der ersten Mlunzmetallkomplexe eines
Silyliumyliden-lons in hoher Ausbeute isoliert werden. Eine 2°Si-NMR-Analyse der
Komplexe ergab die erwartete Tieffeldverschiebung im Vergleich zum freien
Silyliumyliden-lon. Das interessanteste Merkmal sind die zwei Dubletts, die im 2°Si-
NMR-Spektrum des Silberkomplexes 5a aufgrund der Kopplung des Siliciumzentrums

mit den '°’Ag- und "%°Ag-Kernen beobachtet wurden.

A | Synthese der Komplexe
- X
IMe, X IMe,4 /IMe4
MX - MX Cl
MesTer —Sit—=M-Cl <——— —  R-siz Cl M . Tipp—si — M
\

M X L-29a R = MesTer M X
4a Cu ClI L-29b R=Tipp 4b Cu CI
5a Ag OTf 5b Ag OTf
6a Au CI 6b Au CI
1 <» ? /

~N

?Q“" N1 N2 %¥5

13
gb\j‘“’ c2s @ N2 4‘523 oL N < /

| Monomere Komplexe (% V\)

0) o1 oS! cazNaS _— vs X s A~ .- }\
1 1" - - -
& Sagr M Dimere Komplexe "y {\r L]
0{ S / ] Lf @

":‘\74 - s'{-'ob

3
) y
®
Si1-Ag1: 2.379(1) A Si1-Ag1: 2.398(1) A
295i NMR: —44.1 ppm 29g5i NMR: —46.6 ppm
& /G
B | NHC Wanderung | o MF“M
w/‘\%’k\&

IMe4 CI~ IMe4

+ / Cl l L O unbekannte I
Tipp—5it — AW X —O > A +  unbel
pp \/ Si-Verbindungen L

\ A f o ¥

IMe, IMey4 —

6b < d

Abbildung 25 Synthese der ersten Minzmetallkomplexe 4-6 eines Silyliumyliden-lons und

Einkristallstrukturen der monomeren und dimeren Silberkomplexe (A); NHC
Wanderung, die bei dem dimeren Goldkomplex 6b beobachtet werden konnte (B).

Wahrend sich im Falle des sterisch anspruchsvollen MesTer-Substituenten in Losung

die stabilen Komplexe 4a, 5a und 6a bilden, die in der Kristallstruktur eine monomere
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9. Zusammenfassung und Ausblick

Struktur zeigen, fuhrt eine Reduzierung des sterischen Anspruchs des Substituenten
zur Bildung der dimeren Komplexe 4b, 5b und 6b. Diese weisen in Losung eine
deutlich reduzierte Stabilitat auf. Bei der Zersetzung der dimeren Komplexe findet eine
NHC-Wanderung zum Ubergangsmetall statt, was zu einer Bildung von Bis(NHC)-
Metallkomplexen fuhrt (Abbildung 25B). Die in dieser Reaktion gebildeten

Siliciumverbindungen konnten nicht isoliert und eindeutig charakterisiert werden.

9.2.2 Ubergangsmetallcarbonylkomplexe und Ligandeneigenschaften

Da bisher keine Untersuchungen der Eigenschaften von Silyliumyliden-lonen als
Liganden verdffentlicht wurden und Ubergangsmetallcarbonylkomplexe sich zur
Bestimmung der o-Donor- bzw. m-Akzeptor-Eigenschaften eines Liganden
aulRerordentlich gut eignen, haben wir beschlossen, dieses Forschungsfeld als direkte

Fortsetzung unserer bisherigen Bemuhungen anzugehen.

Die Reaktion des Tipp-substituierten Silyliumyliden-lons L-29b-OTf mit den
Carbonyl-THF-Komplexen der Gruppe 6 Metalle (M(CO)s(THF), M = Cr, Mo, W) flhrte
zu einer direkten Bildung der Metallcarbonylkomplexe 7-9, wobei es sich hierbei um
die ersten synthetisierten Chrom- und Molybdan-Komplexe eines Si(Il)-Kations
handelt (Abbildung 26)."%*

| Anionentausch & Synthese der Ubergangsmetallcarbonylkomplexe |

a) Cr(CO)sTHF
b) Mo(CO)sTHF
IMe, IMey c) W(CO)sTHF IMe, OTf~
X oF KOTf ¥ ot d) Fe,(CO)g s
Tipp—Si: T Tipp—Si: Tipp—Si:—M(CO),
IMe4 IMe4 IMe4
L-29b L-29b-OTf M n
G?v 7 Cr 5
8 Mo 5
9 W 5
10 Fe 4

Si1-Mo1: 2.637(1) A Si1-Fe1: 2.349(1) A
298i NMR: -17.3 ppm 298i NMR: +5.4 ppm

Abbildung 26 Anionenaustausch des Silyliumyliden-lons L-29b, Synthese der Ubergangsmetall-
carbonylkomplexe 7-10 und Einkristallstrukturen der Komplexe 8 und 10.
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Der Austausch des Chlorid-Anions durch ein Triflat-Anion muss erfolgen, da das
Chlorid-Anion in L-29b direkt mit M(CO)s(THF) zu [M(CO)sCl]~ reagiert. Die analogen
MesTer-substituierten Komplexe konnten aufgrund des groRRen sterischen Anspruchs

des groRReren Aryl-Substituenten nicht erhalten werden.

Daruber hinaus war es moglich, den ersten Eisenkomplex eines Silyliumyliden-lons
durch Reaktion von L-29b-OTf mit Fex(CO)g zu isolieren. Der Einsatz des im Vergleich
zum Monomer Fe(CO)s reaktiveren Eisencarbonyl-Dimers ist notwendig, da mit dem
Monomer keine Reaktion stattfindet. Die Einkristallstrukturanalyse der Komplexe
zeigte Uberraschend lange Silicium—Metall-Bindungen. IR-Analyse kombiniert mit
theoretischen Untersuchungen gaben Einblicke in die Donor-/Akzeptor-Eigenschaften
des Silyliumyliden-Liganden L-29b, der sich am besten als schwacher o-Donor-Ligand
(vermutlich aufgrund der positiven Ladung am Siliciumatom) mit vernachlassigbarer 1r-

Akzeptorfahigkeit (aufgrund der zwei koordinierten NHCs) beschreiben lasst.

9.2.3 Insertion in M-Cl Bindungen und Zugang zu Si-M Mehrfachbindungen

Dimere, chloro-verbriickte  Ubergangsmetallkomplexe werden haufig als
Ausgangsverbindungen in der Ubergangsmetallcarbenkomplex-Chemie verwendet.
Da diese Verbindungen in Gegenwart von zusatzlichen Liganden leicht in Monomere
dissoziieren kdnnen, stellen sie Vorlauferverbindungen mit einer leicht zuganglichen,
effektiv freien Koordinationsstelle dar, die die Koordination neuer Liganden signifikant
vereinfacht. Darlber hinaus ermdglichen die Chlorid-Substituenten den Einsatz von
Transmetallierungsreaktionen mit beispielsweise Silber- oder Lithium-Verbindungen.
Ebenso ist das Potential flir weitere Funktionalisierungsreaktionen grof3. Aufgrund
dieser Eigenschaften waren wir daran interessiert, die Koordinationschemie von

Silyliumylidenen mit diesen flexiblen Komplexen zu untersuchen.

Die Reaktion von Silyl-basierten (R = ‘BusSi and ‘Bu2MeSi) oder Aryl-basierten (R =
Tipp) Silyliumylidenen mit [RuClz(p-cymene)]. oder [RhCl2(Cp*)]2 flihrt zu den hoch-
asymmetrischen NHC-stabilisierten Chlorosilylenkomplexen 11-15. Deren Bildung
erfolgt durch Koordination des Silyliumyliden-lons an das Ubergangsmetallzentrum
(unter Spaltung des Dimers), mit anschlieBender Insertion des niedervalenten
Siliciums in die Metall-Chlor-Bindung und gleichzeitiger Wanderung eines NHCs vom

Silicium-Liganden auf das Metallzentrum (Abbildung 27A)."%°
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’ Koordination ohne Insertion ‘

9. Zusammenfassung und Ausblick

’ Insertion in die M—-CIl Bindung und NHC Wanderung
>_’jcr WCI‘ R NHC
c-Ruci ' [RuCh(p-cym)l, ' RuClo(p-cym)l - L
/ Y Y /\ 12 Bu,Si IMey
Mes—Si\ = Mes * Mes R—SI o NHC 132 Bu,MeSi  IMe,
7,\,|(_34||\/|e4 r\’mc 13b Bu,MeSi IEt,Me,
/NHC
16 + -
— R-si: Cl —
N
+ NHC +
jcr TCI_
: ‘ R NHC
| |
cl-Rh-gy R = Mes R NHC R = Mes ci-Rh 14  BusSi IMey4
4 " RNCLCP N | o S M RnoLCey g 152 BuMeSi N,
Mes—Si L-29b Tipp IMey4 II‘Cl 15b tBUzMeSi IEt,Me,
1 BusSi IMe,
2a Buy,MeSi IMe,
2b BuyMeSi IEt,Me,

Si1-Rh1: 2.426(1) A
295 NMR:

Si1-Ru1: 2.409(1) A
1 —24.2 ppm 295i NMR: +17.6 ppm
’ Mechanismus der Insertion ‘
IMe4 .
AG RfS'i\Z + >—@ /'Meﬂ
kcal e _eQi_ 2+ +
[ ca‘(moI] IMey C:'—F{'u\m 'S{ R >_®/IMJ >—@ >—@
CI‘Ru/Cl IMe4 IMey4 o | I/Ru:—:S\\fR al fRu cl ) CI__/E{u\_CI
+10 - ©_< Rf\s.:———\‘ e S P, R*‘S'il R-gr  Meq
f>IMe, f
" 456 IMey4 IMey4 IMey
-1 , ,' +3. e - \
0 0.0 403 3.5 +1.3 ;2' ".
T \
Me, - —o— '
10 | 5 RS -7.1 ) oo
+ \ |
+ al /Ru;** Si-R IMe,4 |
-20 >_® cl-gl-Cl € Vive
Ru- - !
ci-Cl \
Cl-gy-Cl ©_<
-30 — + j+ v
IMey4 >_®
2 ci-Ru |
RS i IMe )
—40 - Mo Regha 0 | 0
R=Ti M -
e 53
Abbildung 27 Koordinations-/Insertionsverhalten von verschiedenen Silyliumyliden-lonen mit den

dimeren Komplexen [MCIl2(Aryl)]2, Kristallstrukturen des Silyliumyliden-Komplexes
17 und des Chlorosilylen-Komplexes 11 (A); Berechneter Mechanismus der
Koordinations- und Insertionsreaktion (B)

Der Mechanismus der Koordinations-/Insertions-/Migrationsreaktion wurde sowohl

theoretisch untersucht (Abbildung 27B), als auch experimentell mit der Isolierung der
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Komplexe 16 und 17 (R = Mesityl) belegt, die den ersten Schritt des
Reaktionsmechanismus vor der Insertionsreaktion reprasentieren. Einen weiteren
Beweis fur den Insertions-/Umlagerungsmechanismus liefert die Reaktion eines
Silyliumyliden-Triflats (anstelle von Chlorid) mit den gleichen Ubergangsmetall-
Ausgangsverbindungen, wobei die entsprechenden Komplexe mit Triflat als Gegenion
erhalten wurden. Dies schlie3t ebenso eine mogliche Beteiligung eines Chlorosilylens

an der Koordinationsreaktion aus.

Vermutlich begunstigt ein groRerer sterischer Anspruch des Silyliumyliden-
Substituenten die Insertionsreaktion, um die sterische Uberlastung um das
Siliciumzentrum herum zu reduzieren. Der Mesityl-Substituent in 3 ist scheinbar klein
genug, um die Isolierung der Silyliumyliden-Komplexe zu ermdglichen, wohingegen
der Tipp-Substituent in L-29b eine schnelle Insertions-/Migrationsreaktion erzwingt.
Ein noch groRerer sterischer Anspruch des Restes, sprich MesTer als Substituent in
L-29a, verhindert die gesamte Koordination komplett, weshalb in diesem Falle
Uberhaupt keine Reaktion beobachtet werden kann. Leider verhindert die geringe
thermische Stabilitdt der Mesityl-substituierten Komplexe die Isolierung der
entsprechenden Chlorosilylen-Komplexe durch eine verlangerte Reaktionszeit oder

hohere Reaktionstemperaturen.

Die drei Chloride in den erhaltenen Komplexen machen sie zu idealen
Ausgangspunkten flir weitere Funktionalisierungsreaktionen. Die Reduktion der
‘BusSi-substituierten Ruthenium- oder Rhodiumkomplexe 12 und 14 mit einem
Aquivalent KCs fiihrte zu der erwarteten Abstraktion des Chlorid-Gegenions mit einer
Uberraschenden Umlagerungsreaktion: das an das Ubergangsmetall gebundene
Chlorid wandert an den Siliciumliganden unter gleichzeitiger Dissoziation des Silicium-
gebundenen NHCs, was zu den di(chloro)silyl-substituierten Komplexen 18 und 19
fuhrt (Abbildung 28). Eine Einkristallstrukturanalyse der Komplexe ergab im Vergleich
zu den Chlorosilylenkomplexen 12 und 14 deutlich verkirzte Si—M-Bindungen.
Wahrend der Reaktion tritt aulRerdem eine eindeutig erkennbare Farbanderung
(12—18: orange—grun; 14—19: orange-rot—schwarz) auf. Eine Folgereduktion von
Komplex 18 mit einem weiteren Aquivalent KCs ergab den unstabilisierten
Chlorosilylenkomplex 20. Wie bereits bei der ersten Reduktion tritt hier eine deutliche
Verklrzung der Si—-M-Bindungslange auf, was auf den Doppelbindungscharakter des
Komplexes hindeutet. Ebenso kann auch hier eine Farbanderung beobachtet werden
(18—20: griin—rot).
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Reduktion und Zugang zu Si=M Mehrfachbindungen

TTor
hr ¢ Ar 18 VO
cl-M KC ' KC
/ \ 48> M\ 48> F\’IU
o el ! IMe4 ~
BuySi—si.  IMes [ Y4 IMe,
3 Cl 'BusSi” 1. Cl 'BusSi—Si
! S 0
Cl
IMe4
M Ar M Ar
12 Ru p-cym 18 Ru p-cym 20
14 Rh Cp* 19 Rh Cp*

Si1-Ru1: 2.499(1) A Si1-Ru1: 2.374(1) A Si1-Ru1: 2.236(1) A
295 NMR: +29.4 ppm EPR: g=2.1062 29gi NMR: +240.6 ppm

Abbildung 28 Reduktion der Chlorosilylenkomplexe 12 und 14 zu silyl-substituierten Komplexen
18 und 19 und weitere Reduktion von 18 zu der Si=Ru Doppelbindung 20.

9.3 Ausblick

Im Rahmen dieser Dissertation ist es gelungen, den Umfang des Forschungsfeldes
der Koordinationschemie von Silyliumyliden-lonen signifikant zu erweitern. Es war
moglich die ersten Ubergangsmetallkomplexe von NHC-stabilisierten Silyliumyliden-
lonen zu isolieren und vollstandig zu charakterisieren. Die berichteten
Muanzmetallkomplexe 4-6 kénnen als ,Proof of Concept® angesehen werden, dass
NHC-stabilisierte Si(II)-Kationen tatsachlich als Liganden in der Komplexchemie
agieren konnen. Darauf aufbauend gab die experimentelle und theoretische Analyse
von Ubergangsmetallcarbonylkomplexen 7-10 Einblick in die o-Donor- und T-
Akzeptoreigenschaften von NHC-stabilisierten Silyliumyliden-lonen. Darlber hinaus
konnten interessante Reaktivitatsmuster beobachtet werden, z.B. die Migration der
Silicium-gebundenen NHCs zu einem Ubergangsmetall (Abbildung 25B, Komplex 6b),
oder die Insertion des niedervalenten Silicium-Zentrums in eine Metall-Chlor-Bindung
eines koordinierten Ubergangsmetallfragments (Abbildung 27, Komplexe 11-15).
Dennoch wirden weitere Untersuchungen bezlglich des Einflusses der Silyliumyliden-

Substituenten bessere Rickschllisse auf ihr Koordinationsverhalten ermdéglichen.
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Wahrend bereits gezeigt werden konnte, dass die erhaltenen Chlorosilylen-Komplexe
einen relativ einfachen Zugang zu Si=M-Doppelbindungen durch reduktive
Dehalogenierung bieten konnen, sind weitere Untersuchungen erforderlich, ob sie
auch fur die Synthese von Si=M-Dreifachbindungen geeignet sind. Denkbar ware hier
beispielweise eine weitere reduktive Dehalogenierung der Si=M-Komplexe, oder die
Bildung eines kationischen Komplexes durch Abstraktion des verbleibenden Chlorids
und der Austausch mit einem geeigneten schwach-koordinierenden Anion. Eine
zusatzliche Funktionialisierung der Chloridsubstituenten ware ebenfalls moglich, die
so den Zugang zu einer Reihe von sonst unzuganglichen, asymmetrischen

Silylenkomplexen ermdglichen kdnnte.

Die wichtigste Folgechemie der isolierten Komplexe ist jedoch ihre Anwendung als
Katalysatoren in organischen Reaktionen. Beispielsweise konnten eisenkatalysierte
Hydroborierungsreaktionen, rutheniumkatalysierte  Transferhydrierungen  oder
goldkatalysierte Hydroaminierungsreaktionen attraktive Ziele fur Silyliumyliden-
Komplexe sein. In diesem Zusammenhang kénnte auch die Isolierung von Nickel- und

Palladiumkomplexen noch mehr potentielle katalytische Anwendungen erdffnen.
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11. Appendix

1. Experimental Section

1.1. General Methods and Instrumentation

All reactions were carried out under exclusion of water and oxygen in an atmosphere of
argon 4.6 (299.996%) using standard Schlenk techniques or in a Labstar glovebox from
MBraun with H20 and Oz levels below 0.5 ppm. Glassware was heat dried under vacuum
prior to use. Acetonitrile, pyridine, Acetonitrile-ds, pyridine-ds, fluorobenzene and
fluorobenzene-ds were refluxed over CaHz, distilled under argon, deoxygenated by three
freeze-pump-thaw cycles and stored over 3 A molecular sieve in a glovebox. Diethylether,
THF and n-hexane were refluxed over sodium/benzophenone, distilled under argon,
deoxygenated by three freeze-pump-thaw cycles and stored over 3 A molecular sieve in
a glovebox. CeDs was stirred over Na-K-alloy, distilled under argon, deoxygenated by
three freeze-pump-thaw cycles and stored over 3 A molecular sieve in a glovebox. All
NMR samples were prepared under argon in J. Young PTFE valve NMR tubes. NMR
spectra at ambient temperature (300 K) were recorded on a Bruker AV400US or DRX400
("H: 400.13 MHz, "*C: 100.62 MHz, 2°Si: 79.49 MHz), AVHD300 ('H: 300.13 MHz) or
AV500C ('H: 500.36 MHz, '3C: 125.83 MHz, 2°Si: 99.41 MHz). The 'H, '*C and 2°Si NMR
spectroscopic chemical shifts d are reported in ppm relative to tetramethylsilane. 'H and
3C NMR spectra are calibrated against the residual proton and natural abundance carbon
resonances of the respective deuterated solvent as internal standard (CeDe: &('H) =
7.16 ppm and 8('3C) = 128.0 ppm; CDsCN: d('H) = 1.94 ppm and &('3C) = 118.3 ppm;
CsDsN: 8('H) = 8.74 ppm and &('3C) = 150.4 ppm; CeDsF: &('H) = 6.90 ppm). 2°Si NMR
spectra are referenced to the resonance of tetramethylsilane (& = 0 ppm) as external
standard. The following abbreviations are used to describe signal multiplicities: s = singlet,
d = doublet, t = triplet, sept = septet, bs = broad signal, m = multiplet. Quantitative
elemental analyses (EA) were carried out using a HEKAfech EURO EA instrument
equipped with a CHNS combustion analyzer at the Laboratory for Microanalysis at the
TUM Catalysis Research Center. Melting Points (M.P.) were determined in sealed glass
capillaries under inert gas with a Biichi M-565 melting point apparatus. ESI-MS spectra
were recorded on a Bruker HCT Instrument with a dry gas temperature of 300 °C and an
injection speed of 240 uLs'. Unless otherwise stated, all commercially available
chemicals were purchased from abcr or Sigma-Aldrich and used without further
purification. The compounds 1,3,4,5-tetramethylimidazol-2-ylidene (IMes)3', 1,3-diethyl-
4 5-dimethylimidazol-2-ylidene (IEtzMez)®', MesLi®2, BusSi-SiClzH®® and Bu:MeSi-

SiClzH®* were prepared as described in the literature.
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1.2 Synthesis of Mes-SiCIl:H
HSICla (10 mL, 13.5 g, 99.7 mmol, 5.0 eq) was dissolved in 30 mL Et2O0
siCl,H and slowly added to a suspension of MesLi (2.50 g, 19.8 mmol, 1.0 eq)
in 50 mL Et20 cooled to =78 °C. The suspension was allowed to warm
to room temperature and then stirred for 48 hours. The solvent was removed under
reduced pressure and the residue was extracted with hexane (3x20 mL). Hexane was
removed under reduced pressure and after bulb-to-bulb distillation (6x10-% mbar, 70 °C)

the product (3.61 g, 19.8 mmol, 83%) was obtained as a colorless oil.

H NMR (400 MHz, CeDs, 300 K): & [ppm] = 6.52 (s, 2H, CmesH), 6.27 (s, 1H, SiClzH), 2.34
(s, 6H, CorthoH), 1.96 (s, 3H, CparaH).
BC{'H} NMR (100 MHz, CeDs, 300 K): 3 [ppm] = 144.7, 142.6, 129.8, 125.4, 22.8, 21.1.
298i{'H} NMR (79 MHz, C:sDs, 300 K): & [ppm] = —6.9 (SiCl2H).
EA: CaH12CI2Si calculated [%]: C (49.32), H (5.52).

measured [%]: C (49.53), H (5.49).

7.16
6.52
6.27
234
1.96

CsDs

2.00=
0.83= o
613

1
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g
0 9 8 7 6 5 4 3 2 1 0 1

Fig. S1 'H NMR spectrum of Mes—SiClzH in CsDs at 300 K.
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Fig. $2 "*C{'H} NMR spectrum of Mes—SiClzH in CsDs at 300 K.

T T T T T

00 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -280 -3I

Fig. S$3 22Si{'H} NMR spectrum of Mes—SiClzH in CsDs at 300 K.
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1.3 Synthesis of ['BusSi-Si(IMe4)z]CI (1)
/H/ BusSi-SiClzH (1.00 g, 3.34 mmol, 1.0 eq) was dissolved in 50 mL
=N toluene and cooled to =50 °C. IMes (1.24 g, 10.0 mmol, 3.0 eq) was

AN
’Bu\ . N dissolved in 20 mL toluene and then added dropwise to the silane
Bu—8i—gi: - . _
B,‘g S8 C solution. The mixture was slowly warmed to room temperature
u 7/

N overnight. The orange precipitate was collected by filtration, the
’N)fk residue washed with toluene (2x10 mL) and hexane (2x10 mL) and

1 finally extracted with a mixture of toluene and acetonitrile (5:1,

2x30 mL). The solvent was removed under reduced pressure and after drying under
vacuum the product 1 (1.11 g, 2.17 mmol, 65%) was isolated as an orange air- and

moisture-sensitive powder.

Single crystals suitable for XRD analysis of 1 were obtained by slow diffusion of Et20 into
a concentrated MeCN solution of 1 at =35 °C.
'H NMR (400 MHz, CDsCN, 300 K): & [ppm] = 3.69 (s, 12H, NnicCH?3), 2.15 (s, 12H,
CnrcCHs), 1.22 (s, 27H, C(CHs)s).
BC{'H} NMR (100 MHz, CDsCN, 300 K): & [ppm] = 164.1, 128.6, 36.6, 33.0, 26.1, 9.4.
295i{'H} NMR (79 MHz, CD3CN, 300 K): 5 [ppm] = 21.8 (SiSi'Bus), —82.0 (SiSi'Bus).
ESI-MS: calculated: 475.36 (C2sH51N4Si2* = 1 — CI7)

measured: 475.2
EA: C26Hs51CIN4Si2 calculated [%]: C (61.07), H (10.05), N (10.96).

measured [%]: C (60.86), H (9.78), N (10.73).

M.P.: 161-162 °C (decomposition, change to red oil).

3.69
2.15
1.22

.0 9 8 7 6 5 4 3 2 1 0 -1

Fig. S4 'H NMR spectrum of [‘BusSi-Si(IMe4)2]CI (1) in CD3CN at 300 K.

S5

101



11. Appendix

164.1
128.6

36.6
33.0
6.

CDsCN
CDsCN

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 2 10 0 -10

Fig. S5 "*C{'H} NMR spectrum of [BusSi-Si(IMe4)z]CI (1) in CDsCN at 300 K.
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Fig. S6 2°Si{'H} NMR spectrum of [BusSi-Si(IMes)z]CI (1) in CDsCN at 300 K.
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Fig. S7 ESI-MS spectrum (detailed view) of ['BuzSi-Si(IMes)2]* (1 — CI) (positive mode, 300 °C, —4000 V;
line: measured spectrum; bars: simulated spectrum).
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1.4 Synthesis of ['Bu2MeSi-Si(NHC)2]CI (2a,b)
‘BuzMeSi-SiClzH (1.00 g, 3.89 mmol, 1.0 eq) was dissolved in 50 mL

NHC
. rB'—'\ o o toluene and cooled to =50 °C. NHC (11.7 mmol, 3.0 eq) was dissolved
Bu—Si—Si:
/ in 20 mL toluene and then added dropwise to the silane solution. The
NHC

mixture was allowed to warm to room temperature overnight. The
22 ﬁ:g - IE“{::A% yellow precipitate was collected by filtration, the residue washed with
toluene (2x10 mL) and hexane (2x10 mL), dried under reduced pressure and finally
extracted with a mixture of toluene and acetonitrile (8:1, 2x30 mL). The solvent was
removed under reduced pressure and after drying under vacuum the products 2a,b were

isolated as yellow to orange air- and moisture-sensitive powders.

[‘BuzMeSi-Si(IMes)2]Cl (2a)
Yield: 1.19 g, 2.54 mmol, 65%.
Single crystals suitable for XRD analysis of 2a were obtained by storing a concentrated
solution of 2a in 1,2-difluorobenzene at =35 °C.
"H NMR (400 MHz, CDsCN, 300 K): & [ppm] = 3.64 (s, 12H, NncCHs), 2.15 (s, 12H,
CnHcCH3), 0.94 (s, 18H, C(CHs)s), 0.40 (SiCHs).
BC{'H} NMR (100 MHz, CDsCN, 300 K): & [ppm] = 163.2, 128.6, 35.8, 29.9, 22.4, 9.3,
-1.7.
28i{'H} NMR (79 MHz, CDsCN, 300 K): d [ppm] = 9.0 (SiSiBuzMe), —90.7 (SiSitBu2Me).
ESI-MS: calculated: 433.32 (C23H4sN4Siz* = 2a — CI)

measured: 433.2
EA: C23H4s5CIN4Siz calculated [%]: C (58.87), H (9.67), N (11.94).

measured [%]: C (58.62), H (9.63), N (11.77).

M.P.: 158-159 °C (decomposition, change to red oil).

T
<
I

215
0.94
0.40

I | e B

: N
o s s 7 e 5 4 3 @ 1 o 4
Fig. S8 '"H NMR spectrum of ['BuzMeSi-Si(IMes)2]CI (2a) in CDsCN at 300 K.
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Fig. 89 *°C{'H} NMR spectrum of [BuzMeSi-Si(IMes)2]CI (2a) in CDsCN at 300 K.
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Fig. $10 2Si{'H} NMR spectrum of [BuzMeSi-Si(IMe4)s]CI (2a) in CD:CN at 300 K.
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Fig. S11 ESI-MS spectrum (detailed view) of [Bu:MeSi-Si(IMes)2]* (2a — CI7) (positive mode, 300 °C,
—4000 V; line: measured spectrum; bars: simulated spectrum).
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['BuzMeSi-Si(IEtzMe2)2]CI (2b)

Yield: 1.15 g, 2.19 mmol, 56%.

"H NMR (400 MHz, CDsCN, 300 K): & [ppm] = 4.41 (g, J = 7.2 Hz, 8H, CH2CHa), 2.22 (s,
12H, CnucCHs), 1.04 (t, J=7.2 Hz, 12H, CH2CHa), 0.92 (s, 18H, C(CHs)s), 0.36 (s, 3H,
SiCHs).

"H NMR (400 MHz, CsDsF, 300 K): & [ppm] = 4.46 (g, J = 7.2 Hz, 8H, CH2CHz), 2.07 (s,
12H, CnheCHs), 1.05-0.99 (m, 30H, CH2CHs, C(CHs)s), 0.28 (s, 3H, SiCHs).

Note: The signal for the ethyl wingtip substituent (t, 12H, CH,CH.) overlaps with the signal for the ‘Bu-substituent (s, 18H, C(CH.)s).

13C{'H} NMR (100 MHz, CDCN, 300 K): & [ppm] = 162.3, 129.3, 44.7, 30.0, 22.5, 14.7,
94,-24.
28i{'"H} NMR (79 MHz, CD1CN, 300 K): & [ppm] = 9.7 (SiSiBuzMe), —86.2 (SiSitBuzMe).
ESI-MS: calculated: 489.38 (C27HsaNaSi2* = 2b — CI7)
measured: 489.2

EA: C27Hs3CIN4Siz calculated [%]: C (61.73), H (10.17), N (10.66).

measured [%]: C (61.31), H (10.43), N (10.94).
M.P.: 147-148 °C (decomposition, change to red oil).
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Fig. $12 'H NMR spectrum of [Bu:MeSi-Si(IMezEt2)2]Cl (2b) in CDsCN at 300 K. Signals from small
amounts of residual |IEt2Mez-HCI are marked with *.
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Fig. $13 "H NMR spectrum of ['BuzMeSi-Si(IEt2Me2)2]CI (2b) in CsDsF at 300 K. Signals from small amounts
of residual IEtzMez'HCI are marked with *.
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Fig. $14 *C{'H} NMR spectrum of ['Bu:MeSi-Si(IEtzMe2)2]Cl (2b) in CDsCN at 300 K.
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Fig. $15 22Si{"H} NMR spectrum of [BuzMeSi-Si(IEt:2Me2):]CI (2b) in CD:CN at 300 K.
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Fig. S16 ESI-MS spectrum (detailed view) of ['BuzMeSi-Si(IEtz2Me:):]* (2b — CI7) (positive mode, 300 °C,
—4000 V; line: measured spectrum; bars: simulated spectrum).

S12

108



11. Appendix

1.5 Synthesis of [Mes-Si(IMe4)2]CI (3)
Mes-SiClzH (1.00 g, 4.56 mmol, 1.0 eq) was dissolved in 60 mL
-N)\[/ toluene and cooled to =50 °C. IMes (1.70 g, 13.69 mmol, 3.0 eq)
. / . was dissolved in 20 mL toluene and then added dropwise to the
Sit silane solution. The mixture was allowed to warm to room
N temperature overnight. The yellow precipitate was collected by
’Nv%\\ filtration, the residue washed with toluene (2x10 mL) and hexane
(2x10 mL), dried under reduced pressure and then extracted with
3 pyridine (3x15 mL). The solvent was removed under reduced
pressure and after drying under vacuum the product 3 (1.20 g, 2.78 mmol, 61%) was

isolated as a pale yellow air- and moisture-sensitive powder.

The compound is very poorly soluble in benzene and well soluble in acetonitrile, pyridine
and fluorobenzene. Decomposition occurs in acetonitrile (<4 hours).

H NMR (400 MHz, CsDsN, 300 K): & [ppm] = 6.92 (s, 2H, CmesH), 3.68 (s, 12H, NnHcCHa),
2.29 (s, 6H, CmesCHs,0rtho), 2.28 (s, 3H, CmesCHa,para), 2.12 (s, 12H, CnHcCHE).

BC{'H} NMR (100 MHz, CsDsN, 300 K): & [ppm] = 160.6, 144.8, 137.9, 137.3 130.0,
128.7,34.3,25.2,21.5,94.

2Si{"H} NMR (79 MHz, CsDsN, 300 K): 3 [ppm] = —68.7 (MesSi).

298i{'H} NMR (79 MHz, CD1CN, 300 K): & [ppm] = -71.2 (MesS)).

ESI-MS: calculated: 311.15 (C14H2aN4SiCl (3 — Mesityl))

measured: 311.0
Note: The molecular ion peak of 3 — CI- (395.2) could only be observed for a short time upon fast injection.

Regular injection speed led to quantitative cleavage of the Si—C bond to the mesityl substituent.

EA: C23H35CIN4SI calculated [%]: C (64.08), H (8.18), N (13.00).
measured [%]: C (63.62), H (8.02), N (13.32).

M.P.: 180-181 °C (decomposition, color change to black).
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Fig. $17 "H NMR spectrum of [Mes-Si(IMe4)2]CI (3) in pyridine-ds at 300 K. Signals from small amounts of
residual IMes-HCI| are marked with *.

160.6
1448
-137.8
137.3
-130.0
1287

34.3
—25.2
— 215

9.4

Pyridine-ds

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Fig. S18 "*C{'H} NMR spectrum of [Mes—Si(IMe4)2]CI (3) in pyridine-ds at 300 K.
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Fig. $19 2Si{"H} NMR spectrum of [Mes—Si(IMes)z]CI (3) in pyridine-ds at 300 K.
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Fig. S20 2°Si{"H} NMR spectrum of [Mes-Si(IMe4)2]CI (3) in CDsCN at 300 K.
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Fig. $21 ESI-MS spectrum (detailed view) of [Si(IMe4)z]CI (3 — Mes) (positive mode, 300 °C, —4000 V;
line: measured spectrum; bars: simulated spectrum).
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1.6 NHC exchange reaction of 2b to 2a

|Et2M82 |ME4 IMey
+ - IMe, + - IMe -
‘Bu,MeSi—Si: O 4 Bu,MeSi—si:  °' 4 . 'BuMesi—sj: Cf
(THF) AN (THF)
IEt,Me or IEt,Me or IMe,
2V (CqDsF) ZVE2 (CeDsF) 4
2b 2INT 2a

Procedure for the NHC exchange reaction:

[BuzMeSi-Si(IEtz2Me2)2]Cl (2b) (50.0 mg, 95.2 umol, 1.0 eq) was dissolved in 2 mL THF
and a solution of IMe4 (23.6 mg, 190.3 pmol, 2.0 eq) in 0.5 mL THF was added dropwise.
Rapid formation of a yellow precipitate was observed, which was collected by filtration and
washed with THF (2x2 mL) and hexane (1x1 mL) and after drying under vacuum product
2a (36.6 mg, 78.0 umol, 82%) was isolated as a yellow powder. Analytical data in CDsCN
are the same as previously mentioned (cf. section 1.4)

Procedure for the NHC exchange reaction (NMR scale):

[Bu2MeSi-Si(IEtz2Me2)2]CI (2b) (20.0 mg, 38.1 ymol, 1.0 eq) and Si(TMS)s (12.2 mg,
38.1 ymol, 1.0 eq) were dissolved in 0.3 mL CsDsF, transferred to a J. Young NMR tube
and then frozen at —78 °C. IMe4 (9.5 mg, 76.1 pmol, 2.0 eq) was dissolved in 0.2 mL
CeDsF and then slowly added to the frozen solution. The frozen mixture was then allowed
to warm up slightly, then shaken strongly and several 'TH NMR measurements were taken
immediately followed by 'H NMR measurements in selected intervals (cf. Table S1).

Si(TMS)s was used as internal standard.

Fig. S22 and Fig. S23 show the time resolved NMR data in CeDsF with 2.5 eq of IMe4. The
third set of signals belongs to the intermediate 2INT [(‘BuzMeSi-Si(IMe4)(IEt2Me2)]CI.
While we have been unable to isolate 2INT in a clean fashion, in addition to the
observations made in the '"H NMR measurements, we were able to investigate the reaction
mixture with 2°Si NMR (Fig. S24). As expected, the 2°Si NMR resonances of 2INT (9.2 ppm
(‘Bu=2Me SiSi), —89.2 ppm (Bu2MeSiSi)) fall between that of 2b (9.8 ppm (Bu2MeSiSi), —
86.2 ppm (Bu2MeSiSi)) and 2a (9.0 ppm (‘BuzMeSiSi), —=90.7 ppm (BuzMeSiSi)).

To record a 2°Si NMR of the mixture in CD3CN for better comparability, CeHsF was
removed quickly from the reaction mixture after roughly 20 minutes of reaction time. The
residue was dissolved in CD3CN, the suspension was filtered and a #*Si NMR was
measured immediately.
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Fig. $22 Time resolved 'H NMR spectra (overview) of the NHC exchange of 2b with excess IMes to 2a.
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Fig. S23 Time resolved 'H NMR spectra (detail view) of the NHC exchange of 2b with excess IMes to 2a.
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Fig. $24 2°Si{"H} NMR spectrum in CDzCN of the reaction mixture of the NHC exchange of 2b to 2a via the
intermediate 2INT.
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Table S1 Relative [%] and absolute [mmol/L] molar concentrations of 2b, 2INT and 2a by time as determined
by '"H NMR.

2b 2INT 2a
t [min] At [min]
[%] [mmol/L] [%] [mmol/L] [%] [mmol/L]
0 - 100.0 76.1 0.0 0.0 0.0 0.0
3 3 71.9 54.7 26.9 20.5 1.2 0.9
5 2 58.1 44.2 39.2 29.8 2.8 21
7 2 487 37.0 46.5 354 49 3.7
9 2 40.6 309 522 39.8 7.2 55
11 2 34.0 259 56.0 427 10.0 7.6
13 2 29.5 22.4 58.5 44.5 12.1 9.2
16 3 240 18.2 60.8 46.3 15.2 11.6
18 2 20.2 15.4 61.7 47.0 18.1 13.8
20 2 17.6 134 62.1 473 20.3 15.5
22 2 14.7 11.1 62.0 47.2 234 17.8
27 5 10.0 7.6 60.3 459 29.7 226
37 10 59 45 55.6 423 38.5 29.3
a7 10 3.5 2.7 49.4 37.6 471 35.8
58 11 25 1.9 42.9 32.7 54.6 41.5
72 14 1.5 1.2 35.0 26.7 63.4 48.3
87 15 1.2 0.9 28.8 22.0 70.0 53.3
102 15 0.9 0.7 245 18.7 74.6 56.8
117 15 0.8 0.6 21.2 16.1 78.0 59.4
132 15 0.6 0.5 18.4 14.0 81.0 61.7
147 15 0.3 0.3 16.0 12.2 83.6 63.6
177 30 0.0 0.0 13.3 10.1 86.7 66.0
208 31 - - 11.2 85 88.8 67.6
238 30 - - 10.3 7.8 89.7 68.3
268 30 - - 9.7 7.4 90.3 68.7
298 30 - - 9.2 7.0 90.8 69.1
328 30 - - 8.9 6.8 91.1 69.4
358 30 - - 8.5 6.4 91.5 69.7
388 30 - - 8.0 6.1 91.9 70.0
448 60 - - 7.7 59 92.3 70.3
508 60 - - 7.6 58 92.4 70.4
568 60 - - 7.5 57 92.5 70.5
628 60 - - 7.3 586 92.7 70.6
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Plotting the relative molar concentrations vs. the reaction time (Fig. S25 (overview), Fig.
S26 (2b), Fig. S27 (2INT), Fig. S29 (2a)) allows easy observation of the reaction progress.

100 -
T 80+ ——2b
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0 2a
=
£ 60+
c
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0 100 200 300 400 500 600
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Fig. S25 Plot of the relative concentration of 2b, 2INT and 2a vs. the time in the NHC exchange reaction of
2b to 2a via 2INT.
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Fig. $26 Plot of the relative concentration of 2b vs. time in the NHC exchange reaction of 2b to 2a via 2INT.
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The kinetics of a reaction can be deduced from a linear correlation between either 1/cab
vs. the time (2" order kinetics) or In(czp) vs. the time (1%t order kinetics). However, the first
NHC exchange from 2b to 2INT is heavily influenced by the concentration of IMe4, which
changes during the reaction because of the additional consumption of IMes from the
second step of the reaction. Choosing a smaller time window to determine the reaction
order does not allow reliable conclusions to be drawn from the data. We therefore looked
at the second step of the reaction from 2INT to 2a in a time period where the overwhelming
majority of 2b had already been consumed (Fig. S27 and Fig. S28).

100

= 2INT [%]
Exponential Growth/Decay Fit:
X< x(c). y = y(0) + Ald) + Alg) [Expi-de)tg)-exputian) |
80+ EQUation . .. yic)r y = y(D) + Ald) expl-trx(chitid))
w(0) 7.789
x(c) 25.929
Alg) 63817
tig) 5,261
60 - Ald) 55.359

tid) 65,572
| Adj. R-Square 0959

Relative Concentration [%]

T T T |
0 100 200 300 400
Time [mins]

Fig. S27 Plot of the relative concentration of 2INT vs. time in the NHC exchange reaction of 2b to 2a via
2INT.

Plotting 1/caint vs. the reaction time shows a linear correlation (Fig. S28, excluding the
startup period where 2INT is formed from 2b), which indicates the reaction follows 2"
order kinetics. The rate constant of the second exchange reaction is 0.558 L-mol~'-min~".
The first exchange reaction should exhibit the same reaction kinetics.
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Fig. $28 Plot of 1/caivt vs. time in the NHC exchange reaction of 2b to 2a via 2INT.
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Fig. S29 Plot of the relative concentration of 2a vs. the time in the NHC exchange reaction of 2b to 2a via
2INT.
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2. X-ray Crystallographic Data

General Information

The X-ray intensity data of 1 and 2a were collected on an X-ray single crystal
diffractometer equipped with a CMOS detector (Bruker Photon-100), a rotating anode
(Bruker TXS) with MoKa radiation (A = 0.71073 A) and a Helios mirror optic by using the
APEX |l software package.®®> The measurements were performed on single crystals
coated with the perfluorinated ether Fomblin® Y. The crystals were fixed on the top of a
micro sampler, transferred to the diffractometer and frozen under a stream of cold
nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections
were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.S® Absorption corrections, including odd and even ordered
spherical harmonics were performed using SADABS.®¢ Space group assignments were
based upon systematic absences, E statistics, and successful refinement of the
structures. Structures were solved by direct methods with the aid of successive difference
Fourier maps, and were refined against all data using the APEX Il software in conjunction
with SHELXL-201457 and SHELXLE.®8 All H atoms were placed in calculated positions
and refined using a riding model, with methylene and aromatic C—H distances of 0.99 and
0.95 A, respectively, and Uiso(H) = 1.2:Ueq(C). Full-matrix least-squares refinements
were carried out by minimizing Aw(Fo?—Fc?)? with SHELXL-97 weighting scheme.3® Neutral
atom scattering factors for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from International Tables for Crystallography.$° The images
of the crystal structures were generated by Mercury.®'" The CCDC numbers CCDC-
1914471 (1) and CCDC-1914472 (2a) contain the supplementary crystallographic data for
the structures. These data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.1 SC-XRD structure of ['BusSi-Si(IMe4)2]CI (1)

N1

@ci

Fig. $30 Ellipsoid plot (50% probability level) of the molecular structure of compound 1. Hydrogen atoms
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles [*]: Si1-Si2 2.424(1),
Si1-C13 1.937(2), Si1-C20 1.943(3), Si2—Si1-C13 122.1(1), Si2-Si1-C20 113.5(1), C13-Si1-C20 93.1(1).

2.2 SC-XRD structure of ['BuzMeSi-Si(IMe4)2]CI (2a)

e Ci2

N3

C17  sit N1

N4

o con

Fig. S31 Ellipsoid plot (50% probability level) of the molecular structure of compound 2a. Hydrogen atoms
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: Si1-Si2 2.388(1),
Si1-C10 1.943(2), Si1-C17 1.945(3), Si2—Si1-C10 107.4(1), Si2-Si1-C17 117.9(1), C10-Si1-C17 93.6(1),
Si3-Si4 2.396(1), Si3—C33 1.940(3), Si3—-C40 1.947(3), Si4-Si3—-C33 117.5(1), Si4-Si3—C40 105.8(1),
C33-Si3-C40 94.1(1).
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Table S2 Crystal data and structural refinement parameters for compounds 1 and 2a.

Compound #
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group
Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Diffractometer
Radiation source
Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Coverage of independent
reflections
Absorption correction
Max. and min. transmission
Refinement method
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F?
Alomax
Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

1
CapHs:ClNgSiz
593.45
100(2) K
0.71073 A
0.178 x 0.243 x 0.472 mm
clear orange fragment
trigonal
R-3
a =45605(5) A, a=90"
b = 45.605(5) A, B = 90°
c=9.2968(11) A, y = 120°
16745(4) A®
6
1.059 glem?
0.193 mm™*

5832
Bruker D8 Venture
TXS rotating anode, Mo
2.25t025.35°
-54<=h<=54
-54<=k<=54
-11<=l<=11
226492
6800 [R(int) = 0.0716]

99.9%

Multi-Scan
0.9660 and 0.9140
Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
Zw(Fo*-F?)
6800/0/371
1.104
0.002
5960 data; 1>20(1)
R1=0.0432, wR2 = 0.1240
all data
R1=0.0512, wR2 = 0.1296

w=1/[0%(F.%)+(0.0634P)*+45.3570P]

where P=(F,>+2F:%)/3
0.857 and -0.262 eA”
0.061 eA?

2a
CszHaqClzF2NsSia
1052.62
100(2) K
0.71073 A
0.199 x 0.226 x 0.272 mm
clear yellow fragment
triclinic
P-1
a=11.0482(19) A, a = 66.805(5)°
b=17.171(3) A, B = 74.978(5)°
c=21.066(4) A, y = 88.261(6)°
3536.2(11) A®
4
0.989 g/lecm®
0.199 mm’'!
1140
Bruker D8 Venture
TXS rotating anode, Mo
2.22 to 25.68°
-13<=h<=13
-20<=k<=20
-25<=I<=25
63614
13410 [R(int) = 0.0838]

99.9%

Multi-Scan
0.9610 and 0.9470
Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
T wi(F? - F2)?
13410/132/716
1.024
0.001
9895 data; I>2a(l)
R1=0.0521, wR2=0.1114
all data
R1=0.0802, wR2 = 0.1207
w=1/[0%(F,?)+(0.0378P)*+3.4602P]
where P=(F.2+2F.2)/3
0.728 and -0.336 eA®
0.056 eA?
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1. Experimental Section

1.1. General Methods and Instrumentation

All reactions were carried out under exclusion of water and oxygen in an atmosphere of argon 4.6
(299.996%) using standard Schlenk techniques or in a Labstar glovebox from MBraun with H.0O
and O; levels below 0.5 ppm. Glassware was heat dried under vacuum prior to use. Acetonitrile
and Acetonitrile-ds were refluxed over CaH,, distilled under argon, deoxygenated by three freeze-
pump-thaw cycles and stored over 3 A molecular sieve in a glovebox. Diethylether was refluxed
over sodium/benzophenone, distilled under argon, deoxygenated by three freeze-pump-thaw
cycles and stored over 3 A molecular sieve in a glovebox. All NMR samples were prepared under
argon in J. Young PTFE valve NMR tubes. NMR spectra at ambient temperature (300 K) were
recorded on a Bruker AV400US or DRX400 (*H: 400.13 MHz, 3C: 100.62 MHz, #°Si: 79.49 MHz),
AVHD300 (*H: 300.13 MHz) or AV500C (*H: 500.36 MHz, 13C: 125.83 MHz, 2°Si: 99.41 MHz).
Variable temperature NMR spectra were recorded on a Bruker DRX400 (*H: 400.13 MHz, *C:
100.62 MHz, °Si: 79.49 MHz) spectrometer. The H, C and 2°Si NMR spectroscopic chemical
shifts 6 are reported in ppm relative to tetramethylsilane. 'H and *C NMR spectra are calibrated
against the residual proton and natural abundance carbon resonances of the respective
deuterated solvent as internal standard (CDsCN: 8(*H) = 1.94 ppm and &(*3C) = 118.3 ppm). Si
NMR spectra are referenced to the resonance of tetramethylsilane (6 =0 ppm) as external
standard. The following abbreviations are used to describe signal multiplicities: s = singlet, d =
doublet, t =triplet, sept = septet, bs = broad signal, m = multiplet. Quantitative elemental analyses
(EA) were carried out using a HEKAtech EURO EA instrument equipped with a CHNS combustion
analyzer at the Laboratory for Microanalysis at the TUM Catalysis Research Center. Melting Points
(M.P.) were determined in sealed glass capillaries under inert gas by a Biichi M-565 melting point
apparatus. ESI-MS spectra were recorded on a Bruker HCT Instrument with a dry gas temperature
of 300 °C and an injection speed of 240 pLs™. Samples were prepared in a glovebox and spectra
were visualized using OriginPro 2018. Unless otherwise stated, all commercially available
chemicals were purchased from abcr or Sigma-Aldrich and used without further purification. The
compounds [m-Terphenyl-Si(IMe4)2]Cl (1a)®! and [Tipp-Si(IMes)2]Cl (1b)5! were prepared as

described in the literature.
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1.2 Synthesis of [m-Terphenyl-Si(IMes),—MCI]X (2a, 3a, 4a)

/ \ General procedure:
|
Vi \> _ N\/\QT/

*\ /._\—-N\ X~ [m-Terphenyl-Si(IMes);]Cl (1a) (100.0mg, 159.9umol, 1.0eq) was

(/\::FS;\HM ¢ dissolved in 3 mL acetonitrile and the coinage metal precursor
./

H /N (CuCl (2a)/AgOTf (3a)/(SMez)AuCl (4a), 159.9 ummol, 1.0 eq) was added

\

N
\N__/ N
\ | in one portion at room temperature while stirring (under exclusion of light
MooX for 3a). After stirring for 5 minutes the solution was filtered, concentrated
2 Ci Cl
3: A; oTf under vacuum until incipient precipitation and Et,0 (4-5 mL) was added.

After storing the solution at —40°C for 48 hours the microcrystalline
precipitate was collected by filtration, washed with Et;0 (2 x 2 mL) and after drying under vacuum
the products 2a, 3a and 4a were obtained as colorless air-, (light-) and moisture-sensitive solids.
The compounds are stable in the solid state and in acetonitrile solution at room temperature but

decompose slowly upon heating to 90 °C in acetonitrile.
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[m-Terphenyl-Si(IMes)—CuCl]CI (2a)
Yield = 92%.
Single crystals suitable for XRD analysis were obtained by slow diffusion of Et;0 into a
concentrated acetonitrile solution of 2a at —40 °C.
'H NMR (400 MHz, CDsCN, 300 K): 6 [ppm] = 7.63 (t, J = 7.6 Hz, 1H, CarHpara), 7.14, (d, J = 7.6 Hz,
2H, CarHrmeta), 6.80 (bs, 4H, CmesH), 3.73 (bs, 6H, NyucCHs), 2.89 (bs, 6H, NnucCHs), 2.19 (s, 6H,
CimesCH3,para), 2.06 (bs, 24H, CiesCH3,0rtho + CrcCH3).
13C NMR (126 MHz, CDsCN, 300 K): & [ppm] = 150.7, 150.4, 140.5, 138.1, 135.7, 134.7, 131.7,
131.7,130.4, 129.8, 129.2, 36.3, 22.8, 21.4, 21.1, 9.2.
255i NMR (99 MHz, CD3CN, 300 K): & [ppm] = —46.6.
EA: C3gHasCuClzN4Si  calculated: C (63.01), H (6.82), N (7.73).
measured: C (62.85), H (7.13), N (7.49).

ESI-MS: calculated: 687.27 (C3sHasCICUNJSI™).

measured: 687.2 (2a - CI).

M.P.: 125-126 °C (decomposition, color change to orange).

7.65
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7.13
6.80
373
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9 8 7 6 5 4 3 2 1 0 1

Fig. 51 'H NMR spectrum of [m-Terphenyl-Si{IMea)-CuCI]Cl (2a) in CDsCN at 300 K.
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Fig. 52 *C NMR spectrum of [m-Terpheny|-5i(IMea)2-CuCl]Cl (2a) in CD:CN at 300 K.
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Fig. 53 2°Si NMR spectrum of [m-Terphenyl-Si(IMea),-CuCl]Cl (2a) in CDsCN at 300 K.
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Fig. S4 ESI-MS spectrum (detail view) of 2a (positive mode, 300 °C, -4000 V; line: measured spectrum; bars: simulated

spectrum).
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Fig. S5 Variable temperature NMR spectra of 2a in CD:CN (bottom: —40 °C, middle: 0 °C, top: +60 °C).
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[m-Terphenyl-Si(IMes)—AgCI]OTf (3a)
Yield = 86%.

Single crystals suitable for XRD analysis were obtained by slow diffusion of Et;0 into a

concentrated acetonitrile solution of 3a at —40 °C.

1H NMR (300 MHz, CDsCN, 300 K): & [ppm] = 7.66 (t, J = 7.6 Hz, 1H, CarHpara), 7.16 (d, J = 7.6 Hz,

2H, CarHmeta), 6.82 (bs, 4H, CmesH), 3.64 (bs, 6H, NnucCHs), 2.83 (bs, 6H, NnncCHs), 2.21 (s, 6H,

CmescH3,para)p 206 (bs! 24H; CmesCHi,or‘tho + CNHCCH3)-

3¢ NMR (126 MHz, CDsCN, 300 K): & [ppm] = 151.3, 150.4, 150.3, 140.4, 138.6, 136.1, 133.6,

133.5,132.2, 132.1, 130.6, 129.6, 36.5, 35.9, 22.8, 21.5, 21.2, 9.2.

255i NMR (99 MHz, CDsCN, 300 K): & [ppm] =—44.1 (d, Ysiag = 352.6 Hz), —44.1 (d, Ysing = 408.1 Hz).

EA: C39H49AgCIF3N403SSi calculated: C (53.09), H (5.60), N (6.35), S (3.63).
measured: C (53.41), H (5.70), N (6.40), S (3.41).
ESI-MS: calculated: 731.25 (CssHasCIAgN,SI*).
measured: 731.2 (3a - CI").

M.P.: 170-171 °C (decomposition, color change to black).
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Fig. 56 'H NMR spectrum of [m-Terphenyl-Si(IMea)-AgCI]OTf (3a) in CD:CN at 300 K.
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00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 =
Fig. $7 *C NMR spectrum of [m-Terphenyl-Si(IMea);-AgCI]OTf (3a) in CDsCN at 300 K.

_~-42.0
42.3
-45.9
46.1

42.0
£--42.3
- -45.9

46.1

|
wwmwﬁ“*w Llwwm

38 40 -42 -44 -46 -48 -50

180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
Fig. S8 2°Si NMR spectrum of [m-Terphenyl-Si(IMe4)-AgCI]OTf (3a) in CD:CN at 300 K.

S8

130



11. Appendix
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Fig. S9 ESI-MS spectrum (detail view) of 3a (positive mode, 300 °C, —4000 V; line: measured spectrum; bars: simulated
spectrum).
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[m-Terphenyl-Si(IMes)—AuCI]Cl (4a)
Yield = 94%.
Single crystals suitable for XRD analysis were obtained by slow diffusion of Et;0 into a
concentrated acetonitrile solution of 4a at —40 °C.
'H NMR (400 MHz, CDsCN, 300 K): 6 [ppm] = 7.68 (t, J = 7.6 Hz, 1H, CarHpara), 7.17 (d, J = 7.6 Hz,
2H, CarHmeta), 6.80 (s, 4H, CmesH), 3.89 (bs, 6H, NnncCHs), 2.81 (bs, 6H, NnucCHs), 2.20 (s, 6H,
CimesCH3,para), 2.08 (bs, 24H, CiesCH3,0rtho + CrcCH3).
13C NMR (126 MHz, CDsCN, 300 K): & [ppm] = 151.5, 148.6, 140.7, 138.4, 132.7, 132.6, 131.1,
129.5, 129.2, 37.4, 36.1, 23.0, 21.8, 21.2, 17.9, 9.3.
25Si NMR (79 MHz, CD3CN, 300 K): & [ppm] =-34.6.
EA: C3sHasClAuN4Si  calculated: C (53.21), H (5.76), N (6.53).
measured: C (52.99), H (5.86), N (6.42).

ESI-MS: calculated: 821.31 (C3gHasCIAUNASIT).

measured: 821.3 (4a - CI).

M.P.: 234-235 °C (decomposition, color change to dark red).
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Fig. 510 'H NMR spectrum of [m-Terphenyl-Si(IMes)2-AuCI]Cl (4a) in CDsCN at 300 K.
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Fig. 511 *C NMR spectrum of [m-Terphenyl-Si{IMea)2-AuCl]Cl (4a) in CD:CN at 300 K.

=346

b "

00 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -280 -3I

Fig. $12 °Si NMR spectrum of [m-Terphenyl-Si(IMea)z-AuCl]Cl (4a) in CD3CN at 300 K.
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Fig. S13 ESI-MS spectrum (detail view) of 4a (positive mode, 300 °C, —4500 V; line: measured spectrum; bars:
simulated spectrum).
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1.3 Synthesis of [Tipp—Si(IMea).—MCI]X (2b, 3b, 4b)
\ General procedure:
>_ i x- [Tipp-Si(IMe4)2]Cl (1b) (50.0 mg, 97.1 umol, 1.0 eq) was dissolved in
\_//—&S(/ \My 1.5 mL acetonitrile and cooled to —40 °C. The coinage metal precursor
. /2 (MX= CuCl (2b)/AgOTF (3b)/(SMez)AuCl (db), 97.1 umol, 1.0 eq) was

- added in one portion while stirring (under exclusion of light for 3b).
The solution was quickly filtered and Et;O (10 mL) was added to

precipitate a colorless solid. The solid was collected by filtration,

washed with Et;0 (2 x 2 mL) and after drying under vacuum the
products 2b and 3b were obtained as colorless air-, (light-), moisture-sensitive solids. The
complexes are stable in the solid state but decompose rapidly in solution. Due to the rapid

decomposition, no satisfactory analytical data could be obtained for complex 4b.
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[Tipp-Si(IMes)2—CuCI]Cl (2b)
Yield = 71%.
H NMR (500 MHz, CDsCN, 300 K): & [ppm] = 7.12 (s, 2H, CaH), 3.60 (hept, J = 6.8 Hz, 2H,
CarthoH(CH3)2), 3.55 (s, 12H, NnucCHa), 2.88 (hept, J = 6.9 Hz, 1H, CparaH(CHa)2), 2.20 (s, 12H,
CnrcCHs), 1.22 (d, J = 6.9 Hz, 6H, CparaH{CHs)2), 1.02 (d, J = 6.8 Hz, 12H, CorthoH(CHs)2).
13C NMR (126 MHz, CDsCN, 300 K): & [ppm] = 157.4, 153.6, 152.2, 129.9, 129.2, 123.3, 36.4, 35.0,
34.8,25.0,24.0,9.2.
295i NMR (99 MHz, CD3CN, 300 K): & [ppm] = —48.8.
EA: CasHa7Cl2CuN,sSi  calculated: C (56.71), H (7.71), N (9.12).

measured: C (56.89), H (7.92), N (9.01).

M.P.: 132-134 °C (decomposition, color change to yellow-orange).

7.36
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Fig. 514 'H NMR spectrum of [Tipp-Si(IMea)>-CuCI]Cl (2b) in CD3CN at 300 K. Residual CsHs (7.36 ppm) stems from the
crystallization of starting material 1b. NMR spectra were recorded immediately after mixing the starting materials

due to rapid decomposition.
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Fig. $15 *C NMR spectrum of [Tipp-Si(IMea)2-CuCl]Cl (2b) in CDsCN at 300 K.
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Fig. $16 *°Si NMR spectrum of [Tipp-5i(IMea)2-CuCl]Cl (2b) in CDsCN at 300 K.
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[Tipp-Si(IMe4)~AgCI]OTf (3b)
Single crystals suitable for XRD analysis were obtained by slow diffusion of Et.O into a
concentrated solution of 3b in acetonitrile:toluene (2:1) at =40 °C.
Yield = 89%.
1H NMR (500 MHz, CDsCN, 300 K): 6 [ppm] = 7.16 (s, 2H, CarH), 3.49 (s, 12H, NnucCHs), 3.29 (hept,
J=6.8 Hz, 2H, CorthoH(CHs)2), 2.90 (hept, J = 6.9 Hz, 1H, CparaH(CHs)2), 2.21 (s, 12H, CuncCHs), 1.23
(d, J = 6.9 Hz, 6H, CparaH(CHa)y), 1.05 (d, J = 6.7 Hz, 12H, CortnoH(CH3)2).
13C NMR (126 MHz, CDsCN, 300 K): & [ppm] = 157.1, 153.4, 150.4, 131.0, 127.1, 123.9, 122.0 (g,
Yer = 321.0 Hz) 36.7, 34.8, 35.1, 24.8, 23.9, 9.1.
256 NMR (99 MHz, CDsCN, 300 K): & [ppm] = —46.6 (d, Usiag = 355.8 Hz), —46.6 (d, Ysing = 410.1 Hz).
EA: C30H47AgCIF3N403SSi calculated: C (46.66), H (6.14), N (7.26), S (4.15).

measured: C (46.29), H (5.99), N (7.38), S (4.04).

M.P.: 190-191 °C (decomposition, color change to black).
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Fig. 517 *H NMR spectrum of [Tipp-Si(IMea)2-AgCI]OTf (3b) in CDsCN at 300 K. Residual CsHs (7.36 ppm) stems from
the crystallization of starting material 1b. NMR spectra were recorded immediately after mixing the starting materials
due to rapid decomposition.
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Fig. 518 *C NMR spectrum of [Tipp-Si(IMea):-AgCl)OTf (3b) in CDsCN at 300 K.
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Fig. 519 *°Si NMR spectrum of [Tipp-5i(IMea)2-AgCI]OTf (3b) in CD3CN at 300 K.
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[Tipp-Si(IMes)2~AuCI]CI (4b)

1H NMR (500 MHz, CD3CN, 300 K): 6 [ppm] = 7.19 (s, 2H, CarH), 3.63 (s, 12H, NnncCHs), 3.38 (hept,
J=6.7 Hz, 2H, CorthoH(CH3)2), 2.90 (hept, J = 6.8 Hz, 1H, CparaH(CH3)2), 2.24 (s, 12H, CnncCH3), 1.23
(d, J = 6.7 Hz, 6H, CparaH(CH3)2), 1.06 (d, J = 6.8 Hz, 12H, CorthoH(CH3)2).

CH groups of the 'Pr-substituents of 4b overlap with CH groups of the 'Pr substituents of the decomposition products.

2961 NMR (99 MHz, CDsCN, 300 K): & [ppm] = -38.0.

7.36
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Fig. $20 'H NMR spectrum of [Tipp-Si(IMeas)z-AuCl]Cl (4b) in CD3CN at 300 K. Residual CsHs (7.36 ppm) stems from the
crystallization of starting material 1b. NMR spectra were recorded immediately after dissolution of the complex.
Because of the rapid decomposition even at low temperature, no satisfactory NMR data was obtained.
Decomposition products are marked with *,

8.4
1.4
-38.0

v

180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
Fig. S21 2°Si NMR spectrum of [Tipp-Si(IMeas)-AuCI]CI (4b) in CDsCN at 300 K. Beginning decomposition is marked

with *,
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1.4 Decomposition of 4b SMe,

CeHs
After 5 minutes

Li I, P | QU\ .

Aftelr 30 minutes Ll ) J'LA R J | U\

After 1 hour

L J L LL

After 4 hours and
removal of volatiles J I
N Y I M
.0 9 8 7 6 5 4 3 2 1 0 -1

Fig. 522 'H NMR spectra of [Tipp-Si(IMes)z-AuCI]Cl (4b) after 5 minutes, 30 minutes, 1 hour and 4 hours. Initally fast
formation of intermediate decomposition products can be observed that slowly change to the final product mixture.
After around 3 hours no further changes could be observed. (cf. Fig. S23 for detailed view)
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Fig. 523 Detailed look at the changing signals observed in the 'H NMR spectra of [Tipp-Si(IMea)2-AuCl]Cl (4b) after 5
minutes, 30 minutes, 1 hour and 4 hours (left: CaH region, middle: NuucCH3 and CH(CH3)z region, right: CnucCH3

region).
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Fig. 524 2°Si NMR spectrum of [Tipp-Si(IMeas)2-AuCl]Cl (4b) and thermal decomposition in CD3CN at 300 K immediately
after mixing of the starting materials (top) and after complete decomposition (bottom). Signals at —38.0 (4b) and
intermediates (8.4 & 1.4 ppm) vanish completely over a period of 4 hours and signals at +40.5 and +64.0 emerge.
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Fig. 525 'H/??Si HMBC NMR spectrum of the decomposition products of complex 4b. Clear correlation between the
minor species in the 'H NMR and the Si resonance at +40.5 ppm as well as the major species in the *H NMR and the
Si resonance at +64.0 ppm can be observed. Signals corresponding to [(IMeas):Au]Cl are marked with * (cf. Fig. S26).
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[(IMes):Au]Cl

'H NMR (500 MHz, CD3CN, 300 K): & [ppm] = 3.73 (s, 6H, NCHz), 2.16 (s, 6H, CCHs).
13C NMR (126 MHz, CD3CN, 300 K): 6 [ppm] = 183.0, 127.1, 35.8, 9.0.
EA: (Ci4H22AUCINg)  calculated: C (34.97), H (5.03), N (11.65).

measured: C (34.84), H (5.24), N (11.73).

Sasaano

~~~~~~

3.73

.0 9 8 7 6 5 4 3 2 1 0 -1
Fig. 526 'H NMR spectrum of [(IMea)2Au]Cl (5) in CD3CN at 300 K.
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Fig. 527 *C NMR spectrum of [(IMeas)2Au]Cl (5) in CDsCN at 300 K.
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2. X-ray Crystallographic Data

General Information

The X-ray intensity data of 4a was collected on an X-ray single crystal diffractometer equipped with a
CMOS detector (Bruker Photon-100), an IMS microsource with MoKa radiation (A = 0.71073 A) and a
Helios mirror optic by using the APEX Il software package.*? The X-ray intensity data of 2a, 3a, 3b and
5 were collected on an X-ray single crystal diffractometer equipped with a CMQOS detector (Bruker
Photon-100), a rotating anode (Bruker TXS) with MoKa radiation (A = 0.71073 A) and a Helios mirror
optic by using the APEX Ill software package.’’ The measurements were performed on single crystals
coated with the perfluorinated ether Fomblin®Y. The crystals were fixed on the top of a micro sampler,
transferred to the diffractometer and frozen under a stream of cold nitrogen. A matrix scan was used
to determine the initial lattice parameters. Reflections were merged and corrected for Lorenz and
polarization effects, scan speed, and background using SAINT.*® Absorption corrections, including odd
and even ordered spherical harmonics were performed using SADABS.% Space group assignments
were based upon systematic absences, E statistics, and successful refinement of the structures.
Structures were solved by direct methods with the aid of successive difference Fourier maps, and
were refined against all data using the APEX Ill software in conjunction with SHELXL-2014%* and
SHELXLE.>® All H atoms were placed in calculated positions and refined using a riding model, with
methylene and aromatic C-H distances of 0.99 and 0.95 A, respectively, and Uiso(H) = 1.2-Ueq(C). Full-
matrix least-squares refinements were carried out by minimizing Aw(Fo>—F:2)? with SHELXL-97
weighting scheme.*® Neutral atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International Tables for Crystallography.5’
The images of the crystal structures were generated by Mercury.*® The CCDC numbers CCDC-1870254
(2a), CCDC-1870256 (3a), CCDC-1870258 (3b), CCDC-1870255 (4a) and CCDC-1870257 (5) contain the
supplementary crystallographic data for the structures. These data can be obtained free of charge

from the Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.1 SC-XRD structure of [m-Ter-Si(IMes)—CucCl]Cl (2a)

@ Cl2

Fig. 528 Ellipsoid plot (50% probability level) of the molecular structures of complex 2a. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Si1-C1 1.916(3), Si1-C25 1.939(2), Si1-C32 1.938(2), Sil-Cul
2.238(2), Cul-Cl1 2.1477(6), Sil-Cul-Cl1 169.3(1), C25-5i1-C32 95.5(2), C1-Si1-Cul 119.4(2).

2.2 SC-XRD structure of [m-Ter-Si(IMes),—AgCI]OTf (3a)

02

S® or
01‘ C39

> g

Fig. 529 Ellipsoid plot (50% probability level) of the molecular structures of complex 3a. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Si1-C1 1.911(4), Si1-C25 1.936(3), Si1-C32 1.938(4), Sil-Agl
2.379(1), Agl-Cl1 2.366(1), Si1-Agl—Cl1 171.8(1), C25-5i1-C32 95.8(1), C1-Si1l-Agl 114.8(1).
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2.3 SC-XRD structure of [m-Ter-Si(IMes),—AuCI]CI (4a)

N2 © Cl2

~ Si1 c32 N3
@Al N4 :
\/\jon

\

®

Fig. 530 Ellipsoid plot (50% probability level) of the molecular structures of complex 4a. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: $i1-C1 1.916(2), $i1-C25 1.942(2), Si1-C32 1.941(2), Sil-Aul
2.281(1), Aul-Cl1 2.354(1), Si1-Aul-CI1 176.8(1), C25-5i1-C32 96.5(1), C1-Sil-Aul 119.0(1).

6,
C1

2.4 SC-XRD structure of [[Tipp-Si(IMes)—AgCI]OTf]: (3b)

\ ®
N Ch \
C1
¥

N1 —
Si1 Agl
C16 \|

Fig. $31 Ellipsoid plot (50% probability level) of the molecular structure of complex 3b. Hydrogen atoms are omitted
for clarity. Only one triflate anion is shown and the Tipp substituents are depicted as wireframes. Selected bond
lengths [A] and angles [°]: Si1-C1 1.919(2), Si1-C16 1.935(2), Si1-C23 1.931(2), Sil-Agl 2.398(1), Agl—Cl1 2.562(1),
Sil-Agl—Cl1 141.2(1), C16-5i1-C23 100.8(1), C1-Sil-Agl 118.0(1).
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2.5 SC-XRD structure of [(IMes)2Au]Cl (5)

on

© Aut

C1

N1 N2

Fig. 532 Ellipsoid plot (50% probability level) of the molecular structure of complex 5. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Au1—-C1 2.030(4), Au1-C8 2.022(4), C1-Au—C8 176.9(2).
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11. Appendix

1. Experimental Section

1.1. General Methods and Instrumentation

All manipulations were carried out under exclusion of water and oxygen in an atmosphere
of argon 4.6 (299.996%) using standard Schlenk techniques or in a Labstar glovebox from
MBraun with H20 and Oz levels below 0.5 ppm. Glassware was heat dried under vacuum
prior to use. Acetonitrile, CeHsF, CeHsF2 and Acetonitrile-ds were refluxed over CaHz,
distilled under argon, deoxygenated by three freeze-pump-thaw cycles and stored over
3 A molecular sieve in a glovebox. Diethylether, THF and n-hexane were refluxed over
sodium/benzophenone, distilled under argon, deoxygenated by three freeze-pump-thaw
cycles and stored over 3 A molecular sieve in a glovebox. THF-ds was stirred over Na-K
alloy, distilled under argon, deoxygenated by three freeze-pump-thaw cycles and stored
over 3 A molecular sieve in a glovebox. All NMR samples were prepared under argon in
J. Young PTFE valve NMR tubes. NMR spectra at ambient temperature (300 K) were
recorded on a Bruker AV400US or DRX400 ('H: 400.13 MHz) or AV500C ('H:
500.36 MHz, '*C: 125.83 MHz, 2°Si: 99.41 MHz, °F: 470.77 MHz). The 'H, *C, and ?°Si
NMR spectroscopic chemical shifts d are reported in ppm relative to tetramethylsilane. 'H
and 3C NMR spectra are calibrated against the residual proton and natural abundance
carbon resonances of the respective deuterated solvent as internal standard (CDsCN:
5('"H)=1.94 ppm and d('*C)=1183ppm; THF-ds: &('H)=1.73ppm and
5('8C) = 25.4 ppm). ""F NMR spectra are referenced to the resonance of CFCls
(8 = 0 ppm) as external standard. NMR spectra in THF-ds include a resonance for silicon
grease (8('H) = 0.11 ppm, B('*C) = 1.4 ppm), derived from B. Braun AG Sterican®
cannulas, which is marked with # in the corresponding spectra. The following
abbreviations are used to describe signal multiplicities: s = singlet, d = doublet, t = triplet,
g = quartet, sext = sextet, sept = septet, bs = broad signal, m = multiplet. NMR spectra
were visualized using MestReNova 12. Reactions requiring UV irradiation were carried
out using an Asahi Spectra MAX-302 Xenon Light Source. Quantitative elemental
analyses (EA) were carried out using a HEKAfech EURO EA instrument equipped with a
CHNS combustion analyzer. Carbon values for the group 6 complexes were consistently
and reproducibly low (~1% deviation), presumably due to the formation of incombustible
silicon-carbides. Nevertheless, the EA data is provided to show the best values obtained
so far. IR spectra were recorded in the solid state (neat) on a Perkin Elmer FT-IR
spectrometer (diamond ATR, Spectrum Two) in a range of 400-4000 cm™ at room

temperature inside an argon filled glovebox. Spectra were visualized using
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11. Appendix

OriginPro 2018. IR bands are reported in cm™ and the intensities are abbreviated as
following: s = strong, m = medium, w = weak. Melting Points (M.P.) were determined in
sealed glass capillaries under inert gas by a Biichi M-565 melting point apparatus. Unless
otherwise stated, all commercially available chemicals were purchased from abcr or
Sigma-Aldrich and used without further purification. The compounds [m-Ter-Si(IMe4)2]CI
(1a-Cl)S' (m-Ter = 2,6-(2,4,6-Mes-CesHz)2-CeHs) and [Tipp—Si(IMea)2]CI (1b-CI)S? (Tipp =
2,4,6-Pr3-CeHz) were prepared as described in the literature.
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11. Appendix

1.2 Synthesis of [R-Si(IMe4)2]OTf (R = m-Ter (1a-OTf), Tipp (1b-OTf))
_|* oti- General Procedure: [R-Si(IMe4)2]ClI (1-Cl) (300.0 mg, 1.0 eq) and
\N\_)?N/ KOTf (1.0 eq) were suspended in 8 mL THF and stirred at r.t. until
/ ~ the starting material dissolved. The cloudy, bright orange

R=SE suspension was concentrated under reduced pressure to about
S ] .
/N 5 mL, filtered and the clear solution was further concentrated under
—N
\(/\\ reduced pressure until precipitation began. n-Hexane (12-15 mL)

12-0Tf (R = m-Ter) was added to precipitate an orange solid which was collected by

1b-OTf (R = Tipp) filtration, washed with n-hexane (3 mL) and after drying under

vacuum the products 1-OTf were obtained as orange air- and moisture-sensitive solids.

[m-Ter-Si(IMes):]OTf (1a-OTf)
Yield: 327.4 mg, 443.0 ymol, 92%.

1a-OTF is well soluble in acetonitrile and THF. Single crystals suitable for XRD analysis
of compound 1a-OTf were obtained by slow diffusion of pentane into a saturated solution

of 1a-0OTf in 1,2-difluorobenzene.

1H NMR (500 MHz, THF-ds, 300 K): 5 [ppm] = 7.29 (t, 3t = 7.5 Hz, 1H, CarHoarz), 6.91
(d, 3Jn-n = 7.5 Hz, 2H, CarHmeta), 6.64 (s, 4H, CmesH), 3.44 (s, 12H, NnHcCHs), 2.14 (s, 6H,
CmesCHS,para), 2.1 (S, 12H, CmesCHS,onho), 2.06 (S, 12H, CNHCCHS).

1H NMR (500 MHz, CDsCN, 300 K): & [opm] = 7.35 (t, *Ji+i = 7.5 Hz, 1H CarHpara), 6.94
(d, 3 = 7.5 Hz, 2H, CarHimeta), 6.69 (s, 4H, CmesH), 3.29 (bs, 12H, NncCHs), 2.15 (s,
6H, CmesCHS,para), 2.07 (S, 12H, CmesCHS‘ortho), 2.01 (S, 12H, CNHCCH&).

13C{'H} NMR (126 MHz, THF-ds, 300 K): 5 [ppm] = 159.7, 148.4, 146.0, 141.1, 136.5,
130.0, 128.3, 128.3, 127.5, 122.3 (q, "Jo—r = 322.6 Hz, CF3), 34.2, 22.0, 21.1, 9.0.

13C{'H} NMR (126 MHz, CDsCN, 300 K): 5 [ppm] = 160.3, 148.7, 144.7, 141.0, 137.0,
130.2, 128.4, 128.2, 128.1, 122.1 (q, 'Jo—r = 320.9 Hz, CF3), 35.4, 21.9,21.0, 9.1.

28i{'H} NMR (99 MHz, THF-ds, 300 K): 5 [ppm] = =70.0.
28i{1H} NMR (99 MHz, CD3CN, 300 K): 5 [ppm] = —69.2.
19F{'H} NMR (471 MHz, THF-ds, 300 K): 5 [ppm] = —79.2.

19F{'H} NMR (471 MHz, CDsCN, 300 K): & [ppm] = —79.3.
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11. Appendix

EA: CasHaoN4SiSOsFs  calculated [%]: C (63.39), H (6.68), N (7.58), S (4.34).
measured [%]: C (62.64), H (6.74), N (7.50), S (4.08).

M.P.: 143-144 °C (decomposition, change to orange oil).

THNNR (500 Mz THEG5 300K) o ooy N .
/ QRN 334 - e
ot “Ton
Y
\=( IMay
N
¢ S—sit
= by
M} IMey
\—.
*{\
12.0Tf
| THF-ds + || THE-ds
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Fig. S1 'H NMR spectrum of [Tipp—Si(IMe4)2]OTf (1a-OTf) in THF-ds at 300 K. Residual imidazolium triflate
(IMes-HOTf) is marked with *.

T3C{'H} NMR (126 MHz, THF-d, 300 K)

THF-dy 3 a3 2
4 “Ton
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Fig. S2 "*C{'H} NMR spectrum of [Tipp—Si(IMes)2]OTf (1a-OTf) in THF-ds at 300 K.
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Bg{TH} NMR (99 MHz, THF-dg, 300 K)

o
2

T T T T T T T T T T T
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. . . , . . : :
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Fig. S3 2°Si{'"H} NMR spectrum of [Tipp-Si(IMe4)2]OTf (1a-OTf) in THF-ds at 300 K.

SF{H}NMR (471 MHz, THF-dg, 300 K)
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Fig. S4 '°F{'"H} NMR spectrum of [Tipp—Si(IMe4):]JOTf (1a-OTf) in THF-ds at 300 K.

S6

156




11. Appendix

THNMR (500 MHz, CD4CN, 300 K)
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Fig. S5 'H NMR spectrum of [Tipp—Si(IMe)2]OTf (1a-OTf) in CDsCN at 300 K. Residual imidazolium triflate
(IMes-HOTY) is marked with *.
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Fig. S6 "*C{'H} NMR spectrum of [Tipp—Si(IMes)2]OTf (1a-OTf) in CD3CN at 300 K.
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95i{'H) NMR (98 MHz, CD4CN, 300 K)
~  1ou

N

4 ,ﬁ(\/me;

(’ S—st
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Fig. S7 2°Si{H} NMR spectrum of [Tipp—Si(IMe=)2]OTf (1a-OTf) in CDsCN at 300 K.

SF{'H}NMR (471 MHz, CD3CN, 300 K)

4(54\( T on z
J={ e
ér\\,—sg
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&—{ Mey
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Fig. S8 "°F{'H} NMR spectrum of [Tipp—Si(IMes)2]OTf (1a-OTf) in CD3CN at 300 K.
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[Tipp—Si(IMes)2]OTf (1b-OTH)
Yield: 342.4 mg, 544.5 pmol, 94%.

1b-OTf is well soluble in acetonitrile and THF and slightly soluble in benzene. Single
crystals suitable for XRD analysis of compound 1b-OTf were obtained by cooling a
concentrated solution of 1b-OTf in THF to —35 °C.

H NMR (500 MHz, THF-ds, 300 K): & [ppm] = 7.02 (s, 2H, CarH), 3.77 (sept, J = 6.8 Hz,
2H, CortnoH(CHa)z), 3.50 (s, 12H, NnHcCHs), 2.84 (sept, J = 6.9 Hz, 1H, CparaH(CHa)z), 2.25
(s, 12H, CnwcCHs), 1.23 (d, J = 6.9 Hz, 6H, CparaH(CHs)2), 1.01 (d, J = 6.8 Hz, 12H,
CorthoH(CH?3)2).

"H NMR (400 MHz, CDsCN, 300 K): & [ppm] = 7.05 (s, 2H, CaH), 3.62 (sept, J = 6.8 Hz,
2H, CorthoH(CH3)2), 3.36 (s, 12H, NnHeCH3), 2.86 (sept, J = 6.9 Hz, 1H, CparaH(CHa)z), 2.17
(s, 12H, CnucCHz), 1.22 (d, J = 6.9 Hz, 6H, CpareH(CHs)2), 0.99 (d, J = 6.8 Hz, 12H,
CorthoH(CH3)2).

Note: The resonance for the ortho 'Pr substituents overlaps with the resonance for residual THF from the synthesis.

BC{'H} NMR (126 MHz, THF-ds, 300 K): & [ppm] = 161.3, 157.2, 150.5, 135.5, 128.8,
122.5 (q, 'Jo—r = 321.5 Hz, SO:CF3), 122.2, 36.5, 35.1, 34.1, 24.7, 24.3, 8.9.

13C{'H} NMR (126 MHz, CDsCN, 300 K): 5 [ppm] = 161.4, 157.1, 151.0, 134.7, 128.7,
122.5,122.1 (g, "Jo-r = 324.3 Hz, SO3CF3), 36.4, 34.9, 34.0, 24.5, 24.1, 9.1.

298i{'H} NMR (99 MHz, THF-ds, 300 K): 5 [ppm] = —69.3.
298ji{'H} NMR (99 MHz, CD3CN, 300 K): & [ppm] = —69.5.
19F{1H} NMR (471 MHz, THF-ds, 300 K): 5 [ppm] = —79.1.
19F{'H} NMR (471 MHz, CD:CN, 300 K): 5 [ppm] = —79.3.

EA: C3oH47N4SiSOsF3 calculated [%]: C (57.30), H (7.53), N (8.91), S (5.10).
measured [%]: C (57.54), H (7.66), N (8.82), S (4.96).

M.P.: 130-131 °C (decomposition, change to red oil).
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"H NMR (500 MHz, THF-dy, 300 K)

Me,
) 's‘/ ot
N

7.02
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| P O N B
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Fig. S9 'H NMR spectrum of [Tipp—Si(IMes)z]OTf (1b-OTf) in THF-ds at 300 K.
T3C{"H} NMR (128 MHz, THF-d, 300 K} EE ﬁ E aee s a
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Fig. $10 "*C{'H} NMR spectrum of [Tipp—Si(IMes)2]OTf (1b-OTf) in THF-ds at 300 K.
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5i{'H} NMR (99 MHz, THF-d, 300 K)
N\ —l
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Fig. $11 2Si{'H} NMR spectrum of [Tipp—Si(IMes)2]OTf (1b-OTf) in THF-de at 300 K.

T9E{TH} NMR (471 MHz, THF-dg, 300 K)
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Fig. $12 ®F{"H} NMR spectrum of [Tipp-Si(IMe4)zJOTf (1b-OTf) in THF-ds at 300 K.
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Fig. $13 "H NMR spectrum of [Tipp-Si(IMe4)2]OTf (1b-OTf) in CDsCN at 300 K.
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Fig. $14 "*C{'H} NMR spectrum of [Tipp-Si(IMe4)z]OTf (1b-OTf) in CD:CN at 300 K.
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Si{"H} NMR (89 MHz, CDACN, 300 K)
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Fig. $15 2Si{1H} NMR spectrum of [Tipp-Si(IMe:):]OTFf (1b-OTf) in CDaCN at 300 K.

SF{'H}NMR (471 MHz, CD;CN, 300 K)
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Fig. $16 "°F{'H} NMR spectrum of [Tipp-Si(IMes):]OTf (1b-OTf) in CD:CN at 300 K.

S13

163



11. Appendix

, v n .l
f Wil 1
i ‘ H

I

I
T

t

Transmittance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers [cm™]

Fig. $17 Solid state FT-IR spectrum of [Tipp-Si(IMe4)]OTf (1b-OTf).
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1.3 Synthesis of [Tipp-Si(IMes)2—M(CO)s]OTf (M = Cr (2), Mo (3), W (4))

_|+0Tf_ General procedure: M(CO) (M = Cr, Mo, W;
\N/g/ 174.9 umol, 1.1 eq) was dissolved in 5mL THF and
A
J

irradiated with UV light for 6 hours. Solid [Tipp—

Si:—= M(CO)s Si(IMea)2]OTf (1b-OTf) (100.0 mg, 159.0 umol, 1.0 eq)

e was added to the yellow-orange M(CO)sTHF solution in
’N\f\\ one portion and then stirred for one hour at room
2(M=Cn) temperature. The bright vyellow solution was
im : \l\;ﬂv?) concentrated under reduced pressure to about 1-2 mL

and hexane (15 mL) was added slowly to precipitate a
(pale) yellow solid. The solid was collected by filtration, washed with hexane (2x3 mL) and
after drying under vacuum the complexes 2-4 were obtained as pale to bright yellow air-

and moisture-sensitive solids.

Alternate procedure: M(CO)s and [Tipp—Si(IMes)2]OTf (1b-OTf) can be mixed in THF
and simply irradiated with UV light for 4-6 hours. However, the reaction is less clean than
preparing M(CO)sTHF before adding 1b-OTf.

[Tipp—Si(IMes)2—Cr(CO)s]OTF (2)
Yield = 104.3 mg, 127.0 pmol, 80%.

'H NMR (400 MHz, THF-ds, 300 K): & [ppm] = 7.18 (s, 2H, CaH), 4.10 (bs, 2H,
CortroH(CHa)2), 3.80 (s, 12H, NnncCHa), 2.88 (sept, J = 7.0 Hz, 1H, CparaH(CHa)z), 2.26 (s,
12H, CnncCHs), 1.24 (d, J=7.0Hz, 6H, CpaH(CHs)), 1.08 (d, J=6.5Hz, 12H,
CorthoH(CH?z)2).

13C{'H} NMR (126 MHz, THF-ds, 300 K): 5 [ppm] = 225.2 (CO), 222.0 (CO), 156.8, 155.2,
152.4,131.3, 130.6, 124.5, 37.2, 34.8, 34.5, 24.0, 8.9.

Note: The CF; group in the triflate anion (normally a weak quartet around 120-125 ppm) was not observed.
28j{'H} NMR (99 MHz, THF-ds, 300 K): 5 [ppm] = 6.3.
FT-IR (solid): v [cm""] = 2037 (m, vc=0), 1889 (s, vc=0).

EA: CasHa7NsSiSOsF2Cr  calculated [%]: C (51.21), H (5.77), N (6.83), S (3.91).
measured [%]: C (50.09), H (5.57), N (6.61), S (3.81).

M.P.: 74-75 °C (decomposition, change to brown oil).
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TH NMR (400 MHz, THF-dy, 300 K)
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Fig. $18 "H NMR spectrum of [Tipp-Si(IMes)2—Cr(CO)s]OTY (2) in THF-ds at 300 K.
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Fig. $19 "*C{'H} NMR spectrum of [Tipp-Si(IMes)2—Cr(CO)s]OTf (2) in THF-ds at 300 K.
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Fig. 520 #Si{'"H} NMR spectrum of [Tipp—Si(IMe4)2—Cr(CO)s]OTf (2) in THF-ds at 300 K.
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Fig. S21 Solid state FT-IR spectrum of [Tipp-Si(IMe4)2—Cr(CO)s]OTf (2).
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[Tipp-Si(IMes)2—Mo(CO)s]OTf (3)

Yield = 114.3 mg, 132.2 pmol, 83%.
Single crystals suitable for XRD analysis of compound 3 were obtained by cooling a

concentrated solution of 3 in Et=20 to —35 °C.

H NMR (400 MHz, CD:CN, 300 K): 5 [ppm] = 7.16 (s, 2H, CaH), 4.20 (bs, 2H,
CortnoH(CHa)2), 3.63 (s, 12H, NnicCH), 2.88 (sept, J = 6.9 Hz, 1H, CparaH(CHz)2), 2.17 (s,
12H, CnucCH3), 1.22 (d, J = 6.9 Hz, 6H, CparaH(CHa)2), 1.02 (d, J = 6.6 Hz, 12H,
CortnoH(CHa)2).

'H NMR (400 MHz, THF-ds, 300 K): & [ppm] = 7.16 (s, 2H, CaH), 4.24 (bs, 2H,
CorthoH(CHs)2), 3.80 (s, 12H, NnHcCHS3), 2.87 (sept, J = 6.9 Hz, 1H, CparaH(CHs)2), 2.25 (s,
12H, CnhcCHs3), 1.24 (d, J=6.9 Hz, 6H, CpaaH(CH3)2), 1.07 (d, J=6.6 Hz, 12H,
CorthoH(CH3)2).

BC{'H} NMR (126 MHz, THF-ds, 300 K): & [ppm] = 210.0 (CO), 202.2 (sext,

TJdsi=mo = 68.3 Hz, CO), 156.9, 156.0, 152.2, 131.2, 130.5, 124.3, 37.1, 34.9, 34.9, 24.0,

8.9.

Note: (a) Coupling to Mo (~16% Mo (S =), ~10% “"Mo (S = %) can be observed for the CO signal at 202.2 ppm; (b) The CF; group
in the triflate anion (normally a very weak quartet around 120-125 ppm) was not observed.

28i{1H} NMR (99 MHz, THF-ds, 300 K): 5 [ppm] = —17.3.

Note: No coupling of Si to Mo could be observed, even with a concentrated solution and a significantly increased number of scans.
FT-IR (solid): v [cm™] = 2054 (m, vc=o0), 1969 (W, vc=0), 1897 (s, vc=0), 1860 (S, Tc=0).

EA: CasHa7N4SiSOsFaMo  calculated [%]: C (48.61), H (5.48), N (6.48), S (3.71).
measured [%]: C (47.72), H (5.45), N (6.29), S (3.47).

M.P.: 79-80 °C (decomposition, change to red-brown oil).
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Fig. S22 "H NMR spectrum of [Tipp-Si(IMe4)2—Mo(CO)s]OTf (3) in THF-ds at 300 K.
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Fig. $23 "*C{'H} NMR spectrum of [Tipp—Si(IMes)2—Mo{CO)s]OTF (3) in THF-ds at 300 K.
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Fig. S24 2Si{"H} NMR spectrum of [Tipp-Si(IMe4).—Mo(CO)s]OTf (3) in THF-ds at 300 K.
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Fig. S25 Solid state FT-IR spectrum of [Tipp-Si(IMe4)2—Mo(CO)s]OTf (3).
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[Tipp—Si(IMe4)>—W(CO)s]OTf (4)

Yield = 130.6 mg, 137.1 pmol, 86%.

TH NMR (500 MHz, THF-ds, 300 K): & [ppm] = 7.17 (s, 2H, CaH), 4.15 (bs, 2H,
CorthoH(CHa)2), 3.80 (s, 12H, NnucCHs), 2.88 (sept, J = 6.9 Hz, 1H, CparaH(CH3)2), 2.26 (s,
12H, CnncCHs), 1.24 (d, J = 6.9 Hz, 6H, CpaaH(CH3)2), 1.08 (d, J = 6.6 Hz, 12H,
CorthoH(CH?z)2).

3C{'H} NMR (126 MHz, THF-ds, 300 K): d [ppm] = 201.9 (d, 'Jc=w = 123.8 Hz, CQ),
192.4 (d, "Je=w = 126.6 Hz, CO), 156.9, 155.5, 152.3, 130.5, 130.2, 124.4, 37.4, 35.1,
34.9,25.7,24.0,8.9.

Note: (a) Coupling to W (~14% "W (S = '/;)) can be observed for the CO signals at 201.9 ppm and 192.4 ppm. (b) The CF; group in

the triflate anion (normally a very weak quartet around 120-125 ppm) was not observed.

28i{'H} NMR (99 MHz, THF-ds, 300 K): 5 [ppm] = =30.5 (d, "Jsi=w = 122.6 Hz)

Note: Coupling to W (~14% "W (S = '/2)) can be observed for the Si signal.

FT-IR (solid): v [cm™"] = 2052 (m, vc=0), 1963 (W, vc=o), 1891 (s, vc=0), 1850 (s, vc=o0).

EA: C3sHa7N4SiSOsFsW  calculated [%]: C (44.12), H (4.97), N (5.88), S (3.36).
measured [%]: C (43.09), H (4.82), N (5.67), S (3.19).

M.P.: 82-83 °C (decomposition, change to brown oil).
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Fig. S26 'H NMR spectrum of [Tipp-Si(IMe4)2—W(CO)s]OTf (4) in THF-ds at 300 K.
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Fig. $27 "3C{'"H} NMR spectrum of [Tipp-Si(IMea).—W(CO)s]OTf (4) in THF-ds at 300 K.
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Fig. 28 °Si{'H} NMR spectrum of [Tipp-Si(IMes)o—W(CO)s]OTf (4) in THF-ds at 300 K.
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Fig. $29 Solid state FT-IR spectrum of [Tipp-Si(IMe4):—W(CO)s]OTf (4).
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1.4 Synthesis of [Tipp-Si(IMea)—=Fe(C0)4]OTT (5)
—|+ ori- Fez2(CO)s (57.9 mg, 159.0 ymol, 1.0 eq) was mixed with
-‘N)\\\f/ [Tipp-Si(IMes4)2]OTf (1) (100.0 mg, 159.0 pmol, 1.0 eq)
AN and suspended in 5 mL CsHsF. After stirring for 4 hours
sl/—- Fe(CO), at r.t. the pale brown cloudy solution was filtered and the
?‘N/ solvent and Fe(CO)s was removed under reduced
IN%\ pressure. The residue was extracted with 2 mL CeHsF,
filtered and then stored over night at —35°C. The
° microcrystalline precipitate was collected by filtration,
washed with hexane (2x, 3 mL) and after drying under vacuum the complex 5 (91.2 mg,

114.5 pmol, 72%) was obtained as a pale beige air- and moisture sensitive solid.

Single crystals suitable for XRD analysis of compound 5 were obtained by cooling a
concentrated solution of 5 in CeHsF to —35 °C.

H NMR (400 MHz, THF-ds, 300 K): & [ppm] = 7.16 (s, 2H, CaH), 3.70 (s, 12H, NnHcCHS),
3.15 (sept, J = 6.5 Hz, 2H, CorthoH(CH3)2), 2.91 (sept, J = 6.9 Hz, 1H, CparaH(CHz)2), 2.31
(s, 12H, CnHcCHa), 1.24 (d, J=6.9 Hz, 6H, CparaH(CH3)2), 1.09 (d, J=6.5Hz, 12H,
CorthoH(CH?3)2).

13C{'H} NMR (126 MHz, THF-ds, 300 K): & [ppm] = 217.4 (CO), 157.0, 153.0, 152.0,
132.6, 131.9, 123.9, 122.3 (q, Jor = 322.4 Hz, CF3). 36.8, 35.8, 35.0, 24.0, 9.1.

295i{'H} NMR (99 MHz, THF-ds, 300 K): & [ppm] = 5.4.
FT-IR (solid): v [cm™'] = 2021 (s), 1943 (m), 1903 (s), 1887 (s).

EA: CasH47N4SiSO7FsFe-CeHsF calculated [%): C (54.42), H (5.79), N (6.19), S (3.54).
measured [%]: C (54.50), H (5.72), N (6.02), S (3.85).

M.P.: 195-196 °C (decomposition, change to black ail).
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TH NMR (500 MHz, THF-dy, 300 K)
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Fig. $30 'H NMR spectrum of [Tipp-Si(IMes)2—Fe(CO)4OTf (5) in THF-ds at 300 K.
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Fig. $31 "3C{H} NMR spectrum of [Tipp-Si(IMes)2—Fe(CO)]OTF (5) in THF-ds at 300 K.
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Fig. $32 2Si{'H} NMR spectrum of [Tipp-Si(IMe4)2—Fe(CO)]OTF (5) in THF-ds at 300 K.
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Fig. $33 Solid state FT-IR spectrum of [Tipp-Si(IMes)2—Fe(CO)4OTf (5).
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2. X-ray Crystallographic Data

General Information

The X-ray intensity data of 1a-OTf, 1b-OTf, 3 and 5 were collected on an X-ray single crystal
diffractometer equipped with a CMOS detector (Bruker Photon-100), an IMS microsource with
MoKa radiation (A = 0.71073 A) and a Helios mirror optic by using the APEX Il software
package.®® The measurements were performed on single crystals coated with the
perfluorinated ether Fombline Y. The crystals were fixed on the top of a micro sampler,
transferred to the diffractometer and frozen under a stream of cold nitrogen. A matrix scan
was used to determine the initial lattice parameters. Reflections were merged and corrected
for Lorenz and polarization effects, scan speed, and background using SAINT.S4 Absorption
corrections, including odd and even ordered spherical harmonics were performed using
SADABS.54 Space group assignments were based upon systematic absences, E statistics,
and successful refinement of the structures. Structures were solved by direct methods with
the aid of successive difference Fourier maps, and were refined against all data using the
APEX Il software in conjunction with SHELXL-2014%5 and SHELXLE.S® All H atoms were
placed in calculated positions and refined using a riding model, with methylene and aromatic
C-H distances of 0.99 and 0.95 A, respectively, and Uiso(H) = 1.2:Ueq(C). Full-matrix least-
squares refinements were carried out by minimizing Aw(F.2—F:2)2 with SHELXL-97 weighting
scheme.S” Neutral atom scattering factors for all atoms and anomalous dispersion corrections
for the non-hydrogen atoms were taken from International Tables for Crystallography.S® The
images of the crystal structures were generated by Mercury.®® The CCDC numbers CCDC-
1949742 (1a-0OTf), CCDC-1949743 (1b-OTf), CCDC-1949744 (3) and CCDC-1949745
(5) contain the supplementary crystallographic data for the structures. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/.
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2.1 SC-XRD structure of [m-Ter-Si(IMe4)z]OTf (1a-OTf, CCDC-1949742)

Fig. S34 Ellipsoid plot (50% probability level) of the molecular structure of silyliumylidene triflate 1a-OTf.
The m-Ter-substituent is simplified as a wireframe and hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [7]: Si1-C1 1.932(2), Si1-C25 1.964(2), Si1-C32 1.940(2), C1-Si1-C25
111.7(1), C1-Si1-C32 104.0(1), C25-Si1-C32 94.3(1), sum of angles around Si1: ¥ «£Si1 310.0.
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2.2 SC-XRD structure of [Tipp-Si(IMes)2]OTf (1b-OTf, CCDC-1949743)

F3
Fig. S35 Ellipsoid plot (50% probability level) of the molecular structure of silyliumylidene triflate 1b-OTf.
The Tipp-substituent is simplified as a wireframe and hydrogen atoms are omitted for clarity. Selected bond

lengths [A] and angles [*]: Si1-C1 1.892(3), Si1-C16 1.925(2), Si1-C23 1.926(3), C1-Si1-C16 111.6(1),
C1-Si1-C23 102.0(1), C16-Si1-C23 99.4(1), sum of angles around Si1: ¥ ~2Si1 313.0.
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2.3 SC-XRD structure of [Tipp-Si(IMes)2—Mo(CO)s]OTf (3, CCDC-1949744)
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Fig. S36 Ellipsoid plot (50% probability level) of the molecular structure of Mo(CO)s complex 3-Et20. One
out of two independent molecules in the asymmetric unit is depicted. The Tipp-substituent is simplified as a
wireframe, hydrogen atoms and solvent molecules are omitted for clarity. Selected bond lengths [A] and
angles [°]: Si1-Mo1 2.673(1), Si2-Mo2 2.740(1), Si1-C1 1.942(3), Si2-C36 1.966(3), Si1-C16 1.951(2),
Si2-C51 1.960(3), Si1-C23 1.962(4), Si2-C58 1.950(3), Mo1-C30 2.037(3), Mo2-C65 2.040(3), Mo1-C31
2.004(3), Mo2-C66 1.998(3), Mo1-C32 2.043(4), Mo2-C67 2.018(4), Mo1-C33 2.052(3), Mo2-C68
2.057(3), Mo1-C34 2.041(4), Mo2-C69 2.056(4), C30-01 1.143(4), C65-09 1.140(4), C31-02 1.140(4),
C66-010 1.146(4), C32-03 1.144(5), C67-011 1.154(5), C33-04 1.140(3), C68-012 1.139(4), C34-05
1.142(5), C69-013 1.142(4), Mo1-Si1-C1 132.7(1), Mo2-Si2—-C36 131.2(1), Mo1-Si1-C16 103.1(1),
Mo2-Si2-C51 109.3(1), Mo1-Si1-C23 108.1(1), Mo2-Si2-C58 102.2(1), C1-Si1-C16 104.3(1), C36-Si2—
C5198.5(1), C1-Si1-C23 98.9(1), C36-Si2—C58 108.6(1), C16-Si1-C23 108.1(1), C51-Si2—-C58 104.8(1),
Si1-Mo1-C31 169.4(1), Si2—-Mo02-C66 171.5(1); sum of angles around Mo1 of in-plane CO ligands (C30,
C32, C33, C34) = 359.97°, sum of angles around Mo2 of in-plane CO ligands (C65, C67, C68, C69) =
359.52°
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2.4 SC-XRD structure of [Tipp-Si(IMes)2—Fe(CO)4]OTf (5, CCDC-1949745)

F3 @ o -

c34 St

Fig. $37 Ellipsoid plot (50% probability level) of the molecular structure of Fe(CO)4 complex 5:C¢HsF. The
Tipp-substituent is simplified as a wireframe, hydrogen atoms and solvent molecules are omitted for clarity.
Selected bond lengths [A] and angles [°]: Si1-Fe1 2.349(1), Si1-C1 1.91(2), Si1-C16 1.949(2), Si1-C23
1.956(2), Fe1-C30 1.768(2), Fe1-C31 1.775(2), Fe1-C32 1.781(3), Fe1-C33 1.790(3), C30-01 1.160(3),
C31-02 1.157(3), C32-03 1.154(3), C33-04 1.146(3), Fe1-Si1-C1 115.5(8), Fe1-Si1-C16 116.5(1),
Fe1-Si1-C23 106.4(1)), C1-Si1-C16 104.9(6), C1-Si1-C23 112.1(6), C16-Si1-C23 100.6(1), Si1—-Fe1—
C33 176.5(1); Sum of angles around Fe1 of in-plane CO ligands (C30, C31, C32) = 359.52°.
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11. Appendix

3. DFT Calculations
DFT calculations were carried out at the B97-D/Def2-TZVP//B97-D/def2-SVP level of
theory using Gaussian 09.5'%12 For consistency reasons with our previous studyS'4, a-
donor strength and t-acceptor ahility was calculated at the B97-D/Def2-TZVP//B97-D/6-
31G* level of theory.S'S Stationary points on the potential energy surface were

characterized by harmonic vibrational frequency calculations. Table S2-S5 contain the

respective relevant data for the NBO analysis of complexes 2-5. Table S6 contains the
calculated Si-M and Si—Cnhc bond lengths, WBIs/MBOs and NPA charges. Table S7
contains the calculated CO stretching frequencies for complexes 2-5. Fig. S38-S41

contain the respective HOMOs and LUMOs for complexes 2-5.

Table S2 NBO-Analysis of the central [Tipp—-Si(IMe4)2—Cr] moiety in silyliumylidene Cr(CO)s complex 2.

2 Occupation Atom Polarization s-character p-character d-character

Si 60.37% 33.37% 66.61% 0.03%

Bond 1.69
Cr 39.63% 14.01% 49.56% 36.43%
Si 24.97% 20.75% 78.51% 0.74%

Bond 1.95
ChHe 75.03% 44.31% 55.68% 0.01%
Si 24.81% 19.72% 79.53% 0.75%

Bond 1.95
Chre 75.19% 43.81% 56.18% 0.01%
Si 29.37% 26.44% 72.98% 0.58%

Bond 1.93
Caryl 70.63% 29.06% 70.93% 0.02%

Table S3 NBO-Analysis of the central [Tipp-Si(IMe4)>—Mo] moiety in silyliumylidene Mo(CO)s complex 3.

3 Occupation Atom Polarization s-character p-character d-character

Si 64.73% 35.29% 64.69% 0.03%

Bond 1.71
Mo 35.27% 16.48% 53.49% 30.01%
Si 24.87% 19.68% 79.57% 0.75%

Bond 1.95
Chne 75.13% 44.45% 55.54% 0.01%
Si 24.66% 18.82% 80.42% 0.76%

Bond 1.95
Cnhe 75.34% 44.03% 55.97% 0.00%
Si 29.35% 26.36% 73.06% 0.58%

Bond 1.94
Caryi 70.65% 29.20% 70.79% 0.01%
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Table S4 NBO-Analysis of the central [Tipp—Si(IMes)2—W] moiety in silyliumylidene W(CO)s complex 4.

4 Occupation Atom Polarization s-character p-character d-character

Si 68.95% 36.86% 63.11% 0.04%

Bond 1.70
w 31.05% 17.01% 53.39% 29.58%
Si 24.84% 18.92% 80.32% 0.76%

Bond 1.95
Cnre 75.16% 44.65% 55.34% 0.01%
Si 75.34% 44 22% 55.78% 0.00%

Bond 1.95
Chre 24 66% 18.16% 81.07% 0.77%
Si 29.43% 26.18% 73.24% 0.57%

Bond 1.94
Caryl 70.57% 29.44% 70.55% 0.02%

Table S5 NBO-Analysis of the central [Tipp—Si(IMes)2—Fe] moiety in silyliumylidene Fe(CO)s complex 5.

5 Occupation Atom Polarization s-character p-character d-character

Si 53.01% 31.81% 68.11% 0.07%

Bond 1.70
Fe 46.99% 15.60% 50.47% 33.92%
Si 1.90% 0.03% 59.74% 40.22%

Bond 1.61
Fe 98.10% 0.00% 1.61% 98.39%
Si 19.63% 20.59% 53.28% 26.13%

Bond 1.83
ChHe 80.37% 44 44% 55.55% 0.01%
Si 21.18% 20.09% 61.96% 17.96%

Bond 1.87
ChnHe 78.82% 44.29% 55.70% 0.01%
Si 28.40% 27.92% 70.78% 1.30%

Bond 1.93
Caryl 71.60% 30.36% 69.62% 0.02%

Table $6 Calculated Si-M and Si—-Cnwc bond lengths [A], NPA charges of Si and Metal atoms, Wiberg Bond
Index (WBI) and Mayer Bond Order (MBO) in silyliumylidene transition metal complexes 2-5.

Bond length [A] NPA charge WBI/MBO
* . Si-M Si—CnHe Si-CnHe Si Metal Si-M Si-CnHe Si—CnHe
2 Cr 2.541 1.994 1.959 +1.24 -2.61 0.69/0.77 0.71/0.83 0.73/0.85
3 Mo 2.686 1.990 1.958 +1.18 -2.25 0.66/0.56 0.71/0.84 0.74/0.87
4 W 2.679 1.986 1.953 +1.12 -1.66 0.63/0.65 0.72/0.84 0.74/0.86
5 Fe 2.340 1.974 1.961 +1.32 -1.59 0.78/1.02 0.69/0.81 0.70/0.82
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Table S7 Calculated CO stretching frequencies [cm-] of silyliumylidene M(CQO), complexes 2-5.

M CO stretching frequency [cm]
Cr 2026, 1964, 1946, 1915, 1907
Mo 2039, 1967, 1961, 1921, 1916
w 2034, 1961, 1954, 1913, 1907
Fe 2030, 1962, 1919, 1903

Fig. $38 HOMO (left, —=7.31 eV) and LUMO (right, —4.55 eV) of silyliumylidene Cr(CO)s complex 2.

Fig. $S39 HOMO (left, -7.39 eV) and LUMO (right, —4.56 eV) of silyliumylidene Mo(CQ)s complex 3.
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11. Appendix

Fig. 340 HOMO (left, —=7.39 eV) and LUMO (right, —4.60 eV) of silyliumylidene W(CO)s complex 4.

+

]

\-N
s/ Fe(CO)
ii— Fe 4
\

/—“N

Re

Fig. S41 HOMO (left, —=7.08 eV) and LUMO (right, —4.76 eV) of silyliumylidene Fe(CO)s complex 5.
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Table S8 Cartesian coordinates of 2.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

C 1.341943 -2.287068 3.20611

N 0.511842 -1.830169 2.179619
C 1.030136 -0.706214 1.601091

N 2.204892 -0.472156 2.261178
C 2.415081 -1.427053 3.25416

C 3.234384 0.507478 1.91386

Cc -0.691972 -2.549304 1.738558
Si 0.381078 0.0304 -0.094143
Cc 0.438376 2.020299 0.027858
N 0.037053 2.737173 -1.063168
C 0.229774 4.102106 -0.877659
C 0.754107 4.250106 0.383324
N 0.867602 2.965298 0.920049
C -0.51624 2.203605 -2.308323
C 1.256237 2.807271 2.318043
C -0.099737 5.120515 -1.918433
Cc 1.141147 5.480308 1.135727
Cc 3.641827 -1.442902 4.103806
Cc 1.050655 -3.498193 4.030665
Cr 2121162 -0.862609 -1.716583
C 1.171415 -0.382477 -3.283978
0] 0.688423 -0.112534 -4.304405
C 2.838804 0.868267 -1.569528
0] 3.257514 1.948627 -1.432535
C 3.425875 -1.444493 -2.925292
0] 4233152 -1.795402 -3.677713
C 3.269628 -1.550475 -0.404109
0] 4.013157 -2.063716 0.332043
C 1.295359 -2.556104 -1.542566
0] 0.864837 -3.618479 -1.353672
Cc -1.579213 -0.164083 0.024839
Cc -2.365637 -0.828377 -0.976683
C -3.762223 -0.934727 -0.826639
C -4.452286 -0.424339 0.279065
C -3.686783 0.222757 1.256987
C -2.289797 0.366492 1.167263
C -1.80795 -1.484126 -2.239745
C -2.373605 -0.844284 -3.527031
Cc -5.961178 -0.568665 0.40578

Cc -6.68821 0.177476 -0.733788
C -1.640337 1.118761 2.320168
C -2.071082 2.601142 2.319715
C -2.083339 -3.004298 -2.251851
C -6.377615 -2.054663 0.446569
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-1.912596
-4.331922
-4.203106
-0.720051
-1.721455
-1.57371
-3.167546
-2.214479
-3.461757
-1.884556
-6.259627
-7.472913
-5.882302
-6.102487
-6.415714
-7.784796
-6.42441
-0.555559
-1.372486
-1.576514
-2.988545
-1.598448
-3.166368
-1.806201
-1.360403
-0.894157
0.25371
0.164095
-1.179666
0.458828
2.208094
0.539535
0.979606
0.578446
2.290179
1.173103
3.430182
2.909714
4.163148
3.574631
3.78231
4.544853
0.071471
1.830211
1.038858
-1.604832
-0.662386
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0.470275
-1.448419
0.635615
-1.344602
-3.493738
-3.478641
-3.205468
0.248981
-1.026374
-1.281825
-0.101807
-2.145669
-2.587968
-2.563524
1.249746
0.096281
-0.25842
1.076428
1.019847
-0.58281
0.488843
3.151875
2.683248
3.099078
2.839931
1.186367
2.198949
6.127668
5.116387
4.932926
5458718
5.600577
6.370553
3.411318
3.162034
1.761022
1.166025
1.101433
-0.022632
-2.249846
-0.485105
-1.620169
-3.419987
-3.619178
-4.418179
-2.029004
-3.56729

3.694371
-1.609334
2.13335
-2.245061
-1.330317
-3.110975
-2.344319
-3.555642
-3.610156
-4.416307
1.365625
0.574708
1.280093
-0.497646
-0.74949
-0.609618
-1.716987
2.18365
4.489781
3.715411
3.947605
3.156181
2.447347
1.368591
-2.621297
-2.150375
-3.097277
-1.555514
-2.16469
-2.855691
1.431605
2.058203
0.505689
2.943191
2.461807
2.624124
2.775663
1.051121
1.652131
4.851873
4.641427
3.487111
4.541334
4.801029
3.413501
2.070875
2.154829



11. Appendix

H -0.703632 -2.615144 0.641361

Table S9 Cartesian coordinates of 3.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

o] 1.000747 1.394292 3.8415

N 0.250769 0.766874 2.842939
c 0.758254 1.04706 1.605829
N 1.846377 1.843161 1.837566
Cc 2.011308 2.074276 3.202414
c 2.854338 2.264782 0.865351
C -0.849834 -0.164704 3.12413

Si 0.226891 0.091903 -0.0188

C 0.15718 1.398077 -1.519001
N -0.18813 0.930751 -2.755379
Cc -0.096196 1.926731 -3.722298
o] 0.309214 3.064733 -3.068732
N 0.449708 2.71961 -1.721711
Cc -0.647607 -0.415436 -3.098949
c 0.712815 3.763631 -0.73594
Cc -0.400758 1.685035 -5.163556
C 0.563675 4.442237 -3.5685035
Cc 3.149161 2.870081 3.74931

C 0.700599 1.280315 5.300587
Mo 2.291148 -1.591932 -0.361834
Cc 1.416654 -2.625102 -1.908746
O 0.990291 -3.258915 -2.780874
Cc 2.951841 -0.152141 -1.645117
0O 3.284208 0.710356 -2.353879
o] 3.937944 -2.721553 -0.700163
0O 4.886059 -3.352816 -0.906883
C 3.286848 -0.813398 1.237168
0 3.87523 -0.457399 2.176071
c 1.586783 -2.935893 1.032978
O 1.26159 -3.667088 1.8698

C -1.716512 -0.148445 0.169587
Cc -2.344529 -1.432527 0.048449
o] -3.742739 -1.551228 0.169379
o] -4.58123 -0.457181 0.417191
C -3.967839 0.79656 0.536611
c -2.576485 0.975479 0.416478
C -1.598778 -2.74823 -0.174456
c -2.058237 -3.478723 -1.455388
c -6.085606 -0.628937 0.561685
C -6.709218 -1.230154 -0.715611
Cc -2.096887 2.420638 0.561048
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-2.593849
-1.758998
-6.426381
-2.491476
-4.191684
-4.602628
-0.527881
-1.411702
-1.172164
-2.819993
-1.975743
-3.112544
-1.439216
-6.520744
-7.523002
-6.006204
-6.014501
-6.485079
-7.808003
-6.316109
-1.002246
-2.074756
-2.107848
-3.589353
-2.237644
-3.699037
-2.250742
-1.640913
-0.736058
0.063255
-0.25412
-1.446862
0.2595

1.600193
-0.122303
0.412899
-0.052602
1.708505
0.654662
2.955496
2.570105
3.824016
3.046369
3.193043
4.114852
-0.324437
1411017

3.283336
-3.681268
-1.486799
3.057163
-2.546357
1.671361
-2.521981
-3.197987
-4.607216
-3.963854
-2.837351
-3.803319
-4.379155
0.378913
-1.572743
-1.043767
-2.509078
-0.608252
-1.305729
-2.248531
2.417636
4.080222
2.464786
3.133903
4.327617
3.311293
2.875585
-0.343352
-1.034295
-0.887836
2612441
1.350859
0.90436
4.770945
5.183363
4.465539
4.549907
4.203833
3.356416
3.362324
1.930969
1.813678
2.976494
3.884045
2.368159
1.625993
1.898545
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-0.618711
1.046017
1.799662
1.911017
0.073026
0.729071
-0.28501
1.977632
0.905742
1.183803

-2.351645

-1.370916
-1.622823
0.714375
1.920584
2.722546

1.69172

-1.602909
-0.609325
-0.90139
0.541591
1.988967
2.762466
2.017642

-0.523663

-0.638825

-1.587603
-3.574525

-2.199453

-3.796814

-5.741478

-5.306864

-5.588571

-3.375221

-3.129489

-4.677004

-0.841755

-0.910499
0.277469
0.883455

-0.139023
1.129611
4.841803
3.306667
3.542672
5.536702
5874077
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H 0.797652 0.23596 5.657094
H -1.820671 0.276098 2.846994
H -0.837551 -0.406731 4.197225
H -0.707225 -1.091337 2.546061

Table S10 Cartesian coordinates of 4.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

C 0.719414 1.525275 3.87702

N -0.00512 0.874573 2.874881
c 0.463831 1.214122 1.638311
N 1.498511 2077732 1.871536
C 1.670884 2.287148 3.238749
C 2.446241 2.605104 0.890732
Cc -1.02935 -0.143129 3.142998
Si 0.003843 0.231446 0.014832
o] -0.135799 1.52839 -1.482893
N -0.381396 1.034868 -2.731879
Cc -0.336845 2.036793 -3.695356
c -0.070038 3.205979 -3.025214
N 0.041608 2.871421 -1.673229
C -0.662777 -0.355408 -3.089659
Cc 0.176926 3.930242 -0.678278
C -0.540788 1.771069 -5.149974
o] 0.082864 4.602532 -3.530208
Cc 2762712 3.144187 3.786252
C 0.454923 1.353316 5.337298
W 2.199147 -1.270814 -0.302878
o] 1.406516 -2.447483 -1.813385
0O 1.045773 -3.151131 -2.662759
C 2.711665 0.19011 -1.653184
0 2.938656 1.066703 -2.388634
C 3.937347 -2.297333 -0.633602
0O 4.925258 -2.86739 -0.837757
C 3.210979 -0.376387 1.247544
O 3.824482 0.037849 2.147418
Cc 1.589463 -2.595938 1.177026
0O 1.280992 -3.28688 2.059038
o] -1.907177 -0.1784 0.183262
C -2.420362 -1.513178 0.066899
c -3.805546 -1.750232 0.160756
C -4.740323 -0.729432 0.373262
c -4.238532 0.572665 0.495771
c -2.86493 0.868782 0.406409
C -1.561637 -2.762805 -0.125136
Cc -1.925002 -3.534393 -1.411944
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-6.229297
-6.763855
-2.511681
-3.070182
-1.670237
-6.53928
-2.972627
-4.164615
-4.949694
-0.513074
-1.402174
-0.991128
2701864
-1.853533
-2.95721
-1.240481
6.747026
-7.629076
6.183152
-6.047487
-6.568479
-7.854825
-6.279304
-1.42035
-2.649563
2.544641
-4.073804
-2.816276
4172533
2.676731
-1.554354
-0.869944
0.197718
-0.429366
-1.54988
0.198949
1.079242
-0.680319
-0.029441
-0.668697
1.119791
0.158571
2425565
2.193515
3461716
266143
274356

-1.024859
-1.626491
2.348095
3.178662
-3.700384
-1.94896
2.930207
-2.781893
1.391372
-2.446146
-3.181837
-4.564724
-4.086178
-2.897126
-3.929013
-4.391346
-0.05985
-2.122447
-1.507487
-2.932848
-0.953893
-1.798246
-2.599669
2.438303
3.985325
2.362829
2906723
4.250288
3.10274
2.819862
-0.381986
-0.948133
-0.787612
2.705769
1.361522
1.040564
5.01747
5.279631
4.618199
4.629476
4.477642
3.51019
3.707185
2.23473
2.266939
3.234783
4.162485
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0.469344
-0.847797
0.567923
-0.607033
1.096837
1.66632
1.921187
0.070376
0.667586
-0.209942
2.035259
0.98089
1.203381
-2.312031
-1.359467
-1.54772
0.639805
1.747829
2.616442
1.539415
-1.704376
-0.778982
-1.058119
0.561434
2.015732
2.768459
2.01833
-0.491211
-0.644107
-1.676316
-3.738605
-2.190861
-3.626131
-5.723953
-5.351872
-5.530538
-3.281915
-3.098706
-4.62688
-0.784614
-0.841632
0.331212
0.904386
-0.109392
1.148463
4.8803
3.3562235
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3.753984
-0.588096
1.128561
0.635017
-2.026837
-1.019529
-0.796297

2.700379
1.616347
2.007617
0.310344
0.214771
-0.376447
-1.05717

3.567904
5.599659
59151
5.664573
2.843087
4.217906
2.573892

Table S11 Cartesian coordinates of 5.

Atomtype X Coordinate [A]

Y Coordinate [A]

Z Coordinate [A]

N

dJwoozo

O0O0000 00000000000 2Z2002Z20000000

-1.511046
-1.755197
-3.074526
-3.644548
-2.651085
-0.446096
-0.841041
-1.584746
-2.112362
-3.872095
-5.065873
-2.676184
-0.289967
-0.772188
1717771
-1.748559
-0.77751
-0.188704
-2.506815
0.90386
-0.366063
-2.690788
1.326822
1.941748
3.341747
4.178955
3.568596
2.170885
1.134196
1.386225
5684553
1.648699
2.018976
1.411351
2.162257

-1.728665
-0.988016
-1.208318
-2.083754
-2.415245
-0.04936
-0.290939
-1.858073
-2.870716
-0.577931
-2.532647
-3.325415
-1.734247
1.832204
2.41449
3.796433
4.073232
2.859435
1.73783
2737159
5.371787
4.715045
-0.456576
-1.641261
-1.738001
-0.721512
0.35143
0.48379
-2.880804
-4.00367
-0.786446
1.51679
1.061578
-3.413799
2.953445
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-2.138968
-1.014645
-0.732837
-1.648088
-2.544273
0.125848
2.419474
2.03837
1.786124
0.319428
-1.662338
-3.728217
-2.944618
-0.31897
-1.114728
-0.91404
0.022331
0.355576
-2.142281
1.324071
0.632173
-1.621645
-0.498971
0.024687
0.069207
-0.417112
-1.088831
-1.181802
0.417195
-0.619466
-0.216847
-2.188881
-3.622626
1.834576
-1.966209
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-1.79048
-2.398935
0.925478
2.067651
-1.090428
-1.251245
4.203386

3.80044
0.546421
3.116009
1.568835
1.674376
3.255571
1.957569
1.680062
0.059838
1.215565
0.717661
2430822
2480124
0.818453
1.133132
-0.448194
-0.050955
0.537934
-2.383803
-3.691222
-1.980905
-5.767009

-5.2498
-5.304988
-4.569629
-3.202252
-4.448304
1.488888
1.560864
0.497164
0.692424
-0.481768
-0.989793
-2.546115
-3.746908
-2.522805
-2.841706
-3.392205
-1.88205
5.926686

1.211415
2.211853
-0.128259
0.009982
-0.539139
-0.703356
1.092993
-2.637171
1530261
1.077937
1.740692
0.032068
3.004435
3.319669
3.646774
-2.634864
-3.656729
-4.862575
-4.362592
-3.670579
-4.330685
2.674219
-1.131247
-2.76967
-1.316261
-2.798043
-3.732596
4177371
-1.676173
-3.090312
-3.197429
0.152359
-0.088072
-1.353607
3.66981
1.903822
2.554865
5.60842
5347828
6.189966
5.745797
4.435449
4.718861
2.483054
1.242663
0.990151
-1.814599
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2.422256
2.42586
2.632756
2.815048
4.179731
5.312993
-1.58801
0.499526
-2.139402
-3.76097
-4.373079
-3.826546
-2.125888
-0.947787
-2.688027
0.354841
-1.654619
-0.417687
-0.557398
1.958328
2.010929
2.601641
-3.857919
-3.235045
-2.355014
-4.656784
-3.867869
-3.59488
-1.584644
-0.623229
-2.408716
-0.131522
1.038264
0.848768
1.310688
1.037506
2.332258
0.406871
1.732636
0.23617
-1.25811
-1.440815
-2.71725
-2.880342
-1.709539
-2.654388
0.117811
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6.481217
6.093626
7.176922
5.880625
5.533395
7.563946
6.181826
6.327352

-0.505722
0.185931
0.101443
1.231736
-0.02567
-0.635694
-1.190143
0.534697

-1.506026
0.913803
1.124861
0.616276
1.843909

-1.320554

-2.322433

-1.852708

Table S12 Cartesian coordinates of [Tipp—Si(IMe4)2]*.

Atomtype X Coordinate [A]

Y Coordinate [A]

Z Coordinate [A]

O o0z 02

@

O0O0000 0000000000000 0000200220

-3.388481
-2.047484
-1.938547
-3.183613
-4.103736
-0.71046
-1.003218
-1.866266
-1.687098
-0.68034
-0.286308
-2.7192
-2.477084
-0.059928
0.794942
-0.702422
-3.361847
-5.582323
-3.95094
1.067522
1.504221
2.86535
3.824185
3.37451
2.022954
0.555492
0.670341
1.662788
1.855854
5291362
5.490915
2444876
5.879544
0.771288

-1.088629
-1.184234
-2.334001
-2.945519
-2.151904
-0.160751
1.669939
2.321602
3.706008
3.924426
2669128
1.71658
4.667064
5.202744
2431224
-2.924527
-4.220732
-2.31087
-0.067626
-0.4853
-0.032349
-0.114733
-0.663127
-1.15581
-1.081197
0.509712
-0.264242
-1.695719
-3.226632
-0.737994
-1.635664
-1.051338
0.669339
2.018043
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0.479765
0.178621
-0.560177
-0.720922
-0.073604
1.115389
0.54735
-0.294984
-0.218585
0.693194
1.153803
-1.310492
-1.044768
1.15485
2.108688
-1.067311
-1.478556
0.072354
1.354701
0.386884
-0.900372
-1.239274
-0.36853
0.864128
1.259365
-1.971401
-3.303307
2.614559
2.590573
-0.765826
-2.005784
3.776549
-1.001531
-2.214786
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H 3.19133 0.246626 -2.222511
H 4.104352 -1.61647 1.542787
H -0472724 0.358946 -1.605824
H 1.660156 -0.113362 -3.773186
H -0.096432 0.089865 -4.019791
H 0.532816 -1.350581 -3.153062
H 1.780122 2.197524 -2.632601
H 0.686768 2601445 -1.281625
H 0.03356 2.410105 -2.942673
H 0.58736 -1.501853 2.800999
H 1.255962 -3.690518 1.783524
H 1.545381 -3.671688 3.555574
H 2.916847 -3.491354 2.417451
H 3.533171 -1.226431 3.67526

H 2.122265 -1.481622 4.743858
H 2.279519 0.04267 3.811213
H -0.831281 -3.193423 -2.129959
H -0.457331 -3.837499 -0.492982
H 0.117615 -2.20238 -0.959777
H -3.034567 -4.119449 -2.532253
H -4.424138 -4.516818 -1.477249
H 2775141 -5.044936 -1.027622
H -6.128413 -1.425177 -0.307931
H -5.877622 -2.45756 1.130427
H -5.922583 -3.19208 -0.496794
H -4 12467 0.880442 0.815315
H -3.232527 0.119262 2.179649
H -4.906337 -0.426523 1.768933
H 1.0206 3.365612 2.645299
H 1.696017 2.065342 1.583977
H 0471593 1.655424 2.829493
H 1.027069 5.224106 0.94397

H -0.194814 5.355675 2.243795
H -0.525378 6.055234 0.632648
H -2.196764 5.703066 -0.791636
H -3.565726 4.555021 -0.873535
H -2.294001 4519656 2127774
H -2.423787 2.09239 -2.306331
H -3.77895 1.976538 -1.134999
H -2.595531 0.626015 -1.287954
H 5.838592 -1.199209 0.080029
H 6.958009 0.602718 -1.240841
H 5.37401 1.16801 -1.851599
H 5.758013 1.308822 -0.106663
H 6.566217 -1.718829 -2.254125
H 5.09214 -2.652962 -1.831668
H 4971407 -1.209348 -2.886138
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Table $13 Cartesian coordinates of Cr(CO)s.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

C 1.351529 1.351424 -0.389643
O 2.168677 2.168555 -0.381964
Cr -0.00011 0.000018 -0.350361
C 1.351175 -1.351595 -0.38962
O 2.16858 -2.168478 -0.381662
C -1.351585 1.351433 -0.388828
O -2.168772 2.168551 -0.380788
c -1.351724 -1.351122 -0.389454
0O -2.168988 -2.168157 -0.381636
C 0.000318 -0.000119 1.476039
0 0.001048 -0.00054 2.638263

Table S14 Cartesian coordinates of Mo(CQ)s.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

c 1426312 -1.495037 -0.339144
O 2.224523 -2.33025 -0.316976
Mo -0.000103 -0.000297 -0.325834
Cc -1.495662 -1.425962 -0.339082
0O -2.331514 -2.223574 -0.317257
C 1484776 1.425713 -0.339895
O 2.329997 2.22402 -0.31831

Cc -1.425897 1.494958 -0.338939
0O -2.223487 2.330768 -0.316783
o] 0.00031 0.000111 1.61944

0O 0.001145 0.000758 2.783169

Table $15 Cartesian coordinates of W(CO)s.

Atomtype X Coordinate [A] Y Coordinate [A] Z Coordinate [A]

C -1.522042 1.449408 -0.180621
O -2.356494 2.251138 -0.18974
W -0.018723 0.00157 -0.225523
Cc 1.459148 1.471306 -0.340602
O 2.297887 2.265066 -0.406253
Cc -1.446306 -1.505123 -0.347151
0O -2.238491 -2.346082 -0.414523
o] 0.011402 -0.029932 1.715785
0 0.037912 -0.046118 2.876527
c 1.52461 -1.39377 -0.282324
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2412264

-2.132441

-0.203738

Table S$16 Cartesian coordinates of Fe(CO)a.

Atomtype X Coordinate [A] Y Coordinate [A]

Z Coordinate [A]

0.000997
0.001629
-0.000441
1.022229
1.674509
-1.812998
-2.967598
0.789484
1.293108

-0.000413
-0.000319
-0.000061
-1.502049
-2.45859
-0.134083
-0.219986
1.636582
2.679065

1.361597
2.521815
-0.362033
-0.435893
-0.462994
-0.435415
-0.460839
-0.435695
-0.46232

Table S17 Cartesian coordinates of [Tipp—Si(IMe4)2]*—Ni(CO)s.

Atomtype X Coordinate [A]

Y Coordinate [A]

Z Coordinate [A]

OO0 0000

@

Z200Z2Z 000000000002 00220

2121641
1.382248
2.139058
3.546001
4.263959
3.527587
-0.463216
-0.801913
-1.68725
-1.783854
-0.91023
-0.314072
-2.365494
-2.689753
-0.590687
0.72314
1452272
2257773
5.785033
6.30525
1.466542
1.714004
-1.591781
-1.233952
-2.33639
-3.423731
-2.944671

0.25
-0.459399
-1.30584
-1.298956
-0.50064
0.243235
-0.116028
1.682967
2.169733
3.562984
3.946493
2.783025
1.380782
4.382727
5.298637
2.781286
-2.303043
-2.677657
-0.47007
0.937983
0.924393
2.44586
-1.260061
-2.231397
-2.988293
-2.46737
-1.417971

-1.150336
-0.134166
0.757626
0.70484
-0.199382
-1.134728
0.267773
-0.414083
-1.332984
-1.241419
-0.250371
0.226227
-2.364308
-2.100498
0.294039
1.259432
1.695221
2.952273
-0.191717
0.170861
-2.362326
-2.425309
-0.863512
-1.760192
-2.15071
-1.484871
-0.708788
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C 0.089207 -2.464141 -2.33885
C -3.83264 -0.605107 0.119363
C -4.859845 -2.876299 -1.494834
C -2.23747 -4.132458 -3.105361
Ni -1.204006 0.05319 2.453653
C -2.06925 -1.512324 2.731108
(0] -2.633412 -2.523399 2.784431
C -2.20403 1.551481 2.497002
(@] -2.757452 2.570936 2.438744
C 0.303771 0.297757 3.425247
(0] 1.29264 0.507534 3.98774

C 1.047283 -3.577957 0.920515
C 6.37178 -0.946614 -1.537257
C 1.953121 0.281291 -3.684051
H 4068018 0.811017 -1.901953
H 4113993 -1.935057 1.392579
H 0.378816 0.746845 -2.304229
H 3.018849 0.514067 -3.863736
H 1.373991 0.679591 -4.539946
H 1.853278 -0.818068 -3.670143
H 2.793022 2.649298 -2.560767
H 1.38802 2.959815 -1.50715
H 1.178613 2.893097 -3.285186
H 0.513266 -1.842055 2.042085
H 0.326214 -3.346067 0.117381
H 0.566309 -4.302746 1.605003
H 1.933318 -4.063388 0.466238
H 3.125766 -3.319719 2.707202
H 1.612929 -3.248578 3.645962
H 2.626429 -1.779693 3.47902

H 0.074116 -2.192489 -3.409558
H 0.348105 -3.531263 -2.238934
H 0.832953 -1.859433 -1.805014
H -1.805128 -3.818937 -4.075301
H -3.238818 -4 553857 -3.293886
H -1.595915 -4.940023 -2.701224
H -5.519985 -2.038942 -1.793595
H -5.187118 -3.216391 -0.492704
H -5.012289 -3.705916 -2.204921
H -4.525426 -0.030159 -0.522246
H -3.227659 0.069526 0.740647
H -4.419076 -1.264334 0.780519
H 1.394786 3.637715 1.081946
H 1.310086 1.853322 1.196371
H 0.265809 2.865757 2.25971

H 0476711 5.555468 0.145927
H -0.803225 5.349877 1.379362
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H -1.199193 6.065039 -0.213874
H -2.630591 5.441468 -1.798065
H -3.744895 4.0569255 -2.007412
H -2.411026 4.322446 -3.171747
H -2.519308 2.028385 -3.249812
H -3.34665 1.025944 -2.014741
H -1.737025 0.533192 -2.648501
H 6.124377 -1.171613 0.595743
H 7.410592 0.938855 0.22571

H 6.002603 1.676719 -0.597279
H 5.906456 1.273122 1.147024
H 7477248 -0.961666 -1.491474
H 6.018261 -1.96386 -1.791163
H 6.07737 -0.264683 -2.358763
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1. Experimental Section

1.1 General Methods and Instrumentation

All reactions were carried out under exclusion of water and oxygen in an atmosphere of
argon 4.6 (299.996%) using standard Schlenk techniques or in a Labstar glovebox from
MBraun with H20 and Oz levels below 0.5 ppm. Glassware was heat dried under vacuum
prior to use. Acetonitrile and Acetonitrile-ds were refluxed over CaHz, distilled under argon,
deoxygenated by three freeze-pump-thaw cycles and stored over 3 A molecular sieve in
a glovebox. Diethylether, benzene, toluene, THF and n-hexane were refluxed over
sodium/benzophenone, distilled under argon, deoxygenated by three freeze-pump-thaw
cycles and stored over 3 A molecular sieve in a glovebox. CeDs and THF-ds were stirred
over Na/K alloy, distilled under argon, deoxygenated by three freeze-pump-thaw cycles
and stored over 3 A molecular sieve in a glovebox. All NMR samples were prepared under
argon in J. Young PTFE valve NMR tubes. NMR spectra at ambient temperature (300 K)
were recorded on a Bruker AV500C ('H: 500.36 MHz, 3C: 125.83 MHz, 2°Si: 99.41 MHz)
spectrometer. Low temperature NMR spectra were recorded on a Bruker DRX400 ('H:
400.13 MHz, '3C: 100.62 MHz, 2°Si: 79.49 MHz) spectrometer. The 'H, '*C and 2°Si NMR
spectroscopic chemical shifts & are reported in ppm relative to tetramethylsilane. 'H and
3C{'H} NMR spectra are calibrated against the residual proton and natural abundance
carbon resonances of the respective deuterated solvent as internal standard (CDsCN:
5('"H)=1.94ppm and B('*C)=118.3ppm; THF-ds: J('H)=1.73ppm and
B('3C) = 25.4 ppm; CeDs: 3('H) = 7.16 ppm and &('*C) = 128.1 ppm). 2°Si NMR spectra
are referenced to the resonance of tetramethylsilane (5 = 0 ppm) as external standard.
°F NMR spectra are referenced to the resonance of CFCls (5 =0 ppm) as external
standard. Individual peaks were assigned on the basis of 2D ("H/'H COSY, "H/'3C HSQC,
TH/13C HMBC, "H/?°Si HMBC) NMR experiments. The following abbreviations are used to
describe signal multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, sept = septet,
m = multiplet. NMR spectra were visualized using MestReNova 12. Spectra recorded in
CsDs include a resonance for silicone grease (CeDs: 8('H) = 0.29 ppm, 8('*C) = 1.4 ppm
and 8(2°Si) = -21.8 ppm) derived from B. Braun AG Sterican® cannulas, which is marked
with § in the corresponding spectra. Quantitative elemental analyses (EA) were carried
out using a HEKAtech EURO EA instrument equipped with a CHNS combustion analyzer.
LIFDI-MS (Ligquid Injection Field Desorption lonization Mass Spectrometry) spectra were
recorded on a Waters Micromass LCT TOF mass spectrometer equipped with a LIFDI-ion
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source (LIFDI 700) from Linden CMS GmbH. UV-Vis spectra were recorded on a Varian,
Inc. Cary 50 spectrophotometer with a Schlenk quartz cuvette. EPR spectra were
recorded on a Jeol jes-Fa200 ESR spectrometer with a spectrometer frequency of 9.267
GHz (X-band). Generally, samples were prepared in a glovebox and spectra were
visualized using OriginPro 2018. Melting Points (M.P.) were determined in sealed glass
capillaries under inert gas by a Biichi M-565 melting point apparatus. Unless otherwise
stated, all commercially available chemicals were purchased from abcr or Sigma-Aldrich
and used without further purification. The compounds [Tipp—Si(IMe4)z]CI (1a)!, [Mes—
Si(IMes)2]Cl (1b)?, [BusSi-Si(IMes)z]Cl (5a)?, ['BuzMeSi-Si(IMes)2]CI (5b)?, [‘BuzMeSi—
Si(IEtz2Mez2)2]Cl (5¢)?, [RuCl2(p-cymene)]2®, [RhClz2(CsMes)2* and KCs® were prepared as
described in the literature. The compound [BusSi-Si(IMes)]JOTf (5a-OTf) was
synthesized similarly to the previously published procedure for the anion exchange of
NHC-stabilized silyliumylidene ions.®
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1.2 Synthesis of ['BusSi-Si(IMes):]OTf (5a-OTf)

[BusSi-Si(IMes)2]CI (5a) (300.0 mg, 586.7 ymol, 1.0 eq) and KOTf

‘-N\_%N/ (110.4 mg, 586.7 pmol, 1.0 eq) was suspended in 7 mL THF and

N N stirred at room temperature until the starting material dissolved (5-10
BugSi—S: ot minutes). The cloudy, bright orange suspension was concentrated
Yo 4 under reduced pressure to 4-5 mL, filtered and the clear solution was
/Nf\ further concentrated under reduced pressure to about 2-3 mL where

52-OTf precipitation began. n-Hexane (12 mL) was added to precipitate an
C2rH51F3N4O388iz  grange solid which was collected by filtration, washed with n-hexane
624.96 gfmel (3 mL) and after drying under vacuum the product 5a-OTf (352.3 mg,

563.7 pmol, 96%) was obtained as an orange air- and moisture-sensitive solid.

"H NMR (500 MHz, CDsCN, 300 K): & [ppm] = 3.68 (s, 12H, NnHcCHs), 2.15 (s, 12H,

CnrcCHa), 1.22 (s, 27H, C(CHs)s).

'H NMR (500 MHz, THF-ds, 300 K): & [ppm] = 3.85 (s, 12H, NnHcCHS3), 2.21 (s, 12H,

CnHCCHSa), 1.25 (s, 27H, C(CH3)3).

BC{'H} NMR (126 MHz, CD3CN, 300 K): d [ppm] = 164.1 (NCnncN), 128.7 (CnHcCHa),

122.0 (q, "Jo—r = 320.8 Hz, SO3CF3), 36.6 (NnHcCHa), 33.1 (C(CHa)s), 26.3 (C(CHa)a), 9.2

(CnHcCHBa).

Note: The resonance for the SO3CF3; group (quartet) partially overlaps with the resonance for CD3;CN.

BC{'H} NMR (126 MHz, THF-ds, 300 K): d [ppm] = 162.8 (NCnrcN), 129.0 (CnHcCHa),

122.4 (q, "Jo-r = 322.8 Hz, SO3CF3), 36.6 (NnHcCH3), 33.2 (C(CHa)s), 26.1 (C(CHa)a), 9.4

(CnHcCHa).

28i{'"H} NMR (99 MHz, CD1CN, 300 K): & [ppm] = 21.7 (SiSi'Buz), —82.1 (SiSi'Bua).

28i{'"H} NMR (99 MHz, THF-ds, 300 K): & [ppm] = 20.2 (SiSi'Bus), —84.4 (SiSi'Bus).

BF{'H} NMR (471 MHz, CD1CN, 300 K): & [ppm] = -79.3 (SOaCFa).

EA: C2rHs1N4Si2S0OsFz  calculated [%]: C (51.89), H (8.23), N (8.97), S (5.13).
measured [%]: C (52.17), H (8.46), N (9.24), S (4.96).

M.P.: 157-158 °C (decomposition, color change to black).
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TH NMR (500 MHz, CD4CN, 300 K) E o q
Moy, - ~ -
‘BuSi—SE  OTH
IMey
5a-0OTf
CD4;CN
— ’_ JJ\. _____ B
: i
0 9 8 7 6 5 4 3 2 1 0 1
Figure S1 'H NMR spectrum of [[BuaSi-Si(IMe4)2]OTf (5a-OTf) in CD:CN at 300 K. Residual imidazolium

triflate [IMes-HOTT] from the precursor synthesis is marked with *.

TH NMR (500 MHz, THF -y, 300 K) P = w
IMe, E a =
‘Bu,Si—5F  OTH
IMe,
5a-0Tf
THF-dg THF-dy
Lt o
: P
0 5 8 7 6 5 4 3 2 f 0 1
Figure S2 'H NMR spectrum of [BusSi-Si(IMe4)2]OTf (5a-0OTf) in THF-ds at 300 K.
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13C{'H} NMR (126 MHz, CD4CN, 300 K)
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Figure S3 "3C{'H} NMR spectrum of [BuaSi-Si(IMe4)2]JOTf (5a-OTf) in CDsCN at 300 K.

13C{ H} NMR (126 MHz, THF-dy, 300 K)
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Figure S4 13C{'H} NMR spectrum of [BusSi-Si(IMes)2]OTf (5a-OTf) in THF-ds at 300 K.
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#5i{"H} NMR (99 MHz. CD;CN, 300 K}

217
-82.1
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Figure S5  2Si{'H} NMR spectrum of [BusSi-Si(IMe4)2JOTf (5a-OTf) in CD:CN at 300 K.
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Figure S6 29Si{'H} NMR spectrum of [BusSi-Si(IMe4)2]OTf (5a-OTf) in THF-ds at 300 K.
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Figure S7 '°F{'H} NMR spectrum of [BusSi-Si(IMes)2]OTf (5a-OTf) in CD3:CN at 300 K.
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1.3  General Synthetic Procedure for [R-Si(NHC)CI—RuCI(NHC)(p-cym)]CI

+
1 or
NHC
/ cr [RuCly(p-cymene)]; Cl-g{
R-Si: N
\ -40 °C —r.t. / NHC
5-30 min —Si-
NHC R=S-cl
NHC
R NHC R NHC
1a Tipp IMey 2 Tipp IMe,
5a  Bu,Si IMey 6a  'Bu,Si IMe,
5b 'Bu,MeSi IMe, 6b Bu,MeSi IMe,
5¢ ‘Bu,MeSi IEt;Me, 6c  ‘Bu,MeSi IEt,Me,

Silyliumylidene chloride [R—Si(NHC)2]CI (1a or 5a-c) (1.0 eq) and [RuClz(p-cymene)]z
(0.5 eq) were mixed, cooled to —40 °C and pre-cooled (—40 °C) MeCN (3-10 mL) was
added. The reaction mixtures were stirred at —40 °C until all starting material had dissolved
(5-30 minutes) and then warmed to room temperature. The solutions were quickly
concentrated under reduced pressure to about 1-3 mL. A mixture of toluene and Et20 (1:1,
5-15 mL) was added and the orange-red solutions were stored at —35 °C for 3-10 days.
The formed (microcrystalline) precipitate was collected by filtration, washed with benzene
or toluene (2 mL) and Et20 (2x2 mL) and after drying under vacuum the complexes
[R=Si(NHC)CI—-RuCI{NHC)(p-cymene)]CI (2 and 6a-c) were isolated as orange air- and
moisture-sensitive solids.
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1.3.1 [Tipp-Si(IMes)Cl—RuCl(IMes)(p-cymene)]ClI (2)

C39Hg1ClaN4RuUSI
821.45 g/mol

Note: (a) Upon addition of cold MeCN to the starting materials the solution turns
deep red. Warming of this solution leads to an almost instantaneous color
change to orange at temperatures higher than —20 to —15 °C. We presume that
the deep red species (2’) is in fact the silyliumylidene transition metal complex
before insertion into the M—Cl bond and migration of one coordinated NHC
moiety, whereas the orange species is complex 2. Low-temperature 2Si NMR
at —35 °C of 2’ revealed a resonance at —-21.1 ppm (cf. Figure S16), which is in
line with the —20.5 ppm observed for the silyliumylidene ruthenium complex 3
and corresponds well with the calculated NMR shift for 2’ (-23.4 ppm). Isolation
of the silyliumylidene complex in a clean fashion was not possible. The insertion
reaction occurs too fast, preventing any kind of work up. Utilization of solvents
with a significantly lower melting point did not give the desired product (for
example, carrying out the reaction in THF led to complete polymerization of the
solvent); (b) Full decomposition of 2 occurs in solution within roughly 4 hours
(cf. Figure S15) at room temperature. No silicon containing species could be
identified. 2 is stable for at least 3 days at =35 °C in MeCN solution.

Batch size: 1a: 100.0 mg, 194.1 ymol, 1.0 eq.
[RuClz2(p-cymene)]z: 59.4 mg, 97.0 pmol, 0.5 eq.

Yield: 56.6 mg (68.9 umol, 36%) as an orange solid.

2'at-40°C
—

—40°C — -15°C — r.t.
Color change in <60 sec

SC-XRD:  Suitable crystals were obtained by cooling a concentrated solution of 2 in

MeCN to -35 °C.
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H NMR (500 MHz, CD:CN, 300 K): & [ppm] = 7.23 (s, 1H, CrippHar), 6.88 (s, 1H, CrippHar),
5.84 (d, 3Ju-n = 6.1 Hz, 1H, Cp-cymHar), 5.77 (d, 3Jn-+ = 5.9 Hz, 1H, CpeymHar), 5.69 (m, 2H,
CocymHar), 4.14 (sept, 3Jun = 5.9 Hz, 1H, CrippH(CHs)2), 4.07 (s, 3H, NnHe-ruCH3), 3.27
(s, 3H, NnHe-siCHS3), 3.04 (s, 3H, NnHesiCHS3), 2.89 (s, 3H, NnHe .siCH3), 2.84 (sept, 3Uh-
H=6.9 Hz, 1H, CpeymH(CHa)2), 2.60 (sept, 3Ju-H = 6.3 Hz, 1H, CrippH(CHz)2), 2.47 (sept,
3Jn-+ = 6.4 Hz, 1H, CrippH(CHz)2), 2.24 (s, 3H, CnHc—ruCH3), 2.12 (s, 3H, CnHe—ruCH3),
2.02 (s, 3H, Cnrc—siCHs), 2.00 (s, 3H, Cre—siCHz), 1.75 (s, 3H, CoeymCHz), 1.58 (d, -
H=5.9 Hz, 3H, CrigpH(CHa)2), 1.49 (d, *Jn-+ = 5.9 Hz, 3H, CrippH(CHa)2), 1.21 (d, 3Ju-
H = 6.4 Hz, 3H, CrippH(CH?z)2), 1.21 = 1.19 (m, 6H, CpcymH(CHa)2), 0.93 (d, 3Jn+ = 6.3 Hz,
3H, CrippH(CHs)z2), 0.74 (d, 3Ju-n = 6.4 Hz, 3H, CrippH(CHz)z), 0.05 (d, 3Jn-n = 6.3 Hz, 3H,
CrippH(CHz)2).

BC{'H} NMR (126 MHz, CDsCN, 300 K): 5 [ppm] = 169.9 (NCnrcruN), 155.9 (Cripp—Pr),
155.7 (Cripp—Pr), 154.8 (NCnHc-siN), 151.2 (Cripp—Pr), 137.9 (Cripp—Si), 130.0
(CnHe—ruCH3), 129.8 (CnHc-siCHa3), 128.9 (CnHc-siCHa), 127.5 (CnHc-ruCHa), 123.9
(CrippHar), 122.6 (CrippHar), 96.5 (CpcymHar), 94.6 (CpcymHar), 93.7 (CpeymHar), 85.0 (Cp-
eymHar), 37.4 (NnHe—ruCH3), 37.0 (NnHeruCHS3), 36.7 (CrippH(CHz)2), 35.7 (NnHe-siCHs),
34.8 (CrippH(CHa)z), 34.7 (Cp-cymH(CH3)2), 32.9 (NnHcsiCH3), 31.1 (CrippH(CHa)2), 28.8
(CrippH(CH3)2), 27.0 (CrippH(CHa)2), 26.1 (CrippH(CHa)2), 24.1 (CrippH(CHz)z2), 24.1 (Cp-
oymH(CH?3)2), 23.9 (CpeymH(CHa)2), 22.1 (CrigpH(CHzs)2), 20.1 (CrippH(CHa)z), 18.4 (Cp-
eymCH3), 10.1 (CnHe—ruCH3), 9.7 (CnHe—rRuCH3), 9.1 (CnHe—siCHa), 8.9 (CnHe—siCHa).

28i{'H} NMR (99 MHz, CDsCN, 300 K): & [ppm] = 17.8 (TippSi).

EA: CzoHs1ClsNsRUSi  calculated [%]: C (57.02), H (7.49), N (6.82).
measured [%]: C (56.79), H (7.71), N (7.10).

M.P.: 124-125 °C (decomposition, color change to black).
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"H NMR (500 MHz, CD,CN, 300 K) B
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Figure S8

"H NMR spectrum of [Tipp—Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (2) in CDsCN at 300 K

Residual imidazolium chloride [IMes-HCI] from the synthesis of 1a and from the decomposition
of 2 is marked with *. Beginning decomposition is marked with #.
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Figure S9

13C{'H} NMR spectrum of [Tipp-Si(IMe:s)Cl—RuCl({IMea)(p-cymene)]Cl (2) in CD3CN at 300 K
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295i{'H) NMR (99 MHz, CD,CN, 300 K)

178

T T T T T T
-100 -120 -140 -160 -180 -200

T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80

Figure $10 2°Si{'H} NMR spectrum of [Tipp-Si(IMes)Cl-RuCl(IMea)(p-cymene)]Cl (2) in CDsCN at 300 K.
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Figure $11 'H/2Si HMBC NMR spectrum of [Tipp-Si(IMe4)Cl—RuCl(IMes)(p-cymene)]CI (2) in CDsCN at

300 K.
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H/'H COSY NMR (CD5CN, 300 K)
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Figure $12 'H/'H COSY NMR spectrum of [Tipp—Si(IMe4)Cl—RuCl(IMes)(p-cymene)]Cl (2) in CDsCN at
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Figure $13 'H/3C HSQC NMR spectrum of [Tipp-Si(IMe4)Cl—RuCl(IMes)(p-cymene)]Cl (2) in CD3CN at
300 K.
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Figure $14 'H/'*C HMBC NMR spectrum of [Tipp—Si(IMes)Cl—RuCl(IMe4)(p-cymene)]Cl (2) in CD3CN at
300 K.

240 min

I Lo _,,M.",_LL-U S J‘ ,

180 min ”
L U N e 11| JUL
120 min
e b B S W Y SV S W ™ __hu'iuJ“J'. L_,l_ﬂu«\_J N L-_lL

60 min

f

I T YT JJLL.J TNy || .,.J"‘._J'm,ﬁ_k J'ut-f N, 'J |L4,|_U‘H‘-J”'.4_J L'”M"L M.,

|
N S S [T R I I T _L__";_Jw.*_ i J\JJ-J"- WYLV, AT Ju\.

;‘5 ';“.D E:‘,S EI.D EI.S 5‘.0 4‘.5 420 3‘.5 3‘.0 2‘.5 220 1‘.5 lI.D
Figure S15 Time resolved 'H NMR spectra of [Tipp—-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (2) in CDaCN
showing the decomposition in solution at room temperature.

S15

216



11. Appendix

LT-?8i{'H) NMR (79 MHz, CD;CN, 238 K)
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Figure S16 Low temperature 2°Si{'H} NMR of the deep red species observed during the synthesis of 2 at
—35°C / 238 K in CD3CN, indicating the presence of the complex [Tipp—Si(IMes)2—RuClz(p-

cymene)]Cl (27).
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1.3.2 [BusSi-Si(IMes)Cl—RuClI(IMes)(p-cymene)]Cl (6a)

C35HgsCl3N4RuSi,
817.53 g/mol

Note: The complex decomposes in solution at room temperature to an unidentified mixture of products.

Batch size: 5a: 100.0 mg, 195.6 ymol, 1.0 eq.
[RuClz(p-cymene)]z: 59.9 mg, 97.8 pmol, 0.5 eq.

Yield: 102.6 mg (125.5 ymol, 64%) as an orange solid.

SC-XRD:  Suitable crystals were obtained by slow diffusion of Et20 into a concentrated
solution of 6a in MeCN at -35 °C.

"H NMR (500 MHz, CD3CN, 300 K): 8 [ppm] = 5.91 (dd, 3Jn-n = 6.2, *Jnu-n = 0.9 Hz, 1H,
Cp-cymHar), 5.56 (dd, 3Uh-+ = 5.9, *Un-+ = 1.2 Hz, 1H, CpeymHar), 5.42 (dd, 3Ju-1 = 6.2, *Jn-
H=1.2 Hz, 1H, Cp-cymHar), 5.18 (dd, 3Jh-+ = 5.9, *Jh-+ = 0.9 Hz, 1H, Cp-cymHar), 4.15 (s, 3H,
NnHc—siCH3), 3.86 (s, 3H, NnHc—ruCH3), 2.99 (s, 3H, NnHc—ruCH3), 2.90 (s, 3H,
NNHc-siCH3), 2.61 (sept, 3Ju-+ = 6.9 Hz, 1H, CH(CHs3)2), 2.20 (s, 3H, CnHc—siCH3), 2.15
(s, 3H, Cnuc—-ruCH3), 1.99 (s, 3H, CpeymCHsa), 1.86 (s, 3H, CnHc-ruCH3), 1.83 (s, 3H,
CnHc—siCHB3), 1.25 (s, 27H, Si((C(CH3)a)a), 1.22 (d, *Ju-n = 6.9 Hz, 3H, CH(CH?3)z), 1.17 (d,
8Ju-1 = 6.9 Hz, 3H, CH(CHa)z).

BC{'H} NMR (126 MHz, CDsCN, 300 K): & [ppm] = 172.1 (NCnxc.ruN), 155.2
(NCnHe—siN), 131.2 (Cnhc—siCH3), 128.9 (CNHc—ruCH3s), 128.7 (Cnhc—siCHas), 127.1
(Cnte—ruCH3), 124.6 (Cpoym—Pr), 101.4 (CpeymHar), 94.2 (Cp-oymCH3), 91.1 (CpcymHar),
85.0 (CpeymHar), 83.9 (CpeymHar), 37.7 (NnHc—rRuCHs), 37.6 (NnHc—ruCH3), 36.8
(NnHo—siCH3), 36.4  (Nnwc—siCHs), 33.1 (Si((C(CHs)a)s), 31.5 (CH(CHs)), 26.4
(Si((C(CHs)3)3), 22.4 (CH(CHs)2), 21.8 (CH(CH3)2), 17.7 (Cp-cymCH3), 9.8 (CnHc—ruCH3),
9.8 (CnHe—RuCH3), 9.7 (CnHe—siCHB3), 8.5 (CnHe—siCHa).
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295i{'H} NMR (99 MHz, CD3CN, 300 K): 5 [ppm] = 29.4 (SiRu), 23.3 (SiBus).

EA: CssHssCl:N4RuSiz  calculated [%]: C (52.89), H (8.01), N (6.85).
measured [%]: C (53.12), H (8.23), N (7.11).

M.P.: 122-123 °C (decomposition, color change to black).

TH NMR (500 Mhz, CD3CN, 300 K)

CD4CN
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Figure S17 'H NMR spectrum of [BusSi-Si(IMes)Cl—RuCl(IMea)(p-cymene)]Cl (6a) in CDsCN at 300 K.
Residual imidazolium chloride [IMes-HCI] from the synthesis of 5a and from the decompaosition
of 6a is marked with *.
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IC{THY NMR (126 Mhz, CD3CN, 300 K) 3 % é 33 23
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Figure S18 "*C{'H} NMR spectrum of [BusSi-Si(IMes)Cl—-RuCl(IMes)(p-cymene)]Cl| (6a) in CDzCN at
300 K.

25i{'H) NMR (99 Mhz, GDZCN, 300 K)

& \j cl
Clgy =
]

/
usSI=Sicg) N
N0
N

N

294
233

T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 Q -20 -40 -60 -80  -100 -120 -140 -160 -180 -200

Figure $19 29Si{'H} NMR spectrum of [BusSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6a) in CD:CN at
300 K.
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TH/#Si HMBC NMR (CD5CN, 300 K) L-a0
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Figure S20 'H/2°Si HMBC NMR spectrum of [BusSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6a) in CDsCN
at 300 K.
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Figure S21 "H/'"H COSY NMR spectrum of ['BusSi-Si(IMe4)Cl—RuCl(IMes)(p-cymene)]Cl (6a) in CDsCN
at 300 K.

S20

221



11. Appendix

RN B [ T

E
H/PC HSQC NMR (CD3CN, 300 K) Ve @ 10

o ¥
/hj al w [ 20
- =

T apo 30
'Bu3Si—Si-,
SR

r0

)
C

N
/S/‘

|40
N | s0
60

\
z
E\

o
&

|70
80
90
I 100
110
120
130
I 140

150

R 1Y ,\A S I A‘JJL\_LL_‘AAl
=]
2

160

+170

L 180
T T T T T T T T T T T 1
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure S22 "H/*C HSQC NMR spectrum of [BusSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6a) in CDsCN
at 300 K.
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Figure $23 'H/'*C HMBC NMR spectrum of ['BusSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6a) in CDsCN
at 300 K.
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1.3.3 [BuzMeSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6b)

Ca3HsgClaN4RUSI,
775.45 g/mol

Note: The complex decomposes in solution at room temperature to an unidentified mixture of products.

Batch size: 5b: 50.0 mg, 106.6 pmol, 1.0 eq.
[RuClz(p-cymene)]z: 32.6 mg, 53.3 umol, 0.5 eq.

Yield: 46.4 mg (59.8 umol, 58%) as an orange solid.

"H NMR (500 MHz, CD3CN, 300 K): & [ppm] = 5.94 (dd, *Jn-+ = 6.0 Hz, *Ju- = 1.2 Hz,
1H, CpoymHar), 5.65 (dd, 3Ju-n = 6.1 Hz, “Uh-+ =1.1 Hz, 1H, CpeymHar), 5.16 (dd, 3Jn-
H=6.0 Hz, *Jhn = 1.1 Hz, 1H, CpeymHar), 4.87 (dd, 3Jn-n = 6.1 Hz, 4Jnn = 1.2 Hz, 1H, C,-
cymHar), 4.09 (s, 3H, NnHe-siCH3z), 3.84 (s, 3H, NnHe-ruCH3), 2.96 (s, 3H, NnHc-ruCH3),
2.89 (s, 3H, Nwwc siCHs), 2.66 (sept, 3Ju+ =7.0 Hz, 1H, CH(CHs)2), 2.21 (s, 3H,
CnHc-siCH?3), 2.14 (s, 3H, CnHe-ruCH3), 2.11 (s, 3H, Cp-eymCH3), 1.85 (s, 3H, Cnre-ruCHa),
1.83 (s, 3H, CnHc.siCHs), 1.26 (s, 9H, Si(C(CHs)3)2CHs), 1.24 (d, 3Ju-u=7.0 Hz, 3H,
CH(CHa)z2), 1.19 (d, 3Jrn = 7.0 Hz, 3H, CH(CH?=)2), 0.72 (s, 9H, Si(C(CHa)s)2CHa), 0.35 (s,
3H, Si(C(CHa)3)2CHa).

BC{'H} NMR (101 MHz, CDiCN, 300 K): & [ppm] = 172.7 (NCnHc-ruN), 155.3
(NCnHc-siN), 130.6 (CnHc-siCH3), 128.8 (CnHc—ruCH3), 128.8 (CnHc-siCH3), 127.1
(Cnrc-rRuCHa), 124.7 (Cp-cym—Pr), 99.8 (Cp-cymHar), 94.4 (Cp-cymCHa), 87.7 (Cp-cymHar), 87.5
(CpcymHar), 87.2 (Cp-cymHar), 38.0 (NnHc ruCH3), 37.4 (NnHcruCHa), 35.9 (NnHc -siCHs),
35.8 (NnHcsiCH3), 31.2 (Si(C(CHa)s)2CHz), 30.9 (CH(CHz)2), 29.8 (Si(C(CHa)3)2CHa),
24.4 (Si(C(CHs)3)2CHs), 23.9 (Si(C(CHa)s3)2CHa), 23.2 (CH(CHa)2), 20.9 (CH(CH3)2), 17.6
(CpcymCH3), 9.9 (CnHc—ruCH3), 9.6 (CnHc—rRuCH3), 9.5 (CnHc—siCHs), 8.3 (Cnhc—siCHs),
0.8 (Si(C(CHs)s)2CHs).
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Note: The resonance corresponding to the CHs-substituent of the '‘Bu:MeSi moiety (0.8 ppm) overlaps with
the resonance of CD;CN (1.3 ppm, sept) and was determined from 'H/"*C HSQC NMR.

295i{'H} NMR (99 MHz, CD3CN, 300 K): & [ppm] = 29.4 (SiRu), 8.7 (SiBuzMe).

EA: C33Hs9ClaNsRuSiz calculated [%]: C (51.11), H (7.67), N (7.23).
measured [%]: C (51.25), H (7.79), N (7.54).

M.P.: 119-120 °C (decomposition, color change to black).

TH NMR (500 MHz, CD;CN, 300 K)
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Figure S24 "H NMR spectrum of [BuzMeSi-Si(IMe4)Cl—RuCl(IMe4)(p-cymene)]Cl (6b) in CDsCN at 300 K.
Small amounts of residual imidazolium chloride [IMes-HCI] from the synthesis of 2b and the

decomposition of 6b are marked with *.
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T3C{'H} NMR (126 MHz, CD;CN., 3004K)
]

155.3
30,
28,
28,
27,
24,

99.8

94.4

87.7

87.5

87.2

CDyEN

~
P

I N
1Bu,MeSI—Si- g N\/?*
N
'
- \]y-x.

8b

CD4CN

L Lt [ Il IH H L “

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20 10 Q -10

Figure $25 "C{'H} NMR spectrum of [BuzMeSi-Si(IMe4)Cl—RuCl(IMes)(p-cymene)]CI (6b) in CDsCN at
300 K.

295i{1H} NMR (99 MHz, CD;CN, 300 K)
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Figure S26 2°Si{'H} NMR spectrum of ['Bu2MeSi-Si(IMes)Cl—RuCI(IMe4)(p-cymene)]Cl (6b) in CDsCN at
300 K.
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Figure $27 'H/2Si HMBC NMR spectrum of [Bu:MeSi-Si(IMes)Cl—RuCI(IMes)(p-cymene)]Cl (6b)
CDzCN at 300 K.
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Figure $28 'H/'H COSY NMR spectrum of [Bu2MeSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6b) in
CDsCN at 300 K.
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Figure S30 'H/"C HMBC NMR spectrum of [Bu:MeSi-Si(IMes)Cl—-RuCl(IMes)(p-cymene)ICl (6b) in

CDsCN at 300 K.
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1.3.4 ['Bu:MeSi-Si(IEt2Me2)Cl—RuCI(IEtz2Me2)(p-cymene)]Cl (6c)

“Tor
CI\RG

/ \.. N'Et

'Bu,MeSi—Si-, r\r/
X EUEt

-’;_N’

Et'N\%\

6c
C37H57C|3N4Ru8i2
831.56 g/mol

Note: (a) The complex decomposes in solution at room temperature to an unidentified mixture of products;
(b) The reaction takes longer to complete than the reactions with the IMes-stabilized silyliumylidene ions
(~30 minutes vs. 1-3 minutes) due to the increased steric hindrance of the NHCs. Aftempts to isolate the
silyliumylidene complex (analogous to 2°) failed. The rate determining step appears to be the coordination
of the silyliumylidene 5c to the transition metal precursor with the insertion reaction occurring significantly
faster. At low temperature (to slow down the insertion step) no coordinating reaction was observed.

Batch size: 5c¢: 50.0 mg, 95.2 ymol, 1.0 eq.
[RuClz(p-cymene)]z: 29.1 mg, 47.6 pmol, 0.5 eq.

Yield: 35.3 mg (42.5 pmol, 45%) as an orange solid.

"H NMR (500 MHz, CDsCN, 300 K): & [ppm] = 6.13 (dd, 3Jn-+ = 6.4 Hz, *Ju-n = 1.4 Hz,
1H, CpoymHar), 5.73 (dd, 3Ju-# =5.9 Hz, “Jh-x=1.6 Hz, 1H, CpeymHar), 5.38 (dd, 3Jn-
H=6.4 Hz, *Ju-n = 1.4 Hz, 1H, CpeymHar), 5.00 (dd, *Jn-n = 5.9 Hz, “Jun = 1.6 Hz, 1H, C,-
eymHar), 4.89 (dq, 2Ukn = 14.3 Hz, 3k = 7.1 Hz, 1H, Nnrc_sCH2CHa), 4.56 — 4.46 (m,
2H, Nnrc—siCH2CH3s, NnHe—ruCH2CHz), 4.35 (dq, 2Jh-+ = 14.2 Hz, 3Jh-H = 7.1 Hz, 1H,
NNHc—RuCH2CH3), 3.88 (dq, 2Ju+ = 14.2 Hz, 3Jh-n = 7.1 Hz, 1H, NnHe—siCH2CH3), 3.75
(dg, 2dh-H = 14.3 Hz, Jh-+ = 7.1 Hz, 1H, NnHe—ruCH2CH3), 2.68 (sept, 3Jh+ = 6.9 Hz, 1H,
CH(CHas)z2), 2.51 (dg, J = 13.9, 7.0 Hz, 1H, NnHc—RuCH2CH3), 2.37 — 2.31 (m, 1H,
NnHc-siCH2CH3), 2.26 (s, 3H, Cnre-siCHS3), 2.20 (s, 3H, Cnrec—ruCH3), 2.12 (s, 3H, Cp.
eymCHS3), 1.99 (s, 3H, Cnnc»siCH3), 1.96 (s, 3H, CnHe»rRuCH?3), 1.43 (t, 3Jh-n = 7.1 Hz, 3H,
NnHe»siCH2CH3), 1.31 (d, 3Jw-n=6.9 Hz, 3H, CH(CHs)2), 1.30 — 1.26 (m, 12H,
Si(C(CH?3)3)2CHs, NnHc—RruCH2CH3), 1.25 (d, 3Jn-H = 6.9 Hz, 3H, CH(CHza)2), 1.11 (t, 3Jn-
H=7.1 Hz, 3H, NnHe -ruCH2CH?3), 0.86 = 0.81 (m, 12H, Si(C(CHs)3)2CHa, NnHe -siCH2CH3),
0.37 (s, 3H, Si(C(CHza)z)2CH).
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Note: 3 of the 4 signals corresponding to the CH3 groups in the NHC-wingtip substituents (triplets at 1.43,
1.28 and 0.84 ppm) overlap with (I} the triplet corresponding to the imidazolium chloride [IEt:Mez-HCI]
impurity (1.41 ppm), () the singlet corresponding to one 'Bu moiety in ‘Bu:MeSi (1.28 ppm) and (Ill) the
singlet corresponding to the other 'Bu moiety in 'Bu:MeSi (0.82 ppm). They were determined using "H/'H
COSY, 'H/"3C HSQC and "H/*C HMBC measurements. The 4" signal does not overlap (triplet at 1.11 ppm).
BC{'H} NMR (126 MHz, CDsCN, 300 K): & [ppm] = 172.9 (NCnwc—ruN), 154.8
(NCntc—siN), 131.9 (CnHc—-siCHz), 130.0 (CnHc-ruCHz), 128.8 (CnHc-siCH3), 1271
(CnHe—RuCH3), 125.7 (Cpoym—Pr), 101.6 (CpcymHar), 90.7 (Cp-cymCHs), 87.4 (CpcymHar),
87.2 (Cp-cymHar), 84.6 (CpcymHar), 45.4 (NnHc—ruCH2CH3), 45.0 (NnHe-ruCH2CHa), 44.1
(NnHesiCH2CH3), 43.4 (NnHe»siCH2CH3), 31.6 (Si(C(CHz)s)2CHs), 31.1 (CH(CHa)z), 30.4
(Si(C(CHa)a)2CHa), 24.8 (Si(C(CHa)3)2CHa), 24.1 (Si(C(CHs)s)2CHs), 22.7 (CH(CHzs)2),
21.4 (CH(CHa)2), 17.5 (NnHc-ruCH2CHs), 17.3 (NnHe -rRuCH2CH3s), 16.5 (Cp-eymCH3), 15.9
(NnHC—siCH2CH3), 14.7 (NnHc—siCH2CHz), 10.2 (CnHe—ruCH3), 10.0 (CnHe—siCHs), 9.9
(Cnre—RuCHB3), 9.4 (Cnhe-siCH3), 0.4 (Si(C(CHaz)3)2CHs).

295i{'H} NMR (99 MHz, CD3CN, 300 K): & [ppm] = 23.5 (SiRu), 9.1 (SiBuzMe).

EA: CarHe7CliNsRuSi2  calculated [%]: C (53.44), H (8.12), N (6.74).
measured [%]: C (53.56), H (8.17), N (7.01).

M.P.: 128-129 °C (decomposition, color change to dark brown).

528

229



11. Appendix

H NMR (500 MHz, CD4CN. 300 K)
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Figure $31 "H NMR spectrum of [BuMeSi-Si(IEtzMez)Cl—Ru(p-cymene)CI(IEt2Me2)]CI (6c) in CDsCN at
300 K. Residual imidazolium chloride [IEtzMe2-HCI] from the silyliumylidene precursor is

marked with *.
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Figure $32 3C{'H} NMR spectrum of [Bu:MeSi-Si(IEt2Me2)Cl—Ru(p-cymene)CI(IEt2Me2)]Cl (6c) in
CD3CN at 300 K.
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Bi{'H} NMR (99 MHz. CD;CN, 300 K}
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Figure S33 2°Si{'H} NMR spectrum of [Bu:MeSi-Si(IEtzMez)Cl—Ru(p-cymene)CI(IEtzMez)]CI (6¢c) in
CDsCN at 300 K.
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Figure S34 'H/2°Si HMBC NMR spectrum of [Bu:MeSi-Si(IEtz2Me2)Cl—Ru(p-cymene)CI(IEtzMe2)]Cl (6¢c)
in CDsCN at 300 K. Imidazolium chloride [IEt2Me2-HCI] from the silyliumylidene precursor is
marked with *.
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CDsCN at 300 K. Imidazolium chloride [IEtz2Mez-HCI] from the silyliumylidene precursor

marked with *.
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Figure S37
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1.4  General Synthetic Procedure for [R-Si(NHC)CI—RhCI(NHC)(Cp*)]CI

+
\ 5 Ter
NHC CI-Rh

oer [RNCL(Cp*)lz VAT
R-Si R-Si-
\ —40°C —rt. cl
5-30 min

NHC NHC

R NHC R NHC
5a  'BujSi IMe,, 7a  Bu,Si IMey4
5b ‘Bu,MeSi  IMey 7b  ‘Bu,MeSi  IMey
5c tBUzMESi |Et2M92 7c rBUzMeSi |Et2Meg

Silyliumylidene chloride [R3Si-Si(NHC)2]Cl (5a-c) (1.0 eq) and [RhCI2(Cp*)]2 (0.5 eq) were
mixed, cooled to —40 °C and pre-cooled (—40 °C) MeCN (3-10 mL) was added. The
reaction mixtures were stirred at —40 °C until all starting material had dissolved (5-30
minutes) and then warmed to room temperature. The solutions were quickly concentrated
under reduced pressure to about 1-3 mL. A mixture of toluene and Et20 (1:1, 5-15 mL)
was added and the orange-red solutions were stored at —35 °C for 3-10 days. The formed
crystals/precipitate was collected by filtration, washed with benzene or toluene (2 mL) and
Et20 (2x2 mL) and after drying under vacuum the complexes 7a-b were isolated as
orange to orange-red air- and moisture-sensitive solids/crystals. In the case of 7c
(R = Si‘BuzMe, NHC = |EtzMez) the product could only be detected and assigned via 2°Si

NMR spectroscopy (cf. Figure S56) due to competing side reactions.
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1.41 [BusSi-Si(IMes)Cl—RhCI(IMes)(Cp*)]X (7a, X = CI, OTf)

(a) ['BusSi-Si(IMes)Cl—>RhCI(IMes)(Cp*)ICI (7a)

—|+C|_
CI-Rh i

/N N

‘Bu,Si—Si~ I
3 \{n /N\e‘
./
YN
/Nj)\
Ta
Cy6HssClsN4RNSI;
820.38 g/mol

Batch size: 5a: 100.0 mg, 195.6 ymol, 1.0 eq.
[RhCl2(Cp*)]2: 60.4 mg, 97.8 umol, 0.5 eq.

Yield: 112.2 mg, (136.8 umol, 70%) as an orange solid.

SC-XRD:  Suitable single crystals were obtained by slow diffusion of Etz0 into a
concentrated solution of 7a in MeCN at —35 °C.

"H NMR (500 MHz, CDsCN, 300 K): 3 [ppm] = 4.18 (s, 3H, NnHc—siCH3), 3.78 (s, 3H,
NnHc—rRhCH3), 3.14 (s, 3H, NnHc—rnCH3), 3.06 (s, 3H, Nnhc-siCH3), 2.20 (s, 3H,
CnHc—siCH3), 2.14 (s, 3H, Cnuc—rnCHs), 1.87 (s, 3H, CnHc—rnCHz), 1.82 (s, 3H,
CnHc—siCHS3), 1.43 (s, 15H, Cs(CHs3)s), 1.25 (s, 27H, Si(C(CHs)3)3).

BC{'H} NMR (126 MHz, CD3CN, 300 K): & [ppm] = 165.7 (d, 'Jrnc =60.2 Hz,
NCnHcrN), 155.2 (d, 2Jrnc =2.7 Hz, NCnnc-siN), 131.2 (Cnhc-siCHz), 130.2
(CnHe—RACH3), 129.1 (CnHc—siCHz), 128.6 (CnHc—rnCH3), 102.8 (d, 'Jrnc =4.7 Hz
Cs(CHs3)s), 38.1 (NnHe—siCH3), 37.7 (NnHe—rnCHB3), 36.6 (NNHc—rRRCH3), 36.5 (NnHc—siCH3),
33.2 (Si(C(CHa)s)s), 26.3 (Si(C(CHs)3)s), 9.8 (Cs(CHs)s), 9.8 (CnHc—rnCHs), 9.7
(CnHe—siCH3), 9.6 (CnHe—rRhCH3), 8.5 (ChHe—siCHa).

298i{H} NMR (99 MHz, CDsCN, 300 K): 5 [ppm] = 28.6 (d, 2Jsirn = 2.6 Hz, SitBus), 23.5
(d, 'Jsi-rn = 63.9 Hz, SiRh).

EA: CzsHssClaN4RhSiz calculated [%]: C (52.71), H (8.11), N (6.83).
measured [%]: C (53.02), H (8.21), N (7.16).

M.P.: 140-141 °C (decomposition, color change to black).
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TH NMR (500 MHz, CD;CN, 300 K) 2 g %8 |58 9 Y%
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Figure $38 'H NMR spectrum of [BusSi-Si(IMe4)Cl—RhCI(IMes)(Cp*)]CI (7a) in CDsCN at 300 K. Small
amounts of residual imidazolium chloride from the precursor [IMes-HCI] are marked with *.
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Figure $39 13C{'H} NMR spectrum of [BusSi-Si(IMe:)Cl—RhCI(IMe«){Cp*)CI (7a) in CDsCN at 300 K.
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25i{1H} NMR (99 MHz, CD,CN, 300 K)
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Figure S40 9Si{'H} NMR spectrum of [BusSi-Si(IMes)Cl—RhCI(IMes)(Cp*)ICI (7a) in CDsCN at 300 K.
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Figure S$41 'H/2Si HMBC NMR spectrum of [BusSi-Si(IMes)Cl—RhCI(IMes)(Cp*)ICI (7a) in CDsCN at
300 K.
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Figure S42

Figure S43
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HI'H COSY NMR spectrum of [BusSi-Si(IMes)Cl>RhCI(IMes)(Cp*)ICI (7a) in CD:CN
300 K.
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TH/C HSQC NMR spectrum of [BusSi-Si(IMe4)Cl—RhCI(IMes)(Cp*)]CI (7a) in CDaCN

300 K.
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| HI'SC HMBC NMR (CD,CN, 300 K)
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Figure S44 'H/°C HMBC NMR spectrum of [Bu:Si-Si(IMes)Cl—RhCI(IMes)(Cp*)]Cl (7a) in CD:CN at

300 K.
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Figure S45 UV-Vis spectrum (300-900 nm) of ['BusSi-Si(IMes)Cl—RhCI(IMes)(Cp*)]Cl (7a) in toluene at
room temperature (c = 5.0x10 mol/L). Amax = 456 nm.
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(b) ['BusSi-Si(IMes)Cl—RhCI(IMe)(Cp*)]OTf (7a-OTf)

g Tor
CI-Rh

F AN N

BuySI—Si-g ,\'r \%‘
\ e
./
YN
/N\ﬁ\\
7a-0OTf
CarHesCl2F3N4O3RhSSi,
933.99 g/mol
To determine whether insertion into the Rh—Cl bond takes place or if the reaction occurs

from an NHC-stabilized chlorosilylene, we synthesized 5a-OTf (vide supra) and utilized it

in a reaction similar to that described in section 1.4 for the synthesis of 7a.

[BuaSi-Si(IMe4)2]OTf (5a-OTf) (30.0 mg, 48.0 pmol, 1.0 eq) was mixed with [RhCl2(Cp*))2
(14.8 mg, 24.0 umol, 0.5 eq) and cooled to —35 °C. Pre-cooled (35 °C) CD3sCN (0.5 mL)
was added and the suspension was stirred for 5 minutes and then transferred to a J-
Young NMR tube.

"H NMR (500 MHz, CD3CN, 300 K): & [ppm] = 4.17 (s, 3H, Nnnc—siCHa), 3.78 (s, 3H,
NNHc—RRCHS3), 3.13 (s, 3H, NnHc—rhCHS3), 3.06 (s, 3H, NnHc—siCHs), 2.19 (s, 3H,
CnHe—siCH3), 2.14 (s, 3H, CnHc—rhCHS3), 1.87 (s, 3H, Cnnc—rnCH3), 1.82 (s, 3H,
CnHcsiCHS3), 1.44 (s, 15H, Cs(CHa)s), 1.25 (s, 27H, Si(C(CHa)a)a).

Note: 'H NMR data are the same as 7a.

BC{'H} NMR (126 MHz, CDsCN, 300 K): & [ppm] = 1658 (d, 'Jrnc =60.0 Hz,
NCnHc-raN), 155.2 (d, 2Jrhc=2.7 Hz, NCnhc-siN), 131.1 (CnHc-siCHa), 130.2
(CnHe-rnCHa), 129.1 (Cnhc-siCHs), 128.6 (CnmcrnCHs), 122.1 (g, 'Je—r = 320.9 Hz,
SOsCF3) 102.8 (d, "Jrn-c = 4.8 Hz, C5(CHz3)s), 38.0 (NnHc—siCH3), 37.6 (NnHc—rnCHs3),
36.6 (NnHc—rnCH3), 36.4 (NnHc—siCH3), 33.2 (Si(C(CHa)s)s), 26.3 (Si(C(CHs)s)s), 9.8
(Cs(CH3)s), 9.8 (CnHc—rhCH3), 9.6 (CnHe—siCH3), 9.5 (CnHe—rhCHS3), 8.5 (CnHe—siCH3).

Note: (a) °C NMR data (for comparison, cf. Figure S47) are the same as 7a except for the additional

resonance corresponding to the triflate anion (122.1 ppm (g, 'Je_r = 320.9 Hz). (b) The resonance for the
SO:CF; group (quartet) partially overlaps with the resonance for CDsCN.
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295i{'H} NMR (99 MHz, CD3CN, 300 K): & [ppm] = 28.7 (d, 2Jsi-rn = 2.8 Hz, Si'Bus), 23.4
(d, Jsi-rn = 63.8 Hz, SiRh).

Note: 2°Si NMR (for comparison, cf. Figure S48) data are the same as 7a.

19E{'H} NMR (471 MHz, CDsCN, 300 K): 5 [ppm] = —79.3 (SOsCFa).

Note: Only the resonance corresponding to a free triflate anion could be observed.

T9F{TH} NMR (471 MHz, CD4CN, 300 K)
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Figure S46 9F{'H} NMR spectrum of ['BusSi-Si(IMe:)Cl—RhCI(IMes)(Cp*)JOTf (7a-OTf) in CDsCN at

300 K.
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Figure S47 Section (180-100 ppm) of the "*C{'H} NMR spectra of 5a-OTf (top), 7a (middle) and 7a-OTf
(bottom) in CDsCN at 300 K. Small amounts of residual imidazolium chloride [IMes-HCI] from
the synthesis of 5a/5a-0OTf are marked with *.
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Figure S48 2°Si{'H} NMR spectrum of 7a (top) and 7a-OTf (bottom) in CD3sCN at 300 K.
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1.4.2 [BuzMeSi-Si(IMes)Cl—RhCI(IMes)(Cp*)]ICI (7b)
—|+C|_
CI—RH
/NN

'Bu,MeSi—Si- s
uziviesi "\CI /N\K
. 7/
.FN
/NT/%
7b

Ca3HgoClaN4RKSI;
778.30 g/mol

Batch size: 5b: 50.0 mg, 106.6 pmol, 1.0 eq.
[RhCl2(Cp™)]2: 32.9 mg, 53.3 pmol, 0.5 eq.

Yield: 51.5 mg (66.2 pmol, 62%) as an orange-red solid.

SC-XRD:  Suitable single crystals were obtained by slow diffusion of Et20 into a
concentrated solution of 7b in MeCN at —35 °C.

"H NMR (500 MHz, CD3CN, 300 K): & [ppm] = 4.15 (s, 3H, Nnuc—siCH3), 3.79 (s, 3H,
NnHc—RRCH3), 3.15 (s, 3H, Nnuc—rnCH3), 3.11 (s, 3H, Nnnc—siCHz), 2.22 (s, 3H,
CNHc—siCH3), 2.13 (s, 3H, CnHc—rhCHs), 1.86 (s, 3H, CnHc—rhCHz), 1.84 (s, 3H,
CnHc-siCHB3), 1.47 (s, 15H, Cs(CHa)s), 1.21 (s, 9H, Si(C(CHa)s)2CHa), 0.74 (s, 9H,
Si(C(CHs3)3)2CHa), 0.41 (s, 3H, Si(C(CHa)s)2CHa).

BC{'H} NMR (126 MHz, CD3CN, 300 K): & [ppm] = 165.9 (d, 'Jrh-c =59.2 Hz,
NCnHc—rN) 1549 (d, 2Jrnc=2.5Hz, NCnHc—siN), 130.8 (CnHc—siCHs), 130.0
(CnHe-RhCH3), 129.2 (CnHco»siCH3), 128.4 (CnHcrhCH3), 102.3 (d, 'Jrh—c = 4.8 Hz,
Cs(CHs)s), 38.4 (NnHc—rhCH3), 36.6 (NNHC—siCH3), 36.6 (NNHC—RhCHa3), 35.8 (NnHc—siCHa3),
31.3 (Si(C(CHa)3)2CH3), 29.9 (Si(C(CHa)3s)2CHs), 24.7 (Si(C(CHa)s)2CHs), 24.1
(Si(C(CHa3)3)2CH3), 9.9 (CnHc-rrCH3), 9.7 (Cs(CHa)s), 9.6 (CnHe-rrCH3), 9.5 (CnHesiCHa),
8.3 (CnHc-siCHa), —0.8 (Si(C(CHa)s)2CHa).

2Si{'H} NMR (99 MHz, CDsCN, 300 K): 5 [ppm] = 23.9 (d, "Jsi-rn = 62.1 Hz, SiRh), 11.9
(d, 2Jsi-rh = 1.3 Hz, SitBuzMe).

EA: CasHsoClzsN4RhSi2 calculated [%]: C (50.93), H (7.77), N (7.20).
measured [%]: C (51.19), H (7.92), N (7.56).

M.P.: 138-139 °C (decomposition, change to red-brown oil).
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"H NMR (500 MHz, CD;CN. 300 K) w @ o nmE: o r oA @
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Figure S49 'H NMR spectrum of [BuzMeSi-Si(IMe4)Cl—RhCI(IMe4)(Cp*)]CI (7b) in CDsCN at 300 K. Small
amounts of residual imidazolium chloride from the precursor [IMes-HCI] are marked with *.
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Figure S50 3C{'H} NMR spectrum of [BuzMeSi-Si(IMes)Cl—RhCI(IMe4)(Cp*)]CI (7b) in CD2CN at 300 K.
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298i('H)} NMR (99 MHz, CD;CN, 300 K}
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Figure S51 29Si{'H} NMR spectrum of [BuzMeSi-Si(IMe4)Cl—RhCl(IMes)(Cp*)]Cl (7h) in CD:CN at 300 K.
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Figure $52 'H/2Si HMBC NMR spectrum of [BuzMeSi-Si(IMes)Cl—RhCI(IMes)(Cp*)]C! (7b) in CD:CN at

300 K.
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Figure $53 'H/'H COSY NMR spectrum of [BuzMeSi-Si(IMes)Cl-RhCI(IMes)(Cp*)]CI (7b) in CD3sCN at
300 K.
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Figure $54 'H/"*C HSQC NMR spectrum of [Bu:MeSi-Si(IMes)Cl—RhCI(IMes)(Cp*)]Cl (7b) in CD:CN at
300 K.
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H/3C HMBC NMR (CD;CN., 300 K)
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Figure $55 'H/"*C HMBC NMR spectrum of [BuzMeSi-Si(IMes)Cl—RhCI(IMes)(Cp*)|Cl (7b) in CD:CN at
300 K.
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1.4.3 [BuzMeSi-Si(IEt2Me2)Cl—RhCI(IEt2Me2)(Cp*)ICI (7c)

+
—l CI-
Cl-gf, %

/ \ N'Et
!BUZMeSi*Si»C| N/
Et—Et
-/'_N’
BN

Tc
C37H72CI13N4RhSi;
838.44

Synthesis of complex 7¢ was attempted in the same fashion as the other complexes.
However, multiple reaction products were observed upon NMR analysis. The desired
complex is only present with 35-40% in the reaction mixture and purification attempts were
unsuccessful. Temperature and solvent variation during the synthesis did not change the
obtained results significantly except for more decomposition products at higher

temperatures.

Interestingly, only the signals at 18.6 and 12.8 ppm (assigned to 7¢) in the 2°Si NMR
exhibit coupling to a rhodium atom (s = 2). The other signals do not exhibit any coupling
and hence formation of other coordination complexes with rhodium can be excluded.
Chemical shifts and coupling constants are in line with the other complexes.

295i{"H} NMR (99 MHz, CDsCN, 300 K): & [ppm] = 18.6 (d, 'Jsi-rnh = 65.8 Hz), 12.8 (d,
2Jsi-rh = 1.9 Hz).
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295i{"H} NMR (88 MHz, CD4CN, 300 K)
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Figure $56 2°Si{'H} NMR spectrum of ['Bu>MeSi-Si(IEt2Me2)Cl—RhCI{IEt2Me2)(Cp*)]CI (7¢) in CDsCN at
300 K. Unknown side products are marked with *.
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1.5

Note: Since [Mes-Si(IMe4),]Cl is not stable for a prolonged time in MeCN solution?, care must be taken that
these reactions are carried out quickly once the starting material is dissolved; (b) Due to the very fast
decomposition of complexes 3 and 4 in solution, we were not able to isolate the complexes in a clean
fashion. Decomposition even occurs slowly at =35 °C. Hence, NMR measurements were carried out

General Synthetic Procedure for [R-Si(NHC)2—MCIz(Ar)]CI

+ —
,Ar CI
Cl=pi
|ME4 / \Cl “
/ or  IMCh(An], ! \
+.. [ — Si
Mes—Si: 35 °C "‘*:( |
\ - [N
IMey4 "‘B/_\Q/ /
1b 3 M =Ru, Ar = p-cymene

4 M =Rh, Ar=Cp*

immediately after mixing the starting materials.

[Mes-Si(IMea4)2]CI (1b) (1.0 eq) and [MCIz(Ar)]z (0.5 eq) were mixed, cooled to -35 °C and
pre-cooled (-=35 °C) CDsCN (0.5 mL) was added. The deep red reaction mixtures were
transferred to a J-Young NMR tube and immediately frozen in liquid nitrogen to stop
decomposition. After allowing the NMR samples to thaw the measurements were carried

out immediately.
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1.5.1 [Mes-Si(IMes)2—RuClz(p-cymene)]Cl (3)

Tor
Cl-Ry

S o

i.“‘—,- N
17

N

il

—

3
C33H4aClsN4RUSI
737.29 g/mol
Note: Complex 3 decomposes rapidly in solution at room temperature to an unidentified mixture of products
in less than 2 hours. Decomposition is faster than in the case of 2 (~4 hours). During decomposition, large
amounts of precipitate are formed that are no longer soluble in organic solvents (presumably the Si-
containing part polymerizes and precipitates, as no silicon species can be observed in the NMR after
complete decomposition). The major discernable products after decomposition are imidazolium chloride
[IMes-HCI] and free p-cymene. The complex was characterized based on the similarity of the 2°Si NMR

resonance to the crystallographically characterized complex 4.

Batch size: 1b: 30.0 mg, 69.6 umol, 1.0 eq.
[RuClz(p-cym)]2: 21.3 mg, 34.8 ymol, 0.5 eq.

298i{'H} NMR (99 MHz, CDsCN, 300 K): 5 [ppm] = —20.5 (MesS)).

5i{H} NMR (99 MHz, CD5CN, 300 K)
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Figure S57 2°Si{'H} NMR spectrum of [Mes-Si(IMe4)2—RuClz(p-cymene)]CI (3) in CDsCN at 300 K.
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1.5.2 [Mes-Si(IMes)2—RhCI2(Cp*)]X (4, X = Cl, [RhCIsCp*])

%;j +cr
CI—'RF&

/¢y

! N

1

.. N
\NAN/ 7k

/=

Ca3HsoClaN4RPSI
740.13 g/mol

(a) [Mes—Si(IMes)2—RhCI2(Cp*)ICI (4)

Note: (a) Complex 4 decomposes rapidly in solution at room temperature to an unidentified mixture

of products in less than 3 hours. Decomposition is somewhat slower than for complex 3, presumably

due to the increased stability of the Cp* ligand in acetonitrile solution; (b) During decomposition,

large amounts of precipitate are formed that are no longer soluble in organic solvents (most likely

the Si-containing part polymerizes and precipitates, as no silicon species can be observed in the

NMR after complete decomposition); (¢) Furthermore, during decomposition, the formation of a new

anion [RhCI;Cp*l can be observed (Figure S58 and Figure S61) and the amount of imidazolium
chloride [IMesHCI] increases progressively during measurement. After full decomposition, the major
discernable products are imidazolium chloride and several Cp* containing species; (d) Due to the
decomposition of 4 occurring even at low temperatures, it was not possible to obtain single crystals of 4.
However, single crystals of 4-RhCl:Cp* could be obtained from the same reaction mixture. 4-RhCI:Cp* can
also be selectively synthesized by using one equivalent of [RhCl»(Cp*)]> instead of 0.5 eq (vide supra). 4-
RhCI:Cp* does not appear to be more stable than 4.

Batch size: 1b: 50.0 mg, 116.0 ymol, 1.0 eq.
[RhCI2(Cp*)]2: 35.8 mg, 58 pmol, 0.5 eq.

"H NMR (500 MHz, CD3CN, 300 K): 3 [ppm] = 6.99 (s, 1H, CmesH), 6.94 (s, 1H, CmesH),
4.23 (s, 3H, NnHe—siCHs), 3.50 (s, 3H, NnHe—rhCH3), 3.35 (s, 3H, NnHe—rnCH3), 2.80 (s,
3H, Nnwc—siCHa), 2.47 (s, 3H, CnHc—siCHs), 2.29 (s, 3H, CmesparaCH3), 2.21 (s, 3H,
CNHc—RhCHS3), 2.15 (bs, 6H, CmesorthoCHs), 2.10 (s, 3H, CnHc—rhCHS3), 1.69 (s, 3H,
CnHc—siCHS3), 1.18 (s, 15H, Cs(CH3)s).

Note: The resonance of the ortho methyl (2.15 ppm) groups of the silyliumylidene ion ligand overlap with a
resonance for imidazolium chloride (2.17 ppm)

i R (9 z, CD3CN, 300 K): & [ppm] =—-24.2 (d, 'Jsi-rh = 66.9 Hz, MesSi).
298i{"H} NMR (99 MHz, CD3CN, 300 K): 5 | ]=-24.2(d, "' 6.9 MesS

S51

252



11. Appendix

'H NMR (500 MHz, CD;CN, 300 K) 33 " 88 ] 2
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Figure S58 "H NMR spectrum of [Mes—Si(IMe4)2—RhCl2(Cp*)]CI (4) in CDsCN at 300 K. The resonances
for imidazolium chloride [IMes-HCI] (marked with *) increase significantly during decomposition
and therefore also increase during measurement. The resonance corresponding to the
[RhCI:Cp*]- anion also increases during measurement (marked with #).
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Figure $59 2°Si{'H} NMR spectrum of [Mes-Si(IMe4).—RhCl2(Cp*)]CI (4) in CDsCN at 300 K. No silicon-
containing decomposition products can be observed, even after full decomposition.
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TH9Si HMBG NMR (CD3CN, 300 K)
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Figure S60 'H/2°Si HMBC NMR spectrum of [Mes—Si(IMes):—RhClz(Cp*)JCI (4) in CD:CN at 300 K.
Imidazolium chloride [IMes-HCI] is marked with *.
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(b) [Mes-Si(IMes)2—RhCl2(Cp*)][RhCI3(Cp*)] (4-RhCIsCp*)

Note: (a) 4-RhCl:Cp* was analyzed with the same procedure as described for 4 (cf. section 1.5) except
1.0 eq of [RhCl>(Cp™)]- were used instead of 0.5 eq.; (b) The cationic part of the complex remains the same
regardless of the stoichiometry of the reaction; only the anionic part changes from CI- to [RhCI;Cp*]- if an
equimolar (or excess) amount of transition metal precursor is utilized. The new anion is also formed during
decomposition of 4, albeit not quantitatively; (c) 2°Si NMR data of 4 (Figure S59) and 4-RhCl:Cp* (Figure
S62) is identical. "TH NMR data (Figure S58 & Figure S61) for the cationic parts are the same. The 'H NMR
spectrum of 4-RhCIsCp* shows an additional resonance for the second Cp* ring (1.56 ppm (C5(CH3)s).

H NMR (500 MHz, CD3CN, 300 K): d [ppm] = 7.00 (s, 1H, CmesH), 6.94 (s, 1H, CmesH),
4.23 (s, 3H, NnHe-siCH3), 3.50 (s, 3H, NnHe-rhCH3), 3.34 (s, 3H, NnHernCH3), 2.78 (s,
3H, NnHc—siCHa), 2.48 (s, 3H, CnHc—siCH3), 2.29 (s, 3H, CmesparaCHs), 2.21 (s, 3H,
CnHcrhCH3), 2.16 (bs, 6H, CmesorthoCHz), 2.10 (s, 3H, CnHc-rnCHz), 1.69 (s, 3H,
Cnrc—siCH3), 1.56 (s, 15H, [RhCI3(Cs(CHz)s)]), 1.18 (s, 15H, Cs(CHz)s).

28i{1H} NMR (99 MHz, CDsCN, 300 K): 5 [ppm] = —24.1 (d, 'Jsirn = 67.0 Hz, MesSi).

TH NMR (500 MHz, CD;CN, 300 K) g3 3 B E 2A422 3R
}Q‘;)_T [RCISCp']
Cl-gp \
L
— [RhCI,Cp*T
\—(
4-[RhCI4Cp*] *
.
CD4CN
| |
) LA B,
" " o
88 g 2z
T T —~ T T . i .
0 9 8 7 [ 5 4 -1

Figure S61 'H NMR spectrum of [Mes—Si(IMes)2—RhCl2(Cp*)][RhCI5(Cp*)] (4-RhCIsCp*) in CDsCN at
300 K. The resonances for imidazolium chloride [IMes-HCI] (marked with *) increase
significantly during decomposition and therefore also increase during measurement. No
increase of the signal assigned to [RhCIsCp*]- can be observed.
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205i(H} NMR (99 MHz, CD3CN, 300 K)
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Figure $62 9Si{'H} NMR spectrum of [Mes—Si(IMes)z—RhClo(Cp*)J[RhCl3(Cp*)] (4-RhClsCp*) in CD:CN
at 300 K.
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Figure S63 'H/>°Si HMBC NMR spectrum of [Mes-Si(IMe:)2—RhCl2(Cp*)][RhCl3(Cp*)] (4-RhCl3sCp*) in
CD3CN at 300 K.
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1.6  General Synthetic Procedure for ['BusSi-SiCl=—M(IMe4)(Ar)]

Ar “Tor

— Ar
C-M . 1KCq N.'I
. IMey h \IM
. iy ° . E
BusSi—Si-¢ -78 °C—rt. 'BU3Si’Sl”‘CI 4
24 h Cl
|M84

6a M = Ru, Ar = p-cymene 8 M =Ru, Ar = p-cymene
7a M =Rh, Ar=Cp* 9 M =Rh, Ar=Cp*

[BusSi-Si(IMe4)Cl—MCI(IMe4)(Ar)]CI (6a (M = Ru, Ar = p-cymene), 7a (M = Rh, Ar = Cp*))
(1.0 eq) and KCs (1.0 eq) were mixed, cooled to =78 °C and pre-cooled (=78 °C) THF
(20 mL) was added rapidly while stirring. The mixtures were stirred at =78 °C for 4 hours,
then slowly warmed to room temperature overnight (~16 hours) and then stirred at room
temperature for an additional 4 hours. The solvent was removed under reduced pressure
and the residue was extracted with toluene (3x7 mL). The solvent was removed under
reduced pressure and the residue was dried for 5 hours (60 °C, ~5x10-* mbar) to remove
free IMes via sublimation. The residues were dissolved in a minimal amount of toluene
and after crystallization at —35 °C, filtration and drying under vacuum, complexes 8 and 9

were obtained as air- and moisture sensitive solids.

Note: Complexes 8 and 9 are stable in solution at room temperature for at least four weeks.
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1.6.1 [BuiSi-SiCl>—Ru(IMes)(p-cymene)] (8)

o

R /
sfu\-‘('\'
o Sie
Bu;Si” ], Cl N\%ﬁ
e
8

CagHs3CloN,RUSI,

657.90 g/mol
Batch size: 6a: 100.0 mg, 122.3 ymol, 1.0 eq.
KCs: 16.5 mg, 122.3 umol, 1.0 eq.
Yield: 45.5 mg (69.2 pmol, 57%) as a bright green solid.
SC-XRD:  Suitable single crystals were obtained by storing a concentrated solution @
of 8 in toluene at —35 °C. :

Note: No NMR data could be recorded due to 8 being paramagnetic.
EPR (toluene, c = 5x10-5 m°l/, 286 K): g = 2.1062.

LIFDI-MS: calculated: 657.2168 (C29Hs3ClzN2RuSiz).
measured: 657.1815 (8).

EA: C2oHs3CIzN2RuSI2 calculated [%]: C (52.94), H (8.12), N (4.26).
measured [%)]: C (52.45), H (8.12), N (4.05).

M.P.: 169-170 °C (decomposition, color change to black).
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Figure S64 X-band EPR-spectra of [BusSi-SiCl.—Ru(IMe4)(p-cymene)] (8) in toluene (c = 5.0x10° ml/,
286 K) (top left: including standard (marked with *), top right: excluding standard, bottom: from
70to 570 mT).
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| 59,1835
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Figure S65 LIFDI-MS spectrum (detailed view) of ['BusSi-SiClz—Ru(IMes)(p-cymene)] (8) in toluene (line:
measured spectrum; bars: simulated spectrum).
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Absorption

489

T T — T T T
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Figure S66 UV-Vis spectrum (300-900 nm) of [‘BusSi-SiCl—Ru(IMes)(p-cymene)] (8) in toluene at room
temperature (¢ = 5.0%x10* M°!/). Amax = 469 nm & 682 nm.
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1.6.2 [BusSi-SiCl-Rh(IMes)(Cp*)] (9)

S?h \rr‘{
] S,
Bussi“Cl [ \%ﬁ
e
9
C2gHs4ClzN5RNSI,
660.74 g/mol
Batch size: 7a: 100.0 mg, 121.9 ymol, 1.0 eq.
KCs: 16.5 mg, 121.9 uymol, 1.0 eq.

Yield: 52.3 mg (79.2 pymol, 65%) as a dark grey-black solid.

SC-XRD:  Suitable single crystals were obtained by storing a concentrated solution of
9 in toluene at -35 °C.

Note: No NMR data could be recorded due to 9 being paramagnetic.
EPR (toluene, c = 5x10-5 m°lf 286 K): g = 2.1003.

LIFDI-MS: calculated: 659.2258 (C29Hs4Cl2N2RhSi2).
measured: 659.1942 (9).

EA: C2sHs54CIzNzRhSiz2-0.5(C7Hs) calculated [%]: C (55.23), H (8.27), N (3.96).
measured [%]: C (55.29), H (8.39), N (3.75).

M.P.: 191-192 °C (decomposition, change to black oil).
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Field [mT] Field [mT]

Figure S67 X-band EPR-spectra of ['BusSi-SiCl-Rh(Cp*)(IMes)] (9) in toluene (c = 5.0x105 mlf, 286 K)
(left: including standard (marked with *), right: excluding standard).
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Figure S68 LIFDI-MS spectrum (detailed view) of [BusSi-SiCl-Rh(Cp*)(IMes)] (9) in toluene; (line:
measured spectrum; bars: simulated spectrum).
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Figure S69 UV-Vis spectrum (300-900 nm) of [BusSi-SiCl—Rh(Cp*)(IMe4)] (9) in toluene at room
temperature (¢ = 1.5%10°% ™). Amax = 531 nm & 743 nm.
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1.7  Synthesis of ['BusSi-Si(Cl)=Ru(IMes)(p-cymene)] (10)

.
“er
>@ . > <o , Cl-g(
" Route i H Route ii Ru
H \ /
S'?uw\_ u KCe R o 2KCs /S \er
Bu,Si” i) r p (THF) BU3S|—SI\CI T p (THF) 'BuzSi—Si-g _N Y
cl™ N —78°C—rt. N —78°C—rt. N,
20h 44h N
—~N_
8 10
CagHs3CINoRUSH;
622.45 g/mol 6a

Complex 10 can be synthesized either from 8 through one electron reduction and
abstraction of one chloride (Route i) or through two-electron reduction and
abstraction of two chlorides directly from 6a (Route ii). Isolation of 8 prior to further

reduction gives a cleaner reaction and higher yields.

Route i: [BusSi—-SiCl—Ru(IMes)(p-cymene)] (8) (50.0 mg, 76.0 ymol, 1.0 eq) and
KCs (10.3 mg, 76.0 umol, 1.0 eq) were mixed, cooled to —78 °C and pre-cooled
(=78 °C) THF (10 mL) was added rapidly while stirring. The mixture was slowly
warmed to room temperature over a period of 4 hours (color change from
green—brown—red) and then stirred overnight at room temperature (~16 hours). The
solvent was removed under reduced pressure and the residue was extracted with hexane
(3x5 mL). The solution was concentrated under reduced pressure and then stored at —
35 °C for 1 week. The microcrystalline precipitate was collected by filtration, washed with
cold hexane (-35 °C, 1x0.5 mL) and after drying under vacuum 10 (29.9 mg, 48.0 pmol,
63%) was obtained as a dark red air- and moisture sensitive solid.

Route ii: [BusSi-Si(IMes)Cl—RuCl(IMes)(p-cymene)]Cl (6a) (100.0 mg, 122.3 pmoal,
1.0 eq) and KCs (33.1 mg, 244.6 pmol, 2.0 eq) were mixed, cooled to —78 °C and pre-
cooled (=78 °C) THF (20 mL) was added rapidly while stirring. The mixture was stirred at
—78 °C for 4 hours, then slowly warmed to room temperature overnight (~16 hours) and
then stirred at room temperature for an additional 24 hours. The solvent was removed
under reduced pressure and the residue was extracted with hexane (3x8 mL). The
solution was concentrated under reduced pressure and then stored at —35 °C for 10 days.
The microcrystalline precipitate was collected by filtration, washed with cold hexane
(=35 °C, 1x0.5 mL) and after drying under vacuum 10 (31.4 mg, 50.5 pmol, 41%) was
obtained as a dark red air- and moisture sensitive solid.
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SC-XRD:  Suitable single crystals were obtained by storing a concentrated solution of
10 in n-hexane at —=35 °C.

"H NMR (500 MHz, CeDs, 300 K): & [ppm] =4.78 (M, 4H, Cp-cymHar), 3.42 (s, 6H, NnHcCH3),
2.44 (sept, *Jn-+ = 6.9 Hz, 1H, CH(CH3)2), 2.26 (s, 3H, Cp-cymCHSa), 1.67 (s, 6H, CnHcCHs),
1.56 (s, 27H, Si((C(CHs)s)3), 1.39 (d, Jn-n = 6.9 Hz, 6H, CH(CHa)z).

BC{'H} NMR (126 MHz, CsDs, 300 K): 5 [ppm] = 188.5 (NCnHcN), 123.8 (CnHcCHs), 108.5
(Cpcym—Pr), 94.0 (Cp-cymCHz), 81.7 (CpeymHar), 78.7 (CpeymHar), 36.6 (NnncCHa), 32.8
(CH(CHs)2), 32.6 (Si((C(CHs)s)s), 25.5 (CH(CHs)z), 24.9 (Si((C(CHs)s)s), 21.8 (CpymCH),
9.4 (CnHcCHa).

298i{'H} NMR (99 MHz, CsDs, 300 K): & [ppm] = 240.6 (Si=Ru), 4.7 (Si'Bus).

LIFDI-MS: calculated: 622.2479 (C2sHs3CIN2RuSiz).
measured: 622.2941 (10).

EA: C29Hs53CIN2RuUSI2 calculated [%]: C (55.96), H (8.58), N (4.50).
measured [%]: C (56.23), H (8.84), N (4.59).

M.P.: 149-150 °C (decomposition, color change to black).

"H NMR (500 Mhz, CgDg, 300 K) B g FTEIPYINERER
10
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‘ | §
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(] ] 8 Vi 6 L] 4 3 2 1 Q -1

Figure S70 'H NMR spectrum of [BusSi-Si(Cl)=Ru(IMes)(p-cymene)] (10) in CeDs at 300 K. Silicone
grease is marked with §.

S63

264




11. Appendix

13C{'H) NMR (126 Mhz, CgDg, 300 K) 2
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Figure S71 '3C{'H} NMR spectrum of ['BusSi-Si(Cl)=Ru(IMe4)(p-cymene)] (10) in CsDs at 300 K. Silicone
grease is marked with §.
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Figure S72 29Si{'H} NMR spectrum of [BusSi-Si(Cl)=Ru(IMe:)(p-cymene)] (10) in CsDs at 300 K. Silicone
grease is marked with §.
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Figure S73 'H/2Si HMBC NMR spectrum of [BusSi-Si(Cl)=Ru(IMes)(p-cymene)] (10) in CsDs at 300 K.
Silicone grease is marked with §.
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Figure S74 'H/'H COSY NMR spectrum of [BusSi-Si(Cl)=Ru(IMea4)(p-cymene)] (10) in CeDs at 300 K.
Silicone grease is marked with §.
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J. . . ,ULL A

= 'H/MC HSQC NMR (CgDg. 300 K)
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Figure S75 'H/'*C HSQC NMR spectrum of ['BusSi-Si(Cl)=Ru(IMea)(p-cymene)] (10) in CeDs at 300 K.
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Figure S76 'H/3C HMBC NMR spectrum of ['BuaSi-Si(Cl)=Ru(IMes)(p-cymene)] (10) in CeDs at 300 K.
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Figure S77 LIFDI-MS spectrum (detailed view) of [BuaSi-Si(Cl)=Ru(IMe4)(p-cymene)] (10) in toluene;
(line: measured spectrum; bars: simulated spectrum).
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Figure S78 UV-Vis spectrum (280-900 nm) of [‘BusSi-Si(Cl)=Ru(IMes)(p-cymene)] (10) in toluene at room
temperature (c = 5.0%x10°5 M°Y/). Amax = 322 nm & 483 nm.
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Note: We also attempted reduction of Rh complex 7a with two eq. of KCs as well as reduction of 9 with
one equivalent of KCs. In both cases a deep purple compound can be obtained. Based on the 2°Si
NMR shifts (5(2°Si) [ppm] = 260.7 (d, 'Jscrn = 130.3 Hz, SiRh), 1.6 (d, 2Jsirn = 7.1 Hz, 'BusSi)) and the
LIFDI-MS data (Figure S79), we presume this purple complex is the to 10 analogous Rh=Si complex
‘BusSi-Si(Cl)=Rh(IMe4)(Cp*). However, we have so far been unable to obtain satisfactory analytical
data and therefore this is only included as additional information for the sake of completeness.

Rh

. Vi :

Bu,Si—Si :
¢ ¢l w’

7

C29H54CIN2RRSI,
625.29 g/mol

LIFDI-MS: calculated: 624.2569 (C29Hs4CIN2RhSi2).
measured: 624.3738 (‘BusSi—Si(Cl)=Rh(IMe4)(Cp*)).

6243738

|
I
— - T T
610 815 620 825 630 635 640
m/z

Figure S79 LIFDI-MS spectrum (detailed view) of [[BusSi—Si(Cl)=Rh(IMe4)(Cp*)] in toluene; (line: measured
spectrum; bars: simulated spectrum).
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2. X-ray Crystallographic Data

21 General Information

The X-ray intensity data of 2, 4-RhCIsCp*, 6a, 7a, 7b, and 8 were collected on an X-ray
single crystal diffractometer equipped with a CMOS detector (Bruker Photon-100), an IMS
microsource with MoKa radiation (A = 0.71073 A) and a Helios mirror optic by using the
APEX Il software package.” The X-ray intensity data of 9 and 10 were collected on an X-
ray single crystal diffractometer equipped with a CMOS detector (Bruker Photon-100), a
rotating anode (Bruker TXS) with MoKa radiation (A = 0.71073 A) and a Helios mirror optic
by using the APEX Il software package.” The measurements were performed on single
crystals coated with the perfluorinated ether Fomblin® Y. The crystals were fixed on the
top of a micro sampler, transferred to the diffractometer and frozen under a stream of cold
nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections
were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.% Absorption corrections, including odd and even ordered
spherical harmonics were performed using SADABS.8 Space group assignments were
based upon systematic absences, E statistics, and successful refinement of the
structures. Structures were solved by direct methods with the aid of successive difference
Fourier maps, and were refined against all data using the APEX Ill software in conjunction
with SHELXL-2014° and SHELXLE."? All H atoms were placed in calculated positions and
refined using a riding model, with methylene and aromatic C—H distances of 0.99 and 0.95
A, respectively, and Uiso(H) = 1.2:Ueq(C). Full-matrix least-squares refinements were
carried out by minimizing Aw(Fo2—F2)2 with SHELXL-97 weighting scheme.' Neutral atom
scattering factors for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from International Tables for Crystallography.'® The images
of the crystal structures were generated by Mercury.'® Standard uncertainties of bond
distances and (dihedral) angles that include the centroids of aryl ligands were calculated
using Diamond 4.6.2." The CCDC numbers CCDC-1976774 (2), CCDC-1976772 (4-
RhCIsCp*), CCDC-1976773 (6a), CCDC-1976776 (7a), CCDC-1976775 (7b), CCDC-
1976777 (8), CCDC-1976778 (9) and CCDC-1976779 (10) contain the supplementary
crystallographic data for the structures. These data can be obtained free of charge from

the Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
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2.2  SC-XRD structure of 2 (CCDC-1976774)

Figure S80 Ellipsoid plot (50% probability level) of the molecular structure of complex 2. Hydrogen atoms
and solvent molecules are omitted and the Tipp substituent is simplified as a wireframe for
clarity. Selected bond lengths [A] and angles [°]: Si1-Ru1 2.409(1), Si1-CI1 2.167(1), Si1-C1
1.941(4), Si1-C16 1.970(4), Ru1-CI2 2.404(1), Ru1-C23 2.077(4), Ru1-p-cym. 1.770(1), C1-
Si1-Ru1 123.3(1), Si1-Ru1—p-cym. 131.1(1), Cl1-Si1-Ru1-CI2 -173.1(1), C16-Si1-Ru1-
C23-11.1(2).
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2.3 SC-XRD structure of 4-RhCIsCp* (CCDC-1976772)

Ci3 Cl4

&

Figure S81 Ellipsoid plot (50% probability level) of the molecular structure of complex 4-RhCI;Cp*.
Hydrogen atoms and solvent molecules are omitted and the mesityl substituent is simplified as
a wireframe for clarity. Selected bond lengths [A] and angles []: Si1-Rh1 2.426(2), Si1-C1
1.899(7), Si1-C10 1.958(7), Si1—C17 1.944(7), Rh1-Cl1 2.420(2), Rh1-CI2 2.404(2), Rh1-
Cp*.1.857(1), Si1-Rh1-Cp*1 132.3(1), Si1—-Rh1-Cl1 94.6(1), Si1-Rh1-CI2 88.9(1), C10-Si1-
C17 93.9(3), C1-Si1-C10 110.3(3), C1-Si1-C17 104.4(3), C1-Si1-Rh1 112.7(2), C10-Si1-
Rh1 115.3(2), C17-Si1-Rh1 118.5(2), CI1-Rh1-CI2 91.6(1), C1-Si1-Rh1-Cp*. 24.2(2), C1-
Si1-Rh1-CI1 157.0(2), C1-Si1-Rh1-CI2 -111.5(2), C10-Si1-Rh1-CI1 29.1(2), C10-Si1-
Rh1-CI2 120.6(2), C17-Si1-Rh1-Cl1 -80.8(2), C17-Si1-Rh1-CI2 10.7(2).
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2.4 SC-XRD structure of 6a (CCDC-1976773)

Figure $82 Ellipsoid plot (50% probability level) of the molecular structure of complex 6a. Hydrogen atoms
and solvent molecules are omitted and the ‘BusSi substituent is simplified as a wireframe for
clarity. Selected bond lengths [A] and angles [°]: Si1-Ru1 2.499(1), Si1-Cl1 2.166(2), Si1-Si2
2.551(2), Si1-C13 2.002(4), Ru1-Cl2 2.427(1), Ru1-C20 2.084(3), Ru1—p-cym. 1.767(1), Si2—
Si1-Ru1 132.6(1), Si1-Ru1—p-cym. 130.4(1), Cl1-Si1-Ru1-CI2 -156.1(1), C13-Si1-Ru1-
C20-0.2(2).
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2.5 SC-XRD structure of 7a (CCDC-1976776)

ci

Figure S83 Ellipsoid plot (50% probability level) of the molecular structure of complex 7a. Hydrogen atoms
and solvent molecules are omitted and the BusSi substituent is simplified as a wireframe for
clarity. Selected bond lengths [A] and angles [*]: Si1-Rh1 2.423(2), Si1-Cl1 2.159(3), Si1-Si2
2.560(3), Si1-C13 1.999(7), Rh1-CI2 2.424(2), Rh1-C20 2.061(6), Rh1-Cp*. 1.895(1), Si2—
Si1-Rh1 130.4(1), Si1-Rh1-Cp*. 132.4(1), Cl1-Si1-Rh1-CI2 —154.8(1), C13-Si1-Rh1-C20
-4.2(3).
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2.6  SC-XRD structure of 7b (CCDC-1976775)

Figure S84 Ellipsoid plot (50% probability level) of the molecular structure of complex 7b. Hydrogen atoms
are omitted and the 'BuzMeSi substituent is simplified as a wireframe for clarity. Selected bond
lengths [A] and angles [°]: Si1-Rh1 2.384(1), Si1-Cl1 2.144(1), Rh1-CI2 2.415(1), Si1-Si2
2.438(1), Si1-C10 1.978(2), Rh1-C17 2.037(2), Rh1-Cp*. 1.890(1), Si2-Si1-Rh1 128.2(1),
Si1-Rh1-Cp*. 133.6(1), Cl1-Si1-Rh1-CI2 —146.8(1), Cl1-Si1-Rh1-Cp*. -20.5(1), Cl1-Si1-
Rh1-C17 114.3(1), C10-Si1-Rh1-C17 -1.0(1).
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2.7 SC-XRD structure of 8 (CCDC-1976777)

Si2

Figure S85 Ellipsoid plot (50% probability level) of the molecular structure of complex 8. Hydrogen atoms
are omitted and the BusSi substituent is simplified as a wireframe for clarity. Selected bond
lengths [A] and angles [°]: Si1-Ru1 2.374(1), Si1-Cl1 2.161(1), Si1-CI2 2.160(1), Si1-Si2
2.424(1), Ru1-C13 2.064(2), Ru1—p-cym. 1.756(1), Si2—Si1-Ru1 128.0(1), Si1-Ru1-p-cym.
134.0(1), Cl1=Si1-Ru1-p-cym. 139.1(1), Cl1-Si1-Ru1-C13 -16.9(1), Cl2-Si1-Ru1-p-cym.
29.1(1), Cl2-Si1-Ru1-C13 -126.9(1).
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2.8 SC-XRD structure of 9 (CCDC-1976778)

CI3
4 Si4

Si3 éz@ Cla

/k

C42
N3

07 Sit
Si2™>gci

Figure S86 Ellipsoid plot (50% probability level) of the molecular structure of complex 9. Hydrogen atoms
and solvent molecules are omitted and the ‘BusSi substituents are simplified as a wireframe for
clarity. Selected bond lengths [A] and angles [*]: Si1-Rh1 2.328(1), Si1-CI1 2.145(1), Si1-CI2
2.170(1), Si1-Si2 2.430(1), Rh1-C13 2.033(3), Rh1-Cp*. 1.911(1), Si2-Si1-Rh1 126.6(1),
Si1-Rh1-Cp*. 135.7(1), Cl1-Si1-Rh1-Cp*. —16.1(1), CI1-Si1-Rh1-C13 141.0(1), CI2-Si1-
Rh1-Cp*.—124.8(1), CI2-Si1-Rh1-C13 32.3(1), Si3-Rh2 2.331(1), Si3—CI3 2.146(1), Si3-Cl4
2.171(1), Si3-Si4 2.429(1), Rh2—-C42 2.018(3), Rh2-Cp*. 1.909(1), Si4-Si3—-Rh2 126.0(4),
Si3—Rh2-Cp*. 136.1(1), CI3-Si3—Rh2-Cp*. 16.1(1), CI3-Si3-Rh2—-C42 —140.8(1), Cl4-Si3—
Rh2-Cp*. 125.4(1), Cl4-Si3-Rh2-C42 -31.6(1).
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29 SC-XRD structure of 10 (CCDC-1976779)

Figure S87 Ellipsoid plot (50% probability level) of the molecular structure of complex 10. Hydrogen atoms
are omitted and the BusSi substituent is simplified as a wireframe for clarity. Selected bond
lengths [A] and angles [°]: Si1-Ru1 2.236(1), Si1-CI1 2.169(1), Si1-Si2 2.416(1), Ru1-C13
2.055(4), Rul—p-cym, 1.751(1), Si2-Si1-Ru1 143.8(1), Si1-Rut1—p-cym. 147.7(1), C11-Si1-
Ru1—p-cym. —-175.0(1), Cl1-Si1-Ru1-C13 6.8(1).
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11. Appendix

3. DFT Calculations

DFT calculations were carried out at the B97-D/def2-SVP level of theory using Gaussian
09."5-18 Stationary points on the potential energy surface were characterized by harmonic
vibrational frequency calculations. NMR shifts were obtained at the HCTH407/def2-
SVP//B97-D/def2-SVP level of theory.!® Table S3 to Table S9 contain the respective
relevant data for the NBO analysis of the cationic parts of complexes 2, 4, 6a, 7a, 8, 9 and
10. Table S10 contains the calculated Si-M and Si-Cnrc bond lengths, WBIs/MBOs and
NPA charges. Figure S88 to Figure S94 contain the respective HOMOs and LUMOs for
complexes 2, 4, 6a, 7a, 8, 9 and 10 and the detailed calculated mechanism for the
formation of complex 2 via 2’ is depicted in Figure S95. Table S11 contains the Cartesian

coordinates for the calculated structures.

3.1 NBO Analysis of Complexes 2, 4, 6a, 7a, 8, 9 and 10

Table S3  NBO-Analysis of the central Si-Ru moiety in 2.

3 Occupation Atom Polarization s-character p-character d-character
Si 43.71% 45.86% 54.04% 0.10%
Bond 1.91
Ru 56.29% 14.46% 6.82% 78.71%
Lone pair 1.51 CnHe x 36.96% 63.04% 0.00%
Empty orbital 0.53 Si x 14.79% 84.90% 0.31%

Table S4 NBO-Analysis of the central Si-Rh moiety in 4.

7 Occupation Atom Polarization s-character p-character d-character

Si 52.57% 32.80% 67.08% 0.12%

Bond 1.81
Rh 47.43% 39.03% 6.92% 54.04%
CnHe 75.79% 44 .15% 55.85% 0.01%

Bond 1.94
Si 24.21% 19.79% 79.39% 0.81%
Cnre 27.36% 27.70% 71.63% 0.68%

Bond 1.94
Si 72.64% 30.69% 69.29% 0.02%
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Table S5 NBO-Analysis of the central Si-Ru moiety in 6a.

4a Occupation Atom Polarization s-character p-character d-character
Si 52.26% 37.80% 62.11% 0.08%
Bond 1.81
Ru 47.74% 36.27% 10.96% 52.76%
CnHe 78.01% 24 20% 75.53% 0.27%
Bond 1.95
Si 21.99% 13.01% 85.98% 1.01%

Table S6 NBO-Analysis of the central Si—-Rh moiety in 7a.

5a Occupation Atom Polarization s-character p-character d-character
Si 52.23% 35.60% 64.27% 0.13%
Bond 1.79
Rh 47.77% 38.03% 8.80% 53.15%
ChnHe 76.10% 43.65% 56.35% 0.00%
Bond 1.95
Si 23.90% 18.71% 80.44% 0.84%

Table S7  NBO-Analysis of the central Si-Ru moiety in 8.

8 Occupation Atom Polarization s-character p-character d-character
Si 46.97% 39.33% 60.61% 0.06%
Bond (alpha) 0.96
Ru 53.03% 14.86% 5.83% 79.31%
Si 54.41% 39.26% 60.64% 0.10%
Bond (beta) 0.92
Ru 45.59% 37.53% 8.72% 53.72%

Table S8 NBO-Analysis of the central Si-Rh moiety in 9.

9 Occupation Atom Polarization s-character p-character d-character
Si 45.52% 37.69% 62.23% 0.08%
Bond (alpha) 0.97
Rh 54.48% 14.87% 3.69% 81.43%
Si 52.15% 37.30% 62.59% 0.11%
Bond (beta) 0.93
Rh 47.85% 30.21% 5.17% 64.61%
S81
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11. Appendix

Table S9 NBO-Analysis of the central Si-Ru moiety in 10.

10 Occupation Atom Polarization s-character p-character d-character
Si 57.16% 53.72% 46.18% 0.10%
Bond 1.82
Ru 42.84% 44.44% 15.88% 39.66%
Si 29.43% 5.19% 94 .58% 0.23%
Bond 1.91
Ru 70.57% 3.93% 4.82% 91.25%

Table S10 Calculated Si-M and Si—Cnrc bond lengths [A], NPA charges of Si and Metal atoms, Wiberg
Bond Index (WBI) and Mayer Bond Order (MBO) in studied transition metal complexes.

Bond length [A] NPA charge WBI/MBO
# Si-M Si-CnHe  Si—Cnhe Si Metal Si-M Si—Cnme Si—Cnhe
2 2.392 1.997 x +1.31 -0.56 0.73/0.83 0.66/0.81 x
4 2.365 1.988 1.986 +1.23 -0.25 0.64/0.81 0.69/0.80 0.69/0.80
6a 2.481 2.030 x +0.81 -0.53 0.73/0.72 0.69/0.82 x
7a 2.428 2.029 x +0.74 -0.21 0.64/0.70 0.69/0.81 x
8 2.37 x x +0.74 -0.46 0.60/0.86 x x
2.324 x x +0.68 -0.21 0.68/0.91 x x
10 2.225 x x +0.62 -0.73 1.35/1.52 x x
S82
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11. Appendix

3.2 HOMOs and LUMOs of Complexes 2, 4, 6a, 7a, 8, 9 and 10

Figure S89 HOMO (left, —6.55 eV) and LUMO (right, —4.71 eV) of 4.
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Figure S90 HOMO (left, -6.97 eV) and LUMO (right, —4.62 eV) of 6a.
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Figure S91 HOMO (left, -7.01 eV) and LUMO (right, —4.82 eV) of 7a.
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11. Appendix

Figure $92 HOMO (left, =3.55 eV) and LUMO (right, —2.58 eV/) of 8.

Rh
s N rﬁf
Bu;si” 1, 'Cl N((
Ve

+

Figure $93 HOMO (left, —3.50 eV) and LUMO (right, —2.80 eV) of 9.
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Ru
V4
BusSi—Si,
(o]

Figure $94 HOMO (top left, —3.52 eV; bonding orbital of Si—Ru m-bond), LUMO (top right, —1.43 eV, anti-
bonding orbital of the Si-Ru m-bond) and HOMO-4 (bottom middle, —4.91 eV; g-orbital of the
Si—Ru bond) of 10.
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11. Appendix

3.4 Cartesian Coordinates of the Calculated Structures

Table S11 Cartesian coordinates of the calculated structures
Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y A] Z[A]

N 0.931894 3.113872 0.88157 N 2.13126 -0.750307 2.118786
C 0.192414 2.161587 0.239417 C 1.922932 0.188473 1.157718
N -0.722956 2.856971 -0.492854 N 2.866992 1.1557 1.401378
C -0.595044 4.225749 -0.280497 C 3.605819 0.846444 2.542351
C 0.453037 4.389669 0.597078 C 3.135439 -0.366335 2.99457

Si 0.358907 0.194594 0.5423 Si 0.454904 0.116457 -0.18101

Ru -1.437389  -1.327611 0.120783 Rh -1.723396  -0.372155 0.599311
C -2.914523 0.088865 -0.039598 Cl -1.356097  -2.809482 0.694572
N -3.912177 0.077466 -0.989672 C 3.261156 2.276622 0.544019
C -4.850985 1.08949 -0.768386 C 4673815 1.734336 3.092873
C -4.447173 1.753989 0.361814 C 3.518596 -1.180085 4.185892
N -3.277862 1.120335 0.793347 C 1.47819 -2.052694 2.228706
C -4.101644  -0.907481 -2.050823 C 1.296678 -1.314517  -1.271745
C -6.039309 1.30312 -1.648692 N 2.604238 -1.730167 -1.28564
C -5.047816 2.920869 1.076536 C 2.738071 -2.933188  -1.979453
C -2.57939 1.545326 1.993836 C 1.479471 -3.258568  -2.433923
C -1.575872 2.336035 -1.560373 N 0.631698 -2.250436  -2.000164
C -1.456523 5.23115 -0.970168 C 3.761462 -0.984915  -0.791541
C 1.060691 5.633646 1.156887 C -0.760757  -2.185642  -2.417635
C 2.158598 2.909168 1.662411 C 0.99686 -4,429222  -3.224374
C 2.195702 -0.024532  -0.054127 C 4.035408 -3.656176  -2.144619
C 3.163598 -0.751129 0.71455 C 0611758 1.804732 -1.078887
C 4.536003 -0.584105 0.452852 C 0.883619 1.968711 -2.472251
C 5.01399 0.246296 -0.572027 C 0.947513 3.260996 -3.031715
C 4.059497  0.864081 -1.39116 C 0.749424 4421853  -2.265165
C 2.674127 0.730895 -1.176785 C 0.459341 4.252646 -0.900359
C 2.810821 -1.793883 1.778002 C 0.382319 2.984125 -0.294845
C 3.417401 -1.481442 3.161131 C 1.08711 0.800322 -3.41978
C 1.77408 1.346179  -2.252011 C 0.852242 5799084  -2.878817
C 1.984035  0.613459 -3.59631 C 0.067925 2943732 1.188073
C 6.504802 0.413538 -0.825601 Cl -0.965306  -0.056003 2.889804
C 7.135194 -0.912452  -1.304541 C -3.704144 0.619132 1.210325
Cl 0.559315 0.42575 2.744446 C -3.989849  -0.685953 0.722486
C 1.978456  2.864037  -2.431864 C -3.534048  -0.748552  -0.662583
C 7.23626 0.954603  0.420272 C -2.96263 0.525929  -1.013307
C 3.257001 -3.197166 1.306066 C -3.047687 1.377594 0.155579
Cl -0.793497  -0.994438  -2.218461 C -4.030593 1.157104 2.56482

C -1.128996  -3.603258 -0.26982 C -4.645962  -1.815077 1.451029
C -2.547197  -3.343418  -0.208796 C -3.830545  -1.902225 -1.567998
C -3.107957  -2.668347 0.894031 C -2.576491 0.998294 -2.382199
C -2.296399  -2.208051 1.993144 C -2.889692 2.864361 0.146981
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I rIIrr r rrrIrIIrIIIIIIIIIIIIITIIIIIIIIIITIIIITIIIITIOCCOOOOOOO

-0.898268
-0.323143
-0.572546
0.940866
-2.908894
-0.962726
4.409519
525748
0.724869
1.26319
2.99669
1.84168
1.274119
1.809701
3.012442
6.619197
8.31024
7.161469
6.80505
8.20828
6.627535
7.056268
1.716956
2.898305
4.360021
2.869717
3.090229
3.108313
4.522879
-2.633433
-1.433256
-1.27659
-1.214344
-2.531392
-1.304775
0.465382
2.095112
1.103888
2.882821
2.580782
1.945775
-4.323067
-4.954087
-3.179551
-6.641392
-6.689508
-5.742241

-2.491196
-3.220745
-4.297322
-4.117803
-1.543366
-5.793574
1.456562
-1.137215
1.161351
3.261154
3.084084
3.421058
0.998212
-0.470076
0.769576
1.156556
1.108893
0.237862
1.918307
-0.76976
-1.290943
-1.688787
-1.82026
-3.972914
-3.264811
-3.424046
-2.236351
-0.484398
-1.511591
2.56875
1.252082
2.821902
6.246301
5.042676
5.206493
6.511966
5.780353
5603133
3.686394
1.92136
2.982477
-0.388327
-1.568113
-1.488474
2.147845
0.406847
1.528625

1.922819
0.830045
-1.497617
-1.679428
3.196938
-1.454242
-2.246494
1.066076
-1.985008
-3.178685
-2.80423
-1.488404
-4.353808
-3.47771
-3.973705
-1.64007
0.202044
1.261041
0.752517
-1.535641
-2.211675
-0.518715
1.890752
2.01046
1.262345
0.296688
3.902081
3.5202
3.119573
-1.350208
-1.661389
-2.505838
-0.614038
-0.781712
-2.067393
0.856182
0.787673
2.262394
1.36583
1.434116
2.742363
-2.999244
-1.800921
-2.173001
-1.273178
-1.680486
-2.692024
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1.149523
0.272294
1.155844
0.24824
2.014009
1.861853
0.123827
0.68228
0.954834
-0.66586
-0.327592
-0.802743
-1.257112
-1.25711
1.839897
0.514191
0.252322
4.768302
3.864988
4.498378
4.636537
3.980386
3.569357
4.363171
2.879396
2.858661
5.522373
5.067083
4.283424
3.848572
2.658796
4.341253
2.24397
0.686335
0.999014
-4.048721
-5.661299
-4.736583
-3.456105
-4.927973
-3.393976
-1.709937
-3.42014
-2.334802
-2.088522
-2.685332
-3.837839

3.361934
5.140584
1.152461
0.085202
0.237285
6.227495
6.49696
5.769981
2.721007
2.160294
3.917686
-1.974387
-1.393509
-3.139058
-5.093552
-4.109588
-5.013789
-3.065043
-4.60438
-3.894273
-1.245878
-1.225323
0.090867
2.314149
3.232682
2.136873
1.850669
1.307528
2.746931
-2.196518
-1.295162
-0.691099
-2.840985
-2.159504
-2.14056
-2.738185
-2.004077
-1.59454
-1.733203
-2.04289
-2.832492
1.679224
1.556266
0.157651
3.188939
3.258465
3.322023

-4.106767
-0.280653
-4.464471
-3.363363
-3.198459
-2.710927
-2.42515
-3.970639
1.808284
1.438543
1.524222
-3.502821
-1.846048
-2.189562
-3.476722
-4.168188
-2.649493
-2.729452
-2.681054
-1.167247
-1.408249
0.263747
-0.893085
0.506756
0.940274
-0.46647
2.389531
4.030449
3.312213
3.896962
4.874004
4.733576
2.100752
1.472869
3.216102
1.333337
1.046393
2.52794
-2.591492
-1.626502
-1.161111
-2.336741
-2.837228
-3.054413
-0.535373
1.155286
-0.20615
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H -5.949507 3.267658 0.543852 H -4.124373 0.345334 3.304513
H -4.338459 3.769855 1.145238 H -4.989407 1.713896 2.522976
H -5.343239 2.660099 2.112314 H -3.24148 1.843878 2.91398
H -3.298702 1.644118 2.825351
H -2.082792 2.520257 1.835041
H -1.828267 0.792992 2.252685
H -3.176099 -3.629583 -1.056672
H -4.176107 -2.420744 0.890785
H -0.255529  -2.142021 2.735686
H 0.749458 -3.409775 0.81177
H -3.248631 -2.309624 3.922467
H -3.787517 -0.938175 2.911496
H -2.173101 -0.89619 3.704137
H -1.075942  -3.828117  -2.364784
H 1.248224 -4.521532  -2.660988
H 1.50272 -4.669304  -0.901686
H 1.218751 -3.049681 -1.634595
H -0.619059  -6.298607 -2.376176
H -2.057507  -5.930241 -1.371189
H -0.486769  -6.293295 -0.58844
6a 7a
Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y [A] Z [A]
o] -0.972557 2.466978 -2.256578 C 0.860033 -3.734224  -0.144799
C -2.224359 2776713 -1.651467 C 2.221478 -3.404685 0.285234
C -2.229147 3.572969 -0.448578 C 2.832253 -2.645104  -0.750177
C -1.016534 3.993521 0.125875 C 1.84953 -2.461782  -1.817158
C 0.257876 3.72707 -0.497064 C 0.668817 -3.226508  -1.459412
C 0.250412 2.957402 -1.686989 Rh 1.102159 -1.420057 0.014365
Ru -0.910991 1.710692 -0.160636 C 2.409885 0.108108 0.257411
o] -2.533299 0.547724 0.260593 N 3.212554 0.362624 1.341875
N -3.134851 -0.413663 -0.52201 C 4.028148 1.479957 1.131383
C -4.257901 -0.964872 0.099601 C 3.766106 1.917786 -0.141811
C -4.402867  -0.302107 1.292084 N 2.797217 1.05604 -0.659201
N -3.362843 0.632414 1.355466 C 3.31144 -0.430939 2.561721
C -2.807442  -0.721782  -1.904133 C 2.406813 1.089985 -2.057338
C -3.269444 1.602897 2.442732 C 4.972903 2.001724 2.164812
C -5.060017 -2.065678 -0.514293 C 4.330142 3.062632 -0.917625
C -5.419246  -0.466249 2.375431 C 2.83448 -3.879594 1.564469
C -3.537197 2.390014 -2.281024 o] 4.254206 -2.167116 -0.79032
C 1.568339 4.253193 0.074435 C 2.143008 -1.988801 -3.208712
C 2.241023 5.202721 -0.9426 C -0.409241 -3.618027  -2.421573
Cl -0.083411 1.606716 2.135277 C -0.084954  -4.585174 0.642185
Si 0.539585 -0.263441 -0.551209 Cl 0.284008 -1.562558 2.321941
C -0.482614  -2.013116  -0.427018 Si -0.741976 0.07929 -0.479708
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-0.737731
-1.49119
-1.728288
-1.112472
-0.456907
-1.20552
-1.907076
-2.485887
0.956067
2.861506
2.796507
4.217952
3.642682
2.580466
3.954073
3.609084
4.833896
4.179094
5.471037
3.684594
2157273
1.996066
1.431529
4.526961
5.627389
5.280891
3.412241
4.515125
5.051045
2.05466
3.065468
1.84341
5.741344
6.025197
5.8357
2614122
3.991215
4.245499
2.526725
4.126991
3.964652
2.052127
2.771906
1.153006
0.967259
2.462619
1.965472

-3.039798
-4.044466
-3.632808
-2.395263
-3.1366
-1.658023
-5.291511
-4,284721
-0.162123
-0.906348
-1.737253
-1.874917
-2.212122
-3.244262
0.724662
1.610413
-2.984175
-1.555815
0.41484
1.536595
-3.147124
-0.916717
4.928818
-3.650312
-2.312829
-3.62607
-0.966301
-2.362186
-0.907651
-3.719607
-4.046699
-2.756619
-0.143535
1.376467
-0.155151
1.77941
1.001338
2.493717
1.800031
2.587043
1.155589
-3.560693
-3.858085
-3.126386
-0.70778
0.056887
-1.488261

-1.30301
-0.696997
0.591451
0.725908
-2.73669
1.981153
-1.4063
1.699779
2718417
0.307194
2.108517
2.7194
-0.981138
-1.417081
0.322297
1.54165
-0.358936
-2.279506
0.392609
-0.965664
2.026871
3.14619
1.44664
0.463952
0.012397
-1.146614
-2.804315
-2.964639
-2.095191
0571392
2.012524
-2.067152
1.304374
0.413272
-0.477198
-1.062771
-1.878436
-0.924279
1.638783
1.438319
2.483011
3.052014
1.449224
1.566371
2.839001
3.359791
4.098225
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-0.113527
0.431059
0.877205
0.606525
0.003992
0.559404
-0.367975
1.533905
0.858935
-1.01579
-3.144875
-3.33771
-4.766911
-3.733924
-5.27856
-4.190334
-3.417877
-3.250335
-3.125987
-4.474857
-5.565955
-2.383713
-3.069749
-2.162015
-3.498009
-3.764621
-2.024238
-3.414295
-3.4592
-5.757204
-5.545346
-5.726901
-5.125836
-3.554745
-5.006272
-6.165002
-6.138359
-5.473827
-4.049016
-2.514614
-3.126638
-2.493576
-1.332594
-2.617336
-3.835405
-2.084115
-3.084802

2.006227
2.532414
3.832833
4.144018
3.017556
1.890502
3.04876
4.636059
5.402305
-0.172797
0.1171
0.989457
0.77665
-1.749219
-1.875334
1.125515
2.387491
-2.467169
-2.504046
0.302418
1.577246
0.427988
2.510614
-2.373626
-3.54649
-2.087705
-2.500666
-2.079254
-3.563502
-1.375402
-2.951593
-1.470373
-0.566612
-0.055101
0.955688
0.733545
2.045625
2.332836
2.983027
2.093895
3.042681
1.039434
0.441959
-0.613756
3.025396
2.72454
2.972011

-0.390527
0.75101
0.55722

-0.752095

-1.313107

2.054667

-2.729442

1.630271

-1.516574

-2.6493
0.337236
2101334
2.668892
0.403925
0.364781
-1.023554
-1.467348
1.685162

-0.797825

-2.306666

0.471781

3.179577
1.975564
1.83537
1.601887
2.585637

-0.730981

-1.774077

-0.776368

1.225014
0.415789

-0.556588

-2.118578

-2.791907

-3.029948

-0.087417

-1.299363

0.326299

2.160576

2.016499

-0.627946

4.100257
2.878693
3.444489
1.369946
1.519901
2.985452
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-4.841588
-4.954241
-5.57105
1.56627
0.44066
-0.199316
0.881853
1.771073
2477286
1.331143
-0.080888
1.529767
-1.191506
-0.68017
0.506474
2.875312
4.376972
2.756977
4.453507
5.463691
5.765615
3.536542
4.834903
5.070829
2.166492
1.538165
3.238669
2.168767
3.818516
2.97856
4.647753
4.343161
4.900234
1.310037
2.27667
3.070994
-1.207764
0.042094
-0.859527
-0.121809
0.25207
-1.105565

1.311887
-0.292242
1.151044
2.097473
0.801848
2.294904
474109
5.645351
4.158832
6.15089
5.834871
5.233157
3.768122
2.053556
3.376719
0.112663
-0.635814
-1.365875
2.239351
2.919908
1.265767
3.777475
2.724481
3.605885
2.121914
0.436636
0.727731
-3.653495
-3.412973
-4.97851
-1.986844
-1.22976
-2.92482
-1.390253
-2.865549
-1.395279
-4.193076
-4.26343
-2.751876
-4.246317
-5.641828
-4.53977

3.638427
2.87143
2.01929

2.448284

1.966075
2.74567

2.518414

1.254936

1.961827

-0.858867
-1.910974
-2.381978
-2.877142
-3.061534

-3.31862
3.41954

2.768552
2.42697

3.114057

1.799415

2405178

-1.213414
-1.843852
-0.306624
-2.366337
-2.199967
-2.688708

2.418226

1.743035

1.636019

0.224733

-1.365569
-1.277354
-3.615937
-3.87583
-3.253742
-1.927724
-3.203393
-2.930878

1.692804

0.633567

0.228551

H 4.128888  -2.409027  3.688463
H 4.652259  -0.883726  2.937501
H 4929535  -2.435292  2.096146
H -1.412937  -3.265058  -3.276017
H 0.184249 -4.01282 -2.928897
H 0.041872 -2.22553 -3.083948
H -2.455724 -5.951644 -0.713951
H -1.031366 -5.84841 -1.791945
H -2.565181  -5.075912  -2.271118
H -3.34152 -3.658781 2.021088
H -1.844869  -4.449819  2.587139
H -2.876577  -5.261203 1.368553
H -2.265478  -1.616238  2.279279
H -0.834605  -0.630695 1.860618
H -0.62155 -2.176838  2.759554
H -2.736471  -1.810612  -2.040954
H -1.856693  -0.235738  -2.162671
H -3.605544  -0.344245  -2.567274
H -5.874163  -2.367555  0.166341
H -4.43029 -2.9553 -0.716946
H -5517153  -1.758085  -1.475612
H -6.040639  0.442924 2.498714
H -4.943969 -0.671324  3.354899
H -6.093562  -1.305966  2.135288
H -4.279479 1.996857 2.653514
H -2.699757  2.415143 2.13392

H -2.85667 1.139296 3.356065
H -3.179702  3.793896 0.048239
H -1.037154  4.507426 1.089929
H 1.192943 2.708985  -2.181012
H -0.94004 1.865315  -3.169039
H -4.201698 1.890215  -1.553102
H -3.391608 1.733499 -3.15372
H -4.053063  3.306188 -2.62898
H 2.225373 3.37992 0.202516
H 0.823197 5.852505 1.381124
H 2.433027 5.214359 1.816544
H 0.971149 4.246829 2.182707
H 2.419815 4.70303 -1.912646
H 3.21616 5545882  -0.549083
H 1.609924 6.094615  -1.123863
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Atomtype X [A] Y [A] Z [A] Atomtype X [A] Y [A] Z[A]
Ru 1378445 -0.617534  -0.422016 c 1346717  -3.077038  0.127556
cl 0.708306  2.478791  -1.400219 C 2242386 -2.589419  -0.898104
cl 1.379434  -0.393733  -2.999151 C 3251911 -1.787968  -0.252676
Si 0.718565  0.312408  -1.022475 C 2984403  -1.779699  1.167312
Si 2.719084 0071859  0.311719 C 1822275 -2.592682  1.400758
N 2465042 2256172  -0.548842 Rh 1237722 -0.762141  0.059496
N -2.246904 1618166 1.503279 C -1.921501 1.121932 0.022463
C 2.091463 0451139  2.139304 N 2125272 1.962017  1.090815
c 1150348  -0.685003  2.591447 c 2733288 3158235  0.700198
C 1.259394  1.757622  2.163163 C 2944812 3057722  -0.653043
c 3.239907 0587318  3.165845 N 2454012  1.807563  -1.038465
c 4171343 1.303317  -0.194625 c 181081 1.635535  2.470718
c 5521346  0.866208  0.427866 c 2581132 127832  -2.388154
c 4318513  1.356179  -1.735732 c -3.021187 4266372  1.659522
c 3.905579  2.75104  0.287006 c 3544026  4.022015  -1.623805
o 3.316039  -1.807463  0.143746 o 2173832 -2.956027  -2.348933
C 4179329  -2.255594  1.347448 c -4.436983 -1.137388  -0.903424
c 4140612  -2.026928  -1.149948 C -3.844126  -1.116775  2.205038
c 2.098513  -2.756033  0.03539 c 1216678 -2.904419 2736443
c 2035952  1.199646  0.211299 c 0296228  -4.129595  -0.083034
c 2894135  3.32379  0.243273 Si 0742172 -0.241378  -1.039941
c 2757627 2919526  1.548595 Si 2728065  0.335607  0.216239
c 2498988 2260024  -2.002265 c 2597095 2247962  0.701729
c 3358882  4.619276  -0.336468 c 3.065497  3.18844  -0.435134
o 3.033734  3.63338  2.831248 cl 0670313  1.39462  -2.500308
c 2.045067  0.783186  2.674056 cl 1374577  -1.856127  -2.378734
c 2377601  -2.552105  0.401584 C 4390399  -0.015991 -0.778177
c 1273162  -2.889196  -0.452668 c 5607882 0659726  -0.097688
c 1195246  -2.391237  -1.784334 c 2611737  -0.802047  1.820564
c 2210183  -1.527514  -2.325764 c 2270548  -2.248312  1.389363
c 3204446 1179772 -1.462025 c 4268872 0520193  -2.226736
c 3387423 -1.699954  -0.131274 c 4697729  -1.530443  -0.867839
c 2553779  -3.135272  1.795128 c 3.916243  -0.825315  2.649668
o -1.238897  -3.530435  2.484407 o 1.450356  -0.347698  2.73405
C 3517026 -4.3434  1.725902 C 3445004 2570441  1.956508
C 2153441  -1.055483  -3.755163 c 1122703  2.605442  1.000253
H 1681296  -1642324 27306 H 3454119 0019412  -2.778239
H 0.342089  -0.842093  1.846029 H 5220765  0.320488  -2.764811
H 0.677569  -0.424298  3.562853 H 4084691 1606857  -2.259032
H 0.378215 1696143  1.501166 H 3.864918  -2.095637  -1.319782
H 1.843035  2.640616  1.859116 H 4923673 -1.964939  0.12246
H 0.895122 1933137  3.19961 H 5505727  -1.676155  -1.505644
H 2.812422 0750849  4.179369 H 5753425  0.308029  0.939777
H 3.891295  1.450343  2.939309 H 552667 1760235  -0.076589
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6.526713
3.770485
4.211054
4.758568
0.497163
1.617296
1.331791
2.201344
3.018871
1.200704
3.088509
3.37971
4.511141
0.493742
1.058825
0.697079
2.512726
4.145123
2.881652
-2.73447
-1.113106
-1.343052
-3.503012
-2.092186
-3.696452
-4.426247
-2.815915
-3.866613
-2.070853
-2.103334
-3.65059
-2.567524
-1.1297
-2.770002
-5.362967
-4.307163
-4.599884
-4.223662
-3.281852
-4.727476
-1.625299
-1.42501
-0.122037
-0.776338
0.331478
0.362209

0.40766
-1.46414
0.181394
-1.249951
-0.329998
0.648958
-1.071162
-2.894134
-2.692321
-2.279279
2.035928
3.659242
2.320372
2.509081
3.660327
1.963194
3.008004
3.094422
4.239858
1.614086
237771
0.638899
5.108446
4.644238
3.940309
3.591034
4.310638
4.938765
0.302808
1.957415
1.1562646
-3.981266
-2.93055
-2.262169
-1.718648
-1.068266
-0.117135
-0.141955
-0.942834
-1.7402
-3.850313
-2.102681
-3.016448
-5.107171
-4.257124
-3.879392

-0.669876
3.547696
2.994389
2.075216
2.166462
3.178605
3.568696
2.291939
0.714191
0.882374
2.854745
2.170851
1.811501
0.098788
1.347752
1.784234

-1.372544

-0.642857
-0.12451
3.078104
2.897718
2.480956
1.133019
2.132665
2.476307
-2.138634
-2.408062
-1.100017
-2.411198
-3.113754
-2.64068
-2.518534
-2.706782
-2.969147
-0.709839
-1.996689
-0.508863
1.846029
3.139788
2.460251
3151777
3.468661
2.656908
-0.29985
0.815016
-0.931543

H 3.873627 -0.315712 3.2103

H 547784 0.834261 1.531888
H 6.303413 1.60342 0.144966
H 5.859239 -0.121997 0.072678
H 4.541764 0.370152 -2.175929
H 5.154435 2.041857 -1.994261
H 3.400181 1.741029 -2.212581
H 2945628 3.143346 -0.087479
H 4.716965 3.405891 -0.097053
H 3.916232 2.832186 1.388991
H 3.610468 -2.249809 2.294696
H 5071815 -1.618704 1.480428
H 4.529277 -3.29703 1.1785

H 4.390426 -3.106637 -1.235071
H 5.092508 -1.469427 -1.152213
H 3.567079 -1.738256 -2.047865
H 2.458858 -3.804872 -0.04312
H 1.508571 -2.536513 -0.871212
H 1.422811 -2.695495 0.903313
H -1.970815 1.358786 -2.348754
H -1.984439 3.154861 -2.393009
H -3.547215 2.247007 -2.361462
H -4.222628 4.47905 -1.017188
H -2.554986 5109114 -0.922134
H -3.665973 5.309265 0.468785
H -3.780957 3.097285 3.451135
H -3.424736 4.644921 2.624974
H -2.11525 3.739686 3.443608
H -3.00106 0.644321 3.215205
H -1.302394 1.234533 3.355101
H -1.670595 -0.193675 2.327041
H -0.462945 -3.514942 -0.073297
H -0.31518 -2.614042 -2.395093
H -4.059896 -0.483419 -1.823236
H -4.212773 -1.38142 0.516459
H -3.042174 -2.350531 2.408579
H -1.438824 -3.860747 3.521056
H -0.528838 -2.687561 2.512641
H -0.75081 -4.371959 1.956646
H -3.076924 -5.146491 1.102864
H -4.487066 -4.057191 1.277749
H -3.702737 -4.753163 2.738126
H -1.114789 -0.819659 -4.045281
H -2.780556 -0.156992 -3.900946
H -2.531851 -1.844689 -4.437688
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10 1a
Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y [A] Z[A]

Ru -1.350501 0747659  -0.509013 c -1.504431  -0.031915  -0.900279
o] 0232663 -2572259 049512 c -1.057569  -0.485136  0.386825
Si 0485551  -0.475973  -0.19417 c -2.022913  -1.081223  1.259295
Si 2.893305 -0.327636  -0.041655 c -3.374515  -1.155715  0.864219
N 2762042  -1.34174  1.239892 c -3.824327  -0.662792  -0.368293
N 2847796  -1.91213  -0.841912 o] -2.865597  -0.114244  -1.23905
c 3417684  -0.805977  1.806197 Si 0.710473  -0.160711  1.115197
o] 2344743 0290774  2.799684 c 1003475  1.669928  0.54725

c 3518859  -2.337029  2.012328 N 1866602 2321489  -0.295085
c 4788339  -0.196546  2.187933 o] 1687802  3.705921  -0.218473
c 377611  -1.498679  -1.355579 o] 0681179  3.924472  0.693424
c 3160665  -2.919042  -1.352406 N 0.286871  2.669219  1.153902
c 5293179  -1.622499  -1.072977 c 2719323  1.716344  -1.310691
c 3599755  -0.937245  -2.78577 c 2477974  4.666864  -1.044613
o] 3.303627  1.567377  -0.411462 c 0.061212 5202903  1.155372
o] 4805083  1.854497  -0.640333 c -0.794403 2431444  2.108784
o] 2526232  2.037353  -1.666278 c -1.662607 -1.695999  2.614332
c 2.80436 2.43986 0.76467 c -1.855783  -3.226879  2.590138
c -2.354738  -0.940617  -0.008047 c 5291537  -0.737588  -0.765476
c 3462398 -2.548874  1.191232 o] -5.879707  0.669769  -1.001052
c 3518328 -2.911124  -0.132155 c -0.555877 0510421  -1.971321
c 237665  -0.676932  2.471709 c -0.77176  2.018805  -2.214316
c -3.986466  -3.228217  2.413632 c 2047305 -1.184476  0.178399
C -4.124769 -4.104194 -0.795438 C -2.444511 -1.05169 3.776493
o] 2592799  -1.962897  -2.270581 c -5.491193  -1.63519  -2.005468
c -1.873012 265983  0.551917 c -0.670929  -0.263234  -3.303394
c -3.091923 2116985  0.041907 H 2423814 2092174 -2.3065

c -3.244041 1777903  -1.341384 H 2595519 0625791  -1.288085
c 2186605  1.973594  -2.27396 H 3779121 1976175  -1.135336
c 0.976447 2571972  -1.773492 H 2197867 570291  -0.791433
c -0.822201  2.920538  -0.401327 H 2204849 4519535  -2.127621
o] -1.776999  3.06866  2.011321 H 3.566596  4.554595  -0.873396
o] 0.391383 2816122  2.624693 H 0.196296  5.355609  2.244322
c -2.193899 4.5479 2.173193 H -1.025807  5.224646  0.944649
c 2.346327  1.64785  -3.737735 H 0.526856  6.055331  0.633244
H 20659196  -0.530072  3.838683 H 0471168 165558  2.829576
H 1371599 -0.786228  2.620338 H 1695534 206574  1.584059
H 2192396  0.800165  2.737089 H -1.019933  3.365846  2.64542

H 3738995 -2.538152  3.083155 H 410429  -1.616485  1.542878
H 4335175 -2.789099  1.421643 H -3.191667  0.247316  -2.22218
H 2576386  -2.848213  1.754214 H 0.472409 035959  -1.605962
H 4779368  0.907217  2.185036 H -0.034095 2411079  -2.942156
H 5593185  -0.533442  1.509098 H -1.780639  2.198315  -2.632007
H 5.058119  -0.521763  3.216069 H -0.687216  2.601987  -1.281023
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0.095999
-0.533768
-1.660666
-0.587145
-1.545047
-2.916835
-1.256153
-2.121988
-2.278841
-3.532852
-5.838721
-6.566536
-4.971938
-5.092244
-6.958186
-5.75812

-5.37421

3.388323
4.103344
3.183036
1.938125
0.701835
3.360969
5.581876
3.951099
0.831013
0.455862
-0.117763
4.906155
4.125567
3.232555
5.921869
6.128285
5.877074
3.034103
4.423127
2773737

0.090747
-1.349647
-0.111949
-1.50223

-3.672146
-3.491536
-3.690653
-1.482277
0.042265
-1.226466
-1.198859
-1.718495
-1.208745
-2.652446
0.603189
1.309181

1.168488
-1.08919

-2.15262

-2.946018
-2.334193
-2.924428
-4.221306
-2.311997
-0.068194
-3.194457
-3.836668
-2.20164

-0.427494
0.879586
0.119351

-3.193468
-1.426595
-2.458486
-4.119862
-4.517863
-5.045233

-4.019774
-3.153328
-3.773309
2.800668
3.554958
2417275
1.782826
4.743697
3.811385
3.675162
0.080376
-2.25359
-2.885909
-1.831501
-1.240305
-0.106141
-1.851108
0.47957
-0.073801
-0.721132
-0.560455
-1.067534
-1.478725
0.072243
1.354299
-2.129851
-0.492414
-0.961037
1.768974
0.814636
2.178989
-0.496658
-0.308267
1.13037
-2.532538
-1.477067
-1.027981

H 3.228587  -3.411606  -0.368748
H 3.706746  -3.546656  -2.089908
H 2.094286  -2.902178  -1.640887
H 5805339  -0.644335 -1.094186
H 5.759879 -2.26428 -1.851329
H 5495907  -2.090463  -0.094049
H 2.534711 -0.749633 -3.02554
H 3.988821 -1.675261 -3.519669
H 4.162769 0.001353  -2.934263
H 4.953071 2.946889  -0.784289
H 5.180876 1.350677  -1.549405
H 5432166 1.539074 0.212107
H 261945 3.140813  -1.766489
H 1.4552 1.79005 -1.58453
H 2.906469 1.587899  -2.597742
H 3.376398 2.272809 1.693773
H 1.739428 2.251308 0.983725
H 2.913287 3.513864 0.498667
H -1.720431 0.165588 2.194411
H -1.819181  -1.377728 3.1209

H -3.266369  -0.306547  3.017224
H -3.165823  -3.513927  3.102688
H -4.530385  -4.147522  2.134422
H -4.681159 -2.57714 2.98218

H -4.620345  -4.745815  -0.045931
H -3.357791 4714617  -1.313865
H -4.88114 -3.815384  -1.553482
H -3.5437 -1.983285  -2.837359
H -2.003442  -2.866032  -2.519176
H -2.006918  -1.063781  -2.530506
H -3.896834 1.876213 0.746007
H -4.160817 1.275185  -1.671316
H -0.147641 2.73949 -2.468438
H 0.131945 3.332881 -0.061955
H -2.51287 2.44656 2.559494
H 0.361759 3.503686 2.196549
H -0.058582 1.78256 2.419527
H -0.414645  2.987286 3.717822
H -2.178422  4.847242 3.239614
H -3.210715  4.722599 1.773224
H -1.492748  5.204209 1.620934
H -2.740608  2.520106  -4.301394
H -3.052392  0.809106 -3.8824

H -1.374784 1.368665  -4.185481
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[RuClz(p-cym)]2

TS1 ("'56 kcallmol)

Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y [A] Z[A]

C -3.95386  1.008606 0.437922 C 3.489871 -1.455813 2.114251
C -3.757442 -0.396076 0.283618 C 471448  -0.745743 1.812731
C -2.978141 -0.918723 -0.816773 C 5489175 -1.210014 0.712307
C -2.404344 0.007029 -1.738366 C 5.060524 -2.341439 -0.067362
C -2.576191  1.415732 -1.545043 C 3.82341  -3.006228 0.209665
C -3.365397 1.95655  -0.473496 C 3.047605 -2.553044 1.336204
Ru -1.847073 0.623022 0.309309 Ru 3.484053 -0.866153 -0.01259
Cl 0372139 1.596753  -0.32971 Cl 1.699628 -1.200206 -1.605786
C -2.698745 -2.401162 -1.002163 C 5.075602 0.495143 2.585916
C -3.064496 -3.271126 0.208802 C 3.299712 -4.124182 -0.673537
C -3.459396  3.43708 -0.217207 C 3.819699 -4.075092 -2.116765
Cl -0.398155 -1.19326  1.231234 Cl 2.103025 1.13577 0.693435
C -3.433683 -2.892894 -2.271027 Ru 0.288226 221721 -0.678002
H -1.688835 -0.356569 -2.482162 Cl -0.403179 3.373411  1.410794
H -1.991761 2.107644 -2.162801 Si -1.547972 0.231401  0.227908
H -4.437131 1.381681  1.347651 o} -2.973711  1.390005 1.030131
H -4.121329 -1.070537 1.062953 N -3.815771 2.008024 0.152475
H -4.43911 3.834174 -0.552224 C -4.713322  2.845404 0.81125

H -2.659186 3.974641 -0.756542 C -4.423261 2.738636  2.149126
H -3.342485 3.633215 0.864049 N -3.37101 1.830852 2.255444
H -1.610269 -2.480963 -1.182089 C -3.836631 1.779207 -1.285497
H -2.755133 -4.315931 0.01976 C -5.750871 3.656738 0.10672

H -4.158572 -3.272701 0.386495 C -5.039712 3.416301 3.3282

H -2.55487 -2.920772 1.123363 C -2.777464  1.50116 3.540297
H -3.199094 -3.959274 -2.45161 C -0.718858 -0.975212 1.614408
H -3.128536 -2.315831 -3.16363 N -0.223449 -0.728119 2.868069
H -4,531488 -2.796359 -2.153726 C 0.06837 -1.914175 3.533983
Cl -1.599976 1.728721 2.41804 C -0.213708 -2.934159  2.65936

Ru 1.699591 -0.464101 0.107117 N -0.652879 -2.338732  1.48069

Cl 0.835508  -1.37033 -1.955798 C 0.187091  0.551581 3.44348

C 3.566428 0.60508  -0.144773 C -0.865143 -3.151008 0.275462
C 3.104516 0.773959 1.217796 C -0.123942 -4.414123 2.846397
C 2.755228 -0.337825 2.025197 C 0.602066 -1.950897 4.927957
C 2.850407 -1.682701 1.500931 C -2.879467 -1.156176 -0.412361
C 3.345892 -1.861642 0.171608 C -2.934204 -1.649488 -1.75496
C 3.700434 -0.727498 -0.640813 C -3.662815 -2.814928 -2.063349
H 2.875315 1.784527 1.573876 C -4.449916 -3.485993 -1.120715
H 2.264444  -0.171211  2.989921 C -4.491588 -2.938944 0.167534
C 2.366554 -2.854274  2.31267 C -3.718878 -1.822555 0.548855
H 3.326221 -2.859908 -0.278227 C -2.274304  -0.96336 -2.940486
H 3.92748 -0.889492 -1.698067 C -3.361424 -0.545068 -3.96418
C 3.805145 1.828691 -1.011399 C -5.227386 -4.742086 -1.483842
H 2.059525 -3.686013 1.654601 o} -6.230091 -4.480566 -2.627358
H 3.180423 -3.209978 2.976764 C -3.879244 -1.414801 2.015602
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H 1.505002 -2.563425 2.938569
C 3.480101  1.591937 -2.495026
H 3.114004 2.607208 -0.635543
o] 5253336  2.325371 -0.807581
H 3.518771 2.551732 -3.043023
H 4.217401  0.911344 -2.963938
H 2473962 1.149304 -2.606718
H 5423933 3.25439  -1.384394
H 5463881 2534652 0.258846
H 5.97683 1.563222 -1.158203
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-3.713479
0.445322
1.772739
1.983709
0.994713
-0.285839
-0.588771
2.913637
2.494515
-1.217363
4.577117
4.074486
3.603076
-5.236745
-4.266376
-1.152621
2.067498
2.820346
6.351136
5.622598
5.533168
4.173286
5.795876
2.201599
3.299288
4.903415
3.637785
3.160545
3.193931

4.695708
2.950302

1.22904

-1.599128
0.177835
-2.279548
-1.091933
-0.958916
3.273265
3.362373
2.139563
1.680469
4.926107
4.428419
3.759053
-5.133519
-3.633776
1.285252

-2.57694
4.319509
3.813937
2.568109
1.956869
2.568925
3.685096
4.414793
5.601841
2.166777
0.294664
4.789518
-5.481067
-0.712222
-5.895763
-1.779683
-2.99401
-1.049852
-0.614365
-2.579561
0.227724
1.104751
1.111257
-3.983018
-4.83778
-4.298001
-3.079122
-6.307092
-5.528038
-5.649611
2.045807
1.017245
4.107834
5.162737
2.178503
2.914636
1.184479
3.601722
5.957754
6.449688
5.314947
5.18353
3.910059
5.572023
-3.423449
-3.191664
0.548223

3.018026
-1.326219
-1.306057
-1.088988
-2.798905
-2.928771
-2.089319
-0.502335
0.375911
-4.032284
-1.849724
-1.451961
0.001933
2.232015
-1.844
-3.652543
1.506216
2.879546
0.396235
-0.973808
3.55988
2.775529
2.01934
-0.710055
-2.725155
-2.159959
-2.556902
-0.5869
1.03061
0.062318
-1.873481
-3.306424
-2.092995
-0.6854
-3.745827
-4.841693
-4.447622
0.158148
0.961346
-0.243486
1.077589
-0.865746
-2.021159
-2.169856
0.913975
-3.092717
3.544296
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-0.088137
-0.271914
-0.11122
-1.87993
-0.68365
0.171008
-1.096534
0.622244
-0.088811
0.748602
1.675286
-3.567722
-2.321235
-2.010561
-4.283399
-2.802698
-4.413798
-6.3494
-5.294593
-6.440894
-4.2888
-5.825067
-5.506527
-3.089408
-5.320754
-5.372542
-6.065567
-3.696628
-4.551238
-2.774803
-1.772129
-0.65646
-0.47024
-1.542739
-2.913146
-3.917955
-4.102561
-5.803977
-6.816998
-6.932292
-5.700914
-4.833552
-3.667226
-3.566024

1.382159
0.673333
-3.95458
-3.581047
-2.534338
-4.641074
-4,90238
-4.878083
-1.462419
-2.995694
-1.428254
1.482176
0.50597
2.250355
2.651807
1.652214
0.868285
4.218078
4.389718
3.019703
3.995402
4.113395
2.689523
-0.699774
-0.32782
0.13179
-1.426537
-2.18122
-3.296003
-3.12949
-0.058853
-1.028731
-2.073777
-2.644096
-0.081256
-1.437563
0.158889
-5.045685
-5.393626
-3.666807
-4.190953
-6.8198
-5.639366
-6.107361

2.776596
4.439159
0.280376
0.259418
-0.60995
3.884368
2.644984
2171911
5.642414
5.248504
5.004339
4.308194
3.489795
3.798893
-1.786953
-1.638991
-1.518366
0.843445
-0.587851
-0.480331
3.899931
2.991527
4.022482
2.257164
3.267502
1.5632557
2.067264
4.0523
2.956602
2.845041
-2.554615
-4.312364
-2.84046
-4.220318
-4.862053
-4.307733
-3.540435
-0.587103
-2.84297
-2.364919
-3.555939
-2.066581
-2.739421
-1.013035
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TS2 (-7.1 o)

TS3 (+03 kcallmol)

Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y [A] Z[A]

N -0.039434 -0.482025 2823525 N 3.345115 -1.496851 2.630194
C -0.514768 -0.77057 1.570901 C 3.851393 -1.437617 1.359554
N -0.444191 -2.137465 1.482564 N 4.390075 -2.708266 1.186634
C 0.001075 -2.693033 2.678622 C 4221574  -3.50042  2.309401

C 0.258135 -1.645413 3.527441 C 3.559785 -2.736 3.235905
Si -1.32831  0.398319 0.139058 Si 4153762 0.200035 0.199852
Ru 0.279008 2.192422 -0.689377 C 4.846442 -0.775372  -1.4324

Cl 2.083694 1.143568 0.708046 N 6.097164 -0.786749 -2.002109
Ru 3.470787 -0.844833 -0.006428 C 6.088218 -1.502818 -3.193342
Cl 4515872 0412916 -1.786581 C 4810974 -1.992893 -3.356153
C -2.650486 -0.999608 -0.474943 N 4.074947 -1.530178 -2.269056
C -2.713039 -1.523516 -1.80388 C 2.680293 -1.874182 -2.005343
C -3.511381 -2.646985 -2.098589 C 2.692712  -0.37834  3.329173
C -4.331726 -3.268006 -1.151854 Ru 1.846154 1.937127 -0.323905
C -4.334492 -2.711614 0.131672 Cl 2.894407 2.36407 1.903641

C -3.514874 -1.624292 0.496281 o} 0.583265 2.317888 -2.102957
C -2.789178 1.556624 0.878711 C 1.843918 1.869218 -2.568287
N -3.627881 2.125894  -0.03451 C 3.000998 2580884 -2.104134
C -4.545868 2.976794 0.579791 C 2.860959 3.683294 -1.218245
C -4.272465  2.92801 1.923685 C 1.681215  4.104235 -0.706947
N -3.207611 2.040268 2.080044 C 0.444907 3.369045 -1.153285
Cl 1.62406 -1.29863  -1.512869 C 1.921892 0.840052 -3.658512
C 0.375764 4.286377 -1.372816 C 1477684 5281842 0.248593
C 1.722505 3.833012 -1.318545 C 0.023523 5.515019 0.718791
C 2.001621 2.592211 -1.976867 Cl 0.019749  1.303427 1.272927
C 1.045754 1.926478 -2.795564 C 2.033021 6.578828 -0.368245
C -0.251608 2.488434 -2.968891 C 5957654 0978388 0.805721
C -0.61747  3.602459 -2.148705 C 7.063988 0.214108  1.379238
C 2.822677 4.489365 -0.500953 C 8.339162 0.77257 1.624308
C 4.004597 4.863529 -1.424625 C 8.643962 2.08742 1.290638
C -1.131095 2.032721 -4.090355 C 7.62862 2.859613  0.745538
C 4563358 -0.744092 1.910843 C 6.331019  2.349421 0.547192
C 5.459452 -1.106567 0.866871 Cl -0.410056 -0.854158 -1.121601
C 5157561 -2.191063 -0.031608 Ru -2.02125 -2.317063 0.186688
C 3.959297 -2.955439 0.107861 C -2.691752 -3.933505  1.58747

C 3.070714 -2.619659 1.196746 C -1.837343 -4.490104 0.584187
C 3.354943 -1.52903 2.056509 C -0.504592 -4.030299 0.407145
C 4.806189 0457295 2.783626 C -0.14107 -2.8397 1.121762
C 3.567669 -4.057131 -0.857461 C -0.953759 -2.299615 2.163816
C 3.948402 -5.421871 -0.241052 C -2.193452 -2.932849 2477504
C 4154232 -3.877877 -2.265318 C 0.507019 -4.685182 -0.505553
C 2.348026 5.69571 0.32089 C 1.540281 -5.430667 0.364851
Cl -0.428481 3.388396 1.372257 o} -2.863148 -2.6789 3.794467
H 2.103509 -3.121722 1.258976 Cl -2.933989 -3.233026 -1.921287
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2.604608
6.317245
5.793431
5.245568
3.85917
5.502343
2.466279
3.715839
5.250835
3.820118
3.625889
3.476322
5.045302
2.972494
1.323756
-1.639651
0.06583
-2.204125
-0.975947
-0.839299
3.180869
3.188837
1.989494
1.531834
4.824892
4.400824
3.69203
-2.631728
-4.920946
-5.693217
-3.629866
0.355819
0.781849
0.11029
-0.675032
-3.665156
-4.994226
-5.169995
-3.498793
-1.974571
1.454003
0.069835
-0.105425
0.088996
-1.686124
-0.531326
0.415395

-1.207284
-0.46215
-2.335705
0.144499
0.991063
1.161382
-3.998467
-4,627229
-4.029578
-2.867573
-6.244541
-5.569604
-5.49702
2.104356
0.986026
3.994052
5.131561
2.046767
2.748204
1.036605
3.707341
6.095687
6.509653
5413191
5.301336
3.975451
5.612067
1.768649
3.630604
3.733871
1.849984
0.815527
-1.636078
-4.164541
-2.999817
-1.205901
-3.159177
-4.48845
-3.044488
-0.936285
0.826769
1.629467
0.950683
-3.793675
-3.439928
-2.420949
-4.355519

2.782041
0.64966
-0.908209
3.752619
2.980993
2.295677
-0.946646
-2.949747
-2.265903
-2.650209
-0.906879
0.750132
-0.109881
-1.835667
-3.280104
-2.180154
-0.753968
-3.848765
-4.923853
-4.451232
0.197319
0.917203
-0.340312
1.009364
-0.825143
-1.950771
-2.178978
3.386199
3.069867
-0.168988
-1.465852
3.371536
4.925618
2.911841
0.315287
1.962966
0.885613
-1.500809
-3.119426
-3.005275
3.473708
2.689377
4.364481
0.330602
0.348888
-0.600686
3.954091
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-3.676505
-4.881246
-4.739381
-5.43783
-6.37338
-6.590707
-5.854938
-3.857215
-2.703342
-7.112258
-6.130873
-6.24241
-7.589838
-5.203263
-5.902625
-6.871226
-6.768178
-5.748468
-5.735893
-7.792646
-7.548046
-5.340779
-3.100071
-2.721771
-2.628534
-2.909955
-3.147019
-2.232846
-2.208872
-2.975174
-3.289367
-4.725461
-7.926587
-6.313655
-0.110514
-0.537015
-0.302085
3.993225
3.784638
1.681344
1.187174
2.938995
2.087939
1.978652
1.431324
3.085794
-0.0059

-0.425894
0.804838
1.124809
2.210911
2.961288

2.58219
1.563443

0.350298
1.201633
4.129854
5.265527
1.335183
0.586066
-1.53415

-2.255082

-3.050279

-2.813397

-1.876882

-2.161752

-3.950235

-3.378993

-1.410306

0.96535

0.851895
2.096427
3.034843
2.333804
-0.34021
2.265783
4.523592
3.066871

-0.184936
3.686888
2.624484

-5.616879
3.566463
1.735899
2.248591
4.211628
1.333529
0.027572
0.423518
5.013644
7.391654
6.885625
6.470059
6.340001

-0.148873
0.869655
2.255853
2.817172
2.098005
0.768162
0.130287
3.233315
3.798769
2.730849
3.093677
-1.335301
-1.41819
-0.821646
0.10354
-0.505025
-1.854969
-2.018704
1.548559
0.251565
-2.995629
-3.334796
-1.478191
-2.788915
-3.404422
-2.441746
-1.266232
-3.475785
-4.826322
-2.546748
0.000903
4.400926
3.964534
-2.184396
-1.560847
-0.730156
-2.36007
-2.419818
-0.889029
-4.621977
-3.48912
-3.747714
1.1327
0.378409
-1.246214
-0.684418
1.453584
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H -0.857415 467138 2733118
H 0.857669 -4.638549 2.246324
H 0.070819 -1.155863 5.625894
H 0.960053 -2.66884 5.268492
H 1.737304 -1.080568 4.997205
H -3.439505 1.727126  4.135159
H -2.126024 0.797812  3.369662
H -1.910043 2.561139 3.647344
H -4.043428 2719506 -2.000906
H -2.595444  1.685447 -1.802865
H -4.228922 0.948933 -1.680716
H -6.197812 4.328979  0.535853
H -5.146993 4.431744  -0.904936
H -6.274795 3.055287 -0.718426
H -4.202371  4.28038  3.606309
H -5.749694 4.260737  2.705804
H -5.338837 2.913051 3.803686
H -2.864193 -0.503119 2.204072
Cc -5.017072 -0.493052 2.184892
C -3.51147 -2.36698 2970441
H -5.083313 -0.086372 3.213016
H -5,167327 0.333973  1.469507
H -5.848977 -1.209988 2.049919
H -3.477529 -1.965939 4.002232
H -4.361785 -3.07191  2.920561
H -2.584507 -2.937321 2.792199
H -1.379663 -0.075226 -2.653655
Cc -1.00345 -1.944702 -3.657986
Cc -3.004664 -0.483053 -4.072224
H -0.383656 -1.439045 -4.422589
H -0.321403 -2.39878 -2.920976
H -1.564429 -2.753064 -4.164425
H -2.505071 -0.125174 -4.989207
H -3.644502 -1.333857 -4.367682
H -3.671106 0.317768 -3.704401
C -4.265634 -5.703781 -1.803025
H -5.784278 -4.733319 -0.611236
Cc -6.127678 -4.207991 -2.67785
H -6.768916 -5.088421 -2.873657
H -6.780045 -3.339858 -2.465566
H -5.560258 -3.992178 -3.603885
H -4.878074 -6.600923 -2.015539
H -3.63159 -5.505443 -2.689262
H -3.599358 -5.929208 -0.948295
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-0.399369
-0.620424
0.794
-0.625586
-3.693803
-2.236755
-3.960183
-2.621017
-2.472022
1.024794
0.67958
-0.608981
-0.857421
2.340415
1.985118
1.054626
-7.352151
-5.250651
-1.147833
-2.385654
-2.741142
-2.629808
-4.331426
-2.948539
-2.854967
-3.948156
-2.184177
-2.893196
-2.197279
-1.192371
-6.229123
-4.897254
-4.606414
-6.076845
-4.670827
-6.310706
-8.486234
-7.238866
-8.397066
-6.888139
-8.272994
-8.114799
-5.46845
-7.832866
-7.589234
-8.400315
-6.432849

4.613285
5.800011
-2.334621
-1.420354
-4.34697
-5.263175
-2.621763
-3.545382
-1.773858
-3.867519
-6.018073
-6.481958
-5.077127
-5.864248
-4.753067
-6.259809
3.126592
2.473287
-0.224263
-1.23523
-0.440185
3.947241
3.390524
2437775
4.828313
4.906606
5.022883
1.743774
3.335807
1.858196
-1.341338
-0.411016
-2.110087
-3.100123
-2.015227
-1.309448
-4.446202
-4.740766
-3.390764
-3.880397
-4.121801
-2.591952
0.723378
0.326096
-0.338264
1.23379
2.360586

1.199532
-0.136002
0.861486
2.726377
1.739055
-0.076239
3.737468
4443171
4.279748
-1.03374
2223195
-1.082835
2170236
-0.266852
1.108022
0.914424
0.197287
3.864362
-3.634178
-2.856308
-4.449426
-0.043892
0.152826
0.828402
-3.59953
-2.184673
-1.956314
-5.522925
-5.091624
-4.992953
-3.982985
-3.251245
-3.766587
2.013135
1.773736
1.949915
-0.447481
0.795973
0.991792
-3.729702
-2.623594
-3.531653
-1.807962
-2.466859
-0.816642
-1.034031
-3.252985
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-7.177046
-5.397766
-3.412575
-2.049141
-2.074045
-3.097214
-4,104592
-5.271254
-5.478171
-7.822123
-8.493933
-8.642752
-7.257969
-6.678683
-5.403662
-5.563842
7.009616
9.116807
9.640254
7.827889
5.354433
4.250139
7.274735
7.255375
3.147561

4.692895
5.006755
2.080756
3.454392
2.045438
2.107865
2.595539
2.252398
5.363201

4.272941

5.850311

4.438805
4.219884
5784174
2.638504
2.462942
4.027472
8.134018
7.077378
7.425585
7.021809
7.629802

3.256588
3.23035
-0.495892
0.579919
1.636825
2.023143
-0.664594
0.638684
-0.917497
4.520808
4.541778
2.884563
3.307569
6.132441
4.925354
5.6049
-1.208998
0.15809
2.502688
3.906422
3.363326
-2.83067
-1.653682
-0.037107
-3.115249
-4.897509
-3.248037
-0.789144
0.310275
0.173846
-1.840947
-2.890102
-1.161228
-4.263261
-3.297425
-2.628496
-5.299648
-5.529322
-4.95103
-2.292066
-3.97553
-3.395333
-0.32242
1.035894
-0.203415
-2.263864
-0.672026

-1.907864
-2.077453
2.682122
4.441163
3.005119
4.427205
5.177869
4.892936
4.055347
1.974923
4.378306
3.705194
4.76164
3.509219
3.856612
2.205461
1.842274
2.090018
1.487519
0.493651
0.081669
-4 44151
-4.06179
1527979
4.607282
2.417021
-0.012302
4.144863
3.730218
2.630235
-2.94092
-1.585357
-1.282377
0.187353
-0.819802
-0.31725
3.40574
1.652066
2.288282
5.118641
4.575688
5.204324
-2.118393
-1.656338
-0.439116
-4.938232
-4.408867
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H 8.09593  -2.143457 -3.517696
H 3.191781 -3.052412 -4.259774
H 4333114 -2.313852 -5.408854
H 4.794591 -3.78339 -4.514465
H 6.048762 -1.609844 1.574921
C 8.095745  -2.08045 1.252022
C 7.093447 -1.274308 3.34754
H 7.036078 -2.318797 3.689068
H 8.042278 -0.850803 3.705433
H 6.270897 -0.707322 3.807379
H 7.993716 -3.113097 1.615594
H 8.057893 -2.101705 0.154628
H 9.092208 -1.72311 1.543297
H 4.397506 2.858046 0.031649
C 5.292118 4516285 1.054434
C 572779 3.902975 -1.276346
H 4549513 5259258 0.736256
H 5.022228 4.16775 2.057262
H 6.262808 5.027099 1.107753
H 5.035615 4.631068 -1.705829
H 6.681095 4.444659 -1.187605
H 5879777 3.098464 -2.009504
2 TS4 (+3.5 *,q)
Atomtype X [A] Y [A] Z[A] Atomtype X [A] Y [A] Z[A]
N -0.03355 2.594325 1.672632 N 0.721755 2.297087 -2.349828
C 0.287966 1.265762 1.592799 C 0.995752 1.561861 -1.236333
N 0.704179 0.941677 2.851803 N 2.147504 2107171 -0.731572
C 0.640927 2.039803 3.71062 C 2570142 3.186974 -1.502681
C 0.181636 3.091794 2.953906 C 1.660686 3.307011 -2.527117
Si 0.033909 0.212031 -0.122141 Si -0.042581 0.13298 -0.262938
C 1.402989 -1.1937 -0.227442 Ru -2.42122 -0.016372 -0.312446
C 1.573395 -2.223206 0.757319 Cl -1.091615 -1.003957 -2.153135
C 2.822196 -2.84494 0.93041 C 2.947379 1.603612 0.384962
C 3.917317 -2.556955 0.094942 C 3.81099 3.96434 -1.209992
C 3.656301 -1.768609 -1.033685 C 1.624839 4.245188 -3.686974
C 2409615 -1.14401 -1.248725 C -0.236754 1.989488 -3.416166
C 0.353478 -2.832818 1.441966 C 0.358772 1.387679 1.68632
C 0.614188 -3.579506 2.763268 N 0.1344 2.731715 1.755696
C 5.290198 -3.157794 0.351952 C 0.400094 3.224039 3.033102
C 5.253915 -4.700673 0.339265 C 0.805987 2.148951 3.789948
C 2.119009 -0.672703 -2.673557 N 0.776006 1.044857 2.935944
C 1.940705 -1.928371 -3.562242 C -0.341125 3.58379 0.664996
C 1.196628 -0.355492 3.295241 C 1.15941 -0.293739 3.365546
C 0.998491 1.972741 5.159943 C 1.193319 2.06547 5.230822
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-0.103824
-0.548074
-2.330362
-2.617527
-2.970491
-4.024891
-4.619187
-4,170849
-3.202015
-2.576067
-4.487961
-3.597528
-2.889466
-1.655182
-5.951711
1.077827
2.179749
2.573023
1.714995
0.826712
2.962655
3.747067
1.68759
-0.043877
-0.267352
5.877479
3.171934
4.435027
2.940566
1.13316
2.840908
4.13529
3.361542
1.660662
1.136668
2.876973
5.95457
6.897147
5.249453
5931016
6.272
4.849415
4.618422
-0.378922
-1.128834
0.486481
-0.597312

4.505078
3.438481
-0.016738
2.039652
-1.777088
-1.589779
-0.306871
0.761045
0.579087
-0.709601
-2.682338
-3.93081
1.680381
-1.198122
-3.057607
1.6197
2.23774
3317711
3.340466
2.28486
1.797565
4.182166
4.228847
1.85776
-3.808664
-2.630665
0.275312
-1.679498
-3.599474
-0.193777
0.638384
-0.24666
1.150384
-1.623178
-2.570597
-2.516112
-2.826591
-3.030057
-2.947185
-1.524694
-5.111118
-5.082697
-5.086698
-2.027902
-4.350076
-4.561591
-3.263362

3.343186
0.594222
-0.306563
-1.630843
0.869712
-0.092886
-0.188171
0.650654
1.681455
1.740199
-1.042614
-1.062772
2.657199
-2.297311
-0.706734
-1.109481
-0.578202
-1.365145
-2.441362
-2.269098
0.577372
-1.041905
-3.640083
-3.37031
0.411727
1.679305
-3.2732
-1.802145
1.715561
-2.688979
-4.265001
-3.4261
-2.627761
-4.589142
-3.161194
-3.614789
-0.470861
1.839766
2.535254
1.682533
0.479459
-0.616701
1.159774
1.61772
0.847985
0.113994
-0.489121
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0.224515
1.355734
1.448852
2.669762
3.832623
3.685501
2.469429
0.198647
-0.365143
5.16774
5.661941
2.352994
3.515904
0.398699
5.098445
2.201736
-2.655491
-3.088417
-4.167957
-4.718202
-4,185874
-3.180098
-2.612179
-4.704483
-6.118473
-2.76897
-3.791023
4.536297
2.713202
1.405288
3.277715
4.440165
3.735156
2.035722
1.336971
3.11211
5.90142
6.653349
4.957644
5.747295
6.093133
4.760473
4.39304
-0.536236
-1.232199
0.411556
-0.673008

4.657606
-1.259564
-2.3161
-2.969052
-2.677027
-1.819846
-1.17041
-2.898593
-3.947942
-3.319843
-2.847816
-0.656813
0.243045
-3.547658
-4.860396
-1.882216
2.123778
-1.807323
-1.528015
-0.223389
0.782334
0.509819
-0.806389
-2.548172
-2.993982
1.6513
-3.760632
-1.694286
-3.754979
-0.120953
0.718426
-0.347469
1.039451
-1.541542
-2.497168
-2.51119
-2.980691
-3.283409
-3.167343
-1.744602
-5.300183
-5.203329
-5.255462
-2.083467
-4.477799
-4.703232
-3.467378

3.415314
-0.3256378
0.644138
0.889681
0.154355
-0.943038
-1.241083
1.290765
0.301939
0.496397
1.881103
-2.675772
-3.127453
2.672048
0.431683
-3.611767
-1.500911
0.795986
-0.116135
-0.110455
0.757532
1.731999
1.702926
-1.107098
-0.663848
2.736482
-1.327207
-1.625817
1.652299
-2.784646
-4.098223
-3.274131
-2.394356
-4.652466
-3.305986
-3.591401
-0.261753
2.110094
2.674207
1.921402
0.63615
-0.564149
1.188263
1.380005
0.741094
0.07764
-0.641485
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-0.347799  -3.839606  3.243458
1.218174  -2.996537  3.482047
1.150841 -4.528651 2.577597
-0.729492  2.674687  -3.640132
-0.633792  0.981994  -3.069771
0.607693 1.603084  -4.226384
2438834 5.029633 -3.537318
0.692796 4694143 -3.775428
1.913867 3.659871 -4.563064
3.808411 5015024  -1.762137
4.698138 3.615619  -1.098347
3.674227 4610409  -0.023493
4.032512 1.914973 0.336983
2.766814 0.73243 0.763376
2.72464 2.400888 1.47213
-5.337895  -0.098478  -0.985934
-4.562621 1.767645 0.472084
-1.79296 -0.880134  2.487756
-2.463796  -2.737271 0.931989
-3.705156 1.769333 3.402609
-2.803957  2.651573 2.138707
-1.953934 1.481649 3.205973
-4.464108 -2.22923 -2.052956
-3.983829  -4.648008  -1.809654
-3.599513  -4.439035  -0.078498
-2.561792  -3.670034  -1.332535
-6.32106 -3.807675  -1.430701
-6.621953  -2.179025  -0.744086
-6.016003  -3.497947  0.307526
1.965708  -0.206513  4.079618
0.373983 -0.96562 3.705357
1.65721 -0.882874  2.449087
0.829201 2.954323 5.633098
0.383234 1.223584 5.695327
2.061609 1.700338 5.312601
0.443054 5.223899 2.703424
-1.183438 4.73857 3.255447
0.19806 4.675275 4.389938
-1.248823  4.171318 1.024131
0.28007 3.979653 0.101549
-1.103083  2.832019 -0.14227

-0.583453  -3.781437  3.124572
0.960764 -2.90241 3.371473
0.952525  -4.501434  2.585342
-0.864313  2.871495  -3.613897
-0.879698 1.154431 -3.115356
0.342184 1.719063  -4.318597
2431583 4.99167 -3.596831
0.657095 4778611 -3.745659
1.761291 3.703501 -4.643487
3.892064 4.816721 -1.906032
4.719901 3.341389  -1.331056
3.814058 4.35991 -0.175836
4.009561 1.628533 0.086676
2674184 0.561663 0.595087
2.805396 2.233033 1.282443
-5.462435  0.050452  -0.864162
-4.538517 1.812879 0.64857
-1.806832  -1.048465 2.40549
-2.617969  -2.788159 0.79084
-3.543012 1.643411 3.524736
-2.66211 2.539452 2.255284
-1.818973 1.286316 3.228224
-4.792245 -2.01151 -2.072078
-4.222063  -4.413368  -2.107456
-3.696144 -4.36292 -0.402709
-2.787555  -3.440935  -1.652079
-6.542821  -3.694267  -1.407365
-6.806673  -2.134498  -0.562026
-6.071168  -3.515344  0.312206
1.96633 -0.222742  4.112551
0.300913  -0.822708  3.815142
1.525344  -0.861073  2.497725
1.101777 3.058214 5.702286
0.543248 1.361499 5.786184
2.239541 1.72366 5.358974
0.813235 5.329705 2.761876
-0.835943  4.970515 3.341906
0.554264 4.813023 4.456069
-0.991321 4.368531 1.082968
0.513541 4.059104 0.149465
-0.937875  2.991448  -0.050635
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TS5 (+1.3 *@l/,)

TS6 (+2.3 kcalfmol)

Atomtype X [A] Y [A] Z [A] Atomtype X [A] Y [A] Z[A]

N 0658725 3256249  -0.652026 c 2091829  3.061898  0.828649
C 0639529  2.111902  0.0797 o 0433755  3.680058  -0.37443
N 1.362463  2.37528  1.201769 c 0.931646  4.158947  -0.391796
c 1849741 3678698  1.180224 C 1.811523  3.818695  0.649885
c 1403344 4236645  0.000616 C 135692  3.082399 181617

Si 0107779  0.326141  -0.183549 c 0035377  2.801884  1.926176
Ru 241879  0.07461  0.114803 Ru 0726374  1.911454  0.052464
cl -1.087494  0.338035  -2.180257 cl 0.8474 1.381646  -2.287088
c 1508553 1415085 2280281 c -1.34264 3918807  -156519
c 2683494 4262086  2.273817 c 190718 5355222  -1.481245
c 162997 5606146  -0.551501 c 2331781 2680136  2.889866
c 0.030769  3.468174  -1.927428 Si 0306234  -0.18233  0.582495
c 1501648  -0.707018  -0.209368 cl -0.056946 -0.457603  2.758787
c 1.725657  -1.760021  0.734058 c 0439065  -1.994071  0.222032
o 2.986964  -2.374291  0.811239 N -0.003337 -3.131882  0.835955
o 4057182  -1.997574  -0.016067 o 07936  -4.220147  0.494547
c 3.824056  -0.978644  -0.952358 C 1748615  -3.745678  -0.376741
c 2582174  -0.327387  -1.07067 N 1505224  -2.38485  -0.526734
c 0644114 228073  1.676841 c 1200072 -3.297866  1.666196
c 0.30246  -3.751724  1.353847 c 2202329  -1.591581  -1.533633
c 5407186  -2.691937  0.080376 c 2842461  -4.454613  -1.104968
c 6.000536  -2.500914  1.501351 c 0544739 -5.601195  1.004493
c 2480681 0751993  -2.149462 c 215281  -0.506126  0.120163
o 3444778 1925157  -1.876114 o 3263958 -0.179664  0.958359
o 1.02196  -2.135619  3.165949 o 4551479 -0.648615  0.627492
c 5296817  -4.165063 -0.370715 C -4.806541 -1.399728  -0.528378
c 2693445 0160699  -3.559258 c -3.723921  -1.636507  -1.391177
cl 249784 247304  0.334892 c 242049 1193278  -1.110965
C 2642607 -2.065975  0.583358 c 3167946  0.682241  2.219486
c 3437629 -1.759165  -0.561027 c 4123195  1.896057  2.155891

c 4479235 -0.754256  -0.437453 c 6201077  -1.873947  -0.919603
C 4622508  -0.009989  0.741111 o 7170415  -2.031083  0.263909
c 3695482  -0.187829  1.843105 o 1374355  -1.429252  -2.206041
o 2746842  -1.264442  1.764475 o 1135487  -2.927621  -2.486271
C 3283248  -2.498781  -1.878906 C 3617645 0437587  0.322398
C -4.460403 -3.490471 -2.037151 N 4.488758 0.643408 -0.701854
C -3.767097 0.703648 3.052616 C 5.484978 -0.339281 -0.751667
C 1934249  -3.21655  -2.040464 c 5224937  -1.193559  0.297787
H 4643434  -0.683826  -1.620472 N 4080939  -0.689117  0.930417
H 3.138727  -3.178493  1.540817 c 4375085 173772 -1.66047
H 1460866  1.161916  -2.149099 C 6.57947  -0.345947  -1.769653
H 3.288129 2733179  -2.616897 o 5953787  -2.408371  0.774846
H 4498539  1.598139  -1.955229 c 3.469044  -1.308711  2.098573
H 3.294868 2344633  -0.864031 C 3438212 -0.139595  3.497674
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I rrrr rr rrrrrrrrrrrrrrrrIrIrrrrIrIrIrIIrIIIIIIIIIIIIX

2.570287 0.948146  -4.327564
1.962393  -0.643891  -3.760861
3.710135  -0.262054  -3.664817
6.095856  -2.173398 -0.61564
7.003317  -3.057127 1.532
5.361026 -3.11964 2.234806
6.095487 -1.536528 1.823992
6.289968 -4,652292 -0.340525
4.900061 -4.239781  -1.400568
4.619591 -4.729037 03
-0.257966  -1.674395 1.501935
-0.540256  -4.103991 1.979569
1.169259  -4.407829 1.558042
0.032979  -3.876341 0.288628
0.192082  -2.486234  3.809793
1.248162  -1.087724  3.434768
1.912415 -2.74467 3.410721
0.006132 4.539406 -2.17348
-1.079995  3.151705 -1.82132
0.461536 2.8928 -2.730521
2.263641 6.186862 0.138987
0.677642 6.155795  -0.683391
2.139554 5.568175 -1.53384
2.957739 5.299792 2.022083
3.618271 3.688199 2426112
2.136289 4.282249 3.237041
1.860417 1.96195 3.199281
2.40924 0.71703 2.006911
0.674496 0.840243 2.466198
-5.086745 -0.50827 -1.31541
-5.321193  0.832457 0.771699
-2.061334  -1.426284 2.60295
-1.872763  -2.833165  0.515075
-4.617038  0.399362 3.696069
-3.912173 1.753497 2.744237
-2.837251 0.634885 3.644572
-3.368131  -1.733215  -2.674945
-1.847367  -3.619196  -3.065624
-1.852754  -4.070994  -1.341328
-1.085741  -2.532122  -1.863404
-4.400542  -3.994238  -3.019756
-5.438958  -2.979608  -1.969106
-4.419634  -4.264974  -1.247268

-1.760636  -0.693436  -3.507439
-6.791395 -0.92242 -1.987881
-2.462398  2.873901 -1.689563
-3.910171  -2.173883  -2.330245
-5.381782 -0.40668 1.298965
-0.418253  -0.973865  -1.899608
-0.311911 -3.057855  -3.215281
-2.039872 -3.391056 -2.924067
-0.883527  -3.490917  -1.570058
-0.96766 -0.829757 -4.26683
-1.874157  0.388597  -3.324938
-2.708678  -1.086694  -3.921138
-6.076656  -2.869244  -1.394012
-8.111305  -2.501587  -0.076666
-7.433003  -1.047344  0.699061
-6.735685  -2.657262 1.066108
-7.777841  -1.287247  -2.333215
-6.121502  -0.838595  -2.864105
-6.924829 0.09107 -1.561349
-2.144838 1.080696 2.293325
-3.932759  2.576293 3.007966
-5.180242 1.576706 2.210851
-4.002745  2.465424 1.214396
-3.291438  0.485687 4.389375
-2.758241 -1.00693 3.567499
-4.481569  -0.509873  3.504182
3.288757  -1.747482 -1.43483

1.95978 -0.530863  -1.403861
1.868121 -1.915974  -2.535554
2.886504  -5.509893  -0.787675
3.827467  -3.989659  -0.907713
2679005  -4.430518  -2.200244
1.310133  -6.291573  0.612494
-0.448564  -5.975025  0.687289
0.574863  -5.639943  2.110662
-1.800497  -4.123416 1.246447
-1.800106  -2.380465 1.653103
-0.908225 -3.53858 2.703012
4.166132 1.343807  -2.671767
5.312582 2323328  -1.684922
3.529729 2373555  -1.356227
7.192088  -1.258407  -1.666733
7.250774 0.528526  -1.652931

6.176851 -0.31456 -2.801085
6.773238 -2.65915 0.079135
5.282337  -3.286935  0.848413
6.396634  -2.253929 1.779395
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4.195106  -1.359536 2.931223
3.132382  -2.335211 1.857816
2.598108  -0.709718 2.39965

1.317713 4.617281 -1.308512
2.881533 4.033942 0.550892
-0.397361 2.255542 2.801024
-1.954396 2.726287 0.877598
2.494536 3.522713 3.592434
3.298893 2.398973 2.438703
1.940995 1.818623 3.458152
-0.701546 3.840191 -2.462755
-2.977436  2.992169 -2.65983
-3.223275 2995946  -0.894691
-2.052845 1.851743  -1.625144
-2.533327 5567027  -2.368159
-1.098679  6.109428  -1.438539
-2.537278 5473488  -0.578104

I I I IIIIIIIIIIIIITIT
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