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Zusammenfassung

Ubergangsmetallkomplexe mit Liganden, die auf niedervalenten Hauptgruppenelementen
basieren, stellen eine vielseitige neue Plattform fur die homogene Katalyse dar. Die
vorliegende Arbeit erweitert den Umfang der Silicoide, Siliciumcluster mit teilweise
unsubstituierten Siliciumzentren, durch Funktionalisierung mit kleinen o-Donor-/n-Akzeptor-
Bausteinen und Ubergangsmetallen, wodurch neue strukturelle Motive und Reaktivitdten mit
katalytischem Potenzial erschlossen werden. Die Herstellung eines heterobimetallischen
Clusters mit vollstandiger Eingliederung des Ubergangsmetallzentrums in das Clustergeriist
sowie einer seltenen Iridium-Lithium-Wechselwirkung gelang durch  reduktive
Halogenideliminierung ausgehend von dem kirzlich beschriebenen Iridium-Sie/Silylen-
Komplex. Die weitere Funktionalisierung des heterobimetallischen Iridasilicoids mit Gruppe 4
Ubergangsmetallen liefert multimetallische Clusterverbindungen mit grolkem Potenzial fir
katalytische Anwendungen.

Das geringe Gerustatom/Ligand-Verhaltnis in den Sis-Hybridclustern schrankt den Zugang zu
den reaktiven Siliciumzentren ein. Verbesserte Zuganglichkeit wurde durch Verwendung des
erweiterten Siz-Kerns bei unveranderter Substituentenanzahl erreicht, wodurch Geometrie und
elektronische Struktur modifiziert werden. In der vorliegenden Arbeit wurde die externe
Addition von Tetrylenen an das Sir-Gerust untersucht, die zu den gewiinschten Hybridclustern
fuhrte. Basierend auf diesen Systemen wurden Fe(CO)s— sowie bislang unzugéangliche Nickel—
Silicoid/Silylen-Komplexe erhalten. Der cod-Hilfsligand am Nickelzentrum ist leicht durch PPhs
oder CO substituierbar. Zudem erwies sich der Ni(cod)-Si7/Silylen-Komplex als

leistungsfahiger Katalysator fir die Hydrosilylierung terminaler Alkene.






Abstract

Transition metal complexes employing ligands derived from low-valent main group elements
constitute a versatile new platform for homogenous catalysis. This thesis expands the scope
of siliconoids, silicon clusters with partially unsubstituted silicon vertices, through
functionalization with o-donor/n-acceptor building blocks and transition metals, yielding novel
structural motifs and reactivities with catalytic potential. The formation of a heterobimetallic
cluster with full transition metal incorporation into the cluster scaffold and a rare iridium-lithium
interaction is obtained by reductive halide elimination of the previously reported iridium-
Sig/silylene complex. Further functionalization with Group 4 metals affords multimetallic
clusters with great potential for catalytic applications.

The low vertex-to-ligand ratio in Sis hybrid clusters limits access to the reactive silicon sites.
Improved accessibility was achieved using the expanded Si; core with a retained number of
substituents, introducing modified geometry and electronics. In this work, the exohedral
addition of tetrylenes to the Si; framework was explored, yielding the intended hybrid clusters.
Based on these systems, Fe(CO)s and previously inaccessible nickel siliconoid/silylene
complexes were obtained. The auxiliary cod ligand at the nickel center is readily exchanged
by PPhs or CO, respectively, and the Ni(cod)-Si7/silylene complex proved as a potent catalyst

in the hydrosilylation of terminal alkenes.
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Preface

Preface

Due to the societal revolutions enabled by the semiconducting properties of silicon, the late
20" and early 21t century are often referred to as the “silicon age”.[V Indeed, silicon has
become the key element for modern life and the associated technologies. While in English the
term “silicon” prevailed, introduced by Thomson due to the similarity to boron and carbon,?
Davy initially coined the name “silicium”, derived from the word “silex” (/at. for “flint” or "pebble”)
with the ending -ium referring to the metalloid character.®! He established a technique for the
isolation of metallic and semimetallic elements based on melt flow electrolysis of molten
compounds. While this approach enabled the first isolation of elemental sodium, potassium,
calcium and related elements, elemental silicon could not be obtained in pure form.2-5 Early
mentions in literature point towards the discovery of elemental silicon by Lavoisier in the late
18" century, who, however, mistook it for a compound containing an oxide of a yet unknown
element rather than the element itself.®7! In 1824, Berzelius finally isolated silicon for the first
time in its elemental, albeit amorphous form by reduction of SiFs with potassium metal.®
Another 30 years later, the production of crystalline silicon by electrolysis of a mixture of NaCl
and AICls;, containing small traces of SiCls, was reported by Deville,®! marking an important
step towards the use of silicon in applications. A milestone of these developments was
achieved in the 1950s: the purification of metallurgical silicon by conversion to chlorosilanes,
distillation and finally chemical vapor deposition (CVD), now known as the Siemens process,

affording polycrystalline, high purity silicon.['%

As silicon is a predominantly tetravalent non-metal with partial metallic character (= metalloid)
and a significant band gap of 1.12 eV, the highest impact of silicon in the digital age arguably
originates from its prototypical semiconductor properties. Semiconductor-grade silicon is
indispensable in modern society due to its essential role in the technology of solar cells and
integrated circuits. These devices are commonly fabricated from single-crystal silicon, for
example grown by the Czochralski method,!'?! a melt-based crystal growth technique initially
developed in 1915.1'3-191 Another important purification technique is the zone melting or also

called “floating-zone technique” invented by Bernal and further elaborated by Pfann.[6.17]

Even though elemental silicon occurs extremely rarely in nature (if at all), it is the second most
abundant element in the earth’s crust in the form of minerals, with an abundance of 27.7% by
weight,!'®'% only surpassed by oxygen (46.6% by weight). In nature, silicon typically exists in
form of silica or silicates (silicon dioxide), which are used in the production of widely applied
materials such as ceramics,?°2?2 glass?" or concrete.?324 Although carbon, the “element of
life”, as compared to its heavier congener silicon, constitutes only a minor fraction of the earth’s
crust (0.2%), its unmatched ability to form stable and diverse compounds make it the chemical

basis of all known life and a dominant subject of chemical research.?>?"! Two major differences
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distinguish these two Group 14 elements from each other, namely their size and
electronegativity.l'®28.2°1 Owing to its larger atomic radius and lower electronegativity (Si 1.90,
C 2.55 on the Pauling scale),®%3" silicon forms weaker and more polar Si-H (hydridic) and Si—
C bonds than carbon (C—H protic), which accounts for the pronounced reactivity of
organosilanes.®?3% The synthesis of Et4Si by Friedel and Crafts in 1863, along with the
isolation of the first silicone polymers in 1940, following Kipping’s pioneering work on
polysiloxanes,®*”! paved the way for modern organosilicon chemistry. Nowadays, siloxane
polymers (silicones) are essential materials in everyday life owing to their widespread use as
rubbers, insulators, seals, heat-transfer media, paint binders, lubricants, or medicinal
implants.33° Their large-scale availability became possible with the independent invention of
the “direct process” by Rochow and Mdaller in 1941-1942, which enabled the industrial
production of organosilanes.**4 This process involves the copper-catalyzed reaction of
elemental silicon with alkyl halides in a fluidized-bed reactor to afford the corresponding

organosilanes.

Molecular organosilicon chemistry experienced major breakthroughs with the discovery of the
first isolable silene by Brook and co-workers in 198149 and the long-sought disilene by West
et al.,“ together with the subsequently reported low-valent decamethylsilicocene by the group
of Jutzi.®! In recent years, unsaturated and low-valent silicon species have attracted
considerable attention owing to their versatility, e.g. as ligand systems in the activation of small
molecules.84! In addition, they find application in catalysis, either as catalytically active
species or as ligand frameworks that modulate the performance of catalytic metal centers.*3-
5 Beyond this, low-valent silicon compounds are applied in the extension of polymeric
systems,? but they also play an important role as intermediates in deposition processes, such

as the deposition of amorphous silicon (a—Si) thin films by CVD.[3-56l

Regarding the activation of inert and nonpolar bonds in catalytic processes, transition metals
occupied a unique role for almost a century.®”! Although the exploration of main group
compounds capable of mimicking transition metal properties has gained considerable attention
in recent years,%% transition metals remain dominant. A major advantage of transition metals
over organocatalysts is their unique ability to “shuttle between different oxidation states”,®":6%
enabling a wide range of redox-mediated transformations. This is supported by the
corresponding ligand system. Among others, low-valent silicon-based ligand systems turned
out to be valuable ligands for transition metal complexes, with applications in homogeneous
catalysis.l'%2 Historically, the majority of transition metal catalysts have relied on precious
transition metals, which are of low natural abundance and often high toxicity. Consequently,
increasing interest is being directed towards employing more sustainable catalytic systems

based on early 3d transition metals, which are generally more abundant and less toxic.[%85%
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1. Introduction

1.1 Low valent Group 14 compounds

Compared to transition metal complexes, molecular main group species usually offer a limited
range of accessible oxidation states, because of the smaller number of available valence
electrons.®® This constraint becomes apparent in the reactivity and catalytic abilities of main
group element compounds. Changes in their oxidation states often result in electronically less
favorable states with low thermodynamic stability. The associated high reactivity frequently
leads to oligomerization or disproportionation to more stable oxidation states. For the lighter
Group 14 elements, carbon and silicon, the most stable oxidation state in molecules is +[V.[64.6%
Nonetheless, lower oxidation states can be stabilized kinetically and/or thermodynamically. In
the last half century, the isolation of R;E-type compounds (E = Group 14 element) with the
central atom E in the oxidation state +Il was enabled by the use of appropriate substituents or
ligands. Heavier low-valent silicon compounds, much like their carbon analogues, serve for
instance as crucial precursors in the formation of larger molecules and as versatile ligands for
transition metal complexes, with significant relevance in catalysis and small-molecule

activation.

1.1.1 Theoretical background

Tetrylenes, Group 14 metallylenes, are defined by a central tetrel atom in oxidation state +ll|
and are generally described by the formula R:E (E = C, Si, Ge, Sn, Pb). In contrast to heavier
germylenes, stannylenes and plumbylenes, stable examples of the lighter homologues,
carbenes and silylenes, remained elusive for a long time due to their tendency for
oligomerization and disproportionation reactions as well as their instability under ambient
conditions, i. e. exposure to air, moisture and room temperature.l®®! Regarding the energetic
ground state, tetrylenes strongly favor a singlet state (S = 0) with a doubly occupied non-
bonding orbital and a vacant, energetically higher, perpendicular p, orbital.®” In contrast,
carbenes of the type R:C" (R = hydrogen, sterically encumbering alkyl or aryl groups),®
possess a small to vanishing o-pn gap and therefore a much more accessible triplet state (S
= 1).%1 The energy gap between the non-bonding o- and n-type orbitals, which is AEst=-14
kcal mol™ for :CH,,[" becomes small enough for the electron spins to align in parallel
according to Hund’s rule, resulting in one electron occupying a n-type p; orbital and the second
residing in an sp?type orbital (Figure 1).1°7" The tetrylenes exhibit a decreasing tendency
towards hybridization with increasing atomic number, accompanied by an increase in the s
orbital character of the lone pair located at the tetrel atom E (E = C, Si, Ge, Sn, Pb).
Consequently, an (ns)?(np)? valence electron configuration is favored for the heavier Group 14

metallylenes. The geometry of the tetrylenes is influenced by the electron-orbital-distribution,

5
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leading to a comparatively broad R—C—R angle, illustrated by 0 = 134° for :CH,,["2"% vs. acute
angles for H2E'" species (H2Si" (92.7°) > H.Ge' (91.5°) > HoSn'" (91.1°) > H,Pb" (90.5°)).171.74.7]
This trend is consistent with the inert-pair effect, which asserts that the non-bonding HOMO
(highest occupied molecular orbital) is lowered in energy with increasing atomic nhumber due
to increasing s-character. Consequently, a decrease in the H-M-H bond angle is expected

down the group.

np, 2p,
Rt
R///, *r ’/,' r 2
"EQ ns CQ sp
R/ 7/
R
Singlet S, Triplet Ty
E = Si, Ge, Sn, Pb R = H, bulky alkyl/aryl
= C if R = heteroatom substituents groups

(e.g. NHCs)
n = principal quantum number

Figure 1. Energetic ground state of tetrylenes.

The formal dimerization of two tetrylene fragments results in the formation of multiple bonds
between the central tetrel atoms. Simple carbenes, such as methylene, favor a triplet ground
state as described in the previous section. The combination of two triplet fragments leads to a
classical C=C double bond with a rigid, planar geometry arising from the low energy required
for hybridization (Eny). In contrast, a direct interaction between two singlet fragments is
generally energetically unfavorable due to Pauli repulsion. This is consistent with the increase
in hybridization energies down the group.®%7"74-7%1 These considerations led to the so-called
“double bond” rule, a long-held assumption stating that heavier main group elements, including
those of Group 14, are incapable of forming multiple bonds.®%82 With the report of the first
distannene in 1976 by Lappert and co-workers followed by the corresponding digermene in
1982,183-881 this rule was invalidated for Group 14 elements, marking the advent of heavier
alkene analogues. Around the same time, in 1981, Brook et al. reported a mixed C=Si silenel*®
and the group of West succeeded in isolating the first stable disilene, further discussed in
chapter 1.1.3.48 |n parallel, the pioneering work of Power demonstrated that main group
element double bonds can be formed by exploiting the lone pair effect,’®) that is the decreasing
participation of the s-electrons in the bonding along the group. During this period, in the 1980s,
the Carter-Goddard-Malrieu-Trinquier (CGMT) model was developed.®88 The CGMT model
provides a rationale for the formation of multiple bonds based on the mutual donation between
a sp?-type lone pair orbital of one fragment and a vacant p orbital at the tetrel center of another
molecule. The increasing deviation from planarity arises from the minimization of steric
repulsion between the bulky substituents and from donor-acceptor interactions involving the
vacant p; orbital, with the singlet-triplet energy of the tetrylene fragments largely dictating the

interaction and degree of trans-bending.”%) Hence, an increased AEst of the tetrylene

6



1. Introduction

fragments is generally associated with a reduced trans-bending of the double bond, whereas
smaller gaps tend to correlate with more pronounced bending, which can be qualified by the
trans-bent angle 0 or, in the corresponding syn-arrangement, the cis-bent angle 0'.%"1 The
trans-bent angle 0 is defined by the angle between the R:E planes and the E=E vector,
reflecting the degree of pyramidalization at the tetrel atoms (Figure 2). The magnitude of 0 is
strongly influenced by the nature of substituents and solvent.®'-** Another useful structural
parameter for characterizing E=E double bonds is the twist angle t, which corresponds to the
angle between the planes defined by the two tetrel atoms and their substituents (Figure 2).

The twist angle t is tunable through the selection of appropriate ligands/substituents.®7:9

4 ) R R
r ‘ ‘ hybridization = S
R/’/:.. _‘\\\\R % 3
R R { N
R R
triplet T ethylene
planar
. /\ R \R/R:\ \RT
R\ WR CGMT @ S > \R
”(E:D @Q — > RurE =R \\\\‘-EZE ----- o R
R R 4 @ RV
R R R
\
singlet S disilene
trans-bent

Figure 2. Bonding models of Group 14 orbital interactions.

A different strategy was pursued to enable the isolation of low valent E" species by preventing
dimerization and thus element-element bond formation. The first example of a monomeric
compound featuring an Si'-tetrel center was the iconic decamethyl silicocene 1-1 (Figure 3,
left) reported by Jutzi et al. in 1986, which employed two bulky pentamethyl-cyclopentadienyl
ligands in n°-coordination to silicon.*’:%! Following the pioneering work of Bertrand et al. on
the isolation of persistent carbenes,®%°"1 Arduengo and co-workers reported the first isolable,
room temperature stable N-heterocylic carbene 1-2 (Figure 3, left).[®® The successful isolation
of I-2 was enabled by a twofold stabilization strategy, involving both thermodynamic and kinetic
contributions. Thermodynamic stabilization arises from mesomeric effects through
intramolecular donation of the lone pair n-electrons of the nitrogen atoms into the formally
vacant p, orbital of the central tetrel atom. Steric stabilization is achieved using bulky
substituents, with adamantly groups (Ad) effectively shielding the tetrel center against

dimerization (Figure 3).



1. Introduction
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Figure 3. Left: Decamethylsilicocene I-1 by Jutzil*7-%1 and first isolated N-heterocyclic carbene 1-2 by Arduengo. !
Right: General stabilization methods of tetrylenes.

Applying this concept of double stabilization to carbon’s heavier congener silicon led to the first
stable and genuine silylene 1-3 (see Chapter 1.1.2, Figure 4), reported by the groups of West
and Denk in 1994.%9 Since then, the number of stable silylenes has steadily increased and
continues to grow. Key developments will be summarized and organized in the following sub-

chapters.

1.1.2 Stable Silylenes and their Reactivity

Silylenes, as detailed in the previous sub-chapter, are low-valent Group 14 species that
possess a singlet ground state, which made their experimental stabilization and isolation
elusive for a long time. First experimental indications for the existence of silylenes were
reported by Goldstein and co-workers in 1964,['% when pentamethyldisilane was obtained
from the reduction of dimethyldichlorosilane at 260 °C with sodium-potassium vapor in the
presence of trimethylsilane. This finding provided indirect evidence for the presence of Me,Si'",
which was proposed to insert into the Si-H bond of Me3Si—H.['°" The isolation of the first stable
silylene was, however, not achieved until two decades later, with the report of Jutzi’s
decamethylsilicocene 1-1 (Chapter 1.1.1, Figure 3).*! Building on the concept of
thermodynamic and kinetic stabilization established for Arduengo’s N-heterocyclic carbene
I-2 (Chapter 1.1.1, Figure 3),®® the first stable N-heterocyclic silylene 1-3a (Figure 4) was
reported in 1994 by the groups of West and Denk.®® I-3a features a central silicon atom
embedded in a five-membered N-heterocyclic ring with a saturated backbone. Shortly
afterwards, derivatives with an unsaturated backbone 1-3b,['%? a benzene ring in the backbone
I-4 by Gehrhus et al.l'®! (Figure 4) or modified substituents at the nitrogen atoms were
disclosed. Soon, the concept was extended to an entire family of silylenes:['%-""4 Driess and
co-workers prepared zwitterionic silylene 1-6 in 2006 (Figure 4).1'%! Around the same time,
base-stabilized chloro-silylenes I-7 and 1-8 were reported by the groups of Roesky!'":'% and
Baceiredo.!'%! Of relevance for this thesis, I-7 has been proven to be an excellent electrophile
for the transfer of the intact silylene moiety to anionic nucleophilic substrates.®" 1-10a,b

represent stable silylenes with a system that employs only one nitrogen atom together with an
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additional B/C—P donor,['%8-11% while 1-5'% entirely lacks N or P donors and is instead
stabilized by bulky silyl substituents at the a-C atoms. The related structure 1-9 combines an
adjacent nitrogen atom and bulky substituents on the opposite side.[''] More recently, novel
silylenes have been reported including e.g. Siemeling’s example featuring a 1,1’-ferrocendiyl

backbone.['12

fBu CHpBU TMS 1ys \ (BU Bu Dip Ad D 5
[N\ @EN\ N NO.. ’\i\" N, "E/
Si: Si: Si: si: ph—<@5ig : Si-Cl Sit N\P-
| / H
N N \ g oy I~ ‘ RNfBu
tBu

/ \
\ P - ~Si—
'tBu CH,tBu TMS TMS 'tBu Ro T™MS TMS tBuN E-cB
1-3a,b I-4 I-5 1-6 17 1-8 1-9 1-10a,b L = N(iPr2), NHC
West, Denk, 1994/98 Gehrhus, 1996 Kira, 1999 Driess, 2006  Roesky, 2006 Baceiredo, 2010 lwamoto, 2016 Kato, 2017
™S Dip (\N/Dip Ar Q
/ N / Ar
TMS—N, N N—B S,
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T™MS—N N XX N g
\ . X T™MS—N Ar
T™S Dip i
X=Cl,Br, |
Ar = 2,4,6-Me3CgH,
or 2,6-PryCeHs
1-11 1-12a,b 113 1-14a,b
West, 2003 Roesky/Filippou, 2009 Jones, Aldridge, 2012 Power, 2012
Figure 4. Selected examples of cyclic (top) and acyclic (bottom) silylenes over time (Dip = 2,6-
diisopropylphenyl) [99,102-104,106-111,116-121]

A further accomplishment in the history of tetrylenes was the isolation of stable acyclic
silylenes. Owing to the smaller singlet-triplet gap (AEst) and larger bite angles of acyclic
silylenes compared to cyclic silylenes,!'?%-124 gcyclic silylenes exhibit higher reactivity. Nearly
15 years elapsed between the first reports of the cyclic silylenes 1-3a/b by West and co-
workers!'?5126] and the isolation of the first stable acyclic silylene. Although the group of West
had already laid the groundwork for the synthesis of acyclic silylenes in 2003 with the
preparation of I-11 (Figure 4, bottom), it was only semi-stable and could be handled exclusively
at low temperatures.['' In 2009 and 2011, the groups of Roesky and Filippou reported on
halogen substituted silylenes 1-12a,b, which, however, required external stabilization by an N-
heterocyclic carbene.l''81191271 |n 2012, the first room temperature stable, two-coordinate
acyclic silylenes were reported by Jones and Aldrige et al. (I-13) ') and almost simultaneously
yet independently by Power and co-workers (I-14a,b).l'?"l The increased conformational
flexibility of acyclic silylenes, compared to their cyclic counterparts constrained within a rigid
framework, promotes oxidative processes and facilitates selective bond activation.['?®] The
geometry, together with the comparatively small singlet-triplet gap (AEs 1) enables the acyclic
silylenes to mimic transition metal reactivity and to engage in the activation of inert small
molecules such as H,, CO and ethylene (e.g. 115 —1-19, Scheme 1).l''312% |n rare cases, such
as the coordination of CO to the tetrel center of the acyclic gallanediyl silylene in 1-18 (Scheme
1), reported by Schulz et al. in 2020, the silylene framework remains intact and the lone pair

at the tetrel central atom is preserved.!'3% Notably, certain cyclic silylenes also engage in small



1. Introduction

molecule activation and catalysis, for example in dehydrogenation reactions or C—F and C—H

bond activation.['11-113.131.132]

119 ™S 3
Rs)si] TMS~&;-TMS |
sipH 3 ¢
- L3P
: R/

|
. Sit
L@nea”" T Lsi: 115

Scheme 1. Selected examples for the reactivity of acyclic silylenes towards small molecules (Dip = 2,6-iPr2CeHa,
TBoN = —N(SiMes){B(DAB")}, DAB' = (XyINCH)g).[113:129.130]

The presence of two reactive, low valent Si' centers within a single molecule defines the class
of bis(silylenes). The first reported bis(silylene) 1-20 (Figure 5) was described by Gehrhus and
Lappert et al. in 2005!"*% and revealed two non-interacting silylene fragments oriented away
from each other. Conversely, in Roesky’s bis(silylene) 1-211'*4 and in the N/P stabilized 1-22
reported by the groups of Baceiredo and Kato,['*® the two Si" centers are connected through
a o-bond. In the following years, various derivatives including backbone modified species I-
23a-f were disclosed giving rise to a range of distinct properties.['32136.137] The pincer-type
geometry of many bis(silylenes) enables the cooperative activation of small molecules like Ha,

CS;, ethylene, NHz or CO with subsequent formation of a ketene (e.g. 1-24 — 1-27, Figure 5).1'3]
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Ph{(@\/\/@— {/ o \>_ ¢ @N\
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u
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Figure 5. Examples of bis(silylenes) and products of the activation of small molecules.['32-137]

The high s-character of the lone pairs located at the tetrel centers and the resulting
ambiphilicity of silylenes and bis(silylenes) make them valuable ligands for transition
metals.[®".138-1401 Numerous acyclic and cyclic silylenes have demonstrated to coordinate to
first, second and third row transition metals (selected examples 1-28 — 1-30, Figure
6).[61.136.137.140-1431 The coordination chemistry of silylenes and bis(silylenes) also extends to late
4d and 5d transition metals, as demonstrated by complexes such as 1-311'*"1 and 1-32,['*4 which

exhibit remarkable catalytic activity.['*5-'4"] Current trends increasingly favor the coordination
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of the more abundant first row transition metals or even applications that avoid the use of

transition metals altogether.['48-153l

tBu
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| ItBu N N CI ,PCy3
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1-28 1-29 1-30 -31
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Figure 6. Selected examples of transition metal silylene complexes.[61.136,137,140-144,148-153]

In addition to the bidentate coordination of 3d transition metals such as Mn, Fe, Co or Ni by
the two Si" centers of bis(silylenes) (e.g. 1-34 — 1-37),l'#%-"52] their pincer-type geometry also
enables cooperative binding of transition metal complexes. This mode of interaction gives rise
to pronounced metal-ligand cooperativity as shown in 1-33['48] (Figure 6).161:125.148-150,154,155]
Remarkably, depending on the electronic and steric properties of the bis(silylene) backbone,
the coordination of the central metal atom by an external ligand can proceed in a classical
fashion as in 1-36,['in a non-classical manner as in 1-371"%2 or even without the need of an
external ligand as demonstrated by 1-38.1'*% Silylene or bis(silylene) transition metal complexes
have been shown to act as highly active catalysts in homogeneous reactions including C-C or
C-N cross coupling, olefin hydrogenation, cycloaddition, hydroborylation and

hydrosilylation.[61:125.154]

1.1.3 Disilenes and Disilenides

Double bonds of heavier main group elements had long been regarded as unattainable
according to the double bond rule (see Chapter 1.1.1).8%82] The rule was overturned in the
second half of the 20" century with reports of both homonuclear and heteronuclear multiple
bonds among main group elements. As early as 1976, the formation of the first heavier Group
14 compounds with a homonuclear heavier double bond, namely distannene 1-39 and
digermene 1-40 (Figure 7), was described by Lappert and co-workers.[3-81 Although

Gusel’'nikov and Flowers had already reported on the observation of intermediate silaethylenes
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(silenes) in 1967,[1%6:1%7the first heteroatomic double-bonded species containing two Group 14
elements, silene 1-41, was isolated and characterized by Brook et al. in 1981/1982.14%158 Thjs
compound was obtained through a photochemical reaction of tris(trimethylsilyl)acylsilane.
Using this method, as well as the sila-Peterson reaction,['* salt elimination reactions from
(alkyl)halotetrylanes!'® or thermal/photochemical addition reactions,!'®"! additional silene

derivatives were disclosed in the following years (e.g. 1-42, 1-43, Figure 7).['61-163]

(MeSi);HC ~ CH(SiMe3), Me;Sii  OSiMe; Me — SiMe(tBu), Me,tBu,
/E:E\ /Si:C\ /Si:C\ /Si:C@
(Me3Si),HC ~ CH(SiMes), Me;Si Ad ME  SiMe, Me,Si
-39 (E = Sn) I-41 I-42 1-43
1-40 (E = Ge)
Lappert, 1976 Brook, 1981/1982 Wiberg, 1993 Appeloig, 1998

Figure 7. Selected examples of the first heavier double bonded species. [#583-85,158,161,162]

Around the same time as the isolation of the heteronuclear silene 1-41,14%! the first disilene 1-46
containing two silicon atoms in the oxidation state +I1 was reported by West and co-workers
(Scheme 2).1¢1 The possibility of disilenes acting as transient intermediates had already been
discussed in 1973 by Roark and Peddle.!" Numerous synthetic attempts to access an isolable
disilene, including those by Kipping et al.,B”'%% were unsuccessful. Starting from mesityl-
substituted trisilane 1-44 (Mes = 2,4,6-trimethylphenyl), photolytic elimination of
hexamethyldisilane finally allowed West and co-workers to obtain disilene 1-46 (Scheme 2).148!
The mechanistic proposal invokes a silylene intermediate 1-45, whose isolation, however,

remains elusive to this day.

./SiMe3 hv (254 nm) Mes, Mes
2 Mes,Si, —— 2[Mes,Si: | ——=  Siss]
SiMe; Mes Mes
1-44 1-45 1-46
West, 1981

Scheme 2. Synthesis of first stable disilene 1-46 reported by West et al. in 1981 (Mes = 2,4,6-trimethylphenyl).[6]

Following the pioneering work of West et al., further disilene derivatives were reported using
related synthetic approaches.l’®1%6-168] |n 1988, Tips-substituted disilene was reported by
Watanabe and co-workers.['®l Reduction of the twofold-chlorinated silane precursor Tip,SiCl,
with a lithium/ naphthalene solution led to the formation of disilene 1-48 (Scheme 3),['¢%
providing a novel synthetic approach toward the formation of disilenes. In a related manner,
disilene (SiMe3).HC).Si=Si(CH(SiMe3).). was synthesized by Masamune et al. in the same
year.l'"" |n this case as well, the formation of a transient silylene species was proposed,
although direct experimental evidence remains elusive. The synthesis of disilenes using the

more common reducing agent KCs was subsequently investigated and revealed efficient
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dehalogenation of 1,2-dihalodisilanes. This method further provides access to unsymmetrical

disilenes.[168171-174]

-Cl 4 LilCyoHg Tip, TP
2 Tip,Si, —>4 i) /Sl:S[ Watanabe, 1988
Cl o -4L T Tip
1-47 _ 1-48
2 Li, dme
- TipL
Ti Ti
péi-S{ P Weidenbruch, 1997
T Scheschkewitz, 2004

Tig  Li-(dme)s
1-49
BuMe,Si,  SiMeyBu 5y o tBuMe,Si_  SiMe,tBu

Si=Si o Si=Si
tBuMe,Si’  SiMe,tBu  ~BUMeSM  BuMe,SiT M

150 M= Li Na, K I-51a-c
Sekiguchi, 2005

Scheme 3. Top: Formation of Tips-disilene and its lithium disilenide derivative; Bottom: Reduction of tBuMe2Si-
disilene.[169,175-177]

Regarding the reactivity of disilenes, typical double bond transformations such as addition
reactions have been investigated.['® The addition of polar compounds like water, alcohols,
ammonia, and related substrates to disilenes afforded the isolation of numerous silanes.['68178l
Furthermore, cycloaddition reactions with alkenes, chalcogenes or isonitriles yielded a variety
of disilacycles.l'”®'8% In parallel, efforts were directed toward preserving the double bond
character, inspired by strategies used in the generation of larger macro- or supramolecular

systems featuring heavier unsaturated units.['67.181]

Another important aspect of olefin reactivity in synthetic organic chemistry, particularly in total
syntheses, involves nucleophilic and electrophilic substitution at unsaturated carbon
atoms.['82-1841 Byilding on this concept, the functionalization of heavier double bonds was
examined with respect to their nucleophilic and electrophilic behavior. Subsequently, several
nucleophilic and electrophilic disilene derivatives have been reported over the past two
decades demonstrating their value in synthetic low-valent main group chemistry.[168.181.185-188]
Reduction of disilenes to anionic disilavinyl analgoues of tetrasubstiuted disilenes is
predominantly achieved by treating the corresponding disilene with alkali metals. For Tip4Siz,
initial attempts to reduce disilene 1-48 with elemental lithium as a strong reducing agent were
undertaken by Weidenbruch et al. in 1997 aiming to access the corresponding lithium
disilenide 1-49.0'% It was only in 2004 that Scheschkewitz finally succeeded in isolating
disilenide 1-49 (Scheme 3).['® Around the same time, Sekiguchi and co-workers obtained

disilenide derivatives I-51a-c in a related manner, starting from the disilene (fBuMe-)sSi. 1-50,
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using the corresponding alkali metal (M = Li, Na, K)/ naphthalene solution (Scheme 3,

bottom).[177.189

Owing to their nucleophilic nature, disilenides have been employed in a variety of salt
metathesis reactions, transferring the Si=Si moiety to numerous substrates.[168181.185.186,188,190-
1921 For instance, disilenide 1-49 reacts with aryl halides, providing an alternative route to
unsymmetrically substituted disilenes.['®"1%2] With regard to macromolecular chemistry, 1-49
was applied in regiospecific [2+2] cycloadditions of alkynes with the Si=Si fragments, affording
c-n-conjugated organosilicon hybrid polymers.l'"®3! Furthermore, 1-49 proved to be a key
compound in the formation of small tricyclic rings that can subsequently serve as precursors

for silicon clusters (see Chapter 1.2.3).['%]

In addition to transmetallation reactions of lithium disilenide 1-49 with alkali or alkaline earth
metals,['%! a few examples of its direct complexation with transition metals have also been
reported. Remarkably, only very few stable, monomeric n'-coordinated disilenide transition
metal complexes have been obtained directly from disilenide precursors, such as the chloro
zirconocene disilene 1-52 (Scheme 4).['%1 Addition of half an equivalent of a zinc or copper
halide precursor affords the dimeric, transition metal bridged zinc complex 1-53 or the cuprate

I-54, respectively (Scheme 4).1'%%

R R °
R\ ,R Ly R\ ,R | /Si:Si\ o
SizSi % Si=Si %» R Cu R
/ \ - | / A - ) | ,
R ZrCp; R Li-(dme)s Si=Si
Cl F\’/ \R
1-52 1-49 1-54
0.5 ZnCl,
- LiCl
R\ ,R
/Si:Si\
R Zn R
\ ’
Si=Si
/ \
R R
1-53
Scheme 4. Reactivity of lithium disilenide 1-49 towards transition metal precursors (R = 2,4,6-

triisopropylphenyl).[195.196]

Beyond their nucleophilic reactivity, various n2-disilene transition metal complexes retaining
the Si=Si double bond have been reported, particularly with late transition metals such as Pt,
Pd and Hg.['®8'9] Similar n2-complexes have also been obtained from disilyne, disilane or
silylene precursors, which undergo reduction or dimerization to furnish the corresponding

disilene transition metal complexes.['%"]
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1.2 Silicon Clusters

The significance of silicon clusters arises primarily from their use as model systems for bulk
and surfaces of silicon on the nanoscale, as well as from their potential in the development of
molecularly precise device structures.'%-204 |n the silicon deposition process, silicon clusters
play an important role as proposed intermediates.[®*%:205-2081 Sjlicon clusters consist of a small,
well-defined number of silicon atoms arranged in a framework composed solely of Si—Si bonds,
forming a three-dimensional scaffold. Distinguished by their inherent connectivity, charge and
substitution pattern, silicon clusters are typically divided into three principal categories:
saturated silicon cage clusters,!2°-2'"1 Zintl ions[?'2-2"% and siliconoids.[??°-222 |n the following
sub-chapters, the saturated silicon cages and Zintl ions will be outlined briefly, whereas the

siliconoids, as the main focus of the present work, will be discussed in greater detail.

1.2.1 Saturated Silicon Cages

Saturated silicon cages consist exclusively of saturated, tetracoordinate silicon vertices and
carry at least one substituent that is not part of the cluster core itself. They follow the general
formula Si,Rm (n < m).?2" Three common synthetic routes are applied to access such saturated
silicon clusters: (a) Wurtz-type coupling of suitable halogenated silane precursors with
reducing metals, (b) salt elimination reactions between halogenated and metalated (cyclo-)
silanes, and (c) aluminium chloride or photolytically induced rearrangement or contraction of
(poly)cyclic oligosilanes. Given the large number of known saturated silicon cage compounds
and the extensive studies on their properties and reactivity,?°°-211.2211 the following section
provides an overview of selected, representative examples (Figure 8) together with their

synthesis and characteristic properties.

The first saturated silicon cluster was reported in 1970 by West and co-workers with
bicyclo[2.2.2]octasilane SisMe14 (type A, Figure 8) obtained from of a mixture of Me,SiCl, and
MeSiCl; (2.75:1) by reduction with sodium/ potassium alloy in the presence of naphthalene.?%]
Refinement of this synthetic protocol subsequently enabled the isolation of additional polycyclic
polysilanes containing six to thirteen silicon vertices in the central cluster scaffold.??¥ Later,
Masamune et al. reported the type B saturated silicon cage (Figure 8) prepared through a
combination of strategies (a) and (b), and further derivatization by quenching with the
corresponding dichlorosilanes.??®! In 2012, the lwamoto group described the formation of a
related type B silicon cluster, initiating with a four-membered cyclotetrasilane and proceeding
via a dianionic Sis-ring as an intermediate. Owing to the larger size of the precursor, this route
provided higher yields than those obtained for Masamunes clusters.??8! By changing the
reducing agent from Na/ K alloy to finely dispersed lithium, Hengge and Jenker obtained a

bicyclco[3.2.1]silane in 1991.2271 An improved isolated yield was later reported by Kira et al. in
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2004, employing branched ftris(chlorodimethylsilyl)(methyl)silane in a reductive

dimerization. 1228

& A JO & <

Figure 8. Selected examples of saturated silicon clusters (© = SiRn, n = 0,1,2).

Applying method (c), the photolytical or AICI; induced contraction or rearrangement, to
Masamune’s type A silicon cluster yields bicyclo[2.2.1]heptasilanes.??4?2%l An AICI; induced
rearrangement of a cyclohexasilanyl-substituted bicyclo[3.3.1]heptasilane afforded the first
and only all-silicon adamantane tricyclclo[3.3.1.1]decasilane (type C, Figure 8), reported by
Marschner and co-workers in 2005.123% Decasila-adamantane is of particular significance, as it
provides a representation of a stable, molecular fragment derived from the diamond-type lattice

of crystalline silicon.

Expanding the family of multicyclic saturated silicon cages, in 2009 Sekiguchi et al. reported
the first example of tricyclo[2.1.0.0%%|pentasilane (type D, Figure 8).23" This compound is
obtained from the reaction of the calcium salt of 1,2,3,4-tetrakis(di-tert-butylmethylsilyl)
tetrasilabicyclo[1.1.0]butan-2,4-diide with trichlorophenylsilane.?*®* Owing to the presence of a
remaining chloride substituent, reductive cleavage can be applied to generate an anionic
derivative, enabling further use in salt metathesis reactions. Shortly thereafter, Scheschkewitz
et al. reported a structurally comparable cluster of type D.?*2 In 1988, Masamune described
the reductive homocoupling of 1,2-di-tert-butyl-1,1,2,2-tetrachlorodisilane with 2.5 equivalents
of lithium/ naphthalene in dimethoxyethane to afford the tricyclic [2.2.0.0]hexasilane (type E,
Figure 8) together with additional products such as cyclotetrasilane and
tetracyclo[3.3.0.0.0]octasilane.®*? It was not until 2007 that Kira and Iwamoto reported the
isolation of tricyclo[3.1.0.024]hexasilane with a chair-like scaffold (type F, Figure 8),
synthesized by reducing 2,2-dibromotrisilane and 2,2,3,3,-tetrabromotetrasilane with
elemental sodium metal.?*¥ [rradiation of the hexasilane led to the rearrangement into a
[2.2.0.0]tricyclic scaffold, which is structurally comparable to Masamunes tricyclic
[2.2.0.0]hexasilane? (type E, Figure 8).

The exploration of polyhedral silicon frameworks initiated with the isolation of the smallest
conceivable tetrahedron, tetrasilahedrane, reported by Wiberg in 1993.'62 The first

tetrasilatetrahedrane (type G, Figure 8) was synthesized from 2,2,3,3-tetrabrominated
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tetrasilane with supersilyl sodium (BusSiNa). A decade later, a related derivative was obtained
employing MeDis; groups (Dis = CH(SiMes)2) as sterically demanding substituents, which
induced increased shielding and resulted in shorter endocyclic Si—Si bond lengths. Meanwhile,
it was shown that Wiberg’s tetrasilahedrane could also be accessed in higher yields through
one-pot-reactions of HSiCls, ClzSi-SiCl; or Cl;Si—SiCl,—SiCl; with supersilyl sodium.2*® At
approximately the same time, Sekiguchi and co-workers reported on the reduction of 1,1,2,2-
tetrachlorinated disilane or DipSiCl; with Mg/MgBr- yielding the iconic hexasilaprismane.!>¢! A
similar hexasilaprismane was isolated later on under reductive coupling of a 1,2,3-

trichlorocyclotrisilane with magnesium by the Scheschkewitz group.?*2

Moving further into polyhedral octasilanes, cubic structures were first described and isolated
in 1988 by Matsumoto et al. with the synthesis of the octasilacubane (type H, Figure 8).[2%"]
Reduction of 2,2,3,3-tetrabrominated tetrasilane or the corresponding tribrominated disilane
tBuMe,Si-SiBr; with sodium metal affords the anticipated octasilacubane. Shortly thereafter,
in 1992, H. Matsumoto, N. Matsumoto and Sekiguchi independently reported on three
persilacubanes obtained through similar synthetic strategies.?*’-24% Reduction with sodium
metal or Mg/MgBr of the corresponding alkyl- or aryl-substituted trichlorosilanes furnishes the
cubic Sig cluster. Most recently, Lips and co-workers described the isolation of an anionic

derivative.l?41

An even larger silicon cluster system was reported by the groups of Wagner and Holthausen
in 2014 with the largest saturated silicon cage compound known to date, the twenty-atomic
silafullerane (type I, Figure 8).%*2 |t features twelve exohedral SiCl; substituents, eight
peripheral chloro-substituents and an encapsulated chloride ion that imparts to an overall
negative charge.?*?l A one-step reaction of hexachlorodisilane with [nBusN]CIl and nBusN in a

20:2:1 ratio affords the [20]silafullerane in reasonably high yields.

Compared to their linear and ladder-type oligo-/polysilane congeners, applications of saturated
silicon cage compounds remain limited to date. While chain-type silanes find use as
photoinitiators, in electroluminescent diodes and microlithography due to their characteristic
photochemical and optical properties with c—c* transitions of oligo- and polysilanes with
UV/Vis-absorptions at A = 250 — 400 nm,[?43-246] studies on the utilization of cage oligosilanes
in materials science have not been reported hitherto. Nevertheless, preliminary investigations
into their functionalization could enable the construction of more versatile extended systems
and the incorporation of such clusters into functional materials. In addition to halogenation
reactions (e.g. BCls, I, Brz, CCls, PCl5)228247-2491 gnd subsequent reduction steps to generate
anionic clusters suitable for further nucleophilic functionalization,?21231.24% only a few reports
have addressed the reactivity of saturated silicon cages towards transition metal

precursors.?*  Treatment of dianionic [2.2.0.0>°]hexasilane 1-55 with Cp*;TiCl. or
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(PPh3),PdCl, does not afford a transition metal complex but instead the oxidation product,
hexasilaprismane 1-56 (Scheme 5), highlighting the role of I-565 as a potent two-electron
reductant.?*’! Notably, the hexasilaprismane framework is also obtained upon reduction of
trichlorinated cyclotrsilane with lithium/ naphthalene or upon treatment of tetrachlorodisilane,

DipSiCl; or trichlorocyclotrisilane with magnesium and magnesium bromide.[2%2:236.249]

R
R R Cp*,TiCl, or R
K, K (PPhs),PdCl, R
R g R -2 KCl R R
R R
1-55 1-56

Scheme 5. Oxidation of dianionic [2.2.0.02%] hexasilane 1-55 with transition metal complexes to hexasilaprismane
1-56 (© = Si, R = 2,4,6-trimethylphenyl).[24°]

1.2.2 Zintl lons

In contrast to saturated silicon cages, Zintl ions are completely ligand-free, “naked” polyanionic
clusters of p-block elements.[?2'25% |n the late 1800s, Joannis first described the reaction of
elemental lead with sodium in liquid ammonia, which produced a deep green solution.?5" |t
was not until 1931 that Eduard Zintl, the namesake of the Zintl ions, conducted comprehensive
studies in which solutions of sodium in liquid ammonia were reacted with a wide range of main
group elements.!?*?! According to Zintl's proposal, an idealized complete transfer of electrons
from the electropositive alkali metal to the more electronegative p-block element leads to the
formation of polyanionic species composed of multiple atoms. A decade later, Laves
introduced the term “Zintl-border” to describe the division between groups 11-13 and 14-17,
and the salt-like phases of alkali metals associated with this boundary were subsequently
termed “Zintl phases”.?>® Zintl ions of Group 14 serve as important building blocks for the
synthesis of large nanoclusters due to their diverse chemical properties and reactivity. Today,
the scope of Zintl ions encompasses intermetalloid clusters with transition metals incorporated
into main-group cages, organometallic or intermetallic derivatives, functionalized organo-Zintl
ions, as well as oligomeric species.?> Although numerous Zintl ions have been reported, the
tetrahedral [E4]* I-57 and the tricapped trigonal [Eg]*~ 1-59 (Figure 9), are the most prevalent
species, accompanied by two isolated examples of pentaatomic [Es]?™ ion 1-58.125425% Beyond
these common motifs, several noteworthy exceptions exist, including the eight-atomic [Sng]®”
cluster described by Sevov et al.,?®® butterfly shaped [E4s]®” in BasEs (E = Si, Ge),[?57:258] Y-
shaped [Sis]'>" stars,?%°%0 five-membered [Es]®” rings (E = Si, Pb)2%%-264 and the six-
membered [E¢]'" species.?5>2%6 Given the extent of Zintl ion chemistry,[212-219.221.250.267] thg
present work focusses on a selected subset of polyhedral silicon-based Zintl ions relevant to

the overarching topic of this thesis.[261-264
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4—

b

1-57 1-58 1-59

Figure 9. Reported geometries of common silicon-based Zintl ion motifs (o = Si).[254.255]

Owing to the pronounced polarity resulting from effective charge separation, solid Zintl phases
are insoluble in common organic solvents. For a long time, their solubility was limited to liquid
ammonia at low temperatures.?%® In general, clusters of the type AsEs and A12E7, which carry
lower charges per atom, exhibit better solubility than AsE4. Over the past 50 years, alternative
solvents such as ethylenediamine together with stabilizing agents like cryptands?6%270 or
crown ethers,?”"l have enabled the isolation and structural characterization of Zintl anions by
X-ray diffraction analysis.?’?l Nevertheless, the silicon-based Zintl anions [Sis]*" and [Sig]*
remained elusive in solution for a long time. Although solution stable [Eq]*" species of the
heavier Group 14 elements (E = Gel?”®l, Sn?’4) have been known since the 1970s to 1990s,2%"
it was only in 2009 and 2010 that the first examples of the corresponding tetraanionic
nonasilicide were reported by Korber and co-workers in the ammoniates Rb4Sis-(NH3)x (X =
4.75 and 5).[2%4:275]

The group of Féassler recently succeeded in isolating [Sis]*~ and [Sig]*” and separating them by
fractional crystallization from a solution of the binary phase Ki2Sii7.2® Prior to this
breakthrough, NMR spectroscopic evidence had already indicated the presence of both [Sis]*
and [Sig]*” in solution and several isolation attempts had been undertaken, including the

preparation of corresponding transition metal complexes.[?77:278l

The functionalization of Zintl ions (1-60, Scheme 6) with suitable electrophiles has been
proposed by Wiberg to afford partially substituted, lower charged species such as 1-61, which
upon complete substitution could yield a neutral tetrahedrane 1-62, thereby conceptually linking
Zintl anions to saturated silicon cage compounds.['®227 Yet, the experimental realization of
this concept remained an insurmountable challenge for a long time due to the limited solubility
of highly charged Zintl anions in common organic solvents and their intrinsic instability arising

from their high reduction potentials.

® R
4- K" o
3R* R*
R R ke, R R
R R

1-60 1-61 1-62

Scheme 6. Conceptual substitution of [Sis]*~ Zintl ion 1-60 to afford saturated silicon cage 1-62 (© = Si).[162
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Only a few examples are known for the reactivity of silicon-based Zintl ions with transition
metals. To date, [(MesCu).Sis]* 1-63 (Figure 10) remains the only structurally characterized
[Sis]*" transition metal complex.?8% Complex I-63 is obtained by reacting KsRbsSi+7 with mesityl
copper in liqguid ammonia, with the two n*-coordinated CuMes fragments capping the central
Si4 tetrahedron, preserving the tetraanionic charge. This structural motif also provided the first
evidence of [Sis]*” in the solid state prior to its isolation and subsequent crystallographic

characterization by the groups of Fassler and Korber.[277:278]

4- 6- CcO
W(CO), l\lli
|
\ 0cto
- 8

1-63 1-64 (M = Zn, R =Ph) 1-66 1-67
1-65 (M = Cu, R = NHCPP)
Figure 10. Transition metal complexes with silicon-based Zintl ions as stabilizing ligands (¢ = Si, Mes = 2,4,6-
trimethylphenyl, NHCP® = bis(2,4,6-diisopropylphenyl) N-heterocyclic carbene).[280-285]

[Sig]*~ Zintl ion 1-59 carries a lower charge per atom as opposed to [Sis]*~, which translates into
higher stability in solution and thus better control over its reactivity, ultimately enabling a
broader range of transition metal complexes. For example, reaction of K2Sii7 with ZnPh,?8"]
or NHCPPCuClIi282.283 affords the n*-coordinated transition metal complexes [SisZn—Ph]*~ 1-64
and [SiesCu-NHCP*]*- 1-65, respectively (Figure 10). A further example is the tungsten
tetracarbonyl Sig Zintl complex 1-66 (Figure 10), recently reported by Korber and co-
workers.!?4 For the preparation of 1-66, KsRbsSii; was treated with W(CO)s(tmeda) in the
presence of [2.2.2]-cryptand in liquid ammonia. The coordination of the W(CO)s fragment
resembles that of a silylene ligand, coordinating through a single silicon vertex while four alkali
metal cations occupy the immediate coordination sphere and two additional cations reside
within the cryptand cavities. In 2009, the same group reported on the conversion of KsRbeSi17
with [Ni(CO)2(PPhs).] in liquid ammonia, affording the binuclear complex [SigNi(CO),].®" 1-67
(Figure 10), in which the nickel centers bridge a pair of [Sig]*” moieties through a central six-
membered SisNi, ring.?®! To date, no catalytic applications of transition metal complexes with

silicon-based Zintl clusters have been reported.

1.2.3 Siliconoids

Owing to their partially unsubstituted silicon cluster scaffolds, siliconoids serve as a conceptual
link between saturated silicon cage compounds and Zintl ions. Siliconoids are considered key
intermediates in gas-phase-deposition processes (CVD) leading to amorphous silicon (a—Si)
which is used in various semiconducting devices.[??0221.2862871 The partially unsubstituted

cluster scaffold of siliconoids resembles that of silicon surface materials on a molecular scale.
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In particular, the hemispheroidally coordinated vertices resemble the dangling bonds of silicon
surfaces, thereby establishing siliconoids as molecular model systems for these materials. A

deeper understanding of the reactivity of such surfaces requires the exploration of siliconoids.

The term “siliconoid” derives from the parent term “metalloid” or “metalloid cluster”, originally
introduced by Schnockel for molecular clusters of Group 13 that feature more metal-metal than
metal-ligand bonds and possess exposed cluster atoms entirely free of peripheral bonds.288-
2901 Metalloids are typically prepared by treating metastable solutions of metal monohalides
with nucleophilic scavenging reagents, affording clusters containing up to 84 metal atoms and
reaching diameters of up to 2 nm. The oxidation state of the atoms in the cluster scaffold is
restricted to either 0, as in the elemental form, or +I, as found in the low-valent precursors. In
2007, Schnepf and coworkers expanded this concept to Group 14 metalloid clusters with the
general formula EnRm (E = Ge, Sn; n>m), in which naked and substituted tetrel atoms coexist
within the same scaffold.?®"! The average oxidation state is between 0 and +l, even though
Group 14 elements generally favor the +IlI oxidation state. Subsequently, Scheschkewitz
coined the term “siliconoids” for unsaturated, molecular silicon clusters that feature at least one
unsubstituted cluster vertex, irrespective of the average oxidation state.?*2 The sole criterion
for the “naked” silicon atom is a hemispheroidal coordination environment, corresponding to
that of surface atoms in spherical particles and thereby supporting the use of siliconoids as
model systems. The hemispheroidality is quantified by the parameter ®, which is defined using
a reference plane formed by four atoms. The atom under consideration is bonded to three
cluster vertices with the sum of the three angles being closest to 360°. By convention, the
deviation of the fourth atom from the plane is assigned a negative value. If the deviation of the
scrutinized atom from the plane is negative, the atom adopts a (distorted) tetrahedral
coordination environment, whereas a positive value indicates hemispheroidal coordination
(Figure 11).[221]

hemispheroW BT D = +x

reference plane

tetrahedral Loy P =X
N

Figure 11. Visual explanation of the difference between a tetrahedral and a hemispheroidal coordination (© = Si,
O = substituent in plane, ® = substituent out of plane).

Four general synthetic approaches are employed for the synthesis of siliconoid clusters: (a)
the use of disilenides as low-valent Si sources; (b) the reductive coupling of two or more
halogenated Si'V precursors, analogous to the formation of saturated silicon cage clusters; (c)

thermally induced conversions such as isomerization, cluster contraction, dimerization; and (d)
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the partial derivatization of silicon-based Zintl lons.[??"! The absence of silylenes as low-valent
silicon sources in method (a) for many years is largely attributed to the comparatively late
discovery of stable silylenes.®® Only recently have examples been reported in which

asymmetrical disilenes are generated from silylene precursors.[292-2%]

In 2005, application of method (a) to Tips-lithium disilenide enabled Scheschkewitz to isolate
the first stable siliconoid 1-68a featuring a hemispheroidal coordination vertex (Scheme 7). At
the time, this species was described as “a molecular silicon cluster with a 'naked’ vertex
atom”.?® Treatment of four equivalents of disilenide 1-49 with silicon tetrachloride affords
I-68a together with a systematic oxidative byproduct, a peraryl-substituted tetrasilabutadiene.
A related approach was later applied by Iwamoto and co-workers.?%! Starting from potassium-
disilenide 1-69°"1 and 0.5 equivalents of tetrachloro silane, a differently substituted siliconoid
I1-68b was obtained (Scheme 7). The hemispheroidality parameters for 1-68a and 1-68b were
determined to be very similar with ® = 0.192 A (1-68a) and ® = 0.183 A (1-68b), with both

structures being highly distorted due to transannular interactions.??"

R

R R 0.25 eq SiCl, or R TMS_TMS

o=d 05Cp'Si'A  05eqSiCl, tBu
R @ o Rl’ ‘

® . R @K@

Li(dme), R T™S TMS

R
1-49 1-68a,b 1-69

Scheme 7. Synthesis of siliconoid 1-68a,b from disilenides 1-49 or 1-69 (¢ = Si, |-68a: R = R = 2,4,6-
triisopropylphenyl; 1-68b: R = C((SiMe3)2CHz)2, R’ = tBu).[295:2%6]

In 2010, the groups of Breher and Schnockel reported on the isolation of
pentasila[1.1.1]propellane 1-70 (Scheme 8),?% a species already proposed by Masamune et
al. in 1991.2%1 Pentasila[1.1.1]propellane 1-70 was obtained from the reductive reaction of
Mes,SiCl, and Si>Cls in a 3:1 ratio in presence of lithium/ naphthalene, albeit in rather low
yield.?®® The unsubstituted silicon vertices display a Si-Si distance of 2.636 A and the
hemispheroidality parameter ® indicates that both “naked” silicon atoms are hemispheroidally
coordinated with ® = +1.323 A and ® = +1.313 A, thereby fulfiling the criteria for the

classification as a siliconoid.

R
. R
12 Li/C4oH
3R,SICl, + ClySi-SiCl, -2-iciofle )&E
R
R
1-70

Scheme 8. Reductive coupling of silane and disilane precursors to form I-70 (¢ = Si, R = 2,4,6-trimethylpheny!).[2%

Although an all-silicon analogon of Hiickel-aromatic benzene remains hypothetical, several
hexasila isomers have been reported over the years.[194234236.2491 \Whijle Sakurai and

Sekiguchi's hexasilaprismane is rather electron-precise,?® the tricyclic SisRs isomer 1-72

22



1. Introduction

(Scheme 9) reported by Scheschkewitz et al. exhibits a strongly delocalized, dismutational
substitution pattern.['®4300  Reductive dimerization of trichloro cyclotrisilane 1-71 or
pentamethylcyclopentadienyl-substituted cyclotrisilene affords the hexasilabenzpolarene 1-72
(Scheme 9).101:302 | 1.72, the oxidation states range from +II for the SiR. moieties to +| for
SiR, and 0 for the unsubstituted vertices. This reflects a twofold dismutation, yielding a central
Sis plane featuring a rhomboidal coordination environment, composed of two unsubstituted
and two monosubstituted silicon atoms, connected by two opposing saturated SiR, fragments.
The structure adopts a chair-like Sie-ring with a dismutated arrangement of the substituents,
resulting in cyclic electron delocalization across the central four-membered ring. Consequently,
I-72 is referred to as the “dismutational isomer of hexasilabenzene”.['%43%] Notably, the “naked”
silicon atoms display an unusually elongated Si-Si bond distance of 2.729 A. Together with
the electron density distribution in the solid state, this points to a pseudo-tricoordinate
environment and is reflected in the high hemispheroidality value of ® = +1.115 A (Siy1 ® =
+1.054 A/ +0.311 A, Si-Si 2.498 A).

R R R
6 LI/C10H8 R _250°C/neat R, R
Cl or hV/thf R
RCI Cl R
1-71 1-73
"~ nomenclature
@ @ R @ privo

; @ @R () nudo ;
E R R @ ligato E

E @ ® R (@) remoto |

I-72B 4 ’

Scheme 9. Reductive dimerization of cyclotrisilane 1-71 to hexasilabenzpolarene I-72 and photolytical/thermal
rearrangement to global minimum isomer 1-73 (© = Si, R = 2,4,6-triisopropylphenyl).['94.301]

Thermal or photolytical treatment of 1-72 leads to the rearranged 1-73 (Scheme 9)3°"! which
consists of a propellane motif not unlike that of Breher's propellane scaffold 1-70 (Scheme
8),2%I with a SiTip. silylene unit bridging the two propeller blades. As a side product, a Sii
siliconoid is formed, representing the largest fully characterized silicon cluster core reported to
date.*%" Since the parent species represents the energetically deepest point on the SisHs
potential energy surface, I-73 can be considered as the global minimum isomer of
hexasilabenzene.® Akin to the dismutational isomer 1-72, 1-73 exhibits an unusually long Si—
Si distance of 2.708 A between the unsubstituted silicon vertices, which is roughly 13% longer
than a typical Si-Si single bond (2.3 — 2.4 A). This elongation is a consequence of the lack of
significant direct bonding interaction and is reflected in the calculated reaction energy towards

dihydrogen that is weaker than in common disilanes.”®® In experimental charge density
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investigations of I-72 and 1-73 by Stalke and Scheschkewitz,3% the bonding situation between
the bridgehead silicon atoms was further elucidated. The absence of a bond path in the
executed theoretical calculations is indicative of a considerable biradical character; however,
this feature is highly sensitive to subtle variations in the electron density of the systems. The
“naked” silicon atoms in I-73 show a pronounced hemispheroidal coordination environment
with @ = +1.354 A 3% The UV/Vis spectrum of I-73 shows a longest wavelength absorption of
Amax = 473 nm,B° which is significantly blue-shifted compared to that of the unbridged
propellane I-70 at Amax = 546 nm.2%81 |n the 2°Si NMR spectra, the hemispheroidally coordinated
silicon vertices of the hexasilabenzene isomers 1-72 and I-73 give rise to distinct upfield-shifted
signals, comparable to those observed for many Zintl ions.[2%8:276:304-310] |n contrast to [Sis]*"
I-57 and [Sig]* 1-59 but similar to [Sis]?~ 1-58 however, the siliconoids 1-72 and 1-73 also show
signals in the very low field region resulting in an overall distribution of the chemical shifts
across approximately 450 ppm.B'"! The broad range of NMR chemical shifts reflects the
characteristic magnetic anisotropy of siliconoids. For the “naked” bridgehead atoms, a diatropic
current vortex is calculated, leading to pronounced magnetic shielding, whereas the mono-
and disubstituted vertices experience a paratropic current loop.0:312-31% The overall induced
molecular current in 1-72 and 1-73 is of diamagnetic character with a magnitude of
approximately 10 nAT~. This value closely matches the one typically associated with classical
6n Hulckel-aromatic benzene. In planar Huckel-aromatic systems, however, a central
paramagnetic vortex coexists with the overall diamagnetic ring current.*°® The central diatropic
current loop in 1-72 and I-73 rather resembles the spherical aromaticity in Ps. With the
delocalization of the six electrons in 1-72 confined to the central, planar four-membered ring,3'¢!
which consists of two n,6- and two non-bonding electrons in contrast to six n-electrons in
Huckel-aromatic benzene, it displays dismutational aromaticity accompanied by a remarkable
kinetic stability.*% In comparison, the thermodynamically favored hexasilabenzpolarene 1-73
decomposes rapidly upon exposure to air but shows outstanding thermal stability under intert
conditions, which even allows for gas-phase transfer with only very minor decomposition.0"!
In order to distinguish the four distinct positions in 1-73 and inspired by the ortho, meta and
para positions in benzene derivatives, Scheschkewitz et al. coined the terms privo, nudo, ligato

and remoto (Scheme 9).B'7]

In 2020, Lips and co-workers reported the conversion of their butterfly shaped Sis precursor
I-74 at 400°C into the highly unsaturated SigR4 siliconoid I-75 (Scheme 10, left), the first
example of a siliconoid with amino-substituents instead of sterically encumbering alkyl, aryl or
silyl groups.B'® Although the reaction mechanism has not been fully elucidated, the proposed
elimination of a bis(amino)silylene as an initial step, analogous to the formation of Iwamoto’s
Sis and Si7 siliconoids, is plausible.?222%31831%1 The molecular structure of 1-75 can be

described as a distorted trigonal prism, with each triangular face composed of two SiR moieties
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and one “naked” vertex. The unsubstituted silicon vertices show a Si-Si distance of 2.636 A
and exhibit a distinctly hemispheroidal coordination environment of ® = +1.45/ +1.48 A, which
clearly identifies I-75 as a siliconoid. Quantum mechanical calculations support the absence
of a direct bonding interaction between the “naked” silicon vertices: no bond critical point is
found between the two bridgehead silicon atoms by Bader's quantum theory of atoms in
molecules (QTAIM)B2% and no intrinsic bond orbital (IBO)®2'322 js present for a corresponding
o-bond. The central butterfly shaped SisR> ring features only two o-bonds, which accounts for
the pronounced differences in the Si—Si bond lengths within the ring: two of the bonds are
significantly elongated, while the two shorter ones approach typical Si=Si double bond lengths.
This bonding pattern points toward the presence of multicenter bonding.?'® Moreover, each of
the unsubstituted silicon vertices carries a lone pair, which enables the formulation of two
resonance structures that resemble a CsH4 butalene-type isomer.223 Two years later, in 2022,
the same group reported on the isolation of another unexpected isomer of hexasilabenzene
I-77 (Scheme 10, right).®?4l Owing to its twisted cis-bent geometry, 1-77 was described as
comparable to the buckled dimer due to its alleged structural resemblance to the Si(100)
surface. Unlike I-72 and I-73, I-77 contains only one unsubstituted silicon vertex, which shows
a pronounced hemispheroidal coordination environment with ® = 1.70 A. The reactivity of I-77
toward elemental iodine or methyl iodide results in a twofold substitution, yielding either the
iodinated product or the methylated derivative at the anionic “naked” silicon vertex,
accompanied by iodination of the former positively charged silicon vertex.®*! Reduction of
I-77 with KCg leads to an anionic cluster that retains the Sis framework, and was further
functionalized using electrophiles such as methyl iodide, SiX4 (X = Cl, Br) and BH3-SMe,.13?%

R
R ® 400° )
o 00°C, 30min
R R
I-74
Me;Si- -SiBrs

? 1.5 eq Mg*

1-76 1-77

Scheme 10. Synthesis of Sis siliconoids I-75 (top) and I-77 (bottom) by Lips (¢ = Si, R = N(SiMes)Dip [Dip = 2,6-
diisopropylphenyl], R’ = N(SiMe3)Ph).[318.324]

Recently, the Fassler group successfully applied method (d) to synthesize a novel siliconoid
by using soluble Zintl anions as precursors to access anionic siliconoids.?! Addition of six
equivalents of Si(tBu).HCI to the activated Zintl phase K12Sii7/[2.2.2]-cryptand in thf affords the
trisubstituted, monoanionic Sig siliconoid 1-78 (Scheme 11). During crystallization, partial loss

of a silyl substituent was observed as a result of disproportionation, giving rise to the
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disubstituted dianionic species 1-79.52¢1 All seven exposed cluster atoms show a distinctly
hemispheroidal coordination environment with values between ® = +1.268 and ® = +1.585 A.
The Si—Si bond lengths are shorter than in the bare tetraanionic [Sig]*~ 1-59, which reflects the
reduced Coulomb repulsion associated with the remaining two negative charges.[?75277]

— — — —2-
R

K4,Si47/[2.2.2]-cryptand Si(tBu)pHCI crystallization

1-78 I-79

Scheme 11. Formation of anionic Sis siliconoid I-78 and subsequent derivatization to dianionic I-79 (¢ = Si,R =
SiHtBu2, Si(TMS)3, SnCys3).[326]

Further anionic siliconoids, derived from the dismutational hexasilabenzene isomer I-72, were
obtained by Scheschkewitz et al. starting in 2016. Reductive cleavage of one Tip substituent
from 1-72 with a lithium/ naphthalene solution led to the ligato-lithiated siliconoid 1-80, which
features a bridged propellane scaffold (Scheme 12), similar to that of the global minimum
isomer of hexasilabenzene 1-73.%?1 The two "naked” Si atoms remain unaffected by the
reduction, while a negatively charged silicon center is generated. These anionic silicon clusters
provide a conceptual bridge between neutral siliconoids and bare, polyanionic Zintl clusters.
I1-80 can also be prepared through an extended reduction of I-71 by adding an additional

equivalent of reducing agent lithium/ naphthalene, thereby circumventing the isolation of

|-72.1327)
8LI/C10H8 %
Li(thf),
6 LI/C10H8 LI/C10H8
R
(thf)s 1-73 R I-72
14 Li/C1oHg
2 Li/CqoHg
@ R
(thf)Li @%R
[©) R
1-82
Scheme 12. Transformation between various siliconoids and silicon clusters (¢ = Si, R = 24,6-

triisopropylphenyl).[327-329]
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Notably, the reduction of the global minimum isomer I-73 itself by two equivalents of lithium/
naphthalene results in the cleavage of a different Si—C bond affording the regioisomeric privo-
lithiated Sie siliconoid 1-81 (Scheme 12).2281 The position of the anionic functionality within the
propellane motif gives rise to a distinctly different inherent electronic character, which directly
affects the 2°Si NMR chemical shifts, depending on whether the negative charge resides at the
privo-position or elsewhere. Substitution at these positions leads to a substituent-dependet
shift of the signal assigned to the corresponding silicon vertex, which can be rationalized using
the Hammett parameter om, that quantifies the electronic nature of the substituent. The effect
is reversed depending on whether the same substituent is attached at the privo- or the ligato-
position. When an electronegative substituent occupies the ligato-position, the privo-vertex
becomes deshielded, whereas attachment of the corresponding substituent at the privo-
position leads to a shielding effect. Reaction with Group 13-15 electrophiles proved the anionic
Sis siliconoids 1-80 and 1-81 as versatile synthons enabling the transfer of an intact

benzpolarene framework. 328!

Further reduction of I-81 or direct treatment of 1-73 with two additional equivalents (four in total)
of the reducing agent, affords the dianionic silicon cluster 1-82 through cleavage of the privo-
SiTip2 unit (Scheme 12).2% The molecular structure of 1-82 features a five-atomic scaffold
composed of a SisTip,?~ tetrahedron edge-bridged by the remaining SiTip2 unit, which reveals
a close structural relationship to the edge-on protonated Zintl ion [u-HSis]*~ described by
Fassler.’'""1 Owing to its symmetry, three signals appear in the 2°Si NMR spectrum, including a
distinct high field resonance at —298 ppm for the two anionic, unsubstituted vertices, which is
in the characteristic region for bare silicides.?’5277:2781 Treatment of 1-82 with dichlorides of
boron or phosphorous restores the six-atomic benzpolarene framework yielding 1-83a,b, albeit
with an amino-substituted B or P heteroatom in the privo-position (Scheme 13).52° These
examples further reinforce the analogy to silicon surfaces in technological doping processes

of bulk silicon materials.

®
(thf),Llii© R R
R iPr,NECI, , . R
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R -2 LiCl R
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1-82 1-83a,b

Scheme 13. Doping of dianionic 1-82 with heteroatoms (E = B, P) in privo-position (¢ = Si, E =B (a), P (b), R =
2,4 ,6-triisopropylphenyl).[32°l

The functionalization of the ligato-lithiated Sie siliconoid can be affected either exohedrally or
endohedrally. Exohedral attachment of functional groups to the cluster is achieved by reaction
with electrophiles such as benzoylchloride, chlorotrimethylsilane®®'”! or metallocene precursors

giving transition metal complexes (I-84a,b M = Zr, Hf, Scheme 14).33% |n this way, it is also
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possible to link the siliconoid motif to other cluster systems such as silsesquioxanes, which
serve as model systems for silicon monoxide.*"! Treatment of 1-80 with chloro stabilized
amidinato tetrylenes I-7a-c!'%7:115:332.333] gjves rise to siliconoid/tetrylene hybrid species I-85a-c
(Scheme 14) under retention of the structural motif characteristic of siliconoids.?3% With the
pending auxiliary tetrylene ligand, 1-85a-c are potent precursors for the formation of transition

metal complexes featuring siliconoid clusters.

tBu

R Ph—<(® .
R., R szMC|z .
R L|CI - LiCl
@l N——tBu
tBu”
ﬁ M = Zr, Hf L'(thf)z E =Si, Ge, Sn

1-84a,b 1-80 I-7a-c 1-85a-c

Ph

Scheme 14. Functionalization of ligato-SisLi I1-80 with metallocenes to complexes I-84a,b and tetrylenes to hybrids
1-85a-c (© = Si, E = Si (a), Ge (b), Sn (c), M = Zr (a), Hf (b), R = 2,4,6-triisopropylphenyl).[330

The lone pairs of Sis/tetrylene hybrids 1-85a-c (Scheme 14) enable versatile reactivity toward
transition metal centers. In analogy to the previously discussed silylene-transition metal
clusters (see Chapter 1.1.2), reaction of I-85a-c with Fex(CO)y leads to the coordination of the
tetrylene unit to the iron center in the Fe(CO)s—siliconoid/tetrylene complexes 1-86a-c (Scheme
15).1339 |n this case, an interaction of the transition metal with the siliconoid cluster scaffold is
not apparent. In contrast, reaction of I-85a with [Rh(CO).Cl], affords a SizRh heterosiliconoid
I-88, in which the rhodium center is fully incorporated into the cluster core.?*¥ In the reaction
mixture, 1-88 unexpectedly rearranges to the rhodium-substituted Sis siliconoid 1-89 at room
temperature, restoring the intact benzpolarene framework and shifting the rhodium center into
the periphery (Scheme 15). This transformation requires the presence of an unidentified
intermediate as source of an activated CO equivalent: 1-88 is stable after isolation but can be
prompted to still undergo the reaction by addition of 0.1 equivalents of siliconoid/tetrylene
I-85a-c and 0.4 equivalents of [Rh(CO2)ClJ2.** In a similar manner, reaction of 1-85a-c with
[IrcodCl), affords the Ir-Sig/tetrylene complexes 1-87a-c via oxidative addition to the Si—Si bond
between the privo- and nudo-Si atom (Scheme 15).33 The iridium center in 1-87a-c is
coordinated not only by the tetrylene fragment but also by the former nudo-silicon vertex.
I-87a-c was shown to be an efficient catalyst for alkene isomerization with exceptionally high
TOF and TON values.®* In addition, the presence of a residual chloride renders 1-87a-c

amenable to further functionalization.
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Scheme 15. Transition metal complexes of 1-86 — 1-89 and 1-87a-c as a catalyst for alkene isomerization (© = Si, E
= Si (a), Ge (b), Sn (c), R = 2,4,6-triisopropylphenyl).[330:334]

Returning to the more accessible first row transition metals, attempts to complex nickel with
the siliconoid/tetrylene ligand 1-85a-c were investigated, but no reaction was observed.
Interestingly, when the reaction was performed under a CO atmosphere, the C-O-insertion
product I1-90 was formed, featuring a silene bond and a Si—O-Si bridge between the tetrylene
moiety and the privo-vertex (Scheme 16).3%

R R
R. R

| @R 1 bar CO

R.
O

10 mol% Ni(cod),

@irc\
N @N——tBu tBu~y @ R
Bu”" >\/’N\
tBu
Ph Ph
I-85a 1-90

Scheme 16. Reactivity of 1-85a towards CO in presence of Ni(cod)z2 (¢ = Si, R = 2,4,6-triisopropylphenyl).[33%

In contrast to the exohedral functionalization with an additional tetrylene moiety, endohedral
cluster expansion was observed when the ligato-lithiated Sie siliconoid 1-80 was reacted with
Jutzi’'s decamethylsilicocene 1-1.2%! |n this transformation, a transient silylene-functionalized
Sis cluster is proposed, ultimately yielding the atomically precise expanded, neutral Siv

siliconoid cluster 1-91 (Scheme 17). The central unit of 1-91 consists of three unsubstituted
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silicon vertices arranged in an isosceles triangle. The two basal silicon atoms display
pronounced hemispheroidal coordination with values of ® = +1.341 and +1.308 A, whereas
the apical silicon atom shows negligible hemispheroidality with a value of ® = +0.039 A. The
geometry can alternatively be described as a persila[1.1.1]propellane with twofold bridging of
the propeller blades.??"! Similar to the Sis-siliconoids 1-72 and 1-73, 1-91 shows a wide
dispersion of chemical shifts in the 2°Si NMR spectrum. A slight downfield-shift is observed for
the apical Si atom (6 = —-138.4 ppm) compared with the basal Si atoms (6 = -241.9 and -229.6
ppm), though these values are still within the chemical shift range typical for “naked” cluster
atoms[194.301.327.328,330] |n contrast, pronounced deshielding is observed for the monosubstituted
silicon atoms, appearing at 5 = 156.0 and 181.9 ppm. As in the case of I-73, the SirHs parent
compound corresponding to 1-91 also represents the global minimum on the potential energy
surface.B%! It is noteworthy that the structure of 1-91 may correspond to the Si;Tips species

detected by EI-MS in the spectroscopic investigation of SisTips siliconoid 1-68b.12%°!

R
R%R _SiCpz _2LilCioHs
R R Cp Li - Cp*Ll

®L|(thf)2 L|(thf J(dme)s
1-80 1-9 1-92
; Cp*Lil siCcp*,
R OH - ]
R y = R
H,O
R N
1-94 1-93

Scheme 17. Atomically precise expansion of Sis siliconoid to Siz and Sis siliconoids (¢ = Si, R = 2,4,6-
triisopropylphenyl).[336]

Reductive cleavage of the Cp* moiety in 1-91 affords lithiated Si7 siliconoid 1-92, which upon
subsequent treatment with SiCp*; leads to the formation of the further expanded Sis siliconoid
1-93 (Scheme 17), featuring a proposed exohedrally bridging Si=Si double bond.?*®! Although
Sig 1-93 itself could not be isolated, the hydrolysis product, the structurally analogous SisOH
species 1-94 (Scheme 17), is isolable, thereby confirming the Si=Si double bond reactivity of I-
93. In the anionic Si; siliconoid 1-92, the structural parameters remain essentially unchanged
compared with 1-91 (base: ® = +1.287 and +1.273 A, apex: ® = +0.085 A). In contrast, the
structural environment of SisOH 1-94 and thus presumably also that of Sis 1-93, shows a
distortion of the apical silicon atom, resulting in a more tetrahedral coordination with a negative

hemispheroidality parameter ®. Hence, only the two basal, “naked”, hemispheroidal Si atoms
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are retained and can be considered decisive for classifying the Sis compounds as siliconoid
clusters with ® = +1.336 and +1.302 A.

Table 1. Overview and comparison of the essential structural and electronic features of representative siliconoids
reported by the Scheschkewitz group.[194:301:327.328,330,336]

Sis Sie ligato-SisLi | privo-SieLi SisNHSI Si7Cp* SizLi
I-72 I-73 1-80 1-81 1-85a 1-91 1-92
d(Si-Si)[A] | 2.7287 | 2.7076 2.551 2.556 2.604 2.648 2.560
largest ® [A] | +1.115 | +1.354 +1.281 +1.308 +1.314 +1.341 +1.287
-237.29/ -222.2/ -244.6/ -229.6/ -191.9/

S(ZQSiunsubst) -89.3 -274.2
-238.15 -2314 -260.7 -241.9 -195.7
Amax [nM] 623 473 364 468 472 326 450

A similar insertion into the cluster scaffold was observed by addition of NHC-stabilized dichloro
germylene to 1-85a. The reaction proceeds initially via a dangling side arm followed by
rearrangement to the germanium-inserted species. Subsequent reduction affords the
heterosiliconoids 1-95a-c (Scheme 18)338 with structures closely resembling the Si; cluster
scaffolds 1-91 and 1-92 (Scheme 17). Further examples of the endohedral cluster expansion
were reported for chalcogen-insertion into the siliconoid/tetrylene hybrid 1-85a yielding the
heterosiliconoids 1-96a-c (E = S, Se, Te) (Scheme 18),33 which adopt geometries similar to
those of the Sis clusters 1-93 and 1-94 (Scheme 17).13%¢!

Fk BB el e

/N\k

E = Sior Ge E=S, Se, Te E = Ge, Sn E = Ge, Sn
1-95a-c 1-96a-c 1-97a,b 1-98a,b

Scheme 18. Synthesis of heterosiliconoids 1-95-1-98 (© = Si, R = 2,4,6-triisopropyphenyl).[338-341]

It should be noted that treatment of disilenide 1-49 with GeCl.-dioxane or SnCl; in the presence
of lithium/ naphthalene leads to the digerma- and distannatetrasila analogues 1-98a,b of the
hexasilabenzene isomer (Scheme 18).340-342 |n the case of 1-98a, the digerma-substituted
dismutational isomer can be isolated and a slow isomerization to the global minimum isomer
I1-97a is observed at room temperature. Acceleration is achieved by heating to 65°C for 12
hours. For the tin analogue, however, the corresponding dismutational isomer 1-97b was not
detectable even at —80°C, indicating extremely low thermal stability.3*? Although 1-97a,b and
I1-98a,b cannot be considered true siliconoids due to their lack of a hemispheroidal silicon
vertex, their structures closely resemble those of the Sig siliconoids 1-72 and 1-73, hence they
can still be designated as heterosiliconoids. In a similar fashion, mixed clusters were reported

by the groups of Breher®*3l and Lips.B*
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A recent example for an anionic Si; siliconoid with a different core structure and only three
substituents was reported by Lips and co-workers. Reduction of their bicyclic Sis ring (1-74,
Scheme 10) with potassium graphite in presence of crown ether affords the Si; siliconoid
1-10084% vija formation of a homocyclic, isolable silylene.?*! To date, no reactivity has been
reported for this Si7 siliconoid.

R R 2 KCg, R R CeHs, 25°C,
o- 5;& ©) 2[K[18]crown-6] .. & five weeks
y —_— L),
R R -KR g
-[18]crown-6 ®
[K[18]crown-6-2THF]
1-74 1-99

Scheme 19. Synthesis of anionic Siz siliconoid 1-100 by Lips et al. via silylene 1-99.[346]
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2. Aims and Scope

As siliconoids serve as versatile model systems for bulk silicon, owing to their proposed role
as intermediates in the gas phase deposition process of elemental silicon, the investigation of
their formation mechanisms, the functionalization pathways and modelled “surface-chemistry”
is of fundamental research interest. In this context, our group has examined both endohedral
and exohedral expansions of siliconoids using Group 14 precursors as well as heteroatom
doping (see Chapter 1.2.3). Due to the unprecedented electronical behavior arising from the
partially unsubstituted and therefore highly reactive silicon atoms, siliconoids have recently
attracted attention as ligand systems. Though only a limited number of transition metal
complexes featuring siliconoids as ligands has been realized to date, and their application —

particularly in catalysis — remains scarcely explored.

One of the rare examples is the iridium siliconoid/silylene catalyst 1-87a (Chapter 1.2.3,
Scheme 15,) previously reported in our group. Reaction of Sis-siliconoid/silylene I-85a with
bis[(1,5-cyclooctadiene)iridium(l) chloride] affords 1-87a through opening of the silicon cluster
core accompanied by chlorination of the pendant silicon side arm.***! The presence of the
chloride substituent in 1-87a motivated a subsequent reduction step aimed at inducing a
rearrangement that may fully incorporate the iridium center into the cluster core (Scheme 20).

reduction (Mp)

CI/M_AN@
' ?

R.
AR 2 0
R
@ . eN/tBU
e
Il tBu Ph

1-87a A-1

Scheme 20. Proposed reduction of iridium complex 1-87a to A-1 (© = Si, Ma = alkali metal, R = 2,4,6-
triisopropyphenyl).

A rearranged, supposedly heterobimetallic cluster A-1 would provide access to potential
transmetallation pathways toward heteromultimetallic transition metal complexes, a class of
compounds currently of considerable interest because of their catalytic performance, for
example as enzyme surrogates,?349 in the production of dihydrogen for energy storage
applications®% or as homogeneous catalysts supported by main group ligand systems. 251352
Although the controlled introduction of an additional transition metal center into an existing
transition metal complex is often considered the most challenging step, several reports have
demonstrated successful transmetallation processes initiated by alkali metals.?%¥ Building on

this knowledge, the reactivity of a proposed heterobimetallic siliconoid A-1 toward early
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2. Aims and Scope

transition metal precursors should be explored in order to provide access to multimetallic

clusters for which significant potential as homogenous catalyst can be anticipated.

As noted earlier, the steric encumbrance imposed by the Tip substituents in SisTips derivatives
limits the range of isolable siliconoid-based transition metal complexes. With the exception of
iron carbonyl 1-86a (Chapter 1.2.3, Scheme 15), the isolation of first row transition metal
complexes employing Sie-siliconoid/tetrylene hybrids as directing ligands remained elusive
prior to the present work. This highlighted the need of further investigation into the chemistry
of the Si7 siliconoids, which possess an extended silicon scaffold relative to their Sis analogues
while retaining the number of Tip substituents. The thus improved accessibility of the
unsubstituted silicon vertices is expected to influence both the kinetic and electronic properties
of the clusters. To enhance the o-donating properties, as demonstrated for the of Sis-
siliconoid/tetrylene hybrids I-85a-c, the functionalization of the lithiated Sir core 1-92 with N-

heterocyclic tetrylenes was a central goal of this thesis (Scheme 21).

R R By R R
N© e
Tle el ssee o
cl L :
R ° @ N R £ tBu
Li tBu © \.@j\l
N
B8y Ph
1-92 A-2a-c

Scheme 21. Proposed formation of tetrylene-functionalized Si7 cluster A-2a-c (¢ = Si, E = Si (a), Ge (b), Sn (¢), R
= 2,4,6-triisopropyphenyl.)

With the proposed Sir-siliconoid/tetrylene species A-2a-c, investigations into their reactivity
toward first row transition metals should be performed and compared with corresponding
results for the Sis-siliconoid/tetrylene hybrids. In this context, another target of this thesis was
the incorporation of first row transition metals into the cluster scaffold: complexes of the type
A-3, which interact directly with the siliconoid cluster core, were anticipated (Scheme 22).

R R R R

R R R
R + ML
OE-,, -BUu M= 3dmetals

< EQ ,Bu
)/'.
| M \Q
,N’J\l{ L ,N/kPh
tBu Ph tBu
A-2a-c E = Si, Ge, Sn A-3a-c
Scheme 22. Complexation of transition metal precursors by proposed siliconoid/tetrylene hybrids A-2a-c (¢ = Si,
E = Si (a), Ge (b), Sn (c), M = 3d transition metal, L = ligand, R = 2,4,6-triisopropyphenyl).
The targeted transition metal siliconoid/tetrylene complexes A-3a-c should subsequently be
evaluated for their reactivity toward small molecules. Given that transition metal silylene
compounds have demonstrated pronounced activity in small molecule activation, enabled by
the free coordination sites at the metal centers which also render them as valuable

catalysts,[''3129 the potential of A-3a-c in homogeneous catalysis should further be explored.
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3. Results and Discussion

3.1 Heterobimetallic unsaturated silicon clusters (siliconoids) with transition metal-

expanded scaffolds

Reproduced from Luisa Giarrana, Nadine E. Poitiers, Alida Stirmer, Michael Zimmer, Volker
Huch, Bernd Morgenstern, David Scheschkewitz, Dalton Trans. 2025, 54, 10441-10447.
https://doi.org/10.1039/D5DT01135C with permission from the Royal Society of Chemistry and

all authors.

The results are additionally concluded and put into context in Chapter 4.
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We report a heterobimetallical unsaturated silicon cluster (siliconoid) with a formally anionic group
9 metal vertex (Ir) in close contact to the lithium counter-cation, thus constituting a rare example of tran-
sition metal-lithium interactions. The anionic cluster is obtained by reductive chloride elimination from
the corresponding neutral siliconoid complex of iridium(i) chloride with lithium/naphthalene. The pre-
viously exohedral transition metal center is fully incorporated into the siliconoid cluster scaffold giving rise
to an irida-heterosiliconoid reminiscent of the corresponding homonuclear Si; species. Despite the
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formal negative charge at the iridium center, the nucleophilic site is on one of the adjacent silicon vertices
judging from the reactivity toward group 4 metallocene dichlorides, Cp,MCl, (M = Zr, Hf). Under elimin-
ation of LiCl, the Cp,MCl moieties in the heterobimetallic products are installed as pending functionalities
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Introduction

Heterobimetallic species have been receiving growing attention
over the last decades due to their unique electronic and cata-
lytic properties. Mixed metallic compounds are frequently
used as catalysts, for instance in the production of H, in the
context of energy storage,'® as enzyme surrogates in water oxi-
dation'” or in (m)ethanol fuel cells.">? In Fischer-Tropsch
chemistry, bimetallic phases'® and - increasingly - heterobi-
metallic nanoparticles are competent heterogenous catalysts."
Numerous bimetallic main group-transition metal complexes
have been reported for their activity in homogenous catalysis,>
among them neutral compounds such as 1°* (N, reduction)
and anionic derivatives such as II (CO, derivatization).*” Late
first and second row transition metals readily form metal-
element bonds to E, ligands (e.g. E = group 13 to 15 atom), but
the controlled implementation of a second or third transition
metal center remains a challenge, especially if different to the
first.*

“Krupp-Chair in Inorganic and General Chemistry, Saarland University, Campus
C4.1 Saarbriicken, 66123 Saarbriicken, Germany.

E-mail: david.scheschkewitz@uni-saarland.de
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and 2447266. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d5dt01135¢
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under retention of the literally uncompromised iridasiliconoid core.

Due to the low electronegativity of the constituting
elements, main group metalloid clusters, such as Zintl
anions,’ represent competent ligand systems for late transition
metals and thus considerable potential in homogenous cataly-
sis.” Especially germanium and tin-based Zintl anions® and -
more recently - their silicon congeners have been employed as
extraordinarily electron-rich ligands towards transition metal
centers.” More specifically, Zintl clusters with either metal ver-
tices (e.g. I, Fig. 1)® or endohedral metal centers (e.g. IV)°
have been described, along with dimeric clusters such as V.’
Even multimetallic cluster species have been reported by the
groups of Goicoechea and Sevov: the straightforward addition
of a second transition metal to a rhodium-germanium cluster
VI leads to the formation of VII '° (Fig. 1) or a Rh-Ir intermetal-
lic cluster VIIL'* With the neutral thodium species VI, the first
example of a homogeneous catalyst derived from Zintl anions
was disclosed with considerable activity in alkene hydrogen-
ation and H/D exchange."’

As we proposed based on the isolation of lithiated
derivatives, unsaturated silicon clusters (siliconoids)'* as
otherwise neutral molecular species are conceptually related to
Zintl anions through the formal replacement of negative
charges by covalently bonded substituents.”® Accordingly, the
availability of nucleophilic anionic siliconoids provided access
to the first transition metal-substituted derivatives: a ligato-
lithiated Si, siliconoid served as a precursor for X-type ligation
toward M(Cp),Cl (M = Zr, Hf)."? In contrast, the realization of
L-type coordination required the grafting of a tetrylene

Dalton Trans., 2025, 54,10441-10447 | 10441
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Fig. 1 (a) Selected examples of heterobimetallic complexes with main
group elements and (b) transition metal-incorporating Zintl anions of
the main group elements (c) heteromultimetallic Zintl-type complexes
(0 = Ge, © = Ge-Hyp, 0 = Si; L = cyclooctadienyl, Hyp = tris(trimethyl-
silyU)silyl).

side-arm in the ligato position. The resulting globally neutral
metallasiliconoid 1 (Scheme 1),"**” however, exhibits only
partial incorporation of the group 9 metal into the cluster
scaffold due to the cage-opening chlorine transfer from the
transition metal. Nonetheless, 1 proved to be competitively
active and selective as the catalyst of the isomerization of
1-hexene to 2-hexene.

Herein, we report the first complete inclusion reactions of
any transition metal as hetero-vertices of siliconoids using a
reductive elimination approach. The reaction of 1 gives rise to
a 7-vertex iridasiliconoid reminiscent of the neutral Si, deriva-
tive. The product shows close contacts between the transition
metal centers and the lithium counter-cation, further high-
lighting the conceptual relationship between siliconoids and
Zintl anions. Finally, we demonstrate that heterobimetallic
complexes with group 4 metals are readily obtained by reaction

tBu
\ Ph
N
2 Li/CygHg —®N(
thf/ E4,0, ~
-78°c 5RT. R Bu . R R
-Licl T
R a /Ir(cod) R R
\lLi\
thf  “thf
1 2 (71%)

Scheme 1 Synthesis of Siglr-Li 2 by reduction of 12" with Li/C;oHg (0
= Si; R = 2,4,6-triisopropylphenyl, cod = 1,5-cyclooctadiene).
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of the anionic clusters with the appropriate metallocene
dichlorides.

Results and discussion

We anticipated that the reductive elimination of chloride from
the incompletely metal-incorporated siliconoid 1 may either
prompt the reintegration of its pending chlorosilyl group into
the cluster framework or its complete cleavage. Both eventuali-
ties could in principle result in additional metal-cluster inter-
actions and hence prompt the desired complete incorporation
of the metal center into the cluster core. Indeed, reaction of 1
with lithium/naphthalene in thf led to the complete cleavage
of the exohedral Tip,SiCl-group to yield a new product 2 in
71% isolated yield (Scheme 1). The lithium salt 2 was fully
characterized by X-ray diffraction on single crystals, UV/vis
spectroscopy and multinuclear NMR spectroscopy.

The product mixture shows the characteristic >°Si NMR
signal  of  tetrakis(2,4,6-triisopropylphenyl)disilene  at
52.8 ppm,'* which is apparently formed as a systematic by-
product that can however be separated by crystallization. The
distribution of the remaining *°Si NMR chemical shifts of 2 is
akin to that of Sig- and Si, siliconoids.'**“*¢ According to the
2D *°Si/"H correlation of the isolated product, the deshielded
signal at 152.8 ppm is assigned to the SiTip, unit and the
most shielded resonances at —184.0 and —226.3 ppm to the Ir-
bonded unsubstituted silicon vertices. One further highfield
signal at —103.2 ppm can be attributed to the vertex carrying
the amidinato silylene, which in turn gives rise to a signal at
36.0 ppm, slightly downfield-shifted compared to the precur-
sor (1: &°°Si 32.9 ppm).'*" The SiTip vertex resonates at
108.2 ppm and thus at unusually low field. Most notably, the
major “Li NMR signal of 2 is significantly downfield-shifted to
5.99 ppm. A minor broad signal at 1.12 ppm likely belongs to a
different coordination mode of the Li counter-ion that
however, does not affect the coordination and the chemical
shifts of the remaining nuclei.

Single crystals of 2 were obtained from hexane in 71% yield
and the molecular structure in the solid state was confirmed
by X-ray diffraction (Fig. 2a). The unit cell contains two mole-
cules of 2 in the asymmetric unit with slightly differing
bonding values. In the following, the arithmetic mean values
will be discussed (see ESI Table S2+t for exact values). The clea-
vage of the exohedral silyl group in 1 indeed resulted in the
full incorporation of the Ir(cod) center into a distorted benzpo-
larene motif in 2. The term benzpolarene was recently intro-
duced by our group to refer to the highly polarized, tetracyclic
global minimum isomer of benzene, in analogy to benzvalene
as another prominent isomer of benzene.'** The amidinato
silylene sidearm in 2 completes the coordination sphere at Ir1,
while Li1 assumes a bridging position across the Si2-Ir1 bond.

The anionic iridasiliconoid 2 is therefore best described as
a heteroanalogue of the doubly bridged propellane motif of
the Si, scaffolds IX and X, although with some noteworthy
differences (Fig. 2b).*>? While in IX and X, the “upper” three

This journal is © The Royal Society of Chemistry 2025
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a)

Fig. 2 (a) Molecular structure of iridasiliconoid as contact ion pair 2 in
the solid state. The inverted structure (1 — x, 1 — y, 1 — 2) is displayed for
consistent visualization. Hydrogen atoms omitted for clarity. Thermal
ellipsoids at 50% probability. Arithmetic mean values of selected bond
lengths [A] and angles [°]: Ir1-Li1 2.880(8), Si2—Li1 2.611(8), Ir1-Si2 2.641
(1), Ir1-Si6 2.344(1), Ir1-Si3 2.411(1), Si2-Si3 2.475(2), Si1-Si6 2.285(2),
Si1-Si5 2.321(2), Si1-Si2 2.327(2), Si1-Si3 2.423(2), Si2-Si4 2.388(2), Si3—
Si4 2.331(2), Si4-Si5 2.402(2); Si6—Ir1-Lil 122.7(2), Si3—Ir1-Lil 107.1(2),
Si3-Si2—-Lil 113.9(2), Si2-Ir1-Lil 56.3(2), Si6—Ir1-Si3 69.2(4), Si5-Sil—
Si6 149.9(7); (b) Central cluster motif in comparison with 7-vertex clus-
ters IX and X (0 = Si, R = 2,4,6-triisopropylphenyl, Cp* = CsMes).

silicon atoms are almost linear (IX: 173.8°, X: 174.0°) giving
rise for a seesaw coordination environment, the apical silicon
atom Sil of the central triangular motif of 2 is canted away
from the Si5-Si6 vector towards Si2, the basal silicon atom
connected to the lithium counter-cation (Si5-Si1-Si6 149.9
(7)°). This is presumably a consequence of the tetravalency of
this vertex (whereas Si3 is formally trivalent), which implies a
more electron-precise bonding situation with considerably
shorter bonds. Concomitantly, Si1 acquires a much more pro-
nounced hemispheroidal coordination environment (2: ¢ =
0.5542, IX: ¢ = —0.0390, X: ¢ = —0.0994)."* For a tetracoordi-
nate atom, the hemispheroidality parameter ¢ describes the
deviation of the “naked” silicon vertex from a reference plane,
defined by the three bonded atoms, for which the sum of
bond angles is closest to 360°, in comparison to a fourth sub-
stituent, which is set to be a negative value as per conven-
tion.’** If ¢ results in a negative value, a tetrahedral coordi-
nation is suggested, whereas a positive value indicates a hemi-
spheroidal coordination environment of the vertex in question.

The distance between the unsubstituted vertices in 2 (Si2-
Si3 2.475(2) A) is remarkably shortened compared to homonuc-
lear Sig and Si, siliconoids.'?*“%¢ The metal-silicon bond due
to the L-type coordination by the silylene side arm (Si6-Ir1
2.344(1) A) is significantly shorter than the X-type interaction
with the nudo-vertex Si3 (Si3-Irl 2.411(1) A). These values are
in line with previously reported silicon-iridium single bonds
(2.245 A-2.574 A).*® The pronounced lengthening of the third
silicon-iridium contact (Ir1-Si2 2.641(1) A) can be attributed to
the bridging by the lithium counteraction in the sense of an
unprecedented agostic 3c2e Ir-Si-Li interaction. In fact, only
very few Ir-M (M = alkali metal) contact ion pairs have been

This journal is © The Royal Society of Chemistry 2025
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crystallographically characterized.'® Despite its bridging
nature, the Ir1-Li1 distance of 2.880(8) A in 2 is in good agree-
ment with the reported Ir---Li distances in a diphenyliridate
(2.882/2.886 A)."” The distance between Si2---Li1 (2.611(8) A) in
2 is well within the range of further reported Si---Li siliconoid
distances (2.56-2.77 A).*>

The longest wavelength absorption in the UV/vis spectrum
of 2 at Anmax = 543 nm is slightly blue-shifted compared to the
starting material 1 (Amax = 576 nm) but red-shifted in contrast
to previously reported ligato-substituted siliconoids (Ayax = 364
to 521 nm)."***¢ The TD-DFT calculated value at Amaxcale =
528 nm (PBEO/DEF2-TZVPP level of theory)'® confirms the
assignment to the HOMO — LUMO transition (78% contri-
bution, see ESI} for further details). Besides, an additional
intense absorption band at 4 = 425 nm agrees well with calcu-
lated transitions at 418 nm (HOMO-3 — LUMO 35%,
HOMO-2 — LUMO 39%) and 430 nm (HOMO — LUMO + 3
78%) (ESI Table S7+).

We probed the reactivity of Siglr-Li 2 towards Me;SiCl and
Me;SnCl, as representative common electrophiles. The com-
ponents of the reaction mixture, however, could not be isolated
nor identified with certainty. To explore the application of
anionic Siglr-Li 2 as a precursor for the grafting of a second
transition metal center, we then investigated the reaction with
group 4 metallocene dichlorides as electrophilic substrates
(Scheme 2) since ZrCp,Cl, and HfCp,Cl, were shown to readily
undergo clean salt metathesis reactions in the case of homo-
nuclear siliconoids and as well as electron-precise silicon
species.'#2° The reactions of 2 with Cp,MCl, (M = Zr, Hf) in
benzene at room temperature yielded the corresponding sub-
stituted siliconoids 3a,b in isolated yields of 14% and 32%,
respectively. Interestingly, 3a proved to be much less stable
than 3b leading to as yet unidentified decomposition products
during work-up. The yields are furthermore compromised by
the competing formation of an unidentified side product,
which could be due to the elimination of CpLi according to
residual 'H and *C NMR signals in the spectra of 3a/3b at
5.869/5.810 ppm and 114.32/112.85 ppm, respectively (ESI{)."°
Attempts to detect CpLi by ’Li NMR, however, remained
unsuccessful.

The NMR spectra of 3a,b show very similar signal patterns.
The *°Si NMR signals were assigned based on 2D *°Si/"H NMR

N
StBU  ci,Mmep,
—_—
benzene, RT

CpM~c

3a (14%, M = Zr)
3b (32%, M = Hf)

Scheme 2 Synthesis of group 4 metallocenyl-substituted iridasilico-

noids 3a,b from 2 and Cl,MCp, (M = Zr (3a), Hf (3b); o = Si; R = 2,4,6-
triisopropylphenyl; cod = 1,5-cyclooctadiene).
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correlation spectra. The signals of the SiTip, unit (3a:
73.8 ppm, 3b: 75.9 ppm) are significantly upfield-shifted with
a AS of about 75 ppm compared to the starting material (2:
149.3 ppm). Similar highfield-shifts are observed for the SiTip
units, assigned based on the cross-peaks in the aromatic
region (2: 108.2 ppm, 3a: 73.5 ppm, 3b: 68.1 ppm). The reso-
nance attributed to the Si atom of the pending N-heterocyclic
silylene (3a: 30.5 ppm, 3b: 29.9 ppm) is found in the same
range as the corresponding signals of the precursors (1:
32.9 ppm, 2: 36.0 ppm) suggesting that the environment of the
coordinated Ir-cod moiety is mostly preserved. The most down-
field-shifted resonance compared to 2 is the signal assigned to
the Si-M atom (2: -226.3 ppm, 3a: —40.9 ppm, 3b:
—36.6 ppm). The two remaining highfield signals (3a:
—77.9/-131.9 ppm, 3b: —90.4/-131.1 ppm) correlate to the
unsubstituted silicon atoms (Si1, Si3) but are somewhat more
deshielded than in the  starting material  (2:
—103.2/-184.0 ppm).

Compared to the starting material 2, the longest wavelength
absorptions in the UV/vis spectra of 3a,b are considerably red-
shifted from Ay = 551 nm (2) to 601 nm (3a, Zr) and 647 nm
(3b, Hf) indicating a significantly smaller HOMO-LUMO gap.

Single crystals of both 3a (14%) and 3b (32%) were obtained
overnight from concentrated hexane solutions at —26 °C (3a)
and room temperature (3b) (Fig. 3). X-ray diffraction analysis
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confirmed the molecular structures in the solid state with for-
mation of bonds between the group 4 metal M (M = Zr, Hf)
and Si2 rather than Ir1, possibly because of the higher stability
of Si-M bonds®>' compared to bimetallic transition metal
bonds as well as the larger differences in electronegativity
(Pauling values Si 1.90, Zr 1.33, Hf 1.3, Ir 2.20).>> The
elongated distance between Si2 and Ir1 (Fig. 3, 3a: 2.726(1) A,
3b: 2.748(1) A) compared to 2 (2. 641(1) A) suggests a some-
what weaker interaction in line with the presence of the
additional Si2-M bond. Consequently, the Si2-Si3 bond (2:
2.475(2) A) is shortened to the length of a typical Si-Si single
bond (2.30-2.40 A, 3a: 2.388(1) A, 3b: 2.390(2) A).>” The Si2-M
bond lengths (3a: 2.744(9) A, 3b: 2.723(1) A) are on the shorter
end of reported Si-M (M = Zr, Hf) single bonds (Si-Zr =
2.7429-2.924 A, Si-Hf = 2.729-2.939 A)."*$*' Comparable bond
distances were reported for tris(trimethylsilyl) hafnium deriva-
tives by Rheingold, Geib and Tilley, (dsie = 2.729 A/
2.748 A)*'*? and for a zirconocenecyclosilane by Marschner
and coworkers (2.743 A).>'¢ Table 1 compares pertinent struc-
tural and spectroscopic data of heterobimetallic siliconoids 2,
3a and 3b.

As in the case of 2, the seesaw coordination at Sil is
strongly distorted to a hemispheroidal environment (3a: ¢ =
0.7148, 3b: ¢ = 0.7206). The more covalent bonding of the
Si-M bond in 3a and 3b gives rise to even more acute Si5-Si1-Si6

Fig. 3 Molecular structures of heterobimetallic siliconoids 3a (left) and 3b (right) in the solid state. The inverted structure (1 — x, 1 — y, 1 — z) is dis-
played for consistent visualization. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are set at 50% probability. Selected bond lengths [A]
and angles [°]: (a) Ir1-Si2 2.726(1), Ir1-Si3 2.345(9), Ir1-Si6 2.319(9), Zr1-Si2 2.744(9), Zr1-Cl1 2.452(9), Si2-Si3 2.388(1), Si1-Si3 2.495(1), Si1-Si2
2.336(1); Si6—Ir1-Si3 71.0(3), Si6—Ir1-Si2 78.3(3), Si3—Ir1-Si2 55.6(3), Ir1-Si2—Zr1 112.4(3), Cl1-Zr1-Si2 103.0(3), Si3—Si4-Si2 60.2(4), Si5-Si4-Si2
101.0(4) Si5-Si1-Si6 136.4(2); (b) Ir1-Si2 2.748(1), Ir1-Si3 2.345(1), Ir1-Si6 2.318(2), Hf1-Si2 2.723(1), Hf1-ClI1 2.420(1), Si2-Si3 2.390(2), Si1-Si3
2.492(2), Si1-Si2 2.338(2); Si6—Ir1-Si3 70.9(5), Si6—Ir1-Si2 78.1(4), Si3—Ir1-Si2 55.3(4), Ir1-Si2—Hf1 113.9(5), Cl1-Hf1-Si2 100.8(4), Si3—-Si4-Si2 57.5
(5), Si5—Si4-Si2 101.1(6), Si5—-Si1-Si6 135.9(7).

Table 1 Selected analytical data of 2 and 3a,b. Literature data of precursor 1 for comparison!?"

5°°Si NHSi 5°°Si unsubstituted d (Si-si,
Compound [ppm] Si [ppm] unsubstituted) [A] d(si2-M) [A] < Si5-Si1-Si6 [°]
Si;Ir 1 32.9 —125.6/-128.8 2.305(2)/2.548(2) 2.305(2) —
Siglr-Li 2 36.0 —184.0/-226.3 2.475(2) 2.658(1) 149.9(7)
SigIr-Zr 3a 73.5 —77.9/-131.9 2.388(12)/2.495(1) Si2---Irl 2.726(1)/Si2-Zr1 2.744(9) 136.4(2)
SiIr-Hf 3b 68.1 —90.4/-131.1 2.390(2)/2.494(2) Si2---Ir1 2.748(1)/Si2-Hf1 2.723(1) 135.9(7)
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angles than in 2 (3a: 136.4(2)°, 3b: 135.9(7)°, 2: 149.9(7)°) and
the Si, siliconoids IX and X (Fig. 2, IX: 173.8°, X: 174.0°).">¢
Although the Cl1-M1-Si2 angle (3a: 103.0(3), 3b: 100.8(4)°) is
more acute than expected, an initially suspected Ir-Cl inter-
action is unlikely given the rather long distances (Ir---Cl:
4.5206(9) A (3a), 4.478(2) A (3b)).

Conclusions

In conclusion, we report on the isolation and full characteriz-
ation of the first heterobimetallic siliconoid with fully incor-
porated transition metal vertex. The contact ion pair 2 com-
prising the anionic iridasiliconoid and the lithium counter-
cation resembles the corresponding Si, siliconoid species.
Reactions of 2 with Cp,MCl, (M = Zr and Hf) results in the
heterobimetallic siliconoids 3a and 3b in which the group
4 metal moiety is exohedrally attached to the silicon vertex in
a-position to iridium while the irida-incorporated heterosilico-
noid scaffold is preserved in principle.
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3. Results and Discussion

3.2 Tetrylene-Functionalized Si—Siliconoids

Reproduced from Luisa Giarrana, Michael Zimmer, Bernd Morgenstern, David Scheschkewitz,
Tetrylene-Functionalized Siz—Siliconoids. Inorg. Chem. 2024, 63, 20083-20087.
https://doi.org/10.1021/acs.inorgchem.4c00474 with permission from all authors and ACS
(https://pubs.acs.org/articlesonrequest/AOR-MBZBMJ34PWKDBXPETSXG).

The results are additionally concluded and put into context in Chapter 4.
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ABSTRACT: The core expansion of metallic or metalloid clusters by the addition of further homo- or heteronuclear vertices is
pivotal to the nucleation and growth of particles. The exohedral grafting of a low-valent functionality followed by endohedral
incorporation have been identified as key steps. Following previous work on the Sig series, we now report the synthesis and full
characterization of the amidinatotetrylene-functionalized seven-vertex siliconoids Si;R;[E(N'Bu),CPh] (E = Si, Ge, Sn). In the case
of the silylene derivative, the solid-state structure was determined by single crystal X-ray diffraction.

he growth processes of nanoparticles have attracted

considerable interest in past decades, which will likely
further increase with the recent award of the Nobel prize in
chemistry for the discovery and development of quantum
dots." Unsaturated silicon clusters (siliconoids) serve as
isolable molecular model systems for intermediates during
the deposition of elemental silicon in bulk and nanoscalar
form.” A variety of siliconoids has been isolated since the first
report by one of us in 2005, for example by Wiberg et al.,*
Kyushin et al.,*>*”# Iwamoto et al,,” Breher et al.,** Fassler et
al,® Lips et al,” and our group.®

Anionically functionalized siliconoids undergo atomically
precise core expansion through a repeatable two-step process:
nucleophilic substitution of one of the Cp* groups of Jutzi’s
SiCp*, silicon(II) reagent followed by reductive cleavage of
the residual second Cp* moiety, in both cases as Cp*~,*!
reiterates the oxidative addition/reductive elimination events
during nanoparticle growth. The use of Roesky’s amidinato-
chlorosilylene [PhC(‘BuN),]SiCl as an alternative electrophile
allowed for the isolation of a plausible yet unobserved
intermediate of the siliconoid expansion, a silylene-substituted
Sig siliconoid.*® While cluster expansions with transition metals
are well-established for substituent-free Zintl anions of
germanium and tin,” the pending silylene functionality was
shown to be a prerequisite as an auxiliary ligand for the
incorporation of transition metals to neutral siliconoids.*® We
also demonstrated that substitution/reduction sequences
applied to heavier tetrylenes EX, (E = Ge, Sn) lead to the
endohedral and exohedral incorporation of the corresponding
tetrel atom or moiety to the siliconoid cluster.*"”

In a similar vein, the reduction of the neutral Si, siliconoid I
with lithium/naphthalene affords the lithiated siliconoid
Si;RsLi II, which was reported to directly afford SigR;Cp*
III with an exohedral Si=Si double bond upon treatment with
SiCp*, (Figure 1).%¢ Plausibly, this reaction as well proceeds
via the initial occurrence of an Si; cluster with exohedral Cp*-
silylene functionality, which could not be observed exper-
imentally either, as in the case of the corresponding Sis — Si,
expansion.”® We therefore became interested in the prepara-
tion of tetrylene-substituted Si; siliconoids in order to check

© 2024 The Authors. Published by
American Chemical Society
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whether its unique core structure with seesaw-type coordina-
tion of the central silicon atom is similarly persistent as the
hexasilabenzpolarene®*** motif of the Sis siliconoids.

We here report the straightforward and essentially
quantitative reactions of the lithiated siliconoid IT with
amidinatochlorotetrylenes of the Roesky-type leading to
tetrylene-substituted Si, siliconoids, as shown by multinuclear
NMR analysis and confirmed by a representative X-ray
diffraction study on single crystals of the silylene case.

Amidinatochlorotetrylenes readily undergo salt metathesis
reactions.*"®'" The resulting substitution products are
considerably less prone to rearrangements than Cp*-
substituted silylenes'' due to the electron donation by the
nitrogen lone pairs to the silicon center. Moreover, we have
shown previously that the ligato-lithiated hexasilabenzpolarene
I can be readily functionalized with pending amidinatote-
trylene groups under retention of the uncompromised
hexasilabenzpolarene cluster core. We therefore anticipated a
similar behavior for the corresponding Si, motif. Indeed, the
treatment of lithiated Si, siliconoid II with the appropriate
amidinatochlorotetrylene (E = Si, Ge, Sn) la—1c'’ results in
an instantaneous color change of the reaction mixture from
orange to dark red/brown accompanied by precipitation of a
colorless solid, presumably LiCl. The rapid and uniform
conversion of the starting materials was confirmed by 'H NMR
monitoring of the reaction mixtures (Scheme 1). The similarity
of the °Si NMR spectra to that of II suggested the formation
of the desired tetrylene-siliconoid hybrids 2a—2c and thus the
complete preservation of Si; core structure.*! The assumed
products 2b and 2c¢ were isolated as red-brown solids after
filtration from hexane in 67—71% yield, while 2a was isolated
as brown crystals from a concentrated pentane solution.
Compounds 2a—2c were characterized by multinuclear NMR,
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Figure 1. Previously reported Si; siliconoid motifs and extension to Sig with SiCp*, (magenta ball = Si; R = 2,4,6-triisopropylphenyl).

Scheme 1. Grafting of Group 14 Tetrylenesla—1Ic to the Si,
Cluster Scaffold of IT Resulting in Tetrylene/Siliconoid
Hybrids2a—2c (Magenta Ball = Si; E = Si, Ge, Sn; R = 2,4,6-
Triisopropylphenyl)

R R
R R Bu R R
R R ,‘\‘\ toluene, RT,
@ S. 5min
* Ph N/g\CI -LiCl R @E‘
R S) | P
L@ Bu E=Si Ge, Bu—N’, .
Ph
L} 1a-c 2a 64% (Si)

b 67% (Ge)
¢ 71% (Sn)

Figure 2. Molecular structure of silylene-substituted siliconoid 2a in
the solid state. Hydrogen atoms have been omitted for the sake of
clarity. Thermal ellipsoids are set at the 50% probability level. Selected
bond lengths (A) and angles [°]: Si3—Si8 2.4066(8), Sil—Si2
2.6199(7), Sil—Si5 2.3507(8), Si2—SiS 2.3259(8), Sil-—Si3
2.3392(8), Si2—Si3 2.3542(8), Si3—Si4 2.4027(8), Sil—Si7
2.3333(7), Si2—Si7 2.3389(8), Si4—SiS 2.3658(8), SiS—Si6
2.3663(8), Si6—Si7 2.4131(8); Si4—Si5—Si6 174.83(3), Sil—Si3—
Si8 135.87(3), Si2—Si3—Si8 131.57(3), Si4—Si3—Si8 123.93(3), SiS—
Si2—Sil 56.38(2), Si2—SiS—Sil 68.14(2), Si5—Sil—Si2 55.48(2),
Si7—Si1—Si3 109.54(3).

elemental analysis, UV/vis and IR spectroscopy. Moreover, the
representative molecular structure of 2a was confirmed by an
X-ray diffraction analysis on single crystals.

Single crystals suitable for X-ray analysis of silylene/
siliconoid hybrid 2a were obtained from a concentrated
pentane solution at —26 °C in 64% isolated yield (Figure 2).
The compound crystallizes in triclinic space group P1 with two
molecules of 2a and one molecule of pentane in the
asymmetric unit. The silylene-functionalized siliconoid 2a

exhibits an analogous geometrical arrangement of the Si, vertex
as the neutral Si;Tip;Cp* I and lithiated II, which is also
manifest in the 2°Si NMR shifts. The cluster core can be
described as [1.1.1]-pentasilapropellane in which two of three
propeller blades (Si3, Si7) are bridged to the third (SiS) by the
disubstituted silicon atoms Si4 and Si6, resulting in the
aforementioned seemingly strained bonding situation with
seesaw-type tetracoordination at SiS. The distance of the
unsubstituted Sil and Si2 atoms is with 2.6199(7) A just in
between those of the lithiated Si,Li IT (2.5596(8) A) and the
neutral Si,Cp* I (2.648(1) A).*! The Si3—Si8 bond length in
2a is 2.4066(8) A and hence in the range of the other Si—Si
single bonds within the cluster scaffold (2.259(8)—2.4131(8)
A), which is reminiscent of the reported distances in lithiated
Si, IL* As previously found for the tetrylene-substituted Si,
the cluster core is hardly affected by the nature of the
silylene.”® Compared to the corresponding Sig—Si bond of
2.4294(9) A,*® the bond Si3—Si8 distance in 2a is slightly
shortened, indicating a stronger interaction between the cluster
and the tetrylene moiety.

Similar to the reported data of the lithiated Si, II
(174.00°),% the Si4—Si5—Si6 bond angle is almost linear
with 174.83(3)°. According to our previously published
formalism for discrimination between a distorted tetrahedral
and hemispheroidal coordination,” the hemispheroidality
parameter ¢ was determined. For this purpose, a reference
plane is required, defined by those three bonded atoms (Si2,
Si4, and Si6 in the case of SiS as unsubstituted vertex) that
exhibit a sum of bond angles closest to 360° (Y ;s = 359.88°).
The deviation of the fourth atom of the coordination sphere
(Sil) from this plane is set to a negative value as per
convention. The hemispheroidality parameter ¢ is given by the
sign of the deviation of the unsubstituted vertex (SiS) from the
reference plane in comparison to the aforementioned fourth
substituent (Sil). A positive value indicates a hemispheroidal
coordinated vertex and a negative value, a (distorted)
tetrahedral coordination.”® The resulting hemispheroidality
parameter ¢ = —0.0220 A for Si5 is only marginally negative,
in line with a strongly distorted tetrahedral environment, as
already apparent from visual inspection.

The *°Si NMR spectra of 2a—2c reveal the diagnostic wide
dispersion for siliconoids.”**>** All signals were assigned
based on 2D 'H/*Si correlation NMR spectra (Table 1).
Furthermore, we supported the trends of the observed 2°Si
NMR shifts with theoretical calculations at the OLYP/def2-
TZVP'? level of the B3LYP/def2-TZVP"-optimized structure
of 2a (Table 1, the OLYP functional is ideal for unsaturated
silicon clusters as we have shown previously,®! see the
Supporting Information for further details). The unique yet
unsurprising feature of the silylene-substituted siliconoid 2a is
a signal at 24.1 ppm due to the pending silylene center. The
chemical shift of the remote monosubstituted SiTip vertex Si7
at approximately 160 ppm remains close to invariant in 2a—2c¢
irrespective of the nature of the tetrel element. The same

https://doi.org/10.1021/acs.inorgchem.4c00474
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Table 1. Experimental and Calculated®’Si NMR Shifts (ppm) of SiliconoidsI and II and Siliconoid-Tetrylene Hybrids2a—2c”

Si,Cp* 1(84] Si,Li 1184
Sil —229.6 [-237.6] —-191.9 [-197.0]
Si2 —241.9 [-255.5] —195.7 [—204.8]
Si3 181.9 [180.3] 284.3 [292.1]
Si4 2.6 [10.6] 10.8 [18.1]
Sis —138.4 [—139.4] —66.1 [-73.1]
Si6 15.0 [20.2] 60.1 [78.4]
Si7 156.0 [154.6] 148.0 [150.7]
Si8

Si,NHSi 2a
—211.6 [-217.5]
—219.0 [—222.1]
211.7 [216.4]
0.3 [6.2]

—101.2 [-108.8]
32.4 [37.7]
159.6 [158.8]
24.1 [25.2]

?Calculated shifts at the OLYP/def2-TZVP'? level of theory in brackets.

Si,NHGe 2b
—209.6 [—217.9]
—217.6 [—222.1]
2202 [221.7]
—0.1 [4.5]
—100.7 [—109.3]
32.4 [39.3]
160.4 [159.4]

Si;NHSn 2¢
—198.3 [—215.1]
—210.9 [-222.3]
237.8 [220.6]
5.7 [43]

—85.8 [—104.6]
37.9 [43.7]
163.3 [161.0]

ARV AN I ARV
1T 7L =< ghvvii
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HOMO -4.76 eV
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LUMO -1.90 eV

HOMO-1-5.11eV HOMO-2-541eV HOMO-3-5.59 eV

Figure 3. Canonical orbitals of 2a at the B3LYP/def2-TZVP level of
theory (contour value = 0.05).

applies to the two SiTip, moieties with unremarkable
resonances at about 0 and 35 ppm. Conversely, the signals
of the tetrylene-carrying Si3 are progressively deshielded from
2a (E = Si, 211.6 ppm) via 2b (E = Ge, 220.2 ppm) to 2¢c (E =
Sn, 237.8 ppm). The same effect, although less pronounced,
applies to the seesaw-coordinated Si5. The 'H NMR spectra
exhibit strictly analogous splitting patterns for 2a and 2b, while
2c shows a slightly different splitting (see the Supporting
Information for details) although the relative intensities are still
in line with the structurally corresponding stannylene-
siliconoid 2c. The '”Sn NMR spectrum of 2c shows one

singlet at 196.6 ppm obviously originating from the stannylene
center. Although it is considerably downfield shifted compared
to the Cl-substituted amidinato precursor 1c (29.6 ppm),'*
the effect is much less pronounced than in the case of the Sig-
stannylene (267.8 ppm (major)/336.5 ppm (minor)).”
Furthermore, only one set of signals was observed in the *Si
and the '”Sn NMR spectra for 2b and 2c, confirming the
presence of just a single rotational isomer in solution.*® In the
CP-MAS *’Si NMR spectra, 2b and 2c show broadened signals
due to the amorphous character of the samples. The
observation of an additional signal not present in solution
(2b E = Ge, —59.4 ppm, 2¢ E = Sn, —60.1 ppm) is tentatively
attributed to contamination with air and/or moisture during
measurement due to the less than perfectly closing sample
rotors (see the Supporting Information for details).

To investigate the electronic properties of the novel
structures, we optimized the tetrylene—siliconoid hybrid
2a—c at the B3LYP/def2-TZVP'® level of theory (see
Supporting Information for details). The optimized geometry
of 2a nicely reproduces the one determined experimentally in
the solid state, albeit with slightly elongated bonds. The
diagnostic **Si NMR shifts for 2a—2c calculated by the GIAO
method at the OLYP/def2-TZVP'? level of theory are an
excellent match with the experimental values (Table 1). The
HOMO predominantly represents the tetrel lone pair, while
the HOMO-1 primarily consists of cluster-bonding orbitals
(Figure 3). The LUMO+1 is situated at the seesaw-
coordinated Si5 as well as the Si4 and Si6 atoms, and the
LUMO is located at the basal Si atoms of the siliconoid moiety
(Sil, Si2, Si3, Si7), which is reminiscent of the corresponding

Table 2. Comparison of Wavelengths 1., Oscillator Strengths f, and Excitation Energy E from Experimental and TD-DFT"*

Calculations for Siliconoid-Tetrylene Hybrids2a—2c

DFT

experimental
Amax (nM) excitation energy E (eV) Amax (D)

2a 532 2.3308 589
514

371 3.3418 424

2b 514 2.4125 556
513

407 3.0463 408

2c 520 2.3843 562
S1S

417 29732 413

excitation energy E (eV)

oscillator strength f transitions (% contribution)

2.1138 0.0124 HOMO—-LUMO (99)
2.411S 0.0052 HOMO-1-LUMO (98)
2.9232 0.0568 HOMO—LUMO+1 (96)
2.2286 0.0085 HOMO—-LUMO (99)
2.4150 0.0056 HOMO-1-LUMO (98)
3.0415 0.0605 HOMO—LUMO+1 (76)
HOMO-1-LUMO+1 (16)
2.2077 0.0088 HOMO—-LUMO (99)
2.405S 0.0067 HOMO-1-LUMO (97)
3.0002 0.0596 HOMO-1-LUMO (4)
HOMO-1-LUMO+1 (3)
HOMO—-LUMO+1 (60)
HOMO—LUMO+2 (4)
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orbitals in the unfunctionalized hexasilabenzpolarene
SigTips ™ as well as Breher et al’s Si;Mess propellane.*
Likewise, the HOMO—3 suggests a weak bonding interaction
between the nudo-atoms (Sil, Si2) and strongly resembles the
HOMO-1 in SisMess as well as the HOMO-2 in
hexasilabenzpolarene SigTips.

The longest wavelength absorptions in the experimental
UV/vis spectra (see Supporting Information) are observed as
very broad bands at 4, = 532 nm (& = 704 M™! cm™}, 2a),
514 nm (e = 580 M~ cm™!, 2b), and 520 nm (e = 870 M™!
cm™, 2c). These values are strongly red-shifted compared to
the corresponding Sig-tetrylene hybrids (SigNHSi 472 nm,
SigNHGe 436 nm, SigNHSn 436 nm).*® Although TD-DFT
calculations somewhat overestimate these red shifts, the trends
within the series are nicely reproduced, in particular when
considering the very broad nature of absorption bands and the
associated large uncertainty in the determination of the
maxima (Table 2, Figures S31 and S$32). The calculated
HOMO-LUMO gaps are in the range of the reported values
for siliconoids.**** Additional absorption bands at around
371—-417 nm (Table 2) and 324-345 nm (Supporting
Information Table S8) are observed and are in agreement
with the calculated values. According to TD-DFT, they arise
from a combination of several transitions (see Supporting
Information for details).

In conclusion, we successfully grafted heavier group 14
amidinato tetrylenes to the Si, cluster of II, thus providing
access to tetrylene-functionalized Si, siliconoids 2a—2c. In
contrast to the cluster expansion previously observed upon
reaction of II with Jutzi’s decamethyl silicocene to IIL* the Si,
cluster core remains unperturbed, reiterating our observations
for the reactions of the heavier group 14 tetrylenes with the
ligato-lithiated Sig siliconoid. We are currently investigating the
properties of 2a—2c as ligands toward various transition
metals.
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3.3 Stable Nickel Complexes of a Siliconoid/Silylene Hybrid Ligand: Competent

Hydrosilylation Catalysts for Terminal Olefins
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The results are additionally concluded and put into context in Chapter 4.

Author Contributions

Luisa Giarrana
Lead: Data curation, formal analysis, investigation, writing (original draft)

Equal (D.S.): Conceptualization

Dennis Welterlich

Supporting: Data curation, formal analysis, investigation

Michael Zimmer
Lead: Data curation (VT- and solid-state NMR)

Supporting: Formal analysis, methodology, validation

Bernd Morgenstern
Lead: Data curation

Supporting: Formal analysis, methodology, visualization

David Scheschkewitz

Lead: Funding acquisition, project administration, resources, supervision, writing (review &
editing)

Equal (L.G.): Conceptualization

Supporting: Formal analysis, investigation, methodology

49


https://doi.org/10.1039/D6QI00025H

Open Access Article. Published on 11 February 2026. Downloaded on 2/17/2026 8:37:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

FRONTIERS

RESEARCH ARTICLE

’ M) Check for updates ‘

Cite this: DOI: 10.1039/d6gi00025h

Received 5th January 2026,
Accepted 11th February 2026

DOI: 10.1039/d64i00025h

rsc.li/frontiers-inorganic

[o{elyy CHINESE ™ L OYAL SOCIETY
QSN CHEMICAL
Y SOCIETY PN OF CHEMISTRY

View Article Online
View Journal

Stable nickel complexes of a siliconoid/silylene
hybrid ligand: competent hydrosilylation catalysts
for terminal olefins

Luisa Giarrana, (22 Dennis Welterlich,® Michael Zimmer,®
David Scheschkewitz (2 *@

Bernd Morgenstern® and

The use of abundant, first row transition metals instead of platinum group metals is a contemporary goal
in homogenous catalysis research. Electron-rich silylenes are increasingly established as viable alternatives
to carbene-based ligand systems. Here we report that — depending on the first row transition metal frag-
ment employed — a silylene hybridized with a Si;-siliconoid (TipsSi;NHSi 1) either coordinates to the
metal centre via the silylene side-arm exclusively (Fe(CO), complex) and thus retains an unperturbed met-
alloid core or coordinates in a chelating manner involving the donation by unsubstituted vertices (Ni
(cod)-fragment, cod = 1,5-cyclooctadiene). The siliconoid/silylene ligand 1 is bonded more strongly than
cod so that the latter is readily replaced by PPhz or CO ligands. The cod derivative is catalytically active in
the hydrosilylation of terminal olefins with the secondary silane Ph,SiH,.

Introduction

Transition metal complexes are still the benchmark in hom-
ogenous catalysis. Especially the precious late 4d and 5d tran-
sition metals show outstanding catalytic activity in the value-
added transformations of small molecules such as CO, CO,,
NH; or H,."? The toxicity, low abundance and high price of
these metals moved 3d transition metals into focus over the
last years.® Their lower propensity for 2e” redox steps,
however, requires the use of non-innocent ligands and hence
metal-ligand cooperativity in many cases.”” More recently, the
incorporation of heavier elements of the p-block into the
ligand system has proven to induce chemical non-
innocence.® ™ In particular, low-valent motifs such as sily-
lenes, germylenes and stannylenes have been employed as
ligands towards base metals in order to improve their perform-
ance in homogenous catalysis.”* ™’

Even with chemically innocent coordination environment,
nickel is an outstanding catalyst in many homogenous trans-
formations, for instance, in alkene hydrogenation and cross-
coupling reactions.””*" The nickel complexes with amidinato-
stabilized silicon(un) 1*> and with dialkylsilylene ligand II
(Fig. 1)** paved the way for a broad variety of stable Ni(0) com-
plexes with low-valent group 14 ligands."**® A mixed NHC/
NHSi-stabilized Ni complex III reported by Driess et al. acti-

“Krupp-Chair for General and Inorganic Chemistry, Saarland University, 66123
Saarbriicken, Germany. E-mail: scheschkewitz@mx.uni-saarland.de
bService Center X-ray Diffraction, Saarland University, 66123 Saarbriicken, Germany
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vates dihydrogen and thus reductively transforms HBcat into a
' borylene complex.>* Subsequently, various bis(silylenes)
with different bridging backbones such as Iv,>> V¢ or vI*’

a) @ NI(CO),  MesSi sive, MD'p
Messi-No_
Ph—<(®/s'cI i N 1 i i Ni(NHC),
cl
Bu Me,Si’ SiMes
| ] 1]
L )\ Bu
D me o /a PNC):
N\@./ u S| —»NI~PR3
Ph‘«ﬁfs'\ >‘F’h N|(1 3- cod)
1 }3\\ /S[-N
Bu S|Me3tBu s|@ \@L
’N®N—-tBu
v
c)
cod) cod
@ (cod)Niy _Ni(cod)

Vil IX

Fig. 1 Selected examples of low-valent group 14 ligands with nickel (a,
b and c) (o = BH, o = Ge, o = Ge-Hyp (Hyp = Si(SiMez)3), o = Si, Dip =
2,6-diisopropylphenyl, 1,3-cod = 1,3-cyclooctadienyl, cod = 1,5-
cyclooctadienyl, NHC = N,N'-diisopropyl-3,4-dimethylimidazol-2-
ylidene).
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were employed as bidentate ligands for nickel to result in the
activation of H,, CO, or NH; and other small molecules.** 98

Group 14-based cluster systems®*>' have recently come to
the fore as potentially redox-active ligands, but examples of
their coordination to nickel are scarce and studies on catalytic
activity even rarer. The Goicoechea group reported on the
capping of a Ni(u) centre onto the dianionic Gey Zintl cluster
VII ** (Fig. 1). The corresponding rhodium derivative can be
converted to the heterodimetallic Ni,-Rh-Ge, cluster VIIL*®
Although the Rh-Geg-cluster is an active catalyst in the hydro-
genation of cyclooctadiene (cod), in case of VII no information
on catalytic activity is available. The only silicon-cluster based
nickel complex thus far was isolated by Korber et al. as the
eightfold negative charged, dimeric Sig—(Ni(CO),),-Siy cluster
IX** with no reported catalytic activity. Siliconoids (unsatu-
rated silicon clusters)®®?°?>7*% have been employed as ligands
to various transition metals.>*” The incorporation of an ami-
dinato silicon(u) side arm proved a useful strategy to enable
coordination to electroneutral transition metal fragments, for
instance to Fe(CO), with Sig siliconoid/silylene hybrid ligand
X, yet nickel complexes of siliconoids remain elusive.

In view of the catalytic activity of an iridium complex
derived from X in alkene isomerization,®” we had previously
attempted to coordinate it to a nickel carbonyl fragment
(in situ-generated from Ni(cod), under CO atmosphere) but iso-
lated nickel-free XI instead (Scheme 1) as the product of com-
plete CO cleavage. DFT calculations regarding the mechanism
of CO splitting, however, suggested cooperativity between the
siliconoid core and the nickel centre in experimentally unde-
tected intermediates.*® Plausibly, the lack of space at the Sij
core of X prevents the observation, let alone isolation of any
involved nickel complex.

We therefore anticipated that an expansion to a Si, core
could increase the available space for metal coordination.
Indeed, we now report the isolation and full characterization
of siliconoid-transition metal complexes employing a core-
expanded Si; cluster with pending amidinato-silylene as a
ligand.*® While the Fe(CO), fragment is only coordinated by
the silylene sidearm, the reaction with Ni(cod), results in a
product with distinct interactions of the Si, core with the
nickel centre. Straightforward ligand exchange of cod yields
the corresponding PPh; and CO complexes. Competent cata-
lytic activity in hydrosilylation of terminal alkenes is demon-
strated. During benchmark reactions with Ni(cod),, we unex-

Ni(cod),
CO, 1 bar
—_—

Scheme 1 Reported reaction of Sig siliconoid/silylene hybrid with CO
in the presence of Ni(cod), (o = Si, R = 2,4,6-triisopropylphenyl).*®
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pectedly found that this simple Ni(0) precursor exhibits
remarkable activity in these alkene hydrosilylations as well,
which once more illustrates the importance of appropriate
control experiments in homogenous catalysis.

Results and discussion

In order to quantify our assumption regarding the reduced
steric demand of the Si; system, we initially investigated the
complexation of the Si; siliconoid/silylene hybrid 1*° to an Fe
(CO), fragment, aiming for a direct comparison with the Sig
system X-Fe(CO),.>® Reaction of 1 with one equivalent of
Fe,(CO)y at 60 °C (aluminium heating block temperature) in
benzene overnight indeed leads to quantitative conversion.
The desired iron tetracarbonyl complex 2 crystallizes in 46%
yield from pentane (Fig. 2, top). Notably, the corresponding
products could not be obtained with the corresponding germy-
lene or stannylene-Si,-hybrids.*

The molecular structure of 2 in the solid state as deter-
mined by single crystal X-ray diffraction (Fig. 2, bottom)

Fe,(CO)g
Bu CeHe, 60 °C
/7 —_—
N overnight

Fig. 2 Top: Reactivity of TipsSi;NHSi 1 towards Fe,(CO)g (o = Si, R =
2,4,6-triisopropylphenyl). Bottom: Molecular structure of iron tetracar-
bonyl siliconoid/silylene hybrid 2 in the solid state. Hydrogen atoms are
omitted for clarity. Thermal ellipsoids at 50% probability. Selected bond
lengths [A] and angles [°]: Fe-Si8 2.253(6), Si3-Si8 2.391(8), Si1-Si2
2.618(8), Si1-Si3 2.315(8), Sil-Si5 2.332(8), Si1-Si7 2.323(7), Si2-Si3
2.366(7), Si2-Si5 2.346(8), Si2—-Si7 2.356(8), Si3—Si42.428(8) , Si4-Si5
2.388(7), Si5—-Si6 2.381(7); Fel-Si8-Si3 129.0(3), Si4-Si5-Si6 171.0(3),
Si8—Fel-C4 171.7(9).

This journal is © the Partner Organisations 2026
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reveals a silylene-coordinated Fel centre with a Fe-Si8 bond
length of 2.253(6) A, considerably shortened compared to X-Fe
(CO), (2.384 A)*” but well within the range of reported steri-
cally unencumbered Si-Fe(CO), species (2.196-2.405 A).*'™**
The short Fe-Si bond length is a first indication for the validity
of our working hypothesis that the expanded cluster core may
ease the steric strain in the envisaged complexes. For a more
quantitative description, we calculated the percent buried
volume %V, *>*® of 2 vs. that of X-Fe(CO), using the
SambVca open-source application.”” As expected, X shows a
somewhat larger buried volume of 64.9%V,,, in comparison
with 1 (55.3% Vi) at the iron centre of the Fe(CO), fragment.>®
The assumption of a better accessibility of 1 compared to X is
thus confirmed in principle; both values are at the upper end
of the range found for typical bulky ligands. For context,
common ligands for transition metals exhibit %V}, values of
around 30-60%.*% Sterically more demanding ligands exceed
these values: the carbazole ligand by Hinz with 74.8%,* the
triazene by Masuda (80.1%)°° or a tetradentate combination of
N,N and P,P ligands by Constable and Housecroft (88.0%).>"
As in X-Fe(CO),,%® the Si, system 2 shows no interactions
between the cluster core and the iron moiety. The Si1-Si2 dis-
tance is at 2.618(8) A almost identical with that in the free
ligand 1 (2.620 A).*° The CO ligands complete the trigonal-
bipyramidal coordination sphere of the iron centre with C-O

bond lengths (1.144-1.152 A) and Fel-C distances
(1.769-1.794 A) in the range of reported Fe(CO),
complexes.*'***? The most notable distortion from the cluster

bonding situation in the free ligand 1 is the Si4-Si5-Si6 seesaw
angle of 171.0(3)° in 2, which is slightly smaller than in 1
(174.8°).%°

The ?°Si NMR spectrum of 2 shows the familiar wide signal
distribution of siliconoids with eight signals in the range of
172.7 to —209.0 ppm. The signal at 172.7 ppm, assigned to Si3
based on 'H/*’Si 2D NMR spectra, is significantly upfield-
shifted compared to the free ligand 1 (211.7 ppm).*° In con-
trast, the signal of the silylene moiety (Si8) is strongly down-
field-shifted from 24.1 ppm (1)*° to 100.5 ppm (2), which is
very similar to the reported shift differences between X and its
iron complex.*® Owing to Berry pseudorotation, the *C NMR
spectrum of 2 reveals only one single signal for the four
characteristic CO ligands at high field at 216.79 ppm.>*

FT-IR spectroscopy reveals four CO stretching vibrations
(Voo,ep = 2026, 1953, 1923, 1907 cm™'), in line with the
absence of symmetry in 2. The carbonyl stretching frequency
at Voo,exp = 2026 em™ is in accordance with that of the silylene
complex of Fe(CO); (Voo exp = 2026 ecm™") reported by Jana and
Roesky,*! suggesting a similar ligand-to-metal c-donation but
a slightly higher donation than in the Sis-analogue (Voo exp =
2022 cm™"). Theoretical support is provided by calculations at
the B3LYP/def2-TZVPP>*™ level of theory with stretching fre-
quencies at Voo cate = 2009 and 1901 ecm™". The longest wave-
length UV-Vis absorption of 2 occurs at Amaxexp = 525 Nm (& =
380 M~ cm™") with a bathochromic shift compared to that of
the Sig-analogue (Amaxexp = 470 M, & = 1890 M~ cm™')** but a
marginally hypsochromic shift compared to the starting

This journal is © the Partner Organisations 2026
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material 1 (Amaxexp = 532 M, € = 704 M~ ecm™).*° The experi-
mental values for 2 are in good agreement with the TD-DFT
results (Amax cale = 528 nm; see SI for details).

For the envisaged coordination to a nickel centre, we opted
for bis(cyclooctadiene) nickel(0) Ni(cod), as precursor, given
that Ni(CO), is highly volatile and toxic (and not commercially
available). Addition of 1 eq. of solid Ni(cod), to a solution of 1
in toluene at ambient temperature caused a colour change of
the mixture from brown to blackberry red. After work-up (see
SI), the desired Ni-siliconoid complex 3a was isolated as dark
red, block-shaped crystals in 46% yield (Scheme 2). The
residual cod ligand in 3a can be readily replaced by adding 1
eq. of solid PPh; to the reaction mixture of 1 and Ni(cod),
affording the triphenylphosphine-derivative 3b in 49% yield.

Single crystals were obtained from a concentrated pentane
solution of 3a,b at —26 °C. X-ray diffraction analysis confirmed
the solid-state structure of 3a in the triclinic space group P1
and 3b in the monoclinic space group 12/a (Fig. 3). In contrast
to the previously discussed iron complex 2, an interaction of
the transition metal atom with the Sil and Si3 atom is
observed for 3a/3b. The overall decreased congestion at the
unsubstituted silicon vertices given their increased number in
the Si,/silylene scaffold 1 compared to the Sig-hybrid X not
only allows stable nickel coordination in the first place but
also gives rise to significant interactions with the cluster core.
In 3a,b, the Ni1 atom is not only coordinated by the central Si8
atom of the silylene unit (Si3-Si8 3a: 2.183(8) A/3b: 2.212(5) A),
as in the case for iron in 2, but also by the Si1 and Si3
atoms. With bond distances of 2.302(5) A (3a)/2.216(8) A (3b)
the Si1-Ni1 bond lengths are well within the common range
(2.075-2.499 A),19:22728:34:58-61 while the distances between Si3
and Nil are with 2.428(5) A (3a)/2.379(8) A (3b) slightly
elongated. In 3a, a longer Si1-Nil bond accompanied by a
shorter Si1-Si3 bond (2.429(6) A) is observed while the reduced
donor strength of PPh; leads to a contraction of the Si1-Ni1l
bond and thus a slight elongation of the Si1-Si3 bond in 3b
(3a: 2.429(6) A; 3b: 2.468(1) A). These structural parameters
reflect the stronger o-donor character of the cod ligand com-

Ni(cod),
toluene, RT
- cod
/
tBu
1 3a, 46%
R + PPhg
cod l toluene, RT

/
PhsP  fBU

3b, 49%

Scheme 2 Synthesis of nickel siliconoid/silylene complexes 3a and 3b
(o = Si, R = 2,4,6-triisopropylphenyl).
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b)

Fig. 3 Molecular structure of Ni(cod)-3a (left) and Ni(PPh3)-siliconoid/silylene complex 3b (right) in the solid state. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids at 50% probability. Selected bond lengths [A] and angles [°]: (a) Ni1-Si1 2.302(5), Ni1-Si3 2.428(5), Ni1-Si8 2.212(5), Si1-Si2
2.674(6), Si1-Si3 2.429(6), Si1-Si5 2.362(6), Si1-Si7 2.324(6), Si2-Si5 2.335(6), Si2—Si7 2.352(6), Si2—Si3 2.392(1), Si3—-Si8 2.291(6), Si3—Si4 2.424(6),
Si4-Si5 2.371(6), Si5—-Si6 2.362(6), Si6—Si7 2.425(6); Si8—Nil-Sil 108.6(2), Sil-Nil-Si3 61.7(2), Si8—Nil-Si3 59.0(2), Si4-Si5-Si6 171.7(2); (b) Ni1l-P1
2.200(7), Ni1-Sil 2.216(8), Ni1-Si3 2.378(8), Nil-Si8 2.183(8), Si1-Si2 2.782(1), Si1-Si3 2.468(1), Si1-Si5 2.366(1), Si1-Si7 2.294(1), Si2-Si5 2.336(1),
Si2—Si7 2.384(1), Si2-Si3 2.400(1), Si3-Si8 2.293(1), Si3—-Si4 2.422(1), Si4-Si5 2.373(9), Si5-Si62.378(1), Si6—Si7 2.409(1); Si8—Nil-Sil 120.2(3), Sil—

Ni1-Si3 64.9(3), Si8—Nil-Si3 60.2(3), Si4—Si5-Si6 173.1(4).

pared to PPh;, while also highlighting the influence of the
appreciable m-acceptor ability of PPh; on the electronic struc-
ture at the nickel centre. In agreement with lowered electron
density in the Si, scaffold due to tighter bonding of the Ni1
centre in 3b compared to 3a, the distance between the Si1 and
Si2 atom of 2.782 (1) A in 3b exceeds the distances between the
unsubstituted vertices of so far reported propellane-like silico-
noids (2.551 to 2.728 A), while for 3a it is with 2.674(6) A in the
reported range.>**%***° The concomitant upfield-shift of the
Si2 atom in the *°Si NMR spectrum of 3b (3a: —340.7, 3b:
—287.6 ppm) is in line with the above mentioned shift of
cluster electron density towards the perimeter of the Si2 atom.
The seesaw Si4-Si5-Si6 angle in 3a of 171.74(2)° is similar to
that in 2 (171.0(3)°) and hence, slightly smaller than for 3b
(173.10(4)°) and the previously reported Si, cluster scaffolds
(Si,TipsCp*: 173.8°, Si,TipsLi: 174.0°, TipsSi,NHSi 1:
174.8°).>%*° The geometry around the Ni centre in 3a is
approximately tetrahedral with the coordinating silicon ver-
tices (Si1 and Si8) and the two geometrical centres of the n>-co-
ordinated C=C double bonds of the cod ligand, which is com-
parable to the case of NHSi(Cl)-Ni(CO); I.>* In stark contrast,
the substitution of the cod ligand by PPh; leads to a trigonal
planar coordination environment around Nil in 3b (largest
deviation from Si1-Si8-Ni1-P1 plane for Nil = —0.018 A),
similar to the situation in V.>°

Interestingly, in case of V, a substitution of the cod moiety
by two PMe; units was shown to lead to a more symmetric
tetrahedral geometry, a scenario likely prevented in case of 3b
by insufficient space to accommodate two PPh; ligands.

Inorg. Chem. Front.

Although the smaller %V,..*>*® of 1 compared to X in the
context of Fe(CO), coordination indicates better accessibility
as noted above, the tighter coordination under participation of
the siliconoid core results in a much higher value of %V, =
69.9 at the nickel centre in 3b.

The *°Si NMR spectra of 3a and 3b retain the typical wide
distribution observed for siliconoids,***°?°**° albeit less pro-
nounced than in 2. The range of the chemical shifts covered in
3b is with A6 = 360.8 ppm considerably smaller in comparison
to 1 but also to 3a (Table 1), (1: As = 430.7;"° 3a A =
429.8 ppm). The former low-field signal of the SiTip group Si7
(1: 211.7 ppm, 2: 172.7 ppm) is upfield-shifted by no less than
A5 > 122 ppm for 3a (§ = 50.0 ppm) and 3b (§ = 63.9 ppm, d,
YJpsi = 8.80 Hz). We suggest that this pronounced shielding of
Si7 is a consequence of the perturbation of the cluster current,

Table 1 Experimental and calculated 2°Si NMR shifts (ppm) of silico-
noid complexes 3a—c at ambient temperature in C¢Dg. Calculated shifts
at the TPSSh-D3(BJ)/def2-TVP>%57:6263 |eyel of theory in brackets

3a (L = cod) 3b (L = PPhy) 3¢ (L =(CO),)
Si1 ~154.0 [-148.1] —87.3 (d) [-68.5] ~160.5 [~160.9]
Si2 —340.7 [-354.9] —287.6 (d) [-291.0] —342.2 [-354.4]
Si3 ~10.2 [-9.0] 0.4 [6.5] —4.0[-7.7]
Sia ~13.3[-18.7] —41.4[-45.2] ~10.1[-11.6]
Si5 -83.1[-81.1] —60.0 (d) [-68.2] —81.9 [-78.5]
Si6 39.0 [35.1] 39.7 [30.6] 44.6 [37.1]
Si7 50.0 [56.5] 63.9 [65.4] 70.9 [80.1]
Sis8 89.1 [90.4] 73.5 [84.6] 96.5 [93.1]
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characteristic of siliconoids,?*?**¢° by coordination of Ni to the
Si, core. The basal unsubstituted vertex without nickel contact Si2
is strongly shielded in both 3a and 3b compared to the free
ligand (3a: —341 ppm; 3b: —287.6 ppm (d, *Jps; = 28.5 Hz); cf. 1:
—219 ppm). The most downfield-shifted signals are now due to
the amidinato-substituted silicon(u) centre Si1 coordinated to
nickel (3a: 89.1 ppm; 3b: 73.6 ppm, ¢f. 1: 24.1 ppm (ref. 40)). The
apical, substituent-free cluster vertex Si5 resonates at compara-
tively lower field (3a: —154.0 ppm; 3b: —87.3 (d, */ps = 8.50 Hz)
ppm; ¢f 1: —211.6 ppm). The *'P{'"H} NMR spectrum of 3b shows
a single signal at —26.4 ppm. The shifts are in good agreement
with the GIAO calculated values for the optimized structures 3a
and 3b (B3LYP-D3(BJ)/def2-TZVP level of theory>*>"*%) at TPSSh/
def2-TZVP level of theory (Table 1).%>%

In case of the siliconoid/silylene hybrid ligand X with the Sig
core, the addition of Ni(cod), in a CO atmosphere had been
shown to give rise to the incorporation of a completely cleaved
CO moiety into the periphery of the cluster scaffold. This led to
the formation of a formal Si=C double bond to the amidinato-
substituted silicon(n) centre in XI (Scheme 1).*® We therefore
probed the behaviour of 3a,b towards carbon monoxide. Stirring
of 3a,b under CO (1 bar) led to a colour change from blackberry
red to blood red (Scheme 3). To avoid secondary decomposition
reactions, the reaction was stopped immediately after dis-
appearance of the last violet tint by removal of all volatiles under
reduced pressure. The product 3c crystallizes from pentane in
44% yield. Due to the facile decomposition in reaction mixtures
and under reduced pressure, the complete work-up needed to be
carried out at slightly reduced temperatures (<10 °C) until iso-
lation of 3c in the form of a crystalline solid, which is then stable
even when redissolved.

The *C NMR spectrum of isolated 3¢ shows two additional
signals at low field, 6 = 196.3 and 204.9 ppm, which are
assigned to the carbonyl ligands based on their similarity with
those of comparable Ni-carbonyl complexes (6 = 199.3 and
202.5 ppm for Roesky’s amidinato silylene-Ni(CO); I** and & =
198.8 and 206.2 ppm for the mixed silylene-carbene co-
ordinated Ni(CO), complex reported by Driess®®). The *°Si
NMR signals of isolated 3c are similar to the Ni(cod) complex
3a: a lowfield signal at 96.6 ppm for the remote silicon atom
and three highfield signals at —81.9, —160.4 and —342.0 ppm
for the unsubstituted Si atoms. This supports a structurally
and electronically similar geometry to that of 3a.

The longest wavelength absorption in the UV-Vis spectrum
of 3a at Amaxexp = 538 N (e= 8190 M~ ' cm™") is reproduced

R R
CO, 1 bar R
toluene, tBu
= |
- col
’ RV
ocC co !
Bu
3c, 44%

Scheme 3 Reactivity of nickel siliconoid/silylene hybrids 3a,b towards
CO (o = Si, R = 2,4,6-triisopropylphenyl).
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well by TD-DFT calculations on the optimised minimum struc-
ture of 3a. It is assigned to a combination of three transitions
at Amaxcale = 546 nm (HOMO — LUMO 52.6%), 520 nm
(HOMO-1 — LUMO 72.6%) and 516 nm (HOMO — LUMO+1
65.4%) at the TPSSh/def2-TZVP level of theory®>®>”*% (for
details see SI). The different coordination geometry of the
central nickel atom in 3b is manifest in a strong red-shift of
the experimental longest wavelength UV-Vis absorption of
approximately A1 = 56 nm. It is observed as a broad band at
Amaxexp = 596 nm (624 M~" em™") tailing to about 700 nm.
Notably, the extinction coefficient is one order of magnitude
smaller than in case of 3a, which suggests considerable effect
of the ligand exchange on the electronic structure (vide infra).

TD-DFT calculations at the TPSSh/def2-TZVP level of theory
assign the observed bands to a weak transition at Amaxcalc =
740 nm (HOMO — LUMO 89.6%) and slightly stronger tran-
sitions at Amaxcalc = 572 nm (HOMO — LUMO+1 76.8%) and
555 nm (HOMO — LUMO+2 92.3%). A second absorption in
the experimental UV-Vis spectrum of 3b at Amax,exp = 519 Nm (&
= 1127 M~' em™) is assigned to the calculated transition at
472 nm for the (HOMO—4 — LUMO 31.0%). The colour
change in the reaction to 3c to a lighter red becomes apparent
in the blue-shifted absorption in the UV-Vis spectrum (Amaxexp
=525 nm, € = 9630 M~" cm™"), compared to the precursors 3a
and 3b (3a: Amaxexp = 538 M, € = 8190 M~ cm™, 3b: Amaxexp =
596 nm, £ = 624 M~ cm™"), but in reasonable agreement with
the calculated value at Amax cale = 506 nm, (HOMO — LUMO + 2
99.6%). The calculated transitions correspond to HOMO-
LUMO gaps of AE = 3.00 eV (3c)/2.88 eV (3a)/2.39 eV (3b),
which reproduces the experimentally observed trend (3¢ (2.37
eV) > 3a (2.31 eV) > 3b (2.08 eV)). Owing to the geometry of 3b,
featuring the trigonal planar-coordinated Ni centre, DFT calcu-
lations suggest an amidinato-centred LUMO in contrast to 3a
and 3c, where the LUMO is mostly localized at the unsubsti-
tuted Si vertices of the siliconoid ligand, resulting in a smaller
HOMO-LUMO gap in 3b (Fig. 4). The lack of spatial coinci-
dence of HOMO and LUMO results in the smaller extinction
coefficient of 3b compared to 3a and 3c.

The molecular structure of 3c in the solid state was con-
firmed by X-ray diffraction analysis on single crystals grown
from a pentane solution at —26 °C (Fig. 5). Just as 3b, the CO
complex 3c crystallizes in the monoclinic space group I2/a.
The central geometry around the nickel centre (Si1-Ni1-Si8
108.6(4)°/C1-Ni1-C2 111.1(2)°) is like in 3a approximately
tetrahedral. The seesaw angle Si4-Si5-Si6 (173.6(5)°) is in good
agreement with 3b and the free ligand.’**° Ni1-Si bond dis-
tances in 3¢ (Ni1-Si1 2.335(9) A, Ni1-Si3 2.501(1) A, Ni1-Si8
2.236(1) A) are slightly elongated compared to 3a,b (3a Ni1-Si1
2.302(5) A, Ni1-Si3 2.428(5) A, Ni1-Si8 2.212(5) A; 3b Ni1-Si1
2.216(8) A, Ni1-Si3 2.378(8) A, Ni1-Si8 2.183(8) A), which can
be attributed to the strong n-acceptor character of CO, leading
to increased competition for metal-based backdonation and
an associated weakening of the Ni-Si interaction.>***%45% The
Ni1-C1/C2 (Ni1-C1 1.807(4) A, Ni1-C2 1.799(4) A) as well as
the C-O (C1-0O1 1.135(4) A, C2-02 1.130(5) A) bond lengths
are in the expected range.>*>*%43
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Fig. 4 Selected frontier orbitals of nickel complexes 3a—c at the
B3LYP/def2-TZVP level of theory®>*~>” (contour value = 0.05).

Fig. 5 Molecular structure of Ni(CO),-siliconoid/silylene complex 3c in
the solid state. Hydrogen atoms are omitted for clarity. Thermal ellip-
soids at 50% probability. Selected bond lengths [A] and angles [°]: Nil—
Si1 2.335(9), Ni1-Si3 2.501(1), Ni1-Si8 2.236(1), Ni1-C1 1.807(4), Ni1-C2
1.799(4), C1-01 1.135(4), C2-02 1.130(5), Si1-Si2 2.667(1), Si1-Si3 2.444
(1), Si3—-Si8 2.310(1); C1-Ni1-C2 111.1(2), Ni1-C1-01 175.4(4), Ni1-C2-
02 177.3(4), Si1-Ni1-Si8 108.6(4), Si1-Si3—Nil 56.3(3), Si8-Si3—Nil 55.2
(3), Si1-Si3-Si8 102.6(5), Si4—Si5-Si6 173.6(5).

The FT-IR spectrum of 3¢ exhibits significant CO-stretching
bands at 2015 and 1976 cm™". The bands in the IR spectrum
of 3¢ are more red-shifted in comparison with other reported
Si-Ni(CO), silylene-ligands, comparable to the NHSi-NHC-Ni
(CO), compound by Driess et al. (Vgo = 1952 and 1887 cm™),**
the bis(NHSi)-Ni(CO), by Radius (Vo = 2039 and 2006 cm™)*
and the dimeric Si, cluster by Korber et al. IX (Voo 1999 and
1937 cm™').>* This observation implies a similarly strong o-
donating ability of the siliconoid/silylene ligand 1 as the above
mentioned low-valent silicon species, which is due to the
enhanced Ni — CO n-backdonation of the electron-rich
ligands.

In view of the relevance of hydrosilylation, especially in
industrial scale,®®®” precious transition metals such as plati-
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num remain the gold standard.’® The application of the
lighter congeners, like nickel, has attracted increasing atten-
tion in recent years owing to the higher abundancy,® "
however most complexes only show moderate reactivity under
harsh conditions.”””* In a preliminary test, we added a cata-
Iytic quantity of 3a to PhSiH; to test its activity towards
primary silanes. Vigorous gas evolution indicated the for-
mation of H, and indeed oligo- and polysilanes are detected in
the reaction mixture as major products. Apparently dehydro-
coupling is the favourable reaction pathway for sterically unde-
manding silanes. In contrast, the tertiary silane Et;SiH did not
show any reactivity at all towards styrene in the presence of 3a.
As a compromise in terms of steric congestion, we chose the
secondary silane Ph,SiH,, and indeed, the addition of catalytic
quantities of 3a to Ph,SiH, led to the desired conversion of
alkene substrates with minor formation of disilanes and
higher oligomers as by-products and was therefore selected for
more detailed investigations regarding the scope of alkene
substrates. Reaction of cyclohexene with Ph,SiH, did not show
any sign for the conversion to the hydrosilylation product even
after 72 h, instead exhibiting signals assigned to the formation
of tetraphenyldisilane and the according hydrogenation
product cyclohexane. We concluded that the steric hindrance
is limiting the accessibility of the catalyst and hence, only the
de-hydrocoupling side-reaction followed by hydrogenation is
observed in case of internal alkenes (see NMR spectra in the
SI), and we thus turned our attention to terminal alkenes.

To identify optimal reaction conditions, we performed a
more detailed pre-screening for the hydrosilylation of vinyltri-
methylsilane with Ph,SiH, in the presence of variable catalyst
loadings of 3a-c (Table 2). With 0.5 mol% of catalyst 3a in
CeDg at ambient temperatures, we observed full conversion of
vinyltrimethylsilane after two hours under formation of the
anti-Markovnikov product A in 46% spectroscopic yield (entry

Table 2 Screening of the reaction conditions for the hydrosilylation
catalysis of vinyltrimethylsilane (mesitylene as internal standard)

MesSiT N+ PhySiH, —— o o N\ SHP2
RT, CeDs
Cat. loading  Conversion Spectr. Time
Entry Cat. [mol%] [9%] yield A[%]  [h]
1 None 0 0 0 >48
2 3a 0.5 >99 46 24
3 3a 0.05 >99 45 8
4 3a 0.05 >99 23 72°
5 3b 0.5 29 24 48¢
6 3b 0.05 8 0 48
7 3c 0.5 8 0 48¢
8 3c 0.05 4 0 48
9 Ni 0.5 >99 43 <1
(cod),
10 Ni 0.05 >99 42 5.5
(cod),
11 Ni 0.05 >99 31 5.57
(cod),

0.6 mmol substrate, 1.1 eq. diphenylsilane.  In the presence of Hg.
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2). Lowering the catalyst loading to 0.05 mol%, required a
longer reaction time of 8 h (A 45%, entry 3), yet the selectivity
for A over by-products such as oligosilanes and presumably
the twofold-substituted silylation product remains virtually
unaffected. There are no indications for the formation of the
Markovnikov product M in these cases. A mercury drop test
revealed a slower reaction to A with an overall lower spectro-
scopic yield, however exhibiting a higher ratio of A compared
to the twofold-substituted silylation product (23:6) than in
the reaction without the presence of Hg (9:5).(entry 4), indi-
cating that the catalyst is partially decomposed to nickel par-
ticles in the course of the reaction, which are known to be
highly active but unselective in heterogenous catalysis.”*”> A
blank run without any catalyst gave no conversion at all after
more than 48 h (entry 1). Employing phosphine and carbonyl
derivatives 3b and 3c as catalysts resulted in incomplete con-
versions at 0.5 mol% and a negligible conversion at 0.05%
(entries 5 to 7). Their lack of catalytic activity can be attributed
to the tighter coordination of the phosphine and carbonyl
ligands in 3b and 3c compared to the cod ligand in 3a, block-
ing the binding site for the alkene and silane substrates more
effectively. Intended as another control experiment with regard
to the precatalytic activity, we probed the -catalysis with
0.5 mol% of Ni(cod), under the same conditions as for 3a.
Surprisingly, an even faster conversion of vinyltrimethylsilane
(50 minutes, entry 9) was observed. With reduced catalyst
loading 0.05 mol% of Ni(cod), full conversion is achieved after
5.5 h, with the anti-Markovnikov species A as the major
product (42.5%, entry 10). Although there are many examples
reported for the hydrosilylation with Ni(cod), in combination

View Article Online

Research Article
with a stabilizing ligand, e.g. phosphines or NHCs,”®”” there
are only very few reports on catalysis using Ni(cod), itself on
substrates such as styrene,”® o-(trifluormethyl)styrene”® and
imines.®® To the best of our knowledge, the Ni(cod),-catalysed
hydrosilylation of unactivated terminal alkenes has never been
reported. While 3a is thus somewhat less active than Ni(cod),
itself, it can still be considered a competent catalyst for the
anti-Markovnikov hydrosilylation of vinyltrimethylsilane.

After the preliminary optimization of the reaction para-
meters with the vinyltrimethylsilane benchmark, we sought to
expand the substrate scope to other terminal alkenes.
Additional electron-rich examples, namely 1-hexene, vinyl- and
allyl cyclohexane, and allyltrimethylsilane were investigated
but also comparatively electron-poor styrene and allylbenzene
included for comparison. Reactions were carried out at
ambient temperature in C¢Dg with the catalyst load kept con-
stant at 0.05 mol% of 3a (Table 3). As above, control experi-
ments employing Ni(cod), as the catalyst were performed
under the same conditions for comparison (see SI, Table S1).
While the anti-Markovnikov product A is obtained without any
sign for the formation of the Markovnikov product M in the
electron rich cases (entries 1 to 5), electron-poor styrene and
allylbenzene unexpectedly gave rise to the branched product in
an almost 1:1 ratio (entries 6 and 7).°*%"% Note that
Markovnikov hydrosilylation - formerly considered an unde-
sired outcome - has been moving into focus in recent years.®”

Concerning the hydrosilylation with catalyst 3a, a general
trend becomes apparent. While all cases investigated react to
full conversion resulting in turn-over numbers (TONs) of
approximately 2000, higher turnover frequencies (TOFs) up to

Table 3 Catalytic hydrosilylation of terminal olefins with Ph,SiH, using nickel complex 3a as a homogeneous catalyst

H SiHPh, SiHPh,
Rj/\H +  Ph,SiH, O.OS;FOIZ, I[:)NI] 3a H H + H H
S R H H R
H H H
anti-Markovnikov (A)  Markovnikov (M)
Entry Substrate Time [h] Conversion [%] Product Spectr. yield [%] TOF [h™']
1 NNNF 0.25 >99 A 39 8000
2A Me3sSi ~ 1 30 A 24 640
2B 4 79 A 40 400
2C 8 >99 A 45 250
3A MesSis -~ 8 27 A 20 67
3B 192 83 A 45 9
3C 408 >99 A 48 5
4A O/\ 0.08 60 A 33 14 300
4B 72 97 A 37 27
4C 168 >99 A 59 12
5A Z 0.5 34 A 13 1350
5B O/\/ 192 85 A 38 9
5C 408 >99 A 40 5
6A X 2 33 A:M 9:16 530
6B ©/\ 24 90 A:M 23:29 75
6C 54 >99 A:M 27:31 37
7A Z 0.5 30 A:M 18:13 1190
7B ©/\/ 24 88 A:M 33:32 73
7C 54 >99 A:M 38:34 37
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8000 h™" are observed for the open chain substrates such as
1-hexene (entry 1) and the vinyl-substituted alkenes (entries 2,
4 and 6). Spectroscopic yields of A up to 59% (entries 1, 2C
and 4C) are obtained without any evidence for the formation
of the Markovnikov product (M). On the other hand, the allyl-
substituted substrates (entries 3 and 5) show rather slow con-
versions with TOFs down to 5 h™" and spectroscopic yields of
A around 40-48% (entry 3C and 5C). In contrast, the electron-
poor substrates styrene and allylbenzene (entry 6 and 7)
produce an almost equimolar spectroscopic ratio of M to A
with TOFs of around 37 h™" at full conversion. Presumably due
to catalyst degradation, the TOFs are decreasing during the
progress of the reactions (entries 2-7 A vs. B vs. C). Moreover,
the formation of unidentifiable/volatile byproducts reduces the
(spectroscopic) yield of the A/M hydrosilylation products.

To put the obtained results into perspective: Tilley et al
reported a dimeric, halogenated Ni catalyst reaching TONs of
up to 970 (0.1 mol%, 17 h at 23 °C) with a selectivity ratio of
3:1 in favour of terminal hydrosilylation,® while a nickel
pincer complex reported by the group of Hu on the other
hand, gives even higher TONs and TOFs (up to 100 000 h™" at
0.01 Mol%/83 000 h™" at 0.025 mol%).*> Employing Ni(cod),
as the catalyst results in instant conversion of 1-hexene reiter-
ating the result with vinyltrimethylsilane as a substrate (see SI,
Table S1). Allylcyclohexane and allyltrimethylsilane were not
fully converted in the presence of Ni(cod), even after 21 days
likely because of catalyst degradation (see SI, Table S1). In con-
trast, 3a resulted in full conversion of both substrates, albeit
slowly (TOF 5 h™* each, entries 3C and 5C, Table 3).

Conclusions

In summary, we reported the preparation and full characteriz-
ation of a terminal Fe(CO), complex of a Si,/silylene hybrid
ligand. Unlike in the case of the corresponding Sie/silylene
system, the lower steric demand of the organic residues per
silicon cluster vertex also allowed for the preparation of a
series of the first stable nickel complexes of a siliconoid/sily-
lene with 1,5-cyclooctadiene, triphenylphosphine and carbon
monoxide acting as auxiliary ligands. The coordination
environment of the PPh; derivative stands out with a trigonal
planar nickel centre while the cod and CO complexes show dis-
torted tetrahedral nickel coordination spheres. The cod-co-
ordinated nickel complex turned out to be active in the hydro-
silylation of terminal alkenes with an interesting preference
for anti-Markovnikov regioselectivity in case of electron-richer
substrates and unselective formation of both regiomers for
electron-poor alkenes.

Author contributions

L. Giarrana performed the synthetic work and data analysis
with partial support by D. Welterlich; L. Giarrana. and
D. Scheschkewitz designed the study. D. Scheschkewitz

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

acquired the funding; B. Morgenstern performed the X-ray
diffraction studies. M. Zimmer performed the solid state and
variable temperature NMR measurements. L. Giarrana per-
formed the DFT calculations. L. Giarrana wrote the initial
manuscript draft. L. Giarrana and D. Scheschkewitz reviewed
and edited the manuscript.

Conflicts of interest

There are no conflicts of interest to declare.

Data availability

All data associated with this manuscript are available in the
supplementary information (SI). Supplementary information is
available. See DOLI: https://doi.org/10.1039/d6qi00025h.
CCDC 2504459 (2), 2504461 (3a), 2504467 (3b) and 2504470
(3¢) contain the supplementary crystallographic data for this
86a-d

paper.

Acknowledgements

Funding by the Deutsche Forschungsgemeinschaft (DFG SCHE
906/4-4) is gratefully acknowledged. Instrumentation and tech-
nical assistance for this work were provided by the Service
Center X-ray Diffraction, with financial support from Saarland
University and German Science Foundation (project number
INST 256/506-1). The authors thank Prof. Stella Stopkowicz for
access to her computational cluster.

References

1 R. H. Crabtree, The Organometallic Chemistry of the
Transition Metals, John Wiley & Sons, Hoboken, NJ, 2009.

2 K. S. Egorova and V. P. Ananikov, Which metals are green
for catalysis? Comparison of the toxicities of Ni, Cu, Fe, Pd,
Pt, Rh, and Au salts, Angew. Chem., Int. Ed., 2016, 55,
12150.

3 T. ]. Hadlington, Heavier tetrylene-and tetrylyne-transition
metal chemistry: it’s no carbon copy, Chem. Soc. Rev., 2024,
53, 9738.

4 W. L. Dzik, X. P. Zhang and B. de Bruin, Redox noninno-
cence of carbene ligands: carbene radicals in (catalytic)
C—C bond formation, Inorg. Chem., 2011, 50, 9896.

5 K.-S. Feichtner and V. H. Gessner, Cooperative bond acti-
vation reactions with carbene complexes, Chem. Commun.,
2018, 54, 6540.

6 R. C. Cammarota, L. J. Clouston and C. C. Lu, Leveraging
molecular metal-support interactions for H, and N, acti-
vation, Chem. Rev., 2017, 334, 100.

7 R. C. Cammarota, J. Xie, S. A. Burgess, M. V. Vollmer,
K. D. Vogiatzis, J. Ye, J. C. Linehan, A. M. Appel,
C. Hoffmann, X. Wang, V. G. Young and C. C. Lu,

This journal is © the Partner Organisations 2026


https://doi.org/10.1039/d6qi00025h
https://doi.org/10.1039/d6qi00025h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D6QI00025H

Open Access Article. Published on 11 February 2026. Downloaded on 2/17/2026 8:37:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

10

11

12

13

14

15

16

17

18

19

20

Thermodynamic and kinetic studies of H, and N, binding
to bimetallic nickel-group 13 complexes and neutron struc-
ture of a Ni(n>-H,) adduct, Chem. Sci., 2019, 10, 7029.

M. J. Dorantes, J. T. Moore, E. Bill, B. Mienert and C. C. Lu,
Bimetallic iron-tin catalyst for N, to NH; and a silyldiaze-
nido model intermediate, Chem. Commun., 2020, 56, 11030.
B. J. Graziano, M. V. Vollmer and C. C. Lu, Cooperative
bond activation and facile intramolecular aryl transfer of
nickel-aluminum pincer-type complexes, Angew. Chem.,
Int. Ed., 2021, 60, 15087.

J. T. Moore, M. J. Dorantes, Z. Pengmei, T. M. Schwartz,
J. Schaffner, S. L. Apps, C. A. Gaggioli, U. Das, L. Gagliardi,
D. A. Blank and C. C. Lu, Light-Driven
Hydrodefluorination of Electron-Rich Aryl Fluorides by an
Anionic Rhodium-Gallium Photoredox Catalyst, Angew.
Chem., Int. Ed., 2022, 61, €202205575.

B. Blom, D. Gallego and M. Driess, N-heterocyclic silylene
complexes in catalysis: new frontiers in an emerging field,
Inorg. Chem. Front., 2014, 1, 134.

R. Waterman, P. G. Hayes and T. D. Tilley, Synthetic devel-
opment and chemical reactivity of transition-metal silylene
complexes, Acc. Chem. Res., 2007, 40, 712.

A. V. Protchenko, J. I. Bates, L. M. A. Saleh, M. P. Blake,
A. D. Schwarz, E. L. Kolychev, A. L. Thompson, C. Jones,
P. Mountford and S. Aldridge, Enabling and probing oxi-
dative addition and reductive elimination at a group
14 metal center: cleavage and functionalization of E-H
bonds by a bis (boryl) stannylene, J. Am. Chem. Soc., 2016,
138, 4555.

T. J. Hadlington, J. A. B. Abdalla, R. Tirfoin, S. Aldridge and
C. Jones, Stabilization of a two-coordinate, acyclic diamino-
silylene (ADASI): completion of the series of isolable diami-
notetrylenes: E (NR 2) 2 (E= group 14 element), Chem.
Commun., 2016, 52, 1717.

D. C. H. Do, A. V. Protchenko, M.A Fuentes, J. Hicks,
P. Vasko and S. Aldridge, N-H cleavage vs. Werner complex
formation: reactivity of cationic group 14 tetrelenes towards
amines, Chem. Commun., 2020, 56, 4684.

Z. Mo, T. Szilvasi, Y. Zhou, S. Yao and M. Driess, An
Intramolecular Silylene Borane Capable of Facile Activation
of Small Molecules, Including Metal-Free Dehydrogenation
of Water, Angew. Chem., Int. Ed., 2017, 56, 3699.

D. Wendel, A. Porzelt, F. A. D. Herz, D. Sarkar, C. Jandl,
S. Inoue and B. Rieger, From Si(u) to Si(iv) and back: revers-
ible intramolecular carbon-carbon bond activation by an
acyclic iminosilylene, J. Am. Chem. Soc., 2017, 139, 8134.

S. Takahashi, E. Bellan, A. Baceiredo, N. Saffon-Merceron,
S. Massou, N. Nakata, D. Hashizume, V. Branchadell and
T. Kato, A Stable N-Hetero-Rh-Metallacyclic Silylene,
Angew. Chem., Int. Ed., 2019, 58, 10310.

A. Meltzer, C. Prasang and M. Driess, Diketiminate silicon
(I1) and related NHSi ligands generated in the coordination
sphere of nickel (0), J. Am. Chem. Soc., 2009, 131, 7232.

S. Z. Tasker, E. A. Standley and T. F. Jamison, Recent
advances in homogeneous nickel catalysis, Nature, 2014,
509, 299.

This journal is © the Partner Organisations 2026

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

View Article Online

Research Article

V. Vermaak, H. C. M. Vosloo and A. J. Swarts, The develop-
ment and application of homogeneous nickel catalysts for
transfer hydrogenation and related reactions, Coord. Chem.
Rev., 2024, 507, 215716.

G. Tavcar, S. S. Sen, R. Azhakar, A. Thorn and
H. W. Roesky, Facile syntheses of silylene nickel carbonyl
complexes from Lewis base stabilized chlorosilylenes,
Inorg. Chem., 2010, 49, 10199.

C. Watanabe, Y. Inagawa, T. Iwamoto and M. Kira,
Synthesis and structures of (dialkylsilylene) bis (phos-
phine)-nickel, palladium, and platinum complexes and (n°
arene)(dialkylsilylene) nickel complexes, Dalton Trans.,
2010, 39, 9414.

T. J. Hadlington, T. Szilvasi and M. Driess, Silylene-Nickel
Promoted Cleavage of B—O Bonds: From Catechol Borane
to the Hydroborylene Ligand, Angew. Chem., Int. Ed., 2017,
56, 7470.

N. C. Breit, T. Szilvasi, T. Suzuki, D. Gallego and S. Inoue,
From a zwitterionic phosphasilene to base stabilized sily-
liumylidene-phosphide and bis (silylene) complexes, J. Am.
Chem. Soc., 2013, 135, 17958.

Y. Wang, A. Kostenko, S. Yao and M. Driess, Divalent
silicon-assisted activation of dihydrogen in a bis
(N-heterocyclic silylene) xanthene nickel (0) complex for
efficient catalytic hydrogenation of olefins, J. Am. Chem.
Soc., 2017, 139, 13499.

Y. Zhou, S. Raoufmoghaddam, T. Szilvasi and M. Driess, A
Bis(silylene)-Substituted ortho-Carborane as a Superior
Ligand in the Nickel-Catalyzed Amination of Arenes,
Angew. Chem., Int. Ed., 2016, 55, 12868.

W. Yang, Y. Dong, H. Sun and X. Li, Progress in the prepa-
ration and characterization of silylene iron, cobalt and
nickel complexes, Dalton Trans., 2021, 50, 6766.

Y. Heider and D. Scheschkewitz, Stable unsaturated silicon
clusters (siliconoids), Dalton Trans., 2018, 47, 7104.

Y. Heider and D. Scheschkewitz, Molecular silicon clusters,
Chem. Rev., 2021, 121, 9674.

Y. Wang, J. E. McGrady and Z.-M. Sun, Solution-Based
Group 14 Zintl Anions: New Frontiers and Discoveries, Acc.
Chem. Res., 2021, 54, 1506.

J. M. Goicoechea and S. C. Sevov, Deltahedral germanium
clusters: insertion of transition-metal atoms and addition
of organometallic fragments, J. Am. Chem. Soc., 2006, 128,
4155.

O. P. E. Townrow, C. Chung, S. A. Macgregor, A. S. Weller
and J. M. Goicoechea, A neutral heteroatomic zintl cluster
for the catalytic hydrogenation of cyclic alkenes, J. Am.
Chem. Soc., 2020, 142, 18330.

S. Joseph, M. Hamberger, F. Mutzbauer, O. Hartl, M. Meier
and N. Korber, Chemistry with Bare Silicon Clusters in
Solution: A Transition-Metal Complex of a Polysilicide
Anion, Angew. Chem., Int. Ed., 2009, 48, 8770.

L. J. Schieger], A. J. Karttunen, W. Klein and T. F. Féssler,
Anionic Siliconoids from Zintl Phases: R3Sis~ with Six and
R,Si,>” with Seven Unsubstituted Exposed Silicon Cluster
Atoms (R=Si(tBu),H), Chem. - Eur. J., 2018, 24, 19171.

Inorg. Chem. Front.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D6QI00025H

Open Access Article. Published on 11 February 2026. Downloaded on 2/17/2026 8:37:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

N. E. Poitiers, L. Giarrana, K. I. Leszczynska, V. Huch,
M. Zimmer and D. Scheschkewitz, Indirect and Direct
Grafting of Transition Metals to Siliconoids, Angew. Chem.,
Int. Ed., 2020, 59, 8532.

N. E. Poitiers, L. Giarrana, V. Huch, M. Zimmer and
D. Scheschkewitz, Exohedral functionalization vs. core
expansion of siliconoids with Group 9 metals: catalytic
activity in alkene isomerization, Chem. Sci., 2020, 11, 7782.
N. E. Poitiers, V. Huch, M. Zimmer and D. Scheschkewitz,
Nickel-assisted complete cleavage of CO by a silylene/silico-
noid hybrid under formation of an Si=C enol ether bridge,
Chem. Commun., 2020, 56, 10898.

K. L. Leszczynska, V. Huch, C. Prisang, J. Schwabedissen,
R. J. F. Berger and D. Scheschkewitz, Atomically precise
expansion of unsaturated silicon clusters, Angew. Chem.,
Int. Ed., 2019, 58, 5124.

L. Giarrana, M. Zimmer, B. Morgenstern
D. Scheschkewitz, Tetrylene-Functionalized
Si,—Siliconoids, Inorg. Chem., 2024, 63, 20083.

W. Yang, H. Fu, H. Wang, M. Chen, Y. Ding, H. W. Roesky
and A. Jana, A base-stabilized silylene with a tricoordinate
silicon atom as a ligand for a metal complex, Inorg. Chem.,
2009, 48, 5058.

T. A. Schmedake, M. Haaf, B. J. Paradise, A. J. Millevolte,
D. R. Powell and R. West, Electronic and steric properties
of stable silylene ligands in metal (0) carbonyl complexes,
J. Organomet. Chem., 2001, 636, 17.

N. C. Breit, C. Eisenhut and S. Inoue, Phosphinosilylenes
as a novel ligand system for heterobimetallic complexes,
Chem. Commun., 2016, 52, 5523.

F. H. Carre and J. J. E. Moreau, Reactivity of p-Silanediyl Iron
Carbonyl Complexes with Alkynes. Molecular Structure of
(CO),FeSiPh,CEt=CEtSiPh, and of (CO);FeCMe=CMeSiPh,
CMe=CMeFe(CO);, Inorg. Chem., 1982, 21, 3099.

R. Dorta, E. D. Stevens, N. M. Scott, C. Costabile,
L. Cavallo, C. D. Hoff and S. P. Nolan, Steric and Electronic
Properties of N-Heterocyclic Carbenes (NHC): A Detailed
Study on Their Interaction with Ni(CO),, J. Am. Chem. Soc.,
2005, 127, 2485.

H. Clavier and S. P. Nolan, Percent buried volume for phos-
phine and N-heterocyclic carbene ligands: steric properties
in organometallic chemistry, Chem. Commun., 2010, 46,
841.

L. Falivene, Z. Cao, A. Petta, L. Serra, A. Poater, R. Oliva,
V. Scarano and L. Cavallo, Towards the online computer-
aided design of catalytic pockets, Nat. Chem., 2019, 11, 872.
L. Falivene, R. Credendino, A. Poater, A. Petta, L. Serra,
R. Oliva, V. Scarano and L. Cavallo, SambVca 2. A web tool
for analyzing catalytic pockets with topographic steric
maps, Organometallics, 2016, 35, 2286.

A. Hinz, Pseudo-one-coordinate tetrylenium salts bearing
a bulky carbazolyl substituent, Chem. — Eur. J., 2019, 25,
3267.

T. George, T. Grant, I. S. Munhoz, T. Do and J. D. Masuda,
Group 11 complexes of a bulky triazene ligand, Dalton
Trans., 2024, 53, 13107.

and

Inorg. Chem. Front.

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

View Article Online

Inorganic Chemistry Frontiers

M. Alkan-Zambada, E. C. Constable and C. E. Housecroft,
The role of percent volume buried in the characterization
of copper(I) complexes for lighting purposes, Molecules,
2020, 25, 2647.

D. Lutters, C. Severin, M. Schmidtmann and T. Miiller,
Activation of 7-silanorbornadienes by N-heterocyclic car-
benes: a selective way to N-heterocyclic-carbene-stabilized
silylenes, J. Am. Chem. Soc., 2016, 138, 6061.

R. S. Berry, Correlation of rates of intramolecular tunneling
processes, with application to some group V compounds,
J. Chem. Phys., 1960, 32, 933.

A. D. Becke, Density-functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys., 1993, 98, 5648.

C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B:Condens. Matter Mater. Phys.,
1988, 37, 785.

F. Weigend and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys., 2005, 7, 3297.

F. Weigend, Accurate Coulomb-fitting basis sets for H to
Rn, Phys. Chem. Chem. Phys., 2006, 8, 1057.

W. Wang, S. Inoue, S. Yao and M. Driess, An isolable bis-
silylene oxide (“disilylenoxane”) and its metal coordi-
nation, J. Am. Chem. Soc., 2010, 132, 15890.

M. Haaf, T. A. Schmedake and R. West, Stable silylenes,
Acc. Chem. Res., 2000, 33, 704.

M.-P. Liicke, S. Yao and M. Driess, Boosting homogeneous
chemoselective hydrogenation of olefins mediated by a bis
(silylenyl) terphenyl-nickel (0) pre-catalyst, Chem. Sci., 2021,
12, 2909.

M. Stoelzel, C. Pridsang, S. Inoue, S. Enthaler and
M. Driess, Hydrosilylation of Alkynes by Ni
(CO);—Stabilized Silicon(II) Hydride, Angew. Chem., Int. Ed.,
2012, 51, 399.

S. Grimme, A. Hansen, J. G. Brandenburg and
C. Bannwarth, Dispersion-corrected mean-field electronic
structure methods, Chem. Rev., 2016, 116, 5105.

V. N. Staroverov, G. E. Scuseria, J. Tao and J. P. Perdew,
Comparative assessment of a new nonempirical density
functional: Molecules and hydrogen-bonded complexes,
J. Chem. Phys., 2003, 119, 12129.

G. Tan, S. Enthaler, S. Inoue, B. Blom and M. Driess,
Synthesis of Mixed Silylene-Carbene Chelate Ligands from
N-Heterocyclic Silylcarbenes Mediated by Nickel, Angew.
Chem., Int. Ed., 2015, 54, 2214.

E. Glok, L. Werner and U. Radius, N-Heterocyclic silylene
complexes of nickel (0), Dalton Trans., 2025, 54, 14846.

D. Troegel and J. Stohrer, Recent advances and actual chal-
lenges in late transition metal catalyzed hydrosilylation of
olefins from an industrial point of view, Coord. Chem. Rev.,
2011, 255, 1440.

M. Zaranek and P. Pawluc, Markovnikov hydrosilylation of
alkenes: how an oddity becomes the goal, ACS Catal., 2018,
8, 9865.

This journal is © the Partner Organisations 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D6QI00025H

Open Access Article. Published on 11 February 2026. Downloaded on 2/17/2026 8:37:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

68

69

70

71

72

73

74

75

76

77

L. D. de Almeida, H. Wang, K. Junge, X. Cui and M. Beller,
Recent advances in catalytic hydrosilylations: developments
beyond traditional platinum catalysts, Angew. Chem., Int.
Ed., 2021, 60, 550.

Y. Nakajima, K. Sato and S. Shimada, Development of
nickel hydrosilylation catalysts, Chem. Rec., 2016, 16, 2379.
X. Wu, G. Ding, W. Lu, L. Yang, J. Wang, Y. Zhang, X. Xie
and Z. Zhang, Nickel-catalyzed hydrosilylation of terminal
alkenes with primary silanes via electrophilic silicon-
hydrogen bond activation, Org. Lett., 2021, 23, 1434.

1. Pappas, S. Treacy and P. J. Chirik, Alkene Hydrosilylation
Using Tertiary Silanes with o-Diimine Nickel Catalysts.
Redox-Active Ligands Promote a Distinct Mechanistic
Pathway from Platinum Catalysts, ACS Catal., 2016, 6, 4105.
X. Du and Z. Huang, Advances in base-metal-catalyzed
alkene hydrosilylation, ACS Catal., 2017, 7, 1227.

H. Maciejewski, B. Marciniec and 1. Kownacki, Catalysis of
hydrosilylation: Part XXXIV. High catalytic efficiency of the
nickel  equivalent of Karstedt catalyst [{Ni(n-
CH,=CHSiMe,),0},{p-(n-CH,=CHSiMe,),0}], J. Organomet.
Chem., 2000, 597, 175.

V. M. Chernyshev, A. V. Astakhov, I. E. Chikunov,
R. V. Tyurin, D. B. Eremin, G. S. Ranny, V. N. Khrustalev
and V. P. Ananikov, Pd and Pt catalyst poisoning in the
study of reaction mechanisms: what does the mercury test
mean for catalysis?, ACS Catal., 2019, 9, 2984.

1. C. Chagunda, T. Fisher, M. Schierling and J. S. McIndoe,
Poisonous Truth about the Mercury Drop Test: The Effect
of Elemental Mercury on Pd (0) and Pd(II) ArX
Intermediates, Organometallics, 2023, 42, 2938.

A. S. Chang, K. E. Kawamura, H. S. Henness, V. M. Salpino,
J. C. Greene, L. N. Zakharov and A. K. Cook, (NHC) Ni (0)-
catalyzed branched-selective alkene hydrosilylation with
secondary and tertiary silanes, ACS Catal., 2022, 12, 11002.
Z. D. Miller, W. Li, T. R. Belderrain and J. Montgomery,
Regioselective  Allene Hydrosilylation Catalyzed by
N-Heterocyclic Carbene Complexes of Nickel and
Palladium, J. Am. Chem. Soc., 2013, 135, 15282.

This journal is © the Partner Organisations 2026

78

79

80

81

82

83

84

85

86

View Article Online

Research Article

B. Marciniec, H. Maciejewski and 1. Kownacki,
Dehydrogenative coupling of styrene with trisubstituted
silanes catalyzed by nickel complexes, J. Mol Catal. A:
Chem., 1998, 135, 223.

D. Bai, K. Zhong, L. Chang, Y. Qiao, F. Wu, G. Xu and
J. Chang, Nickel-catalyzed regiodivergent hydrosilylation of
a-(fluoroalkyl) styrenes without defluorination, Nat.
Commun., 2024, 15, 6360.

D. P. Spence, Hydrosilylation of Imines Using a Ni (0)
Catalyst, Master Thesis, UC San Diego, 2016.

Y. Wei, S.-X. Liu, H. Mueller-Bunz and M. Albrecht,
Synthesis of triazolylidene nickel complexes and their cata-
Iytic application in selective aldehyde hydrosilylation, ACS
Catal., 2016, 6, 8192.

L. Buslov, S. C. Keller and X. Hu, Alkoxy hydrosilanes as sur-
rogates of gaseous silanes for hydrosilylation of alkenes,
Org. Lett., 2016, 18, 1928.

Y. Chen, C. Sui-Seng, S. Boucher and D. Zargarian,
Influence of SiMe; Substituents on Structures and
Hydrosilylation Activities of ((SiMes); or »-Indenyl)Ni(PPhj)
Cl, Organometallics, 2005, 24, 149.

J. Yang, V. Postils, M. 1. Lipschutz, M. Fasulo, C. Raynaud,
E. Clot, O. Eisenstein and T. D. Tilley, Efficient alkene
hydrosilation with bis (8-quinolyl) phosphine (NPN) nickel
catalysts. The dominant role of silyl-over hydrido-nickel
catalytic intermediates, Chem. Sci., 2020, 11, 5043.

1. Buslov, J. Becouse, S. Mazza, M. Montandon-Clerc and
X. Hu, Chemoselective alkene hydrosilylation catalyzed by
nickel pincer complexes, Angew. Chem., Int. Ed., 2015, 54,
14523.

(@) CCDC 2504459: Experimental Crystal Structure
Determination, 2026, DOIL: 10.5517/ccdc.csd.cc2q230y;
(b)) CCDC 2504461: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2q2320;
(c) CCDC 2504467: Experimental Crystal Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2q2386;
(d) CCDC 2504470: Experimental Crystal Structure

Determination, 2026, DOI: 10.5517/ccedc.csd.cc2q23c9.

Inorg. Chem. Front.


https://doi.org/10.5517/ccdc.csd.cc2q230y
https://doi.org/10.5517/ccdc.csd.cc2q2320
https://doi.org/10.5517/ccdc.csd.cc2q2386
https://doi.org/10.5517/ccdc.csd.cc2q23c9
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D6QI00025H

4. Summary, Conclusion and Outlook

4. Summary, Conclusion and Outlook

Siliconoids represent potent model systems for silicon surfaces, bridging the gap between
molecular compounds and bulk material. Aiming to explore feasible modification pathways and
to gain mechanistic insight into their reactivity, siliconoids have been subjected to increasingly
detailed investigations in recent years. To this end, the Scheschkewitz group has examined
the functionalization of siliconoids in the context of cluster synthesis, as well as endohedral
and exohedral expansion, including the incorporation of heteroatoms. The functionalization of
ligato-lithiated Sis cluster 1-80 by grafting of a dangling tetrylene unit to the cluster core was
established, which gave rise to a strongly donating hybrid cluster that acted as a rather ordinary
o-donating ligand for an iron carbonyl fragment (see introduction, Chapter 1.2.3). In this case,
the interaction of the transition metal was limited to the tetrylene center, with no detectable
interaction of the cluster core. Going down the periodic table to the platinum metals, the
involvement of the cluster core under ring opening via the formation of 1-87a-c and 1-88 was
observed. As intended, I-87a was applied in catalysis with a remarkable catalytic performance

in alkene isomerization.[*34

Following these results, a rearrangement and reclosure of the cluster scaffold by reductive
elimination of the remaining chloride at the dangling silyl moiety of 1-87a was anticipated.
Indeed, applying lithium/ naphthalene to I-87a in a reductive chloride elimination led to the
formation of lithiated irida-heterosiliconoid C-1 (Scheme 23) which was supported by X-ray
diffraction analysis on a single crystal of C-1. The cluster scaffold could be restored under full
incorporation of the previously exohedrally coordinated iridium central atom into the cluster
core and the cleavage of the dangling silyl side arm under dimerization to Tip,Si=SiTip. as
systematic by-product. The geometry of C-1 is reminiscent of the homonuclear Si; scaffolds
1-91 and 1-92 (see Chapter 1.2.3, Scheme 17), with a slight deviation from the seesaw
coordination of the apical silicon atoms. Notably, the anionic charge in C-1 is distributed
between the unsubstituted silicon vertex and the iridium atom, leading to a significantly
elongated Si—Ir interaction as opposed to the precursor I1-87a. The formally negatively charged
iridium atom in close contact to a lithium counter-cation in C-1 represents a rare case of direct

transition metal-lithium interaction.
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Li/CgH1o

thf/Et,0
_—
- LiCl
~tBu  -Si,R,

| By Ph
E = Si, Ge, Sn
1-87a C-1

Scheme 23. Preparation of iridasiliconoid C-1 (© = Si, R = 2,4,6-triisopropyphenyl).

Although the reaction of C-1 toward common electrophiles such as MesSiCl or Me3zSnCl did
not lead to certainly identifiable products, grafting of Group 4 metallocene chlorides gave rise
to the corresponding heterosiliconoids with pending metallocene functionalities C-2a,b
(Scheme 24). Salt metathesis between the coordinating alkali metal in C-1 and the chloro
metallocene demonstrates that the nucleophilic site is located at the adjacent a—Si rather than
the formally negatively charged iridium center. The formation of C-2a,b proceeds under
retention of the uncompromised iridasiliconoid core. The calculated NMR shifts as well as the
UV/Vis bands (TD-DFT) of the optimized structures of C-1 and C-2a,b at the PBEOQ/def2-

TZVPP level of theory were in good agreement with the trends in the experimental spectra.

Licl
M
M = Zr, Hf Cp épCl
C-2a,b

Scheme 24. Synthesis of heterobimetallic siliconoids C-2a,b with exohedrally attached Group 4 metallocenes (© =
Si, M = Zr (a), Hf (b), R = 2,4,6-triisopropyphenyl).

The isolation of heterobimetallic species C-2a,b paves the way for investigations on the
catalytic abilities as the geometry suggests the possibility of cooperative behavior of the two
transition metal centers with feasible pincer-type interaction with additional support by the
a~silicon atom. Moreover, reductive elimination of the chloride in C-2a,b could be considered
in a similar way to C-1 for future investigations, regarding the integration of the pending
transition metal into the cluster scaffold.

As opposed to the incorporation of an additional silicon vertex into the Sis cluster scaffold to
obtain Si;Cp* 1-91 by the use of decamethylsilicocene I-1 (see Chapter 1.2.3, Scheme 17),133¢]
the addition of chloro amidinato tetrylenes I-7a-c to 1-81 leads to the exohedral grafting of the
tetrylene unit to the cluster core affording 1-85a-c (Chapter 1.2.3, Scheme 14).3%% This is
attributed to the more efficient stabilization arising from electron donation by the nitrogen lone

pairs to the tetrel center resulting in a less electrophilic pending tetrylene moiety. The sterical
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encumbrance of I-85a-c with an almost 1:1 ratio of silicon vertices to Tip substituents restricts
access to the reactive, unsubstituted silicon sites, limiting its applicability as a coordinating
ligand. As noted earlier, a simple coordination of the tetrylene moiety in 1-85a-c to the iron
center as the only reported 3d transition metal, with no hints for any interaction with the
siliconoid cluster core, was reported.*3° With platinum metals of Group 9 (Rh, Ir) a complete
rearrangement of the siliconoid/silylene cluster scaffold was observed (Chapter 1.2.3, Scheme
15)B31, With the aim of preserving the cluster scaffold but rendering it amenable for
coordination, an increased accessibility of the unsubstituted silicon cluster vertices was
considered essential. This suggested the Siy clusters as viable alternatives, as — compared to
the ligato/privo-Sis species — they exhibit a less crowded perimeter owing to the increased
number of silicon vertices at an identical number of Tip substituents. Hence, in this work, the
exohedral grafting of low-valent tetrylene functionalities to the lithiated Si7 siliconoid 1-92 was
performed to afford C-3a-c (Scheme 25). The cluster core of C-3a-c is best described as
[1.1.1]-pentasilapropellane with two of three propeller blades bridged to the third by Tip.Si
moieties resulting in the seesaw-type geometry for the Si; siliconoid species. Notably, the
central silicon scaffold in C-3a-c is largely unaffected regardless of the employed tetrylene (E
= Si, Ge, Sn). The molecular structure of C-3a was supported by X-ray crystallography,
revealing a shortened Si—Si bond distance between the cluster silicon to the silylene central Si
atom compared to I-85a, which indicates a slightly stronger interaction. In accordance with the
decreased sterical bulk, a better solubility of C-3a-c in aliphatic and aromatic solvents is

observed in contrast to 1-85a-c.

R R
R R tBl:\\l R R
Q. - ai
R R + Ph ®\E . E = Si, Ge, Sn R .
R@G o _<<N/ I Licl © E\\N/tB“
i I
Li tBu N;OU-<
B8y Ph
1-92 I-7a-c C-3a-c
E=Si Fez(CO)g
R R
R R
R X Q N/tBu
CO),Fe ©)
(CO)q /N;){
tBu Ph
C-4

Scheme 25. Grafting of tetrylene units to the Si7 species to obtain siliconoid/tetrylene hybrids C-3a-c and follow-up
coordination of Fe(CO)4 C-4 (© = Sj, E = Si (a), Ge (b), Sn (c), R = 2,4,6-triisopropyphenyl).
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The increase in available space suggested a more facile coordination of 3d transition metals
to unsubstituted silicon vertices of C-3a-c compared to I-85a-c. Initially, C-3a-c were tested for
the preparation of the corresponding Fe(CO)s complexes in analogy to the related Sis
derivatives 1-86a-c. Only the silylene-functionalized Siz-siliconoid C-3a, however, showed the
intended coordination resulting in the isolation of C-4 (Scheme 25). As previously reported for
I-86a-c, there is no noticeable interaction between the Fe(CO)4 fragment and the cluster core
as to be expected on ground of the 18 electrons at the iron center. The strong s-donation and
n-backbonding interaction between the transition metal center and the CO substituent render
the loss of a carbonyl ligand unfeasible. Thus, a 3d transition metal with more labile ligands
was anticipated to facilitate ligand elimination and accordingly allow for the complementary
interaction of the transition metal center with the unsubstituted silicon vertices of the cluster
core. Given that 1-85a did not show any reactivity at all towards Ni(cod)., the corresponding
reaction employing C-3a as a potential ligand system was pursued. This strategy complies
with the requirement of a good leaving group at nickel, namely the cyclooctadiene ligand.
Indeed, treatment of C-2a with Ni(cod). in aromatic solvents like toluene or benzene gave rise
to the anticipated Ni(cod) siliconoid/silylene complex C-5a (Scheme 26). The process involves
cleavage of one cod ligand and coordination of the nickel center by both the silylene-Si atom

as well as an unsubstituted silicon vertex of the cluster, with additional electron density located

between nickel and the Si vertex bridging the unsubstituted and the silylene silicon atom.
R R

Ni(cod),
—_—
ABU o Ni(cod), + PPhy

Ni
(cod)/ ,\‘ Ph
Ph PPh; tBu
C-2a C-5a,b

Scheme 26. Complexation of Ni(cod) (C-5a) or Ni(PPhs) (C-5b) by siliconoid/silylene hybrid C-2a (© = Si, cod =
1,5-cyclooctadiene, R = 2,4,6-triisopropyphenyl).

The residual cod ligand at the Ni center can be readily replaced by triphenylphosphine to yield
C-5b, which is also supported by X-ray diffraction analysis. The substitution is achieved either
in a simple addition of PPh; to C-5a or even in a one-pot-route adding one equivalent of
Ni(cod). and PPhs each to siliconoid/silylene hybrid C-2a in the aromatic solvent. Concerning
the geometry of C-5a and C-5b, some differences become apparent. Bidentate coordination
of the cod ligand gives rise to a tetrahedral geometry around the Ni center by a twofold
coordination, whereas coordination by a single phosphine unit leads to a trigonal-planar
environment.

As C-5a,b comprise the nickel center along with the electron-donating hybrid cluster as a

flexible ligand and a readily exchangeable small ligand L (L = cod, PPhs) on the other hand,
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they suggest engagement in the potential activation of small molecules by utilizing a readily
generated free coordination site. This approach was investigated by changing the atmosphere
from an inert argon one to carbon monoxide at low temperatures, which, however, rather led
to a further ligand exchange of cod or PPh; of C-5a,b forming isolable, dicarbonyl-substituted
nickel complex C-5¢ (Scheme 27). This reactivity is in stark contrast to the chemistry reported
for the Sis siliconoid/tetrylene hybrid. Although no detectable reactivity of I-85a-c was observed
towards Ni(cod). at various reaction conditions under an inert Ar atmosphere, changing to a
CO atmosphere led to a rearrangement of the cluster scaffold under reductive cleavage of the
carbon monoxide and subsequent incorporation of the CO parts into the siliconoid scaffold to
form a silene enol ether bridge 1-90 (Chapter 1.2.3, Scheme 16).23 The reaction is catalyzed
by Ni(cod)., proposedly leading to a transient Ni(CO)s—cluster complex intermediate. Opposed
to that, the molecular solid-state structure of C-5¢ was determined by X-ray diffraction analysis
on single crystals and supported by the experimentally as well as theoretically obtained

spectroscopical data.

1 bar CO,
tBu -70°C>RT
—_—

- cod/ PPh3
AN
(cod)/ 5“ Ph
PPh; tBu

C-5a,b C-5¢c

Scheme 27. Substitution of ligand coordinating nickel by application of CO atmosphere to C-5a,b (© = Si, cod =
1,5-cyclooctadiene, R = 2,4,6-triisopropyphenyl).

The formation of C-5¢ prompted for a deeper look at the catalytic activity of C-5a,b. Given that
3d transition metals are frequently employed as catalysts in hydrosilylation reactions, the
potential of nickel complexes C-5a-c to promote silyl group transfer was evaluated. Preliminary
studies included the reactivity of C-5a towards primary silane PhSiHs. Since this predominantly
resulted in the generation of Hz and oligosilanes, indicating dehydrocoupling reactions, a
sterically more encumbering tertiary silane (Et;SiH) was employed, which, in contrast, showed
no reactivity at all. Hence, utilization of the secondary silane Ph,SiHz, with intermediate steric
demand, gave rise to the anticipated hydrosilylation reactivity in presence of C-5a with only
minor formation of oligosilanes as side products (Scheme 28). Notably, terminal alkenes were
chosen as suitable substrates since internal alkenes, such as cyclohexene, showed major
conversion to the hydrogenated products (cyclohexane). C-5b and C-5¢ effected only very

slow, almost negligible conversion of the substrates due to their increased ligand stability.
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H . H H
’ 0.05 mol% C-5a/ Ni(cod
H H Ph,yHSI H

Scheme 28. Catalytic hydrosilylation of terminal alkenes with Ph2SiH2 and C-5a or Ni(cod)2.

The catalytic investigations revealed a major conversion to the anti-Markovnikov product A in
the cases employing electron-rich substrates 1-hexene, vinyltrimethylsilane,
allyltrimethylsilane, vinyl- and allylcyclohexane with spectroscopic yields up to 59% at catalyst
loadings of C-5a as low as 0.05 mol%. For the electron-poor substrates styrene and allyl-
benzene the formation of the Markovnikov product M was observed along with A in an
approximate ratio of 1:1.

Conclusively, the findings described for the nickel complexes C-5a-c confirm the better
accessibility and chelating properties of the Siz/silylene hybrid C-2a, exemplary for 3d transition
metals, as opposed to the Sis derivative. The complexes are obtained under retention of the
cluster scaffold and demonstrate considerable potential in catalytic transformations. Given the
partial hydrogenation of cyclic alkene substrates observed upon treatment with silanes
following dehydrocoupling-side reactions, it may be worth to examine hydrogenation
capabilities of C-5a using milder hydrogenation agents, such as boranes or tin hydrides, in
future experiments.

The investigation of the direct coordination of transition metal centers to the Si; cluster core
without auxialiary silylene side arm would be the next logical step. The reaction of ligato-
lithiated SisTips 1-81 and Group 4 metallocene dichlorides (Scheme 14) illustrates the most
promising course of action. Such an approach could also be expanded to abundant 3d metals

such as the coinage metal copper.
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Supplementary Information

Heterobimetallic Unsaturated Silicon Clusters (Siliconoids) with
Transition Metal-Expanded Scaffolds

Luisa Giarrana,® Nadine E. Poitiers, Alida Sturmer, Michael Zimmer, Volker Huch, Bernd Morgenstern,® and David
Scheschkewitz*2

* Krupp-Chair in Inorganic and General Chemistry, Saarland University, Campus C4.1 Saarbrucken, 66123
Saarbricken (Germany)

# Service Center X-Ray Diffraction, Saarland University Campus Saarbriicken C4.1, 66123 Saarbriicken
(Germany)

KEYWORDS: siliconoids * heterobimetallic « low-valent « clusters « anions

Abstract: We report a heterobimetallical unsaturated silicon cluster (siliconoid) with a formally anionic Group 9
metal vertex (Ir) in close contact to the lithium counter-cation, thus constituting a rare example of transition metal-
lithium interactions. The anionic cluster is obtained by reductive chloride elimination from the corresponding neutral
siliconoid complex of iridium(l) chloride with lithium/naphtalene. The previously exohedral transition metal center
is fully incorporated into the siliconoid cluster scaffold giving rise to an irida- heterosiliconoid reminiscent of the
corresponding homonuclear Siz species. Despite the formal negative charge at the iridium center, the nucleophilic
site is on one of the adjacent silicon vertices judging from the reactivity toward Group 4 metallocene dichlorides,
Cpa2MClz (M = Zr, Hf). Under elimination of LiCl, the Cp2MCI moieties in the heterobimetallic products are installed
as pending functionalities under retention of the literally uncompromised iridasiliconoid core.
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1 Experimental Procedures

All manipulations were carried out under a protective atmosphere of argon, by using a glovebox or
standard Schlenk techniques. Solvents were dried and degassed by reflux over sodium/benzophenone
under argon. [Dg]-benzene (CsDs) was dried over potassium mirror and distilled under argon prior to use.
NMR spectra were recorded on a Bruker Avance IV 400 NMR spectrometer ("H = 400.13 MHz, "Li =
155.51 MHz, *C = 100.6 MHz, #*Si = 79.5 MHz). The 'H and "*C{1H} NMR spectra were referenced to
the residual proton and natural abundance *C resonances of the deuterated solvent and chemical shifts
were reported relative to SiMe, (CeDs: 5'H = 7.16 ppm and §'3C = 128.06 ppm). Solid State NMR spectra
were measured on a Bruker Avance Ill 400 WB spectrometer (’Li = 155.57 MHz, 2°Si =79.53 MHz). UV-
Vis spectra were recorded on a Shimadzu UV-2600 spectrometer in quartz cells with a path length of
0.1 cm and Infrared spectra on a Shimadzu IR Affinity-1S spectrometer in a platinum ATR diamond cell.
Elemental analyses were performed on an elemental analyzer Leco CHN-900 and/or an elementar vario
Micro Cube. Mass spectrometry was measured on a Bruker SolariX 7 Tesla MALDI/ESI/APPI FTICR
imaging MS. Melting points were determined under argon in NMR tubes and are uncorrected. The molten
samples were examined by NMR spectroscopy to confirm whether decomposition had occurred upon
melting. Crystallographic data of the structure reported in this paper has been deposited with the
Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. (Fax: +44-
1223-336-033; E-Mail; deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). Group 9 transition metal

siliconoid hybrid 1 was prepared following the literature protocol.s"

2 Preparation, data and spectra (NMR, UV-Vis)
2.1 Preparation of Siglr-Li 2
Cl

R.., !3 I‘Bu\ Ph
R Si—Si Nﬂ
’I\/ \Si/R R, © I © R R
Si-S i/ R 2.2 eq Li/CygHg in thf - RzS“‘Si"Si'ﬂ-N“‘tBu + Si=si
o —78°C>RT, over night / \S_ R R
al Et,0 -l
(cod)lrf-?léN/tBu o o SI L __>Ir(cod)
N% Si? i
, <
tBu Ph 71% H
thf thf
1
M= 1734.43 g/mol 6.94 g/mol 1461.48 g/mol 869.57 g/mol
128.17 g/mol

Supplementary Scheme S1: Synthesis of the iridasiliconoid 2 (R = 2,4,6-triisopropylphenyl, cod = cyclooctadienyl).

Iridium siliconoid complex 15" (720 mg 0.42 mmol, 1.0 eq) is dissolved in 10 mL diethyl ether. After
cooling the solution to —78°C, a freshly prepared lithium/naphthalene solution (1.8 mL, 0.93 mmol, 2.21
eq) in thf is added dropwise to the precooled mixture at —78°C. The resulting brown reaction mixture is

allowed to warm to ambient temperature under stirring overnight. All volatiles are removed under reduced

S1
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pressure. The dark-red-brown residue is filtered from 20 mL of hexane and washed 3x with 3 mL hexane.
The solvent of the filtrate is distilled off under reduced pressure and the residue is dried thoroughly. This
affords iridasiliconoid 2 as a dark-red-brown crystalline solid in a yield of 71% (627 mg, 0.30 mmol) along
with thf (1.9 eq), naphthalene (C1oHs, 1.6 eq) and Tips-disilene (0.35 eq) according to the 'H NMR.
Depending on crystallization conditions different amounts of thf, naphthalene and disilene co-crystallize.

Single crystals of 2 were obtained as red blocks from a concentrated solution of 2 in hexane at —26°C.

'H NMR (400.13 MHz, C¢Ds, 300 K) & = 7.356 (d, *Ju = 1.56 Hz, 1H, Ar-H), 7.270 (d, *Jun = 1.56 Hz, 1H
Ar-H), 7.205— 7.184 (m, 1H, Ar-H), 7.138 (d, 3Jun = 1.32 Hz, 1H, Ar-H), 7.053 (d, °Jin = 1.32 Hz, 1H, Ar-
H), 6.981 (d, 3Jun = 1.60 Hz, 1H, Ar-H), 6.939 — 6.906 (m, 3H, Ar-H), 6.849 — 6.809 (m, 1H, Ar-H), 6.535
(sept, 3Jun = 6.69 Hz, 1H, Ar-H), 5.257 (sept, *Jun = 6.69 Hz, 1H, Tip-iPr-CH), 5.039 (sept, 3Jnn = 6.59
Hz, 1H, Tip-iPr-CH), 4.382 — 4.317 (m, 3H, Tip-/Pr-CH), 3.884 — 3.806 (m, 3H, Tip-iPr-CH overlapping
with COD-CH), 2.591 — 3.558 (m, 8H, thf), 3.239 (sept, *Jun = 6.56 Hz, 1H, Tip-iPr-CH), 2.861 — 2.751
(m, 3H, Tip-iPr-CH overlapping with COD-CH), 2.317 — 2.267 (m, 6H, COD-CH-), 2.233 — 2.194 (m, 3H,
Tip-Pr-CH overlapping with COD-CH-), 1.937 (d, *Jun = 6.56 Hz, 3H, Tip-iPr-CHs), 1.748 — 1.718 (m,
9H, Tip-iPr-CHs), 1.583 (dd, *Jun = 6.56 Hz, *Jun = 4.56 Hz, 6H, Tip-iPr-CHs), 1.507 (d, *Jun = 6.57 Hz,
3H, Tip-iPr-CHs), 1.401 (s, 9H, PhC(N(C(CHSs)3)2Si), 1.373 — 1.340 (m, 7H, Tip-iPr-CHs), 1.295 (s, 9H,
PhC(N(C(CH?3)3)2Si), 1.275 (d, 3Jun = 1.58 Hz, 2H, Tip-iPr-CHs), 1.258 (d, *Jun = 1.11 Hz, 2H, Tip-iPr-
CHs), 1.241 (d, 3Jun = 1.34 Hz, 3H, Tip-iPr-CHs), 1.231 — 1.225 (m, 4H, Tip-iPr-CHs), 1.211 (d, 3Jun =
2.61 Hz, 3H, Tip-iPr-CHs), 0.861 (d, *Jun = 6.72 Hz, 3H, Tip-iPr-CHs), 0.776 (t, *Jun = 6.26 Hz, 6H Tip-
iPr-CHs), 0.466 (d, *Jun = 6.46 Hz, 3H, Tip-iPr-CHs) ppm.

*C NMR (100.61 MHz, CsDs, 300 K) & = 168.62 (s, 1C, PhC(N(C(CHs3)3)-Si), 153.61, 153.50, 153.18,
152.67, 152.10, 151.94, 148.68, 148.24, 147.76, 144.68, 143.51, 141.83, 133.53 (s, 1C, each Ar-C),
129.90, 128.35, 128.11, 128.06, 127.87, 125.90 (s, 1C, each Ar-CH), 122.48, 122.46 (each s, 2C, COD-
CH), 122.06, 120.85, 120.60, 119.52 (s, 1C, each Ar-CH), 68.51 (s, 2C, thf), 56.40 (s, 1C,
PhC(N(C(CHz3)3)2Si), 54.13 (s, 1C, PhC(N(C(CHs)3).Si), 35.49, 35.19, 34.84, 34.73, 34.64 (each s, 1C,
Tip-iPr-CH), 33.73 (s, 3C, PhC(N(C(CHa)s).Si), 33.15, 33.03, 32.66, 32.20 (each s, Tip-iPr-CH), 31.78
(s, 3C, PhC(N(C(CHa)3)2Si), 29.25 (s, 2C, COD-CHz), 28.81 (s, 1C, Tip-iPr-CHz), 27.62 (s, 2C, COD-
CHy), 27.38 (each s, 1C, Tip-iPr-CHs), 25.47 (s, 2C, thf), 25.36, 25.22, 24.83, 24.63, 24.57, 24.47,
24.41(each s, 1C, Tip-iPr-CHs), 24.36 (s, 2C, Tip-iPr-CHs), 24.20, 24.22, 24.13, 24.08, 23.72, 23.09,
21.30 (each s, 1C, Tip-iPr-CHs) ppm.

"Li NMR (155.51 MHz, CeDs, 300 K) & = 5.99 (s, Li), 1.12 (brs, Li) ppm.

298i NMR (79.49 MHz, CgDs, 300 K) 5 = 152.8 (s, SiTip), 108.2 (s, PhC(N(C(CH3)3)2Si), 36.0 (s, SiTipz),
—103.2 (s, unsubstituted Si), —184.0 (s, unsubstituted Si), —226.3 (brs, SiLi) ppm.

Elemental analysis: calculated for CrsH120SisN2O2lrLi: C:62.46%; H: 8.28%; N: 1.92%. Found: C:
62.48%; H: 7.28%; N: 1.51%. The lower values compared to those calculated are quite common for
unsaturated silicon clusters due to incomplete combustion typically attributed to the formation of silicon
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carbides and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly
variable results of bona fide identical samples.S?

UV-Vis (hexane): A (¢ [M™' cm™]) = 543 (2860), .425 (7660) nm.
Melting Point: Decomposition under color change to a dark-brown/black solid was observed starting
from 145°C with subsequent melting of the dark solid from 178°C-186°C.
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Supplementary Figure S1. "H NMR spectrum of 2 in CsDs (400.13 MHz, 300 K).

S3
71



5. Supporting Information

A L

T T T T
1770 160 150 140 130 120 110 100 90 80 70 60

50 40 30 ppm

Supplementary Figure S2. *C NMR spectrum of 2 in CsDs (100.61 MHz, 300 K).
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Supplementary Figure S3. "Li NMR spectrum of 2 in CsDs (155.51 MHz, 300 K).
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Supplementary Figure S4. 2°Si NMR spectrum of 2 in CsDs (79.49 MHz, 300 K).
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Supplementary Figure S5. UV-Vis spectra of Sislr-Li complex 2 in hexane at different concentrations.
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Supplementary Figure S6. Determination of the extinction coefficient £ =2860 M~" em™' of 2 by linear regression at

Amax = 543 nm against the concentration.
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Supplementary Figure S7. Determination of the extinction coefficient ¢ = 7660 M™" cm™ of 2 by linear regression at
imax = 425 nm against the concentration.
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2.2 Preparation of Siglr-Zr complex 3a
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Supplementary Scheme S2. Synthesis of zirconium/iridium siliconoid 3a (R = 2,4,6-triisopropylphenyl, cod = cyclooctadienyl).

Iridasiliconoid 2 (249 mg, 0.15 mmol, 1.0 eq) is treated with ZrCp2Cl> (43.2 mg, 0.15 mmol, 1.0 eq) in 2
mL benzene. After the dark-green solution is stirred 20 minutes at room temperature, all volatiles are
removed under reduced pressure and the black-green residue is extracted from 2 mL hexane and
washed 3x with 2 mL hexane each. The dark-green-brown filtrate is concentrated and kept overnight,
first at —26°C, then at room temperature for crystallization. Removal of the mother liquor and drying of
the dark-green-brown crystals yields 32.8 mg (0.021 mmol; 14%) of the zirconium/iridium siliconoid 3a.

The yields are compromised by the competing formation of an unidentified side product, which could be
due to the elimination of CpLi according to residual 'H and *C NMR signals in the spectra of 3a (5.869/
114.3 ppm), as well as the co-crystallization of the starting material ZrCp.Cl. that cannot be separated

completely. Attempts to detect CpLi by ‘Li NMR remained unsuccessful.

'"H NMR (400.13 MHz, C¢Ds, 300 K) § = 7.283 (d, *Jun = 1.61 Hz, 1H, Ar-H), 7.258 (d, “Jun = 1.46 Hz, 1H,
Ar-H), 7.1919 — 7.176 (m, 4H, Ar-H), 7.101 (d, *Juu = 1.41 Hz,1H, Ar-H), 7.056 — 7.033 (m, 1H, Ar-H),
6.960 — 6.940 (m, 1H, Ar-H), 6.926 (d, *Jux = 1.58 Hz, 1H, Ar-H), 6.853 (d, “Jun = 1.43 Hz, 1H, Ar-H),
6.297 (s, 5H, Cp-CH), 6.230(s, 5H, Cp-CH), 6.013 (ZrCp2Clz), 5.869 (CpLi?), 5.573 (sept, 3Jun = 6.63 Hz,
1H, Tip-iPr-CH), 5.487 (sept, *Jun = 6.78 Hz, 1H, Tip-iPr-CH), 4.826 (sept, *Jun = 6.50 Hz, 1H, Tip-iPr-
CH), 4.506 (m, 1H, COD-CH), 4.074 (sept, Jun = 6.59 Hz, 1H, Tip-iPr-CH), 3.957 (m, 1H, COD-CH),
3.752 (m, 1H, COD-CH), 3.648 (sept, 1H, *Juy = 6.65 Hz, Tip-iPr-CH), 2.980 (sept, *Jun = 6.47 Hz, 1H,
Tip-iPr-CH), 2.824 — 2.641 (m, 6H, Tip-iPr-CH overlapping with COD-CH:), 2.422 (m, 1H, COD-CH),
2.217 —2.122 (m, 5H, Tip-iPr-CH overlapping with d, *Ju1 = 6.35 Hz, 3H, Tip-iPr-CHs), 1.898 — 1.813 (m
8H, COD-CH; overlapping with Tip-iPr-CH3 (1.890, d, *Jun = 6.47 Hz, 3H; 1.822, d, *Jun = 6.70 Hz, 3H)),
1.773 (d, Jun = 6.81 Hz, 3H, Tip-iPr-CHs), 1.694 (d, *Jun =6.70 Hz, 3H, Tip-iPr-CH;), 1.449 (dd,
3Jun = 10.63, 6.67 Hz, 3H, Tip-iPr-CH;), 1.366 (d, *Jun = 6.49 Hz, 6H, Tip-iPr-CHs), 1.257 (s, 9H,
PhC(N(C(CH?3)2)2Si), 1.230 (d, *Jun = 1.75 Hz, 3H, Tip-iPr-CHs), 1.214 — 1.182 (m, 15H, Tip-iPr-CHj3),
1.095 (s, 9H, PhC(N(C(CH?)3)2Si), 1.028 (d, ®Jun = 6.61 Hz, 3H, Tip-iPr-CHjs), 0.925 (d, 3Jun = 6.58 Hz,
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3H, Tip-iPr-CH;), 0.889 (t, 2H, hexane), 0.489 (d, 3Jun = 6.58 Hz, 3H, Tip-iPr-CHs), 0.197 (d,
3Jun = 6.30 Hz, 3H, Tip-iPr-CHs) ppm.

13C NMR (100.61 MHz, CsDs, 300 K) & = 169.72 (s, 1C, PhC(N(C(CHs)3)2Si), 154.11, 154.07, 153.97,
153.64, 153.36, 153.05, 149.80, 149.07, 148.06, 146.79, 141.46, 139.13, 133.03 (each s, 1C, Ar-C),
130.12, 128.10, 127.86, 123.74 (each s, Ar-CH), 122.67(s, 4C, COD-CH), 121.63, 121.10, 120.46 (each
s, 1C, Ar-CH), 115.65 (ZrCp.Cl,), 114.32 (CpLi?), 112.07, 110.96 (each s, 10C, Cp-CH), 55.67 (s, 1C,
PhC(N(C(CHs)3):Si), 54.38 (s, 1C, PhC(N(C(CHa)s)2Si), 36.03, 35.55, 34.85 (each s, 1C, Tip-iPr-CH),
34.57 — 34.46 (m, 4C, Tip-iPr-CH), 33.06, 32.63 (each s, 1C, Tip-iPr-CH), 32.37, 32.22(each s, 3C,
PhC(N(C(CHs)s):Si), 31.90 (s, hexane), 29.33, 27.96, 27.40, 26.85 (each s, 1C, Tip-iPr-CHs), 26.64 (brs,
2C, COD-CH;), 25.96, 25.37 (each s, 1C, Tip-iPr-CHs), 25.25 (brs, 2C, COD-CH;), 25.05, 24.45 (each
s, 1C, Tip-iPr-CHs), 24.21 — 24.06 (m, 9C, Tip-iPr-CHs), 23.82 (s, 1C, Tip-iPr-CHs), 22.99 14.30 (s,

hexane) ppm.

28i NMR: (79.49 MHz, CgDs, 300K) &=73.8 (brs, SiTip), 73.5 (s, PhC(N(C(CHs)3).Si), 52.8
(Tip2Si=SiTip2) 30.5 (s, SiTipz), —40.9 (s, unsubstituted Si (Si3)), =77.9 (s, SiZr), =131.9 (s, unsubstituted
Si) ppm.

UV-Vis (in hexane): 2 (¢ [M™" cm™]) = 601 (3389), 426 (6911), 354 (17431) nm.

Elemental analysis calculated for C7sH114ClIrN2SisZr: C: 59.78 %, H: 7.33 %, N: 1.79 %. Found: C:
59.56 %, H: 7.23 %, N: 1.54 %.

Melting point: 310°C.
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Supplementary Figure S8. 'H NMR spectrum of 3a in CsDs (400.13 MHz, 300 K), #,* impurities, likely # = Cp2ZrClz, * = CplLi.
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Supplementary Figure $9. °C NMR spectrum of 3a in CsDs (100.61 MHz, 300 K), #,* impurities, likely # = Cp2ZrClz, * = CpLi.
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Supplementary Figure $10.*Si NMR spectrum of 3a in CsDs (79.49 MHz, 300 K), impurity * = residual Tip2Si=SiTipa.
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Supplementary Figure S$11. UV-Vis spectra of zirconium complex 3a in hexane at different concentrations.
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Supplementary Figure $12. Determination of the extinction € = 3389 M~"cm™ of 3a by linear regression at Amax = 601 nm.
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Supplementary Figure $13. Determination of the extinction € = 6911 M~"cm™" of 3a by linear regression at . = 426 nm.
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Supplementary Figure S14. Determination of the extinction € = 17431 M~'cm™" of 3a by linear regression at . = 354 nm.
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2.3 Preparation of Siglr-Hf complex 3b
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Supplementary Scheme S3. Synthesis of the hafnium complex 3b (R = 2,4,6-triisopropylphenyl, cod = cyclooctadienyl).

Hafnocene dichloride (49.6 mg (0.13 mmol, 1.08°eq.) is added to iridasiliconoid 2 (249 mg, 0.15 mmol,
1.0 eq.) in 3 mL benzene. The reaction mixture is stirred for 1.5 hours at room temperature and
afterwards the solvent of the brown-orange solution is removed under reduced pressure. The dark-red
residue is filtered from 3 mL hexane and washed with 5 mL hexane in total. Afterwards, the red-brown
filirate is concentrated and kept at room temperature for crystallization overnight. The mother liquor is
removed via cannula and the crystals are dried under reduced pressure to afford 68.4 mg (0.041 mmol;
32%) of hafnium/iridium siliconoid 3b as dark-violet-brown crystals. The yields are compromised by the
competing formation of an unidentified side product, which could be due to the elimination of CpLi
according to residual 'H and *C NMR signals in the spectra of 3b (5.810 ppm/ 112.85 ppm), as well as
the co-crystallization of the starting material HfCp2Cl. that cannot be separated completely. Residual
naphthalene (C1oHs) in the NMR spectra stems from the reduction step with lithium/naphthalene to 2 that

could not be completely removed by sublimation and subsequent crystallization.

'"H NMR (400.13 MHz, CsDs, 300 K) § = 7.627 (q, 0.2H, C1oHs), 7.276 (d, “Jun = 1.65 Hz, 1H, Ar-H), 7.251
(q, 0.2H, C1oHs), 7.190 (dd, 3Jun = 8.05 Hz, *Jun = 1.29 Hz, 3H, Ar-H), 7.103 (d, *Jun = 1.50 Hz,1H, Ar-
H), 7.007 — 7.053 (m, 1H, Ar-H), 6.967 — 6.946 (m, 2H, Ar-H), 6.917 (d, *Jun = 1.58 Hz, 1H, Ar-H), 6.856
(d, *Jun = 1.58 Hz, 2H, Ar-H), 6.171 (s, 5H, Cp-CH), 6.137 (s, 5H, Cp-CH), 5.925 (HfCp.Cl.), 5.810
(CpLi?), 5.531 (sept, 3Jun = 6.60 Hz, 1H, Tip-iPr-CH), 5.441 (sept, 3 = 6.73 Hz, 1H, Tip-iPr-CH), 4.847
(sept, *Jun = 6.56 Hz, 1H, Tip-iPr-CH), 4.584 — 4.274 (m, 1H, COD-CH) 4.068 (sept, 3Jun = 6.58 Hz, 1H,
Tip-Pr-CH), 3.998 — 3.727 (m, 1H, COD-CH), 3.633 (sept, *Ju = 6.58 Hz, 1H, Tip-iPr-CH), 2.965 (sept,
3Jun = 6.48 Hz, 1H, Tip-iPr-CH), 2.801 — 2.630 (m, 8H, Tip-iPr-CH overlapping with COD-CH and COD-
CH.), 2.122 (d, *Jun = 6.39 Hz, 3H, Tip-iPr-CHs), 1.880 (d, *Jun = 6.39 Hz, 3H, Tip-iPr-CHs), 1.817 (d,
3Jun = 6.70 Hz, 3H, Tip-iPr-CHs), 1.743 (d, 3Jun = 6.70 Hz, 3H, Tip-iPr-CHs), 1.672 (d, *Jnn = 6.70 Hz, 3H,
Tip-iPr-CH;), 1.466 (d, °Jun =6.68 Hz, 3H, COD-CH. overlapping with Tip-iPr-CHs), 1.421 (t,
3Jun = 6.77 Hz, 6H, Tip-iPr-CHs), 1.254 (s, 9H, PhC(N(C(CH?3)3)2Si), 1.228 — 1.174 (m, 23H, Tip-iPr-CHj
overlapping with COD-CH,), 1.106 (s, 9H, PhC(N(C(CH3)3).Si), 1.032 (d, *Jun = 6.65 Hz, 3H, Tip-iPr-
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CHs), 0.937 (d, ®Jux = 6.56 Hz, 3H, Tip-iPr-CHs), 0.886 (t, 2H, hexane), 0.481 (d, 3Jux = 6.56 Hz, 3H, Tip-
iPr-CHs), 0.181 (d, 3Ju = 6.32 Hz, 3H, Tip-iPr-CHs) ppm.

*C NMR (100.61 MHz, C¢Ds, 300 K) & = 169.73 (s, 1C, PhC(N(C(CHs)3)Si), 154.29, 154.13, 154.05,
153.80, 153.41, 153.05, 149.71, 149.04, 148.08, 146.91, 142.03, 138.97, 133.10 (each s, 1C, Ar-C),
130.32, 129.83, 128.92, 128.12, 127.88, 127.55, 126.01, 123.75 (each s, 1C, Ar-CH), 122.66 (s, 2C,
COD-CH), 122.62 (s, 2C, COD-CH), 121.65, 121.20, 120.41 (each s, 1C, Ar-CH), 114.32 (HfCp.Cl,),
112.85 (CpLi?), 111.11, 110.20 (each s, each 5C, Cp-CH), 55.70 (s, 1C, PhC(N(C(CHz)3)2Si), 54.33 (s,
1C, PhC(N(C(CHBa)3)2Si), 36.05, 35.61, 34.84 (each s, 1C, Tip-iPr-CH), 34.60 — 34.50 (m, 4C, Tip-iPr-
CH), 33.22, 32.59 (each s, 1C, Tip-iPr-CH), 32.46, 32.30 (each s, 3C, PhC(N(C(CHs)3)2Si), 31.90 (s,
hexane), 29.36, 28.08 (each s, 1C, Tip-iPr-CHs), 27.43 (s, 2C, COD-CH,), 27.21, 26.65, 26.06 (each s,
1C, Tip-iPr-CHa), 25.59 (s, 2C, COD-CH-), 25.53, 25.10, 24.47, 24.24 — 2410 (m, 9C, Tip-iPr-CHa),
23.81 (s, 1C, Tip-iPr-CH3), 23.00, 14.32 (each s, hexane) ppm.

28i NMR (79.49 MHz, CsDs, 300 K) 5 = 75.9 (s, SiTip), 68.1 (bs, PhC(N(C(CHz)3)2Si), 29.9 (s, SiTip2),
-36.6 (s, SiHf), -90.4 (s, Silr), =131.1 (s, unsubstituted Si) ppm.

CP-MAS #Si-NMR (79.53 MHz, 13KHz, 300K) & = 65.5 (s, SiTip and PhC(N(C(CHs)3).Si), 28.4 (s,
SiTip2), —26.3 (s, unsubstituted Si (Si3)), —-87.0 (s, SiHf), —140.8 (s, unsubstituted Si), ppm.

UV-Vis (in hexane): i (¢ [M™" cm™"]) = 647 (1257), 524 (5303), 437 (6871), 340 (20960) nm.

Elemental analysis: calculated for CrsH114CIHfIrN2Sis: C: 56.63 %, H: 6.95 %, N: 1.69 %. Found: C:
55.18 %, H: 6.72 %, N: 1.36 %. The lower values compared to those calculated are quite common for
unsaturated silicon clusters due to incomplete combustion typically attributed to the formation of silicon
carbides and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly

variable results of bona fide identical samples.S?

Melting point: 300°C.
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CHs), 0.937 (d, 3Jun = 6.56 Hz, 3H, Tip-iPr-CHs), 0.886 (t, 2H, hexane), 0.481 (d, 3Jux = 6.56 Hz, 3H, Tip-
iPr-CHs), 0.181 (d, 3Juys = 6.32 Hz, 3H, Tip-iPr-CHs) ppm.

*C NMR (100.61 MHz, C¢De, 300 K) 5 = 169.73 (s, 1C, PhC(N(C(CH3)3)2Si), 154.29, 154.13, 154.05,
153.80, 153.41, 153.05, 149.71, 149.04, 148.08, 146.91, 142.03, 138.97, 133.10 (each s, 1C, Ar-C),
130.32, 129.83, 128.92, 128.12, 127.88, 127.55, 126.01, 123.75 (each s, 1C, Ar-CH), 122.66 (s, 2C,
COD-CH), 122.62 (s, 2C, COD-CH), 121.65, 121.20, 120.41 (each s, 1C, Ar-CH), 114.32 (HfCp2Cl.),
112.85 (CpLi?), 111.11, 110.20 (each s, each 5C, Cp-CH), 55.70 (s, 1C, PhC(N(C(CH3)3).Si), 54.33 (s,
1C, PhC(N(C(CHs3)3)2Si), 36.05, 35.61, 34.84 (each s, 1C, Tip-iPr-CH), 34.60 — 34.50 (m, 4C, Tip-iPr-
CH), 33.22, 32.59 (each s, 1C, Tip-iPr-CH), 32.46, 32.30 (each s, 3C, PhC(N(C(CHs)s)=Si), 31.90 (s,
hexane), 29.36, 28.08 (each s, 1C, Tip-iPr-CHzs), 27.43 (s, 2C, COD-CH-), 27.21, 26.65, 26.06 (each s,
1C, Tip-iPr-CHs), 25.59 (s, 2C, COD-CH>), 25.53, 25.10, 24.47, 24.24 — 2410 (m, 9C, Tip-iPr-CHa),
23.81 (s, 1C, Tip-iPr-CHa), 23.00, 14.32 (each s, hexane) ppm.

298i NMR (79.49 MHz, CsDs, 300 K) 8 = 75.9 (s, SiTip), 68.1 (bs, PhC(N(C(CH3)3)2S/), 29.9 (s, SiTip2),
-36.6 (s, SiHf), —90.4 (s, Silr), -131.1 (s, unsubstituted Si) ppm.

CP-MAS 2Si-NMR (79.53 MHz, 13KHz, 300K) & = 65.5 (s, SiTip and PhC(N(C(CHs)s)2Si), 28.4 (s,
SiTip2), —26.3 (s, unsubstituted Si (Si3)), —87.0 (s, SiHf), -140.8 (s, unsubstituted Si), ppm.

UV-Vis (in hexane): (¢ [M~ cm™]) = 647 (1257), 524 (5303), 437 (6871), 340 (20960) nm.

Elemental analysis: calculated for CzgH114CIHfIrN2Sis: C: 56.63 %, H: 6.95 %, N: 1.69 %. Found: C:
55.18 %, H: 6.72 %, N: 1.36 %. The lower values compared to those calculated are quite common for
unsaturated silicon clusters due to incomplete combustion typically attributed to the formation of silicon
carbides and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly

variable results of bona fide identical samples.5?

Melting point: 300°C.
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Supplementary Figure $15. 'H NMR spectrum of 3b in CeDs (400.13 MHz, 300 K), #,* impurities, likely #
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Supplementary Figure $17. 2Si NMR spectrum of 3b in CsDe (79.49 MHz, 300 K).
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Supplementary Figure S$18. UV-Vis spectra of hafnium complex 3b in hexane at different concentrations.
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Supplementary Figure $19. Determination of the extinction € = 1257 M~" cm™" of 3b by linear regression at Amax = 647 nm.

0‘50 T Equation y=a+b'x
Weight No Weighting
7 |Residual Sum  2,66743E-4
of Squares ]
0,45 - |Pearson'sr 0.99462 -
Adj. R-Square 0,98391
4 Value Standard Erro
B Intercept -0,07087 0,0308
Slope 530,28571 39,04158
<€ 0,40 -
0}
[&]
c 4
@
< 0,35 ’
@ .
Q0
{ -
0,30 [ |
0,25 u
T T T T T
0,0006 0,0007 0,0008 0,0009 0,0010

Conentration ¢ [mol/L]

Supplementary Figure S$20. of the extinction € = 5303 M~"cm™" of 3b by linear regression at . = 524 nm.
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Supplementary Figure $21. Determination of the extinction € = 6871 M~"em™' of 3b by linear regression at 2. = 437 nm.
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0,0006 0,0007 0,0008 0,0009 0,0010
Concentration ¢ [mol/L]
Supplementary Figure $22. Determination of the extinction £ = 20960 M~' cm™ of 3b by linear regression at . = 340 nm.
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3 Details on X-Ray Diffraction Studies

Crystallographic data

The data set was collected using a Bruker D8 Venture diffractometer with a microfocus sealed tube and
a Photon Il detector. Graphite-monochromated Mok, radiation (A = 0.71073 A) was used. Data were
collected at 122(2) K (2) or 133(2) K (3a,b) and corrected for absorption effects using the multi-scan
method. The structures were solved by direct methods using SHELXS-97 (2)%% or SHELXT (3a,b)3%
and were refined by full matrix least squares calculations on F? (SHELXL 2018%%) in the graphical user
interface Shelxle.S® The refinement of the two structures 3a and 3b was each extended with the
BOND$H command of SHELX to introduce the C-C-H angles and the C-H distances in the cif-file and
then refined again. After the refinement, the two structures 3a and 3b each show one increased residual
electron density peak near a non-heavy atom. This could be an indication of twinning, although neither
TwinRotMat (PLATON)®” detected a twin law nor was non-merohedral twinning observed in the

reciprocal space.
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3.1 Solid State Structure of Siglr-Li 2

Refinement

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).
Disorder. Two isopropyl-groups (fvar 2: 0.60/0.40; fvar 4: 0.70/0.30), one tert.butyl-group (fvar 5:
0.65/0.35) and a part of the coordinated thf molecule (fvar 3: 0.61/0.39) are split over two positions.

Supplementary Table S1. Crystal data and structure refinement for SisNHSilrLi 2 (CCDC: 2447272).

Empirical formula C76 H120 Ir Li N2 O2 Si6

Formula weight 1461.41

Temperature 122(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=14.3574(10) A a = 75.099(2)°.
b =22.2591(14) A B = 88.548(2)".
c =25.9243(17) A y =77.283(2)°.
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Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Supplementary Figure $23. Molecular structure of iridasiliconoid 2 in the solid state (a) molecule 1, b) molecule 2). Hydrogen

5. Supporting Information

7805.7(9) A®

4

1.244 Mg/m?®

1.846 mm™'

3080

0.510 x 0.144 x 0.060 mm?
0.971 to 27.986°.
-18<=h<=18, -29<=k<=29, -
34<=|<=34

114921

37415 [R(int) = 0.0547]
99.9 %

Semi-empirical from
equivalents

0.7456 and 0.5737
Full-matrix least-squares on
FZ

37415/171 /1715

1.025

R1 =0.0442, wR2 = 0.1001
R1=0.0702, wR2 = 0.1089
1.717 and -2.350 e A™®

atoms are omitted for clarity. Thermal ellipsoids represent 50% probability.
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Supplementary Table $2. Comparison of the bonding parameters in molecule 1 and 2 of iridasiliconoid 2 and averaged
arithmetic values.

Molecule 1 Molecule 2 Arithmetic Mean Values

Atoms Distance [A] | Atoms Distance [A] Distance [A]
Ir1-Si2 2.658(1) Ir2-Si8 2.623(1) 2.641(1)
Ir1-Si3 2.404(1) Ir2-Si9 2.417(1) 2.411(1)
Ir1-Si6 2.343(1) Ir2-Si12 2.345(1) 2.344(1)
Ir1-Li1 2.880(8) Ir2-Li2 2.880(8) 2.880(8)
Si1-Si2 2.327(2) Si7-Si8 2.327(2) 2.327(2)
Si1-Si3 2.438(2) Si7-Si9 2.408(2) 2.423(2)
Si1-Si5 2.317(2) Si7-Si11 2.324(2) 2.321(2)
Si1-Si6 2.286(2) Si7-Si12 2.284(2) 2.285(2)
Si2-Si3 2.466(2) Si8-Si9 2.484(2) 2.475(2)
Si2-Si4 2.400(2) Sig-Si10 2.375(2) 2.388(2)
Si2-Li1 2.617(8) Si8-Li2 2.605(7) 2.611(8)
Si3-Si4 2.321(1) Sig-Si10 2.341(2) 2.331(2)
Si4-Si5 2.405(2) Si10-Si11 2.399(1) 2.402(2)
Atoms Angle [°] Atoms Angle [°] Angle [°]
Si5-Si1-Si6 146.2(6) Si11-Si7-Si12 153.5(7) 149.9(7)
Si6-Ir1-Li1 125.1(2) Si12-Ir2-Li2 120.3(2) 122.7(2)
Si3-Ir1-Li1 105.8(2) Sig-Ir2-Li2 108.2(2) 107.1(2)
Si2-Ir1-Li1 56.2(2) Sig-Ir2-Li2 56.3(2) 56.3(2)
Si3-Si2-Li1 112.4(2) Si9-Si8-Li2 115.3(2) 113.9(2)
Si6-Ir-Si3 68.4(4) Si12-1r2-Si9 69.9(4) 69.2(4)

3.2 Solid State Structure of Si6Ir-Zr 3a

Refinement

All non H-atoms were located on the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).
Disorder. One of the isopropyl groups (C28a C30a and C28b C30b) was split over two positions. Its
occupancy factors refined to 81.1% for the major component. Some residual electron density (3.11 A%)

was found near (2.28 A) a isopropyl group (C23) of the Tip substituent due to unmodelled disorder.
Supplementary Table S3. Crystal data and structure refinement for zirconium complex 3a (CCDC: 2447286).

Empirical formula C78 H114 Cl Ir N2 Si6 Zr

Formula weight 1567.12

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a =13.0066(6) A a = 85.640(2)°.

b =16.0638(8)) A B =73.327(2)°.
c=20.4956(10)A v =70.671(2).
Volume 3870.1(3) A3
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Z 2

Density (calculated) 1.345 Mg/m?®

Absorption coefficient 2.021 mm™*

F(000) 1628

Crystal size 0.176 x 0.109 x 0.064 mm3
Theta range for data collection 2.075to0 25.681°

Index ranges -15<=h<=15, -19<=k<=19, -24<=I<=24
Reflections collected 137646

Independent reflections 14647 [R(int) = 0.0688]
Completeness to theta = 25.027° 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7455 and 0.6989

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 14647 / 87 / 856
Goodness-of-fit on F? 1.057

Final R indices [I>2sigma(l)] R1 =0.0306, wR2 = 0.0629

R indices (all data) R1=0.0383, wR2 = 0.0665
Largest diff. peak and hole 3.312 and -0.598 e. A

=

Supplementary Figure S24. Molecular structure of the zirconium complex 3a in the solid state. Hydrogen atoms are omitte
for clarity. Thermal ellipsoids represent 50% probability.

3.3 Solid State Structure of Si6lr-Hf 3b

Refinement
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All non H-atoms were located on the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).
Disorder: One of the isopropyl groups is split over two positions. Its occupancy factors refined to 78 %

and 22 %, respectively.

Supplementary Table S4. Crystal data and structure refinement for hafnium complex 3b (CCDC: 2447266).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.027°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C78 H114 CI Hf Ir N2 Si6
1654.39
133(2) K
0.71073 A
Triclinic

P-1
a=12.9983(9
b = 16.0655(1
c=20.4888(1
3868.7(5) A
2

1.420 Mg/m?
3.228 mm™
1692

0.172 x 0.138 x 0.074 mm?

2.076 to 25.027°

-156<=h<=15, -19<=k<=19, -24<=|<=24
106012

13360 [R(int) = 0.0607]

97.7 %

Semi-empirical from equivalents
0.7455 and 0.6256

Full-matrix least-squares on F?
13360/ 87/ 852

1.107

R1=0.0331, wR2 = 0.0644

R1 =0.0469, wR2 = 0.0698

2.548 and -1.354 e A®

) A a = 85.512(3)°.
2)A B =73.304(3)".
4HA  y=70.764(3)".
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Supplementary Figure $25. Molecular structure of the hafnium complex 3b in the solid state. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids represent 50% probability.

4 DFT Calculations

Computations were carried out with orca 5.0.4/6.0.15% and the Gaussian 16 program package.S°
Structural optimizations in the gas-phase, frequency analyses and single point calculations were
performed at the B3LYP or PBEQ/def2TZVPP level of theory 5% for 2 and 3a,b including the dispersion
correction by Grimme.3'2 Tighter than default convergence had to be chosen for the scf (thightscf) in the
TD-DFT calculation for 2. Implicit correction for solvation effects (solvents: hexane or benzene) were
investigated with the CPCM model for geometry optimizations for spectroscopy calculations.5'?

Pictures of Kohn-Sham orbitals were displayed with ChemCraft 1.8.5'4
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4.1 Sielr-Li 2

411 Optimization and single point

&

®

——— @
-

o T

«

@

Supplementary Figure S26. Optimized molecular structure of Sislr-Li 2 at the PBEQ/def2-TZVPP level of theory.S'0c-e11
Hydrogen atoms omitted for clarity.

Supplementary Table S5. Coordinates of the optimized geometry of Sisir-Li 2 at the PBE0/def2-TZVPP level of theory.S10¢-e11

N -4.003520 1.429997 -0.641711
N -4.079205 0.511421 1.304294
Ir -2.236352 -1.939778 -0.977011
Si -0.566039 0.799395 0.538374
Si 0.006983 -1.467187 0.607132
Si -0.486513 -0.353416 -1.564285
Si 1.713660 -0.476850 -0.741557
Si 1.509895 1.829638 0.109458
Si -2.731759 0.177280 0.001477
C -4.343464 -2.458043 -1.215834
H -4.987477 -1.654359 -0.877117
C -4.715009 -2.994602 -2.597061
H -5.023935 -4.040604 -2.523957
H -56.591585 -2.458305 -2.967219
C -3.565450 -2.841285 -3.607125
H -3.636641 -3.603863 -4.395877
H -3.659058 -1.876972 -4.110048
C -2.192354 -2.884098 -2.967422
H -1.427516 -2.413509 -3.571432
C -1.752323 -3.871596 -2.060260
H -0.688535 -4.068889 -2.057884
C 3.318908 -1.444840 -1.247983
C 3.571022 -1.858713 -2.578651
C 4.659912 -2.687962 -2.857690
H 4.835500 -3.001199 -3.879889
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5.636577
5.294568
5.966063
4.218696
2.678465
2.032455
3.471281
2.792101
4.040733
4.173885
1.759910
1.149386
2.342859
1.086358
6.717046
6.655861
8.060032
8.121207
8.892057
8.195571
6.657535
6.721592
7.487539
5.726326
4.056162
3.268771
5.323855
5677262
6.135951
5117432
3.607689
3.481309
4.352808
2.656515
2.832752
4.102763
5.085887
6.043821
4.889447
3.652450
3.467024
2.632622
4.482022
3.648764
5.696713
5.510654
6.590766

-3.126850
-2.706129
-3.026419
-1.884005
-1.463832
-0.652496
-0.951365
-0.543380
-1.748367
-0.167793
-2.622866
-2.962184
-3.473242
-2.311663
-4.016385
-4.212244
-3.317165
-2.370050
-3.946767
-3.105905
-5.374139
-5.254747
-6.011801
-5.897111
-1.517025
-0.765102
-0.900058
-0.051472
-1.627211
-0.545709
-2.727145
-2.443197
-3.525157
-3.120914
2.244912
2.727161
3.030404
3.404966
2.870155
2.383617
2.241595
2.070607
2.964008
2.645552
2.134184
1.066211
2.383231

-1.875282
-0.571726
0.215501
-0.239873
-3.749296
-3.413143
-4.961368
-5.712404
-5.442772
-4.677325
-4.166178
-3.329811
-4.527944
-4.967733
-2.226552
-3.301253
-1.964810
-2.502095
-2.287903
-0.902363
-1.510460
-0.427059
-1.822513
-1.733602
1.233526
1.305542
1.842209
1.260108
1.906472
2.853168
2.068307
3.115376
2.028224
1.709807
1.489651
1.078752
2.022680
1.681350
3.385269
3.788091
4.845629
2.888721
-0.381195
-1.003881
-0.826163
-0.717522
-0.252156
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5.919306
4.712060
4.948112
5.546354
3.827160
5.982148
6.849135
5.576802
5.298376
6.401206
4.723711

6.418734
5.598589
7.240900
6.752095
1.341821

0.604927
0.742682
0.606315
1.372556
-0.232953
1.534259
0.592776
2.276200
1.856878

1.209805
0.687789
0.416209

0.027356

0.623248

1.114261

1.274810

1.411616

0.370056

0.647356

1.184825
0.941997

2.254645
0.977275
-1.135764
-1.498473
-1.348311
-1.707394
0.346209

0.493224

1.343882

1.174317
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2.326560
4.458527
4.623626
4.843449
5.046443
3.218983
3.543272
4.390708
5.266082
4.671188
4.126635
2.004955
1.633000
2.271581
1.186366
1.544296
1.432399
2.503792
3.505790
2.589512
2137375
0.150308
-0.209560
0.168650
-0.569759
3.455553
4.581180
5.770517
6.608719
5.917724
4.814699
4.902136
3.601909
4.576868
3.608415
5.628490
6.641615
5.476274
5.569116
4.743593
5.714086
4.669867
3.968589
7.223095
7.028041
8.319557
9.231378

-1.877801
-0.660637
-1.713434
-0.071303
-0.418612
4.380872
3.797505
5.288524
4.700369
5.947926
5.916737
5.215061

5.832341

5.882844
4.576071

3.513522
2.721416
4.554693
4.149079
5.442182
4.882274
4.130056
4.552016
4.931554
3.379421

-0.934243
-0.237459
-0.912013
-0.346858
-2.277436
-2.957336
-4.025285
-2.329211
1.256348

1.663856

2.025092

1.699937

1.882823

3.095393

1.517418

1.173319

2.586672

1.004432

-3.002746
-4.069307
-2.595685
-3.172817
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2.372333
1.242042
-1.100501
-1.310300
-1.813207
-1.283235
1.938401

2.173544
3.225078
3.049742
3.594479
4.013954
0.872781

-0.034256
1.244285
0.610011

-4.712936
-4.326117
-5.635332
-3.077760
-3.284317
-2.791169
-2.231596
-5.478757
-5.232029
-5.653702
-4.680503
-4.744638
-3.904777
-6.407342
-4.336932
-4.251506
-5.059670
-3.300206
-4.318073
-3.238004
-3.403068
-5.782265
-2.250179
-5.702070
-5.813262
-6.528516
-3.240992
-8.392187
-8.339940
-7.217820
-9.254256
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7.997182
8.570286
7.704086
7.945738
6.940803
8.604911
2.500260
1.634916
2.910421
3.751457
2.080874
3.200490
2.060769
1.724762
1.236690
2.880007
1.356685
2.098154
3.726968
2.022998
2.508679
0.991322
2.527219
1.364936
0.312768
1.807808
3.582760
4.060178
4.093085
1.435048
0.143680
1.369639
2.074116
1.884138
1.049750
-0.844244
-1.156122
-1.398216
-0.390905
-0.548062
-0.915633
0.130999
-1.725862
2.207549
3.470619
1.519470
4.005335

-2.762909
-1.637764
-2.819767
-1.776051
-3.134923
-3.409598
-3.244059
-2.623879
-3.981702
-4.654389
-4.5685667
-3.289955
-4.260655
-3.760673
-4.871878
-4.932989
0.490071
-1.928969
-1.238846
-2.814077
-3.768393
-3.006745
-2.348662
-2.637046
-2.776975
-3.619139
-1.737329
-2.716149
-1.165721
-2.072192
2.713194
3.639919
3.458057
3.501557
4.681387
3.124725
4.157119
2.191408
3.051959
2.870070
3.891932
2.671872
2.486132
0.790604
1.368932
0.506739
1.589878



IITOIIOIOIIOIOOOI

L

I OIIIIITIITOOOO0OO0OIIIIIIIIOOOOO

5. Supporting Information

-7.264950
-7.107176
-5.977847
-7.057761
-5.932958
-4.976779
-9.347189
-3.789520
-4.089584
-3.496066
-2.982058
-4.430003
-2.630389
-1.992278
-3.269206
-1.039881
-2.288139
-2.659124
-0.443321
-1.175986
-1.903072
-3.438518
-2.984260
0.022811
-1.600096
-0.521824
-3.140495
0.310995
-1.458494
1.686256
0.222324
1.391904
2.455561
1.899911
-0.433242
-0.177925
1.111049
3.267584
2.886655
1.937962
0.235055
1.681527
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0.533962

4.044568

2.090815

5.028381

3.359745

3.814520

1.754388

-3.278426
-3.041862
-4.756421
-5.137396
-5.334497
-5.046376
-5.909387
-5.345221
-3.832940
-4.987424
-4.854159
-4.054753
-3.943360
-5.987167
-4.105328
-5.792458
-3.130149
-2.945322
-4.136250
-4.811422
-4.846432
-4.413907
-6.966105
-6.652002
-5.186400
-6.129296
-8.031996
-6.685344
-7.315125
-5.490508
-5.569190
-6.757607
-6.638917
-5.304148
-4.138992

0.063617
1.661356
0.795252
2.109001
1.375627
1.595801
0.559591
-0.185321
0.831797
-0.392533
0.496735
-0.439442
-1.638967
-1.438136
-2.472905
0.808605
4.845261
3.370520
3.670226
4.999800
5.055226
3.216322
2.920604
3.333614
5.116176
5.848813
5.500074
3.691884
2.696278
1.151639
0.851462
-0.490212
0.101809
1.082041
1.718558
0.075388
-1.501960
0.559013
-0.676268
2.160328
0.366895
-0.502534
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HOMO-1-4.36 eV HOMO-2 4.75eV HOMO-3 -4.84 eV

Supplementary Figure S$27. Selected molecular orbitals of Sislr-Li 2 at the PBEQ/def2-TZVPP level of theory.S10¢-e.11

4.1.2 Experimental vs. calculated NMR shifts

Supplementary Table S6. Comparison of experimental vs. calculated NMR chemical shifts for compound 2 at the PBEO/def2-
TZVPP level of theory.S10c-e11

Exp. 2 5(29Si) [ppm] Calc. 2 5(2°Si) [ppm]
Si4 (SiTip) 149.6 163.8
Si6 (NHSI) 109.3 63.8
Si5 (SiTip2) 34.7 56.5
Si3 (unsubstituted) -104.0 -125.6
Si1 (unsubstituted) -178.4 -132.4
Si2 (SiLi) -230.7 -228.1

4.1.3 TD-DFT calculations

Supplementary Table S7. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 2 calculated at
the TD-PBEQ/def2-TZVPPS10ee11 |eve| of theory (the 354th orbital is the highest occupied orbital (HOMO), the 355th orbital is
the lowest unoccupied orbital (LUMO) shown in Supplementary Figure S27).
STATE 1: E= 0.086317au  2.349eV 18944.5 cm*-1 <S**2>= 0.000000
352a -> 355a : 0.025043 (c=-0.15825039)
353a->355a : 0.119009 (c= 0.34497659)

S29
98



354a -> 355a :
354a -> 356a :

STATE 2: E=
352a -> 355a :
353a -> 355a :
353a -> 356a
354a -> 355a :

STATE 3: E=
350a -> 355a :
351a -> 355a :
351a -> 356a
352a -> 355a :
352a -> 356a
354a -> 355a :
354a -> 358a

STATE 4: E=
350a -> 355a :
351a -> 355a
352a -> 355a :
353a -> 358a
354a -> 356a
354a -> 358a :
354a -> 359a :
354a -> 360a :

STATE 5: E=
350a -> 355a :
351a-> 355a :
351a -> 356a :
351a-> 358a :
352a -> 355a :
352a -> 356a :
353a -> 358a :
354a -> 355a :
354a -> 356a :

STATE 6: E=
350a -> 355a :

0.096573 au

0.104750 au

0.106014 au

0.108957 au

0.110015 au

5. Supporting Information

0.780130 (c= -0.88324964)
0.041454 (c= 0.20360142)

0.014257 (c= -0.11940426)
0.747358 (c= -0.86449849)
0.045571 (c= 0.21347460)
0.105743 (c= -0.32518084)

0.016180 (c=-0.12720221)
0.465084 (c=-0.68197088)
0.033331 (c= 0.18256717)
0.252146 (c= 0.50214093)
0.019937 (c=-0.14119824)
0.024805 (c=-0.15749643)
0.126904 (c=-0.35623528)

C
C

0.010256 (c=-0.10127226)
0.054853 (c=-0.23420798)
0.057100 (c= 0.23895615)
0.012092 (c=-0.10996332)
0.015019 (c=-0.12255032)
0.777601 (c= 0.88181668)
0.010213 (c= -0.10105993)
0.011501 (c=-0.10724418)

0.019609 (c= -0.14003041)
0.351928 (c= 0.59323535)
0.026662 (c=-0.16328523)
0.011981 (c=-0.10945658)
0.392372 (c= 0.62639634)
0.029236 (c=-0.17098616)
0.019052 (c= 0.13802776)
0.025053 (c=-0.15828021)
0.049962 (c=-0.22352213)

0.037823 (c=-0.19448192)

2628 eV 21195.3 cm™-1 <S*2>= 0.000000

2.850 eV 22990.0 cm*-1 <S**2> = 0.000000

2.885eV 23267.4 cm**-1<8*2>= 0.000000

2965eV 23913.3 cm**-1 <§**2> = 0.000000

2994 eV 24145.4 cm**-1 <§**2> = 0.000000
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352a -> 355a :
354a -> 355a :
354a -> 356a :
354a -> 359a :

STATE 7: E=

STATE 8: E=

STATE 9: E=

STATE 10: E=

354a -> 357a :

STATE 11: E=

354a -> 356a :
354a -> 357a :
354a -> 358a :
354a -> 359a :
354a -> 360a :

STATE 12: E=

353a -> 357a :

100

0.112359 au
350a -> 355a :
353a -> 355a :
353a -> 356a :
3563a -> 358a :
353a -> 359a :
353a -> 360a :
354a -> 358a :

0.114068 au
350a -> 355a :
350a -> 356a :
352a -> 355a
353a -> 356a :
353a -> 358a :
354a -> 356a :
354a -> 360a :

0.115253 au
353a -> 355a
353a -> 356a :
353a -> 358a
353a -> 359a :

0.118964 au

0.120989 au

0.124346 au

5. Supporting Information

0.042958 (c= 0.20726424)
0.030581 (c= 0.17487438)
0.824560 (c= 0.90805287)
0.012751 (c=-0.11291919)

0.015053 (c= 0.12268916)
0.013355 (c= -0.11556420)
0.031876 (c=-0.17853884)
0.842142 (c= 0.91768291)
0.010692 (c=-0.10340175)
0.013885 (c= -0.11783457)
0.017342 (c= 0.13169027)

0.785383 (c=-0.88621826)
0.049204 (c= 0.22182005)
0.057413 (c=-0.23961054)
0.010010 (c=-0.10004820)
0.013348 (c= 0.11553288)
0.018957 (c=-0.13768535)
0.010756 (c= 0.10371112)

0.051500 (c= -0.22693617)
0.866596 (c= -0.93091126)
0.029305 (c=-0.17118788)
0.022462 (c= 0.14987372)

0.981156 (c= -0.99053304)

0.016082 (c= 0.12681322)
0.013803 (c=-0.11748776)
0.030064 (c= 0.17338990)
0.753038 (c= 0.86777759)
0.129971 (c= 0.36051552)

0.969806 (c= -0.98478707)

3.057 eV 24659.9 cm**-1 <§**2> = 0.000000

3.104 eV 25034.9 cm**-1 <§**2> = 0.000000

3.136 eV 25295.2 cm**-1 <§**2> = 0.000000

3.237 eV 26109.5 cm™-1 <§**2> = 0.000000

3.292 eV 26554.0 cm**-1 <§**2> = 0.000000

3.384 eV 27290.8 cm**-1 <§**2> = 0.000000
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353a -> 359a :

STATE 13: E=
351a -> 358a :
352a -> 358a :
352a -> 359a :
353a -> 360a :
354a -> 359a :
354a -> 360a :
354a -> 361a :
354a -> 366a :

STATE 14: E=
349a -> 355a :
351a-> 358a :
352a -> 358a :
353a-> 357a :
353a -> 359a :
354a -> 359a :
354a -> 360a :

STATE 15: E=
351a-> 358a :
352a -> 358a :
353a -> 358a :
353a -> 359a :
353a -> 360a :
354a -> 359a :
354a -> 360a :

STATE 16: E=
347a -> 355a :
349a -> 355a :
349a -> 356a :
351a -> 358a :
352a -> 355a
352a -> 356a :

STATE 17: E=
3561a -> 358a
352a -> 356a :

0.124716 au

0.125753 au

0.126005 au

0.127564 au

0.128860 au

5. Supporting Information

0.019472 (c= -0.13954308)

0.014575 (c= 0.12072508)
0.445379 (c= 0.66736718)
0.019287 (c= -0.13887882)
0.013934 (c= -0.11804188)
0.067341 (c= -0.25950080)
0.330854 (c= 0.57519917)
0.032958 (c= 0.18154363)
0.010713 (c=-0.10350341)

0.014350 (c=-0.11979132)
0.020051 (c= 0.14160023)
0.114345 (c= 0.33814949)
0.016480 (c= 0.12837497)
0.565328 (c=-0.75188312)
0.011531 (c= 0.10738452)
0.172566 (c=-0.41541117)

0.064877 (c= -0.25470905)
0.220097 (c= -0.46914493)
0.023479 (c= -0.15322880)
0.305257 (c= -0.55250083)
0.091149 (c= -0.30190838)
0.071144 (c= -0.26672823)
0.132795 (c= 0.36441020)

0.039910 (c= 0.19977598)
0.661326 (c=-0.81321924)
0.045193 (c= 0.21258682)
0.071443 (c= -0.26728895)
0.011627 (c=-0.10782631)
0.077182 (c= -0.27781689)

0.229111 (c= -0.47865547)
0.035456 (c= 0.18829799)

3.394 eV 27372.1 cm™-1 <§**2> = 0.000000

3.422 eV 27599.6 cm**-1 <§**2> = (.000000

3.429 eV 27654.9 cm**-1 <S**2> = (0.000000

3.471eV 27997.0 cm**-1 <§**2>= 0.000000

3.506 eV 28281.5 cm**-1 <§**2> = 0.000000
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353a -> 360a :
353a->361a :
353a -> 366a :
353a -> 367a :
354a -> 360a :

STATE 18: E=

349a -> 355a :
351a -> 358a :
352a -> 355a :
352a -> 356a
352a -> 359a :
353a -> 360a :

STATE 19: E=

349a -> 355a :
350a -> 358a :
351a -> 358a :
352a -> 356a :
352a -> 358a :
353a->359a :
353a -> 360a :
353a->361a :
354a -> 360a :

STATE 20: E=

351a-> 355a :
351a -> 356a :
351a-> 3593 :

STATE 21: E=

350a -> 358a :
353a -> 361a :
354a -> 360a :
354a-> 361a :

STATE 22: E=

350a -> 358a :
350a -> 359a :
351a -> 358a :
352a -> 355a :

102

0.129402 au

0.130273 au

0.132199 au

0.134330 au

0.137756 au

5. Supporting Information

0.547197 (c= 0.73972744)
0.031999 (c= 0.17888132)
0.013761 (c= -0.11730625)
0.018366 (c= 0.13552191)
0.029094 (c= 0.17056934)

0.092068 (c=-0.30342664)
0.014480 (c= 0.12033186)
0.049633 (c= 0.22278529)
0.749328 (c= 0.86563734)
0.013173 (c=-0.11477157)
0.014373 (c=-0.11988929)

0.018787 (c= 0.13706747)
0.110574 (c=-0.33252732)
0.383557 (c=-0.61931951)
0.025613 (c= 0.16004060)
0.088379 (c= 0.29728551)
0.013837 (c= 0.11763114)
0.1275563 (c=-0.35714528)
0.014923 (c=-0.12215982)
0.0562368 (c=-0.22883978)

0.065982 (c= 0.25686865)
0.877305 (c= 0.93664552)
0.010405 (c=-0.10200492)

0.026559 (c=-0.16296928)
0.019816 (c= -0.14076905)
0.028544 (c=-0.16894829)
0.845602 (c= 0.91956618)

0.345112 (c= 0.58746230)
0.018897 (c=-0.13746523)
0.045931 (c=-0.21431531)
0.011729 (c=-0.10830108)

3.521 eV 28400.5 cm**-1 <§**2>= 0.000000

3.545eV 28591.6 cm**-1 <§**2>= 0.000000

3.597 eV 29014.4 cm**-1 <§**2>= 0.000000

3.655 eV 29482.1 cm**-1 <§**2>= (.000000

3.749 eV 30234.0 cm**-1 <§**2>= 0.000000
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352a->357a :
352a -> 359a :
354a -> 360a :
354a -> 361a :
354a -> 366a :

STATE 23: E=
350a -> 356a :
350a -> 358a :
350a -> 359a :
351a->358a :
352a -> 357a :
352a->358a :
352a -> 359a :
354a -> 362a :

STATE 24: E=
350a -> 356a :
350a -> 358a :
352a-> 357a :
352a -> 359a :
353a-> 361a :
354a -> 362a :

STATE 25: E=
352a -> 359a :
353a -> 360a :
353a -> 361a :
354a -> 361a :
354a -> 362a :
354a-> 363a :
354a -> 366a :

STATE 26: E=
348a -> 355a :
349a > 356a :
350a -> 355a :
350a -> 356a :
350a -> 358a :
351a->359a :
353a -> 361a :

0.064097 (c=
0.344302 (c=
0.015036 (c=
0.029557 (c=
0.014344 (c=

0.138378 au

0.010723 (c=
0.204649 (c=
0.010135 (c=
0.023051 (c=
0.506833 (c
0.015600 (c
0.116432 (c=

5. Supporting Information

-0.25317344)
-0.58677228)
-0.12262134)
0.17192251)
-0.11976806)

0.10355355)
0.45238107)
-0.10067306)
-0.15182562)
0.71192205)
0.12489905)
0.34122081)

0.138701 au

0.012447 (c=-0.11156446)

0.011927 (c= 0.10921232)

0.072656 (c=
0.412662 (c=
0.362965 (c=
0.040729 (c=
0.013586 (c=

0.139017 au

0.019837 (c=
0.036589 (c=
0.764663 (c=
0.022762 (c=
0.059779 (c=

0.26954714)
-0.64238777)
0.60246600)
-0.20181333)
-0.11656028)

-0.14084325)
0.19128162)
-0.87445015)
-0.15087061)
0.24449698)

0.139187 au

0.013945 (c=-0.11808899)
0.028617 (c= -0.16916633)

0.028458 (c= -0.16869502)

0.010898 (c=
0.041592 (c=
0.651378 (c=
0.030954 (c=
0.014616 (c=
0.019892 (c=

-0.10439428)
-0.20394196)
-0.80708011)
0.17593842)
0.12089761)
-0.14104055)

3.765eV 30370.5 cm™*-1 <8**2>= 0.000000

3.774 eV 30441.4 cm™-1 <8**2>= 0.000000

3.783 eV 30510.7 cm**-1 <S**2>= (.000000

3.787 eV  30548.0 cm**-1 <§**2>= (.000000
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354a -> 362a :
354a -> 363a :
354a -> 366a :

5. Supporting Information

0.072182 (c= -0.26866640)

0.012642 (c=
0.040198 (c=

0.11243498)
0.20049416)

STATE 27: E= 0.139592au  3.798 eV 30637.0 cm**-1 <§**2>=0.000000

3560a -> 356a : 0.163182 (c=-0.40395741)
351a->358a : 0.021900 (c=-0.14798785)
3562a->359a : 0.038625 (c= 0.19653250)
353a->361a : 0.055918 (c= 0.23646950)
3b4a -> 362a : 0.366002 (c= 0.60498063)
354a->363a : 0.058170 (c=-0.24118380)
3b4a ->364a : 0.017157 (c=-0.13098629)
354a->366a : 0.174603 (c=-0.41785562)

STATE 28: E= 0.141513au  3.851eV 31058.5 cm**-1 <S§**2> = 0.000000

351a-> 357a :
351a -> 359a :
352a -> 360a :

0.942699 (c=-0.97092702)
0.010075 (c=-0.10037312)
0.016365 (c= 0.12792736)

STATE 29: E= 0.141879au  3.861eV 31138.7 cm™-1 <5§*2>= 0.000000

346a -> 355a : 0.027680 (c= 0.16637325)
348a->356a : 0.127126 (c= 0.35654793)
348a->356a : 0.011794 (c=-0.10859997)
3560a->356a : 0.031828 (c=-0.17840275)
350a ->358a : 0.029644 (c=-0.17217409)
361a->357a : 0.023325 (c= 0.15272371)
351a->359a : 0.034896 (c=-0.18680355)
362a->360a : 0.170343 (c= 0.41272682)
352a->361a : 0.012851 (c= 0.11336076)
3563a->362a : 0.016007 (c= 0.12651889)
354a->360a : 0.012649 (c=-0.11246591)
354a->362a : 0.190834 (c=-0.43684517)
354a->363a : 0.049295 (c=-0.22202381)
3b4a ->364a : 0.012456 (c= 0.11160587)
354a ->366a : 0.098772 (c=-0.31428010)
3b4a -> 367a : 0.050926 (c= 0.22566726)

STATE 30: E= 0.142029au  3.865eV 31171.7 cm*-1 <§**2> = 0.000000

351a->357a : 0.017573 (c= 0.13256295)
351a->359a : 0.060322 (c=-0.24560437)
351a->360a : 0.021520 (c=-0.14669851)
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5. Supporting Information

352a->359% : 0.017418 (c=-0.13197614)
352a->360a : 0.358032 (c= 0.59835763)
352a->361a : 0.013260 (c= 0.11515231)
3b3a->366a : 0.037428 (c=-0.19346226)
354a->362a : 0.055759 (c= 0.23613413)
354a->363a . 0.068299 (c= 0.26134051)
354a->364a : 0.019393 (c=-0.13925826)
3b4a->366a : 0.142448 (c= 0.37742323)
354a -> 367a : 0.055738 (c=-0.23608940)
1,0 - 1*10° M
] Calculated absorption
at B3LYP/def2-TZVPP
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e .
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Supplementary Figure S28. Experimental vs. calculated UV-Vis absorption bands of compound 2 at the PBEQ/def2-TZVPPS10c
&1 level of theory.
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5. Supporting Information

4.2 Sislr-Zr 3a

4.2.1 Optimization and single point

L °

R SN
o : @
_ A e

Supplementary Figure $29. Optimized molecular structure of Sielr-Zr 3a at the PBEOP/def2-TZVPP level of theory S'0c-e.11
Hydrogen atoms omitted for clarity.

Supplementary Table S8. Coordinates of the optimized geometry of Sislr-Zr 3a at the PBEOP/def2-TZVPP level of theory.510¢-
el11

Ir -2.772602 -0.703089 -1.303284
Zr -1.380561 -3.857932 1.770778
Cl -3.796549 -3.706606 2.033641
Si 1.916248 1.177483 0.366894
Si -0.324514 0.704357 0.935874
Si -2.475699 1.131262 0.140038
Si -0.526737 0.006905 -1.407384
Si -0.604042 -1.548621 0.403805
Si 1.474809 -0.938050 -0.694749
N -3.707687 1.747736 1.419813
N -3.034639 2.870210 -0.277799
C 1.885793 2.837591 -0.636828
C 1.623595 4.006194 0.117407
C 1.601962 5.254805 -0.497965
H 1.403045 6.134523 0.106614
C 1.835448 5.419332 -1.851273
C 2.079227 4.272864 -2.589598
H 2.259466 4.366595 -3.655326
C 2.106474 3.000719 -2.025602
C 2.376890 1.865722 -2.998844
H 2.384682 0.929517 -2.432946
C 1.269624 1.768924 -4.046545
H 1.471259 0.953132 -4.742459
H 1.200703 2.689792 -4.630413
H 0.296214 1.591859 -3.585819
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5. Supporting Information

3.726713
4.556800
3.768097
3.889059
1.349396
1.411993
2.387746
2.188691
2.367317
3.394606
-0.064618
-0.260476
-0.808511
-0.202036
1.828744
1.607055
0.737346
-0.246911
0.909430
0.716609
3.195281
3.975223
3.188673
3.469175
3.383574
3.255831
4.273250
4.141557
5.459844
5.622473
6.558059
4.625602
4.976653
4.124379
6.168757
7.060694
6.409997
5.962005
5.241021
4.379734
5.462509
6.100772
2.066678
1.475923
1.155043
0.338233
0.711657

S38

1.991881
2.039273
2.885651
1.128390
3.997346
2.966143
4.793308
4.719707
5.852217
4.415755
4.480111
4.409498
3.877808
5.524238
6.790173
7.507471
6.922606
6.702018
6.233557
7.935757
7.149502
7.089754
8.164356
6.470019
1.363773
1.123397
1.506696
1.348551
2.070558
2.212944
2.606914
1.874943
2.068050
1.739202
1.209912
1.442659
1.393955
0.145036
3.537173
4.159889
3.666050
3.909125
0.421438
-0.021793
1.376811
0.826333
2127299

-3.705852
-3.003152
-4.332782
-4.354709
1.609783
1.958172
2.395925
3.467898
2.126808
2.213550
1.924726
2.998323
1.398516
1.631110
-2.485573
-1.687916
-3.544788
-3.127762
-4.375198
-3.953491
-3.064457
-2.303418
-3.469469
-3.875103
1.623421
3.011412
3.881996
4947266
3.448163
2.080131
1.697697
1171337
-0.292584
-0.888860
-0.717746
-0.132093
-1.767626
-0.608980
-0.616716
-0.373804
-1.678325
-0.054337
3.644558
2.837780
4411209
4.885631
3.756427
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5. Supporting Information

1.708281
2.512396
3.035464
3.185426
1.648523
8.569489
7.172168
2.831428
3.857018
4.914133
5.691079
5.000787
3.970458
4.016853
2.891261
1.772040
1.348662
2.206654
3.063859
1.383481
2471714
0.656018
0.239506
1.032047
-0.1567016
3.825242
3.006137
5.105574
5.019049
5.309611
5.969640
3.521017
4.300152
2570875
3.478841
6.162514
5.979403
6.247354
5.316272
6.445230
7.057074
7.482806
7.724712
7.439316
8.302910
-3.866679
-4.797147

S39

1.897015
-0.711360
-0.331859
-1.404136
-1.273590

1.986897

4.291071
-2.045337
-2.563077
-3.268791
-3.656679
-3.501585
-3.027132
-3.221746
-2.318458
-1.923186
-0.985224
-1.698524
-1.026412
-1.261859
-2.634825
-2.965207
-3.045681
-3.948402
-2.693436
-2.469672
-1.795912
-1.915206
-1.885809
-0.901180
-2.538629
-3.847577
-4.562727
-4.232343
-3.806612
-4.254733
-4.307487
-5.685860
-6.228082
-5.699253
-6.229817
-3.517423
-3.443097
-2.503915
-4.046296

2.890431

3.988097

5.197321
4.569031
5.448710
4.060672
4.926282
4.972655
3.402997
-1.482852
-0.660324
-1.225226
-0.574859
-2.588336
-3.385984
-4.451197
-2.869218
-3.810716
-3.439170
-5.253813
-5.325561
-5.823432
-5.750840
-3.763127
-2.7568103
-4.058205
-4.440844
0.854798
1.135433
1.469725
2.558049
1.132239
1.229417
1.442697
1.168837
1.070666
2.534260
-3.192349
-4.270818
-2.666769
-2.840854
-1.592245
-3.158920
-2.980887
-1.917994
-3.383294
-3.472315
0.765677
1.132507
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5. Supporting Information

-6.127777
-6.487482
-6.992243
-8.025780
-6.535503
-7.211635
-5.209548
-4.847371
-4.342654
-3.306560
-2.989501
-1.741673
-0.841677
-1.655465
-1.793037
-2.890714
-3.798678
-2.721546
-2.047954
-4.221025
-4.300962
-4.138876
-5.137014
-4.285706
-4.094817
-4.393693
-4.698636
-3.045418
-3.536206
-3.964953
-2.482608
-3.598524
-5.769916
-6.152786
-5.920105
-6.357523
-2.988788
-2.069322
-2.991967
-2.066981
-4.254036
-4.006160
-4.933102
-4.949307
-6.030968
-4.586034
-4.690460

S40

3.948079
3.109680
4.977237
4.938922
6.047833
6.850028
6.088539
6.921653
5.065579
5.099951
3.753227
3.383629
3.503173
4.032340
2.348975
5.229547
5.604894
5.812849
5.400346
3.517240
2.460446
4.093371
3.827390
1.269579
2.277081
1.816356
3.172622
2.567280
-0.006069
-0.439844
0.212703
-0.748462
0.946471
0.474247
0.255985
1.846868
-1.079903
-0.786810
-2.337905
-2.897949
-3.162633
-4.215990
-2.968918
-2.870365
-3.060797
-3.573057
-1.482295

0.729639
0.145585
1.073304
0.751724
1.826383
2.095682
2.235094
2.824926
1.888584
2.202729
-1.456580
-2.245854
-1.640561
-3.118855
-2.585526
-1.075551
-0.607696
-1.982889
-0.403772
-2.331644
-2.588931
-3.255909
-1.826240
2.680936
3.814636
4.758389
3.677516
3.896003
3.042421
3.947186
3.221446
2.245427
2.506983
3.414049
1.675509
2.326086
-3.436278
-3.932950
-2.812996
-2.883804
-2.621292
-2.679943
-3.458447
-1.285660
-1.369192
-0.535073
-0.755870
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-4.844221
-4.869718
-5.162994
-5.367496
-5.988632
-6.024404
-4.212815
-4.525712
-3.922217
-0.155413
0.591539
-1.535637
-2.030876
-2.148090
-3.198726
-1.165508
-1.320665
0.072650
1.028316
-1.207519
-1.774395
0.111629
0.732045
0.466511
1.396832
-0.620317
-0.652306
-1.641215
-2.614561
6.530897
7.829629
7.663490
8.261213
6.783140
7.517148
5.865034
6.156982

S41

-1.399477
-0.304240

0.589686
-0.345640

0.532082
-1.208501
-0.381791
-0.848154

0.641749
4777274
-4.178605
-4.827389
-4.229493
-5.755906
-5.994976
-6.255311
-6.989669
-5.663602
-5.873372
-4.495955
-5.347208
-4.519305
-5.395142
-3.206047
-2.890607
-2.357175
-1.292768
-3.150675
-2.807415

2.486029

1.711167

0.634222

1.926970

3.991407

4.284628

4.553781

2.242633

0.317274
-1.5635167
-0.991095
-2.970083
-3.166947
-3.106028
-3.971244
-4.916375
-4.221250
-0.241350
-0.738900
-0.558507
-1.305602

0.299325

0.325815

1.180047

1.956045

0.824691

1.277361

4179735

4.525215

3.672635

3.570159

3.319213

2.877720

3.647510

3.478538

4.189187

4.497767

4.428098

4.217419

4.278277

3.237232

4.379100

5.133584

4.558064

5.428480
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Supplementary Figure $30. Selected molecular orbitals of Sislr-Zr 3a at the PBEQ/def2-TZVPP level of theory.310¢-e.11

4.2.2 Experimental vs. calculated NMR shifts

Supplementary Table S9. Comparison of experimental vs. calculated NMR chemical shifts for compound 3a at the PBEQ//def2-

TZVPP level of theory 51011

Exp. 3a 8(2°Si) [ppm] Calc. 3a 5(2°Si) [ppm]
Si4 (SiTip) 73.7 83.8
Si6 (NHSI) 73.5 61.9
Si5 (SiTip2) 30.5 33.4
Si3 (unsubstituted) -41.0 -30.1
Si1 (unsubstituted) -131.9 -168.5
Si2 (SiZr) -77.9 -67.5

4.2.3 TD-DFT calculations

Supplementary Table S$10. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 3a calculated
at the TD-PBEO/def2-TZVPP level of theory $10¢-¢.11 (the 362nd orbital is the highest occupied orbital (HOMO), the 363th ortbital
is the lowest unoccupied orbital (LUMO) shown in Supplementary Figure S30).

STATE 1: E= 0.071609au  1.949eV 15716.3 cm™-1 <S**2> = 0.000000 Mult 1

S42
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361a -> 363a :
362a -> 363a :

STATE 2: E=
359a -> 363a :
360a -> 364a :
361a -> 363a :
362a -> 363a :

STATE 3: E=
359a -> 363a :
360a -> 363a :
362a -> 364a :

STATE 4: E=
359a -> 363a :
360a -> 363a :
361a -> 364a :
362a -> 364a :

STATE 5: E=
358a -> 363a :
359a -> 363a :
361a -> 363a :
361a -> 364a :
362a -> 364a :

STATE 6: E=
358a -> 363a :
360a -> 364a :
361a-> 364a :
362a -> 364a :
362a -> 365a :
362a -> 366a :

STATE 7: E=
358a -> 363a :
360a -> 364a :
361a-> 364a :
362a -> 364a :
362a -> 365a :

112

0.084446 au

0.088659 au

0.094816 au

0.095664 au

0.105162 au

0.105215 au

0.019195 (c=
0.953738 (c=

0.015308 (c=
0.011827 (c=
0.904576 (c=
0.013776 (c

0.015795 (c=
0.923408 (c=
0.023071 (c=

0.332066 (c=
0.040628 (c=
0.033317 (c=
0.541875 (c=

0.017314 (c=
0.590452 (c=
0.019978 (c=
0.076287 (c=
0.251996 (c=

0.259338 (c=
0.044669 (c=
0.334792 (c=
0.057306 (c=
0.116020 (c=
0.130542 (c=

0.173954 (c=
0.078194 (c=
0.010484 (c=
0.038022 (c=
0.279291 (c=

2.298 eV

2413 eV

5. Supporting Information

0.13854517)
-0.97659500)

-0.12372531)
-0.10875261)
0.95109195)
0.11737081)

-0.12567712)
-0.96094111)
-0.15189298)

0.57625152)
-0.20156421)
-0.18252949)

0.73612148)

0.13158133)
0.76840856)
0.14134219)
0.27620150)
-0.50199221)

0.50925207)
-0.21135063)
0.57861211)
0.23938674)
0.34061647)
-0.36130564)

-0.41707775)
0.27963181)
-0.10239000)
-0.19499212)
0.52848009)

18533.8 cm**-1 <§**2> = 0.000000 Mult 1

19458.4 cm**-1 <§**2> = 0.000000 Mult 1

2.580 eV 20809.7 cm**-1 <§**2> = 0.000000 Muilt 1

2603 eV 20995.8 cm**-1 <§**2> = 0.000000 Mult 1

2.862eV 23080.4 cm**-1 <5**2>= 0.000000 Mult 1

2.863eV 23091.9 cm**-1 <§**2>= 0.000000 Mult 1

S43
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362a->366a : 0.359093 (c=-0.59924391)

STATE 8: E= 0.107119au 2915eV 23509.9 cm**-1 <S§*2> = 0.000000 Mult 1

358a->363a : 0.346484 (c= 0.58862855)
360a-> 364a : 0.029883 (c= -0.17286784)
361a->364a : 0.468631 (c= -0.68456661)
362a->364a :  0.024569 (c= -0.15674439)
362a->365a : 0.017036 (c= 0.13052142)
362a->366a : 0.034447 (c=-0.18560011)
362a->368a : 0.010478 (c= 0.10236081)
STATE 9: E= 0.109612au  2.983eV 24057.0 cm*-1 <S§*2> = 0.000000 Mult 1
357a->363a : 0.019329 (c= 0.13902718)
358a->363a : 0.119060 (c= 0.34505030)
358a->364a : 0.035246 (c= -0.18773889)
360a->364a : 0.668865 (c= 0.81784182)
360a->366a : 0.029476 (c= 0.17168508)
362a->365a : 0.015196 (c= -0.12327061)
362a->368a : 0.010019 (c= 0.10009392)
STATE 10: E= 0.113326 au 3.084 eV 24872.3 cm**-1 <S**2>= (.000000 Mult 1
357a->363a : 0.888255 (c= 0.94247278)
357a->364a : 0.042537 (c= -0.20624501)
358a->364a : 0.014451 (c= 0.12021435)
360a->364a : 0.013647 (c=-0.11682052)
STATE11: E= 0.116013au  3.157 eV 25461.8 cm*-1 <S**2> = 0.000000 Mult 1
359a->364a : 0.120074 (c= -0.34651674)
360a->364a : 0.010220 (c= 0.10109173)
362a->365a : 0.334847 (c= 0.57865945)
362a->366a : 0.204107 (c= 0.45178251)
362a->368a : 0.276003 (c= -0.52535963)
STATE12: E= 0.116720au  3.176 €V 25617.0 cm™-1 <S§**2> = 0.000000 Mult 1
359a->364a : 0.685810 (c= 0.82813658)
360a->364a : 0.014403 (c= -0.12001300)
361a->365a : 0.031568 (c= 0.17767272)
361a->366a : 0.035763 (c= -0.18911237)
362a->365a : 0.057454 (c= 0.23969515)
362a->366a : 0.089514 (c= 0.29918825)
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STATE 13: E=
360a -> 366a :
361a -> 365a :
361a -> 366a :
362a -> 365a :
362a -> 366a :
362a -> 368a :
362a -> 369a :

STATE 14: E=
357a-> 364a :
358a -> 364a :
359a -> 364a :
359a -> 366a :
360a -> 366a :
361a -> 365a :
361a -> 366a :
362a -> 365a :
362a -> 366a :
362a -> 368a :
362a -> 369a :
362a -> 370a :

STATE 15: E=
357a-> 363a :
357a -> 364a :
358a -> 364a :
358a -> 368a :
360a -> 364a :
360a -> 365a :
360a -> 366a :

STATE 16: E=
357a -> 364a :
358a -> 363a :
358a -> 364a :
359a -> 364a :
359a -> 365a :
359a -> 366a :
360a -> 364a :
360a -> 365a :

114

0.117557 au

0.016530 (c
0.388279 (c
0.372863 (c=
0.026004 (c=
0.050146 (c=
0.030489 (c=
0.015845 (c=

0.119777 au

0.010857 (c
0.014806 (c
0.059183 (c
0.011810 (c=
0.010392 (c=
0.023730 (c=
0.036683 (c=
0.080793 (c=
0.091053 (c=
0.510997 (c=
0.050747 (c=
0.015874 (c=

0.123975 au

0.014281 (c
0.033102 (c
0.531155 (c=
0.012590 (c=
0.012914 (c=
0.157312 (c=
0.154434 (c

0.125978 au

0.020745 (c=
0.010930 (c=
0.232464 (c=
0.014518 (c=
0.034481 (c=
0.027523 (c=
0.041689 (c=
0.160854 (c=

5. Supporting Information

0.12856962)
-0.62312062)
0.61062546)
0.16125697)
0.22393192)
0.17460985)
-0.12587510)

-0.10419790)
-0.12168181)
0.24327639)
0.10867245)
0.10194210)
-0.15404677)
0.19152935)
-0.28424164)
-0.30174989)
-0.71484057)
0.22527077)
-0.12599083)

-0.11950374)
-0.18193987)
0.72880370)
0.11220475)
0.11364015)
-0.39662515)
0.39298097)

0.14403039)
-0.10454847)
-0.48214473)
-0.12049222)
-0.18568983)

0.16589911)
-0.20417950)
-0.40106651)

3.199 eV 25800.7 cm**-1 <§**2> = 0.000000 Mult 1

3.259eV 26288.1 cm**-1 <§**2>= 0.000000 Mult 1

3.374eV 27209.4 cm**-1 <§**2>= 0.000000 Mult 1

3428 eV 27649.0 cm**-1 <§**2> = 0.000000 Mult 1
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360a -> 366a :
361a -> 366a :
361a -> 368a :
362a -> 368a :

STATE 17: E=
355a -> 363a :
356a -> 363a :
359a -> 365a :
359a -> 366a :
360a -> 365a :
360a -> 366a :
361a -> 365a :
361a -> 366a :
361a -> 368a :
362a ->371a :

STATE 18: E=
355a -> 363a :
356a -> 363a :
357a -> 364a :
361a -> 366a :
362a -> 365a
362a -> 367a :
362a -> 368a :
362a -> 369a :
362a -> 370a :

STATE 19: E=
355a -> 363a :
356a -> 363a :
357a -> 364a :
358a -> 364a :
359a -> 365a :
359a -> 366a :
360a -> 365a :
360a -> 366a :
361a -> 365a :
361a -> 366a :
362a -> 367a :
362a -> 369a :

0.127872 au

0.128835 au

0.129461 au

5. Supporting Information

0.229444 (c= 0.47900302)
0.064162 (c= -0.25330279)
0.056242 (c= 0.23715309)
0.013184 (c= 0.11482094)

0.033602 (c= 0.18330908)
0.044796 (c= 0.21164997)
0.044949 (c=-0.21201200)
0.038263 (c= 0.19560860)
0.012549 (c=-0.11202091)
0.012131 (c= 0.11014267)
0.277755 (c= 0.52702463)
0.185179 (c= 0.43032458)
0.241633 (c=-0.49156182)
0.016820 (c= 0.12969339)

0.013379 (c= 0.11566600)
0.032336 (c= 0.17982194)
0.021321 (c= 0.14601704)
0.014654 (c= -0.12105524)
0.026209 (c=-0.16189198)
0.099999 (c= -0.31622581)
0.079433 (c=-0.28183869)
0.598805 (c= -0.77382471)
0.035876 (c= 0.18941038)

0.088705 (c= 0.29783380)
0.230214 (c= 0.47980612)
0.086785 (c= 0.29459262)
0.022498 (c= 0.14999230)
0.014023 (c= -0.11841778)
0.027982 (c= 0.16727724)
0.013588 (c= 0.11656782)
0.014262 (c=-0.11942491)
0.069564 (c= -0.26375029)
0.050366 (c=-0.22442306)
0.259808 (c= 0.50971361)
0.010713 (c= 0.10350124)

3.480 eV 28064.7 cm**-1 <S**2>= 0.000000 Mult 1

3.506 eV 28275.9 cm**-1 <§**2>= 0.000000 Mult 1

3.523 eV 28413.5cm™-1<8*2>= 0.000000 Mult 1
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STATE 20: E=
356a -> 363a :
357a-> 364a :
359a -> 366a :
361a -> 365a :
361a -> 366a :
362a -> 367a :
362a -> 369a :

STATE 21: E=
355a -> 363a :
356a -> 363a :
357a-> 364a :
359a -> 365a :
359a -> 366a :
361a -> 365a :
361a -> 366a :
361a-> 368a :
361a -> 369a :
361a->370a :
362a -> 367a :
362a->370a :
362a->372a :

STATE 22: E=
355a -> 363a :
359a -> 365a :
359a -> 366a :
359a -> 368a :
360a -> 365a :
360a -> 368a :
361a -> 365a :
361a -> 366a :
361a -> 368a :
361a -> 369a :
362a->370a :
362a -> 371a :

STATE 23: E=
355a -> 364a :

116

0.129619 au

0.029359 (c=
0.015318 (c=
0.013798 (c=
0.039490 (c=
0.027613 (c=
0.607536 (c=
0.183961 (c=

0.130541 au

0.113750 (c=
0.206794 (c=
0.070694 (c=
0.030849 (c=
0.029334 (c=
0.036397 (c=
0.042209 (c=
0.198461 (c=
0.046418 (c=
0.010642 (c=
0.010497 (c=
0.080357 (c=
0.013426 (c=

0.131093 au

0.055922 (c=
0.189057 (c=
0.221193 (c=
0.011474 (c=
0.069897 (c=
0.048146 (c=
0.010054 (c=
0.020698 (c=
0.143522 (c=
0.037140 (c=
0.076125 (c=
0.032470 (c=

0.131685 au

0.011726 (c=

5. Supporting Information

0.17134389)
0.12376653)
0.11746558)
-0.19872087)
-0.16617029)
-0.77944610)
0.42890679)

-0.33726860)
-0.45474568)
0.26588327)
-0.17563787)
0.17127041)
-0.19077871)
-0.20544744)
-0.44549007)
0.21544793)
-0.10316014)
0.10245602)
0.28347320)
-0.11587208)

0.23647763)
0.43480668)
-0.47031159)
0.10711905)
-0.26438100)
0.21942301)
-0.10026921)
-0.14386773)
-0.37884299)
0.19271830)
-0.27590757)
0.18019504)

-0.10828795)

3.527 eV 28448.1 cm**-1 <§*2>= 0.000000 Mult 1

3.552 eV 28650.4 cm™-1<8*2>= 0.000000 Mult 1

3.567 eV 28771.5 cm*-1 <§**2>= 0.000000 Mult 1

3.583 eV 28901.6 cm**-1 <S**2>= 0.000000 Mult 1
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5. Supporting Information

356a ->363a : 0.040749 (c= -0.20186450)
357a->363a : 0.018122 (c= 0.13461954)
357a->364a : 0.524503 (c= 0.72422585)
358a ->364a : 0.046343 (c= 0.21527406)
361a->365a : 0.018749 (c= 0.13692594)
361a->366a : 0.061061 (c= 0.24710528)
361a->368a : 0.086775 (c= 0.29457585)
361a->369a : 0.026039 (c= -0.16136607)
362a->370a : 0.040852 (c= -0.20211805)

STATE 24: E= 0.132270au  3.599 eV 29030.0 cm**-1 <S**2> = 0.000000 Mult 1

352a->363a : 0.016358 (c= 0.12789743)
353a->363a : 0.038427 (c=-0.19602826)
354a->363a : 0.014203 (c= 0.11917750)
355a ->363a :  0.491048 (c=-0.70074811)
356a->363a : 0.210196 (c= 0.45847109)
361a->368a : 0.018051 (c=-0.13435408)
362a->370a : 0.109300 (c= -0.33060543)
362a->372a : 0.013361 (c= 0.11559191)
STATE 25: E= 0.132665au  3.610 eV 29116.7 cm*-1 <S§**2> = 0.000000 Mult 1
355a ->363a : 0.022992 (c= 0.15163044)
356a -> 363a :  0.093001 (c= -0.30496041)
359a -> 365a : 0.036197 (c= -0.19025423)
359a -> 366a : 0.052828 (c= 0.22984258)
360a -> 365a : 0.047765 (c= 0.21855252)
360a -> 368a : 0.075416 (c=-0.27461981)
361a->368a : 0.035151 (c= -0.18748493)
362a->369a : 0.046259 (c= -0.21507983)
362a->370a : 0.446553 (c= -0.66824648)
362a->372a : 0.048099 (c= 0.21931382)
STATE 26: E= 0.134604 au 3.663 eV 29542.2 cm**-1 <S**2>= 0.000000 Mult 1
359a -> 365a : 0.012276 (c= -0.11079660)
359a-> 366a : 0.012239 (c= 0.11063226)
360a -> 365a : 0.169278 (c= -0.41143461)
360a -> 366a : 0.112920 (c= -0.33603535)
360a ->368a : 0.139520 (c= 0.37352379)
362a->371a :  0.426562 (c= -0.65311680)
362a->372a : 0.023812 (c= 0.15431006)
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STATE 27:
359a -> 366a
360a -> 364a :
360a -> 365a
360a -> 366a :
360a -> 369a
360a -> 370a :
361a -> 368a
362a -> 370a :
362a->371a .

STATE 28: E=
347a -> 363a !
348a -> 363a
358a -> 364a
358a -> 365a
358a -> 366a !
359a -> 368a
360a -> 365a
360a -> 366a
360a -> 368a
360a -> 369a
361a -> 368a
361a -> 369a :
362a -> 370a :
362a ->372a .
362a -> 373a :
362a -> 374a :
362a -> 376a :

STATE 29: E=
347a -> 363a :
348a -> 363a
359a -> 365a
359a -> 366a :
359a -> 368a
361a -> 365a
361a -> 366a
361a -> 368a :
361a -> 369a
361a->370a :
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E= 0.135317 au

0.138632 au

0.139279 au

5. Supporting Information

0.040362 (c= -0.20090359)
0.011572 (c= -0.10757237)
0.184478 (c= 0.42950851)
0.299500 (c= 0.54726608)
0.012743 (c= -0.11288299)
0.019103 (c= 0.13821386)
0.020117 (c= -0.14183333)
0.015714 (c= 0.12535417)
0.283599 (c= -0.53254042)
0.108792 (c= 0.32983692)
0.048221 (c= -0.21959392)
0.011313 (c= -0.10636470)
0.063137 (c= 0.25127120)
0.073189 (c= -0.27053404)
0.019600 (c= -0.14000008)
0.039346 (c= -0.19835907)
0.018359 (c= -0.13549438)
0.252498 (c= -0.50249188)
0.020992 (c= 0.14488661)
0.046436 (c= -0.21548933)
0.015246 (c= -0.12347655)
0.019499 (c= 0.13963758)
0.041327 (c= 0.20328922)
0.038985 (c= -0.19744545)
0.014022 (c= 0.11841650)
0.023298 (c= 0.15263530)

0.047832 (c= -0.21870447)
0.021815 (c= 0.14769741)
0.063896 (c= 0.25277640)
0.041671 (c= 0.20413393)
0.040201 (c= -0.20050162)
0.026161 (c= -0.16174271)
0.015942 (c= -0.12626203)
0.066317 (c= -0.25752029)
0.536908 (c= -0.73274009)
0.038248 (c= 0.19556970)

3.682eV 20698.6 cm**-1 <§**2>= 0.000000 Mult 1

3.772eV 30426.3 cm**-1 <§**2>= 0.000000 Mult 1

3.790 eV 30568.1 cm**-1 <§**2>= 0.000000 Mult 1
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STATE 30: E= 0.139477au 3.795eV 30611.7 cm*-1<S*2>= 0.000000 Mult 1
347a->363a : 0.194081 (c= -0.44054641)
348a->363a : 0.095111 (c= 0.30840027)
358a->365a : 0.042766 (c= -0.20679897)
3568a->366a : 0.046778 (c= 0.21628170)
359a->366a : 0.016272 (c=-0.12756212)
360a->365a : 0.015330 (c=-0.12381328)
360a ->366a : 0.018581 (c=-0.13631390)
360a ->368a : 0.318397 (c=-0.56426701)
360a->369a : 0.019070 (c= 0.13809432)
361a->371a : 0.012282 (c= 0.11082600)
362a->371a : 0.041620 (c=-0.20401069)
362a->372a : 0.033998 (c=-0.18438651)

4.3 Siglr-Hf 3b
4.3.1 Optimization and single point

-9 ©
.

[
* o
oo

Supplementary Figure S31. Optimized molecular structure of Sislr-Hf 3b at the PBEOP/def2-TZVPP level of theory.S10c-e 11
Hydrogen atoms omitted for clarity.

Supplementary Table S$11. Coordinates of the optimized geometry of Sislr-Hf 3b at the PBEOP/def2-TZVPP level of theory.

S10c-e,11

Ir -2.781759 -0.693964 -1.311847
Hf -1.348342 -3.867825 1.766341
Cl -3.752587 -3.688491 2.003664
Si 1.910778 1.174832 0.369569
Si -0.331178 0.704093 0.937334
Si -2.479464 1.135648 0.136028
Si -0.531039 0.003012 -1.404239
S50
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-0.608607
1.469558
-3.709029
-3.035134
1.880738
1.619590
1.599481
1.401244
1.833421
2.076020
2.256424
2.101802
2.371597
2.378183
1.264691
1.465725
1.197159
0.290893
3.721855
4.551722
3.764228
3.883782
1.344394
1.405173
2.383324
2.183115
2.364828
3.389758
-0.069078
-0.265670
-0.813499
-0.204800
1.828679
1.608069
0.737410
-0.247126
0.908357
0.718204
3.195707
3.975625
3.190557
3.468521
3.378082
3.249912
4.266341
4.134137
5.452746

-1.549300
-0.942879
1.753105
2.876123
2.833882
4.003408
5.251507
6.131978
5.414596
4.267222
4.359828
2.995549
1.859227
0.923697
1.762311
0.945370
2.682493
1.586945
1.983264
2.031030
2.876029
1.118615
3.996163
2.965161
4.791215
4.718871
5.849927
4.411906
4.481268
4.411900
3.879590
5.525338
6.784948
7.503153
6.918201
6.699464
6.228195
7.931049
7.141829
7.081500
8.156385
6.461322
1.364595
1.126608
1.512691
1.356607
2.076641

0.409242
-0.687385
1.417949
-0.278958
-0.636101
0.117070
-0.499384
0.104337
-1.852782
-2.590091
-3.655888
-2.024952
-2.996828
-2.429877
-4.044913
-4.739649
-4.630036
-3.584411
-3.703423
-3.000475
-4.331710
-4.350867
1.609323
1.958590
2.395647
3.467495
2.125607
2.214596
1.922971
2.996529
1.396833
1.628345
-2.488109
-1.690967
-3.547338
-3.130015
-4.377184
-3.956871
-3.067344
-2.306324
-3.473128
-3.877490
1.625859
3.014185
3.884676
4.950185
3.450470
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5.616078
6.551613
4.619885
4.971580
4.120074
6.165182
7.056322
6.407051
5.959993
5.234465
4.372707
5.455653
6.093988
2.061425
1.471627
1.148242
0.331814
0.704227
1.700570
2.508957
3.031953
3.182837
1.646201
8.558780
7.173744
2.826127
3.854411
4.912162
5.691125
4.997154
3.964235
4.008914
2.884235
1.762362
1.338600
2.193157
3.049638
1.368189
2.457676
0.647923
0.233631
1.024710
-0.166802
3.826147
3.003229
5.104493
5.020905

S52

2.216455
2.610362
1.876223
2.067824
1.737218
1.211053
1.445400
1.395078
0.145924
3.536900
4.159089
3.664906
3.910110
0.424019
-0.021352
1.379220
0.828456
2.128393
1.900968
-0.706496
-0.324680
-1.399141
-1.269284
1.989916
4.291496
-2.050194
-2.566018
-3.269155
-3.655355
-3.501247
-3.029072
-3.223758
-2.323181
-1.930927
-0.992898
-1.708295
-1.035631
-1.273189
-2.645217
-2.974402
-3.053360
-3.957664
-2.705097
-2.473646
-1.805753
-1.910917
-1.883062

2.082269
1.699628
1.173531
-0.290487
-0.886841
-0.714157
-0.127921
-1.763890
-0.605235
-0.616103
-0.373639
-1.677881
-0.054208
3.647877
2.841520
4.412899
4.887676
3.757042
5.198650
4.574282
5.453001
4.066891
4.933218
4.981611
3.397449
-1.476747
-0.656284
-1.223325
-0.574341
-2.586577
-3.382198
-4.447453
-2.863347
-3.802962
-3.432080
-5.247517
-5.322645
-5.815709
-5.743684
-3.750880
-2.744783
-4.044772
-4.427540
0.859110
1.142470
1.470715
2.559331
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5.300764
5.972062
3.534094
4.316264
2.584407
3.498010
6.159006
5.974484
6.246195
5.315552
6.445304
7.055978
7.478698
7.722024
7.433452
8.298741
-3.866357
-4.794583
-6.125808
-6.487458
-6.988352
-8.022354
-6.529163
-7.203829
-5.202682
-4.838614
-4.337671
-3.301138
-2.990111
-1.743272
-0.842653
-1.657713
-1.795466
-2.889584
-3.796956
-2.720289
-2.046346
-4.222504
-4.303105
-4.140896
-5.137941
-4.284582
-4.086341
-4.384395
-4.686817
-3.035448
-3.539004

S53

-0.895243
-2.528206
-3.854106
-4.563980
-4.244882
-3.814638
-4.252454
-4.304626
-5.683870
-6.227061
-5.697795
-6.226505
-3.513757
-3.440023
-2.499970
-4.041255
2.896817
3.995778
3.957972
3.120385
4.988163
4.951501
6.057570
6.860497
6.096024
6.928155
5.072038
5.104786
3.759156
3.387943
3.507979
4.035389
2.352789
5.235362
5.611648
5.818454
5.405319
3.524540
2.468092
4101675
3.834521
1.275251
2.280852
1.820677
3.178999
2.566435
-0.003896

1.133712
1.227179
1.447271

1.168469
1.080547
2.539094
-3.192717
-4.270968
-2.668319
-2.841719
-1.594028
-3.161791
-2.982484
-1.919876
-3.383987
-3.475488
0.765232
1.133923
0.732694
0.148680
1.078033
0.757765
1.831328
2.102125
2.238494
2.828556
1.890241

2.203121

-1.457724
-2.247830
-1.643600
-3.121828
-2.585881
-1.076755
-0.608473
-1.984206
-0.405398
-2.331915
-2.590341
-3.255604
-1.825401
2.680238
3.814404
4.758703
3.679539
3.892808
3.037985
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-3.968041
-2.484081
-3.605101
-5.770550
-6.152583
-5.925586
-6.355352
-2.994799
-2.073336
-3.002334
-2.078346
-4.265179
-4.015814
-4.940904
-4.967252
-6.049670
-4.614784
-4.702005
-4.858430
-4.875923
-5.167287
-5.371893
-5.992333
-6.028786
-4.215376
-4.527492
-3.921339
-0.111748
0.643673
-1.489799
-1.973678
-2.117262
-3.169912
-1.145937
-1.313387
0.100673
1.050872
-1.193153
-1.762430
0.129889
0.748681
0.489434
1.423137
-0.598144
-0.627753
-1.623496
-2.597400
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-0.437721
0.209733
-0.744289
0.957876
0.486995
0.268125
1.860428
-1.074868
-0.785576
-2.331046
-2.893064
-3.144165
-4.207609
-2.967250
-2.852647
-3.024989
-3.556490
-1.464892
-1.378357
-0.288191
0.608405
-0.333689
0.543616
-1.196862
-0.374079
-0.840710
0.648389
-4.793738
-4.196229
-4.830253
-4.226096
-5.755824
-5.986778
-6.266770
-7.004384
-5.686292
-5.905753
-4.520837
-5.372280
-4.544438
-5.421232
-3.230389
-2.915065
-2.380226
-1.314934
-3.174033
-2.829778

3.942651
3.215719
2.239488
2.510599
3.418733
1.679391
2.331434
-3.444038
-3.939286
-2.817000
-2.884986
-2.624281
-2.673300
-3.465734
-1.293771
-1.384681
-0.539309
-0.766164
0.306319
-1.549025
-1.008298
-2.984394
-3.185299
-3.118689
-3.983072
-4.928325
-4.233499
-0.238639
-0.725185
-0.567813
-1.317426
0.282655
0.298990
1.170516
1.940798
0.825313
1.284765
4.175019
4.516064
3.677316
3.574113
3.331572
2.897187
3.657195
3.493015
4.189806
4.495457
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C 6.523148 2.493987 4.430289
C 7.819285 1.712923 4.226459
H 7.648735 0.637002 4.293017
H 8.253616 1.921375 3.245875
C 6.781201 3.998063 4.374034
H 7.514484 4.292373 5.128795
H 5.864786 4.564780 4547924
H 6.146363 2.257233 5.431188
[
c
¢ ) .
l" ~ p ! ~ | %
o ° ~ elg @ e = @
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LUMO+1 -1.13 eV LUMO -1.68 eV HOMO —4.59 eV

o _ . %

T s a LIPS Vo ®
.8 B, A ‘¢
¢« ¢ PR e

HOMO-1-4.93eV HOMO-2-5.08eV HOMO-3 -5.26 eV

Supplementary Figure S32. Selected molecular orbitals of Sislr-Hf 3b at the PBEQ/def2-TZVPPS'02.11 |gvel of theory.

4.3.2 Experimental vs. calculated NMR shifts

Supplementary Table $12. Comparison of experimental vs. calculated NMR chemical shifts for compound 3b at the
PBEO/def2-TZVPPlevel of theory.S'0-e11

Exp. 3b 3(°Si) [ppm] Calc. 3b 3(2°Si) [ppm]
Si4 (SiTip) 75.9 78.6
Si6 (NHS) 68.2 60.6
Si5 (SiTip2) 29.9 34.3
Si3 (unsubstituted) -36.7 -46.2
Si1 (unsubstituted) -131.2 -167.4
Si2 (SiHf) -90.4 -91.1
S55
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4.3.3 TD-DFT calculations

Supplementary Table $13. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 3b calculated
at the TD-B3LYP/def2-TZVPP3'%¢11 |avel of theory (the 362nd orbital is the highest occupied orbital (HOMQ), the 363th orbital
is the lowest unoccupied orbital (LUMO) shown in Supplementary Figure S32).
STATE 1: E= 0.072633 au 1.976 eV  15941.0 cm**-1 <§**2> = 0.000000 Mult 1
361a->363a : 0.022796 (c= -0.15098219)
362a->363a : 0.953327 (c=-0.97638481)

STATE 2: E= 0.085082au 2.315eV 18673.4 cm**-1 <5**2>= 0.000000 Mult 1
361a->363a : 0.911679 (c= -0.95481893)
362a->363a : 0.016656 (c= 0.12905775)
362a->364a : 0.013836 (c= 0.11762739)

STATE 3: E= 0.089824 au 2.444 eV 19714.0 cm*-1 <§**2>= 0.000000 Muilt 1
359a->363a : 0.010113 (c= -0.10056234)
360a ->363a : 0.931440 (c= -0.96511158)
362a -> 364a : 0.036533 (c= 0.19113692)

STATE 4: E= 0.093266 au  2.538 eV 20469.6 cm™*-1 <S**2> = 0.000000 Mult 1
359a->363a : 0.017545 (c= 0.13245713)
360a->363a : 0.037595 (c=-0.19389483)
361a->363a : 0.015740 (c= -0.12546017)
361a->364a : 0.100259 (c=-0.31663674)
362a -> 364a : 0.755468 (c= -0.86917652)
362a ->365a : 0.023055 (c= 0.15183871)

STATE 5: E= 0.096377 au  2.623 eV 21152.3 cm™-1 <§**2>= 0.000000 Mult 1
359a->363a : 0.907501 (c= 0.95262848)
361a->364a : 0.037874 (c= 0.19461188)

STATE 6: E= 0.102248 au  2.782eV 22440.8 cm™*-1 <§**2>= 0.000000 Mult 1
360a->364a : 0.016981 (c= -0.13031091)
362a->364a : 0.017790 (c= -0.13337916)
362a -> 365a : 0.060375 (c= -0.24571240)
362a -> 366a : 0.863639 (c=-0.92932186)

STATE 7: E= 0.104048 au  2.831 eV 22836.0 cm*™-1 <§**2>= 0.000000 Mult 1
358a->363a : 0.019159 (c= 0.13841661)
359a ->363a : 0.019632 (c= 0.14011413)
360a -> 364a : 0.027540 (c= 0.16595298)

S56
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360a -> 366a : 0.011882 (c=-0.10900261)
361a->364a : 0.722006 (c= -0.84970940)
361a->365a : 0.025586 (c= 0.15995525)
362a -> 364a : 0.105698 (c= 0.32511191)

STATE 8: E= 0.106890 au  2.909eV 23459.7 cm**-1 <S**2>= 0.000000 Mult 1

358a->363a : 0.294718 (c= 0.54287933)
360a -> 364a : 0.540311 (c= 0.73505854)
360a->365a : 0.018195 (c=-0.13488769)
361a->364a : 0.039618 (c= 0.19904151)
362a -> 365a : 0.026307 (c=-0.16219460)

STATE 9: E= 0.107466au  2.924 eV 23586.1 cm*-1 <S§**2>=0.000000 Mult 1

368a->363a : 0.119015 (c= -0.34498586)
362a -> 364a : 0.017819 (c=-0.13348912)
362a ->365a : 0.733011 (c=-0.85616076)
362a ->366a : 0.062672 (c= 0.25034372)
362a -> 368a : 0.024334 (c= -0.15599408)

STATE 10: E= 0.108710au  2.958 eV 23859.0 cm**-1 <§**2>= 0.000000 Mult 1

358a->363a : 0.487458 (c=-0.69818198)
3568a ->364a : 0.019696 (c= 0.14034078)
360a -> 364a : 0.256347 (c= 0.50630721)
360a ->366a : 0.031917 (c= 0.17865299)
361a->366a : 0.010269 (c=-0.10133849)
362a->365a : 0.108211 (c= 0.32895488)
362a->366a : 0.021925 (c=-0.14807115)

STATE 11: E= 0.113122au  3.078 eV 24827.4 cm**-1 <S**2>= 0.000000 Mult 1

3567a->363a : 0.903968 (c= 0.95077211)
357a->364a : 0.033921 (c= -0.18417538)
358a ->364a : 0.014626 (c= 0.12093847)
361a->366a : 0.014797 (c= 0.12164333)

STATE 12: E= 0.114633au 3.119eV 25159.1 cm**-1 <§**2> = 0.000000 Mult 1

367a->363a : 0.013049 (c= 0.11423317)
359a -> 364a : 0.322843 (c= 0.56819273)
359a -> 365a : 0.016336 (c= -0.12781345)
360a ->364a : 0.021359 (c=-0.14614841)
361a->365a : 0.084003 (c= -0.28983346)
361a->366a : 0.481894 (c=-0.69418618)
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STATE 13: E=
359a -> 364a :
359a -> 365a
360a -> 366a :
361a -> 365a :
361a -> 366a :
362a -> 368a :
362a -> 369a :

STATE 14: E=
359a -> 364a :
359a -> 366a :
360a -> 366a :
361a -> 366a :
362a -> 368a :
362a -> 369a :

STATE 15: E=
362a -> 367a :

STATE 16: E=
361a -> 364a :
361a -> 365a :
361a -> 366a :
361a -> 368a :
361a -> 369a :

STATE 17: E=
357a -> 364a :
358a -> 364a :
359a -> 366a :
360a -> 365a :
360a -> 366a :
362a -> 368a :
362a -> 369a :
362a -> 370a :

STATE 18: E=
357a -> 364a
358a -> 364a :

0.114928 au

0.116210 au

0.118243 au

0.119201 au

0.121328 au

0.122079 au
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0.398748 (c= -0.63146482)
0.017597 (c= 0.13265343)
0.017024 (c= -0.13047692)
0.041628 (c= -0.20402970)
0.252825 (c= -0.50281741)
0.153477 (c= 0.39176163)
0.040198 (c= -0.20049344)

0.146265 (c=-0.38244564)
0.011671 (c=-0.10803056)
0.016157 (c=-0.12711159)
0.026413 (c=-0.16252075)
0.683351 (c=-0.82665052)
0.031682 (c= 0.17799465)

0.992677 (c=-0.99633183)

0.027480 (c= 0.16577006)
0.770219 (c= 0.87762150)
0.131726 (c=-0.36294085)
0.016095 (c= 0.12686454)
0.010325 (c= 0.10161247)

0.013106
0.106868

=-0.11448186)
c= 0.32690748)
0.012647 (c=-0.11245702)
0.042496 (c=-0.20614585)
0.235104 (c=-0.48487574)
0.054190 (c= 0.23278830)
0.426362 (c= 0.65296371)
0.029352 (c=-0.17132477)

—_—

0.013163 (c= 0.11473032)
0.345700 (c=-0.58796260)

3.127 eV 25223.9 cm**-1 <§**2> = 0.000000 Mult 1

3.162 eV 25505.1 cm**-1 <§**2> = 0.000000 Mult 1

3.218 eV 25951.4 cm*™-1 <8**2> = 0.000000 Mult 1

3.244 eV 26161.5 cm*™-1 <§**2>= 0.000000 Mult 1

3.301 eV 26628.4 cm**-1 <§**2> = 0.000000 Mult 1

3.322 eV 26793.2 cm**-1 <§**2> = 0.000000 Mult 1

S58

127



358a -> 365a :
360a -> 365a :
360a -> 366a :
362a -> 365a :
362a -> 368a :
362a -> 369a :
362a->370a :

STATE 19: E=

3567a -> 364a :
358a -> 363a :
358a -> 364a :
358a -> 365a :
359a -> 365a :
359a -> 366a :
360a -> 364a :
360a -> 366a :
361a -> 368a :
362a -> 369a :
362a ->370a :

STATE 20: E=

359a -> 365a :
359a -> 366a :
360a -> 364a :
360a -> 365a :
360a -> 366a :
362a -> 369a :
362a->370a :
362a -> 371a :

STATE 21: E=

358a -> 364a :
359a -> 366a :
360a -> 365a :
360a -> 366a :
360a -> 368a :
361a -> 368a :
362a -> 370a :

STATE 22: E=

128

0.125766 au

0.126208 au

0.126818 au

0.014031 (c=
0.022241 (c=
0.130376 (c=
0.011616 (c=
0.019489 (c=
0.346253 (c=
0.027842 (c=

0.123831 au

0.021487 (
0.017598 (c
0.286501 (c
0.012238 (c
0.015481 (c=
0.046150 (c=
0.026143 (c=
0.339050 (c=
0.037004 (c=
0.049923 (c=
0.035898 (c=

0.019270 (c=
0.094787 (c=
0.012889 (c=
0.335546 (c=
0.022374 (c=
0.024698 (c=
0.413754 (c=
0.018867 (c=

0.041208 (c=
0.024001 (c=
0.515165 (c=
0.018004 (c=
0.017829 (c=
0.023339 (c=
0.296459 (c=
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0.11845193)
0.14913438)
0.36107683)
-0.10777852)
0.13960269)
0.58843306)
-0.16685976)

-0.14658508)
0.13265714)
0.53525752)

-0.11062463)
0.12442104)
0.21482665)

-0.16168815)
0.58227959)
0.19236344)
0.22343486)
0.18946723)

0.13881560)
0.30787490)
-0.11352986)
-0.57926371)
0.14958047)
-0.15715518)
-0.64323723)
0.13735569)

0.20299655)
0.15492184)
0.71775024)
-0.13417986)
0.13352583)
0.15277016)
-0.54448094)

3.370eV 27177.8 cm**-1 <§**2>=0.000000 Mult 1

3.422 eV 27602.4 cm*-1 <§**2>= 0.000000 Mult 1

3.434 eV 27699.5 cm*™-1 <§**2>= 0.000000 Mult 1

3.451eV 27833.3 cm*™-1<S8*2>= 0.000000 Mult 1
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356a -> 363a :
357a -> 364a :
359a -> 365a :
359a -> 366a :
361a-> 368a :
361a -> 369a :

STATE 23: E=
356a -> 363a :
3567a-> 363a :
357a-> 364a :
357a-> 365a :
358a -> 364a :
359a -> 364a :
359a -> 366a :
360a -> 366a :
360a -> 368a :
361a -> 368a :
361a-> 369a :
362a -> 370a :

STATE 24: E=
355a -> 363a :
356a -> 363a :
357a->364a :
357a -> 365a :
359a -> 365a :
359a -> 366a :
360a -> 366a :
360a -> 368a :
361a-> 367a :
361a -> 368a :
361a-> 369a :
362a -> 369a :
362a -> 370a :

STATE 25: E=
361a-> 367a :

STATE 26: E=
355a -> 363a :

0.128463 au

0.129639 au

0.129824 au

0.130964 au

5. Supporting Information

0.017324 (c= 0.13162037)
0.095495 (c= 0.30902289)
0.020907 (c= -0.14459179)
0.188392 (c= -0.43404180)
0.508257 (c= 0.71292147)
0.053711 (c=-0.23175711)

0.018461 (c= -0.13587264)
0.012078 (c= -0.10990179)
0.417862 (c= -0.64642237)
0.016746 (c= 0.12940580)
0.067010 (c= -0.25886241)
0.013090 (c= 0.11441118)
0.054258 (c= 0.23293385)
0.028500 (c= -0.16882027)
0.010802 (c= -0.10393375)
0.219967 (c= 0.46900635)
0.029307 (c=-0.17119315)

0.011870 (c= 0.10895129)

0.010472 (c=-0.10233326)
0.041724 (c= 0.20426422)
0.230261 (c=-0.47985487)
0.011291 (c= 0.10625894)
0.012425 (c=-0.11146552)
0.290258 (c=-0.53875629)
0.067843 (c= 0.26046690)
0.083167 (c= 0.28838629)
0.010760 (c=-0.10372920)
0.013232 (c=-0.11503168)
0.011943 (c= 0.10928379)
0.012215 (c=-0.11052157)
0.058510 (c=-0.24188854)

0.976110 (c= 0.98798277)

0.017358 (c=-0.13175000)

3.496 eV 28194.3 cm**-1 <§**2>= 0.000000 Mult 1

3.528 eV 28452.5 cm**-1 <§**2>= 0.000000 Mult 1

3.533 eV 28493.1 cm**-1 <§**2> = 0.000000 Mult 1

3.564 eV 28743.2 cm**-1 <§**2>= 0.000000 Mult 1
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356a -> 363a :
359a -> 365a :
359a -> 366a :
360a -> 368a :
361a -> 369a :
362a -> 371a :

STATE 27: E=

355a -> 363a :
356a -> 363a :
359a -> 365a :
362a -> 370a :
362a -> 371a :
362a -> 374a :
362a -> 375a

STATE 28: E=

355a -> 363a :
356a -> 363a :
359a -> 364a :
359a -> 365a :
359a -> 366a :
361a -> 368a :
361a -> 369a :
362a->371a :

STATE 29: E=

3565a -> 363a :
356a -> 363a :
359a -> 365a :
359a -> 366a :
361a -> 365a :
361a -> 368a :
361a -> 369a :
361a-> 370a :

STATE 30: E=

354a -> 363a :
355a -> 363a :
356a -> 363a :
359a -> 365a :

130

0.131191 au

0.131716 au

0.132057 au

0.132558 au
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0.252944 (c= 0.50293543)
0.066190 (c= -0.25727480)
0.045194 (c= 0.21258807)
0.037273 (c= -0.19306263)
0.029278 (c= -0.17110721)
0.465348 (c= -0.68216395)

0.167804 (c=-0.40963887)
0.362585 (c= 0.60215013)
0.131184 (c= 0.36219288)
0.034572 (c= 0.18593598)
0.178961 (c= 0.42303779)
0.014666 (c= 0.12110411)
0.010027 (c= 0.10013609)

0.085306 (c= -0.29207143)
0.042784 (c= -0.20684408)
0.021106 (c= 0.14528062)
0.354039 (c= 0.59501142)
0.036386 (c= -0.19075225)
0.027478 (c= 0.16576543)
0.139360 (c= 0.37330943)
0.205806 (c= -0.45365849)

0.093866 (c= 0.30637557)
0.093629 (c= 0.30598904)
0.027220 (c= -0.16498505)
0.026062 (c= 0.16143696)
0.021727 (c=-0.14740207)
0.070883 (c= 0.26623801)
0.566299 (c= 0.75252865)
0.027865 (c=-0.16692690)

0.032152 (c= 0.17931093)
0.445208 (c= 0.66723936)
0.086140 (c= 0.29349547)
0.240376 (c= 0.49028178)

3.570eV 28793.1 cm*-1 <§**2>= 0.000000 Mult 1

3.584 eV 28908.4 cm*-1 <8**2>= 0.000000 Mult 1

3.593 eV 28983.2 cm**-1 <§**2> = 0.000000 Mult 1

3.607 eV 29093.1 cm**-1 <§**2> = 0.000000 Mult 1
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359a -> 366a : 0.026830 (c= -0.16379813)
360a ->368a : 0.012655 (c= 0.11249298)
361a->369a : 0.058625 (c= -0.24212626)

4.4 Summary of calculated TD-DFT data of 2-3b

Supplementary Table S14. Extended comparison of wavelengths Amax, oscillator strengths f, and excitation energy E from

experimental and TD-DFT calculations for iridasiliconoid salt 2 and the bimetallic compounds 3a,b.

Experimental

TD-DFT

kmax
(nm)

Excitation energy E
(eV)

Amax (nm)

Excitation energy
E (eV)

Oscillator
strength f

Transitions (% contribution)

543

2.283

528

2.349

0.0388

HOMO-2—LUMO (2.5)
HOMO-1—LUMO (11.9)

HOMO—LUMO (78.0)

HOMO—LUMO+1 (4.1)

425

2.917

430

2.885

0.0201

HOMO-4—LUMO (1.0)
HOMO-3—LUMO (5.5)
HOMO-2—LUMO (5.7)
HOMO-1-LUMO+3 (1.2)
HOMO—LUMO+1 (1.5)
HOMO—LUMO+3 (77.8)

HOMO—LUMO+4 (1.0)

HOMO—LUMO+5 (1.2)

418

2.965

0.0592

HOMO-4—LUMO (2.0)
HOMO-3—LUMO (35.2)
HOMO-3—-LUMO+1 (2.7)
HOMO-3—LUMO+3 (1.2)
HOMO-2—LUMO (39.2)
HOMO-2—LUMO+1 (2.9)
HOMO-1—-LUMO+3 (1.9)
HOMO—LUMO (2.5)

HOMO—LUMO+1 (1.2)

3a
601

2.063

636

1.949

0.0181

HOMO-1-LUMO (1.9)
HOMO—LUMO (95.4)

426

2.910

425

2.915

0.0540

HOMO-4—LUMO (34.6)
HOMO-2—LUMO+1 (3.0)

HOMO-1—-LUMO+1 (46.9)

S62

131



5. Supporting Information

HOMO—LUMO+1 (2.5)
HOMO—LUMO+2 (1.7)
HOMO—LUMO+3 (3.4)

HOMO—LUMO+5 (1.0)

354

3.502

354

3.506

0.002341513

HOMO=7 SLUMO (1.3)
HOMO-6—LUMO (3.2)
HOMO-5—-LUMO+1 (2.1)
HOMO-1-LUMO+3 (1.5)
HOMO—LUMO+2 (2.6)
HOMO—LUMO+4 (10.0)
HOMO—LUMO+5 (7.9)
HOMO—LUMO+6 (59.9)

HOMO—LUMO+7 (3.6)

3b

647

1.916

627

1.976

0.0179

HOMO-1-LUMO (2.3)
HOMO—LUMO (95.3)

524

2.366

536

2.315

0.0645

HOMO-1-LUMO (91.2)
HOMO—LUMO (1.7)

HOMO—LUMO+1 (1.4)

340

3.647

344

3.607

0.00306

HOMO-8-LUMO (3.2)
HOMO-7—LUMO (44.5)
HOMO-6—LUMO (8.6)
HOMO-3—LUMO+2 (24.0)
HOMO-3—LUMO+3 (2.7)
HOMO-2-LUMO+5 (1.3)
HOMO-1-LUMO+6 (5.9)
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1. Experimental Procedures

All manipulations were carried out under a protective atmosphere of argon, by using a glovebox or
standard Schlenk techniques. Solvents were dried and degassed by reflux over sodium/benzophenone
under argon. [Ds]-benzene (CsDs) was dried over potassium mirror and distilled under argon prior to use.
Si7TipsLi siliconoid 115" and the chloro amidinato tetrylenes 1a-cS2 were prepared following the literature
protocols. NMR spectra were recorded on a Bruker Avance IV 400 NMR spectrometer ('H = 400.13 MHz,
3C = 100.6 MHz, #°Si = 79.6 MHz). The 'H and "*C{1H} NMR spectra were referenced to the residual
proton and natural abundance *C resonances of the deuterated solvent and chemical shifts were
reported relative to SiMes (CsDs: 8'H = 7.16 ppm and §'°C = 128.06 ppm). UV-Vis spectra were recorded
on a Shimadzu UV-2600 spectrometer in quartz cells with a path length of 0.1 cm. Elemental analyses
were performed on an elemental analyzer Leco CHN-900. Mass spectrometry was measured on a Bruker
SolariX 7 Tesla MALDI/ESI/APPI FTICR imaging MS. Melting points were determined under argon in
NMR tubes and are uncorrected. The molten samples were examined by NMR spectroscopy to confirm
whether decomposition had occurred upon melting. Crystallographic data of the structure reported in this
paper has been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk,

http://www.ccdc.cam.ac.uk).

2. Preparation, data and spectra

General procedure for the synthesis of the tetrylene-siliconoids

N -:-)\CI -Licl

1] 1a-c

Supplementary Scheme $S1. Synthesis of tetrylene-siliconoids 2a-¢ (Ph =phenyl, (Bu=tert-butyl, Tip=2,4,6-

triisopropylbenzene).

The lithiated Si;Tips siliconoid Il is dissolved in toluene and the corresponding chloro tetrylene 1a-c52 is
added as a solid. The resulting red-brown reaction mixture is stirred for 5 minutes at room temperature.
All volatiles are removed under reduced pressure. The dark red-brown residue is taken up in hexane or
pentane and separated from the precipitating LiCl salt by filtration. After washing 3x with 1 mL hexane/
pentane the solvent of the filtrate is removed under reduced pressure and the solid residues are washed
3x with 0.5 mL hexane/ pentane. The solid is dried thoroughly affording the tetrylenes-siliconoids 2a-c

as crude, clean product according to NMR spectroscopy.
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2.1 Preparation of NHSilylene-substituted siliconoid 2a

Quantities: Il 98.0 mg (0.0622 mmol), chloro silylene 20.4 mg (0.0692 mmol), 1.5 mL toluene, let stay
for 5 minutes, filtered from 4 mL pentane. Yield: 58.9 mg (0.040 mmol; 64 %) brown crystals. Single

crystals of 2a were obtained from a concentrated solution of 2a in hexane at —26°C.

'"H NMR (400.13 MHz, Cg¢Ds, 300 K) & = 7.625 (CgH1o), 7.446 — 7.432 (bd, 3Jun = 5.50 Hz, 1H, Ar-H),
7.400 — 7.396 (d, “Jun = 1.73 Hz, 1H, Ar-H), 7.299 — 7.296 (d, *Jun = 1.60 Hz, 1H, Ar-H), 7.251 (CsH1o),
7.144 — 7.140 (d, *Jun = 1.85 Hz, 1H, Ar-H), 7.131 = 7.129 (d, *Juw = 1.02 Hz, 2H, Ar-H), 7.107 — 7.103
(d, *Jun = 1.63 Hz, 1H, Ar-H), 7.027 — 7.046 (d, “Jnn = 1.63 Hz, 1H, Ar-H), 6.992 — 6.988 (d, “Jun = 1.63
Hz, 1H, Ar-H), 6.972 — 6.968 (m, 1H, Ar-H), 6.924 (m, 1H, Ar-H), 6.815 — 6.798 (m, 3H, Ar-H), 5.733 —
5.701 (m, 1H, Tip-iPr-CHMez), 5. 358 — 5.294 (m, 1H, Tip-iPr-CHMe:), 5.040 — 4.963 (m, 1H, Tip-iPr-
CHMe2), 4.804 — 4.739 (m, 1H, Tip-iPr-CHMez), 4.404 — 4.359 (m, 1H, Tip-iPr-CHMez), 3.953 — 3.888
(m, 1H, Tip-iPr-CHMez), 3.742 — 3.659 (m, 2H, Tip-iPr-CHMez), 3.441 — 3.3761 (m, 1H, Tip-iPr-CHMe>),
3.114 — 3.028 (m, 1H, Tip-Pr-CHMe;), 2.957 — 2.802 (m, 2H, Tip-iPr-CHMe: overlapping with pentane-
CH.), 2.778 — 2.634 (m, 3H, Tip-iPr-CHMe), 2.209 — 2.193 (d, 3Jun = 6.45 Hz, 3H, Tip-iPr-CHs), 2.108 —
2.092 (d, *Jun = 6.45 Hz, 3H, Tip-Pr-CHs), 1.829 — 1.787 (dd, 3Jun = 10.48 Hz, *Jun = 6.45 Hz, 6H, Tip-
iPr-CHs), 1.727 — 1.667 (dd, *Jun = 17.73 Hz, *Jun = 6.45 Hz, 6H, Tip-iPr-CHs), 1.636 — 1.620 (d,
3Jun = 6.45 Hz, 3H, Tip-iPr-CHs), 1.582 — 1.535 (m, 12H, Tip-iPr-CHs), 1.489 — 1.472 (d, 3Jun = 6.68 Hz,
3H, Tip-iPr-CHs), 1.372 — 1.218 (m, 24H, Tip-iPr-CHz), 1.202 — 1.156 (m, 12H, Tip-iPr-CHz), 1.116 —
1.098 (d, 3Jnn = 6.80 Hz, 6H, Tip-iPr-CHs), 0.996 — 0.989 (d, *Jun = = 2.80 Hz, 18H, tBuC(CHs)s), 0.905
—0.850 (t, 3H, pentane-CHs), 0.702 — 0.663 (dd, *Jun = 8.73 Hz, *Jun = 6.80 Hz, 6H, Tip-iPr-CHs), 0.623
— 0.567 (dd, *Jun = 17.40 Hz, 3Juy = 6.40 Hz, 6H, Tip-iPr-CHs), 0.424— 0.399 (dd, °Jun = 6.40 Hz,
*Jun = 3.80 Hz, 6H, Tip-iPr-CHs) ppm.

3C NMR (100.61 MHz, C¢Ds, 300 K) 6 = 155.65 (s, 1C, Ar-C), 154.99, 154.19, 153.88, 153.25, 153.16,
152.97, 1562.54, 152.30, 151.77 (s, each 1C, Ar-C), 150.35, 149.10, 148.95, (s, each 1C, Ar-C), 141.03,
139.79, 137.62, 137.46, 137.35, 133.96, 129.59, 129.29, (s, each 1C, Ar-C), 123.23, 122.84, 122.57,
122.45, 121.80, 121.45, 121.26, 120.91, 119.83 (s, each 1C, Ar-CH), 53.48 (s, 1C, C(CHs)3), 53.24 (s,
1C, C(CHs)s), 36.26, 35.14, 35.10, 35.05, 35.00, 34.35, 34.28, 34.24, 34.19, 34.08 (bs, each 1C, Tip-iPr-
CH), 33.07 (bs, each 1C, Tip-iPr-CH), 32.65 (s, 1C Tip-iPr-CH), 31.49, 31.52, 30.62 (s, each 3C, Tip-iPr-
CH), 28.80, 27.41, 27.29, 27.22, 26.92, 26.82, 26.60, 26.06, 25.25, (bs, each 2C, Tip-iPr-CHs), 24.90,
24.71,24.50, 24.28, 24.06, 23.91, 23.78, 23.66, 23.57, 22.38 (s, 2C, Tip-iPr-CHs), 21.32 (s, 6C, C(CHa3)3),
13.94 ppm.

298j NMR (79.49 MHz, CsDe, 300 K) & = —219.0 (s, Si), —211.6 (s, Si), —101.2 (s, Si), 0.3 (s, SiTipz), 24.1
(s, Si(NtBu),CPh), 32.4 (s, SiTip2), 159.6 (s, SiTip), 211.7 (s, Si(Si(NBu).CPh)) ppm.

CP-MAS 2Si-NMR (79.53 MHz, 13 KHz, 300 K) & = 221.4 (s, Si(Si(N{Bu).CPh)), 155.6 (s, SiTip), 29.3
(s, SiTipz), 17.3 (s, Si(NtBu);CPh), 3.0 (s, SiTips), —106.6 (s, Si), —210.7 (s, Si), —224.2 (s, Si) ppm.
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Elemental analysis: calculated for CgoH138SigN2: C: 73.40%; H: 9.44%; N: 1.90%. Found: C: 71.90 %;
H: 8,64%; N: 1.49%. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results

of bona fide identical samples.®3
UV-Vis (hexane): Amax (g) = 336 (26647 M~' cm™"), 371 (12940 M~" cm™), 532 (704 M~" cm™') nm

Melting Point: 290°C (decomp.).
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Supplementary Figure $2. 3C NMR of 2a in CsDs (100.61 MHz, 300 K).
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Supplementary Figure $3. 2°Si NMR of 2a in CsDs (79.49 MHz, 300 K).
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Supplementary Figure S4. CP-MAS 2°Si NMR of 2a (79.53 MHz, 13 KHz, 300 K), side spinning bands: #221.4, *155.6, °29.3
, 7~210.7, 1-224.2 ppm.
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Supplementary Figure S5. UV-Vis spectra of the NHSilylene-substituted siliconoid 2a in hexane at different concentrations.
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Supplementary Figure S6. Determination of the extinction £ = 704 M~"-cm™ of 2a by linear regression at Amax = 532 nm.
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Supplementary Figure S7. Determination of the extinction € = 12940 M~-cm™ of 2a by linear regression at A = 371 nm.
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Supplementary Figure S8. Determination of the extinction £ = 26647 M~"-cm™" of 2a by linear regression at A = 336 nm.

2.1.2 Preparation of 2b

Quantities: Il 100.7 mg (0.0642 mmol), chloro germylene 23.8 mg (0.0701 mmol), 1.5 mL toluene, let
stay for 5 minutes, filtered from 4 mL hexane. Yield: 65.0 mg (0.0428 mmol; 67 %) red-brown solid.

'H NMR (400.13 MHz, CsDs, 300 K) & = 7.627 (CsH1o), 7.402 — 7.383 (bd, Jun = 7.58 Hz, 1H, Ar-H),
7.368 — 7.364(d, “Jun = 1.54 Hz, 1H, Ar-H), 7.291 — 7.288 (d, *Jun = 1.54 Hz, 1H, Ar-H), 7.251 (CsH1o),
7.133 - 7.118 (m, 3H, Ar-H), 7.093 — 7.089 (d, “Jun = 1.47 Hz, 1H, Ar-H), 7.045 — 7.030 (m, 2H, Ar-H),
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6.975 - 6.971 (d, “Jun = 1.31 Hz, 1H, Ar-H), 6.956 — 6.903 (m, 3H, Ar-H), 6.870 — 6.852 (m, 1H, Ar-H),
6.795 — 6.792 (d, *Jun = 1.47 Hz, 1H, Ar-H), 5.656 — 5.592 (m ,1H, Tip-iPr-CHMe,), 5.411 — 5.312 (sept,
3Jun = 6.53 Hz, 1H, Tip-iPr-CHMez), 5.024 — 4.927 (sept, 3Jun = 6.47 Hz, 1H, Tip-iPr-CHMe:), 4.790 —
4.692 (sept, 3Jun = 6.47 Hz, 1H, Tip-iPr-CHMez), 4.423 — 4.322 (sept, 3Juw = 6.51 Hz, 1H, Tip-iPr-
CHMe;), 3.944 — 3.848 (sept, 3Jun = 6.43 Hz, 1H, Tip-iPr-CHMez), 3.704 — 3.627 (m, 2H, Tip-iPr-CHMe;),
3.454 — 3.359 (sept, *Jun = 6.50 Hz, 1H, Tip-iPr-CHMe.), 3.140 — 3.045 (sept, 3Jun = 6.50 Hz, 1H, Tip-
iPr-CHMez), 2.923— 2.805 (m, 2H, Tip-iPr-CHMez), 2.763 -2.629 (m, 4H, Tip-iPr-CHMe2 CHMe:
overlapping with hexane-CHz), 2.210 — 2.194 (d, 3Jun = 6.32 Hz, 3H, Tip-iPr-CHs), 2.067 — 2.052 (d,
3Jum = 6.32 Hz, 3H, Tip-iPr-CHs), 1.802 — 1.768 (m, 6H, Tip-Pr-CHs), 1.714 — 1.698 (d, 3Jun = 6.42 Hz,
3H, Tip-iPr-CHz), 1.628 — 1.573 (m, 6H, Tip-iPr-CHs3), 1.1573 — 1.630 (m, 12H, Tip-iPr-CH3) 1.485 —
1.469 (d, *Jun = 6.62 Hz, 3H, Tip-iPr-CHs), 1.351 — 1.286 (m, 16H, Tip-iPr-CHs), 1.268 (bs, 2H, Tip-iPr-
CHs), 1.227 — 1.211 (m, 4H, Tip-iPr-CHs), 1.189 (bs, 1H, Tip-iPr-CHs), 1.179 — 1.149 (m, 12H, Tip-iPr-
CHs, overlapping with hexane-CHs), 1.109 — 1-092 (d, 3Jun = 6.94 Hz, 6H, Tip-iPr-CHs), 0.917 — 0.915
(d, “Ju = = 0.85 Hz, 18H, tBUC(CHs)3), 0.684 — 0.668 (d, *Jin = 6.60 Hz, 6H, Tip-iPr-CHs), 0.596 — 0.545
(dd, 3Jhn = 12.86 Hz, *Jun = 6.29 Hz, 6H, Tip-iPr-CHs), 0.424 — 0.404 (dd, 3Jun = 6.29 Hz, “Jun = 1.60 Hz,
6H, Tip-iPr-CHz) ppm.

13C NMR (100.61 MHz, CsDs, 300 K) 5 = 162.52 (s, 1C, Ar-C), 155.34, 154.79, 154.41, 153.52, 153.16,
152.95 — 152.91 (d, J = 2.98 Hz, 1C, Ar-C), 152.74, 152.15, 150.72 (s, each 1C, Ar-C), 149.51, 149.35
(s, each 1C, Ar-C), 141.18, 140.08, 138.16, 137.85, 137.73, 136.11, 134.07 (s, each 1C, Ar-C), 129.75,
129.34, 128.47, 128.17, 127.93, 127.52, 127.49, 126.05 (s, each 1C, Ar-C), 123.42, 123.23, 122.99 -
122.92 (d, 1C, J = 6.70 Hz, Ar-CH), 122.20, 121.84, 121.71, 121.15, 120.25 (s, each 1C, Ar-CH), 53.78
(s, 1C, C(CHs)3), 53.64 (s, 1C, C(CHa)s), 36.65, 35.95, 35.64, 36.54, 35.46, 35.42, 34.73, 34.68, 34.63,
34.54, 33.52, 32.23, 31.93, 31.62, 30.84 (s, each 1C, Tip-iPr-CH), 27.88, 27.70, 27.60, 27.28, 27.05,
26.82, 26.28, 25.55, 25.19, 25.00, 24.91, 24.61, 24.52, 24.36, 24.28, 24.21, 24.10, 24.01 21.89, (s, each
2C, Tip-iPr-CHs), 14.34 (s, 6C, C(CHa)s)) ppm.

298j NMR (79.49 MHz, C4Ds, 300 K) & = 220.2 (s, Si(Ge(NtBu),CPh), 160.4 (s, SiTip), 32.4 (s, SiTip2),
~0.1 (s, SiTipz), —100.7 (s, Si), —209.6 (s, Si), —217.6 (s, Si) ppm.

CP-MAS #Si-NMR (79.53 MHz, 13 KHz, 300 K) & = 218.3 (s, Si(Ge(NBu),CPh), 161.2 (s, SiTip), 30.7
(s, SiTipz), =1.8 (s, SiTip2), =59.4 (s, SiH?), —101.9 (s, Si), =216.9 (s, Si), =220.9 (s, Si) ppm.

Elemental analysis: calculated for CgoH13sGeN2Siz: C: 71.24%; H: 9.17%; N: 1.85%. Found: C: 71.67%;
H: 8.75%; N: 1.64%. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results

of bona fide identical samples.S?

UV-Vis (hexane): Amax (¢) = 345 (18200 M~' cm™), 407 (3190 M~" cm™), 514 (580 M~" cm™") nm.
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Melting Point: 161°C.
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Supplementary Figure $9. "H NMR of 2b in CsDs (400.13 MHz, 300 K).
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Supplementary Figure $11. 2°Si NMR of 2b in CsDs (79.49 MHz, 300 K).
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Supplementary Figure $12. CP-MAS 2°Si NMR of 2b (79.53 MHz, 13 KHz, 300 K).
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Supplementary Figure $13. UV-Vis spectra of the NHGermylene-substituted siliconoid 2b in hexane at differ
concentrations.
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Supplementary Figure S14. Determination of the extinction & = 580 M~'-cm™ of 2b by linear regression at imax = 514 nm.
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Supplementary Figure S$15. Determination of the extinction £ = 3190 M~"-cm™ of 2b by linear regression at % = 407 nm.
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Supplementary Figure S$16. Determination of the extinction £ = 18200 M~"-cm™ of 2b by linear regression at x = 345 nm.

2.1.3 Preparation of 2¢

Quantities: 11 100.1 mg (0.0638 mmol), chloro stannylene 27.0 mg (0.0700 mmol), 1.5 mL toluene, let
stay for 5 minutes, filtered from 4 mL hexane. Yield: 70.4 mg (0.0450 mmol; 71 %) brown solid.

TH NMR (400.13 MHz, CsDs, 300 K) & = 7.627 (CsH1o), 7.351 — 7.347 (bd, “Jux = 1.38 Hz, 1H, Ar-H),
7.324 — 7.305 (bd, 3Jun = 7.64 Hz, 1H, Ar-H), 7.293 — 7.289 (d, “Jun = 1.57 Hz, 1H, Ar-H), 7.248 (CsHho),
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7.1423 — 7.139 (d, “Jun = 1.49 Hz, 1H, Ar-H), 7.127 — 7.123 - 7.109 (dd, 3Jun = 5.61 Hz, *Jun = 1.63 Hz,
2H, Ar-H), 7.092 — 7.088 (d, “Jun = 1.34 Hz, 1H, Ar-H), 7.047 —7.043 (d, *Jun = 1.65 Hz, 1H, Ar-H), 7.035
—7.015 (m, 1H, Ar-H), 6.967 — 6.946 (m, 2H, Ar-H), 6.921 — 6.904 (m, 2H, Ar-H), 6.891 — 6.874 (m, 1H,
Ar-H), 6.806 — 6.802 (d, *Jun = 1.54 Hz, 1H, Ar-H), 5.464 — 5.397 (m, 2H, Tip-iPr-CHMe,), 5.098 — 5.033
(m, 1H, Tip-iPr-CHMe.), 4.757 — 4.659 (m, 1H, Tip-iPr-CHMe;), 4.509 — 4.412 (sept, *Jun = 6.60 Hz, 1H,
Tip-iPr-CHMe:), 3.880 — 3.720 (m, 2H, Tip-iPr-CHMe:), 3.638 — 3.541 (sept, *Ju+ = 6.60 Hz, 1H, Tip-iPr-
CHMe;), 3.466— 3.369 (sept, *Jun = 6.60 Hz, 1H, Tip-iPr-CHMe:), 3.167 — 3.068 (sept, 3Jun = 6.60 Hz,
1H, Tip-iPr-CHMez), 2.913 — 2.796 (m, 2H, Tip-iPr-CHMe:), 2.760 — 2.635 (m, 4H, Tip-iPr-CHMe:
overlapping with hexane-CHz), 2.231 — 2.215 (d, 3Jun = 6.42 Hz, 3H, Tip-iPr-CHs), 2.035 — 2.019 (d,
3Jun = 6.42 Hz, 3H, Tip-iPr-CHs), 1.810 — 1.757 (dd, 3Jun = 14.49 Hz, 3Juu = 6.79 Hz, 6H, Tip-iPr-CHs),
1.709 — 1.693 (d, *Jun = 6.61 Hz, 3H, Tip-iPr-CHs), 1.630— 1.614 (d, *Jun = 6.45 Hz, 3H, Tip-iPr-CHs),
1.546 — 1.520 (dd, *Jun = 6.50 Hz, *Jun = 3.84 Hz, 6H, Tip-iPr-CHs), 1.546 — 1.520 (dd, 3Jun = 14.09 Hz,
3Jhn = 6.60 Hz, 6H, Tip-iPr-CHs), 1.327 — 1.310 (m, 8H, Tip-iPr-CHs), 1.300 (bs, 6H, Tip-iPr-CHs), 1.283
—1.281 (d, “Jun = 0.74Hz, 3H, Tip-iPr-CHs), 1.231 —1.215 (m, 4H, Tip-iPr-CHs), 1.176 — 1.141 (m, 16H,
Tip-iPr-CHs), 1.118 — 1.100 (d, 3Jun = 6.95 Hz, 6H, Tip-iPr-CHs), 0.906 — 0.872 (t, 2H, hexane-CHs),
0.848 — 0.831 (d, *Jun = 6.87 Hz, 3H, Tip-iPr-CHs), 0.740 — 0.724(d, *Jun = 6.73 Hz, 3H, Tip-iPr-CHs),
0.678 — 0.662 (d, *Jun = 6.52 Hz, 3H, Tip-iPr-CHs), 0.606 — 0.590 (d, *Jnn = 6.30 Hz, 3H, Tip-iPr-CHs),
0.551 —0.535 (d, *Jun = 6.30 Hz, 3H, Tip-iPr-CHs), 0.455 — 0.416 (dd, 3Jun = 9.25 Hz, *Jun = 6.46Hz, 6H,
Tip-iPr-CHs) ppm.

13C NMR (100.61 MHz, CsDs, 300 K) & = 167.52 (s, 1C, Ar-C), 155.18, 154.51, 153.59, 153.26 (s, each
1C, Ar-C), 153.08 — 153.01 (d, J = 2.98 Hz, 1C, Ar-C), 152.67, 152.13, 150.73, 149.54, 149.44, 149.41,
149.38 (s, each 1C, Ar-C), 140.94, 140.59. 139.88, 138.90, 138.15, 138.08, 137.76, 134.07, 129.94,
129.51, 128.47, 128.17, 127.93, 127.35 (s, each 1C, Ar-C), 127.26, 126.05, 123.21, 123.16, 122.25,
121.91, 121.88, 121.81, 121.04, 120.41 (s, each 1C, Ar-CH), 53.16 (s, 1C, C(CHa)s), 52.71 (s, 1C,
C(CHs)s), 36.73, 36.32, 36.06, 35.73, 35.51, 35.42, 34.76, 34.61, 34.51, 33.66, 32.78, 32.46, 31.96,
30.87, 28.54, (s, 1C, Tip-iPr-CH), 27.83, 27.51, 27.32, 27.18, 26.92, 26.52, 25.94, 25.30, 24.97, 24.59,
24,52, 24 44, 24.33, 24.28, 24.20, 24.13 (s, each 2C Tip-iPr-CHs), 24.07 — 24.05 (d, J = 2.84 Hz, 2C Tip-
iPr-CHs), 23.04, 22.12 (s, 2C Tip-iPr-CHs), 14.35 (s, 6C, C(CHs)s) ppm.

298] NMR (79.49 MHz, CsDs, 300 K) & = 237.8 (s, (s, Si(Sn(NtBu).CPh)), 163.3 (s, SiTip), 37.9 (s, SiTip),
5.7 (s, SiTipz), —85.8 (s, Si), —198.3 (s, Si), —210.9 (s, Si) ppm.

1190 NMR (149.21 MHz, C6D6, 300 K) & = 196.6 ppm.

CP-MAS #Si-NMR (79.53 MHz, 13 KHz, 300 K) & = 238.9 (s, Si(Sn(NtBu).CPh)), 160.9 — 165.5 (d, J =
371.05 Hz, SiTip), 34.4 (s, SiTip2), 1.6 (s, SiTipz), —60.1 (m, SiH?) -83.0 (m, Si), —198.9 —-195.3 (m, Si),
—205.6 (s, Si?), —215.8 —-211.3 (m, Si), ppm.
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Elemental analysis: calculated for CgoH13sN2SizSn: C: 69.14%; H: 8.90%; N: 1.79%. Found: C: 67.11 %;
H: 8.06%; N: 1.88%. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results

of bona fide identical samples.S3
UV-Vis (hexane): Amax (g) = 324 (31580 M~' cm™), 417 (3910 M~" cm™), 520 (870 M~" cm™") nm.

Melting Point: 177°C.
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Supplementary Figure $18. '>*C NMR of 2¢ in CsDs (100.61 MHz, 300 K).
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Supplementary Figure $19. 2Si NMR of 2¢ in CsDs (79.49 MHz, 300 K).
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Supplementary Figure $20. '"°Sn NMR of 2¢ in CsDs (79.49 MHz, 300 K).
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Supplementary Figure $21. CP-MAS 29Si NMR of 2b (79.53 MHz, 13 KHz, 300 K).
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Supplementary Figure S22. UV-Vis spectra of the new NHStannylene-substituted siliconoid 2¢ in hexane at different
concentrations.
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Supplementary Figure $23. Determination of the extinction £ = 870 M~'-cm™" of 2¢ by linear regression at Amax = 520 nm.
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Supplementary Figure S24. Determination of the extinction £ = 3910 M~"-cm™" of 2¢ by linear regression at .. = 417 nm.
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Supplementary Figure $25. Determination of the extinction £ = 31580 M~"-cm™ of 2¢ by linear regression at A = 324 nm.

3. Details on X-Ray Diffraction Studies

The crystallographic data set was collected using a Bruker D8 Venture diffractometer with a microfocus
sealed tube and a Photon Il detector. Monochromated Mok, radiation (A = 0.71073 A) was used. Data
were collected at 143(2) K and corrected for absorption effects using the multi-scan method. The
structure was solved by direct methods using SHELXT®* and was refined by full matrix least squares
calculations on F? (SHELXL2018%°%) in the graphical user interface Shelxle®¢. All non-H atoms were
located in the electron density maps and refined anisotropically. C-bound H atoms were placed in
positions of optimized geometry and treated as riding atoms. Their isotropic displacement parameters
were coupled to the corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CHas). Disorder. An
isopropyl-residue of one tip-group and a larger part of another tip-group were split over two positions.
For the isopropyl-residue of the latter tip group an EADP constraint was used in the refinement. The
occupancy factors refined to 0.58 and 0.71 for the major components. SQUEEZE: One pentane solvent
molecule has been treated as a diffuse contribution of the overall scattering without specific atom
positions with the SQUEEZE tool®” implemented in PLATONS8, The number of squeezed electrons and
their calculated volume (64e, V = 419A3 / cell) correspond to approximately one pentane solvent in the
asymmetric unit.
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Supplementary Table S1. Crysta data and structure refinement for NHSilylene-substituted siliconoid 2a (CCDC: 2308133).

Empirical formula C95 H150 N2 Si8

Formula weight 1544.88

Temperature 143(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a =15.0497(7) A o = 93.6620(10)°.
b = 15.2633(6) A B =101.1000(10)°.
c =21.4987(10) A v =90.410(2)°.

Volume 4835.2(4) A’

Z 2

Density (calculated) 1.061 mgz‘m3

Absorption coefficient 0.153 mm™!

F(000) 1692

Crystal size 0.060 x 0.026 x 0.020 mm?

Theta range for data collection 1.940 to 27.207°.

Index ranges -19<=h<=19, -17<=k<=19, -27<=|<=27

Reflections collected 174462

Independent reflections 21396 [R(int) = 0.0802]

Completeness to theta = 25.242° 99.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7455 and 0.6751

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 21396 /455/1013

Goodness-of-fit on F? 1.021

Final R indices [I>2sigma(l)] R1=0.0513, wR2 =0.1189

R indices (all data) R1=0.0812, wR2 = 0.1370

Largest diff. peak and hole 0.429 and -0.516 e.A3
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Supplementary Figure $26. Molecular structure NHSilylene-substituted siliconoid 2a in the solid state. Hydrogen atoms are

omitted for clarity. Thermal ellipsoids represent 50% probability.

4. Computational Details

The structure of 2a-c was optimized at the density functional theory (DFT) level using Becke’s three-
parameter functional in combination with the Lee-Yang-Parr exchange-correlation functional
(B3LYP).39° Triple-¢ quality basis sets augmented with polarization functions (def2-TZVP) and the m5
grid with scfconf = 8 and deconv = 0.1d-06 were employed.5'° Single point PCM/TDB3LYP/def2-TZVPS'°
calculations were performed for 20 excited states to estimate the change in the UV-Vis spectrum of
optimized structures of 2a-c in the presence of hexane solvent (Supplementary Table S5-7). The nuclear
magnetic shieldings were calculated at the OLYP/def2-TZVPS° level with GIAO as implemented into the
Gaussian09 program package.S'" All chemical shifts were referenced to the value calculated for Si(CH3)4
at the same level of theory. Pictures of Kohn-Sham orbitals were displayed with ChemCraft.5'2
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Supplementary Figure $27. Calculated structure of TipsSizNHSi 2a. Hydrogen atoms are omitted for clarity.

5. Supporting Information

Supplementary Table $2. Coordinates of TipsSizNHSi 2a.

Si
Si
Si
Si
Si
Si
Si

@

I OIT OIT O IT O ITOOoZ2Z2

—-0.351029000
0.055515000
-2.092185000
-2.094865000
0.237694000
2.594136000
1.638932000
-4.110380000
-3.446315000
-4.263196000
-3.907434000
-4.128775000
-3.102222000
-2.131999000
-3.323758000
-2.519055000
-4.572138000
-4.743819000
-5.599642000
-6.573914000
-5.380178000
-6.181745000

0.891249000

0.638846000
0.760534000
-1.690295000
-1.123716000
-0.715410000
1.528456000
2.094770000
3.823779000
3.168120000
4.262880000
5.681200000
6.432538000
5.981475000
7.749368000
8.319209000
8.331842000
9.357807000
7.590925000
8.038103000
6.273268000
5.703517000

1.110925000
-1.463655000
-0.483736000
-0.355148000

0.054993000
0.491593000
0.016976000
-0.958426000
-1.284115000
0.581849000
-0.102029000
0.304452000
0.876800000

1.030189000

1.261186000

1.708100000

1.075195000

1.374936000

0.502288000
0.350827000
0.120051000
-0.331640000
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-3.056023000
-2.647683000
-2.346321000
-3.482038000
-1.811086000
-1.849462000
-1.504153000
-1.025871000
-2.100398000
-4.227590000
-3.942249000
-4.515639000
-5.095719000
-4.878357000
-4.688195000
-5.134998000
-5.170880000
-3.630744000
-4.187614000
-3.110598000
-4.570473000
-4.371131000
-6.383421000
-6.562685000
-6.845848000
-6.876007000
-3.343180000
-4.720779000
-5.647000000
-6.683324000
-5.294457000
-3.9569427000
-3.660251000
-2.984486000
-1.570499000
-0.902659000
-1.054517000
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4.551414000
3.482970000
3.956492000
2.812565000
2.888717000
5.464390000
5.897056000
4.897367000
6.284832000
5.363340000
5.792184000
6.183006000
4.720905000
2.993913000
1.519839000
0.858668000
1.312223000
1.272374000
3.858557000
3.685299000
3.586874000
4.921025000
3.309523000
4.362559000
3.080653000
2.709978000
-2.333981000
-2.441216000
-2.917806000
-3.000058000
-3.289477000
-3.160910000
-3.435779000
-2.699861000
-2.627025000
-2.297830000
-3.989194000

-2.510855000
-3.532329000
-4.467449000
-3.748456000
-3.164119000
-2.247182000
-3.188134000
-1.811968000
-1.577305000
-3.088528000
-4.051357000
-2.432352000
-3.246445000
1.914436000
2.291588000
1.547781000
3.247215000
2.379578000
2.979004000
2.974803000
3.964412000
2.833735000
1.866003000
1.651789000
2.828376000
1.099084000
0.996402000
0.647208000
1.572767000
1.269770000
2.863311000
3.207725000
4.212582000
2.319728000
2.886466000
2.093340000
3.376651000
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-1.108210000
-1.629136000
-0.013274000
-1.468840000
-0.438032000
-2.092149000
-1.786618000
-5.287485000
-4.506033000
-5.716060000
-6.099592000
-6.511552000
-4.887120000
-6.464354000
-6.203074000
-7.337135000
-6.761552000
-6.314511000
-5.768850000
-6.967078000
-7.546097000
-7.646663000
-6.215452000
-7.378768000
-6.919921000
-8.061652000
-7.974600000
-2.258989000
-2.591668000
-2.704150000
-2.957135000
-2.515571000
-2.187239000
-2.031590000
-2.047509000
-1.667327000
-1.474157000
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-4.746010000
-4.356770000
-3.902967000
-1.588115000
-1.509713000
-1.865055000
-0.601902000
-2.074327000
-1.574400000
-3.321737000
-3.039239000
-3.8556256000
-4.011041000
-1.089773000
-0.192206000
-1.542857000
-0.773824000
-3.808937000
-4.030080000
-5.116713000
-4.963920000
-5.504547000
-5.880480000
-2.754477000
-1.836733000
-3.128695000
-2.496952000
-2.826206000
-2.370482000
-3.282610000
-2.911504000
-4.645655000
-5.089098000
-6.148567000
-4.223920000
-4.880046000
-4.094527000

2.593421000
4.229384000
3.694297000
4.013169000
4.363753000
4.866529000
3.672375000
-0.724135000
-1.295891000
-1.514055000
-2.496920000
-0.988708000
-1.663434000
-0.639525000
-0.080871000
-0.165715000
-1.641318000
3.860335000
4.783216000
3.388694000
2.475175000
4.151335000
3.182405000
4.198552000
4.570570000
4.965067000
3.320019000
-1.929069000
-3.231496000
-4.283559000
-5.269884000
-4.126555000
-2.852919000
-2.691649000
-1.769467000
-0.444904000
0.285545000
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-0.375018000
-0.496309000
-0.089291000

0.448480000
-2.800508000
-3.031758000
-3.711303000
-2.508082000
-2.853051000
-2.792039000
-4.255845000
-4.429808000
-5.036627000
-4.373774000
-1.786283000
-1.813910000
-0.784221000
-1.953938000
-2.660163000
-2.929281000
-1.339264000
-0.541184000
-1.018769000
-1.451315000
-3.791958000
-4.740093000
-3.918468000
-3.579067000

4.065342000

5.344690000

6.441561000

7.410849000

6.346094000

5.089051000

4.977008000

3.959645000

2.660352000

-5.699674000
-6.550214000
-6.095308000
-5.092586000
-5.755944000
-6.575501000
-5.181211000
-6.195640000
-0.915391000
-0.315235000
-0.694644000

0.370237000
-1.056480000
-1.203450000
-0.385575000
-0.925657000
-0.490133000

0.671956000
-5.596782000
-4.986891000
-6.307389000
-5.5687868000
-6.950264000
-6.934873000
-6.612080000
-6.109845000
-7.240622000
-7.269479000
-1.060576000
-0.544674000
-0.789347000
-0.396853000
-1.514804000
-1.994566000
-2.557282000
-1.789788000
-2.387421000
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-0.561396000
-1.234440000

0.414347000
-0.936617000

0.112134000
-0.572050000

0.272703000

1.068362000
-3.609234000
-2.702166000
-4.198223000
-4.365604000
-3.530500000
-5.157017000
-4.578284000
-5.527181000
-4.162628000
-4.792530000
-5.300693000
-6.169015000
-5.631158000
-5.821823000
-4.808278000
-6.518600000
-5.084784000
-4.885600000
-5.969505000
-4.238827000
-0.732926000
-0.393991000
-1.221012000
-0.935469000
-2.398341000
-2.740568000
-3.659298000
-1.948159000
-2.480569000
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1.879631000
2.747629000
1.772680000
3.060386000
3.457411000
2.208415000
2.930059000
2.092272000
1.247633000
5.627452000
4.684526000
6.552279000
6.125048000
6.722053000
7.525861000
6.200650000
7.168038000
6.350339000
5.528783000
7.568336000
8.410015000
7.909301000
7.113303000
8.049217000
8.828625000
7.425138000
8.342108000
7.221255000
6.608772000
3.098267000
3.429584000
3.795693000
4.056407000
3.833337000
3.497658000
3.519752000
3.146726000
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-2.215460000
-3.905430000
-4.295875000
-4.430186000
-4.157765000
-1.694106000
-1.849397000
-0.619662000
-2.094920000

0.277697000

0.444614000
-0.474273000
-1.430869000

0.114889000
-0.665046000

1.668180000

1.602067000

2.230093000

2.246034000
-1.765945000
-1.267756000
-3.260909000
-3.819021000
-3.694109000
-3.412172000
-1.150091000
-1.290936000
-0.079686000
-1.615626000
-1.402017000
-2.783257000
-3.339876000
-4.390326000
-2.604699000
-1.264720000
-0.668523000
-0.648334000

-1.741435000
-2.704014000
-3.002830000
-1.801093000
-3.494479000
-3.774655000
-4.580157000
-3.630667000
-4.103685000
0.862054000
1.380500000
1.832570000
2.131284000
2.736269000
1.376131000
0.546671000
0.044967000
1.471501000
-0.086834000
-3.263341000
-2.771667000
-3.353208000
-3.851231000
-2.361427000
-3.923999000
-4.662753000
-5.239875000
-4.604465000
-5.219499000
2.247034000
2.342040000
3.565975000
3.597488000
4.742547000
4.649974000
5.554647000
3.446432000
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2.856972000
2.660000000
1.607721000
1.395753000
1.746650000
0.731365000
4.057065000
4.955813000
4.282712000
3.842844000
3.422793000
2.994032000
2.540673000
2.482785000
1.528044000
2.942151000
4.843186000
4.814437000
5.321760000
5.470414000
4.223730000
4.168936000
3.245115000
2.221588000
3.509860000
3.261508000
5.668567000
5.790978000
5.947248000
6.370949000
3.290159000
2.971263000
2.313310000
2.595150000
1.292537000
2.321136000
4.698246000
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0.844722000
1.214844000
1.124518000
2.195184000
0.783743000
0.620141000
1.631913000
1.466852000
1.345539000
2.700863000
-3.746595000
-3.233528000
-4.975121000
-5.595700000
-4.685313000
-5.597987000
-4.187238000
-4.860946000
-4.721461000
-3.336562000
-3.225651000
-2.428741000
-4.327987000
-3.952050000
-4.712484000
-5.167806000
-3.746291000
-4.560297000
-4.128127000
-2.955908000
2.355941000
1.399441000
2.714268000
3.661238000
2.810696000
1.942789000
2.136996000

3.545472000
2.538976000
4.393355000
4.427330000
5.421478000
3.988179000
4.097876000
3.505022000
5.126566000
4.096710000
1.158259000
0.297921000
1.419596000
0.524090000
1.698444000
2.220725000
0.770997000
0.088228000
1.594876000
0.508741000
6.071426000
6.820001000
6.502535000
6.547031000
7.490391000
5.804319000
6.060551000
5.342549000
7.045586000
5.790590000
-2.619694000
-2.201203000
-3.751162000
-4.217675000
-3.380440000
-4.524606000
-3.190081000
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4.683879000
5.418776000
5.058690000
1.664461000
1.573599000
2.309210000
3.3569815000
1.786884000
2.250537000
0.239958000
0.270986000
-0.351984000
-0.270264000
2.528893000
2.468560000
3.102879000
3.047437000
3.802827000
3.842046000
4.372117000
3.226186000
4.497563000
4.958245000
5.622858000
6.347880000
6.151314000
5.228815000
3.507020000
2.725335000
3.022258000
4.022471000
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1.301271000
1.900719000
3.012911000
4.214937000
3.164890000
4.952412000
4.687268000
4.702716000
6.036652000
4.743095000
5.795640000
4.659643000
4,184058000
3.203860000
4.284302000
5.487009000
6.298878000
5.683664000
4.628662000
4.768209000
3.401937000
6.997280000
6.884292000
7.302543000
6.487901000
8.215874000
7.445890000
8.167687000
7.968649000
8.350747000
9.085884000

-3.891738000
-2.408756000
-3.733346000
1.916910000
2.197705000
3.098503000
3.218324000
4.024309000
2.983567000
1.690407000
1.396624000
2.605388000
0.905666000
-0.293231000
0.624491000
0.322201000
1.035520000
-0.863243000
-1.762451000
-2.696967000
-1.5611481000
-1.174211000
-2.160590000
-0.174518000
-0.136091000
-0.457771000
0.834113000
-1.262657000
-1.997814000
-0.301020000
-1.553925000
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Supplementary Figure S 28. Calculated structure of TipsSi7NHGe 2b. Hydrogen atoms are omitted for clarity.

5. Supporting Information

Supplementary Table S3. Coordinates of TipsSi7NHGe 2b.

Si
Si
Si
Si
Si
Si
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-0.352762000

0.034521000
-2.089008000
-1.746099000

0.493409000

2.778140000

1.505154000
-3.866460000
-4.580296000
-4.357580000
-4.690691000
-3.719334000
-2.710460000
-4.042790000
-3.279170000
-5.339969000
-5.591209000
-6.313074000
-7.325075000
-5.990921000
-6.751918000
-3.610876000

0.738098000
0.599444000
0.400916000
-2.029368000
-1.150412000
-0.423426000
1.672865000
3.421050000
2.696332000
3.788910000
5.188316000
6.025988000
5.660347000
7.320096000
7.957337000
7.794656000
8.803175000
6.967666000
7.329891000
5.672019000
5.034793000
4.193205000

1.164562000
-1.423547000
-0.400457000
-0.313173000

0.048680000

0.454267000

0.053316000
-1.193888000

0.723268000
-0.006738000

0.403257000

0.951136000

1.080299000

1.339781000

1.767483000

1.181973000

1.484812000

0.632719000

0.503005000

0.246890000
-0.184409000
-2.426715000
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-3.063621000
-2.842333000
-3.796046000
-2.148054000
-2.547845000
-2.280542000
-1.644938000
-2.907390000
-4.899607000
-4.698963000
-5.295144000
-5.666075000
-5.142748000
-4.803589000
-5.222571000
-5.222567000
-3.724901000
-4.515022000
-3.426497000
-4.840922000
-4.809551000
-6.672856000
-6.960422000
-7.086923000
-7.124597000
-2.847776000
-4.210076000
-5.030897000
-6.057626000
-4.585052000
-3.268089000
-2.899389000
-2.396588000
-0.989326000
-0.398648000
-0.273306000
-0.245839000

5. Supporting Information

3.186585000
3.687722000
2.401896000
2.720121000
5.280567000
5.734454000
4.851243000
6.072747000
4.815041000
5.270010000
5.590427000
4.049585000
2.506441000
1.065737000
0.348584000
0.840343000
0.915768000
3.454757000
3.392252000
3.162234000
4.490362000
2.672570000
3.697642000
2.421402000
2.010312000
-2.862283000
-3.142860000
-3.768685000
-3.979293000
-4,129557000
-3.830628000
-4.090993000
-3.214038000
-2.957161000
-2.523289000
-4.241721000
-4.985249000

-3.447486000
-4.390661000
-3.650913000
-3.082680000
-2.202608000
-3.159034000
-1.766942000
-1.549069000
-2.992630000
-3.965022000
-2.338573000
-3.128072000
2.074286000
2.479212000
1.771084000
3.460713000
2.521829000
3.108064000
3.074814000
4.108076000
2.953605000
2.062512000
1.831703000
3.041418000
1.322049000
1.062513000
0.755181000
1.691163000
1.418552000
2.955579000
3.262087000
4.247488000
2.361065000
2.888795000
2.084892000
3.334528000
2.537304000
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-0.763042000

0.755366000
-1.000972000

0.018300000
-1.554994000
-1.463809000
-4.871297000
-4.175371000
-5.189870000
-5.646400000
-5.894521000
-4.293812000
-6.144455000
-5.961631000
-6.944509000
-6.511897000
-5.489321000
-4.886319000
-5.975223000
-6.601491000
-6.568778000
-5.134972000
-6.673599000
-6.330057000
-7.272239000
-7.329365000
-1.812783000
-2.246874000
-2.282118000
-2.615113000
-1.918897000
-1.489342000
-1.194756000
-1.418581000
-0.903213000
-0.787202000

0.481198000

5. Supporting Information

-4.700728000
-4.015782000
-1.933782000
-1.717511000
-2.310141000
-0.996793000
-2.802934000
-2.200468000
-4.064165000
-3.796458000
-4,704053000
-4.646414000
-1.959846000
-1.073629000
-2.530616000
-1.624712000
-4.812029000
-4.983343000
-6.182380000
-6.083695000
-6.681041000
-6.830346000
-3.922531000
-2.962110000
-4.408488000
-3.722971000
-3.149900000
-2.719506000
-3.621660000
-3.269943000
-4.952518000
-5.370311000
-6.403675000
-4.511178000
-5.132799000
-4.340608000
-5.769956000

4.195864000
3.623059000
4.034063000
4.359281000
4.897119000
3.721467000
-0.579358000
-1.162823000
-1.397999000
-2.3563476000
-0.862091000
-1.605850000
-0.406582000
0.200382000
0.068331000
-1.378451000
3.965888000
4.863312000
3.471307000
2.581801000
4.241304000
3.216432000
4.372321000
4.760533000
5.146510000
3.521832000
-1.906215000
-3.187510000
-4.253466000
-5.223020000
-4.130512000
-2.878533000
-2.744218000
-1.783590000
-0.488588000
0.251086000
-0.671991000
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0.446559000
0.857567000
1.199969000
-1.887639000
-2.032380000
-2.860524000
-1.504244000
-2.701210000
-2.680528000
-4.141220000
-4.452474000
-4.846651000
-4.229802000
-1.745429000
-1.741259000
-0.723442000
-2.050899000
-1.988773000
-2.363420000
-0.603952000
0.091816000
-0.175689000
-0.671693000
-2.978173000
-3.972846000
-3.059210000
-2.654531000
4.253790000
5.455796000
6.557542000
7.468665000
6.538409000
5.353075000
5.300498000
4.223702000
3.008125000
2.226764000

5. Supporting Information

-6.618535000
-6.138613000
-5.052097000
-6.161084000
-6.994016000
-5.7156897000
-6.571725000
-1.302900000
-0.714468000
-1.250575000
-0.213659000
-1.717423000
-1.756648000
-0.626476000
-1.148355000
-0.612237000

0.405801000
-5.896658000
-5.312117000
-6.433731000
-5.618593000
-7.043637000
-7.057699000
-7.047087000
-6.668774000
-7.674142000
-7.684588000
-0.525482000

0.155420000

0.087974000

0.604910000
-0.613700000
-1.2565143000
-1.803913000
-1.230177000
-1.988184000
-1.942575000

-1.357427000

0.283385000
-1.066697000

0.090044000
-0.601675000

0.292913000

1.026807000
-3.527389000
-2.610840000
-4.063541000
-4.207347000
-3.377111000
-5.026796000
-4.520723000
-5.480174000
-4.142647000
-4.704388000
-5.317089000
-6.163461000
-5.707940000
-5.913945000
-4.909358000
-6.602310000
-5.080255000
-4.838590000
-5.971334000
-4.254470000
-0.808775000
-0.478441000
-1.332071000
-1.053384000
-2.527352000
-2.860639000
-3.793079000
-2.042550000
-2.568358000
-1.811539000
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3.297812000
2.379102000
3.700018000
4.017333000
2.439122000
3.159384000
2177757000
1.637113000
5.649054000
4.705068000
6.694836000
6.415953000
6.800542000
7.674546000
6.011148000
6.964716000
6.103768000
5.247922000
7.765278000
8.540179000
8.307305000
7.585849000
8.525857000
9.226822000
7.509757000
8.425578000
7.160546000
6.754861000
3.413578000
3.929607000
4.386787000
4.786167000
4.345235000
3.833644000
3.792007000
3.383264000
2.900630000

5. Supporting Information

-3.474174000
-3.988329000
-3.971518000
-3.608111000
-1.333240000
-1.367112000
-0.289171000
-1.855973000
0.977102000

0.994688000

0.339904000
-0.675811000

0.922827000

0.302968000

2.442736000

2.527607000

2.996376000

2.935052000
-0.670927000
-0.073576000
-2.101550000
-2.751820000
-2.535973000
-2.109714000
-0.045548000
-0.042578000

0.984237000
-0.605846000
-1.081142000
-2.407090000
-2.945579000
-3.951963000
-2.246958000
-0.961258000
-0.393986000
-0.362413000

1.075720000

-2.832814000
-3.122703000
-1.950074000
-3.643171000
-3.835974000
-4.656774000
-3.661752000
-4.160388000
0.794901000
1.337540000
1.723983000
2.002375000
2.641369000
1.242987000
0.507507000
-0.017327000
1.444722000
-0.094090000
-3.419880000
-2.928899000
-3.556926000
-4.056704000
-2.579992000
-4.147055000
-4.798945000
-5.394771000
-4.707330000
-5.355120000
2.177599000
2.224499000
3.425604000
3.420673000
4.624186000
4577713000
5.500106000
3.398604000
3.546619000
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2.643803000
1.636932000
1.288782000
1.832304000
0.828031000
3.994157000
4.899554000
4.267717000
3.642070000
4.036664000
3.527488000
3.337688000
3.351158000
2.299514000
3.834666000
5.498082000
5.549484000
6.060036000
5.995792000
4.835410000
4.689048000
4.016464000
2.953450000
4.345416000
4.131004000
6.335575000
6.552003000
6.677532000
6.924125000
2.955985000
2.782640000
1.915308000
2.052099000
0.899098000
2.014475000
4.369265000
4.457953000

5. Supporting Information

1.446628000
1.162611000
2.194894000
0.807770000
0.562957000
1.997410000
1.968206000
1.714006000
3.028635000
-3.324476000
-2.848822000
-4.671557000
-5.264187000
-4.534405000
-5.259014000
-3.549559000
-4.192544000
-4.037591000
-2.611266000
-2.849524000
-2.088723000
-4.082733000
-3.845747000
-4.457831000
-4.892382000
-3.175518000
-3.945249000
-3.545928000
-2.292257000
2.790998000
1.788971000
3.036931000
4.025205000
2.980213000
2.293523000
2.786860000
1.977132000

2.553832000
4.414436000
4.488272000
5.428514000
3.999013000
4.112319000
3.507384000
5.130150000
4.144875000
1.009598000
0.172125000
1.238277000
0.322225000
1.539027000
2.012164000
0.591070000
-0.290364000
1.390609000
0.350620000
5.928294000
6.701724000
6.337137000
6.406073000
7.309188000
5.612982000
5.883729000
5.139548000
6.853072000
5.629946000
-2.598223000
-2.201452000
-3.702309000
-4.147678000
-3.311339000
-4.496674000
-3.197259000
-3.923546000
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5. Supporting Information

H 5.130823000 2.632390000 -2.434515000
H 4.593399000  3.719429000 -3.719145000
C 1.222328000 4.279936000  2.034985000
H 1.288277000  3.219490000 2.281611000
C 1.804388000 5.064312000  3.218993000
H 2.885250000  4.943340000  3.293910000
H 1.356669000 4.718287000  4.152820000
H 1.593477000 6.132918000  3.143023000
C -0.268760000 4.611629000  1.875243000
H -0.393148000 5.666921000  1.618755000
H -0.808748000  4.420340000 2.805861000
H -0.727600000  4.011292000  1.089152000
C 2.145585000  3.462514000 -0.230394000
C 1.961428000 4.498909000  0.720850000
C 2.406701000 5.787819000  0.437072000
H 2.258965000 6.564493000 1.175993000
C 3.033298000 6.113486000 -0.760900000
C 3.195938000  5.098044000 -1.691269000
H 3.671619000  5.336039000 -2.635151000
C 2.770905000  3.789193000 -1.459931000
C 3.525915000  7.520095000 -1.050166000
H 3.948718000 7.504615000 -2.059605000
C 4.647673000  7.941977000 -0.089323000
H 5.478166000  7.234693000 -0.117987000
H 5.031675000  8.929396000 -0.356274000
H 4.288110000  7.992096000  0.940927000
C 2.383886000  8.546759000 -1.047535000
H 1.600124000 8.267568000 -1.753807000
H 1.927806000 8.631216000 -0.058550000
H 2.756214000 9.535498000 -1.325636000
Ge  -4.358352000 1.474212000 -0.885663000
S35
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Supplementary Figure $29. Calculated structure of TipsSizNHSn 2¢. Hydrogen atoms are omitted for clarity.

5. Supporting Information

Supplementary Table S4. Coordinates of TipsSi7NHSn 2c.

Si
Si
Si
Si
Si
Si

)

OO I OIOIOIOoOIOo0nOOonOonzZzzZz

-0.393286000
-0.014500000
-2.031064000
-1.128386000

0.851505000

2.917217000

1.195438000
-4.519282000
-5.193449000
-5.098098000
-5.644326000
-4.851837000
-3.820528000
-5.374996000
-4.746357000
-6.696309000
-7.103041000
-7.493495000
-8.524793000
-6.971579000
-7.601281000
-4.346070000
-3.534178000

0.562424000
0.527756000
-0.153914000
-2.441390000
-1.077202000
0.142405000
1.899263000
2.734727000
1.794979000
2.928672000
4.245389000
5.144819000
4.898816000
6.357893000
7.045288000
6.688486000
7.633675000
5.797568000
6.045001000
4.584008000
3.890265000
3.637150000
2.836481000

1.185109000
-1.403672000
-0.360511000
-0.284551000

0.048312000

0.442417000
0.062767000
-1.118071000

0.762096000

0.067965000

0.536582000

1.248465000

1.457964000

1.681491000

2.233348000

1.405577000

1.741937000

0.695355000

0.477460000

0.265820000
-0.276027000
-2.274054000
-3.303501000
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-3.346814000
-4.079053000
-2.573815000
-3.544796000
-3.305845000
-2.607317000
-4.102015000
-5.690955000
-5.519836000
-6.279089000
-6.277073000
-5.629338000
-5.564054000
-6.253845000
-5.842931000
-4.553921000
-4.665401000
-3.638628000
-4.920375000
-4.718939000
-7.074285000
-7.175326000
-7.389096000
-7.755525000
-1.980197000
-3.251575000
-3.887195000
-4.847525000
-3.339527000
-2.116905000
-1.675124000
-1.429090000
-0.104727000

0.357378000

0.890598000

1.068952000

0.534445000

5. Supporting Information

3.437664000
1.942369000
2.528392000
4.899410000
5.453430000
4.632288000
5.564637000
4.025730000
4.569905000
4.666164000
3.134214000
1.535528000
0.012233000
-0.489142000
-0.264502000
-0.359746000
2.183490000
1.877694000
1.872207000
3.270297000
1.985594000
3.068404000
1.620471000
1.575122000
-3.504312000
-4.080230000
-4.885592000
-5.317846000
-5.150134000
-4.563918000
-4.743776000
-3.757580000
-3.193094000
-2.634902000
-4.284662000
-5.001376000
-4.843857000

-4.194171000
-3.618849000
-2.888465000
-1.914073000
-2.824198000
-1.424830000
-1.258235000
-2.913998000
-3.845519000
-2.259207000
-3.146073000
2.148045000
2.328877000
1.646605000
3.346248000
2.147355000
3.157042000
2.952065000
4.172472000
3.119671000
2.427140000
2.429237000
3.407114000
1.679262000
1.109549000
0.829899000
1.772606000
1.519655000
3.020654000
3.302677000
4.275865000
2.392589000
2.895012000
2.083530000
3.318356000
2.516055000
4.185996000
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1.847387000
-0.323981000
0.626658000
-0.761258000
-0.992778000
-4.010991000
-3.470151000
-4.099073000
-4.635953000
-4.638211000
-3.111353000
-5.417811000
-5.387481000
-6.071635000
-5.881697000
-4.041097000
-3.389723000
-4.226136000
-4.884078000
-4.672461000
-3.271166000
-5.380470000
-5.246762000
-5.834084000
-6.088488000
-0.975060000
-1.513565000
-1.368308000
-1.785487000
-0.720661000
-0.188554000

0.329056000
-0.288510000

0.379479000

0.328934000

1.868226000

2.012725000

5. Supporting Information

-3.833360000
-2.202541000
-1.763124000
-2.697912000
-1.393307000
-3.870278000
-3.134972000
-5.159554000
-4.978841000
-5.936685000
-5.543901000
-3.298586000
-2.412590000
-4.026224000
-3.021794000
-6.028714000
-6.073233000
-7.466385000
-7.498087000
-8.093408000
-7.909137000
-5.428332000
-4.420138000
-6.043609000
-5.369552000
-3.549529000
-3.224024000
-4.111087000
-3.839601000
-5.330269000
-5.644103000
-6.587098000
-4.790654000
-5.281996000
-4.485284000
-5.589161000
-6.421674000

3.588842000
4.048241000
4.355748000
4.918251000
3.752237000
-0.478079000
-1.073707000
-1.309296000
-2.243225000
-0.763090000
-1.559080000
-0.242272000
0.392442000
0.242028000
-1.191148000
4.040506000
4.919154000
3.533334000
2.661957000
4.308865000
3.245521000
4.492888000
4.888824000
5.273614000
3.663150000
-1.882076000
-3.1564945000
-4.224151000
-5.186921000
-4.112931000
-2.870067000
-2.745410000
-1.772881000
-0.491875000
0.250047000
-0.705991000
-1.396755000
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2.337250000
2.398033000
-0.335884000
-0.301516000
-1.380331000
0.147689000
-2.271028000
-2.364025000
-3.695426000
-4.226447000
-4.273362000
-3.686138000
-1.502594000
-1.401956000
-0.502097000
-2.028336000
-0.599914000
-1.109135000
0.862812000
1.356689000
1.428903000
0.920349000
-1.305140000
-2.354621000
-1.260587000
-0.833732000
4.362947000
5.384509000
6.464559000
7.239043000
6.591388000
5.576717000
5.639159000
4.478628000
3.458214000
2.692251000
4.069842000

5. Supporting Information

-5.865639000
-4.726088000
-6.506628000
-7.350352000
-6.292815000
-6.820513000
-1.940432000
-1.363439000
-2.203796000
-1.259919000
-2.809648000
-2.722223000
-1.066897000
-1.569111000
-0.832099000
-0.124203000
-6.264874000
-5.776839000
-6.480492000
-5.530812000
-6.981390000
-7.102394000
-7.606620000
-7.459063000
-8.234290000
-8.158102000

0.382184000

1.314407000

1.499813000

2.207128000

0.816503000
-0.073003000
-0.615599000
-0.305377000
-1.313290000
-1.445986000
-2.696068000

0.239497000
-1.108825000

0.099392000
-0.593540000

0.321734000

1.027118000
-3.481979000
-2.562785000
-3.997175000
-4.139898000
-3.299835000
-4.957799000
-4.484031000
-5.448691000
-4.121598000
-4.652375000
-5.302876000
-6.140079000
-5.718623000
-5.931120000
-4.930118000
-6.615123000
-5.056163000
-4.795903000
-5.949355000
-4.239619000
-0.836696000
-0.513148000
-1.376978000
-1.103193000
-2.576295000
-2.903075000
-3.838514000
-2.075106000
-2.596291000
-1.833979000
-2.871464000
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3.286652000
4.580517000
4.794052000
2.746608000
3.449084000
2.259133000
1.982201000
5.400430000
4.482862000
6.573096000
6.5631127000
6.556851000
7.530521000
5.417558000
6.321975000
5.390641000
4.556964000
7.790671000
8.414996000
8.640917000
8.080518000
8.961070000
9.532985000
7.386993000
8.272603000
6.814884000
6.772994000
3.702032000
4.504332000
5.080546000
5.697255000
4.891435000
4.102970000
3.942373000
3.520528000
2.732096000
2.388035000
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-3.401247000
-3.094581000
-2.662797000
-0.796502000
-0.663929000
0.161350000
-1.506677000
2.1563660000
1.954539000
1.766759000
0.714621000
2.369123000
1.949205000
3.664100000
3.964947000
4.221435000
3.971860000
1.039287000
1.796143000
0.231579000
1.027729000
0.606097000
0.031216000
1.591451000
1.801785000
2.515508000
0.875303000
-0.364452000
-1.540185000
-1.970270000
-2.860113000
-1.307850000
-0.170222000
0.366871000
0.320576000

1.614928000

1.923292000

-3.157413000
-1.994700000
-3.687994000
-3.855717000
-4.681878000
-3.672609000
-4.177316000
0.763289000
1.315047000
1.678620000
1.958252000
2.595878000
1.186160000
0.480607000
-0.051792000
1.419806000
-0.112172000
-3.480291000
-2.994758000
-3.626258000
-4.121465000
-2.652545000
-4.224509000
-4.855146000
-5.459443000
-4.757422000
-5.405866000
2.154742000
2.186635000
3.380186000
3.363955000
4.585196000
4.553148000
5.480566000
3.381947000
3.544114000
2.556288000
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1.490718000
0.925860000
1.771274000
0.827495000
3.601791000
4.483915000
3.943511000
3.031154000
4.807247000
4.196429000
4.435759000
4.575835000
3.396569000
5.060613000
6.277961000
6.466684000
6.942915000
6.547166000
5.5616456000
5.205911000
5.005219000
3.916810000
5.419635000
5.295979000
7.051013000
7.431884000
7.476700000
7.419328000
2.320581000
2.372789000
1.241496000
1.156142000
0.265206000
1.492975000
3.695542000
3.950430000
4.479510000
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1.418750000
2.349404000
1.112030000
0.658067000
2.753154000
2.927353000
2.532276000
3.680922000
-2.399657000
-2.045226000
-3.872556000
-4.438198000
-3.978844000
-4.338243000
-2.282450000
-2.889168000
-2.636793000
-1.253501000
-1.792690000
-1.091813000
-3.183971000
-3.197426000
-3.481457000
-3.940067000
-1.765802000
-2.459792000
-2.055216000
-0.769270000
3.316974000
2.299825000
3.334569000
4.330341000
3.057181000
2.633233000
3.623289000
2.857904000
3.630821000

4.426227000
4.510133000
5.436003000
4.016670000
4.104129000
3.489413000
5.116830000
4.147832000
0.962304000
0.132836000
1.181222000
0.258669000
1.490423000
1.945240000
0.532284000
-0.356143000
1.323182000
0.298456000
5.880647000
6.662153000
6.282673000
6.360868000
7.248866000
5.549965000
5.823833000
5.071206000
6.787566000
5.574422000
-2.605917000
-2.213573000
-3.700326000
-4.141773000
-3.302050000
-4.499318000
-3.215663000
-3.950707000
-2.460065000
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H 3.707831000 4.586634000 -3.729563000
C 0.379735000 4.375261000 2.063901000
H 0.682924000  3.354814000 2.301915000
C 0.798599000 5.266228000  3.241527000
H 1.880796000  5.386690000  3.294730000
H 0.457048000 4.828341000 4.181633000
H 0.355734000 6.262103000  3.176198000
C -1.1560482000 4.370695000  1.935143000
H -1.508988000  5.373323000  1.688339000
H -1.615712000 4.060997000  2.874169000
H -1.482635000  3.687529000  1.153122000
C 1.418213000 3.787062000 -0.222174000
C 1.025839000  4.755193000  0.737698000
C 1.167091000 6.111306000  0.452970000
H 0.862826000  6.834569000  1.198205000
C 1.683123000 6.569948000 -0.754148000
C 2.052695000 5.617353000 -1.691712000
H 2.447214000 5.956465000 -2.642114000
C 1.934209000  4.246399000 -1.460042000
C 1.840730000  8.051342000 -1.046361000
H 2.244543000 8.131231000 -2.060529000
C 2.847757000 8.718591000 -0.097732000
H 3.816703000  8.218088000 -0.135791000
H 2.994814000 9.766797000 -0.368555000
H 2.497413000 8.688304000  0.936440000
C 0.494925000  8.790915000 -1.029542000
H -0.212741000  8.338964000 -1.726643000
H 0.042981000  8.770814000 -0.035276000
H 0.628876000  9.837980000 -1.311158000
Sn  -4.646990000 0.503820000 -0.977724000
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HOMO-2 -5.41 eV

HOMO-1 -5.11 eV HOMO-3 -5.59 eV

Supplementary Figure $30. Calculated MOs of TipsSizNHSi 2a at B3LYP/def2-TZVP level of theory. Hydrogen atoms are

omitted for clarity.

Supplementary Table S5. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 2a calculated
at the TD-B3LYP/def2-TZVP level of theory (the 402th orbital is the highest occupied orbital, shown in Supplementary Fig. S25).

Excited State 1:

402 -> 403

Singlet-A
0.70244

2.1138 eV 586.54 nm f=0.0124 <S**2>=0.000

This state for optimization and/or second-order correction.
Total Energy, E(CIS/TDA) = -5939.68032520
Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2: Singlet-A  2.4115eV 514.13 nm f=0.0052 <S**2>=0.000
401 -> 403 0.70011

Excited State Singlet-A  2.7471 eV 451.33 nm f=0.0012 <§**2>=0.000
400 -> 403 0.70062

Excited State Singlet-A  2.9232 eV 424.14 nm f=0.0568 <S**2>=0.000
402 -> 404 0.69169

Excited State Singlet-A  3.0232 eV 410.12 nm f=0.0112 <S**2>=0.000
398 -> 403 0.13090
401 -> 404 0.66714
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Excited State
398 -> 403
401 -> 404
402 -> 405

Excited State
398 -> 403
402 -> 405

Excited State
399 -> 403
401 -> 404
401 -> 407

Excited State
397 -> 403
399 -> 403
400 -> 404
402 -> 406
402 -> 407

Excited State
397 -> 403
400 -> 404
402 -> 406
402 -> 407

Excited State
402 -> 406
402 -> 407

Excited State
397 -> 403
399 -> 404
400 -> 404
401 -> 406

6:

7:

8:

10:

1

12:

Singlet-A
0.61936
-0.12116
-0.27888

Singlet-A
0.28448
0.63758

Singlet-A
0.62156
-0.11405
-0.11520

Singlet-A
0.45496
-0.12344
0.39874
0.12574
-0.25055

Singlet-A

0.18127
0.23201
-0.29631
0.54367

Singlet-A

0.62153
0.33211

Singlet-A

-0.33134
-0.26994
0.37345
0.14622
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3.0924 eV 400.94 nm f=0.0002 <S**2>=0.000

3.1475 eV 393.91 nm f=0.0130 <5**2>=0.000

3.2449 eV 382.08 nm f=0.0052 <S**2>=0.000

3.3404 eV 371.16 nm f=0.0011 <§**2>=0.000

3.4003 eV 364.62 nm f=0.0377 <S**2>=0.000

3.4624 eV 358.09 nm f=0.0001 <S**2>=0.000

3.5734 eV 346.97 nm f=0.1019 <S**2>=0.000
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401 -> 407 -0.28423

Excited State 13:  Singlet-A  3.5975 eV 344.64 nm f=0.0445 <S**2>=0.000
397 -> 403 -0.20140
399 -> 404 0.46884
400 -> 404 0.20865
401 -> 405 -0.31122
401 -> 406 -0.10310
401 -> 407 0.22066

Excited State 14:  Singlet-A  3.6279 eV 341.75 nm f=0.0281 <S**2>=0.000
399 -> 404 0.33144
400 -> 404 0.12472
401 -> 405 0.53712
401 -> 407 -0.14643

Excited State 15:  Singlet-A  3.6434 eV 340.30 nm f=0.0383 <S**2>=0.000
393->403  -0.12882
397 ->403  -0.12577
399 -> 403 0.10273
399 ->404  -0.23835
401 -> 405 0.22771
401->406  -0.22156
401 -> 407 0.42995
402 ->408  -0.18930
402 -> 410 0.11422

Excited State 16:  Singlet-A  3.6915eV 335.86 nm f=0.3352 <S§**2>=0.000
397 -> 403 -0.11856
400 -> 404 0.13324
401 -> 405 0.12673
401 -> 407 0.15719
402 -> 408 0.52525
402 -> 409 -0.13014
402 -> 410 -0.21242
402 -> 411 -0.11599
402 -> 412 0.10603
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Excited State 17:  Singlet-A  3.7064 eV 334.51 nm f=0.0316 <S**2>=0.000
395 -> 403 -0.11691
402 -> 408 0.38022
402 -> 409 0.32255
402 -> 410 0.33416
402 -> 411 0.24141
402 -> 412 -0.13242

Excited State 18:  Singlet-A  3.7589 eV 330.11 nm f=0.0170 <§**2>=0.000
392 -> 403 0.11820
393 -> 403 0.38397
394 -> 403 -0.16383
395 -> 403 0.45419
402 -> 409 0.12376
402 -> 410 0.12262

Excited State 19:  Singlet-A  3.8305 eV 323.67 nm f=0.0223 <S**2>=0.000
392 -> 403 -0.12067
393 -> 403 0.49595
394 -> 403 0.26150
395 -> 403 -0.26104
401 -> 408 0.11423
402 -> 409 -0.19009
402 -> 410 0.13030

Excited State 20:  Singlet-A  3.8495 eV 322.08 nm f=0.0023 <S§**2>=0.000
396 -> 403 0.69589
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Supplementary Figure $31. Normalized experimental (¢ = 1:10 mol/L) and TD-DFT simulated UV-Vis spectra of 2a in hexane
at RT.

Supplementary Table S6. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 2b calculated
at the TD-B3LYP/def2-TZVP level of theory (the 411th orbital is the highest occupied orbital).

Excited State 1:  Singlet-A  2.2286 eV 556.33 nm f=0.0085 <S**2>=0.000
411 -> 412 0.70267

This state for optimization and/or second-order correction.

Total Energy, E(CIS/TDA) = -7727.22098238

Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2: Singlet-A  2.4150 eV 513.40 nm f=0.0056 <S**2>=0.000
410 -> 412 0.69951

Excited State 3:  Singlet-A  2.7688 eV 447.79 nm f=0.0014 <S**2>=0.000
409 -> 412 0.69990

Excited State 4:  Singlet-A  3.0215 eV 410.34 nm f=0.0272 <S**2>=0.000
410 -> 413 0.61924
411 -> 413 -0.28244

Excited State 5:  Singlet-A  3.0415 eV 407.64 nm f=0.0605 <S**2>=0.000
410 -> 413 0.27898
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411 -> 413 0.62003

Excited State 6:  Singlet-A  3.1411 eV 394.72 nm f=0.0010 <S§**2>=0.000
407 -> 412 0.67205
411 -> 414 -0.11069

Excited State 7:  Singlet-A  3.2381 eV 382.89 nm f=0.0083 <§**2>=0.000
408 -> 412 0.63006
410 -> 413 -0.12834
410 -> 415 -0.12471

Excited State 8:  Singlet-A  3.3051 eV 375.13 nm {=0.0088 <S**2>=0.000
406 -> 412 -0.18344
407 -> 412 0.13395
409 ->413  -0.10547
411->414  0.63232
411->418  0.13034

Excited State 9:  Singlet-A  3.3692 eV 367.99 nm f=0.0151 <S**2>=0.000
406 -> 412 0.47490
409 -> 413 0.40481
411 -> 414 0.21814
411->415  -0.13790

Excited State 10:  Singlet-A  3.5258 eV 351.64 nm f=0.0204 <S**2>=0.000
406 -> 412 0.10684
408 -> 413 -0.10319
409 -> 413 0.10459
411 -> 415 0.65458

Excited State 11:  Singlet-A  3.5755 eV 346.76 nm f=0.0863 <S§**2>=0.000
405 -> 412 -0.11745
406 -> 412 -0.30206
408 -> 413 -0.18396
409 -> 413 0.39467
410 -> 414 -0.26544
410 -> 415 -0.28558
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Excited State 12:  Singlet-A  3.6039 eV 344.03 nm f=0.0452 <S**2>=0.000
405 -> 412 -0.12078
406 -> 412 -0.15914
408 -> 413 0.55829
409 -> 413 0.22482
410 -> 415 0.23924

Excited State 13:  Singlet-A  3.6211 eV 342.39 nm f=0.0226 <S**2>=0.000
403 -> 412 -0.11601
405 -> 412 -0.26133
406 -> 412 -0.11917
408 -> 413 -0.17023
409 -> 413 0.11157
410 -> 414 0.54972
410-> 418 0.13498
411 -> 415 -0.10838

Excited State 14:  Singlet-A  3.6542 eV 339.29 nm f=0.0063 <S**2>=0.000
405->412  -0.11489
408 -> 412 0.13298
408 -> 413 -0.28663
410->414  -0.18812
410 -> 415 0.55325

Excited State 15:  Singlet-A  3.6918 eV 335.84 nm f=0.0650 <S§**2>=0.000
405 -> 412 0.58330
406 -> 412 -0.15676
409 -> 413 0.19812
410 -> 414 0.17589

Excited State 16:  Singlet-A  3.7198 eV 333.31 nm f=0.0003 <S**2>=0.000
411 -> 416 0.70229

Excited State 17:  Singlet-A  3.7714 eV 328.75 nm =0.0931 <S**2>=0.000
399 -> 412 -0.10026
401 -> 412 -0.12034
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402 -> 412
403 -> 412
411 -> 414
411 -> 417
411 -> 418

Excited State

399 -> 412
401 -> 412
402 -> 412
403 -> 412
405 -> 412
411 -> 417
411 -> 418

Excited State

404 -> 412

Excited State

411 -> 417
411 -> 418

0.10821
-0.24813
-0.13848

0.21439

0.50351

18:  Singlet-A
0.10529
0.21361

-0.19047
0.46258
-0.12978
0.12317
0.31818

19:  Singlet-A
0.69313

20:  Singlet-A
0.61697
-0.26995
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3.8100 eV 325.42 nm f=0.0259 <S**2>=0.000

3.8476 eV 322.24 nm f=0.0017 <S**2>=0.000

3.8538 eV 321.72 nm f=0.2151 <§**2>=0.000

S50

183



5. Supporting Information

104 Experimental
Calculated
0,8+
<
806
o
[13)
a
o
B 0.4 4
Lo
0.2+
0,0 T T T
400 600

Wavelength [nm]

Supplementary Figure $32. Normalized experimental (¢ = 1-10-3 mol/L) and TD-DFT simulated UV-Vis spectra of 2b in hexane
at RT.

Supplementary Table S7. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 2¢ calculated
at the TD-B3LYP/def2-TZVP level of theory (the 406th orbital is the highest occupied orbital, shown in Supplementary Fig. S25).

Excited State 1:  Singlet-A  2.2077 eV 561.59 nm f=0.0088 <S**2>=0.000
406 -> 407 0.70215

This state for optimization and/or second-order correction.

Total Energy, E(CIS/TDA) = -5864.56275847

Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  2.4055 eV 515.42 nm f=0.0067 <S**2>=0.000
405 -> 407 0.69714

Excited State 3: Singlet-A  2.7690 eV 447.77 nm f=0.0013 <§**2>=0.000
404 -> 407 0.69721

Excited State 4:  Singlet-A  3.0002 eV 413.26 nm f=0.0596 <S§**2>=0.000
402 -> 407 0.13377
405 -> 408 0.36512
406 -> 408 0.54761
406 -> 409 0.14666
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Excited State 5:  Singlet-A  3.0279 eV 409.48 nm f=0.0130 <S**2>=0.000
403 -> 407 0.15576
405 -> 408 0.56153
406 -> 408 -0.33134
406 -> 409 -0.16544

Excited State 6:  Singlet-A  3.1115 eV 398.47 nm f=0.0300 <§**2>=0.000
401 -> 407 0.14688
402 -> 407 0.43010
403 -> 407 0.12280
406 -> 408 -0.21437
406 -> 409 0.45016

Excited State 7:  Singlet-A  3.1735 eV 390.68 nm {=0.0194 <§**2>=0.000
402 -> 407 0.49256
403 -> 407 0.10757
405 -> 408 -0.10586
406 -> 409 -0.45297

Excited State 8: Singlet-A  3.1867 eV 389.06 nm f=0.0066 <S**2>=0.000
402 -> 407 -0.18523
403 -> 407 0.60791
403 -> 408 0.10402
405 -> 408 -0.15136
405 -> 410 -0.12886

Excited State 9:  Singlet-A  3.3479 eV 370.34 nm f=0.0458 <§**2>=0.000
401 -> 407 0.56214
404 -> 408 0.32050
406 -> 408 0.10746
406 -> 410 0.15552

Excited State 10:  Singlet-A  3.4159 eV 362.97 nm f=0.0011 <S**2>=0.000
400 -> 407 0.28941
405 -> 409 0.60439
405 -> 413 0.12291
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Excited State 11:  Singlet-A  3.4333 eV 361.12 nm f=0.0018 <S**2>=0.000
400 -> 407 0.53863
401 -> 407 -0.13625
404 -> 408 0.26671
405 -> 409 -0.25632
406 -> 410 0.14520

Excited State 12:  Singlet-A  3.5134 eV 352.89 nm f=0.0457 <S**2>=0.000
401 -> 407 -0.10265
403 -> 408 0.13192
404 -> 408 -0.10967
405 -> 409 0.10720
406 -> 410 0.63222

Excited State 13:  Singlet-A  3.5890 eV 345.46 nm f=0.0044 <S**2>=0.000
403 -> 408 0.55228
405 -> 410 0.38395
406 ->410  -0.12972

Excited State 14:  Singlet-A  3.6118 eV 343.27 nm f=0.1733 <S**2>=0.000
400 ->407  -0.26508
401 ->407  -0.26416
403 -> 408 0.10228
404 -> 408 0.48896
405->410  -0.13833

Excited State 15:  Singlet-A  3.6356 eV 341.03 nm f=0.0113 <§**2>=0.000
401 -> 407 -0.10991
403 -> 407 0.11882
403 -> 408 -0.34892
403 -> 409 0.16575
404 -> 408 0.12749
405 -> 410 0.51789

Excited State 16:  Singlet-A  3.7550 eV 330.19 nm f=0.0696 <S**2>=0.000
396 -> 407 0.13343
398 -> 407 0.24651
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399 -> 407 0.14102
404 -> 409  -0.25816
405 -> 412 0.16446
406 -> 412 0.22610
406 -> 413 0.44774

Excited State 17:  Singlet-A  3.7708 eV 328.80 nm f=0.0548 <S**2>=0.000
398 -> 407 -0.17287
404 -> 409 0.21828
406 -> 409 -0.10740
406 -> 412 -0.33655
406 -> 413 0.49353

Excited State 18: Singlet-A  3.7861 eV 327.47 nm f=0.1598 <S**2>=0.000
396 -> 407 0.18317
398 -> 407 0.41902
399 -> 407 0.20042
404 -> 409 0.11605
406 -> 412 -0.40221

Excited State 19:  Singlet-A  3.8146 eV 325.02 nm f=0.0014 <S**2>=0.000
406 -> 411 0.69088

Excited State 20:  Singlet-A  3.8197 eV 324.59 nm f=0.2315 <§**2>=0.000
394 -> 407 0.13247
398 -> 407 0.18837
399 -> 407 -0.14344
402 -> 408 0.11276
404 -> 409 0.50862
405 -> 412 0.11765
406 -> 412 0.29745
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Supplementary Figure $33. Normalized experimental (¢ = 1-10-3 mol/L) and TD-DFT simulated UV-Vis spectra of 2¢ in hexane
atRT.

Supplementary Table S8. Extended comparison of wavelengths Amax, 0Oscillator strengths f, and excitation energy E

from experimental and TD-DFTS'! calculations for siliconoid-tetrylene hybrids 2a-c.

Experimental DFT
Amax (M) Excitation Amax (nM) Excitation energy  Oscillator Transi_tion_s (%
energy E (eV) E (eV) strength f contribution)
532 2.3308 589 2.1138 0.0124 HOMO—LUMO (99)
514 2.4115 0.0062 HOMO-1—LUMO (98)
371 3.3418 424 2.9232 0.0568 HOMO—LUMO+1 (96)

HOMO-5-LUMO (3)
HOMO-2—LUMO+1 (4)
2a HOMO-1—-LUMO+2 (3)
HOMO-1—-LUMO+4 (5)
336 3.9000 336 3.6920 0.3352 HOMO—LUMO+5 (55)
HOMO—LUMO+6 (3)
HOMO—LUMO+7 (9)
HOMO—LUMO+8 (3)
HOMO—LUMO+9 (2)

514 24125 556 2.2286 0.0085 HOMO-—LUMO (99)
2b 513 2.4150 0.0056 HOMO-1—LUMO (98)
407 3.0463 408 3.0415 0.0605 HOMO—LUMO+1 (76)
S55

188



5. Supporting Information

HOMO-1—LUMO+1 (16)
HOMO—LUMO+5 (76)

2c

345 3.5937 322 3.8538 0.2151
HOMO-1—LUMO+6 (15)
520 2.3843 562 2.2077 0.0088 HOMO—LUMO (99)
515 2.4055 0.0067 HOMO-1—LUMO (97)
HOMO-3—LUMO (4)
HOMO-1—-LUMO+1 (3)
417 2.9732 413 3.0002 0.0596

HOMO—LUMO+1 (60)
HOMO—LUMO+2 (4)
HOMO-12—LUMO (4)
HOMO-8—LUMO (7)
HOMO-7—LUMO (4)
324 3.8266 325 3.8197 0.2315 HOMO-4—LUMO+1 (7)
HOMO-2—LUMO+2 (52)
HOMO-1—LUMO+5 (3)
HOMO—LUMO+5 (18)
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1 Experimental Procedures

All manipulations were carried out under a protective atmosphere of argon, by using a glovebox or
standard Schlenk techniques. Solvents were dried and degassed by reflux over sodium/benzophenone
under argon. [Dg]-benzene (CeDs) was dried over potassium mirror and distilled under argon prior to use.
SizLi siliconoid,[ chloro silylene?® and siliconoid hybrid SizNHSi 1 were prepared following the
literature protocols while transition metal precursors, triphenyl phosphine and diphenyl silane were used
as commercially purchased (under inert gas) and stored in a glove box. NMR spectra were recorded on
a Bruker Avance |1l 300 and a Bruker Avance IV 400 NMR spectrometer ("H = 300.13/ 400.13 MHz, "*C
= 75.47/ 100.61 MHz, ?°Si = 59.63/ 79.49 MHz). The 'H and "*C{1H} NMR spectra were referenced to
the residual proton and natural abundance *C resonances of the deuterated solvent and chemical shifts
were reported relative to SiMes (CsDs: 8'H = 7.16 ppm and 8'*C = 128.06 ppm, toluene-ds §'H = 7.09,
7.01, 6.97, 2.08 ppm and §"°C = 137.48, 128.87, 127.96, 125.13, 20.43 ppm). Solid-state NMR data
were collected from a Bruker Avance Il 400 WB. UV-Vis spectra were recorded on a Shimadzu UV-2600
spectrometer in quartz cells with a path length of 0.1 cm. Elemental analyses were performed on an
elemental analyzer Leco CHN-900. Mass spectrometry was measured on a Bruker SolariX 7 Tesla
MALDI/ESI/APPI FTICR imaging MS. Melting points were determined under argon in NMR tubes and
are uncorrected. The molten samples were examined by NMR spectroscopy to confirm whether
decomposition had occurred upon melting. Crystallographic data of the structures reported in this paper
has been deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK. (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk,

http://www.ccdc.cam.ac.uk).

2 Preparation, data and spectra

2.1 Preparation of Fe(CO)4 siliconoid/silylene complex 2

R R R R
.Si—si—Si-g _Si—si—Si-g
R -\Si \ benzenel, R -\Si \
_si | s MBU 4 Fe,cO), 2XCovemont i) >si tBu
R \Si/ \.S%N 2( )a R \Si/)s%N
Ty Y
pl’)l\Ph (CO)4Fe Pl)\\Ph
Bu Bu
1 2
M [g/mol] = 1472.79 1640.67

To Si7 siliconoid/silylene 1 (100 mg, 0.0679 mmol, 1.0 eq.) added diiron (0) nonacarbonyl Fez(CO)s
(27.7 mg, 0.0747 mmol, 1.1 eq.) and 1.0 mL benzene. The brown solution was heated to 60°C and stirred
overnight. After cooling to ambient temperature, all volatiles were removed under reduced pressure, and

the compound was dried thoroughly. The resulting solid was extracted from 3.0 mL pentane, washed
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two times with approximately 0.5 mL pentane. Afterwards the solution was concentrated under reduced
pressure and at room temperature for crystallization. The title compound 2 was isolated in 46% vyield
(561.5mg, 0.0314 mmol).

'"H NMR (400.13 MHz, CsDs, 300 K) 5 = 7.640 — 7.616 (m, C1oHs), 7.503 (d, 3Jun = 7.53 Hz, 1H, ArC-H),
7.406 (s, 1H, ArC-H), 7.334 (s, 1H, ArC-H), 7.264 — 7.240 (m, C1oHsg), 7.089 — 7.035 (m, 5H, ArC-H),
7.012 — 6.995 (m, 2H, ArC-H), 6.940 — 6.904 (m, 2H, ArC-H), 6.891 (s, 1H, ArC-H), 6.816 (m, 1H, ArC-
H), 6.733 (m, 1H, ArC-H), 5.810 (sept, 3Jun = 6.62 Hz, 1H, Tip-CH(CHs)2), 4.839 (sept, 3Jun = 6.48 Hz,
1H, Tip-CH(CHs)2), 4.668 (sept, 2Ju = 6.46 Hz, 1H, Tip-CH(CHa)z), 4.521 (sept, *Jun = 6.46 Hz, 1H, Tip-
CH(CHa)z), 3.989 (sept, 2 = 6.58 Hz, 1H, Tip-CH(CHs)z), 3.881 (sept, 3Jun = 6.46 Hz, 1H, Ar-CH(CHs),),
3.500 (sept, *Jun = 6.49 Hz, 2H, Tip-CH(CHs3)2), 3.114 (sept, *Jun = 6.58 Hz, 2H, Tip-CH(CHj3)2), 2.907
(sept, 3Jnn = 6.82 Hz, 1H, Tip-CH(CHj3)2), 2.810 (sept, *Jun = 6.82 Hz, 1H, Tip-CH(CHs).), 2.693 — 2.615
(m, 3H, Tip-CH(CHs)z), 2.225 (t, 3Ji = 5.64 Hz, 6H, Tip-CH(CHs),), 2.080 (d, 3Jun = 6.64 Hz, 3H, Tip-
CH(CH)2), 1.7202 (d, 3 = 6.53 Hz, 3H, Tip-CH(CHs)2), 1.648 (d, 3Jun = 6.36 Hz, 3H, Tip-CH(CHs)2),
1.590 (d, 3Jun = 6.53 Hz, 3H, Tip-CH(CHs)2), 1.554 (d, Jin = 6.38Hz, 3H, Tip-CH(CHa)2), 1.512 (d, 3Jun
=6.53 Hz, 3H, Tip-CH(CHs)2), 1.4678 (d, 3Jun = 6.69 Hz, 3H, Tip-CH(CHs)2), 1.4255 (d, 3Jin = 6.68 Hz,
3H, Tip-CH(CHs)2), 1.388 (t, 3w = 7.40 Hz, 8H, Tip-CH(CHs)2), 1.319 (t, 3Jun = 6.27 Hz, 8H, Tip-
CH(CHs)2), 1.269 — 1.233 (m, hexane), 1.186 (d, *Jus = 6.62 Hz, 6H, Tip-CH(CHs)2), 1.150 (s, 12H,
Si(N(C(CH?3)3)).CPh overlapping with Tip-CH(CHs)2), 1.129 (s, 5H, Tip-CH(CHs)2), 1.101 (s, 3H, Tip-
CH(CHs)2), 1.084 (s, 3H, Tip-CH(CHs)z2), 1.067 (t, *Jun = 6.27 Hz, 6H, Tip-CH(CH?s)2), 0.890 (t, hexane),
0.855 (s, 9H, Si(N(C(CH?s)3))2CPh), 0.637 (d, *Jun = 6.62 Hz, 3H, Tip-CH(CHs)2), 0.578 (dd, *Jux = 9.50
Hz, 6.62 Hz, 6H, Tip-CH(CHs)2), 0.507 (d, 3H, *Jxn = 6.33 Hz, Tip-CH(CHs)2), 0.3903 (d, 3H, 3Jun = 6.33
Hz, Tip-CH(CHs)2), 0.265 (d, 3H, *Jun = 6.33 Hz, Tip-CH(CHs)2) ppm.

13C{'H} NMR (100.61 MHz, C¢Ds, 300 K) 8 = 216.79 (s, 4C, CO), 167.35 (s, Si(N(C(CHs)3)).CPh), 155.18,
154.84, 154.75, 153.38, 153.04, 152.61, 151.74, 151.11, 150.20, 149.90, 149.61, 149.40, 141.75, 138.70,
138.11, 137.43, 137.00, 134.01, 131.40 (s, each 1C, Ar-C), 130.59, 129.32, 128.89, 128.54, 128.35, (s,
each 1C, Ar-CH), 128.12, 127.88 (s, each 1C, Ar-C), 127.53, 126.02, 124.30 (s, each 1C, Ar-CH), 123.30
(d, *J = 4.83 Hz, Ar-CH), 122.68, 122.37, 122.29 (s, each 1C, Ar-CH), 122.15 (d, *J = 4.83 Hz, Ar-CH),
121.97, 121.37 (s, each 1C, Ar-CH), 55.91, 55.25 (s, Si(N(C(CHas)s)).CPh), 37.53, 37.21, 36.58, 36.37,
35.79, 35.42, 35.34, 34.93, 34.84, 34.77, 34.67, 34.61, 34.52, 34.42, 32.92 (s, each 1C, Tip-CH(CHsa)2),
31.92 (s, hexane), 31.80, 31.71 (s, each 3C, Si(N(C(CHs)3)):CPh), 29.15, 28.67, 27.89, 27.84, 27.48,
27.42, 27.16, 26.63, 26.35, 26.27, 25.99, 25.58, 24.87, 24.82, 24.52, 24.45, 24.42, 24.22, 24.15, 2411,
24.08, 23.99, 23.95, 23.87, 23.80, 23.14 (s, each 1C, Tip-CH(CHs).), 23.01, 14.32 (s, hexane) ppm.
28i{'H} NMR (79.49 MHz, CsDs, 300 K) & = 172.7 (s, Si(Si(N(C(CHs)s))2CPh)), 157.1 (s, SiTip), 100.5
(s, FeSi(N(C(CHs)s)).CPh), 33.6 (s, SiTipz), 5.9 (s, SiTipz), =98.2 (s, Si unsubstituted), =198.5 (s, Si
unsubstituted), —209.0 (s, Si unsubstituted) ppm.
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CP-MAS #Si{"H} NMR (79.53 MHz, 13 KHz, 300 K) 8 = 170.6 (s, Si(Si(N(C(CH3)3))2CPh)), 164.0 (s,
SiTip), 101.1 (s, FeSi(N(C(CH3)3)).CPh), 39.1 (s, SiTip2), 9.9 (s, SiTip2), —88.8 (s, Si unsubstituted),
-206.9 (s, Siunsubstituted), -212.5 (s, Si unsubstituted) ppm.

Elemental analysis: calculated for CosH13sN2FeQa4Sis: C 68.82 %, H 8.48 %, N 1.71%; Found: C 68.08 %,
H 7.43 %, N 1.31 %. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results
of bona fide identical samples.™

UV-Vis (hexane): A (g) = 525 (380 M™' cm™), 342 nm (1200 M™' cm™") nm.

Solid State FT-IR 7ico = 1907 (w), 1923 (w), 1953 (w), 2026 (w) cm™".

Melting Point: 251 — 267°C (decomposition).
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Supplementary Figure S1. '"H NMR spectrum of Fe(CO)a siliconoid/silylene complex 2 in CsDs (400.13 MHz, 300 K).

S5
196



5. Supporting Information

w
[a]
w
Q
T rrrOTONTNO0 DN
OOWrnNULOHON~TOOOM~MRENDONNOMMTTNNNOD T TORDODRAMNNLDMNMND—~OOWLMNSE O —
BNrC N BBBRNNNGB N OONITNAINRRIONNQONITIN S -—ONNRR- O
muouLmoaaNNNNNANN NN NS YT N~ OOWNSTSSSSSSTSTSTTONNDMNO®
T T rErTErErETrEF T ErErErEEnDnNOOOOMMOMMONNNNNNAN NN NN NN N NN
il TTD0DRADD DO AR )
e
R R
a I
.Si—si—Si-g
"I s\
si—1” =8 Bu
Si .SI%
P
(CO)Fe* O\ ~pp
!
Bu
T T | I I I | I T |
200 180 160 140 120 100 80 60 40 ppm

Supplementary Figure $2. '3C{'H} NMR spectrum of Fe(CO)4 siliconoid/silylene complex 2 in CsDs (100.61 MHz, 300 K).
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Supplementary Figure $3.2°Si{'H} NMR spectrum of Fe(CO)4 siliconoid/silylene complex 2 in CsDs (79.49 MHz, 300 K).
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Supplementary Figure S 4. CP-MAS 2°Si{'H} NMR spectrum of Fe(CO)4 siliconoid/silylene complex 2 (79.53 MHz, 13 KHz,
300 K).
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Supplementary Figure S5. FT-IR spectrum of Fe(CO)4 siliconoid/silylene complex 2 in the solid state.
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Supplementary Figure 56. UV-Vis spectra of Fe(CO)a siliconoid/silylene complex 2 in hexane at different concentrations.
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Supplementary Figure S7. Determination of the extinction ¢ = 1200 M~ cm™ of 2 by linear regression at . = 342 nm.
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Supplementary Figure S8. Determination of the extinction ¢ = 380 M~ cm™ of 2 by linear regression at Amax = 525 nm.
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2.2 Preparation of nickel siliconoid/silylene complexes 3a,b

R )
R '
N Ni(cod) -8 R
Si—si—Si- 2 R
R’I Si—Si R toluene, RT, 5min \SI \
S/-Si“‘\\s - cod R |< ;S\ © ®
i ’ i / u
S Ngi B Si? /SI-._
S el
/N@( {COd)rB Ph
Bu Ph
1 3a,b
M [g/mol] = 1472.79 1639.67
PPh,
-cod | toluene,RT,
overnight
R R
_Si—sgj—S8i-
R SI\ \R
-Si
Sl/ Si
\‘&/ "N© L Bu
SI-._
Ph3P {Bu Ph
3b
M [g/mol] = 1793.77

Siliconoid/silylene hybrid 14! is dissolved in toluene and the transition metal precursor is added either
without (1) or with additional triphenylphosphine (2). All volatiles are removed under reduced pressure.
The dark purple residue is taken up in pentane and separated from the precipitating LiCl salt by filtration.
After washing 3x with 1 mL pentane, the desired product crystallizes from the concentrated mother liquor
at —26°C.

2.21 Ni(cod) siliconoid/silylene complex 3a

Quantities: 11 256.0 mg (0.174 mmol, 1.0 eq.), 2.5 mL toluene, bis(cycloocta-1,5-diene) nickel 55.0 mg
(0.200 mmol, 1.1 eq.) let stir for 30min at ambient temperature, filtered from 5 mL pentane, washed
residue with 3x 1mL pentane, removed solvent in vacuo, dissolved in 0.15 mL toluene and 0.4 mL
pentane, stored at —30°C. Yield: 131.9 mg (0.174 mmol; 46 %) blackberry-red crystals of 3a from pentane
at -26°C.

'H NMR (300.13 MHz, CeDs, 300 K) 6 = 7.472 (d, *Jun = 1.18 Hz, 1H, ArC-H), 7.420 (d, “Jun = 1.27 Hz,
1H, ArC-H), 7.304 — 7.279 (m, 1H, ArC-H), 7.221 (d, “Jun = 1.27 Hz, 1H, ArC-H), 7.135 (m, 2H, ArC-H
overlapping with toluene), 7.115 (m, 1H, ArC-H), 7.069 — 7.00 (m, 2H, ArC-H, overlapping with toluene),
6.922 — 6.901 (m, 2H, ArC-H), 6. 857 (d, *Jun = 1.27 Hz, 1H, ArC-H), 6.830 — 6.818 (m, 3H, ArC-H),
5.835—5.799 (bm, 1H, Tip-CH(CHa)2), 5.539 (dsept, 2Jux = 20.55 Hz, *Jun = 6.58 Hz, 2H, Tip-CH(CHa)y),
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5.229 (sept, *Jun = 6.63 Hz, 1H, Tip-CH(CHa)2), 4.929 (sept, *Jun = 6.46 Hz, 1H, Tip-CH(CHa)2), 4.683 —
4.643 (bm, 1H, Tip-CH(CHs)2), 4.460 (sept, 3Jun = 6.43 Hz, 1H, Tip-CH(CHa)2), 4.142 — 4.112 (bm, 1H,
Tip-CH(CHs)2), 3.934 (sept, ®Jun = 6.43 Hz, 1H, Tip-CH(CHs)2), 3-615 — 3.515 (m, 3H, Tip-CH(CHs)2),
3.3987 (sept, 3Jun = 6.28 Hz, 1H, Tip-CH(CHs)2), 3.217 (sept, *Jun = 6.28 Hz, 1H, Tip-CH(CHs)2), 2.947
(qd, 3Jun = 6.98 Hz, 3.07 Hz, 3H, cod(CH) overlapping with Tip-CH(CHz3).), 2.768 — 2.700 (m, 3H, Tip-
CH(CHs)2), 2.660 (d, *Jun = 6.41 Hz, 4H, Tip-CH(CHs)2), 2.619 — 2.551 (m, 3H, Tip-CH(CHs)2), 2.409 (d,
3Jun = 6.48 Hz, 3H, Tip-CH(CHs)2), 2.113 (s, 2H, Tip-CH(CHs)2 overlapping with toluene), 2.066 — 1.969
(m, 2H, cod(CH)), 1.783 (d, °Jun = 6.42 Hz, 3H, Tip-CH(CH:)2), 1.623 (d, *Jun = 6.61 Hz, 6H, Tip-
CH(CHs)2), 1.574 (d, ®Jun = 6.61 Hz, 9H, Tip-CH(CHs)2), 1.477 (d, *Jun = 6.62 Hz, 6H, Tip-CH(CHs)2),
1.435 — 1.395 (m, 12H, Tip-CH(CH?s). overlapping with cod(CH.)), 1.328 (d, *Jun = 1.94Hz, 6H, Tip-
CH(CHs)2), 1.269 (s, 9H, Si(N(C(CHs)3))2.CPh), 1.224 (d, “Jun = 2.43 Hz, 3H, Tip-CH(CHs)2), 1.200 (d,
*Jun = 2.43 Hz, 3H, Tip-CH(CHs)2), 1.772 (d, *Jun = 2.52 Hz, 3H, Tip-CH(CHs)2), 1.154 (d, *Jun = 6.94
Hz, 3H, Tip-CH(CHs)2), 1.394 (dd, *Ju+ = 6.90 Hz, 1.08 Hz, 6H, Tip-CH(CHs)2), 0.792 (d, *Jun = 6.58 Hz,
3H, Tip-CH(CHs)2), 0.646 (t, 3Jun = 7.33 Hz, 9H, Tip-CH(CHs)2), 0.570 — 0.549 (m, 3H, Tip-CH(CHs)2),
0.538 (s, 9H, Si(N(C(CH3)3)).CPh), 0.393 (d, *Jun = 6.18 Hz, 3H, Tip-CH(CHs)2) ppm.

13C{'H} NMR (75.47 MHz, C¢Ds, 300 K) 3 = 162.22 (s, 1C, Ar-C), 156.09, 155.60, 155.20, 154.09, 153.29,
153.15, 153.07, 152.99, 152.83, 149.56, 149.28, 148.88, 148.74, 148.69, 140.93, 139.62, 138.77, 138.32,
137.69, 132.97 (s, each 1C, Ar-C), 129.99, 129.85, 129.31, 129.27, 128.50, 128.41, 126.00 (s, each 1C,
Ar-CH), 125.63 (s, 1C, Ar-C), 123.67 (s, each 1C, Ar-CH), 123.32 (m, 1C, Ar-CH), 122.80, 122.34, 122.21,
121.68, 121.38, 120.53, (s, each 1C, Ar-CH), 89.64, 86.65 (s, each 2C, COD-CH), 54.70, 53.64 (s, each
1C, Si(N(C(CH3)3))2CPh), 36.39, 36.15, 35.81, 35.47, 35.08, 35.01, 34.71, 34.67, 34.62, 34.58, 34.40,
34.01, 33.15 (s, each 1C, Tip-iPr-CH), 32.85, 32.22 (s, each 3C, Si(N(C(CHs)s)).CPh), 30.81 (s, 4C,
COD-CH), 29.39, 28.65 (s, each 1C, Tip-iPr-CH), 28.10, 28.03, 27.55, 27.51, 27.39, 27.06, 27.03, 26.86,
26.82, 26.75, 26.69, 26.58, 26.45, 26.40, 26.33, 26.02, 25.97, 25.26, 25.13, 25.00, 24.40, 24.38, 24.36,
2417, 24.11, 24.08, 24.04, 24.01, 23.98, 23.78 (s, each 1C, Tip-iPr-CHs) ppm.

28i{"H} NMR (59.63 MHz, C¢Ds, 300 K) & = 89.1 (s, NiSi(N(C(CHj3)3)).CPh), 50.0 (s, SiTip), 39.0 (s,
SiTip2), =10.2 (s, Si(Si(NtBu).CPh)), -13.3 (s, SiTipz), -83.1 (s, Si unsubstituted), -154.0 (s, SiNi),
-340.7 (s, Si unsubstituted) ppm.

CP-MAS #Si{'H} NMR (79.53 MHz, 10 KHz, 300 K) & = 86.4 (s, NiSi(N(C(CHj3)3)).CPh), 55.3 (s, SiTip),
37.5 (s, SiTip2), 0.4 (s, Si(Si(NtBu).CPh)), =16.2 (s, SiTipz), —85.1 (s, Si unsubstituted), =159.1 (s, SiNi),
-332.9 (s, Si unsubstituted) ppm.

Elemental analysis: calculated for CegH150N2NiSis: C: 71.79%; H: 9.22%; N: 1.71%. Found: C: 71.67%;
H: 8.75%; N: 1.64%. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results

of bona fide identical samples.[!
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538 (8190 M~' cm™), 392 (9590 M~' cm™") nm.

UV-Vis (hexane): Amax (g)

Melting Point: 185°C decomposition, 193 — 206°C melting.
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Supplementary Figure S$9. 'H NMR spectrum of Ni(cod) siliconoid/silylene complex 3a in CsDs (300.13 MHz, 300 K).
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Supplementary Figure $10. '"H NMR spectrum of Ni(cod) siliconoid/silylene complex 3a in toluene-ds (300.13 MHz, 253 K).
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Supplementary Figure S$11. 3C{'H} NMR spectrum of Ni(cod) siliconoid/silylene complex 3a in CsDs (75.47 MHz, 300 K).
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Supplementary Figure $12. 29Si{"H} NMR spectrum of Ni(cod) siliconoid/silylene complex 3a in CsDs (59.63 MHz, 300 K).
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Supplementary Figure $13. 2°Si{'H} NMR spectrum of Ni(cod) siliconoid/silylene complex 3a in toluene-ds (59.63 MHz, 223
K).
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Supplementary Figure S14. CP-MAS 2°Si{'H} NMR spectrum of Ni(cod) siliconoid/silylene complex (79.53 MHz, 10 KHz, 300
K), side spinning bands: *86.2, 55.5, # 37.5/ -85.2/ -333.3,° 0.4, = -16.2, “ -159.6 ppm.
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Supplementary Figure $15. UV-Vis spectra of Ni(cod) siliconoid/silylene complex 3a in hexane at different concentrations.
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Supplementary Figure $16. Determination of the extinction £ = 9590 M~' cm™" of 3a by linear regression at . = 392 nm.
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Supplementary Figure S$17. Determination of the extinction £ = 8190 M™' cm™" of 3a by linear regression at Amax = 538 nm.

2.2.2 Preparation of Ni(PPh3) siliconoid/silylene complex 3b

Quantities: 1¥ 150.0 mg (0.0928 mmol, 1.0 eq.), 2.0 mL toluene, 29.3 mg bis(cycloocta-1,5-diene)
nickel (0.107 mmol, 1.2 eq), triphenylphosphine 36.4 mg (0.103 mmol, 1.1 eq), let stir overnight at RT,
filtered from 4 mL pentane, washed residue with 3x 0.5mL pentane. Yield: 82.1 mg (0.0458 mmol, 49 %)

brown crystals of 3b from pentane at —26°C.

H NMR (300.13 MHz, CsDs, 300 K) & = 7.830 (t, 3Jn = 8.81 Hz, 6H, P(ArC-H)), 7.424 (dd, Jun = 4.41
Hz, 1.54 Hz, 2H, P(ArC-H)), 7.230 — 7.198 (m, 2H, ArC-H), 7.100 — 7.083 (m, 4H, ArC-H), 7.057 — 7.018
(m, 4H, ArC-H), 6.992 (d, “Jin = 1.74 Hz, 2H, ArC-H), 6.966 — 6.927 (m, 6H, ArC-H), 6.903 — 6.868 (m,
3H, ArC-H), 6. 851 (d, “Jun = 1.45 Hz, 1H, ArC-H), 6.652 (sept, 1H, Tip-CH(CHs)z), 5.576 — 5.500 (m,
2H, Tip-CH(CHs)2), 5.144 (sept, d, *Jin = 6.51 Hz, 1H, Tip-CH(CHs)2), 4.350 (sept, d, 3 = 6.60 Hz, 1H,
Tip-CH(CHa),), 3.547 (sept, 3Jun = 6.41 Hz, 1H, Tip-CH(CHs),), 3.481 — 3.366 (m, 3H, Tip-CH(CHa).),
3.162 (sept, *Jun = 6.41 Hz, 1H, Tip-CH(CHs)2), 2.924 (dsept, 2Jun = 21.54 Hz, 3Juy = 6.93 Hz, 2H, Tip-
CH(CHs)z), 2.819 — 2.693 (m, 2H, Tip-CH(CHa)2), 2.623 (sept, SJin = 6.88 Hz, 1H, Tip-CH(CHa)z), 2.502
(d, 3Ju = 6.47 Hz, 3H, Tip-CH(CHs)2), 2.5240 (d, 3Ju = 6.47 Hz, 3H, Tip-CH(CHs)2), 1.718 (d, SJun =
6.31 Hz, 3H, Tip-CH(CHs)2), 1.680 (d, Ju = 6.58 Hz, 3H, Tip-CH(CHs).), 1.620 — 1.576 (m, 9H, Tip-
CH(CHs)2), 1.509 (d, 3Juw = 6.61 Hz, 3H, Tip-CH(CHs)2), 1.452 — 1.400 (m, 15H, Tip-CH(CHa)s), 1.315 (,
3Jun = 6.59 Hz, 7H, Tip-CH(CHs)z2), 1.257 (d, “Jun = 2.66 Hz, 3H, Tip-CH(CHs)2), 1.234 (d, “Jun = 2.53
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Hz, 3H, Tip-CH(CHs)z), 1.218 (d, “Jun = 2.15 Hz, 3H, Tip-CH(CHs)2), 1.195 (d, “Jun = 2.10 Hz, 3H, Tip-
CH(CHs)z), 1.123 — 1.057 (m, 12H, Tip-CH(CHs)2), 0.907 — 0.876 (m, 2H, Tip-CH(CHs)2), 0.849 (s, 9H,
Si(N(C(CHs)s))2CPh), 0.801 (d, *Jux = 6.77 Hz, 3H, Tip-CH(CHa)z), 0.775 (s, 9H, Si(N(C(CHs)s)):CPh),
0.715 (d, “Jun = 6.51 Hz, 3H, Tip-CH(CHs)z), 0.551 (d, 3w = 6.26 Hz, 3H, Tip-CH(CHs)z), 0.518 (d, *Jim
= 6.50 Hz, 3H, Tip-CH(CHs)2), 0.476 (d, 3Jun = 6.36 Hz, 3H, Tip-CH(CHs)2), 0.403 (d, 3Ju = 6.22 Hz, 3H,
Tip-CH(CHs)z) ppm.

13C{'H} NMR (100.61 MHz, CsDs, 300 K) & = 161.13 (s, Si(N(C(CHs)3))2CPh), 156.46, 155.47, 153.95,
153.90, 153.58, 153.48, 153.38, 153.24, 153.11, 152.92, 149.42, 149.23, 149.06, 148.66, 148.50, 141.11,
140.38, 139.38, 138.53, 138.04 (s, each 1C, Ar-C), 134.35 (d, 2Jcer = 13.9 Hz, 15C, P(Ar-CH)), 134.07
(d, 2Jce = 14.6 Hz, 3C, P(Ar-C)), 133.01 (s, each 1C, Ar-C), 130 .06, 129.66, 129.25, 129.03, 128.38,
128.30 (s, each 1C, Ar-CH), 128.11, 127.87 (s, each 1C, Ar-C), 127.60, 126.01, 123.52 (s, each 1C, Ar-
CH), 123.05 (s, 5C, P(Ar-CH)), 122.40 (d, *J = 5.09 Hz, Ar-CH), 121.86, 121.66, 121.52, 120.61 (s, each
1C, Ar-CH), 54.90, 53.43 (s, each 1C, Si(N(C(CHa)3)).CPh), 35.95, 35.80 (s, each 1C, Tip-CH(CHz3)2,
35.68 (s, 2C, Tip-CH(CHs)2), 35.53, 35.40, 35.29, 35.14, 34.77, 34.67 (s, each 1C, Tip-CH(CHs).), 34.60
(s, 2C, Tip-CH(CHa)z, 34.54 (s, each 1C, Tip-CH(CHs)2), 34.39 (s, pentane), 34.31, 32.81 (s, each 1C,
Tip-CH(CHa)2), 32.56, 32.20 (s, each 3C, Si(N(C(CHs)3)).CPh), 32.11, 31.62, 31.41, 30.53, 29.12, 28.93,
28.45, 28.42, 27.88, 27.69, 27.55, 26.38, 25.92, 25.75 (s, each 1C, Tip-CH(CHzs)2), 25.04 (s, 2C, Tip-
CH(CHa)2), 24.87, 24.72, 24.54 (s, each 1C, Tip-CH(CHa)2), 24.48, 24.29, 24.24 (s, each 2C, Tip-
CH(CHs)2), 24.14, 24.06, 24.03, 23.69, 23.33 (s, each 1C, Tip-CH(CHzs)2), 22.68, 14.25 (s, pentane) ppm.
31P{'H} NMR (126.98 MHz, CsDs, 300 K) & = 26.4 (s, 1P, NiP(Ph)s) ppm.

28i{"H} NMR (79.49 MHz, CeDs, 300 K) 5 = 73.6 (d, 3Jsir = 4.67 Hz, Si(NBu).CPh), 63.9 (d, 3Jsir =
9.06 Hz, SiTip), 39.7 (s, SiTip2), 0.4 (d, *Jsi.p = 3.45 Hz, Si(Si(NtBu).CPh), -41.4 (d, *Jsir = 11.84 Hz,
SiTipz), =60.0 (d, *Jsip = 5.64 Hz, Si), =87.3 (d, 3Jsip = 8.77 Hz, SiNi), -287.6 (d, ?Jsip = 27.84 Hz, Si)
ppm.

CP-MAS 2°Si{'H}-NMR (79.53 MHz, 13 KHz, 300 K) & = 72.7 (s, NiSi(N(C(CHs)3)).CPh), 69.0 (s, SiTip),
37.6 (s, SiTip2), -5.9 (s, 3Jsir = 3.45 Hz, Si(Si(N(C(CHs3)3)).CPh)), -44.7 (s, SiTip2), -68.0 (s, Si
unsubstituted), —-82.8 (s, SiNi), —-279.6 (s, Si unsubstituted) ppm.

Elemental analysis: calculated for CiosH153N2NiPSiz: C: 72.32%; H: 8.60%; N: 1.56%. Found: C:
67.11 %; H: 8.06%; N: 1.88%. The lower values compared to those calculated are quite common for
unsaturated silicon clusters due to incomplete combustion typically attributed to the formation of silicon
carbides and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly

variable results of bona fide identical samples. !
UV-Vis (hexane): Amax (&) = 365 (1879 M~ cm™), 519 (1127 M~' cm™"), 596 (624 M~" cm™") nm.

Melting Point: 187 — 191°C (melting, decomposition).
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Supplementary Figure S18. 'TH NMR spectrum of Ni(PPhs) siliconoid/silylene complex 3b in CeDs (300.13 MHz, 300 K).
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Supplementary Figure $19. 3C{'"H} NMR spectrum of Ni(PPhs) siliconoid/silylene complex 3b in CeDs (100.61 MHz, 300 K).
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Supplementary Figure $20.>'P{'"H} NMR spectrum of Ni(PPha) siliconoid/silylene complex 3b in CsDs (161.98 MHz, 300 K).
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Supplementary Figure $21. 2°Si{’"H} NMR spectrum of Ni(PPha) siliconoid/silylene complex 3b in CsDs (79.49 MHz, 300 K).
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Supplementary Figure $22. CP-MAS 3'P{'H} NMR spectrum of Ni(PPhs) siliconoid/silylene complex 3b (162.04 MHz, 13 KHz,
300 K), * side spinning bands.
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Supplementary Figure $23. CP-MAS 2°Si{'H} NMR spectrum of Ni(PPha) siliconoid/silylene complex 3b (79.53 MHz, 13 KHz,
300 K), side spinning bands # 72.7, ° 37.6, * -44.7, * -279.6 ppm.
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Supplementary Figure S24. UV-Vis spectra of Ni(PPhs) siliconoid/silylene complex 3b in hexane at different concentrations.
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Supplementary Figure $25. Determination of the extinction £ = 1879 M~' cm™" of 3b by linear regression at . = 365 nm.
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Supplementary Figure $26. Determination of the extinction ¢ = 1127 M™" cm™ of 3b by linear regression at A = 519 nm.
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Supplementary Figure $27. Determination of the extinction € = 624 M~ cm™ of 3b by linear regression at Amax = 596 nm.
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2.3 Preparation of Ni(CO): siliconoid/silylene complex 3c

R R , R R
v ! a) Ni(cod),, toluene, p !
g P Si—Si-R RT, 15min r-S T Si—Si-R
, b) 1 bar CO, / \8' \
d— 17> _TEC=RT G |7 sl g B
RT ™ NG Ng _tBu -LiCl N~gi-- 7y ‘\S._._N
|____ ~ 4 2=]]
e) ‘i N S bt \ @\
N N >ph
,N OC o
tBu Ph tBu
1 3c
M [g/mol] = 1472.79 1587.50

14 (100 mg, 0.0638 mmol, 1.0 eq) was dissolved in 1.4 mL toluene and solid bis(cycloocta-1,5-diene)
nickel (19.7 mg, 0.0701mmol, 1.1 eq) was added. The reaction mixture was stirred for 15 minutes at
ambient temperature, then cooled to —80°C for 5 minutes and 1 bar CO gas was bubbled through under
maintained Argon gas flow until the colour change to “blood red” was completed (no traces of blackberry
red visible). The solvent and all volatiles were removed in vacuo and the product was extracted from 0.6
mL pentane. The residue was washed with 3 x 0.5 mL pentane. Red crystals of 3¢ (121.5 mg, 0.1261

mmol, 44 %) were obtained from a concentrated solution in pentane at -70°C after five days.

TH NMR (400.13 MHz, CsDs, 300 K) & = 7.629 (g, CsH10), 7.7.450 (d, “Jun = 1.58 Hz, 1H, Ar-H), 7.398 (d,
“Jun = 1.58 Hz, 1H, Ar-H), 7.251 (q, CsH1o), 7.197 (d, *Juss = 1.69 Hz, 1H, Ar-H), 7.190 — 7.171 (m, 2H,
Ar-H), 7.137 (d, *Jun = 1.67 Hz, 1H, Ar-H), 7.092 — 7.080 (m, 2H, Ar-H), 6.994 (d, “Ju = 1.67 Hz, 1H, Ar-
H), 6.898 (d, *Jun = 1.74 Hz, 1H, Ar-H), 6.888 (d, “Juns = 1.52 Hz, 1H, Ar-H), 6.872 (d, *Jun = 1.52 Hz, 1H,
Ar-H), 6.818 (d, “Jun = 1.49 Hz, 1H, Ar-H), 6.772 — 6.695 (m, 2H, Ar-H), 5.672 (sept, 3Jun = 6.51 Hz, 1H,
Tip-CH(CHa),), 5.597 (sept, °Jun = 6.60 Hz, 1H, Tip-CH(CHs),), 5.407 (sept, *Jun = 6.51 Hz, 1H, Tip-

CH(CHs)2), 4.928 (sept, 3Jun = 6.60 Hz, 1H, Tip-CH(CHs),), 4.346 (sept, 3Jun = 6.60 Hz, 1H, Tip-
CH(CHzs).), 4.002 (sept, 3Jun = 6.50 Hz, 1H, Tip-CH(CHs).), 3.439 (sept, 3Jun = 6.26 Hz, 2H, Tip-
CH(CHzs).), 3.336 (sept, 3Jun = 6.42 Hz, 1H, Tip-CH(CHs).), 3.217 (sept, 3Juw = 6.50 Hz, 1H, Tip-
CH(CHs)2), 2.906 (sept, 3Jun = 6.71 Hz, 2H, Tip-CH(CHa)2), 2.738 — 2.655 (m, 3H, Tip-CH(CHa)2), 2.760

—2.635 (sept, 1H, Tip-CH(CHa), overlapping with d, 3Jin = 6.58 Hz, 3H, Tip-CH(CHs)2), 2.381 (d, 3Jin =
6.49 Hz, 3H, Tip-CH(CHs)2), 1.743 (d, *Juy = 6.63 Hz, 3H, Tip-CH(CHs)z), 1.676 (d, Jun = 6.63 Hz, 3H,
Tip-CH(CHs)z), 1.632 — 1.599 (m, 14H, Tip-CH(CHs)2), 1.565 (d, *Jnn = 6.49 Hz, 3H, Tip-CH(CHs)2, 1.526
(d, 3Jun = 6.63 Hz, 3H, Tip-CH(CHs)2), 1.420 (d, 3Jun = 6.63 Hz, 3H, Tip-CH(CHs)2), 1.396 (d, *Jun = 7.04
Hz, 6H, Tip-CH(CHs)z), 1.378 — 1.360 (m, 10H, Tip-CH(CHs)2), 1.339 (d, 3Jus = 3.04 Hz, 3H, Tip-
CH(CHs)2), 1.318 — 1.3296 (m, 6H, Tip-CH(CHs)2), 1.182 (d, ®Jun = 2.21 Hz, 3H, Tip-CH(CHs)2), 1,165
(d, 3w = 2.21 Hz, 3H, Tip-CH(CHs)z), 1.150 (d, 3 = 2.21 Hz, 3H, Tip-CH(CHs)2), 1.133 (d, 3w = 2.21
Hz, 3H, Tip-CH(CHa)2), 1.124 (s, 9H, Si(N(C(CH;)3)).CPh), 1.082 — 1.048 (m, 10H impurity), 0.724 (d,
3 Juw = 6.63 Hz, 3H, Tip-CH(CH)s), 0.651 (s, 9H, Si(N(C(CHs)s))2CPh), 0.580 (d, *Jus = 6.49 Hz, 6H, Tip-
CH(CH?s)2), 0.526 (dd, °Jun = 9.53 Hz, 6.63 Hz, 6H, Tip-CH(CHs)2),) 0.391 (d, Jun = 6.21 Hz, 3H, Tip-
CH(CHs)2) ppm.
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BC{'H} NMR (75.47 MHz, CsDs, 300 K) 8 = 204.95 (s, Ni(CO)2), 196.31 (s, Ni(CO).), 164.39 (s,
Si(N(C(CHs3)3)).CPh), 156.20, 156.09, 154.98, 153.95, 153.30, 153.13, 153.07, 152.97, 152.94, 150.03,
149.77,149.26, 149.17, 139.88, 138.89, 138.71 (s, each 1C, Ar-C), 137.85 (s, toluene), 137.22, 137.10,
136.97, 134.88, 132.13 (s, each 1C, Ar-C), 130.40 (s, 1C, Ar-CH), 129.39 (s, toluene), 129.27, 128.88,
128.85, 128.75, 128.60 (s, each 1C, Ar-CH), 128.50, 125.63 (s, toluene), 123.35, 123.27, 123.18, 123.09,
122.27,122.05 (s, each 1C, Ar-CH), 121.74 (d, *J-= 1.84 Hz, 1C, Ar-C), 121.33, 120.77 (s, each 1C, Ar-
CH), 55.32, 54.70 (s, each 1C, Si(N(C(CHz3)3))2.CPh), 37.42, 37.24, 26.46, 36.25, 35.67, 35.56, 35.48,
35.33, 34.69, 34.62, 34.59, 34.53 (s, each 1C, Tip-CH(CHa)2), 34.46 (s, pentane), 34.38, 34.28, 32.73
(s, each 1C, Tip-CH(CHzs)2), 32.20, 31.74 (s, each 3C, Si(N(C(CHs)3)).CPh), 31.38, 31.20, 29.30, 28.32,
28.23, 27.90, 27.43, 27.01, 26.78, 26.57, 26.32, 26.02, 25.69, 25.57, 25.34, 25.10, 24.78, 24.76, 24.75,
24.57,24.39, 24.35, 24.21, 24.22, 2418, 24.08, 24.01, 23.91, 23.82, 23.18 (s, each 1C, Tip-CH(CHs)2),
22.67 (s, pentane), 21.37 (s, toluene), 14.21 (s, pentane) ppm.

2Si{'"H} NMR (59.63 MHz, CsDs, 300 K) & = 96.6 (s, NiSi(N(C(CHs3)3))2CPh), 70.9 (s, SiTip), 44.6 (s,
SiTip2), =3.9 (s, SiTip2), =10.0 (s, Si(Si(N(C(CHs3)3))2CPh)), -81.9 (s, Si unsubstituted), —=160.4 (s, SiNi),
-342.0 (s, Siunsubstituted) ppm.

Elemental analysis: calculated for CosH13sN2NiO2Sis: C: 69.61; H: 8.76; N: 1.76%. Found: C: 68.56 %;
H: 7.96%; N: 1.29%. The lower values compared to those calculated are quite common for unsaturated
silicon clusters due to incomplete combustion typically attributed to the formation of silicon carbides
and/or nitrides. In addition, elemental analysis has come under scrutiny because of highly variable results
of bona fide identical samples.!

UV-Vis (hexane): imax (g) = 363 (12350 M cm™), 472 (7860 M~ cm™"), 523 (9630 M~" cm™") nm.
Solid State FT-IR 7co = 2015 (s), 1976 (s) cm™.

Melting Point: 107°C (decomposition), 205 — 245°C (melting).
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Supplementary Figure $28. 'TH NMR spectrum of NiCO)z siliconoid/silylene complex 3¢ in CsDs (400.13 MHz, 300 K).
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Supplementary Figure $30. 2°Si NMR spectrum of NiCO): siliconoid/silylene complex 3¢ in CsDs (59.63 MHz, 300 K).
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Supplementary Figure S31: FT-IR spectrum of NiCO)z siliconoid/silylene complex 3¢ in the solid state.
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Supplementary Figure $32. UV-Vis spectra of NiCO)z siliconoid/silylene complex 3¢ in hexane at different concentration
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Supplementary Figure S$33. Determination of the extinction £ = 12350 M~ cm™ of 3¢ by linear regression at % = 363 nm.
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Supplementary Figure S34. Determination of the extinction £ = 7860 M~' cm™ of 3¢ by linear regression at & = 472 nm.
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Supplementary Figure $35. Determination of the extinction £ = 9630 M~" cm™ of 3¢ by linear regression at imax = 523 nm.
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2.4 Hydrosilylation of terminal alkenes with diphenylsilane

General procedure

The substrate was dissolved in 0.1 mL CsDs. Diphenylsilane and mesitylene, as the internal standard,
were added to the solution at ambient temperature. A reference '"H NMR spectrum was recorded. A
solution of the catalyst, 3a/b/c or Ni(cod). respectively, in 0.1 mL CsDs was added to the reaction mixture.
The reaction progress was monitored by '"H NMR spectra until full conversion of the substrate. The
conversion was determined by integration against the internal standard. The use of a slight excess of
diphenylsilane (1.1 eq.) was chosen based on the complete consumption before the complete conversion
of the substrate observed in preliminary, stoichiometric studies due to the dehydro-coupling side-

reactions. To explore the substrate scope, stock solutions of 3a and Ni(cod). were prepared accordingly.

Quantities:

a) 0.5 mol%: substrate (0.6 mmol, 1.0 eq.), diphenylsilane (0.66 mmol, 1.1 eq.), mesitylene (0.30 mmol,
0.5 eq.), catalyst (0.008 mmol, 0.05 eq.)

b) 0.05 mol%: substrate (1.6 mmol, 1.0 eq.), diphenylsilane (1.76 mmol, 1.1 eq.), mesitylene (0.80 mmol,
0.5 eq.), catalyst (0.0008 mmol, 0.005 eq.)

Mercury drop test

In a glove box, a 50 mL Schlenk flask containing a stirring bar was charged with vinyltrimethylsilane (0.24
mL, 1.60 mmol, 1.0 eq.), CsDs (0.1 mL), diphenylsilane (0.34 mL, 1.76 mmol, 1.1 eq.) and mesitylene
(0.11 mL, 0.80 mmol, 0.5 eq.). Elemental mercury (1.68 g, 8.0 mmol, 5.0 eq) was added via disposable
glass pipette. The addition of 0.1 mL of the corresponding stock solution of 3a or Ni(cod). in CsDs was
added with a syringe and the conversion was monitored with '"H NMR spectroscopy. The mercury drop
test revealed a slower reaction to A with an overall lower spectroscopic yield, however exhibiting a higher
ratio of A compared to the twofold-substituted silylation product (23:6) than in the reaction without the
presence of Hg (9:5), indicating that the catalyst is partially decomposed to nickel particles in the course
of the reaction, which are known to be highly active but unselective in heterogenous catalysis.®'! In the
case of Ni(cod)., the mercury drop test revealed a similar reactivity to the one without mercury (>99%

conversion within 5.5 h).

Assignment

In addition to the '"H NMR spectra reproduced in this present Supporting Information, the products
obtained from the catalytic hydrosilylation were assigned according to the corresponding hetero nuclei
and correlation NMR spectra as well as the results found in the literature.®="*! A blank spectrum of

diphenylsilane was recorded in C¢D¢ at ambient temperature.
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Ph2SiH; reference spectrum:

'"H NMR (400.13, MHz, CeDs, 293 K) & = 7.485 (m, 4H, Har), 7.115 (m, 6H, Har overlapping with CeDs),
5.068 (brs, 2H, Si-H) ppm.

3C{"H} NMR (100.61 MHz, C¢Ds, 293 K): 8 = 136.00 (4C, CaH), 131.62 (2C, Cquart), 130.11 (2C, CaH),
128.44 (4C, CaH) ppm.

298i{'H} NMR (79.49 MHz, CsDs, 293 K): & = -33.5 ppm.

=7--0.030

1,2, 3,
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Supplementary Figure S36. 'H NMR spectrum of the crude reaction mixture of the hydrosilylation of vinyltrimethylsilane and
PhzSiHz catalyzed by 0.05 mol% 3a in CsDs after 8 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov product,
2 PhzSiHz, 3 disubstituted product.
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Supplementary Figure $37. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of allyltrimethylsilane and

PhzSiHz catalyzed by 0.05 mol% 3a in CeDe after 408 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov
product, 2 PhzSiHz, 3 disubstituted product, x allyltrimehtylsilane.
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Supplementary Figure S 38. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of 1-hexene and PhzSiH2

catalyzed by 0.05 mol% 3a in CsDs after 15 min at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov product, 2
Ph2SiHz, 3 disubstituted product.
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Supplementary Figure $39. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of vinylcyclohexane and
Ph2SiHz catalyzed by 0.05 mol% 3a in CeDs after 168 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov
product, 2 PhzSiHz, 3 disubstituted product.
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Supplementary Figure $40. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of allylcyclohexane and
PhzSiH2 catalyzed by 0.05 mol% 3a in CsDs after 408 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov
product, 2 Ph2SiHz, 3 disubstituted product, x allyltrimehtylsilane.
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Supplementary Figure S41. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of styrene and Ph2SiHz
catalyzed by 0.05 mol% 3a in CsDe after 54 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov product, 2
PhzSiHz, 4 Markovnikov product.
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Supplementary Figure S42. '"H NMR spectrum of the crude reaction mixture of the hydrosilylation of allylbenzene and Ph2zSiHz
catalyzed by 0.05 mol% 3a in CsDe after 54 h at 293 K. Internal standard mesitylene (Mes), 1 anti-Markovnikov product, 2
Ph2SiHz, 4 Markovnikov product.
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Supplementary Table S1. Catalytic hydrosilylation of terminal olefins with Ph2SiHz using nickel complex Ni(cod): as a catalyst.

H 0,05 mor Nicod SiHPh, SiHPh,
. .05 mol% Nico
anti-Markovnikov (A)  Markovnikov (M)
Entry Substrate Time [h] Conversion [%] Product Spectr. Yield [%] TOF [h™]
1 ANNF 0.083 >99 A 36 24000
2A 0.5 32 23 1272
2B MesSi~ = 2 72 A 35 716
2C 5.5 >99 A 44 637
3A 0.083 24 A 18 5832
3B MesSin_~y 0.5 69 A 35 2744
3C 3 93 A 41 620
4A 0.083 58 A 10 13848
4B oh 24 94 A 32 78
4C 216 >99 A 37 9
5A 4 12 A 7 62
58 ohd 120 65 A 23 11
5C 336 78 A 29 5
6A 0.083 25 A:M 8:19 6096
6B m 0.5 75 A:M 22:40 3008
6C 3 >99 A:M 30:43 500
7A 2 18 A:M 8:10 184
7B ©/\/ 120 72 A:M 31:31 12
7C 312 >99 A:M 41:35 6

3 Details on X-Ray Diffraction Studies

The data set was collected using a Rigaku XtaLAB Synergy-S diffractometer with a microfocus sealed
tube and a HyPix-6000HE Hybrid Photon Counting (HPC) detector (2, 3c), a Bruker D8 Venture

diffractometer with a microfocus sealed tube and a Photon |l detector (3a) and a Bruker X8 Apex

diffractometer (3b). Graphite-monochromated Mok, radiation (A = 0.71073 A) was used. Data were
collected at 133(2) K (2, 3a, 3c)/ 154(2) K (3b) and corrected for absorption effects using the multi-scan

method. The structure was solved by direct methods using SHELXT!"¥ and was refined by full matrix
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least squares calculations on F? (SHELXL2019 (2, 3c), SHELXL2018 (3a,b))!" in the graphical user

interface Shelxle.l"®
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3.1 Solid State Structure of Fe(CO)s siliconoid/silylene 2

Refinement Details

All non-H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CHz) or 1.5 (CHs).

Disorder: One tert-butyl group is split over two positions (fvar 2: 0.57/0.43).

Supplementary Table S2. Crystal data and structure refinement for Fe(CQ)4 siliconoid/silylene 2 (CCDC: 2504459).

Empirical formula Cos Hiso Fe N2 O4 Sis
Formula weight 1712.77
Temperature 133(2) K
Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions

a=14.9881(3) A
b=17.1703(3) A
¢ =20.6186(4) A

o = 104.518(2)".
B = 100.700(2)°.
y = 97.1940(10)°.

Volume 4964 .47(17) A?

Z 2

Density (calculated) 1.146 Mg/m?®

Absorption coefficient 0.297 mm™

F(000) 1856

Crystal size 0.220 x 0.200 x 0.100 mm?

Theta range for data collection 2.015to0 27.125°.

Index ranges -19<=h<=18, -21<=k<=22, -26<=|<=26

Reflections collected 70038

Independent reflections 21884 [R(int) = 0.0480]

Completeness to theta = 25.242° 99.9 %

Absorption correction Semi-empirical from equivalents
S35
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Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I=2sigma(l)]
R indices (all data)

Largest diff. peak and hole

5. Supporting Information

1.0000 and 0.8232

Full-matrix least-squares on F?
21884 /36 /1090

1.035

R1=10.0480, wR2 = 0.1268
R1=0.0665, wR2 = 0.1357

0.673 and -0.486 e. A

Supplementary Figure S43. Molecular structure Fe(CO)a siliconoid/silylene 2 in the solid state. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids represent 50% probability.

3.2 Solid State Structure of Ni(cod) siliconoid/silylene 3a

Refinement Details

All non-H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH>) or 1.5 (CHs).
Disorder: Three isopropyl-groups and one tert-butyl group are split over two positions. One of the solvent
n-pentane molecules is split over two positions. Its occupancy factors refined to 0.58 for the major

component.

Supplementary Table $3. Crystal data and structure refinement for Ni(cod) siliconoid/silylene 3a (CCDC: 2504461).

Empirical formula C108 H174 N2 Ni Si8
Formula weight 1783.91
Temperature 133(2) K
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Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

R indices (all data)

Largest diff. peak and hole
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0.71073 A

Triclinic

P-1

a=14.6865(6) A

b =18.5075(7) A
c=22.7349(8) A

5451.0(4) A3

2

1.087 Mg/m?

0.310 mm™

1952

0.360 x 0.240 x 0.080 mm?
1.876 to 27.912°.

-19<=h<=19, -24<=k<=24, -29<=|<=29
151157

26031 [R(int) = 0.0651]

100.0 %

Semi-empirical from equivalents
0.7367 and 0.7072

Full-matrix least-squares on F?2
26031 /509 /1281

1.025

R1=10.0409, wR2 = 0.1054
R1=10.0545, wR2 = 0.1154
0.513 and -0.448 e A™®
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Supplementary Figure S44. Molecular structure Ni(cod) siliconoid/silylene 3a in the solid state. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids represent 50% probability.

3.3 Solid State Structure of Ni(PPhs) siliconoid/silylene 3b

Refinement Details

All non-H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CHa3).
Disorder: Five isopropyl-groups and one tert-butyl-group were split over two positions. Their occupancy
factors of the major components refined to 0.70, 0.67, 0.88, 0.76, 0.48 and 0.86, respectively. SQUEEZE:
The scattering contribution of eight pentane solvent molecules in the unit cell has been treated with the
SQUEEZE tool!" in PLATON.!"® BerSQUEEZE found 250 electrons in the solvent accessible volume of
1839 As.

Supplementary Table S4. Crystal data and structure refinement for Ni(PPhs) siliconoid/silylene 3b (CCDC: 2504467).

Empirical formula C113 Hies N2 Ni P Sis
Formula weight 1865.86
Temperature 154(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group 12/a

Unit cell dimensions

a=38.3683(15) A

S38
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Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Supplementary Figure S45. Molecular structure Ni(PPhs) siliconoid/silylene 3b in the solid state. Hydrogen atoms are omitted

5. Supporting Information

b =14.2013(5) A

¢ = 40.6910(14) A

22142.4(14) A®

8

1.119 Mg/m?

0.322 mm™'

8096

0.200 x 0.200 x 0.080 mm?
1.063 to 27.163°.

-49<=h<=39, -18<=k<=18, -52<=I<=50
164785

24510 [R(int) = 0.1094]

100.0 %

Semi-empirical from equivalents
0.7455 and 0.7117

Full-matrix least-squares on F2
24510/ 484 /1281

1.004

R1=0.0494, wRz = 0.0955
R1=0.1078, wRz2 = 0.1171

0.371 and -0.370 e.A™®

for clarity. Thermal ellipsoids represent 50% probability.
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3.4 Solid State Structure of Ni(CO): siliconoid/silylene 3¢

Refinement Details

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms
were placed in positions of optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CHjs).
Disorder: three isopropyl-residues (fvar 2: 0.62/0.38; fvar 3: 0.68/0.32 and fvar 4: 0.80/0.20) and one n-
pentane solvent (fvar 5: 0.59/0.41) are split over two positions. Three n-pentane solvent molecules are
located over a crystallographic twofold axis and hence, they are handled using the PART-1 instruction

of SHELX (sof: 0.5).

Supplementary Table S5. Crystal data and structure refinement for Ni(CO): siliconoid/silylene 3¢ (CCDC: 2504470).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

R indices (all data)

Caos Haas N4 Niz O4 Site
3535.66

133(2) K

0.71073 A

Monoclinic

12/a

a=20.6821(5) A
b=34.0729(8) A
c=31.1785(6) A

21946.9(9) A’

4

1.070 Mg/m?

0.308 mm™!

7720

0.300 x 0.080 x 0.040 mm?
1.972 to 26.372°.

-25<=h<=25, -42<=k<=42, -35<=I<=38
151269

22428 [R(int) = 0.1233]

99.9 %

Semi-empirical from equivalents
1.00000 and 0.69666
Full-matrix least-squares on F2
22428 /640/1294

1.050

R1=0.0696, wRz = 0.1455
R1=0.1066, wR2 = 0.1609
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Largest diff. peak and hole 0.855 and -0.337 e.A™?

Supplementary Figure $46. Molecular structure Ni(CO)z siliconoid/silylene 3¢ in the solid state. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids represent 50% probability.

3.5 Calculation of Percent Buried Volume

The percent buried volume %V, of X-Fe(CO)4, 2 and 3b was determined with the Sambvca open-source
application on the corresponding crystallographic data, applying the common parameters of 3.50 A
sphere radius, 0.00 A or 2.28 A distance metal-ligand bond, with the hydrogen atoms included and the

scaled bond radii used as recommended by Cavallo).[")

%Vpur of X-Fe(CO)42%
Parameters: center of sphere: Fe1
z-axis: C4 (CO linear to Fe-Si7)
xz plane: C1, C2, C3 (remaining CO ligands)
deleted atoms: C1, C2, C3, C4, 01, 02, 03, 04
atomic radii: Bondi radii scaled by 1.17
Sphere radius: 3.5
Distance coordination point to center of sphere: 0.0
Mesh spacing for numerical integration: 0.10

H atoms: included

S41
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Supplementary Table $6. Distribution of ligand volume in X.['%

%V Free %V Buried % V Tot/V Ex
356.3 64.7 99.9
Quadrant Vf Vb Vit %V f %V b
SW 10.1 34.7 449 22.6 77.4
NW 16.7 29.2 449 35.0 65.0
NE 18.4 26.4 449 411 58.9
SE 19.1 25.8 449 42.5 57.5
3.00
2.25
-1.50
-0.75
- 0.00
- —0.75
-1.50
-2.25
-3.00
Supplementary Figure S47. Steric map of X produced by SambVca.['9]
%Vpur oOf 2
Parameters: center of sphere: Fe1
z-axis: C4 (CO linear to Fe-Si8)
xz plane: C1, C2, C3 (remaining CO ligands)
deleted atoms: C1, C2, C3, C4, 01, 02, 03, 04
atomic radii: Bondi radii scaled by 1.17
Sphere radius: 3.5
Distance coordination point to center of sphere: 0.0
Mesh spacing for numerical integration: 0.10
H atoms: included
Supplementary Table S7. Distribution of ligand volume in 2.0
%V Free %V Buried % V Tot/V Ex
447 55.3 99.9
S42
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Quadrant Vf Vb Vit %V f %V b
SW 20.0 24.9 44.9 445 56.5
NW 18.3 26.6 44.9 40.7 59.3
NE 19.0 259 449 42.3 57.7
SE 229 21.9 44.9 51.1 48.9
3.00
225
- 1.50
L 0.75
L 0.00
L —0.75
-150
-2.25
-3.00
-3 -2 -1 0 1 2 3
Supplementary Figure S48. Steric map of 2 produced by SambVca.l'9
3b
Parameters: center of sphere: Ni1
z-axis: P1
xz plane: C91, C97, C103 (ipso-Cs of phenyl ligands)
deleted atoms: P1, C91-C108, H92-108
atomic radii: Bondi radii scaled by 1.17
Sphere radius: 3.5
Distance coordination point to center of sphere: 0.0
Mesh spacing for numerical integration: 0.10
H atoms: included
Supplementary Table S8. Distribution of ligand volume in 3b.['%
%V Free | %V Buried ‘ % V Tot/V Ex
30.1 | 69.9 ‘ 99.9
S43
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Quadrant Vf Vb Vit %V f %V b
sSw 10.8 34.1 449 241 75.9
NW 14.3 30.5 449 31.9 68.1
NE 10.6 343 449 236 76.4
SE 18.4 26.5 449 41.0 59.0

3.00

2.25

F1.50

F0.75

F 0.00

F=0.75

=1.50

=2.25

-3.00

Supplementary Figure S49. Steric map of 3b produced by SambVca.['9

4 Computational Details

Computations were carried out with orca 5.0.4/6.0.1."-?2 Structural optimizations in the gas-phase,
frequency analyses and single point calculations for 2 and 3a-c were performed at the B3LYP/def2-
TZVP level of theory!?*-? including the dispersion correction by Grimme (D3BJ).*” Tighter than default
convergence had to be chosen for the optimization (tightopt) and scf (thightscf). Implicit correction for
solvation effects (solvents: hexane or benzene) were investigated with the CPCM model®" for
spectroscopic calculations. NMR chemical shifts (GIAQ)*? for 2-3a-c were calculated using TPSSh/def2-
TZVP.126-29.331 YV-Vis data was received using time-dependent calculations (TD-DFT).* FT-IR spectra
were corrected according to literature procedures by multiplying the harmonic frequencies with 1.0044.5°
Moreover, a constant offset value of A¥co = 100 cm™" was subtracted, determined by comparison of the
calculated CO stretching frequency (2243 cm™ at the B3LYP/def2-TZVP level of theory) with the
experimental value reported in the literature (2143 cm™).5% Pictures of Kohn-Sham orbitals were
displayed with ChemCraft 1.8.57]
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41 Fe(CO)ssiliconoid/silylene 2

4.1.1 Optimization and molecular orbitals

1
|

PN Si5. Si4.=
Si6 "

‘Siz .

i3\
Si7. g .
g Si1

Supplementary Figure S 50. Optimized molecular structure of Fe(CO)s siliconoid/silylene 2 at B3LYP/def2-TZVP.[23-29
Hydrogen atoms are omitted for clarity.

Supplementary Table $9. Coordinates of Fe(CO)a siliconoid/silylene 2 at B3LYP/def2-TZVP.123-2%]

Fe -5.066573 5.160465 17.213219
Si -3.08786 6.274186 17.162991
C -5.921721 6.70898 17.325657
Cc -4.400704 4.463731 18.701501
C -4.680145 4.484404 15.615365
Cc -6.579618 4.207269 17.333629
Si -2.20004 7.933712 15.721009
N -1.578527 5.276905 17.52376
N -2.35152 6.856205 18.746616
C -1.404563 5.919456 18.680009
O -6.523026 7.683711 17.435108
O -3.964407 4.0198 19.673265
0O -4.463839 4.004459 14.590218
0O -7.541785 3.5694582 17.416102
Si -1.198581 7.677349 13.660494
Si 0.120575 8.404824 15.811979
Si -2.78731 10.174186 15.054281
C -0.958228 4.063619 16.947838
C -2.665524 7.883257 19.755149
C -0.379185 5.633856 19.703783
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-0.603881
1.095821
-3.208425
-3.932925
-1.03906
-1.741454
0.510623
-3.450061
-1.404758
-3.533082
-0.66815
0.869124
1.356412
1.856751
-2.207692
-4.556874
-3.828142
-4.828491
-0.630387
-0.462901
-2.066054
-1.295922
-2.781627
-1.715588
0.940621
0.642449
1.068107
-3.779576
-2.834265
-4.33674
-1.693458
-0.875735
-0.724291
-3.79778
-4.451046
-2.99856
-1.64185
0.301822
1.833563
1.076132
2.647072
1.427425
2.802575
1.272559
-2.565019
-0.731742
-4.853361
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9.881335
7.454585
11.515113
10.409296
4.225861
2.822993
3.909789
8.977987
8.510875
7.260697
4743489
6.243961
9.618702
5.741767
12.320103
11.876959
11.652641
9.451505
3.346611
5.090662
4.349639
1.931559
2.882007
2.715986
3.103845
3.663542
4.813346
9.735973
9.472128
8.576872
9.383379
7.825955
8.838898
8.018491
6.849504
6.457579
4.274638
4.459956
5.956649
6.940369
11.006978
9.102548
5.224008
4.867907
13.494276
11.97064
13.062063

14.125511
13.889628
16.356629
13.551816
15.429661
17.392956
17.337751
19.027591
20.357389
20.855236
20.73342
19.631451
12.814598
13.626753
16.952745
16.580353
12.881088
13.036466
14.934469
15.108643
15.093549
16.948127
17.079592
18.47755
16.743509
18.388762
17.113315
19.738132
18.277292
18.53808
20.945095
21.015196
19.571052
21.594723
20.436376
21.362608
20.778924
21.687111
20.584058
18.830904
13.111512
10.984975
14.531783
12.681466
17.609386
16.920983
17.251073
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-5.745987
-4.569577
-2.950961
-5.556374
-5.083817
0.079751
1.551693
2.805323
3.567341
2.689807
0.366281
2.660615
3.003588
3.683048
1.527142
0.416091
-1.767001
-3.873227
-0.63409
0.054535
-0.120403
-5.890306
-5.369968
-6.613831
-6.614867
-4.471525
-5.441264
-2.429009
-1.874912
-3.778367
-6.241559
-4.481683
-6.547092
-4.659741
2.305818
4.481996
3.640289
3.649865
1.723961
0.563017
-1.01019
2.81093
3.876572
3.699354
2.349605
3.5634214
5.16386

11.019639
11.891789
12.789988
9.743502
8.087334
3.765813
5.062929
6.428905
10.999877
12.112249
9.188421
8.566988
3.848984
6.132386
3.504764
5.355596
14.107232
13.90625
10.959717
12.896163
11.950443
13.341187
10.072124
11.672927
10.69644
12.850498
10.946388
12.459237
13.178667
14.012001
9.000611
8.003469
7.90063
6.960189
4.838082
12.040937
9.897155
13.103613
12.312414
8.771861
9.726232
8.179758
8.415609
3.448052
2.967257
7.145866
5.782584

16.175857
11.731911
13.378536
11.882932
13.655459
22.487008
21.612515
20.523925
14.179449
12.221543
10.058898
10.546152
14.600652
156.371745
12.769474
11.5625161
18.027292
17.742119
16.5634482
15.985502
18.327542
17.390238
16.787722
15.092986
17.39983
11.238121
11.208657
14.271171
12.3705612
13.794021
11.493696
14.56197
14.075656
12.70874
22.355599
14.327455
15.21647
12.388307
11.063105
8.746461
10.410783
9.217805
11.452285
156.3278
13.752446
14.997717
15.170251
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3.331204
1.063295
0.352846
-1.008623
1.074289
-4.23117
1.109222
-0.012292
-0.330127
0.894821
-0.708423
-0.066431
-7.435398
-6.046959
-7.049655
-7.408361
-7.079165
-6.02983
-6.24639
-1.263457
-2.303789
-1.220806
-3.129266
-4.525991
-4.28929
-6.671235
-7.213656
-6.86575
-4.789038
-3.61442
-5.258128
5.169955
4657787
2.960719
3.1607
5.046903
3.677914
0.890039
1.141572
2379272
-0.26125
1779776
-0.985744
-1.418406
-2.077026
3.765232
3.571713
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6.144853
2.842294
6.441966
4797781
5.037494
15.219302
12.618946
13.934435
12.84737
11.5651965
11.323141
12.94865
11.009855
11.896885
12.603397
10.003035
11.600003
10.239766
11.219438
13.98541
13.625934
12.33684
14.773729
13.744221
14.453508
6.930084
7.936155
8.666931
5.988653
7.0569335
6.973691
12.02373
13.095216
9.105101
10.374312
9.208637
13.921981
11.625264
13.732464
12.015626
8.849533
8.27855
10.063541
10.922852
8.630549
7.790428
8.615449

16.859149
12.049651
11.585208
11.577816
10.176474
18.401984
15.95133
16.317861
14.966447
18.291386
18.998767
18.765686
14.816408
14.194037
15.463632
17.127278
17.797274
18.196145
9.957202
12.774847
11.429388
12.14711
14.230755
14.536835
12.935856
14.556875
13.212252
14.78
13.181964
12.419882
11.795665
15.163671
13.436492
14.906746
16.589341
15.309236
11.681524
11.194377
11.047194
9.708211
8.048822
8.297429
11.446751
9.543754
10.319613
8.884452
12.480452
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4.972553
4.442292
2.555408
5.802657
5.425506
5.394294
4.01619
3.396313
2.32069
-1.610934
-1.496696
-1.011436
0.49413
1.127969
2.083776
-5.323534
-3.710664
-3.737977
-6.841876
-5.340913
-7.218742
5.583603
3.17248
2.141648
3.798449
5.081013
5.786397
5.352186
0.293559
1.87968
0.804147
1.665323
2.743529
3.222581
1.982428
-2.374709
-1.532426
-0.682529
-3.035421
-1.798885
-2.208495
5.823822
4613838
5.32836
5.269394
4.83108
3.687793

549

9.43151
6.991171
1.473174
6.506988
5.772377

4.79879
6.795557
5.146521

6.52056
5.214535
5.041097
3.711286
5.485104

3.96096
5.442521

16.281376
16.40611
15.289915
10.323255
11.455375
12.38812
14.193787
9.549839
10.750538
11.172034
8.527512
10.054129
8.853357
13.786434
14.4595677
14.036898
12.1692
10.994392
12.690674
7.871483
11.318082
10.634467
11.724329
8.998561
7.759821
8.298888
9.314096
10.454714
9.279824
6.910957
6.725984
6.25793

11.106037
11.436463
13.87647
15.675427
14.11245
15.681272
17.407874
17.295057
17.010288
10.768213
12.521574
11.47087
9.368528
10.001306
10.125029
18.419796
17.58085
19.851649
9.758114
8.742551
10.158929
13.605865
17.305711
16.530867
16.976405
16.07725
15.574981
14.361347
10.362684
10.705739
12.035686
8.896624
9.646479
9.5645973
6.853913
9.886331
8.497077
9.588341
10.686247
10.913243
9.286856
11.780128
11.194388
10.084777
12.144496
10.452016
11.714981
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5. Supporting Information

3.252605
1.245043
3.189035
-4.020309
-4.089644
-2.619487
-4.063316
-2.647408
-4.124107
-5.937888
-4.669309
-4.726475
-7.837409
-6.679552
-7.876435
6.165979
6.552901
4.919038
3.013969
1.815652
1.058209
1.41375
0.505002
0.814198
3.387016
4.130772
2.526776
7.325365
6.028345
7.0408
5.670776
4.241685
4.338324
2.026115
2.491095
0.795477
1.245896
0.008464
1.212031

1.31326
0.756595
0.878571
17.35288
16.36968

16.398116
16.219656
15.256634
14.454404
11.595965
10.610643
12.347981
12.533083
13.319262
12.206397
13.952865
14.242909
15.55669

7.51759
9.068387
6.716852

-0.314362
0.884083
1.147597
-0.18713
1.376048
0.989197

14.998017
14.49553

13.278052

16.326973

16.523376

15.860894
8.778588
9.880461
9.456695
6.416721
7.008216
5.848115

14.704659
14.225311
12.613119
18.029149
16.558301
17.53281
20.323604
19.900332
20.43787
7.838726
8.582599
8.878396
9.270481
10.346365
11.010305
14.500691
12.418563
13.834645
6.763144
5.909476
6.450096
14.356713
13.43258
15.148636
12.746789
12.37595
11.75203
12.580732
11.494485
12.271005
14.021019
14.689552
12.961217
4.87756
6.183351
5.946449
5.416766
6.527257
7.091257

S50

241



5. Supporting Information

\ N7 ) \, ‘_I.:. ; \, 8 J \ N
Y o - | = \ — \.|‘ G| \I". = g /
—A A 1 ‘| : B ‘“ ‘r ;_, !Q . -"r \ ‘\ ® e
| N < \ T \ -y A
= PN = = P ‘. o -/ ee-e -/
: ) » [ ] i . » » . » [ ] } - [ ]
i 2 J e ] » b i e |
Y [ 8 3 (a8 ¥ ('S y . f
s __ ‘ . \ <.
[ ] ™ - “/
L ] L ] P

HOMO -5.26 eV HOMO-1-5.46eV HOMO-2-5.55eV  HOMO-3 -5.64 eV

L o Y ' o . - o P o
',‘ 5 . ‘@ ' o® . . P ’ : ¥ - Ps : 6 i &

. <& . . '3 _ ¢

' o - P © .""., L ¢

LUMO -2.09 eV LUMO+1 -1.36 eV~ LUMO+2 -1.14eV  LUMO+3 -0.90 eV

Supplementary Figure $S51. Selected frontier orbitals of Fe(CQ)s siliconoid/silylene 2 at B3LYP/def2-TZVP level of theory
(contour value 0.05).12%-2% Hydrogen atoms are omitted for clarity.

4.1.2 Experimental vs. calculated NMR shifts

Supplementary Table S$10. Comparison of experimental vs. calculated NMR chemical shifts for compound 2 at the
TPSSh/def2-TZVP level of theory.[26-29.33]

Exp. 2 5(>°Si) [ppm] Calc. 2 5(*°Si) [ppm]

Si3 (SINHSI) 172.7 175.4
Si8 (NHSI) 1571 171.3
Si7 (SiTip) 100.5 106.3
Si6 (SiTip2) 33.6 234

Si4 (SiTipz) 59 -7.3

Si5 (unsubstituted) -98.2 -96.6
Si1 (unsubstituted) -198.5 -200.6
Si2 (unsubstituted) -209.0 -214.2
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4.1.3 Experimental vs. calculated FT-IR spectra
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Supplementary Figure $52. Experimental vs. theoretical FT-IR spectrum of Fe(CO)a siliconoid/silylene 2 at the B3LYP/def2-
TZVP level of theory.[23-2°]

4.1.4 TD-DFT calculations

Supplementary Table S11. Transition Energy, wavelength, and oscillator strengths of the electronic transition of 2 calculated
at the TD-TPSSh/def2-TZVPP.[25-29.33.34] |avel| of theory (the 442™ orbital is the highest occupied orbital (HOMO) and 443

orbital is the lowest unoccupied molecular orbital (LUMO) shown in Supplementary Figure S51).

STATE 1: E=

442a -> 443a

STATE 2: E=

438a -> 443a :
439a -> 443a
441a -> 443a

STATE 3: E=

437a -> 443a .
440a -> 443a :

STATE 4: E=

438a -> 443a :
439a -> 443a :

0.086311au  2.349eV 18943.0 cm*™-1 <S*2>= 0.000000 Mult 1
0.985982 (c= -0.99296646)

0.092487 au 2517 eV 20298.5 cm**-1 <S§**2> = 0.000000 Mult 1
0.026654 (c= -0.16326156)
0.018809 (c= -0.13714414)
0.943242 (c= 0.97120660)

0.096374au  2.622eV 21151.6 cm*™-1 <S*2>= 0.000000 Mult 1
0.048696 (c= 0.22067112)
0.924143 (c= 0.96132341)

0.100662 au  2.739eV 22092.8 cm**-1 <S**2>= 0.000000 Mult 1

0.091020 (c= 0.30169581)
0.848619 (c= 0.92120535)
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440a -> 443a :
441a->443a :

STATE 5: E=

STATE 6: E=

STATE 7: E=

STATE 8: E=

STATE 9: E=

435a -> 443a
441a -> 444a
441a -> 445a
442a -> 444a

STATE 10: E=

4333 -> 443a
434a -> 443a :
435a -> 443a
437a -> 443a
440a -> 444a :

STATE 11: E=

430a -> 443a :
431a->443a :
4343 -> 443a
435a -> 443a :
437a->443a :
440a -> 444a

STATE 12: E=

431a -> 443a :
432a->443a :
433a->443a :
434a -> 443a
435a -> 443a :
440a -> 444a :

STATE 13: E=

430a -> 443a :
431a -> 443a :

244

0.103636 au
438a -> 443a :
439a -> 443a :
441a ->443a :

0.113231 au
437a -> 443a :
441a -> 444a
442a -> 444a

0.114828 au
434a -> 443a :
435a -> 443a
436a -> 443a :
437a->443a :

0.116576 au
427a->443a :
434a -> 443a
435a->443a :
436a -> 443a
437a ->443a
440a -> 443a :
440a -> 444a
442a -> 444a

0 121142 au

0 122638 au

0.123817 au

0.124587 au

0.125353 au

5. Supporting Information

0.018409 (c=-0.13568144)
0.031345 (c= 0.17704561)

0.862558 (c=-0.92874027)
0.107539 (c= 0.32793153)
0.012856 (c=-0.11338407)

0.041700 (c= 0.20420462)
0.023548 (c=-0.15345247)
0.898991 (c=-0.94815137)

0.016916 (c=-0.13006298)
0.062523 (c= 0.25004571)
0.749213 (c= -0.86557067)
0.128598 (c= -0.35860563)

0.015335 (c= 0.12383485)
0.014288 (c= 0.11953045)
0.027960 (c=-0.16721171)
0.196865 (c= -0.44369447)
0.553990 (c= 0.74430479)
0.021423 (c=-0.14636723)
0.030601 (c=-0.17493054)
0.049721 (c= 0.22298250)

0.010094 (c=-0.10046657)
0.903690 (c=-0.95062586)
0.013464 (c=-0.11603370)
0.016306 (c= 0.12769514)

0.028461 (c= -0.16870528)
0.349310 (c= 0.59102462)
0.459924 (c= 0.67817733)
0.010435 (c= 0.10215245)
0.114328 (c= 0.33812387)

0.022494 (c= 0.14998024)
0.037893 (c= 0.19466030)
0.416581 (c= 0.64543083)
0.034600 (c=-0.18601091)
0.041571 (c=-0.20388933)
0.365009 (c= -0.60415941)

0.052329 (c= 0.22875540)
0.028475 (c= 0.16874499)
0.484934 (c= -0.69637186)
0.163273 (c= -0.40407087)
0.113234 (c= 0.33650316)
0.134003 (c= -0.36606448)

0.022075 (c= 0.14857775)
0.094465 (c= -0.30735159)

2.820eV 227455 cm*™-1 <§**2> =

3.081 eV 24851.3 cm™-1 <§*2> =

3.125eV 25201.8 cm**-1 <§**2> =

3.172 eV 25585.4 cm™-1 <§**2> =

3.296 eV 26587.6 cm**-1 <§**2> =

3.337 eV 26916.0 cm**-1 <§*2> =

3.369 eV 27174.8 cm**-1 <§*2> =

3.390 eV 27343.7 cm**-1 <§*2> =

3.411eV 27511.9 cm*™-1 <§%2> =
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0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Muilt 1

0.000000 Mult 1
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432a ->443a
433a ->443a :
434a -> 443a :
435a -> 443a :
437a ->443a :
440a -> 444a

STATE 14: E=
430a -> 443a :
431a->443a :
432a -> 443a
435a -> 443a :
440a -> 444a :

STATE 15: E=
430a -> 443a :
431a->443a
439a -> 444a
439a -> 445a :
440a -> 444a :
440a -> 445a :
441a -> 445a
442a -> 445a

STATE 16: E=
430a -> 443a :
431a->443a :
439a -> 444a
440a -> 444a :
442a -> 445a

STATE 17: E=
428a -> 443a :
429a -> 443a :
430a -> 443a :
431a->443a :
432a -> 443a
435a -> 443a :
442a -> 446a

STATE 18: E=
427a -> 443a :
428a -> 443a :
429a -> 443a :
430a -> 443a
431a->443a :
432a ->443a :
435a -> 443a :
437a -> 444a :
439a -> 444a
440a -> 444a :
442a -> 4453

STATE 19: E=
427a -> 443a :
429a -> 443a :
431a ->443a :
432a->443a :
437a -> 444a :
439a -> 444a
440a -> 444a

0.126901 au

0.127299 au

0.127681 au

0.127902 au

0.128353 au

0.129214 au

5. Supporting Information

0.117333 (c= -0.34253954)
0.443083 (c= -0.66564485)
0.019326 (c= 0.13901727)
0.137939 (c= -0.37140193)
0.010104 (c= -0.10051752)
0.104668 (c= 0.32352502)

0.026695 (c= 0.16338700)
0.163721 (c= 0.40462415)
0.735415 (c= -0.85756367)
0.020802 (c= 0.14422820)
0.010847 (c=-0.10414877)

0.011124 (c=-0.10547124)
0.020476 (c=-0.14309432)
0.797963 (c= 0.89328761)
0.027952 (c= 0.16718912)
0.014305 (c=-0.11960342)
0.010192 (c= -0.10095499)
0.023446 (c= 0.15312096)
0.034360 (c=-0.18536585)

0.014464 (c=-0.12026623)
0.102948 (c= -0.32085443)
0.010095 (c= 0.10047461)
0.010309 (c=-0.10153557)
0.796798 (c= 0.89263567)

0.014035 (c=-0.11846730)
0.011015 (c= 0.10495393)
0.814618 (c= 0.90256197)
0.067410 (c= -0.25963431)
0.017896 (c= 0.13377645)
0.013872 (c= 0.11778087)
0.011878 (c= 0.10898566)

0.058954 (c= -0.24280479)
0.016131 (c= -0.12700658)
0.276604 (c= 0.52593126)
0.049850 (c= -0.22327037)
0.258018 (c= -0.50795471)
0.037089 (c= -0.19258383)
0.012652 (c= 0.11248137)
0.012087 (c= 0.10994290)
0.050787 (c= -0.22536017)
0.075138 (c= -0.27411273)
0.105861 (c= -0.32536261)

0.060839 (c= 0.24665619)
0.689109 (c= 0.83012566)
0.105746 (c= 0.32518675)
0.017841 (c= 0.13356924)
0.011291 (c=-0.10625947)
0.011181 (c= 0.10574092)
0.042212 (c= 0.20545666)

3.453 eV 27851.5 cm**-1 <§**2>= 0.000000 Mult 1

3.464 eV 27938.8 cm**-1 <§**2>= 0.000000 Mult 1

3.474 eV 28022.7 cm**-1 <§**2>= 0.000000 Mult 1

3.480 eV 28071.2 cm*™-1 <§**2>= 0.000000 Mult 1

3.493eV 28170.2 cm**-1 <§**2>= 0.000000 Mult 1

3.516 eV 28359.2 cm**-1 <§**2>= (.000000 Mult 1
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442a -> 445a :

STATE 20: E=

438a -> 444a
438a -> 445a
438a -> 450a :
439a -> 444a :
441a -> 444a :
441a -> 445a :
441a -> 450a :

STATE 21: E=

427a -> 443a :
428a -> 443a :
437a -> 444a
442a -> 446a

STATE 22: E=

437a -> 444a
438a -> 444a :
439a -> 444a
441a -> 445a
442a -> 446a :

STATE 23: E=

427a -> 4433
428a -> 443a :
437a -> 444a
438a -> 444a
441a -> 445a :
442a -> 446a :
442a -> 447a

STATE 24: E=

426a -> 443a
427a->443a :
437a->443a :
437a -> 444a
442a -> 446a
442a -> 447a :
442a -> 4493

STATE 25: E=

425a -> 443a
426a -> 443a
427a->443a :
431a -> 443a :
437a -> 444a
440a -> 444a
442a -> 449a

STATE 26: E=
425a -> 443a

426a -> 4433 :
437a -> 444a
439a -> 444a
439a -> 445a :
439a -> 449a :
439a -> 450a :
440a -> 445a :
440a -> 447a

246

0.130083 au

0.131043 au

0.133049 au

0 133251 au

0.134205 au

0 135469 au

D 136468 au

5. Supporting Information

0.012537 (c= 0.11196882)

0.545367 (c= 0.73848953)
0.024772 (c= 0.15739141)
0.014920 (c= 0.12214769)
0.028580 (c=-0.16905487)
0.016780 (c=-0.12953777)
0.267793 (c= 0.51748701)
0.013204 (c= 0.11490956)

0.011025 (c=-0.10500213)
0.862728 (c= 0.92883162)
0.016732 (c= 0.12935413)
0.057113 (c= 0.23898260)

0.048931 (c= 0.22120291)
0.304674 (c=-0.55197278)
0.010730 (c=-0.10358509)
0.485937 (c= 0.69709173)
0.055723 (c= -0.23605643)

0.031030 (c= -0.17615209)
0.013995 (c=-0.11830000)
0.226281 (c=-0.47568999)
0.030634 (c= -0.17502598)
0.072670 (c= 0.26957290)
0.524427 (c= 0.72417331)
0.024974 (c= -0.15803014)

0.076039 (c= -0.27575101)
0.416790 (c= 0.64559268)
0.012662 (c=-0.11252524)
0.220833 (c= 0.46992874)
0.126915 (c= 0.35625174)
0.051322 (c=-0.22654291)
0.020005 (c=-0.14143922)

0.113565 (c= 0.33699455)
0.262143 (c= 0.51199877)
0.263370 (c= 0.51319541)
0.017651 (c=-0.13285790)
0.221825 (c= -0.47098251)
0.015002 (c=-0.12248154)
0.011073 (c= -0.10523067)

0.015475 (c= 0.12439897)
0.036219 (c= 0.19031310)
0.020369 (c= 0.14272083)
0.029847 (c= 0.17276404)
0.204555 (c= -0.45227726)
0.045188 (c=-0.21257470)
0.012790 (c= -0.11309207)
0.254677 (c= 0.50465515)
0.012164 (c=-0.11029255)

3.540 eV 28549.8 cm*™*-1 <§**2> =

3.566 eV 28760.6 cm**-1 <§**2> =

3.620 eV 29200.9 cm**-1 <§**2> =

3.626 eV 29245.2 cm**-1 <§**2> =

3.652 eV 29454.6 cm*™-1 <§**2> =

3.686 eV 29732.1 cm*™*-1 <§**2> =

3.713 eV  299561.3 cm**-1 <§™*2> =
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0.000000 Mult 1
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441a -> 445a :
441a->449a :
442a -> 447a :

STATE 27: E=
426a -> 443a
438a -> 444a :
439a -> 445a :
439a -> 449a :
440a -> 445a :
441a -> 446a
442a -> 446a
442a -> 447a :
442a -> 448a :

STATE 28: E=
426a -> 443a
427a->443a :
428a -> 443a :
431a->443a :
435a -> 443a :
437a -> 444a
439a -> 445a
439a -> 447a
439a -> 449a
440a -> 445a :
440a -> 449a :
441a -> 446a
441a->447a :
441a -> 449a
442a -> 446a
442a -> 447a :
442a -> 449a

STATE 29: E=
425a -> 443a :
427a->443a :
435a -> 443a :
437a -> 4443 .
440a -> 445a :
441a -> 446a :
441a->447a :
442a -> 446a :
442a -> 447a
442a -> 449a

STATE 30: E=
425a ->443a :
426a -> 443a :
437a -> 444a .
439a -> 445a
440a -> 445a
441a -> 446a :
441a->447a :
442a -> 447a
442a -> 449a

0.136960 au

0 137671 au

D 137828 au

0.138289 au

5. Supporting Information

0.018288 (c= 0.13523387)
0.056572 (c=-0.23784922)
0.190590 (c=-0.43656580)

0.065783 (c= 0.23618387)
0.012299 (c= 0.11090052)
0.196164 (c= 0.44290432)
0.020610 (c= 0.14356035)
0.036198 (c=-0.19025799)
0.018186 (c= 0.13485690)
0.021457 (c=-0.14648196)
0.538472 (c=-0.73380627)
0.014606 (c= 0.12085502)

0.260602 (c= 0.51049182)
0.010432 (c= -0.10213913)
0.013968 (c= -0.11818591)
0.010231 (c= 0.10114605)
0.015899 (c= -0.12609179)
0.062231 (c= 0.24946215)
0.028346 (c= 0.16836174)
0.010336 (c= -0.10166494)
0.011427 (c= 0.10689835)
0.120214 (c= 0.34671923)
0.016953 (c= -0.13020444)
0.059609 (c= -0.24414948)
0.043729 (c= -0.20911434)
0.089369 (c= 0.29894640)
0.069216 (c= 0.26308881)
0.027996 (c= 0.16731861)
0.038981 (c= -0.19743676)

0.553826 (c= 0.74419508)
0.026877 (c=-0.16394163)
0.011033 (c=-0.10503627)
0.043812 (c= 0.20931404)
0.080444 (c=-0.28362651)
0.051803 (c= 0.22760214)
0.021282 (c= 0.14588181)
0.015305 (c= 0.12371223)
0.019503 (c= 0.13965260)
0.071946 (c= 0.26822661)

0.017588 (c=-0.13262099)
0.064482 (c= 0.25393343)
0.017763 (c= 0.13327859)
0.194793 (c=-0.44135380)
0.380085 (c=-0.61651058)
0.187861 (c=-0.43342928)
0.017321 (c=-0.13161102)
0.020820 (c=-0.14429020)
0.019601 (c= 0.14000441)

3.727 eV 30059.2 cm**-1 <§**2> = 0.000000 Mult 1

3.746 eV 30215.2 cm**-1 <§**2> = 0.000000 Mult 1

3.750 eV  30249.7 cm**-1 <§**2> = 0.000000 Mult 1

3.763 eV 30350.8 cm**-1 <§**2>=0.000000 Mult 1
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4.2 Ni(cod) siliconoid/silylene 3a

421 Optimization and molecular orbitals

Supplementary Figure $1. Optimized molecular structure of Ni(cod) siliconoid/silylene 3a at the B3LYP/def2-TZVP level of

theory.[23-29] Hydrogen atoms are omitted for clarity. Contour value at 0.05.

Supplementary Table S$12. Coordinates of Ni(cod) siliconoid/silylene 3a at the B3LYP/def2-TZVP level of theory.[23-2°

Ni 18.45466 8.9424 18.70953
Si 17.892297 11.061103 17.954707
Si 17.447081 9.140304 16.54695
Si 16.891888 7.501234 18.036751
C 20.597281 8.955439 18.441452
C 20.211351 7.657259 18.673526
C 18.401899 8.443955 20.833313
C 19.012818 9.66467 20.770055
Si 15.977399 10.957959 16.07106
Si 18.069348 11.930833 15.756746
Si 16.102104 12.524356 17.818329
Si 18.879789 9.942347 14.783437
N 15.084273 7.219591 18.29722
N 16.437562 5.804329 17.441658
C 15.170959 5.96751 17.846058
C 21.183299 9.90199 19.45659
C 20.3207 6.933799 20.001074
C 19.112215 7.117147 20.950513
C 20.506774 9.869458 20.835193
Si 17.339288 14.064386 16.417274
S57
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14.519107
18.103737
20.762013
13.913021
17.194583
14.095782
18.801242
15.997725
13.264314
14.530245
16.993833
18.609203
21.181003
21.766989
13.137932
12.995875
14.460594
16.390268
17.670144
18.396783
13.262908
13.917363
19.383792
19.389818
15.508614
15.457171
12.099588
13.102488
13.334853
15.799063
16.387854
16.410961
17.975276
19.87603
22.518604
20.244509
23.083902
21.502685
12.260204
12.915432
20.514423
18.829902
20.495634
18.882873
14.530998
15.993796
14.506913

558

12.765402
9.777943
9.571394
8.023519
4.587487
4.953465

15.225229

15.109762

12.791888

12.673567
8.962842

10.625843
8.439292

10.479817

8.44273
7.272932
9.262541
3.588939
3.924864
5.052223
4.851845
4.089257

15.284949

16.014755

14.925988
16.16508

12.607731

13.064118

12.497512

12.777429
9.084874
7.887623

10.702915

11.448165
8.287912
7.316699

10.289303

11.688764
3.892399
3.129863

16.063109

14.548908
16.81099

16.062005

15788733

13.830061

17.015966

18.850757
13.034334
14.680944
18.688121
17.122169
17.818952
16.869045
15.557673
18.193257
20.254911
12.709449
12.017744
13.950082
15.115353
17.435559
19.660051
19.389851
16.281951
18.422339
16.30549
16.708037
18.896589
18.153796
15.85047
14.248692
16.331777
18.92857
16.70657
20.949786
21.079994
11.459155
13.614659
10.784044
12.180264
13.588287
13.533037
14.714609
16.005802
16.675137
18.86201
18.381068
19.358152
16.138626
14.416164
13.75436
13.312925
15.782439
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15.894214
12.110662
12.465084
12.28776
15.712644
16.105415
16.841757
16.595254
14.93206
19.661446
21.012475
23.483354
20.719852
20.100993
21.319624
22.609963
12.085592
21.088815
19.776915
18.491463
20.015985
18.045549
14.027874
14.931276
16.438292
14.718562
16.685799
10.836593
16.130467
24.916329
22.3181
12.998897
17.04123
15.542867
25.320412
25.888048
23.528351
22.067148
11.698684
13.56546
13.408713
11.616671
11.304111
12.780607
14.55805
13.804515
12.341191

S59

16.452911
12.429525
11.888267
14.340017
13.958647
11.480087
9.960146
6.48234
8.119595
12.934376
10.900834
9.216012
5.978733
7.210253
12.979554
11.921772
3.029613
16.841288
13.44775
15.50913
15.989057
17.32069
16.848005
12.744244
14.373659
16.458593
17.763209
12.165911
10.096316
9.062269
17.68255
17.788795
9.728984
11.502878
10.203632
8.949052
16.80596
18.731715
17.800339
19.206276
5.518114
3.817439
2.281433
2.462319
4.178304
8.941282
9.137289

17.762893
20.306336
15.962012
16.461354
22.054786
21.831728
10.488025
13.026246
13.939533
11.912493
11.307493
13.929613
14.114491
12.009845
15.200679
17.043536
17.750797
17.389659
19.837519
20.503092
13.384427
14.154055
14.491086
13.108222
11.949764
18.747081
17.849846
21.079015
9.160027
13.470809
17.653775
13.902365
7.982902
8.987982
12.528975
14.651054
17.999441
18.743267
14.7149
13.751756
15.86848
15.808339
17.724208
19.703088
19.763706
16.733321
17.704057
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12.689324
12.245257
13.565715
12.473525
15.161035
14.978334
13.65108
17.063368
15.952905
15.59361
18.301436
16.82141
19.05019
18.976609
18.24626
18.070778
15.525937
18.381411
20.211988
19.30346
20.600079
18.936712
20.764853
21.216112
21.928502
16.952077
16.066663
16.194626
17.643825
14.304675
14.765654
14.602848
15.296835
16.490906
17.443022
17.885705
14.986385
16.332565
14.86886
22.816151
23.829483
24972723
26.335078
25.293137
24.642593
25.608694
25.893946

S60

7.580089
7.966896
6.889235
6.444622
9.794695
8.984543
9.945127
2.806482
4.077555
3.113085
3.061294
3.582891
4.211908
5.790249
4.633255
5.508841
8.468671
11.366304
11.363459
13.121313
13.474112
13.356321
10.979329
9.856761
11.467909
7.902298
6.377113
5.735614
6.253059
7.982127
9.123434
7.40765
9.387057
9.774199
8.720938
10.417551
11.578348
12.257042
11.749312
7.422484
11.005967
8.127826
10.054529
11.164963
10.265812
8.125698
9.864878

16.942545
20.04134
20.508053
19.186725
18.748958
20.307783
19.6406
15.927949
15.411234
16.847913
18.204451
19.01595
16.073457
16.857109
19.018534
156.372915
11.231954
10.031102
13.207658
10.899159
12.034388
12.605907
10.246386
11.533157
11.485946
14.55896
12.07694
13.71551
12.848529
13.056191
14.326969
14.699739
9.168512
7.040305
8.09852
7.907937
8.050884
8.970665
9.809745
13.008743
15.029649
12.903764
12.1562589
13.046775
11.676077
15.31053
15.245849
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26.906742
19.2568812
20.001756
20.843439
21.678637
19.636441
19.486527
21.077061
20.580024
22.202555
21173237
20.457381
23.505542
22.898428
22.263392
20.950484
20.926773
18.248706
19.601682
20.7068
20.585454
18.660416
17.188011
17.675715
17.905623
19.995523
19.324497
20.721868
17.745067
19.373383
18.098033
22.547197
23.722962
24 424147
22.944584
21.852095
21.216819
23.357685
14.156558
14125778
16.557371
14.007637
15.082815
14.185938
17.578852
16.998342
16.07343

8.775586
7.519175
5.188651
6.040475
5.683621
8.099412
6.349796
7.077602
11.505622
13.170432
13.829852
12.929507
12.348741
11.002494
12.637886
16.068471
17.418553
15.191766
15.828054
15.178024
16.919002
18.212954
17.389811
17.324951
14.061291
12.750263
12.88413
13.863543
16.242151
16.05494
14.957806
18.215175
16.078104
17.416763
19.368915
18.257192
19.365976
16.253432
15.6383

17.83125
15.652309
17.254218
16.626748
15.509386
17.729161
17.956422
18.606282

14.296752
13.954813
13.890486
15.195698
13.686223
11.590475
11.73896
11.5639601
16.555861
14.585409
15.867243
14.541672
16.587956
17.550316
17.790574
19.371869
15.353499
14.252341
12.388445
13.603119
13.349421
14.2948
14.817106
13.126593
19.053436
19.030136
20.656178
20.19442
20197727
20.841522
21.354973
16.725599
17.210007
18.133671
18.875329
19.703153
18.487533
18.926126
12.749131
16.384241
18.088193
18.517302
19.763072
18.735839
17.228167
18.877968
17.523275
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12.76208
10.954728
11.870758
11.279016
14.478173
13.808871
12.839472
16.854447
14.056513
14.604991

15.33747
16.845899
17.201062

15.59858
11.151111
13.357574
16.629586

15.54596

16.63314
14.892818
16.224284

15.30115
17.024981
14.091725
12.353546
11.473388
13.079219
12.287197
12.706627
11.250908
11.104586
10.247711

9.802128

9.356922
10.974005

9.963465
10.218398

8.920908

9.47162
20.753577
20.103777
21.235751
20.444206
18.381196
19.440578
17.343075
18.401606

S62

17.417393
18.444894
18.177219
16.797569
19.201762
19.63369
19.86478
13.34565
13.149097
12.325917
11.926418
13.56358
15.146384
14.801825
12.608539
12.400294
12.964997
14.895821
14.049224
13.825015
10.649067
11.228285
11.578952
13.233538
12.12667
11.663106
10.994022
14.577117
15.192612
14.2168
12.137528
10.797798
13.280852
10.583674
10.001484
10.768564
14.251556
13.097842
13.340477
9.237948
7.029229
7.250328
5.865898
6.336563
6.9612
8.42477
10.541578

12.900488
14.241165
15.725343
14.802248
13.153809
14.727024
13.269124
13.776097
12.592431
14.058147
12.509794
11.345418
12.046908
11.399789
18.406607
22.028654
20.396529
21.523561
22.63398
22.762467
21.139557
22.525949
22.412142
16.28263
14.90269
16.360192
16.04491
15.397317
16.990366
16.782129
22.139716
20.710434
20.889743
21.305509
20.8827
19.656273
21.163524
21.508752
19.850785
17.408843
17.80083
20.504422
19.807743
20.738103
21.986955
21.056254
20.908551
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H 20.950645 9.090799 21.456394
H 20.710838 10.813512 21.344242
H 21.098158 10.909044 19.056681
H 22.259683 9.711643 19.5668597
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Supplementary Figure S53. Selected frontier orbitals of Ni(cod) siliconoid/silylene 3a at B3LYP/def2-TZVP level of theory
(contour value at 0.05).123-2% Hydrogen atoms are omitted for clarity.

4.2.2 Experimental vs. calculated NMR shifts

Supplementary Table S13. Comparison of experimental vs. calculated NMR chemical shifts for Ni(cod) siliconoid/silylene 3a
at the TPSSh/def2-TZVP level of theory.[26-29.33]

Exp. 3a 5(2°Si) [ppm] Calc. 3a 5(2°Si) [ppm]
Si3 (SINHSI) -10.2 0.7
Si8 (NHSJ) 89.1 90.5
Si7 (SiTip) 50.0 60.0
Si6 (SiTipz) 39.0 329
Si4 (SiTipz2) -13.3 -19.0
Si5 (unsubstituted) -83.1 -80.8
Si1 (unsubstituted) -154.0 -151.9
Si2 (unsubstituted) -340.7 -346.2
S63
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4.2.3 TD-DFT calculations

Supplementary Table S14. Transition Energy. wavelength. and oscillator strengths of the electronic transition of Ni(cod)
siliconoid/silylene 3a calculated at the TD-TPSSh/def2-TZVP.[26-29.33.34 |avel of theory (the 445" orbital is the highest occupied
orbital (HOMQ) and 446" orbital is the lowest unoccupied molecular orbital (LUMO) shown in Supplementary Figure S53).

STATE 1: E= 0.083385au 2.269eV 18300.9 cm**-1 <S§**2>= 0.000000 Mult 1

443a->446a : 0.011432 (c=-0.10691906)
444a -> 446a : 0.189275 (c= 0.43505786)
445a ->446a : 0.516370 (c=-0.71858895)
445a ->447a : 0.190026 (c= 0.43591937)
445a -> 448a : 0.048401 (c=-0.22000263)
STATE 2: E= 0.087666 au 2.386 eV 19240.5 cm*™-1 <§**2> = 0.000000 Mult 1
443a -> 446a : 0.034645 (c= 0.18613295)
444a ->446a : 0.726046 (c= 0.85208323)
445a ->446a : 0.052594 (c= 0.22933452)
445a ->447a : 0.135751 (c=-0.36844452)
STATE 3: E= 0.088283 au 2.402eV 19375.8 cm*-1 <§**2> = 0.000000 Mult 1

443a->446a : 0.021628 (c=-0.14706523)
444a ->446a : 0.022816 (c=-0.15104870)
445a ->446a : 0.236832 (c=-0.48665352)
445a -> 447a : 0.654462 (c= -0.80898846)
445a ->448a : 0.029734 (c=-0.17243672)
STATE 4: E= 0.096911au 2.637eV 21269.5 cm*™-1 <§**2>= 0.000000 Mult 1
443a->446a : 0.101779 (c= 0.31902874)
444a ->447a : 0.046828 (c=-0.21639831)
445a->446a : 0.035528 (c= 0.18848842)
445a -> 448a : 0.748071 (c= -0.86491075)
445a->451a : 0.012017 (c=-0.10962389)
STATE 5: E= 0.098576 au 2.682eV 21634.9cm*™-1 <§**2>= 0.000000 Mult 1
442a->446a : 0.611813 (c= 0.78218496)
443a ->446a . 0.061309 (c=-0.24760556)
444a ->447a : 0.227232 (c=-0.47668854)
444a ->448a : 0.020730 (c= 0.14398064)
445a ->448a : 0.010527 (c= 0.10259909)
STATE 6: E= 0.098839au 2.690eV 21692.6 cm*™-1 <§**2>= 0.000000 Mult 1
445a->449a : 0.995456 (c=-0.99772528)
STATE 7: E= 0.099683 au 2.713eV 21877.9cm™-1 <§**2> = 0.000000 Mult 1
442a->446a : 0.059601 (c= 0.24413405)
443a ->446a : 0.359974 (c=-0.59997839)
4443 -> 447a : 0.387787 (c= 0.62272532)
444a->448a : 0.019063 (c=-0.13806779)
445a -> 446a : 0.017034 (c= 0.13051551)
445a ->448a : 0.103391 (c=-0.32154539)
445a->450a : 0.016132 (c= 0.12701138)
STATE 8: E= 0.101674au 2.767 eV 22314.8 cm**-1 <S**2> = (0.000000 Mult 1
442a ->446a : 0.157245 (c=-0.39654150)
443a ->446a : 0.288001 (c=-0.53665721)
444a ->447a : 0.148598 (c=-0.38548423)
445a -> 446a : 0.059421 (c= 0.24376525)
445a -> 448a : 0.015773 (c=-0.12558895)
445a->450a : 0.253762 (c=-0.50374768)
STATE 9: E= 0.104272au  2.837 eV 22885.1 cm*™-1 <§**2> = 0.000000 Mult 1
441a->446a : 0.037269 (c= 0.19305180)
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442a -> 446a :
443a -> 446a :
4443 -> 446a
444a -> 447a
444a -> 448a
445a -> 450a
445a -> 451a :

STATE 10: E=

443a -> 447a :
444a -> 447a
4443 -> 4483 .
445a -> 450a :

STATE 11: E=

440a -> 446a :
441a -> 446a
442a -> 447a
443a -> 447a :
443a -> 448a :
445a -> 451a :

STATE 12: E=

0.053510 (c=
0.045147 (c=
0.015297 (c=
0.115523 (c=
0.016450 (c=
0.627163 (c=
0.028855 (c=

0.106830 au
0.014203 (c=
0.033465 (c=
0.896608 (c=
0.019291 (c=

0.110187 au
0.054144 (c=
0.069531 (c=
0.029740 (c=
0.592754 (c=
0.067045 (c=
0.112023 (c=

0.110424 au
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-0.23132189)
-0.21247761)
0.12368296)
-0.33988606)
-0.12825648)
0.79193652)
0.16986808)

0.11917719)
0.18293556)
0.94689413)
0.13889108)

-0.23268882)
0.26368663)
0.17245290)

-0.76990544)
0.25893073)
0.33469904)

440a -> 446a :
441a -> 446a :
445a -> 451a :

STATE 13: E=

440a -> 446a :
441a -> 446a :
442a -> 446a :
442a -> 447a :
443a -> 447a :
443a -> 448a
445a -> 450a :
445a -> 451a :

STATE 14: E=

4443 -> 4493

STATE 15: E=

440a -> 446a :
441a -> 446a :
442a -> 446a :
442a -> 447a
442a -> 448a

0.1

0.040442 (c=-0.20110085)
0.346095 (c= 0.58829801)
0.546615 (c=-0.73933385)

10698 au

0.197356 (c=
0.158476 (c=
0.012104 (c=
0.028935 (c=
0.257880 (c=
0.027391 (c=
0.017013 (c=
0.211001 (c=

0.111719 au
0.995849 (c=

0.113376 au
0.020744 (c=
0.055346 (c=
0.012901 (c=
0.745817 (c=
0.066960 (c=

0.44424763)
-0.39809095)
-0.11001794)
-0.17010158)
-0.50781896)

0.16550193)

0.13043204)
-0.45934896)

0.99792252)

0.14402607)
-0.23525685)
0.11358255)
0.86360689)
-0.25876557)

442a -> 450a :
444a -> 450a :

STATE 16: E=

440a -> 446a :
441a -> 446a :
444a -> 450a :
445a -> 452a
445a -> 453a

STATE 17: E=

440a -> 446a :
441a -> 446a :
442a -> 447a :
443a -> 448a

256

0.1

0.014727 (c=-0.12135572)
0.028627 (c= -0.16919656)

14091 au
0.023437 (c=-0.15309071)

0.020166 (c=
0.071302 (c=
0.832679 (c=
0.010213 (c=

0.115254 au

: 0.089954 (c=
0.022278 (c=
0.016400 (c=
0.011549 (c=

-0.14200590)

0.26702350)
-0.91251245)
-0.10105994)

0.29992256)
0.14925664)
0.12806330)
0.10746703)

2.907 eV 23446.5 cm**-1 <§**2> =

2998 eV 24183.4 cm*™-1 <5**2> =

3.005 eV 24235.2 cm™-1 <5™2> =

3.012 eV 24295.4 cm**-1 <§**2> =

3.040 eV 24519.4 cm*™-1 <§**2> =

3.085eV 24883.2 cm**-1 <§**2> =

3.105 eV 25040.1 cm**-1 <5**2> =

3.136 eV 25295.4 cm**-1 <§**2> =
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0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1



444a -> 450a :
444a -> 451a :
445a -> 452a :

STATE 18: E=
440a -> 446a :
441a -> 446a :
443a -> 448a :
445a -> 452a
445a -> 453a :
445a -> 455a

STATE 19: E=
440a -> 446a :
441a -> 446a :
443a -> 447a :
443a -> 448a
444a -> 451a :
445a -> 453a :
445a -> 454a

STATE 20: E=
438a -> 446a :
439a -> 446a :
440a -> 446a :
440a -> 447a :
441a -> 446a :
443a -> 448a
443a -> 450a
444a -> 450a :
444a -> 451a :
445a -> 450a :
445a -> 451a :
445a -> 452a
445a -> 453a
4453 -> 454a
445a -> 457a :

STATE 21: E=
442a -> 447a
443a -> 448a :
4443 -> 451a :
4443 -> 452a :
444a -> 453a :
445a -> 454a

STATE 22: E=
438a -> 446a :
439a -> 446a :
439a -> 447a
440a -> 447a
441a -> 446a
441a -> 447a :
442a -> 448a
444a -> 451a
4453 -> 453a :
445a -> 454a
445a -> 455a :

STATE 23: E=
437a -> 446a

0.721015 (c=
0.011720 (c
0.041912 (c=

0 116696 au

0.049909 (c=

5. Supporting Information

0.84912615)

=-0.10825705)

0.20472541)

3.175eV 25611.7 cm**-1 <§**2> =

0.22340305)

0.037458 (c= 0.19354155)
0.016204 (c=-0.12729434)
0.046768 (c=-0.21625983)
0.760765 (c= 0.87221870)
0.035034 (c= 0.18717384)

0 117873 au

0.047149 (c=
0.014848 (c=
0.077355 (c=
0.652797 (c=
0.042291 (c=
0.072490 (c=
0.012673 (c=

0.118289 au

0.014644 (c=
0.013983 (c=
0.172327 (c=
0.023075 (c=
0.120048 (c=
0.112931 (c=
0.015749 (c=
0.032590 (c=
0.014182 (c=
0.012019 (c=
0.023114 (c=
0.035491 (c=
0.069434 (c=
0.209576 (c=
0.012786 (c=

0.119303 au

0.015057 (c=
0.068239 (c=
0.776575 (c=
0.037932 (c=
0.013357 (c=
0.016957 (c=

0.120301 au

0.036876 (c=
0.218163 (c=
0.010152 (c=
0.028087 (c=
0.026184 (c=
0.019977 (c=
0.018853 (c=
0.032581 (c=
0.010814 (c=
0.434603 (c=
0.047286 (c=

0.120685 au

0.033779 (c=

3.207 eV 25870.0 cm*™*-1 <§**2> =

0.21713921)
0.12185056)
-0.27812731)
-0.80795825)
0.20564669)
-0.26923997)
0.11257473)

3.219eV 25961.5 cm*™-1 <§**2> =

0.12101376)
0.11825020)
0.41512300)
-0.15190425)
0.34647911)
0.33605167)
-0.12549533)
-0.18052695)
-0.11909007)
-0.10963270)
0.15203363)
-0.18839031)
-0.26350280)
0.45779489)
0.11307668)

3.246 eV 26183.9 cm*™-1 <G**2> =

-0.12270730)
-0.26122572)
-0.88123518)
0.19476178)
0.11557234)
0.13022059)

3.274 eV 26403.0 cm*™-1 <§**2> =

0.19203215)
0.46707894)
-0.10075949)
-0.16759120)
0.16181347)
0.14133858)
0.13730728)
-0.18050255)
-0.10398940)
-0.65924411)
0.21745342)

3.284 eV 26487.2 cm*™-1 <§*2> =

0.18379159)

S66

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1
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439a -> 446a :
440a -> 446a :
444a -> 450a :
445a -> 453a :
445a -> 454a
445a -> 455a
445a -> 456a :

STATE 24: E=
439a -> 446a :
440a -> 446a
441a -> 447a
442a -> 447a :
442a -> 448a :
445a -> 453a :
445a -> 454a
445a -> 455a
445a -> 456a :

STATE 25: E=
440a -> 446a :
440a -> 447a
441a -> 447a
442a -> 447a
442a -> 448a :
445a -> 454a
445a -> 455a :

STATE 26: E=

440a -> 447a

441a -> 4473 :
441a -> 448a :
442a -> 447a .
442a -> 448a
444a -> 452a
445a -> 456a :
445a -> 457a :
445a -> 460a :

STATE 27: E=
443a -> 449a :

STATE 28: E=
438a -> 446a :
441a -> 447a :
442a -> 448a :
443a -> 449a :
443a -> 450a :
4453 -> 4553 :
445a -> 456a :
445a -> 457a :
445a -> 458a :
445a -> 460a :
445a -> 461a :

STATE 29: E=
440a -> 447a :
441a -> 447a
444a -> 451a :
4443 -> 452a
444a -> 453a

258

0.122088 au

0.122484 au

D 123100 au

0.123466 au

0 123817 au

0.124215 au

5. Supporting Information

0.443319 (c= 0.66582186)
0.077201 (c=-0.27785138)
0.013866 (c= 0.11775418)
0.016682 (c= 0.12915737)
0.113323 (c= 0.33663492)
0.176764 (c=-0.42043294)
0.014109 (c= 0.11878040)

0.051154 (c= -0.22617341)
0.018114 (c= 0.13458938)
0.026078 (c= 0.16148785)
0.023590 (c= 0.15359186)
0.221448 (c= 0.47058251)
0.012558 (c= 0.11206142)
0.051346 (c= -0.22659662)
0.508078 (c= -0.71279564)
0.014414 (c= 0.12005735)

0.028709 (c=-0.16943706)
0.026980 (c= 0.16425725)
0.087093 (c= 0.29511576)
0.042513 (c= 0.20618563)
0.480229 (c= 0.69298571)
0.085953 (c= 0.29317692)
0.132346 (c= 0.36379332)

0.014324 (c= -0.11968461)
0.517138 (c= -0.71912303)
0.049129 (c= 0.22164982)
0.011208 (c= 0.10586644)
0.129138 (c= 0.35935741)
0.022131 (c= 0.14876405)
0.097353 (c= -0.31201431)
0.041252 (c= 0.20310669)
0.014649 (c= -0.12103396)

0.978057 (c=-0.98896766)

0.015701 (c= 0.12530530)
0.168338 (c=-0.41028996)
0.018389 (c= 0.13560468)
0.015379 (c=-0.12401042)
0.082141 (c=-0.28660221)
0.016554 (c= 0.12866265)
0.213787 (c= 0.46237113)
0.254089 (c=-0.50407223)
0.022300 (c= 0.14933092)
0.080564 (c= 0.28383878)
0.051960 (c=-0.22794664)

0.017508 (c=-0.13231759)
0.016472 (c= 0.12834327)
0.070670 (c= 0.26583882)
0.701188 (c= 0.83736991)
0.080264 (c= 0.28330960)

3.322 eV 26795.2 cm**-1 <§%2> =

3.333 eV 26882.2 cm**-1 <§*2> =

3.350 eV 27017.4 cm**-1 <§™2> =

3.360 eV 27097.6 cm**-1 <§**2> =

3.369 eV  27174.7 cm**-1 <§*2> =

3.380 eV 27261.9 cm**-1 <§™2> =

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1



5. Supporting Information

444a->454a :  0.015041 (c= 0.12264069)
445a->456a :  0.012464 (c= 0.11164087)
STATE 30: E= 0.125447 au  3.414 eV 27532.5 cm*™-1 <§**2>= 0.000000 Mult 1
438a->446a : 0.030534 (c= 0.17474092)
439a->446a :  0.019015 (c= -0.13789490)
440a-> 447a :  0.304872 (c= -0.55215223)
440a->448a :  0.023920 (c= 0.15466103)
442a->450a : 0.017156 (c= 0.13097958)
443a->450a : 0.050936 (c= 0.22568996)
444a->452a :  0.082585 (c= -0.28737578)
444a->453a :  0.047041 (c= 0.21688900)
444a->455a :  0.010708 (c= 0.10348105)
445a->454a :  0.012094 (c= 0.10997456)
445a-> 4553 :  0.015145 (c= -0.12306418)
445a-> 456a :  0.145021 (c= -0.38081607)
445a->457a :  0.068600 (c= -0.26191543)
4453 -> 458a :  0.047196 (c= 0.21724677)
445a->460a : 0.021540 (c= 0.14676366)
445a->461a :  0.017694 (c= -0.13301787)

4.3 Ni(PPhs) siliconoid/silylene 3b

4.3.1 Optimization and molecular orbitals

\.{\ S|5 S|4.>
\ \ S|6 SI2
S|7 .SIS/\
/ Si1 \ _ 'S
/ Nn._____s;s .

Supplementary Figure S54. Calculated structure of Ni(PPhs) siliconoid/silylene 3b at the B3LYP/def2-TZVP level of theory.23-
21 Hydrogen atoms are omitted for clarity.

S68
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5. Supporting Information

Supplementary Table S$15. Coordinates of Ni(PPhs) siliconoid/silylene 3b at the B3LYP/def2-TZVP level of theory.[23-2]

Ni
Si

w o

O000z2002Z2

O

w O

O0O00000000000000000000000O0
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20.167835
18.620602
19.510486
22.277925
20.503717
18.048507
16.811029
18.596592
16.880585
15.853229
18.685256
20.634271
18.224583
23.622821
23.375485
22.391858
21.476965
21.585508
21.026973
256.370709
26.551274
26.421009
23.578418
15.602201
14.915795
15.141282
14.008118
13.326843
13.781371
18.045343
20.109405
18.285919
16.497566
15.483457
14.606444
23.829826
23.049014
23.518083
24.390042
22.957449
22.740755
22.573406
22.759767
23.387064
21.255087
23.338153

S69

10.285606
9.077116
11.655672
9.976204
9.39304
7.348857
7.671676
6.11476
8.947848
9.898658
12.975751
12.588611
11.085347
8.131859
10.091814
7.980396
10.910637
10.195735
12.772874
9.339331
8.018355
10.785641
6.625168
6.824742
6.646643
6.200052
5.399401
5.222302
5.848903
4.863062
6.165046
6.081257
11.280867
9.609061
9.860061
5.343251
6.716085
4.211761
5.122063
4.291973
5.556145
3.04079
8.042052
8.119988
8.316484
4.49401

23.707713
24.660077
22.122047
24.259896
25.900699
24.388392
24.779645

23.79516
25.190527
25.636065
23.089936
21.013947
20.941211
24.180682

26.33133
26.195998
27.487906
29.263618
27.573194
25.310132
26.011401
24.611513
23.029363
24.729029
23.529888
25.885428
25.841031
24.642538
23.487535
24.485726

24.00175
22.292827
25.5628263
27.095243
24.745018

23.56748
21.724364

22.81859
24.963573
21.562913
21.021853
20.792608
21.041681
19.644843
20.968556

25.88638
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25.657483
21.049173
23.260388
22.560038
20.867052
21.194818
19.690594
22.187831
22.838773
22.570479
23.323238
24.835063
22.930233
19.918955
18.381616
21.367121
23.320101
20.014147
21.772164
21.566295
22.800239
20.622548
19.838632
20.416727
19.036149
17.588589
19.200988
24.234743
22.705669
20.551347
19.068773
26.561168
27.465079
28.367247
27.540851
28.388426
27.468518
29.390614
25.631117
26.393634
24618848
27.371078
28.834795
29.301567
30.816568
26.306026
27.352168

S70

4.260544
2.929941
2.959593
10.759055
9.073136
8.514226
8.432748
9.033744
10.174673
8.37573
12.02526
11.819391
13.194525
6.950483
8.600756
8.156999
7.060804
13.186692
13.779675
15.116767
13.485245
16.521141
14.537125
16.986485
12.222698
12.589578
12.159289
13.476382
14.447621
17.277032
17.48
7.536124
7.456846
6.486838
7.897802
6.011861
6.541184
4.968066
8.050572
8.57969
6.985418
6.741398
8.672815
3.685114
5.534222
11.286015
11.419126

24.965522
20.652288
19.425111
30.118328

29.74032
30.972747
29.017737
31.789739

31.35001
33.097531
29.772223
29.770719
30.683279
28.703035
29.801076
34.020209
32.843147
28.468458

26.91162
27.240733
25.830178
28.171887
28.753933
28.486324
29.121937
28.765173
30.644921
26.369632
24640418
29.984756
27.943622
27.335108
25.086513
25.502528
23.630218
26.807148
27.697402
27.251305
28.422221
29.642822
28.856957
22.639855

23.35417
26.417439
27.237984
23.297742
25.472427

261



I I I I IIIIIIIIIIIIIIIIOOOOOCOOCOOOCOOOOOOOO0O0O0O0O0O0O0O0000DO0

262

5. Supporting Information

27.073317
25.373742
27.989344
28.117648
28.805282
27.591829
28.878687
27.651567
24.219143
26.1081
28.44695
30.310651
17.59611
17.849597
16.857796
16.232685
16.607901
19.20881
17.556427
18.629872
17.504444
16.967706
21.095365
21.146177
22.042293
22.553522
22.100086
15.682985
13.659534
12.44337
13.249951
15.262255
20.595022
20.356561
20.53275
18.673638
17.212669
18.756904
16.990845
18.17926
18.598479
14.885092
13.9477
14.046908
16.69888
17.4421
15.841962

S71

12.377246
10.704873
12.991443
12.484333
14175712
10.988577
10.162674
12.180006
11.663624
10.316443
15.444964
13.893257
9.863023
11.829254
11.368884
10.150905
9.397277
13.24759
13.673429
14.205827
14.895936
14.626046
12.008098
13.829964
12.649231
13.882573
14.469917
6.329252
4911237
4.598219
5.71869
7.149284
5.325261
6.135875
7.078202
6.97454
6.019805
5.211221
4.700285
4.933399
3.99218
9.973321
10.687498
8.934275
11.540498
11.306782
12.039757

22.893213
22.252477
23.727369
25.012183
23.257963
26.912132
27.042073
27.875776
21.953076
20.96493
24.04122
23.323488
21.172058
19.819778
18.964273
19.209918
20.314804
24.356054
22.664035
25.175204
24.741035
23.48736
19.829123
21.388382
19.044694
19.433963
20.607752
26.812694
26.74173
24.608531
22.553794
22.6374
23.505596
25.061689
23.589741
21.804678
22.113439
21.832829
24.274078
25.566072
24131411
23.696135
25.013641
24.861164
24.490733
26.071227
25.95366
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14.786565
16.374372
15.008255
23.703092
22.312074
23.203509
22.894527
24.445518
23.290874
21.060241
20.831728
20.727135
24.662992
25.442405
26.071021
26.424166

22.44238
23.736926
23.053748
20.770283
20.651433
20.565139
23.012787
24.345004
22.943416
20.648202
23.593894
23.050825

2512413
25.207596
25.337261
23.446807
23.199424
21.860077
19.550961
18.154335
18.429521
17.551521
19.110658
19.940011
20.858006
23.259282

23.63968
22.680434
24.202618
21.689115
20.838095

S72

10.362909
9.625572
8.633104
3.231397
5.643095
8.834618
7.443311
7.859009
9.132169
9.217591
8.472255

7.48738
6.092113
3.23712
4222746
4.66436
5.110877
4.386646
3.502003
1.99882
3.759471
2.952301
2.021203
3.017825
3.77785
7.640799
10.61989
12.3232

11.063585

11.504498

12.750555

14.103668
12.99387

13.386336
8.944839

9.64837

8.09493
8.166196
6.573641
6.349474
6.801738
9.056528
6.607088
6.345006
7.226925
7.749874
9.093649

27.465485
27.721939
27.192102
23.241318
20.031518
21.644178

18.94382
19.672223

19.24611
20.388994
21.962502
20.493635

25.38127
24.650703
25.973669
24.309281
25.941598
26.897167
25.527912
20.153418
20.063179
21.630492
18.923643
19.528676
18.775048
31.304076
31.987159
28.764796
29.041737
30.746592
29.510418
30.368129
31.722703
30.639576
28.066597
29.988292
30.767503
29.239195
28.071086
29.614741
28.171895
33.607521
33.784347
32.321861
32.223866
34.981287
34.203992

263
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20.656198
22.154603
19.061226
19.222467
20.172525
18.434444
19.095859
17.469973
17.280595
16.905682
22.588915
23.291612
23.099485
21.676245
24.942335
24.363754
24.496109
21.205609
18.991729
18.241019
18.944681
20.468637
19.767623
21.513899
29.070935
27.466944
25.059396
24.075071
23.885778
25.117236
26.955839
25.693088
27.099636

26.71363
28.860403
29.708256
28.921019

27.41039
26.411661
28.161802
29.145896
29.651535
28.295766
29.999384
31.117431

31.63032
30.887384

S73

7.451694
15.876583
14.825448
11.227029
11.760806

11.52097
13.163388
12.742257
13.507492
11.797717
12.490516
14.059887
15.436793
14.568325
13.235902
12.736774

14.45476
17.539383
17.301082
16.958746
18.550301

18.34883
16.775355
16.932273

6.085704

6.172502

8.879709

6.588759

7.416232

6.154746

7.784534

8.993246

9.362934

8.576655

9.022192

8.037165

9.542013

7.120812

6.244259

5.995792

4.709733

3.876861

3.264242

2.933384

5.805559

47976

6.430504

33.584763
26.742371
29.449764
28.718484
30.926527
31.088127
31.084211
27.694774
29.269123
29.079521
25.44287
23.806494
24.882388
24.307766
25.574627
27.157007
26.780985
27.967304
26.869674
28.43
28.123601
30.178357
30.556399
30.365809
24.78372
28.716366
28.0063
28.000916
29.54148
29.363491
30.136039
30.369457
29.367184
23.433789
22.320159
23.515486
24.003923
21.616241
22.770987
22.744462
28.286281
25.371908
26.445519
26.793314
26.223551
27.614515
27.85636
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26.957396
28.830852
26.753442
28.845429
29.041306
29.737389
28.570766
27.637603
26.810309
24940772
24.582001
23.688513
23.498213
25.420949
26.925998
26.527177
28.5645122
28.996367
28.696214
27.378934
30.566823
30.635605
30.879662
18.342117
16.575934
15.464573
16.1418
17.896494
20.068607
19.053246
17.044273
16.087092
17.123252
20.702074
22.384349
23.297787
22.488077
20.79781
22.914024

S74

12.757298
12.941353
10.365808
9.260822
9.865427
10.75837
12.752301
11.828582
12.85557
9.79392
12.584715
11.932384
11.214146
9.836092
9.626279
11.189537
14.348142
16.307101
15.33385
15.658288
13.000304
13.733244
14.734958
12.768651
11.95927
9.789558
8.437805
9.283002
12.691255
14.402998
15.637569
15.156658
13.465383
11.063506
12.182626
14.380425
15.430935
14.301585
2.18748

21.885483

25.68461
27.225923
26.437165
28.080199
26.723741
27.742448

28.90822
27.730479
22.661693

21.49377
22.866199
21.270078
20.269635

21.16812
20.462189
22.208858
23.655659
25.098787
23.972262
22.751021
24 353768
22.921896

19.60777
18.101522
18.537826
20.502284
22.034189
24.706449
26.149103
25.381963
23.147284
21.695977
19.508202
18.129425
18.825896

20.92098
22.295018

21.38697
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Supplementary Figure $55. Selected frontier orbitals of Ni(PPha) siliconoid/silylene 3b at B3LYP/def2-TZVP level of theory
(contour value 0.05).123-291 Hydrogen atoms are omitted for clarity.

4.3.2 Experimental vs. calculated NMR shifts

Supplementary Table S16. Comparison of experimental vs. calculated NMR chemical shifts for compound Ni(PPha)
siliconoid/silylene 3b at the TPSSh/def2-TVZP level of theory.[26-29.33]

Exp. 3b 3(2°Si) [ppm] Calc. 3b 3(2°Si) [ppm]
Si3 (SINHSI) 0.4 -6.5
Si8 (NHSI) 73.5 84.6
Si7 (SiTip) 63.9 65.4
Si6 (SiTip2) 39.7 30.6
Si4 (SiTip2) -41.4 -45.2
Si5 (unsubstituted) -60.0 -68.2
Si1 (unsubstituted) -87.3 -68.5
Si2 (unsubstituted) -287.6 -291.0

4.3.3 TD-DFT calculations

Supplementary Table $17. Transition Energy. wavelength. and oscillator strengths of the electronic transition of 3b calculated
at the TD-TPSSh/def2-TZVP level of theory.[26-29.33.34] (the 485" orbital is the highest occupied orbital (HOMO) and 486™ orbital

is the lowest unoccupied molecular orbital (LUMO) shown in Supplementary Figure S55).

STATE 1: E= 0.061541au 1.675eV 13506.8 cm**-1 <S**2> = 0.000000 Mult 1
484a->485a : 0.896349 (c=-0.94675721)
484a->486a : 0.042288 (c=-0.20563982)
484a->488a : 0.022256 (c=-0.14918536)

STATE 2: E= 0.079702au  2.169eV 17492.6 cm™-1 <§**2> = 0.000000 Muilt 1
482a->485a : 0.026768 (c=-0.16360917)
483a->485a : 0.024734 (c= 0.15727088)
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484a -> 486a :
484a ->487a :
484a ->488a :

STATE 3: E=

STATE 4: E=

STATE 56: E=

STATE 6: E=

STATE 7: E=

STATE 8: E=

STATE 9: E=

STATE 10: E=

479a -> 485a :
480a -> 485a :
481a -> 485a :
484a -> 491a :
484a -> 492a :
484a -> 493a :

STATE 11: E=

480a -> 485a

0.094246 au

0.095291 au

5. Supporting Information

0.767862 (c= 0.87627710)
0.035725 (c= 0.18901015)
0.114284 (c=-0.33805947)

0.017014 (c= 0.13043664)
0.030942 (c=-0.17590265)
0.922539 (c= 0.96048886)

0.035895 (c=-0.18946097)
0.023219 (c= 0.15237695)
0.756897 (c=-0.86999843)
0.011471 (c= 0.10710315)
0.140011 (c=-0.37418072)

0.020508 (c= 0.14320531)
0.034744 (c= -0.18639676)
0.296719 (c= 0.54471964)
0.112468 (c= 0.33536190)
0.027096 (c= -0.16460868)
0.441311 (c= -0.66431249)

0.065321 (c=-0.25557990)
0.029641 (c=-0.17216701)
0.819704 (c=-0.90537520)
0.013734 (c= 0.11719024)
0.010166 (c=-0.10082526)
0.026851 (c= 0.16386248)

0.082596 (c= 0.28739447)
0.010216 (c=-0.10107525)
0.864804 (c=-0.92994816)

0.014729 (c= 0.12136355)
0.247037 (c= -0.49702867)
0.020547 (c= 0.14334352)
0.397028 (c= -0.63010125)
0.029353 (c= -0.17132719)
0.115220 (c= -0.33944006)
0.034622 (c= -0.18607082)
0.079781 (c= -0.28245543)

0.953121 (c=-0.97627903)
0.023046 (c= 0.15180963)

0.012736 (c=-0.11285295)
0.046337 (c=-0.21525998)
0.017704 (c= 0.13305512)
0.712125 (c= 0.84387490)
0.128624 (c= 0.35864253)
0.037360 (c=-0.19328864)

0.011281 (c=-0.10621051)

0.082033 au 2.232eV 18004.1 cm**-1 <§**2> =
484a -> 485a
484a -> 486a :
484a -> 487a :

0 083644 au 2.276 eV 18357.7 cm**-1 <§**2> =
481a -> 485a :
482a -> 485a
483a -> 485a :
483a -> 487a :
484a -> 488a :

0.085929 au 2.338 eV 18859.3 cm*™-1 <§**2> =
478a -> 485a
480a -> 485a
482a -> 485a :
483a -> 485a :
484a -> 486a :
484a -> 488a :

0.087996 au 2.395eV  19313.0 cm**-1 <§**2> =
479a -> 485a :
480a -> 485a :
481a -> 485a :
481a-> 487a :
482a -> 485a :
483a -> 485a :

0.088564 au 2410 eV 19437.5 cm**-1 <§**2> =
482a -> 485a :
484a -> 489a :
484a -> 490a :

0 090650 au 2.467 eV 19895.3 cm**-1 <§**2> =
478a -> 485a :
480a -> 485a :
481a -> 485a :
482a -> 485a :
484a -> 486a :
484a -> 488a :
484a -> 489a
484a ->490a :

0.091043 au 2477 eV  19981.5 cm**-1 <S§**2> =
484a -> 489a :
484a ->490a

2,565 eV 20684.7 cm**-1 <§**2> =

2.593 eV 20913.9 cm*™-1 <§**2> =

S76

0.000000 Muilt 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Muilt 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1
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484a -> 491a :
484a -> 492a :

STATE 12: E=
478a -> 485a
479a -> 485a
480a -> 485a :
481a -> 485a :
4823 -> 4853
483a -> 485a :
484a -> 485a
484a -> 486a
484a -> 488a
484a -> 491a :
484a -> 492a

STATE 13: E=
483a -> 486a :
484a ->491a :
484a -> 493a :
484a -> 494a

STATE 14: E=
478a -> 485a
479a -> 485a :
480a -> 485a :
481a -> 485a :
482a -> 485a
483a -> 486a
483a -> 488a
484a -> 488a
484a -> 494a

STATE 15: E=
478a -> 485a :
479a -> 485a :
480a -> 485a :
481a -> 486a :
482a -> 485a
482a -> 486a :
483a -> 486a
483a -> 488a :
484a -> 493a :

STATE 16: E=
478a -> 485a :
484a -> 4933
484a -> 494a
484a -> 4953 :

STATE 17: E=

478a -> 485a
479a -> 485a :
480a -> 485a :
482a -> 486a
482a -> 488a
483a -> 486a :
483a -> 487a :
484a -> 49443 :
484a -> 495a :
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0.096605 au

0.100256 au

0.102011 au

0.102557 au

0.104971 au

0.106147 au

5. Supporting Information

0.170377 (c=-0.41276745)
0.788219 (c= 0.88781691)

0.063240 (c= 0.25147517)
0.154794 (c= -0.39343855)
0.309627 (c=-0.55644161)
0.027224 (c= 0.16499697)
0.053299 (c= 0.23086666)
0.023313 (c=-0.15268491)
0.021662 (c=-0.14717936)
0.045656 (c= 0.21367187)
0.092683 (c= 0.30443820)
0.040507 (c=-0.20126353)
0.072132 (c=-0.26857319)

0.022004 (c=-0.14833663)
0.032236 (c=-0.17954512)
0.895534 (c=-0.94632682)
0.016980 (c=-0.13030674)

0.054471 (c= 0.23339017)
0.441583 (c= -0.66451720)
0.155701 (c= 0.39458939)
0.021192 (c= 0.14557574)
0.020186 (c= -0.14207724)
0.135157 (c=-0.36763703)
0.028736 (c=-0.16951681)
0.012814 (c=-0.11320037)
0.017451 (c= 0.13210167)

0.064751 (c= 0.25446269)
0.062273 (c= -0.24954605)
0.037514 (c= 0.19368416)
0.051341 (c= 0.22658620)
0.013993 (c= -0.11828998)
0.017447 (c= -0.13208626)
0.635325 (c= 0.79707305)
0.034882 (c= 0.18676817)
0.014625 (c= -0.12093437)

0.038170 (c=-0.19537224)
0.015810 (c=-0.12573613)
0.881353 (c= 0.93880384)
0.011613 (c=-0.10776263)

0.312606 (c= 0.55911136)
0.075988 (c= 0.27565966)
0.019857 (c= 0.14091648)
0.107478 (c= -0.32783887)
0.024156 (c= -0.15542294)
0.017746 (c= -0.13321413)
0.052044 (c= 0.22813132)
0.013418 (c= 0.11583408)
0.310525 (c= -0.55724728)

2.629eV 21202.4 cm™-1 <§**2>= 0.000000 Mult 1

2728 eV 22003.7 cm*™-1 <§**2>= 0.000000 Mult 1

2776 eV 22388.9 cm™-1 <§**2>= 0.000000 Mult 1

2791 eV 22508.8 cm*™-1 <§**2>= 0.000000 Mult 1

2.856 eV 23038.5 cm**-1 <§**2> = 0.000000 Mult 1

2.888 eV 23296.6 cm**-1 <§**2> = 0.000000 Mult 1
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STATE 18: E=
478a -> 485a
481a -> 486a :
482a -> 486a :
482a -> 488a :
483a -> 487a :
484a -> 495a

STATE 19: E=
478a -> 485a :
479a -> 485a :
481a -> 486a :
482a -> 486a :
483a -> 488a :
484a -> 494a :
484a -> 495a :

STATE 20: E=
479a -> 486a :
480a -> 486a :
481a -> 486a :
481a -> 488a :
483a -> 486a :
483a -> 487a :
483a -> 488a :
484a -> 495a
484a -> 496a :

STATE 21: E=
481a -> 486a :
481a -> 487a :
481a -> 488a :
482a -> 486a :
483a -> 486a :
483a -> 487a :
483a -> 488a :
484a -> 496a :

STATE 22: E=
481a -> 486a :
481a -> 488a :
482a -> 486a :
483a -> 486a :
483a -> 487a :
483a -> 488a :
484a -> 496a :

STATE 23: E=
479a -> 485a :
480a -> 486a :
481a -> 486a :
481a -> 488a :
482a -> 485a :
482a -> 487a :
483a -> 486a :
483a -> 487a :
483a -> 488a :
484a -> 496a

STATE 24: E=
482a -> 487a :

0.106212 au

0.106570 au

0.107243 au

0.108086 au

0.108649 au

0.110141 au

0.110938 au

5. Supporting Information

0.022154 (c= 0.14884112)
0.120782 (c= 0.34753773)
0.556643 (c= 0.74608492)
0.070715 (c= 0.26592225)
0.018992 (c=-0.13781036)
0.137826 (c=-0.37124941)

0.299510 (c=-0.54727532)
0.065466 (c= -0.25586305)
0.149368 (c= 0.38648114)
0.088228 (c=-0.29703227)
0.017704 (c=-0.13305716)
0.032504 (c=-0.18028994)
0.268370 (c=-0.51804444)

0.010086 (c=-0.10042821)
0.011357 (c=-0.10656860)
0.395923 (c= -0.62922397)
0.024549 (c= -0.15668271)
0.028005 (c= 0.16734597)
0.194709 (c= -0.44125831)
0.022203 (c= 0.14900693)
0.228699 (c= -0.47822450)
0.019854 (c= 0.14090342)

0.077172 (c=-0.27779811)
0.018955 (c= 0.13767650)
0.026239 (c= -0.16198423)
0.055460 (c= 0.23549933)
0.031088 (c= 0.17631852)
0.462073 (c= 0.67975943)
0.066998 (c= -0.25883956)
0.186298 (c= 0.43162281)

0.049157 (c= 0.22171333)
0.013290 (c= 0.11528433)
0.012180 (c= -0.11036386)
0.020140 (c= -0.14191567)
0.037711 (c= -0.19419216)
0.049673 (c= 0.22287408)
0.759085 (c= 0.87125474)

0.013893 (c= 0.11786654)
0.017625 (c= 0.13275733)
0.010046 (c= 0.10022974)
0.024396 (c= -0.15619264)
0.010656 (c= 0.10322907)
0.128707 (c= 0.35875730)
0.056803 (c= 0.23833297)
0.107762 (c=-0.32827055)
0.555472 (c=-0.74529973)
0.010614 (c= 0.10302547)

0.207041 (c=-0.45501762)

2.890 eV 23310.8 cm**-1 <S§**2>=0.000000 Mult 1

2900 eV 23389.4 cm**-1 <§**2>= 0.000000 Mult 1

2918 eV 23537.2 cm**-1 <§**2>= 0.000000 Mult 1

2941 eV 23722.2 cm*™-1<§**2>= 0.000000 Mult 1

2956 eV 23845.7 cm**-1 <§**2>=0.000000 Mult 1

2997 eV 24173.1 cm*™-1 <§**2> = 0.000000 Mult 1

3.019eV 24348.2 cm**-1 <§**2>=0.000000 Mult 1
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482a -> 488a
483a -> 487a :
483a -> 488a :
484a -> 497a

STATE 25: E=
480a -> 486a
482a -> 486a :
482a -> 487a :
482a -> 488a :
483a -> 488a :
484a -> 497a
484a -> 500a :

STATE 26: E=
480a -> 486a :
481a -> 486a :
481a-> 487a :
481a -> 488a :
482a -> 487a :
482a -> 488a :
483a -> 488a :
483a ->490a :

STATE 27: E=
476a -> 485a :
478a -> 486a :
480a -> 486a :
481a-> 487a :
482a -> 488a
483a -> 490a :
484a -> 498a :
484a -> 499a .

STATE 28: E=

476a -> 485a :

481a -> 487a :
481a -> 488a :
482a -> 486a :
482a -> 487a :
482a -> 488a
483a -> 487a :
483a -> 488a
483a -> 490a :
484a -> 498a
484a -> 499a :

STATE 29: E=
480a -> 486a :
482a -> 487a :
482a -> 488a :
483a->490a :
484a -> 498a :

STATE 30: E=
477a -> 485a
479a -> 488a
481a -> 486a :
481a -> 487a :
481a -> 488a :
481a ->490a :
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0 111874 au

0.112775 au

0.113253 au

0.113867 au

0.113988 au

0 114486 au

5. Supporting Information

0.030943 (c= 0.17590490)
0.012711 (c=-0.11274365)
0.028724 (c=-0.16948244)
0.666219 (c= -0.81622263)

0.025211 (c= 0.15878103)
0.044339 (c=-0.21056716)
0.383836 (c=-0.61954526)
0.143644 (c= 0.37900400)
0.048939 (c=-0.22122139)
0.268648 (c= 0.51831245)
0.018620 (c= 0.13645506)

0.029997 (c=-0.17319636)
0.019467 (c= 0.13952447)
0.607177 (c= 0.77921554)
0.139599 (c=-0.37362981)
0.032997 (c= 0.18165122)
0.034254 (c= 0.18507793)
0.029174 (c= 0.17080537)
0.011364 (c=-0.10660336)

0.017831 (c= 0.13353163)
0.035228 (c= 0.18769188)
0.626016 (c=-0.79121191)
0.062664 (c=-0.25032736)
0.047024 (c= 0.21684936)
0.053552 (c= 0.23141219)
0.014312 (c= 0.11963187)
0.035970 (c= -0.18965629)

0.010311 (c=-0.10154497)
0.024340 (c=-0.15601169)
0.032043 (c= 0.17900449)
0.050979 (c= -0.22578589)
0.143173 (c= 0.37838205)
0.549474 (c= 0.74126544)
0.013435 (c= 0.11591105)
0.010811 (c= 0.10397652)
0.020595 (c=-0.14350884)
0.068643 (c=-0.26199777)
0.011043 (c= 0.10508398)

0.012348 (c= -0.11112229)
0.011483 (c= -0.10715993)
0.018875 (c= -0.13738799)
0.014875 (c= 0.12196241)
0.885651 (c= -0.94109021)

0.019038 (c= 0.13797865)
0.010742 (c= -0.10364192)
0.047410 (c= 0.21773753)
0.175534 (c= -0.41896768)
0.406791 (c= -0.63780194)
0.014903 (c= -0.12207693)

3.044 eV 24553.5 cm*™-1 <§**2>= 0.000000 Mult 1

3.069 eV 24751.3 cm*-1 <§**2> = 0.000000 Mult 1

3.082 eV 24856.1 cm**-1 <S**2> = 0.000000 Mult 1

3.098 eV 24990.9 cm**-1 <§**2> = 0.000000 Mult 1

3.102 eV 25017.4 cm™-1 <§**2> = 0.000000 Mult 1

3.115eV 25126.7 cm*™-1 <§**2> = 0.000000 Mult 1
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483a -> 488a
483a -> 490a
4843 -> 4993
484a -> 500a

STATE 31: E=
482a -> 488a .
483a -> 490a
4843 -> 4993

STATE 32: E=
477a -> 485a .
478a -> 486a
480a -> 486a
481a -> 487a .
481a -> 488a
482a -> 488a
483a -> 488a
483a -> 490a
484a -> 499a
484a -> 500a

STATE 33: E=
477a -> 485a

478a -> 4863 :
480a -> 487a .
480a -> 488a
482a -> 486a
482a ->490a
483a -> 490a

STATE 34: E=
477a -> 4856a :
480a -> 487a
483a->491a :
484a -> 500a :
484a ->501a :
484a -> 502a

STATE 35: E=
477a-> 485a

479a -> 486a
480a -> 487a .
480a -> 488a
483a -> 489a
483a->491a
484a -> 501a
484a -> 502a

STATE 36: E=
476a -> 485a :
477a->485a
479a -> 486a
480a -> 487a
480a -> 488a
482a -> 490a
483a -> 489a
484a ->499a
484a -> 500a :
484a -> 501a
484a -> 502a

0.115209 au

0 115611 au

D 117439 au

0 117917 au

0.118524 au

0.118572 au

5. Supporting Information

0.024067 (c= 0.15513618)
0.125329 (c= -0.35401785)
0.100853 (c= 0.31757387)
0.011222 (c= 0.10593584)

0.012558 (c=-0.11206414)
0.416936 (c= -0.64570581)
0.491911 (c=-0.70136393)

0.018693 (c=-0.13672171)
0.015365 (c= -0.12395390)
0.079992 (c= 0.28282807)
0.025505 (c= -0.15970252)
0.193381 (c=-0.43975062)
0.019884 (c= 0.14100997)
0.020183 (c= 0.14206658)
0.220418 (c= 0.46948735)
0.281493 (c= -0.53055939)
0.034452 (c=-0.18561366)

0.369714 (c= 0.60804104)
0.024279 (c= -0.15581818)
0.183186 (c= 0.42800280)
0.054160 (c=-0.23272298)
0.010341 (c= 0.10169096)
0.212275 (c= -0.46073300)
0.038222 (c= 0.19550498)

0.041106 (c= -0.20274635)
0.082419 (c= 0.28708627)
0.011920 (c= 0.10917860)
0.704107 (c= 0.83911096)
0.014406 (c= 0.12002599)
0.029724 (c=-0.17240747)

0.017004 (c= 0.13040041)
0.011984 (c= -0.10946923)
0.124580 (c= -0.35295941)
0.014542 (c= 0.12058929)
0.704153 (c= 0.83913827)
0.011553 (c= 0.10748429)
0.046993 (c= 0.21677874)
0.013419 (c= -0.11583984)

0.011479 (c= -0.10713847)
0.036471 (c= 0.19097290)
0.043200 (c= -0.20784570)
0.240251 (c= -0.49015387)
0.026106 (c= 0.16157346)
0.033951 (c= -0.18425787)
0.257326 (c= -0.50727316)
0.016384 (c= -0.12799915)
0.023161 (c= 0.15218878)
0.180962 (c= 0.42539640)
0.054691 (c= -0.23386066)

3.135eV 25285.5 cm**-1 <8**2>= (.000000 Mult 1

3.146 eV 25373.7 cm*™-1 <§**2> = 0.000000 Mult 1

3.196 eV 25774.9 cm**-1 <§**2> = (.000000 Mult 1

3.209 eV  25879.9 cm**-1 <§**2> = (.000000 Mult 1

3.225eV  26013.0 cm**-1 <§**2> = (.000000 Mult 1

3.226 eV  26023.5 cm*™*-1 <§**2> = 0.000000 Mult 1
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STATE 37: E=
478a -> 486a :
479a -> 486a :
479a -> 488a
480a -> 486a :
480a -> 487a
480a -> 488a :
481a -> 486a :
483a->491a
484a -> 501a :

STATE 38: E=
477a-> 485a :
479a -> 486a :
480a -> 486a :
480a -> 487a :
480a -> 488a :
481a->491a :
482a -> 490a :
482a->491a
483a ->491a :
484a -> 501a :

STATE 39: E=
476a-> 485a :
479a -> 486a :
480a -> 487a :
482a->490a :
483a->491a :
484a->500a :
484a->501a :
484a -> 502a :
484a -> 503a :

STATE 40: E=
476a -> 48ba :
477a-> 485a :
478a -> 486a :
480a -> 488a
481a->491a :
482a->490a :
483a->491a :
484a -> 500a :

STATE 41: E=
476a-> 485a :
479a -> 486a :
480a -> 486a :
480a -> 487a :
480a -> 488a
482a->490a :
482a->491a :
483a->491a :
484a -> 502a :

STATE 42: E=
481a->488a :
481a->490a :
481a->491a :
482a -> 490a :
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0.119102 au

5. Supporting Information

0.032191 (c=-0.17941896)

0.574423 (c=
0.062411 (c=
0.022538 (c=
0.080563 (c=
0.058791 (c=
0.013014 (c=
0.021139 (c=
0.041034 (c=

0.119553 au

0.030434 (c=
0.013325 (c=
0.016506 (c=
0.023272 (c=
0.013301 (c=
0.284429 (c=
0.023940 (c=
0.306767 (c=
0.063293 (c=

0.155397 (c=
(

0 119719 au

0.018169 (c=
0.053771 (c=
0.044750 (c=
0.123628 (c=
0.019318 (c=
0.028793 (c=
0.577201 (c=
0.048012 (c=
0.026335 (c=

0 119967 au

0.079655 (c=
0.153660 (c=
0.019544 (c=
0.032746 (c=
0.029467 (c=
0.178502 (c=
0.415977 (c=

0.75790707)
0.24982278)
-0.15012731)
-0.28383552)
0.24246868)
-0.11407868)
0.14539269)
-0.20256812)

-0.39420472)
0.17445382)
-0.11543578)
0.12847449)
0.15255081)
-0.11533051)
-0.53331926)
0.15472413)
-0.55386564)
0.25158181)

0.13479115)
0.23188614)
0.21154282)
0.35160818)
0.13898909)
-0.16968563)
0.75973731)
0.21911527)
-0.16227938)

0.28223203)
-0.39199503)
0.13980028)
-0.18095938)
0.17165928)
-0.42249497)
0.64496315)

0.120215 au

0.013819 (c=-0.11755508)

0.195989 (c= -0.44270610)

0.036036 (c=

0.028806 (c=
0.084948 (c=
0.421777 (c=
0.015207 (c=
0.011534 (c=
0.068055 (c=
0.015988 (c=

0.121047 au

0.020188 (c=
0.651140 (c=
0.019448 (c=
0.015436 (c=

-0.18983237)
-0.16972396)
0.29145877)
0.64944362)
-0.12331754)
-0.10739518)
0.26087334)
0.12644474)

-0.14208345)
0.80693234)
-0.13945661)
-0.12424051)

3.241eV  26139.8 cm**-1 <§**2> = 0.000000 Mult 1

3.253 eV 26238.9 cm**-1 <§**2> = 0.000000 Mult 1

3.258 eV 262752 cm*-1 <§**2> = 0.000000 Mult 1

3.264 eV 26329.7 cm**-1 <§**2> = 0.000000 Mult 1

3.271eV 26384.1 cm**-1 <§**2>= 0.000000 Mult 1

3.294 eV 26566.8 cm**-1 <§**2> = 0.000000 Mult 1
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483a ->492a :
484a -> 502a :

STATE 43: E=
476a -> 485a :
478a -> 486a
480a -> 487a :
480a -> 488a :
481a ->490a :
483a ->492a :
484a -> 500a :
484a -> 502a :
484a -> 504a

STATE 44: E=
476a -> 485a :
478a -> 486a :
478a -> 488a :
479a -> 486a :
479a -> 487a :
480a -> 488a :
483a -> 492a
484a -> 502a :
484a -> 503a :
484a -> 504a :

STATE 45: E=
478a -> 486a :
481a -> 492a :
482a -> 492a :
483a ->491a :
483a -> 492a :
484a -> 502a :
484a -> 504a :
484a -> 506a :

STATE 46: E=
482a -> 489a :
482a -> 491a :

STATE 47: E=
478a -> 486a :
483a -> 492a :
484a -> 503a :
484a -> 504a :
484a -> 505a :

STATE 48: E=
478a -> 486a :
482a -> 491a :
484a -> 502a :
484a -> 503a :
484a -> 504a :
484a -> 505a :
484a -> 506a :
484a -> 507a :

STATE 49: E=
479a -> 487a :
481a ->491a :
482a -> 489a

0 121532 au

0.122244 au

0.122361 au

0.122650 au

0.123148 au

0.123375 au

0.123447 au

5. Supporting Information

0.011028 (c= 0.10501197)
0.193295 (c= 0.43965330)

0.132456 (c= -0.36394442)
0.021450 (c= 0.14645799)
0.033720 (c=-0.18363009)
0.060832 (c= -0.24664080)
0.180336 (c=-0.42466042)
0.031564 (c= 0.17766356)
0.027584 (c= 0.16608314)
0.367841 (c= 0.60649882)
0.014608 (c= 0.12086509)

0.200331 (c= 0.44758312)
0.188309 (c=-0.43394585)
0.037582 (c=-0.19386061)
0.036941 (c=-0.19220011)
0.025989 (c= 0.16121163)
0.057162 (c= 0.23908659)
0.081162 (c= 0.28488879)
0.108077 (c= 0.32875114)
0.081795 (c= 0.28599770)
0.079613 (c= 0.28215764)

0.014967 (c= 0.12233885)
0.063208 (c= 0.25141173)
0.012536 (c= -0.11196440)
0.019861 (c= -0.14092921)
0.665023 (c= 0.81548950)
0.066150 (c= -0.25719578)
0.079128 (c= -0.28129630)
0.021232 (c= -0.14571312)

0.959512 (c=-0.97954704)
0.014318 (c=-0.11965719)

0.010364 (c= -0.10180601)
0.015776 (c= 0.12560157)
0.392305 (c= -0.62634295)
0.072464 (c= 0.26919227)
0.449760 (c= 0.67064171)

0.031658 (c=-0.17792642)
0.109649 (c= 0.33113333)
0.017379 (c=-0.13183049)
0.242166 (c= -0.49210350)
0.085641 (c= 0.29264415)
0.417829 (c= -0.64639681)
0.014077 (c= 0.11864838)
0.011758 (c=-0.10843491)

0.015135 (c= 0.12302315)
0.033108 (c= 0.18195589)
0.011847 (c= 0.10884479)

3.307 eV 26673.1 cm*™-1 <§**2> = 0.000000 Mult 1

3.326 eV  26829.6 cm*™*-1 <§**2> = (0.000000 Mult 1

3.330 eV 26855.2 cm**-1 <§**2> = (0.000000 Mult 1

3.337 eV 26918.5 cm*™-1 <§**2> = (0.000000 Mult 1

3.351eV 27027.9 cm**-1 <§**2>= 0.000000 Mult 1

3.357 eV 27077.7 cm**-1 <§**2> = 0.000000 Mult 1

3.359 eV 27093.4 cm**-1 <§**2> = 0.000000 Mult 1
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482a -> 490a
482a -> 491a :
483a->491a :
484a -> 503a
484a -> 504a
484a -> 505a :

STATE 50: E=

476a -> 485a
479a -> 487a :
479a -> 491a :
481a-> 489a :
481a->490a :
481a->491a :
481a-> 492a :
482a -> 491a :
483a ->491a :
484a -> 503a :
484a -> 504a :
484a -> 505a :
484a -> 506a :

STATE 51: E=
478a -> 486a :
479a -> 486a :
480a -> 487a :
481a->489a :
481a->490a :
481a->491a :
482a -> 490a
483a -> 492a :
484a -> 502a :
484a -> 503a :
484a -> 504a :

STATE 52: E=
478a -> 486a :
479a -> 487a :
481a->489a :
481a->491a :
484a->503a :
484a -> 504a :

STATE 53: E=
476a -> 4856a :
478a->487a :
478a-> 488a :
479a -> 486a :
479a -> 487a :
479a -> 488a :
480a->490a :
481a->491a :
481a->492a :
482a -> 491a :
484a -> 503a :

STATE 54: E=

476a -> 485a :
478a -> 486a :
478a -> 487a :
479a -> 487a :

274

0 123909 au

0.124431 au

0 124562 au

0 124785 au

0.125776 au

5. Supporting Information

0.010034 (c=-0.10017069)
0.705668 (c=-0.84004067)
0.028209 (c= -0.16795465)
0.062666 (c=-0.25033105)
0.029325 (c= 0.17124398)
0.046656 (c=-0.21600026)

0.021548 (c= 0.14679366)
0.049284 (c= -0.22199950)
0.013091 (c=-0.11441553)
0.079588 (c=-0.28211309)
0.041300 (c=-0.20322438)
0.429368 (c= -0.65526198)
0.032713 (c=-0.18086600)
0.042209 (c= -0.20544924)
0.019750 (c= 0.14053535)
0.019501 (c=-0.13964580)
0.149406 (c= -0.38653011)
0.014360 (c=-0.11983189)
0.010151 (c=-0.10075393)

0.099187 (c= 0.31493960)
0.020437 (c= 0.14295721)
0.016926 (c= 0.13010181)
0.336210 (c= -0.57983658)
0.018743 (c= 0.13690457)
0.069777 (c=-0.26415307)
0.010184 (c= 0.10091588)
0.018119 (c= 0.13460528)
0.014298 (c=-0.11957329)
0.043971 (c= 0.20969232)
0.244002 (c= 0.49396532)

0.033139 (c=-0.18204083)
0.035244 (c= 0.18773277)
0.560084 (c=-0.74838751)
0.190659 (c= 0.43664537)
0.014996 (c= -0.12245856)
0.071684 (c=-0.26773816)

0.015738 (c= 0.12545104)
0.027047 (c= 0.16446032)
0.010407 (c= -0.10201449)
0.016303 (c= -0.12768234)
0.606609 (c= -0.77885095)
0.077482 (c= 0.27835620)
0.048564 (c= 0.22037165)
0.057191 (c= 0.23914638)
0.018821 (c= 0.13719022)
0.015712 (c= -0.12534913)
0.011119 (c= 0.10544687)

0.011845 (c=-0.10883584)
0.013736 (c=-0.11720241)
0.011239 (c= 0.10601607)
0.017324 (c= 0.13162024)

3.372eV 27194.8 cm**-1 <§**2> =

3.386 eV 27309.5 cm**-1 <§**2> =

3.390 eV 27338.3 cm**-1 <§**2> =

3.396 eV 27387.1 cm**-1 <§**2> =

3.423 eV 27604.7 cm*-1 <§**2> =
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0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1



480a -> 488a
480a -> 490a :
482a -> 492a :
482a -> 493a .
484a -> 504a :

STATE 55: E=
476a -> 485a :

0.1

478a -> 486a
478a -> 487a :
479a -> 486a :
479a -> 488a
480a -> 486a :
480a -> 488a :
480a -> 490a :
481a->491a :
481a -> 492a
482a ->492a :
482a -> 493a :
484a -> 506a :

STATE 56: E=
479a -> 487a

0.1

479a -> 488a
480a -> 490a :
481a -> 492a :
481a ->493a :
482a -> 492a
483a ->493a :
484a -> 504a :
484a -> 506a :
484a -> 507a :

STATE 57: E=
478a -> 486a :

0.1

478a -> 487a :
479a -> 487a :
479a -> 488a :
480a -> 490a :
481a->492a :
481a -> 493a
482a -> 492a :
483a -> 493a :
484a -> 504a
484a -> 506a :
484a -> 507a :

STATE 58: E=
478a -> 486a :

0.1

478a -> 488a :
479a -> 486a
479a -> 487a :
479a -> 488a :
480a -> 490a :
481a -> 492a :
482a -> 492a
484a -> 504a :
484a -> 506a :
484a -> 507a :

STATE 59: E=

0.1

5. Supporting Information

0.015865 (c=-0.12595615)
0.152898 (c= 0.39102135)
0.679132 (c= 0.82409486)
0.014459 (c=-0.12024649)
0.014633 (c=-0.12096811)

26139 au  3.432eV 27684.4 cm**-1 <S**2>= 0.000000 Mult 1

0.017151 (c=-0.13096068)
0.075979 (c=-0.27564232)
0.036169 (c= 0.19018249)
0.019801 (c= 0.14071479)
0.190799 (c=-0.43680489)
0.011277 (c=-0.10619410)
0.031848 (c=-0.17845886)
0.255035 (c= 0.50500966)
0.017357 (c=-0.13174477)
0.020202 (c= 0.14213435)
0.1563654 (c=-0.39198713)
0.017850 (c= 0.13360426)
0.019417 (c= 0.13934652)

26337 au  3.438eV 27727.7 cm™-1 <§**2>= 0.000000 Mult 1

0.013209 (c=-0.11493180)
0.025968 (c=-0.16114538)
0.012934 (c=-0.11372781)
0.047755 (c= 0.21852810)
0.015792 (c= 0.12566721)
0.010307 (c= 0.10152367)
0.664723 (c= 0.81530527)
0.021292 (c=-0.14591885)
0.118456 (c= 0.34417490)
0.016738 (c=-0.12937686)

26576 au  3.444 eV 27780.3 cm™-1 <§**2>= 0.000000 Mult 1

0.012878 (c= -0.11348086)
0.010420 (c= 0.10207793)
0.034615 (c= -0.18605075)
0.034599 (c= -0.18600930)
0.246064 (c= -0.49604845)
0.080164 (c= 0.28313171)
0.019237 (c= -0.13869592)
0.024741 (c= 0.15729428)
0.218855 (c= -0.46781897)
0.029871 (c= -0.17283097)
0.210921 (c= 0.45926118)
0.023494 (c= -0.15327807)

26864 au  3.452 eV 27843.4 cm**-1 <S§**2>= 0.000000 Mult 1

0.064337 (c= 0.25364740)
0.032196 (c= -0.17943154)
0.015015 (c= -0.12253507)
0.055099 (c= 0.23473206)
0.275387 (c= 0.52477301)
0.080212 (c= 0.28321757)
0.014902 (c= 0.12207192)
0.037576 (c= -0.19384523)
0.025881 (c= -0.16087466)
0.283671 (c= 0.53260815)
0.020322 (c= -0.14255651)

26979au  3.455eV 27868.8 cm™-1 <§**2>= 0.000000 Mult 1
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478a->487a : 0.029339 (c= 0.17128772)
479a->487a : 0.018317 (c= -0.13534177)
479a ->488a : 0.019024 (c= -0.13792859)
479a->492a :  0.015500 (c= -0.12449912)
481a->491a : 0.030330 (c= 0.17415643)
481a->492a : 0.633339 (c= -0.79582623)
483a->492a : 0.070536 (c= 0.26558585)
484a->506a : 0.116209 (c= 0.34089393)
STATE 60: E= 0.127855au  3.479 eV 28060.9 cm**-1 <S**2> = 0.000000 Mult 1
476a->485a : 0.028151 (c= -0.16778264)
478a->486a : 0.093655 (c= -0.30603183)
478a->487a : 0.487824 (c= -0.69844416)
478a->488a : 0.072614 (c= 0.26946983)
479a->486a : 0.012500 (c= -0.11180271)
479a->488a : 0.048297 (c= 0.21976620)
480a->491a : 0.049260 (c= 0.22194649)
483a->492a : 0.012200 (c= 0.11045360)
483a->494a : 0.015290 (c= 0.12365331)
484a ->506a : 0.025478 (c= 0.15961977)

5. Supporting Information

44 Ni(CO): siliconoid/silylene 3c

441 Optimization and molecular orbitals

Supplementary Figure $56. Calculated structure of Ni(CO)z siliconoid/silylene 3c at the B3LYP/def2-TZVP level of theory.?*-
291 Hydrogen atoms are omitted for clarity.

Supplementary Table S18. Coordinates of Ni(CO)z) siliconoid/silylene 3c at the B3LYP/def2-TZVP level of theory.l23-29]

Ni
Si
Si
Si
C
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9.710638
8.737086
7.279631
8.10697
10.344276

S85

16.765035
15.609136
16.049883
18.073091
15.785786

10.0919
8.302706
10.225285
10.948841
11.468736
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5. Supporting Information

11.038791
6.065646
7.389753

7.47064
7.146311
6.985322

7.43699
6.728644

10.758063
11.911261
7.486771
7.091108
8.396826
5.386155
6.360002
7.665697
5.806098
8.938804
5.996822
5.742214
8.090344
9.573819
8.051564
4.247134

5.20057
4.921824
7.191046
6.385311
8.856605
6.428943
8.008098
4.501844
6.220174
8.713027

10.249795
4.722722
6.212386
5.432264
4.590265
7.729983
9.568544
10.272078
10.142939
8.794225
6.908116
2.993153
4.278042

S86

17.681304
15.60913
13.689203
15.83611
13.710909
19.465753
18.816725
19.713221
15.271994
18.288857
13.43487
17.284233
12.890338
13.042899
19.981936
18.659945
20.731459
12.302838
13.123336
17.599085
18.196448
12.246047
12.759024
13.826385
11.649127
19.464938
19.438697
21.513639
17.70998
18.031249
19.992991
20.363871
22.046911
10.905427
12.766069
12.665288
13.392547
18.837266
16.633766
19.42797
17.89635
11.411928
12.416808
11.929279
13.526628
13.226071
15.317244

9.302116
8.246405
8.396245
6.38638
10.7459
10.500391
12.4863
11.787349
12.401638
8.88341
6.059948
5.217181
11.930234
11.099703
9.267294
13.930712
12.33464
5.522588
4.91776
4.925428
4.831612
11.480077
13.294148
11.400532
10.952212
9.15627
8.107517
9.219724
14.065549
14.581385
14.603954
12.657741
12.530091
5.421294
5.290182
5.317836
3.547248
4.37596
5.151015
4.289073
4.983858
12.348085
10.07964
14.126619
13.939111
11.471966
11.705409
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5. Supporting Information

3.927467
6.34772
4.491491
4.295752
4.906438
6.761081
7.213838
8.215035
6.067979
7.395963
5.71504
8.659918
9.042348
9.757686
5.570318
6.621213
6.178377
8.829648
8.320929
7.155263
4.179533
3.618554
5.337809
7.233138
9.76091
7.357658
11.275332
10.638367
3.731229
4.356698
5.19623
7.539913
4.394627
6.406952
4.998967
3.578933
3.883108
8.502872
9.664107
10.203022
10.319349
11.155109
9.890435
9.686792
11.655875
9.81692
8.502621

11.094873
10.682337
19.771433
19.86372
18.37675
19.746384
18.349976
19.806559
21.843045
21.885931
21.960398
16.7709
17.486929
18.148456
18.698736
17.822274
17.095596
20.48683
19.806896
20.667652
19.343196
21.305255
22.984816
22.331765
10.052009
10.250413
11.864456
14.230511
12.472752
12.353857
13.158938
13.901974
19.070301
19.781454
15.702705
17.172257
16.285031
20.140122
16.846285
18.724296
18.09399
10.899973
11.216472
13.302811
12.670684
11.23075
11.832743

11.045118
10.718056
8.201985
9.954589
9.203603
7.155567
8.121978
8.161102
8.229262
9.394869
9.950623
13.55122
15.115849
13.636799
14.518969
15.634826
14.085161
14.082419
15.632541
14.631449
12.500912
13.169627
13.045978
12.279612
5.097149
5.643937
5.009292
5.302699
4.360668
6.761034
2.625087
3.000945
4.174413
4.078174
5.543031
6.167235
3.836124
4.026441
5.264128
6.101151
3.661923
11.98723
13.665997
9.644336
10.083662
9.163453
15.164804
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5. Supporting Information

6.487841
5.781886
7.423044
2.133524
2.802127
5.302319
3.865909
3.401644
3.808445
7.258784
6.166816
6.58633
2.605678
4.035542
5.666533
9.560445
11.058168
6.728602
7.458834
6.659706
12.279706
9.729008
11.56726
11.261329
2.758969
3.94836
5.261731
3.808253
3.358602
5.380846
8.19073
8.251927
7.391489
6.0429
3.113256
4.056168
2.786407
3.400187
3.115755
4.578021
11.260111
9.709352
10.12336
9.899025
11.373137
10.274777
10.658062

S88

14.200957
12.611377
14.398861
13.848499
11.865772
15.6711
15.605514
16.127506
10.02487
11.256475
9.854849
9.774444
21.013515
22.616005
24.004628
8.993043
10.503646
10.950035
8.975252
9.922751
12.240439
14.812099
14.567432
14.660973
12.122188
12.694241
12.433883
10.932692
13.372015
13.345038
14.139492
12.826027
15.200548
21.151449
18.09157
17.384478
16.441261
17.161851
15.532184
15.877994
18.480256
18.529739
19.792853
17.471321
17.837351
19.132671
10.275104

13.191525
14.433808
15.09146
11.68407
11.282147
11.589761
13.155474
10.744868
10.9239
10.58241
9.449981
11.930398
13.414331
13.365506
13.197403
5.011378
4.902713
6.194161
6.490408
4.317185
4.857266
5.439779
6.471962
3.97023
4.682593
3.007815
7.363337
6.935835
7.323505
1.574587
3.84199
2.171925
2.199918
3.548514
5.805475
7.122705
6.338521
3.399367
4.019056
3.104771
6.214581
7.050538
5.888629
2.871169
3.779629
3.331493
14.567919
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5. Supporting Information

12.218535
11.925565
11.982952
10.205696
8.743282
10.261318
5.326454
4.998861
6.161077
8.266191
7.755293
6.631745
1.42288
3.900993
4.522465
2.847644
3.655246
3.54188
2.342965
6.093555
5.269791
7.020574
5.726838
7.459437
3.347753
12.190283
7.8894
6.466421
8.075475
6.513658
5.680408
7.256716
12.523639
11.119714
11.767496
10.573551
12.174372
11.52136
2.865826
2.861682
3.628805
4.503395
3.738517
3.178133
2.403243
7.643411
8.453007

11.779962
13.473339
12.951032
11.403443
11.070863
10.310695
12.057789
13.195697
11.894638
15.011306
13.785338
15.056429
11.244592
16.678837
15.108538
15.263774
15.915743
17.197201
15.904132
10.495176
9.234829
9.19191
9.124954
9.142548
23.349384
9.54979
8.151798
8.658706
9.130392
10.806524
9.476307
9.205032
14.048319
14.277893
15.640302
14.499599
14.103518
15.717337
12.439224
10.803486
10.731891
10.182607
14.387913
13.182691
13.31504
12.533463
11.936259

10.369911
10.768585
9.081528
8.158235
9.076747
9.5561015
13.616289
14.921105
15.165095
14.777593
15.93051
15.456548
11.310981
13.35335
13.867348
13.349353
9.707285
10.915064
10.891413
8.572579
9.487748
9.315698
12.111436
11.755829
13.765804
4.591694
5.918724
6.813234
7.373696
3.703164
4.501422
3.749409
6.377941
7.422388
6.509513
3.139876
3.756438
3.995735
1.981107
6.408121
7.992805
6.55895
7.227954
8.382975
6.795519
1.313538
2.766113
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9.20519
8.375303
6.920408
6.798373
6.980572
5.322206
5.213158
11.475282
11.280865

9.77684
1.558761
0.689389
0.589969

13.099
12.412602
11.966599
3.299647
2.426033

1.66671
5.104995
5.932512
4.376169
5.024702
4.245814
5.730112
11.878821
11.924274
10.509001
9.354354
10.354759
8.946679
0.496913
1.276809
-0.273832
1.099048
0.419577
-0.383955
11.540273
12.589316
13.272844
11.833253
11.075124
1.698851
1.959727
3.279132
1.973254
1.191819

S90

13.200927
15.561552
15.982727
15.049327
21.66282
21.97712
21.076514
9.857505
11.009647
9.109922
10.161921
11.520425
11.704152
10.151946
8.550304
8.824767
12.655943
10.970228
13.37499
22.984148
22.062559
21.508218
22.077293
20.603598
20.496709
10.324203
11.825068
11.43611
8.572104
8.404244
9.469999
12.587678
11.181292
11.005673
11.479102
12.782583
11.209251
7.906475
9.067751
7.910166
9.536865
8.195204
10.78494
10.699436
10.307235
14.420597
13.210393

1.794041
1.892033
2.79248
1.296294
3.310252
4.623036
2.262054
13.971979
15.761094
15.035118
11.226921
12.627929
10.106938
4.494765
5.733748
3.259281
1.000036
1.980079
2.174029
4.259629
5.523945
4.902796
1.867154
2.443037
1.49586
16.366065
15.426975
16.405529
14.184851
15.636332
15.646785
12.756826
13.482756
12.646781
9.168648
10.141363
10.098114
5.864848
6.678037
5.525061
2.44326
3.301654
1.186205
2.929829
1.827531
2.126177
3.144003
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Supplementary Figure S57. Selected frontier orbitals of Ni(CQO): siliconoid/silylene 3c at B3LYP/def2-TZVP level of theory
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(contour value 0.05).12%-2%1 Hydrogen atoms are omitted for clarity.

4.4.2 Experimental vs. calculated NMR shifts

Supplementary Table S$19. Comparison of experimental vs. calculated NMR chemical shifts for compound Ni(CO):

siliconoid/silylene 3¢ at the TPSSh/def2-TZVP level of theory.[26-29.33]

Exp. 3¢ 5(?°Si) [ppm] Calc. 3¢ 5(#°Si) [ppm]
Si3 (SINHSI) -4.0 -7.0
Si8 (NHS) 96.5 93.1
Si7 (SiTip) 70.9 80.1
Si6 (SiTipz) 44.6 371
Si4 (SiTip2) -10.1 -11.6
Si5 (unsubstituted) -81.9 -78.5
Si1 (SiNi) -160.5 -160.9
Si2 (unsubstituted) -342.2 -354.4
S91
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4.4.3 Experimental vs. calculated FT-IR shifts
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Supplementary Figure $58. Experimental vs. theoretical FT-IR spectrum of Ni(CO): siliconoid/silylene 3c at the B3LYP/def2-
TZVP level of theory. 1229

4.4.4 TD-DFT calculations

Supplementary Table S20. Transition Energy. wavelength. and oscillator strengths of the electronic transition of Ni(CO)z
siliconoid/silylene 3¢ calculated at the TD-TPSSh/def2-TZVP level of theory.[26-29.33.34] (the 429' orbital is the highest occupied
orbital (HOMO). the 430" orbital is the lowest unoccupied orbital (LUMO) shown in Supplementary Figure S57).

STATE 1: E= 0.090101au  2.452eV 19775.0 cm*-1 <S*2> = 0.000000 Mult 1
427a->430a : 0.015750 (c= 0.12549942)
428a->430a : 0.048770 (c= 0.22083919)
429a->430a : 0.784327 (c= -0.88562242)
429a->431a :  0.031754 (c= 0.17819762)
429a->432a : 0.078200 (c= 0.27964340)

STATE 2: E= 0.097680au 2.658 eV 21438.2 cm*™-1<8**2>= 0.000000 Mult 1
428a->430a : 0.237174 (c=-0.48700512)
429a->430a : 0.012157 (c= 0.11025795)
429a->431a : 0.639359 (c= 0.79959910)
429a->432a : 0.079818 (c= 0.28252063)
429a->435a : 0.013073 (c= 0.11433638)

STATE 3: E= 0.100007 au 2.721eV 21949.1 cm**-1 <S**2> = (.000000 Mult 1

S92
283



427a -> 430a :
428a -> 430a :
429a -> 431a :
429a -> 432a :

STATE 4: E=

STATE 5: E=

426a -> 430a :
427a->430a :
428a -> 430a :
429a -> 430a :
429a->431a :

STATE 6: E=

425a -> 430a :
426a -> 430a :
429a -> 434a :
429a -> 435a :
429a -> 436a :
429a -> 437a :

STATE 7: E=

429a ->433a :

STATE 8: E=

426a -> 430a :
427a->430a
429a -> 434a

STATE 9: E=

426a -> 430a :
427a-> 432a :
428a ->431a :
428a->432a :
429a -> 434a :

STATE 10: E=

424a -> 430a :
426a -> 430a :
427a->432a :
428a -> 431a :
429a -> 434a :
429a -> 435a :
429a -> 436a :
429a ->437a :

STATE 11: E=

424a -> 430a :
427a->431a :
427a -> 432a .
428a->431a :
428a->432a :
429a -> 434a :
429a -> 436a :

284

O 100737 au
427a->430a :
428a -> 430a :
429a -> 430a :
429a ->431a
429a -> 432a

0.104423 au

5. Supporting Information

0.209767 (c= 0.45800339)
0.360491 (c=-0.60040866)
0.239800 (c=-0.48969426)
0.154545 (c= 0.39312152)

0.110944 (c= 0.33308251)
0.110421 (c=-0.33229665)
0.058475 (c=-0.24181590)
0.019977 (c= 0.14134001)
0.639126 (c=-0.79945385)

0.030007 (c= 0.17322640)
0.593019 (c= 0.77007731)

0.198124 (c=
0.064628 (c=
0.041119 (c=

0.110528 au
0.023527 (c=
0.012842 (c=
0.057400 (c=
0.814421 (c=
0.017847 (c=
0.021769 (c=

0.111102 au
0.990609 (c=

0.111538 au
0.809643 (c=
0.018324 (c=
0.125937 (c=

0.113061 au
0.024360 (c=
0.012657 (c=
0.257348 (c=

0.44511165)
0.25421991)
0.20277862)

0.15338594)
-0.11332107)
0.23958281)
-0.90245267)
-0.13359448)
-0.14754476)

0.99529333)

-0.89980186)
0.13536519)
-0.35487659)

-0.15607536)
0.11250199)
0.50729493)

0.114297 au

0.116308 au

0.542571 (c= 0.73659407)
0.117140 (c= 0.34225763)

0.046676 (c= 0.21604598)
0.057089 (c= -0.23893230)
0.020347 (c= -0.14264149)
0.248398 (c= -0.49839585)
0.495817 (c= 0.70414242)
0.027301 (c= 0.16523091)
0.029102 (c= 0.17059327)
0.010409 (c= 0.10202426)

0.021189 (c= 0.14556355)
0.046627 (c=-0.21593401)
0.049408 (c=-0.22228000)
0.440742 (c= 0.66388367)
0.309610 (c=-0.55642642)
0.058994 (c= 0.24288693)
0.024573 (c= 0.15675750)

2741 eV  22109.3 cm*™-1 <§**2> =

2.841eV 22918.2 cm**-1 <§**2> =

3.008 eV 24258.1 cm**-1 <§*2> =

3.023 eV 24384.2 cm**-1 <§"2> =

3.035eV 244799 cm**-1 <§**2> =

3.077 eV 24814.0 cm**-1 <§**2> =

3.110 eV 25085.3 cm**-1 <§**2> =

3.165 eV 25526.6 cm**-1 <§**2> =

S93

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1
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STATE 12: E= 0.117162au  3.188eV 25714.0 cm™-1 <S*2> = 0.000000 Mult 1
424a->430a : 0.076921 (c= -0.27734714)
425a->430a : 0.780892 (c= -0.88368084)
426a->431a :  0.010011 (c= -0.10005595)
426a->432a :  0.024497 (c= -0.15651419)
429a->435a :  0.029589 (c= -0.17201533)
STATE 13: E= 0.118507au  3.225eV 26009.2 cm*-1 <S*2> = 0.000000 Mult 1
424a->430a : 0.041103 (c= 0.20273775)
427a->431a : 0.452221 (c= 0.67247391)
427a->432a :  0.211764 (c= 0.46017772)
427a->435a :  0.010976 (c= 0.10476627)
428a->431a : 0.011080 (c= 0.10526066)
428a->432a :  0.089000 (c= -0.29832934)
429a->434a :  0.020882 (c= 0.14450678)
429a->436a :  0.101090 (c= -0.31794588)
STATE 14: E= 0.118821au  3.233eV  26078.1 cm*-1 <S*2> = 0.000000 Mult 1
424a->430a : 0.018531 (c= -0.13612786)
425a->430a : 0.010808 (c= 0.10396080)
427a->431a : 0.044881 (c= 0.21185192)
427a->432a : 0.173892 (c= 0.41700420)
429a->435a :  0.022736 (c= -0.15078509)
429a->436a : 0.596047 (c= 0.77204060)
429a ->437a : 0.084618 (c= 0.20089141)
STATE 15: E= 0.121014au  3.203eV 26550.6 cm**-1<S8"'2> = 0.000000 Mult 1
426a->432a : 0.012976 (c= 0.11391224)
427a->431a : 0.387397 (c= -0.62241239)
427a->432a : 0.490025 (c= 0.70001779)
429a->434a :  0.014348 (c= 0.11978235)
429a->436a :  0.020824 (c= -0.14430524)
STATE 16: E= 0.123391au  3.358 eV 27081.1 cm*-1 <S*2> = 0.000000 Mult 1
429a ->435a :  0.010434 (c= 0.10214465)
429a->436a :  0.144017 (c= 0.37949551)
429a->437a :  0.800862 (c= -0.89490893)
429a->438a : 0.010854 (c= 0.10418214)
STATE 17: E= 0.124565au  3.390 eV 27338.8 cm**-1 <S*2> = 0.000000 Mult 1
423a->430a :  0.032007 (c= -0.17890541)
424a->430a : 0.556050 (c= -0.74568792)
425a->430a : 0.058778 (c= 0.24244124)
426a->430a : 0.019458 (c= -0.13949257)
426a->431a :  0.015709 (c= 0.12533439)
428a->434a : 0.084428 (c= -0.29056576)
428a->435a : 0.015547 (c= 0.12468617)
429a->434a :  0.027014 (c= 0.16435838)
429a->437a :  0.013650 (c= -0.11683214)
429a ->438a : 0.024323 (c= -0.15595771)
429a ->439a : 0.023165 (c= 0.15220190)
429a ->441a : 0.019387 (c= 0.13923822)
STATE 18: E= 0.126712au  3.448 eV 27810.1 cm™-1 <S*2> = 0.000000 Mult 1
423a->430a : 0.016516 (c= -0.12851385)
424a->430a :  0.032402 (c= -0.18000692)
425a->430a : 0.011033 (c= 0.10503780)
426a ->431a :  0.029344 (c= -0.17130213)
426a->432a : 0.235891 (c= -0.48568611)
428a->435a :  0.276639 (c= -0.52596457)
428a->436a : 0.014692 (c= -0.12121170)
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429a -> 435a :
429a -> 436a :
429a -> 438a :
429a -> 439a :
429a -> 440a

STATE 19: E=
426a ->431a :
426a -> 432a :
428a -> 434a :
428a -> 435a
429a -> 438a
429a ->439a :
429a -> 440a :

STATE 20: E=
425a ->430a :
425a ->432a :
426a -> 431a :
426a -> 432a :
428a -> 434a :
428a -> 435a
429a -> 438a :
429a ->439a :

STATE 21: E=
426a -> 431a :
426a -> 432a
428a -> 434a
428a -> 435a :
429a -> 438a :
429a -> 439a :
429a -> 440a :

STATE 22: E=
423a ->430a :
424a ->430a :
425a -> 432a .
426a -> 431a :
426a -> 432a :
428a ->433a
428a -> 434a
429a -> 438a :
429a -> 439a :
429a -> 440a

STATE 23: E=
423a ->430a :
426a ->431a :
426a -> 432a :
428a ->433a :
428a -> 43ba :
429a -> 438a :
429a -> 439a :
429a -> 440a :

STATE 24: E=

423a -> 430a :

425a -> 432a :
426a -> 431a :
428a ->433a :

286

0.127172 au

0.127376 au

0.128235 au

0.128614 au

0.128715 au

0.128866 au

5. Supporting Information

0.010011 (c= 0.10005726)
0.012309 (c=-0.11094489)
0.198402 (c= 0.44542338)
0.039682 (c=-0.19920437)
0.055004 (c=-0.23452950)

0.080139 (c=-0.28308875)
0.019770 (c= -0.14060567)
0.096677 (c= 0.31092931)
0.189089 (c=-0.43484398)
0.186244 (c=-0.43155946)
0.206047 (c= 0.45392391)
0.152454 (c= 0.39045380)

0.013633 (c= 0.11676056)
0.018016 (c= 0.13422186)
0.133527 (c= -0.36541279)
0.308418 (c= -0.55535366)
0.036249 (c= 0.19039189)
0.335390 (c= 0.57912853)
0.054961 (c= -0.23443781)
0.030222 (c= -0.17384456)

0.541675 (c=-0.73598580)
0.094653 (c= 0.30765714)
0.080061 (c=-0.28294998)
0.013374 (c= 0.11564496)
0.155080 (c= 0.39380201)
0.023225 (c= 0.15239795)
0.030784 (c= 0.17545397)

0.044680 (c=-0.21137712)
0.030112 (c=-0.17352876)
0.024803 (c=-0.15748834)
0.055839 (c=-0.23630204)
0.160569 (c= 0.40071084)
0.283647 (c= 0.53258507)
0.226242 (c= 0.47564949)
0.010470 (c=-0.10232263)
0.028887 (c=-0.16996264)
0.073557 (c=-0.27121319)

0.010419 (c=-0.10207255)
0.043884 (c=-0.20948513)
0.060152 (c= 0.24525883)
0.554358 (c=-0.74455231)
0.016784 (c=-0.12955263)
0.121766 (c= -0.34894962)
0.064028 (c=-0.25303664)
0.079944 (c= -0.28274450)

0.012124 (c=-0.11010981)
0.011593 (c=-0.10767066)
0.035505 (c= 0.18842748)
0.153020 (c=-0.39117738)

3.461eV 27911.0 cm*™*-1 <§**2> =

3.466 eV 27955.8 cm*™*-1 <§**2> =

3.489 eV 28144.2 cm**-1 <§**2> =

3.500 eV 28227.6 cm*™*-1 <§**2> =

3.503 eV 28249.7 cm**-1 <§**2> =

3.507 eV 28282.8 cm**-1 <§**2> =
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0.000000 Mult 1

0.000000 Mult 1

0.000000 Muilt 1

0.000000 Mult 1

0.000000 Mult 1

0.000000 Mult 1
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428a->434a : 0.351863 (c= 0.59318080)
428a->435a : 0.066762 (c= 0.25838391)
429a->438a : 0.198847 (c= 0.44592315)
429a->439a : 0.065849 (c= 0.25661154)
429a->440a : 0.023374 (c= 0.15288541)
429a->441a : 0.016692 (c= 0.12919858)
STATE 25: E= 0.131415au  3.576 eV 28842.2 cm**-1 <S§**2>= 0.000000 Mult 1
423a->430a : 0.070095 (c=-0.26475510)
427a->434a : 0.158507 (c= 0.39812962)
429a->439a : 0.323882 (c=-0.56910619)
429a->440a : 0.355148 (c= 0.59594265)
429a->441a : 0.018214 (c= 0.13495777)
STATE 26: E= 0.131733au 3.585eV 28912.0 cm**-1 <§*2>= 0.000000 Mult 1
423a->430a : 0.102057 (c=-0.31946304)
425a->431a : 0.340653 (c= 0.58365460)
425a->432a : 0.372997 (c= 0.61073484)
427a->434a : 0.010326 (c= 0.10161763)
427a->435a : 0.049020 (c= 0.22140487)
429a->439a : 0.024424 (c= 0.15628094)
429a->440a : 0.024360 (c=-0.15607833)
STATE 27: E= 0.132096 au  3.595eV 28991.6 cm**-1 <§**2> = 0.000000 Mult 1
425a->431a : 0.014395 (c=-0.11997896)
427a->434a : 0.131445 (c=-0.36255368)
427a->435a : 0.588147 (c= 0.76690734)
429a->439a : 0.014598 (c=-0.12082119)
429a ->440a : 0.052391 (c= 0.22889003)
429a->441a : 0.116552 (c= -0.34139646)
429a->442a : 0.011698 (c= 0.10815822)
STATE 28: E= 0.132420au  3.603 eV 29062.8 cm**-1 <§*2>=0.000000 Mult 1
423a->430a : 0.163145 (c= 0.40391183)
425a->431a : 0.013986 (c=-0.11826160)
427a->433a : 0.035675 (c= 0.18887794)
427a->434a : 0.373712 (c= 0.61132017)
427a->435a : 0.190185 (c= 0.43610186)
428a->436a : 0.032681 (c= 0.18077885)
429a->440a : 0.063246 (c=-0.25148792)
429a->441a : 0.042638 (c= 0.20648881)
429a->443a : 0.014796 (c= 0.12163722)
STATE 29: E= 0.132787 au  3.613eV 29143.4 cm**-1 <§*2>= 0.000000 Mult 1
423a->430a : 0.023922 (c=-0.15466785)
427a->433a : 0.893869 (c= 0.94544637)
429a->441a : 0.036091 (c=-0.18997575)
STATE 30: E= 0.132922au 3.617eV 29173.1 cm™*-1 <§**2>= 0.000000 Mult 1
423a->430a : 0.166163 (c=-0.40763113)
425a->431a : 0.016251 (c=-0.12748081)
425a->432a : 0.067881 (c=-0.26053947)
427a->433a : 0.063076 (c=-0.25115003)
427a->434a : 0.225408 (c= 0.47477108)
428a->434a : 0.014606 (c=-0.12085605)
428a->436a : 0.021298 (c=-0.14593800)
429a ->439a : 0.098759 (c= 0.31425897)
429a ->441a : 0.196369 (c= -0.44313530)
429a ->442a : 0.030553 (c= 0.17479293)
429a->443a : 0.012506 (c=-0.11182809)
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4.5 TD-DFT Overview

Supplementary Table $21. Extended comparison of wavelengths imax, oscillator strengths f, and excitation energy E from
experimental and TD-DFT calculations at TD-TPSSh/def2-TZVPI26-29.33.34] for transition metal complexes 2-3c.

5. Supporting Information

Experimental

Calculated

A-ITIEIX

(nm)

Excitation energy
E (eV)

}\.lTIEIX

(nm)

Excitation
energy
E (eV)

Oscillator
strength f

Transitions (% contribution)

288

525

2.362

528

2.349

0.00277

HOMO—LUMO (98.6)

342

3.625

355

3.493

0.0365

HOMO-15—LUMO (5.9)
HOMO-14—LUMO (1.6)
HOMO-13—LUMO (27.7)
HOMO-12—LUMO (5.0)
HOMO-11—LUMO (25.8)
HOMO-10—LUMO (3.7)
HOMO-7—LUMO (1.3)
HOMO-5—-LUMO+1 (1.2)
HOMO-3—-LUMO+1 (5.1)
HOMO-2—-LUMO+1 (7.5)

HOMO—LUMO+2 (10.6)

353

3.516

S97

0.0282

HOMO-15—LUMO (6.1)

HOMO-13—LUMO (68.9)
HOMO-11—LUMO (10.6)
HOMO-10—LUMO (1.8)

HOMO-5—-LUMO+1 (1.1)
HOMO-3—-LUMO+1 (1.1)
HOMO-2—LUMO+1 (4.2)

HOMO—LUMO+2 (1.3)
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HOMO-4—LUMO+1 (54.5)
HOMO-4—LUMO+2 (2.5)
HOMO-4—LUMO+7 (1.5)

350  3.516 0.0054  HOMO-3—LUMO+1 (2.9)
HOMO-1—LUMO+1 (1.7)
HOMO-1—-LUMO+2 (26.8)

HOMO-1-LUMO+7 (1.3)

HOMO-2—LUMO (1.1)
HOMO-1—LUMO (18.9)

546  2.269 0.0416  HOMO—LUMO (52.6)
HOMO—LUMO+1 (19.0)

HOMO—LUMO+2 (4.8)

HOMO-2—LUMO (3.5)
HOMO-1-LUMO (72.6)
538 2.305 520 2.386 0.0145

HOMO—LUMO (5.3)

HOMO—LUMO+1 (13.6)

HOMO-2—LUMO (2.2)

HOMO-1-LUMO (2.3)
516 2.402 0.0822  HOMO—LUMO (23.7)

HOMO—LUMO+1 (65.4)

HOMO—LUMO+2 (3.0)

HOMO-5—-LUMO (2.1)
HOMO-4—LUMO (5.5)
HOMO-3—LUMO (1.3)

402 3.085 0.0108  HOMO-3—-LUMO+1 (74.6)
HOMO-3—LUMO+2 (6.7)
HOMO-3—LUMO+4 (1.5)

HOMO-1-LUMO+4 (2.9)

598
289



392

3.163

5. Supporting Information

399

3.105 0.0111

HOMO-5—LUMO (2.3)
HOMO-4—LUMO (2.0)
HOMO-1—LUMO+4 (7.1)
HOMO—LUMO+6 (83.3)

HOMO—LUMO+7 (1.0)

395

3.136 0.0145

HOMO-5—LUMO (9.0)
HOMO-4—LUMO (2.2)
HOMO-3—LUMO+1 (1.6)
HOMO-2—LUMO+2 (1.2)
HOMO-1—LUMO#+4 (72.1)
HOMO-1—LUMO*5 (1.2)

HOMO—-LUMO+6 (4.2)

3b

290

596

2.080

740

1.675 0.0179

HOMO—LUMO (89.6)
HOMO—LUMO+1 (4.2)

HOMO—LUMO+3 (2.2)

572

2.169 0.0439

HOMO-2—LUMO (2.7)
HOMO-1—LUMO (2.5)
HOMO—LUMO+1 (76.8)
HOMO—LUMO+2 (3.6)

HOMO—LUMO+3 (11.4)

655

2.232/ 0.0517

HOMO—LUMO (1.7)
HOMO >LUMO+1 (3.1)

HOMO—LUMO+2 (92.3)

519

2.389

472

2.629 0.167
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HOMO-6—LUMO (6.3)
HOMO-5—LUMO (15.5)
HOMO-4—LUMO (31.0)
HOMO-3—LUMO (2.7)

HOMO-2—LUMO (5.3)
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HOMO-1—LUMO (2.3)
HOMO—LUMO (2.2)

HOMO—LUMO+1 (4.6)
HOMO—LUMO+3 (9.3)
HOMO—LUMO+6 (4.1)

HOMO—LUMO+7 (7.2)

365

3.397

361

3.432

0.0115

HOMO-85LUMO (1.7)
HOMO-6—LUMO®+1 (7.6)
HOMO-6—LUMO+2 (3.6)

HOMO-5-LUMO+1 (2.0)

HOMO-5—-LUMO+3 (19.1)

HOMO-4—-LUMO+1 (1.1)

HOMO-4—LUMO+3 (3.1)

HOMO-4—LUMO+5 (25.5)

HOMO-3—LUMO+6 (1.7)

HOMO-3—LUMO+7 (2.0)

HOMO-2—-LUMO+7 (15.4)

HOMO-2—LUMO+8 (1.8)

HOMO—LUMO+21 (1.9)

523

2.371

506

2.45

0.0930

HOMO-2—-LUMO (1.6)
HOMO-1—-LUMO (4.9)
HOMO—LUMO (99.6)

HOMO—LUMO+1 (3.2)

HOMO—LUMO+2 (7.8)

472

2.627

456

2,721

0.00234

HOMO-2—LUMO (21.0)
HOMO-1—LUMO (36.0)
HOMO—LUMO+1 (8.0)

HOMO—LUMO+2 (1.3)
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452 2.741

0.1091

HOMO-2—LUMO (11.1)
HOMO-1—LUMO (11.0)
HOMO—LUMO (5.8)
HOMO—LUMO+1 (2.0)

HOMO—LUMO+2 (63.9)

3c

360 3.358

0.0061

HOMO-6—LUMO (1.7)
HOMO-5—LUMO (3.2)
HOMO-4—LUMO (1.1)
HOMO-3—LUMO+1 (2.9)
HOMO-3—LUMO+2 (23.6)
HOMO-1—LUMO*5 (27.7)
HOMO-1—LUMO*+6 (1.5)
HOMO—LUMO+5 (1.0)
HOMO—LUMO+6 (1.2)
HOMO—LUMO+8 (19.8)
HOMO—LUMO+9 (4.0)

HOMO—LUMO+10 (5.5)

363 3.416 358 3.461

0.0086

HOMO-3—LUMO+1 (8.0)
HOMO-3—LUMO+2 (2.0)
HOMO-1—LUMO+4 (9.7)
HOMO-1—LUMO+5 (18.9)
HOMO—LUMO+8 (18.6)
HOMO—LUMO+9 (20.6)

HOMO—LUMO+10 (15.2)

358 3.466

0.0689

HOMO-4—LUMO (1.3)
HOMO-4—LUMO+2 (1.8)

HOMO-3—LUMO+1 (13.4)
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HOMO-3_5LUMO+2 (30.8)
HOMO-1-LUMO+4 (3.6)
HOMO-1—LUMO*5 (33.5)

HOMO—LUMO+8 (5.5)

HOMO—LUMO+9 (3.0)
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follows: “Used with permission of [Rightsholder's name], from [Work’s title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably
legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or
notices for the new work containing the republished Work are located. Failure to include the required notice results in
loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to
twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges
specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
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14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
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for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
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Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

C) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.
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d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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