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Abstract

Abstract

Hydroamination of unsaturated substrates with ammonia remains one of the holy grails of
chemical catalysis. Transition metals (TM) have not been able to catalyse this challenging
conversion, due to ammonia being a strong sigma donor ligand. Metal-ligand cooperativity
(MLC) is an intriguing concept to potentially achieve hydroamination, where a non-innocent
ligand actively participates in bond activation and catalysis. Heavier tetrylenes are such non-
innocent ligands, which can remain Lewis acidic in the coordination sphere of a TM. This thesis
aims to develop bidentate heavier tetrylene first-row TM complexes to achieve MLC behaviour

with catalytically relevant substrates such as ammonia for potential utilisation in catalysis.

In Chapter 3 we introduced the novel bidentate, monoanionic ligand scaffold P"RDipp (P"RDipp
= [{Ph2PCH.Si(R)2}(Dipp)N]; R = iPr, Ph; Dipp = 2,6-iPr.CsHs) and synthesised the
corresponding (chloro)germylene ligands P"RDippGeCl. These were used to isolate the
(chloro)germylene-nickel(0) complexes [{P"RDippGe(CI)}-Ni(PPhs).]. These showed the ability
to reversibly activate ammonia at the ligand binding centre via a o-bond metathesis reaction,
eliminating ammonium chloride. The corresponding cationic tetryliumylidene-nickel(0)
complexes [(P"RDippE)-Ni(PPhs)2][BArf4] (E = Ge, Sn; [BArt4] = [{3,5-(CF3).CsHs}4B]), were
developed in Chapter 4, where the tetrylene ligand centres exhibited remarkably high Lewis
acidity, enabling ammonia adduct formation and fluoride abstraction from [SbFg] at the tetrel
element. Additionally, efficient and selective catalytic hydrosilylation of alkene and alkynes with
phenylsilane was achieved with these tetryliumylidene complexes. The Lewis acidic character
of the tetrylene ligands discussed in Chapter 3 and 4 can be traced back to bent P"RDipp-E-Ni
angles, resulting in minimised m-back-donation from the Ni® centre to the tetrel element. The
importance of the bidentate ligand scaffold for this bent angle was demonstrated in Chapter
5, by synthesising the corresponding monodentate (chloro)tetrylenes SiPDippECI (S*"Dipp =
[(iPrsSi(Dipp)N]) and isolating the tetryliumylidene-nickel(0) complexes
[S"PDippE-Ni(PPhs3)s][BArf4]. These unique species show a linear Si"Dipp-E-Ni angle, and thus
pronounced m-back-donation from the Ni® centre to the tetrel elements resulting in a donor-

acceptor triple bond, quenching tetryl-centred Lewis acidity.

In Chapter 6 selective synthetic routes to the free cationic tetrylenes, [P"PDippE]*, were
achieved. This generally allows for easier implementation of the cationic ligand scaffold in
generating TM complexes. While the cationic germylene [P"PDippGe]* could be generated via
chloride abstraction from (chloro)germylene P"PDippGeCl, the cationic stannylene
[P"PDippSn]* could only be accessed via hydride abstraction from the respective

(hydrido)stannylene, P"PDippSnH, as a novel synthetic pathway to such cationic tetrylenes.



Abstract

To achieve a more reactive TM centre, cationic tetrylene (i.e. [P""DippE]*) complexes of low-
valent [Fe(IPr)] (IPr = [{HC(Dipp)N}.C:]) were developed in Chapter 7. The cationic germylene
[P"PDippGe]* resulted in a diamagnetic low-spin iron(0) complex, [{""PGe(IPr)}-Fe][BArF4]. This
complex activates ammonia giving the ‘parent’ (amido)germylene complex
[{P"PDippGe(NH.)}-Fe{IPr(H)}[BArf4], with proton transfer to the carbene ligand, which
maintains n°-arene interaction with the Fe® centre. In contrast, the paramagnetic high-spin
iron(0) complex [(P"PDippSn)-Fe(IPr)][BArF4] was obtained with the cationic stannylene ligand,
[P"PDippSn]*. This highly strained system proved to be highly reactive, reversibly activating H»
across the Fe-Sn bond in forming the bridged dihydride-complex [P"PDippSn(u-
Hz)Fe(IPr)][BArf4]. To potentially achieve rare Fe' complexes, the cationic tetrylene-iron(0)
complexes were reduced, which led to the successful isolation of the unprecedented Sn'-Fe"
complex [P"PDippSn(IPr)Fe], which stands as the only reported example of a covalently bound

iron(-1) ferrato species.

Chapter 8 discusses efforts towards the modification of the P"PDippGeCl ligand, exchanging
the chloride for different residues, which controls the electronic properties of the tetrel element
in the germylene-nickel(0) complexes [{"""DippGe(R)}-Ni(IPr)]. This enables the modulation of
reversible cooperative H, activation at the Ge-Ni interface, with the electronic nature of the
differing ligands aligning with the kinetic profiles of the H; activation profile. This demonstrates
the ease with which the developed ligands can be modified, and the profound effect this has
on the fine-tuned reactive capacity of subsequent TM complexes. The project is prepared as

a manuscript ready for submission.

As a whole, these projects are promising results towards developing and understanding the
controlled MLC behavior of heavier tetrylenes in the coordination sphere of a TM. Insights are
gained on how to manipulate and promote Lewis acidity and reactivity of the tetrel element in
first-row TM complexes via ligand design. This thesis also demonstrates the use of these
complexes in sustainable catalyses, which we ultimately aim to take towards the

hydroamination with ammonia.
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Die Hydroaminierung von ungesattigten Substraten mit Ammoniak ist nach wie vor einer der
heiligen Grale der chemischen Katalyse. Ubergangsmetalle (TM) waren bisher nicht in der
Lage, diese anspruchsvolle Umwandlung zu katalysieren, da Ammoniak ein starker Sigma-
Donor-Ligand ist. Metall-Ligand-Kooperativitat (MLC) ist ein faszinierendes Konzept, mit dem
eine Hydroaminierung erreicht werden kann, bei der ein nicht-unschuldiger Ligand aktiv an der
Bindungsaktivierung und Katalyse beteiligt ist. Schwere Tetrylene sind solche nicht-
unschuldigen Liganden, die in der Koordinationssphare eines TMs Lewis-sauer bleiben
kdnnen. Ziel dieser Arbeit ist es, zweizahnige schwere Tetrylen-TM-Komplexe der ersten
Reihe zu entwickeln, um ein MLC-Verhalten mit katalytisch relevanten Substraten wie

Ammoniak fir eine mogliche Nutzung in der Katalyse zu erreichen.

In Kapitel 3 stellten wir das neue zweizéhnige, monoanionische Ligandengerist ""RDipp
(P"RDipp = [{Ph2PCH:SIi(R)2}(Dipp)N]; R = iPr, Ph; Dipp = 2,6-iPr.C¢Hs) vor und synthetisierten
die entsprechenden (Chlor)germylen-Liganden P"RDippGeCl. Diese wurden zur Isolierung der
(Chloro)germylen-Nickel(0)-Komplexe [{""RDippGe(Cl)}-Ni(PPhs);] verwendet. Diese zeigten
die Fahigkeit, Ammoniak am Bindungszentrum des Liganden Uber eine o-
Bindungsmetathesenreaktion reversibel zu aktivieren und Ammoniumchlorid zu eliminieren.
Die entsprechenden kationischen Tetryliumyliden-Nickel(0)-Komplexe
[(P"RDippE)-Ni(PPhs)2][BArf4] (E = Ge, Sn; [BAr4] = [{3,5-(CF3)2CeH3}4B]) wurden in Kapitel 4
entwickelt, wobei die Tetrylen-Ligandenzentren einen bemerkenswert hohe Lewis-Sauren
Charakter aufwiesen, die die Bildung von Ammoniak-Addukten und die Abstraktion von Fluorid
aus [SbFe]” am Tetrel-Element ermoglichte. AuRerdem wurde mit diesen
Tetryliumylidenkomplexen eine effiziente und selektive katalytische Hydrosilylierung von
Alkenen und Alkinen mit Phenylsilan erreicht. Der in Kapitel 4 und 5 erorterte Lewis-saure
Charakter der Tetrylen-Liganden lasst sich auf die gekrimmten P"RDipp-E-Ni-Winkel
zurlickfihren, was zu einer minimierten m-Riickdonierung vom Ni°-Zentrum zum Tetrel-
Element fuhrt.

Die Bedeutung des zweizahnigen Ligandengerusts fur diesen gekrimmten Winkel wurde in
Kapitel 5 durch die Synthese der entsprechenden einzahnigen (Chlor)tetrylenen Si"DippECI
(S"Dipp = [(iPrsSi(Dipp)N]) und die Isolierung der Tetryliumyliden-Nickel(0)-Komplexe
[S"PDippE-Ni(PPhs)s][BArf4] nachgewiesen. Diese einzigartigen Spezies zeigen einen linearen
SiPDipp-E-Ni-Winkel und damit eine ausgepragte m-Rickdonierung vom Ni®-Zentrum zu den
Tetrel-Elementen, was zu einer Donor-Akzeptor-Dreifachbindung flhrt und die tetrylzentrierte

Lewis-Saure Eigenschaft abschwacht.
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In Kapitel 6 wurden selektive Synthesewege zu den freien kationischen Tetrylenen,
[P"PDippE]*, gefunden. Dies ermdglicht im Allgemeinen eine einfachere Implementierung des
kationischen Ligandengerusts bei der Herstellung von TM-Komplexen. Wahrend das
kationische Germylen [P"PDippGe]* durch Chloridabstraktion vom (Chloro)germylen
PhiPDippGeCl erzeugt werden konnte, war das kationische Stannylen [P"PDippSn]* nur durch
Hydridabstraktion vom entsprechenden (Hydrido)stannylen, P"PDippSnH, als neuartiger

Syntheseweg zu solchen kationischen Tetrylenen, zuganglich.

Um ein reaktiveres TM-Zentrum zu erhalten, wurden in Kapitel 7 Kkationische
Tetrylenkomplexe ([""PDippE]*) mit [Fe(IPr)] (IPr = [{HC(Dipp)N}.C:]) entwickelt. Das
kationische Germylen [P"PDippGe]* flihrte zu einem diamagnetischen ,low-spin“ Eisen(0)-
Komplex, [{""PDippGe(IPr)}-Fe][BArf,]. Dieser Komplex aktiviert Ammoniak und ergibt den
(Amido-)Germylenkomplex [{"""DippGe(NH2)}- Fe{lPr(H)}][BArfs] mit Protonenlbertragung auf
den Carben-Liganden, der die n°-Aren-Wechselwirkung mit dem Fe®-Zentrum aufrechterhalt.
Im Gegensatz dazu wurde der paramagnetische ,high-spin® Eisen(0)-Komplex
[(PMPDippSn)-Fe(IPr)][BArfs] mit dem kationischen Stannylen-Liganden [P"PDippSn]* erhalten.
Dieses hochgradig gespannte System erwies sich als aulierst reaktiv und aktivierte reversibel
H. Uber die Fe-Sn-Bindung unter Bildung des verbriickten Dihydrid-Komplexes [P"PDippSn(p-
Hz)Fe(IPr)][BArfs]. Um potenziell seltene Fe'-Komplexe zu erhalten, wurden die kationischen
Tetrylen-Eisen(0)-Komplexe reduziert, was zur erfolgreichen Isolierung des noch nie
dagewesenen Sn'-Fe’'-Komplexes [P"PDippSn(IPr)Fe] fiihrte, der als bisher einziges Beispiel

fur eine kovalent gebundene Eisen(-l)-Ferrato-Spezies gilt.

In Kapitel 8 werden die Bemiihungen um eine Modifizierung des P"PDippGeCl-Liganden
erortert, bei der das Chlorid gegen verschiedene Reste ausgetauscht wird, wodurch die
elektronischen Eigenschaften des Tetrelelements in den Germylen-Nickel(0)-Komplexen
[{P"PDippGe(R)}Ni(IPr)] gesteuert werden. Dies ermoglicht die Modulation der reversiblen
kooperativen Ha-Aktivierung an der Ge-Ni-Grenzflache, wobei die elektronische Natur der
unterschiedlichen Liganden mit den kinetischen Profilen des Ha-Aktivierungsprofils
Ubereinstimmt. Dies zeigt, wie einfach die entwickelten Liganden modifiziert werden kénnen
und welch tiefgreifende Auswirkungen dies auf die fein abgestimmte Reaktionsfahigkeit der
nachfolgenden TM-Komplexe hat. Das Projekt ist als ein einreichungsreifes Manuskript

vorbereitet.

Insgesamt sind diese Projekte vielversprechende Ergebnisse flr die Entwicklung und das
Verstandnis des kontrollierten MLC-Verhaltens von schwereren Tetrylenen in der
Koordinationssphare eines TMs. Es werden Erkenntnisse dariiber gewonnen, wie die Lewis-

Saure und die Reaktivitat des Tetrel-Elements in TM-Komplexen der ersten Reihe durch

VI
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Ligandendesign manipuliert und geférdert werden kénnen. In dieser Arbeit wird auch die
Verwendung dieser Komplexe in nachhaltigen Katalysatoren demonstriert, was wir letztendlich

fur die Hydroaminierung mit Ammoniak erreichen wollen.

VI
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Chapter 1

Introduction and State of the Art

Climate change is presently a great challenge for humanity. Due to human anthropogenic
carbon dioxide expulsion and the resulting greenhouse effect on the planet, the mean surface
temperature has already risen by an average of ~1.06 °C, comparing the year 2022 to the
preindustrial period (1880-1900)." A temperature increase above 1.5 °C would likely lead to
dire consequences, such as mass extinction of species, frequent natural disasters, and
inhabitability of large regions.? It is estimated that we as humanity must change our way of
living and convert our energy consumption from fossil fuels to renewable energy sources within
the next 10 to 20 years to avoid these catastrophic effects.® An important part of this process
is the transformation of the chemical industry by lowering energy consumption, limiting waste
production, and using abundant reagents for a sustainable future.* Catalysis plays a significant
role in this transformation, since it lowers the amount of energy needed for chemical
conversion, hence reducing the amount of energy needed for a reaction and potentially also
avoiding unnecessary waste along the way.® Homogenous catalytic systems bring together a
catalyst and reactants in one phase. The catalyst can be tailored through selection of the
central reactive atom and ligand scaffold, while the catalyst and the catalytic process can be
studied in much detail via numerous methods, allowing for rational design of this class of
catalyst.® Transition metals (TM) have historically been used as central atoms in homogenous
catalysts, due their incompletely filled d-orbitals enabling them to both donate and accept
electrons.” More recently low-valent main group elements have also shown that they can act
as TM mimics, also possessing the ability to perform catalysis.®'" A major challenge
concerning homogeneous catalysis lies in avoiding rare, precious metals such as Pd or Pt,
which are better exchanged for much more abundant first-row TMs or main group elements. A
further important aspect is the discovery of new classes of efficient catalytic reactions, which
includes the hydroamination of unsaturated organic substrates like alkenes with ammonia
(Figure 1.1).

N\

NH. + cat. H 2
3 or » \/\NHz

A\

- primary Amines important for industry
- 100% Atom efficient reaction
- Avoiding energy/waster extensive alternatives

Problem: Traditional TM catalysis not applicable
— Exploring new type of catalysts

Figure 1.1 Hydroamination of alkenes and alkynes with ammonia.
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This challenge is considered to be one of the holy grails of modern catalysis.'®'® The resulting
amines are essential building-blocks for chemical and medicinal products in industry. Most
current industrial processes to synthesise amines involve energy and waste extensive
procedures, highlighting the importance of developing efficient hydroamination catalyses
which utilise ammonia, which would be a 100% atom efficient process. Heterogeneous
systems (i.e. zeolites, alkali-metal amides) are known to achieve hydroamination of
unsaturated C-C bonds with ammonia, but require extremely forcing conditions and only lead
to rather low conversions.'®'® TMs have not shown the ability to achieve this type of catalysis
since ammonia is an excellent sigma donor ligand. Very few examples of TM-mediated
ammonia activation are known, none of which show further catalytic application.?>?*> An
intriguing concept which might overcome this problem is metal-ligand cooperativity (MLC),
where both the TM and the ligand play a role in activating a substrate.?* Such systems employ
a non-innocent ligand, which can still participate in reactions whilst being bound to a TM.?® The
first cooperative activations of ammonia involving a TM were discovered by the groups of
Millstein and Piers, where it was shown that, if a fitting ligand is employed, activation of

ammonia can occur at the ligand-metal interface (Scheme 1.1, (a) and (b)).26-28

(a)
—P(tBu)2 —P(tBU)z . }:1
/_ —Ru co N—Ru co ﬁ . <|3
NH3 NHZ . (lPr)zP—I\;i—P(iPr)z (lPr)zP—r\fi—P(iPr)z

f 1B
( Bu), ( u); NH, NH,
Millstein 2010 : Piers 2013
'
(c) vo(d)
F
cl NHCP" N TMe3 BAr'4 un PMes BArF,
ipp , PMe. 2
i Ni NH3 N SN Pr aes NH \@ | PMes
Dipp\N/SI-»NI = /N/s| Ni<NHC @E:"; 3 E2 I PMe,
NHCPr MesSiT H:N  NHCPT ' Tbb/ | PMe; E =Ge, Sn Tbb/ H
SiMe; . H
.
Hadlington, Driess 2019 : Wesemann, Sindlinger 2023

Scheme 1.1 Examples (a)-(d) for cooperative activation of ammonia via MLC.

In these examples the activation resulted in a terminal TM-amide without further reactivity,
which would be needed for catalytic ability. Switching the reactivity of the non-innocent ligand
from Lewis basic to Lewis acidic may lead to a TM-hydride upon N-H bond activation. Given
the importance of TM-hydrides in catalysis, this may therefore open the door towards further
chemistry and potential catalytic applications.?® Heavier tetrylenes have emerged as such
Lewis acidic non-innocent ligands.*® They are group 14 elements in the oxidation state +lI
possessing a lone pair of electrons which can be used for TM coordination, and a vacant
p-orbital making them Lewis acidic.*’ These ligands have demonstrated the ability to
cooperatively activate ammonia via the described mechanism (Scheme 1.1, (¢) and (d)), with

the first such example reported by Hadlington and Driess in 2019.323 Further investigations
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into these and related systems are needed to evaluate their potential application for catalytic
hydroamination. Activation and utilisation of other catalytically relevant substrates with these
heavier tetrylene-TM systems is also of interest since this could provide valuable insights into
cooperative activation or catalysis. The gained knowledge could then be used to design
systems potentially replacing precious metal catalysts in current relevant catalytic applications.
In this regard ligand design becomes paramount to control the electronic character of both the

main group element and the transition metal to achieve MLC.

Transition Metal Complexes

Transition metals have historically been the most powerful tool for catalysis, particularly in
homogenous systems.5 They possess partially filled d-orbitals, giving them the ability to donate
and accept electrons, so enabling the interaction of these orbitals with various different types
of ligands and substrates. These d-orbitals are classified as five different orbitals, each with a

differing spatial orientation and probability surface (Figure 1.2).34

dx2_y2 d22
Figure 1.2 Probability surface and orientation of the five different d-orbitals.

Ligand field theory is the most common way to describe TM complexes based on these
orbitals, leading to the prediction of important properties such as magnetism, reactivity,
absorption behaviour, and preferred coordination geometry.3® This is built on molecular orbital
theory, where the d-orbitals and higher lying s- and p-orbitals are combined with the ligand
orbitals, examining the interaction between the TM-ion and the ligands. In the naked TM-ion,
the d-orbitals are of degenerate energy. In the presence of ligands, the energy of the d-orbitals
is affected to different degrees depending on the geometry of the ligands relative to the five
d-orbitals at the TM centre. As an example, [Co(NHs)s]** has an octahedral geometry, with the

ammonia ligands centred along the x, y and z-axes. This leads to the d,zand the d,22 orbitals

3
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being raised relatively high in energy due to the direct interaction with the ligands (Figure 1.3).
The energy of the other three d-orbitals (i.e. dy, dx. and d;) changes by a relatively small
amount, since the orbitals lie in between the axes and only minimal interaction with the ligands

is observed. These two resulting energy levels are separated by the "d-orbital splitting energy”

A [Co(NH3) gt

Yo 44
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LFSE > Spin pair energy
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Figure 1.3 Octahedral ligand field splitting in [Co(NH3)s]** favoring the low-spin state.

or the Ligand Field Stabilisation Energy (LFSE). Other geometries (e.g. tetrahedral or
square-planar) will give different d-orbital splitting patterns due to altered interaction of the
ligands with the d-orbitals. A highly unsymmetrical ligand field can even lead to the splitting of
all five d-orbitals. The electronic configuration and reactivity are critically impacted by the
LFSE. If the LFSE is smaller than the spin pair electron energy, a paramagnetic high-spin
complex with multiple unpaired electrons is formed, while a bigger LFSE leads to the low-spin
complex having the maximum amount of electron pairs. Naturally, the LFSE also impacts the
reactivity of the complex since it can represent the HOMO-LUMO gap (HOMO = Highest

occupied molecular orbital; LUMO = Lowest unoccupied molecular orbital) of the molecule.

The two predominantly observed interactions of TMs with ligands are o-donation and
m-back-donation. While the o-bond is typically the donation of an electron pair of the ligand to
one of the empty d-orbitals of the TM, m-back-bonding occurs from a filled d-orbital of the TM

to an empty orbital of the ligand. When we look at carbon monoxide as a ligand, both of these

o -bonding 7 -back-bonding

D) <— C>C=0D QI’M"_>Q=O
G - FS

O—
Figure 1.4 o-bonding (right) and 1r-back-bonding (left) between a TM centre and carbon monoxide.

interactions can be observed (Figure 1.4). While the m-back-bonding leads to a more stable

TM-CO bond, this also influences the carbon monoxide itself, weakening the bond between
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carbon and oxygen, given that the m*-acceptor orbital is of anti-bonding character, which can

be observed using IR spectroscopy.

Due to the often small energy separation of their frontier orbitals, TM complexes exhibit a vast
number of different reactivities allowing for catalytic applications. A reaction common to many
catalytic cycles is oxidative addition, which can be followed by a variety of different reactions
such as insertion, B-hydride elimination, or transmetallation. The catalytic cycle is often closed
by reductive elimination of the product and regeneration of the active catalyst. The ability of
the TM to easily interchange between oxidation states and different geometries is key for their
excellent catalytic applicability. Taking the active species of Wilkinson’s catalyst
([Rh(CI)(PPh3)2S] (I; S = solvent) as an example, the first step involves oxidative addition of Hz
at the Rh' centre, which is initiated by overlap of the frontier orbitals (Scheme 1.2). Following
the insertion of an alkene into the Rh"-H bond, reductive elimination of the corresponding
alkane leads to regeneration of 1.%4° This showcases a typical catalytic cycle for single-site

hydrogenation of an alkene.

S = solvent
H cl, \\PPh3

- / M +H—H

Reductive Rh Oxidative

Elimination )/’ prp? Vs Addition
|

‘

ﬁ)
™ o
cl «PPh; cl, | ‘\\PPhs ( v

'th’ ('th’\ o
7 | S—
PhsP™ o H PhsP” & 'H
H
Cl, PPh3 )
Alkene "Rh"\ + Ligand
Insertion Exchange
*S Ph3P/ | ™y -SH

Scheme 1.2 Catalytic cycle of the hydrogenation of ethylene with | and frontier orbital interaction between Hz and
a TM centre.

One might assume that the corresponding catalysis using ammonia in place of H, can be
accessed. Even though primary and secondary amines have been successfully used for TM
catalysed hydroamination of alkenes and alkynes, the efficient utilisation of ammonia as a
substrate thus far remains elusive, due to the fact that ammonia is an excellent sigma donor
ligand, leading to inert Werner-type complexes.?® 4142 There have been very few reports on
TM complexes which hold the ability to activate ammonia, most prominently by the group of
Hartwig. Here, iridium(l) complexes [{(C2H4PtBu2),C(H)}r(C.H3R")] (R* = Me (ll), CszHs (lll))

demonstrated the reversible oxidative addition of ammonia, but without further catalytic
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application (Scheme 1.3).2'2 Therefore different strategies to achieve this long standing goal

need to be explored.

T(tBu)z R T(tBu)z R
W H
Ilr—ﬁ + NH; ——= ||r< + W
NH,
P(tBu), P(tBu),

R' = Me (Il) R' = Me (IV)
R' = C;H; (Ill) R' = C3Hs (V)

Scheme 1.3 Reversible oxidative activation of ammonia with iridium(l) complexes Il and lll
Low-valent Group 14 Element(ll) Species

Low-valent main group element compounds have been of growing importance in the last two
decades due to their potential to behave like TMs.® 4 They typically have a small energy
separation between the frontier orbitals, similarly to TMs, enabling the activation of substrates
such as H, or ammonia.**4% These compounds are therefore broadly explored as replacements

for TMs as abundant and non-toxic catalysts. A big part of these developments are low-valent

E = Group 14 element(ll) Triplet Tetrylene Singlet Tetrylene

R.. P + T R..
SECD = ED

=0 A IAE" TG

AE, < spin pair energy  AE, > spin pair energy

Figure 1.5 Electronic configuration of tetrylenes comparing the triplet state to the singlet state.

group 14 elements in the oxidation state +Il, so called tetrylenes. These species have an
electron sextet with two non-bonding electrons being present, while the two residues are
generally bent resulting in a sp®-p type hybridisation.*” This results in a essentially unchanged
pr-orbital and a stabilised p-orbital with s-character (ps-orbtial), with the frontier orbital
separation (AE,) dictating electronic state and reactivity of the tetrylene. In the triplet state the
two electrons are unpaired and located in the pg-orbital and the ps -orbital, making it a
biradicaloid. The singlet state is present if AE, is bigger than the spin pairing energy, with both
electrons located in the ps-orbital leading to a nucleophilic lone pair of electrons and an
electrophilic vacant pr-orbital, making the carbene ambiphilic (Figure 1.5). This already shows
certain similarities to the Ligand Field Theory for TMs, where the size of the LFSE dictates if a

complex adapts a high-spin or a low-spin state. The energy difference between the triplet and
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singlet state is called the singlet-triplet splitting energy (AEst). When calculating these for the
parent tetrylenes (i.e. [H2E:]) a trend can be seen. While [H2C:] occupies the triplet ground
state with a singlet-triplet energy difference of -14.0 kcal/mol, the heavier elements (E = Si,
Ge, Sn, Pb) all have a positive AEst meaning that these elements favour the singlet state. AEsr
increases from Si to Pb, in line with an increasing AE, (i.e. the HOMO-LUMO gap for singlet
tetrylenes), leading to a decrease in reactivity.*® By choosing the fitting ligands for these
tetrylenes the energy of the frontier orbitals can be modified, which is essential for stabilising
these reactive species. Introduction of elements such as nitrogen, where the neighbouring
element can -donate into the p,-orbital, leads to stabilisation of the species by increasing the
energy of the pp-orbital. The bite angle between the two residues also plays an important role
since it has a direct impact on the energy of the orbitals and the AEst. A shrinking angle, which
can be enforced by geometric constraints, will lead to a bigger AEst.#® Furthermore the steric
demand of the ligand is also of great importance, since this provides kinetic stabilisation,

preventing oligomerisation.

The first carbenes were isolated as TM complexes as early as 1964.%° Still, the isolation of
stable ‘free’ carbenes eluded chemists until the discovery of (silyl)(phosphino)carbene
[(MesSi){(iPraN)2P}C:] (VI) in 1988.5"-%3 The discovery of the first N-heterocyclic carbene (NHC)
[{(H)CN(Ad)}.C:] (VIl; Ad = adamantane) by the group of Arduengo shortly after, in 1991,
demonstrated that carbenes can be designed to be highly stable species, and can even be

prepared relatively easily on a large scale (Scheme 1.4).3 This is due to the stabilisation from

Dlpp = 2,6-iPrchH3

—\
i N N
E('Pr)z - \Q/ N e jPr
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- iPr
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Scheme 1.4 First examples of a stable (silyl)(phosphino)carbene VI, NHC Vil and CAAC VIII.

the two neighbouring nitrogen atoms, while the cyclic structure enforces a minimal bite angle
further stabilising the carbene. This led to the development of a plethora of different NHCs,
which have been very widely used as ligands in TM complexes, and are additionally commonly
used to stabilise highly reactive main group species.®*-*¢ Closely related are the cyclic
(alkyl)(amino)carbenes (CAACs; e.g. VIII), which were discovered by the group of Bertrand in
2005 (Scheme 1.4).% These carbenes possess an adjacent nitrogen and carbon atom, while
still maintaining a cyclic structure. This leads to a higher Lewis acidity due to reduced
m-donation into the vacant pq-orbital, whilst also increasing the nucleophilicity due to the

o-donating effect of the carbon.5® This goes to show that modifications can have a big impact
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on these species, completely changing the electronic nature and reactivity of the tetrylene.

Closely related to carbenes, the heavier tetrylenes have also been extensively studied due
their differing properties. They generally have a greater HOMO-LUMO gap, making them more
accessible, while reduced bond energies should favour reversible binding, which is an
important characteristic for catalytic applications. Additionally, kinetic stabilisation by utilising
bulky substituents is critical since oligomerisation - forming dimers, oligomers, or even small
clusters - becomes more likely with increasing atomic size.®' For Pb, the inert pair effect is
observed, since a lower ability to form hybrid orbitals leads to a (ns)*(np)? hybridisation,
resulting in an almost inert lone pair with high s-character, an effect which increases on
descending group 14.* %° This also increases the Lewis acidity of the compounds, since

stabilisation via m-donation is less effective.

(@ OH s 1 (b)

. AR 2 Ar Ar* Ar*
Pz c* ' N\ NG/ \ HO /
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Ar* = 2,6-(Dipp)2CeHa

Figure 1.6 (a): Frontier orbital interaction between tetrylenes and Hz; (b): Activation of ammonia and Hz by carbene
IX; (c): Activation of ammonia and Hz by germylene XII and stannylene XIIl.

Due to the highly reactive nature of tetrylenes, small molecule activation via oxidative addition
can be realised. This reactive capacity defines the TM-like behaviour of these compounds. In
2007 it was shown by the group of Betrand, that the acyclic (alkyl)(amino)carbene
[(tBu)(iPraN)C:] (IX) is able to activate H, and ammonia under ambient conditions via oxidative
addition at the carbon centre (Figure 1.6(b)).#®* The same type of oxidative activation with H.
and ammonia was later reported with bis(aryl)germylene [Ar*,Ge:] (XII; Ar* = 2,6-(Dipp)2CeHs;
Dipp = 2,6-iPrCsHs), whilst the related stannylene, [Ar*2Sn:] (XIIl), resulted in arene elimination
under the same reaction conditions (Figure 1.6(c)).#®¢ The suggested process for the activation
of H via orbital overlap, which was supported by DFT calculations, was reminiscent of the H-

activation with a TM centre (Figure 1.6(a)). Although this form of ammonia activation can be

8
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seen as a first step towards catalytic hydroamination, the resulting products are very stable,
since the tetrel element is in the oxidation state +IV and reductive elimination back to +Il, as

an essential step to achieve catalytic turnover, is highly unfavourable.

The Lewis acidity of heavier tetrylenes can be further enhanced by removing one residue from
the tetrel element resulting in cationic compounds with two vacant p-orbitals, so called
tetryliumylidenes (Figure 1.7(a)).%% The usage of inert weakly-coordinating anions (WCAs) is
crucial to realise this, to avoid coordination of the anion at the tetrel element.®! The first
tetryliumylidene complexes were isolated by utilising Cp* (Cp* = [CsMes]) as a ligand giving
[ECp*][B(CsFs)s] (E = Ge (XVII), Sn (XIX), Si (XX)) (Figure 1.7(b)).52% The highly reactive
nature of such species is underpinned by the fact that no real naked (i.e. one-coordinate)
tetryliumylidenes have been isolated to date. Examples of so-called quasi one-coordinate
plumbylene (viz. [{2,6-(Trip).CeH3}Pb]*, XXI; Trip = 2,4,6-iPrsCesHz), germylene
(viz. [{(MesSi)(Ar)N}Ge]", XXII; Ar = 4-Me-2,6-{C(H)Ph2}.CsH2), and stannylene
(viz. [{(MesSi)(Ar)N}Sn]*, XXIIl) cations, stabilised using highly bulky ligand systems, are
known (Figure 1.7(c) and (d)). In these examples, weak arene stabilisation from the aromatic
solvent or the ligand to the tetrel element is observed.®*% Otherwise, successful isolation has
been reported via intermolecular stabilisation from arene®, carbene®” " or
carbodiphosphorane’ donors, while other strategies use intramolecular stabilisation by

N-Donors’>75 or phosphines™®"7.
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Figure 1.7 (a): Frontier orbitals of tetryliumylidenes; (b)-(d): Selected examples of tetryliumylidenes (XVII-XXIII).
Metal-Ligand Cooperativity

Established TM catalysis has relied on ligands which alter the reactivity of the TM via electronic
or steric influence but do not directly participate in the chemical bond activation, making them
spectator ligands. Metal-ligand cooperativity (MLC) has emerged as an important concept for
TM complexes to achieve small molecule activation or catalytic conversions by using
non-innocent ligands.” These ligands remain reactive while being bound to a TM, which can
lead to synergistic bond activation. The goal is to either improve working catalytic systems, or

indeed to discover new catalytic pathways for challenging chemical conversions. Different
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strategies can be employed to allow for cooperative activation. This can involve the ligand

acting as a Lewis base or Lewis acid leading to synergistic activation (Figure 1.8(a) and (b)).

(a) Lewis Basic

(b) Lewis Acidic

Figure 1.8 Different strategies to achieve MLC: (a) Ligand acting as Lewis base; (b) Ligand acting as Lewis acid;
(c) Ligand aromatising upon protonation/activation; (d) Ligand acting redox non-innocent.

Another strategy is the dearomatisation of a ligand backbone by a base, which can lead to
aromatisation of the backbone via substrate activation and protonation (Figure 1.8(c)).”%-8°
Furthermore, redox non-innocent ligands can also be employed, either acting as electron

reservoirs or directly participating in bond activation as a radical source (Figure 1.8(d)).

R R P(iPr),
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Scheme 1.5 Catalytic cycle for the hydrogenation of ketones via MLC mechanism in a Fe'' complex using a Lewis
basic ligand with XXIV as catalytically active species.
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The most prominent strategy thus far has been ligands acting as a Lewis base. Morris
employed this concept using a tridentate ligand scaffold in a series of Fe complexes (i.e. XXIV),
which exhibited excellent activity and selectivity for the hydrogenation of ketones, which had
previously only been viable for complexes incorporating precious metals such as Rh, Ru, or
Ir.8184 Key insights into the mechanism showed that the active species is the
(amido)iron(ll)-hydride XXIV, and that the catalysis is highly dependent on the synergistic
nature of the complex (Scheme 1.5).8° This showcases that MLC can lead to effective catalytic

systems, which can even utilise abundant first-row TM centres.

Cooperative activation of ammonia with a non-innocent Lewis basic ligand has been
demonstrated by the groups of Piers, in 2013, and Roesler, in 2015, with the Ni° complexes
XXV and XXVII (Figure 1.9(a) and (b)). In these examples, a nucleophilic carbene ligand

accepts a proton from nickel-bound ammonia, resulting in a nickel(ll)-amide fragment and the

Lewis basic ligand

@) ' (b) Dipp = 2,6-iPr,CeH3
: M 2
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NH; NH, '
XXV XXV ' XXVII XXVIII
(c) H H H
Aromatisation of < |/P(tBu)2A /N |/p(t3u)2
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P’ NH, P’ NH,
(tBu), (tBu),
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Figure 1.9 (a) and (b): Cooperative ammonia activation with a Lewis basic ligand (XXV and XXVII); (c): Cooperative
ammonia activation via aromatisation of the ligand backbone (XXIX).

activation products XXVI and XXVIII.?”28 The group of Millstein was also reported on the
cooperative activation of ammonia in 2010 in the Ru" complex XXIX, where the ligand also
acts as a hydrogen acceptor leading to aromatisation of the backbone, in forming the
ruthenium(ll)-amide complex XXX (Figure 1.9(c)).?® Remarkably, all three transformations
were shown to be reversible, an important aspect for possible catalytic applications. Although
catalysis was not demonstrated in this regard, these are promising examples for the activation

of ammonia in a TM complex, aided by a MLC mechanism.

Heavier Tetrylenes as monodentate Ligands

As described above, tetrylene compounds are single-centre ambiphiles, being both Lewis
basic and Lewis acidic at the tetryl element. They possess a lone electron pair with high

s-character, which makes them nucleophilic and allows for coordination to a TM. Additionally,

11
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they have a vacant p-orbital leading to Lewis acidic properties, which can be retained once
coordinated to a TM. Heavier tetrylenes are reluctant to sp-hybridise on descending group 14.
This results in a lone pair with higher s-character, and an increased electrophilicity and
amphiphilicity when compared to carbenes. This makes heavier tetrylenes intriguing
candidates for non-innocent ligands and MLC activation. The Lewis acidity of the tetrel element

in TM complexes highly depends on the degree of m-back-donation from the TM centre. A high

o-bonding
R",_ n n
SED—QI R—=EH) —— @M
R v v
7 -back-bonding R_Q EDCD

Tetrylene

R—% %@ Tetryigylidene
—

0—Qp

R—E
IJ—W
R,
;E:TM R—E=TM
R

Figure 1.10 Possible frontier orbital interactions of a tetrylene (left) and tetryliumylidene (right) with a TM centre.

degree of back-donation can lead to a formal double bond when two residues are present at
the tetrel element and orbital overlap is geometrically allowed/favoured. The same holds true
for tetryliumylidenes with one residue, which can result in triple bonds to a TM centre
(Figure 1.10). Such back-donation quenches the Lewis acidity of the ligand binding centre and
can limit the reactivity. To facilitate cooperative bond activation, ligand design is crucial.
Sufficient thermodynamic and/or kinetic stabilisation needs to be in place in order stabilise
such reactive species. However, too much stabilisation can hamper reactivity, by quenching
the Lewis acidity (thermodynamic) or sterically blocking reactive sites (kinetic), rendering the
heavier tetrylene a spectator ligand. Especially cyclic amidinate-stabilised silylenes have been
successfully used in catalysis, but generally only act as spectator ligands, due to the high
coordination number at silicon in these ligands, minimising Lewis acidity and reactivity.%6-% A
fine balance between stability and sufficient reactivity is therefore critical, to retain Lewis acidity

of the low-valent ligand centre, and allow for controlled MLC.
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Hieber published the first heavier tetrylene-TM complexes in 1957, being stannylene-cobalt(0)
complexes [(R*)2Sn-{Co(CO)sx(PPhs),}2] (x = 0, 1; R* = Me, CsHy) and the stannylene-iron(0)
complex [(C4Ho)2Sn-{Fe(CO)4}], which were not recognised as tetrylene complexes and only
characterised concerning their chemical composition.® While the
bis(dichlorosilylene)platinum(0) complex [(Cl.Si).Pt(PPhs)2] (XXXI) was described in 1970, the

Ph,P. sicl, co
N\_¥ \ o
/Pt\ Mei:-E—>Cr—CO

PhsP siCl, Me oc/CO

E = Ge (XXXII)
XXXI E = Sn (XXXIIl)

Scheme 1.6 TM complexes XXXI-XXXIII marking the beginning of the field of heavier tetrylene TM complexes.

beginning of the field is attributed to Marks, who published germylene and
stannylene-chromium(0) complexes [Mex(THF)E-Cr(CO)s] (E = Ge (XXXII), Sn (XXXIII)) in
1971 (Scheme 1.6).3% %1 |t was shown that the heavier tetrylenes retain their Lewis acidity, in

contrast to carbenes, by isolating the THF adducts of the TM bonded tetrylenes.

The first observation of cooperative bond activation with heavier tetrylene-TM complexes was
reported by the group of Holl in 1995, utilising the germylene-platinum(0) complex
[{(MesSi)2N}.Ge-Pt(PEts),] (XXXIV), which could reversibly activate H, under ambient
conditions yielding the (1,2-dihydro)-germylplatinum complex XXXV (Scheme 1.7).%%% It was

H2C—C|)
| R
Et3P —Pt— Ge/ N(SIMe3)2
\
Et;P N(SiMe3),
XXXIX
N—O Et,P N(SiMe3); H H
| 1 _n(simey) PRNO | =7 __H \ S Nsimey),
Et3P’Pt_Ge/ 3)2 ———— (Pt*Ge\ e —— Et,p—Pt—Ge
\ P i .
Et,P N(SiMes), Ets N(SiMes), Et,P N(SiMes);
XXXV XXXIV XXXV
Y X
i N
Et P/Pt_GG/ N(SIMe3)2 cl:_? )
3 \ /Pt_GS/ N(SIMe3)2
Et;P N(SiMe3); Et;P \
XXXV Et;P ol N(SiMe;),

Scheme 1.7 Reactivity of XXIV undergoing cooperative activation of various substrates.
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shown that the mechanism first involves activation of H; at the Pt° centre, followed by hydride
migration to the germylene. The complex also engaged in cooperative cycloaddition reactions
across the Pt-Ge bond with polarised small molecules, such as carbon dioxide, oxygen, nitroso
compounds, and formaldehyde, in some cases even reversibly, giving four-membered
metallacycles (XXVI-XXIX; Scheme 1.7).%% %% This demonstrated the non-innocent character

of heavier tetrylenes in TM complexes, and their ability to act cooperatively in small-molecule

activation.
Trip = 2,4,6-iPr;CgH,
. ! | 3 |
Tip_ __Ru DO Trip __Ru H,0 Trip_ __Ru
bor e 4’y PMeiPr, Ge=J ipMePr, . uow S d % PMeiPr,
ﬁ- b |-|/ H I-:I H H
XLI XL XLI

Scheme 1.8 Water activation by Ru' complex XL via cooperative oxidative addition.

It was later shown that the  (hydrido)germylene-ruthenium(ll)  complex
[(Trip)(H)Ge-Ru(H)(Cp*)(PMeiPr2)] (XL) can achieve similar bond activation reactions,
cleaving H,O across the Ge-Rh bond to give a Ge-hydroxide (XLI) (Scheme 1.8).°” Through
labelling experiments with D.O, it was shown that the mechanism proceeds via oxidative
addition across the tetrylene-TM bond without any hydride scrambling. More recently Driess
and Hadlington reported on the (chloro)silylene-nickel(0) complex
[{(Me3Si)(Dipp)N}CNSi-Ni(NHC™),] (XLHI; (NHC™ = [{(Me)CN(iPr)}.C:]), which showed the

ability to cooperatively activate a variety of different substrates (Scheme 1.9).%8

Ph Ph
S—N"NHC, r
a7 g A e
L NHCP" Ar"”H Ph H/( XLVl
Ar" = p-CF;Ph \
. ' XLVII cl NHCP* a M
L = (SiMe;)(Dipp)N Si—Ni H \S.’_L.A_NHciPr
~ ) oS i
iPr L NHC™" H iPr
N XL L NHC
NHCMDI y: //, XLIV
N g PinBH
iPr
=== L cl
. . P .. 7
o= Ty T 0Py
L NHCPr @/o ‘B —<NHCP"
/
XLVI H r‘mc,-p,
XLV

Scheme 1.9 Cooperative reactivities of XLIIl, activating Hz via oxidative oxidation and unsaturated organic
substrates via cycloadditon.
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H> was activated under ambient conditions giving a (1,2-dihydro)-silylnickel complex (XLIV),
with the Ni-H fragment bridging to the silicon centre. As for the above described Ge'-Pt°
complex XXXIV, DFT calculations suggested that the initial activation takes place at the Ni°
centre, followed by hydride migration to silicon. The reaction with pinacolborane resulted in the
activation of the B-O bonds giving a (hydrido)borylene-nickel(ll) complex (XLV). The intricate
cooperative mechanism of this reaction was again eluded using DFT calculations. Additionally,
various cooperative cycloaddition reactions were observed with alkenes, alkynes, aldehydes,
and imines, resulting in numerous four-membered metallacycles (XLVI-XLVIII).*® The same
group also reported on the cooperative activation of ammonia with XLIIl, leading to an
{(amido)silyl}nickel(ll)-hydride complex (IL), with the hydride ligand again having bridging
character (Scheme 1.10).32 The reactivity of the corresponding heavier parent pnictines, PH;
and AsHjs, resulted in a different mode of activation, in line with their relatively higher acidities
when compared with NHs. In both cases, insertion into the Si-N bond and migration of the
chloride to the nickel centre was observed, forming pnictide nickel complexes L and LI
(Scheme 1.10). While these examples showcase the versatility of tetrylene-TM complexes for
cooperative bond activation, further reactivity of the activated species would be required for

catalytic applications, which were not reported.

Cl iP H
N | . EH SN NHCT Nk N .
E—Ni<NHC?" «——— _Si=Ni —  » | —Si—Ni=NHC™"
E=P, As h P / A
L—S{Hz mHC’P' t NHC™ H,N  NHCPr
Pn=P (L) XL IL

Pn = As (LI)
Scheme 1.10 Cooperative oxidation of EHs species (E = N, As, P) with XLIII leading to differing outcomes.

Another possibility to introduce a vacant p-orbital adjacent to a TM centre are
metallo-tetrylenes with a formal bond between the tetrel element and TM centre. This results
in a lone pair and a vacant p-orbital at the tetrylene, which typically lowers the
HOMO-LUMO gap, and increases the reactivity of the tetrylene centre.®-193 The first example
of such a species was reported by the group of Jutzi in 1994, being the ferrio-germylene
[Ar'Ge-Fe(Cp*)(CO)2] (LN, Ar" = 2,4,6-tBusCeHz) (Scheme 1.11(a))."® A number of
metallo-tetrylenes have since been published. Due to the high reactivity of the tetrylene centre,
however, oxidative addition usually occurs directly at this reactive site, suggesting that they
are not ideal for cooperative small molecule activation. 192 Metallo-tetrylenes have a bent
angle at the tetrylene centre forming a single bond between TM and tetrel element due to poor
orbital overlap between the vacant p-orbtial of the tetrylene and filled d-orbtials of the TM. Key
tautomers of these species are tetrylidyne complexes, which have a near linear angle between

the TM, the tetrel element, and the ligand, leading to an ideal orbital overlap. This causes a
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high degree of m-back-donation and results in a short tetrel-TM bond, which can be best
described as a triple bond (Figure 1.10). The first example was reported by the group of Power
in 1996, who reported the germylidyne-molybdenum(ll) complex [(Tbb)Ge-Mo(Cp)(CO),] (LIII;
Tbb = 2,6-(Trip)2CeHs; Cp = CsHs") with a very short Ge-Mo bond length of 2.271(1) A, and a
near liner Mo-Ge-C angle of 172.2(2)° (Scheme 1.11(b))."® In a subsequent study, the group

(a) !
'
|

Fe.,

L
Tbb = 2,6-(Trip),CeH3

..~ 1"
“Ge \ co
I co (©)
Ar"
L @ @
Ar" =2,4,6-tBusCgH 1 heat or h !
............. ’ -'i.z--_J /M”'CO ﬂ» G ZM’”CO
' . ‘\ -CO Tbb— e »
®) <<= % G0 co
)
! X '!'bb
' )
—Mo- 1c0 ' M = Cr (LIV) M = Cr (LVI)
Tob—C= Vo ' M =W (LV) M = W (LVII)
]
]
)
)
)
]

Scheme 1.11 (a): First reported metallo-tetrylene LII; (b): First reported tetrylidyne TM complex LIII; (c):
Transformation of metallo-tetrylenes LIV and LV to tetrylidyne TM complexes LVI and LVII via CO dissociation.

could also show that metallo-tetrylene and tetrylidyne complexes are interchangeable
structural isomers. It was demonstrated that the chromium(ll) and tungsten(ll)-germylenes
[{2,6-(Trip)2CeH3}Ge-M(Cp)(CO)s] (M = Cr (LIV), W (LV)) are formed when three rather than
two CO ligands are bound to the TM (Scheme 1.11(c))."° Subjecting LIV or LV to heat or
UV light led to the loss of a CO ligand and generated the corresponding germylidyne-TM
complexes [{2,6-(Trip).CsH3z}Ge-M(Cp)(CO).] (M = Cr (LVI), W (LVII)). Due to the increased
back-donation from the TM in these tetrylidyne complexes, Lewis acidity at the tetrel element
is quenched. However, the tetrylidyne-TM bond is still polarised and can achieve cooperative
activation of substrates, as demonstrated with germylidyne-tungsten(ll) complex
[{(Tsi)sC}Ge-W(Cp*)(CO).] (LVII, Tsi = C(SiMes)s), where MLC was shown for the activation
of alcohols and aldehydes (Scheme 1.12)."%” The reaction with alcohols proceeds in a 1:1
stoichiometry, leading to (alkoxy)germylene-complex LIX. In contrast, two equivalents of
formaldehyde were shown to react with LVIII, resulting in intramolecularly base-stabilised
(alkoxy)germylene-complex LX. The authors proposed that the reaction is initiated by
coordination of the oxygen of the aldehyde to the germanium centre, followed by [2+2]
cycloaddition across the Ge-W bond. This leads to C-H activation of the aldehyde proton at
the W" centre. Coordination of a second aldehyde at the Ge centre and subsequent
hydrogermylation results in LX. Pioneered by the groups of Fillipou and Tilley, a number of

cationic tetrylene-TM complexes have also been reported, which should exhibit a higher Lewis
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acidity at the tetrel element due to the cationic charge.0%10318-113 Nevertheless, in most of
these systems the cationic charge resides on the TM or the ligand backbone (e.g. for
NHC-stabilised systems), mitigating this effect. However, some very recent examples have
shown that the cationic charge can reside on the tetrel element if a linear angle between the

residue, tetrel element, and TM centre can be avoided.

L}
L}
:
Tsi = C(SiMe;); Ar’ = Ph, p-FPh, :
L}
p-OMePh  + B(CeFsls

o '

bi§ : ' '

R:OV \Ar: H . | e |

. Fe iPr Fe—
R = Me, Et, iPr ' Ogy= ~pZL-ipr V4 \H/ ]
Ar . / n pP—Pr
3 ' Ar® Ar~

| 0 | '

- N ! ' LXI LXIl
RO\G ¢lw\ 1CO Ge;W-\uco '

4 “eo RV Ar® = 2,6-(2,4,6-MeCoHa),CoHs

Tsi o= ar
)
LIX LX '

Scheme 1.12 Left: Cooperative activation of aldehydes by LVIII; Right: Reduction of cationic LXI leading to
cooperative C-H activation.

The group of Tilley reported on the cationic stannylidyne-iron(l) complex
[Ar°Sn-Fe(Cp*)(PMeiPr)]* (LXI; Ar® = 2,6-(2,4,6-Me3CsH2)2CeH3), exhibiting a slightly bent
Fe-Sn-C angle of 169.85(9)°, resulting in minimised m-back-bonding and therefore increased
Sn-centred Lewis acidity, with the cationic charge residing on the tetrel element (Scheme
1.12).""* Further reduction of LXI resulted in C-H activation of an iso-propyl group of the
phosphine ligand bound to the Fe' centre, across the Sn-Fe bond, giving a five-membered
metallacycle (LXII). In 2023, Wesemann and Sindlinger reported on cationic
tetrylidyne-iridium(l) complexes [(Tbb)E-Ir(PMes)sH]" (E = Ge (LXIIl), Sn (LXIV)), which were
also able to activate a wide range of substrates including ammonia, hydrazine, water,
hydrochloride, and H, under ambient conditions via MLC, resulting in iridium(lll)-dihydride
complexes (LXV, LXVI) (Scheme 1.13).3® In all cases the nucleophile binds at the tetrel
element, underlining its Lewis acidic character. Interestingly, LXIll and LXIV exhibit a
pronounced non-linear Ir-E-C angle of below 160° causing a double bond. The concomitant
increased Lewis acidity can explain the observed amplified reactivity and is a good example

of the potential importance in minimising m-back-donation through ligand design.

e e
PMe, BAr", 2 PMe, BAr",
® | \PMe; _zH \@ | \PMe;
Tbb = 2,6-(Trip),CeH3 E=Ir 7= NH /E—’Ir—PMes
F = - P
BAIT, = B(3,5-CF3).CaHsh 11,/ |!| PMes NHs OH,CI,  Tbb H ,!,
H
E = Ge (LXIll) E = Ge (LXV)
E = Sn (LXIV) E = Sn (LXVI)

Scheme 1.13 Bent cationic iridium(l) complexes LXV and LXVI exhibiting oxidative addition reactivity across the Ir-
E bond (E = Ge, Sn).
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Phosphine-stabilised Tetrylenes as multidentate Ligands

A different approach to establish a Lewis acidic tetrylenes in TM complexes is the usage of
multidentate ligand systems. Phosphine-stabilised tetrylenes are ideal candidates for this due
to the fact that a TM can insert into the tetrel-phosphine bond."'>'® These multidentate ligands
have additional advantages. They should be easier to handle due to the phosphine stabilisation
of the tetrylene prior to complexation. Further, the multidentate scaffold can enforce a bent
geometry between the tetrylene and TM, minimising m-back-donation from the TM, hence

retaining Lewis acidity at the tetrel element.

@ N i)
' Dipp. Cl Dipp CI cClI
R cl R ' \ / \ o/
2»‘ a“° : N-Ge 0.5 [RhCI(COD)], N—Ge\
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9 —_— /TM . PR°, E/
PR, 3 : Dipp = 2,6-iPr,CeHs 2
2 ' LXVII °2 = [N(/Pr)CH], LXvil
. J .
.................................... e e e
(c) 1 (d)
§:> Q : A=
MCI ' N N_/
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e ) M=Ni,Pd, Pt e/ BU): | Ge M = Ni, Pd, Pt
| e\\ , Pd, | : P(tBu), \P (tBu), P\M__-P(tBu)z
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Figure 1.11 (a): Generally observed insertion chemistry of phosphine-stabilised tetrylenes with a TM-chloride; (b)-
(d): Selected examples of phosphine-stabilised tetrylenes LXVII, LXIX, LXXI in multidentate ligand scaffolds
inserting into a TM-CI bond.

There have been a number of examples of bidentate and tridentate systems with phosphine-
stabilised tetrylenes showing that the reaction of the corresponding phosphine-stabilised
tetrylene with a TM-chloride results in the insertion of the tetrel element into the M-CI bond
(Figure 1.11(a)).""®"17127 Selected examples of phosphine-stabilised tetrylenes (viz. LXVII,
LXIX, LXXI) with different ligand scaffolds leading to M-Cl insertion are shown in Figure 1.11.
Apart from chloride substitution at the tetrel element, no further chemistry has been reported
with this class of compounds, which is not surprising due to the coordinatively saturated tetrel
element, quenching the Lewis acidity. This gives some evidence that low-valent, sufficiently
Lewis acidic tetrel elements are better suited as ligands in TM complexes when aiming to
achieve MLC.

The first example of a TM complex accessed via insertion into a phosphine-stabilised tetrylene
was published by the group of Wesemann, who reported on stannylene-nickel(0) and
palladium(0) complexes featuring [(Tbb)Sn{o-(PR*;)CeH4}] (R* = Ph (LXIIl), Cy (LXIV)) as a
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ligand (Figure 1.12).'28 Following insertion of the TM into the Sn-P bond, genuine stannylene
complexes were observed (viz. LXV,LXVI, LXIX and LXX, Figure 1.12), with one metal-bound
ligand (Ni, COD = 1,5-cyclooctadien; Pd, PCys) remaining. Sn-Pd bond lengths in LXIX and

R R
O,~‘ O R,, - Z-type igand; o - donation from TM to Ligand
5-' . 5\ CSEQ-=TM
— . n
] /TNI o Q‘/J:R CoEQ<—— (L)
: : A\
2 R R
Ni(COD), _sn R, .
—
-.coD LL S 4 .coD
,NI\ [
A N
IN—N 2
R* = Ph (LXV) R* = Ph (LXVII)
_Sn——PR¥, ] R* = Cy (LXVI) R¥= Cy (Lxvin)
Tbb iPr
Tbb = 2,6-(Trip),CeH3
R* = Ph (LXIll) PA(PCys), s "
R* = Cy (LXIV) > ~ =
-PCy; L 4 -PCy;
Pld
PCy;
R* = Ph (LXIX) R* = Ph (LXXI)
R* = Cy (LXX) R* = Cy (LXXI)

Figure 1.12 Top: Insertion of a TM into P-tetrel bond leading to o-coordination from tetrel element to TM or
o-coordination from TM to the tetrel element making it a so-called Z-type ligand; Bottom: Phosphine-stabilised
stannylenes LXIII and LXIV in Ni° and Pd® complexes showcasing the two different type of possible coordination
modes.

LXX (LXIX 2.571(1) A; LXX 2.591(1) A) suggested the main interaction to be the o-donation
of the stannylene to the Pd centre, which are in the same range as other related
stannylene-palladium(0) complexes in the literature ([{(SiMesN)Sn}s-Pd] 2.540(1) A,
[{(SiMesN)Sn},-Pd{P(iPr).CHs}.] 2.481(2) A).12%13° Over time these complexes rearrange by
loss of a ligand at the TM, giving the tetrylene as a Z-type ligand, with an aryl group of the
ligand scaffold binding to the TM in an n°fashion (viz. LXVILLXVII, LXXI and LXXII,
Figure 1.12). While this was irreversible for the Ni° complexes with COD as ligand, the Pd°
complexes showed reversible behaviour with PCys as a ligand. This Z-type coordination means
that o-donation of the TM to the tetrel element is present, which leads to a nucleophilic tetrel
element, since Lewis acidity is quenched by o-donation of the TM and the lone pair of electrons
is located at the tetrel element. This was indicated by trigonal pyramidal geometry of the tin

atoms and confirmed by DFT calculations.

Tridentate phosphine-functionalised diamino tetrylene (PEP; E = Ge, Sn) ligands were also

reported to act as Z-type ligands in the Pd° complexes [{Me.C(pyrmPiPr;).E}-Pd]

19



Introduction and State of the Art

(E = Ge (LXXIII), and Sn (LXXIV); pyrm = pyrromethane), resulting in a T-shaped geometry of
the Pd° centre (Scheme 1.14).22"31 The group of Goicoechea reported on a closely related
tripodal PSnP ligand, which formed the classical L-type stannylene-platinum(0) complex
[{(NCH2)-0-(PPh2)CsH4}.Sn-Pt] (LXXV) (Scheme 1.14)."*2 No further reactivity of this complex
was reported, which may be due to a quenched Lewis acidity of the stannylene centre through
m-donation from two neighbouring nitrogen centres. The Ni® complex
[{(o-(PiPr2)CsH4)Ge}-Ni(NHC™")] (LXXVI) bearing a PGeP ligand was reported by the group of
Tobita, which exhibits a Ge-Ni double bond due to pronounced m-back-donation from Ni to Ge,

permitted by the pyramidal geometry around the Ni® centre (Scheme 1.14)."*3 DFT analyses
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Scheme 1.14 Selected examples of TM complexes with phosphine-stabilised tetrylenes resulting in Z-type
coordination of the tetrylene (LXXIII, LXXIV), low-valent coordinated stannylene (LXXV) and ambiphilic germylene
(LXXVI).

and experimental investigations showed that the germylene in this system behaves as an
ambiphile as both the HOMO and LUMO, representing a lone pair of electrons and a vacant
p-orbital, were calculated to largely reside on the germylene. This was corroborated by the
experimentally observed coordination of Lewis basic NHC™" (viz. LXXVII) and Lewis acidic BH;
at the Ge centre (viz. LXXVIII).

Very recently the group of Kato reported on a phosphine-stabilised silylene, which acts as a Z-
type ligand in the (chloro)silylene-nickel(0) complex [{PR°2(CsHs)C2(Dipp)N(CI)Si}-Ni(NHC™")]
(LXXIX; R°; = (NtBu)2SiMe;), adopting a T-shaped geometry at the Ni centre (Scheme 1.15).13*
DFT calculations showed that the HOMO resides on the silylene, representing a lone-pair of
electrons, while the LUMO is located on the Ni° centre, which was experimentally shown to be
able to bind a nucleophile, specifically iso-propyl isocyanide (LXXIV). Extensive MLC-type
reaction chemistry was also reported, which exemplifies the nucleophilic nature of the tetrylene
and Lewis acidic nature of the Ni centre. Methyl triflate was shown to oxidatively add across

the Si-Ni bond under ambient conditions resulting in a Ni-triflate (LXXXV). The same type of
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reaction was observed for Hz, which was shown to proceed via Ni-centred activation

(viz. LXXX), as per examples described previously. The complex further rearranged within six

days
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Scheme 1.15 (Chloro)silylene-nickel(0) complex LXXIX engaging in cooperative activation of different substrates,
showcasing the nucleophilic nature of the silylene and electrophilic nature of the Ni centre.

giving a (dihydro)silyl-nickel(ll) complex (LXXXI), with the chloride migrating to the nickel
centre. In an attempt to increase reactivity by exchange of the m-donating chloride substituent
at the silylene, the complex was reacted with PhLi at -78°C resulting in a novel
(phenyl)silylene-nickel(0) complex (LXXXII). However, this complex proved to be highly
reactive at ambient temperature, leading to C-H activation of an iso-propyl group of the
Ni-bound NHC (viz. LXXXIII) (Scheme 1.15).

Shortly after this work was reported, a stable species with increased Lewis acidity was reported
by the same group, being the corresponding cationic silyliumylidene-nickel(0) complex
[(PR°2(CsHs)C2(Dipp)NSi}-Ni(NHC™")]* (LXXXVI). This was synthesised by chloride abstraction
from the (chloro)silylene-nickel(0) complex LXXIX wusing Na[BArfs] ([BArfy =
[{3,5-(CF3)2CeH3}4B];; Scheme 1.16)."%° The cationic silylene ligand in LXXXVI maintains a
Z-type character. DFT calculations indicated the expected ambiphilic nature of the Si" centre
with both the HOMO and the LUMO, as well as the cationic charge, being largely located on
the silyliumylidene. The amphiphilicity was also observed experimentally, resembling classical
silylene reactivity, where the activation of methyl triflate and H. resulted in the oxidative
addition product at silicon (viz. LXXXVII, XC), while the strong Lewis base DMAP (DMAP =
4-NMePyr) formed an adduct at the silyliumylidene centre (viz. LXXXIX). Again, it was shown

that the H, activation was initiated by activation at the Ni° centre, followed by hydride migration
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to silylene. In addition to these reactions, the cycloaddition of 2,3-dimethylbutadiene could be
achieved, leading to a Ni-stabilised cyclic silylium ion (LXXXVIII). DFT analysis revealed that

the first step of this reaction proceeds via a Si-Ni cooperative [2+2] cycloaddition process.
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Scheme 1.16 Synthesis and reactivity of the cationic silyliumylidene-nickel(0) complex LXXXVI resulting in silicon
centred oxidative addition products.

Summary

In conclusion, the development of Lewis acidic heavier tetrylene ligands is of great interest
since this can enable challenging cooperative bond activation in TM complexes, which might
ultimately lead to the discovery of new catalytic applications. In particular, ammonia activation
is an intriguing example, where cooperative N-H bond scission can result in TM-hydride
species which are known to be reactive towards insertion chemistry, opening the opportunity
for further chemistry such as catalytic hydroamination. To retain the Lewis acidity of the tetrel
element, geometric constraint to minimise back-donation from the TM to the tetrel element via
a multidentate ligand scaffold has proven to be promising strategy. To ultimately achieve
cooperative catalysis with these systems, a deeper understanding of how ligand design affects

the reactivity of tetrylene-TM complexes is needed.
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Chapter 2
Motivation and Scope of this Work

Heavier tetrylenes are an intriguing ligand class for cooperative bond activation in conjunction
with a TM centre. The ambiphilic tetrylene can retain its Lewis acidity when coordinated to a
TM centre allowing for MLC behaviour (viz. Chapter 1). Through the work described in this
thesis, we wanted to develop easily accessible and modifiable heavier tetrylene ligands and
combine them with cheap and abundant first-row TM centres to achieve cooperative activation

of challenging substrates, towards catalytic applications.

A promising approach to implement low-coordinate tetrylenes in TM systems are bidentate
phosphine-stabilised tetrylene ligands, which have several advantages compared to their
monodentate terminal counterparts. Besides their higher stability introduction of a TM centre
typically results in insertion of the TM into the tetrel-phosphorus bond, leading to
low-coordinate and Lewis acidic tetryl centres (Figure 2.1)."2 The primary goal in developing
tetrylenes with a bidentate ligand structure is their potential ability to enforce geometric
constraints at the tetryl-transition metal bond, which would lead to non-ideal orbital overlap

between the tetrylene and TM centre. This should result in reduced m-back-donation from the

Lewis acidic tetryl centre
coordinated to TM centre

E = Ge, Sn
TM = Ni, Fe
Ar QLX X=ie.Cl,Ar,®
\N_E/ R =i.e. alkyl, aryl
Ar = Bulky aryl grou
RS_/ O\TML y aryl group
o " _ possible modifiactions
P of the ligand scaffold

\ —
~E ™ applications

) s‘ ®P :> Catalytic

Metal-ligand cooperative
substrate activation

Figure 2.1 General structure of planned phosphine-stabilised heavier tetrylene-TM complexes and targeted metal-

ligand cooperative substrate activation, possibly leading to desired catalytic applications.

TM centre to the tetrel element, enhancing the Lewis acidity of the tetrel element, and so

potentially elevating reactivity. To achieve this, our goal is to develop the novel ligand scaffold
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RRAr (RRAr = [{(R2.PCH_Si(R)2)(Ar)}INT; R = i.e. alkyl,aryl group; Ar = Bulky aryl group; Figure
2.1). The here employed (silyl)amido moiety is reminiscent of ‘classic’ amide ligands, featuring
a bulky aryl group at the nitrogen, and alkyl or aryl residues at the silicon, systems which have
been successfully used in the past to isolate countless low-coordinate acyclic group 14
element(ll) species.®*” This includes the acyclic NHC-stabilised (chloro)silylene,
[[{(MesSi)(Dipp)N}Si(Cl)]‘NHC], which has also been introduced to Ni® complexes,® where a
rich cooperative activation chemistry has been reported.®'® The adjacent nitrogen centre
electronically stabilises the tetrylene via mm-donation into its vacant p-orbital, while the bulky
groups at both the nitrogen and silicon provide steric protection. Additionally, the silyl group
also has an electron-donating influence, further stabilising the system.'' To introduce
phosphine stabilisation we planned to insert an (alkyl)phosphine unit at the silicon to a obtain
robust [Si-CH2-PR:] scaffold. The implementation of a CH»-bridge is necessary since Si-P
bonds are known to be quite reactive, which would lead to undesirable instability.'>'® The
envisioned geometric constraint to limit m-back-donation from the TM centre to the tetrel
element should also be enforced with this bidentate structure. As tetrel elements, we opted to
use germanium and tin since the low-valent precursors GeClz-dioxane and SnX; (X = ClI, Br)
are readily available, which is not the case for silicon. Furthermore, compared to silicon,
reversibility of potential substrate activations is more likely, due to the generally reduced bond
energies of heavier elements. Lead was not considered due to higher toxicity and generally

lower stability of Pb", since aggregation is favoured.'

In addition to the above described aspects, the structure of the ligand scaffold also addresses
synthetic accessibility and modifiability. The starting materials for the planned synthesis are all
commercially available or can be made ‘in-house’ with ease.'®'® Given that the designed
synthetic route only involves deprotonation or salt metathesis reactions, ligand synthesis is
also designed to be highly straightforward. The modular nature of the ligands also means that
starting materials can be easily exchanged, varying the residues at the phosphorus, silicon or
nitrogen, giving ready access to a broad family of ligand systems. The resulting phosphine-
stabilised tetrylene chlorides RRArECI (E = Ge, Sn), could also be further modified at the tetrel
element via substitution of the chloride, introducing different residues such as aryl groups or a
cationic charge, directly influencing the electronic nature/Lewis acidity of the tetrel element.%-2°
Once obtained, these ligands will be combined with low-cost, abundant first-row TM species,
such as nickel or iron. TM centres which are low-valent and low-coordinate will be preferentially
targeted, to obtain both a reactive TM centre and tetrel element. This aims to maximise the
possibility for desired dual-centred reactivity at the tetrylene-TM interface. The resulting
tetrylene-TM complexes would then be investigated concerning their electronic nature via

structural and theoretical methods, while also probing their reactivity and cooperative
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behaviour experimentally by reacting them with catalytically relevant substrates such as
ammonia and H.. Furthermore, we also wanted to screen these complexes for different
catalytic conversions to elucidate if these phosphine-stabilised tetrylenes enable catalysis in

TM complexes.

In summary in this thesis, we plan to develop the described ligand scaffold, RRAr, for
phosphine-stabilised heavier tetrylene ligands, which we want to combine with abundant TM°
centres. Due to the potential non-innocent character of the tetrel elements in the resulting
complexes, we hope to achieve MLC activation. This might enable challenging catalytic
transformation, which have not been realised yet, such as hydroamination of alkene with
ammonia. Additionally, replacing precious metal catalyst in established catalytic
transformations is also of interest, since the here described tetrylene-TM complexes are made

of cheap and accessible starting materials.
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Chapter 3

Reversible metathesis of ammonia in an acyclic Germylene-Ni°

complex
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Synopsis

In this initial project, we were able to successfully establish our ligand scaffold, ""*Dipp (P"RDipp
= [{Ph2PCH.Si(R)2}(Dipp)N]; R = Ph, iPr; Dipp = 2,6-iPr.CsHs). The synthetic route first
generates PhoPMe by the reaction of Ph,PCI with MeLi, which can be deprotonated at the Me
moiety using n-BuLi/TMEDA (TMEDA = N,N,N’,N-Tetramethylethylendiamin), resulting in
[PhoPCH_Li-TMEDA]." Carefully reacting one equivalent of [Ph,PCH.Li-TMEDA] with R2SiCl,
overnight at low temperature, to avoid overreaction with two equivalents of
[PhoPCH.LI-TMEDA], results in the formation of Ph,PCH.Si(R).CI. This can then be further
reacted with DippN(H)Li to access the protonated ligand backbone, P"RDippH, which is
subsequently deprotonated with KH, yielding ""*DippK as a solid.? This straightforward
synthesis can be performed in a one-pot route starting from [Pho,PCH.Li-TMEDA], isolating up
to 25 g of P"RDippK in one synthetic batch. It was later shown within the group that this route
could also be used for different combinations of residues at the P, Si, and N, as well as

introduction of two phosphine moieties, exemplifying the modifiability of this ligand system.?

Using these developed P"RDippK ligands, we were able to prepare the phosphine-stabilised
(chloro)germylene compounds, ""*DippGeCl, which we could use to obtain the corresponding
(chloro)germylene-nickel(0) complexes [{P"*DippGe(Cl)}Ni(PPhs).] in an in-situ reduction with
NiCl.-DME (DME = 1,2-Dimethoxyethan), two equivalents of PPhs, and an excess of Zn. In the
context of sustainability this method is quite interesting, due to the cheap starting materials
and mild reducing agent employed, though it should be noted that this synthetic route was later
optimised using Ni(COD), (COD = 1,5-cyclooctadiene). This gives increased yields of up to
85%, compared to the here described 52%, whilst Ni(COD), can also be generated from
low-cost and easily accessible starting materials.* The synthesis of the corresponding

(chloro)stannylene ligands, P"RDippSnCl, was also successful (see Chapter 4). However,
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obtaining corresponding Ni° complexes was not possible in our hands due to their instability,

most likely stemming from the activation of the Sn-Cl moiety at Ni°, leading to Ni-Cl species.

The obtained (chloro)germylene-nickel(0) complexes [{P"RDippGe(Cl)}-Ni(PPhs),] contain the
desired low-coordinate tetrel elements, meaning that their Lewis acidity should be retained,
and the p-orbital should be accessible. Lewis acidic character of the tetrylene could be
experimentally shown, as tetrel centred o-bond metathesis reactions with water and ammonia
could be observed, giving access to the corresponding (amido)germylenes
[{P"RDippGe(NH2)}'Ni(PPhs);] and  (hydroxy)germylenes  [{""RDippGe(OH)}-Ni(PPhs)].
Particularly, the occurrence of [{""RDippGe(OH)}-Ni(PPhs),] was problematic, which formed as
a by-product when minor amounts of water was present in reagents. This was the case for the
synthesis of both [{P"RDippGe(Cl)}-Ni(PPhs)2] and [{""RDippGe(NH2)}-Ni(PPhs),]. If present, it
could not be removed via washing, due to similar solubility of these species, or by fractioned

crystallisation, since [{P"*DippGe(OH)}-Ni(PPhs).] co-crystallised with the other species.

In conclusion, were able to show that our developed ligand scaffold can be introduced into TM°
complexes, even retaining the Lewis acidic character of the tetrylene centre. This opens the
door for further development, such as modifications at the tetrylene centre to potentially
increase Lewis acidity, and therefore the reactivity of these ligands. Further, the chloride ligand
may be extracted or exchanged, to eliminate the possibility of undesired side reactions
involving this moiety (see Chapters 4 and 8). Cooperative behaviour with the Ni® complexes
described in this project could not be achieved, which may be due to the formally 18-electron

Ni® centre, which is electronically saturated. This point is addressed in Chapters 7 and 8.

Manuscript

The following sections are reproduced and formatted from the following article: P. M. Keil, T.
Szilvasi, T. J. Hadlington, Chem. Sci., 2021, 12, 5582-5590. Experimental spectra (NMR,
LIFDI/MS, UV vis and IR) and further details concerning DFT calculations can be retrieved
online (https://doi.org/10.1039/D1SC00450F).

Abstract

Carbenes, a class of low-valent group 14 ligand, have shifted the paradigm in our
understanding of the effects of supporting ligands in transition-metal reactivity and catalysis.
We now seek to move towards utilizing the heavier group 14 elements in effective ligands

systems, which can potentially surpass carbon in their ability to operate via ‘non-innocent’ bond
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activation processes. Herein we describe our initial results towards the development of
scalable acyclic chelating germylene ligands (viz. 1a/b), and their utilization in the stabilization
of Ni° complexes (viz. 4alb), which can readily and reversibly undergo metathesis with
ammonia with no net change of oxidation state at the Ge'" and Ni° centres, through ammonia
bonding at the germylene ligand as opposed to the Ni® centre. The DFT-derived metathesis
mechanism, which surprisingly insights the need for three molecules of ammonia to achieve
N-H bond activation, supports reversible ammonia binding at Ge'", as well as the observed

reversibility in the overall reaction.
Introduction

Beginning with the inception of transition metal (TM) carbene complexes by E. O. Fischer,®
research involving the synthesis and utility of metal carbene complexes has long stood as a
pillar of modern organometallic chemistry.® This has borne numerous classes of carbene
complex, a vast number of which have catalytic implications, from highly reactive alkylidene
complexes capable of double-bond metathesis,” to those involving N-heterocyclic carbene
(NHC) spectator ligands.? Whilst considerable efforts have also been given to the study of the
heavier tetrylenes in TM complexes, this field has largely focused on synthetic access, and
less so on reactivity and utilisation in broader synthetic protocols.® The heavier tetrylenes have
the capacity to act as ‘single centre ambiphiles’, this effect amplified on decending group 14
due to reduced sp-mixing,'® with a o-donating lone electron pair and a Lewis acidic vacant
p-orbital. Although heavier tetrylenes have been employed as ligands in catalysis,*©'" and
notably so amidinato silylenes," these, like NHCs, are typically spectator ligands due to
common examples being N-heterocyclic in nature. Chelating ligands employing an acyclic,
low-coordinate germylene have seen some attention in the literature, and are typically doubly
substituted by a ligand bearing a phosphine arm; a number of examples of such systems
havebeen reported by Cabeza and co-workers,'>'* which have been combined with first-row
TM halides so as to access TM" complexes, often with tetrylene insertion into TM-X bonds (X
= halide)." Related (carbonyl-free) first-row TM® complexes bearing acyclic, two-coordinate
germylene ligands are rare,® and should allow for metal-ligand cooperativity (MLC) due to their
amphiphilic nature imparting them the potential to remain Lewis acidic when bound to a metal
centre. MLC, whereby a metal-bound ligand plays an active role in bond activation,’® is a
powerful concept in catalysis,'”'® and has allowed for the facile activation of bonds which are
otherwise challenging to cleave, a prime example being the N-H bonds in ammonia.™ In a key
demonstration of this process, the phosphino-carbene Ni°® complex A can readily bind
ammonia at Ni in the displacement of its PhsP ligand, with the nucleophilic carbene ligand

accepting a proton in N-H bond cleavage (Figure 3.1)."%)
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Figure 3.1 The nucleophilic role of a carbene ligand in reversible ammonia activation (Piers), and the electrophilic

role of a germylene ligand in reversible ammonia activation (this work).

Given the potentially Lewis acidic nature of heavier tetrylenes, we envisage that such ligands
can reverse the polarity of this MLC process, and act as electrophilic binding sites in TM
complexes. This would open a new avenue in the dual-centre activation of small molecules,

and indeed in catalysis.

In order to investigate the capacity of a tetrylene to remain electrophilic in the coordination
sphere of a TM, and perhaps more importantly to be more electrophilic than the TM, we sought
to develop a chelating ligand incorporating an acyclic, low-coordinate heavier tetrylene. To this
end, we have developed novel phosphine-functionalised amine pro-ligands, P"""DippNH and
PhiPDippNH (P"P"DippNH = Ph,PCH,Si(Ph).N(H)Dipp; """DippNH = Ph,PCH.Si(‘Pr).N(H)Dipp;
Dipp = 2,6-Pr-CsHs), which can be used to generate phosphine-functionalised
(amido)(chloro)germylenes which satisfy the targeted acylic, low-coordinate ligand
characteristics when combined with a low-valent TM centre (Figure 3.1). Herein we report the
synthesis of these compounds, specifically as their Ni° complexes, in which the single centre
ambiphile ligand centre (i.e. Ge'") maintains its Lewis acidity, and is capable of binding and

activating NHs and H»O, in the former case reversibly.
Results and discussion

The phosphine-functionalised germylene ligands feature a novel ancillary ligand scaffold,
namely a phosphine-functionalised amide. The amine pro-ligands are readily accessed
through an initial in-situ synthesis of phosphine-functionalised chlorosilanes,
(Ph2PCH2)(R):SiCl (R = Ph, 'Pr),®® which can then be reacted with the lithium anilide,
DippN(H)Li, with loss of LiCl. Although the formed pro-ligands, P"PDippNH and P"P"DippNH,

33



Reversible metathesis of ammonia in an acyclic Germylene-Ni° complex

were not isolated in their pure forms, 'H and 3'P NMR analyses of crude reaction mixtures
suggest they are formed near quantitatively.?’ These crude products are readily deprotonated
with a suspension of KH in THF, yielding the potassium amides P""DippNK and P"P"DippNK in
good isolated yields of ~70-75% after work up, based on the Ph,PCH.Li-TMEDA starting

material.

Dipp Dipp
R R A %N
N () -Gi) RmZ7N v ReS7ON
cl, ——» K — |\ cl
7 kp/ S
"'I/ ":,,
ph " Ph "

PhPhDippK (R=Ph; 77%)  1a (R = Ph; 90%)
PhPDippK (R=iPr; 72%)  1b (R =iPr; 76%)

Scheme 3.1 The synthesis of phosphine-functionalised amine pro-ligands, their deprotonation, and subsequent
synthesis of chloro-germylene complexes. (i) Ph2PCH2Li-TMEDA, hexane; (i) DippN(H)Li, THF; (i) KH, THF; (iv)
GeClz-dioxane, THF (yields in parentheses). Dipp = 2,6-iPr2-CesHs.

Ge' chloride complexes P"™"DippNGeCl and ""PDippNGeCl (1a and 1b, respectively) are
generated through combination of these potassium amides with GeCl,-dioxane in either THF
or toluene, yielding the desired germylene ligands in high yields. Both 1a and 1b show
somewhat complex 'H NMR spectra, when compared with potassium amides P"PDippNK and
PhPhDippNK, due to the asymmetric coordination at their Ge' centres. Nevertheless, the
presence of a single peak in the respective *'P{"H} NMR spectra confirms the presence of a
single ligand environment in these compounds. A single crystal X-ray diffraction analysis of the
two germylenes confirms their monomeric nature (viz. Figure 3.2), and shows that the Ph,P

moiety of the amide ligands binds the Ge'" centre in both species (1a: dpge = 2.4547(9) A; 1b:

N
<
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Figure 3.2 The molecular structures of (a) 1b and (b) 3a, with thermal ellipsoids at 40% probability. Hydrogen atoms
omitted for clarity. Selected bond distances (A) and angles (°) for 1b: Ge1-Cl1 2.355(1); Ge1-P1 2.472(1); Ge1-N1
1.925(3); N1-Ge1-ClI1- 100.69(1); Cl1-Ge1-P1 85.98(4); N1-Ge1-P1 85.85(1). For 3a: Ge1-Br1 2.512(1); Ge1-P3
2.455(2); Ge1-N1 1.913(4); N1-Ge1-Br1 103.00(1); Br1-Ge1-P3 84.74(4); N1-Ge1-P3 84.98(1).

dpce = 2.458(1) A). Complexes 1a/b bear some similarity to complexes reported by Wesemann,

incorporating bulky aryl ligands at Ge",??> and Baceiredo, who also developed Ge'" chloride
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species bearing phosphine-functionalised amide ligands.? In these cases, Ge-P distances are

similar to those in 1a/b.

With (amido)(chloro)germylene ligands 1a/b in hand, we began our investigations into the
complexation chemistry of these pro-chelating ligands towards nickel dihalides. We found that
both complexes do not readily react with NiCl,, even after heating, despite a dark red
colouration of reaction solutions. However, reactions with an excess of NiBr.-DME in toluene
with a small amount of THF led to dark red-brown reaction mixtures, from which dimeric
complex 2 could be isolated as large red-brown crystals after filtration (Scheme 3.2). X-ray
structural analysis of these crystals (Scheme 3.2, inset) revealed that Ni inserts into the Ge-P

bond of 1a, forming a chelating ligand motif incorporating P and Ge as we had hoped.

Dipp
R r!l B2 o
¥ - @ Br1 by
Re N\ cl o 4G Br3 pr—@
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+ ) >
NiBry-DME NiXy

Scheme 3.2 The reaction of chloro-germylenes 1a/b with NiBr2-DME, leading to reversible complexation and CI/Br

exchange at Ge'. Inset: the molecular structure of dimeric germyl-nickel complex 2.

Formal oxidative addition of one Ni-Br bond at Ge' is also observed, akin to previous examples
reported by Cabeza and co-workers.' Each Ni' centre sits in a square planar geometry, bound
by two bridging Br ligands, Ge, and P. Compound 2 represents a surprisingly uncommon
example of a germyl-nickel complex, and is unstable in solution in the absence of an excess
of NiBr.. This was clear in an attempt to obtain NMR spectroscopic data for 2, where the only
observable species is the bromo germylene P"P"DippGeBr 3a, presumably through elimination
of the nickel dihalide.?* Reassessing the reaction of chloro germylene 1a with NiBr.-DME, we
found that addition of a single equivalent leads to a ~50:50 mixture of 1 and 3, i.e. partial CI/Br
exchange. From such a reaction mixture the formation of one or two single crystals of the
germyl-nickel mixed halide complex 2’, the acetonitrile-coordinated monomeric form of 2,
allowed for structural analysis of this ‘intermediate’. Addition of 6 equivs. of NiBr,-DME allows
for full conversion to bromo germylene 3,25 whilst a vast excess (~10 equivs.) of NiBr.-DME
affects the crystallisation of small amounts of germyl-nickel bromide complex 2. We presume

that the presence of an excess of NiBro:DME is required to maintain the stability of 2, as in all
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cases NMR analyses showed only the free chloro/bromo-germylene ligands. Taken as a
whole, this demonstrates that NiBr. can act as a facile halide exchange reagent for the
synthesis of bromo germylenes, which are challenging to access via conventional routes due

to the lack of readily available GeBr. reagents.?

;0 X NH,
! | PPh
PPh, 3
NH; \ /
—> < \Ni/ — < /Ni\ —
NH,CI
, p” \PPhs ‘ P PPh;
(ii) Ph, Ph;
4 5 H,0 | - NH,
CI)H
H,0, RsN , N\ /PPh3
/Ni\
P PPh,
Ph,

Scheme 3.3 Synthesis of halo-germylene Ni° complexes 4 and subsequent reactions with NH3 and H20. (i) 1.1
NiX2:-DME, 2 PhsP, 6 Zn, THF, 2 h (X = Br); ~24 h (X = Cl); X = Cl and/or Br; (ii) 1 Ni(cod)z2, 2 PhsP, toluene, 1 h; X
=Cl.

Although the isolation of useful quantities of nickel complex 2 was not possible, the observation
that it exists within the reaction mixture seemed a promising start. We found that in-situ
reduction of this reaction mixture, in the presence of PhsP, gave facile access to chelating
phosphino-germylene complexes of Ni°. Room temperature addition of THF to a mixture of
1a/b, NiBr:DME, PhsP, and an excess of Zn powder allowed for the clean formation of Ni°
complexes 4a/b after 2 h, albeit as a mixture of the chloro- and bromo-germylene ligated
species. Employing NiCl,-DME in place of NiBro-DME led to considerably extended reaction
times, but gave clean access to the chloro-germylene species (Scheme 3.3). The pure
chloro-germylene analogue can also be accessed through combination of 1, Ni(COD),, and
PPhs in the stoichiometric ratio 1:1:2. Satisfyingly, *'P{'H} NMR analysis of crude reaction
mixtures in all cases suggest the formation of these novel Ni° complexes as the sole products,
with the crystalline compounds isolated in good yields from diethyl ether extracts of the crude
reaction mixtures. A single crystal X-ray structural analysis of dark red-brown crystals of 4b
reveal a central Ni°, bound by two PhsP ligands, and one chelating phosphino-germylene
ligand (Figure 3.4(a)). Notably, the chloride moiety in the germylene ligand remains intact. The
three-coordinate Ge' centre holds a trigonal planar geometry, and has a relatively short Ge-Ni
contact when compared with previously reported examples, indicative of some back-bonding
from Ni to Ge (vide supra). The Ni° centre holds a tetrahedral geometry, with the three Ni-P
distances being as expected when compared with reported phosphine-coordinated Ni°

complexes. Complex 4a is essentially isostructural to 4b.?” The UV/vis spectra of these species
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show two clear absorption bands (4a: Amax = 484 nm (¢ = 1370 Lcm™'mol™") and 362 nm (6735
Lecm'mol™); 4b: 473 nm (1685 Lcm™'mol™) and 362 nm (9160 Lcm'mol ")), in-keeping with
related absorptions for Ni-based d-d transitions.?® Likely due to hindered rotation brought about
by the sterics of the chelating ligand system, resonances relating the ligand are broadened in

the "H NMR spectrum of both Ni® species.
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Figure 3.3 The 3'P{'H} NMR spectrum of (a) 4b, (b) in-situ addition of NH3 to 5b, and (c) 4b regenerated after
sonication and degassing the sample used for spectrum (b). * = small amounts of 6b; A = small amounts of residual
5b.

The 3'P{'H} NMR spectra show one broadened peak for the PhsP ligands, centred at & =
39.8 ppm(4a and 4b), whilst the flanking phosphine arm of the chelating ligand presents as a
well resolved triplet centred at & = 7.1 (4a) and 9.6 (4b) ppm (Figure 3.3(a)). For the mixed
bromide/chloride samples, a second set of peaks relating to the bromide species is observed
in the 3'"P{'"H} NMR spectrum, overlapping with the first.?®> Separation of the two compounds
proved impossible in our hands, although using the mixture in subsequent chemistry discussed

herein did not pose any issues.

Given the ambiphilic nature of tetrylenes, particularly in acyclic derivatives, the design of
complexes 4a/b aims to retain a degree of Lewis acidity at Ge'". This forms the central idea of
non-innocent single centre ambiphile ligands. This characteristic was probed by Density
Functional Theoretical (DFT) analysis of the frontier orbitals in model complex 4’, employing
PhMeXyIN in place of PMPDippN/P"PhDipp (P"MeXyIN = (Ph.PCH,SiMe:)(Xyl)N). We found that the
LUMO of 4’ is located on the Ge centre (Figure 3.4(a)), and mainly constitutes a vacant
p-orbital which is expected to be Lewis acidic, particularly given the overall NPA charge at Ge
of +1.13. Still, Natural Bond Orbital (NBO) analysis of the Ge-Ni bond indicates strong
polarisation toward the Ge centre, whilst the HOMO in 4’ shows some degree of T-bonding,

pointing towards a donor-acceptor description of the Ge-Ni bond. In line with the Lewis acidity
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of the Ge' centre in 4a/b, deep red-brown solutions of these compounds readily react with
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Figure 3.4 Molecular structures of compounds (a) 4b, (b) 5a, and (c) 6b, with thermal ellipsoids at 40% probability.
Hydrogen atoms omitted for clarity, aside from those at N2 and O1 in 5a and 6b, respectively. The LUMO of each
compound is inset below the respective structure. Selected bond distances (A) and angles (°) for 4b: Ge1-Ni1
2.1877(7); N1-Ge1 1.869(2); P1-Ni1 2.201(1); P2-Ni1 2.2079(8); P3-Ni1 2.2055(8); N1-Ge1-Cl1 99.57(7); Ni1-Ge1-
N1 133.09(7); Ni1-Ge1-Cl1 126.89(3). For 5a: Ge1-Ni1 2.217(1); N1-Ge1 1.890(2); N2-Ge1 1.819(2); P1-Ni1
2.210(1); P2-Ni1 2.201(1); P3-Ni1 2.1892(9); N1-Ge1-N2 99.07(9); Ni1-Ge1-N1 128.63(6); Ni1-Ge1-N2 132.29(7).
For 6b: Ge1-Ni1 2.2077(7); N1-Ge1 1.885(3); O1-Ge1 1.874(2); P1-Ni12.210(1); P2-Ni1 2.202(1); P3-Ni1 2.104(1);
N1-Ge1-O1 100.98(1); Ni1-Ge1-O1 128.47(7); Ni1-Ge1-N1 130.49(8).

ammonia at 1 atm pressure to form slightly turbid bright orange reaction mixtures containing
ammonia activation products 5a/b. In-situ 3'P{'"H} NMR spectroscopic analysis indicated the
formation of a single new product for both systems (Figure 3.3(b)), whilst complimentary
"H NMR spectra indicated new singlet 2H resonances at & = 3.13 (5a) and 2.96 (5b) ppm,
which were tentatively assigned to an NH. fragment. The IR spectrum of reaction products is
in keeping with this, with two weak N-H stretching bands observed at v = 3354 and 3461 (5a
and 5b) cm™. Structural analysis of large orange crystals of the product of the reaction of 4a
with ammonia reveal that the Ge-Cl moiety in this species has in fact undergone a o-metathesis
reaction with one N-H bond of ammonia, yielding the bis(amido)germylene Ni° complex 5a
(Scheme 3.3, Figure 3.4(b)).%°

Presumably, the colourless solid in reaction mixtures is ammonium chloride, through the net
loss of HCI in this reaction (vide supra). As such, removal of the ammonia atmosphere from
reaction mixtures, and sonication of amides 5a/b over the precipitated NH4Cl with intermittent
degassing leads to regeneration of starting materials 4a/b (Figure 3.3), with the loss of
ammonia (Scheme 3.3).>' Such a reversible activation of ammonia is, to the best of our
knowledge extremely rare, as is the more general redox-innocent metathesis reaction at a

tetrylene centre. Beyond the reaction of 4a/b with ammonia, these species also readily undergo
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a similar metathesis reaction with water in the presence of nitrogen bases to facilitate HCI
abstraction (i.e. CyNH), to yield (amido)(hydroxyl)germylene Ni° complexes 6a/b (Scheme
3.3, Figure 3.4(c)). These species can also be accessed by the reaction of amide complexes
5a/b with water, with concomitant loss of ammonia. The formation of 6a/b can be clearly
observed by '"H NMR and IR spectroscopy, the former containing new 1H resonances
pertaining to OH residues (6 = 3.13 (6a) and 2.96 (6b) ppm), and the latter clear OH stretching
bands (v = 3547 (6a) and 3541 (6b) cm™). In recent years a flurry of examples of ammonia
activation at low-valent group 14 centres have been forthcoming, but lead almost exclusively
to oxidative addition reactions, thus yielding E" compounds (E = C - Sn).*2 That oxidative
addition is circumvented in reactions of 4a/b with both NH; and H>O likely stems from the
binding of the Ge lone electron pair to Ni°. Further, it is surprising that the Ni° centre in these
complexes remains unchanged, given previous examples of MLC in ammonia activation
involving PhsP-ligated Ni® complexes.'®©@ OQverall, the metathesis reactions of ammonia
demonstrated here highlight the targeted high Lewis acidity of the developed acyclic germylene
ligands, and are an exciting step towards employing these ligands in complexes which can

operate via MLC bond activation processes, where a lower coordinate TM centre is utilised.

So as to compare the effects of the differing fragments at Ge'" in the described Ni° complexes,
we performed frontier orbital, NBO, Wiberg Bond Index (WBI), Mayer Bond Order (MBO), and
Natural Population analyses on 4’, 5’, and 6’, as model complexes of the real systems, again
employing P"™MeXyIN in place of P"PDippN/""P"Dipp. We found that 4’, 5’, and 6’ all show very
similar characteristics in general; the main difference is the interaction of the vacant p-orbital
on the Ge' centre and the lone pair of the CI/NH2/OH moiety. Bond analysis showed the highest
bond order for the Ge-NH in 5 (MBO: 1.10) which is due to the efficient hybridization of the N
lone pair and the vacant p-orbital of Ge that are well-described for low-valent germanium
compounds.® The LUMO of 5’ is the only example in this series which is not represented by a
vacant p-orbital at Ge (Figure 3.4), most likely due to the described N—Ge donation.
Consequently, the Ge-Ni bond order decreases and the Ge-Ni bond length increases
(vide infra) due to the smaller back donation from the Ni d-orbital to the Ge vacant orbital. All
systems show some degree of multiple bond character between the Ge" and Ni° centres
(WBI/MBO for 4’ 1.20/1.13; for 5’: 1.11/0.98; for 6°: 1.17/1.07), with predicted Ge-Ni distances
(4: 2.161 A; 5°: 2.203 A; 6: 2.177 A) only slightly contracted relative to those observed
experimentally (e.g. deeni for 4b: 2.1877(7) A; 5a: 2.217(1) A; 6a: 2.1956(7) A), possibly due to
the increased steric encumbrance in the real complexes. An NBO analysis indicates a large
degree of s-character in these bonds, indicative of the greatest contributing factor being

Ge—Ni lone-pair donation, but, as already described for 4’, a high degree of polarisation
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towards Ge is also apparent, making a donor-acceptor interaction the best description for the

Ge-Ni interaction in these complexes.
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Figure 3.5 DFT-derived mechanism for the g-metathesis of ammonia in 4’ leading to 5’

Further, the mechanism for the amination of model complex 4’ was investigated by means of
DFT (Figure 3.5), given the reversible nature of this interesting process. The most favourable
mechanism begins with binding of NH; at Ge', highlighting the Lewis acidity of this centre. This
process is near thermoneutral (IM1 in Figure 3.5, +1.7 kcal'-mol'), which corroborates
reversibility in this key step. Surprisingly, it was found that two further NHs molecules are
subsequently required to drive the metathesis, which form a H-bond network between the Ge-
bound NHs; and ClI ligands. The most challenging step in the overall process is the ion pair
formation (TS4 in Figure 3.5, +14.5 kcal-mol™"), which is only possible on the potential energy
surface (PES) if the H-bond network is present, which stabilises the formation of the NH4" ion.
Then, the NH4* and the additional NHs molecule facilitate the removal of CI. The overall
reaction is very close to thermoneutral (5’ in Figure 3.5, -0.9 kcal-mol '), making this process
reversible simply by changing the reaction conditions, again corroborating the observed
experimental results. Finally, we also considered (i) the potential involvement of the Ni centre
in NHs activation, and (/i) oxidative addition of an N-H bond at the Ge centre. Both of these
mechanisms can be excluded from the active PES; the Ni-H complex, formed in (i), is relatively
unstable (TS2’ in Figure 3.5, 19.5 kcal-mol™), whilst the Ge oxidative addition product is not a

minimum on the PES (route (ii)).
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Conclusions

In conclusion, we have developed a chelating phosphino-germylene ligand scaffold, and a
facile route to Ni° complexes bearing these ligands in a low-cost, one pot synthetic preparation.
These ligands, which are centred around an acyclic (amido)(chloro)germylene, remain Lewis
acidic when bound to Ni°. This has been demonstrated by the facile and reversible activation
of ammonia, as well as the complimentary irreversible reaction with water, both of which lead
to Ge'" products through o-metathesis of the Ge-Cl bond, thus circumventing oxidation at both
germanium and nickel. These results form an initial basis for the single centre ambiphile ligand
concept, which we are currently expanding to further low-valent main group species, and
further first row transition metals, moving towards cooperative bond activation involving both

the ligand and the metal centre.
Supporting Information

General experimental considerations

All experiments and manipulations were carried out under a dry oxygen free argon atmosphere
using standard Schlenk techniques, or in a MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. THF and diethyl ether were dried by distillation over a
sodium/benzophenone mixture and stored over activated 4A mol sieves. CsDs was dried and
stored over a potassium mirror. All other solvents were dried over activated 4A mol sieves and
degassed prior to use. NiBr.-DME,** NiCl,-DME,?® DippN(H)Li,2® and PPh,CH,Li-TMEDA'®
were synthesized according to known literature procedures. All other reagents were used as
received. Commercial CyNH2, when used as received, contained enough residual moisture to
allow for the synthesis of 6a. NMR spectra were recorded on a Bruker AV 400 or 500
Spectrometer. The 'H and "*C{'H} NMR spectra were referenced to the residual solvent signals
as internal standards. 2°Si NMR spectra were externally calibrated with SiMeas. *'P NMR spectra
were externally calibrated with H3POas. LIFDI MS spectra were measured at a Waters
Micromass LCT TOF mass spectrometer equipped with an LIFDI ion source (LIFDI 700) from
Linden CMS GmbH. The samples were dissolved in dry toluene and filtered using a syringe
filter under an inert atmosphere. The TOF setup was externally calibrated using polystyrene.
ESI-MS was performed on an exactive plus orbitrap spectrometer from Thermo Fischer
Scientific. Infrared spectra were measured with the Alpha FT IR from Bruker containing a
platinum diamond ATR device. The compounds were measured as solids under inert
conditions in a glovebox. For the ammonia activation experiments water free ammonia 5.0 was

used.
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Experimental procedures

PhPhDippNK. A yellow suspension of PPh,CH.Li-TMEDA (6.0 g, 18.6 mmol) in 100 mL hexane
was cooled to -78 °C. The mixture was stirred vigorously and Ph;SiCl, (3.9 mL, 18.6 mmol)
was added. The mixture was allowed to warm to RT overnight. All volatiles were subsequently
removed in vacuo, leaving a yellow oil. DippN(H)Li (3.4 g, 18.6 mmol) was added to the
residue, and the flask cooled to -78 °C, followed by the addition of 50 mL THF. The mixture
was stirred until dissolution of all solids was observed. The cold bath was then removed and
the reaction allowed to warm to RT, leading to an orange solution. All volatiles were removed
in vacuo and the oily residue extracted with 50 mL hexane, and filtered. The solvent was
removed in vacuo and KH (0.9 g, 28.3 mmol) was added. After addition of 50 mL THF, gas
started to evolve, and the mixture was vigorously stirred for a further 16 h. The dark brown
suspension was filtered, and all volatiles were removed in vacuo. To the resulting oil 50 mL
hexane was added, and the mixture treated in an ultrasonic bath causing the precipitation of
copious pale brown powder, which was filtered and washed multiple times with hexane, and
subsequently dried in vacuo to yield P"P"DippNK as an off-white powder (8.5 g, 14.3 mmol,
77%). Colourless crystals suitable for X-ray diffraction analysis were obtained after two days
from a concentrated THF/TMEDA solution layered with hexane stored at -32°C. '"H NMR
(THF-ds, 400 MHz, 298 K): & = 0.91 (d, 12H, 3Juy = 6.9 Hz, Dipp-Pr-CHs), 1.97 (d, 2H, 2Jup =
5.4 Hz, Ph,P-CH.), 3.94 (hept, 2H, 3Jun = 6.9 Hz, Dipp-Pr-CH), 6.24 (t, 1H, 3Jun = 7.4 Hz, Ar-
CH), 6.74 (d, 2H, 3Jun = 7.4 Hz, Ar-CH), 7.00 (m, 6H, Ar-CH), 7.10 (m, 6H, Ar-CH), 7.27 (m,
4H, Ar-CH), 7.48 (m, 4H, Ar-CH). 3C{'"H} NMR (THF-ds, 101 MHz, 298 K): & = 19.7 (d, 'Jcp =
29.2 Hz, Ph,P-CH,), 24.9 (Dipp-Pr-CHs), 28.1 (Dipp-Pr-CH), 112.6, 123.00, 127.3, 127.5,
128.3, 128.7, 133.4, 133.6, 135.8, 141.4, 143.9, 144.0, 146.7, 146.7 and 156.2 (Ar-C).
3P{'H} NMR (THF-ds, 162 MHz, 298 K): & = -19.1 (s, CHx-PPhy). 2°Si{'H} NMR
(THF-ds, 99 MHz, 298 K): & = - 47.4 (d, 2Jsip = 14.7 Hz, SiPhy).

PhPhDippGeCl, 1a. A pale brown solution of P"""DippNK (7.0 g, 11.7mmol) in 20 mL THF was
added dropwise to a stirring solution of GeCl,-dioxane (2.7 g, 11.7 mmol) in 10 mL THF
at -78°C, and subsequently allowed to warm to RT, resulting in the formation of an orange
solution. All volatiles were removed in vacuo, the residue extracted in 20 mL DCM, and filtered.
The solvent was removed in vacuo and the residue washed with hexane to yield 1a as an
off-white powder (7.0 g, 10.5 mmol, 90 %). Colourless crystals suitable for X-ray diffraction
analysis were obtained from a concentrated diethyl ether at RT. '"H NMR (CsDs, 400 MHz, 298
K): & = 0.09 (d, 3H, 3Jun = 6.4 Hz, Dipp-Pr-CHjs), 0.68 (d, 3H, 3Jun = 6.6 Hz, Dipp-Pr-CHs),
0.86 (d, 3H, 3Jun = 6.5 Hz, Dipp-Pr-CHs), 1.43 (d, 3H, 3Jun = 6.5 Hz, Dipp-Pr-CHs), 2.54 (m,
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3H, Ph2P-CH,/Dipp-Pr-CH), 4.28 (m, 1H, Dipp-Pr-CH), 7.02 (m, 14 H, Ar-CH), 7.21 (m, 3H,
Ar-CH), 7.46 (m, 2H, Ar-CH), 7.65 (m, 2H, Ar-CH), 8.26 (d, 2H, 3Ju+ = 7.1 Hz, Ar-CH). *C{'H}
NMR (CeDs, 101 MHz, 298 K): & = 8.1 (PhoP-CHy), 21.4, 22.6 and 28.0 (Dipp-Pr-CHs), 28.2
and 28.6 (Dipp-Pr-CH), 28.8 (Dipp-Pr-CHs), 123.9, 124.6, 125.6, 129.0, 129.1, 129.6, 129.7,
131.1, 131.5, 132.8, 132.9, 133.3, 133.4, 134.8, 135.4, 137.3, 137.8, 140.8, 140.9, 147.8 and
149.7 (Ar-C). 3'P{'"H} NMR (CeDs, 162 MHz, 298 K): 5 = 4.0 (s, CH2-PPhs). 2°Si{'H} NMR (CeDs,
79 MHz, 298 K): & = - 4.0 (d, 2Jsp = 13.4 Hz, SiPhy). MS/LIFDI-HRMS found (calcd) m/z:
665.1466 (665.1490) for [M]".

PhPhDippGeBr, 3a. To a mixture of 1a (200 mg, 0.30 mmol) and NiBr.-DME (540 mg, 1.8 mmol)
was added 5 mL toluene and 1 mL THF, and the resulting mixture stirred for 1 h. All volatiles
were removed in vacuo and the residue extracted with 5 mL toluene. The solution was
concentrated and layered with hexane yielding colourless crystals of 3a suitable for X-ray
diffraction analysis (127 mg, 0.18 mmol, 54%). '"H NMR (CeDs, 400 MHz, 298 K): & = 0.06 (d,
3H, 3Jun = 6.6 Hz, Dipp-Pr-CH;), 0.67 (d, 3H, 3Juw = 6.7 Hz, Dipp-Pr-CHj), 0.93 (d, 3H, 3Ju+
= 6.6 Hz, Dipp-Pr-CHs), 1.46 (d, 3H, 3Jun = 6.6 Hz, Dipp-Pr'-CHj), 2.55 (m, 3H, Ph,P-CH_/Dipp-
Pr-CH), 4.26 (hept, 1H, 3Jun = 6.9 Hz, Dipp-Pr-CH), 6.99 (m, 14 H, Ar-CH), 7.21 (m, 3H, Ar-
CH), 7.46 (m, 2H, Ar-CH), 7.60 (m, 2H, Ar-CH), 8.30 (d, 2H, 3Jun = 7.3 Hz, Ar-CH). C{'H}
NMR (CgDs, 101 MHz, 298 K): & = 8.4 (Ph,P-CHy), 21.4 and 22.6 (Dipp-Pr-CHs;), 28.1 and
28.2 (Dipp-Pr-CH), 28.5 and 29.0 (Dipp-Pr-CHs), 123.1, 124.0, 124.8, 125.7, 128.9, 129.0,
129.1, 129.6, 129.8, 131.0, 131.6, 132.7, 132.8, 133.3, 133.4, 134.5, 135.4, 137.6, 140.5,
140.6, 147.8 and 149.9 (Ar-C). 3'"P{'H} NMR (CeDs, 162 MHz, 298 K): & = 1.9 (s, CH2-PPhy).
2Si{"H} NMR (CsDs, 99 MHz, 298 K): & = - 3.9 (d, 2Jsip = 13.9 Hz, SiPh;); MS/LIFDI-HRMS
found (calcd) m/z: 709.1012 (709.0984) for [M]*.

[P"P"DippGe(CI)]Ni(PPhs)2, 4a. To a mixture of 1a (1.60 g, 2.4 mmol), NiCl,-DME (0.53 g, 2.4
mmol), PPhs (1.26 g, 4.8 mmol), and Zn (0.94 g, 14.4 mmol) was added 10 mL THF, and the
resulting mixture stirred for 24 h at RT resulting in a deep red reaction mixture. All volatiles
were removed in vacuo and the residue extracted with 20 mL diethyl ether. Dark red crystals
of 4a, which were suitable for X-Ray diffraction analysis, were obtained after storing the
solution at RT overnight (1.55g, 1.8 mmol, 52%). '"H NMR (CgDs, 400 MHz, 298 K): & = 0.49
(d, 6H, 3Jun = 6.6 Hz, Dipp-Pr'-CHj3), 1.28 (bs, 6H, Dipp-Pr-CHs), 3.03 (s, 2H, Ph,P-CH>), 3.72
(hept, 2H, 3Jun = 6.6 Hz, Dipp-Pr-CH), 6.63 (m, 3 H, Ar-CH), 6.94 (m, 36H, Ar-CH), 7.32 (d,
5H, 3Jun = 6.2 Hz, Ar-CH), 7.52 (s, 9H, Ar-CH). *C{'H} NMR (CgDs, 101 MHz, 298 K): & = 20.0
(Ph2P-CH>), 23.8 and 26.1 (Dipp-Pr-CHs), 29.2 (Dipp-Pr-CH), 124.0, 125.6, 127.2, 128.8,
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128.8, 129.1, 132.3, 134.5, 134.6, 135.3, 136.0, 138.6, 138.9, 142.3 and 145.5 (Ar-C). 3'P{'H}
NMR (CeDs, 81 MHz, 298 K): & = 7.1 (t, 2Jpp = 18.2 Hz, PhoP-Ni-(PPhs)y), 39.8 (bs, Ph,P-Ni-
(PPhs)). 2°Si{'H} NMR (CsDs, 99 MHz, 298 K): & = - 13.5 (d, 2Jsp = 5.5 Hz, SiPhy).
MS/LIFDI-HRMS found (calcd) m/z: 985.1705 (985.1755) for [M-PPhs]*.

[P"P"DippGe(NH2)]Ni(PPhs)2, 5a. Compound 4a (20 mg, 0.016 mmol) was dissolved in 0.4 mL
CsDs in an NMR tube. An excess of ammonia was added to the NMR tube, which was then
closed and shaken leading to an immediate colour change from deep red to bright orange, with
concomitant formation of a colourless solid (NH4Cl). The solution was filtered, and volatiles
removed in vacuo to yield 5a as an orange powder (15 mg, 0.013 mmol, 83%). Dark orange
crystals suitable for X-ray diffraction analysis were obtained by storage of a concentrated
toluene solution layered with hexane at -32°C. "H NMR (C¢Ds, 400 MHz, 298 K): & = 0.50 (d,
6H, 3Jun = 6.6 Hz, Dipp-Pr-CHs), 1.14 (m, 6H, Dipp-Pr-CHs), 2.97 (s, 2H, Ph,P-CHy), 3.14 (s,
2H, Ge-NH,), 3.79 (hept, 2H, 3Jun = 7.3 Hz, Dipp-Pr-CH), 6.67 (m, 3 H, Ar-CH), 6.81 (m, 6H,
Ar-CH), 7.00 (m, 31H, Ar-CH), 7.32 (d, 4H, 3Jun = 6.6 Hz, Ar-CH), 7.48 (s, 9H, Ar-CH). *C{'H}
NMR (Ce¢Ds, 101 MHz, 298 K): & = 20.1 (Ph2P-CH.), 23.6 and 26.1 (Dipp-Pr-CHs), 28.8
(Dipp-Pr-CH), 124.4, 125.2, 127.1, 131.6, 132.3, 134.3, 134.5, 136.1, 136.3, 140.2, 141.1 and
146.3 (Ar-C). 3'"P{"H} NMR (CsDs, 81 MHz, 298 K): 8 = 9.3 (t, 2Jep = 15.6 Hz, PhoP-Ni-(PPhs).),
39.8 (d, 2Jpp = 14.2 Hz, Ph,P-Ni-(PPhs)z). 2°Si{'"H} NMR (CeDs, 99 MHz, 298 K): & = - 14.8 (d,
2Jsip = 3.2 Hz, SiPhy); IR, vicm™ (ATR): 3354 and 3461 (br, w, Ge-NH;); MS/LIFDI-HRMS found
(calcd) m/z: 966.2156 (966.2253) for [M-PPha]*.

[P"P"DippGe(OH)]Ni(PPhs)2, 6a. ‘Wet’ cyclohexylaniline (100 mg, 1.00 mmol) was added to a
stirring solution of 4a (200 mg, 0.16 mmol) in 5 mL toluene leading to an immediate colour
change from deep red to light red-orange. The mixture was stirred for 30 min. All volatiles were
then removed in vacuo and the residue extracted with diethyl ether, and filtered. Orange-red
crystals of 6a suitable for X-ray diffraction analysis formed over the course of two hours at
ambient temperature (133 mg, 0.11 mmol, 68%). '"H NMR(CsDs, 400 MHz, 298 K): & = 0.47 (d,
6H, 3Jun = 6.3 Hz, Dipp-Pr-CHs), 1.10 (m, 6H, Dipp-Pr-CHs), 2.99 (s, 2H, Ph,P-CH>), 3.77
(hept, 2H, 3Jun = 6.4 Hz, Dipp-Pr-CH), 4.15 (s, 1H, Ge-OH), 6.67 (m, 3 H, Ar-CH), 6.83 (m,
6H, Ar-CH ), 7.01 (m, 30H, Ar-CH), 7.34 (d, 4H, 3Jun = 7.0 Hz, Ar-CH), 7.54 (s, H, Ar-CH).
BC{"H} NMR (CsD¢, 101 MHz, 298 K): = 19.4 (Ph,P-CH), 23.3 and 26.2 (Dipp-Pr-CHjs), 28.9
(Dipp-Pr'-CH), 124.5, 125.7, 127.2, 128.9, 132.3, 134.5, 134.5, 134.6, 135.7, 135.8, 136.0,
138.8, 139.7, 139.9, 140.0 and 146.6 (Ar-C). 3'"P{"H} NMR (CsDs, 81 MHz, 298 K): & = 9.0 (t,
2Jpp = 15.8 Hz, PhyP-Ni-(PPhs),), 40.6 (d, 2Jer = 15.8 Hz, Ph,P-Ni-(PPhs);). °Si{'H} NMR
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(CeDe, 99 MHz, 298 K): 5 = - 14.4 (d, 2Jsp = 4.6 Hz, SiPhy); IR, vicm™! (ATR): 3547 (m, Ge-OH);
MS/LIFDI-HRMS found (calcd) m/z: 967.2057 (967.2093) for [M-PPha]*.

Reversibility experiments

Compound 4b (20 mg, 0.17 mmol) was dissolved in 0.4 mL C¢De in an NMR tube and the tube
charged with ammonia, closed and shaken. The *'P NMR spectrum was measured to confirm
the sole presence of 5b. All volatiles were removed in vacuo and the mixture was redissolved
in 0.4 mL CeDs followed by ultrasonication for 30 min. This cycle was repeated two more times,
resulting in restoration of the dark red colouration attributable to dissolved 4b. 'H and *'P NMR
spectroscopic analysis of the crude reaction confirmed a mixture with 78% 4b and 22% 5b/6b

confirming the reversibility of the reaction of 4b with ammonia.

N. B. Related experiment using 4a also show reversibility, but considerably greater formation
of hydroxide compound 6a, due to extremely high moisture sensitivity of this compound when

compared with 4b.
X-Ray Crystalographic details

Single crystals of ""PDippNH, """"DippNK, 1a/b, 1a-Et.0, 2, 2’, 3a/b, 4a/b, 4-Br, 5a, and 6a/b
suitable for X-ray structural analysis were mounted in perfluoroalkyl ether oil on a nylon loop
and positioned in a 150 K cold N2 gas stream. Data collection was performed with a STOE
StadiVari diffractometer (MoKa radiation) equipped with a DECTRIS PILATUS 300K detector.
Structures were solved by Direct Methods (SHELXS-97)% and refined by full-matrix least-
squares calculations against F? (SHELXL-2018).3” The positions of the hydrogen atoms were
calculated and refined using a riding model, aside from protons on N2 (5a) and O1 (6a/b). All
non-hydrogen atoms were treated with anisotropic displacement parameters. Crystal data,
details of data collections, and refinements for all structures can be found in their CIF files,
which are available free of charge via www.ccdc.cam.ac.uk/data_request/cif, and are
summarized in Tables 4.1-4.3. In compounds 2 and 4a’ the electron density of highly
disordered co-crystallized solvent molecules (details in respective CIFs) was removed using
the PLATON SQUEEZE function.®®
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Figure 3.6 Molecular structure of PMPDippNH, with thermal ellipsoids at 40% probability. Hydrogen atoms are
omitted for clarity, aside from that at N1. Selected bond distances (A) and angles (°): P1...N1 3.354(2); Si1-N1
1.753(2); Si1-C19 1.894(2); P1-C19 1.868(2); P1-C19-Si1 114.73(1); N1-Si1-C19 105.62(9).

Figure 3.7 Molecular structure of P"P'DippNK-2(THF)(TMEDA), with thermal ellipsoids at 40% probability. Hydrogen
atoms are omitted for clarity. Selected bond distances (A) and angles (°): N1-K001 2.750(2); N2-K001 2.275(5);
P1-K001 3.510(2); N1-K001-P1 69.98(5); P1-K001-N2 81.16(1).
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Figure 3.8 Molecular structure of 1a, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ge1-Cl1 2.3404(9); Ge1-P1 2.4547(9); Ge1-N1 1.925(2); N1-
Ge1-Cl1 101.45(5); Cl1-Ge1-P1 86.08(2); N1-Ge1-P1 85.38(5).
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Figure 3.9 Molecular structure of 2’, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ni1-N2 1.898(3); N1-Br2 2.3276(6); P1-Ni1 2.175(1); Ni1-Ge1
2.2672(6); N1-Ge1 1.856(3); Ge1-Ni1-P1 88.54(3); N2-Ni1-Ge1 88.59(9); P1-Ni1-Br2 94.86(3); N2-Ni1-Br2
91.75(9).
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Figure 3.10 Molecular structure of 3b, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ge1-Br1 2.468(1); Ge1-P1 2.450(2); Ge1-N1 1.928(6); N1-Ge1-
Br1 101.83(2); Br1-Ge1-P1 85.83(4); N1-Ge1-P1 85.92(2).
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Figure 3.11 Molecular structure of 4a, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ge1-Ni1 2.192(1); N1-Ge1 1.869(2); P1-Ni1 2.204(1); P2-Ni1
2.2054(9); P3-Ni1 2.2030(8); N1-Ge1-ClI1 98.62(8); Ni1-Ge1-N1 131.96(6); Ni1-Ge1-Cl1 129.03(6).
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Figure 3.12 Molecular structure of 4-Br, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ge1-Ni1 2.1995(7); N1-Ge1 1.876(3); P1-Ni1 2.208(1); P2-Ni1
2.203(1); P3-Ni1 2.215(1); N1-Ge1-Br1 98.86(9); Ni1-Ge1-N1 132.38(9); Ni1-Ge1-Br1 128.46(2).
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Figure 3.13 Molecular structure of 6a, with thermal ellipsoids at 40% probability. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (°): Ge1-Ni1 2.1956(7); N1-Ge1 1.892(3); 01-Ge1 1.780(2); P1-Ni1
2.209(1); P2-Ni1 2.216(1); P3-Ni1 2.196(1); N1-Ge1-O1 100.67(1); Ni1-Ge1-O1 130.08(9); Ni1-Ge1-N1 129.24(8).
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Table 3.1 Summary of X-ray crystallographic data for """DippNH, P"""DippNK-2(THF)(TMEDA), and 1a/b.

PhPhDippNK-
PhiPDippNH 1a 1a-Et20 1b
2(THF)(TMEDA)
empirical form. Cs31H44NPSi C48Hs3sKN202PSi | C37H39CIGeNPSi [C41H49CIGeNOPSI| C34H46CIGeNPSi
formula wt 489.73 798.16 664.79 738.91 635.82
crystal syst. monoclinic triclinic triclinic triclinic monoclinic
space group C2/rc P-1 P-1 P-1 P21/c
a(A) 35.733(7) 11.280(2) 11.000(2) 11.250(2) 15.550(3)
b (A) 9.740(19) 13.730(3) 12.100(2) 17.780(4) 19.910(4)
c(h) 17.970(4) 15.610(3) 13.500(3) 20.520(4) 21.820(4)
a (deg.) 90 84.30(3) 96.00(3) 88.30(3) 90
S (dey) 107.22(3) 83.70(3) 93.00(3) 75.70(3) 95.60(3)
y (deg.) 90 72.90(3) 109.00(3) 73.30(3) 90
vol (A%) 5974(2) 2291.0(9) 1682.5(7) 3805.8(15) 6723(2)
V4 8 2 2 4 8
p(calc) (g.cm3) 1.089 1.157 1.312 1.290 1.256
g (mm-) 0.150 0.215 1.099 0.981 1.097
F(000) 2128 858 692 1552 2680
T (K) 150(2) 150(2) 150(2) 150(2) 150(2)
reflns collect. 21921 22863 16730 38663 76019
unique reflns 5840 8979 6600 14909 15430
Rint 0.0652 0.0469 0.0225 0.0734 0.1118
R1 [I>20(/)] 0.0489 0.0641 0.0318 0.0504 0.0570
wR2 (all data) 0.1441 0.1979 0.0855 0.1315 0.1237
CCDC No. 2057308 2057309 2057295 2057296 2057297
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Table 3.2 Summary of X-ray crystallographic data for 2, 2’, 3a/b, and 4a.

2 2 3a 3b 4a
empirical form. | C74H7sBreGezN2 | Ca1Ha4Br2ClGe | Ca3HasBrGeNP | Cs1HasBrGeNP | CrsHeoBro.19Clo.s
formula wt 1855.56 964.42 787.36 641.22 1256.49
crystal syst. monoclinic monoclinic triclinic triclinic triclinic
space group C2/c P21/c P-1 P-1 P-1
a(A) 40.613(8) 20.250(4) 11.330(2) 11.110(2) 12.160(2)
b (A) 9.870(2) 11.150(2) 13.510(3) 17.260(4) 13.520(3)
c(h) 23.160(5) 18.550(4) 13.610(3) 18.290(4) 20.800(4)
a (deg.) 90 90 79.10(3) 65.10(3) 75.40(3)
B (dey) 101.59(3) 94.50(3) 86.70(3) 88.40(3) 89.00(3)
y (deg.) 90 90 69.60(3) 85.30(3) 70.90(3)
vol (A%) 9094(3) 4175.4(15) 1917.3(8) 3170.5(13) 3119.1(13)
4 4 4 2 8 2
p(calc) (g.cm) 1.355 1.534 1.364 1.343 1.338
g (mm™) 3.795 3.248 1.945 2.334 1.080
F(000) 3696 1948 812 1328 1307
T (K) 150(2) 150(2) 150(2) 150(2) 150(2)
reflns collect. 8903 56139 16584 44725 31898
unique reflns 8903 8203 7387 12450 12162
Rint 0.0897 0.0421 0.0636 0.0291 0.0301
R1 [I>20(/)] 0.0470 0.0352 0.0513 0.0609 0.0336
wR2 (all data) 0.1402 0.0907 0.1598 0.1968 0.0834
CCDC No. 2057298 2057299 2057300 2057301 2057302
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Table 3.3 Summary of X-ray crystallographic data for compounds 4-Br, 4b, 5a, and 6a/b.

4-Br 4b-Et20 5a 6a-Et.0 6b-Et.0
empirical form. | CzsHeoBrGeNNi | C71Hs3CIGeNNi | C73H71GeNaNiP | C77Hs0GeNNiO2 | C71HsaGeNNiO2
formula wt 1292.50 1254.13 1228.61 1303.72 1235.69
crystal syst. triclinic monoclinic triclinic monoclinic monoclinic
space group P-1 P2i/c P-1 P21/c P21/c
a(A) 12.680(3) 17.370(4) 12.180(2) 17.680(4) 17.430(4)
b (A) 15.530(3) 19.770(4) 13.550(3) 19.180(4) 19.840(4)
c(h) 19.470(4) 19.410(4) 20.860(4) 19.180(4) 19.410(4)
a (deg.) 98.60(3) 90 75.10(3) 90 90
B (8ey) 92.00(3) 102.70(3) 88.30(3) 108.80(3) 103.40(3)
y (deg.) 91.30(3) 90 70.40(3) 90 90
vol (A%) 3787.1(13) 6502(2) 3128.1(13) 6629(3) 6529(2)
V4 2 4 2 4 4
p(calc) (g.cm3) 1.133 1.281 1.304 1.306 1.257
g (mm™) 1.288 0.928 0.922 0.876 0.885
F(000) 1336 2640 1284 2736 2608
T (K) 150(2) 150(2) 150(2) 150(2) 150(2)
reflns collect. 56477 71318 32911 73271 73734
unique reflns 15676 12767 12253 13006 12827
Rint 0.0410 0.0524 0.0395 0.0868 0.0946
R1 [I>20(/)] 0.0531 0.0380 0.0364 0.0426 0.0454
wR2 (all data) 0.1658 0.1021 0.0912 0.1056 0.1189
CCDC No. 2057304 2057303 2057305 2057306 2057307
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Computational methods and details

DFT calculations were performed at the wB97X-D3(SMD=benzene)/def2-TZVPP//wB97X-
D3(SMD=benzene)/def2-SVP level of theory.®® Stationary points on the potential energy
surface (PES) were characterized by harmonic vibrational frequency calculations. Transition
states, which had one imaginary frequency, were analysed by intrinsic reaction coordinate
(IRC) calculations to confirm the corresponding intermediates. Calculations were carried out
using the GAUSSIAN 16 program suite.*°

Table 3.4 NBO analysis of the central GeNi moiety in 4°.

4 Occupation | Atom | Polarization s-character p-character d-character
Ge 76.43% 88.23% 11.76% 0.01%
Bond 1.95
Ni 23.57% 25.89% 72.92% 1.19%

Table 3.5 NBO analysis of the central GeNi moiety in 5°.

5 Occupation | Atom | Polarization s-character p-character d-character
Ge 74.06% 82.02% 17.97% 0.01%
Bond 1.93
Ni 25.94% 26.82% 71.34% 1.84%

Table 3.6 NBO analysis of the central GeNi moiety in 6°.

6’ Occupation | Atom Polarization s-character p-character d-character
Ge 74.22% 85.75% 14.24% 0.01%
Bond 1.94
Ni 25.78% 26.87% 71.56% 1.57%

Table 3.7 Calculated bond lengths [A], NPA charges of Ge and Ni atoms, Wiberg Bond Index (WBI) and Mayer

Bond Order (MBO) in 4’, 5’, and 6’.

Bond length [A] NPA charge WBI//MBO
Ge-Ni Ge-Cl/Ge-NH2/Ge-OH Ge Ni Ge-Ni Ge-Cl/Ge-NH2/Ge-OH
4 2.161 2.263/-/- +1.13 -0.79 1.20//1.13 0.73/-/-/10.82/-/-
5 2.203 -/1.816/- +1.34 -0.82 1.11//0.98 -/0.76/-1/-11.10/-/-
6’ 2177 -/-/1.801 +1.40 -0.83 1.17/1.07 -/-/0.61//-/-/0.93
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Figure 3.14 HOMO (left, -6.60 eV) and LUMO (right, 0.62 eV) of 4’.

Figure 3.15 HOMO (left, —6.35 eV) and LUMO (right, 0.96 eV) of 5.

Figure 3.16 HOMO (left, —6.50 eV) and LUMO (right, 0.90 eV) of 6’.
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Chapter 4

Geometrically Constrained Cationic Low-Coordinate Tetrylenes: Highly Lewis
Acidic o-Donor Ligands in Catalytic Systems

P. M. Keil, T. J. Hadlington, Angew. Chem. Int. Ed. 2022, 61, €202114143

All DFT calculations concerning this project were conducted by Dr. Terrance J. Hadlington.

Reproduced with permission from Wiley-VCH.
Synopsis

Following the isolation of the (chloro)germylene-nickel(0) complexes
[{P"RDippGe(CI)}-Ni(PPhs)2] (P"RDipp = [{Ph.PCH.Si(R).} (Dipp)N]; R = Ph, iPr; Dipp =
2,6-iPr,CesHs) described in Chapter 3, we aimed to modify these by converting them into the
cationic germyliumylidene complexes, potentially further increasing their Lewis acidity and
reactivity. By abstracting the chloride and introducing the weakly-coordinating anion [BArf4]
([BArF4] = [{3,5-(CF3).CsH3}4B]") we were able to obtain the cationic germyliumylidene-nickel(0)
complexes [(P"RDippGe)-Ni(PPhs).]*. In a one-pot route from PNPDippSnCl, we were also able
to obtain the corresponding cationic stannylidene-nickel(0) complex [(P"PDippSn)-Ni(PPhs).]*.
The same ligand scaffold did not lead to stable (chloro)stannylene-nickel(0) complexes, as
described in Chapter 3. It should be noted that the complexes with iso-propyl groups as
residues at the backbone silyl moiety are apparently much more stable/easier to handle
compared to the complexes with phenyl residues, resulting in more selective reactions, less
decomposition, as well as a higher crystallinity. Therefore, only the iso-propyl ligand system,
PhiPDipp , was utilised for the stannylene complex, and was also the focus in subsequent

projects described in Chapters 6, 7 and 8.

X-ray diffraction analysis revealed a bent N-E-Ni angle of the cationic tetryliumylidene-nickel(0)
complexes, [(P"RDippE)-Ni(PPhs).]* (E = Ge, Sn), which is apparently enforced by the ligand
scaffold, leading to non-ideal orbital overlap, and thus minimised r-back-donation from the TM
centre to the tetryliumylidene. Furthermore, the cationic charge was calculated to be largely
localised at the tetrel element. These are the key points for the here reported tetryliumylidene
systems, since previously discussed tetryliumylidene-TM systems usually exhibit a near linear
Ligand-E-TM angle, which leads to good orbital overlap and pronounced mr-back-donation, and
charge localisation either at the TM centre or ligand backbone." The here reported systems
exhibit remarkably high Lewis acidity at Ge/Sn, pertaining towards Lewis super acidity, as

suggested by experimental and theoretical investigations. This is due to the reduced
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m-back-donation, which does not quench the Lewis acidity, resulting in two vacant p-orbitals
being accessible at the tetryl element, affirmed by frontier orbital analysis. Coordination of
DMAP (4-Me2NPyr) and reversible coordination of ammonia at the germanium centre in
[(P"RDippGe)-Ni(PPhs)]* experimentally confirmed the accessibility of these p-orbitals. The
ammonia coordination was analysed using NMR spectroscopy and theoretical investigation,
as crystallisation of the adduct was not possible due to the reversible nature of the
coordination. Generally, crystallisation of the here discussed cationic tetryliumylidene
compounds posed problems, since the presence of the [BArf4]- counter anion led to oils when
crystallisation was attempted. Crystalline material only ensued when the present compound

was of high purity.

Even though these complexes exhibit such a high Lewis acidity, stability is remarkably high,
showing no sign of decomposition when heated at 60 °C in solution for an extended period of
time, or in the presence of reactive substrates such as PhSiHs. Additionally, we could also
show that our ligands are active catalysts for the hydrosilylation of alkenes and alkynes with
PhSiHs.

In conclusion, herein we successfully advanced our (chloro)germylene-nickel(0) complexes
from Chapter 3 to the tetryliumylidene-nickel(0) complexes [(P"RDippE)-Ni(PPhs).]*, amplifying
Lewis acidity of the tetrylene centres. The developed ligand scaffold is key for the observed
high ligand-centred Lewis acidity as it enforces a bent N-E-Ni angle, minimising Ni—E
m-back-donation. In contrast to the complexes in Chapter 3, ammonia is not activated at the
tetrel element, but rather displays reversible coordination. Still, MLC could not be observed,
which hints that the reactivity of the electronically saturated Ni° centre needs to be enhanced,

which is addressed in Chapters 7 and 8.

It should be noted, that a related project has recently been published in our group, employing
the described cationic germylene and stannylene ligands, and derivatives thereof, to access
tetryliumylidene-nickel(0) complexes [(RRDippE)-Ni(IPr)] (IPr = [{HC(Dipp)N}.C:]) with IPr as an
ancillary ligand.? In this case, the tetryliumylidene ligand switches to a Z-type ligand with
o-donation from the Ni° centre to the tetrel element allowing for catalytic hydrogenation of
alkenes. Even though MLC could, again, not be observed for these complexes, further usage

of these ligands for catalytic applications could be shown here.
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e202114143. Experimental spectra (NMR, LIFDI/MS, UV/vis and IR) and further details
concerning DFT calculations can be retrieved online (https://doi.org/10.1002/anie.202114143).

Abstract

A novel non-innocent ligand class, namely cationic single-centre ambiphiles, is reported in the
phosphine-functionalised cationic tetrylene Ni° complexes, [P"RDippENi(PPhs)s]* (4alb (Ge)
and 5 (Sn); P"RDipp = {[Ph.PCH.SiR2](Dipp)N}; R = Ph, 'Pr; Dipp = 2,6-Pr.CsHs). The inherent
electronic nature of low-coordinate tetryliumylidenes, combined with the geometrically
constrained [N-E-Ni] bending angle enforced by the chelating phosphine arm in these
complexes, leads to strongly electrophilic E" centres which readily bind nucleophiles, reversibly
in the case of NHs. Further, the Ge' centre in 4a/b readily abstracts the fluoride ion from [SbFs]-
to form the fluoro-germylene complex P"RDippGe(F)Ni(PPhs); 9, despite this Ge' centre
simultaneously being a o-donating ligand towards Ni°. Alongside the observed catalytic ability
of 4 and 5 in the hydrosilylation of alkynes and alkenes, this forms an exciting introduction to

a multi-talented ligand class in cationic single-centre ambiphiles.
Introduction

Singlet tetrylenes are by their nature single-centre ambiphiles, and can thus act as both
o-donor ligands and simultaneously accept electron density at the tetryl element centre.?
Classical Fischer carbenes demonstrate this character through forming often reactive
double-bonds with a transition metal,* due to the high m-acceptor character of the vacant
p-orbital at carbon. On the contrary, electronically saturated N-heterocyclic carbenes,
stabilized by considerable N—C donation, act as strong o-donors but poor electron acceptors,
and hence behave as innocent spectator ligands.® Heavier tetrylenes, due to an increased
HOMO-LUMO separation, have a lessened propensity to partake in multiple bonding;®
nevertheless a number of multiply bonded heavier tetrylene-transition metal complexes are
now known,*®7 the seminal examples of which were reported by the group of Power, and were
accessed through the expedient salt metathesis of halo-tetrylenes with anionic metal
fragments.® Similar complexes have been accessed recently by the same group through the
metathesis of E-E and Mo-Mo triple bonds (E = Ge, Sn, Pb), akin to alkyne metathesis.® In

search for a ligand class which can behave both as a Lewis base (i.e. a o-donor) and a Lewis
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acid (i.e. an electron acceptor), we sought to further amplify the Lewis acidity of heavier
tetrylene ligands through generating tetryliumylidene species, which are cationic and hence
have a second vacant p-orbital when compared with their neutral counterparts. Given their
high electrophilic character, they could thus form a novel ligand class, that is highly Lewis

acidic o-donor ligands.
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Figure 4.1 Known examples of cationic TM complexes bearing tetrylene E" fragments (E = Ge, Sn), and the concept

of ‘constrained bending’ leading to a cationic E" centre.

Cationic transition metal complexes bearing two-coordinate Ge'" ligands, a number of which
have been reported by Fillippou (Figure 4.1)," typically demonstrate linear L-Ge-M geometries
in line with considerable M—Ge back donation, and hence a high degree of multiple bond
character pertaining to triple bonds."® This, in turn, significantly reduces the Lewis acidity of the
Ge centre. In these systems the favourable formation of a triple bond will lead to the cationic
charge residing largely on the TM centre or ancillary ligand, sequestering the Lewis acidity of
the Ge centre. Whilst less explored, the bonding situation is similar for Sn. In rare cases for
both Ge and Sn, multiple bonding is not favoured, and instead a metallotetrylene is formed
(Figure 4.1), 1% again lacking Lewis acidity at the tetryl centre due to the presence of a lone
electron pair. It is surprising that the further reactivity of the described species has not yet been
forthcoming, although there is a growing interest in the development of mixed-element systems

for synergistic bond activation processes.
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To circumvent sequestration of reactivity at the tetryl centre, we sought novel chelating
tetryliumylidene ligands with a geometrically constrained, sub-180° L-E-M angle (Figure 4.1),
reducing M—E back-bonding and lending a high degree of Lewis acidity to the E centre. This
should allow for strong electrophilic reactivity at this centre, hence opening a new vista in ligand
design. Herein we describe such a chelating ligand system bearing E" centres which act
simultaneously as o-donors and strong Lewis acids. The Lewis acidic nature of the E" centres
has been demonstrated through the binding of nucleophilic substrates such as ammonia, as
well as fluoride abstraction from [SbFs]. These novel systems have also been employed in the
catalytic hydrosilylation of alkenes and alkynes, thus introducing a new ligand class for key

transition metal catalysed processes.
Results and Discussion

We recently reported the chloro-germylene Ni° complexes 3a and 3b (Scheme 4.1), which are
accessible in gram-scale from phosphine-chelated chloro-germylenes, P"P'DippGeCl and
PhiPDippGeCl (P"P"Dipp = {[Ph2PCH_Si(Ph).](Dipp)N}; P"PDipp = {[PhoPCH.Si(Pr).](Dipp)N};
Dipp = 2,6-Pr,CsH3)."? Addition of NaBArF4 (Arf = 3,5-(CF3).CsHy) to red-brown fluorobenzene
solutions of 3a/b led to an immediate colour change to deep purple. For both species, in-situ
3P{'H} NMR analysis indicated the formation of a single new compound, with a considerable
increase in the 2Jpe coupling of the two P-environments relative to 3 (e.g. for 3a: 2Jpp = 18.2 Hz;

for 4a: 2Jpp = 51.5 Hz), concomitant with a shift towards coalescence of these signals.

Cl
! £ ® BAr,
\ Na[BAr] \ R EETEETEEEEN .
Ni(PPhs), — Ni(PPhs), : !
P/ - NaCl P/ Vo iPr .
A”Ph A”Ph R o
Ph Ph ¢ ~E. IP:Q N—E . !
H _ ” i
3a, R=Ph 4a E=Ge R=Ph H . vSi '
3b,R =iPr 4b,E=CeR=iPr | Fupp R \_PA;-,
5,E=Sn,R=Pr ! Ph g_phipr Ph
?l (i) NaBArF 4 | CF. (SIS
E (ii) Ni(cod), E '
G —= s
' 4
P - NaCl CFs
l’ “Ibh -2 cod N
h
1a,E=Ge, R=Ph
1b,E = Ge, R =iPr
2,E=8n,R=iPr

Scheme 4.1 Synthesis of cationic complexes 4 and 5 through chloride abstraction from isolated Ni® complexes 3,

or a ‘one-pot’ pot method utilising chloro-germylenes (1) or -stannylene (2).

Following work-up, deep purple-orange crystals of cationic species 4al/b could be isolated, the
'H and *'P{'H} NMR spectra of which match those for crude reaction mixtures. UV/vis analyses

of toluene solutions of 4b show a blue-shift of the main absorbance from 362 nm (¢ =
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9160 L'mol'-cm™) in 3b to 346 nm (¢ = 9870 L-mol-cm™) in 4b, as well as a red shift and
broadening of a second significant absorbance (486 nm, € = 2310 L-mol"-cm™). A TD-DFT
analysis suggests that the major absorptions leading to the intense colour of 4b are centred at
455 and 435 nm, and arise from HOMO—LUMO transitions which are essentially
metal-to-ligand charge transfer processes. The molecular structures of both 4a and 4b (Figure
4.2) reveal cationic single-centre ambiphile ligated Ni° complexes, containing two-coordinate
Ge' centres bound to Ni%." In 4b, the Ni° centre pertains towards a trigonal-pyramidal
geometry, the trigonal ‘base’ formed by the three phosphine ligands (sum of [P-Ni-P] angles =
350.43°), capped by the germyliumylidene arm. The Ni-Ge-N angle of 132.96(1)° deviates
considerably from linearity due to the chelation through the phosphine arm of the ligand
scaffold, leading to considerable charge localization on Ge (vide infra), in stark contrast to
previously reported cationic tetrylidyne transition-metal complexes, which contain
multiply-bonded, linear L-Ge-M interactions, and hence bear considerable charge at M.’
Reflecting this, the Ge-Ni distance in cationic 4b (dceni = 2.1908(9) A) is essentially unchanged
when compared to that in neutral 3b (deeni = 2.1877(7) A), indicating a negligible increase in
Ni—Ge back-bonding in forming the cationic complex. The frontier orbitals of cationic model
complex [4']* (Figure 4.2; [4']" = [P"™MeXylGe:Ni(PPhs).]*; P™MeXyl = [(Ph,PCH:SiMe2)(Xyl)N];
Xyl = 2,6-Me,C¢H3) calculated using DFT (Density Functional Theory) methods suggest that
both the LUMO and LUMO+1 are high p-character orbitals localized at Ge (Figure 4.2 (b) and
(c)), whilst the MBO (Mayer Bond Order) for the Ge-Ni interaction of 1.11 is similar to that for
the related neutral model chloro-germylene complex 3’ (MBO = 1.13) and further related

germylene complexes described herein.['

LUMO+1
(-2.87 eV)

Figure 4.2 (a) The molecular structure of cationic part of 4b, with hydrogen atoms omitted and thermal ellipsoids at
30% probability. (b) The LUMO and (c) LUMO+1 of [2']*. (d) The molecular structure of cationic part of 5, with
hydrogen atoms omitted and thermal ellipsoids at 30% probability. (e) The LUMO and (f) the LUMO+1 of [56”]".
Selected distances (A) and angles (°) for 4b: Ni1-Ge1 2.1908(9); Ge1-N1 1.851(3); Ni1-Ge1-N1 133.0(1); P1-Ni1-
P2 123.42(4); P1-Ni1-P3 117.28(4); P2-Ni1-P3 109.73(4). Selected distances (A) and angles (°) for 5: Ni1-Sn1
2.2.4024(9); Sn1-N1 2.068(5); Ni1-Sn1-N1 124.3(1); P1-Ni1-P2 125.51(6); P1-Ni1-P3 118.42(6); P2-Ni1-P3
111.48(6).
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An NBO analysis suggests that the largest contributions to the Ge-Ni interaction are Ge—Ni
donation, with energies of 52.98 kcal'-mol’ and 95.45 kcal-mol'. Three back-donation
interactions can also be found, amounting to 64.55 kcal-mol'. This reiterates the notion that
the Ge-Ni bonding interactions in 4a/b are dominated by o-donation, but also indicates that the
chelate effect in these complexes does not entirely prevent Ni—Ge back-donation. We also
note that, unlike a number of low-coordinate cationic main group species reported
previously,'® no arene contacts between flanking ligands in 4a/b and the Ge' in these species
are apparent in their solid state structures,’® but N—Ge donation does aid in stabilizing the Ge'
centre in these complexes (viz. HOMO-21, Figure S111 in ESI)."”

As cationic complexes 4a/b are diamagnetic, and so formally d'° at Ni, they are best described
as bearing a cationic one-coordinate germylene in the coordination sphere of neutral Ni°, and
as such represent a novel ligand binding motif when compared with any previously reported
species.’®'® We were thus curious as to whether the related Sn' complex could be accessed,
given that such complexes for this element are also unknown. Sn'" derivatives of 3a/b proved
unstable, and could not be isolated. However, the one-pot reaction between first the
chloro-stannylene 2 and NaBArF,, with subsequent addition of Ni(cod). and 2 equivs. PPh; led
to deep purple reaction mixtures, similar to dissolved 4a/b. *'P{'H} NMR spectroscopic
analysis of crude reaction mixtures suggested remarkably clean conversion to a single product,
with a shift and splitting pattern mirroring that for 4b. Filtration, removal of volatiles, and
addition of small amounts of pentane led to a large crop of dark purple crystals, an X-ray
diffraction analysis of which revealed the formation of the cationic stannylene Ni°® complex 5
(Figure 4.2 (d)). The high yield (78 %) and expedient nature of this reaction led us to synthesise

Ge'' complex 4b in a similar manner, giving access to this species in 80 % yield.

Due to the larger radius of Sn, the Sn-Ni distance in 5 (dsnni = 2.4024(9) A) is elongated relative
to the Ge-Ni interaction in 4b (deeni = 2.1908(9) A). The internal N-Sn-Ni angle of 124.3(1)° is
slightly contracted compared to the Ni-Ge-N angle in 4b most likely due to reduced sp-mixing
in the Sn derivative, as in known more broadly for the heavier tetrylenes.' The Ni° centre in 5,
is coordinated in a near trigonal planar fashion by its three phosphine ligands (sum of [P-Ni-P]
angles = 355.41 °), and is capped by the Sn'" ligand centre to form a distorted
trigonal-pyramidal geometry at nickel. The ''°Sn NMR spectrum of 5 presents a broad peak at
6 = 1342 ppm, and so reveals no ?Jsnp coupling information. As for 4b, a computational NBO
analysis of model complex [5’]* is indicative of both Sn—Ni donation (32.59 kcal-mol') and
back donation from Ni (43.75 kcal-mol "), both of these interactions being weaker than for the
comparable Ge system and leading to a decreased MBO of 0.79 for this interaction. Both the

LUMO and LUMO+1 represent vacant orbitals at Sn" (Figure 4.2, (e) and (f)), again in keeping
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with the Ge derivative, suggesting this centre too should bear a considerable degree of Lewis

acidity.

Metrical and electronic parameters in 4a/b and 5 suggested to us that the electrophilicity at the
Ge'/Sn" centres should be high when compared with related multiply-bonded or
metallotetrylene species. The first evidence for this was given by the coordination of DMAP to
the Ge' centre in 4b, leading to brown-purple reaction mixtures, from which deep blue-purple
X-ray quality crystals could be isolated. The molecular structure of 4b-DMAP (Figure 4.3)
confirms binding at Ge'", with coordination in the N-Ge-Ni plane forming a trigonal-planar Ge

centre (sum of angles = 359.45 °).
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Figure 4.3 Reactivity of cationic 4 and 5 towards NH3 and DMAP; Below: The molecular structure of 4a-DMAP,
with hydrogen atoms eliminated and thermal ellipsoids at 30% probability. Selected distances (A) and angles (°) for
4a-DMAP: Ge1-Ni1 2.228(1); Ge1-N1 1.871(3); Ge1-N2 2.114(4); P1-Ni1 2.259(1); P2-Ni1 2.217(1); P3-Ni1
2.258(2); N1-Ge1-N2 101.0(1); Ni1-Ge1-N1 133.5(1); Ni1-Ge-1-N2 124.97(9).

Relative to 4b, only a small increase in the Ni-Ge distance is observed (dceni = 2.228(1) A).
Adduct 4b-DMAP is unstable in solution, giving complex 3*'P{'H} NMR spectra upon dissolution
of pure crystalline material at ambient temperature. Dissolving samples at -80 °C in Ds-THF,
however, allows for the observation of 3'P{'"H} NMR spectra which contain three signals
pertaining to the three phosphine ligands, presumably separated due to ‘freezing out’ of ligand
exchange/rotation processes. Slow warming leads to initial broadening of the signals, up to -
20°C, followed by the appearance of a number of new resonances due to complex
decomposition. Addition of an excess of NH3 to solutions of 4a led to the clean formation of a
single new species as ascertained by *'P{"H} NMR spectroscopy, in the formation of orange
solutions. The 3'P{"H} NMR spectra of these samples show a considerably reduced 2Jpp
coupling value akin to those in chloro-germylene Ni° complex 3a, i.e. with a three-coordinate

Ge'' centre. Addition of between 0.5 and 3 equivalents of NH3 leads to the gradual formation
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of the same species, whilst removal of volatiles in vacuo, followed by redissolving the residue

regenerates the starting material, 4a (Figure 4.4(a)).
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Figure 4.4 (a) 3'P{'"H} NMR spectra of (i) compound 4a, (ii) 4a + 0.5 equiv. NHs, (iii) 4a + 1 equiv. NH3, (iv) 4a + 3
equiv. NHs, and (v) removal of all volatiles followed by redissolving in CeHsF (all other spectra also as CesHsF
solutions). (b) A schematic representation of the LUMO and LUMO+1 in 4alb, and the formation of an in-plane
donor-accpetor complex (R = anionic ligand; M = transition metal, D = Lewis basic donor); (c) the LUMO of NH3
adduct of [4°]*.

Resonances for solutions treated with 0.5 and 1 equivalent of NH; show signal broadening,
which we hypothesise is due to a rapid equilibrium between 4a and the ammonia adduct,
4a-NHs. Attempts to crystallise this adduct were unsuccessful, leading only to the isolation of
4a.?% Nevertheless, the above observations, alongside the favourable DFT-derived binding
energy of NH; to the Ge' centre in [4']" (AG = -33 kJ-mol™"), give strong evidence for a
reversible ammonia binding process. We also note that the DFT-optimized geometry of
[4’]*-NH3 shows in-plane binding, akin to that observed structurally for 4a-DMAP, with one

remaining vacant p-orbital at Ge' (Figure 4.4(b) and (c)).?!

To further investigate the reversibility in ammonia binding, the previously reported
amido-germylene Ni° complex 6b (Scheme 4.2) was reacted with the oxonium salt, HBAr",
(HBArf, =[(Et.0).H][BAr4]), in order to protonate the NH. group in the loss of NHz. This
reaction proceeds remarkably cleanly, forming deep purple solutions with 'H and 3'P{'"H} NMR
spectra matching samples of 4b. The facility of this reaction was further extended, in addition
of HBArf,; to the hydroxy-germylene Ni® complex 7b, as well as to the unprecedented
hydrido-germylene Ni° complexes 8a and 8b, synthesized through salt-metathesis of

chloro-germylene complexes 3a/b with Li[*BusBH] (Scheme 4.2, Figure 4.5).
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Scheme 4.2 Synthesis of hydrido-germylene complexes 8alb, conversion of complexes 6b, 7b, and 8a/b to cationic

4a/b in loss of NHs, H20, and Hz, respectively, and fluoride abstraction from [SbFe] by 4alb.

The former presumably leads to initial formation of the adduct 4b-OH, which eliminates H>O
to form the free cation 4b. The related reaction is considerably clearer for the hydride
complexes 8a and 8b. The 'H NMR spectra for these species show considerably down-field
shifted Ge-H resonances when compared with known Ge' hydride species, indeed more so
than any Ge'" hydride reported to date,?? indicative of the electron deficient nature of the Ge'"
centres in 8a and 8b.?® This clear down-field shift, alongside their characteristic
doublet-of-triplets splitting pattern (e.g. for 8b: 6 = 11.17 ppm, 3Jup = 37.7, 6.5 Hz) makes the
disappearance of these signals quite clear. Addition of HBAr"4 to C¢Ds solutions of 8a and 8b
eliminates H, observable in the 'H NMR spectra of reaction mixtures as a singlet at & =
4.47 ppm, with concomitant disappearance of the distinct Ge-H resonances. As a whole, this
set of experiments firstly demonstrates the reversible binding of NH3; (and H-O) to cations 4a
and 4b, whilst also giving a range of synthetic routes to these novel cationic complexes which

we are currently exploring in related main-group systems.

We also sought to employ chemical probes to access the Lewis acidity of 4a/b and 5 (e.g.
Guttmann-Beckett,?* Childs,?® and nitrile-binding methods).?® In all cases, extreme signal
broadening or divergent chemical reactivity was observed, a common issue with such methods
in more complex chemical systems.?” Given that the benchmark for Lewis superacidity is the
FIA (FIA = Fluoride lon Affinity) of SbFs,% it so follows that F- abstraction from the [SbFs]  anion
indicates a high degree of Lewis acidity, pertaining to Lewis superacidity. It was thus very
promising to find that cation 4b reacts with [SbFs][PPhs] in the formation of neutral
fluoro-germylene Ni° complex 9b, SbFs, and [BAr 4][PPhs] (Scheme 4.2).2° The molecular

structure of 9b is isostructural to chloride derivative 3b in the solid state (Figure 4.5), showing
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a doublet in its "°F NMR spectrum. The 3'P{"H} NMR spectrum of this compound indicates that
only the chelating P-arm couples with the Ge-F centre, presenting as a doublet of triplets (Jpp
=16 Hz; 3Jrr = 108 Hz), and a doublet for the two PhsP ligands. The instability of the stannylene
Ni® complex PMPDippSnCI-Ni(PPhs), negates the isolation of a fluoro-stannylene complex
through reaction of 5 with [SbFgs][PPh4], although this reaction does produce SbFs and

[BArf4][PPhs], suggesting fluoride abstraction does indeed occur.
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Figure 4.5 Molecular structures of (a) 8a and (b) 9b, with hydrogen atoms (aside from the H1 in 8a) omitted, and
thermal ellipsoids at 30% probability. Selected distances (A) and angles (°) for 8a: Ge1-Ni1 2.228(2); Ge1-H1
1.64(6); Ge1-N1 1.881(7); N1-Ge1-Ni1 127.7(2); P1-Ni1-Ge1 100.22(6). For 9b: Ni1-Ge1 2.1758(8); Ge1-N1
1.852(3); Ge1-F1 1.798(2); Ni1-Ge1-N1 133.03(9); F1-Ge1-N1 97.7(1); Ni1-Ge1-F1 129.18(7); P1-Ni1-Ge1
98.33(3).

The calculated FIA and HIA (HIA = Hydride lon Affinity) values have become a standard
measure of the hard and soft Lewis acidity of a system, respectively,?®3° whilst more recently
the AA (Ammonia Affinity) and WA (Water Affinity) have been employed to take account for
steric effects.®! This set of affinities thus gives a multidimensional view of the Lewis acidity of
electrophiles accounting for hard and soft Lewis acidity (i.e. FIA and HIA), as well as steric
effects (i.e. AA and WA). These values were calculated for the Ge'" systems [4’]* and [4”]*
([47°]" = [P"MeXylGe-Ni(PMes)2]*), and for the Sn'" system [5”]*, at the wB97XD/def2SVP (Ni,
Ge, Sn: def2TZVPP) level of theory in the gas phase.*? Reference values were also calculated
for SbFs and BCF (BCF = B(CeFs)3) at the same level of theory due to the experimentally
observed reaction between [SbFs] and 4b, and BCF being a common reference point for Lewis
acidity, which were found to correlate well with literature values obtained with more intensive
computational methods (Table 4.1). Values were additionally calculated for the known
[MessSi]* system, as an established cationic strong Lewis acid.®® Both the FIA (636 kJ-mol)
and HIA (639 kJ-mol") values for [4”]* are greater than those for SbFs (FIA: 495 kJ-mol™'; HIA:
571 kJ-mol") and BCF (FIA: 457 kJ-mol'; HIA: 493 kJ-mol"), corroborating the experimental
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observation that 4b abstracts F~ from [SbF¢]", and further supporting the notion of a high degree

of Lewis acidic character in this complex.

Table 4.1 DFT-derived ion Fluoride and Hydride ion affinities (FIA and HIA, respectively) and Ammonia and
Water affinities (AA and WA, respectively).2

Lewis Acid (LA)  FIA HIA AA® WA®
[47* 639 643 33 11
[4“]* 636 639 24 17
[5“]* 618 622 16 11

B(C6Fs)s 457 (448)° 493 (484)7 100 (122)¢ 39 (54)¢
SbFs 495 (496)° 571 (535)¢ 143 (163)¢ 84 (99)¢

[MessSi]* 841 859 50 57

a at the wB97XD/def2-SVP(Ni,Ge,Sn: def2-TZVPP) level; * AA and WA values are calculated as Free Energies; [c]

values in parentheses are taken from ref 30c; [d] values in parentheses are taken from ref 31.

Similarly high FIA and HIA values are observed for the model Sn" complex [5”]* (FIA:
618 kJ-mol'; HIA: 622 kJ-mol"). The favourable AA (24 kJ-mol') and WA (17 kJ-mol") values
for [4”]* are in keeping with the observed binding of NH; to the Ge' centre in 4a. Still,
comparing to the well-established cationic Lewis acid [Mes3Si]*, which has considerably higher
FIA, HIA, AA and WA values (Table 4.1), it is clear that potential Lewis acidity in 4a/b and 5 is
quenched to some degree, most likely through the aforementioned N—E donation. The
inclusion of more sterically demanding Ph groups at the R3P ligands in [4’]* in fact improves
the AA value (33 kJ-mol"), which we postulate is due to increased dispersion interactions.
Notably, however, these AA and WA values are considerably lower than those for SbFs, BCF,
and [MessSi]*, and perhaps reflect the considerable steric congestion in 4b relative to those
classic Lewis acids. Still, this collection of calculated values, alongside the experimental
observations of DMAP and ammonia binding, and fluoride abstraction, give strong evidence
that 4b can behave as a universal Lewis acid, aiding in defining a new ligand class in the

chelating cationic single-centre ambiphiles.

To probe the tetrylene-like reactive character in 4a/b and 5 we sought to observe oxidative
chemistry at their E" centres, reactivity which has been observed for low-coordinate tetrylene
systems in the past.3* Ethylene and diphenylacetylene, which may be expected to undergo
[2+1] cycloaddition processes, showed no reaction. Silanes and boranes, which may undergo

oxidative cleavage, also showed no reaction.3®
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Table 4.2 The hydrosilylation of alkynes catalyzed by 4b or 5.2

H H H H
abor : {02(5:'_' mol%) H>_‘< S on Pt >\_<H
R———R ———> — + —
R . R’ R . R’
Catalyst R, R’ Time Conversion, %
4b Ph, Ph 18 h 99
4b Ph, Me 3h 98 (1:1.3)
4b SiMes,Me 72h 74 (1:0)
4b "Pr, "Pr 72 h 64
5 Ph, Ph 4h 98
5 Ph, Me 5h 93 (1:1.4)
5 SiMes, Me 72h 86 (1:0)
5 "Pr, "Pr 77 h 77
-c Ph, Me 24 0

@ Conducted in 0.4 mL CsDs in gas-tight NMR tubes, with 1.0 equiv. of alkyne; » Determined by relative integration
of Si-H signals in "H NMR spectra of reaction mixtures, and based upon consumption of PhSiHs starting material; ©

Carried out in the absence of catalyst.

These observations give further evidence of the formal donor nature of the E" centres in these
complexes. Remarkably, however, cationic complexes 4b and 5 proved to be active catalysts
for the hydrosilylation of alkynes and alkenes. Given the importance of hydrosilylation in both
an academic and industrial setting,3® alongside the need for the development of systems
utilizing benign and abundant elements,* this is an exciting finding. In an initial test, a mixture
of 1 mol% 4b, PhCCPh, and PhSiH; led to selective formation of
trans-(Ph)(H)C=C(SiH2Ph)(Ph), with 68% conversion at 60°C after 16 h. Increasing catalyst
loading to 2.5 mol% led to full conversion after 18 h. Screening a number of alkynes under
similar conditions (Table 4.2) demonstrates this protocol can be extended, allowing
hydrosilylation of even the bulky MesSiCCMe. In all cases, the only species observable in the
3'P{'"H} NMR spectra was 4b, suggesting that this is the catalyst resting state. Sn" complex 5
also proved to be an active catalyst for alkyne hydrosilylation, generally showing an improved
activity relative to 4b as exemplified by the described reaction of PhCCPh being complete in
4 h, comparing to 18 h for similar conditions using 4b. The scope of the reaction was then
extended to alkenes. This was initially optimized for 1-hexene, which surprisingly seemed to
proceed much more rapidly than for alkynes under similar conditions (Table 4.3). Addition of
PhSiHs; to 1-hexene in the presence of 2.5 mol% 4b gave 90% consumption of PhSiH3 in

forming the anti-Markonikov 1-silylhexane after 12 h at ambient temperature, and 4 h at 60 °C.
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Table 4.3 Optimisation of 1-hexene hydrosilylation using complex 4b.2

PhH,
o e I
P A B-E B-Z
Catalyst loading Temp. Time Conversion Ratio Ratio
(mol%) (°C)>  (h) (%)° P:A ¢ P:B°
1 RT 4 75 209:1 3.8:1
1 RT 48 94 72:1 4.5:1
25 RT 4 80 203:1 5.9:11
25 RT 12 90 98:1 6.5:1
5 RT 4 76 126:1 4.2:1
5 RT 12 91 65:1 4.8:1
1 60 4 88 35:1 4.7:1
25 60 4 90 34:1 5.0:1
5 60 4 91 23:1 5.5:1
5 60 90 99f - -(2.7:1)9

-h 60 24 0 - -

251 RT 12 17 - -
25 RT 0.5 65 - 5.5:1
12 80 - 5.5:1

@ Conducted in 0.4 mL CeDs in gas-tight NMR tubes; ? RT defined as 22 °C; ¢ Determined by relative integration of
Si-H signals in 'TH NMR spectra of reaction mixtures, and based upon ratio of PhSiH3 to P; ¢ Determined by
integration of Si-H peaks for P and A in '"H NMR spectra of crude reaction mixtures; ¢ Determined by integration of
the Si-H peak for P and alkenyl C-H peaks for B in "H NMR spectra of crude reaction mixtures; Conducted in the
absence of PhSiH3, showing full isomerisation to B; 9 Ratio in parentheses refers to the cis:trans ratio for the formed
2-hexene; " Carried out in the absence of catalyst; / Ni(cod)2/PPhs (1:4) was employed as the catalyst; / Complex

3b used as the catalyst. N.B. Catalytic activity is not hampered by the addition of 0.1 mL Hg.

As a side reaction, up to 17% of the 1-hexene substrate undergoes isomerization to a mixture
of cis- and trans-2-hexene, with this process being more prominent at lower catalyst loadings.
In the absence of PhSiHs, full isomerization of 1-hexene to 2-hexene is achieved (5 mol%,
60 °C, 80 h), a promising observation for the future scope of this catalytic system. The
undesirable catalyzed redistribution of PhSiH; to PhySiH> (and presumably SiH.) is also
observed, exacerbated at higher temperatures and catalyst loadings. To assess the
importance of the cationic single-centre ambiphile ligand in the catalytic activity of 4b,
Ni(cod)./PPhs (1:4 mixture) was employed as a catalyst, showing a low conversation of 17%
at 2.5 mol% loading after 12 h, suggesting that the Ge'" centre indeed imparts activity in our

system. Utilising the neutral chloro-germylene complex 3b as a catalyst in fact led to an
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extremely high initial activity, reaching 65% after 30 min at ambient temperature. This catalyst
proved highly unstable, however, and had largely decomposed after this short time, as shown
by 3'P NMR spectroscopy, with little further conversion after 12 h. These observations are
somewhat surprising; whilst they indicate the benefits of the presence of the
germylene/germyliumylidene species for catalytic turnover, the increased activity and

instability in the neutral system certainly warrants further investigation in future studies.

Table 4.4 Hydrosilylation of terminal alkenes with complexes 4b and 5.2

(0.5-2?58 {r.'nol%) P{ ‘\i Ph
. ew S~
R/_ R
Catalyst Cataly;::):gfding, R Time Con(\;/(:)rbsion
4b 25 H 1h 99 ¢
4b 25 H 24 h 979
4b 0.5 CyCHz 4h 69
4b 1 CyCHz 1h 92
4b 25 CyCHz 20 min 99
4b 0.5 SiMes 4h 62
4b 1 SiMes 1h 85
4b 25 SiMes 20 min 90
4b 25 p-CF3CeHsCH2 17 h 75
4b 25 PhCH2 72 h 65
4b 25 'Bu 72 h 44
4b 25¢ "Pr 24 h 16
5 25 "Pr 48 h 71
5 25 H 1h 99
5 25 CyCHz 48 h 59
5 25 SiMes 20 h 86
5 25 p-CF3sCeHsCH2 24 h 79
5 25 PhCH2 72 h 43
5 25 Bu 72 h 20

@ Conducted in 0.4 mL CeDs in gas-tight NMR tubes, with 1.3 equiv. of alkene;? Determined by relative integration
of Si-H signals in "H NMR spectra of reaction mixtures, and based upon consumption of PhSiHs starting material; ©
The only product formed under these conditions is PhEt2SiH; ¢ The reaction was carried out at RT; € The reaction

was carried out in the presence of 250 mol% PPhs.
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Extending this protocol to a range of alkenes showed selective conversion to the
anti-Markovnikov 1-silylalkanes (Table 4.4). In the majority of cases mono-insertion products
are favoured (i.e. yielding PhRSiHy); for ethylene, double-insertion leading to the formation of
PhEt;SiH is prominent when the reaction is conducted at 60 °C, and is complete after just 1 h.
Conducting the same reaction at room temperature leads to selective formation of the
mono-insertion product, PhEtSiH,. The related Sn" system, 5, was also screened as a catalyst
in the hydrosilylation of alkenes (Table 4.4). In contrast to the increased reaction rates for the
Sn'' system in alkyne hydrosilylation, alkene hydrosilylation is considerably slower, whilst the
competing isomerization reaction for 1-hexene is seemingly more pronounced. The
hydrosilylation of ethylene with 5 is selective for the formation of the mono-insertion product at
60 °C, in contrast to the Ge' system. In light of these differences, we are presently developing
further ligand systems, to conduct an in-depth mechanistic study to determine any involvement
of the developed cationic ligands in the catalytic regime. Finally, whilst the activities reported
here are rather modest when compared with reported Ni hydrosilylation catalysts,’ we note
that this is the first demonstration of the utility of our novel ligand class in catalysis, opening

the door for future developments.
Conclusions

We have developed a chelating ligand system based upon reactive low-coordinate cationic E"
centres (E = Ge, Sn), which, due to the electronic ground state of singlet tetrylenes, act as
o-donor ligands whilst remaining highly electrophilic. This unique ligand system has been
employed in the formation of Ni° complexes 4al/b and 5, in which the binding of Lewis bases,
namely 4-N,N-dimethylamino pyridine and ammonia, can readily occur at the E'" centre.
Formation of the described cationic complexes is also possible through protonation of amido-,
hydroxy-, and hydrido-germylene Ni® complexes 6-8, in the loss of NH3, H.O, and H,
respectively. Remarkably, the E" centres in these Ni° complexes even pertain towards Lewis
superacidity, capable of abstracting the fluoride ion from [SbFs] in the formation of
fluoride-germylene complex 9. The capacity for these complexes to affect catalysis has also
been demonstrated; the hydrosilylation of alkenes and alkynes, as well as the isomerization of
1-hexene to 2-hexene, is reported. As a whole, this collection of results thus demonstrates the
utility of single-centred ambiphilicity in readily accessible low-valent main group ligands, the
further reactivity of which we are presently fervently pursuing, towards defining multi-centred

synergistic bond activation processes and catalysis.
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Supporting Information

General experimental considerations

All experiments and manipulations were carried out under dry oxygen free argon atmosphere
using standard Schlenk techniques or in an MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. THF and diethyl ether were dried by distillation over a
sodium/benzophenone mixture and stored over activated 4A mol sieves. CsDs was dried,
degassed and stored over a potassium mirror. All other solvents were dried over activated 4A
mol sieves and vigorously degassed prior to use. P"PDippK, P"P"DippGeCl (1a), ""PDippGeCl
(1b), P"P"DippGe(CI)Ni(PPhs). (3a), P"PDipp(CI)Ni(PPhs), (3b), P"PDippGe(NH:2)Ni(PPhs), (6),
PhPDippGe(OH)Ni(PPhs).  (7), (P"™Dipp = {[Ph.PCHSi(Ph).](Dipp)N}; FPMPDipp =
{[PhoPCH_Si(Pr).](Dipp)N}; Dipp = 2,6-Pr,CeHs),'? Na[BArfsj] (Arf = 3,5-CF3-Cg¢Hs),%®
H[BArf4]-2Et,0,*® SnMesF,*° and Ni(cod). ' were synthesized according to known literature
procedures. All other reagents were used as received. For the ethylene experiments, ethylene
2.5 was used. NMR spectra were recorded on a Bruker AV 400 Spectrometer. The 'H and
BC{'H} NMR spectra were referenced to the residual solvent signals as internal standards.
2Si{"H} NMR spectra were externally calibrated with SiMes. *'P{'H} NMR spectra were
externally calibrated with HsPOas. ""B{'H} NMR spectra were externally calibrated with
BF3-Et,0. F NMR spectra were externally calibrated with CCIsF. '°Sn NMR spectra were
externally calibrated with MesSn. Liquid Injection Field Desorption lonization Mass
Spectrometry (LIFDI-MS) was measured directly from an inert atmosphere glovebox with a
Thermo Fisher Scientific Exactive Plus Orbitrap equipped with an ion source from Linden
CMS.*? Infrared spectra were measured with the Alpha FT-IR from Bruker containing a
platinum diamond ATR device. The compounds were measured as solids under inert
conditions in the glovebox. Absorption spectra (UV/vis) were recorded on an Agilent Cary 60
UV/vis spectrophotometer. For the ammonia experiments, water free ammonia 5.0 was used.
Elemental analyses (C, H, N) were performed with a combustion analyzer (elementar vario EL,
Bruker).

Experimental procedures

[PPP"DippSnCIl], 2. SnCl; (0.9 g, 4.7 mmol) was dissolved in THF (10 mL) and cooled to -78 °C.
At this temperature, a solution of P"PDippK (2.5 g, 4.7 mmol) in THF (20 mL) was slowly added,
the reaction mixture stirred at low temperature for 1h, and subsequently allowed to warm to
room temperature, leading to an orange solution. After stirring for a further 2 h, all volatiles are
removed in vacuo, the pale orange residue extracted in toluene (20 mL), and filtered. Removal

of all volatiles and washing the pale yellow residue with hexane (2 x 10 mL) affords a
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free-flowing powder suitable for the further use (2.4 g, 3.7 mmol, 79%). X-ray quality crystals

of 2 were grown from a benzene solution at RT.

H NMR (CsDs, 400 MHz, 298 K): & = = 0.60 (d, 3H, 3Jun = 7.4 Hz, Si-Pr-CH;),0.74 (hept, 1 H,
3Jun = 7.6 Hz, Si-Pri-CH), 0.86 (d, 6H, 3Ju = 6.8 Hz, Dipp-Pr-CHs), 1.04 (d, 3H, 3Jun = 7.5 Hz,
Si-Pr-CHs), 1.19 (m, 4H, Si-Pr-CHs, Si-Pr-CH), 1.42 (d, 3H, ®Ju = 6.8 Hz, Dipp-Pr-CHs), 1.44
(d, 3H, 3Jun = 6.8 Hz, Dipp-Pr-CHs), 1.60 (m, 3H, Si-Pr-CH), 1.98 (m, 1H, PhoP-CHz), 2.23
(m, 1H, PhaP-CHs), 2.82 (hept, 1H, 3 = 6.7 Hz, Dipp-Pr-CH), 4.29 (hept, 1H, 3Ju = 6.6 Hz,
Dipp-Pr-CH), 7.03 (m, 9 H, Ar-CH), 7.34 (m, 2H, Ar-CH), 7.66 (m, 2H, Ar-CH).

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = = 6.4 (d, Ph,P-CH>), 16.0 (d, Si-Pr-CH), 16.6 (d, Si-
Pr-CH), 18.1 (Si-Pr-CHs), 20.1, 20.2 and 21.0 (Si-Pr-CHs), 23.0 and 23.1 (Dipp-Pr-CHs), 27.4
and 27.7 (Dipp-Pr-CH), 28.8 and 29.1 (Dipp-Pr-CHs), 123.9, 124.0, 124.2, 129.0, 129.1, 129.2,
129.3, 130.7, 131.5, 132.5, 132.6, 133.5, 133.6, 143.9, 144.0, 146.3, 148.5 (Ca).

31P{'"H} NMR (C¢Ds, 162 MHz, 298 K): & = 1.3 (s, PPhy), Sn-satellites (d, 'Jp,sn = 723 Hz) and
(d, "Jpsn = 726 Hz).

298i{"H} NMR (CsDe, 99 MHz, 298 K): & = 11.4 (d, 2Jsp = 7.2 Hz, SiPr).
11957 NMR (CsDs, 149 MHz, 298 K): & = -72.3 (d, "Jsnp = 1482 Hz, N-Sn-P).

MS/LIFDI-HRMS found (calcd.) m/z: 608.1894 (608.1924) for [M-CI]".

Anal. calcd. for C31H43CINPSiSn: C, 57.91%; H, 6.74%; N, 2.18%; found: C, 53.9%; H, 6.8%;
N, 2.3%. Repeated element analysis gave variable but consistently low values for C, possibly

due to Si-carbide formation.

[PhP"DippGeNi®(PPhs)][BAr4], 4a.

Method (a): A solid mixture of 3a (1.00 g, 0.80 mmol) and Na[BArF4] (0.71 g, 0.80 mmol) were
dissolved in fluorobenzene (20 mL) at ambient temperature, and stirred for 5 min. The deep
purple solution was filtered and all volatiles were removed in vacuo, yielding a dark purple
amorphous powder of pure 4a (1.35 g, 0.65 mmol, 81%), which was found to be analytically
pure. Addition of n-pentane (~5 mL) to the solid led to a dark purple oil below a pale red-purple
solution. Crystals which were suitable for X-Ray diffraction analysis were obtained after storing
the flask overnight at RT.

H NMR (CeDs, 400 MHz, 298 K): = 0.41 (d, 6H, 3Ju = 6.6 Hz, Dipp-Pr-CHs), 0.67 (d, 6H,
3Jun = 6.6 Hz, Dipp-Pr-CHs), 2.56 (d, 2H, 2Jup = 12.9 Hz, CH-PPh,), 3.27 (hept, 2H,
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3Jun = 6.7 Hz, Dipp-Pr-CH), 6.66 (m, 8H, Ar-CH), 6.94 (m, 45H, Ar-CH), 7.68 (s, 4H,
ArBArF‘Hpara), 846 (S, 8H, ArBArF'Hortho)-

13C{'"H} NMR (CsDs, 101 MHz, 298 K): & = 15.4 (Ph,P-CHy), 22.1 (Dipp-Pr-CHs), 28.1
(Dipp-Pr-CHs), 29.1 (Dipp-Pr-CH), 118.1, 121.3, 124.0, 125.0, 126.7, 128.7, 128.8, 128.9,
128.9, 128.9, 129.0, 129.4, 129.8, 130.1, 130.5, 130.9, 131.0, 131.8, 132.5, 132.6, 133.3,
133.8, 133.8, 133.9, 135.4, 135.5, 146.8, 162.1, 162.6, 163.1, 163.6 (Ar-C).

31P{'H} NMR (CcDs, 162 MHz, 298 K): & = 16.9 (t, 2Jpp = 51.5 Hz, Ni-PPhy), 24.4 (d, 2Jpp = 51.6
Hz, Ni-PPhs).

298i{'H} NMR (CeDs, 99 MHz, 298 K): & = -10.4 (d, 'Jsic = 6.0 Hz, CH>-SiPh,).
MB{'H} NMR (C¢Ds, 128 MHz, 298 K): 5 = -5.8 (s, Baarr).

19F NMR (CoDe, 128 MHz, 298 K): & = -62.1 (s, Argar-CFs).

Amax, Nm (&, Lmol'cm™): 342 (7790).

MS/LIFDI-HRMS found (calcd.) m/z: 950.1994 (950.2061) for [M-PPhs]".

Anal. calcd. for C1osHg1BF24GeNNiP3Si: C, 60.75%; H, 3.93%; N, 0.67%; found: C, 56.89%;
H, 3.48%; N, 0.75%. Repeated element analysis gave variable but consistently low values for

C, possibly due to Si-carbide/Ni-carbide formation.

In-situ generation of 4a. Compound 8a (15 mg, 0.012 mmol) and H[BArf4]-2Et,O (13 mg,
0.012 mmol) were added to an an NMR tube, and fluorobenzene (0.4 mL) and C¢De (0.1 mL)
were added. Gas evolution was observed and the colour of the solution changed from dark red
to dark purple. The sole presence of 4a was confirmed by *'P{'"H} NMR spectroscopy, and the

formation of H, was confirmed by '"H NMR spectroscopy.

[P"*DippGeNi’(PPhs);][BArF4], 4b.

Method (a): The procedure for the synthesis of 4a was followed using 3b (400 mg, 0.34 mmol)
and Na[BArf4] (300 mg, 0.34 mmol). Compound 4b was isolated as a dark purple amorphous
powder (582 mg, 0.29 mmol, 85%). Crystals were obtained by the addition of pentane (5 mL)
to this solid, leading to a dark purple oil below a pale red solution. Crystals which were suitable
for X-Ray diffraction analysis were obtained after storing the flask overnight at RT.

Method (b): A solid mixture of 1b (500 mg, 0.84 mmol), Na[BArfs] (742 mg, 0.84 mmol),
Ni(cod). (231 mg, 0.84 mmol) and PPhs (439 mg, 1.68 mmol) were dissolved in toluene
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(20 mL) at ambient temperature and stirred for 5 min. The deep purple solution was filtered
and all volatiles were removed in vacuo. Pentane (5 mL) was added to the flask leading to a
dark purple oil below a pale red-pruple solution. The flask was stored at RT overnight yielding
dark purple-red crystals of 4b (1.35 g, 0.67 mmol, 80%).

"H NMR (C¢Ds, 400 MHz, 298 K): & = 0.41 (s, 2H, Si-Pr-CH), 0.52 (d, 6H, 3Jun = 7.1 Hz,
Si-Pr-CHs), 0.57 (d, 6H, 3Jun = 7.1 Hz, Si-Pr'-CHj3), 0.65 (d, 6H, 3Jun = 6.6 Hz, Dipp-Pr-CHs),
1.11 (d, 6H, 3Jun = 6.6 Hz, Dipp-Pr-CHs), 1.55 (d, 2H, 2Jue = 11.4 Hz, CH>-PPhy), 3.03 (hept,
2H, 3Jun = 7.4 Hz, Dipp-Pr-CH), 6.80 (m, 12H, Ar-CH), 6.94 (m, 27H, Ar-CH), 7.08 (m, 27H,
Ar-CH), 7.69 (s, 4H, Argarr-Hpara), 8.46 (s, 8H, Arsarr-Hortho).

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 16.7 (Ph,P-CH,), 18.1 (Si-Pr-CH), 20.1 and 20.6
(Si-Pr-CHs), 21.3 (Dipp-Pr-CHs), 28.5 (Dipp-Pr-CH), 29.6 (Dipp-Pr-CHs), 118.1, 121.3, 124.0,
124.5, 126.7, 128.7, 128.8, 128.9, 129.4, 129.8, 129.8, 130.1, 130.1, 130.7, 131.6, 133.1,
133.2, 133.5, 133.7, 133.8, 134.2, 135.5, 147.0, 162.1, 162.6, 163.1, 163.6 (Ar-C).

31P{'H} NMR (CeDs, 162 MHz, 298 K): & = 22.1 (m).

298i{'"H} NMR (CsDs, 99 MHz, 298 K): & = 4.7 (s, CH2-SiPr').

"B{'"H} NMR (CoDs, 128 MHz, 298 K): & = -5.8 (s, Baarr)-

19F NMR (CDe, 128 MHz, 298 K): 8 = -62.1 (s, Argar-CF3).

Amax, NmM (&, Lmol'cm™): 486 (2310), 346 (9870).

MS/LIFDI-HRMS found (calcd.) m/z: 882.2296 (882.2374) for [M-PPhs]*.

Anal. calcd. for CooHssBF24GeNNiP3Si: C, 59.22%:; H, 4.27%; N, 0.70%; found: C, 58.52%;
H, 4.55%; N, 0.76%.

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Ni-carbide formation.*3

In-situ generation of 4b. Compound 8b (15 mg, 0.012 mmol) and H[BArf4]-2Et.O (13 mg,
0.012 mmol) were added to an NMR tube, and fluorobenzene (0.4 mL) and CsDs (0.1 mL) were
added. Rapid gas evolution was observed, concomitant with a colour change from dark red to
dark purple. The sole presence of 4b was confirmed by ¥'P{"H} NMR spectroscopy, whilst H

could be observed in the '"H NMR spectrum.
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Similar reactions were conducted for 6b (15 mg, 0.012 mmol) and 7b (15 mg, 0.012 mmol). In
these cases H,O and NH; could not be observed in the 'H NMR spectra, but 4b was the sole

product as confirmed by 3'P{"H} NMR spectroscopy.

N.B. It is interesting to observe here that this complex in in fact quite stable in the presence of
the eliminated water, although we hypothesise that this may be due to adsorption of the

moisture to the thoroughly dried walls of the NMR tube.

[P"PDippSnNi’(PPhs)2][BArfs], 5. A solid mixture of 2 (500 mg, 0.78 mmol) and Na[BArf]
(690 mg, 0.78 mmol) was dissolved in toluene (20mL) at ambient temperature and stirred for
5 min. After removing all volatiles in vacuo Ni(COD). (214 mg, 0.78 mmol) and PPhs (408 mg,
1.56 mmol) were added to the residue and the mixture was dissolved in toluene (20 mL) at
ambient temperature and stirred for 5 min. The deep purple solution was filtered, and all
volatiles were removed in vacuo. Pentane (5 mL) was added to the flask leading to a dark
purple oil below a pale orange solution. The flask was stored at RT overnight yielding dark
purple-red crystals of 5 (1.25 g, 0.61 mmol, 78%), which were suitable for X-Ray diffraction
analysis.

"H NMR (C¢Ds, 400 MHz, 298 K): & = 0.41 (s, 2H, Si-Pr-CH), 0.60 (m, 18H, Si-Pr-CHs), 1.13
(d, 6H, 3Jun = 6.5 Hz, Dipp-Pr-CHs), 1.72 (d, 2H, 2Jup = 11.6 Hz, CH-PPh,), 3.09 (s,
Dipp-Pr-CH), 6.82 (t, 11H, 3Jun = 7.3 Hz, Ar-CH), 6.99 (m, 32H, Ar-CH), 7.69 (s, 4H,
Argarr-Hpara), 8.46 (s, 8H, Arsarr-Hortho).

BC{'H} NMR (C¢Ds, 101 MHz, 298 K): & = 17.5 (Ph,P-CH>), 19.0 (Si-Pr-CH), 20.3, 20.9, 21.7
(Si-Pr'-CHs, Dipp-Pri-CHs), 27.8 (Dipp-Pr-CH), 29.6 (Dipp-Pr-CHs), 118.2, 121.3, 124.0, 124.5,
126.7, 128.7, 128.8, 129.0, 129.0, 129.4, 129.8, 130.2, 130.8, 131.6, 133.3, 133.7, 133.7,
135.5, 137.7, 146.4, 162.1, 162.6, 163.1, 163.6 (Ar-C).

31P{'"H} NMR (CsDs, 162 MHz, 298 K): & = 17.9 (m).

28i{"H} NMR (CsDs, 99 MHz, 298 K): d = 2.8 (s, CH2-SiPrb).

""B{'H} NMR (CsDs, 128 MHz, 298 K): d = -5.8 (s, Bgar).

9F NMR (C¢Ds, 128 MHz, 298 K): & = -62.0 (s, Argar-CFs3).

119Sn NMR (C¢Ds, 149 MHz, 298K): & = 1342.0 (s, N-Sn-Ni).

Amax, Nm (g, Lmol'cm™"): 447 (4450), 386 (10650).

MS/LIFDI-HRMS found (calcd.) m/z: 928.2099 (928.2189) for [M-PPhs]+.

Anal. calcd. for CggHssBF24SNNNiP3Si: C, 57.89%; H, 4.17%; N, 0.68%; found: C, 56.67%;
H, 4.20%: N, 0.77%.
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N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Ni-carbide formation.

[P"P"DippGe(DMAP)Ni’(PPh;):][BArf4], 4a-DMAP. Compound 4a (300 mg, 0.15 mmol) and
DMAP (18 mg, 0.15 mmol) were dissolved in fluorobenzene (10 mL), leading to a dark
brown-purple solution. All volatiles were removed in vacuo and pentane (2 mL) was added to
the oily residue, leading to a dark oil beneath a near colourless solution. The flask was stored
at RT overnight yielding dark blue-purple crystals of 4a-DMAP (285 mg, 0.11 mmol, 71%)

which were suitable for X-Ray diffraction analysis.

31P{'H} NMR (CsDs, 162 MHz, 233 K): & = 5.8 (t, 2Jpp = 15.5 Hz, Ni-PPhs), 36.9 and 46.8 (s,
Ni-PPhs).

MS/LIFDI-HRMS found (calcd.) m/z: 882.2297 (882.2374) for [M-PPh3-DMAP]".

Anal. calcd. for C106H958F24G6N3NiP38i2 C, 59.77%; H, 4.500/0; N, 1.97%); found: C, 55.42%;
H, 4.04%; N, 1.98%.

N.B. Dissolution of crystals of 4a-DMAP led to rapid decomposition at ambient temperature,
and 'H NMR spectra collected at low temperature were too broadened, presumably due to

hindered rotation or rapid exchange processes, for meaningful data to be extracted.

N.B. Repeated element analyses gave variable but consistently low values for C, possibly due

to Ni-carbide formation, which was previously reported for Ni° complexes.

PhPhDippGeHNi’(PPh;),, 8a. 3a (985 mg, 0.79 mmol) was dissolved in toluene (20 mL) and
cooled to -78°C. A solution of DIBAL (1M in THF, 1.97 mL, 1.97 mmol) was then slowly added,
and the mixture was allowed to warm to RT, over which time a colour change from dark red to
dark brown was observed. The reaction mixture was filtered, and all volatiles were removed in
vacuo. The residue was extracted in pentane (15 mL), filtered, and stored at RT overnight to
obtain dark red crystals. The supernatant solution was removed by filtration, the resulting
crystalline solid washed with pentane (2 x 5 mL), and dried in vacuo to yield 8a (487 mg,
0.40 mmol, 51%) as a dark brown crystalline powder. Crystals which were suitable for X-Ray
diffraction analysis were obtained from a concentrated ether solution at RT. We note that single

crystals of 8a are brown-blue dichroic when observed under a microscope.

H NMR(CsDs, 400 MHz, 298 K): & = 0.56 (d, 6H, 3Ju = 6.7 Hz, Dipp-Pr-CHs), 0.93 (m, 6H,
Dipp-Pr-CHs), 3.02 (d, 2H, CH--PPh,), 3.87 (hept, 2H, 3Jin = 6.6 Hz, Dipp-Pr-CH), 6.66 (,
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4 H, Ar-CH), 6.84 (q, 3H, Ar-CH), 6.98 (m, 29H, Ar-CH), 7.37 (d, 2H, 3Jun = 7.0 Hz, Ar-CH),
7.49 (s, 10H, Ar-CH), 11.23 (dt, 1H, 3Jup = 37.9, 6.8, Ni-Ge-H) .

13C{'"H} NMR (CsDs, 101 MHz, 298 K): & = 19.8 (PhoP-CH,), 22.7 (Dipp-Pr-CHs), 26.5
(Dipp-Pr-CHs), 29.0 (Dipp-Pr-CH), 123.8, 124.9, 127.1, 127.6, 127.7, 128.9, 132.2, 134.2,
134.3, 135.8, 236.1, 149.4, 139.7, 144.5, 149.3 (Ar-C).

31P{'H} NMR (CsDs, 162 MHz, 298 K): & = 8.3 (t, 2Jpp = 15.4 Hz, Ni-PPhy), 43.3 (d, 2Jpp =
15.1 Hz, Ni-PPhs).

298i{"H} NMR (CoDs, 79 MHz, 298 K): & = - 13.8 (d, "Jsic = 2.0 Hz, SiPhy).
MS/LIFDI-HRMS found (calcd.) m/z: 951.2156 (951.2139) for [M-PPhs]".
IR, vicm™ (ATR): 1819 (s, m, Ge-H).

Anal. calcd. for C73H70GeNNiPsSi: C, 72.24%; H, 5.81%; N, 1.15%; found: C, 67.39%;
H, 5.58%; N, 1.25%. N.B. Repeated element analysis gave variable but consistently low values

for C, possibly due to Si-carbide/Ni-carbide formation.

PhiPDippGeHNIi’(PPh;),, 8b.

Method (a): The reaction was carried out as for 8a, but using 3b (200 mg, 0.17 mmol), and
DIBAL (1M in THF, 0.42 mL, 0.42 mmol) The crude reaction mixture was filtered, all volatiles
removed in vacuo, the residue redissolved in pentane (20 mL) and concentrated to 10 mL. The
solution was stored at 4°C for four days yielding dark red-blue crystals of 8b (70 mg,

0.06 mmol, 36%) which were suitable for X-Ray diffraction analysis.

Method (b): 3b (200 mg, 0.17 mmol) was dissolved in toluene (10 mL), and cooled to -78 °C.
A solution of Li[HB*Bus] (1M in THF, 0.43 mL, 0.43 mmol) was slowly added, and the reaction
mixture allowed to warm to ambient temperature overnight. All volatiles were subsequently
removed from the reaction mixture, the residue extracted in Et:O (20 mL), and filtered.
Concentration to ~7 mL, followed by storage a 4 °C for several days led to the formation of a

crop dark red-blue crystals, which were ascertained to be analytically pure (90 mg, 46%).

TH NMR (CeDs, 400 MHz, 298 K): = 0.71 (d, 2H, 3Jun = 7.2 Hz, Si-Pr'-CHs), 0.88 (d, 6H, 3Jun =
7.3 Hz, Si-Pr-CHs), 0.98 (d, 6H, 3Ju+ = 6.3 Hz, Dipp-Pr-CHs), 1.32 (hept, 2H, 3Jun = 7.2 Hz,
Si-Pr-CH), 1.43 (d, 6H, 3Jun = 6.6 Hz, Dipp-Pr-CHs), 2.32 (d, 2H, 2Jup = 8.7 Hz, CH>-PPhy),
3.99 (hept, 2H, 3Jun = 6.7 Hz, Dipp-Pr-CH), 6.87 (m, 4H, Ar-CH), 6.96 (m, 23H, Ar-CH), 7.26
(m, 4H, Ar-CH), 7.41 (m, 12H, Ar-CH), 11.17 (dt, 1H, 3Jup = 37.7, 6.5, Ni-Ge-H).
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13C{'H} NMR (CsDs, 101 MHz, 298 K): 5 = 14.9 (Si-Pr-CH), 18.4 and 18.7 (Si-Pr-CHs), 19.1
(PhoP-CH,), 23.3 and 26.7 (Dipp-Pr-CHs), 28.4 (Dipp-Pr-CH), 123.9, 124.8, 127.7, 127.7,
127.7, 133.2, 133.3, 134.1, 134.2, 134.3, 139.7, 139.8, 139.9, 140.1, 140.1, 144.3, 145.0,
145.1,150.1 (Ar-C).

31P{'H} NMR (CcDs, 162 MHz, 298 K): & = 9.9 (t, 2Jpp = 15.7 Hz, Ni-PPhy), 42.6 (d, 2Jpp = 15.7
Hz, Ni-PPhs).

29Gi{"H} NMR (C¢Ds, 99 MHz, 298 K): & = 7.1 (s, CHz-SiPr'2).
MS/LIFDI-HRMS found (calcd.) m/z: 883.2426 (883.2452) for [M-PPhs]*.
IR, vicm™ (ATR): 1809 (s, m, Ge-H).

Anal. calcd. for Ce7H74GeNNiPsSi: C, 70.24%; H, 6.51%; N, 1.22%; found: C, 63.44%;
H, 6.82%; N, 1.12%. N.B. Repeated element analysis gave variable but consistently low values

for C, possibly due to Si-carbide/Ni-carbide formation.

PhiPGe(F)Ni°(PPhs)2, 9b. To a solid mixture of 3b (300 mg, 0.25 mmol) and SnMesF (70 mg,
0.38 mmol) was added THF (30 mL), and the suspension stirred for 24 h at ambient
temperature leading to a dark orange solution over a white solid. All volatiles were
subsequently removed from the reaction mixture in vacuo, and the residue extracted in Et.O
(20 mL) and filtered. Concentration to ~10 mL and storage of the solution at RT led to the
formation of dark orange crystals of 9b (187 mg, 0.16 mmol, 63%) which were suitable for

X-Ray diffraction analysis.

"H NMR (C¢Ds, 400 MHz, 298 K): & = 0.65 (d, H, 3Jun = 7.3 Hz, Si-Pr-CHj), 0.84 (d, 6H, 3Ju+
= 7.5 Hz, Si-Pr'-CHs), 1.18 (d, 6H, 3Jun = 6.7 Hz, Dipp-Pr-CHjs), 1.30 (hept, 2H, 3Jun = 7.4 Hz ,
Si-Pr-CH), 1.43 (d, 6H, 3Jun = 6.7 Hz, Dipp-Pr-CHj), 2.28 (d, 2H, 2Jue = 9.0 Hz, CH2>-PPh,),
3.94 (hept, 2H, 3Jun = 5.6 Hz, Dipp-Pr-CH), 6.85 (t, 4H, Ar-CH), 6.97 (m, 21H, Ar-CH), 7.19
(m, 6H, Ar-CH), 7.43 (m, 12H, Ar-CH).

13C{'H} NMR (CéDs, 101 MHz, 298 K): & = 14.4 and 14.4 (Si-Pr-CH), 18.3 and 18.5
(Si-Pr-CHs), 18.7 (Ph,P-CH,), 23.6 and 26.7 (Dipp-Pr-CHs), 28.9 (Dipp-Pr-CH), 123.8, 125.1,
128.5, 133.2, 133.3, 134.3, 134.5, 139.3, 139.3, 139.4, 139.5, 139.6, 139.7, 140.9, 141.0,
144.2, 144.4, 145.4 (Ar-C).

31P{'H} NMR (CcDs, 162 MHz, 298 K): 5 = 11.4 (dt, 3Jpr = 108.3 Hz, 2Jpp = 15.7 Hz, Ni-PPhy),
40.7 (d, 2Jpp = 15.7 Hz, Ni-PPha).
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298i{'H} NMR (CsDs, 99 MHz, 298 K): & = 6.4 (s, CHo-SiPr?).
19F NMR (CsDs, 128 MHz, 298 K): & = -37.8 (d, 3Jrp = 108.4 Hz, Ge-F).

MS/LIFDI-HRMS found (calcd.) m/z: 901.2317 (901.2385) for [M-PPhs]".

Reactions of 4a with Ammonia: Compound 4a (50 mg, 0.024 mmol) was dissolved in 0.4 mL
PhF and 0.1 mL CeDs in an air-tight NMR tube. A dried Schlenk was purged with ammonia
using a needle-adapter directly from the cylinder, and a specific volume (0.55 mL, 0.012mmol)
was added via syringe to the NMR tube, the NMR tube quickly closed and shaken. *'P{'H}
NMR spectra were collected within 10 min of the addition. This process was repeated to attain
samples with roughly 0.5, 1.0, 3.0 and 6.0 equiv. of ammonia. During this process, the colour
of the solution gradually changed from dark purple, first to dark brown and then to orange. To
show reversibility all volatiles were removed in vacuo and the residue was redissolved in
0.4 mL PhF and 0.1 mL C¢Ds. The colour of the solution clearly reverted to dark purple, and
3'P{'H} NMR spectra showed almost complete regeneration of 4a. The described sequence of
experiments was carried out in triplicate. The spectrum of amido-germylene complex 5a is

included to show that this species is not directly formed.

Catalytic experiments
General Method for Catalytic Hydrosilylation

4b or 5 (1.0, 2.5 or 5.0 mol%) was dissolved in C¢Ds in a gas tight NMR tube (0.4 mL), and
substrate (0.39 mmol) and phenylsilane (0.30 mmol) subsequently added via micro-pipette.
The resulting solution was heated at 60 °C. The reactions were monitored via '"H NMR
spectroscopy with their progress evidenced by the consumption of the PhSiH; resonances
alongside the emergence of the respective PhSiH, resonances in reaction products. The yield
was determined by comparing integrals of the PhSiH. resonances of the product to the

integrals of the PhSiHs;and Ph,SiH; resonances.

/\/\/\SiPth (n-hexyl)phenylsilane

The catalysis was done via the general method. The yield was
determined to be 90% (4b, 4h) and 71%(5, 48h). The 'H NMR spectroscopic data in C¢Ds

matched those found in the literature.**
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WSiPhHQ (3-(4-(Trifluoromethyl)phenyl)propyl)phenylsilane
FsC The catalysis was done via the general method. The yield was

determined to be 75% (4b, 17h) and 79%(5, 24h).

"H NMR (CsDs, 400 MHz, 298 K): & = 0.69 (m, 2H, Si-CH,-CH), 1.50 (m, 2H, Si-CH»-CHb),
2.29 (t, 2H, 3Ju = 7.6 Hz, CHo-CH-Ph-CF3), 4.42 (t, 2H, 3Jun = 3.6 Hz, SiPhH.), 6.75 (d, 3Jnn
= 8.0 Hz, H-Cencra), 7.15 (m, 2H, H-Csir) 7.31 (d, 3Jun = 8.0 Hz, H-Cpncrs), 7.44 (m, 2H,
H-Cspr). BC{'H} NMR (C¢Ds, 101 MHz, 298 K): & = 9.9, 26.9, 28.8 (Caxy), 125.4 (q,
"Jor = 3.8 Hz, Ph-CF3), 126.3, 128.4, 130.1, 132.3, 135.5 (Cay). 2°Si{'H} NMR (CeDs, 99 MHz,
298 K): & = -31.2 (s, SiPhHz). °F NMR (CeDs, 128 MHz, 298 K): & = -62.0 (s, Ph-CFs).

WSiPth (3-Cyclohexylpropyl)phenylsilane
The catalysis was done via the general method. The yield of 3 was
determined to be 99% (4b, 20min) and 59%(5, 48h). The "H NMR spectroscopic data in CDCls

matched those found in the literature.*®

WSiPhHZ (3-Phenylpropyl)phenylsilane
The catalysis was done via the general method. The yield of 4 was

determined to be 65% (4b, 72h) and 43%(5, 72h). The 'H NMR spectroscopic data in CsDs

matched those found in the literature.**

. 1-Trimethylsilylethyl)phenylsilane
MesSi_~gipni, ( ylsilylethyl)pheny

The catalysis was done via the general method. The yield of 5 was
determined to be 90% (4b, 20min) and 86%(5, 20h). The 'H NMR spectroscopic data in CsDs

matched those found in the literature.*®

Ethylphenylsilane
‘ <" SiPhH,

(a) 4b (2.5%) was dissolved in CsDs in @ NMR tube (0.4 mL) following the
addition of phenylsilane (0.20 mmol). The NMR tube was charged with ethylene and shaken
for 30s. The resulting solution was kept RT. The yield was determined to be 97% after 24h.
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(b) 5 (2.5%) was dissolved in C¢Ds in @ NMR tube (0.4 mL) following the addition of
phenylsilane (0.10 mmol). The NMR tube was charged with ethylene and shaken for 30s. The

resulting solution was heated at 60 °C. The yield of was determined to be 99% after 1h.

The "H NMR spectroscopic data in C¢Ds matched those found in the literature.*’

Diethylphenylsilane
<> SiPhH

4b (2.5%) was dissolved in C¢Ds in @ NMR tube (0.4 mL) following the
addition of phenylsilane (0.10 mmol). The NMR tube was charged with

ethylene and shaken for 30s. The resulting solution was heated at 60 °C. The yield was
determined to be 99% after 2h. The "H NMR spectroscopic data in CDCl; matched those found

in the literature.*®

(3,3-Dimethylbutyl)phenylsilan
BU~siphH,

The catalysis was done via the general method. The yield was
determined to be 44% (4b, 72h) and 29%(5, 72h). The 'H NMR spectroscopic data in CsDs

matched those found in the literature.**

Ph Ph (E)-(1,2-diphenylvinyl)(phenyl)silane

H SiPhH, | The catalysis was done via the general method. The yield was
determined to be 99% (4b, 18h) and 98%(5, 4h). The 'H NMR

spectroscopic data in CsDs matched those found in the literature.*

Ph Me (E)-phenyl(1-phenylprop-1-en-2-yl)silane (A)

H SiPhH, (E)-phenyl(1-phenylprop-1-en-1-yl)silane (B)
+
Me Ph The catalysis was done via the general method. The yield of the two

isomers (A and B) were determined to be 98% (4b, 3h, 0.77:1 (A:B))
H SiPhH, and 93%(5, 5h, 0.70:1 (A:B)). The 'H NMR spectroscopic data in

CDCIz matched those found in the literature.*®
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Me;Si Me (E)-1-(Trimethylsilyl)-2-(phenylsilyl)-1-propene

H SiPhH, | The catalysis was done via the general method. The yield was
determined to be 74% (4b, 72h) and 86%(5, 72h). The 'H NMR

spectroscopic data in CDCl; matched those found in the literature.°

npr npr (E)-oct-4-en-4-yl(phenyl)silane

H SiPhH, | The catalysis was done via the general method. The yield was
determined to be 64% (4b, 72h) and 77%(5, 72h). The '"H NMR

spectroscopic data in CDCl; matched those found in the literature.>’

P 2-hexene
" 4b (5.0%) was dissolved in C¢Ds in an NMR tube (0.4 mL) and the
/\/ﬁ resulting solution was heated at 60 °C. The yield of 13 was determined
to be 99% after 80h.%?

Catalytic Hydrosilylation in the presence of Mercury

4b (2.5 mol%) was dissolved in 1.0 mL CeDe in a Schlenk flask following the addition of 50 pL
Mercury. The mixture was stirred for 5 min following the addition of 1-hexene (1.38 mmol) and
phenylsilane (0.60 mmol). The resulting solution was stirred for 18h at RT. 'H NMR
spectroscopy confirmed catalytic hydrosilylation, with a yield of 95% 1-(PhSiH.)-hexane.

Catalytic Hydrosilylation with PPh3

4b (2.5 mol%) and PPh3 (250 mol%) were dissolved in in Ce¢Ds (0.4 mL) in a gas tight NMR
tube, and 1-hexene (0.39 mmol) and phenylsilane (0.30 mmol) added. The resulting solution
was kept at RT for 24h. The reaction was monitored via '"H NMR spectroscopy showing only a

conversion of 16% after this time.
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X-ray crystallographic details

Single crystals of 2, 4a, 4b, 4a-DMAP, 5, 8a, 8b, and 9b suitable for X-ray structural analysis
were mounted in perfluoroalkyl ether oil on a nylon loop and positioned in a 150 K cold N2 gas
stream. Data collection was performed with a STOE StadiVari diffractometer (MoKa radiation)
equipped with a DECTRIS PILATUS 300K detector. Structures were solved by Direct Methods
(SHELXS-97)% and refined by full-matrix least-squares calculations against F? (SHELXL-
2018).%* The positions of the hydrogen atoms were calculated and refined using a riding model,
aside from hydride ligands in 8a and 8b. All non-hydrogen atoms were treated with anisotropic
displacement parameters. Crystal data, details of data collections, and refinements for all
structures can be found in their CIF files, which are available free of charge via
www.ccdc.cam.ac.uk/data_request/cif, and are summarized in Table 4.5 and 5.6. In compound
4a the electron density of highly disordered co-crystallized solvent molecules was removed
using the PLATON SQUEEZE function.®®

Figure 4.6 Molecular structure of 2, with thermal ellipsoids at 30% probability. Selected bond distances (A) and
angles (°) for 3: N1-Sn1 2.122(2); P1-Sn1 2.657(1); CI1-Sn1 2.487(1); N1-Sn1-P1 82.37(5); CI1-Sn1-N1 99.30(5);
Cl1-Sn1-P1 84.82(2).
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Figure 4.7 Molecular structure of the cationic part of 4a, with thermal ellipsoids at 30% probability. Selected bond
distances (A) and angles (°) for 4a: Ni1-Ge1 2.202(1); Ge1-N1 1.847(4); P1-Ni1 2.208(1); P2-Ni1 2.275(1) P3-Ni1
2.296(1); Ni1-Ge1-N1 130.6(1); Ge1-Ni1-P1 91.94(4); Ge1-Ni1-P2 101.59(4); Ge1-Ni1-P3 110.22(4); P1-Ni1-P2
115.56(5); P1-Ni1-P3 122.10(5); P2-Ni1-P3 111.24(4).
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Figure 4.8 Molecular structure of 8b, with thermal ellipsoids at 30% probability. Selected bond distances (A) and
angles (°) for 8b: Ge1-Ni1 2.209(1); Ge1-H1 1.425(5); Ge1-N1 1.876(4); Ni1-P1 2.211(1); Ni1-P2 2.197(1); Ni1-P3
2.206(1), N1-Ge1-Ni1 129.2(1); P1-Ni1-Ge1 100.15(4); P1-Ni1-P2 107.86(5); P1-Ni1-P3 119.84(5); P2-Ni1-P3
110.33(5).
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Table 4.5 Crystallographic details for 2, 4a, 4b, and 5.

2 4a 4b-(CeHe)(CsH12) 5:(CeHs)(CsH12)
eTo"mca' Cs1HasCINPSISN | CirosHa1BF24GeNNiPsSi | Cr1oH103BF24GeNNiPsSi | C1ioH103BF2sNNiP3SiSn
formula wt 642.86 2075.81 2158.04 2204.14
crystal syst. triclinic triclinic monoclinic monoclinic
space group P-1 P-1 P2i/c P2i/c
a(A) 11.080(2) 17.740(4) 13.470(3) 13.390(3)
b (A) 17.460(4) 18.760(4) 28.510(6) 28.590(6)
c (A) 18.340(4) 20.840(4) 27.730(6) 27.710(6)
a (deg.) 65.00(3) 85.30(3) 90 90
5 (5ey) 88.50(3) 67.70(3) 83.70(3) 91.40(3)
v (deg.) 86.10(3) 72.50(3) 90 90
vol (A3) 3208.1(13) 6116(3) 10646(4) 10605(4)
Z 4 2 4 4
p(calc) 1.331 1.127 1.346 1.381
(g.cm™)
u (mm™) 0.986 0.524 0.604 0.559
F(000) 1328 2116 4440 4512
T (K) 150(2) 150(2) 150(2) 150(2)
refins 46712 63494 146868 149058
collect.
unique
ol 12596 23947 23172 20822
Rint 0.0212 0.0608 0.0711 0.0555
R1 [>20()] 0.0235 0.0649 0.0661 0.0531
wR2 (all 0.0615 0.1814 0.2053 0.1576
data)
CCDC No. 2114015 2099955 2099956 2114016
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Table 4.6 Crystallographic details for 4a-DMAP, 7a, 7b, and 8.

[4a-DMAP]-(CsH12)0.5 8a-(Et20) 8b-(CsH12)2 9b-(Et20)
empirical form. | C1o0s.5H9sBF24GeNsNiP3Si | C77Hs0GeNNiOPsSi | C77HosGeNNiPsSi | C71HssFGeNNiOP3Si
formula wt 2163.00 1287.72 1289.86 1237.68
crystal syst. triclinic monoclinic monoclinic monoclinic
space group P-1 P21/c C2/c P2i/c
a(A) 14.600(3) 17.730(4) 42.110(8) 17.230(3)
b (A) 17.200(3) 19.100(4) 20.050(4) 19.820(4)
c(A) 23.451(5) 20.690(4) 19.320(4) 19.350(4)
a (deg.) 98.55(3) 90 90 90
LS (dey) 107.93(3) 109.40(3) 109.30(3) 104.40(3)
y (deg.) 96.60(3) 90 90 90
vol (A%) 5459(2) 6609(3) 15395(6) 6400(2)
V4 2 4 8 4
p(calc) (g.cm) 1.316 1.294 1.113 1.284
P (mm™) 0.590 0.876 0.751 0.904
F(000) 2220 2704 5488 2608
T (K) 150(2) 150(2) 150(2) 150(2)
reflns collect. 110172 88464 126458 45192
unique reflns 25047 12982 17652 12557
Rint 0.0897 0.2014 0.0946 0.0805
R1 [>20(/)] 0.0624 0.0725 0.0596 0.0532
wR2 (all data) 0.1801 0.2090 0.2106 0.1095
CCDC No. 2099957 2099958 2099959 2099960

Computational methods and details

Computational experiments were performed using the Gaussian 16 program.®® Geometry
optimization was carried out at the wB97XD level with the def2-TZVPP basis set for Ni and
Ge, and the def2-SVP basis set for all other atoms.*” Stationary points were confirmed as true
minima by vibrational frequency analysis (no negative eigenvalues). Bond indices (Wiberg
Bond Index, Mayer Bond Order) and NPA charges were determined using the NBO 6.0
program implemented in Gaussian 09, using optimized geometries from above.*® Dative
interactions were determined through analysis of the NBO output, and visualized in ChemCraft

through combination of the associated MOs.
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Table 4.7 The DFT derived E-Ni bond distances, and NPA derived Natural Charges (Ge, Sn, Ni), MBO, and WBI
values. The Schematic represents the reduced structures used in calculations throughout.

® | @ Q Q
. . N|(PPh3)2 o Mergl N|(F'Me3)2
: N : : e :

ve,, N C% e, NS Dl owe, MO L - \_ 7 P MeY N 4
Me,Si\_F’/Ni(l='P|-|3)2 5 Me'Si\_P/Ni(PPha)z E Me'SI\_P(Ni(PMea)z E PhPh 5 PhPh
e SN b R
T 5T “T XeF o
NPA charge
Compound | d(Ge/Sn-Ni), A MBO(Ge-Ni)/WBI(Ge-Ni)
Ge/Sn Ni
[4'1 2.183 +0.86 | -0.02 1.11/0.58
51 2.404 +1.15 | -0.07 0.77/0.46
6’ 2.213 +1.05 | -0.06 1.07/0.43
7 2.204 +1.10 | -0.06 1.06/0.44
8’ 2.205 +0.61 | -0.02 1.19/0.50
9’ 2.198 +1.12 | -0.06 1.15/0.46

NBO visualization of Ge-Ni donor-acceptor bonds in [4’]*:

Figure 4.9 Ge—Ni (MO77 to MO176, 52.98 kcalmol").

Figure 4.10 Ge—Ni (MO105 to MO176, 95.45 kcalmol').
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Figure 4.11 Ni-Ge (MO82 to MO174, 12.23 kcalmol™).

Figure 4.13. Ni>Ge (MO81 to MO197, 44.29 kcalmol).
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NBO visualization of Sn-Ni donor-acceptor bonds in [5°]*:

Figure 4.15 Ni—Sn (MO78 to MO169, 43.75 kcalmol ).
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Selected frontier orbitals for the optimized structures of [2°]*, 5°, and 6’ are given below,

pertaining to vacant orbitals at Ge, or bonding interactions between the Ge and Ni centres:

LUMO

HOMO-21 7 HOMO-2

Figure 4.16 Selected frontier orbitals for [2’]*.
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Figure 4.18 Selected frontier orbitals for 6.
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TD-DFT description of excited states 2 and 3:

- N,

4 Excited state 3: 434.6 nm, f = 0.0224 \

Excited state 2: 454.7 nm, f = 0.0010

MO 174 (LUMO#+1)

A

MO 173 (LUMO)

0.72974 0.27489

MO 172 (HOMO)

MO 171 (HOMO-1)

Figure 4.19 Visualization of the electronic transitions leading to abortions in the visible region of the

UV/vis spectrum of 4b.

FIA, HIA, AA, and WA calculations

Fluoride and Hydride ion affinities (FIA and HIA, respectively) were determined employing the
procedure recently established by Krossing and Greb.3®9% As such, gas phase FIA and HIA
values were isodesmically anchored; the Me3;SiF/MesSi* reference system was utilised for the
calculation of absolute FIA values (FIA(MesSi*) = 952.5 kJ-mol™"),%® and HIA values were
referenced to the related Me;SiH/Me;Sit system (HIA(MesSit) = 959 kJ-mol).3%©) Geometry
optimisations were performed at the wB97XD level with the def2-TZVPP basis set for Ni and
Ge, and the def2-SVP basis set for all other atoms. Stationary points were confirmed as true
minima by vibrational frequency analysis (no negative eigenvalues). Using these values, the
enthalpies for Eq. 1 were determined and subtracted from the reference values for the
MesSiX/MesSi* (X = F, H) given in Eq. 2, giving the gas phase FIA and HIA enthalpy values.
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For the ammonia and water affinities (AA and WA, respectively), the method recently described
by Greb was employed. Specifically, non-isodesmic methods were used through calculating
the direct free energy of association of NH3; or H.O with [4°]*, [4°]*, and [5’]* in the gas phase,
as per Eq. 3, again with geometry optimisation conducted at the wB97XD level with the def2-
TZVPP basis set for Ni and Ge, and the def2-SVP basis set for all other atoms.

Eq.1: LA + MeSiX ——> LA—X + Me;Si®
Eq.2: Me;Si-X —> MesSi® +  x©
X = F: 952.5 kJ-mol™!
X = H: 959 kJ-mol"
Eq. 3: LA + EH, ———— LA—=EH,
E=N,n=3
E=0,n=2
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Chapter 5

Accessing cationic tetrylene-nickel(0) systems featuring donor-
acceptor E-Ni triple bonds (E = Ge, Sn)

P. M. Keil, T. J. Hadlington, Chem. Commun., 2022, 58, 3011-3014.
All DFT calculations concerning this project were conducted by Dr. Terrance J. Hadlington.
Reproduced with permission from the Royal Society of Chemistry
Synopsis

In Chapter 4 it was demonstrated that our bidentate ligand scaffold P"RDipp (P"RDipp =
[{Ph2PCH_Si(R)2}(Dipp)N]'R = Ph, iPr; Dipp = 2,6-iPr.CsHs) leads to a bent N-E-Ni (E = Ge,
Sn) in the cationic tetryliumylidene-nickel(0) complexes [(P"RDippE)-Ni(PPhs).]*. This
minimises 7-back-donation from the Ni° centre to the tetrel element and leads to highly Lewis
acidic tetrel element centres. We wanted to further explore if this bent angle is a result of the
forced geometry by the bidentate ligand structure, or due to a different effect. Therefore, we
synthesised the analogous ligand system Si"Dipp (S""Dipp = [(iPrsSi)(Dipp)N]’), which lacks a
chelating phosphine arm, and successfully obtained the corresponding (chloro)-germylene and
-stannylene ligands, S""DippGeCl and [S"PDippSnCl],. These were converted in a one-pot
reaction to the cationic tetryliumylidene-nickel(0) complexes [SFDippE-Ni(PPhs)s]*, with [BArF4]
([BArf4] = [{3,5-(CF3)2CeH3}4B] ) as counter anion.

In contrast to the tetryliumylidene-nickel(0) complexes [(P"RDippE)-Ni(PPhs).]* from Chapter 4,
the crystal structures of [S"PDippE-Ni(PPhs)s]* revealed near linear N-E-Ni angles and
considerably contracted E-Ni bonds. DFT analysis showed that the HOMO and HOMO+1 are
dominated by the backdonation from the Ni® centre to the tetrel element, while the donation
from the tetrel element to the Ni centre can be observed in the HOMO+2. Therefore, the
bonding in these complexes could be best described as a donor-acceptor triple bond between
the tetrel and TM centres. We could therefore conclude that the bidentate ligand scaffold
PPRDipp with a phosphine arm is essential to enforce a bent N-E-Ni angle, minimising 17-
back-donation from the TM centre and thereby greatly enhancing the Lewis acidity of the tetrel

element.

Furthermore, [S""DippE-Ni(PPhs)s]* proved to be rather unstable, decomposing at elevated

temperatures in PhF and even at ambient temperature in THF, while only giving intractable
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reaction mixtures when attempting substrate activation with them. Therefore, the bidentate
ligand scaffold also increases the stability of the resulting TM complexes, allowing for

interaction with ammonia and controlled catalytic application as described in Chapter 3 and 4.

It should be noted that very recently, after this project was published, the group of Fillipou
reported on similar cationic group 10 ylidene complexes and investigated their electronic
nature and bonding situation in more depth, also including our reported structures in the

process.'

Manuscript

The following sections are reproduced and formatted from the following article: P. M. Keil, T.
J. Hadlington, Chem. Commun., 2022, 58, 3011-3014. Experimental spectra (NMR, LIFDI/MS,
and UV/vis) and further details concerning DFT calculations can be retrieved online
(https://doi.org/10.1039/D2CC00422D).

Abstract

We describe facile synthetic methods for accessing linear cationic tetrylene nickel(0)
complexes [SPDippE-Ni(PPhs)s]* (E = Ge (4) and Sn (5); S""Dipp = [(iPr3Si)(Dipp)N]), which
feature donor-acceptor E-Ni triple bonds. These species are readily accessed in a one-pot
protocol, combining the bulky halo-tetrylenes Si"DippECI (E = Ge (1) and Sn (2)), Ni(cod)a,
PPhs, and Na[BArf4]. Given the diamagnetic nature of 4 and 5, they each contain a formal
zero-valent Ni centre, making the E-M triple bonds in these complexes unique compared to
previously reported metal tetrylidyne complexes, which typically feature covalent/ionic
bonding. In-depth computational analyses of these species further support triple bond

character in their E-Ni interactions.
Introduction

Multiple bonding between carbon and transition metals stands as an historic cornerstone of
organometallic chemistry, forming the basis for now ubiquitous catalytic transformations such
as alkene and alkyne metathesis.? The past two decades have seen this interest migrate to
the heavier group 14 elements, Si-Pb: where once it was thought multiple bonds involving
these elements were not viable (viz. the double bond rule), we now know that this is not the
case,® with an ever-growing number of multiply-bonded species involving these heavier tetryl

elements.* In 1996, the first compound featuring an E-M triple bond (E = Si-Pb, M = transition
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metal) was reported by the group of Power, in the molybdenum-germylyne complex A,°
followed soon after by analogous chromium- and tungsten-germylyne complexes B and C
(Figure 5.1).% All of these species feature short Ge-M bonding interactions, and were
synthesised through salt metathesis of bulky ArGeCl (Ar = 2,6-Mes,Cg¢Hs, Trip2CsHs; Mes =
2,4,6-Me3CeHz; Trip = 2,4,6-PrsCeH.) with the anionic metal salts (viz. CpM(CQO)s; M = Cr, Mo,
W). The same year, Fillippou reported a related tungsten-germylyne complex (D, Figure 5.1),7
which formed upon oxidative addition of Cp*GeX to the tungsten(0) precursor, (dppe)2(N2).W
(Cp* = CsMes; X = ClI, Br; dppe = Ph,PC2H4PPh,). Since these early examples, numerous
compounds featuring triple bonds between a transition metal and Si,® Ge,>¢7:8.% Gn #d).10 gnd
Pb "' have been forthcoming. Notably, however, these almost exclusively feature heavier,
non-zero valent transition metals, and have formal bonds between the two elements centres.
In addition to neutral complexes A-D and related species, cationic complexes are also known,
all of which bear their cationic charge at the transition metal (viz. E, Figure 5.1 °®) or at an
ancillary carbene ligand (viz. F, Figure 5.1 °¥). This is important, as this indicates a formal
(i.e. covalent/ionic) bond between E and M, borne out by known singly-bonded tautomeric
forms which are all best described as metallo-tetrylenes (viz. Figure 5.1).' E-M complexes

featuring exclusively donor-acceptor E-M triple bonds, to the best of our knowledge, are not

yet known.
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M =Cr, Mo, W _
R =2,6-Ar,CeH; C P =dppe R = 2,6-Mes,CgH3
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Figure 5.1 Known and possible triple-bonding modes for group 14-transition metal species, and related ‘bent’

derivatives featuring E-M single bonds (E = C-Pb, M = transition metal).
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We recently reported a straight-forward synthetic route to non-linear cationic tetrylene-nickel(0)
complexes (viz. G and H, Figure 5.1) in which the cationic charge resides on the group 14
element centre, rendering these centres highly Lewis acidic.”® In these systems, a chelating
phosphine arm prevents a linear L-E-Ni geometry, and thus hinders the formation of a multiple
bond between E and M. This ligand design feature lends the E centre a considerably amplified
reactivity relative to known triply-bonded systems. Curious as to the true importance of the
chelating arm in these systems in forming reactive systems G and H, we sought to develop
closely related systems utilising the monodentate bulky amide S"*Dipp (S""Dipp =
[Dipp(PrsSi)NT)." Herein we report on the resulting cationic tetrylene nickel(0) complexes,
[S"PDippE-Ni(PPhs)s]* (E = Ge (4) and Sn (5)), which feature linear L-E-Ni bonding interactions
which are best described as donor-acceptor E-M triple bonds. This gives clear evidence that
the chelating phosphine arms in G and H do indeed lead to a reduced bond order in those
compounds, thus amplifying their reactivity. Further insights into these unique bonding

interactions are given through computational DFT analyses.
Results and Discussion

The (amido)(chloro)tetrylenes, SiPDippECI (E = Ge (1), Sn (2)) were accessed by reacting the
known potassium amide (‘Pr3Si)DippNK with GeCl,-dioxane or SnCl, in a 1:1 ratio,
respectively, forming the desired products in good yield after recrystallisation from pentane
(Scheme 5.1). X-ray diffraction analysis of 1 confirmed the monomeric form of this species, in
keeping with, previously reported examples of Ge'" chloride species bearing bulky amido
ligands.' On the contrary, 2 forms a chloride-bridged dimeric structure, which is also common

for such Sn' species given the larger radius of this element.’®'”

Pr i ipr  Only
] Pr);Si—N
iph (Pr); \

() N— \ (i) — NiPPhy),
(Pr); i N
Q\_ 1,75% 3
'Pr

Pr ok — Jﬁv)
(Pr); iPr v) S .
Pr)gsi=N. PT | | o |
('Pr); N\ \\Clyy, v) | _Q'PI‘ [BArF4] :
5 Sn Sn 7, ipr ® :

(i) o |

Py (P
2,73% ipr : 4,47 % (E = Ge)
5,42 % (E = Sn)

_________________________

Scheme 5.1 Synthetic access E" chloride complexes 1 and 2, and subsequent synthesis of triply-bonded E"-Ni°
complexes 4 and 5. (i) GeClz-dioxane, THF, -78 °C; (ii) SnClz, THF, -78 °C; (iii) Ni(cod)2, 2 PPhs, toluene, -78 °C;
(iv) Na[BArF4], toluene, RT; (v) Ni(cod)2, 3 PPhs, Na[BAr4], toluene, -78 °C.
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With these tetrylenes in hand we set out to synthesize the desired Ni° complexes. We first
sought to isolate species bearing the (amido)(chloro)tetrylenes, from which one could abstract
the chloride ligand by addition of Na[BArf4 (Ar"f = 3,5-(CF3).CsHz2), which has proved
successful in previous investigations.''® Dropwise addition of toluene solutions containing a
mixture of 3 equivs. PPh3 and 1 equiv. 1, to a cooled toluene solution of Ni(cod), resulted in
deep red solutions. Warming these solutions followed by work-up led to eventual precipitation
of fine grey/black powder, which auto ignites on exposure to air, thought to be a mixture of
nickel and germanium powders. Repeating this reaction, with carefully work-up of reaction
mixtures did allow for the isolation of a few crystals of the 16-electron Ni® complex 3, this
species being too unstable to attain further analytical data."® It is interesting to note that even
in the presence of 3 equiv. of PPhs this compound selectively forms, possibly due to the steric
pressure of the Si"Dipp ligand. Attempting to isolate the same compound utilizing 2 was not
possible in our hands, in line with our failed earlier attempts to isolate the closely related chloro-

stannylene complex employing our phosphine-functionalised chelating ligands.®

(-9.821 eV) (-10.034 eV) ! (-9.654 eV) (-9.746 eV)

Figure 5.2 (a) The molecular structure of the cationic part of 4, with thermal ellipsoids at 30% probability, hydrogen
atoms omitted, and peripheral substituents in wire-frame for clarity; (b) the calculated HOMO of 4; (c) the calculated
HOMO-1 of 4, (d) the calculated HOMO-2 of 4; (e) The molecular structure of the cationic part of 5, with thermal
ellipsoids at 30% probability, hydrogen atoms omitted, and peripheral substituents in wire-frame for clarity; (f) the
calculated HOMO of 5; (g) the calculated HOMO-1 of 5; (h) the calculated HOMO-2 of 5. Selected bond lengths (A)
and angles (°) for 4: Ge1-Ni1 2.1596(7); Ge1-N1 1.853(2); Ni1-P1 2.311(1); Ni-P2 2.289(1); Ni1-P3 2.307(1); N1-
Ge1-Ni1 175.9(9); P1-Ni1-P2 105.9(4); P2-Ni-P3 110.7(4); P1-Ni-P3 115.50(4). For 5: Sn1-Ni1 2.355(1); Sn1-N1
2.066(6); Ni1-P12.296(3); Ni-P2 2.267(3); Ni1-P3 2.281(3); N1-Sn1-Ni1 173.6(2); P1-Ni1-P2 108.0(1); P2-Ni-P3
112.9(1); P1-Ni-P3 118.6(1).

To circumvent the formation of unstable 3, we instead attempted to generate the cationic
complexes in-situ, using a similar approach to that used previously in accessing G and H.™

That is, mixtures of 1 or 2, PPhs, and Ni(cod). with additional NaBArF4 directly form the target
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cationic complexes [SFDippE-Ni(PPhs)s][BArf4] (E = Ge (4), E = Sn (5)), which were isolated
as deep red-purple (4) or deep blue-purple (5) crystals (Scheme 5.1). Compound 4 was found
to be stable in solution at RT, in stark contrast to 3. Still, dissolution of pure 4 gave 3'P{'H}
NMR spectra with one major, slightly broadened singlet (& =37.2 ppm), and one small sharp
singlet (6 = 36.6 ppm; Fig S11 in ESI)). We hypothesized that this may be due to dynamic loss
of one PPh; ligand in solution, generating a 16 electron Ni° complex akin to 3. Addition of two
further equivs. of PPh;s to dissolved 4 led to complete disappearance of the peak at 36.6 ppm,
and retention of the peak centred at 37.2 ppm, somewhat confirming this hypothesis. '"H NMR
spectroscopic data of these mixtures are also in keeping with the presence of a single
compound, which we assign as 18-electron complex 4. Attaining NMR spectroscopic data for
Sn' complex 5 proved more challenging, as this species decomposes in solution at ambient
temperature, with dark blue-black solutions of pure 5 becoming red over time, concomitant
with appearance of numerous broad peaks in '"H NMR spectra for these solutions. Solutions
of 5 maintained below 0°C hampered decomposition, allowing us to attain clear NMR
spectroscopic data. Compound 5 appears as one species in its 'H and 3'P{"H} NMR spectra
recorded at -20 °C, showing no dynamic behavior of the PPhs ligands. The ''°Sn NMR
spectrum reveals a highly broadened peak at 885 ppm, in keeping with reported Sn-M triply
bonded complexes.?’° The UV/vis spectra for 4 and 5 show one broad absorption band (4: Amax
= 423 nm (9384 Lcm'mol™'); 5: 450 nm (5520 Lcm™'mol ")), beginning at 600 nm for 4 and

780 nm at 5, in line with the deep blue-black colour of 5 in solution.

An X-ray crystallographic analysis of these complexes reveals two coordinate E" centres
bound to Ni°, with near linear N-E-Ni bonding interactions (4: 175.90°, 5: 173.65°; Figure 5.2,
Table 5.1). The geometry at Ni for both structures is best described as distorted tetrahedral,
with all P-Ni-P and E-Ni-P angles being close to 109.5°. The Ge1-Ni1 bond distance in 4 (d =
2.1596(7) A) is shorter than all reported Ge-Ni distances, to the best of our knowledge, with
reported Ge-Ni bonds in germylene-nickel complexes ranging from 2.179 to 2.337 A?' This
bond distance in 4 is also notably contracted when compared to that in our related chelating
complex, G, which indicates that multiple-bonding is indeed perturbed in the latter due to the
geometrically enforced N-Ge-Ni binding angle of 133.0(1)°. The bond distance in 4 of 2.1596(7)
A is also only slightly greater than the sum of predicted values for the triple bond radii of Ni
(viz. 1.01 A) and Ge (viz. 1.14 A; ¥ = 2.15 A),% giving further evidence for the ascribed bond

order.

Similar metrical parameters are observed for the related Sn'" system, 5 (Table 5.1). The
Sn1-Ni1 distance in 5 (d = 2.355(1) A) is shorter than all reported Sn-Ni distances bar one, the
only shorter example being in the icosahedral [Ni11(SnR)2(CO)1s]? clusters (R = "Bu, Me), which

feature interstitial Ni atoms.?® The observed bond order is also in line with the sum of predicted
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values for triply bonded Ni (viz. 1.01 A) and Sn (viz. 1.33 A; ¥ = 2.34 A).22 Our previously
reported complex H, which also has a geometrically constrained N-Sn-Ni binding angle, has a
Sn-Ni bond distance (d = 2.4024(9) A) elongated relative to that in linear 5 and again
highlighting the effect of the chelating arm in H."® The linear E-Ni bonding interactions in 4 and
5, combined with their short E-Ni bonds, lead us to believe these represent triply-bonded
compounds. These in fact represent complexes bearing donor-acceptor E-Ni triple bonds (E =
C-Pb), given the diamagnetic Ni® centres in these species. That is, they feature a strong dative
E—Ni interaction, and two Ni—E back-bonding interactions. In this, these species also
represent the first reported triply-bonded E-Ni complexes. The bonding nature in 4 and 5 is
further borne out through DFT analyses of their electronic structure. The first three Kohn-Sham
HOMOs (Highest Occupied Molecular Orbitals) of both species represent E-Ni bonding
interactions. The HOMO and HOMO-1 are essentially of T-symmetry, involving Ni—E electron
donation to the two vacant p-orbitals on E (Figure 5.2, (b), (c), (f), and (g)), whilst the HOMO-2
signifies E—Ni o-donation (Figure 5.2, (d) and (h)). NBO-derived (Natural Bond Order) second
order perturbation theory analyses do not classify the E-Ni interactions as formal bonds, but
as donor-acceptor interactions, in keeping with our assessment of the bonding in 4 and 5. The
Mayer Bond Orders (MBO) for 4 (1.59) and 5 (1.31) would suggest that the triple bonds in
these species are weak. Still, when compared with our previously reported chelating systems,
these values are considerably increased (Table 5.1), showing the importance of the chelating

arm in those systems in directing their high Lewis acidity.

Table 5.1 Selected metrical and calculated parameters for 4, 5, G, and H.

4 G? 5 Ha
(E = Ge) (E = Sn)

deni (A) 2.1596(7) 2.1908(9) 2.355(1) 2.4024(9)
dne (A) 1.853(2) 1.851(3) 2.066(6) 2.068(5)
ZN-E-Ni (°) 175.90° 133.0(1)° 173.65° 124.3(1)°

MBO b 1.59 1.13 1.31 0.79

E 1.01 0.86 1.42 1.15

NPA Charge ®
Ni 0.05 0.03 -0.19 -0.07

a Values taken from ref. 19; ® Calculated for the optimised structures, at the wB97XD/def2-SVP(Ni,Ge,Sn:def2-
TZVPP) level.
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Due to the increased back bonding from the Ni° centres in 4 and 5, these species should have
a significantly reduced Lewis acidity when compared with the bent systems G and H; G, shows
the capacity to both abstract the fluoride ion from [SbFs]” and bind ammonia at the
low-coordinate Ge' centre, due to its high Lewis acidity.”® Reactions of 4 and 5 with
[PPhs][SbFs] and NHs in fact do appear to proceed, but in both cases result only in
decomposition, forming protonated ligand, P"DippH, even when conducted at low
temperature. It is unclear whether reactivity is due to the low-valent E centres here, but we
note that the chelating arm in G and H leads to considerably more stable complexes in further

reactivity, which is key in utilising such systems in catalysis.
Conclusions

To summarise, the novel cationic E"-Ni® complexes 4 and 5 have been synthesised and fully
characterised (E = Ge,Sn), and represent the first triply-bonded group 14-nickel systems. X-ray
diffraction analyses reveal near linear N-E-Ni interactions and remarkably short E-Ni bond
distances for both compounds. When compared with our previously reported chelating E"
systems (viz. G and H), in which E-Ni multiple bonding is strongly perturbed, the present study
gives valuable insight into the effects of ligand design in tuning stability and reactivity in
potentially cooperative ligand-metal systems. We continue to pursue the implementation of

low-valent main group ligands for cooperative bond activation.
Supporting Information

General experimental considerations

All experiments and manipulations were carried out under dry oxygen free argon atmosphere
using standard Schlenk techniques or in a MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. THF was dried by distillation over a sodium/benzophenone
mixture and stored over activated 4A mol sieves. CsDs was dried, degassed and stored over a
potassium mirror. All other solvents were dried over activated 4A mol sieves. S*DippK
(S™DippK = (Pr3Si)DippNK; Dipp = 2,6-Pr-CsH3),2* Na[BArf4] (Ar" = 3,5-CF3-CsH3),%° and
Ni(cod), % were synthesized according to known literature procedures. All other reagents were
used as received. NMR spectra were recorded on a Bruker AV 400 Spectrometer. The 'H and
BC{'H} NMR spectra were referenced to the residual solvent signals as internal standards.
2Si{"H} NMR spectra were externally calibrated with SiMes. ¥'P{'H} NMR spectra were
externally calibrated with HsPO4. "9Sn{'H} NMR spectra were externally calibrated with
SnMes. Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS) was
measured directly from an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive

Plus Orbitrap equipped with an ion source from Linden CMS.?” Absorption spectra (UV/vis)
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were recorded on an Agilent Cary 60 UV/vis spectrophotometer. For the ammonia experiments
ammonia 5.0 was used. Elemental analyses (C, H, N) were performed with a combustion

analyzer (elementar vario EL, Bruker).
Experimental procedures

SiPDippGeCl, 1. A solution of S"DippK (1.60 g, 4.30 mmol) in 20 mL THF was added dropwise
to a stirring solution of GeCl,-dioxane (1.00 g, 4.30 mmol) in 10 mL THF at -78°C, and
subsequently allowed to warm to RT, resulting in the formation of a pale-yellow solution. All
volatiles were removed in vacuo and the residue extracted in 20 mL of pentane. The solution
was concentrated and stored at -30°C for 16h to yield colorless crystals suitable for X-ray
diffraction analysis (1.42 g, 3.22 mmol, 75%).

H NMR (CeDs, 400 MHz, 298 K): & = 0.99 (d, 18H, 3Jun = 7.5 Hz, Si-Pr-CHs), 1.25 (m, 15H,
Dipp-Pr-CHs, Si-Pr-CH), 3.14 (hept, 2H, 2Jup = 6.9 Hz, Dipp-Pr-CH), 7.12 (m, 3H, Ar-CH).
13C{'H} NMR (C¢De, 101 MHz, 298 K): & = 13.1 (Si-Pr-CH), 18.8 (Si-Pr-CHs), 24.0 (Dipp-Pr-
CHs), 26.4 (Dipp-Pr-CHs), 28.2 (Dipp-Pr-CH), 124.3, 125.9, 142.4, 143.2 (Ar-C).

29Si{1H} NMR (Cst, 99 MHz, 298 K) 0=12.8 (S, Si-Pri).

MS/LIFDI-HRMS found (calcd.) m/z: 406.1996 (406.1980) for [M-CI]".

[S"PDippSnCl]z, 2. The procedure for the synthesis of 1 was followed using SiPDippK (4.00 g,
10.76 mmol) and SnCl; (2.04 g, 10.76 mmol). Compound 2 was isolated as colorless crystals
suitable for X-ray diffraction analysis from a concentrated pentane solution stored at -32°C
after 16h (3.80 mg, 7.81 mmol, 73%).

N.B. On one occasion, a low yield of crystalline 2-KCI was obtained via this procedure, which

is formally the KCI adduct of 2. No further data was obtained for this compound.

"H NMR (C¢Ds, 400 MHz, 298 K): & = 1.11 (d, 36H, 3Jun = 7.5 Hz, Si-Pr-CHjs), 1.28 (m, 30H,
Dipp-Pr'-CHs;, Si-Pr-CH), 3.51 (hept, 4H, 2Jup = 6.8 Hz, Dipp-Pr-CH), 7.10 (m, 6H, Ar-CH).
13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 14.3 (Si-Pr-CH), 19.4 (Si-Pr-CHs), 24.2
(Dipp-Pr-CHs), 27.6 (Dipp-Pr-CH), 27.9 (Dipp-Pr-CHs), 124.1, 125.2, 142.7, 145.9 (Ar-C).

298i{'H} NMR (CsDs, 99 MHz, 298 K): & = 9.0 (s, Si-Pr).
195 NMR (CsDe, 149 MHz, 298K): 5 = 232 (s, N-Sn-Cl).

MS/LIFDI-HRMS found (calcd.) m/z: 452.1787 (452.1790) for [M-iPrsSiNDippSnCI-CI]*.
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Anal. calcd. for C21H3sCINSISn: C, 51.82%; H, 7.87%; N, 2.88%; found: C, 50.81%; H, 7.44%;
N, 2.92%. Repeated element analysis gave variable but consistently low values for C, possibly

due to Si-carbide formation.

[(S"PDipp)(Cl)Ge-Ni’(PPhs);], 3. A toluene solution of 1 (300 mg, 0.68 mmol) and PPh;
(535 mg, 2.04 mmol) was added dropwise to a toluene solution of Ni(cod), (187 mg,
0.68 mmol) at -40°C and stirred for 30 min. The mixture was filtrated, layered with pentane,
and stored at -32°C. After 24 h a few orange crystals of 3 were isolated suitable for X-ray
diffraction analysis. No further data on 3 could be collected due to insufficient quantity and

instability of the compound.

[5iPDippGe-Ni’(PPh;)s;][BArfs], 4. Compound 1 (272 mg, 0.62 mmol), Ni(cod). (170 mg,
0.62 mmol), PPhs (485 mg, 1.85 mmol) and Na[BAr"s] (547 mg, 0.62 mmol) were mixed
together in a Schlenk flask and cooled to -78°C. 10 mL of toluene was slowly added to the
flask and the resulting reaction mixture was slowly warmed to RT overnight, leading to a dark
purple precipitate within a dark red solution. All volatiles were removed in vacuo and the
residue was extracted with fluorobenzene. The deep purple solution was concentrated to
approximately 2 mL and 5 mL of pentane were slowly added to the flask while constantly
shaking the flask. The resulting solution was stored at -32°C overnight yielding a crop of dark
purple crystals. The remaining solution was removed, and the crystals subsequently washed
with toluene and pentane and dried in vacuo yielding 4 (614 mg, 0.29 mmol, 47%) as a purple
crystalline powder. Deep red-purple crystals which were suitable for X-Ray diffraction analysis
were obtained from a concentrated fluorobenzene solution layered with pentane at RT after
24h.

N. B. Dissolving the pure compound in THF-ds resulted in two species being present in the
NMR spectra, which we hypothesise is due to reversible dissociation of one PPhs ligand from
Ni°. Even though two species were present, the integrals of the aromatic and the aliphatic in
the '"H NMR matched for 3 equivs. of PPhs being present. Addition of 2 equivs. of PPh; to the
NMR tube led to the formation of one species. The spectra with added PPhs are described

here; both sets of spectra are shown later in the Supporting Information.

H NMR (THF-ds, 400 MHz, 298 K): & = 0.80 (m, 24 H, Si-Pr-CHs/Dipp-Pr-CH), 0.98 (hept, 3
H, 3Jun = 7.5 Hz, Si-Pr-CH), 1.20 (d, 6 H, 3Jun = 6.7 Hz, Dipp-Pr-CHs), 3.23 (hept, 2H, 3Jun =
6.7 Hz, Dipp-Pr-CH), 7.26 (m, 108 H, Ar-CH), 7.60 (s, 4H, Arsar-Hpas), 7.83 (s, 8H,

Argar-Hortho).

109



Accessing cationic tetrylene-nickel(0) systems featuring donor-acceptor E-Ni triple bonds
(E = Ge, Sn)

13C{'"H} NMR (THF-ds, 101 MHz, 298 K): & = 15.0 (Si-Pr-CH), 18.8 (Si-Pr-CHs), 23.6
(Dipp-Pr-CHs), 28.6 (Dipp-Pr-CHs), 29.0 (Dipp-Pr-CH), 118.3, 121.5, 124.3, 126.1, 126.9,
128.9, 129.0, 129.4, 129.5, 129.6, 129.9, 130.2, 130.6, 131.4, 131.7, 133.3, 134.9, 135.7,
140.7,148.2, 162.2, 162.7, 163.1, 163.6 (Ar-C).

31P{'H} NMR (THF-ds, 162 MHz, 298 K): 5 = 37.2 (s, Ni-PPhs).

298i{'H} NMR (THF-ds, 79 MHz, 298 K): & = 17.3 (s, Pris-Si).

Amax, NM (€, Lmol'cm™): 323 (9384).

MS/LIFDI-HRMS found (calcd.) m/z: 988.3169 (988.3162) for [M-PPhs]*.

Anal. calcd. for C1o7HesBF24GeNNiP3Si: C, 60.79%; H, 4.53%; N, 0.66%; found: C, 60.31%;
H, 4.54%; N, 0.75%. Repeated element analysis gave variable but consistently low values for

C, possibly due to Si-carbide/Ni-carbide formation

[*""DippSn-Ni’(PPhs):][BArf4], 5. Compound 2 (300 mg, 0.62 mmol), Ni(cod). (170 mg,
0.62 mmol), PPhs (485 mg, 1.85 mmol) and Na[BAr"s] (546 mg, 0.62 mmol) were mixed
together in a Schlenk flasked and cooled to -78°C. 10 mL of toluene was slowly added to the
flask and the resulting reaction mixture was slowly warmed to RT overnight leading to a dark
blue precipitate within a light yellow solution. All volatiles were removed in vacuo and the
residue was exctracted with fluorobenzene. The deep black solution was concentrated to
approximately 2 mL and 5 mL of pentane were slowly added to the flask while constantly
shaking the flask. The resulting solution was stored at -32°C overnight yielding a crop of dark
blue crystals. The remaining solution was removed, and the crystals subsequently washed
with toluene and pentane and dried in vacuo yielding 5 (595 mg, 0.28 mmol, 45%) as a blue
crystalline powder. Dark blue-purple crystals which were suitable for X-Ray diffraction analysis
were obtained from a concentrated fluorobenzene solution layered with pentane at RT after
24h.

H NMR (THF-ds, 400 MHz, 233 K): 5 = 0.83 (m, 24 H, Si-Pr-CHs/Dipp-Pr-CHs), 1.19 (d, 6 H,
3Jui = 6.5 Hz, Dipp-Pr-CHs), 1.29 (m, 3 H, Si-Pr-CH), , 3.26 (hept, 2H, 3Ju = 6.3 Hz,
Dipp-Pr-CH), 6.85 (m, 17 H, Ar-CH), 7.07 (t, 17 H, 3Jun = 7.5 Hz, Ar-CH), 7.18 (m, 2 H, Ar-CH),
7.41 (m, 12 H, Ar-CH), 7.65 (s, 4H, Arsac-Hpara), 7.85 (S, 8H, Argarr-Hortho).

13C{'"H} NMR (THF-ds, 101 MHz, 233 K): & = 15.5 (Si-Pr-CH), 18.8 (Si-Pr-CHs), 23.6
(Dipp-Pr-CHs), 28.5 (Dipp-Pr-CHs), 28.8 (Dipp-Pr-CH), 115.9, 116.1, 118.3, 121.4, 1241,
126.2, 126.4, 126.8, 128.3, 129.0, 129.6, 129.7, 129.8, 129.9, 130.2, 131.1, 131.2, 131.5,
134.4,135.5, 135.9, 147.8, 162.2, 162.7, 163.2, 163.7 (Ar-C).
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31P{'H} NMR (THF-ds, 162 MHz, 233 K): & = 40.1 (s, Ni-PPhs).

11950 NMR (THF-ds, 149 MHz, 233K): & = 886 (s, N-Sn-Ni).

Amax, Nm (&, Lmol'em™): 350 (5520).

MS/LIFDI-HRMS found (calcd.) m/z: 726.2233 (726.2211) for [M-2PPhs-CH-CsH7+10HJ".

Anal. calcd. for C1o7H9sBF24SnNNiP3Si: C, 59.50%; H, 4.43%; N, 0.65%; found: C, 57.67%;
H, 4.20%; N, 0.74%. Repeated element analysis gave variable but consistently low values for

C, possibly due to Si-carbide/Ni-carbide formation

N. B. It was not possible to obtain a 2°Si{"H] NMR spectrum of 5 due to the instability of this
compound in THF-ds.

Experiments with [SbF¢][PPhg]:

4 (30 mg, 0.014 mmol) was mixed with [PPh4][SbFs] (8 mg, 0.024 mmol) in a NMR tube. The
solids were mixed with 0.4 mL PhF and 0.1 mL CgDs and sonicated for 5 min in an ultrasonic
water bath. After 12 h the mixture changed color from blue to brown. 'H and *'P{"H} NMR
showed that 4 had been completely consumed. A mixture of many different products had

formed including the protonated ligand S""DippH.

5 (30 mg, 0.014 mmol) was mixed with [PPh4][SbFs] (8 mg, 0.024 mmol) in a NMR tube. The
solids were mixed with 0.4 mL PhF and 0.1 mL CesDs and ultrasonicated for 5 min. After 12 h
the mixture changed colour from blue to brown. 'H and *'P{'H} NMR showed that 5 had
completely been consumed. A mixture of many different products had formed including the

protonated ligand Si"DippH.

Ammonia experiments:

4 (30 mg, 0.014 mmol) was dissolved in 0.4 mL PhF and 0.1 mL C¢Ds in @ NMR tube. The
NMR tube was filled with ammonia and then quickly closed and shaken. After 2 h the colour
the reactions had changed from purple to brown. 'H and 3'P{'H} showed that 4 had completely
been consumed. A mixture of many different products had formed including the protonated

ligand S"DippH. Conducting at low-temperature had a similar outcome.

5 (30 mg, 0.014 mmol) was dissolved in 0.4 mL PhF and 0.1 mL C¢Ds in @ NMR tube. The
NMR tube was filled with ammonia and then quickly closed and shaken. After 2 h the colour
the reactions had changed from blue to brown. 'H and *P{'H} NMR showed that 5 had
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completely been consumed. A mixture of many different products had formed including the

protonated ligand S"DippH. Conducting at low-temperature had a similar outcome.

X-ray crystallographic details

Single crystals of 1, 2, 2-KCl, 3, 4, and 5 suitable for X-ray structural analysis were mounted
in perfluoroalkyl ether oil on a nylon loop and positioned in a 150 K cold N2 gas stream. Data
collection was performed with a STOE StadiVari diffractometer (MoKa radiation) equipped with
a DECTRIS PILATUS 300K detector. Structures were solved by Direct Methods (SHELXS-
97)? and refined by full-matrix least-squares calculations against F? (SHELXL-2018).2° The
positions of the hydrogen atoms were calculated and refined using a riding model. All
non-hydrogen atoms were treated with anisotropic displacement parameters. Crystal data,
details of data collections, and refinements for all structures can be found in their CIF files,
which are available free of charge via www.ccdc.cam.ac.uk/data_request/cif, and are
summarized in Table 5.2. Details for 3 are not given due to the unpublishable quality of the
collected X-ray data. The structure for this compound is given in Figure 5.6, as proof of

connectivity.
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Table 5.2 Summary of X-ray crystallographic data for 1, 2, 2:KCl, 4, and 5.

1 2 2-KClI 4-0.55(CeHsF), 5-CsHs
empiric | C21H3sCIGe | Ca2H76Cl2N2Siz | Ca2H76CIsKN2Si2 | C112.5H103.2BF24.6GeNNi | C113H101BF2aNNiP3
formula | 440.65 973.50 1048.05 2199.14 2238.15
crystal monoclinic triclinic triclinic triclinic triclinic
space P21/n P-1 P-1 P-1 P-1
a(A) 15.832(3) 9.148(2) 11.130(2) 13.186(3) 13.245(3)
b (A) 9.619(2) 9.655(2) 14.968(3) 18.874(5) 18.891(4)
c(h) 16.603(3) 15.011(3) 16.561(3) 22.343(6) 22.423(5)
a(deg.) | 90 101.80(3) 72.19(3) 94.774(10) 94.60(3)
BSey) | 112.86(3) 96.15(3) 77.40(3) 103.543(11) 103.40(3)
y (deg.) | 90 109.26(3) 79.94(3) 92.404(12) 91.59(3)
vol (A%) | 2329.9(9) 1203.1(5) 2546.1(10) 5376(2) 5434.2(2)
V4 4 1 2 2 2
p(calc) | 1.257 1.343 1.367 1.359 1.368
M (mm- | 1.486 1.227 1.296 0.600 0.546
F(000) | 936 504 1080 2261 2288
T (K) 150(2) 150(2) 150(2) 150(2) 150(2)
reflns 13412 16820 27458 48303 71208
unique | 4014 4727 9943 21106 21204
Rint 0.0907 0.0131 0.0438 0.0346 0.1473
R1 0.0519 0.0167 0.0347 0.0590 0.0957
wR2 0.1094 0.0439 0.0631 0.1733 0.2688
CCDC | 2143456 2143457 2143458 2143459 2143460
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Figure 5.3 Molecular structure of SiPDippGeCl, with thermal ellipsoids at 30% probability, hydrogen atoms omitted,
and peripheral substituents in wire-frame for clarity. Selected bond lengths (A) and angles (°): Ge1-N1 1.843(5);
Ge1-Cl1 2.226(1); N1-Ge1-Cl1 100.1(1)
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Figure 5.4 Molecular structure of [SiPDippSnCl]z, with thermal ellipsoids at 30% probability, hydrogen atoms omitted,
and peripheral substituents in wire-frame for clarity. The prime label (‘) indicates atoms at the equivalent position,
(2-x, 1-y, 2-z). Selected bond lengths (A) and angles (°): Sn1-N1 2.083(1); Sn1-Cl1 2.620(1); Sn1-ClI1’ 2.7290(9);
Sn1---Sn1’ 4.081(2); N1-Sn1-CI1 102.88(4); N1-Sn1-CI1’ 103.19(4); N1-Sn1-Sn1’ 107.20(3).
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Figure 5.5 Molecular structure of [SPDippSnClJ2-KClI, with thermal ellipsoids at 30% probability, hydrogen atoms
omitted, and peripheral substituents in wire-frame for clarity. Selected bond lengths (A) and angles (°): N1-Sn1
2.116(3); Cl1-Sn1 2.470(1); CI3-Sn1 2.664(1); N2-Sn2 2.125(3); Cl2-Sn2 2.475(1); CI3-Sn2 2.631(1); CI1-K1

2.948(2); Sn1---Sn2 3.929(1); Sn1-CI3-Sn2 95.81(4) N1-Sn-Cl1 98.75(8); N1-Sn1-CI3 96.22(8); N2-Sn2-CI2
98.66(8); N2-Sn2-Cl3 98.91(8); Sn1-CI3-Sn2 95.81(4).

Figure 5.6 Molecular structure of 3, with thermal ellipsoids at 30% probability, hydrogen atoms omitted, and

peripheral substituents in wire-frame for clarity. Metrical parameters are not discussed due to the low quality of the
collected data.
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Computational methods and details

Computational experiments were performed using the Gaussian 16 program.’® Geometry
optimization was carried out at the wB97XD level with the def2-TZVPP basis set for Ni, Ge,
and Sn, and the def2-SVP basis set for all other atoms.?' Stationary points were confirmed as
true minima by vibrational frequency analysis (no negative eigenvalues). Bond indices (Wiberg
Bond Index, Mayer Bond Order) and NPA charges were determined using the NBO 6.0
program implemented in Gaussian 09, using optimized geometries from above.*? Dative
interactions were determined through the NBO-derived second order perturbation theory

analysis, and visualized in ChemCraft through combination of the associated MOs.

Table 5.3 Summary of NBO parameters for donor-acceptor orbitals in 4.

] Composition (%)
Orbital number Occupancy

s p d
Ge 120 1.824 92.11 0.09 0.00
Ni 121 1.970 0.00 0.02 99.98
. Ni 122 1.969 0.00 0.01 99.98

Lone pairs

Ni 123 1.966 0.04 0.02 99.93
Ni 124 1.850 0.01 0.02 99.97
Ni 125 1.766 0.00 0.02 99.98
Ge 330 0.431 0.00 99.83 0.05
VEEETBERAED Gy 331 0.400 017 9953 0.22
Ni 333 0.395 99.89 0.04 0.06
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Table 5.4 Summary of NBO parameters for donor-acceptor orbitals in 5.

HH 0,

Orbital number Occupancy Composition (%)

s p d
Sn 115 1.779 98.33 1.63 0.03
Ni 116 1.973 021 0.11 99.68
. Ni 117 1.967 0.00 0.01 99.99

Lone pairs

Ni 118 1.964 0.01  0.02 99.97
Ni 119 1.897 0.03 0.08 99.89
Ni 120 1.843 0.09 0.17 99.75
Sn 325 0.270 0.01 99.79 0.00
VECEIECIENED 326 0.251 0.02 9973 0.8
Ni 328 0.474 98.53 1.03 044

NBO visualization of major contributions to the Ge-Ni donor-acceptor bonds in 4

Figure 5.7 Ge—Ni donor interaction (MO120 to MO333, 92.40 kcalmol').
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Figure 5.9 Ge—Ni donor interaction (MO125 to MO331, 28.00 kcalmol').
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NBO visualization of major contributions to the Sn-Ni donor-acceptor bonds in 5

Figure 5.11 Ge—Ni donor interaction (MO119 to MO325, 6.24 kcalmol).
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Figure 5.12 Ge—Ni donor interaction (MO120 to MO326, 10.80 kcalmol.
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Chapter 6

Protonation of Hydrido-Tetrylenes: H: Elimination vs. Tetrylium
Cation Formation

P. M. Keil, T. J. Hadlington, Z. Anorg. Allg. Chem. 2022, 648, €202200141.
All DFT calculations concerning this project were conducted by Dr. Terrance J. Hadlington.

Reproduced with permission from Wiley-VCH.

Synopsis

The work described in Chapter 4, introduced cationic tetryliumylidenes into Ni® complexes
through their in-situ generation directly from the (chloro)tetrylenes, P"PDippECI (P"RDipp =
[{Ph2PCH2Si(R)2} (Dipp)N]; E = Ge, Sn). In this project, the aim was to gain access to the free
cationic tetrylenes, [P"RDippE]* (E = Ge, Sn), in order to implement these species in future
projects for the synthesis of TM complexes. This avoids the formation of by-products when

compared to the described one-pot route.

This proved to be rather straight-forward in the case of germanium, where chloride abstraction
with Na[BArF4] ([BArf4]" = [{3,5-(CF3)2CsH3}4B]) led to the isolation of [P"PDippGe]*. However,
this was not possible for the generation of [P"PDippSn]*. Therefore, an alternative synthesis
route was chosen, by first generating (hydrido)tetrylenes, P"PDippEH, and further reacting
these with the oxonium-ion salt, [H(Et.O)2][BArT4]. For P"PDippSnH this led to the release of
H,, forming the desired cationic stannylene, [P"PDippSn]*. The same route was not amenable
to obtain [P"PDippGe]*, as the reaction of [H(Et.O).][BArf4] with ""PDippGeH led to the cationic
(dihydrido)germyl complex, [P"PDippGeH.]*. It should be noted that hydride abstraction
employing [CPh3][BArf4] led to an easier workup, and overall to a better yield of the cationic

stannylene, [P"PDippSn]*. This was not reported as it was discovered after publication.

DFT calculations on ‘ligand-reduced’ derivatives of described cationic tetrylenes revealed
rather large HOMO-LUMO gaps (Ge: 7.28 eV; Sn: 6.87 eV). The calculated LUMOs represent
the vacant p-orbital at the tetrel element, while the HOMO can be seen as the lone pair at the
tetrylene. This means that [P"PDippE]* should be ambiphilic. The coordination of DMAP to the
cationic germylene, giving [""PDippGe(DMAP)]*, showcased the Lewis acidity of these
compounds. Furthermore, [P"PDippGe]* exhibited reactivity towards ammonia, resulting in the
loss of the [DippN] group (as DippNH.), which is exchanged by an [NH] group (from NHs),

giving a dimeric cationic structure through N---Ge coordination.
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In conclusion, we could successfully access the cationic tetrylenes [P"PDippE]* and
(hydrido)tetrylenes P"PDippEH of the P"PDipp ligand scaffold introduced in Chapter 4. The
cationic tetrylenes [P"PDippE]* were obtained via chloride (for Ge with Na[BAr",]) and hydride
(for Sn with [H(Et.O),][BArF4]) abstraction, and further investigated concerning their electronic
structure and reactivity. Interestingly, attempted hydride abstraction from ""PDippGeH resulted
in [P"PDippGeH,]*, rather than H, elimination. The cationic tetrylene ligands, [""FDippE]*,
should lead to easier access to the corresponding cationic tetrylene-TM complexes, as

discussed in Chapter 7.

Manuscript

The following sections are reproduced and formatted from the following article: P. M. Keil, T.
J. Hadlington, Z. Anorg. Allg. Chem. 2022, 648, e202200141. Experimental spectra (NMR,
LIFDI/MS, UV/is and IR) and further details concerning DFT calculations can be retrieved
online (https://doi.org/10.1002/zaac.202200141).

Abstract

We describe the reactions of amido-E" hydride complexes, P"PDippEH (P"PDipp =
{[Ph2PCH.Si'Pr;](Dipp)N}; Dipp = 2,6-Pr.CsHs; E = Ge (5), Sn (6)), towards the oxonium
complex [(Et2O)H][BArf4] (Arf = 3,5-CF3-C¢H3). For 5, formation of the dihydro-tetrylium
complex (i.e. [P"PDippGeH:][BArf4], (7)) is favoured, in contrast to the same reaction for 6 which
selectively leads to H; elimination, furnishing the novel tetryliumylidene [P"PDippSn][BAr"4] (4).
The related cationic Ge" complex (i.e. [P"PDippGe][BArF4] (3)) could be accessed via the often
utilised chloride abstraction route with Na[BAr"4]. The high Lewis acidity of this species has
been demonstrated through the reaction of 3 towards the nitrogen bases, NHs; and
4-dimethylaminopyridine. In the latter case, a classic donor-acceptor complex is formed.
Conversely, for NHs, the [DippN] fragment of the ligand is intriguingly displaced by [HN],

presumably through double proton-transfer in loss of DippNH-.
Introduction

Carbocations have been considered as some of the most reactive carbon species since the
discovery of the first carbocation in 1901." The chemistry of the heavier Group 14 cations ER3*
(E= Si, Ge or Sn) has been of growing interest in the last two decades, and has proved to

display similar reactivity, but a much richer coordination chemistry due to their progressively
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larger coordination sphere and more diffuse valence orbtials.? Closely related cationic
tetrylenes, where E has an oxidation state of +2, are of particular interest, possessing a
nucleophilic lone pair of electrons as well as two vacant p-orbitals, making them highly Lewis
acidic ambiphilic compounds.® Their isolation can be achieved by utilising a weakly
coordination anion (WCA), so forming highly reactive systems which typically require additional
thermodynamic and/or kinetic stabilization. Nevertheless, remarkable examples of quasi
one-coordinate amido E" cations (E = Ge, Sn) have been isolated by Jones et al., stabilized
by the extremely bulky (aryl)(silyl)amide ligand, L* (L* = {[2,6-(Ph2CH)2-4-MeC¢H2](SiMe3)NY).
These species were accessed through chloride abstraction from (amido)(chloro)tetrylene
precursors with the metal-aluminate salts, M[A{OC(CF3)s}4] (M = Li, Ag), eliminating LiCl or
AgCl (Figure 6.1).* These are considered to be quasi one-coordinate cations since they bear
only weak intramolecular arene stabilization.® Other examples of E" cations include the use of
cyclopentadienyl,® N-donor,” carbodiphosphorane,® carbene,® and phosphine ligands for
additional stabilization.’® Most commonly, these E" cations are formed via halide abstraction

from halo-tetrylene precursors (Figure 6.1(a)).
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Figure 6.1 Selected known examples of low coordinate E" cationic synthesis and the new synthetic route of

H2-elimination via protonation presented in this work.

Utilising an alternative route, Driess et al. showed that protonation of the unsaturated ligand

scaffold of a diamino silylene with [(Et20).H][B(CsFs)4] results in Nacnac-stabilized Si" cations
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(Figure 6.1(b))."" The group of Wesemann have more recently shown that H, elimination from
aryl tin trihydride species is also a promising method for the generation of Sn' cations
(Figure 6.1(c)).® The further chemistry of tetryliumylidenes has demonstrated the activation of
challenging chemical bonds in ammonia, silanes, boranes, and dihydrogen.”®1° |t was shown
by Inoue et al. that a simple NHC-stabilized Ge" cation is even an effective catalyst for
challenging processes such as the hydrosilylation of CO,, showing the great potential of this

compound class.™

In our own work, we have recently reported the synthesis of (amido)(chloro)tetrylenes,
featuring both mono-dentate and phosphine-functionalised bidentate amide ligands, which
were utilized in the synthesis of cationic E"-Ni° complexes (E = Ge, Sn)."™ In these cases, the
tetrylenes were combined with Na[BAr,] in situ in order to obtain cationic Ni° complexes. Given
that our developed bidentate ligand systems led to Ni° complexes having a rich chemistry,
such as hydrosilylation catalysis and reversible ammonia binding, we wished to develop
synthetic routes to the free E" cations, to investigate their chemistry and make them available
as ligands towards TM complexes beyond those which we have already reported. Herein, we
describe the successful synthesis of these phosphine stabilized E" cations via two routes,
including the novel protonation-H, elimination route. The further reactivity of the Ge'" cation is

also described.
Results and Discussion

We first attempted to access the cations via simple chloride abstraction from the reported
phosphine-stabilized (amido)(chloro)tetrylenes, P"PDippGeCl (1) and """DippSnCl (2) (*"PDipp
= {[Ph2PCH_Si'Pr;](Dipp)N}") with Na[BArF4] in DCM (Scheme 6.1). The reaction between 1

and Na[BArF,]immediately became deep yellow after addition of DCM, with concomitant

[S)
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Scheme 6.1 Reaction of 1 with NaBAr*4 to give 3, and unsuccessful conversion of 2 to 4. (i) Na[BArF4], DCM, 30

min.

formation of a white precipitate. Workup afforded a yellow powder of cationic complex
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[P"PDippGe][BArf4] (3) in good yields of up to 86%. The 3'P{'H} NMR spectrum of 3 in THF-ds
shows one singlet at 7.0 ppm, and a considerably more symmetrical '"H NMR spectrum than
the chloro-germylene precursor.'? Layering DCM solutions of 3 with pentane led to formation
of large yellow crystalline blocks of this species, which confirmed the successful synthesis of

3 through X-ray diffraction analysis (Figure 6.2(a)).

Utilising the same route with 2, we were not able to access to cationic species
[P"PDippSn][BArf4] (4). That is, the reaction of the Sn" analogue 2 with Na[BAr"4]in DCM did
not result in a color change, although did appear to form a single new species as ascertained
from crude 3'P NMR spectra. However, from these reactions only an oily residue could be
isolated, which provided no crystalline species in our hands. Varying the solvent (e.g. to PhF
or Et,0) did not improve this. Nevertheless, as integrations in '"H NMR spectra of these oily

residues did not match the potential Sn'" cation, we concluded that 4 did not form in this

reaction.
]
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Figure 6.2 The molecular structures of (a) 3, (b) 4, and (c) 7, with thermal ellipsoids at 25% probability. [BArF4]
anions and hydrogen atoms omitted for clarity, aside from hydrogen atoms of the GeHz moiety in 7. Selected bond
distances (A) and angles (°) for 3: Ge1-P1 2.461(1); Ge1-N1 1.822(3); N1-Ge1-P1 86.71(8) (1); For 5: Sn1-P1
2.668(1); Sn1-N1 2.060(3); N1-Sn1-P1 81.22(8); for 7: Ge1-P1 2.336(1); Ge1-N1 1.829(2); N1-Ge1-P1 92.60(8).

We have recently shown that the related hydrido, amido, and hydroxy Ge'"-Ni° complexes can
be reacted with [(Et20):H][BAr‘4] in the elimination of dihydrogen, ammonia, and water,
respectively, to yield cationic Ge"-Ni® complexes.'® Wesemann et al. have also shown that
hydride abstraction from aryl tin trihydrides leads to dihydrogen elimination, resulting in the
corresponding stannylene cations.® Therefore, we were curious as to whether the synthesis of
the cationic tetrylenes (viz. 3 and 4) could be possible via the analogous hydrido-tetrylenes,
PhiPDippEH (E = Ge (5) and Sn (6)), which would then be protonated with [(Et.O).H][BArF4], in
the loss of H,. Hydride complexes 5 and 6 were readily accessed through reaction of 1 and 2
with K[HBSBus] at -78°C (Scheme 6.2). The Ge' derivative 5 is particularly straight forward to
isolate, after simply filtering the reaction mixture, removing all volatiles, and washing with
pentane. The Ge-H signal can be seen in the '"H NMR spectrum of 5, at 7.45 ppm, as a doublet

through coupling to the phosphine moiety. It is also clearly visible in the IR spectrum as an
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intense stretching band at 1758 cm™'. For the Sn' system, some decomposition can be seen
upon warming crude reaction mixtures to ambient temperatures, indicated by dark brown
reaction mixtures. Nevertheless, extracting these reaction mixtures with a combination of
toluene and pentane precipitates the dark impurities, giving a colourless filtrate from which 6
crystallizes after storage at -32°C overnight. The "H NMR spectrum of 6 reveals a very low-field
shift for the Sn-H moiety, as a doublet at 12.09 ppm, shifted lower than all bar one reported
Sn'' hydride systems.['® One set of Sn-satellites can also clearly be observed as doublets, with
a "Jsnn coupling of 27.7 Hz, presumably with both 7Sn and ''°Sn satellites overlapping. Clear
'Jsnp satellites are observed are observed in the *'P{'"H} NMR spectrum of this species (&
= -1.1 ppm; "J117snp = 1184 Hz; "J11esnp = 1240 Hz). The IR spectrum of 6 has a sharp signal
at 1619 cm™ which can be attributed to the Sn-H stretching frequency.'® The X-ray crystal
structures of 5 and 6 indicate three-coordinate E" centres, with pseudo-tetrahedral geometry
due to the presence of stereoactive lone pairs of electrons at these centres. Remaining metrical
parameters are in keeping with our previously reported halo-tetrylenes bearing the same

phosphine-functionalised amide ligands.32
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Scheme 6.2 Conversion of the tetrylene chlorides 1 and 2 to the tetrylenes hydrides 5 and 6 with K-Selectride
followed by protonation to get the cationic complexes 7 and 4. (i) K-Selectride, toluene, -78°C; (ii) [(Et20)2H][BArF 4],
PhF, -40°C.

With these hydride complexes in hand, we attempted the synthesis of the cationic tetrylenes 3
and 4 by addition of fluorobenzene solutions of [(Et20).H][BArF4] to fluorobenzene solutions of
5 or 6 at -40°C (Scheme 6.2). For the Ge' complex 5 no color change or gas evolution could
be observed, but crude *'P{'H} NMR spectra clearly suggested formation of one new species,
with a singlet resonance at 6 = -0.8 ppm. After addition of pentane and storing the mixture at
ambient temperature for three days, large colourless crystals could be isolated, revealing that
the amido-germylium dihydride complex 7 had formed (Figure 6.2(c)). The '"H NMR spectrum
of 7 reveals a distinct shift of the Ge-H resonance, observed at 6 = 7.45 ppm in 5, now
appearing as a doublet at 6 = 6.37 ppm with a considerably larger 2Jp1 coupling of 35.1 Hz,

and integrating to 2H. This is in keeping with the structure as determined by X-ray
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crystallography, featuring a cationic GeH, moiety, which apparently does not eliminate H; to
form 3. The formally Ge'V centre in 5 contains a tetrahedral, four coordinate cationic germanium
centre, which electronically bears resemblance to the related (carbene)(boryl)germylium
dihydride reported by Aldridge et al.,’® as well as the terphenyl-ligated germylium complex
recently reported by Wesemann et al..®> The reactivity of the latter compound, which features
a lower coordinate Ge centre, is seemingly amplified relative to 5, represented by its C-H and
arene activation reactions above 0 °C. Indeed, closely related E" cations (E = Si-Pb) are also
known to strongly interact with C-C m-systems.” This would suggest that the flanking
phosphine arm in 5 aids greatly in stabilizing this species. The IR spectrum of 5 confirms the
presence of hydride ligands, featuring two Ge-H stretching bands at 1759 and 1611 cm™.
Notably, attempts to thermally drive elimination of H, were unsuccessful, only resulting in

decomposition.

In contrast to these findings, the reaction of the related Sn'" system, 6, with [(Et.O).H][BArF4]
resulted in an immediate colour change to yellow, concomitant with gas evolution. Addition of
pentane and storage at 4 °C led to formation of yellow crystals of 4 in a moderate yield. X-ray
diffraction analysis of these crystals confirmed the formation of the Sn' cation 4 (Figure 6.2(b)),
presumably in a similar H, reductive elimination to known neutral and cationic Sn" poly-
hydrides.>'® The *'P{'H} NMR spectrum of 4 in THF-ds contains a single singlet signal at & =
16.5 ppm, with distinct ''’Sn and '"°Sn satellites ("J117sn = 1552 Hz; 'J11gsnp = 1630 Hz). A
doublet at & = 31.6 ppm can be observed in the "'°Sn NMR, with a "J11esne coupling matching
that observed in the 3'P{"H} NMR spectrum.

Figure 6.2 (a) The calculated LUMO of 3; (b) the calculated HOMO-2 of 3; (c) the calculated LUMO of 4; (d) the
calculated HOMO-2 of 4.
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The crystal structures of 3 and 4 show that the tetrel element centres are two-coordinate,
bound by the amido ligand’s N- and P-centres. A considerable contraction of the Ge-N and Sn-
N bond distances (deen = 1.822(3) A, dsan = 2.060(3) A) of roughly 0.1 A and 0.06 A, compared
to the corresponding chloro-tetrylenes (deen = 1.925(3) A, dsww = 2.122(3) A), can be
observed.™? This can be attributed to the enhancement of the Lewis acidity leading to
stronger electron donation of the N-centre to the vacant p-orbitals of the tetrel element centres.
Interestingly, the Ge-P and Sn-P distances (deer = 2.461(1) A, dsne = 2.668(1) A) are slightly
elongated compared to the distances in the corresponding chloro-tetrylenes (dger = 2.472(1)
A, dsnp = 2.657(1) A), despite the now cationic E" centres, most likely caused by the increased
N—E" donation. The lowest energy conformation and the related frontier orbitals of the full
molecules of 3 and 4 were calculated using Density Functional Theory (DFT)." For both
systems, a large HOMO-LUMO gap was found (3: 7.28 eV; 4: 6.87 eV), which would typically
indicate that these species are not reactive towards relatively inter small molecules such as
H..2° Nevertheless, the Lewis acidity of these compounds it borne out by the LUMOs, which
represent vacant p-orbitals localized at the E" centres (Figure 6.3(a) and (c)). Lone electron

pairs localized at the same centres can be found at the HOMO-2 level (Figure 6.3, (b) and (d)).

Following the successful isolation of the cations 3 and 4 via different routes, they were briefly
screened in their reactivity in small molecule activation (Scheme 6.3), given that two-
coordinate neutral tetrylenes, with which 3 and 4 are isoelectronic, are known to react with
H2,2' NH3,22 CO,,2® and even CO.?* As suggested by their wide HOMO-LUMO separations,
neither of these cations showed any reaction towards Hz, despite the stability of the germylium
dihydride 7, which would represent the formal H, addition product of 3. Reactions with CO,

COg2, and N2O also did not proceed. The reaction of this Ge'" cation with DMAP, however, did
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Scheme 6.3 Reaction of 3 with DMAP and ammonia giving the DMAP adduct 8 and the dimeric activation product
9.
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proceed, leading to discoloration of the reaction solution. Following work-up, colorless crystals
could be isolated, which were found to be the three-coordinate Ge'" cation 8 through single-
crystal X-ray diffraction analysis. Compound 8 is essentially isostructural with hydride complex
5, with a pseudo-tetrahedral Ge' centre. That is, DMAP coordination reduces the PP"PN—Ge
donation, leading to an elongation of this bond (dnce = 1.916(3) A). A concomitant contraction
of the P-Ge bond is also seen (dpge = 2.487(1) A).

Reaction of 3 towards the protic N-base, ammonia, gave quite different results. Whilst our
previously reported Ni° complex, [P"PDippGe]*-[Ni(PPhs).], reversibly binds ammonia at the
Ge' centre,® addition of ammonia to solutions of 3 irreversibly leads to colorless solutions
after carefully agitating the solution for 5 min. Remarkably, an X-ray diffraction analysis of
crystals isolated from such reactions revealed the unexpected product 9 formed through
complete elimination of the [NDipp] fragment of the ligand, now replaced by an [NH] unit
(Figure 6.4(b)).
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Figure 6.4 The molecular structures of the cation parts in (a) 8, and (b) 9, with thermal ellipsoids at 25% probability,
and hydrogen atoms omitted for clarity. Selected bond distances (A) and angle (°) for 8: Ge1-P1 2.487(1); Ge1-N1
1.916(3); Ge1-N2 2.096(3); N1-Ge1-P1 86.99(8); For 9: Ge1-P1 2.472(3); Ge1-N1 2.021(1); Ge1-N1" 2.053(9);
Ge1--Ge1’ 3.064(2); N1-N1’ 2.686(1); P1-Ge1-N1 86.2(3); P1-Ge1-N1’ 90.3(3); Ge1-N1-Ge1’ 97.5(4); N1-Ge1-N1’
82.5(3); P1-Ge1-Ge1’ 87.63(8).

Due to the reduced steric bulk, the cationic complex 9 forms a dimeric structure where the [NH]
functionalities bridge the two cationic Ge' centres, which has a crystallographic plane of
symmetry cutting the central [GezN2] ring. A degree of delocalization in this central unit can be
assumed, given the two very similar Ge-N bond lengths of 2.021(1) and 2.053(9) A. The P-Ge
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bond distances are in keeping with those observed in DMAP adduct 8 (dpce = 2.472(3) A), as
one might expect given the similar coordination nature at Ge'" in these compounds. The N-H
unit in 9 can be seen as a doublet in the "H NMR spectrum of this species, at & = 5.01 ppm,
coupling to the two chelating phosphine arms in a symmetrical manner, giving further evidence
for a delocalized bonding model in the central [Ge:N2] ring system. The loss of the
characteristic Dipp signals, e.g. those of the isopropyl CH and CHs groups, is in keeping with
the observed solid-state structure whereby the DippNH: fragment has been entirely eliminated.
A similar phosphine stabilized amido Ge'" cation reported by Aldridge et al. also insights
reactive non-innocence of the neighboring N-Dipp unit, the ammonia adding across the Ge-N

bond resulting in a GeNH, unit and a cationic nitrogen atom.™
Conclusions

As a whole, we have shown that the cations 3 and 4 can be synthesized from their chloro-
tetrylenes 1 and 2. This can either be done by chloride abstraction in the case of Ge'" to isolate
3 or by H; elimination via protonation of the Sn'" hydride 6 to get 4. When the protonation was
attempted with the Ge'" hydride 5, H, elimination was not observed, resulting in the cationic
Ge" dihydride 7. The reactivity and Lewis acidity of the cationic tetrylenes 3 and 4 was
analyzed by reacting 3 with DMAP and ammonia. Whilst the reaction with DMAP results in the
expected DMAP adduct 8, ammonia is cooperatively activated in an unusual manner leading
to the elimination of DippNH- in exchange for an [NH] fragment, forming novel cationic tetrylene
9. For future research, the cationic tetrylenes 3 and 4 can be employed as ligands directly,
avoiding in situ generation, allowing for more controlled synthesis of transition metal
complexes, in contrast to our previously utilized ‘uncontrolled’ one pot synthesis of Ni°

complexes.
Supporting Information
General experimental considerations

All experiments and manipulations were carried out under dry oxygen free argon atmosphere
using standard Schlenk techniques or in a MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. C¢Ds was dried, degassed and stored over a potassium
mirror. All other solvents were dried over activated 4A mol sieves. PMPDippGeCl, %
PhiPDippSNnCI," Na[BArfs] ([BArf4 = [B(3,5-CF3-CsHs)4]),* and [(EtO).H[BArf4] 2 were
synthesized according to known literature procedures. All other reagents were used as
received. NMR spectra were recorded on a Bruker AV 400 Spectrometer. The 'H and "*C{'H}
NMR spectra were referenced to the residual solvent signals as internal standards.
2Si{"H} NMR spectra were externally calibrated with SiMes. *'P{'H} NMR spectra were
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externally calibrated with HsPO.. ""°Sn{’H} NMR spectra were externally calibrated with SnMe..
Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS) was measured
directly from an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive Plus
Orbitrap equipped with an ion source from Linden CMS.? For the ammonia experiments
ammonia 5.0 was used. Elemental analyses (C, H, N) were performed with a combustion
analyzer (elementar vario EL, Bruker). Infrared spectra were measured with the Alpha FT IR

from Bruker containing a platinum diamond ATR device.
Experimental procedures

[P"PDippGe][BArf4], 3. A solid mixture of 1 (2.50 g, 4.19 mmol) and Na[BAr"4] (3.71 g, 4.19
mmol) was dissolved in DCM at ambient temperature and stirred for 30 min. The resulting light-
yellow suspension was filtered, and all volatiles removed in vacuo. The resulting yellow residue
was washed with pentane twice and dried in vacuo yielding analytically pure 3 (5.12 g, 86%)
as a pale yellow powder. Yellow crystals suitable for X-ray diffraction were obtained from a

concentrated DCM solution layered with pentane stored for 4 days at ambient temperature.

H NMR (THF-ds, 400 MHz, 298 K): = 0.81 (d, 6H, 3Jun = 7.3 Hz, Si-Pr-CHs), 1.06 (m, 8H,
Dipp-Pr-CHs, Si-Pr-CH), 1.13 (d, 6H, 3Jun = 6.7 Hz, Dipp-Pr-CHs), 1.24 (d, 6H, Jun = 7.3 Hz,
Si-Pri-CHs), 2.54 (d, 2H, 2Jup = 16.1 Hz, CH2-PPhy), 3.04 (hept, 2H, 2Jup = 6.5 Hz, Dipp-Pr-CH),
7.18 (s, 3H, Ar-CH), 7.58 (s, 4H, Arear-Hpara), 7.68 (M, 6H, Ar-CH), 7.80 (s, 8H, Arsar-Hortho),
7.97 (m, 4H, Ar-CH).

3P{"H} NMR (THF-ds, 162 MHz, 298 K): = 7.0 (s, PPhy)

13C{'H} NMR (THF-ds, 101 MHz, 298 K): & = 2.3 (CH,-PPh;), 17.0 and 17.0 (Si-Pr-CH), 19.0
and 20.2 (Si-Pr-CHs), 22.9 and 28.9 (Dipp-Pr-CHs), 29.2 (Dipp-Pr-CH), 118.4, 121.6, 124.3,
125.4, 127.0, 127.7, 128.1, 128.5, 129.7, 130.1, 130.3, 130.7, 131.1, 131.2, 133.0, 133.1,
134.1, 134.1, 135.8, 148.0, 162.2, 162.7, 163.2 and 163.7(Ar-C).

28j{'H} NMR (THF-ds, 99 MHz, 298 K): & = 24.4 (d, 2Jsip = 10.8 Hz, CH2-Si-Pr').
MS/LIFDI-HRMS found (calcd.) m/z: 562.2057 (562.2114) for [M-BArF4]*.

Anal. calcd. for C21H3sCINSiSn: C, 53.12%; H, 3.89%; N, 0.98%; found: C, 53.07%; H, 3.85%;
N, 1.21%.

[P"PDippSn][BATrF,], 4. A solution of [(Et,0).H][BArf4] (250 mg, 0.247 mmol) in PhF was added
dropwise to a solution of 6 (150 mg, 0.247 mmol) in PhF at -40°C with stirring, resulting in a

light yellow solution. This was allowed to warm to ambient temperature, leading to dark brown
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suspension which was filtered and concentrated in vacuo to ~2 mL. Addition of 10 mL of
pentane led to a light yellow solution formation of some dark droplets of oil. The solution was
separated from the oil via canula transfer, and placed at 4°C overnight yielding light yellow

crystals of 4 (130 mg, 36%), which were suitable for X-ray diffraction analysis.

"H NMR (THF-ds, 400 MHz, 298 K): & = 0.81 (d, 6H, 3Jun = 7.3 Hz, Si-Pr-CHs), 1.04 (m, 8H,
Dipp-Pr'-CHs, Si-Pr-CH), 1.11 (d, 6H, 3Jun = 6.7 Hz, Si-Pr-CHs), 1.23 (d, 6H, 3Jun = 7.4 Hz,
Dipp-Pr-CHs;), 2.50 (d, 2H, 2Jue = 15.2 Hz, CH>-PPh;), 3.18 (hept, 2H, 2Jup = 6.8 Hz,
Dipp-Pr-CH), 7.13 (m, 3H, Ar-CH), 7.58 (s, 4H, Arsarr-Hpara), 7.65 (m, 6H, Ar-CH), 7.80 (s, 8H,
Argarr-Hortno), 7.91 (M, 4H, Ar-CH).

31P{H} NMR (THF-ds, 162 MHz, 298 K): 8 = 16.5 (s, PPhz, "Ji7swe = 1552 Hz, "J11esnp =
1630 Hz).

13C{'H} NMR (THF-ds, 101 MHz, 298 K): & = 4.3 (CH>-PPh,), 17.2 and 17.2 (Si-Pr-CH), 18.9
and 20.1 (Si-Pr-CHs), 23.3 and 28.6 (Dipp-Pr-CHs), 29.2 (Dipp-Pr-CH), 118.4, 121.6, 124.3,
125.3, 126.4, 127.0, 129.3, 129.7, 130.0, 130.4, 130.6, 131.0, 131.1, 133.2, 133.3, 133.6,
133.7,135.7, 141.1, 141.2, 147.3, 162.2, 162.7, 163.2 and 163.7(Ar-C).

298i{'H} NMR (THF-dgs, 99 MHz, 298 K): d = 18.6 (d, %Jsip = 6.9 Hz, CH2-Si-Pr?).
119Sn NMR (THF-ds, 149 MHz, 233K): 5 = 31.6 (d, "Jsnp = 1630 Hz, Sn-PPhy).
MS/LIFDI-HRMS found (calcd.) m/z: 608.1860 (608.1924) for [M-BAr",]*.

Anal. calcd. for C21HzsCINSiSn: C, 51.45%; H, 3.77%; N, 0.95%; found: C, 52.27%; H, 3.86%;
N, 1.08%.

PhiPDippGeH, 5. A solution of 1 (1.28 g, 2.14 mmol) in toluene was cooled to -78°C, and a
solution of K-Selectride (1M in THF, 2.14 mL, 2.14 mmol) slowly added. The mixture was
subsequently allowed to warm to ambient temperature. The light orange mixture was filtered,
and all volatiles were removed in vacuo. The oily residue was extracted in pentane, filtered,
and concentrated to ~20 mL. The solution was placed at -32°C overnight leading to a crop of
light yellow crystals. The solution was decanted with a canula, the crystals washed with
pentane (1 x 5 mL), and dried in vacuo to afford 5 (0.53 g, 44%) as a light yellow crystalline
solid. Crystals suitable for X-ray diffraction analysis were obtained from a concentrated

pentane solution at ambient temperature after 1 day.

H NMR (CeDs, 400 MHz, 298 K): & = 0.74 (d, 3H, Jun = 7.1 Hz, Si-Pr-CHs), 0.89 (d, 3H, 3Ju
= 6.7 Hz, Dipp-Pr-CHj), 1.00 (d, 3H, 3Jun = 6.9 Hz, Dipp-Pr-CHs), 1.07 (m, 1H, Si-Pr-CH),
1.16 (m, 6H, Si-Pr-CHs), 1.36 (d, 3H, 3Jun = 7.4 Hz, Si-Pr-CHs), 1.42 (d, 3H, 3Jun = 6.8 Hz,
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Dipp-Pr-CHs), 1.46 (d, 3H, 3Ju = 6.8 Hz, Dipp-Pr-CHs), 1.77 (m, 3H, Si-Pr-CH, CH-PPhy),
2.87 (hept, 1H, 3Jun = 6.7 Hz, Dipp-Pr-CH), 4.11 (hept, 1H, 3Jun = 6.9 Hz, Dipp-Pr-CH), 6.95
(m, 3H, Ar-CH), 7.07 (m, 6H, Ar-CH), 7.45 (d, 1H, 2Jup = 5.8 Hz, Ge-H), 7.50 (m, 2H, Ar-CH),
7.65 (m, 2H, Ar-CH).

31P{'"H} NMR (C¢Ds, 162 MHz, 298 K): & = 9.2 (s, PPhy)

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 9.2 (CH,-PPhy), 15.9 and 16.1 (Si-Pr-CH), 18.0,
19.7, 20.4 and 20.7 (Si-Pr-CHs), 23.0, 23.3, 26.9 and 27.2 (Dipp-Pr-CHs), 28.0 and 28.6 (Dipp-
Pr-CH), 123.3, 123.9, 124.1, 129.0, 129.0, 129.1, 129.1, 130.6, 130.7, 130.8, 130.9, 132.0,
132.3, 132.5, 132.6, 132.7, 132.8, 134.4, 134.6, 146.3, 146.3, 147.1, 147.2, 148.5 and 148.5
(Ar-C).

28j{'H} NMR (CsDs, 99 MHz, 298 K): & = 10.1(d, 2Jsip = 10.2 Hz, CH2-Si-Pr?).
MS/LIFDI-HRMS found (calcd.) m/z: 562.2086 (562.2114) for [M-H]".

Anal. calcd. for C21H3sCINSISn: C, 66.21%:; H, 7.89%; N, 2.49%:; found: C, 66.20%:; H, 8.15%;
N, 2.59%.

IR, vicm™ (ATR): 1758 (s, m, Ge-H).

PhiPDippSnH, 6. A solution of 2 (2.51 g, 3.90 mmol) in toluene was cooled to -78°C and a
solution of K-Selectride (1M in THF, 3.90 mL, 3.90 mmol) was slowly added. The mixture was
subsequently allowed to warm to ambient temperature, during which time the color of the
mixture changed from orange to dark brown. The mixture was concentrated, and pentane was
added until a dark precipitate had formed. The mixture was filtered and placed at -32°C
overnight, leading to a crop of colorless crystals. The solution was removed via canula, the
crystals washed with pentane (~5 mL) and dried in vacuo to yield 6 (1.85 g, 3.04 mmol, 78%)
as an off-white crystalline solid. Crystals suitable for X-ray diffraction analysis were obtained

from a concentrated pentane solution stored at ambient temperature, after 1 day.

H NMR (CoDs, 400 MHz, 298 K): & = 0.77 (d, 3H, 3Jun = 7.2 Hz, Si-Pr-CHs), 0.93 (d, 3H, 3JuH
= 6.7 Hz, Dipp-Pr-CH;), 1.00 (d, 3H, 3Jun = 6.9 Hz, Dipp-Pr-CHs), 1.06 (m, 1H, Si-Pr-CH),
1.14 (d, 3H, 3 = 7.3 Hz, Si-Pr-CHs), 1.23 (d, 3H, 3Jun = 7.4 Hz, Si-Pr-CHs), 1.38 (m, 9H,
Dipp-Pr-CHs), 1.75 (m, 2H, Si-Pr-CH, CHz-PPhy), 2.00 (m, 1H, CH>PPhy), 3.01 (hept, 1H,
3Jun = 6.8 Hz, Dipp-Pr-CH), 4.19 (hept, 1H, 3Jun = 6.9 Hz, Dipp-Pr-CH), 6.96 (m, 3H, Ar-CH),
7.05 (m, 5H, Ar-CH), 7.16 (m, 1H, Ar-CH), 7.56 (m, 4H, Ar-CH), 12.09 (d, 1H, 2Jup = 4.5 Hz,
Sn-H; Sn-satellites (d, "Jusn = 14.1 Hz) and (d, "Jusn = 14.1 Hz)).
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3P{'H} NMR (CsDs, 162 MHz, 298 K): & = -1.1 (s, PPhy, "J117snp = 1184 Hz, "J119snp = 1240
Hz).

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 11.4 (CHo-PPh,), 16.1 and 16.7 (Si-Pr-CH), 18.2,
19.6, 20.2 and 20.9 (Si-Pr-CHa), 23.1, 23.6, 26.9 and 27.0 (Dipp-Pr-CHs), 27.7 and 28.3 (Dipp-
Pri-CH), 123.1, 123.3, 124.1, 129.1, 129.1, 129.2, 129.2, 130.6, 130.6, 130.9, 130.9, 131.8,
132.1, 132.8, 132.9, 132.9, 133.0, 134.9, 135.1, 145.4, 145.4, 147.6, 147.7, 148.4 and 148.4
(Ar-C).

298i{"H} NMR (CsDs, 99 MHz, 298 K): & = 7.72 (d, 2Jsp = 9.2 Hz, CHz-Si-Pr?).
119§ NMR (CsDs, 149 MHz, 233K): & = -86.5 (d, "Jsnp = 1240 Hz, Sn-PPhy).
MS/LIFDI-HRMS found (calcd.) m/z: 608.1893 (608.1924) for [M-HJ".

Anal. calcd. for C21H3sCINSiSn: C, 61.19%:; H, 7.29%: N, 2.30%:; found: C, 60.70%:; H, 7.01%;
N, 2.44%.

IR, vicm™ (ATR): 1619 (s, m, Sn-H).

[P"PDippGeH;][BArF4], 7. A solid mixture of 5 (200 mg, 0.36 mmol) and [(Et.O).H][BAr",] (360
mg, 0.36 mmol) was dissolved in PhF at ambient temperature and stirred for 30 min. All
volatiles were removed from the solution in vacuo, and pentane (10 mL) added. The solution
was placed at 4°C overnight yielding colorless crystals of 7 (352 mg, 0.25 mmol, 69%), which

were suitable for X-ray diffraction analysis.

"H NMR (THF-ds, 400 MHz, 298 K): 5 = 0.83 (d, 6H, *Jun = 7.4 Hz, Si-Pr-CHs), 1.05 (d, 6H,
3Jun = 6.8 Hz, Dipp-Pr-CH;), 1.11 (d, 6H, 3Jun = 7.5 Hz, Si-Pr'-CHs), 1.28 (d, 6H, 3Jun = 6.8 Hz,
Dipp-Pr-CHs, Si-Pr-CH), 2.48 (d, 2H, 2Jue = 16.8 Hz, CH2>-PPhy), 3.19 (hept, 2H, 2J1p = 6.8 Hz,
Dipp-Pr-CH), 6.37 (d, 2H, 2Jup = 35.1 Hz, PPh,-GeH.), 7.18 (s, 3H, Ar-CH), 7.58 (s, 4H
Arsarr-Hpara), 7.78 (m, 14H, Ar-CH/ Argare-Hortno), 7.96 (M, 4H, Ar-CH).

31P{'H} NMR (THF-ds, 162 MHz, 298 K): & = -0.8 (s, PPhy).

13C{'H} NMR (THF-ds, 101 MHz, 298 K): & = 5.6 (CH-PPhy), 15.7 (Si-Pr-CH), 17.8 and 19.0k
(Si-Pri-CHs), 23.9 and 26.9 (Dipp-Pr-CHs), 29.3 (Dipp-Pr-CH), 116.7, 118.4, 121.6, 122.8,
123.5, 124.3, 125.9, 127.1, 127.7, 129.8, 130.1, 130.4, 130.7, 130.9, 131.6, 131.7, 133.9,
134.0, 135.8, 147.8, 162.3, 162.8, 163.2 and 163.7(Ar-C).

298i{'H} NMR (THF-ds, 99 MHz, 298 K): & = 15.0 (d, 2Js = 2.5 Hz, Si-Pr).

MS/LIFDI-HRMS found (calcd.) m/z: 562.2106 (562.2114) for [M-2H-BArf4]*.
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Anal. calcd. for C21H3sCINSiSn: C, 53.04%; H, 4.03%; N, 0.98%; found: C, 53.02%; H, 3.70%;
N, 1.04%.

IR, vicm™' (ATR): 1759 (s, w, Ge-H), 1611 (s, w, Ge-H).

[P"PDippGe-DMAP][BATrf,], 8. A solid mixture of 3 (200 mg, 0.36 mmol) and DMAP (360 mg,
0.36 mmol) was dissolved in PhF at ambient temperature and stirred for 30 min. All volatiles
were removed from the solution in vacuo, and pentane added (5 mL). The solution was placed
at 4°C overnight yielding colorless crystals of 8 (352 mg, 0.25 mmol, 69%), which were suitable

for X-ray diffraction analysis.

H NMR (THF-ds, 400 MHz, 298 K): & = 0.55 (d, 3H, 3Ju = 7.3 Hz, Si-Pr-CHs), 0.65 (d, 3H,
3Jun = 6.6 Hz, Dipp-Pr-CHj), 0.75 (m, 1H, Si-Pr-CH), 0.94 (d, 3H, 3Jux = 6.9 Hz, Dipp-Pri-CHs),
1.09 (d, 3H, 3Jun = 7.4 Hz, Si-Pr-CHs), 1.20 (m, 6H, Dipp-Pr-CH/Si-Pr-CHj), 1.30 (d, 3H, 3Jux
= 6.7 Hz, Dipp-Pr-CHs), 1.37 (d, 3H, 3Jun = 7.3 Hz, Si-Pr-CH), 1.52 (m, 1H, Si-Pr-CH), 2.06
(m, 1H, CH2-PPhy), 2.80 (m, 2H, CH2-PPh/Dipp-Pr'-CH), 3.10 (s, 6H, DMAP-N-CHs), 3.68 (m,
1H, Dipp-Pr-CH), 6.76 (d, 3Ju = 6.6 Hz, Arpmapr-CH), 7.10 (s, 3H, Ar-CH), 7.32 (m, 4H, Ar-CH),
7.43 (m, 1H, Ar-CH), 7.58 (s, 4H, Arsar-Hpara), 7.72 (m, 3H, Ar-CH), 7.80 (s, 8H, Araarr-Hortho),
8.10 (m, 4H, Ar-CH).

31P{'H} NMR (THF-ds, 162 MHz, 298 K): 5 = -1.1 (s, PPhy).

13C{'H} NMR (THF-ds, 101 MHz, 298 K): & = 4.7 (CH,-PPhy), 17.3 and 17.3 (Si-Pr-CH), 19.2,
20.3, 20.8 and 20.9 (Si-Pr-CHs), 21.0, 22.3, 27.6, and 29.1 (Dipp-Pr-CHs), 29.5 and 29.6
(Dipp-Pr-CH), 39.6 (DMAP-N-CHs), 108.6, 116.0, 116.2, 118.4, 121.6, 124.3, 124.4, 125.6,
126.7, 127.1, 129.8, 130.0, 130.3, 130.4, 130.7, 130.8, 130.9, 131.0, 131.1, 132.0, 132.6,
134.2, 134.3, 135.8, 145.4, 147.9, 148.5, 157.5, 162.3, 162.8, 163.2 and 163.7 (Ar-C).

298i{'"H} NMR (THF-ds, 99 MHz, 298 K): 5 = 19.0 (d, 2Jsip = 12.3 Hz, CH2-Si-Prb).
MS/LIFDI-HRMS found (calcd.) m/z: 684.2890 (680.2958) for [M- BArF4]".

Anal. calcd. for C21H3sCINSISn: C, 54.36%:; H, 4.24%; N, 2.72%:; found: C, 54.18%:; H, 4.04%;
N, 2.81%.

[(Ph2PCH:SiPr.N(H)Ge].[BArf4]2, 9. A solution of 3 (250 mg, 0.18 mmol) in PhF was cooled
to -40°C. Addition of NH3 (8 mL,0.36 mmol) led to a colorless solution, which was swirled for 5
min at -40°C. Then the mixture was subjected to vacuum to remove excess ammonia. The

solution was subsequently allowed to warm to ambient temperature, and the solution
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concentrated to ~5 mL in vacuo. Pentane (5 mL) was added, and the solution placed at 4°C
for 7 days, leading to colorless crystals of 9 (132 mg, 0.11 mmol, 59%), which were suitable

for X-ray diffraction analysis.

H NMR (THF-ds, 400 MHz, 298 K): 5 = 0.97 (m, 14H, Si-Pr-CH/ Si-Pr-CHs), 1.99 (d, 2H, 3Jup
= 16.5 Hz, CH>-PPhy), 5.01 (d, 1H, 3Jue = 35.0 Hz, Ge-N-H), 7.09 (m, 2H, Ar-CH), 7.34 (m, 1H,
Ar-CH), 7.59 (m, 8H, Ar-CH), 7.79 (m, 11H, Ar-CH).

31P{'H} NMR (THF-ds, 162 MHz, 298 K): & = 13.5 (s, PPhy).

2.35 (CH2-PPhy), 16.2 and 16.2 (Si-Pr-CH), 18.1 and 18.3 (Si-Pr-CHs), 116.0, 116.2, 118.4,
121.6, 124.3, 125.1, 1256.1, 127.0, 128.6, 129.0, 129.8, 130.1, 130.4, 130.8, 130.9, 131.0,
131.1, 133.4, 133.5, 133.6, 133.6, 135.8, 162.3, 162.7, 163.7, 163.7 and 165.3 (Ar-C).

298i{'H} NMR (THF-ds, 99 MHz, 298 K): & = 31.2 (d, 2Jsp = 18.0 Hz, Si-Pr)).

Anal. calcd. for C21H3sCINSiSn: C, 48.45%:; H, 3.11%; N, 1.11%:; found: C, 50.03%:; H, 3.14%;
N, 1.24%.

N.B. The acquisition of mass spectrometry data was not successful due to repeated strong

fragmentation and instability of the compound.

X-ray crystallographic details

Single crystals of 3-9 suitable for X-ray structural analysis were mounted in perfluoroalkyl ether
oil on a nylon loop and positioned in a 150 K cold N> gas stream. Data collection was performed
with a STOE StadiVari diffractometer (MoKa radiation) equipped with a DECTRIS PILATUS
300K detector. Structures were solved by Direct Methods (SHELXS-97)?8 and refined by full-
matrix least-squares calculations against F2 (SHELXL-2018).2° The positions of the hydrogen
atoms were calculated and refined using a riding model, aside from Ge-H atoms in 7, which
were located and freely refined. All non-hydrogen atoms were treated with anisotropic
displacement parameters. Crystal data, details of data collections, and refinements for all
structures can be found in their CIF files, which are available free of charge via

www.ccdc.cam.ac.uk/data_request/cif, and are summarized in Tables 7.1 and 7.2.
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Table 6.1 Summary of X-ray crystallographic data for 3-6.

3 4-0.5(Et20) 5 6
empirical form. | CesHssBF24GeNPSi | CesHeoBF24NOo5PSiSn | C31H44GeNPSi | C31Ha3.9sNPSiSn
formula wt 1424.54 1507.70 562.32 608.37
crystal syst. triclinic triclinic monoclinic monoclinic
space group P-1 P-1 P2i/c C2/c
a(A) 12.110(2) 12.770(3) 19.510(4) 40.750(8)
b (A) 14.210(3) 14.400(3) 9.720(19) 10.070(2)
c(A) 20.860(4) 19.740(4) 17.190(3) 31.350(6)
a (deg.) 83.30(3) 71.60(3) 90 90
L (dey) 81.40(3) 78.30(3) 112.00(3) 105.90(3)
y (deg.) 89.00(3) 83.80(3) 90 90
vol (A%) 3525.1(13) 3369.0(14) 3022.5(12) 12372(5)
z 2 2 4 16
p(calc) (g.cm3) 1.342 1.486 1.367 1.307
g (mm™) 0.574 0.528 1.125 0.935
F(000) 1444 1522 1192 5056
T (K) 150(2) 150(2) 150(2) 150(2)
reflns collect. 35235 52781 39193 106322
unique reflns 10946 13233 5913 12127
Rint 0.0333 0.1112 0.0211 0.0960
R1 [I>20(/)] 0.0574 0.0457 0.0354 0.0272
wR2 (all data) 0.1700 0.0999 0.0910 0.0394
CCDC No. 2163896 2163892 2163893 2163898
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Table 6.2 Summary of X-ray crystallographic data for 7-9.

7 8 9
empirical form. | Ce3sHs7BF24GeNPSi | C7sH77BF24GeNsPSi | C102H78B2F48Ge2N2P2Siz
formula wt 1426.55 1618.85 2528.58
crystal syst. triclinic triclinic triclinic
space group P-1 P-1 P-1
a(A) 12.980(3) 13.240(3) 14.240(3)
b (A) 14.430(3) 14.030(3) 14.750(3)
c(A) 19.650(4) 22.640(5) 17.350(4)
a (deg.) 70.70(3) 78.60(3) 109.00(3)
L (dey) 76.80(3) 76.80(3) 95.70(3)
y (deg.) 83.20(3) 81.10(3) 113.70(3)
vol (A%) 3378.2(14) 3987.1(15) 3041.5(13)
z 2 2 1
p(calc) (g.cm3) 1.402 1.348 1.381
g (mm™) 0.599 1.227 0.656
F(000) 1448 1660 1268
T (K) 150(2) 150(2) 150(2)
reflns collect. 53272 50954 38836
unique reflns 13214 15573 11970
Rint 0.0800 0.0704 0.1774
R1 [I>20(/)] 0.0635 0.0543 0.1041
wR2 (all data) 0.1749 0.1431 0.3217
CCDC No. 2163894 2163897 2163895
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Figure 6.5 The molecular structures of 5 and 6, with thermal ellipsoids at 25% probability, and hydrogen atoms
omitted for clarity, aside from the E-H moieties. Selected bond distances (A) and angle (°) for 5: Ge1-P1 2.4482(8);
Ge1-N11.947(2); N1-Ge1-P1 86.13(6) (1); For 6: Sn1-P1 2.670(1); Sn1-N1 2.157(2); N1-Sn1-P1 81.65

Computational methods and details

Computational experiments were performed using the Gaussian 16 program.’*® Geometry
optimization was carried out at the wB97XD level with the def2-TZVPP basis set for Ge and
Sn, and the def2-SVP basis set for all other atoms.®' Stationary points were confirmed as true

minima by vibrational frequency analysis (no negative eigenvalues).
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Cationic Tetrylene-lron(0) Complexes: Access Points for
Cooperative, Reversible Bond Activation and Open-Shell Iron(-l)
Ferrato-Tetrylenes
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helped with the interpretation of all obtained results in this project.

Reproduced with permission from Wiley-VCH.
Synopsis

In Chapters 3 and 4 we introduced the bidentate ligand scaffold P"RDipp (P"RDipp =
[{Ph2PCH2Si(R)2}(Dipp)N]; R = Ph, iPr; Dipp = 2,6-iPr.CeHs), and synthesised corresponding
E'"-Ni° complexes (E = Ge, Sn). These complexes only demonstrated tetryl centered reactivity,
most likely due to the electronically saturated nature of their Ni° centres. We were particularly
interested in further utilising the cationic tetryliumylidene ligands, [P"RDippE]*, as the tetrel
centre exhibited remarkably high Lewis acidity in the Ni® complexes [(P"*DippE)-Ni(PPhs)]*.
Therefore, we aimed to introduce these tetryliumylidene ligands to a potentially more reactive
low-valent Fe® centre in this project, to possibly achieve metal-ligand cooperative (MLC)

behaviour.

As an easily accessible Fe° precursor, we utilized [(n?-tmvs).Fe(IPr)] (tmvs = SiMesC.Hgs; IPr =
[{HC(Dipp)N}.C:]), since the labile alkene ligands are easily replaced when introducing donor
ligands, based on earlier work." This class of precursor, featuring IPr and tmvs ligands, can
also be used for the introduction of other first-row TM® centres such as Mn, Co and Ni.?
Reacting the cationic tetrylene ligands [P"PDippE]* (see Chapter 6) with this Fe® precursor led
to different coordination patterns for Ge and Sn, governed by n®-arene interactions to the Fe°
centre. The cationic germylene-iron(0) complex [{P"PDippGe(IPr)}-Fe]* is a diamagnetic
low-spin complex with a closed shell Fe® centre. On the other hand, the cationic

stannylene-iron(0) complex [(P"PDippSn)-Fe(IPr)]* is a paramagnetic high-spin complex with

144



Cationic Tetrylene-lron(0) Complexes: Access Points for Cooperative, Reversible Bond
Activation and Open-Shell Iron(-1) Ferrato-Tetrylenes

an open-shell Fe® centre. This Sn'-Fe® complex is particularly interesting due to the fact that it
has a highly strained N-Sn-Fe angle of 81.32(1)°, and the phosphine arm is not coordinated to
the Fe® centre, leading to a very small HOMO-LUMO gap of 0.89 eV.

The different electronic states of these Fe® complexes also translates to differing reactivities.
[{P"PDippGe(IPr)}-Fe]* was shown to cleanly react with ammonia, via N-H cleavage across the
Ge-NHC linkage, giving the ‘half-parent’ (amido)germylene complex
[{P"PDippGe(NH.)}-Fe-{IPr(H)}]*. Formally, the IPr ligand is protonated, and bears the cationic
charge. On the other hand, the related cationic stannylene complex, [(""PDippSn)-Fe(IPr)]*,
decomposes when reacted with ammonia, but was shown to react with Hz reversibly and
cooperatively, forming a diamagnetic complex with two hydride ligands bridging the Sn and Fe
centres, in the Fe' complex [P"PDippSn(u-Hz)Fe-(IPr)]*. The bridging hydrides could be
observed in the '"H NMR spectrum, at & -13.63 ppm, with Sn-satellites ('Jusn = 331 Hz)
confirming their bridging character. Obtaining crystals of this compound was challenging, due
to the reversibility of the H activation, but giving data good enough to ascertain the connectivity
in this complex. DFT calculations of the model complex strengthened our hypothesised
presence of two bridging hydrides, while analysis of the mechanism showed that the activation

proceeds via an Fe-centred H, o-complex, followed by Fe-Sn cooperative activation.

Moreover, we attempted to reduce the here obtained Fe® complexes, to obtain rare Fe
complexes. Further chemistry of such complexes is unknown and may enable targeted MLC.
The reduction of [{"""DippGe(IPr)}-Fe]* was achieved with CoCp*,, resulting in a phosphide-
iron(l) complex. This presumably occurs via the targeted Fe' compound, which proved highly
reactive, leading to oxidative activation of one P-Ph bond of the ligand scaffold. However, the
Sn'-Fe' complex [P"PDipp(IPr)SnFe] was stable and isolable. This complex was obtained via
the in-situ reaction of two equivalents of the [(n?-tmvs).Fe(IPr)] precursor with [""PDippSn]*.
This compound now exhibits a related structural configuration as observed in
[{P"PDippGe(IPr)}-Fe]*, with IPr coordinated to the Sn' centre, and one Dipp group of the IPr
ligand exhibiting an n°-arene interaction with the Fe' centre. However, the Sn'" centre is now
pyramidalised, indicating the presence of a lone pair of electrons. SQUID magnetometry
measurements of this species confirmed its paramagnetic nature, with one unpaired electron
observed. Additionally, EPR spectroscopy and DFT analysis strongly suggest that the one
unpaired electron in these complexes is localised at the Fe'! centre, allowing for its
classification as a Sn'-Fe' compound, making it the first reported covalently bound Fe’

compound.
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In conclusion, we could show that our ligands can be successfully introduced into highly
reactive low-valent Fe® and elusive Fe' complexes, with diverse geometries dominated by n®-
arene interactions towards the Fe centre. Compared to the Ni°® complexes described in
Chapters 3 and 4, with electronically saturated Ni° centres, the here discussed Fe® complexes
exhibit increased reactivity. This includes targeted MLC behaviour for [(P"PDippSn)-Fe(IPr)]* in
the reversible activation of H,, leading to the bridged dihydride complex [P"PDippSn(u-H).Fe]".
The importance of a low-coordinate TM centre for MLC is further examined in Chapter 8, whilst
the here described Sn'-Fe” complex may further be expanded to other systems, and studied

towards reactivity and catalysis.
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The following sections are reproduced and formatted from the following article: P. M. Keil, A.
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Abstract

The open-shell cationic stannylene-iron(0) complex 4 (4 = [P"PDippSn-Fe-IPr]*; P"PDipp
=[{Ph2PCH_Si(iPr).}(Dipp)N]; Dipp = 2,6-'Pr.Ce¢Hs; IPr = [(Dipp)NC(H)]-C:) cooperatively and
reversibly cleaves dihydrogen at the Sn-Fe interface under mild conditions (1.5 bar, 298K), in
forming bridging hydrido-complex 6. One-electron reduction of the related Ge'-Fe® complex 3
leads to oxidative addition of one C-P linkage of the ""PDipp ligand in an intermediary Fe’
complex, leading to Fe' phosphide species 7. One-electron reduction reaction of 4 gives
access to the iron(-1) ferrato-stannylene, 8, giving evidence for the transient formation of such
a species in the reduction of 3. The covalently bound tin(ll)-iron(-I) compound 8 has been
characterised through EPR spectroscopy, SQUID magnetometry, and supporting
computational analysis, which strongly indicate a high localization of electron spin density at

Fe' in this unique d°iron complex.
Introduction

The seminal discovery of stable carbene complexes by E. O. Fischer marked a turning point

in modern organometallic chemistry,® our broader interest in the reactive capacity of carbene

146



Cationic Tetrylene-lron(0) Complexes: Access Points for Cooperative, Reversible Bond
Activation and Open-Shell Iron(-1) Ferrato-Tetrylenes

ligands blossoming since that time.* Extending from earlier concepts, bespoke pincer ligands
incorporating nucleophilic carbene centers have the capacity to actively partake in cooperative
bond scission processes across the carbene metal linkage,® in some cases reversibly.® Moving
beyond the lightest element of group 14, the heavier tetrylenes also have the capacity to
behave in this manner.” The past two decades have seen a significant growth in interest
regarding the electronic nature of low-valent group 14 species,® and their bonding interactions
with transition metals.”° Due to the greater stability of lower oxidation states and the decrease
in electronegativity on descending group 14, their chemistry also deviates from that for carbon.
Notably, the heavier tetrylenes have an amplified ambiphilicity, and are more Lewis acidic due
to a lessened electronegativity. This allows such ligands to behave as electrophiles whilst
simultaneously being strong o-donors towards a transition metal,’® opening up a new vista in
non-innocent ligand design (Figure 7.1). Non-innocent ligand systems have been central in
accessing challenging bond activation processes with the abundant first-row transition metals,
notably so for iron." Two-electron oxidative addition processes, key in classic cross-coupling
reactions, are in fact quite uncommon for this abundant element,'? with key methods which

have enabled such processes at iron revolving almost exclusively around ligand design."™

Chelating Low-Valent Group 14 Ligands

TM- |_n Chelation-stabilised
metallo-tetrylenes -
. Val & /TM Ln
® Geometrically  High E
enforced Lewis o
bending acidity

E = Si'-Pb": TM = transition metal; L = neutral donor; ) = neutral donor

This work:
{ \H/, : :
@ ‘ ' _V ®E—F e E—Fe
_ E = Ge; unstable

E =Ge, Sn E = Ge, Sn E= Sn; isolable

Cooperative, '‘Bent’ )

Reversible H, Cationic-Tetrylene Accessible Iron(-I)
activation Iron(0) Complexes Ferrato-tetrylenes

Figure 7.1 Above: Concepts in developing chelating low-valent group 14 systems, for geometrically activated ligand
Lewis acidity, and stabilisation of otherwise inaccessible low-valent complexes. Below: this work involving chelating

low-valent group 14 ligands in low-valent iron chemistry.

Utilizing chemically or redox non-innocent organic ligand systems, well-defined oxidative
addition of catalytically essential bonds such as C-C, C-X (X = CI-1),"® and H-H'" bonds have

been realized. In order to further expand accessibility to such key processes, our own research
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looks towards the development of non-innocent ligands based upon heavier low-valent group
14 elements. In this regard, heavier group 14-iron chemistry certainly has precedent. A small
number of base-free silylene,’® germylene,’® and stannylene @7 complexes of iron(0) are
now known, although it is noted that the vast majority involve the [Fe(CO)4] fragment or
derivatives thereof, rendering reactivity involving the iron centre essentially nil. Closely related
ferrato-tetrylenes, have also seen considerable attention, exclusively featuring iron in the
oxidation state -2. Here, base-free derivatives bearing two-coordinate group 14 centers are
also rare, based largely on the monoanionic [CpFe(CO),] fragment (Cp = n°-[CsHs])." One
very recent report on unique binding modes in ferrato-stannylene systems featuring the
[Cp’(Pr.MeP)Fe] (Cp* = n®[CsMes]) anionic fragment have been reported by Tilley et al.,'®
whilst a Rh" metallo-stannylene recently reported by Wesemann et al. was shown to activate
H. in the formation of a Rh! metallo-stannylene,® though a mechanistic investigation into the

involvement of the Sn" center was not disclosed.

Our own efforts have focused on the development of chelating ligands featuring a tetrylene
binding center, which remains highly Lewis acidic even when bound to a transition metal due
to chelation-induced geometric constraints (Figure 7.1)."%2" This aims to exploit the tetrylene
centre as an additional reactive site, to allow for tetrylene-transition metal cooperativity in bond
activation. We also hypothesised that such a chelating ligand may give access to unique
examples of metallo-tetrylenes, due to the strong stabilising nature of the chelate effect. Herein
we describe the extension of our reported cationic Ge" and Sn' ligand systems to low-valent
iron chemistry, in the facile ‘one-pot’ synthesis of cationic germylene and stannylene
complexes of iron(0). The resulting systems are electronically distinct, the Sn' complex having
an open-shell ground state which allows for the facile and reversible activation of dihydrogen,
the mechanism for which involves both the Sn' and Fe® centers in the critical H-H bond
activation step. These complexes are also convenient access points for hitherto unknown
open-shell ferrato-tetrylenes featuring Fe' centers. Whilst the target germanium system is
unstable relative to ligand activation, the tin congener can be isolated as a stable, crystalline

solid, which represents an open-shell, ferrato-stannylene featuring a Fe'-Sn'" covalent bond.
Results and Discussion
Cationic Tetrylene-Fe? Complexes

Two-coordinate-tetrylene complexes of first-row transition metals are, as mentioned,
uncommon.'®'817  Furthermore, almost all low-valent group 14-iron complexes employ
carbonyl ligands at iron, leading to electronic saturation and thus diminished reactivity. Our

earlier reports regarding the synthesis of reactive Ni° systems bearing our cationic tetrylene
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ligands relied upon the use of the commonly employed Ni® synthon, Ni(cod).. Earlier reports
on similar chemistry for Fe® systems utilized the elegant, but somewhat inaccessible
metal-vapor synthesis of bis(nf-toluene)iron(0), used to generate the thermally labile
(n®-tolulene)(n?-ethene)iron(0) complex.'©@ More recently, a handful of closely related
bis-n?-alkene Fe® complexes were reported,’2© stabilized by bulky N-heterocyclic carbenes,
which we believed may also readily undergo alkene substitution reactions.?? To this end, the
addition of the cationic E" ligand precursors, [P"PDippE][BArf4] (E = Ge (1), Sn (2); P"PDipp =
{[Ph2PCH.Si('Pr)2](Dipp)N}; Dipp = 2,6-ProCeHs; Ar" = 3,5-(CF3).CeHs3),2>%* to deep green
solutions of IPr-Fe[n?-(vtms)]. (IPr = [(Dipp)NC(H)]=C:; vtms = C,H3SiMes) rapidly led to the
formation of deep yellow-brown reaction mixtures (Scheme 7.1). In-situ *'P{'H} NMR
spectroscopic analysis already suggested differing outcomes for the two reactions, that for the
Ge'' system indicative of a single diamagnetic reaction product, and that for the Sn'" system
being silent, thus indicative of a paramagnetic reaction product. Isolation of crystalline material
from the two reaction mixtures (3: 80%; 4: 76%) revealed considerably different structures for

the two ligand systems.

Ph

/—PPh Ph RPha
2 4 Pr,Si E
i 29l .
'Pr28| Pra /\ \ )
'P 4_ ipr S' _> N—=8n
r . .
P N/E@ pro AP
\-__.Fe\
’N\) 4 -
E=Ge(1
3 (80%) E=8n ((2; 4 (76%)
{ = SiMe

. k E L= IAr
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H ( H \
H H Ar

SiMe3

Scheme 7.1 Synthesis of compounds 3 and 4 (isolated yields in parentheses); (i): IPr-Fe[n?-(vtms)]2, toluene, RT.

Only the cationic part is shown in molecular structures. In all cases the counter-anion is [BArF4] (Arf = 3,5-CF3CeHs3).

The sole reaction product formed utilising the Ge' ligand system (viz. 3) shows Fe® insertion
into the Ge-P bond, forming our previously observed chelating ligand motif (Figure 7.2(a)).?
However, presumably due to the high Lewis acidity of the cationic Ge'" centre, the NHC ligand
has migrated from iron to germanium, the iron centre now forming an n°-arene interaction with
one Dipp group of this NHC ligand. The Ge-Fe distance in 3 (dere = 2.1978(6) A) is shorter
than all but one reported Ge-Fe interactions, the one shorter example being found in a
remarkable (alkyl)(hydrido)germylene iron(ll) complex.'®© The Ge'" center in 3 has a perfectly
planar coordination geometry (sum of angles = 359.8°), representative of a Ge—Fe dative

interaction. The DFT derived HOMO (-9.16 eV) shows considerable tr-character, which would
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suggest a degree of Fe—Ge back-bonding in this interaction and some degree of
multiple-bond character. This is further borne out by both the Mayer Bond Order (MBO) and
Wiberg Bond Index (WBI) for this bond, at 1.37 and 1.35, respectively, as calculated for model
complex 3 (3° = [MeMeXylGe-Fe:-P"NHC]*; MeMeXyl = {[Me.PCH.SiMe;](Xyl)N}; Xyl =
2,6-Me,CeHs; P'NHC = [(Ph)NC(H)]2.C:). The average of the C-C bond distances in the
Fe-bound arene (d = 1.419 A) is slightly greater than the same value for the unbound arene of
the NHC ligand (d = 1.390 A), as is known in related arene complexes of low-valent iron.?
Considerable broadening of aliphatic signals in the "H NMR spectrum of 3 indicates a fluxional
character in solution, which sharpen when THF-ds solutions are heated to 60 °C. Notably, at
low temperature (i.e. -80 °C) clear signals at & = 4.5, 5.4, and 6.5 ppm can be seen, pertaining
to the Fe-bound Dipp group.?’ The %’Fe Mossbauer spectrum of 3 (3 = 0.472 mm-s™; AEq =
1.349 mm-s™) is in keeping with known Fe® arene systems,?®®) aiding in confirmation of a
low-spin, d® Fe® complex. This species, to the best of our knowledge, thus represents a unique
example of a cationic-tetrylene Fe® complex, and the first Ge'-Fe® complex absent of carbonyl
ligands. The structural and electronic nature of the closely related Sn'" system, 4

(Figure 7.2(b)), contrasts that of the described Ge'" complex.

>

Figure 7.2 Molecular structure of the cationic parts in (a) 3 and (b) 4, with thermal ellipsoids at 25% probability, and
hydrogen atoms omitted for clarity. Selected bond distance (A) and angles (°) for 3: Ge1-Fe1 2.1978(6); Ge1-C32
2.049(2); Ge1-N1 1.845(2); P1-Fe1 2.2109(9); N1-Ge1-Fe1 137.75(6); N1-Ge1-C32 119.77(7); Fe1-Ge1-C32
102.28(6); Ge1-Fe1-P1 94.17(3). For 4: Sn1-Fe1 2.717(1); P1-Sn1 2.998(2); Fe1-C32 2.073(5); Sn1-N1 2-140(3);
C1-N1 1.396(7).
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The Sn'" center indeed binds the Fe® center; surprisingly, however, insertion into the Sn-P bond
is not observed, but rather the Fe® center forms an né-arene interaction with the Dipp group of
the stannylene ligand, generating a highly strained conformation. This strain presumably leads
to a significant weakening of the P-Sn interaction, which is longer than 98% of reported Sn-P
single-bonded interactions (dsn..p = 2.999(2) A; sum of covalent radii = 2.51 A). The ligand
strain is exemplified by the acute Sn-Fe binding angle (znsnre =81.32(1)°), and further borne
out by the angles at the ""PDipp ligand’s N-donor atom: the Sn-N-CP*? and Si-N-CP*? angles
of 94.81(3)° and 142.61(3)° deviate significantly from the ideal of 120°. Finally, the Sn-Fe bond
distance of 2.717(1) A is longer than all known terminal Sn-Fe bonding interactions. The
low-coordinate Sn" center appears to have some degree of stabilization from one aryl group
of the NHC ligand bound to Fe?, with a distance of 3.316 A between the Sn" center and the
center of the arene plane. This is within the sum of the van der Waals radii for tin and carbon
(3.97 A),?8 but considerably longer than such interactions in related low-coordinate tetrylene
cations.?® Electronically, Sn" complex 4 also differs to the Ge' system. Solutions of redissolved
crystalline 4 yield highly broadened "H NMR spectra, indicative of a paramagnetic system. This
paramagnetism is rationalized best assuming a high-spin configuration for the d® Fe® center,
with S = 1. Consistent with this, complex 4 is not active when studied by X-band EPR
spectroscopy, and shows the expected behavior for an S = 1 system in SQUID magnetometry

measurements (Figure 7.3).
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Figure 7.3 Plots of uerr vs. T (@above) and xmor vs. T (below) for paramagnetic Sn"-Fe® complex 4.
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Here, the ambient temperature perr value of 3.95 g is higher than would be expected for the
spin-only value for two unpaired electrons (e.g. 2.83 ug), indicative of spin-orbit coupling, which
is known for heavier group 14 element first-row transition metal complexes.*® These SQUID
data are also in good agreement with Curie-Weiss paramagnetism, indicative of spin-density
located at iron, with no indication of spin-coupling e.g. arising from ligand reduction. Density
Functional Theory (DFT) calculations on model complex 4 (4’ = [MeMeXyISn-Fe-*NHC]";
XINHC = [(Xyl)NC(H)]-C:) also suggest a high spin density at iron. Notably. this spin state leads
to a very narrow calculated HOMO-LUMO gap in 4’ of 0.89 eV.*' Alongside the geometrically
perturbed Sn-Fe interaction and low-coordination environment at the cationic Sn" center, this

provides a promising platform for synergistic bond activation in this complex.
Cooperative bond activation

The differing electronic nature of the described complexes stands as an exciting point of
comparison, exemplified by their reactivity. One of our key aims in the development of
ambiphilic main group ligands (e.g. 1 and 2) seeks to access systems whereby the ambiphilic
ligand has the capacity to bind incoming nucleophiles, with a focus on ammonia.*? This aims
to activate ammonia in the coordination sphere of the transition metals, which is typically a
highly challenging reaction.® Both complexes 3 and 4 rapidly react with ammonia. Addition of
~1.5 equiv. of ammonia to dissolved 3 led to dissipation of its characteristic deep golden-yellow
color, and formation of deep red solutions. /n-situ "H and 3'P{'"H} NMR spectroscopic analysis
indicated the clean formation of a single reaction product, with a broad 2H singlet in the 'H
NMR spectrum attributable to an NHz moiety (6 = 2.26 ppm). In contrast, the same reaction for
the Sn' system 4 led instead to a complex mixture of products,3 highlighting differences in the
reactivity of these distinct iron-tetrylene species. Deep red single crystals isolated from the
former reaction indicated the activation of ammonia, through binding at Ge'", and proton

transfer to the NHC ligand, in the formation of 5 (Figure 7.4), in 93% isolated yield.

This thus indicates that the Ge' center in 4 is indeed of high Lewis acidity, and so capable of
binding the incoming nucleophilic NHs. Compound 5 represents a rare example of a
‘half-parent’ amido tetrylene-transition metal complex,*® and the first such example for
germanium. Remarkably, the now protonated imidazolium salt remains bound to the Fe®center
through an n°-arene interaction. The Ge-Fe distance of 2.219(1) A is slightly elongated relative
to starting material 3, likely due to increased N—Ge donation, so reducing Fe—Ge
back-bonding. As described, the NH; ligand at Ge can be observed in the '"H NMR spectrum
(6 = 2.26 ppm), as well as in the IR spectrum of the powdered compound (v = 3434 and 3335
cm™). Despite the persistent binding of the protonated NHC in 5, attempts to drive reversibility

in this ammonia activation reaction failed, e.g. through application of heat and/or vacuum to
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dissolved 5. Still, this reaction demonstrates a unique cooperative ammonia activation
mechanism, in which the low-valent group 14 element (e.g. Ge") interestingly maintains its low

oxidation state.
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Figure 7.4. Above: the reactivity of 3 and 4 towards NHs and Hz, respectively, showing reversibility in the latter.
Below: the molecular structure of the cationic part in NHs-activation product 5, with thermal ellipsoids at 25%
probability, and the DFT-derived structure of the cationic part in Hz activation product 6. Selected bond distance (A)
and angles (°) for 5: Ge1-Fe1 2.219(1); Ge1-N1 1.853(5); Ge1-N2 1.870(7); Fe1-P1 2.210(3); Ge1:--C32 3.520(9);
N1-Ge1-N2 98.8(3); Fe1-Ge1-N1 136.2(2); Fe1-Ge1-N2 124.8(2).

We then moved our sights to the activation of Hy, expected to be more challenging given the
nonpolar nature of this small molecule. Here, Ge" complex 3 showed no signs of reactivity,
even after prolonged heating and increased H; pressures (e.g. up to 3 bar). Complex 4, on the
other hand, readily reacts with H, under 1.5 bar pressure, and at ambient temperature.
Charging a gas-tight NMR tube containing a CsDe solution of paramagnetic 4 with H; led to the
formation of a single new diamagnetic reaction product, showing a singlet in the 3'P{"H} NMR
spectrum at & = -24.2 ppm. More poignantly, a broad signal is observed in the '"H NMR
spectrum, at 6 = -13.63 ppm, integrating to 2H and bearing clear '"7/119Sn satellites ('Jsn1 = 331
Hz). Conducting the same reaction with D, gives a '"H NMR spectrum identical to that
described, but absent of the described high-field resonance. The 2D NMR spectrum of these
reaction mixtures reveals a resonance at 6 = -13.97 ppm, in keeping with the activation of D..
Evidence that these oxidative addition reactions may be reversible was found on addition of
D to in-situ generated 6, which led to the formation of HD gas. Confirming this, degassing
these reaction mixtures leads to quantitative regeneration of the starting material, thus
signifying the facile reversible H; activation by 4. This point rendered it highly challenging to

attain further analytical data on this complex, and indeed to crystallize pure samples of H»
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activation product 6. Although crystalline material of this species could be isolated by
crystallising under an atmosphere of Hy,*® high levels of disorder prevented refinement to levels
acceptable for publication; nevertheless, this did allow us to ascertain the connectivity in 6.
Furthermore, this data could be utilized for the computationally derived lowest energy
conformation of model complex 6’ (6’ = [MeMeXyISn(u-H).Fe-*'NHC]*; Figure 7.4). Here, it is
found that the hydride ligands in this complex symmetrically bridge the Sn and Fe centers, in
keeping with the single resonance observed for these ligands in '"H NMR spectra of reaction
mixtures. Indeed, although rare, known examples of stannane-iron complexes featuring
bridging hydride ligands have similar shifts and coupling constants in their respective '"H NMR
spectra.’” At this stage, we were particularly curious as to whether the reversible activation of

H. in 4 proceeds via a cooperative mechanism, that is, involving both Sn and Fe.

H < 7
HZ'\ NHC A p---sn--F
\\ ‘/

)
AP——-S‘n—>Fe TS2 s ,l!l \
) i ﬁ. 3
o1 N 212 42
Si < TS1
f - M1

A

15— 18.6
16.1
5 H
€ 101 Hj = H- NHC
5 ac ® | ¥
Q P---Sn->Fe
; I\
Q 5
-N \
< Si T '
4 4 -
0 _ NHC
= NHC ac @ H_/ 6'
® /4 P---Sn_ Fe

LS

.
3]
|
!

i -Sn~Fe 'L “HY 4.0
\ .

N E‘ Si '

ISE s 7z g

Figure 7.5. The DFT-derived reaction coordinate for the cooperative activation of H2 by model cationic stannylene-
iron(0) complex 4’, yielding 6’.

A DFT investigation of the potential energy surface for this reaction mechanism suggests that
this is indeed the case (Figure 7.5). Upon initial Hz addition an intermediary o-bond complex
is formed at Fe® (IM1, 16.1 kcalmol'). One H-atom can then form a bridging interaction with
the cationic Sn" center (TS2, 21.2 kcalmol™). This then proceeds by H-H bond scission, so
forming bridging hydride complex 6 (-4.0 kcalmol'). This reaction coordinate therefore incites
the involvement of both Sn and Fe centres in the cleavage of Hz, giving insights into the design
of heteroelemental systems for the cooperative activation of typically nonlabile bonds. The
small exergonic value for the overall reaction (4.0 kcalmol”) is in keeping with the observed
reversibility in this process. An additionally important point here is the oxidation state of iron in
the formed hydride complex. Combined X-ray crystallographic studies and DFT calculations
indicate a pseudo-octahedral iron centre in 6. This, in addition to the diamagnetic nature of this

compound, would indicate a low-spin d® Fe' electronic configuration, indicative of a
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two-electron oxidative addition at the iron centre in 4 upon H. addition.'®'? This further
highlights the utility of the novel cationic tetrylene ligands employed here, in assisting otherwise

challenging bond activation processes.
Accessing Open-Shell Ferrato-Tetrylenes

Despite the low-valent nature of both the tetryl and transition elements in complexes 3 and 4,
we hypothesized that their reduction may be possible, given that sub-valent iron systems
(viz. ferrates) are known.® The most common such species are Fe!' complexes, which are
stable due to their d'° electronic configuration.®® On the other hand, formal d® Fe"' complexes
are very rare indeed. This compound class is largely represented by ion-separated alkali metal
ferrates, such as Ellis’s [(n*-anth).Fe][K(L).].3© A number of reduced complexes derived from
or relating to this ferrate involving redox active ligands are indeed known, whereby ligand
reduction occurs, forming higher valent iron species.®® Further examples of salt-separated
anionic complexes, potentially featuring Fe' centers have been reported by Peters et al.,
although the oxidation state at iron is not entirely clear, with potential reduction of employed
ligands (e.g. borane, dinitrogen, and/or cyclic-alkylaminocarbene).*® Covalently bound Fe’
species remain elusive. In this regard, one-electron reduction of both 3 and 4 would lead to
neutral ferrato-tetrylene complexes, featuring covalently bound, open-shell Fe' centers
(Scheme 7.2).
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Figure 7.6. Cyclic voltammograms of complexes 3 (above) and 4 (below), in THF/[N(n-Bu)4]PFs, at a scan rate of
100 mV-s™.

155



Cationic Tetrylene-Iron(0) Complexes: Access Points for Cooperative, Reversible Bond
Activation and Open-Shell Iron(-1) Ferrato-Tetrylenes

We first investigated the electrochemistry of complexes 3 and 4, as THF solutions against the
ferrocene reference electrode (Figure 7.6). Both complexes show chemically reversible
reduction events (Ge: E12=-1.65V; Sn: E1z = -1.44 V).*' Given that these values are roughly
within the reduction potential of Cp*,Co,*? we sought the chemical one-electron reduction of
both 3 and 4 with this soluble reducing agent. Reduction of the Ge'" system led to formation of
a deep red solution, with the precipitation of a pale yellow powder presumed to be
[Cp*2Co][BArF4]. Analysis of the reaction mixture by '"H NMR spectroscopy revealed only highly
broadened spectra indicative of paramagnetism in reaction products. Yields of up to 62% of a
single reaction product could be isolated as deep red crystals, found to be the ligand activated

product 7 (Scheme 7.2, inset), formally a phosphido-iron(l) compound.

'Przsl/\

1 \
Ph c-P
(i) or (i) ArN * Ox Add.
3ord —_— E —F e
i

'Pr Si
E= Vi \__Ph
-, E=Sn (s 31 °/) P
] \ —Fe
2,
caz\'i' o {l/
# N\
PR . Fet N~ar
@
— | Ph
k \\@/4‘«//"’ ” H )-N -Ph
= Gel 3
”1,\’ © i #~P—Fé  Dipp
/ Pr23| )
% [} J 1
§ e AN <>
o 7 (62 %)

Scheme 7.2 Reduction of complexes 3 and 4, forming ferrato-stannylene 8, and ligand-activation product 7 (inset:
molecular structure of 7, with thermal ellipsoids at 25% probability); (i) Cp"2Co, toluene, -40°C — RT (E = Ge); (ii)
IPr-Fe[n2-(vtms)]2, toluene, RT (E = Sn). Selected bond lengths (A) and angles (°) for compound 7: Ge1-P1
2.393(2); Ge1-N1 1.953(5); Fe1-P1 2.272(2); Fe1-C32 1.956(6); N1-Ge1-P1 92.1(1); P1-Ge1-C26 75.5(2); N1-
Ge1-C26 105.8(2); C32-Fe1-P1 100.7(2); P1-Fe1-C26 76.7(2).

We hypothesise that this forms via an intermediary ferrato-germylene 7°, with an Fe™ centre,
which oxidatively cleaves one P-Ph bond of the flanking ligand arm. Ph-migration from Fe to
Ge generates the final (phenyl-germylene)iron-phosphide product (Scheme 7.2).#3 In such a
case, this process would represent a further example of a formal two-electron oxidative
addition involving iron, albeit at an Fe™' center. Structurally, complex 7 contains no formal Ge-Fe
interaction (dge--re = 3.432(2) A); the NHC ligand has now migrated back to the iron(l) center,

which also bears an nf-arene interaction with the phenyl moiety at Ge'.

Extending this chemistry to the Sn" system, we were surprised to find that in fact the tin
congener of the target d° ferrato-tetrylene is indeed stable. Although reduction with Cp*.Co

also led to the formation of a yellow precipitate, again presumably [Cp*2Co][BArF], isolation of
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meaningful quantities of a pure product proved challenging from these reaction mixtures.
However, direct addition of two equivalents of the Fe® synthon IPr-Fe[n?-(vtms)]. to the cationic
stannylene 2 proved to be reducing enough to form the ferrato-stannylene 8 in crystalline yields
of up to 31% (Scheme 7.2, Figure 7.7), with isolated yields being hindered by challenges in its
separation from oily cationic by-products. The molecular structure of compound 8 is similar to
that for the cationic germylene complex 3, in that the ligand’s phosphine arm now chelates the
formally Fe'! center, and the NHC is now located on Sn', with one Dipp fragment forming an
né-arene interaction with iron. The key difference is the coordination geometry at Sn', which is
now trigonal pyramidal due to the presence of a stereo-active lone pair of electrons (sum of
angles = 309.76°). This contrasts with that of the Ge' center in 3, the planarity of which
indicates Ge—Fe electron donation (sum of angles = 359.8°), and thus the absence of a formal
bonding interaction. A notable contraction of the Sn-Fe bond distance is observed on moving
from cationic 4 to neutral 8, concomitant with a considerable decrease in the calculated

polarization in this bond (Table 7.1).

Figure 7.7 The molecular structure of iron(-1) ferrato-stannylene 8, with ellipsoids at 25% probability, and hydrogen
atoms omitted for clarity (inset: HOMO-1, representing the Sn-centered lone electron pair). Selected bond lengths
(A) and angles (°) for 8: Sn1-Fe1 2.6489(9); P1-Fe1 2.238(1); Sn1-N1 2.186(2); Sn1-C32 2.444(3); Sn1-Fe1-P1
96.06(2); Fe1-Sn1-N1 107.59(6); Fe1-Sn1-C32 86.34(6); N1-Sn1-C32 115.44(8).

These observations point towards a formal covalent Sn-Fe bonding interaction in 8. The
absence of any other redox-active ligand bound to the Fe center in this complex would lead to
the formal oxidation states of Sn'/Fe". The paramagnetic nature of 8, ascertained by its 'H
NMR spectrum (Jerr = 2.38 s using Evans method), indicates that this species is indeed an
example of an open-shell metallo-tetrylene. To the best of our knowledge this represents the
first example of such a compound, and indeed a unique example of a covalently bound iron(-

[) complex.

To gain further insights into the electronic nature of ferrato-stannylene 8, and to ascertain the

location of the free electron in this species, a combination of SQUID magnetometry, and EPR
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and Mdssbauer spectroscopy were employed, supported by DFT calculations. The EPR
spectrum of a frozen glass of 8 in toluene (5 mM) yields a rhombic spectrum (Figure 7.8).4
Supported by the simulated spectrum, three g-values of 2.0126, 2.0410, and 2.3050 are found,
giving a giso of 2.1195, fitting well for an iron-centered electron.“s! Hyperfine coupling to 3'P,
"7Sn, and ''°Sn is clearly observable, the scales of which also indicate negligible radical

character at these centers.*®
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Figure 7.8 Above: the DFT optimized structure of 8, and a spin-density plot of 8, orange showing areas of positive
density, and purple negative. Below: the EPR spectrum of 8 as a frozen THF glass at 113 K, overlaid with the

simulated spectrum.

Calculated spin-density plots of model complex 8’ also infer a high degree of spin-density at
Fe (77.95%; Figure 7.8). The zero-field 5"Fe Mossbauer spectrum of 8 exhibits an
unsymmetrical quadrupole doublet with an isomer shift of & = 0.520 mm-s™, and a large
quadrupole splitting of AEq = 1.574 mm-s™'. Although the isomer shift is typically considered a
key parameter for the assignment of the oxidation state, the lack of reported Fe' compounds
limits the applicability of this tool in the present case, especially given that isomer shifts have
also been found to depend on various other factors (ligand properties, ligation etc.).*’ In this
regard, 8 is compared perhaps most reasonably with compound 3 (6 = 0.472 mm-'s™; AEq =
1.349 mm-s™"), which features a rather similar ligand scaffold around the iron center. Lowering
the oxidation state from Fe® to Fe' on going from 3 to 8 would be expected to lead to a shift of
the isomer shift into the positive region. The lengthening of the iron-tetryl element bond in 8
compared to that in 3 should also lead to a more positive isomer shift, which is indeed the
case. However, even more factors change (replacement of Ge by softer Sn, and transformation

of a dative bond into a covalent bond), so that it is advisable not to overinterpret these data.
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Table 7.1 Selected metrical, analytical, and calculated parameters for 4 and 8.

4 8
dsn-re, A 2.717(1) 2.6489(9)
Méssbauer Isomer Shift, & 0.777 0.520
AEq, mm-s™ 1.349 1.574
Fe-Sn Bond Polarisation! Fe/Sn 24.23/75.77 58.19/41.81
Spin population, %! Fe/Sn 70.97/11.13 77.95/16.36
NPA chargel® Sn/Fe/C 0.59/0.53/0.15 0.65/-0.19/1.02
wBill Sn-Fe/Fe-C 0.52/0.57 0.78/0.73
MBO! Sn-Fe/Fe-C 0.53/0.77 0.82/0.80

lal gs determined through an NBO analysis of model complexes 4’ and 8’; ! as determined through spin-unrestricted

DFT computations of model complexes 4’ and 8.

The same holds true for the quadrupole splitting that is comparable for both compounds.
Looking now at magnetometry data, the inverse of yerr, derived from SQUID measurements,
shows a linear increase with increasing temperature, in keeping with Curie-Weiss magnetism,
and again indicative of an iron-centered electron. The SQUID-derived magnetic moment for 8
(HeP®® = 2.33 pg) is in keeping with that found in the solution state using the Evans method
(2.38 pB), and is considerably lower than that observed for cationic complex 4 (3.95 pg), as is
expected following a one electron reduction. Again, as for 4, this is greater than the spin-only
value expected for an S = %% system, indicative of spin-orbit coupling in this compound.® With
these key data in hand, it is clear that 8 bears a single unpaired electron, which is localized at
the iron center in this compound, demonstrated primarily through EPR spectroscopy, and
supported by DFT studies. Thus, the data discussed here strongly support the formation of a

molecular, covalent d® Fe' compound in 8.
Conclusion

We have presented facile synthetic routes for access to unprecedented cationic-tetrylene
complexes of iron(0). Intrinsic differences in the electronic nature of the Ge' and Sn' ligands
leads to considerably different electronic states in the formed complexes: the Ge' system forms
a low-spin, closed shell ground state, whilst the Sn' complex has a high-spin, open shell ground
state. The high reactivity of the latter open shell system is demonstrated through the activation

of dihydrogen, a process which is in fact reversible, and proceeds via a cooperative mechanism
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involving both Sn'" and Fe® in the key bond scission step. Further, the described tetrylene
iron(0) complexes prove to be ideal synthons for accessing hitherto unknown iron(-I) ferrato
tetrylenes. Whilst the germanium system is unstable, undergoing ligand activation presumably
through a two-electron oxidative addition process at iron, the Sn'-Fe' system is a stable,
crystalline compound. Thorough analysis of this unique species suggests a high degree of spin
density at Fe, and a highly covalent Sn-Fe bonding interaction, opening a new vista in low-
valent d-block chemistry. Further expansion of this compound class is currently underway in
our laboratories, to uncover the reactivity of these unprecedented species, with a focus on two-

electron oxidative addition processes which are typically challenging in iron chemistry.
Supporting Information
General experimental considerations

All experiments and manipulations were carried out under dry oxygen free argon atmosphere
using standard Schlenk techniques or in a MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. Ce¢Ds was dried, degassed and stored over a potassium
mirror. All other solvents were dried over activated 4A mol sieves. [P"PDippGe][BAr 4] (*""Dipp
= {[Ph2PCH_Si('Pr)2](Dipp)N}; Dipp = 2,6-Pr,CsHs),2 PMPDippSnCl,'®) Na[BArfs] ([BArfs] =
[B(3,5-CF3-CeHs)a]),*® IPr-Fe(n?-vtms), (IPr = [(Dipp)NC(H)].C:; vtms = C;H;SiMes)," and
CoCp*,,*° were synthesized according to known literature procedures. All other reagents were
used as received. NMR spectra were recorded on a Bruker AV 400 Spectrometer. The 'H and
BC{'H} NMR spectra were referenced to the residual solvent signals as internal standards.
2Si{"H} NMR spectra were externally calibrated with SiMes. ¥'P{'H} NMR spectra were
externally calibrated with H3POs. Evans’ method was used for solution state magnetic
susceptibility measurements, using Ce¢Ds or THF-ds as the solvent and as the standard in a
capillary.%° Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS) was
measured directly from an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive
Plus Orbitrap equipped with an ion source from Linden CMS.5' Commercial ammonia and
hydrogen gas with a purity of = 99.999% were used in the gas experiments. Elemental
analyses (C, H, N) were performed with a combustion analyzer (elementar vario EL, Bruker).
Infrared spectra were measured with the Alpha FT IR from Bruker containing a platinum
diamond ATR device. Absorption spectra (UV/vis) were recorded on an Agilent Cary 60 UV/vis

spectrophotometer.
SQUID/Magnetic susceptibility measurements

Magnetic susceptibility data collected on solid samples were recorded using a MPMS XL 5

(Quantum Design) superconducting quantum interference device (SQUID) magnetometer with
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liquid Helium cooling in a temperature range of 1.8-300 K and a magnetic field of 1.0 T. The
samples were placed in a calibrated gelatin capsule and fixed in the center of a plastic straw.
Data were corrected for underlying diamagnetism using tabulated Pascal’'s constant and
corrected for the magnetism of the gelatin capsule by comparison to a measurement of the

capsule without compound.
EPR

EPR measurements were carried out using a JEOL JES-FA 200 spectrometer at X-band
frequency (approximately 9.05 GHz, sweep width 325 mT, modulation frequency 100 kHz,
modulation amplitude 0.4 mT, microwave power 5.0 mW). The g values were determined using
Mn?* (nuclear spin | = 5/2) embedded in MgO as a standard (fourth line g = 1.981). The
temperature was monitored with a JEOL DVT4 temperature controller. Sample preparation
occurred in an argon-filled glovebox by dissolution of ground single crystals of 8 in toluene.
The samples were frozen in liquid nitrogen prior to the measurements. The spectra were
plotted using Origin Pro2016G (Origin Lab).

Mossbauer

Zero-field Mdssbauer spectra were acquired on a SeeCo MS6 spectrometer comprising the
following instruments: a JANIS CCS-850 cryostat, including a CTI-CRYOGENICS closed cycle
10 K refrigerator, and a CTI-CRYOGENICS 8200 helium compressor. The cold head and
sample mount were equipped with calibrated DT-670-Cu-1.4L silicon diode temperature
probes and heaters. Temperature was controlled by a LAKESHORE 335 temperature
controller. Spectra were recorded using an LND-45431 Kr gas proportional counter with
beryllium window connected to the SeeCo W204 y-ray spectrometer that includes a high
voltage supply, a 10 bit and 5 ys ADC and two single channel analyzers. Motor control and
recording of spectra were taken care of by the W304 resonant y-ray spectrometer. For the
reported spectra a RIVERTEC MCO7.114 source (*’Co in Rh matrix) with an activity of about
1 GBq was used. Spectra were recorded in PTFE sample holders with about 30 mg of sample
at 13 K and data was accumulated for about 48 hours each. Mdssbauer data was processed
and simulated using the WMOSS4 program ver. 4F (www.wmoss.org). Isomeric shifts are

referenced to alpha-iron at room temperature.
Cyclic Voltammetry

Cyclic Voltammetry was carried out with a BioLogic SP200 potentiostat with EC-Lab software,
using 3 mm diameter glassy carbon disk electrodes (PalmSens, Houten Netherlands) as
working and counter electrodes. Prior to use, electrodes were polished with 0.05 ym alumina
suspensions (CH Instruments Inc., USA). Ag/AgNO3 (10 mM AgNO3 and 0.1 M [N(n-Bu)4]PFs
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in MeCN) was used as the reference electrode, separated via a Vycor 3535 frit (Advanced
Glass & Ceramics, Holden, MA). CV measurements were performed in a five-necked glass
cell under an Ar atmosphere. Unless noted otherwise, a scan rate of 100 mV/s was applied.

Potentials are reported with reference to an internal standard of ferrocenium/ferrocene.
Experimental procedures

[P"PDippGe:Fe:IPr][BArf4], 3. To a solid mixture of [P"PDippGe][BAr‘4] (750 mg, 0.53 mmol)
and IPr-Fe(n?-vtms). (340 mg, 0.53 mmol) toluene was added (10 mL) at ambient temperature,
and the mixture stirred at this temperature for 30 min, resulting in a dark yellow solution. All
volatiles were subsequently removed in vacuo, and pentane was added to the oily residue
resulting in a dark yellow oil below a colorless pentane phase. The flask was stored at ambient
temperature for 24 h yielding dark yellow crystals of 3 (797 mg, 0.42 mmol, 80%), which were

suitable for X-ray diffraction analysis.

1H NMR (THF-ds, 400 MHz, 333 K): & = 0.36 (d, 6H, 3Ju = 7.4 Hz, PrCHs), 0.62 (d, 6H, 3Juy
= 7.4 Hz, PrCHs), 0.74 (m, 2H, 'PrCH), 0.88 (m, 2H, ‘PrCH), 1.00 (m, 6H, PrCHs), 1.05 (d, 6H,
3 = 6.7 Hz, 'PrCHs), 1.27 (m, 18H, iPrCHs), 1.43 (d, 6H, 3Jun = 7.4 Hz, PrCH), 1.81 (d, 2H,
2Jup = 13.3 Hz, CH-PPhy), 2.34 (hept, 4H, 3Jun = 7.9 Hz, PrCH), 5.12 (m, 1H, Fe--Arpips-CH),

7.04 (m, 3H, Fe—Arpipp-CH, Ar-CH), 7.20 (d, 2H, 3Ju = 7.8 Hz, Ar-CH), 7.47 (m, 8H, Ar-CH),
7.54 (s, 4H, Arsar-Hpara), 7.65 (M, 1H, N-CH=CH-N), 7.77 (m, 13H, Arsasr-Hortno, Ar-CH), 8.37
(m, 1H, N-CH=CH-N).

3P{'H} NMR (THF-ds, 162 MHz, 333 K): & = 40.5 (s, PPh)

13C{'"H} NMR (THF-ds, 101 MHz, 333 K): & = 15.6 (CH2-PPhy), 18.1 and 18.2 (PrCH), 18.8,
19.1, 23.0 and 23.5 (PrCHs), 23.6 and 24.5 (PrCH), 26.4 and 26.4 (PrCHs), 29.7 (PrCH),
30.1 and 31.0 (PrCHs), 85.6, 87.1 and 87.1 (Fe--Arpip-CH), 115.0 (Ar-C), 118.1 (Arsarr-CHpara),
121.5, 124.2, 125.8, 125.8, 126.0, 126.6 and 126.9 (Ar-C), 127.9 (HC=CH), 129.1, 129.2,
129.6, 129.9, 130.2, 130.5 and 132.6 (Ar-C), 133.2 (HC=CH), 135.1 (Ar-C), 135.6
(Arsarr-CHorno), 143.7, 145.9, 146.0, 146.1, 162.1, 162.6, 163.1 and 163.6 (Ar-C), 172.9
(Crne-Ge).

298i{'H} NMR (THF-ds, 99 MHz, 333 K): 3 = -11.7 (d, 2Jsp = 2.2 Hz, CH-Si-Pr?).
MS/LIFDI-HRMS found (calcd.) m/z: 1006.4271 (1006.4352) for [M-BAr]".

Anal. calcd. for CgoHg1BF24FeGeNsPSi: C, 57.84%; H, 4.91%; N, 2.25%; found: C, 55.14%;
H, 4.70%: N, 2.39%.

Amax, M (€, Lem~'mol™"): 726 (2869), 480 (9120), 364 (11185).
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5TFe Modssbauer: 6 = 0.472 mm:-s™'; AEq = 1.349 mm-s™.

N.B. NMR spectroscopic data were collected at 60 °C due to an improved separation and
sharpness of signals at this temperature, presumably due to hindered rotation of ligand

substituents at ambient temperature.

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Fe-carbide formation.

[P"PDippSn-Fe-IPr][BArf4], 4. A solid mixture of P"PDippSnCl (349 mg, 0.54 mmol) and
Na[BArf4] (481 mg, 0.54 mmol) was suspended in fluorobenzene (5 mL) and stirred for 30 min
at ambient temperature, resulting in a light-yellow suspension. The mixture was cooled
to -40 °C, and IPr-Fe(n?-vtms), (350 mg, 0.54 mmol) was added as a solution in toluene (5 mL),
dropwise at -40 °C. The reaction mixture was removed from the cooling bath, allowed to warm
to ambient temperature, and stirred for a further 4 h, resulting in a dark brown suspension. The
reaction mixture was filtered, and all volatiles removed in vacuo. Addition of pentane led to a
dark brown oil below a colorless pentane phase. All volatiles were again removed in vacuo,
followed by the addition of pentane. Storing the flask at ambient temperature for 2 h led to the
formation of dark brown crystals of 4 (783 mg, 0.41 mmol, 76%), which were suitable for X-ray

diffraction analysis.

'H NMR (THF-ds, 400 MHz, 273 K): -0.56, -0.08, 0.54, 0.91, 1.11, 1.21, 1.30, 1.56, 2.46, 3.76,
6.53,7.27,7.57,7.79, 8.39, 10.91, 11.43.

Magnetic moment (Evans’ method; THF-ds, 400 MHz, 298 K): 3.56 ug; (SQUID; crystalline
solid, 298 K): 3.95 ps.

MS/LIFDI-HRMS found (calcd.) m/z: 1052.4094 (1052.4152) for [M-BArF4]*.

Anal. calcd. for CgoHg1BF24FeSnN3PSi: C, 56.44%:; H, 4.79%; N, 2.19%:; found: C, 53.37%;
H, 4.46%; N, 2.16%.

Amax, NM (&, Lecm™'mol™): 361 (7520).
5’Fe Mdssbauer: 6 = 0.777 mm-s™"; AEq = 1.349 mm-s™.

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Fe-carbide formation.
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[P"PDipp(NH2)Ge:Fe(n®-IPrH)][BArf4], 5. A solution of 3 (350 mg, 0.19 mmol) in toluene
(20 mL) was cooled to -40 °C, and gaseous ammonia (20 mL, 0.9 mmol) was slowly added via
syringe, leading to an immediate colour change from dark yellow to dark red. The mixture was
subsequently allowed to warm to ambient temperature. The solution was concentrated in
vacuo to <1 mL, and pentane (25 mL) was added, yielding a dark red oil below a light-yellow
solution. The flask was stored at ambient temperature for 24 h yielding dark red crystals of 5

(328 mg, 0.17 mmol, 93%), which were suitable for X-ray diffraction analysis.

H NMR (THF-ds, 400 MHz, 298 K): & = 0.54 (d, 6H, 3Ju+ = 6.4 Hz, Si-Pr-CHj), 0.62 (d, 6H,
3Jun = 6.3 Hz, Dipp-Pr-CHs), 0.81 (m, 8H, Dipp-Pr-CHs, Si-Pr-CH), 1.20 (m, 24H,
Dipp-Pr-CHs, Si-Pr-CH3 ), 2.23 (m, 6H, Ge-NH_, Dipp-Pr-CH, CH»-PPhy), 2.38 (m, 2H,
Dipp-Pr-CH), 2.55 (m, 2H, Dipp-Pr-CH), 3.95 (m, 1H, Fe-Arpip-CH), 5.08 (s, 2H,
Fe-Arpipp-CH), 6.93 (m, 3H, Arpipp-CH), 7.46 (m, 8H, Ar-CH), 7.58 (s, 4H, Argarr-Hpara), 7.64 (m,
5H, Ar-CH), 7.80 (s, 8H, Argarr-Hortno), 8.10 (s, 1H, N-CH=CH-N), 8.41 (s, 1H, N-CH=CH-N),
9.65 (s, 1H, N-CH=N").

A doublet from Dipp-'Pr-CHs protons is obscured by the THF-ds signal at 1.73 ppm and is not

reported here.
3P{'H} NMR (THF-ds, 162 MHz, 298 K): 5 = 46.89 (s, PPh,)

13C{'"H} NMR (THF-ds, 101 MHz, 298 K): & = 14.0 (Si-Pr-CH), 14.2 (CH-PPhy), 18.5
(Si-Pr-CHs) and 19.6 (Si-Pr-CHs), 24.0, 24.3, 24.7, 25.9, 26.3, 26.7 and 26.8 (Dipp-Pr-CHs),
27.8, 30.3 and 30.81 (Dipp-Pr-CH), 78.0, 79.0 and 80.2 (Fe-Arpipp-CH), 118.4 (Arsare-CHpara),
124.4, 125.4, 125.9, 126.6, 127.1, 127.3, 128.5, 128.6, 128.7, 129.8, 129.9, 130.1, 130.4,
130.7, 131.2, 133.4 and 133.6 (Ar-C, HC=CH), 135.8 (Arsar-CHpara), 140.6, 141.0, 146.2,
147.5, 162.3, 162.8, 163.3 and 163.8 (Ar-C).

298i{'H} NMR (THF-ds, 99 MHz, 298 K): & = 4.68 (d, 2Jsip = 21.8 Hz, CH2-Si-Pr?).
MS/LIFDI-HRMS found (calcd.) m/z: 1024.4387 (1024.4686) for [M-BAr ,+H]".

Anal. calcd. for Cgng4BF24FeGeN4PSi: C, 57.310/0; H, 5.02%; N, 2.970/0; found: C, 53.890/0;
H, 4.60%; N, 2.78%.

IR, vicm™ (ATR): 3434 and 3335 (Ge-NH,).

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Fe-carbide formation.
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[PMPDippSn(u-H).Fe:IPr][BArf4], 6. A 50mL flask with a concentrated toluene solution of 4 (75
mg, 0.039 mmol) was subjected to an atmosphere of hydrogen, leading to a colour change
from deep brown to red. Pentane was added, and the flask was again subjected to a hydrogen
pressure (1.5 bar). Storage of the flask at ambient temperature led to dark crystals of 6 suitable
for X-ray diffraction analysis, co-crystallized with starting material 4, which could not be
avoided. This circumvented the acquisition of meaningful analytical data using these samples.

As such, NMR spectroscopic data was collected using in-situ generation of 6 as follows:

For the acquisition of NMR data through in situ generation of 6, a gas-tight NMR tube
containing 4 (20 mg, 0.011 mmol) was cooled to -80 °C and dissolved in THF-ds. The deep
brown mixture was degassed by freezing the solution in liquid nitrogen, placing under a static
vacuum, thawing at -80 °C, and re-pressurising with hydrogen gas (1.5 bar), leading to a colour
change to red. The NMR sample was maintained at -80 °C, and transferred to an NMR
machine precooled to 0 °C to minimize decomposition. NMR spectroscopic data was collected
at this temperature. Reversibility was demonstrated by degassing the solution via three freeze-
pump-thaw cycles, leading to a colour change to deep brown, and NMR spectroscopic data in

keeping with those observed for paramagnetic compound 4.

"H NMR (THF-ds, 400 MHz, 273 K): & = -13.63 (s, 2H, Sn-H-Fe, 'Jsnn = 331Hz), 0.44 (s, 6H,
Pr-CH;), 1.01 (m, 20H, Pr-CHs, Pr-CH), 1.13 (d, 12H, 3Jun = 6.6 Hz, Pr-CHs), 1.45 (d, 12H,
3Jun = 6.7 Hz, Pr'-CHjs, Pri-CH), 1.63 (d, 2H, 3Jun = 11.9 Hz, CH2>-PPhy), 2.57 (hept, 4H, 3Jun =
6.6 Hz, Dipp-Pr-CH), 2.92 (s, 2H, Fe-Dipp-Pr'-CH), 4.66 (t, 1H, 3Jun = 6.0 Hz, Fe-Ar-CH), 4.81
(s, 1H, Fe-Ar-CH), (m, 21H, Ar-CH, N-CH=CH-N, Argar-Hpara), 7.80 (s, 10H, Ar-CH,
N-CH=CH-N Arsarr-Hortho,)-

31P{'H} NMR (THF-ds, 162 MHz, 273 K): 5 = -24.2 (s, PPhy).

28i{"H} NMR (THF-ds, 99 MHz, 273 K): 5 = -20.7 (d, 2Jsp = 10.7 Hz, Si-Pr).

[P"PDippSn(u-D).Fe-IPr][BArfs], 6-D. For the acquisition of NMR data through in situ
generation of 6-D, the protocol as for the formation of 6 was used, with deuterium gas in place
of hydrogen gas. Reversibility was again shown through three freeze-thaw-degas cycles, with

subsequent NMR data in keeping with those for 4.

H NMR (THF-ds, 400 MHz, 273 K): & = 0.43 (s, 6H, Pr-CHs), 1.01 (m, 32H, Pr-CHs, Pr-CH),
1.45 (m, 12H, Pr-CHs, Pr-CH), 1.63 (d, 2H, 3Jus = 11.8 Hz, CH~PPh,), 2.57 (m, 4H,
Dipp-Pr-CH), 2.91 (m, 2H, Fe--Dipp-Pr-CH), 4.68 (m, 1H, Fe--Ar-CH), 4.83 (s, 1H, Fe-Ar-CH),
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7.53 (m, 21H, Ar-CH, N-CH=CH-N, Argas-Hpaa), 7.80 (s, 10H, Ar-CH, N-CH=CH-N

Argar-Hortho, ).
2H NMR (50% v/v fluorobenzene/CsDs, 400 MHz, 298 K): & = -13.97 (Sn-D-Fe).
31P{'H} NMR (THF-ds, 162 MHz, 273K): & = -24.4 (s, PPh,).

298i{'"H} NMR (THF-ds, 99 MHz, 273 K): & = -22.6 (d, 2Jsp = 10.7 Hz, Si-Pr).

[PhPCH.Si('Pr2)N(Dipp)Ge-(n®-Ph)]Fe:IPr, 7. Compound 3 (250 mg, 0.134 mmol) was
dissolved in toluene (15 mL), cooled to -40 °C, and CoCp*2 (44 mg, 0.134 mmol) added as a
solution in toluene (5 mL). The reaction mixture was allowed to warm to ambient temperature,
leading to a colour change to dark red and the formation of a light-yellow precipitate. The
solution was filtered, and all volatiles were removed in vacuo. The residue was taken up in
pentane, concentrated and stored at 4°C for 18 h leading to dark red crystals of 7 (83 mg,

0.083 mmol, 62%), which were suitable for X-ray diffraction analysis.

H NMR (CsDs, 400 MHz, 298 K): & = 0.13, 1.20, 1.30, 1.38, 1.84, 2.04, 2.11, 2.21, 2.48, 2.95,
5.83, 6.46, 7.48, 7.65, 8.09, 8.38, 8.51.

Magnetic moment (Evans’ method; CsDs, 400 MHz, 298 K): 1.99 us.
MS/LIFDI-HRMS found (calcd.) m/z: 1006.4340 (1006.4342) for [M]".

Anal. calcd. for CsgsH7oFeSnN3PSi: C, 69.26%; H, 7.92%; N, 4.18%; found: C, 67.79%;
H, 7.94%: N, 4.06%.

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Fe-carbide formation.

PhiPDippSnFe:IPr, 8. A solid mixture of P"PDippSnCI (1.05 g, 1.64 mmol), Na[BAr"s] (1.45 g,
1.64 mmol), and IPr-Fe(n*vtms), (2.12 g, 3.28 mmol) were dissolved in toluene (5 mL) and
stirred for 3 days at ambient temperature, resulting in a deep red reaction mixture. The mixture
was concentrated to 1 mL, and pentane (10 mL) was added, leading to a deep pink oil beneath
a deep red-orange solution. The pentane layer was decanted, and all volatiles were removed
in vacuo. Further addition of pentane (10 mL) led to a deep red solution, which was
concentrated to ~4 mL, leading to the formation of deep pink oily droplets at the walls of the

flask. The pentane solution was again separated from this oil via canula transfer, and stored
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at 4 °C for 24 h leading to red-pink crystals of 8 (629 mg, 0.31 mmol, 31%), which were suitable

for X-ray diffraction analysis.

"H NMR (C¢Ds, 400 MHz, 298 K): & = -0.52, 0.00, 0.44, 1.03, 1.21, 1.28, 2.11, 2.27, 2.98, 3.61,
4.10, 6.15, 6.63, 7.57, 7.68, 8.35, 10.80, 12.92.

Magnetic moment (Evans’ method; C¢Ds, 400 MHz, 298 K): 2.38 us; (SQUID; crystalline solid,
298 K): 2.33 us.

MS/LIFDI-HRMS found (calcd.) m/z: 1052.4213 (1052.4152) for [M]".

Anal. calcd. for CssH7gFeSnN3PSi: C, 66.23%; H, 7.57%:; N, 3.99%:; found: C, 64.57%;
H, 7.34%: N, 3.73%.

Amax, Nm (&, Lcm'mol™): 360 (7528).
57Fe Mdssbauer: 6 = 0.520 mm:-s™; AEq = 1.574 mm-s™.

N.B. Repeated element analysis gave variable but consistently low values for C, possibly due

to Si-carbide/Fe-carbide formation.

X-ray crystallographic details

Single crystals of complexes 3-8, (P"PDippFeNH.),, and [P"PDippFe-IPr][BArf4] suitable for
X-ray structural analysis were mounted in perfluoroalkyl ether oil on a nylon loop and
positioned in a 150 K cold N2 gas stream. Data collection was performed with a STOE StadiVari
diffractometer (MoKa radiation) equipped with a DECTRIS PILATUS 300K detector. Structures
were solved by Direct Methods (SHELXS-97),%2 or using SHELXT-16,% and refined by full-
matrix least-squares calculations against F2 (SHELXL-2018).>* The positions of the hydrogen
atoms were calculated and refined using a riding model, aside from N-H fragments in 5 and
(P"PDippFeNHz).. All non-hydrogen atoms were treated with anisotropic displacement
parameters. Crystal data, details of data collections, and refinements for all structures can be
found in their CIF files, which are available free of <charge Vvia
www.ccdc.cam.ac.uk/data_request/cif, and are summarized in Table 7.2 and 8.3. Details for 6
are not given due to levels of disorder leading to unpublishable data quality for this complex.
The structure for this compound is given in Figure 7.10, as proof of connectivity. In compound
4 the electron density of highly disordered co-crystallized solvent molecules was removed

using the Platon SQUEEZE function (details in respective CIFs).
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Table 7.2 Summary of X-ray crystallographic data for compounds 3-7.

3 4 5 7
empirical CooHo1BF24FeGeN3PSi | CooHo1BF24FeNsPSiSn | CooHesBF24FeGeN4PSi | CssH7oFeGeNsPSi
formula wt 1868.96 1915.06 1886.00 1005.74
crystal syst. monoclinic triclinic orthorhombic monoclinic
space group P21/n P-1 P212121 P21/c
a(A) 16.028(3) 13.150(3) 14.990(3) 19.130(4)
b (A) 14.327(3) 16.100(3) 19.640(4) 15.790(3)
c(A) 38.426(7) 22.910(5) 30.480(6) 18.380(4)
a(deg.) 90 86.50(3) 90 90
B (Bey) 92.211(8) 75.20(3) 90 95.80(3)
y (deg.) 90 85.20(3) 90 90
vol (A3) 8817(3) 4669.1(17) 8973(3) 5523.5(19)
V4 4 2 4 4
p(calc) 1.408 1.362 1.396 1.209
p (mm-) 0.634 0.545 0.624 0.895
F(000) 3840 1956 3880 2140
T (K) 150(2) 150(2) 150(2) 150(2)
reflns 79368 61807 60042 35946
unique 20206 18246 17437 10843
Rint 0.0188 0.0640 0.1650 0.1155
R1 [I>20(])] 0.0413 0.0597 0.0576 0.0868
wR2 (all 0.1113 0.1320 0.1155 0.2215
CCDC No. 2202847 2202848 2202849 2202850
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Table 7.3 Summary of X-ray crystallographic data for compounds 8, (P"PDippFeNH:)2, and [PMPDippFe-IPr][BArr4].

8, 0.5(CeH14) (PMPDippFeNHz)2 | [PPDippFe-IPr][BArFs], CeHs
empirical form. | Cs1HssFeNsPSiSn | Ce2HaoFe2N4P2Si2 CosHo7BF24FeN3PSi
formula wt 1094.92 1121.19 1874.48
crystal syst. triclinic monoclinic monoclinic
space group P-1 P21/c P2i/c
a(A) 10.810(2) 13.880(3) 20.260(4)
b (A) 12.650(3) 14.910(3) 23.000(5)
c(A) 23.000(5) 16.090(3) 20.000(4)
a(deg.) 94.30(3) 90 90
B (Bey) 94.20(3) 111.30(3) 96.40(3)
y (deg.) 113.40(3) 90 90
vol (A3) 2860.1(12) 3102.4(12) 9262(3)
V4 2 2 4
p(calc) (g.cm3) 1.271 1.200 1.344
g (mm) 0.779 0.597 0.288
F(000) 1156 1200 3880
T (K) 150(2) 150(2) 150(2)
reflns collect. 47273 21862 51336
unique reflns 11244 6082 18014
Rint 0.0307 0.0389 0.1393
R1 [I>20(/)] 0.0337 0.0451 0.0721
wR2 (all data) 0.0771 0.1074 0.1920
CCDC No. 2202851 2202852 2202853
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Figure 7.9 The molecular structures of (P"FPDippFeNH.)2 (leff) and [PMPDippFe-IPr][BArF4] (right), with thermal

ellipsoids at 25% probability, and hydrogens omitted for clarity, aside from those in NH2 moieties.
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Figure 7.10 The molecular structure of the cationic part in 6, with thermal ellipsoids at 25% probability. Note that
due to significant disorder, in addition to the large atomic mass of Sn, the bridging H atoms of the Sn-(u-H)2-Fe

moiety could not be located in the electron difference map.

Computational methods and details

DFT calculations for the reaction mechanism discovery were performed at the wB97X-
D(SMD=benzene)/def2-TZVPP//wB97X-D/def2-SVP level of theory.*® Stationary points on the
potential energy surface (PES) were characterized by harmonic vibrational frequency

calculations. Transition states, which had one imaginary frequency, were analysed by intrinsic
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reaction coordinate (IRC) calculations to confirm the corresponding intermediates.

Calculations were carried out using the GAUSSIAN 16 program suite.*®

Spin-unrestricted density functional theory (DFT) computations of the g-matrix, and hyperfine
couplings were performed using the ORCA software package (Version 5.0.2).” Geometry
optimizations were performed using the wB97X-D3 8 functional together with the def2-SVP
basis set,%® and the RIJCOSX density fitting scheme with the def2/J auxiliary basis set.

For the EPR calculations in ORCA, we used the wB97X-D3 functional with the SARC-ZORA-
TZVPP basis set on the Sn atom,?® ZORA-def2-TZVPP basis set on all other atoms,?®) and
RIJCOSX density fitting scheme with the SARC/J auxiliary basis set. In the EPR calculation
step, solvent effects have been taken into account by applying the Solvent Model Density
(SMD) implicit solvation model.®° Finally, the EPR spectra of complex 8’ was simulated using
the EasySpin software program (Development version 6.0.0-dev.39).5" The hyperfine
couplings of the Sn and P atoms along with the Fe atom were considered in order to simulate
the spectra, while a line width of 2 mT, a modulation amplitude of 0.4 mT, and microwave
frequency of 9.05 GHz were assumed. To validate our methodology, we calculated the g-
values and hyperfine coupling constants for a similar Fe-Sn complex reported by Handford, et
al..” To achieve better agreement between the computational and experimental EPR
spectrum for Handford’s system, we defined a constant shift for the g, (0.001), g,,, (0.04) and
gz (0.04) values. Similarly, for complex 8’, we applied a constant shift for the g, (0.01), g,,
(0.04) and g, (0.13) values to achieve better agreement between computations and
experiment. Tight convergence of the electronic iterations was set using the TIGHTSCF
keyword in the ORCA input file, while a dense integration grid (ORCA grid 7) was used on the
Fe atom. Solvent effects have been considered by applying the Solvent Model Density (SMD)
implicit solvation model. To produce the spin density plots, molecular orbitals for the optimized
geometries were taken from the gbw file produced by the ORCA geometry optimization. By
using the orca_plot utility program, spin densities were plotted with 120 grid points and stored

in the cube file format. Finally, the spin densities were visualized using the Chemcraft program.

....................................................................................................

....................................................................................................

Scheme 7.3 Molecular structures for model complexes 3’, 4, and 8’.
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Table 7.4 NBO analysis of the GeFeP moiety in 3’.

3 Occupation | Atom | Polarization | s-character | p-character | d-character
Ge 65.08% 48.50% 51.46% 0.04%
Bond 1.83
Fe 34.92% 25.26% 47.93% 26.82%
Ge 17.07% 29.96% 69.54% 0.50%
Bond 1.88
N 82.93% 54.52% 45.46% 0.02%
Ge 22.11% 21.50% 78.02% 0.48%
Bond 1.95
C 77.89% 42.43% 57.57% 0.00%
Fe 29.86% 19.47% 43.83% 36.70%
Bond 1.92
P 70.14% 31.92% 68.03% 0.05%
Lone Pair 1.91 Fe - 0.52% 0.04% 99.45%
Lone Pair 1.72 Fe - 0.02% 2.73% 97.25%
Empty orbital 0.63 Ge - 0.70% 99.16% 0.14%
Empty orbital 0.25 Fe - 1.67% 91.87% 6.46%

Figure 7.11 HOMO-13 (left, -12.28 eV), HOMO (middle, -9.16 eV), and LUMO (right, -2.18 eV) of 3.

Table 7.5 Calculated bond lengths [A], NPA, Wiberg Bond Index (WBI), Mayer Bond Order (MBO), and percent

spin population in the SnFeP moiety in 3’.

Property 3
Bond length [A] Ge-Fe/Fe-P 2.184/2.225
NPA charge GelFe/P +1.19/-0.61/+1.17
Wiberg Bond Index Ge-Fe/Fe-P 1.35/0.85
Mayer Bond Order Ge-Fe/Fe-P 1.37/0.97
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Table 7.6 NBO analysis of the SnFeP moiety in 4'.

Alpha orbitals | Occupation | Atom | Polarization | s-character | p-character | d-character

Lone Pair 0.99 Fe - 0.01% 0.77% 99.23%
Lone Pair 0.98 Fe - 1.00% 0.13% 98.87%
Lone Pair 0.96 Fe - 0.23% 0.17% 99.60%
Lone Pair 0.94 Fe - 1.38% 0.52% 98.11%
Lone Pair 0.93 Fe - 1.93% 0.59% 97.48%
Lone Pair 0.96 Sn - 93.38% 6.61% 0.01%
Lone Pair 0.81 C - 41.74% 58.25% 0.01%
Empty orbital 0.17 Fe - 65.27% 30.24% 4.49%
Empty orbital 0.07 Fe - 8.53% 90.42% 1.03%
Empty orbital 0.05 Fe - 7.49% 91.33% 1.17%
Empty orbital 0.04 Fe - 14.28% 84.80% 0.92%
Empty orbital 0.19 Sn - 3.62% 96.16% 0.22%
Empty orbital 0.12 Sn - 0.71% 98.92% 0.37%
Empty orbital 0.11 Sn - 2.68% 96.95% 0.37%

Beta orbitals | Occupation | Atom | Polarization | s-character | p-character | d-character

Fe 24.23% 26.72% 39.46% 33.82%
Bond 0.96

Sn 75.77% 14.47% 85.47% 0.06%

Lone Pair 0.82 C - 42.36% 57.64% 0.01%
Lone Pair 0.94 Fe - 2.21% 0.21% 97.57%
Lone Pair 0.81 Fe - 0.01% 0.01% 99.98%
Lone Pair 0.97 Sn - 79.78% 20.20% 0.01%
Empty orbital 0.17 Fe - 28.33% 21.65% 50.01%
Empty orbital 0.08 Fe - 0.93% 45.04% 54.02%
Empty orbital 0.07 Fe - 1.01% 60.88% 38.09%
Empty orbital 0.05 Fe - 38.31% 57.34% 4.35%
Empty orbital 0.01 Fe - 1.65% 23.94% 74.39%
Empty orbital 0.00 Fe - 2.60% 50.78% 46.52%
Empty orbital 0.20 Sn - 3.97% 95.79% 0.24%
Empty orbital 0.12 Sn - 2.19% 97.38% 0.43%
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Table 7.7 Calculated bond lengths [A], NPA, Wiberg Bond Index (WBI) and Mayer Bond Order (MBO) in the SnFeP

moiety in model complex4’.

Property 4

Bond length [A] | Sn-Fe/Fe-C 2.876/2.019

NPA charge Sn/Fe/C +0.59/+0.53/+0.15
Wiberg Bond Index | Sn-Fe/Fe-C 0.52/0.57
Mayer Bond Order | Sn-Fe/Fe-C 0.53/0.77

Figure 7.12 HOMO-1 (left, -10.95 eV), HOMO (middle, -10.81 eV), LUMO (right, -9.92 eV), and the isolated NBO-
derived bonding interaction between the C-based lone-pair and Fe (bottom right) with an energy of 98.26 kcal mol™
in4’.
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Table 7.8 NBO analysis of the SnFeP moiety in 8'.

Alpha orbitals | Occupation | Atom | Polarization | s-character | p-character | d-character

Sn 27.18% 6.21% 93.60% 0.19%

Bond 0.88
Fe 72.82% 19.61% 22.89% 57.50%
Fe 28.01% 24.86% 39.55% 35.59%

Bond 0.88
P 71.99% 33.41% 66.52% 0.07%
Lone Pair 0.95 Sn - 85.61% 14.39% 0.01%
Lone Pair 0.97 Fe - 0.03% 1.55% 98.43%
Lone Pair 0.97 Fe - 0.78% 0.09% 99.13%
Lone Pair 0.88 Fe - 0.06% 0.09% 99.85%
Lone Pair 0.85 Fe - 0.16% 0.09% 99.75%
Empty orbital 0.17 Sn - 7.30% 92.51% 0.19%
Empty orbital 0.13 Sn - 1.35% 98.38% 0.27%
Empty orbital 0.12 Fe - 2.32% 89.98% 7.68%
Empty orbital 0.08 Fe - 0.76% 97.06% 217%
Empty orbital 0.07 Fe - 51.41% 47.97% 0.62%

Beta orbitals | Occupation | Atom | Polarization | s-character | p-character | d-character

Sn 58.19% 15.29% 84.63% 0.08%

Bond 0.94
Fe 41.81% 21.97% 41.62% 36.41%
Fe 23.36% 23.68% 41.97% 34.34%

Bond 0.98
P 76.64% 34.30% 65.65% 0.05%
Lone Pair 0.96 Sn - 76.66% 23.33% 0.01%
Lone Pair 0.95 Fe - 1.18% 0.05% 98.77%
Empty orbital 0.17 Sn - 6.93% 92.89% 0.18%
Empty orbital 0.13 Sn - 1.59% 98.15% 0.26%
Empty orbital 0.15 Fe - 0.01% 64.66% 35.32%
Empty orbital 0.08 Fe - 39.84% 42.45% 17.70%
Empty orbital 0.01 Fe - 0.19% 63.99% 35.78%
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Table 7.9 Calculated bond lengths [A], NPA, Wiberg Bond Index (WBI) and Mayer Bond Order (MBO) in the SnFeP

moiety in model complex 8.

Property 4 8

Bond length [A] Sn-Fe/Fe-C 2.876/2.019 Sn-Fe/Fe-P 2.667/2.258

NPA charge Sn/Fe/C +0.59/+0.53/+0.15 Sn/Fe/P +0.65/-0.19/+1.02
Wiberg Bond Index | Sn-Fe/Fe-C 0.52/0.57 Sn-Fe/Fe-P 0.78/0.73
Mayer Bond Order | Sn-Fe/Fe-C 0.53/0.77 Sn-Fe/Fe-P 0.82/0.80

Figure 7.13 HOMO-1 (left, -7.14 eV), HOMO (middle, -5.84 eV), and LUMO (right, 1.30 eV) of 8'.

EPR Parameters

Below are the calculated EPR g-values, using the methods described above.

Table 7.10 DFT-derived g-values for 8'.

9x 9y g:

8’ 2.0055 2.0573 2.3031

Table 7.11 Experimentally derived g-values, confirmed with modelling using EasySpin, for 8'.

gx gy g:
8 2.0126 2.0410 2.3050
Ar¥'(MHz) 98 91 100
Asn7119(MHz) 412 456 310
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Spin Density Plots

Figure 7.14 a) Optimized geometry of 4’ and b) spin density distribution of 4. Orange regions indicate positive spin
density and purple regions indicates negative spin density. Hydrogen atoms are omitted for clarity. Color code: C —
gray, Fe —red, N — blue, P — brown, Si - yellow, Sn — teal.

Figure 7.15 a) Optimized geometry of 8 and b) spin density distribution of 8’. Orange regions indicate positive spin
density and purple regions indicates negative spin density. Hydrogen atoms are omitted for clarity. Color code: C —
gray, Fe —red, N — blue, P — brown, Si - yellow, Sn — teal.
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Chapter 8

Modulating Cooperative H2 Activation with Modifiable Non-innocent

Tetrylenes in 16-Electron Ni° Complexes

Philip M. Keil, Sophia Ezendu, Annika Schulz, Malte Kubisz, Tibor Szilvasi,* and Terrance J.
Hadlington*

This project was done in collaboration with Sophia Ezendu and Prof. Tibor Szilvasi from the
University of Tuscaloosa, who performed all DFT calculations. Within the Hadlington group,
Malte Kubisz helped develop the synthetic route for the modified tetrylenes 2a-f, while
Annika Schulz performed all experiments involving the H- activation of complex 3. The here
shown results will be submitted to a peer-reviewed journal and might undergo changes in the

process of publishing.
Synopsis

In Chapters 3 and 4, the ligand scaffold P"RDipp (P"*Dipp = [{Ph.PCH_Si(R)2}(Dipp)N]; R = Ph,
iPr; Dipp = 2,6-iPr2CsH3) was introduced and used to isolate (chloro)germylene- and cationic
germylene-nickel(0) complexes, which showed tetryl centred reactivity and Lewis acidity. MLC
was not observed, partly because of the electronically saturated Ni° centre, but also because
activation of substrates often led to elimination of the chloride substituent for the
(chloro)germylene complexes, or elimination of salts of the [BArf4]- counter anion ([BArT4] =
[{3,5-(CF3)2CsHs3}4B]") for the cationic germylene complexes. To prevent these processes, and
to have a direct handle on the electronic properties of the tetrel element, we aimed to substitute
the chloride moiety in P"PDippGeCl with different aryl substituents exhibiting varying electron
withdrawing/donating properties. This substitution should increase the Lewis acidity of the
germylene centre, since the chloride ligand m-donates electrons into the vacant p-orbital of the
germylene. Additionally, we aimed to combine these germylene ligands with a
carbene-stabilised Ni® moiety, [Ni(IPr)] (IPr = [{HC(Dipp)N}.C:]), since this type of TM® moiety
has already led to the successful isolation of low-valent TM complexes, with P"RDipp as ligand
scaffold, as described in Chapter 7, and a further recently published project from our group;’
there, the isolation of the low-valent Ni° complex, [{P"PDippGe(Cl)}-Ni(IPr)], was achieved,
where the (chloro)germylene acts as an L-type ligand, in contrast to the cationic tetrylenes

acting as Z-type ligands in this class of three-coordinate, carbene stabilised Ni° complex.
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Modifying PMPDippGeCl with different arenes was possible by reacting the (chloro)germylene
with aryl Grignard or lithium reagents, giving ""PDippGe(R) (R = 4-CNCgHa, 3,5-(CF3)2.CsHs,
CeHs, 4-MeCgH4, 4-OMeCsH4, 4-NMe2CsH4), so introducing arenes with different electronic
influences on the tetrylene centre. Akin to the synthesis of [{""PDippGe(Cl)}-Ni(IPr)], the
(aryl)germylene-nickel(0) complexes [{P"PDippGe(R)}-Ni(IPr)] could be obtained. The
synthesis of these complexes in most cases also yielded [{"""DippGe(R)}-Ni(COD)] (COD =
1,5-cyclooctadiene) as a by-product, stemming from the reaction with Ni(COD),, which remains
in the reaction mixture. However, due to differing solubilities of the complexes,
[{P"PDippGe(R)}-Ni(IPr)] could be isolated via fractional crystallisation in reasonable yields
between 46 and 59%. The [Ni(COD)] complexes are not reported herein since these are
currently under investigation for the catalytic hydrosilylation of alkenes within the group. It
should be noted that the arene substitution and synthesis of corresponding (aryl)stannylene-
nickel(0) complexes, [{P"PDippSn(R)}-Ni(IPr)], was also successful, employing the
(chloro)stannylene P"PDippSnCl. These are not included here because they are part of another

project from our group.

The aryl residues were shown to have the anticipated varying electronic influence on the
complexes, which is well illustrated by UV/vis spectroscopy, where the UV/vis spectra of the
(aryl)germylene-nickel(0) complexes each exhibit a characteristic absorption maximum
between 652 nm and 799 nm, which correlates to the HOMO-LUMO gap for these complexes,
in keeping with values obtained by DFT calculations. The maxima undergo a red shift for an
increasing electron withdrawing effect of the residue at the germylene, which in turn means a
decreasing HOMO-LUMO gap. The (aryl)germylene-nickel(0) complexes also reversibly
activate H, across the Ge-Ni bond, giving the (hydridogermyl)nickel-hydride complexes
[{PMPDippGe(R)(H)INi(H)-(IPr)]. In all cases, 'H and 3'P NMR spectra showed an equilibrium
between the initial complex and activation product in solution, where more electron
withdrawing aryl groups at the germylene led to the equilibrium favouring the activation
product. This equilibrium allowed us to obtain kinetic parameters for the activation reactions
using variable temperature '"H NMR spectroscopy. These correlate with the electronic influence
of the substituents: the obtained exergonic values for AHr and AGr were largest for the
complexes with the strongest electron withdrawing substituents (i.e. R = 4-CNCgHs, 3,5-
(CF3)2CeHs). AHr and AGr also correlate well with calculated DFT parameters (e.g. NPA
charges of Ge and Ni, Mayer Bond Order of the Ge-Ni bond), showing anticipated linear
correlation. Further, the H, activation reaction is completely inhibited through introduction of
the strongly m-donating dimethyl-amino residue at germanium, in the complex
[{P"PDippGe(NMe2)}-Ni(IPr)].
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The germylene-nickel(0) complexes [{P"PDippGe(R)}-Ni(IPr)] also showed the ability to
catalyse the dehydrogenative coupling of PhSiHs;, which was shown to result in
(poly)phenysilane, as evidenced by GPC analysis. The dehydrogenative coupling is linked to
the ability of the complexes to release Hz, which is demonstrated by the fact that
[{P"PDippGe(Ph)(H)}Ni(H)-(IPr)] could be isolated from the reaction of
[{P"PDippGe(Ph)}-Ni(IPr)] with a slight excess of PhSiHs. This gives good evidence that the
(hydridogermyl)nickel-hydride complex is an intermediate in the catalytic cycle, and is probably
the rate determining step is the Hz elimination. When comparing the catalytic activity of the
complexes, the lowest reaction rate was measured for [P""DippGe{3,5-(CF3).CsHs}-Ni(IPr)] as
this species disfavours H; elimination the most, since it has the highest AGr value for the Hx
activation. This further supports the notion that H, elimination is the rate determining step of

the catalysis.

In conclusion, we were able to further develop the (chloro)germylene ligand "PDippGeCl,
introduced in Chapter 3, through the substitution of the chloride moiety by different arene
residues, directly influencing the electronic nature of the germylene binding centre.
Combination with a low-valent Ni° centre led to 16-electron Ni° species,
[{P"PDippGe(R)}-Ni(IPr)], which demonstrate the desired MLC behaviour, in reversibly
activating Hz. We could further show that the complexes catalyse the dehydrogenative coupling
of PhSiHs, while linking the catalytic activity of the complexes to the ability of the complexes to
release H,. The investigated influence of ligand modifications on the HOMO-LUMO gap of
these Ni° complexes, and their catalytically-linked H. activation capacity, is promising for future
projects, as it demonstrates that simple modifications of the ligand have a pronounced
influence on the electronics and reactivity of the ensuing TM complexes. Furthermore, the
ligand backbone could also be modified at N, Si, and P positions, perhaps leading to diverse
reactivity, such as cooperative ammonia activation or further application in catalysis. The
combination with different low-valent TM centres such as Mn, Co, or Fe is also a promising
strategy, as discussed in Chapter 7, where Fe® centres were employed leading to differing
reactivity and coordination patterns in resulting complexes, when compared to their Ni°

counterparts.’
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Manuscript

The here shown results will be submitted to a peer-reviewed journal and might undergo
changes in the process of publishing. Further DFT calculations are underway and will be added
to the Manuscript. Experimental spectra (NMR, LIFDI/MS, UV/vis and IR) and further details
concerning DFT calculations will be included in the supporting information of the manuscript

and can be retrieved online as soon as it will be accepted for publication.

Introduction

Many industrial processes for fundamental chemical conversions rely on H,.2° The activation
of Hz is employed in catalytic hydrogenation for the synthesis of important base and fine
chemicals'®"", while H. storage via binding and controlled release of H, has been of growing
relevance.'?'s Historically, the majority of compounds able to activate H; are transition metal
(TM) complexes'®'”, but in the last two decades metal-free systems such as FLPs'®"° or
low-valent main group compounds?*? have been of growing interest. Another strategy for the
activation of H, has been Metal-Ligand Cooperativity (MLC), where non-innocent ligands are
used in TM complexes for the cooperative activation of substrates and catalysis.?*2°
Spearheaded by Morris, the use of Lewis basic ligands has been shown to efficiently perform
hydrogenation of different substrates using abundant first-row TM centres such as Fe, Co or
Mn, avoiding rare TMs.?5-?° | ewis acidic ligands have not been studied as extensively but have
also shown the ability to activate H,.3° Heavier tetrylenes can be used as such ligands, which
have shown the ability to remain Lewis acidic while coordinating to a TM centre due to their

‘single-centre’ ambiphilic nature, bearing a lone pair of electrons and a vacant p-orbital.®’

The first study of a heavier tetrylene-TM system concerning MLC behaviour was conducted by
the group of Holl in 1995, where the reversible addition of H, to a germylene-platinum(0)
complex across the Ge-Pt bond was shown (Figure 8.1, A).* In an acyclic silylene-nickel(0)
complex, the same type of activation was shown to result in a TM-hydride, which was bridged
to the tetrel element via an agostic interaction (Figure 8.1, B).>* These two types of activation
were shown to generally proceed via H; activation at the TM and subsequent hydride migration
to the tetryl element..*" Closely related systems also activate H, leading to systems bearing
two bridging hydride ligands between the tetrylene and TM, first reported by the group of Driess
in 2017 with a (bis-silylene)nickel(0) complex, where H; activation resulted in a Ni'-dihydride
silylene stabilised compound with strong Si-H interactions (Figure 8.1, C).%® We have recently

reported a similar type of H, activation with a cationic stannylene-iron(0) complex, resulting in
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two bridging hydrides between the TM and the stannylene.®* Modifying such tetrylene-TM
systems directly at the tetrylene would allow for the control of the electronic nature of these
complexes, which could give a deeper understanding of such systems, and how to achieve
efficient catalytic transformations such as hydrogenation. A broad study in this regard has not

been carried out, presumably due to challenges regarding modifications directly at the tetrel

element.
L I( N\
\ Earlier work: 1| This work:
! ' ' R H

(A) P By | P Ge RRE
: H H a3\ ' = N

/ —Si—Ni=NHC ' (lPI’)zSI N|<—|Pr _— Ni
(Me3Si)aN < \ 1 »
Ge Pt\PEt . 1 P AN

' / 3 (Dipp)N NHC ' th Ph Pr
1 (Me3Si)oN PEt; ! . ! 2
H ! SiMe, H NMe, OMe Me H
' : Dipp = 2,6-iPr;C¢Hs ! FiC CF3
; ! NHC = :C[N(iPr)CMe], ! @
[ R e 1
1 1
i O SiL, (C) gPr)z H Increasing Lewis acidity of germylene
' - \N_/PMea “N— Dipp '
1 - NI I '
H H\ / H PhP~_@| H{ ) ! Equilibirum of Catalytic dehydrogenative
' O si” S"_H /Fe\ ' H, activation polymerisation
: L Pro HOMO-LUMO  AH of H,
. L, = (NtBu),CPh IPr = :C[N(Dipp)CH]» ’: L gap activation )

Figure 8.1 Known examples of different types of Hz activations by tetrylene TM complexes, and the germylene Ni°
system studied in this work with modifiable germylene residues influencing the electronic character and reactivity
of the complex.

Initial studies from our group have used the FP"PDipp ligand scaffold (P"PDipp =
[{Ph2PCH.Si(iPr)2}(Dipp)N]; Dipp = 2,6-iPr-CsHs), in developing (chloro)tetrylene- or cationic
tetrylene-nickel(0) complexes. Though these did not demonstrate cooperative bond activation,
they did show the ability to perform hydrogenation and hydrosilylation catalysis, making this
scaffold an interesting candidate for further investigation.*®#' We attributed the lack of MLC
behaviour to unreactive 18-electron Ni° centres, while the elimination of the chloride or the
weakly-coordinating anion either led to Ge-centred metathesis reactions or decomposition of
the complexes. In a more recent study, we could show that switching to a low-coordinate Ni°
centre, stabilised by the bulky N-heterocyclic carbene, IPr (IPr = [(H)CN(Dipp)]-C:), leads to a
Z-type coordination of the cationic tetrylene ligands, [P"FPDipE]*, enabling hydrogenation
catalysis, while the related (chloro)germylene, P"PDipGeCl, behaves as an L-type ligand,

leading to a 16-electron Ni° complex.'

In this work, we present a simple route to the modification of (chloro)germylene ligands, by
chloride substitution with aryl residues. The accessed P"FPDippGe(R) ligands (R = C¢Hs (2a),
3,5-(CF3)2CeHs (2b), 4-CNCeHs (2¢), 4-MeCoHs (2d), 4-OMeCoHs (2€), 4-NMe2CoH. (2f)) were
used in the generation of the corresponding Ni° complexes, 4a-f [{P"PDippGe(R)}-Ni(IPr)], all

of which showed the ability to reversibly activate H, across the Ge-Ni bond, resulting in an
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equilibrium between 4a-f and 5a-f (i.e. [P""DippGe(H)(R)Ni-(H)(IPr)]) in solution (Figure 8.1).
The distinct influence of the aryl residues on the electronic nature, and thus the H; activation
energies, of the corresponding complexes is clearly displayed. Additionally, the direct influence
of the H, activation equilibria on the activity of these complexes for catalytic dehydrogenative

polymerisation of PhSiHs is investigated.
Results and discussion
Synthesis and characterisation of 16-electron Ni® complexes

To modify our developed phosphine functionalised germylene systems, we wanted to
substitute the labile chloride ligand in P"PDippGeCl with a non-labile, electron withdrawing
arene ligand. This should impact the electronic nature on two fronts, since the chloride ligand,
contrary to the phenyl group, can m-donate electrons into the vacant p-orbital of the germylene
centre. Addition of a freshly prepared solution of PhMgBr to a colourless toluene solution of 1
at -78 °C led to a yellow suspension upon warming the mixture to ambient temperature
(Scheme 8.1). The 3'P{'"H} NMR of the crude reaction mixture indicated the clean formation of
a single new species (6 = 3.2 ppm). Obtaining XRD data has not been successful thus far but
NMR spectroscopy, mass spectrometry and elemental analysis all strongly indicate that the

product of the reaction is indeed the targeted (phenyl)germylene ligand, P""DippGePh (2a).
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Scheme 8.1 Synthesis of the modified tetrylene ligands 2a-g and the corresponding Ni° complexes 4a-g. (i) RMgBr,
Et2O/toluene, -78°C — RT (2a,b); (ii) RLi, Et2O/toluene, -78°C — RT (2c-g); (iii) Ni(COD)2/IPr, toluene, -78°C —
RT, 3 h.

Reminiscent of the synthesis of previously reported [{P"PDippGe(ClI)}-Ni(IPr)] (3), the addition
of a toluene solution of 2a to a toluene solution of Ni(COD)., and IPr led to a colour change
from light orange to deep red, with a concomitant shift in the 3'P{'"H} NMR spectrum from & =
3.2 ppm to 8.7 ppm (Scheme 8.1)." Storage of a concentrated pentane solution of this
compound led to the crystallisation of 4a ([{"""DippGe(Ph)}-Ni(IPr)]), confirming the formation

of a 16-electron Ni°® complex. Compound 4a differs considerably in colour to our previously
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reported 16-electron Ni° (chloro)germylene complex 3, the former being deep red in solution
(Amax = 752 nm), and the latter deep green (Amax = 652 nm). Nevertheless, single crystal X-ray
diffraction analysis showed an analogous solid-state structure for the two species, 4a bearing
a trigonal planar Ni° centre (sum of all angles at Ni = 359.9°) and a similar Ge-Ni bond length
to that in 3 (4a: deeni= 2.219(1) A; 3: deeni = 2.217(1) A; Figure 8.2). The Ge-Ni bond length is
in the range of other reported germylene-nickel(0) complexes reported by our group with
related ligand scaffolds, where reduced m-back-donation from the TM centre is observed.*%4!
The frontier orbitals of 4a were calculated using DFT (Density Functional Theory) methods,
suggesting that both the HOMO and LUMO are mainly located at the Ge-Ni bond. Therefore,
the HOMO and LUMO can best be described as distorted - and r*-orbitals of the Ge-Ni bond.
Both orbitals are delocalised across the NHC and the phenyl group at the germylene centre,
although the delocalisation is more pronounced in case of the LUMO. The calculated MBO
(Mayer bond order) of the Ge-Ni bond, at 1.12, is comparable to those in our previously
reported model germylene-nickel(0) triphenylphosphine complexes ([{"""DippGe}-Ni(PPhs).]*,
MBO = 1.11; [{P"PDippGe(Cl)}-Ni(PPhs).], MBO = 1.13), confirming some degree of m-back-

donation from the TM centre to the tetrel element.*0-41

Figure 8.2 (a) The molecular structure of 4a with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4a: Ni1-Ge1 2.219(1), Ge1-N1 1.898(8), Ni1-C38 1.929(8),Ge1-Ni1-
C38 133.5(2), C38-Ni1-P1 130.1(2), P1-Ni1-Ge1 96.33(7). (b) The calculated LUMO and (c) HOMO of 4a.

The absorption maxima in the UV/vis spectra of these species relates to the substitution at
germylene, thus indicating a correlation of the HOMO-LUMO gap to this substitution. This kind
of correlation between substituents and reactivity of heavier group 14 element(ll) compounds
is well documented in the literature.?" 4246 The red shift observed for 4a relative to 3 would

indicate a narrowing of the HOMO-LUMO separation on substituting the ClI for a Ph ligand.
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This gives some evidence that an increased Lewis acidity of the germylene centre correlates
to a potentially more reactive Ge-Ni bond.*” The calculated HOMO-LUMO gaps for 3 (1.82 eV)
and 4a (1.62 eV) correlate well with the obtained energy values of Amax for the measured UV/vis
maxima (3: 1.90 eV; 4a: 1.65 eV). Since the calculated HOMO and LUMO of 4a are
respectively reminiscent of the - and m*-orbitals of the Ge-Ni bond, the HOMO-LUMO gap

and the discussed absorption maximum relate to the m—m*transition in these complexes.
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Figure 8.2 Left: UV/vis spectra of a 10* M toluene solution of 3 and 4a-g at ambient temperature; Right: Cutout of
the UV/vis spectra between 550 and 1000 nm showing the maximum associated with the HOMO-LUMO gap.

To further investigate the correlation between the residue at germanium and the electronic
nature of the resulting germylene-nickel(0) complex, we wanted to introduce different residues
at the germylene with varying electron donating/withdrawing properties. In this regard, the aryl-
substituted germylenes, P"PDippGe(R) (R = 3,5-(CF3)2CsHs (2b), 4-CNCsH4 (2¢), 4-MeCeH4
(2d), 4-OMeCgH4 (2e), 4-NMe2CsH4 (2f)), as well as the amido derivative P"PDippGe(NMey)
(2g), were synthesised. This was achieved in similar manner as for the synthesis of 2a, either
using aryl Grignard or lithium reagents, or LiNMe; (Scheme 8.1). Fluorine-functionalised
aryl-germylene ""PDippGe{3,5-(CF3).CsHs} (2b) was isolated as an off-white solid and was
coherently used for the isolation of 4b [P"PDippGe{3,5-(CF3)CeHs}-Ni(IPr)]. However, 2c-g
could not be precipitated from a concentrated pentane solution, even after prolonged cold
storage, indicating a high solubility. These ligands were characterised by in-situ 3'P{'"H} NMR
spectroscopy, which indicated the presence of a single new species in all cases. Assuming full
conversion, these solutions could successfully be utilised in generating chelating
germylene-nickel(0) complexes 4c-g. Characterisation via single crystal X-ray diffraction
indicates similar structural features as for 3 and 4a, with a trigonal planar Ni° centres, and
Ge-Ni bond lengths between 2.209(1) A and 2.231(1) A (Table 8.1). A notable anagostic

interaction between one C-H fragment of the backbone Si-iPr group and the Ni° centre is
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observed in all cases, leading to a ‘boat’ conformation for the central 6-membered ring in 4a-g.
The impact of the different residues has a marked effect on the electronic nature of these
complexes, as can be observed in the UV/vis spectra of 3 and 4a-g. The absorption maximum
undergoes a red-shift with an increased electron-withdrawing effect of the residue (Figure 8.3,
Table 8.1).

Table 8.1 Selected structural and spectroscopic parameters of 3 and 4a-g.

UWVis Calc. HOMO- High-field TH
Ni°>-Complex 31P{'H} NMR
deeni[A] L nGeni[°] maximum LUMO gap NMR shift )
(R) shift [ppm]
[nm; eV] [eV] [ppm]
3(Cl) 2.217(1) 120.9(1) 652 ; 1.90 1.82 / 13.5
4a (CeHs) 2.219(1)  116.8(2) 752;1.65 1.62 -0.54 8.7
4b (3,5-
2.209(1)  116.3(1) 770 ; 1.61 1.55 -0.63 11.1
(CF3)2C6H3)
4c (4-
2.2216(8) 117.1(1) 799 ;1.55 1.43 -0.66 12.8
CNCeHy)
4d (4-
2.231(1)  116.6(1) 748 ;1.66 1.62 -0.48 8.1
MeCesHa)
4e (4-
2.2203(8) 117.7(1) 747 ; 1.66 1.64 -0.44 7.7
OMeCsHq)
4f (4-
2.2176(9) 117.5(1) 741 ;1.67 1.64 -0.33 6.5
NMe2CsHy)
4g (NMez) | 2.2162(9) 118.16(8) 623;1.99 1.80 0.32 15

Fittingly, the strongest electron withdrawing residue, the para-cyanophenyl moiety (4c), leads
to the lowest energy maxima at 799 nm, exhibiting a deep purple colour in solution. On the
other extreme, the most pronounced electron donating residue, the [MezN] moiety (4g), results
in a deep green solutions and an absorption maximum at 623 nm, equal to the largest
HOMO-LUMO gap. The maxima for the other substituents lie in between these two values, in
the order Cl > 4-N(Me)>CeHs > 4-OMeCgHs > 4-MeCsH4 > CsHs > 3,5-(CF3)2CsHs. The same
trend can be observed for the calculated HOMO-LUMO gap energies of the complexes, which
are slightly smaller than the energies of the absorption maxima in UV/vis spectra (Table 8.1).
DFT calculations further show that both the HOMO and LUMO are being stabilised with an
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increasing electron withdrawing effect of the residue at the germylene. Since the LUMO is

stabilised to a greater extent, a decreasing HOMO-LUMO gap is the consequence.

Further trends relating the electronic influence of the residue at the germylene with the bonding
situation between Ge-Ni in 4a-g are borne out through DFT calculations, particularly so the
calculated NPA charges (NPA = Natural Population Analysis) of the Ge and Ni centres, and
the Mayer Bond Order (MBO) of the Ge-Ni bond. The NPA charges in these structures were
calculated to be between -0.512 and -0.586 for Ni, and between +1.116 and +1.313 for Ge,
while the calculated Mayer Bond Order (MBO) of the Ge-Ni bonds ranges from 1.107 to 1.230
(Table 8.2). These values increase in accordance with the electron donor strength of the
residue at germylene, in the order 3,5-(CF3)2CeHz < CeHs< 4-MeCsHs < 4-OMeCsH4 <
4-N(Me)2CsHs < NMey, with the exception of 4-CNCe¢H4. Here, the MBO is smaller than for
3,5-(CF3)2CsHs3, while the values for NPA charges lie in between 3,5-(CF3)2CsHs and CeHs.

Table 8.2 Measured Ge-Ni bond distances and selected DFT-calculated parameters of 3, 4a-g and

Ni° Complex (R) deeni [A] Calcd. Ge-Ni Bond NPA charges Mayer Bond Order
Length [A] Ni Ge (MBO)
3(Cl) 2.217(1) 2.232 -0.535 1.110 1.074
4a (CeHs) 2.219(1) 2.241 -0.534 1.147 1.121
4b (3,5- 2.209(1) 2.243 -0.512 1.116 1.107
(CF3)2C6H4)
4c (4-CNCgH4) 2.2216(8) 2.240 -0.515 1.129 1.106
4d (4-MeCeHa) 2.231(1) 2.242 -0.535 1.150 1.119
4e (4-OMeCesHs) | 2.2203(8) 2.242 -0.539 1.152 1.130
4f (4-NMe2CeH4) | 2.2176(9) 2.243 -0.546 1.160 1.130
4g (NMe>) 2.2162(9) 2.252 -0.586 1.313 1.230

The shift of the phosphine signal in the 3'P{"H} NMR spectra of complexes 4a-g is also
dependent on the residue at Ge, again increasing with the electron-withdrawing effect of this
ligand (Table 8.1). Here, more electron withdrawing ligands neatly lead to a more de-shielded
(i.e. low-field shifted) resonance. A similar trend can also be observed in the '"H NMR spectrum
for 4a-g where a methyl group appears with an unusually up-field shift. We believe that this is

related to the anagostic interaction observed in the solid-state structures of 4a-g described
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above (Table 8.1). This signal undergoes a high-field shift with an increasing electron-
withdrawing effect of the ligand at Ge, from & = 0.32 ppm for the NMe; residue, to 6 = -0.66
ppm for the 4-CNCg¢H4 residue. The only exception to these NMR spectroscopic trends is for
3, where no low-field shifted signal is observed, and the signal in the 3'P{"H} NMR spectrum

appears at a higher field (6 = 13.5 ppm).

As a whole, the combined experimental and computational analyses indicate that the residues
at Ge have a pronounced influence on the electronics of 4a-g, which should also impact the

reactivity of the complexes.
Reversible H; activation

With complexes 4a-g in hand, we aimed to investigate the effect of the varying ligand Lewis
acidity and HOMO-LUMO gap modulation on their reactive capacity. All aryl-substituted
complexes (i.e. 4a-f) were found to react with H, at just 1 atm of pressure and ambient
temperature, leading to a single activation product as ascertained by 'H and *'P{'"H} NMR

spectroscopy (Figure 8.4(b)).
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Figure 8.4 (a) 3'"P{"H} NMR spectrum of 4a at 8.7 ppm in CsDs at ambient temperature; (b) 3'P{'"H} NMR spectra of
4a under 1 atm Hz in CeDs at ambient temperature showing 4a and a new signal at 9.0 ppm, and of the (c)
subsequent removal of all volatiles in vacuo and redissolution in CeéDs only displaying 4a again.

All reactions also proved to be reversible, as small but varying amounts of 4a-f were always

observed in these NMR spectra, and the full regeneration of those starting materials is
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achieved by removing all volatiles in vacuo, followed by re-dissolution (Figure 8.4(b) and (c)).
Precipitation of analytically pure yellow solids of the H» activation products 5a, and 5¢-f was
possible by subjecting an Et,O or pentane solution of 4a or 4c-f to 1.5 bar Hy, and storing the
solutions for 24 h at ambient temperature. Structural characterisation, via single crystal X-ray
diffraction, was achieved for 5a and 5c¢, showing that the reaction with H; in these complexes
leads to cooperative activation, in forming (hydrido-germyl)nickel-hydride complexes
(Scheme 8.2, Figure 8.5).

R H H
H G/ N/
B e\ e’”H Ge I
<X Ni-<IPr : ( . —_— \Ni/
p” R=Cl, aryl R=Cl 7 X
R= NMez Ph ary P IPr
2 th Ph,

observed via

3or4 5 'H NMR spectroscopy

Scheme 8.2 Reversible cooperative activation of Hz2 by 3 and 4a-f across the Ge-Ni bond under ambient conditions
and no reaction of 4g with Ha.

In both cases, the Ni centre is now in a distorted square planar geometry (sum of all angles at
Ni: 5a = 360.46°; 5¢ = 360.97°), and the Ge holds a tetrahedral geometry. The Ge-Ni bonds
are elongated when compared to those in 4a and 4c¢ (deeni: 4a = 2.219(1); 5a = 2.312(1); 4¢c =
2.2216(8); 5¢ = 2.323(1) A), presumably due to absent r-back-donation from Ni to Ge, due to
the coordinatively saturated Ge centre. The Ni-hydride exhibits a bridging character to the Ge
centre, reminiscent of related H. activation reactions in an acyclic silylene-nickel(0) complex
(Figure 8.1, B).*3

Figure 8.5 The molecular structure of 5a and 5¢ with hydrogen atoms omitted and thermal ellipsoids at 25%
probability. Selected distances and [A] and angles [°] for 5a: Ni1-Ge1 2.312(1), Ge1-N1 1.931(4), Ni1-C38 1.920(5),
Ni1-P1 2.174(1), C38-Ni1-P1 111.3(1), P1-Ni1-Ge1 92.16(4); 5¢c: Ni1-Ge1 2.323(1), Ge1-N1 1.923(3), Ni1-C39
1.918(3), Ni1-P1 2.201 (1), C39-Ni1-P1 114.71(9), P1-Ni1-Ge1 100.16(4).
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The hydrides can also be observed in the IR spectra of the isolated solids of 5a and 5c-f,
exhibiting stretching bands between 1934 and 1949 cm™ for the Ge-H moiety, and between
1878 and 1893 cm™ the Ni-H moiety, which can be assigned by comparison to related
compounds in the literature.3*“® Due to its high solubility, 5b, bearing the 3,5-(CF3)CsH3 group,
could not be isolated in the solid state, and was therefore not analysed using IR spectroscopy.
However, this species was characterised by in-situ NMR spectroscopy. One would expect to
also observe signals for the hydride ligands in 'H NMR spectra of H, activation products. At
ambient temperature, however, this was not the case. Variable temperature (VT) NMR
spectroscopy, in either toluene-ds or THF-dg, allowed for the observation of resonances relating
to both the Ge-H and Ni-H moieties, between -40 and -80 °C, where the Ge-H is observed as
a broad resonance between 6 = 5.22 (4f) and 6.03 (4c) ppm, while the Ni-H could be seen as
a broad doublet between 6 = -9.76 (4f) and -10.83 (4c) ppm, both integrating to 1H. The
coupling of these two peaks could be shown via 2D-COSY experiments for 5b. Conducting
these measurements at 60°C, a new peak at approximately 6 = -2 ppm for all compounds
appeared, which integrates to 2H. This speaks for a dynamic exchange between the hydrides
at the NMR timescale, as has previously been observed for Si-H and Ni-H hydrogen atoms in
(hydrido)(silyl)nickel complexes.*® This could further be shown by the generation of H-D gas
when adding D; to the H, activation product 5a. The activation of D, with 4a leads to the
disappearance of the respective hydride peaks otherwise observed in the '"H NMR spectrum
of 5a, affirming their assignment. For complex 4g, where the NMe; residue quenches the Lewis
acidity through m-donation of the nitrogen to germanium, no detectable H, activation reaction

is observed (Scheme 8.2).

The (chloro)germylene complex 3 also activates H», showing the formation of two different sets
of new signals in the "H and *'P NMR spectra, while 3 could also still be observed, indicating
reversibility. This was clearly shown by removing all volatiles from this sample, and redissolving
the residue in C¢Ds, leading to full regeneration of 3. When looking at the in-situ '"H NMR
spectrum for the reaction between 3 and Hy, the signals at 6 = 5.84 ppm and -11.84 ppm
should be pointed out, coupling both to each other and the phosphine moiety of the ligand
backbone. These signals are notably in the range for the Ge-H and Ni-H signals for compounds
5a-f, indicative of the cooperative activation of H, by 3. Performing the same reaction with D-
led to the disappearance of these two signals, further showing that they originate from activated
H.. This D, addition reaction also led to the disappearance of a broad singlet observed at 6 =
4.61 ppm in the corresponding H addition reaction. This hints that the initial activation product
undergoes hydride migration to the Ge centre, resulting in a (dihydridogermyl)nickel-chloride

complex (Scheme 8.2). This type of hydride and chloride rearrangement has been reported for
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a similar (chloro)silylene-nickel(0) species.®* However, we were as yet unable to obtain

structural confirmation of such activation products in this case.
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Figure 8.6 Analysis of the equilibrium for the Hz activation of 4a-f; Left: Hammet plot for 4a-f of Log(Keq(r)/Keq(csHs))
vs Hammet parameters o showing linear correlation (y = 0.788x + 0.010; R2= 0.972); Right: Plot for 4a of In(Keq)
vs. T' from VT 'H NMR data giving linear regression, which can be analysed to obtain AHr and ASr of the
equilibrium (y = 4661.57x - 8.10 R?= 0.987).

As mentioned above, the addition of H; to solutions of complexes 4a-f leads to an equilibrium
between these starting Ni° complexes, and the associated activation products 5a-f. Complex

4b, bearing the highly electron withdrawing 3,5-(CF3).CsH3 group at Ge, led to an almost

Table 8.3 Kinetic parameters for the equilibrium of Hz activation of 4a-f obtained via VT 'H NMR spectroscopy.

/R R éH
2
(Ge\ | e CGei'T
Ni<IPr &— Ni
P P7 N
Ph, Ph, r
4a-f 5a-f
Keq at 299.15 K [Lmol"] AHgr [kJmol'] ASr[Jmol'K"] AGazesk [Jmol'K']
4a (CeHs) 1761 -38.76£1.99  -67.3746.65 -18.68+3.97
4a (CsHs) + D2 2129 -39.90£1.44  -69.60+4.81 -19.16£2.87
4b (3,5 (CF3)2-CeH3) 10307 -42.69+1.52  -66.08+5.06 -23.00+3.03
4c (4-CN-CsHa) 5089 -44.39+1.14  -77.59%3.79 -21.2742.27
4d (4-Me-CsHa) 1504 -37.35¢0.95  -64.15£3.20 -18.23+1.90
e (4-OMe-CsHa) 867 -34.75£2.23  -59.76+7.42 -16.94+4.44
4f (4-NMe2-CsHa) 449 -33.09¢1.20  -59.81+3.99 -15.27+2.39
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complete generation of 5b under 1 atm H; at 26°C (Keq = 10307 L/mol). Conversely, complex
4f, with the strongly electron donating 4-Me>NCeH4 group at Ge, results in 75% of 5f under the
same reaction conditions (Keq = 449 L/mol). The other complexes lie between these extremes,
the equilibria being in good agreement with the Hammet parameters for the differing R groups.
This is clearly depicted by the Hammet plot of log(Keqr)yKeqrn)) vS. the respective Hammet
parameters, o (Figure 8.6, Table 8.3).5° When comparing the Keq values for the activation of D
(Keg = 2129 L/mol) and Hz (Keq = 1761 L/mol) by 4a, an inverse KIE of 0.83 was calculated,
which is expected for equilibria involving the activation of Hy/D,.5' Further kinetic data for the
H. activation could be obtained by VT 'H NMR spectroscopy, between 20 and 32°C, by
calculating the corresponding Keq at different temperatures. The resulting plot of In(Keq) vs. T
gave a linear correlation, from which AHr and ASr of the reaction can be calculated (Table
8.3). The AHr values are in line with the UV/vis-determined HOMO-LUMO gaps for 4a-f, with
4c having the highest value, at -44.4 kdJmol', and 4f having the lowest value, at -33.1 kJmol".
Even though 4c¢ has the highest AHg, this does not result in the biggest Keqat 26°C, which can
be explained by the much higher ASg value of -77.6 Jmol'K™! for this system, leading to a
greater influence of the temperature on Kg. All other complexes have ASgr values
between -67 and -59 Jmol"'K-'. The negative entropy for the reaction is expected since H; is
bound in the process of activation, while the much higher value for 4¢ could be rationalised by
the weakly basic cyano group, which may result in dimer formation of the activation product 5¢

in solution, further lowering its entropy.
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Figure 8.7 Correlation between experimentally measured AGr and calculated a) Ni NPA charges, b) Ni-Ge Mayer
Bond Order (MBO), and c) Ge NPA charges for 4a-f.
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Plotting the experimentally obtained AHr and AGgr values shown in Table 8.3 against the
calculated NPA charges of Ni and Ge, and the MBO of the Ge-Ni bond (Table 8.2), gives a
linear correlation. This is in accordance with the electronic influence of the residue at the
germylene (Figure 8.7). The AHr and AGr values become more negative with decreasing NPA
charges of Ge and Ni and the MBO values. This further illustrates the impact of the residue at
germanium on the properties of the Ni° complexes 4, and is in direct correlation with the kinetic

parameters of the respective reversible H; activation by these well-defined species.
Dehydrogenative coupling of PhSiH;

Following the investigation of the cooperative H. activation process for 3 and 4a-g, we wanted
to explore if the complexes are capable of catalysis, and if the catalysis is also impacted by
the differing electronic nature of these species. All complexes are active in the catalytic
dehydrocoupling of PhSiHs, a reaction which is known for a small number of Ni complexes.®2-53
Initial experiments indicated that H. is released when a slight excess of PhSiHs is added to 4a.

From these reactions, 5a could be isolated, which indicates that the Hz elimination is likely the

Table 8.4 Catalytic dehydrogenative coupling with 1 mol% of 3 and 4a-g and the, via '"H NMR spectroscopy,
quantified amount of PhSiHs after three hours.

Consumption of
Ni° Complex (R)
PhSiHs after 3 h
3(Cl) 70%
4a (CeHs) 62%
R
Ge
4b (3,5 (CFs)2-CeHs) 48% Cat.: C Ni<IPr
~ H
4c (4-CN-CsHa) 57% PhSiH; 1 mol% - g
-H, |
Ph
4d (4-Me-CsHa) 60%
4e (4-OMe-CsHy4) 62%
4f (4-NMe2-CeHa) 64%
4g (NMe2) 65%

rate limiting step of this coupling process. Making this reaction catalytic, considerable H»
evolution is observed when PhSiH3 is dehydrocoupled by 2.5 mol% 4a in C¢Ds solutions. A
similar observation is made when conducting the same reaction with 3 and 4b-g. Stirring these

mixtures and allowing for out-gassing (i.e. release of Hz pressure) leads to the full consumption
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of PhSiH3, and formation of poly(phenylsilane) (Table 8.4). The resulting polymer was analysed
via GPC analysis, exhibiting a mean molecular weight of 1788 gmol™' with a PDI of 1.6. This
means that approximately 17 units of phenylsilane are contained in one polymer. The '"H NMR
spectrum of the polymer in CsDes revealed broad peaks at 7.69 ppm and 7.02 ppm likely
stemming from the phenyl group of the polymer. A broad peak of low intensity is observed
between 6.0 ppm and 4.8 ppm for the remaining Si-hydrides contained in the polymer,

indicating a high degree of branching.>*

Two different mechanisms can be envisioned for the coupling of two PhSiH3 units, considering
that the hydride complexes 5 are likely involved in this process (Figure 8.8). The activation of
the Si-H bond in PhSiHs; across Ge-Ni bond in 3 or 4 can either lead to the
(hydrido-germyl)nickel-silane complex 6, or the (silyl-germy)nickel-hydride complex 7. Since
the hydride in PhSiH3 has a partial negative charge and the germyl centre a partial positive
charge, one can assume that the catalysis most likely proceeds via the
(hydrido-germyl)nickel-silane complex 6. Activation of another PhSiHz molecule with these
complexes can lead in both cases to H, or (H2PhSi), elimination, either resulting in the
(silyl-germyl)nickel silane species 8, or the earlier discussed (hydrido-germyl)nickel-hydride
species 5. This would be followed by the concomitant release of H; or (H2PhSi), regenerating
the catalyst (i.e. 3 or 4). The fact that we isolated the (hydrido-germyl)nickel hydride complex
5a from a reaction of 4a with PhSiH; indicates that the catalysis proceeds via this complex,
and not the (silyl-germyl)nickel-silane species 8. This type of mechanism can also be applied

to already coupled PhSiH3; fragments, which would then lead to the observed polymers.
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1, NMe, Ge  SiPhH, e M
> C \Ni/ /Ni
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IPr r
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Figure 8.8 Postulated mechanism for the catalytic coupling of two PhSiH3 units with 3 or 4 as catalyst.

To evaluate the performance of the catalysts, the catalyst loading was reduced to 1 mol% to
prevent reactions from going to completion, and the consumption of PhSiH; measured after
three hours via '"H NMR spectroscopy (Table 8.4). In-line with the H; elimination step being the
rate determining step, the lowest catalytic activity was observed for the complexes 4b (48%
PhSiHs-consumption after three hours) and 4c (57% PhSiHs-consumption after three hours),

which both bear the smallest HOMO-LUMO gap. This is logical, given that the systems with a
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larger HOMO-LUMO gap favour H; liberation, and vice-versa for the systems with a smaller
HOMO-LUMO gap, as shown through our described kinetic investigations of the H, activation
reaction. This demonstrates that the residue at the germylene has a pronounced effect on the

catalytic performance.

Conclusion

We have developed a synthetic route to modify the bidentate phosphine functionalised
(chloro)germylene ligand 1, in accessing aryl- and amide-functionalised P"PDippGe(R)
systems (R = C¢Hs (2a), 3,5-(CF3)2-CsH3(2b), 4-CN-CsHs (2¢), 4-Me-CsH4 (2d), 4-OMe-CeHs
(2e), 4-NMe,-CsH4 (2f), NMe2 (2g)). These ligands were utilised in the synthesis of
corresponding 16-electron Ni° complexes 4a-g. We were able to show that the electronic
influence of the residue on the germylene affects the absorption maxima in the UV/vis spectra
of these complexes, which undergo a red-shift with increasing electron-withdrawing effect of
the residue. This indicates that the absorption maxima are correlated to the HOMO-LUMO
gaps of the complexes, which is supported by DFT calculations. This translates to the reactivity
of the complexes with Hz, which are shown to be cooperative and reversible, leading to the
(hydrido-germyl)nickel-hydride species 5a-f. Additionally, all such H; activation reactions result
in an equilibrium with 4a-f. This equilibrium and related kinetic parameters (i.e. AHgr, ASrg, Keg,
KIE) could be studied in depth using VT 'H NMR spectroscopic methods. Here we could
observe the correlation between the energy of the absorption maxima, DFT-calculated Ge-Ni
bond parameters of 4a-f, and the experimentally determined kinetic parameters. Finally, 4a-g
were also capable of catalysing the dehydrogenative polymerisation of PhSiH3, which we found
to likely be impacted by the H» equilibrium between 4a-f and 5a-f: complexes which favour the
release of Hy, bearing electron donating residues, exhibited increased catalytic activity, and
vice-versa for electron withdrawing residues. These are highly promising results regarding the
development of non-innocent ligands based upon low-valent p-block species, demonstrating
that simple modifications of our germylene ligand system, ""PDippGe(R), has a pronounced

influence on the electronics and reactivity of the ensuing TM complexes.
Supporting Information

General experimental considerations

All experiments and manipulations were carried out under dry oxygen free argon atmosphere
using standard Schlenk techniques or in a MBraun inert atmosphere glovebox containing an
atmosphere of high purity argon. C¢Ds was dried, degassed and stored over a potassium
mirror. THF and Et,O were dried over Na/Benzophenon, distilled and stored over 4A molecular

sieves. All other solvents were dried over activated 4A molecular sieves. 1 P"PDippGeCI*,
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4-Me-CgHa-Li%, 4-OMe-CeHa-Li%, 4-NMe2-CeH4-Li%7, 3 [{PMPDippGe(Cl))}-Ni(IPr)]", Ni(COD),%®
and IPr®® were made using literature known procedures. All other reagents were used as
received. NMR spectra were recorded on a Bruker AV 400 Spectrometer. The 'H and "*C{'H}
NMR spectra were referenced to the residual solvent signals as internal standards.
2Si{'"H} NMR spectra were externally calibrated with SiMes. 3'P{'H} NMR spectra were
externally calibrated with HsPOs4. Liquid Injection Field Desorption lonization Mass
Spectrometry (LIFDI-MS) was measured directly from an inert atmosphere glovebox with a
Thermo Fisher Scientific Exactive Plus Orbitrap equipped with an ion source from Linden
CMS.® Commercial hydrogen gas with a purity of = 99.999% was used in the gas experiments.
Elemental analyses (C, H, N) were performed with a combustion analyzer (elementar vario EL,
Bruker). Infrared spectra were measured with the Alpha FT IR from Bruker containing a
platinum diamond ATR device. Absorption spectra (UV/vis) were recorded on an Agilent Cary

60 UV/vis spectrophotometer.

Experimental procedures

General Method for preparation of 2 P"PDippGe(R):

A solution of freshly prepared Grignard- or Lithium-reagent was added dropwise to a solution
of 1 PMPDippGeCl in toluene at -78°C, while being stirred. The mixture was then allowed to
warm to ambient temperature and stirred for 30 min. All volatiles were removed in vacuo and
the residue was extracted with toluene. All volatiles were removed in vacuo and the residue
dissolved in pentane and stored at -32°C overnight. The resulting suspension was filtered and
the solid washed with pentane and dried in vacuo, yielding the substituted germylene 2. If no
solid formed after storing the pentane solution at -32°C it was used without further purification

in further steps.

PhiPDippGe(CeHs), 2a. The germylene was synthesized according to the general method using
1 (2.00 g, 3.4 mmol) and a freshly prepared Et,O solution of PhMgBr using PhBr (0.68 g,
4.4 mmol), Mg (0.16 g, 6.5 mmol) and a pinch of iodide. An off-white powder of 2a (1.35 g,
2.1 mmol, 63%) was isolated after precipitation from a pentane solution at -32°C.

"H NMR (C¢Ds, 400 MHz, 298 K): & = 0.81 (m, 3H, Si-PrCHj), 0.87 (m, 1H, Si-PrCH), 1.04 (m,
9H, Si-'PrCHs/Dipp-'PrCHs), 1.28 (d, 3H, 3Jun = 7.6 Hz, Si-PrCHj), 1.37 (d, 3H, 3Jun = 6.4 Hz,
Dipp-PrCHs), 1.42 (d, 3H, 3Jun = 7.3 Hz, Si-PrCHs), 1.47 (d, 3H, 3Jun = 6.7 Hz, Dipp-'PrCHs),
1.88 (m, 3H, CH»-PPh/Si-PrCH), 3.25 (sept, 1H, 3Jun = 6.5 Hz, Dipp-PrCH), 4.51 (sept, 1H,
3Jun = 6.5 Hz, Dipp-'PrCH), 6.78 (m, 5H, Ar-CH), 7.13 (m, 9H, Ar-CH), 7.80 (m, 4H, Ar-CH).
31P{'"H} NMR (C¢Ds, 162 MHz, 298 K): & = 3.2 (s, PPhy).

1BC{'H} NMR (C¢Ds, 101 MHz, 298 K): 6 = 8.3 (d, 'Jce = 7.6 Hz, CH2-PPhy), 17.6 (d, Si-PrCH),
19.6 and 20.3 (Si-PrCHs), 20.6 (d, Si-PrCH), 21.1 and 21.2 (Si-PrCHs), 22.6 and 23.2
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(Dipp-PrCH;), 28.2 (Dipp-PrCH), 28.3 (Dipp-'PrCHs), 28.6 (Dipp-'PrCH), 28.8 (Dipp-'PrCHs),
123.2, 124.3, 124.5, 127.6, 129.0, 131.4, 131.5, 131.5, 134.2, 134.3, 134.4, 134.5 and 148.7
(Ar-C).

29Gi{'"H} NMR (CeDs, 99 MHz, 298 K): & = 9.5 (d, ZJsip = 13.8 Hz, CH2-Si-Pr2).
MS/LIFDI-HRMS found (calcd.) m/z: 639.2507 (639.2505) for [M]*.

Anal. calcd. for C37H4sGeNPSi: C, 69.60%; H, 7.58%; N, 2.19%; found: C, 66.48%; H, 7.48%;
N, 2.21%.

PhiPDippGe{3,5-(CF3).C¢Hs}, 2b. The germylene was synthesized according to the general
method using 1 (1.80 g, 3.0 mmol) and a freshly prepared Et;O solution of 3,5-(CF3).-PhMgBr
using 3,5-(CF3)-PhBr (1.15 g, 3.9 mmol), Mg (0.14 g, 5.9 mmol) and a pinch of iodide. An
off-white powder of 2b (1.26 g, mmol, 54 %) was isolated after precipitation from a pentane
solution at -32°C. Colourless crystals suitable for X-ray diffraction analysis were obtained from
a concentrated pentane solution, which was stored at ambient temperature for 14 days.

"H NMR (CsDs, 400 MHz, 298 K): & = 0.73 (d, 3H, 3Juu = 6.8 Hz, Si-PrCHs), 0.82 (m, 1H,
Si-'PrCH), 0.92 (m, 3H, 3Jun = 7.1 Hz, Si-PrCHSs), 1.00 (d, 3H, 3Juw = 6.7 Hz, Dipp-PrCHjs), 1.05
(d, 3H, 3Jun = 6.7 Hz, Dipp-'PrCHs), 1.26 (m, 6H, Dipp-PrCHs/Si-PrCHjs), 1.44 (d, 3H, 3Jun =
7.4 Hz, Si-PrCHs), 1.48 (d, 3H, 3Jun = 6.9 Hz, Dipp-PrCH;), 1.70 (m, 3H, CH>-PPh/Si-PrCH),
3.07 (sept, 1H, 3Jun = 6.7 Hz, Dipp-PrCH), 4.54 (sept, 1H, 3Jun = 6.7 Hz, Dipp-PrCH), 6.61 (m,
2H, Ar-CH), 6.75 (m, 2H, Ar-CH), 6.88 (m, 1H, Ar-CH), 7.12 (m, 7H, Ar-CH), 7.80 (m, 4H,
Ar-CH), 7.65 (s, 1H, Ge-Arcrs-Hpara), 7.71 (m, 2H, Ar-CH), 8.11 (s, 2H, Ge-Arcrs-Hortho).
31P{'"H} NMR (CsDs, 162 MHz, 298 K): = 6.7 (s, PPhy).

BC{'H} NMR (CsDs, 101 MHz, 298 K): & = 7.7 (CH2-PPhy), 17.4 (d, Si-PrCH), 19.1 and 19.9
(Si-PrCHs), 20.3 (d, Si-PrCH), 20.7 and 20.9 (Si-PrCHz), 22.3 and 23.2 (Dipp-'PrCHs), 27.7
(Dipp-'PrCH), 28.3 (Dipp-'PrCHs), 28.7 (Dipp-'PrCH), 28.8 (Dipp-PrCHs), 120.0, 123.4, 124.7,
124.8, 126.1, 128.8, 129.1, 129.2, 129.5, 129.6, 129.8, 130.0, 130.3, 130.5, 130.6, 131.9,
131.9, 134.1, 134.2, 145.3, 145.4, 146.9, 146.9, 148.4, 148.4 and 163.0 (Ar-C).

28i{"H} NMR (CsDs, 99 MHz, 298 K): 8 = 12.6 (d, 2Jsip = 13.7 Hz, CH2-Si-Pry).
MS/LIFDI-HRMS found (calcd.) m/z: 775.2257 (775.2253) for [M]".

Anal. calcd. for CzoHisFsGeNPSi: C, 60.48%; H, 5.99%; N, 1.81%; found: C, 58.30%;
H, 5.66%; N, 1.81%.

PhiPDippGe(4-CNCsH4), 2c. The germylene was synthesized according to the general method
using 1 (1.0 g, 1.68 mmol) and a freshly prepared THF solution of 4-CN-PhLi using 4-CN-PhBr
(350 mg, 1.92 mmol) and n-BuLi (2.5 M in hexane, 1.54 mL, 1.92 mmol). Because no
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precipitation of 2c was observed after storing the crude pentane solution at -32°C overnight
the solution was used without further purification assuming full conversion due to the 3'P{'H}
NMR.

31P{"H} NMR (toluene, 162 MHz, 298 K): & = 5.9 (s, PPh,).

PhiPDippGe(4-MeC¢H4), 2d. The germylene was synthesized according to the general method
using 1 (250 mg, 0.84 mmol) and a freshly prepared Et,O solution of 4-Me-PhLi (131 mg,
1.34 mmol). Because no precipitation of 2d was observed after storing the crude pentane
solution at -32°C overnight the solution was used without further purification assuming full
conversion due to the 3'P{'"H} NMR.

$1P{"H} NMR (toluene, 162 MHz, 298 K): & = 2.1 (s, PPhy).

PhPDippGe(4-OMeCsH4), 2e. The germylene was synthesized according to the general
method using 1 (500 mg, 0.84 mmol) and a freshly prepared Et,O solution of 4-OMe-PhLi
(153 mg, 1.34 mmol). Because no precipitation of 2e was observed after storing the crude
pentane solution at -32°C overnight the solution was used without further purification assuming
full conversion due to the 3'P{"H} NMR.

31P{'H} NMR (toluene, 162 MHz, 298 K): & = 1.4 (s, PPhy).

PhiPDippGe(4-NMe.CsHs), 2f. The germylene was synthesized according to the general
method using ""PDippGeCl (250 mg, 0.42 mmol) and a freshly prepared Et,O solution of
4-NMe2-PhLi (85 mg, 0.67 mmol). Because no precipitation of 2f was observed after storing
the crude pentane solution at -32°C overnight the solution was used without further purification
assuming full conversion due to the *'P{'H} NMR.

31P{'H} NMR (CDs, 162 MHz, 298 K): & = 0.3 (s, PPhy).

PhiPDippGe(NMe.), 2g. The germylene was synthesized according to the general method using
1 (250 mg, 0.42 mmol) and a freshly prepared solution of NMesLi using NHMe2 (1M in THF,
0.42 mL, 0.42 mmol) and n-BuLi (2.5M in hexane, 0.17 ml, 0.42 mmol) in Et.O. Because no
precipitation of 2g was observed after storing the crude pentane solution at -32°C overnight
the solution was used without further purification assuming full conversion due to the *'P{'H}
NMR.

31P{'"H} NMR (toluene, 162 MHz, 298 K): d = -24.4 (s, PPhy).
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General Method for preparation of 4 [{""PDippGe(R)}-Ni(IPr)]:

A solid mixture of Ni(COD), and IPr was mixed with toluene at ambient temperature and stirred
for 2 h. The resulting orange solution was cooled to -78°C and a toluene solution of 2 was
added dropwise. Afterwards the mixture was allowed to warm to ambient temperature and
stirred for 3 h. The mixture was filtered, and all volatiles removed in vacuo. The residue was
extracted with pentane and the solution stored at -32°C for 16 h resulting in the formation of a

crystalline solid of 4.

[{P"PDippGe(CeHs)}-Ni(IPr)], 4a. The complex was synthesized according to the general
method using 2a (507 mg, 0.79 mmol), Ni(COD); (218 mg, 0.79 mmol) and IPr (309 mg,
0.79 mmol). The resulting deep red pentane solution was stored at -32°C for 16 h yielding
green crystals of 4a (510 mg, 0.47mmol, 59%) suitable for X-Ray diffraction analysis.

'TH NMR (Ce¢Ds, 400 MHz, 298 K): & = -0.54 (m, 3H, Si-PrCH;), 1.01 (m, 37H,
Si-PrCH/Si-'PrCH3/Dipp-PrCHs), 1.22 (m, 3H, Dipp-PrCHs), 1.47 (m, 6H, Dipp-PrCH;), 1.89
(m, 2H, CH»-PPhy), 2.22 (m, 1H, Si-PrCHs), 2.78 (m, 1H, Dipp-PrCH), 3.15 (m, 2H, Dipp-
'PrCH), 3.38 (m, 2H, Dipp-PrCH), 4.23 (m, 1H, Dipp-PrCH), 6.54 (d, 2H, 3Jun = 6.9 Hz, Ar-
CH), 6.68 (s, 2H, N-CH=CH-N), 6.89 (m, 6H, Ar-CH), 7.09 (m, 6H, Ar-CH), 7.23 (m, 4H, Ar-
CH), 7.42 (m, 4H, Ar-CH), 7.89 (m, 2H, Ar-CH).

31P{'"H} NMR (CsDs, 162 MHz, 298 K): & = 8.7 (s, PPhy).

BC{'H} NMR (CsDs, 101 MHz, 298 K): & = 10.3 (d, "Jcp = 5.5 Hz CH»-PPhy), 14.8 (Si-PrCH),
19.0 (Si-'Pr-CHs), 20.1 (Si-PrCH), 20.4, 20.6 and 21.3 (Si-'Pr-CHs), 22.3, 22.6, 23.1, 23.2, 25.1
and 26.3 (Dipp-'Pr-CHs), 27.9, 28.2, 28.6 and 28.9 (Dipp-'PrCH), 123.0 and 124.1 (Ar-C), 124.2
(N-CH=CH-N), 124.7, 124.8, 125.3, 126.7, 127.3, 127.6, 127.7, 129.4, 131.9, 132.1, 133.4,
133.6, 134.9, 138.6, 141.6, 142.0, 142.8, 144.4, 145.1, 146.9, 147.0, 147.1, 156.6 and 156.7
(Ar-C), 203.6 (d, 2Jcp = 18.3 Hz, Ca™eneC-Ni-P).

28i{"H} NMR (CsDs, 99 MHz, 298 K): & = 3.7 (d, 2Jsip = 10.8 Hz, CH2-Si-Pr»).
MS/LIFDI-HRMS found (calcd.) m/z: 1085.4713 (1085.4737) for [M]".

Amax, NM (g, Lem™'mol"): 752 (2710), 485 (6030), 388 (8600).

Anal. calcd. for Ce4HsaGeNsNiPSi: C, 70.80%; H, 7.80%; N, 3.87%; found: C,
70.58%; H, 7.93%; N, 4.03%.

[{P"PDippGe(3,5-(CF3).CeH:3)}-Ni(IPr)], 4b. The complex was synthesized according to the
general method using 2b (564 mg, 0.73 mmol), Ni(COD), (200 mg, 0.73 mmol) and IPr
(283 mg, 0.73 mmol). The resulting deep red pentane solution was stored at -32°C for 16 h

yielding green crystals of 4b (471 mg, 0.39 mmol, 53%) suitable for X-Ray diffraction analysis.
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'H NMR (CeDs, 400 MHz, 298 K): & = -0.63 (m, 3H, Si-PrCHs), 0.97 (m, 37H,
Si-'PrCH/Si-'PrCH;/Dipp-PrCHj), 1.14 (m, 3H, Dipp-PrCHs), 1.48 (m, 6H, Dipp-PrCHj;), 1.64
(m, 1H, CH2-PPhy), 1.91 (m, 1H, CH2-PPhy), 2.07 (m, 1H, Si-PrCHs), 2.95 (m, 1H, Dipp-PrCH),
3.16 (m, 4H, Dipp-PrCH), 4.12 (m, 1H, Dipp-PrCH), 6.64 (m, 3H, Ar-CH/N-CH=CH-N), 7.05
(m, 7H, Ar-CH), 7.21 (m, 7H, Ar-CH), 7.36 (m, 2H, Ar-CH), 7.47 (m, 2H, Ar-CH), 7.69 (m, 3H,
Ar-CH).

31P{'H} NMR (CsDs, 162 MHz, 298 K): & = 11.1 (s, PPhy).

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 10.1 (d, "Jcp = 10.9 Hz CH2-PPhy), 14.6 (Si-PrCH),
19.0 (Si-Pr-CHj3), 20.1 (Si-PrCH), 20.3, 20.7 and 21.3 (Si-'Pr-CH3)22.5, 22.9, 23.3, 25.4, 26.1
and 26.2 (Dipp-Pr-CHs), 27.3, 28.1, 28.5 and 28.8 (Dipp-PrCH), 120.4, 123.3 and 123.5 (Ar-
C), 124.6 (N-CH=CH-N), 124.9, 125.0, 126.0, 128.9, 129.2, 130.3, 132.1, 132.2, 132.5, 132.6,
133.4, 137.8, 141.8, 144.1, 144.4, 145.7, 146.6, 146.9, 160.6 and 160.7 (Ar-C), 201.2 (d, 2Jcp
= 17.8 Hz, CaeneC-Ni-P).

298j{'H} NMR (CsDs, 99 MHz, 298 K): & = 5.3 (d, 2Jsip = 10.2 Hz, CH2-Si-Pr»).
MS/LIFDI-HRMS found (calcd.) m/z: 1221.4416 (1221.4485) for [M]*.

Amax, NM (€, Lcm'mol™): 770 (2630), 485 (5980), 390 (8470), 326 (9320).

Anal. calcd. for CesHs2FsGeNaNiPSi: C, 64.88%; H, 6.77%; N, 3.44%; found: C,
62.43%; H, 6.49%; N, 3.35%.

[{P"PDippGe(4-CNCsH4)}-Ni(IPr)], 4c. The complex was synthesized according to the general
method using Ni(COD). (461 mg, 1.68 mmol), IPr (651 mg, 1.68 mmol) and freshly prepared
solution of 2¢ from 1 (1.0 g, 1.68 mmol). After filtering and concentrating the resulting deep
purple reaction solution to 5 mL, purple crystalline solid started to precipitate. After addition of
10 mL pentane the mixture was stored at -32°C for 16 h yielding purple crystalline solid of 4¢
(1.08 g, 0.97 mmol, 58%). Deep purple crystals suitable for X-Ray diffraction analysis were
grown from a concentrated Et,O solution, which was stored at ambient temperature for two
days.

"H NMR (THF-ds, 400 MHz, 298 K): & = -0.97 (d, 3H, 3Jun = 5.3 Hz, Si-PrCH;), 0.73 (m, 16H,
Si-'PrCH/Si-'PrCH3/Dipp-'PrCH;), 1.06 (m, 27H, Si-'PrCH/Si-'PrCHs/Dipp-'PrCHs), 1.24 (d, 3H,
3Jun = 5.3 Hz, Dipp-'PrCH;), 1.65 (m, 1H, CH>-PPhy), 1.92 (m, 2H, Si-PrCH3/CH--PPh), 2.70
(m, 1H, Dipp-PrCH), 3.01 (m, 2H, Dipp-PrCH), 3.26 (m, 2H, Dipp-PrCH), 3.94 (m, 1H,
Dipp-PrCH), 6.29 (d, 3Jun = 8.0 Hz, Ge-PhH-CN), 6.60 (d, 1H, 3Jun = 6.1 Hz, N-CH=CH-N),
6.86 (m, 3H, Ge-PhH-CN/ N-CH=CH-N), 6.98 (m, 4H, Ar-CH), 7.19 (m, 3H, Ar-CH), 7.42 (m,
8H, Ar-CH), 7.63 (m, 2H, Ar-CH/N-CH=CH-N), 7.80 (m, 3H, Ar-CH).

$1P{'"H} NMR (THF-ds, 162 MHz, 298 K): & = 12.8 (s, PPhy).
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BC{'H} NMR (THF-ds, 101 MHz, 298 K): & = 10.3 (d, "Jcr = 11.5 Hz CH:-PPh,), 15.4
(Si-PrCH), 19.2 (Si-Pr-CHs), 20.6 (Si-PrCH), 21.6, 22.7 and 22.9 (Si-Pr-CHjs), 23.3, 23.5, 26.
and 26.6 (Dipp-'Pr-CHjs), 28.1, 28.5, 29.4 and 29.6 (Dipp-'PrCH), 110.6 (Ge-Ph-CN), 120.4 and
123.4 (Ar-C), 124.4 (N-CH=CH-N), 125.0, 125.6, 126.0, 128.3, 128.4, 129.1, 129.2, 129.3,
129.7, 130.3, 132.6, 132.8, 133.8, 133.9, 135.9, 139.0, 145.0, 145.6, 147.3, 164.9 and 165.0
(Ar-C), 201.8 (d, 2Jcp = 18.5 Hz, CaeneC_Ni-P).

2Si{'"H} NMR (THF-dgs, 99 MHz, 298 K): & = 3.9 (d, ?Jsip = 10.2 Hz, CH,-Si-Pry).
MS/LIFDI-HRMS found (calcd.) m/z: 1110.4683 (1110.4690) for [M]".

Amax, nm (g, Lcm™'mol"): 799 (5030), 511 (11080), 396 (15110), 327 (16850).

Anal. calcd. for CesHszsGeNaNiPSi: C, 70.28%; H, 7.53%; N, 5.04%; found: C,
70.21%; H, 7.41%; N, 4.77%.

[{P"PDippGe(4-MeC¢Ha4)}-Ni(IPr)], 4d. The complex was synthesized according to the general
method using Ni(COD), (115 mg, 0.42 mmol), IPr (163 mg, 0.42 mmol) and freshly prepared
solution of 2d from 1 (250 mg, 0.42 mmol). The resulting deep red pentane solution was stored
at -32°C for 16 h yielding a red crystalline solid of 4d (227 mg, 0.21 mmol, 49%). Green crystals
suitable for X-Ray diffraction analysis were grown from a concentrated Et,O solution, which

was stored at -32°C temperature for two days.

H NMR (C¢Ds, 400 MHz, 298 K): & = -0.48 (d, 3H, 3Jun = 5.8 Hz, Si-PrCHs), 1.06 (m, 40H,
Si-'PrCH/Si-'PrCH;/Dipp-PrCHs), 1.48 (d, 6H, 3Jun = 6.0 Hz, Dipp-PrCH;), 1.88 (m, 2H,
CHz-PPhy), 2.02 (s, 3H, Ge-Ph-CHs), 2.26 (m, 1H, Si-PrCHs), 2.78 (m, 1H, Dipp-PrCH), 3.17
(m, 2H, Dipp-'PrCH), 3.40 (m, 2H, Dipp-PrCH), 4.23 (m, 1H, Dipp-PrCH), 6.47 (d, 2H, 3Jun =
7.7 Hz, Ge-PhH-CHj3), 6.69 (s, 2H, N-CH=CH-N), 6.77 (d, 2H, 3Jun = 7.7 Hz, Ge-PhH-CHj),
6.91 (m, 4H, Ar-CH), 7.11 (m, 4H, Ar-CH), 7.23 (m, 5H, Ar-CH), 7.44 (m, 4H, Ar-CH), 7.90 (m,
2H, Ar-CH).

31P{'H} NMR (CeDs, 162 MHz, 298 K): & = 8.1 (s, PPhy).

13C{'H} NMR (CsDs, 101 MHz, 298 K): & = 10.6 (d, "Jcp = 9.7 Hz CHo-PPhy), 14.86 (Si-PrCH),
19.0 (Si-Pr-CHs), 20.2 (Si-PrCH), 20.4, 20.6 and 21.4 (Si-PrCHs), 21.7 (Ge-Ph-CHs), 22.4,
22.6, 23.1, 23.3, 25.0 and 26.3 (DippPr-CHs), 27.9, 28.2, 28.6 and 28.9 (Dipp-PrCH), 123.0
and 124.0 (Ar-C), 124.2 (N-CH=CH-N), 124.7, 124.9, 125.4, 127.5, 127.6, 127.6, 129.4, 131.9
132.1, 133.5, 133.7, 135.1, 136.6, 138.4, 144.4, 145.2, 147.0, 147.2, 147.3, 153.4 and 153.5
(Ar-C), 203.9 (d, ZJcp = 18.1 Hz, CaeneC_Nji-P).

29Gi{"H} NMR (C¢Ds, 99 MHz, 298 K): & = 3.6 (d, 2Jsp = 10.7 Hz, CH-Si-Pr»).
MS/LIFDI-HRMS found (calcd.) m/z: 1099.4945 (1099.4894) for [M]*.

Amax, NM (£, Lem™'mol™'): 748 (2760), 487 (6170), 387 (8590).
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Anal. calcd. for CesHssGeN3NiPSi: C, 70.99%: H, 7.88%: N, 3.82%: found: C,
71.77%; H, 8.16%; N, 3.55%.

[{P"PDippGe(4-OMeC¢Ha4)}-Ni(IPr)], 4e. The complex was synthesized according to the
general method using Ni(COD), (230 mg, 0.84 mmol), IPr (307 mg, 0.84 mmol) and freshly
prepared solution of 2e from 1 (500 mg, 0.84 mmol). The resulting deep red pentane solution
was stored at -32°C for 16 h yielding a red crystalline solid of 4e (433 mg, 0.39 mmol, 46%).
Green crystals suitable for X-Ray diffraction analysis were grown from a concentrated Et,O
solution, which was stored at -32°C temperature for two days.

"H NMR (C¢Ds, 400 MHz, 298 K): & = -0.44 (d, 3H, 3Jun = 6.2 Hz, Si-PrCHs), 0.91 (m, 12H,
Si-'PrCH;s/Dipp-PrCHs), 1.07 (m, 25H, Si-'PrCH/Si-PrCHs/Dipp-PrCHs), 1.23 (m, 3H,
Si-'PrCHs), 1.48 (d, 6H, 3Jun = 5.8 Hz, Dipp-PrCHs), 1.90 (m, 2H, CH»-PPhy), 2.29 (sept, 1H,
3Jun = 6.3 Hz, Si-PrCH;), 2.75 (sept, 1H, 3Jun = 6.9 Hz, Dipp-PrCH), 3.14 (sept, 2H, 3Jun = 6.4
Hz, Dipp-'PrCH), 3.22 (s, 3H, Ge-Ph-OCHs), 3.42 (m, 2H, Dipp-PrCH), 4.25 (sept, 1H, 3Jun =
6.7 Hz, Dipp-'PrCH), 6.48 (d, 2H, 3Ju+ = 8.5 Hz, Ge-PhH-OCHs), 6.57 (d, 2H, 3Jun = 8.5 Hz,
Ge-PhH-OCHs3), 6.68 (s, 2H, N-CH=CH-N), 6.91 (m, 4H, Ar-CH), 7.10 (m, 4H, Ar-CH), 7.24
(m, 5H, Ar-CH), 7.39 (m, 2H, Ar-CH), 7.48 (m, 2H, Ar-CH), 7.91 (m, 2H, Ar-CH).

31P{"H} NMR (C¢Ds, 162 MHz, 298 K): & = 7.7 (s, PPhy).

BC{'H} NMR (C¢Ds, 101 MHz, 298 K): & = 10.7 (d, "Jcp = 9.5 Hz CH2-PPh,), 14.9 (Si-PrCH),
19.0 (SilPr-CHg), 20.1 (Si-PrCH), 20.4, 20.6 and 21.4 (SiPrCHs), 22.5, 22.5, 23.2, 23.5, 24.9
and 26.2 (Dipp'Pr-CHs), 28.0, 28.1, 28.6 and 28.8 (Dipp-PrCH), 54.3 (Ge-Ph-OCHjs), 112.4,
123.0 and 124.0 (Ar-C), 124.1 (N-CH=CH-N), 124.7, 124.8, 125.4, 127.5, 127.6, 129.4, 131.9,
132.1, 133.5, 133.7, 136.6, 138.5, 144.5, 145.3, 146.9, 147.3, 148.2, 148.3 and 159.6 (Ar-C),
204.0 (d, 2Jcp = 18.3 Hz, CateneC_Ni-P).

2Si{'H} NMR (C¢Ds, 99 MHz, 298 K): & = 3.5 (d, 2Jsip = 10.5 Hz, CH2-Si-Pr3).
MS/LIFDI-HRMS found (calcd.) m/z: 1115.4914 (1115.4843) for [M]".

Amax, NmM (&, Lecm'mol™): 747 (2840), 483 (6370), 388 (8630).

Anal. calcd. for CesHssGeNsNiOPSi: C, 69.97%; H, 7.77%; N, 3.77%; found: C,
69.39%; H, 8.17%; N, 3.53%.

[{P"PDippGe(4-NMe.CsH4)}-Ni(IPr)], 4f. The complex was synthesized according to the
general method using Ni(COD), (115 mg, 0.42 mmol), IPr (163 mg, 0.42 mmol) and freshly
prepared solution of 2f from 1 (250 mg, 0.42 mmol). The resulting deep red pentane solution
was stored at -32°C for 16 h yielding a red crystalline solid of 4f (226 mg, 0.20 mmol, 48%).
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Green crystals suitable for X-Ray diffraction analysis were grown from a concentrated Et,O
solution, which was stored at -32°C temperature for two days.

"H NMR (C¢Ds, 400 MHz, 298 K): & = -0.33 (d, 3H, 3Jun = 6.8 Hz, Si-PrCHs), 1.09 (m, 40H,
Si-PrCH/Si-'PrCH3/Dipp-PrCHs), 1.47 (m, 6H, Dipp-PrCHjs), 1.93 (m, 2H, CH»-PPhy), 2.38 (m,
1H, Si-PrCHs), 2.48 (s, 6H, Ge-Ph-N(CHs)2), 2.72 (m, 1H, Dipp-PrCH), 3.23 (m, 2H,
Dipp-PrCH), 3.48 (m, 2H, Dipp-PrCH), 4.26 (m, 1H, Dipp-'PrCH), 6.33 (d, 2H, 3Jun = 8.4 Hz,
Ge-PhH-N(CHz3)2), 6.46 (d, 2H, 3Jun = 8.4 Hz, Ge-PhH-N(CHs),), 6.71 (s, 2H, N-CH=CH-N),
6.93 (m, 4H, Ar-CH), 7.08 (m, 4H, Ar-CH), 7.27 (m, 5H, Ar-CH), 7.49 (m, 4H, Ar-CH), 7.93 (m,
2H, Ar-CH).

31P{'"H} NMR (CsDs, 162 MHz, 298 K): = 6.5 (s, PPhy).

BC{'H} NMR (CsDs, 101 MHz, 298 K): & = 10.3 (d, "Jcp = 8.7 Hz CH»-PPhy), 14.9 (Si-PrCH),
19.0 (Si--'Pr-CHs), 20.2 (Si-'PrCH), 20.4, 20.7 and 21.4 (Si-'PrCHj3), 22.5, 22.6, 23.3, 23.7, 24.9
and 26.2 (Dipp-'Pr-CHs), 28.2, 28.6 and 28.8 (Dipp-PrCH), 39.8 (Ge-Ph-N(CHj3)2), 110.9, 123.0
and 123.9 (Ar-C), 124.1 (N-CH=CH-N), 124.6, 124.8, 125.3, 127.5, 127.6, 127.6, 129.2, 131.9,
132.1, 133.7, 133.9, 136.3, 138.7, 142.4, 142.7, 143.6, 144.0, 144.1, 144.6, 145.3, 1471,
147.6 and 150.1 (Ar-C), 204.7 (d, 2Jcp = 18.5 Hz, Ca®eneC-Ni-P).

28i{"H} NMR (CsDs, 99 MHz, 298 K): & = 3.2 (d, 2Jsip = 10.7 Hz, CH,-Si-Pr»).
MS/LIFDI-HRMS found (calcd.) m/z: 1128.5175 (1128.5159) for [M]".

Amax, NM (&, Lcm™'mol™"): 741 (2500), 484 (5990), 337 (15680).

Anal. calcd. for CesHsaGeNaNiPSi: C, 70.22%; H, 7.95%; N, 4.96%; found: C,
68.40%; H, 8.02%; N, 4.68%.

[[P"PDippGe(NMe2)}-Ni(IPr)], 4g. The complex was synthesized according to the general
method using Ni(COD). (115 mg, 0.42 mmol), IPr (163 mg, 0.42 mmol) and freshly prepared
solution of 2g from 1 (250 mg, 0.42 mmol). The resulting deep green pentane solution was
stored at -32°C for 16 h yielding a green crystalline solid of 4g (117 mg, 0.11 mmol, 27%). Red
crystals suitable for X-Ray diffraction analysis were grown from a concentrated Et,O solution,
which was stored at -32°C temperature for two days.

'H NMR (Ce¢Ds, 400 MHz, 298 K): & = 0.32 (m, 3H, Si-PrCH;), 0.81 (m, 6H,
Si-'PrCHs/Dipp-PrCHs), 1.09 (m, 34H, Si-PrCH/Si-PrCHs/Dipp-PrCHs), 1.37 (m, 6H,
Dipp-PrCHs), 1.87 (m, 1H, CH--PPh;), 2.01 (overlapping singlets, 6H, Ge-N(CHj)3), 2.13 (m,
2H, CH»-PPh2/Si-PrCHs;), 2.75 (m, 1H, Dipp-PrCH), 3.15 (m, 2H, Dipp-PrCH), 3.52 (m, 2H,
Dipp-PrCH), 4.06 (m, 1H, Dipp-PrCH), 6.65 (s, 2H, N-CH=CH-N), 7.04 (m, 13H, Ar-CH), 7.27
(m, 2H, Ar-CH), 7.53 (m, 2H, Ar-CH), 7.92 (m, 2H, Ar-CH).

31P{'H} NMR (C¢Ds, 162 MHz, 298 K): & = 1.5 (s, PPhy).
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13C{'H} NMR (C¢Ds, 101 MHz, 298 K): & = 13.6 (d, "Jcp = 6.5 Hz CH,-PPhy), 14.6 and 18.9 (Si-
JPr-CH), 20.1, 20.2, 20.5 and 21.4 (Si-PrCHs), 22.5, 23.1, 23.6, 24.0, 24.2 and 26.0 (Dipp-Pr-
CHs), 28.0 and 28.6 (Dipp-PrCH), 43.5 (Ge-N(CHs)z), 123.3 and 123.8 (Ar-C), 124.1 (N-
CH=CH-N), 124.5,124.6,124.7,124.8,124.9, 129.2, 131.8, 131.9, 134.2, 134.4, 139.1, 144 .8,
145.6 and 146.8 (Ar-C), 205.4 (d, 2Jcp = 22.8 Hz, CaereC_N;-P).

29gi{"H} NMR (CsDs, 99 MHz, 298 K): & = 3.7 (d, 2sip = 12.0 Hz, CH,-Si-Pry).
MS/LIFDI-HRMS found (calcd.) m/z: 1052.4789 (1052.4846) for [M]".

Amax, Nm (&, Lcm'mol™): 623 (2830), 395 (10290).

Anal. calcd. for CeoHssGeNsNiPSi: C, 68.45%; H, 8.14%; N, 5.32%; found: C,
67.14%; H, 8.14%; N, 4.97%.

[{P"PDippGe(CeHs)(H)}Ni(H)-(IPr)], 5a. A deep red Et,O solution of 4a (100 mg, 0.092 mmol)
was subjected to 1.5 bar Hz leading to slight decolorization and was stored at ambient
temperature for 24 h, resulting in yellow crystals of 5a (89 mg, 0.082 mmol, 89%) suitable for
X-Ray diffraction analysis. NMR data of the equilibrium between 4a and 5a were obtained by
subjecting 4a to an ambient pressure of Hz in a Jay-Young NMR tube.

"H NMR (C¢Ds, 400 MHz, 333 K): & = -1.98 (b, 2H, Ge-H/Ni-H), 0.65 (d, 6H, 3Jun = 5.6 Hz,
Si-'Pr-CHs), 0.88 (m, 12H, 'Pr-CHs), 0.89 (m, 18H, 'Pr-CH;), 1.07 (d, 6H, 3Jun = 6.7 Hz,
Dipp-Pr-CHs;) 1.19 (d, 6H, 3Jun = 6.7 Hz, -Dipp-Pr-CHs), 1.29 (m, 2H, Si-Pr-CH), 1.85 (d, 2H,
2Jup = 12.0 Hz, CH»-PPhy), 3.13 (m, 4H, Dipp-PrCH), 3.31 (m, 2H, Dipp-PrCH), 6.72 (s, 2H,
N-CH=CH-N), 7.00 (m, 12H, Ar-CH), 7.12 (m, 4H, Ar-CH), 7.19 (m, 2H, Ar-CH), 7.29 (m, 2H,
Ar-CH), 7.65 (m, 4H, Ar-CH).

#IP{'H} NMR (CsDs, 162 MHz, 298 K): & = 9.0 (s, PPh,).

IR, vicm™ (ATR): 1949 (Ge-H) and 1893 (Ni-H).

[{P"PDippGe(C¢Hs)(D)}INi(D)-(IPr)], 5a-D.. A deep red Et,O solution of 4a (100 mg,
0.092 mmol) was subjected to 1.5 bar D, leading to slight decolorization and was stored at
ambient temperature for 24 h, resulting in a yellow crystalline solid of 5a-D. (86 mg,
0.082 mmol, 86%). NMR data of the equilibrium between 4a and 5a-D; were obtained by
subjecting 4a to an ambient pressure of Hz in a Jay-Young NMR tube.

'"H NMR (toluene-ds, 400 MHz, 333 K): & = 0.58 (d, 6H, 3Jun = 5.6 Hz, Si-Pr-CHjs), 0.85 (m,
12H, 'Pr-CHs), 0.93 (m, 18H, 'Pr-CHs), 1.05 (d, 6H, 3Jun = 6.7 Hz, Dipp-Pr-CHs) 1.12 (d, 6H,
3JuH = 6.7 Hz, -Dipp-Pr-CHs), 1.24 (m, 2H, Si-Pr-CH), 1.80 (d, 2H, 2Jup = 12.0 Hz, CH>-PPh,),
3.09 (m, 4H, Dipp-PrCH), 3.24 (m, 2H, Dipp-PrCH), 6.72 (s, 2H, N-CH=CH-N), 6.95 (m, 12H,
Ar-CH), 7.09 (D, 6H, 3Jun = 7.5 Hz; Ar-CH), 7.27 (m, 2H, Ar-CH), 7.61(m, 4H, Ar-CH).
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31P{1H} NMR (CeDs, 162 MHz, 298 K): 5 = 9.1 (s, PPhy).

[P"PDippGe(3,5-(CF3).CcHs}(H)}Ni(H)-(IPr)], 5b. A deep red pentane solution of 4b (163 mg,
0.42 mmol) was subjected to 1.5 bar Hz leading to a complete light-yellow solution and was
stored for a prolonged time but did not result in any precipitation of 5b. NMR data of the
equilibrium between 4b and 5b were obtained by subjecting 4b to an ambient pressure of H»
in a Jay-Young NMR tube.

H NMR (toluene-ds, 400 MHz, 333 K): & = -2.58 (b, 2H, Ge-H/Ni-H), 0.57 (m, 6H, Si-Pr-CHj),
0.75 (m, 15H, 'Pr-CH;), 0.86 (m, 20H, Si-Pr-CH/'Pr-CHs), 1.08 (d, 6H, 3Jun = 6.6 Hz,
Dipp-Pr-CHs), 1.73 (d, 2H, 2Jue = 13.2 Hz, CH>PPhy), 2.92 (sept, 4H, 3Jun = 6.7 Hz,
Dipp-PrCH), 3.21 (m, 2H, Dipp-PrCH), 6.67 (s, 2H, N-CH=CH-N), 6.85 (m, 2H, Ar-CH), 7.00
(m, 10H, Ar-CH), 7.23 (m, 3H, Ar-CH), 7.56 (m, 4H, Ar-CH), 7.70 (s, 1H, 3,5-(CF3)2-PhH,-Ge),
7.80 (s, 2H, 3,5-(CF3)2-Ph(H,).-Ge).

31P{'H} NMR (C¢Ds, 162 MHz, 298 K): & = 6.7 (s, PPhy).

[{P"PDippGe(4-CNCsH4)(H)}Ni(H)-(IPr)], 5c. A deep purple Et,O solution of 4c (150 mg,
0.14 mmol) was subjected to 1.5 bar Hz leading to a red solution and was stored at ambient
temperature for 24 h, resulting in red crystals of 5¢ (132 mg, 0.12 mmol, 88%) suitable for
X-Ray diffraction analysis. NMR data of the equilibrium between 4c and 5¢ were obtained by
subjecting 4c to an ambient pressure of Hz in a Jay-Young NMR tube.

H NMR (CeDs, 400 MHz, 333 K): & = -2.33 (b, 2H, Ge-H/Ni-H), 0.58 (m, 6H, Si-Pr-CHj), 0.88
(m, 32H, Si-'Pr-CH/'Pr-CHs), 1.02 (d, 6H, 3Jun = 6.2 Hz, Dipp-'Pr-CHj), 1.13 (d, 6H, 3Jun =
6.7 Hz, Dipp-Pr-CHs) 1.79 (d, 2H, 2Jue = 11.9 Hz, CH>-PPhy), 3.01 (m, 4H, Dipp-PrCH), 3.17
(m, 2H, Dipp-PrCH), 6.69 (s, 2H, N-CH=CH-N), 7.00 (m, 17H, Ar-CH), 7.25 (m, 2H, Ar-CH),
7.58 (m, 4H, Ar-CH).

31P{'H} NMR (CsDs, 162 MHz, 298 K): & = 8.0 (s, PPh,).

IR, vicm™ (ATR): 2227 (Ph-C=N), 1934 (Ge-H) and 1885 (Ni-H).

[{P"PDippGe(4-Me-CeH,)(H)}Ni(H)-(IPr)], 5d. A deep red Et,O solution of 4d (150 mg,
0.14 mmol) was subjected to 1.5 bar Hz leading to a red solution and was stored at ambient
temperature for 24 h, resulting in yellow crystalline solid of 5d (121 mg, 0.11 mmol, 80%). NMR
data of the equilibrium between 4d and 5d were obtained by subjecting 4d to an ambient
pressure of H, in a Jay-Young NMR tube.

"H NMR (C¢Ds, 400 MHz, 333 K): & = -1.97 (b, 2H, Ge-H/Ni-H), 0.68 (d, 6H, 3Jun = 5.3 Hz,
Si-'Pr-CHj), 0.89 (m, 6H, 3Jun = 7.5 Hz, Dipp-'Pr-CHs), 0.98 (m, 24, 'Pr-CHs), 1.07 (d, 6H, 3Ju+
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= 6.7 Hz, Dipp-'Pr-CHs), 1.20 (d, 6H, 3Jun = 6.8 Hz, Dipp-Pr-CHj3), 1.30 (m, 2H, Si-PrCH), 1.85
(d, 2H, 2Jup = 12.0 Hz, CH>-PPhy), 2.17 (s, 3H, Ge-Ph-CHjs), 3.15 (m, 4H, Dipp-PrCH), 3.33
(m, 2H, Dipp-PrCH), 6.73 (s, 2H, N-CH=CH-N), 7.06 (m, 15H, Ar-CH), 7.29 (m, 4H, Ar-CH),
7.66 (m, 4H, Ar-CH).

31P{"H} NMR (C¢Ds, 162 MHz, 298 K): & = 9.0 (s, PPhy).

IR, vicm™' (ATR): 1940 (Ge-H) and 1879 (Ni-H).

[{P"PDippGe(4-OMe-C¢H4)(H)}Ni(H)-(IPr)], 5e. A deep red Et,O solution of 4e (100 mg,
0.089 mmol) was subjected to 1.5 bar H; leading to a red solution and was stored at -32°C for
24 h, resulting in yellow crystalline solid of 5e (23 mg, 0.021 mmol, 23%). NMR data of the
equilibrium between 4e and 5e were obtained by subjecting 4e to an ambient pressure of H;
in a Jay-Young NMR tube.

'"H NMR (toluene-ds, 400 MHz, 333 K): & = -2.02 (b, 2H, Ge-H/Ni-H), 0.62 (m, 6H, Si-Pr-CHs),
0.84 (m, 6H, 3Jun = 7.5 Hz, Dipp-Pr-CHjs), 0.95 (m, 24, 'Pr-CHs), 1.06 (d, 6H, 3Juy = 6.6 Hz,
Dipp-Pr-CHs), 1.14 (d, 6H, 3Jun = 6.7 Hz, Dipp-Pr-CHjs), 1.26 (m, 2H, Si-PrCH), 1.80 (d, 2H,
2Jup = 12.0 Hz, CH>-PPhy), 3.11 (m, 4H, Dipp-PrCH), 3.25 (m, 2H, Dipp-PrCH), 3.38 (s, 3H,
Ge-Ph-OCHs), 6.54 (d, 3Jun = 8.0 Hz, Ge-PhH-OCHj3), 6.73 (s, 2H, N-CH=CH-N), 6.97 (m,
11H, Ar-CH), 7.10 (m, 4H, Ar-CH), 7.22 (d, 3Jun = 7.7 Hz, Ge-PhH-OCHg), 7.63 (m, 4H, Ar-CH).
31P{'"H} NMR (C¢Ds, 162 MHz, 298 K): & = 9.2 (s, PPhy).

IR, vicm™' (ATR): 1936 (Ge-H) and 1881 (Ni-H).

[{P"PDippGe(4-NMe,-C¢H4)(H)}Ni(H)-(IPr)], 5f. A deep red Et,O solution of 4f (100 mg, 0.089
mmol) was subjected to 1.5 bar H; leading to a red solution and was stored at -32°C for 24 h,
resulting in yellow crystalline solid of 5f (23 mg, 0.021 mmol, 23%). NMR data of the equilibrium
between 4f and 5f were obtained by subjecting 4f to an ambient pressure of Hz in a Jay-Young
NMR tube.

'"H NMR (tol-d8, 400 MHz, 333.15 K): = -1.94 (b, 2H, Ge-H/Ni-H), 0.65 (d, 6H, 3Ju+ = 5.6 Hz,
CHs), 1.82 (d, 2H, 2Jup = 12.0 Hz, CH>-PPhy), 2.50 (s, 6H, Ge-N(CHj3).), 3.13 (m, 4H,
Dipp-PrCH), 3.31 (m, 2H, Dipp-PrCH), 6.22 (d, 3Jun = 8.4 Hz, Ge-PhH-NMe,), 6.36 (d, 3Jun =
8.6 Hz, Ge-PhH-NMe), 6.73 (s, 2H, N-CH=CH-N), 6.94 (m, 5H, Ar-CH), 7.12 (m, 4H, Ar-CH),
7.26 (m, 4H, Ar-CH), 7.42 (m, 2H, Ar-CH), 7.64 (m, 4H, Ar-CH).

In the region between 1.3 and 0.7 ppm CHs and CH signals of 4f and 5f overlap so that they
can’t be distinguished between.

31P{"H} NMR (C¢Ds, 162 MHz, 298 K): & = 9.3 (s, PPhy).

IR, vicm™ (ATR): 1940 (Ge-H) and 1883 (Ni-H).
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Hammet plot

The equilibrium constant was calculated for the H, activation with 4a-f at 26°C via 1H NMR
integrating each a signal of 4a-f and 5a-f determining the ratio. The H> concentration in solution
was calculated by integrating the H2 signal and taking the absolute concentration of 4a-f and
5a-f into account. Log(Keqry/Keqpn)) Was plotted against the respective Hammet parameters of

the aryl substituents.®

Ni° Complex (R) Keq at 299.15 K [Lmol'] Log(Keqa/Keqsa) Hammet
parameter o
4a (CeHs) 1761 0 0

4b (3,5 (CF3)2-CeHs) 10307 0.767 0.86
4c (4-CN-CsHq) 5089 0.461 0.66
4d (4-Me-CsHa) 1504 -0.069 -0.17
4e (4-OMe-CsHq) 867 -0.308 -0.27
4f (4-NMe2-CsHy) 449 -0.594 -0.83
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Determination of kinetic parameters for Hz equilibrium

The equilibrium constant was calculated for the H. activation with 4a-f between 20 and 32°C
via '"H NMR integrating each a signal of 4a-f and 5a-f determining the ratio. The H.
concentration in solution was calculated by integrating the Hz signal and taking the absolute
concentration of 4a-f and 5a-f into account. For each compound Ln(Keq) was plotted against
T'. From the slope AHg can be calculated, while ASg can be determined via the x-intercept.
The same was also done for the D, activation of 4a. Comparing the K¢y values to the H»

activation could be used to obtain the kinetic isotope effect (KIE).

4a (C¢Hs) +H/+D,

T K] Keq with H: Keq with D; KIE
295.15 2202 2723 0.81
297.15 1979 2348 0.84
299.15 1761 2129 0.83
301.15 1589 1923 0.83
303.15 1398 1726 0.81
305.15 1343 1586 0.85
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4a ( CsHs) +H,

T [K] T In(Keq)
295.15 0.00339 7.697
297.15 0.00337 7.591
299.15 0.00334 7.474
301.15 0.00332 7.371
303.15 0.00330 7.243
305.15 0.00328 7.203

=> Linear fitting resulting in: y = 4661.57(+240.10)-8.10(+0.80); R?= 0.987
= AHg =-38.76%2.00 kdmol'; ASg = -67.37+6.65 Jmol 'K

7,7 1
7,6

7,5

In(Ke,) [a. u]

7,3

7,2 L4

1 v 1 v 1
0,00330 0,00335 0,00340
T K"

Figure 8.9 Plot of In(Keg) vs T-! for 4a with Ha.
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4a (CeHs)+D-

T [K] T In(Keq)
295.15 0.00339 7.910
297.15 0.00337 7.761
299.15 0.00334 7.663
301.15 0.00332 7.562
303.15 0.00330 7.454
305.15 0.00328 7.370

=> Linear fitting resulting in: y = 4799.06(+173.72)-8.37(+0.58); R?= 0.993
= AHg =-39.90+1.44 kJmol'; ASg = -69.60+4.81 Jmol 'K’

1 1 1
0,0033 0,00335 0,0034
T K"

Figure 8.10 Plot of In(Keq) vs T-! for 4a with Da.
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4b (3,5-(CF3).CeH3)+H;

T [K] T In(Keq)
295.15 0.00339 9.431
297.15 0.00337 9.343
299.15 0.00334 9.241
301.15 0.00332 9.104
303.15 0.00330 8.979
305.15 0.00328 8.878

=> Linear fitting resulting in: y = 5134.97(+182.60)-7.95(+0.61); R?= 0.994
2> AHgr =-42.69+1.52 kdmol™'; ASg = -66.08+5.06 Jmol'K"

8,8

1 1 1
0,00330 0,00335 0,00340
T K"

Figure 8.11 Plot of In(Keq) vs T-' for 4b with Ha.
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4c ( 4-CN CsH4) +H,

T [K] T In(Keq)
295.15 0.00339 8.754
297.15 0.00337 8.632
299.15 0.00334 8.535
301.15 0.00332 8.382
303.15 0.00330 8.285
305.15 0.00328 8.163

=> Linear fitting resulting in: y = 5339.12(+136.85)-9.33(+0.46); R?>= 0.997
= AHg =-44.39+1.14 kdmol™'; ASg = -77.59+3.79 Jmol 'K’

Ln(Kg,) [a. u]

8)1 T I N T T T T T ' T T T T 1
0,00326 0,00328 0,0033 0,00332 0,00334 0,00336 0,00338 0,0034

TK"

Figure 8.12 Plot of In(Keq) vs T-! for 4c with Hz.
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4d (4-MeCsH4)+H2

T [K] T In(Keq)
293.15 0.00341 7.615
295.15 0.00339 7.491
297.15 0.00337 7.400
299.15 0.00334 7.316
301.15 0.00332 7.200
303.15 0.00330 7.098

=> Linear fitting resulting in: y = 4492.09(+114.82)-7.72(+0.39); R?= 0.997
= AHg =-37.3520.95 kJmol™'; ASg = -64.15+3.20 Jmol'K"’

7,7 5

7,6

1 I I
0,00330 0,00335 0,00340
T K"

Figure 8.13 Plot of In(Keq) vs T-' for 4d with Ha.
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4e (4-OM906H4)+H2

T [K] T In(Keq)
295.15 0.00339 7.000
297.15 0.00337 6.854
299.15 0.00334 6.765
301.15 0.00332 6.703
303.15 0.00330 6.626
305.15 0.00328 6.500

=> Linear fitting resulting in: y = 4180.50(+268.02)-7.19(+0.89); R?= 0.980
= AHgr =-34.76%2.23 kdmol'; ASg = -59.76+7.42 Jmol 'K’

6,6
6,5

6,4 -

In(Kgg) [a. u.]

6,3 1

6,2 -

T T T T 1
0,00330 0,00335 0,00340
T'IK"Y

Figure 8.14 Plot of In(Keq) vs T-' for 4e with Hz.
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4f (4-OMGCGH4) +H,

T [K] T In(Keq)
295.15 0.00339 6.309
297.15 0.00337 6.185
299.15 0.00334 6.108
301.15 0.00332 6.021
303.15 0.00330 5.949
305.15 0.00328 5.849

=> Linear fitting resulting in: y = 3980.53(+144.10)-7.19(+0.48); R?= 0.993
= AHgr =-33.10%£1.20 kdmol'; ASg = -59.81+3.99 Jmol 'K’

6,2 1

In(Kgg) [a. u]

1 = 1
0,0033 0,00335
T K"

Figure 8.15 Plot of In(Keq) vs T-' for 4f with Ha.
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General Method for catalytic dehydrocoupling of PhSiH; with [PMPDippGe(X)-Ni(IPr)]
complexes:

0.5 mL of a CsDe with 4a-f (1.62 mM) was filled in a 15 mL Schlenk flask. Afterwards PhSiH3
(20 yL, 0.16 mM) was added, and the flask stirred at 7000 rpm for 3 h while being open to the
Schlenk line with a slight overpressure of 0.05 bar. Then mesitylene (11.2 yL, 0.08 mmol) was
added as an internal standard and the consumption of PhSiH; was checked via "H-NMR. All

measurements were performed in triplicate.

Method for Polymer synthesis via dehydrocoupling of PhSiH3 with 4a:

4a was dissolved in 2.5 mL of C¢Ds in @ 250 mL Schlenk flask. Afterwards PhSiH3 (400 yL,
mM) was added and the flask stirred 144 h, while being open to the Schlenk line with a slight
overpressure of 0.05 bar. Afterwards all volatiles were removed in vacuo and the residue was
dissolved in Et;O. The solution was filtered through celite and after removing a volatiles in
vacuo an off-white powder was obtained. The powder was analysed via GPC and 'H NMR

measurements.

X-ray crystallographic details
Single crystals of 2b, 4a, 4b, 4c, 4d, 4e, 4f, 4g, 5a and 5c¢ suitable for X-ray structural analysis

were mounted in perfluoroalkyl ether oil on a nylon loop and positioned in a 150 K cold N2 gas
stream. Data collection was performed with a STOE StadiVari diffractometer (MoKa radiation)
equipped with a DECTRIS PILATUS 300K detector. Structures were solved by Direct Methods
(SHELXS-97) and refined by full-matrix least-squares calculations against F? (SHELXL-
2018).%" The positions of the hydrogen atoms were calculated and refined using a riding model.
All non-hydrogen atoms were treated with anisotropic displacement parameters. Crystal data,
details of data collections, and refinements for all structures can be found in their CIF files,
which will be available free of charge via www.ccdc.cam.ac.uk/data_request/cif once the

project will be accepted for publication, and are summarised in Tables 9.5 - 9.7.
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Figure 8.16 The molecular structure of 2b with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] for 2b: Ge1-P1 2.464(1), Ge1-N1 1.940(2), Ge1-C32 2.026(3).

Figure 8.17 The molecular structure of 4b with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4b: Ni1-Ge1 2.209(1), Ge1-N1 1.902(4), Ni1-C32 1.936(6),Ge1-Ni1-
C32 138.6(2), C32-Ni1-P1 125.5(2), P1-Ni1-Ge1 95.79(5).
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Figure 8.18 The molecular structure of 4c with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4c: Ni1-Ge1 2.2216(8), Ge1-N1 1.890(3), Ni1-C40 1.927(4),Ge1-Ni1-
C40 136.8(1), C40-Ni1-P1 127.3(1), P1-Ni1-Ge1 95.67(4).

Figure 8.19 The molecular structure of 4d with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4d: Ni1-Ge1 2.231(1), Ge1-N1 1.897(4), Ni1-C39 1.907(6),Ge1-Ni1-
C39 138.1(2), C39-Ni1-P1 124.3(2), P1-Ni1-Ge1 97.35(75).
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Figure 8.20 The molecular structure of 4e with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4e: Ni1-Ge1 2.2203(8), Ge1-N1 1.885(3), Ni1-C39 1.904(5),Ge1-Ni1-
C39 137.1(1), C39-Ni1-P1 126.8(1), P1-Ni1-Ge1 95.89(4).

Figure 8.21 The molecular structure of 4f with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4f: Ni1-Ge1 2.2176(9), Ge1-N1 1.893(4), Ni1-C40 1.901(5),Ge1-Ni1-
C40 136.6(1), C40-Ni1-P003 127.3(1), PO03-Ni1-Ge1 95.89(5).
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Figure 8.22 The molecular structure of 4g with hydrogen atoms omitted and thermal ellipsoids at 25% probability.
Selected distances and [A] and angles [°] for 4g: Ni1-Ge1 2.2162(9), Ge1-N1 1.892(2), Ge1-N2 1.848(4), Ni1-C34
1.914(3),Ge1-Ni1-C34 131.6(1), C34-Ni1-P1 132.4(1), P1-Ni1-Ge1 95.93(3).
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Table 8.5 Crystallographic details for 2b, 4a, 4b, and 4c.

2b 4a 4b 4c
OMPINCAl | CooHasFaGeNPS | CorHotGeNsNIPSi | CroHszFsGeNaNiPSi CG5H83G9':;':$§')'O'S(Etzo’
formula wt 774.42 1128.78 1269.74 1190.85
crystal syst. triclinic triclinic monoclinic monoclinic
space group P-1 P-1 P21/c P21/n
a (A) 12.310(3) 12.650(3) 14.330(3) 13.882(3)
b (A) 14.320(3) 13.610(3) 20.120(4) 22.527(5)
c (A) 22.750(5) 19.970(4) 23.510(5) 21.112(4)
a (deg.) 97.70(3) 79.10(3) 90 90
5 (ey) 95.30(3) 74.20(3) 97.60(3) 99.59(3)
v (deg.) 96.20(3) 71.00(3) 90 90
vol (A% 3927.6(14) 3108.9(13) 6719(2) 6510(2)
z 4 2 4 4
p(calc) 1.310 1.206 1.255 1.215
(g.cm)
u (mm) 0.907 0.872 0.827 0.837
F(000) 1608 1206 2664 2544
T (K) 150(2) 150(2) 150(2) 150(2)
reflns 53284 38461 40322 89512
collect.
unique 15417 12208 13162 12785
reflns
Rint 0.0395 0.1820 0.0466 0.1085
R1 [/>20(/)] 0.0416 0.0912 0.0752 0.0517
wR2 (all 0.0933 0.2591 0.2401 0.1263
data)
CCDC No. X X X X
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Table 8.6 Crystallographic details for 4d, 4e, and 4f.

4d 4e 4f
empirical form. | CesHssGeNsNiPSi | CesHssGeNsNiOPSi | CesHsoGeN4NiPSi
formula wt 1099.72 1115.72 1128.77
crystal syst. monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n
a(A) 13.880(3) 14.060(3) 14.108(3)
b (A) 22.720(5) 22.580(5) 22.317(5)
c(A) 20.900(4) 21.370(4) 21.590(4)
a (deg.) 90 90 90
S (3ey) 100.50(3) 101.00(3) 101.55(3)
y (deg.) 90 90 90
vol (A%) 6481(2) 6660(2) 6660(2)
V4 4 4 4
p(calc) (g.cm) 1.127 1.113 1.126
P (mm™) 0.835 0.815 0.815
F(000) 2344 2376 2408
T (K) 150(2) 150(2) 150(2)
refins collect. 56743 45595 46377
unique reflns 12727 12976 12961
Rint 0.1475 0.0741 0.1015
R1 [>20(/)] 0.0726 0.0624 0.0699
wR2 (all data) 0.1638 0.1434 0.1778
CCDC No. X X X
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Table 8.7 Crystallographic details for 4g, 5a and 5c.

49 5a 5¢c
empirical form. | CeoHssGeNsNiPSi | CeaHssGeNsNiPSi-Et2O | CesHo2GeNsNiPSi
formula wt 1052.67 1161.83 1155.81
crystal syst. triclinic triclinic monoclinic
space group P-1 P-1 P21/n
a(A) 12.632(3) 12.740(3) 13.953(3)
b (A 13.335(3) 13.890(3) 22.828(5)
c(A) 19.285(4) 19.630(4) 20.809(4)
a (deg.) 84.11(3) 81.90(3) 90
L (8gy) 89.52(3) 84.30(3) 100.55(3)
y (deg.) 61.95(3) 66.30(3) 90
vol (A%) 2848.9(12) 3145.5(13) 6516(2)
V4 2 2 4
p(calc) (g.cm?) 1.227 1.227 1.178
g (mm™) 0.947 0.865 0.834
F(000) 1124 1244 2468
T (K) 150(2) 150(2) 150(2)
reflns collect. 11210 42397 47185
unique reflns 11210 12355 12764
Rint 0.0550 0.0766 0.0429
R1 [>20(/)] 0.0476 0.0548 0.0473
wR2 (all data) 0.1178 0.1313 0.1210
CCDC No. X X X
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Computational methods

DFT calculations for the reaction mechanism discovery were performed at the B97-
D3(SMD=benzene)/def2-TZVPP//B97-D3/def2-SVP level of theory.®?%* To identify stationary
points on the potential energy surface (PES), harmonic vibrational frequency calculations were
conducted. Transition states, distinguished by a singular imaginary frequency, were further
validated using intrinsic reaction coordinate (IRC) calculations to confirm their status as

intermediates. All calculations were executed using the GAUSSIAN 16 software suite.

We performed Natural Bond Orbital (NBO) analysis with the NBO program (version 3.1) as
implemented in GAUSSIAN 16 at the B97-D3/def2-TZVPP level of theory using the optimised
geometry gotten from the B97-D3/def2-SVP level of theory.®® To produce the molecular
orbitals, the optimised geometries were taken from the checkpoint file produced during NBO
analysis at B97-D3/def2-TZVPP level of theory. By using the formchk utility program® a
formatted checkpoint file is generated, from this file the molecular orbitals were pre-generated

and visualised using the Avogadro program (version 1.20).5¢

Optimised Structures of 3, 4a,d-g

G
i

Figure 8.23 Optimised geometries for complexes 3 and 4a-g with different substituents on Ge. Hydrogen atoms

4c

are omitted for clarity. Color code: C — gray, Ge — teal, N — blue, Ni — green, P — orange, Si — darker-teal, F — light-
blue, O — red, Cl — light-green.
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Table 8.8 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-Ge

moiety of 3.

Property 3
Bond length [A] Ni-Ge 2.232
NPA charge Ni/Ge | -0.535/+1.110
Wiberg Bond Index | Ni-Ge 0.904
Mayer Bond Order | Ni-Ge 1.074

Table 8.9 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-Ge

moiety of 4a.

Property 4a
Bond length [A] | Ni-Ge 2.241
NPA charge Ni/Ge | -0.534/+1.147
Wiberg Bond Index | Ni-Ge 0.946
Mayer Bond Order | Ni-Ge 1.121

Table 8.10 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-
Ge moiety of 4b.

Property 4b
Bond length [A] | Ni-Ge 2.243
NPA charge Ni/Ge | -0.512/+1.116
Wiberg Bond Index | Ni-Ge 0.955
Mayer Bond Order | Ni-Ge 1.107
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Table 8.11 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-

Ge moiety of 4c.

Property 4c
Bond length [A] Ni-Ge 2.240
NPA charge Ni/Ge | -0.515/+1.129
Wiberg Bond Index | Ni-Ge 0.947
Mayer Bond Order | Ni-Ge 1.106

Table 8.12 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-
Ge moiety of 4d.

Property 4d
Bond length [A] Ni-Ge 2.242
NPA charge Ni/Ge | -0.535/+1.150
Wiberg Bond Index | Ni-Ge 0.945
Mayer Bond Order | Ni-Ge 1.119

Table 8.13 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-

Ge moiety of 4e.

Property 4e
Bond length [A] Ni-Ge 2.242
NPA charge Ni/Ge | -0.539/+1.152
Wiberg Bond Index | Ni-Ge 0.943
Mayer Bond Order | Ni-Ge 1.130
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Table 8.14 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-

Ge moiety of 4f.

Property 4f
Bond length [A] Ni-Ge 2.243
NPA charge Ni/Ge | -0.546/+1.160
Wiberg Bond Index | Ni-Ge 0.936
Mayer Bond Order | Ni-Ge 1.130

Table 8.15 Calculated bond length [A], NPA, Wiberg Bond Index (WBI), and Mayer Bond Order (MBO) in the Ni-

Ge moiety of 4g.

Property 49
Bond length [A] Ni-Ge 2.252
NPA charge Ni/Ge | -0.586/+1.313
Wiberg Bond Index | Ni-Ge 0.873
Mayer Bond Order | Ni-Ge 1.230
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Figure 8.24 Correlation between experimentally measured AH and calculated a) Ni NPA charges, b) Ni-Ge Mayer

Bond Order (MBO),

and c) Ge NPA charges for 4a-f.
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Figure 8.25 Lowest unoccupied molecular orbital (LUMO) of 3, 4a-g. Orbital energies: 3: -1.97 eV, 4a: -1.93 eV,
4b: -2.21 eV, 4c: -2.35 eV, 4d: -1.90 eV, 4e: -1.85 eV, 4f: -1.75 eV, and 4g: -1.64 eV.
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é .Iél |
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Figure 8.26 Highest occupied molecular orbital (HOMO) of 3, 4a-g. Orbital energies: 3: -3.79 eV, 4a: -3.55 eV, 4b:
-3.76 eV, 4c: -3.78 eV, 4d: -3.52 eV, 4e: -3.49 eV, 4f: -3.39 eV, and 49g: -3.44 eV.
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Figure 8.27 Second highest occupied molecular orbital (HOMO-1) of 3, 4a-g. Orbital energies: 3: -3.91 eV, 4a: -
3.61¢eV, 4b: -3.81 eV, 4c: -3.84 eV, 4d: -3.59 eV, 4e: -3.56 eV, 4f: -3.48 eV, and 4g: -3.51 eV.
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Table 8.16 NBO analysis of the Ni-Ge moiety of 4a.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 22.97% 34.44% 64.85% 0.71%

Bond 1.82
Ge 77.03% 58.43% 41.34% 0.22%
Ni 83.05% 41.85% 58.05% 0.09%

Bond 1.81
P 16.95% 34.53% 62.17% 3.29%
Ge 27.92% 35.09% 64.73% 0.17%

Bond 1.95
C 72.08% 28.37% 71.55% 0.08%
Lone Pair 1.98 Ni - 0.85% 0.04% 99.11%
Lone Pair 1.96 Ni - 0.05% 0.22% 99.72%
Lone Pair 1.94 Ni - 0.01% 0.18% 99.80%
Lone Pair 1.86 Ni - 0.21% 0.94% 98.84%
Lone Pair 1.70 Ni - 0.10% 3.08% 96.82%
Empty orbital 0.30 Ni - 29.81% 67.69% 2.48%
Empty orbital 0.04 Ni - 0.07% 99.24% 0.68%
Empty orbital 0.48 Ge - 1.07% 98.84% 0.07%
Empty orbital 0.32 Ge - 6.14% 93.65% 0.21%

Table 8.17 NBO analysis of the Ni-Ge moiety of 4d.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 23.02% 34.44% 64.84% 0.71%

Bond 1.82
Ge 76.98% 58.32% 41.45% 0.23%
Ni 16.94% 34.52% 62.20% 3.27%

Bond 1.81
P 83.06% 41.95% 57.96% 0.09%
Ge 27.93% 35.24% 64.58% 0.17%

Bond 1.95
C 72.07% 28.49% 71.43% 0.07%
Lone Pair 1.98 Ni - 0.85% 0.04% 99.11%
Lone Pair 1.96 Ni - 0.06% 0.22% 99.72%
Lone Pair 1.94 Ni - 0.01% 0.19% 99.80%
Lone Pair 1.86 Ni - 0.21% 0.95% 98.84%
Lone Pair 1.70 Ni - 0.09% 3.07% 96.83%
Empty orbital 0.30 Ni - 29.82% 67.68% 2.48%
Empty orbital 0.04 Ni - 0.07% 99.25% 0.68%
Empty orbital 0.47 Ge - 1.08% 98.83% 0.07%
Empty orbital 0.32 Ge - 6.09% 93.69% 0.21%
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Table 8.18 NBO analysis of the Ni-Ge moiety of 4e.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 23.10% 34.45% 64.84% 0.71%

Bond 1.82
Ge 76.90% 58.31% 41.46% 0.22%
Ni 16.94% 34.41% 62.37% 3.22%

Bond 1.82
P 83.06% 42.05% 57.85% 0.09%
Ge 27.89% 35.29% 64.53% 0.17%

Bond 1.95
C 72.11% 28.92% 71.00% 0.08%
Lone Pair 1.97 Ni - 0.85% 0.04% 99.11%
Lone Pair 1.96 Ni - 0.06% 0.23% 99.71%
Lone Pair 1.94 Ni - 0.01% 0.18% 99.80%
Lone Pair 1.85 Ni - 0.21% 0.97% 98.82%
Lone Pair 1.70 Ni - 0.08% 3.03% 96.89%
Empty orbital 0.30 Ni - 29.92% 67.55% 2.51%
Empty orbital 0.04 Ni - 0.07% 99.23% 0.69%
Empty orbital 0.47 Ge - 1.07% 98.85% 0.07%
Empty orbital 0.32 Ge - 6.05% 93.73% 0.21%

Table 8.19 NBO analysis of the Ni-Ge moiety of 4f.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 23.37% 34.54% 64.73% 0.73%

Bond 1.82
Ge 76.63% 57.96% 41.81% 0.22%
Ni 16.93% 34.21% 62.64% 3.14%

Bond 1.82
P 83.07% 42.25% 57.65% 0.09%
Ge 28.04% 35.74% 64.09% 0.17%

Bond 1.95
C 71.96% 29.03% 70.89% 0.08%
Lone Pair 1.97 Ni - 0.85% 0.04% 99.11%
Lone Pair 1.96 Ni - 0.07% 0.24% 99.70%
Lone Pair 1.94 Ni - 0.01% 0.19% 99.80%
Lone Pair 1.85 Ni - 0.21% 0.99% 98.79%
Lone Pair 1.71 Ni - 0.07% 2.98% 96.96%
Empty orbital 0.30 Ni - 30.04% 67.41% 2.53%
Empty orbital 0.04 Ni - 0.07% 99.23% 0.70%
Empty orbital 0.47 Ge - 1.10% 98.82% 0.06%
Empty orbital 0.31 Ge - 5.93% 93.86% 0.21%

234



Modulating Cooperative Hz Activation with Modifiable Non-innocent Tetrylenes in 16-Electron
Ni° Complexes

Table 8.20 NBO analysis of the Ni-Ge moiety of 3.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 17.88% 29.93% 69.59% 0.47%

Bond 1.93
Ge 82.87% 41.24% 58.65% 0.10%
Ni 17.13% 38.55% 57.82% 3.62%

Bond 1.81
P 83.24% 42.83% 57.08% 0.08%
Lone Pair 1.98 Ni - 0.79% 0.03% 99.18%
Lone Pair 1.95 Ni - 0.01% 0.23% 99.76%
Lone Pair 1.94 Ni - 0.01% 0.25% 99.74%
Lone Pair 1.87 Ni - 0.61% 0.88% 98.51%
Lone Pair 1.72 Ni - 0.32% 2.77% 96.90%
Empty orbital 0.30 Ni - 29.82% 67.47% 2.69%
Empty orbital 0.04 Ni - 0.11% 99.14% 0.75%
Empty orbital 0.51 Ge - 0.06% 99.78% 0.13%
Empty orbital 0.45 Ge 10.59% 89.14% 0.21%
Empty orbital 0.32 Ge - 2.47% 97.24% 0.27%

Table 8.21 NBO analysis of the Ni-Ge moiety of 4g.

Alpha orbitals | Occupation | Atom | Polarisation | s-character | p-character | d-character

Ni 21.19% 32.58% 66.80% 0.61%

Bond 1.89
Ge 78.81% 82.18% 17.69% 0.13%
Ni 16.76% 35.20% 61.99% 2.80%

Bond 1.84
P 83.24% 42.83% 57.08% 0.08%
Lone Pair 1.97 Ni - 0.86% 0.03% 99.11%
Lone Pair 1.95 Ni - 0.03% 0.22% 99.75%
Lone Pair 1.94 Ni - 0.00% 0.24% 99.76%
Lone Pair 1.85 Ni - 0.50% 1.28% 98.21%
Lone Pair 1.75 Ni - 0.07% 2.41% 97.52%
Empty orbital 0.31 Ni - 30.77% 66.34% 2.87%
Empty orbital 0.04 Ni - 0.05% 99.21% 0.75%
Empty orbital 0.49 Ge - 0.02% 99.82% 0.13%
Empty orbital 0.40 Ge 18.81% 81.08% 0.11%
Empty orbital 0.27 Ge - 0.04% 99.64% 0.30%

235



Modulating Cooperative H» Activation with Modifiable Non-innocent Tetrylenes in 16-Electron

Ni°® Complexes

References

1

A wWN

= ©O© 0 ~N®

18

19
20

21
22
23
24
25
26
27
28
29
30

31
32

33
34

35

A. Schulz, T. L. Kalkuhl, P. M. Keil, T. J. Hadlington, Angew. Chem. Int. Ed. 2023, 62,
€202305996.

G. J. Kubas, Acc. Chem. Res. 1988, 21, 120-128.

R. H. Crabtree, Acc. Chem. Res. 1990, 23, 95-101.

P. G. Jessop, R. H. Morris, Coord. Chem. Rev. 1992, 121, 155-284.

M. Peruzzini, R. Poli, Recent advances in hydride chemistry, 1st ed., Elsevier Science
Ltd. Amsterdam, Amsterdam, 2001.

G. S. McGrady, G. Guilera, Chem. Soc. Rev. 2003, 32, 383-392.

D. M. Heinekey, A. Lledés, J. M. Lluch, Chem. Soc. Rev. 2004, 33, 175-182.

R. L. Sweany, J. Am. Chem. Soc. 2002, 124, 3799-3800.

R. Ramachandran, R. K. Menon, Int. J. Hydrog. Energy 1998, 23, 593-598.

J. A. Okolie, B. R. Patra, A. Mukherjee, S. Nanda, A. K. Dalai, J. A. Kozinski, Int. J.
Hydrog. Energy 2021, 46, 8885—-8905.

T.Yu, J. Jiao, P. Song, W. Nie, C. Yi, Q. Zhang, P. Li, ChemSusChem 2020, 13, 2876—
2893.

M. P. Suh, H. J. Park, T. K. Prasad, D.-W. Lim, Chem. Rev. 2012, 112, 782—-835.

F. Crotogino, in Storing Energy, 2nd ed., Elsevier, 2022, pp. 613-632.

R. Tarkowski, B. Uliasz-Misiak, Renew. Sustain. Energy Rev. 2022, 162, 112451.

S. M. Jafari Raad, Y. Leonenko, H. Hassanzadeh, Renew. Sustain. Energy Rev. 2022,
168, 112846.

P. J. Brothers, in Prog. Inorg. Chem., 1981, pp. 1-61.

Y. Kan, Q. Zhang, in Nanostructured Materials for Next-Generation Energy Storage
and Conversion: Hydrogen Production, Storage, and Ultilization, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2017, pp. 43-84.

G. C. Welch, R. R. S. Juan, J. D. Masuda, D. W. Stephan, Science 2006, 3714, 1124—
1126.

D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2010, 49, 46-76.

C. Weetman, in Encyclopedia of Inorganic and Bioinorganic Chemistry, 2021, pp. 1-
27.

G. D. Frey, V. Lavallo, B. Donnadieu, W. W. Schoeller, G. Bertrand, Science 2007,
316, 439-441.

Y. Peng, J.-D. Guo, B. D. Ellis, Z. Zhu, J. C. Fettinger, S. Nagase, P. P. Power, J. Am.
Chem. Soc. 2009, 131, 16272-16282.

Z.Zhu, X. Wang, Y. Peng, H. Lei, J. C. Fettinger, E. Rivard, P. P. Power, Angew. Chem.
Int. Ed. 2009, 48, 2031-2034.

M. R. Elsby, R. T. Baker, Chem. Soc. Rev. 2020, 49, 8933—-8987.

J. R. Khusnutdinova, D. Milstein, Angew. Chem. Int. Ed. 2015, 54, 12236-12273.

J. F. Sonnenberg, A. J. Lough, R. H. Morris, Organometallics 2014, 33, 6452—6465.
J. F. Sonnenberg, K. Y. Wan, P. E. Sues, R. H. Morris, ACS Catal. 2016, 7, 316—326.
G. Zhang, B. L. Scott, S. K. Hanson, Angew. Chem. Int. Ed. 2012, 51, 12102-12106.
S. Elangovan, C. Topf, S. Fischer, H. Jiao, A. Spannenberg, W. Baumann, R. Ludwig,
K. Junge, M. Beller, J. Am. Chem. Soc. 2016, 138, 8809-8814.

Y. Li, C. Hou, J. Jiang, Z. Zhang, C. Zhao, A. J. Page, Z. Ke, ACS Catal. 2016, 6, 1655—
1662.

R. J. Somerville, J. Campos, Eur. J. Inorg. Chem. 2021, 2021, 3488—-3498.

K. E. Litz, K. Henderson, R. W. Gourley, M. M. B. Holl, Organometallics 1995, 14,
5008-5010.

T. J. Hadlington, T. Szilvasi, M. Driess, J. Am. Chem. Soc. 2019, 141, 3304—-3314.

M. Frutos, N. Parvin, A. Baceiredo, D. Madec, N. Saffon-Merceron, V. Branchadell, T.
Kato, Angew. Chem. Int. Ed. 2022, 61, e202201932.

S. Takahashi, M. Frutos, A. Baceiredo, D. Madec, N. Saffon-Merceron, V. Branchadell,
T. Kato, Angew. Chem. Int. Ed. 2022, 61, €202208202.

236



Modulating Cooperative Hz Activation with Modifiable Non-innocent Tetrylenes in 16-Electron

36

37

38
39

40
41
42
43
44

45
46
47

48
49
50
51

52
53

54

55

56

57

58
59

60
61
62
63

64
65

Ni°® Complexes

M. Auer, J. Bolten, K. Eichele, H. Schubert, C. P. Sindlinger, L. Wesemann, Chem. Sci.
2023, 14, 514-524.

T. Watanabe, Y. Miyazaki, K. Inomata, H. Tobita, H. Hashimoto, Organometallics 2023,
42, 846-858.

Y. Wang, A. Kostenko, S. Yao, M. Driess, J. Am. Chem. Soc. 2017, 139, 13499-13506.
P. M. Keil, A. Soyemi, K. Weisser, T. Szilvasi, C. Limberg, T. J. Hadlington, Angew.
Chem. Int. Ed. 2023, 62, €202218141.

P. M. Keil, T. Szilvasi, T. J. Hadlington, Chem. Sci. 2021, 12, 5582-5590.

P. M. Keil, T. J. Hadlington, Angew. Chem. Int. Ed. 2022, 61, €202114143.

V.Y. Lee, K. McNeice, Y. Ito, A. Sekiguchi, Chem. Commun. 2011, 47, 3272-3274.
T. J. Hadlington, C. Jones, Chem Commun (Camb) 2014, 50, 2321-2323.

M. M. Juckel, J. Hicks, D. Jiang, L. Zhao, G. Frenking, C. Jones, Chem. Commun.
2017, 53, 12692-12695.

D. Munz, Organometallics 2018, 37, 275-289.

W. Ando, H. Itoh, T. Tsumuraya, Organometallics 1989, 8, 2759-2766.

T. Y. Lai, J.-D. Guo, J. C. Fettinger, S. Nagase, P. P. Power, Chem. Commun. 2019,
55, 405-407.

T. P. Dhungana, H. Hashimoto, H. Tobita, Dalton Trans. 2017, 46, 8167—-8179.

D. Schmidt, T. Zell, T. Schaub, U. Radius, Dalton Trans. 2014, 43, 10816—10827.

C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165—195.

B. R. Bender, G. J. Kubas, L. H. Jones, B. . Swanson, J. Eckert, K. B. Capps, C. D.
Hoff, J. Am. Chem. Soc. 1997, 119, 9179-9190.

F.-G. Fontaine, D. Zargarian, Organometallics 2002, 21, 401-408.

M. Tanabe, A. Takahashi, T. Fukuta, K. Osakada, Organometallics 2013, 32, 1037-
1043.

A. Feigl, I. Chiorescu, K. Deller, S. U. H. Heidsieck, M. R. Buchner, V. Karttunen, A.
Bockholt, A. Genest, N. Résch, B. Rieger, Chemistry — A European Journal 2013, 19,
12526-12536.

J. C. DeMott, N. Bhuvanesh, O. V. Ozerov, Chem. Sci. 2013, 4, 642—649.

S. Harder, J. Boersma, L. Brandsma, J. A. Kanters, A. J. M. Duisenberg, J. H. Van
Lenthe, Organometallics 1990, 9, 511-516.

S. Hinig, H. Schweeberg, H. Schwarz, Justus Liebigs Ann. Chem. 1954, 587, 132—
145.

A. J. Sicard, R. T. Baker, Org. Process Res. Dev. 2020, 24, 2950-2952.

B.-C. Liu, N. Ge, Y.-Q. Zhai, T. Zhang, Y.-S. Ding, Y.-Z. Zheng, Chem. Commun. 2019,
55, 9355-9358.

M. Muhr, P. Hei3, M. Schiitz, R. Bihler, C. Gemel, M. H. Linden, H. B. Linden, R. A.
Fischer, Dalton Trans. 2021, 50, 9031-9036.

G. Sheldrick, Acta Crystallogr. C 2015, 71, 3-8.

S. Grimme, J. Comput. Chem. 2006, 27, 1787-1799.

A. V. Marenich, C. J. Cramer, D. G. Truhlar, The Journal of Physical Chemistry B 2009,
113, 6378-6396.

F. Weigend, R. Ahlrichs, Physical Chemistry Chemical Physics 2005, 7, 3297-3305.
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian,
J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, Williams, F. Ding, F. Lipparini, F. Egidi, J.
Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,
N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K.
N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari,
A. P. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,

237



Modulating Cooperative H» Activation with Modifiable Non-innocent Tetrylenes in 16-Electron
Ni® Complexes

C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B.
Foresman, D. J. Fox, Wallingford, CT, 2016.

66 M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch, E. Zurek, G. R. Hutchison,
Journal of Cheminformatics 2012, 4, 17.

238



Conclusion and Outlook

Chapter 9

Conclusion and Outlook

In this thesis, the bidentate ligand scaffold P"RDipp (P"RDipp = [{Ph2PCH.Si(R)2}(Dipp)N]; R =
Ph, iPr; Dipp = 2,6-iPr.C¢Hs) has been introduced and developed, to obtain corresponding
phosphine-stabilised heavier tetrylenes, which were successfully utilised as Lewis acidic non-
innocent bidentate ligands in TM° complexes. These compound classes were employed both
in ligand-centred bond activation, as well as in metal-ligand cooperative (MLC) activation of

catalytically relevant substrates, and further in efficient catalytic protocols.

We were able to access an array of different heavier tetrylene ligands with this scaffold, by
altering the initial tetrylene-chloride ligands, ""RDippECI (E = Ge, Sn; Chapter 3), making i.e.
cationic tetrylenes, [P"PDippE]*, with [BArT4] ([BArf4] = [{3,5-(CF3).CsH3}4B]") as counter anion
(Chapter 4 and 6), or (aryl)tetrylenes, [""PDippE(Ar)], via simple salt metathesis of the chloride
ligand in (chloro)-germylenes and -stannylenes (Chapter 9). Combining these tetrylene ligands
either with Ni° sources (e.g. Ni(COD), with PPhg/IPr; COD = 1,5-cyclooctadiene; IPr
[{HC(Dipp)N}.C:]; Chapter 3, 4, and 8), or the Fe® precursor [(n?-tmvs).Fe(IPr)] (tmvs

SiMesC2Hs; Chapter 7), led to a variety of TM® complexes, with a broad spectrum of electronic

and structural properties (Figure 9.1).
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Figure 9.1 Key E"-TM° (E = Ge, Sn; TM = Ni, Fe) complexes and corresponding reactivities presented within this

thesis. For all cationic complexes the counter anion is [BArf4] = [{3,5-(CF3)2CeH3}4B]", which is omitted in this figure.
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The work described in this thesis confirms our hypothesis, that the developed bidentate ligand
structure allows the tetrel element to retain Lewis acidic properties. This even leads to Lewis
super acidic character of the tetrylene for the cationic tetryliumylidene-nickel(0) complexes,
[{P"PDippE}-Ni(PPhs).]*, as demonstrated by fluoride abstraction from [SbFe]" by the tetrel
element. By comparison to the corresponding monodentate tetryliumylidenes, employed in the
related Ni° complexes, [S"DippE-Ni(PPhs)s]* (S"Dipp = [(iPrsSi(Dipp)N]’), we could show that
the bidentate ligand structure is key for enforcing a bent ""RDipp-E-Ni angle, which minimises
m-back-donation from the Ni° centre to the tetrel element, and hence leads to the observed

high Lewis acidity of the tetrylene (Chapter 5).

The different isolated complexes displayed reactivity for the activation of several small
molecules such as ammonia, H», and water, while the electronic properties of the respective
complexes influenced the type of activation that occurred. In these systems a reactive TM
centre seems to be important to achieve MLC. This is clearly shown with the [Ni(PPhs),]
complexes, where the Ni° centre is electronically saturated, and exclusively tetryl-centred
reactivity or coordination was found (Chapter 3 and 4). When a low-coordinate TM centre was
utilised, by introducing the [TMC°(IPr)] moiety, we were able to observe targeted MLC,
exemplified by reversible H, activation at the tetrylene-TM interface (Chapter 7 and 8). In
general, this ligand scaffold seems to favour reversible activation of substrates, since this was
observed in most of the cases. This is an important feature for potential catalytic applications,
which are the ultimate target with these systems. We could already show that these tetrylene-
TM complexes can in general be used in catalysis, being capable of the catalytic hydrosilylation

of alkenes and alkynes (Chapter 4), and the catalytic dative coupling of PhSiHs (Chapter 8).

Furthermore, we also obtained the rare Sn'-Fe' complex [P"PDipp(IPr)SnFe], making it the first
reported covalently bound Fe' compound. This is presumably stabilised by the chelating P-
arm of the ligand, which essentially bridges the Sn and Fe centres. Since the reactivity of such
systems is essentially unknown, further studies on this or related complexes are also intriguing,

as cooperative activation and/or catalysis could be possible.

Benefits of the here used tetrylene ligands are, that they are readily accessible and easily
modified at the P, Si and N positions, but also directly at the tetrylene position. In Chapter 8
we could demonstrate that varying arene residues at the tetrel element strongly affect the
electronic situation of the ligand and thus the ensuing [Ni°(IPr)] complexes, influencing the
enabled cooperative H, activation and catalytic activity for dehydrogenative coupling of
PhSiHs. Since this simple change has such a big impact on the reactivity of the Ni° complexes,
further modifications of the tetrylene ligands or employment of different combinations of TM
centre and ancillary ligand(s) might lead to cooperative activation of more challenging

substrates, or even catalysis, such as the hydroamination with ammonia.
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Conclusion and Outlook

This work has introduced the phosphine-stabilised heavier tetrylenes as single-centre
ambiphilic ligands and shown their ability to retain Lewis acidic character, while coordinating
to a TM centre, allowing for non-innocent behaviour of the tetrel element and thus MLC
activation of Hz. The knowledge gained in this thesis, lays the foundation for further
developments of the presented highly modifiable ligand and corresponding heavier tetrylene-
TM complexes, to achieve cooperative activation of further catalytically relevant substrates,

and catalytic applications.
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