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Kurzfassung

Die Chemie der Hauptgruppenelemente hat in den letzten Jahrzehnten durch die Erkenntnis, dass
niedervalente Hauptgruppenverbindungen Reaktivititen besitzen, die bisher nur fiir Ubergangsmetalle
bekannt waren, eine Renaissance erfahren. Die zugrundeliegenden Struktur-Reaktivitatsbeziehungen sind
jedoch noch zu wenig erforscht. Diese Arbeit befasst sich mit der fundamentalen Forschung von
niedervalenten Silicium und Aluminium Verbindungen in einem kombinierten experimentellen und
theoretischen Ansatz. Das libergreifende Ziel ist es die Grundlagen fir eine zukiinftige Anwendung in der
Katalyse zu legen. Dazu werden Kombinationen von sterisch-anpassbaren Aryl- oder elektropositiven
Silylliganden mit N-heterozyklischen Iminen oder Carbenen als Elektronendonor verwendet, um diese
Verbindungen isolieren zu kdénnen. Verschiedene Methoden der Bindungsanalyse ermdoglichen den
Einblick in ihre elektronische Struktur, die eine starke Abhangigkeit von der Art der Liganden aufweist.
Dies ermoglicht im Folgenden die Reaktivitat der Verbindungen durch die Wahl der Liganden zu
beeinflussen. Die Anwendung der Verbindungen in der Aktivierung kleiner Molekiile, wie z.B. Wasserstoff,
Kohlenstoffmonoxid oder Schwefelwasserstoff, wird unter Einbeziehung theoretischer Studien
untersucht. Im Rahmen dieser Arbeit wurden diverse neue Strukturmotive erhalten, wie z.B. isolierbare
Dialumene, bei Raumtemperatur stabile Silanone sowie Siliciumcarbonyle, die die Moglichkeit
hervorheben Hauptgruppenelemente wie Ubergangsmetalle einzusetzen.

Abstract

Main group chemistry has experienced a renaissance in the last decades with low-valent main group
compounds resembling transition-metal reactivity. However, detailed insight to the fundamental
structure-reactivity relation is mostly missing. This thesis aims to address this gap, through the
development of low-valent silicon and aluminium compounds in a combined experimental and theoretical
approach. The overarching aim is to set the stage for future catalytic application. Combinations of
sterically tuneable aryl or electropositive silyl ligands together with electron-donating N-heterocyclic
imines or carbenes are employed to enable the isolation of acyclic silylenes, silyliumylidene ions and
dialumenes. Different bonding analysis methods are employed to provide insight into their electronic
structure, revealing high dependency of the nature of the attached ligands. This enabled the possibility of
tuning the reactivity via new molecular design. The application of these species in the activation of small
molecules, such as dihydrogen, carbon monoxide or hydrogen sulphide, is explored and assisted by
theoretical mechanistic evaluations. In the course of this work a variety of new structural motifs were
achieved, such as the first isolable dialumenes, room-temperature stable silanones and silicon carbonyl
complexes, further highlighting the ability of main group elements to act as transition-metals.

Diese Arbeit wurde in der Zeit von Mai 2016 bis April 2020 in der Arbeitsgruppe von Prof. Dr. S. Inoue an
der Technischen Universitdat Minchen angefertigt.
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Introduction

1. Introduction

To celebrate the 150" birthday of the periodic table, introduced by Dmitri |. Mendeleev in 1869,!*% the
United Nations Educational, Scientific and Cultural Organization (UNESCO) designated 2019 as the
International Year of the Periodic Table of Elements. Mendeleev and Lothar Meyer separately developed
the classification of elements dependent on their atomic weight.®®! This classification arranged the
elements into groups, taking into account chemical similarities, as well as into periods, according to their
ascending molecular weight. The periodic table used nowadays is a modified version of the one proposed
150 years ago. Newfound elements, some of which were originally proposed to exist by Mendeleev, have
been added and the sorting changed from atomic weight to atomic number, and hence the periodic table
is the world’s widest spread chemical tool nowadays.®!

In light of the international festivities all around the world, a descriptive version of the periodic system
showing the natural abundance of each element was designed (Figure 1). With regard to limited resources
available for an increasing global population, it explicitly highlights elements, which are in danger of
running out for the next generations. This situation is aggravated by the fact that resources are not equally
split around the globe and some critical elements are mined under conditions not in agreement with
human rights (conflict minerals in Figure 1). Unambiguously, an alternative source could be recycling of
those elements. However, critical elements like tantalum, gallium or arsenic, nowadays are widely used
in standard mobile devices (also marked in Figure 1) and have an end-of-life recycling rate below 1%
according to a report from the United Nations Environment Programme (UNEP).l7®

= 2019{5‘? The 90 natural elements that make up everything
How much is there? Is that enough?

: i\mn:
II “s” IYPT\\ e

United Nations - International Year
Educational, Scientficand - riodi
Cultural Organization . of Chemical Elements

Serious Rising threat Limited Plentiful Synthetic From conflict Elements
threat in the D from availability, . Supply D L . minerals used ina
next 100 years increased use future risk to smart phone
supply
Read more and play the video game http://bit.ly/euchems-pt
play g p://bit.ly/ p . EuChems$
S8 This work s licensed under the Creative Commons Attribution-NoDerivs CC-8Y-ND European Chemical Socety

Figure 1: Periodic table of elements illustrating element scarcity. Elements in grey are harvested in conflict minerals
and elements, which are used in a standard smart phone, are marked with a phone.™

Low recycling rates are due to different reasons: economical - as existing recycling methods are too
expensive to be applied on a huge scale - or technological - because there are currently no methods to
recycle some elements effectively. Thus, chemical research is required to develop environmentally benign
and energy-efficient methods to boost recycling of those resources.'” Besides technical reasons, one aim
for the development and spread of Figure 1 in social media was to raise awareness in the limited supply
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of elements. This particularly highlights elements present in waste electronic and electric equipment
(WEEE) and therefore encourages an increase in recycle rates.*

Aside from the concerns of limited resources for everyday objects, another important issue arises upon
examination of transition-metal groups 8 to 10, as these metals are widely used across diverse
applications in industry. In Figure 1, this group is mainly marked orange, with the exception of iron as
being abundant within the Earth’s crust (Figure 2a), and nickel, which however is already marked yellow.
These groups are furthermore highly important for chemical industry, as they are widely used in catalytic
processes. To address a few examples: the so-called “Monsanto Process”!*? - a rhodium-catalysed
carbonylation of methanol to yield acetic acid -, hydroformylation reactions originally discovered by Otto
Roelen™ - carbonylation of unsaturated hydrocarbons via rhodium or cobalt based catalysts - or the
“second Wacker process”™ - selective ethylene oxidation via a combined palladium/copper catalytic
cycle.’>8 |n light of their limited availability, their uses as homogenous catalysts faces further problems:
incomplete recycling of the catalyst from the reaction medium as well as residual toxic transition-metals
contained in the obtained products.*>-16:18!

Recent years have brought forward different concepts to overcome the use of expensive transition metals
and replace them with cheaper and more ecologically friendly resources by using either non-precious
metal or non-metal based catalysts.[**?* Beyond these developments, fundamental research in low-
valent main group compounds has succeeded in the resemblance of transition-metal reactivity (Figure 2b-
d), although catalytic applications are still limited to few examples.?>%°!

Besides oxygen, silicon and aluminium are the most abundant elements found within the Earth’s crust
(Figure 2a), they are environmentally benign and thus ideal candidates to replace transition metals in
catalysis. Different to transition-metal compounds which enable the activation of H; via strong back-
donation from the metal d-orbitals to the o*-orbitals of H, (Figure 2b), main group elements lack these d-
orbitals. However, this can be compensated by the ambiphilicity of low-valent main group species (Figure
2¢,d).

a b c d
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Mg o, Oth
Na 2.3% 21% 0'6‘;?
ca24%
o42%
56% 4 %H
G AN
@/‘ H @ ;g /Ar
o “, o T+>
46.4% ™ @*O ECH) E—E o
) - @ . /> 9 _H
H r
N 5%
H
g

Figure 2: (a) Abundance of chemical elements in the Earth crust; Interaction of the frontier orbitals of H, with (b)
transition metals, (c) singlet main group species (like tetrylenes) and (d) main group multiple bonds.

This thesis develops the fundamental research of low-valent silicon and aluminium compounds in a
combined experimental and theoretical approach, with the overarching aim to set the stage for their
future catalytic application.
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2. Low-Valent Silicon Chemistry

Although belonging to the same group (group 14), the properties of carbon and its heavier homologue
silicon diverge drastically: the electronegativity (Pauling electronegativity scale) decreases from 2.55 to
1.90, silicon is more polarizable and its atomic radius is significantly increased (C: 0.70 A, Si: 1.10 A).13
This results in completely different characteristics, for example, upon comparison of the simplest alkane
CH4 and silane SiHa: the silane decomposes explosively upon contact with air whilst methane is stable.
This difference is rationalized by the inversion of polarity for C*~H®* and Si®*~H® bonds.*? On comparison
of the sizes of the s- and p-orbitals for C and Si, there is a 20% increase in size difference for the latter.
This reduces the orbital overlap which gives rise to decreased hybridisation for Si.33!

The high reactivity of silicon species is also apparent upon comparison of silylium ions R3Si* with the lighter
homologues, carbenium ions RsC* (Figure 3). The carbon version is an intermediate in S\' reactions,
isolable and used as hydride abstraction reagent, e.g. [PhsCBF4],1** whereas the silicon version was only
isolated by Lambert in 1997.52% The silicon centre with its unoccupied p-orbital exhibits an enormous
electrophilicity, which possesses reactivity towards any available nucleophile including inert solvents and
even counter anions.*® Lambert used the mesityl (Mes = 2,4,6-Mes-CsH,) group to sterically protect the
silicon centre in his silylium ion [MessSi][B(CsFs)a]. However, structural verification via SC-XRD (Single
Crystal X-ray Diffraction) analysis required anion exchange to the closo-carborane anion [HCB1:MesBre]".”!

Carbenium Carbene Alkene "Carbeniumylidene” Carbone
R
Carbon Ry o c: No=d R—C: c:
species - ah - ’ R
R R / N\ L L
Silylium Silylene Disilene Silyliumylidene Silylone
. R R ~,
Silicon nd \ N v RS
Si—R Si: Si=Si R—Si: Si
analogue - /o < . .
R R \"“ this work L'/ \'L

Figure 3: Overview of low-valent carbon and silicon species.

In nature silicon is only found in oxidation state +IV, as it bears an increased tendency to undergo
disproportion reactions from oxidation state +ll in comparison to carbon.*? On further descending the
group 14, the preference for lower oxidation states increases again, which is reflected in mostly lead +lI
compounds found in nature. This is a consequence of further reduced hybridisation as well as additional
relativistic effects and is termed “inert-pair” effect.®333% Going down the group 14, the preferred
electronic ground state for the parent tetrylene H;E (E = C, Si, Ge, Sn, Pb) changes from the triplet state
for carbon to a singlet ground state for silicon and the heavier congeners (Figure 4).%? This schematic
view also nicely depicts the ambiphilic character of silylenes: they feature a vacant p-orbital representing
the highly reactive Lewis acidic site, as well as a nucleophilic, although rather inert, Lewis basic lone pair.
The lone pair has substantial s-character due to decreased hybridisation as discussed previously.

0,0 0,

triplet /C@ singlet /E@
"0 "0
E = Si, Ge, Sn, Pb
Figure 4: Frontier orbitals of carbenes and the heavier homologues.
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To enable the isolation of reactive species like silylenes, two main concepts can be applied: (i) intra- or
intermolecular electron donors, which partially occupy the empty p-orbital and/or (ii) kinetic stabilisation
via sterically demanding groups to shield the empty p-orbital from the attack of nucleophiles (see chapter
2.1). The use of sterically demanding groups bears a second important feature: it prohibits the
dimerisation of silylenes to disilenes (Figure 3, see chapter 2.2). Ligand removal from carbenes or silylenes
yields their cationic form, called “carbeniumylidenes” or silyliumylidenes ions. The carbon version has
been subject to studies in astrophysics,®! gas-phase spectroscopy!“®“! and theoretical chemistry#>43! for
the diatomic X—C* with X = H, F, Cl, but to the best of our knowledge an isolable “carbeniumylidene” ion
has not been reported to date. By contrast, the silicon version is isolable applying the concepts discussed
above (see chapter 2.3). To complete the series of low-valent species, the so-called carbones and silylones,
where the central atom is in the formal oxidation state of zero, should be noted. These species are
however not part of this thesis.

2.1.  Silylenes

As already stated above, silylenes exhibit a singlet electronic ground state (Figure 4), giving rise to a highly
reactive species due the Lewis acidic lone pair and high tendency to undergo oligiomerisation reactions.
Thus, silylenes require specific tuning of the electronic and steric effects of the ligands to enable their
isolation. Generally, electron-withdrawing groups increase the s-character of the silicon lone pair via
inductive effects. In combination with m-donor properties, e.g. as being the case for nitrogen-,
phosphorous- or sulphur-based ligands, the empty p-orbital at the silicon centre becomes partially
occupied, thereby reducing the Lewis acidity of the respective silylene. The opposite holds true for
electropositive substituents, e.g. silyl- or boryl groups, as they lack m-donor properties and thus yield even
higher reactivity.

H t e
/BY R,
] | N, (om0,
“sic [ si . Sic)
\ R
Bu RN
L1 L2 L3

Figure 5: Important examples of the first isolable silylenes including the schematic orbital interactions for
stabilisation vig intramolecular electron donation or steric protection of the empty p-orbital, ‘Bu = tert-butyl ,
TMS = trimethylsilyl, SiMes .

The first isolable monomeric silylene, decamethylsilicocene L1 (Figure 5), was synthesized by Jutzi in
1986.1%4 SC-XRD analysis revealed two independent units: one exhibiting coplanar orientation of the Cp*
ligands (Cp* = Mes-Cp, Cp = cyclpentadienyl) and the second bearing an angle of 25.3° between the two
Cp*-planes. Although representing the first example of an isolable divalent silicon species, it is generally
not considered a typical silylene as it exhibits a rather nucleophilic character and a high coordination
number due to n*>-arrangement of both Cp* units.!*>"*¢! Denk et al. succeeded in the isolation of the first
di-coordinate silylenes L2,/ belonging to the group of N-heterocyclic silylenes (NHSi). Stabilisation in L2
is achieved by the two amino groups attached to the silicon atom in a heterocycle («NSiN = 90.5°), which
yields effective electron donation from the nitrogen lone pairs into the empty p-orbital at the silicon
centre. This concept had already been proven useful for the carbon congener N-heterocyclic carbenes
(NHC), which were isolated by Arduengo in 1991.1*”! Kira succeeded in the isolation of the carbocyclic
bis(alkyl)silylenes L3, proving -donors attached to silicon centre not being necessary for stabilisation of
this silylene. It is solely stabilised by steric shielding of the silicon centre by the flanking trimethylsilyl (TMS)
groups, which however results in decomposition to a cyclic silene via 1,2-silyl migration above 0 °C even
in the solid state.*¥! After those pioneering studies, a plethora of NHSis with varying substituents at the
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nitrogen atoms (called “wingtips”) as well as modification of the backbone were described.’*® In 2006,
Driess and Roesky introduced two new types of cyclic silylenes in a conjugated six-membered
heterofulvene ring!*® as well as a chloro-silylene possessing a N,N-di(‘Bu)amidinato ligand,®® both of
which have been extensively studied concerning their reactivity as well as their application as transition-
metal ligands.[52-52

Donor-stabilised Silylenes

Upon switching to acyclic silylenes, stabilisation via intermolecular electron donors seemed to be crucial
for quite some time. The previously mentioned NHCs possess various possibilities to tailor their properties.
They are strong o-donors and bear tuneable mt-acceptor properties upon exchange of one amino group by
different atoms as well as different ring sizes being possible. Furthermore, they bear a tremendous variety
in their steric demand, which is tailorable via different groups at the wingtips.*3! Additionally, the
backbone can be saturated or unsaturated, with the latter allowing for an alternate coordination mode
through the C* as an “abnormal” carbene.®*>* Exchange of one amino group to an alkyl group gives the
so-called cyclic alkyl(amino)carbenes (cAAC),"*® which were introduced by Bertrand in 2005.5”'Thus, they
are ideal candidates to stabilise otherwise elusive species, as shown by Robinson in 2008 upon isolation
of a neutral Si, core with silicon in oxidation state zero, which is stabilised by two IDipp (:C[N(2,6-Pr,-
CeH3)CH],) moieties (L4 in Figure 6).58

o xa‘%x agn

Si=Si Dlpp D|pp D|pp .S'. D|pp

IDipp
L4 L5 L6

Figure 6: Examples of low-valent NHC-stabilised silicon species; Dipp = 2,6-"Pr2-CgHs.

In 2009, Filippou® and Roesky®® were successful in the isolation of dihalo-substituted NHC-stabilised
silylenes L7/L8 (Figure 7) and published their results back to back. The two silylenes are however accessed
via two different routes. Firstly, the di(bromo)-substituted L8 is obtained stepwise via initial coordination
of the NHC to the silicon centre in SiBrs, with one bromide leaving as the counter anion and then
subsequent reduction with KCs. Alternatively, treatment of tri(chloro)-silane with two equivalents of IDipp
yields the di(chloro)-substituted L7 and the imidazolium salt of the carbene via reductive
dehydrochlorination.

[\ [/
~N_N~Dipp (@ N _N=pipp (@ AN

Dipp Dipp N~ _N__N—
X,l X// H/i H// R/l R/\(—
" si: i ’ oS s.@DLAO USit - it
X X O H” H, O R R
L7 X =Cl
L8 X - Br L9 F7.A F7.B

Figure 7: Silylenes stabilised via Lewis base coordination or push-pull-stabilisation and different Lewis
representations for donor-stabilised acyclic silylenes (F7.A/F7.B).

The isolation and characterisation of dihalo-substituted silylenes, an intermediate in the industrial
preparation of silicon, are outstanding results, which have paved the way for a variety of other low-valent
silicon species.[®*%2 For example, they provided access to a silylone (L6, Figure 6), which was isolated by
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Driess in 2013 upon treatment of a bis-carbene with L7 (yielding silyliumylidene ion L49, discussed in
chapter 2.3 and Figure 17) and followed by reduction with sodium naphthalenide.®® In comparison, the
analogue cAAC-substituted L5, reported by Roesky, features m-back-donation from the silicon centre to
the ligand in addition to solely o-donation from the NHC to the silicon centre present in L6.1%

SC-XRD analysis of compounds L7/L8 revealed long Si-C""® bonds of 1.985(4)/1.989(3) A, which are
elongated in comparison to typical Si—C single bond lengths. In general, Lewis base-stabilised silylenes
exhibit a trigonal pyramidal geometry, with the degree of pyramidalisation dependent on the s-character
of the stereochemically active lone pair at the silicon centre. Based on recent debates in literature
concerning the graphical representation of E-CN"C bonds (E: central atom, exemplified in F7.A/F7.B, Figure
7),165%71 Sj—CNHC and AI-CNFC bonds will be represented as arrows within this work, provided it is not
misleading. Furthermore, it should be noted that a single Lewis representation is not able to correctly
illustrate the characteristics of a specific bond. Further discussion and possibilities to reveal a leading
Lewis representation for specific compound are given in chapter 4.4 and 4.5.

After the pioneering work by Roesky and Filippou, the number of reported NHC-stabilised silylenes
increased significantly®3 with examples relevant to this thesis given in Figure 8. The aryl-chloro-silylene
L10, again described by Filippou in 2010,®® was prepared by the carbene induced dehydrochlorination
from mTerSiHCl, (mTer = 2,6-Mes,-CgHsz) silane. This chloro-silylene can be converted into the
corresponding silyliumylidene via treatment with an additional equivalent of IMe, (:C[NMeCMe],) (see
chapter 6.6). Sekiguchi published the first NHC adduct of a solely silyl-substituted acyclic silylene L11,
obtained via reductive dehalogenation of di(bromo)-silane (‘BusSi)SiBr, with KCg in the presence of IMey,
which was published together with its radical cation.[®”
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Figure 8: Selected examples of donor-stabilised acyclic silylenes (L10-L13) and the base-stabilised silylenes studied
within this thesis (17 and 18).

Compound L12 was reported by Cowley and Holthausen and can further be obtained as the 4-
pyrollidinopyridine (4-PPy) adduct.”” These are the rearrangement products of a base-stabilised disilene
and will be discussed in the disilene chapter (2.2) in more detail. In comparison to the IMe,- and supersilyl-
substituted silylene hydride published in 2013,V the silyl-substituted silylene chloride L13 requires the
increased steric demand of the IEt;Me; (:C[NEtCMe],) carbene to enable its isolation.’? It is of note, that
a silyl-substituted bromo-silylene, stable in tetrahydrofuran (THF) solution at room temperature (rt), was
reported in 2001. However, this compound lacked structural verification, thus no assignment as free
silylene, THF adduct or bridged dimer was possible.[”® Compounds 17 and 18 were studied within this
thesis and are discussed in chapter 6.3.

Dependent on the substituents, stabilisation of an acyclic silylene as a highly reactive species might not
be sufficient by simple coordination of an NHC, based on the enhanced nucleophilic character of the lone
pair due to the coordinated Lewis base. Further stabilisation can be obtained by making use of the
ambiphilicity of silylenes though coordination of the lone pair to an additional Lewis acid as exemplified
in L9 (Figure 7), resulting in a push-pull-stabilised silylene. This is achieved via conversion of L7 with
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BH3*THF to reach the NHC-stabilised chloro-silylene borane adduct and followed by treatment with LiAlIH,4
for chloride-hydride substitution.’*7>! These types of push-pull-stabilised silylenes are currently known
with the Lewis acid represented by boranes or transition-metal carbonyl complexes./’>8%

Upon consideration of other electron donating groups to stabilise acyclic silylenes, e.g. 4-N,N-
dimethylaminopyridine (DMAP) as used in 17, one important example bearing isocyanides as a milder
Lewis base was published by the groups of Okazaki and Tokitoh already in 1997.82-%1 They described the
isocyanide-silylene complex L14, bearing two different aryl-substituents (Figure 9). On the experimental
side, it was accessible via thermal dissociation of the disilene, MesTbtSi=SiTbtMes L32 (Tbt = 2,4,6-
(CHTMS;)3-CgHy) (Figure 14), into its monomers followed by reaction with different isocyanides. Moreover,
thermal dissociation of the disilene in benzene also led to the first example of silylene addition to the
aromatic benzene ring in a [1+2] cycloaddition.® Thus, L14 represents a trapped monomer of the
thermally controlled monomer-dimer equilibrium of the disilene, which is further discussed in chapter 2.2.

One major point of interest within this thesis is the bonding situation of the silicon version of a ketamine,
as being the case for L14 (Figure 9). The carbon version of the valence isoelectronic CO derivative, named
ketenes, bear a planar structure of type F9.A (Figure 9) and have been studied by Staudinger as early as
1905.185% Transition-metal complexes bearing CO or isocyanide ligands are applied as catalysts in a huge
variety of reactions, e.g. hydroformylation,’®”’ Reppe chemistry!®®, Pausen-Khand reaction,®”
hydrosilylation and cross-coupling reactions like Suzuki-Miyaura or Sonogashira coupling.®®*Y Heavier
ketenes and ketimines both feature potential for back-bonding from the silylene to the ligand analogue
to transition-metal complexes. Thus, they could enable access to new reactivity profiles. Silylenes have
already proven their ability to reductively couple carbon monoxide.®”®* However, carbonyl silylene
complexes have not been isolated until recently.®

The research concerning valence-isoelectronic silylene isocyanide complexes was initiated by an early
study of Weidenbruch, who reported a bridged dimer of silylene isocyanides.®® Nevertheless, only three
examples of monomeric silylene isocyanide complexes are described in literature to date: L14 (vide supra),
which was characterised by calculated NMR shifts as well as experimentally through onwards reactivity.
The second example, L15 (Figure 9), is accessible via addition of isonitriles to silylene L3%” and the third
example L17 was reported just recently.®”

Matrix isolation studies play an important role in the identification of reactive intermediates, as they
enable spectroscopic analysis of otherwise elusive species. Therefore, theoretical calculations are often
used in combination with IR-data to enable the identification of the obtained species. This was also the
case for CO-adducts of silylenes, with several groups studying silylenes bearing only small ligands (R = H,
Me, Ph) in a CO atmosphere.®®1%2 They revealed silylene-CO adducts bearing a bent structure (F9.B-F9.D,
E = Si, X = 0), which highly contrasts the corresponding ketenes. Furthermore, silaketenes (F9.A, E = Si, X
= 0) are not even a minimum on the potential energy surface. Additionally, the monomer of West's
disilene L31 (Figure 14) as well as silylene L1 were examined in matrix isolation studies concerning their
potential to form stable adducts with carbon monoxide, but the adducts were found to dissociate upon
warming of the matrix.[103-104]

From the Lewis structural point of view, the bent silicon carbonyls/isocyanides can either bear a single
dative bond from the CX moiety to the silicon centre (F9.B), a donor-acceptor type interaction (F9.C) or a
bent silaketene with two covalent bonds (F9.D). Formulation of type F9.C is reminiscent of transition-
metal carbonyl/isocyanide complexes, bearing m-back donation from the metal centre to the
carbonyl/isocyanide unit.? In Figure 9, all complexes are given in the Lewis representation as published
in the original reports. A systematic study of the bonding situation present in tetrylene isocyanide
complexes covering silicon, germanium and tin, was reported by Power, Tuononen and Mansikkamaki in
2013.01%! They revealed a linear dependency between the magnitude in shift of the characteristic CN-band
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in IR spectra and back-bonding contributions within energy decomposition analysis (EDA), thus
emphasizing the importance of Lewis structure representations F9.C/F9.D.

Stable silylene CO adducts were unknown until isolation of L16,>! which was published during submission
of this thesis. Silicon carbonyl complex L16 bears a bent structure and a Si—C bond length of 1.865(6) A,
which is closer to commonly observed Si—C single bonds (1.87-1.93 A) than Si=C double (1.70-1.76 A)
bonds.!*%! Calculations on L16 revealed the structural motive F9.B as the most appropriate, although
electron donation from the silicon lone pair to the carbonyl unit is present. In terms of reactivity, L16 was
shown to act as a masked silylene in the activation of H, (requiring heating to 60 °C) and ligand exchange
of the carbonyl moiety for isocyanide CNCy (Cy = cyclohexyl) was possible to give L17.
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Figure 9: Possible structures and Lewis representations for ketenes/ketimines and their heavier analogues; R’ = Thbt,
Tipp, Mes*, Tipp = 2,4,6-Pr3-CeH2, Mes* = 2,4,6- 'Buz-CeH»; R” = Dipp, Ad; Ad = 1-adamantyl, L = HC[C(Me)N(2,6-'Pr.-
CeHz)]2, Cy = cyclohexyl, CeHi1, Xyl = 2,6-Me2-CsHs.

Chapter 6.4 discusses the synthesis, reactivity and bonding situation of bis(silyl)silylene carbonyl complex
20. Analogous to L16, compound 20 also undergoes ligand exchange reactions with isocyanides to yield
the bis(silyl)-substituted silicon isocyanide complex 21.

Donor-Free Acyclic Silylenes

In the case of donor-free acyclic silylenes, the frontier orbitals highly resemble those of transition-metals
(Figure 2b) and should therefore enable the activation of enthalpically strong bonds as present in H,
(Figure 2c). Early studies featuring a bis(amino)-substituted silylene were hampered due to lack of steric
protection, which led to reversible dimerisation (see chapter 2.2 for further discussion), whereas the
presence of a silylene was proven by trapping reactions with aryls, olefins, acetylenes or silanes.[7-1%! |n
2003, Lee et al. synthesized bis[bis(TMS)amino]silylene L18 (Figure 10), which exhibits a limited stability
at—20 °Cfor 12 h.1*%! Characterisation via SC-XRD was not provided, however, calculated 2°Si shifts as well
as trapping reactions clearly revealed successful isolation of L18.

In 2012, the group of Power and the Aldridge concomitantly succeeded in the isolation of the first acyclic,
donor-free silylenes L19*%% and L20,!*' which showed different structural features. Compound L19 bears
a rather tight angle at the silicon centre (%SSiS = 90.519(19)°), comparable to that of cyclic silylenes, and
a 2°Si NMR shift at 285.5 ppm. In comparison to this, the amino- and boryl-substituted L20 revealed a
widened interligand angle («RSiR) of 109.7(1)° in SC-XRD analysis and the 2Si resonance shifted downfield
(6 =439.7 ppm). This remarkable structural difference also effects the reactivity of these silylenes: the
former L19 shows reversible coordination of ethylene!*? but no reaction with H,, whereas the latter L20
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activates H; below rt and has shown to enable reductive coupling of CO accompanied by Si—B insertion,
as found in 2019.°? It is important to note that increasing the steric bulk of the aryl groups attached to
sulphur led to decreasing interligand angles attributed to dispersion forces.**!

In 2013, Protchenko et al. reported L21 with the boryl group replaced by a hypersilyl (SiTMSs) group, which
resulted in an opening of the interligand angle to 116.91(5)° and a ?Si shift at 438/467 ppm (based on
two rotational isomers).[*** In a one-pot synthetic protocol, two equivalents of potassium hypersilanide
(TMS5SIK(THF),) are added to the amido-substituted tri(bromo)-silane to vyield L21 via reductive
dehalogenation. Interestingly, L21 possesses an activation barrier for H, comparable to that of L20 and
decomposes via C-H activation at the Dipp (2,6-'Pr,-CsHs) group instead of TMS group migration at 80 °C
over a prolonged time of five days (d). Later, it was also shown that L21 reacts with ethylene to give the
corresponding siliran, which at elevated temperatures undergoes migratory insertion of the ethylene

moiety into the Si-Si bond followed by reaction with a second ethylene molecule.*>1!
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Figure 10: Reported examples of acyclic silylenes including the ones studied in this thesis.

Heavier analogues have been known since Lappert and Harris in 1974,*'”) however it wasn’t until 2016
that isolable acyclic di(amino)-substituted silylenes were accessible due to use of an extremely bulky
boryl-amide ligand [N(TMS{B(DippNCH,)}] (L22).1**¥) Owing to the steric demand of the ligand, donation
of the nitrogen lone pair to the empty p-orbital at the silicon centre is limited by the spatial arrangement.
In terms of reactivity, L22 shows no reaction with H,, neither at elevated temperature nor at elevated
pressure. The diamino-silylene however reacts with O,, followed by C-H activation at the Dipp group to
yield the corresponding silanol, as well as with ammonia under cleavage of one Si—N bond and addition
of a second equivalent of NHs.

A different type of ligand used in low-valent main group chemistry is a variant of the established NHC
ligands, namely N-heterocyclic imines (NHI).*% The monoanionic ligands with an electron lone pair at the
exocyclic nitrogen atom are strong electron donors (2o+4n) (Figure 11, F11.A- F11.C). They are, therefore,
ideal candidates to stabilise the electron-deficient low-valent silicon centre. The steric demand is
adjustable via modification of the wingtips in the imidazoline moiety with the ability to delocalise a
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positive charge within this ring being an additional advantage of NHIs over amine ligands. The anionic
ligand was introduced by Kuhn in 199512° and has found application as a ligand to stabilise low-valent
main group species in a variety of isolated compounds.***

Besides initial studies of Bertrand, which were focused on the stabilisation of phosphorous-centred
radicals, radical cations and phosphinonitrenes,[*?:123] NHI-substitution allowed for the isolation of else
elusive compounds containing a boron-sulphur or aluminium-tellurium double bond by the Inoue
group.*2412%1 Switching to silylenes, acyclic silylene L25 (Figure 11) was reported by Inoue in 2012, with
the Cp* ligand adopting a n?-coordination. Further examples of low-valent silicon compounds L26 and L27
were obtained in 2016, dependent on the equivalents BCF (B(CsFs)s) added to the TMS-substituted NHI.[22¢!
Attempts by Rivard to access a bis(NHI)-substituted silylene via reduction of (IDippN),SiBr, (IDippN
=NC[N(2,6-'Pr,-CsH3)CH]2)with KCg, as it was possible for the germanium analogue, gave compound L28.1?”!
This is the result of cleavage of the N-aryl bonds which was attributed to over-reduction to Si(l) and Si(0)
species by density functional theory (DFT) methods. Interestingly, similar problems arose for the synthesis
of L25, with the achieved vyield via reductive dehalogenation of di(bromo)-silane (IDippNCp*SiBr;)
amounting to less than 10%. However, it was improved to 57% via an alternative salt-metathesis route by
treatment of silyliumylidene ion L46 (Figure 17) with the lithium salt of the NHI ligand.!*?8!
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Figure 11: Selected resonance structures for a model complex of the anionic imidazolin-2-iminato ligand with E*
(F11.A-F11.C) and selected examples of reported NHI-stabilised silicon compounds (L25-L28).

The limited number of reports on donor-free, acyclic silylenes encouraged us to tackle this topic using a
combination of silyl- and NHI-substituents. Reductive dehalogenation of the corresponding NHI-
tri(bromo)-silane with hypersilyl potassium allowed to access silylene 1 (Figure 10) with the silepin 1’
representing the isolable resting state (see chapter 6.1). Moreover, this also enabled the isolation of
imino-siloxy-silylene 10 via rearrangement of a silanone (see chapter 6.2).

In 2019, Aldridge introduced a new N-heterocyclic boryloxy ligand (NHBO = [OB(NDippCH).]" ), where
replacement of the amino group in L22 with oxygen renders the NHBO ligand isoelectronic to NHIs.'?%
The bis-oxy-substituted acyclic silylene L23 (Figure 10) possesses an interligand angle of 100.02(8)°,
comparable to that in 10 (103.56(8)°). Besides the silylene, the group also described all heavier
homologues with the same substitution. However, no reactivity of L23 or the heavier homologues was
specified, presumably due to its high stability counteracting inherent reactivity.

10
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In the same year, the group of Rivard reported the N-heterocyclic olefin- (NHO) and silyl-substituted
silylene L24 (Figure 10).*® The monoanionic NHO ligands bears strong donor abilities (20+2m)
comparable to NHls, but their uncharged form can also be used as organocatalysts for CO, capture or
polymerisation reactions.!*3:"132) Attempts towards the bis(NHO)-substituted silylene were precluded due
to the corresponding di(bromo)-silane not being accessible. Compound L24 was obtained in a manner
similar to the corresponding NHI-substituted silylenes. In contrast to 1, L24 is isolable at rt as well as stable
in solution under inert atmosphere for prolonged periods, and according to SC-XRD analysis this exhibits
an interligand angle of 101.59(7)°. DFT calculations revealed an enhanced C=Si double bond character,
demonstrating the stabilisation by the NHO ligand via its high m-donor ability. Initial reactivity studies
focused on the oxidative addition of MeOTf, HBpin, HSiCl; and P4. Reactivity tests of L24 with N,O did not
yield the corresponding silanone, as was the case for 1. However, the group of Rivard was able to show
the first example of the rt activation of a primary C-H bond in '‘Bu-NC (tert-butyl isocyanide) by silylenes,
yielding a silyl-cyanide.

Table 1: Summary of important properties and reactivity of reported acyclic silylenes L19-L24 in literature.

Compound L19 L20 L21 L22 L23 L24
ZRSIR [°] 90.519(19) 109.7(1) 116.91(5) 110.94(5) 100.02(8) 101.59(7)
Amax[nm] 382 - - 385/300 348 416

29Si NMR [ppm] 285.5 439.7 438/467 204.6 35.5 432.9
Activation of H; no yes yes no n.r. n.r.
Activation of .
Ethylene reversible n.r. yes. n.r. n.r. n.r.
Other reported n.r. coLepc:i.ng rirr]:sger:rj]tticc;rny 03, NH; n.r. P4, 'BUCN

reactivity of CO 2" e CoHa

n.r. = not reported

The literature-reported examples of donor-free acyclic silylenes and their reactivity show that they
unambiguously posses great potential to replace transition-metals in terms of activation of strong bonds.
However, this represents only the first step of a catalytic cycle, as reductive elimination of these activated
bonds still remains the bottleneck in catalytic applications.25:13!

Triplet Silylenes

As described in the beginning of this section, a major difference between carbon and silicon in oxidation
state Il is the electronic ground state for the parent :EH, (E = C, Si): triplet for carbene and singlet for
silylene, which is closely related to the energy difference between the lone pair (HOMO) and the empty
p-orbital (LUMO). The energy difference can however be influenced via the stabilising ligands:
Electropositive substituents, like silyl groups or alkali metals, effectively reduce the energy difference
between the singlet and the triplet state (AEst). Moreover, bulky substituents can also influence AEsr due
to widening of the interligand angle.

Initial calculations on the ground state multiplicity of the smallest possible silylene :SiH, were performed
more than 50 years ago.!** Connected to the establishment of theoretical chemistry, the development
of new theoretical approaches, as well as the increasing accuracy of the applied methods, several
theoretical groups have studied the potential energy surface of different silylenes in singlet and triplet
ground state.'3>13% These studies revealed different interligand angles for intersection of the potential
energy surfaces of the singlet and the triplet state as well as different sterically demanding silyl groups
predicted to bear a triplet ground state. At the beginning of this century, several groups also addressed
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this topic experimentally but were not able to undoubtedly clarify the multiplicity of their compounds,*3®!
e.g. triplet species should undergo nonstereospecific [2+1] cycloaddition reactions via a di-radical
mechanism corresponding to the Skell rule.l}* Furthermore, previously predicted triplet ground state
silylenes were experimentally proven to be singlet species.!'3¥141142 |n 2003, Sekiguchi finally succeeded
in accessing the triplet state silylene L29 (Figure 12) by photolysis of the corresponding silacyclopropene
in a methylcyclohexane glass matrix.[**3! Electron paramagnetic resonance (EPR) spectroscopy revealed a
broad signal at 845 mT with the intensity being inversely proportional to the measurement temperature.
Further analysis focused on the products obtained after annealing of the matrix, with the resulting C—H
activated product taken as further proof for the triplet silylene. However, in 2013 Apeloig revealed that
the activation barrier for the intramolecular C-H activation is significantly lower from the singlet than the
triplet state**Y], thus the C—H activation product does not serve as an indicator for an triplet species. The
related alkali metal-substituted silylenes L30 were described in 2008, with comparable EPR signals at 790
and 780 mT.144
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Figure 12: Reported triplet silylenes L29 and L30 and singlet ground state bis(silyl)silylenes 12 and 12" studied in this
work.

With only these three examples of triplet silylenes being reported, compounds 12 and 12” were
investigated concerning a potential triplet ground state within this thesis (see chapter 6.3). Interestingly,
high level calculations (DLPNO-CCSD(T)!45%461/cc-pVQZ!*47-*48! single point calculations on PBEh-3c!*#!
optimized structures) by Holthausen®? revealed a very tight AEsr for L29 with the triplet state favoured
by only 1.2 kcal/mol, which is significantly lower than predicted prior to isolation.[*3"

2.2. Disilenes

The year 1981 was an important year for low-valent main group chemistry. In this particular year the so-
called “Double-bond rule”,[>1152 stating that elements bearing a principal quantum number > 2 should
not be able to form 1 bonds via overlap of two p-orbitals either with themselves or with other elements,
was proven wrong within four independent reports. Becker et al. reported the first phospha-alkyne, which
bears a triple bond between phosphorous and carbon.[*>® The group of Brook described the first
silaethene containing a silicon carbon double bond™** and the Yoshifuji group successfully obtained a
phosphor-benzene, containing a P=P double bond.*>* The fourth report, possessing the highest relevance
for this thesis, included the isolation of the first disilene exhibiting a silicon-silicon double bond in L31
(Figure 14) by West.['>® Key to accessing these reactive species was the high steric demand of the
surrounding ligands, which provide the necessary kinetic stability to enable their isolation.

Since this important breakthrough, multiple bonds between main group compounds, especially of group
14, are quite common nowadays with numerous reports on low-valent multiple bonded systems. They
display significant structural difference to the carbon analogue, which can be described via the Carter-
Goddard-Malrieu-Trinquier (CGMT) model*>”16% exemplified in Figure 13A. The structural difference is
again connected to the increased stability of the singlet going down the group and the inert pair effect.
The double bond in ethylene is built via two triplet fragments and thus exhibits a planar structure. In
contrast, the Si=Si double bond is best represented by two dative bonds bridging the two silylene units.
This gives rise to trans-bent (trans-bent angle 8 defined in Figure 13, angle between the SiR; plane and
the Si=Si axis) and/or twisted structures (given by twist angle t in Figure 13, angle between the two SiR,
planes), which results in a weaker bonding.
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planar trans-bent
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Figure 13: (A) CGMT model for the dimerisation of triplet carbenes and singlet silylenes with definition of trans-bent
(8) and twist angle (t) and (B) 2" order Jahn-Teller distortions.

A different explanation for the weakened bonding is the second-order Jahn-Teller distortion occurring
due to decreased energy difference of the n- and o*-orbitals (Figure 13B).1*662] Going down group 14,
mixing between the nt-bond and the o*-orbital increases, which destabilises the m bond due to enhanced
lone pair character present in the double bond.*%3-1%4 This also allows for an explanation of the structural
differences upon ligand exchange. Electropositive ligands stabilise the m-bond, thus favour more planar
structures, which results in a shortened central bond length. For electronegative ligands the n- and o*-
orbitals become closer in energy, with increased interference of these promoting trans-bent or twisted
structures and an increased bond length. Moreover, the steric demand of the ligand also highly influences
the structure, well exemplified for a tetra(‘Bu;MeSi)-substituted distannene by Sekiguchi.*®®! This
compound minimizes the high steric pressure of the attached ligands by adopting a highly twisted but not
trans-bent structure. Reported Si=Si double bond lengths are in the range from 2.14 A to 2.29 A.1°3166)

Since the seminal work of West, a huge variety of disilenes have been described.*¢*7% Their reactivity
resembles that of alkenes, e.g. they show 1,2-addition, cycloaddition or coordination to metal complexes.
In the following only disilenes relevant to this thesis are discussed, e.g. tetrasilyl-substituted disilenes and
amino- or imino-substituted disilenes (Figure 14). Moreover, disilenes featuring a disilene-silylene
equilibrium or rearrangement are also included.
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Mes/ Mes Mes/ Mes ’Per NP ButN S' t S' N'Bu
BuN N‘Bu BuN NfBu
(W /
L31 L32 L33 L34
tBuzMeSi\ SiMe'Bu, (‘Bu MeSi), MeSi, Me R Br ItBuN\ NI'Bu
/Si—Sl\ s|_s| /Si:Si\ Si=si
Bu,MeSi SiMe'Bu, ’BuzMeS| snvlefBu2 Br R TMS;Si SiTMS;
L35 L36 L37 R = Eind L40
L38 R = EMind
L39 R = Bbt

Figure 14: Selected examples of tetrasilyl-, aryl-/bromo- and NHI/silyl-substituted disilenes; Eind = (1,1,3,3,5,5,7,7-
octaethyl-s-hydrindacen-4-yl, EMind = 1,1,7,7-tetraethyl-3,3,5,5,-tetramethyl-s-hydrindacen-4-yl, Bbt = 2,6-
(CHTMS2)2-4-CTMS3-CeHa.
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The group of Okazaki described Tbht-/Mes-substituted disilene L32, which was the precursor to isocyanide
adduct L14 (Figure 9).182%% Kira et al. reported a tetra-amino disilene L33 in 1998, which is proposed to be
in equilibrium with its monomer (see chapter 2.1) according to a temperature-dependent UV study.
However, in both cases no structural characterisation via SC-XRD was provided.®® Apeloig, West and
coworkers succeeded in the isolation of L34, which is the tetrameric product of the unsaturated analogue
of L2 (Figure 5), with a long Si=Si bond length of 2.289 A."7U In their study, reversibility of the
tetramerisation was shown again by UV/vis spectroscopy. Furthermore, the methanol-trapping product
of the dimeric silylene was isolated.

The tetra(‘Bu,MeSi)-substituted disilene (L35) was obtained via the general approach of reductive
coupling of the respective di(bromo)-silanes.[*”?! This compound is highly related to triplet silylene L29,
which possesses two supersilyl groups. This nicely reflects the high influence of the ligands on the low-
valent silicon centre: the replacement of one ‘Bu group by a Me group results in changing the reactivity
from a highly reactive triplet silylene to an isolable disilene. Different to other tetrasilyl disilenes, which
either bear twist angles up to 28° or trans-bent angles up to 15°,11%° its structure is highly twisted (t =
54.5°) but not bent. This disilene shows very interesting redox chemistry, with both the disilene radical
cation as well as disilene radical anion being reversibly accessible.[*72173!

The bond strength of disilenes show a broad range dependent on the substituents and their steric demand.
Thus, also the monomeric silylenes can be accessible, for example as discussed in chapter 2.1, Tokitohs
Tbt- and Mes-substituted disilene L32®? as well as EMind- (1,1,7,7-tetraethyl-3,3,5,5,-tetramethyl-s-
hydrindacen-4-yl)/Eind- (1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl) and bromo-substituted disilenes
L37/L38 as shown by the group of Tamao and Matsuo.*7#
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Si=Si =—— Si=Si <=—= Si=Si S1.A
/ \ / B / \

R2 R4 R2 R4 R2 R3
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Si=Si =— Si: :Si ~——= Si=Si S1.B
/ \ / \ / \

R, Ry R, Ry R, Rs

R

Ri Rs Rivl - Ri R4

Si=Si =—— Si—Si <=— Si=Si S$1.C
/ \ / \ / \

R, R, R, Ry R, Rs

Ri  Ra B TP R R

Si=Si =——=|R-Si—Si—R; == Si=si  S1.D
R R4 R, Ry R,

Scheme 1: Possible isomerisation pathways for disilenes.

With the different substituents being present at the disilene, different rearrangement/isomerisation
mechanisms are possible (Scheme 1). In literature, the following possibilities are discussed: rotation
around the Si-Si bond (S1.A), monomerisation to silylenes and re-association (S1.B), migration of one
ligand to give an intermediary silyl-silylene, rotation around the Si-Si single bond followed by back-
migration of one ligand (S1.C) and a dyotropic rearrangement (S1.D). Interestingly, mixing of disilenes L37
and L38 in Cg¢Dg at rt yields the crossover product with one Emind and one Eind aryl-substituent most
probably via mechanism S1.B. In contrast, the likewise bis(aryl)-bis(bromo)-substituted disilene L39 was
shown to exhibit a rather high thermal stability (up to 60 °C) with no sign of dissociation into the
corresponding monomers. Heating to higher temperatures results in the C-H activation product at the Bbt
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ligand (Bbt = 2,6-(CHTMS,),-4-CTMS3-CgH,), most likely induced via bromide migration to a silyl-silylene
(mechanism S1.C).17!

The first example of a trans-bent and twisted disilene was reported by Sekiguchi in 2003, upon reduction
of the sterically demanding di((‘Bu;MeSi);MeSi)-dibromo-silane followed by silylsilylene-disilene
rearrangement (pathway S1.C in Scheme 1), which gave L36 as the first stable disilene with a methyl-
substituent.['’® The second example of a disilene bearing a trans-bent and twisted structure was achieved
in an analogous experimental approach upon exchange of the sterically demanding IDippN group in 1 with
I'BuN (I'BuN = NC[N‘BuCH],) to obtain L40 in its dimeric Z-constitution.””’ Compound L40 represents the
first example of a disilene able to activate H, and shows interesting reactivity upon treatment with
ammonia. Here, the product depends on the reaction temperature with lower temperatures yielding the
disilene addition product and higher temperatures giving the silylene addition product.*77-17!

Interestingly, disilenes are capable of NHC coordination, as shown first in a joint report by the groups of
Jutzi and Scheschkewitz.[*”! Hence, cyclotrisilene L41 (Figure 15), bearing solely carbon-based ligands and
the Cp* ligand in a n3-coordination, forms a reversible adduct L42 with I'Pr,Me; (:C[N'PrCMe],). It bears a
Si—Si bond of 2.2700(5) A, which is located at the upper end for reported disilenes, and the Cp* ligand
only bears n' coordination. Change of the Cp*-substituent to Tipp (Tipp = 2,4,6-Prs-C¢Hz) in cyclotrisilene
L41 analogously results in a reversible coordination, however in the latter case, rearrangement to the silyl-
/aryl-substituted and NHC-stabilised silylene L43 occurs.[8"

' R= Tlpp R' R = Cp* Cor |’Pr2Me2
Pr,Me, | . PN/
I'ProMe; /S{\ I'Pro,Me; si
Tlpp\s. . SI\Tipp b e— Tipp“"SI_SI P — Tipp““SI_SI\
I=31 - I'Pr,Me Ti Ti - I'PryM Ti Ti
Tipp/ \Tipp 2M€y pp Ipp raivie; pp Ipp
L43 L41 L42
LB LB
LE\;+ \ ¥
WSi—Si. =< _ .Si=Si, < _..Sir>Si
R / \/’R R! / \//R R' / \//R
R R R R R R
F15.A F15.B F15.C
MeEtN IPr,Me, I'Pr,Me;
Voo Vo H
Si—=Si ..Si:—Si — .Si—Si:
CI“‘/ < H" < mTer*" \
SiCl T™MS {
cl \SiCI3 S ter? M ™S ™S
L44 L45 L12
TMSO\ chapter 6.2 TMS
IDippN! - Si—Si, LSi_, TMS__Si__,
N \’TMS (TMS)3Si Si'Buj ?I/ Si'Bus
+N= TMS TMS
/K(N\ 8 12 chapter 6.3 12'

Figure 15: NHC-coordination at a disilene, NHC-stabilised disilene-silylsilylene interconversion, different Lewis
structure representations of donor-stabilised disilenes and selected examples of donor-stabilised disilenes with the
corresponding rearrangement product.
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An different example of a base-stabilised disilene (L44 in Figure 15), with the ligands in a rarely observed
cis arrangement, was reported by the group of Holthausen in 2016.08Y Several Lewis structure
representations are possible: a zwitterionic disilene (F15.A), a base stabilised disilene (F15.B) or a disilene
possessing a dative Si—C as well as dative Si-Si bond (F15.C). For compound L42, detailed bonding analysis
revealed a dative Si—Si bond as the most appropriate structure (F15.C) (see chapter 4.5). The concept of
dative Si-Si bonds was further investigated in collaboration with the Cowley group,/’® with L45 revealing
similar characteristics in bonding analysis. Rearrangement from L45 to NHC-stabilised bis(silyl)silylene L12
occurs via I'Pr,Me; dissociation, TMS-migration and I'Pr,Me, re-association, representing the first example
of a bis(silyl)silylene-disilene equilibrium. This can directly be observed via NMR spectroscopy starting
from a slightly modified version of L45 bearing the weaker electron donor 4-PPy. The influence of the
ligand was also investigated, revealing the Cp*-substituted analogue of L45 not being capable of a
disilene-silylsilylene interconversion as shown for mTer-substituted L45. Different to L44 and L45, the
NHC-stabilised silanone rearrangement product 8 bears no cis arrangement of the ligands and is further
discussed in chapter 6.2 including bonding analysis, which revealed the zwitterionic representation as
most appropriate description. Compounds 12 and 12’ (Figure 15 and chapter 6.3), studied in this thesis,
feature a silylene-disilene interconversion and are thus closely related to the disilene-silylsilylene pair
L45/L12.

2.3.  Silyliumylidene lons

Silyliumylidene ions combine properties of silylenes and silylium ions in one molecule: a high
electrophilicity due to two vacant p-orbitals representing the Lewis acidic side as well as a lone pair of
electrons as the Lewis basic site. These properties give rise to enhanced reactivity compared to both
silylium ions and silylenes. Thus, it is unsurprising that these species exist only as a short-lived
intermediate in the gas phase as well as being observable in the solar spectrum in a donor-free
configuration (Figure 16).[182-186]

To enable their isolation in the condensed phase, donor stabilisation by Lewis base is essential to mitigate
the electrophilicity of silyliumylidene ions by partially occupying the empty p-orbitals. Dependent on the
applied donors, the choice of counter anion can also affect the stability of the corresponding
silyliumylidene. Weakly coordinating anions (WCA) assist the stability of these complexes due to steric
shielding of the reactive centre at the anion.

Intermediate in

gas phase isolable

Figure 16: Orbital situation of silyliumylidenes dependent on the presence and number of donors.

The fact of donor-free silyliumylidene ions not being isolable was demonstrated by the group of Miiller in
2013 (Scheme 2).[*¥” Accordingly, thermal dissociation of anthracene from dibenzosilanorbonadienyl
cation S2.A yield silylium ion S2.B. Detailed DFT calculations revealed a mechanistic scenario, which
includes the benzene adduct of the donor-free silyliumylidene ion $2.C. This experimentally not
detectable intermediate (note: the silyliumylidene ion without benzene coordination is not observed
either) activates the used solvent benzene under release of H, to give S2.B.
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70°C, 2h

Scheme 2: Formation of donor-free silyliumylidene as benzene adduct S2.C and its further conversion to silylium ion
$2.B by thermal dissociation of S2.A.

Isolable Silyliumylidene lons

The first isolable silyliumylidene ion L46 (Figure 17) was reported by Jutzi in 2004 via treatment of silylene
L1 with the salt [Cp*H2B(CsFs)a] under release of Cp*H.[*88! Stabilisation is associated with m-complexation
of the Cp* ligand and a high n° coordination number. Two years later, Driess succeeded in the isolation of
compound L47, stabilised by aromatic 6m-electron delocalisation and intramolecular donation of the
sterically encumbered B-diketiminate ligand.[*®¥ Interestingly, it represents the sole example of an
isolable two-coordinate silyliumylidene ion outside of a metal sphere to date. Analogous to the application
of NHCs in the stabilisation of silylenes, the application of NHCs to stabilise silyliumylidene ions led to an
increased variety of isolable species.
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Figure 17: Selected examples of isolated silyliumylidene ions.

The group of Driess described the bis-carbene stabilised chloro-silyliumylidene ion L49, which can be
converted to silylone L6 (Figure 6) via treatment with sodium napthalenide.®® The first example of a
silyliumylidene ion stabilised by two different NHCs was reported by the group of Filippou.**® The bis-

17



Low-Valent Silicon Chemistry

NHC-stabilised iodo-silyliumylidene ion L48 is obtained in a stepwise approach by coordination of IDipp
to Sils, reduction with KCg and further addition of I'Pr,Me,. Other examples of isolable silyliumylidene ions
include the chelated bis(iminophosphorane)-stabilised chloro-silyliumylidene ion L501*°Y and DMAP-
stabilised, amindinate-substituted silyliumylidene L51.1%

This thesis focuses on NHC-stabilised aryl-substituted silyliumylidene ions, thus a general overview of aryl
ligands used in low-valent main group is given in Figure 18. Aryl ligands of type F18.A (2,4,6-trialkyl-phenyl
ligands) still bear free rotation of the alkyl groups attached to the phenyl ring and have enabled the
isolation of the first disilene L31 (Figure 14). Although officially belonging to the same 2,4,6-trialkyl-phenyl
ligands, F18.B bear increased steric demand due to the silyl groups attached at the benzylic position. This
is easily exemplified by the isolation of a bis(Bbt)-substituted disilyne by the group of Tokitoh, which
represents the sole example of an aryl-stabilised Si=Si triple bond to date.l’>!% |n contrast, 2,6-
bis(2,6/2,4,6-di/tri-alkyl-phenyl)phenyl ligands of type F18.C possess hindered rotation around the C—C
bond in the ortho-position and have the additional possibility of stabilizing a low-valent element by
interaction with the flanking phenyl groups.[*** This type of ligand has been widely used in low-valent
main group chemistry.[106195-1%] However, they have a tendency to coordinate group one cations to the
flanking aryl rings, which is discussed further in chapter 3. The last group F18.D is based on a rigid fused-
ring s-hydrindacenyl skeleton bearing the possibility to tune the steric demand at the benzylic positions.
The rotation of substituents in ortho position discussed previously for F18.A-C is effectively frozen in aryl
groups of type F18.D.[*”)

F18.A F18.B F18.C F18.D
| TMS TMS 6 6
R1 R,] N R4 R6R J\IA. R R6
T™MS T™S
R? RS EU Et Et Et
Mes R'=R%=Me Bbp R®=H 3 o
ol B2t 5_ mTer R’ =R* = Me i 6 _
Mes* R'=R*“ ="Bu Bbt R>=CTMS . . EMind R® = Me
e oo 5 3 mTerPPP R3 = iPr, R*=H : .
Dipp R"='Pr, R =H Tbt R®>=CHTMS, mTerTiPP R3 = R® = ipr Eind R°=Et
Tipp R'=R2='Pr Tbb R5=1Bu

Figure 18: Overview of aryl ligands used in low-valent main group chemistry.

An overview of reported NHC-stabilised aryl-substituted silyliumylidene ions and connected chloro-
silylenes including their synthetic routes is given in Figure 19. The groups of Sasamori, Matsuo and Tokitoh
jointly received silyliumylidene ions L53 and L54 via treatment of their bromo- and aryl-substituted
disilenes L57 and L38 with four equivalents of IMe4.[**®! In the same report, NHC-stabilised aryl-bromo-
silylenes L58 and L59 were obtained via treatment with two equivalents of the NHC, whereas the
corresponding silyliumylidene ion bearing the Bbt ligand was not accessible. Concurrently, the Inoue
group was able to obtain the mTer- and Tipp-substituted 32 and 33 via treatment of the corresponding
aryl-di(chloro)-silane Si(IV) precursor with three equivalents of IMes. This resulted in formation of the
imidazolium salt IMes-HCl along with the desired compounds 32 and 33 as orange and yellow compounds,
respectively.** It should be noted, that this synthetic procedure has been used by Filippou to access L10
using only two equivalents of NHC, whereby the formation of an orange compound was observed but
could not be identified.[®® In 2018, the groups of Sasamori, Matsuo and Tokitoh expanded on both
approaches, the disilene route as well as the Si(1V) route. The Eind-substituted silyliumylidene ion L55 is
also accessible from the Si(lV) route, albeit synthesis via the disilene route gives the product in higher
purity.? Furthermore, the bromo-silylene L60 was isolated. Frisch and Inoue quite recently extended
the Si(IV) route to the Mes-substituted silyliumylidenes L56, whereas also silyl-substituted silyliumylidene
ions (R = ‘BusSi, ‘Bu,MeSi) were shown to be accessible via the Si(IV) route.?! The group of So contributed
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the parent silyliumylidene ion [H-Si(IMe4).l] L52 (Figure 17), formed via treatment of NHC-stabilised
iodosilicon(l) dimer with four equivalents of IMes. The proposed mechanism includes the initial formation
of a cationic, NHC-stabilised silicon(l) radical which is able to abstract a proton from the solvent
toluene.[20%

Disilene route . Si(IV) route
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Figure 19: Reported NHC-stabilised aryl-substituted silyliumylidene ions bearing two identical NHC units and
accessible NHC-stabilised aryl-substituted chloro-silylenes; Tbb = 2,6-(CHTMS>)2-4-'Bu-CgsHo.

Reactivity of NHC-stabilised Silyliumylidene lons

Based on their ambiphilicity, silyliumylidene ions bear two reactive sites: a lone pair and (potential) vacant
p-orbitals, dependent on the donors applied. However, the discussion concerning the usage of dative
bonds, as already stated for the NHC-stabilised silylenes, also comes into play for NHC-stabilised
silyliumylidene ions. The two discussed Lewis representations are given in Figure 20: (i) two covalent
silicon—carbene bonds, the positive charge delocalized in the NHCs and thus the silicon centre bears a
negative charge or (ii) two dative silicon—carbene bonds with the positive charge residing on the silicon
centre.

Reactivity studies of silyliumylidenes were mainly limited to their use as synthons for asymmetric silylenes,
e.g. silylene L25 in Figure 11 was obtained from L46 and LiNIDipp.*?%2%! Furthermore, silylene-like
reactivity was reported for L50 and L51 in the activation of elemental sulphur.®*1%2 The group of Inoue
further demonstrated the C-H activation of terminal alkynes, namely phenylacetylene, to give L61 (Figure
20) as the Z isomer only.!**! In 2015, isolation of the NHC-stabilised silaacylium ion L62 was accomplished
via reaction with carbon dioxide and elimination of CO.2%¥ [t is of note, that decreased kinetic stabilisation
of the Tipp ligand in 33 prevented the isolation of the corresponding silaacylium ion due to decomposition
occurring at temperatures above —30 °C. However, it was characterized via low-temperature NMR
measurement. The heavier analogues L63-L65 were isolated in a similar approach, where the possibility
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of chalcogen transfer as well as conversion back to the silyliumylidene ion, by treatment with Aul, was
presented.?! The originally stated double bonding character between silicon and the chalcogens,
especially oxygen, is still debateable due to the high electronegativity differences of silicon and oxygen.
The decreasing tendency to form multiple bonds on descending the group, in addition to the positive
charge of the complexes, renders multiple bond formation unlikely. Thus, L62-L65 are depicted without
carbene-silicon dative bonds and the Si—-E (E = O, S, Se, Te) bonds are depicted as a single bond, although
some multiple bond character could be anticipated based on negative hyperconjugation.!2%¢!
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Figure 20: Reported reactivity of NHC-stabilised silyliumylidene ions 32 and 33 towards small molecules.

The conversion of 32 and 33 with hydrogen sulphide, yielding 34, was successfully studied in a combined
experimental and theoretical approach (see chapter 6.7). Furthermore, clean conversion of 32 with water
was possible with additional Lewis acid stabilisation necessary to obtain a donor-acceptor stabilised
silaaldehyde L66.1°" Beside the activation of small molecules, application of NHC-stabilised
silyliumylidene ions as ligands in transition-metal complexes were also explored and reviewed recently.?%!

Silyliumylidene lons in Catalysis

At the beginning of this thesis, the solely known catalytic application of low-valent silicon was the L46
catalysed degradation of oligoethylenglycol ethers (Scheme 3A) reported by the group of Jutzi in 2011.12%
The calculated mechanism proceeds via initial coordination of two molecules of dimethoxyethane (DME)
to the silicon centre which enables the conversion to dioxane and dimethyl ether via rearrangement of
the o-bonds and lone pairs. This was experimentally verified via SC-XRD of the DME adduct of L46, which
revealed rather weak Si—O interactions but a change in coordination of silicon to the Cp* ligand to n3. The
adduct is not particularly stable and decomposes within several days in solution to yield dioxane and
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dimethyl ether, whilst reforming the catalyst. However, the catalysis experiments required rather high
catalyst loadings of 5-10 mol% and required up to 20 days to reach full conversion. This paper remained
the sole example of low-valent silicon in catalysis until October 2019, where the publications of Fritz-
Langhals and So manifested the usability of silyliumylidene ions in catalysis.[20-211

In the former report again silyliumylidene ion L46 was used, which was shown to be accessible from
bis(Cp*)-substituted silylene L1 (Figure 5) with the more convenient and readily available hydride
abstraction agent [PhsCB(CsFs)s] under release of tetra-methyl fulvene. Fritz-Langhals revealed this
silyliumylidene ion to be an active catalyst in the hydrosilylation of terminal olefins (Scheme 3B) with a
variety of silanes or siloxanes yielding the anti-Markovnikov products as well as internal olefins and
terminal alkynes (not shown).
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Scheme 3: Reported examples of silyliumylidene as catalyst, L46* = L46 with a different anion, namely HB(CsFs)3".

The suggested mechanism includes coordination of the silane to the silicon centre via the hydride - thus
the silicon centre acts as a Lewis acid - followed by insertion of the substrate and subsequent release of
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the product. This so-called “cationic” mechanism was proposed in the case of electron-deficient borane-
catalysed hydrosilylation reactions?*?2*4 and was further evidenced by coalescence of the Si-H proton in
EtsSiH after addition of 0.10 mol% of L46. The catalysis proceeds at rt with low to very low catalyst-
loadings (0.1-0.001 mol%). Reaction times vary from ten minutes up to one day depending on the
substrate and silane. Furthermore, catalytic crosslinking of hydrido-siloxanes and vinyl-siloxanes was
obtained, although higher temperatures are necessary for this type of catalysis.

In the second part of this paper, L46 was examined concerning its properties in Piers-Rubinsztajn reactions
(Scheme 3C): the conversion of silyl ethers and silanes to give siloxanes and alkanes, which was hitherto
only possible with BCF.?*! Compound L46* (L46* = L46 with HB(CsFs)s anion) was shown to effectively
catalyse this reaction, resulting in formation of industrially relevant siloxane copolymers as well as
branched silicones. However, an increased reaction temperature of 55 °C and use of a small amount of
solvent is necessary, to overcome the catalyst blocking via coordination of the oxygen of the siloxane to
the silicon centre. This further allows for a reversible inhibition of the silyliumylidene ion in hydrosilylation
catalysis via addition of small amounts of alkoxy-silanes.

Concomitantly, the group of So reported their application of silyliumylidene ion L52 in hydroboration of
CO; and a variety of aldehydes, ketones and amines (Scheme 3D, E and F).[?*YI The catalytic hydroboration
of CO,, ketones and amines was performed with high catalyst loadings of 10 mol% as well as high
temperatures (90 °C) to ensure complete conversion. Only in the case of aldehydes, the hydroboration
can be performed at rt. Their calculated mechanism (only given for the reaction of CO, and pinacolborane
(HBpin)) relies on coordination of the carbon atom in CO, to the silicon centre, which enables the
conversion with HBpin, thus representing a Lewis base catalytic cycle. Furthermore, it was stated that
catalytic reduction of CO,, with HBpin, is possible under air and in “wet” CsD¢ (78 ppm H20). This is
intriguing considering the known instability of silyliumylidene ions in air and water. However, it is of note
that no comment concerning the stability of L52 at higher temperatures was provided, thus raising
questions about the identity of the active catalyst. Nevertheless, it was clearly shown that silyliumylidene
ions are effective (pre-)catalysts in a variety of hydroboration reactions, with the actual catalytically active
species yet to be identified.
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3. Low-Valent Aluminium Chemistry

Aluminium is the most abundant metal within the earth crust (Figure 2a) but is contained almost
exclusively in oxides and hydroxide minerals in nature.®? In its metallic form, it is highly used in packaging,
transportation and construction due to its low density and good manufacturing properties. Another
advantage of aluminium, especially in comparison to iron, is its corrosion resistance as it forms a closed
and durable oxide surface layer, which is industrially obtained via anodisation processes.

The differences between atoms belonging to the same group but a different period, like carbon and silicon
discussed in chapter 2, are revisited upon comparison of boron and aluminium. Belonging to group 13,
their preferential oxidation state is +lll with an empty p-orbital residing on the boron/aluminium centre
(Figure 21 F21.A for Al), representing the Lewis acidic site. Thus, in comparison to group 14 compounds
in oxidation state +IV, trivalent aluminium compounds are electrophilic in nature.? Aluminium centres
are highly polarized due to the combination of a high charge and a small cation radius (0.68 A).28! |n going
from B to Al the electronegativity decreases (B: 2.01, Al: 1.47 on Pauling scale) and descending group 13,
the tendency to build m bonds decreases whereas the tendency for coordination increases (Figure 21
F21.B).? Hence, access to isolable low-valent aluminium species is enabled by high steric bulk of the
attached ligands to kinetically protect the small aluminium centre and/or coordination of
internal/external electron donors (exemplified for alumylenes F21.C/F21.D/F21.E Figure 21) to prevent
oligiomerisation as well as disproportionation. Alumylenes are isolobal to silylenes as well as isoelectronic
to silyliumylidenes. Thus, the HOMO of alumylene F21.C is a lone pair, with the two empty p-orbitals
reflecting the ambiphilicity present in this compound.
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Figure 21: Frontier orbitals of Al(lll) F21.A/F21.B and Al(l) F21.C/F21.D/F21.E compounds.

The first structurally characterized aluminium—aluminium bond in L67 (Figure 22) was described by Uhl in
1988,121"1 starting the “renaissance” of aluminium chemistry.?!8l Following the Si/Al comparison, the
increased importance of the steric protection for a Al(l) species is easiest explained by the Cp*-substituted
compounds: the bis(Cp*)-substituted silylene L68 as well as Cp*-substituted silyliumylidene ion L46 are
isolable compounds, whereas the corresponding Cp*Al: tetramerizes in the solid state to give L68.12*°!
However, a Al NMR signal at higher temperatures was ascribed to the monomeric species, revealing only
a minor barrier for the dissociation from the tetramer in solution.??"!

Cp*
TMS,HC CHTMS A ‘B f —N'DiIOIO
* Al i AI//\.\AI—Cp* U\QBU \ YAl
TMS,HC ~ CHTMS,  Cp*~ \AI/ Al "By N
- Dipp
L67 L68 L69 L70

Figure 22: Selected examples of reported low-valent aluminium compounds.
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Several different varieties of substituted Cp-ligands have been studied and have been shown to influence
this monomer-tetramer equilibrium, depending on the steric demands of the Cp ligand. In 2019, the group
of Braunschweig synthesised the monomeric complex, L69, using the highly sterically demanding Cp™®
ligand (Cp®™“3 = 1,3,5-tri-‘Bu-cyclopentadienyl).l?? However, a modified experimental approach involving
multiple steps was necessary, highly connected to Fischer’s as well as Cowley’s studies on the redox
equilibrium between Al(l) and Al(lll) dependent on ligand coordination.?22223! The group of Roesky
contributed L70 as the first isolated monomeric Al(l) compound in 2000,2%*! which has been studied
extensively since then.[?1822% Similar to Driess’ compound L47 in silyliumylidene chemistry, L70 occupies
a special position in low-valent aluminium chemistry as being the sole reported monomeric twofold
coordinate Al(l) compound to date. An overview on the development of low-valent aluminium compounds
can be found in Wehmschulte’s review on Al(l) and Al(ll) compounds.[?2°!

Literature concerning NHC-stabilised low-valent aluminium compounds is relatively rare. The group of
Jones described the NHC-adduct of the parent dialane bearing Al(ll) centres in L71 (Figure 23), which is
accessible via treatment of the adduct IDippAlH; with their well-known Mg(l) reagent.??”! Li et al.
succeeded in the isolation of an asymmetric substituted Al-Al bond bearing one Al(l) and one Al(lll) centre,
with the latter stabilised by a coordinated cAAC moiety.??®! Only three examples of NHC-stabilised
alumylenes have been reported to date. As such compounds L72 and L73 were isolated by the group of
Driess, originally attempting to access a bis-NHC and acceptor-stabilised Al(l) hydride.??®’ However,
treatment of L72 with potassium hydride in THF resulted in the formation of H, and L73. Quite recently,
the Braunschweig group were able to isolate the parent alumylene :Al-H in L74 via stabilisation with two
cAAC moieties, this however bears considerable diradical character.3%

|Dipp (\ /» (\ /§ ><\)L n
N N /'\ /\\ /’\ /\\ N
A N e U I

IDipp Fe(CO), Fe(CO)4

L71 L72 L73 L74
Figure 23: Reported low-valent NHC-stabilised aluminium compounds.

Turning to the dimeric compounds, namely dialumenes, the concepts discussed in chapter 2 are revisited.
The CGMT model>-16% 35 well as 2™ order Jahn-Teller distortions[161-162164] gre gpplicable to dialumenes.
This is shown for only one ligand attached to the central atom (as per typical group 13 coordination) in
Figure 24, yielding trans-bent and/or twisted structures. The same holds true for the electronic effect of
the ligands attached to the aluminium centre: electropositive groups facilitate planarisation and
electronegative groups promote trans-bent/twisted structures.
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Figure 24: 2" order Jahn-Teller distortions responsible for observed trans-bent geometries.
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The isolation of the dimeric unit of alumylenes posed a challenge for some time, even though a series of
compounds bearing a bond order higher than one could be isolated (Figure 25).123% In 1993, the group of
Uhl and the group of Pérschke succeeded in isolation of the K/Li salts of the radical mono-anionic
compounds L75.12322331 These compounds exhibit a planar structure, based on the additional electron
occupying the empty p-orbital on aluminium, which is delocalized on both centres as a n-type orbital.
Power et al. described the Tipp-substituted version L76 shortly afterwards.?*¥ The group of Power
pursued the dialumene challenge and reported di-anionic dialumene L77, obtained via treatment of
mTerPPPAll, (mTerPPP = 2,6-Dipp,-CsHs) with elemental sodium, in 2006.12%! The aluminium centres are
2.428(1) A apart and the sodium cations are coordinated to the flanking phenyl groups. Similar to
Robinson’s analogue gallium compound,!?® there had been a considerable debate if the central bond
bears triple bond character, as stated in the original publication, or only a bond order > 1. Remarkably,
usage of the less bulky mTer group resulted in a tri-anionic and trimeric structure.

Furthermore, four different masked dialumenes L78-L81 were isolated and characterized. Power et al.
were successful in the trapping of the intermediary dialumene (L78, Figure 25), as the toluene adduct
upon reduction of mTerPPPAll, with KCs in a stepwise approach.?*”! Following a similar procedure under
supplementary addition of bis(TMS)acetylene, the group of Cui isolated L79.2%® Tokitoh et al. contributed
L80 and L81 bearing the sterically demanding Bbp (Bbp = 2,6-(CHTMS;),-C¢Hs) or Tbb (Tbb = 2,6-
(CHTMS;),-4-'Bu-CsH2) group in 2012 and 2015,123%240 respectively. Compound L80 showed reversible
exchange of the benzene unit with CsDs as well as exchange with naphthalene, anthracene and
bis(TMS)acetylene. In a follow-up report, Tokitoh’s group evinced L80 and L81 being able to activate H,
whereas the anthracene adducts are not capable of this.?*

— = TMS TMS
R R —
A=Al A-AL A-AL
R R mTerDiPP mTerPPP mTerDiep mTerDiPP

L75 R = CHTMS,

P, Me,'Pr| Me,'Prs|
/SitBuzMe Tipp
Al—Al _AI=AI _AI=Al
K R Me'Bu,Si e Tipp M
ravie; raiviep
L80 R = Bbp 23 cshgl%t:r 27
L81 R=Thp o

Figure 25: Reported examples of compounds containing an aluminium-aluminium bond with bond order > 1;
mTerPPP = 2 6-Dipp2-CeHs, Bbp = 2,6-(CHTMS;)3-CeHs.

On the theoretical side, different group 13 dimetallenes REER (E = Al, Ga, In, Tl, R= H, Me, 'Bu, Ph) were
systematically investigated with a variety of different methods in 2010 by Moilanen, Power and
Tuononen.?*? They revealed dialumenes bear considerable singlet diradical character, which becomes
even more important in the case of digallenes. The group of Frenking and the group of Jones jointly
performed a study on NHC-stabilised trielanes, NHC-stabilised ditrielanes, NHC-stabilised ditrielenes and
NHC-stabilised ditrielyne bearing hydride, chloride or no substituents and IMe;H, (:C[NMeCH],) as the

25



Low-Valent Aluminium Chemistry

NHC.24] Accordingly, (HAl IMe;H,), bears a trans-planar and (CIAl IMe;H,), exhibits a trans-bent structure.
Depending on the substituent, the interaction energies of the NHC as the donor and the AlxX; core (X = H,
Cl) as the acceptor diverge: In the case of the chloride-substituent, a m-type orbital at the AlCl; is the
acceptor for electrons donated from the NHC, whereas in the hydride case a low-lying empty c-orbital is
the accepting orbital. Thus, it is apparent that NHC-stabilised dialumenes are isostructural to disilenes.

Inspired by the successful isolation of a variety of silyl-substituted disilenes, the combination of NHC-
stabilisation and the bulky silyl group SiMe'Bu; enabled the isolation of the first dialumene 23, discussed
in chapter 6.5 with initial reactivity studies. In a follow-up report, this dialumene was shown to react with
CO,, N,O and 0O,, as well as catalysing the hydroboration of C0,.2*¥ Furthermore, the effect of the
stabilising ligand in dialumenes was studied via exchange to aryl-substituted 27 with the results discussed
in chapter 6.6.

A rather new chapter in low-valent aluminium chemistry are anionic aluminyls (Figure 26). Aldridge,
Goicoechea and co-workers started this type of chemistry, with the isolation of L82 in 2018.12%!
Stoichiometric  reduction of (NON)AIl (NON = 4,5-bis(2,6-diisopropylanilido)-2,7-di-‘Bu-9,9-
dimethylxanthene) with KCs gives the dimeric [AI[NON)],, whereas conversion with excess KCs yields L82.
Based on the increased anionic character, the aluminium centres bears enhanced nucleophilicity, which
enables this compound to undergo C—H activation with benzene as well as activation of H,. Furthermore,
reactions with electrophilic reagents, like CHsOTf or Mel, result in the formation of new aluminium-
element bonds, whereas in the case of electrophilic Al(l) centres the formation of the corresponding Al(ll1)
halide product was observed.

tBu JLBu [K(12C4),F*"
Dipp Dipp _ Di Di -
O N KN A& PR PPe , TMS s ™S Ty |
/ _// \\\_ A\ /SI_N\_/// \\\_/N_SI\
, Om-All GAl=Q X, E A Al E Al—K(tol), || Al
N/ K \N AN AN N
A =\ K /o ™S
Q \Di,ppJr \Di/pp Dipp * Dipp TMS Ad
t-Bu +Bu
L82 L83 E=0 L85 L86

L84 E = CH,CH,
Figure 26: Reported anionic aluminyl compounds; tol = toluene, 12C4 = 12-crown-4 ether.

The group of Coles and the group of McMullin successfully isolated L83 and L84, bearing a comparable
nucleophilic aluminium centre but a reduced coordination number compared to L82.12%¢247] |n terms of
reactivity, L83 can reduce 1,3,5,7-cyclooctratetraene (COT), which features its potential as a reducing
agent, although the potassium cation plays an important role in the reactivity of those compounds.
Compound L84 gives access to the magnesium and calcium alumanyl compounds, which can be further
converted with COT to give hetero-bimetallic inverse sandwich complexes. The group of Yamashita
contributed compound L85 as the first alkyl-substituted aluminyl, bearing a rather short aluminium—
potassium bond.?*® Despite, nucleophilic reactivity of the aluminium centre was demonstrated similar to
L82 and additionally a series of [1+2] and [1+4] cycloaddition reactions towards unsaturated hydrocarbons
was shown.?*?! Koshino and Kinjo reported cyclic (alkyl)(amino)aluminyl anion L86, as the aluminium
version of the isoelectronic cAACs.!?*% Its ambiphilicity was evinced by oxidative addition to Si—H, N—H and
non-polar C—C bonds. Furthermore, a B—B coupling reaction to yield a triangle AlIB; unit was presented.
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4. Theoretical Background

In this thesis, density functional theory (DFT) in combination with Natural Bond Orbital (NBO) and
Quantum Theory of Atoms in Molecules (QTAIM) analysis was used to explore the bonding situation of
unprecedented bonding motifs to allow for choosing an appropriate Lewis representation. Moreover,
these methods were used for identification of non-isolable intermediates via calculation of NMR shifts or
UV/vis bands. In the following, all methods applied in chapter 6 are briefly discussed. This overview is
based on several books and journal articles addressing the general concepts of computational
chemistry?°+-253 NBO[?>4256 gnd QTAIM. 25725

All quantum chemical approaches have one aim in common: a description of the electronic structure of
atoms and molecules to describe the properties of a molecular system. To this end, the time-independent,
non-relativistic Schrédinger equation (1) needs to be solved, or more precisely, needs to be approximately
solved: H applied to the wave function ¥ maps to the wave function times its eigenvalue E, the energy of
the system.

HY = E¥ (1)

H is the Hamilton operator for a molecule, bearing M nuclei and N electrons, which consists of the kinetic
energy of electrons and nuclei (T, and Ty), the potential energy of electrons and nuclei among themselves
(Vee and V) as well as Coulomb attraction between electrons and nuclei (Vye):

ﬁ = Te+ TN + VNe+Vee+\7NN (2)

Thus, the complete expression of H in atomic units is
1 1% V3 Zn vl v e ZuZ
TR OL SRS A NN DN
2440 2 A 4 A Ldlary Ras

Further simplification is obtained by the Born-Oppenheimer approximation, taking advantage of the high
mass difference between nuclei and electrons, which in a good approximation considers only electrons
moving in the field of fixed nuclei. Thus, kinetic energy of the nuclei Ty becomes zero and the potential
energy Vyy a constant, to yield the electronic Hamiltonian:

N N M N N
Raee = —3 0 =Y > 24 YN Lo T4 G4, @
elec 2 i ] -~ Ne ee
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i=1 j>1

Hence, the total energy of a system is given by the electronic Schrédinger equation (5), depending solely
on the electron coordinates.

(ﬁelec + VNN)qJelec = (Eelec + VNN)l'pelec (5)

Thus, if Wejec is known (or at least a good approximation) eq. (5) can be solved to access the energy of the
considered system. However, this is only possible for one-electron systems like H," in reasonable
calculation time. Further simplification is necessary to allow for calculations of multi-electron systems,
starting with the Hartree-Fock approximation. Here, the unknown N electron wave function is replaced
by N one-electron wave functions to obtain the so-called Slater determinant ®gp, in eq. (6), also fulfilling
Pauli principle.

1
Welec ® Psp = \/ﬁ det{); &) x2(X2) -+ xn&n)} (6)
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Here the one-electron functions consist of linear combinations of atomic orbitals (LCAO-approach), which
are obtained by analytical solution of the wave function within the Born-Oppenheimer approximation for
the hydrogen atom. The N one-electron wave functions contain a spin function o(s) and a spatial orbital
¢ () and are called spin orbitals, thus dependent on the coordinates (F) of the electron as well as its spin
state:

X® = ¢@o(s), o= af (7)

Separation of the wave function ¥ into those orthonormal spin orbitals further allows for simplification
of the Hamiltonian to the sum of N one-electron Hamilton operators f;, so-called Fock operators, in eq.(8).
Application of the Fock operator on a spin orbital yields the eigenvalue g;, representing the orbital energy.

N
I’:Ielec = Zfl (8)
' M

. 1 Z
with = -5 VP - ;i+ Vigr 30) (9)
N
and Viur () = Z (j] &) — K; (ii)) (10)
j

The Fock operator is defined according to eq. (9), with the first two terms representing the kinetic and
potential energy due to electron-nucleus attraction. The third term, also referred as Hartree-Fock
potential, represents a mean field potential, thus the average repulsive potential experienced by electron
i from the remaining N-i electrons. This can be further divided into the repulsive Coulomb interaction of
the electrons | and the exchange operator K according to eq. (10). Application of the Rayleigh-Ritz
principle yields minimisation of the total energy via appropriate choice of the spin orbitals. By use of the
self-consistent field approach (SCF) the best coefficients for the molecular orbitals are obtained by
iterative algorithms (Scheme 4).
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Scheme 4: Schematic representation for the calculation of the electronic ground state of a molecule.
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With these equations on hand, the simplest method of computational chemistry - HF calculations - can be
implemented after choosing suitable basis sets (see chapter 4.2). Inclusion of particular electron
correlation gives post-HF ab inito methods, such as Mgller-Plesset (MP) perturbation theory, configuration
interaction (Cl) and coupled cluster (CC) approaches. They offer improved accuracy of the calculation,
however costs increase with the increasing calculation time and required computational resources. DFT
represents a rather inexpensive approach in computational chemistry. It is applicable for complex and
huge systems whilst yielding satisfactory results. The concepts of DFT are introduced in the following
chapter.

4.1. Density Functional Theory

As a different approach to the one discussed previously, DFT replaces the 4N-dimensional wave function
Y by the observable electron density p(f) which depends only on the spatial variable T. Thus, p(f;) gives
the probability to find one of the N electrons with arbitrary spin inside of the volume element d(t;).

o) =N [ [ 18, . B)P05, 0%, . Ry 1)

The electron density has to fulfil three physical boundary conditions: (i) integration over the complete
space yields the total number of electrons, (ii) it decreases to zero for infinite distances and (iii) it exhibits
a cusp at the position of the nuclei.

The DFT approach relies on two important theorems by Hohenberg and Kohn. The first theorem reveals
the unambiguous connection between electron density and an external potential Voy (N, R4, Z4). Thus,
the Hamilton operator as well as its wave function is uniquely determined.

po = {N,Zp,Rp} > H=> ¥, = E, (12)

The second theorem yields a variational principle, with E being an upper bound to the true ground state
energy E;.

Ey = Eglpo(r)] < E[p(r)] (13)

Thus, the electronic ground state energy is given as a functional of the electron density (eq. (14))
consisting of the kinetic energy of electrons T, the potential energy for the electron interaction V.. and
the Coulomb attraction between electrons and nuclei Vi.

Eolpol = Tlpol + Veelpol + Vnelpol (14)

As V), isindependent of the wave function generating the density and known, it is separated and the two
other parts are combined to the so—called Hohenberg-Kohn functional Fxy[po]. The Hohenberg-Kohn
theorems give justification for DFT, they however do not provide any description for the functionals or
any practical application. This was enabled by the Kohn-Sham equations, with division of the kinetic
energy into a calculable term of non-interacting electrons T and the residual kinetic energy of the real
system (eq.(15)). Moreover the potential energy of the electron-electron interactions is split into the
Coulomb functional J[p] and a non-classical part E,.[p]. All unknown contributions are summed together
in the exchange-correlation functional Exc[p] in eq. (17).

Tlp] = Ts[p] + Tclpl (15)
Veelpol = JIp] + Enclpl (16)
EXC[p] = Tc[p] + Enc[p] (17)
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Thus, HF and DFT both treat electrons as independent particles moving in the average field of all others,
but DFT includes correlation by virtue of the functional. Until this point DFT represents an exact theory,
however, as the formulation of Exc[p] is unknown, it needs to be approximated. As analogy, the
exchange-correlation functional is obtainable at various levels and complexity ascending the “Jacobs
ladder” from the Hartree-Fock level towards heaven corresponding to chemical accuracy.?%-2621 The first
group of functionals is achieved via local density approximation (LDA), estimating the exchange-
correlation functional from homogenous electron gas, as it is the case in ideal metals. Including the spin
of electrons then yields the local spin-density approximation (LSD).

B = [0 Mexc (o) (18)

In equation (18) ey, can be further divided, with the exchange part being highly related to the previously
mentioned mean field but differing in a pre-factor. The correlation part is not known, but was analytically
determined by Vosko, Wilk and Nusair based on high-precision Monte-Carlo simulations.!?*3! The LDA
functionals use an expression for Exc[p] originally developed for homogenous electron densities, thus
representing the bottleneck of this type of functionals, as electron density typically shows huge variety
within one molecule.

Further improvement of the exchange-correlation functional is obtained by including the gradient of the
electron density. This yields the generalized gradient approximation (GGA) functionals according to the
general expression:

E)((;((Z;A[pou pB] = f f(pou Pp. Vpou VPB) dr (19)

Meta-GGA functionals possess increased accuracy by introducing additional dependence on the Laplacian
V2p(¥) as well as kinetic energy density of Kohn-Sham orbitals T:

Exe “Apw pp] = f f(pw Pp: VP VP, V2Pa V2Pp, T Tp) dF (20)

All three levels of functionals described until now are called local functionals, because they are depending
on the local spin density, its gradient and the Laplacian. The next step on the Jacobs ladder are non-local
functionals based on coupling of Hartee-Fock theory with local DFT yields so-called hybrid exchange
correlation functionals expressed by:
ExP4 = (1 — a)EEA + aEJF + EGGA (22)

Hybrid functionals highly increase the necessary calculation time in comparison to the functional types as
explained beforehand, which makes them more expensive especially for large and complex systems. The
last spoke on the Jacobs ladder is represented by double hybrid functionals, which include an additional
perturbation theory based correlation part. With this general overview, only a short recap is given. A
tremendous variety of DFT functionals is available to date. The used combination of functional and basis
set is crucial with regard to reliability of achieved results for a specific molecular system. The functionals
and basis sets used within this thesis are presented in the following chapter.

4.2. Used Functionals and Basis Sets
B3LYP

One of the most popular functionals in theoretical chemistry is the hybrid functional B3LYP, named after
their contributors Becke, Lee, Yang and Parr as well as its contained 3 parameters in equation (22) (a =
0.2, b = 0.72, c= 0.81).12642%¢] These three parameters are optimized to atomisation, ionisation energies
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and proton affinities in the G2 database. Thus, the functional combines exact Hartree-Fock exchange with
the LSD exchange of Vosko, Wilk and Nusair'?®® and gradient correction of Beckes B88?%! functional to
the LSD. The correlation functional part is represented by a combination of LSD and gradient correction
of the LYP2%®! functional.

Exe™" = (1 — a)ESP + aBRF + bER®® + cEYP + (1 — oE¢ (22)

The B3LYP functional paved the way for DFT calculations to become a popular tool in computational
chemistry. However, some major drawbacks of this functional are the underestimation of barrier heights
in reactions, which is ascribed to (i) self-interaction error of the electrons and (ii) inability of describing
medium-range interactions (~2-5 A), thus also failing in the description of non-covalent interactions such
as Van-der-Waal interactions.?®”! This can be reduced in parts by inclusion of Grimme’s empirical
dispersion GD-3.1%8! However this does not provide a complete solution, as London dispersion forces can
play a major role depending on the system.[26°-270!

Minnesota Density Functionals M06-L and M06-2X

The group of Truhlar have developed a whole range of different functionals, the Minnesota density
functionals, with M06-L representing a meta-GGA functional and M06-2X a hybrid meta-GGA functional.
The exchange functional of M06-L represents a linear combination of the M0527Y and VSXC[?7%273]
exchange functional as given in equation (23), incorporating the exchange energy density of Perdew-
Burke-Ernzerhof (PBE).?”" The correlation functional is again a combination of M05 and VSXC, but
contains a different treatment of the opposite spin and parallel spin correlation (eq. (24)). In equation (25)
and (26), egEG and eJEG represent the uniform-electron gas (UEG)?” correlation energy density for
antiparallel and parallel spin cases and D the self-interaction correction factor. The complete description
of the functional with all 37 parameters, which were optimized to 314 data sets (including databases of
barrier heights, noncovalent interactions, bond length, frequencies...), can be found in Truhlar’s and
Zhao’s original publication from 2006.127¢!

EX*CTh = z f dr[FEEE (g, Vo) f(Ws) + eX3PAhy (X4, Z6)| (23)
o

Ec = EgB + E&® 4 EEB (24)

E¢’ = f eap [8op(XewXp) + hop(Xup, Zap)]dr (25)

Eg° = f eUE g0 (X5) + hoo (Xg Z5)Dodr (28]

Although further work of the Truhlar group provided other local functionals, e.g. M11-L, the M06-L
functional is one of the most broadly used Minnesota functionals.’?””? The M06-2X, with its formula given
in equation (27), combines the M06-L functional (shortened as EP""here) with 54% Hartree-Fock exchange.
This gives an improved performance concerning main group thermochemistry as well as barrier heights
and noncovalent interactions. 267277

(27)

54 54
EX6-2X = —EHIF ¢ (1 -—

EDFT EDFT
100 100) x -+ B

The MO06-L and M06-2X functionals have proven to be an effective tool in low-valent silicon chemistry, as
used by several theoretical chemistry groups active in this field.’7%18%278-273] As these functionals are
optimized to training data sets including dispersion interactions, they do not need additional empirical
dispersion corrections. The M06-L functional, although being a local, meta-GGA functional allows for fast
and reliable calculations also for increased system sizes. The M06-2X, representing a hybrid functional,
needs more computational resources and computing time. Beside their generally good performance in
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main group chemistry, all calculations using the MO06 suite of functionals should be performed on an
ultrafine grid in numerical integration (which is the default in G16, but not in G09), avoiding occurrence
of interfering imaginary frequencies.!?”

Pople Basis Sets

Besides the important choice of the functional, also the basis set is crucial in achieving representative
results from DFT calculations. Within this thesis, all used basis sets rank to the Pople style basis sets.[?8"
284 They are given in a specific form, e.g. for the split valence, triple zeta basis including diffuse functions
as well as polarisation function on all atoms: 6-311++G(2d,2p). The numbers in the front represent the
split valence basis with the core orbitals represented by a contraction of six primitive Gaussian type
orbitals (PGTO) and the valence orbitals split into three functions of three, one and one PGTO. Gaussian
type orbitals (GTO) are exemplified in terms of Cartesian coordinates in eq.(28).

Xenim (% y,2) = Nxbylyzlze =9 (28)

They bear zero slope at the nucleus, which is problematic for a proper description near the nucleus, and
have a too fast fall off at the “tail” (far from the nucleus). Thus, several of them are necessary to achieve
an accurate description. Generally, the contraction of basis sets reduces the number of variational
coefficients determined in the calculation and thus improves computational efficiency. Especially, the
inner core electrons change only very little depending on the bonding situation. Hence they can be
described by less PGTOs in a decent way. The valence electrons, which determine the reactivity of a
molecule, are treated more flexible based on the higher number of PGTOs representing them. The two
following plus signs “++” stand for the addition of diffuse functions to PGTOs, with the first representing
the addition of diffuse s and p functions on heavy atoms and the second addition of diffuse s functions
also to hydrogen. The term G(2d,2p) gives the polarisation of 2d-orbitals added on heavy atoms and 2p-
orbitals added to hydrogen, which allows for an improved description of polarisation present in the
molecule. It should be noted, that geometry optimisation (introduced in the following chapter) on the
double zeta basis 6-31+G(d,p) most of the time meets all requirements for the correct description of the
geometry, but bonding analysis should be performed on a higher basis set afterwards.

4.3.  Geometry Optimisation and other Types of Calculations

Until now, only the energy dependency on the electrons was discussed. However, the energy also depends
on the coordinates of the nuclei. The solution of the Schrédinger equation for different assemblies of the
nuclei yields the potential energy surface (PES). Within the PES, the assembly of the nuclei representing
stationary points, i.e. the first derivatives equal to zero as being the case for a minimum or a first-order
saddle point (transition state (TS)), are of chemical interest. In the geometry optimisation the potential
energy around a starting point xo is approximated in a Taylor series

1
E(x) = E(xg) + FT(x — x¢) + 5 (x — x0) TH(x — %) (29)

including the gradient vector F (i.e. the first derivative of E) and the Hesse matrix H (i.e. the second
derivative of E). This is called the Newton-Raphson method with T representing the transposed version of
a particular matrix. Depending on the type of calculation, the hessian is approximated with valence force
fields (used in standard geometry optimisation as implemented in the Berny algorithm!%>2%! in the
Gaussian programs!?®7-2%9) or explicitly calculated for the determination of transition states at the
beginning of the calculation (Scheme 5). As the gradient needs to equal to zero at a stationary point, the
optimisation step is given by:

(x—xg) = —H'F (30)
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All Hessian eigenvalues are positive by definition near a minimum, thus giving the step direction opposite
to the direction of the gradient, hence the optimisation proceeds in the direction of the searched for
minimum. For one negative eigenvalue of the Hessian, the step direction follows the gradient component
to end in a stationary point with one negative eigenvalue, the first-order saddle point representing a TS
on the PES. The step size needs to be updated during optimisation especially if a minimum is very close,
which is implemented in the so-called “trust radius”.

Educated guess
for structure

use
optimized
SCF procedure to geometry
determine wave-
function & energy J
15t run Calculate 15trun TS
orbital energies
n run
calculate force on calculate force on
update ..
atoms and . atoms and explicit
. . Hessian .
approximate Hessian Hessian
algorithm used to
predict energetically
favored structure
Convergence criteria No

met? (Change in }
coordinates and energy) J

Yes

stationary point
found

( 7\
End of geometry
optimisation
. J

Scheme 5: Schematic representation for the geometry optimisation of a molecular structure.

The explicit calculation of the Hessian matrix is expensive and recalculation in each step would be
incredibly time and memory consuming. Thus, the approximated or explicit Hessian is updated based on
the energy and first derivatives calculated along the optimisation pathway, called pseudo-Newton
Raphson method. To obtain the explicit Hessian, the storage and diagonalisation of it requires sufficient
memory allocation especially for larger systems. It scales (3N)® in Cartesian coordinates with N
representing the number of nuclei in the molecule. Some important features of the optimisation
procedure are: (i) it will converge to the “nearest” stationary point on the PES, thus the user should be
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able to give an “educated” guess of the molecular geometry to reach the searched for stationary point
and (ii) the method does not give any information about the characteristics of a found stationary point.
To assess the nature of a stationary point, the calculation of the Hessian matrix need to be done
analytically. This starts with determination of the force constants with respect to the Cartesian nuclear
coordinates, transformation into mass-weighted coordinates and calculations of the resulting vibrational
frequencies. These allow assessment of a stationary point as a minimum (zero imaginary frequencies) or
a TS (one imaginary frequencies). Moreover, thermochemistry data are obtained at this point, which give
the corresponding enthalpies and Gibbs free energies to compare different structures with respect to
their relative energies in a reaction mechanism. Furthermore, bond dissociation energies Do, defined
according to

Dy = D — Ezpg (31)

get accessible, with D. representing the difference in electronic energy and Eze the difference in zero-
point correction. Although being the official IUPAC definition,'?®” the use of Gibbs free energy of bond
dissociation is more common nowadays.%®8! To assess the connectivity of a TS with other minima on the
PES, the intrinsic reaction coordinate (IRC)?°* approach was used as implemented in the Gaussian
programs.

NMR chemical shifts are achieved using the Gauge-Independent Atomic Orbital (GIAO)?2°22%3! method
implemented in the Gaussian programs, which are referenced to calculated shifts of tetramethylsilane
(for 2°Si and 13C shifts). Another type of calculation used within this thesis is time-dependent DFT (TD-DFT),
i.e. the calculation of excited states to obtain information about the orbitals involved in experimentally
observed UV/vis bands. As standard DFT is not able to describe excited states, the formulation of the wave
function needs to be extended to a time-dependent form, obtained from the Runge-Gross Theorem.
Further boundary conditions and approximations are necessary to enable the determination of
absorption-induced transition of electrons from the bonding to non-bonding orbitals. Further details can
be found in Dreuw’s and Head-Gordon’s TD-DFT review.?® Within this thesis, TD-DFT was used as
implemented in the Gaussian versions?¢”-2%°! without modification or referencing.

4.4. Natural Bond Orbital Analysis

The generally used term NBO analysis refers to the program NBO of Glendening, Landis and Weinhold,
which transforms the canonical orbitals - delocalized over the whole molecule - into localized natural bond
orbitals (NBOs). This enables the description of a molecule with core electrons (CR), lone pairs (LP) and
bonding electron pairs localized on two atoms (BD(n), with n representing the bond order) within the
molecule. With this in hand, one can deduce a whole series of properties from the molecular structure,
method and basis given to the program, including:

e Arepresentative Lewis-like structure of the molecule

e Atomic charge as well as charge transfer within the molecule
e Bond orders

e Bond types

e Hybridisation

e Resonance structures

e Donor-acceptor interactions

To enable this Lewis-like description, the NBO program executes a series of similarity (T) (i.e. A’ = B"1AB
holds true) and unitary (U) transformations (i.e. U~ = UT) starting from the atomic orbitals (AO), via
natural atomic orbitals (NAO) and natural hybrid orbitals (NHOs) to give NBOs and natural localized
molecular orbitals (NLMO). The transformations are depicted in Scheme 6. Important measures, which
are discussed within NBO analysis, are highlighted. The historical and mathematical background for those
transformations can be found in specialized books of Landis and Weinhold.!2%>-2°¢]
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input basis AOs —»> NAOs —2» NHOs — > |NBOs —’» NLMOs|—°> MO

l discussed within
NBO analysis

NPA

WBI, q, discussed
within NBO analysis

Scheme 6: Overview of transformations within NBO analysis.

One of the first properties achieved within transformation of atomic orbitals into atom-centred
orthonormal NAOs, is the NPA charge q4 defined within NAO formulism as

qa = Zp — Z o} (32)

where Z, denotes the atomic number of atom A and q; represents the quantified orbital population. One
important difference to several other charge partitioning concepts, is satisfaction of the Pauli principle
based on the requirement 0 < q; < 2 holding true. The sum of all g; corresponds to the total number of
electrons in the molecule. The second important property obtained from NAO formalism is the Wiberg
bond index (WBI), as a measure of the bond order.?”! Due to orthonormality of the NAO basis, it is
obtained from the density matrix elements with the sum of all WBI of an atom giving its total valence.

Further mathematical transformations and the linear combination of NHOs yield NBOs as the bond-
localized orbitals (eq. (33)). Within the NBO formulation, the occupied orbitals (core and valence orbitals)
are only a subset of all accessible orbitals. The residual electron density, not attributed to occupied
orbitals, is summed into Valence and Rydberg non-Lewis parts, which together give the Total non-Lewis
(TNL) electron density. The algorithm within the NBO program searches for the occupancy of all orbitals
yielding the minimum energy. If the TNL value is low (i.e. only a small quantity of the total electron density
is located in non-Lewis orbitals), a satisfactory and representative Lewis structure is received within NBO
analysis. However, further tests via modification of the bonds and lone pairs present in the molecule, i.e.
testing other possible fitting Lewis-like representations, should be performed to check the obtained
results.

OApB — CAhA + CBhb (33)

(note: generally, only two-centre two-electron (2c-2e) bonds are represented at this point, three-centre
four-electron bonds (3c-2e, hypovalent bonds) have to be explicitly requested in the input and three-
centre four-electron bonds (3c-4e, hypervalent bonds) are achieved in a later step). Thus, NBOs provide
insight to the electron density of atom A and atom B contributing to the bond/or non-bonding interaction
between A and B. In addition, the allocation of s-and p-orbitals contributing to a bonding, filled orbital
(CR, LP or BD(n)) as well as non-bonding, unfilled orbitals (LV or BD*) are obtained.

The next step considers interaction between NBOs in terms of electron donors and electron acceptors, or
in other words conjugation or hyperconjugation of electrons occurring within one molecule to lower these
orbitals in energy. This is approximated by second order perturbation theory, with highly occupied NBOs
representing the donors and low occupied NBOs acting as acceptors. Depending on the donor-acceptor
interaction of a NBO pair og/0¢p, Which is quantified by overlap of those NBOs, the filled orbital €_ is
lowered in energy by AE((,?B_)G*CD(Figure 27). Very strong donor-acceptor interactions (3c-4e, e.g. A=B-C:

vs. :A-B=C, with : representing a lone pair of electrons) are termed hyperbonds within this analysis.
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Figure 27: Stabilising interaction between filled donor orbital 0,5 and vacant acceptor orbital o¢p, adapted from 2%

These donor-acceptor interactions are, by definition, already included in the NLMO perspective, with
NLMOs representing the least delocalized orbitals with full double-occupancy. The NBO program outputs
the percentage contribution of all centres incorporated for the formation of a corresponding NLMO. With
this said, the major difference between NBOs and NLMOs are: (i) varying occupancy vs. fixed occupancy
of two electrons and (ii) 2" order perturbation theory results necessary to depict effects of delocalisation
within a molecule vs. delocalisation included by definition. It is, therefore, apparent why NLMOs are the
preferred representation for orbital depiction in publications. However, they are less transferable due to
the interaction features included based on specific molecular environment. Graphical representations of
NBOs/NLMOs are accessible with the ChemCraft program.2°®!

The last important feature of the NBO program, used within this thesis, is the Natural Resonance Theory
(NRT) analysis.!?*°-301 This provides further insight into electron delocalisation occurring within a molecule
for multiple resonance structures (defined Lewis representations) contributing to the full description of a
molecule. This is performed via initial identification of different resonance structures, called reference
structures that can also be given by the user. These reference structures are weighted using root-mean-
square optimisation of the resonance-weighted NBO occupancies to represent the electron density
obtained from the wave function as best as possible. Thus, a percentage for a resonance structure
contribution to the full description of a molecular structure is achieved. Moreover, the resonance-
averaged NRT bond orders, an alternative bond order to the forehand mentioned WBI, are calculated
including a partition into covalent and ionic contributions.

4.5.  Quantum Theory of Atoms in Molecules

QTAIM represents another possibility for bonding analysis, which uses the electron density p(r). This
different approach was developed by Richard Bader and investigates the topology of p(r) obtained from
high resolution SC-XRD experimentally or theoretical calculations. As the electron density of a molecule is
non-homogenous, analysis of its topology reveals the so-called critical points (cp) at Vp(rc) = 0, which are
divided into different classes upon examination and diagonalisation of the Hesse matrix with the
description of type (w, o). The Hessian is the square matrix of second-order partial derivatives of a twice
continuously differentiable functional (here the electron density p(r)), with w representing the rank (the
number of non-zero curvatures of p at a cp) and signature o (the algebraic sum of the signs of the
curvature at the cp). For a molecule in its equilibrium geometry, four types of critical points are possible
with each type connected to an element within the chemical structure:

e (3,-3):all curvatures < 0 thus the cp is a local maximum of p; nuclear critical point (NCP) coinciding
with the nuclear coordinates or non-nuclear attractor (NNA) if the maxima is not connected with
a nuclear position.

e (3,-1): two curvatures < 0, but a minimum along one axis; bond critical point (BCP).

e (3,1): two curvatures > 0, but maximum along one axis; ring critical point (RCP).

e (3,3): all curvatures > 0; cage critical point (CCP).
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For an isolated molecule, the following Pointcaré-Hopf relationship givens the strict connection for the
number n of co-existing cp’s:

nncp + NNNa — Npep + Nrep — Neep = 1 (34)

If two atoms are bound (to be exact the description of Bader only states a “bonding interaction”, which
will be used equivalently to a bond between to atoms in the following) by QTAIM means, a BCP is located
as the minimum on the connecting line possessing maximal electron density between the two NCPs called
bond path. All bond paths within a molecule with the BCPs represent the molecular graph. Another
important property of the topology of the electron density is the natural partitioning of the molecule into
separate mononuclear regions, the atoms in molecules. The basin of atom A is determined by zero flux
surfaces, where the gradient Vp(r) is orientated perpendicular to the normal of the surface. The BCP’s
exhibit specific properties, enabling classification of a bond between two atoms:

e p(rc) accounting to high values for covalent, polar and donor-acceptor bonds and low values for
closed shell interactions.

e V?p(rc) < 0: accumulation of electron density present along the bond path, which is the case in a
shared interaction.

e  V?p(rc) > 0: the electron density is mainly separated in the atomic basins representing an ionic,
hydrogen-bonded, van der Waals or repulsive interaction.

e The total electron density H(r.), represented by the sum of potential energy density V(r.) and the
kinetic energy density G(rc). H(rc) is negative for bonds exhibiting significant electron sharing, with
its magnitude as a measure of covalence interaction!3%?

e Bond ellipticity € defined as [Ai/ A2 — 1] with A1 > A, and Ay, representing the two negative
eigenvalues of the Hessian matrix. € is high if p is preferentially accumulated in a plane along the
bond path, thus representing a measure of m-bonding character presentin a bond (as it is the case
for double bonds), and vice versa if the electron density bears a cylindrical symmetry along the
bond path the ellipticity is low (as occurring for single as well as triple bonds).

e The delocalisation index 645, representing the number of electron pairs delocalised between
atoms A and B, as another different definition for the bond order.

e The atomic charge ga is defined by the nuclear charge and the integral of the electron density
residing within the basin of atom A according to:

Qn = Zp— f p(D)dr (35)
Qa

All these listed properties can be used to classify a particular bond of interest. However, strong polar
bonds need special attention. For these bonds, which generally possess (i) a shift of the BCP to the
electropositive element, (ii) a high electron density at the BCP and (iii) and V?p(rc) > 0, the BCP can be
located close to a nodal surface of the Laplacian V2p(r). If this is the case, the sign of V?p(rc) is no more
indicative and thus additional analysis is necessary for bond classification. The one-dimensional profile of
V2p(r) along the bond path can be used to distinguish covalent and dative bonds, based on the location of
valence shell charge concentrations (VSCC), represented by maxima within V2p(r) (due to superposition,
the appearance of less pronounced shoulders is also possible). For a covalent bond, the VSCC of both
atoms reside within their respective atomic basin, which are separated by the BCP. In contrast, dative
bonds are indicative of both VSCCs residing in the basin of the donor atom. This has been shown by the
Holthausen group in the case of the central Si—Si bond in a amine-stabilised disilene L44 as well as a NHC-
stabilised disilene L45 (Figure 15).7%8 Within this thesis, QTAIM analysis was performed using the
programs AIMALLE-304 or Multiwfn, 305307
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5. Motivation and Objective

Main group chemistry has undergone a renaissance, from synthetic curiosity to a broad range of
applications, which has even aroused attention from industry. As highlighted in the prior chapters, low-
valent silicon and aluminium compounds bear similar frontier orbitals to transition-metals, and as such,
their transition-metal like properties have recently emerged. Since silicon and aluminium are highly
abundant (Figure 2a), their use in catalytic applications could be a further measure to tackle the problem
of limited resources linked with transition metals. However, at the start of this thesis only one example of
a low-valent silicon centre acting as a catalyst was reported (Scheme 3A). Furthermore, the
supplementary application of theoretical methods, to gain insight into the electronic structure of new
isolated structural motives, rose steeply. Thus, this thesis aims to combine experimental and theoretical
studies of low-valent silicon and aluminium compounds, namely acyclic silylenes, disilenes, silyliumylidene
ions and dialumenes. The scope here is examination of the range of attached ligands and how they
influence the stability and reactivity of the aforementioned complexes. Of particular focus is the activation
of small molecules, as this is considered challenging even for transition metals due to the strong bonds in
compounds such as Hy, CO,, CO etc. The gained knowledge of how these low-valent centres bind and
activate such molecules can then be further applied towards catalysis (Scheme 7).

L.E or
\;)/?(I)Lcjjikélte)/ L E=EL, Reactants

Product elimination via Complex formation via
dissociation or oxidative addition or
reductive elimination coordination

\ Product formation

via insertion or
o-bond metathesis

Scheme 7: Overview of the important steps of a generalized catalytic cycle for low-valent monomeric or dimeric
main group compounds. The low-valent main group compounds as well as the complex formation are highlighted,
as they are the focus of this thesis.

In this way, theoretical methods are used to concept relations between structural motifs, being connected
to their bonding situation, and the observed reactivity of acyclic silylenes and their reaction products in
chapters 6.1-6.4. The work on acyclic silylenes starts with the combination of NHI and hypersilyl ligands
together with initial reactivity tests, see chapter 6.1. In the second study, this approach is further extended
to the supersilyl-substituent in combination with their unique reactivity towards N,O. Furthermore,
dependent on the substituents different rearrangement reactions are identified, which yield valuable
insight into their bonding situation (chapter 6.2). Inspired by the differences in reactivity upon exchange
of hypersilyl and supersilyl group, incorporation of both silyl groups in one molecule is attempted in
chapter 6.3. Combined reactivity tests and computational analysis illustrate the underlying mechanistic
picture. In the last silylene chapter (6.4), the reactivity of the accessible bis(silyl)silylene is studied towards
carbon monoxide and isocyanides and its ability to act as a transition-metal mimic. Furthermore, the
decisive role of the two silyl-substituents on the stability of the silicon carbonyl complex is studied
theoretically.
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The aluminium part of this thesis focuses on hitherto non-isolable dialumenes. The combination of silyl-
substitution and NHC-stabilisation has allowed for isolation of the first dialumene, discussed together with
initial reactivity studies in chapter 6.6. Furthermore, the structure of dialumenes is shown to be highly
influenced by the ligand used. Hence, a comparative study between silyl- and aryl-substitution is
performed and discussed in chapter 6.6.
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ligands ligands

Catalysis @ Bonding analysis

Experiments NHI NHC| Theoretical chemistry
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Al Si
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Scheme 8: Overview of the studies conducted within this thesis on silyl-/aryl-/NHI-substituted and/or NHC-stabilised
low-valent silicon and aluminium compounds.

As a last part, the reactivity of silyliumylidene ions is studied in a combined experimental and theoretical
approach. In chapter 6.7 the reactivity towards hydrogen sulphide is reported, together with mechanistic
insights and bonding analysis of the obtained compound. Further reactivity tests were hampered by their
low-solubility and the interfering chloride anion. To circumvent this, the anion is exchanged, which is
discussed jointly with the determination of its donor properties in chapter 6.8.
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6. Results — Publication Summaries

6.1. From Si(ll) to Si(IV) and Back: Reversible Intramolecular Carbon—Carbon Bond
Activation by an Acyclic Iminosilylene

Title: From Si(ll) to Si(IV) and Back: Reversible Intramolecular Carbon—Carbon Bond Activation
by an Acyclic Iminosilylene

Status: Communication, published online June 6, 2017

Journal: Journal of the American Chemical Society, 2017, 139 (24), 8134-8137.
Publisher: American Chemical Society

DOI: 10.1021/jacs.7b05136

Authors: Daniel Wendel, Amelie Porzelt, Fabian A. D. Herz, Debotra Sarkar, Christian Jandl,
Shigeyoshi Inoue, Bernhard Rieger

Content: Prior to this publication, only four examples of isolable, acyclic silylene were reported, which
bear structural differences and reactivity. We thus used the combination of NHI and silyl ligands to
broaden the scope of these species with expected reactivity differences. Indeed, treatment of NHI-
tri(bromo)-silane IDippNSiBr; with two equivalents of KSiTMS; at —78 °C resulted in a green solution which
decolourized upon warming to rt. The formation of silepin 2, built via intramolecular insertion of the
silylene into the C=C bond of the IDippN group, was verified by SC-XRD analysis. Hence, a slightly reduced
system (Dipp replaced with Ph) was used to elucidate the interconversion of 1 and 2, which revealed them
to be close in energy. The interconversion starts from 1 with an approach of the silicon centre to the
aromatic C=C bond in the Dipp ligand followed by cleavage of this bond as the rate-determining step.
Furthermore, the calculated model of silylene 1 exhibits a low singlet-triplet gap of 25 kcal/mol, in line
with other acyclic silylenes. In the following in-situ analysis of the non-isolable silylene 1 in combination
with DFT calculations were performed. °Si NMR measurement of the reaction mixture at —78 °C revealed
a signal at 300.0 ppm in line with reported acyclic silylenes, although conversion to 2 was already
detectable. In-situ variable-temperature UV/vis measurements revealed an equilibrium of the silepin with
the silicon centre in oxidation state +IV and the accessible silylene (Si +I1). TD-DFT calculations verified the
experimental UV/vis band at 612 nm as the HOMO (lone pair at the silicon centre) to LUMO (empty p-
orbital) transition, which is responsible for the green colour. Treatment of 2 with BCF gave the Lewis acid
adduct 3. Further experiments focused on the use of silepin 2 as a masked silylene in the activation of
small molecules. Treatment of 2 with CO, gave selective formation of the first monomeric silicon
carbonate complex 4. Moreover, activation of ethylene and H, by 2 yielded the oxidative addition
products 5 and 6, although the latter required a temperature increase to 50 °C. In summary, this report
represents the first example of a reversible oxidative addition and reductive elimination being possible at
a low-valent silicon centre.

Contributions to the publication:

e DFT calculations on the structure of the non-isolable silylene intermediate 1 in singlet/triplet state
e TD-DFT calculations to support the experimentally observed UV/vis shifts of 1

e Quantum chemical investigations on the experimentally accessible silepin-silylene equilibrium

e Interpretation and discussion of the results
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ABSTRACT: Reversibility is fundamental for transition
metal catalysis, but equally for main group chemistry and
especially low-valent silicon compounds, the interplay
between oxidative addition and reductive elimination is
key for a potential catalytic cycle. Herein, we report a
highly reactive acyclic iminosilylsilylene 1, which readily
performs an intramolecular insertion into a C=C bond of
its aromatic ligand framework to give silacycloheptatriene
(silepin) 2. UV—vis studies of this Si(IV) compound
indicated a facile transformation back to Si(II) at elevated
temperatures, further supported by density functional
theory calculations and experimentally demonstrated by
isolation of a silylene—borane adduct 3 following addition
of B(C4Fs);. This tendency to undergo reductive
elimination was exploited in the investigation of silepin 2
as a synthetic equivalent of silylene in the activation of
small molecules. In fact, the first monomeric, four-
coordinate silicon carbonate complex 4 was isolated and
fully characterized in the reaction with carbon dioxide
under mild conditions. Additionally, the exposure of 2 to
ethylene or molecular hydrogen gave silirane $ and Si(IV)
dihydride 6, respectively.

Ever since discovery of decamethylsilicocene Cp*,Si(Il) in
1986," considerable attention has been paid to explore and
elucidate the nature of monomeric low-valent silicon com-
pounds.” To date, a plethora of stable silylenes have been isolated
and studied. Progress in experimental techniques has even
granted synthetic access to acyclic silylenes (Chart 1).” These
compounds are ideal for selective small molecule activation, due
to their coordinative flexibility and reduced HOMO—-LUMO gap
(~2—4 eV).”™* Both attributes are key to facilitate oxidative
addition of targets like NH;, H, or ethylene. Although

Chart 1. Selected Examples of Room Temperature Stable
Acyclic Silylenes with Small HOMO—LUMO Gaps (~2—4¢V)
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traditionally these types of activation are associated with d-
block-metal complexes, acyclic silylenes have proven their
potential as transition metal mimics. For instance, oxidative
cleavage of the strong o-bond of dihydrogen was accomplished
with silylenes I’ and IL>" Further studies show easy splitting of
ammonia under mild conditions by I’ and IV.** In terms of a
potential silylene-based catalytic cycle, this oxidative step is only
considered as one substep; far more complex is the regeneration
of the Si(II) species via reductive elimination. First approaches
toward this goal were accomplished for heavier germanium® and
tin® analogs, but for subvalent silicon compounds this reverse
reaction remains challenging. Silylene ITI” shows behavior toward
ethylene by reversibly binding the olefin in a dissociation
equilibrium with the corresponding silirane ring under ambient
conditions. The same reversible [2+1]-cycloaddition with
ethylene was reported by Baceiredo et al. for a cyclic
phosphine-stabilized silylene.® In addition, this structure stands
out by unprecedented reversible insertions into Si—X (X =H, CI)
and P—H bonds.”

Recently, we utilized N-heterocyclic imino (NHI) ligands for
stabilization of low-valent compounds based on group 13 and 14
elements.'® Herein, we report synthesis of acyclic iminosilylsily-
lene 1, which undergoes an intermolecular C=C insertion into its
aromatic ligand framework to form room temperature stable
silacycloheptatriene (silepin) 2. Reactivity studies of 2 show this
formal Si(IV) compound is easily converted back to Si(Il) as a
silylene—borane adduct and even acts as “masked” silylene in
small molecule activation of carbon dioxide, ethylene and
hydrogen.

In analogy to the one-pot method by Jones and Aldridge et al.
for the preparation of I and 11,** we determined Rivard’s bis(2,6-
diisopropylphenyl)imidazolin-2-iminotribromosilane (IPrN-
SiBr,)"" ideal for our synthetic route. Treatment of 1 equiv of
IPrNSiBr; in toluene with 2 equiv of KSiTMS; at —78 °C gave a
light green solution with precipitation of KBr (Scheme 1). An
instant color change to yellow was observed upon warming the
solution to room temperature. The 'H NMR spectrum of the
crude reaction mixture showed a complicated series of Dipp
resonances (Figure S8), similar to those observed for the ligand
activation by Rivard et al,,'' but here the quantitative formation of
TMS,SiBr as side product and distinct signals in the **Si NMR
spectrum (central Si at 16.1 ppm) pointed to a defined product.
Yellow crystals of this compound were obtained by crystallization
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Scheme 1. Reaction Sequence of the Preparation of Silepin 2

via in Situ Generated Iminosilylsilylene 1
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inn-hexane (—35 °C, 3 months), but due to its similar solubility to
TMS,SiBr only in low yields (6%).

Subsequently, X-ray analysis revealed the structure of silepin 2,
formed by intramolecular insertion of the in situ generated
iminosilylsilylene 1 into a C=C bond of one of the Dipp groups
(Figure 1). To verify this mechanism, we performed **Si NMR
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Figure 1. Molecular structure of 2 in the solid state with ellipsoids set at
the 50% probability level (one out of two molecules in the asymmetric
unit). For clarity, hydrogen atoms and cocrystallized solvent molecules
are omitted and TMS as well as Dipp groups are simplified as wireframes.
Selected bond lengths (A) and angles (deg): Sil—C4 1.891(6), Sil—C9
1.876(6), C8—C9 1.333(9), C7—C8 1.433(9), C6—C7 1.354(9), C5—
C6 1.452(8), C4—C5 1.352(7), Sil—N1 1.748(5), Sil—Si2 2.342(4),
N1-C1 1.279(6), N1-Si1—Si2 109.37(17), C4—Si1—C9 105.3(3), a
(C4-Si1—C9 and C4—C5—C8—C9) 41.06, f (C5—C6—C7—C8 and
C4—C5—C8—C9) 31.70.

experiments in toluene-dg at —78 °C. The initial light green
solution gave a characteristic signal at 300.0 ppm for the central
silicon atom of 1, which rapidly vanished upon warming the
solution (Figure S2). Even at —78 °C, a further reaction to 2 was
detectable. As expected, the shift of 1 lies between the chemical
shift of IV (204.6 ppm)™* or West’s [(SiMe;),N1,Si(II) (223.9
ppm)'* and 11 (439.7 ppm).** The high-field shift of 1 compared
to structural analog I (438.2/467.5 ppm)*“ illustrates the stronger
donor qualities of the NHI ligand. For further characterization, we
performed variable temperature (VT) UV—vis measurements
from —70 to +20 °C with a concentrated reaction solution. A
characteristic low intensity band at 612 nm was observed at —70
°C, which, analogously to the NMR study, disappeared upon
warming up the solution (Figure S3). Similarly, monitoring a
reaction mixture of 2/TMS;SiBr from room temperature to 100
°C displayed reversible formation of the same characteristic signal
of 1 (617 nm) at elevated temperatures (100 °C), pointing to an
equilibrium between silepin and silylene at higher temperatures
(Figure S4). To support this and elucidate the mechanism of
silepin formation, we performed density functional theory (DFT)
calculations (B3LYP/6-311+G(d,p)) with a reduced iminosilyl-
silylene 1’ (replacement of Dipp substituents with phenyl
groups). We determined in fact silylene 1" is 17.7 kJ/mol lower
in energy than silepin 2’ (Figure S26), further suggesting a
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thermally accessible interconversion. The calculated singlet—
triplet energy of 1’ (103.9 kJ /mol) is small, in the range of 1 (103.7
kJ/mol),* and may explain its reactivity. There are two reported
examples of insertion of silylenes into aromatic C=C bonds."”
Here, either a transient silylene is generated at elevated
temperatures (>70 °C)"*° or the Si(II) center is photochemically
elevated to an excited state."** Both silylenes react intermolec-
ularly with aromatic compounds, extending the reaction or
irradiation times to several hours."**™® As expected due to the
close proximity, the first intramolecular ring closure to 2 is much
faster and proceeds even at low temperatures. The seven-
membered ring system of 2 (Figure 1) is in a typical folded boat
conformation with a C4—Sil—C9 angle of 105.3(3)° and angles
between the planes of 41.06° (a) and 31.70° (f3), which are in the
range of reported silepins.'* However, the silicon—carbon lengths
(Sil—C4 = 1.891(6) A and Si—C9 = 1.876(6) A) are slightly
elongated (cf. 1.82—1.88 A in literature),'* presumably a result of
the sterically encumbered ligands. This structural feature and the
obtained theoretical data aroused our interest in whether a
facilitated bond breakage under regeneration of a Si(Il) species
might be feasible. Recently, Miiller et al. introduced a new
synthetic approach to NHC-stabilized silylenes by using NHCs to
cleave selectively elongated Si—C bonds of 7-silanorborna-
dienes."”> We pursued the idea a strong Lewis acid such as
B(C¢Fs) (BCF) may break the Si—C bonds of the silepin ring and
form the corresponding silylene—borane adduct.'

Addition of 1 equiv of BCF to a mixture of 2/TMS;SiBr led to
rearomatization and full conversion into the respective
iminosilylene—BCF adduct 3 within 20 min (Scheme 2). The

Scheme 2. Reaction of 2 with B(C4Fs); To Form
Iminosilylene—BCF Adduct 3
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solubility in hexane decreased, presumably a result of the
polarized bond between both partners, and adduct 3 could be
separated from TMS;SiBr as yellow crystals in moderate yield
(45%). Although compound 3 is only stable in solution at room
temperature for a maximum of 1 day, it was fully characterized by
NMR, MS and X-ray analysis. The *Si NMR spectrum of 3
showed a quartet at 160.7 ppm ('Jg;5 = 53.9 Hz) arising from the
coordination of the central silicon atom to boron.

Compared to related room temperature stable IPrNCp*Si-
(I1)—BCF adduct (114.5 ppm, Js = 70 Hz),'*® the downfield
shift of around 45 ppm emphasizes decreased electron density at
the silicon atom. The crystallographic data of 3 (Figure 2) confirm
a trigonal planar Si(II) center (bonding angles at Sil add up to
360° within their standard deviations) with a Sil—B1 bond of
2.117(2) A, longer than that of IPrNCp*Si(II)—BCF (2.080(5)
A)'*d and similar to that of donor—acceptor adduct NHC — SiCl,
— BCF (2.106(6) A).'®® Moreover, although the Sil—N1 bond
(1.6354(16) A) is shortened, the N1—C1 bond (1.306(2) A) is
elongated compared to precursor 2 (corresponding distances of
1.748(5) and 1.279(6) A, respectively). This points to an increase
of 7-donation to the silicon atom, suggesting a linear 1-sila-2-
azaallene resonance form 3’. However, in comparison to
IPrNCp*Si(I)-BCF (Si1—-N1 = 1.605(3) A and N1-Cl =
1.302(4) A), this structure should be less pronounced (C1—-N1—
Sil of 3 151.10(14)° vs 158.7(3)°)."¢
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Figure 2. Molecular structure of 3 in the solid state with ellipsoids set at
the 50% probability level. For clarity, hydrogen atoms and cocrystallized
solvent molecules are omitted and Dipp- as well as C4Fs-groups are
simplified as wireframes. Selected bond lengths (A) and angles (deg):
Si1—B1 2.117(2), Sil—-N1 1.6354(16), Sil—Si2 2.3827(6), N1-Cl1
1.306(2), C1-N2 1.387(2), C1—N3 1.381(2), N1-Sil —Si2 112.26(6),
Si2—Sil—B1 118.28(6), B1—Sil—N1 129.45(8), C1-N1-Sil
151.10(14).

After this convincing proof of extrusion of a Si(II) species from
silepin 2, we targeted its direct use as “masked” silylene in small
molecule activation (Scheme 3B).

Scheme 3. (A) Selected Examples of Known Silicon Carbonate
Complexes (B); Small Molecule Activation of 2 with CO,,
Ethylene and H,
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Over the last 3 decades, the metal-free binding of carbon
dioxide by low-valent silicon compounds has drawn attention.'”
Jutzi et al. demonstrated the first reduction of carbon dioxide to
carbon monoxide via stoichiometric formation of Si(IV)
biscarbonato complex V (Scheme 3A)." Since then, a few
other low-valent silicon compounds have been shown to activate
successfully CO,."” To the best of our knowledge, all but two of
these reaction products are dimeric. Tacke et al. reported
formation of six-coordinate, monomeric bis(amidinato/guadina-
to) silicon carbonate VI from the reaction of CO, with the
respective silylene,'””" and a silicon dicarbonate complex VII was
isolated by Driess et al. from the activation of CO, by a silylone.'”*
The reaction of 2 with CO, proceeded rapidly (within 1 h) under
mild conditions (1 bar, r.t.). Silepin 2 behaves as dormant form of
iminosilylene 1, which then follows the mechanism described in
literature to give the corresponding silicon carbonate 4 (Scheme
3B)."7®'® As mentioned, these products are usually prone to
dimerization, but in our case the first four-coordinate, monomeric
carbonato chelated silicon(IV) compound 4 was isolated in 60%
yield. The **Si NMR shift of the central silicon atom of 4 (—35.0
ppm) is in the range of typical four-coordinate silicon compounds
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and is comparable to that of the biscarbonato dimer V (—28.3
ppm)."® The characteristic C=0 stretch of the carbonato unit of
4wasfoundat 1789 cm™ (cf. V¥ 1o =1760 cm™, VII' * 1o
= 1746 cm™"). The single crystal X-ray diffraction analysis of 4
(Figure 3) revealed its monomeric structure and exposed the
position of the carbonato group in a pocket between the two bulky
ligands.
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Figure 3. (A) Molecular structure of 4 in the solid state with ellipsoids set
at the 50% probability level. For clarity, hydrogen atoms are omitted and
Dipp groups are simplified as wireframes. Selected bond lengths (A) and
angles (deg): Sil—O1 1.7413(17), Sil—02 1.7395(17), Sil1—N1
1.6275(19), Si1-Si2 2.3161(10), N1-C1 1.297(3), O1-C37
1.360(3), 02—C37 1.348(3), 03—C37 1.194(3), N1-Sil-Si2
117.94(8), 01-Si1—02 76.18(8), 0O1-C37—02 104.93(18). (B)
Space filling representation of 4.

Because of this protection, no dimerization was observed in
solution (C4Dg) even after several weeks. The bond lengths
related to the carbonato group are similar to those of published
structures.'””*'® The widening of the N1—Sil1—Si2 angle
(117.94(8)°) is noticeable in comparison to 3 (112.26(6)°) as
a consequence of the lower space requirement of the carbonato
moiety compared to the borane group. Acyclic silylenes have
shown some reactivity toward ethylene”'” and molecular
hydrogen.sc’cI Therefore, we were interested whether silepin 2
was capable of activating such challenging targets. According to
NMR studies, exposure of a freshly prepared solution of 2 to
ethylene at room temperature gave the corresponding silirane
ring § within 2 h (Scheme 3B). Despite several isolation attempts,
this product could not be purified by crystallization due to its
similar solubility properties to TMS;SiBr, but is characterized
sufficiently via 'H, *C, *Si and 2D NMR spectroscopy. The *Si
NMR spectrum gave a signal for the central silicon atom at —100.9
ppm, which is slightly high-field shifted compared to the
analogous product from using I (—80.8 ppm),” illustrating
once again the donor strength of the imino ligand. In addition,
coupling of this central silicon to the ring-bound protons in the
'"H-*Si HMBC spectrum confirmed the silirane structure.
According to literature, exclusively acyclic silylenes with small
HOMO-LUMO gaps (~2 eV) have been able to split the strong
and nonpolar bond of dihydrogen.3C’d For silepin 2, NMR studies
revealed a slow reaction with hydrogen at room temperature;
however, heating to 50 °C led to full conversion within 2 days
(Scheme 3B). Here too, isolation of the product was problematic,
but the obtained *’Si NMR showed clear evidence for the
assumed compound 6 with a triplet for the central silicon atom at
—60.7 ppm (YJgy = 189 Hz), in accordance with the data of H,
activation product of I (—35.2 ppm, Jg;y = 195 Hz).*

In summary, we provided proof of the first example of an acyclic
iminosilylsilylene 1 via low temperature NMR and UV—vis
experiments, which undergoes an intramolecular insertion into an
aromatic C=C bond to form silepin 2. As confirmed by X-ray
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analysis, the newly formed Si—C bonds of 2 are elongated and
facilitate the reductive elimination to Si(Il) in combination with
the driving force of rearomatization. This idea was verified by
(HT) UV—vis experiments, DFT calculations and isolation of the
silylene—borane adduct 3 upon addition of BCF. Compound 3
belongs to the small list of isolable silylene—BCF adducts and
shows a minor contribution of the resonance structure 1-sila-2-
azaallene 3'. The concept of reversibility was further probed by
directly using silepin 2 as a “masked” silylene in the activation of
small molecules. For CO,, the first example of a monomeric, four-
coordinate silicon carbonate complex 4 was isolated. In addition,
the activation of ethylene and molecular hydrogen with 2 was
achieved under mild conditions. Beside the established oxidative
addition of a silylene species, our work demonstrates the key
concept of a reductive elimination from Si(IV) to Si(II), opening
the door to the ultimate goal of silylene-based metal-free catalysis.
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Contributions to the publication:

e Initial test calculations for silanone 2a

e DFT calculations on silanone 2b, intermediate disilene INT, the reaction product of the disilene
and ethylene 5, the NHC-stabilised disilene 6 and rearranged acyclic imino-siloxy-silylene 7

e Bonding analysis of silanone 2b including comparison to smaller model systems with varying
substituents to deduce the effect of the imino- and silyl-substitution at the silicon centre

e Bonding analysis of NHC-stabilised disilene 6

e Interpretation of the data, composition of the theoretical parts in the manuscript

e Co-writing of the manuscript
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ABSTRACT: A long-term dream comes true: An acyclic,
neutrally charged silanone at last! Here, we report on the first
examples of isolable acyclic, neutral, three-coordinate silanones 2
with indefinite stability as solids and lifetimes in solution of up to
2 days. The electronic properties of the Si=O bond were
investigated via DFT calculations and revealed the 7-donating N- BT
heterocyclic imino (NHI) and o-donating silyl groups as key youe
factors for their enhanced stability. Besides initial reactivity studies / 7

of 2 toward CO, and methanol, different isomerization pathways

depending on the silyl substitution pattern were found. For 2a (R = TMS), a 1,3-silyl shift gave an intermediary disilene, which
was trapped as unique NHC-disilene adduct 6. For the more stable silanone 2b (R = -Bu), a selective transformation to the first
reported room temperature stable, acyclic, two-coordinate N,O-silylene 7 exhibiting a fascinating siloxy ligand was observed. Both
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compounds were fully characterized experimentally and their bonding features were analyzed by theoretical calculations.

B INTRODUCTION

Poly(siloxanes) are some of the most important and widely
used inorganic polymers with a broad spectrum of applications
ranging from industrial purposes to custom-designed materials
of our daily life." Considering today’s widespread success, it is
quite peculiar that poly(siloxanes) (R,SiO), were discovered by
mere accident, when about one century ago organosilicon
pioneer Frederic S. Kipping had actually been seeking silicon
analogs of ketones (R,Si=0).” Since then, the truly
monomeric R,Si==O unit, generally referred to as silanone,
has been one of the most sought-after compounds in modern
main group chemistry (“Kipping’s dream”).” Unlike their
lighter congeners, silanones possess a highly reactive Si=O
double bond, which tends to undergo rapid head-to-tail
polymerization to form stable Si—O ¢-bonds.” This extreme
reactivity is mainly attributed to the strong Si®*—O% polar-
ization as a result of the large difference in electronegativity
between both elements and an unfavorable overlap of the
interacting silicon and oxygen p,-orbitals.” Therefore, until a
few years ago, silanones have been observed only in the gas
phase or in argon matrices at low temperatures.” However, the
recent decade has witnessed several attempts to tame the
polarized Si=O double bond by additional coordination to
Lewis acids or bases,” giving rise to a variety of isolable donor—
acceptor” or donor-stabilized” complexes. A more recent
approach abstains from this external perturbation and relies
on the basic idea of kinetic and thermodynamic stabilization of
the Si=O moiety by only two adjacent ligands (Chart 1)."
The first impressive breakthrough toward three-coordinate
silanones was achieved by Filippou et al., who isolated stable

-4 ACS Publications  © 2017 American Chemical Society

Chart 1. Literature Known Examples of Three-Coordinate
Silanones I—-III
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cationic metallosilanone I, which may partly be considered as
an NHC-adduct of silicon monoxide."' Iwamoto and co-
workers followed shortly after by reporting transient
dialkylsilanone II stable at —80 °C."”> Even more spectacular
is the recent success of the group of Kato, who took advantage
of two strong 7-donors and isolated the first crystalline cyclic
silanone III with half-life times in solution of up to S h at room
temperature.13

We have previously reported an acyclic iminosilylsilylene,
which reversibly inserts into a C=C double bond of its
aromatic ligand framework to form silepin la (Scheme 1.1
This tendency to undergo reductive elimination has been
exploited to use la as direct synthetic equivalent of silylene in
the activation of small molecules. Continuing this study, we
were interested to see whether the N-heterocyclic imino (NHI)
ligand'® as single z-donor of the silepin-silylene system may
sufficiently stabilize a highly polarized Si=O moiety.
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Scheme 1. Preparation and Reactivity of Acyclic Three-
Coordinate Silanones 2
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Herein, we present the first examples of acyclic and neutrally
charged silanones 2 with a planar three-coordinate Si atom.
Furthermore, chemical lifetimes, isomerization pathways, and
initial reactivity studies of 2 are discussed in detail.

B RESULTS AND DISCUSSIONS

Exposure of an n-hexane solution of silepin 1 at —78 °C to an
atmosphere of N,O followed by warming to room temperature
instantly gave a white precipitate, which was separated by
filtration, washed with n-hexane and dried in vacuo to give pure
silanone 2 in moderate yield (2a 41%, 2b 54%) (Scheme 1).
The *Si NMR spectra of both compounds displayed signals for
the central silicon atom at 33.7 ppm for 2a and 28.8 ppm for 2b
(cale. 333 ppm at SMD-B3LYP/6-311+G(2d,2p) level of
theory), respectively. Both NMR shifts are in the typical region
for three-coordinate silicon compounds, but are considerably
high-field shifted in comparison to I (169.6 ppm)'' and II
(1284 ppm)."”” They even fall in the same range as cyclic
silanone III (38.4 ppm)"’ with two z-donating substituents,
illustrating the strong donor qualities of a single NHI ligand.
The characteristic Si=O stretching vibration was found at
1144 cm™" for both compounds, which is in good agreement
with the calculated value (v = 1155 cm™) and comparable
to other Si=O containing structures.'”'® The UV-vis
spectrum of 2b in toluene revealed an broad absorption peak
at 282 nm in the same region as related acyclic three-coordinate
germanone (297 nm).'® Colorless crystals of 2b were obtained
by slow diftusion of Et,O into a saturated THF solution at —35
°C over several days. Single-crystal X-ray analysis confirmed the
monomeric structure of 2b and exposed the position of the
Si=O0 moiety in a well-protected steric pocket between the two
bulky ligands (Figure 1).

The crystal structure revealed a trigonal planar silicon center
(sum of bonding angles: 360°) and a Sil—O1 bond length of
2b (1.537(3) A), which is slightly longer than that of
metallosilanone I (1.526 A)'" and cyclic silanone III (1.533
A)," but generally shorter than those of tetra-coordinate base-
stabilized silanones.*” The potent electron donation from the
exocyclic nitrogen atom of the NHI ligand to the electron
deficient silicon atom is clearly evidenced by a short Si1—N1
bond (1.646(3) A), for which reason resonance form 2b’
should be denoted (Chart 2). Further, the N1-C1 bond
(1.319(4)A) is elongated and the endocyclic C—N bonds (C1—
N2 1.364(5) A/ C1-N3 1.368(5) A) are slightly shortened."”
Combined with a small Si1l—N1—C1 angle of merely 131.7(3)°
one can assume that the positive charge may be delocalized
over the iminato ring as illustrated in structure 2b”. However,
according to the X-ray data, the almost perpendicular assembly
of the planar NHC fragment to the N1SilO1 plane (dihedral
angle 89.9(4)°) seems to limit this conjugative effect. To obtain
further insights into the bonding properties of 2b, we
performed density functional theory (DFT) calculations at

Figure 1. (a) Molecular structure and (b) space filling representation
of silanone 2b in the solid state with ellipsoids set at the 50%
probability level (one out of two independent molecules in the
asymmetric unit). For clarity, hydrogen atoms are omitted and ¢-Bu as
well as Dipp groups are simplified as wireframes. Selected bond
lengths (A) and angles (deg): Sil—O1 1.537(3), Sil—N1 1.646(3),
NI-C1 1.319(4), C1-N2 1.364(5), C1-N3 1.368(5), Sil—Si2
2.358(2), N1-Si1—Si2 112.6(1), C1-N1-Sil 131.7(3).

Chart 2. (a) DFT-Calculated HOMO—10 E = —7.78 eV and
LUMO+4 E = —0.41 eV of 2b, (b) Plausible Resonance
Forms of 2b and Calculated Smaller Silanones A, B, C, and
D Including NPA Charges and Bond Orders (in bold and
italics)
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the B3LYP/6-311+G(d) level of theory. The analysis of the
Kohn—Sham orbitals (Chart 2a) showed that HOMO-10
represents the Si=0O z-bond, which obviously mixes with the
nonbonding orbital of the exocyclic nitrogen atom, explaining
the observed short Sil—N1 distance. As already extracted from
the X-ray data, an expansion of the conjugation to the NHC
ring fragment could not be found. Interestingly, the LUMO+4
reveals significant hyperconjugation from the Si—C o-bond of
the silyl group to the #*-bonding orbital of Si=0O moiety.
Moreover, from NBO analysis (Chart 2b) a decreased Si=0
bond order (1.13) and an increased negative charge on the
oxygen center (—1.23) compared to those of dimethylsilanone
A (138 and —1.11) were found, illustrating the strong
polarization of the Si=O double bond. However, the positive
character at Sil decreases. To explain this effect, we calculated
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the smaller iminoalkyl- B, iminosilyl- C and disilylsilanone D
analogs. Here too the trend is visible, that the positive charge at
the silicon center is effectively reduced by presumable o-
donation and hyperconjugation of the silyl group.4b In
compound 2b this effect fully sets in and Sil has only a
slightly higher positive charge (1.70) than Si2 attached to t-Bu
groups (1.40). Our analysis proves that besides the kinetical
stabilization due to steric encumbrance, especially the z-donor
qualities of NHI ligand but as well o-donor properties of silyl
group are key to stabilize acyclic silanone 2b.

In terms of reactivity, both silanones 2 were directly and
quantitatively converted by CO, to the respective silicon
carbonate complexes 3, similarly to the reaction of silepin 1a
with carbon dioxide (Scheme 1)."* Moreover, the reaction of
silanones 2 toward methanol was tested. As in carbonyl
chemistry, where ketones form hemiketals with alcohols, the
corresponding silanol 4 was isolated in good yield (4a 71%, 4b
69%). The **Si NMR shift of the silicon center of 4a at —38.6
ppm and 4b at —46.6 ppm, respectively, clearly displayed the
change in coordination number from three to four. The X-ray
diffraction analysis of 4a (Figure 2) verified the presence of a
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Figure 2. Molecular structure of silanol 4a in the solid state with
ellipsoids set at the 50% probability level. For clarity, hydrogen atoms
and cocrystallized solvent molecules are omitted and TMS as well as
Dipp groups are simplified as wireframes. Selected bond lengths (&)
and angles (deg): Si1—Ol1 1.642(2), Sil—02 1.660(2), Sil—N1
1.680(2), N1—C1 1.278(3), C1-N2 1.394(3), C1—-N3 1.396(3), N1—
Si1—01 118.7(1), C1-N1-Sil 142.4(2).

tetra-coordinate silicon center attached to one methoxy and
one hydroxyl group. The Sil—O1 bond length of 4a (1.642(2)
A) is unambiguously distinguishable from the original Si=0
bond of 2b. Interestingly, in this structure, the Sil—N1 bond
(1.680(2) A) is elongated and the N1—C1 bond (1.278(3) A)
slightly shortened in comparison to 2b, which underlines the
disappearance of the former Si==N double-bond character.

A key criterion for storage, handling and reaction design of
silanones is their lifetime. Monitoring a C¢Dg solution of
silanone 2a via 'H NMR spectroscopy showed the full
decomposition to an unspecific product mixture within 14 h
(t, =7 h). 'H, Si and '"H/*Si HMBC NMR data pointed to
one major asymmetric product, presumably formed by TMS
migration from the hypersilyl group to the Si=O center and
subsequent activation of the NHI ligand (see the Supporting
Information). Further experiments revealed that its half-life can
be extended considerably by using 2a in CD;CN solutions (t;
= 4 days). Consistent with additional Lewis base coordination,
the 2°Si NMR signal of the Si=O center is shifted from +33.7
ppm to —48.3 ppm. Crystals of tetra-coordinate acetonitrile-
silanone adduct 2a X CD;CN were isolated and verified the
additional solvent coordination (see SI). Still, we were

interested to pin down the reactive intermediate in the
decomposition process of 2a. According to literature, a 1,3-
silyl migration has been reported for transient cyclic
dialkylsilanone II to form an intermediary silene.'” Indeed,
we figured out that the same TMS migration can be instantly
induced by addition of THF-dg to solid 2a, resulting in a
strongly yellow colored solution (Scheme 2). Subsequent NMR

Scheme 2. Isomerization Pathway of Silanone 2a and
Trapping of Intermediary Disilene INT
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analysis indicated the quantitative formation of the proposed
transient disilene INT. Strikingly, the different electronic
environment at both silicon centers of INT due to the
asymmetric substitution pattern is already noticeable in the *°Si
NMR shifts (—8.0 ppm (SIOTMS), — 196.6 ppm (SiTMS,)),
which suggest a polarized Si=Si double bond with high
zwitterionic character. Because of the short lifetime of this
species, isolation and full characterization was not possible and
so trapping experiments were performed. Exposure of a THF-dj
solution of 2a, in situ forming INT, to ethylene immediately
gave the colorless [2 + 2]-cycloaddition product S. 1,2-
Disiletane 5 was sufficiently characterized via 2D NMR
experiments and matching theoretical NMR shifts. Further,
we tried to stabilize INT with a strong NHC donor. Reaction of
INT in THF-d; or alternatively directly silanone 2a in toluene
with IMe, exclusively gave room-temperature-stable NHC-
stabilized disilene adduct 6. The *’Si NMR shifts of 6 (—35.2
ppm (SiIOTMS), — 174.6 ppm (SiTMS,)) are similar to those
of intermediary disilene INT, especially the latter, illustrating
the presence of a highly negatively charged silicon atom,
consistent with typical silyl anions.

Orange-red crystals of 6 were isolated from an n-hexane
solution at —35 °C. Subsequent X-ray analysis confirmed the
coordination of the NHC donor to the distorted tetrahedral Sil
center (Figure 3a). The Sil—C28 bond length (1.958(2) A) is
in the range of typical dative NHC-Si bonds,"” the assumed
Sil—Si2 double bond is extremely elongated (2.3297(9) A),
slightly shorter than Si2—Si3 (2.3397(9) A) and Si2—Si4
(2.3445(9) A) bond, but beyond the range of classical Si=Si
double bonds (2.13—2.31 A).*°

Still, compound 6 possesses a typical trans-bent geometry
and shows significant pyramidalization, especially at the Si2
center (bent angles 6(Sil) = 42.7° and 6(Si2) = 57.8°). This
strong bending underpins the assumption of zwitterionic
resonance structure 6 with a lone pair at Si2, but is
distinguishable from a potential Sil—Si2 dative bond as
recently discovered for base-stabilized disilene adduct
Me,EtN — SiCl, — Si(SiCly), with an even larger bent
angle (0(Si(SiCly), = 79.1°).”" Because NHC adducts of
multiply bonded silicon compounds are rarely found in
literature,”> we were further interested in the electronic
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Figure 3. (a) Molecular structure of IMe, stabilized disilene adduct 6
in the solid state with ellipsoids set at the 50% probability level (one
out of two independent molecules in the asymmetric unit). For clarity,
hydrogen atoms and TMS as well as Dipp groups are simplified as
wireframes. Selected bond lengths (A) and angles (deg): Sil—Si2
2.3297(7), Si2—Si3 2.3397(9), Si2—Si4 2.3445(9), Sil—C28 1.958(2),
Sil—O1 1.656(2), Sil-N1 1.659(2), N1-Cl 1.263(3), C1-N2
1.407(3), C1—N3 1.400(3), C1-N1-Sil 168.9(2). b) DFT-calculated
HOMO (—3.54 eV) of 6.

properties of 6. DFT calculations indicated that the HOMO
(Figure 3b) mainly represents the lone pair at the Si2 atom
with only short extensions not only to Sil but to all
surrounding silicon centers. The bond indices (see the
Supporting Information) follow the same trend, with a WBI
of Sil—Si2 (1.04) only slightly insinuating double bond
character compared to Si2—Si3 (0.99) and Si2—Si4 (0.98).
Regarding NPA charges, the polarization of Sil (1.61) and Si2
(—0.60) in comparison to Si3 and Si4 (1.18) come to the same
conclusion that the proposed zwitterionic canonical form 6’ is
the most fitting representation to describe the electronic nature
of this compound.

In strong contrast to the 1,3-silyl migration of 2a, silanone 2b
shows almost no variations in the *?Si NMR shifts during the
solvent change from C4Dg to THF-dy, indicating no observable
donor—acceptor interaction between solvent and silanone.
Because of replacement of TMS by t-Bu groups, silanone 2b is
indefinitely stable as a solid at room temperature, but
remarkably forms mixed N,O-silylene 7 in C4Dg or THF-dg
solution at ambient conditions within 48 h (¢, = 24 h) in
quantitative yield. This transformation can be accelerated by
heating the solution to 60 °C, where full conversion was
detected by NMR spectroscopy in less than 1 h (Scheme 3).

Scheme 3. Selective Transformation of Silanone 2b to
Acyclic N,O-Silylene 7 and Formation of Silirane 8
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The facile thermal rearrangement is supported by theoretical
calculations, which determined that N,O-silylene 7 is in fact
28.8 kJ/mol more stable than silanone 2b. We believe that most
likely the oxophilicity of silicon, promoting formation of stable
Si—O single bonds, is the driving force of this reaction, which
even overcomes the counteracting change of oxidation state
from Si(IV) back to less stable Si(II). The **Si NMR signal of
the central silicon atom of silylene 7 at 58.9 ppm (C¢Dy) is
high-field shifted compared to other room-temperature-stable

two-coordinate diamino (204.6 ppm)*’

(285.5 ppm).**

In particular, the upfield shift in comparison to strongly
related in situ generated iminosilylsilylene IPrNSi(II)SiTMS;
(300.0 ppm)'* suggests additional z-donation by the siloxy
ligand. A band for the characteristic Si, — Siy, transition of 7
was observed at 328 nm, which is very close to the theoretically
predicted data (HOMO — LUMO 341 nm). X-ray analysis of
colorless crystals of 7 revealed a two-coordinate silicon center
exhibiting an N1—Sil—O1 angle of 103.56(8)° (Figure 4a).

and dithiolato silylenes

a

Figure 4. (a) Molecular structure of N,O-silylene 7 in the solid state
with ellipsoids set at the 50% probability level (one out of two
independent molecules in the asymmetric unit). For clarity, hydrogen
atoms and ¢-Bu as well as Dipp groups are simplified as wireframes.
Selected bond lengths (A) and angles (deg): Si1—O1 1.643(1), O1—
Si2 1.637(1), Sil—N1 1.661(2), N1—-C1 1.281(2), C1-N2 1.380(3),
C1-N3 1.386(2), N1-Sil—01 103.56(8), C1-N1-Sil 147.7(2),
Sil—01-Si2 153.2(1). b) DFT-calculated HOMO (left, —5.04 V)
and LUMO (right, —0.71 eV) of 7.

This angle is clearly wider than for cyclic NHSis (e.g,
(CH(t-Bu)N),Si(I) 88.6°),”> but considerably more com-
pressed than for acyclic DippNTMSSi(I)SiTMS; (116.91°).%°
The Si1—N1 bond length (1.661(2) A) is marginally longer
than in the parent silanone structure 2b, illustrating again a
partial Si=N double bond character. Surprisingly, regarding
potential 7-donation by the siloxy group, both Si—O bonds
have nearly the same length (Sil—O1 1.643(1) A, O1-Si2
1.637(1) A). Therefore, only a minor Si=O double bond
character may be suggested. DFT calculations are in line with
these findings, the HOMO of N,O-silylene 7 exhibits mainly
lone pair character (Si,), the LUMO resembles the empty Sis,
orbital with a HOMO—LUMO gap of 4.33 eV (Figure 4b).
Both orbitals show only minor contributions from donating N
or O atoms. For orbitals lower in energy, some interactions of
silicon with nitrogen (HOMO—6), and even lower, minor
interactions with oxygen can be found (see SI). The HOMO—
LUMO gap is close to that of the acyclic dithiolato silylene by
Power et al. (4.23 eV),”* indicating a similar level of reactivity
toward small molecules. Indeed, both silylenes show no sign of
reactivity with molecular hydrogen, even if a reaction solution
of 7 in H, atmosphere (1 bar) is heated to 60 °C for several
days.”* Regarding the activation of ethylene, it is reported that
dithiolato silylene reversibly binds the olefin in a dissociation
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equilibrium.”” In contrast, N,O-silylene 7 quantitatively forms
the corresponding silirane 8 within 20 min at room
temperature with no observable reverse reaction. We believe
that this disparity in reactivity is likely caused by reduced steric
shielding at the Si(II) center of 7.28

B CONCLUSIONS

In summary, we have successfully isolated and fully
characterized the first examples of acyclic, neutral, three-
coordinate silanones 2 with indefinite stability as solids and
lifetimes in solution up to 2 days. DFT calculations provided
insight into the Si=O bonding and verified 7-donating NHI
and o-donating silyl groups as important factors for their
enhanced stability. First reactivity of silanones 2 toward CO,
and methanol was tested and potential isomerization pathways
were discovered. Here, a 1,3-silyl migration of 2a, gave an
intermediary disilene INT, which was trapped as 1,2-disiletane
Sin a [2 + 2]-cycloaddition with ethylene. Further, the NHC-
disilene adduct 6 was isolated and analyzed by quantum
chemical methods. Interestingly, for 2b, the selective trans-
formation to the first acyclic, two-coordinate N,O-silylene 7 was
observed. Here, the enormous potential of acyclic silylene 7 to
act as transition-metal mimic was demonstrated by successful
activation of ethylene under ambient conditions. In total, our
work not only continues the fulfillment of Kipping’s dream of
isolable silanones, but gives first insights into similarities and
differences between this novel compound class and well-known
carbonyl compounds.
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6.3. Disilene-Silylene Interconversion: A Synthetically Accessible  Acyclic
Bis(silyl)silylene
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Content: This report approaches the disilene-silylene interconversion enabled by combination of
hypersilyl and supersilyl ligands attached to a low-valent silicon centre. Isolable two-coordinate, acyclic
bis(silyl)silylenes have not been isolated previously, this is now possible in our case due to TMS group
migration between tetrasilyl-disilene 3’ and bis(silyl)silylene 3. Disilene 3’, which was verified by extended
DFT calculations, is stable in solution below —35 °C for more than one year but slowly and selectively forms
disiletane 4 via C—H bond activation at one ‘Bu group of the supersilyl ligand in solution at rt. DFT
calculations revealed a possible triplet ground state for bis(silyl)silylene 3/3” (3”’: the second accessible
bis(silyl)silylene), which however could not be proven experimentally. Neither EPR measurements nor
[2+1] or [2+2] cycloaddition reactions provided evidence for a triplet ground state of bis(silyl)silylene 3,
which is accessible from 3’. In terms of reactivity testing, the fastest reaction of an acyclic silylene with H,
was observed by treatment of 3’ with H, at —40 °C. With the singlet state of 3 bearing a high HOMO-LUMO
gap of 4.18 eV, the low activation barrier for the bimolecular reaction of 3 and H, of 4.2 kcal/mol highly
contrasts the general assumption that a low HOMO-LUMO gap is required for H, activation. High level
calculations revealed the triplet state to be located 4.6 kcal/mol higher in energy than the singlet state,
thus further supporting the assumed reactivity towards H;, as well as the singlet bis(silyl)silylene being
experimentally attainable. Furthermore, treatment of the equilibrium mixture 3/3’ at -80 ° with NH;
yielded the hydro-amination product of disilene 3’, which was verified by combined experimental and
theoretical methods. DFT calculations verified 3’ as the kinetic product, which is in equilibrium with 3 and
3”, and the decomposition via C—H activation connected with a substantial higher barrier. Further insight
into the disilene-silylene interconversion was provided by isolation of Lewis base adducts of the two
bis(silyl)silylenes 3 and 3””, which are obtainable via reduction of the di(bromo)-silane in the presence of
the corresponding Lewis base. Use of I'Pr,Me; yielded the adduct of 3" (compound 13), whereas use of
DMAP results in the adduct of 3 (compound 14). Compound 13 was converted into 15 - the I'Pr,Me; adduct
of 3 - via thermal dissociation, rearrangement and re-association. Moreover, Lewis base exchange in the
order DMAP — I'Pr,Me, — IMe4 was accessible, in line with increasing bond dissociation energies and
donor strength. Treatment of 13 with NO, at —80 °C yields the NHC-stabilised silanoic-ester 17, most
probably via initial generation of a silanone, followed by silyl migration and further oxidation. Compound
17 decomposes in solution above —30 °C, which is attributed to both Si—O bonds being highly polarized.
NBO analysis revealed a zwitterionic formulation as the leading resonance structure with an enhanced
Si—O interaction based on negative hyperconjugation of the oxygen lone pairs into the antibonding Si—
CNHC and the second Si—O bond. In summary, this report provides access to a bis(silyl)silylene 3, which is
in equilibrium with tetra(silyl)-disilene 3’ and represents the resting state at low-temperature. The
equilibrium mixture can directly be used for activation of small molecules like H, and ammonia under very
mild conditions, demonstrating their potential as transition-metal mimics. Upon warming to rt, disilene 3’
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slowly but irreversibly undergoes C-H activation, which is line with the achieved mechanistic picture.
Whereas trapping reactions with DMAP give the corresponding Lewis base adduct of 3, the use of I'Pr,Me;
yields the adduct of a second bis(silyl)silylene 3" instead. 3" is in equilibrium with 3/3’, which was verified
by thermal rearrangement and Lewis base exchange reactions. In addition, the first NHC-stabilised
silanoic-ester was obtained from the reaction of NHC adduct of 3 with N,O and characterized thoroughly.

Contributions to the publication:

e |Initial test calculations concerning disilene 3’ with complete relaxed potential energy scans of the
dihedral angle of the silyl groups including the effect on the calculated 2°Si NMR shifts, verifying
the presence of a disilene as corresponding XRD data were not obtainable for 3’

e DFT calculations of bis(silyl)silylene 3 and 3" in singlet and triplet state including systematic search
of the conformational space using the AM1 method to obtain the global minimum followed by
geometry optimisation at the DFT level of theory

e DFT calculations of the mechanism for the interconversion of the bis(silyl)silylene and disilene
3/3’/3” including the deactivation to disiletane 4

e DFT calculations of DMAP and NHC-stabilised silylenes 13, 14, 15, 16 and their related isomers to
verify experimental 2°Si NMR shifts and bond dissociation energies

e Bonding analysis of NHC-stabilised silanoic ester 17 including model systems deducing the effects
of complete silyl-substitution onto the two different Si—O bonds

e Interpretation of the data

e  Writing of the manuscript
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ABSTRACT: Silylenes have recently shown fascinating reactivity patterns,
which are normally observed almost exclusively for transition-metal
complexes. In particular, very reactive representatives are considered to be
promising candidates, which may become powerful and economical
alternatives for catalytic applications in the future. Here, we present the
isolation of an equilibrium mixture consisting of a tetrasilyldisilene and its
isomeric bis(silyl)silylene, the first isolable silylene of this type. Preliminary
investigations demonstrate the extreme inherent reactivity via facile small-
molecule activation even under very mild conditions. Thus, the oxidative
addition of challenging targets such as H, and NH; was achieved. In
addition, by synthesizing donor-stabilized bis(silyl)silylenes we gained
further insights into the disilene—silylene rearrangement by 1,2-silyl
migrations. Thorough theoretical calculations support the observed
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experimental results.

B INTRODUCTION

Low-valent silicon compounds have attracted considerable
attention and nowadays make an important contribution to
modern main group chemistry.' In particular, two-coordinate
silylenes (RR’Si:), the silicon analogues of carbenes (RR'C:),
play an important role because of their ambiphilic nature,
which is reflected in a wide variety of reactivity patterns.
Silylenes have a free 3p, orbital and a lone pair of electrons
and, in contrast to carbenes, are almost exclusively in the
singlet ground state.” To ensure the isolation of silylenes,
sufficient kinetic and/or thermodynamic stabilization by
adjacent, tailormade substituents is essential. Therefore, a
vast majority of stable silylenes are embedded in cyclic
frameworks, including the well-established group of N-
heterocyclic silylenes (NHSis), the silicon version of N-
heterocyclic carbenes (NHCs).?

In contrast to their diverse counterparts, there are only
scarce examples of stable acyclic silylenes reported.” Their true
potential is revealed by silylenes bearing nucleophilic boryl
and/or electropositive silyl substituents, leading to wide RSiR’
angles and small HOMO—LUMO gaps. Thus, these highly
reactive compounds are to a certain extent capable of
mimicking transition-metal complexes in the activation of
small molecules. Remarkably, acyclic silylenes can even
undergo the oxidative addition of enthalpically strong
molecules such as H,.**® Very recently, the reductive
coupling of CO by an isolable aminoborylsilylene was also
reported.” Bis(silyl)silylenes with sterically demanding sub-
stituents are considered to be even more reactive species

-4 ACS Publications  © 2019 American Chemical Society

because of their wider RSiR" angles, smaller HOMO—-LUMO
gaps, and potential triplet ground state.* % Lately, the
intrinsic nature of triplet ground state silylenes was
experimentally proven by in situ generated silylenes analyzed
by low-temperature glass matrix EPR studies;” however, typical
triplet silylene reactivity is still unexplored.”” Nevertheless, no
isolable two-coordinate acyclic bis(silyl)silylene has been
reported so far. In situ generated, extremely reactive
(R4Si),Si: species are verifiable only as stable tetravalent
silicon compounds, formed as products of subsequent intra-
and intermolecular reactions. The general decomposition
pathways include dimerization to disilenes (heavier alkene
congeners), 1,2-silyl migration, and/or intramolecular C—H/
Si—Si bond activation affording disilenes or cyclic silanes
(Scheme 1).

Klinkhammer, for example, observed the formation of
hexakis(trimethylsilyl)cyclotrisilane I as the formal decom-
position product of bis(hypersilyl)silylene (((TMS);Si),Si:)
by treating HSiCl, with alkali metal hypersilanides (silyl
anions).” The experimentally evidenced triplet ground state
bis(supersilyl)silylene ((‘Bu;Si),Si:) undergoes an intramolec-
ular C—H activation reaction (occurring from the singlet
state”) even at very low temperatures, providing disiletane IL.”*
Sekiguchi et al. pursued the isolation of the sterically crowded
bis(silyl)silylene ((‘Bu,MeSi),MeSi),Si:, but irreversible for-
mation of disilene III occurred via a 1,2-silyl migration.” To
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Scheme 1. Isomerization Reactions of Transient
Bis(silyl)silylenes I-III and Reported Examples of
Bis(silyl)silylene NHC Adducts IV—VI
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date, isolable bis(silyl)silylenes are accessible only with the aid
of additional o-donor molecules such as NHCs.'” The first
examples of acyclic bis(silyl)silylene NHC adducts IV were
obtained by reductive debromination of the correspondin§
dibromosilanes with KCg in the presence of NHCs.'
Scheschkewitz et al. and the Lips group reported cyclic
derivatives V with a Si; scaffold via the reaction of NHC-SiBr,
with a disilenyllithium reagent and the coreduction of NHC-
SiCl, and Mes,SiCl, (Mes = 2,4,6-Me;-C¢H,), respectively.'
Very recently, Cowley and colleagues experimentally demon-
strated the disilene—silylsilylene equilibrium'? for the first time
by synthesizing and isolating NHC-stabilized bis(silyl)silylene
VI from the corresponding donor-supported disilene.'* Thus,
the quest for isolable, acyclic two-coordinate bis(silyl)silylenes
is ongoing.

Sterically demanding silyl groups are ideal candidates for the
stabilization of otherwise elusive species because they are
strong o-donors and provide kinetic stabilization; however,
they sometimes tend to migrate." On the basis of the previous

results achieved with the hypersilyl- and supersilyl groups, we
envisioned a combination of both substituents as a promising
approach to gaining access to unprecedented low-coordinate
silicon compounds through controlled 1,2-silyl shifts. Herein,
we present the isolation of a novel tetrasilyldisilene displaying
bis(silyl)silylene reactivity.

B RESULTS AND DISCUSSION

Bis(silyl)silylene—Tetrasilyldisilene Interconversion.
The entry into this chemistry provided the isolation of the
silane ((TMS);Si)(‘Bu;Si)SiH, (1)."> Bromination of 1 in n-
pentane furnished the corresponding dibromosilane 2, which
was isolated as colorless crystals in high yield and fully
characterized (Scheme 2).

Subsequent reductive debromination of 2 with 2 equiv of
KC;q at low temperatures resulted in a color change from
colorless to blood red with the concomitant formation of black
graphite. Multinuclear and 2D NMR analyses of the isolated
product suggested the formation of tetrasilyldisilene 3’, the
isomer of (hypersilyl)(supersilyl)silylene 3. The three-coor-
dinate silicon nuclei of 3’ resonate at § = 161.9 ppm (SiTMS,)
and § = 1324 ppm (Si(TMS)SiBu;) in the *’Si NMR
spectrum, which is in line with the signals for disilene III (§ =
158.9 and 103.8 ppm).” However, all attempts to crystallize the
reaction product have been unsuccessful so far. Calculations
performed at the M06-2X/6-31+g(d,p) level of density
functional theory revealed a bent and twisted structure for
tetrasilyldisilene 3’ (Figure 2)'® comparable to that for disilene
IIL° The calculated **Si NMR resonances at 6 = 162.5 and
140.5 ppm (gauge-independent atomic orbital (GIAO)/M06-
L/6-311++(2d,2p); solvent model based on density (SMD):
benzene)) are in good agreement with the ex%)erimental values.
(For details see the Supporting Information'®).

Variable-temperature (VT) UV—vis spectroscopy revealed
only two characteristic absorption bands at 4,,,, = 352 and 469
nm. The calculated transitions, by means of time-dependent
density functional theory (TD-DFT), at 335 and 467 nm are
assigned to the HOMO—1 — LUMO and HOMO — LUMO
transitions of disilene 3’, respectively.

Keeping a product solution at room temperature results in a
rather slow decomposition and the selective formation of
disiletane 4. Nevertheless, full conversion was not observed

Scheme 2. Synthesis and Reactivity of Bis(silyl)silylene 3 and Its More Stable Isomer Tetrasilyldisilene 3’

Br

(TMS);81~ > ~sitBu,

2KCq

(THF)
96%

NH; ™S
-80 °C, 5 min TMS

]
(n-hexane) T™S

3

Si .
s7 ' siBu, ~

. 4d (n-hexane)
o 75%

™S, ISifBuS
TMS-Si—Si~TMS
HoN
6 (TMS)3Sifs|ifS|i7’Bu
H By
4

Hy
i 40 °C, 30 min
(TMS),5i” > ~sitBus
3 (n-hexane)
quant.
-hexane)
7|
80% H H
\Si/
Y (TMS),5i”> SitBu,
(TMS)5Si”> > SiBug 4

5

DOI: 10.1021/jacs.9b05318
J. Am. Chem. Soc. 2019, 141, 13536—13546


http://dx.doi.org/10.1021/jacs.9b05318

Journal of the American Chemical Society

until after 4 days. Monitoring the decomposition reaction by
NMR spectroscopy revealed no signals other than those
assigned to 3’ and 4. In addition, no signs of decomposition
were observed when a product solution was stored at —35 °C
in a glovebox for at least 1 year. Disiletane 4 was fully
characterized, and its molecular structure was unambiguously
confirmed by single-crystal X-ray diffraction (SC-XRD)
(Figure 1). As already shown in the case of II,* the formation

cu‘?fm
.

CWQ sa s
c16 " i
s
Sis. 4
ca/lr se
s QD /
20

Figure 1. Molecular structures of 1 (top), 4 (bottom left), and §
(bottom right). Ellipsoids are set at 50% probability. Hydrogen atoms
are omitted for clarity, except for the respective Si—H nuclei of silane
1 and disiletane 4. Selected bond lengths (A) and angles (°): 1: Sil—
Si2 2.369(1), Si2—Si3 2.350(1); Si1—Si2—Si3 132.1(1). 4: Sil—Si2
2.345(1), Si1—C1 1.957(2), C1-C2 1.572(2), Si2—C2 1.916(2),
Si2—Si3 2.346(1); C1-Sil—Si2 76.3(1), Si1—Si2—C2 76.6(1), Sil—
C1-C2 97.3(1), C1—-C2-Si2 99.7(1). 5: Si1—C1 1.885(2), Si1—C2
1.890(2), C1-C2 1.542(3), Sil—Si2 2.372(1), Sil—Si3 2.371(1);
Si1—-C1-C2 66.1(1), C1-C2-Sil 65.7(1), C2—Sil—C1 48.2(1),
Si2—Si1-Si3 131.7(1).

of 4 quite likely originates from C—H bond activation of a tert-
butyl group of bis(silyl)silylene 3. Thus, the slow conversion of
3’ to 4 already indicates the existence of an equilibrium
between bis(silyl)silylene 3 and disilene 3’ in solution. DFT
calculations concerning 3 revealed the silylene located 5.7
kcal/mol in energy above its disilene isomer 3" as well as its
triplet state 2.5 kcal/mol lower in energy (Si—Si:—Si bond
angles: 140.7° (triplet) and 116.2° (singlet)) (Figure 2).'
Several theoretical studies concerning possible triplet ground

state silylenes have been published in the last few decades. For
different bis(silyl)silylenes, however, deviating values for the
respective singlet—triplet energy gaps were found, depending
on the methods and basis sets used.””"** Clearly, the singlet
triplet gap of 3 with a value of 2.5 kcal/mol is not high enough
to readily take it for granted and judge the ground state
multiplicity of 3 at the moment.

Therefore, we intended to experimentally elucidate the
ground state multiplicity of bis(silyl)silylene isomer 3. Because
NMR spectroscopy provided no further insights (possible
resonances for the singlet silylene of 3 were not observed), we
used EPR spectroscopy (X-band: 9.267 GHz), the method of
choice for potential triplet ground state detection. However, all
EPR spectra obtained from a solution containing the
equilibrium mixture of 3/3’, measured in the temperature
range of 133—286 K, exhibited only a strong EPR signal at
around 331 mT (g = 2.0067), corresponding to a typical silyl
radical of still unknown structure. Sekiguchi et al. observed
similar species (at around 340 mT, g = 2.005S5) when
measuring the in situ generated triplet silylenes.” Nonetheless,
under our measurement conditions, no analogous weak, broad
signal at around 800 mT, assignable to the triplet silylene of 3,
was observed. Thus, the combined results suggest the position
of the equilibrium being either almost entirely shifted to
disilene 3’ or the decomposition to disiletane 4 being too rapid
and beyond the detection limit for both the singlet and triplet
ground state bis(silyl)silylene 3.

As further evidence for the equilibrium, we intended [2 + 1]
or [2 + 2] cycloaddition reactions with unsaturated organic
substrates under the formation of defined trapping products.
Whereas the reaction of 3/3’ with phenylacetylene, dipheny-
lacetylene, and anthracene led to complicated mixtures of
products, exposure to ethylene resulted in the clean formation
of silirane § as the sole product, clearly indicating silylene
reactivity (Scheme 2). Interestingly, no [2 + 2] cycloaddition
reaction of tetrasilyldisilene 3’ with ethylene was observed.
Silirane 5 was fully characterized, including its solid-state
structure (Figure 1). The ring silicon nucleus resonates at § =
—164.3 ppm in the **Si NMR spectrum and exhibits a large
Si—Si—Si bond angle of 131.7(1)° due to the sterically
congested electropositive silyl groups.

According to the ethylene addition selectivity, we pursued [2
+ 1] cycloaddition reactions of (E)/(Z) alkenes with respect to
the Skell rule to further investigate the ground state
multiplicity of bis(silyl)silylene 3."” The Skell rule originates
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Figure 2. Calculated structures of tetrasilyldisilene 3’ and bis(silyl)silylene 3 (singlet/triplet state) with their corresponding frontier orbitals.
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from carbene chemistry and predicts the stereospecific olefin
addition of singlet carbenes. Triplet carbenes undergo a
nonstereospecific cycloaddition via a diradical intermediate,
allowing for facile rotation and a loss of initial stereochemistry.
In the case of silylenes, however, the situation might be more
com}alicated, and a failure of the Skell rule cannot be ruled

ut.”**** Nonetheless, investigated singlet silylenes react
according to the rule, and intended cycloaddition reactions
of the transient triplet silylene (‘Bu;Si),Si: did not furnish any
corresponding silirane.*’'® This prompted us to investigate
the stereochemistry of olefin cycloaddition with the equili-
brium mixture of 3/3’. Because of the different silyl groups,
not only two silirane isomers (cis and trans) but four different
stereoisomers can be formed (Scheme 3). Therefore, we

Scheme 3. Plausible Silirane Stereoisomers Formed Upon
[2 + 1] Cycloaddition Reaction of
(Hypersilyl) (supersilyl)silylene 3 with (E)- and (Z)-Alkenes
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initially used the simplest isomers, (E)- and (Z)-2-butenes.
The exposure of 3/3’ to (Z)-2-butene selectively afforded cis-
silirane 7. Compound 7 was sufficiently characterized by
multinuclear and 2D NMR spectroscopy, albeit not being able
to resolve its stereochemistry ((2S,3R)-silirane 7a or (2R,3S)-
silirane 7b). The observed *’Si NMR resonance at § = —131.7
ppm for the silirane silicon nucleus is shifted to slightly lower
field compared to those observed for reported cis-bis-
(trialkylsilyl)siliranes (8 = —154.5 to —159.1 ppm) and silirane
5.5 On the other hand, the reaction of 3/3" with (E)-2-
butene furnished approximately a 50:50 mixture of cis-silirane
7 and trans-silirane 8. Again, the absolute configuration of 8
remains unclear, but the silirane silicon atom exhibits a similar
downfield shift in the **Si NMR spectrum (5 = —123.3 ppm)
in comparison to reported bis(trialkylsilyl)siliranes (5 =
—144.1 to —149.6 ppm) and 5.°*'®° The observed non-
stereospecificity most likely originates from (Z)-2-butene
contamination (~1.3%) because the purity of the utilized
alkenes is crucial to the silirane product ratio. This was already
recognized in the initially observed nonstereospecific cyclo-
additions of 2-butenes to dimesitylsilylene, in which gas
contamination of the respective other isomer led to misinter-

pretations.'®""? Accordingly, the reaction of 3/3’ with an
approximately 50:50 mixture of both stereogenic alkenes
provided cis-silirane 7 as the sole product because of the higher
reactivity of the (Z)-isomer.

To gain deeper insight, we turned to sterically more
demanding alkenes with higher isomeric purity. However, the
utilization of 3-hexenes and stilbenes (1,2-diphenylethylenes)
led to significantly slower or even no (stilbene) cycloaddition
reactions with the concomitant formation of disiletane 4,
especially with the respective (E)-isomer. The most satisfying
result was obtained with (Z)-3-hexene, with °Si NMR analysis
(6 = —133.2 ppm) indicating the selective formation of cis-
silirane 9. The reaction of 3/3’ with (E)-3-hexene, on the
contrary, led to the formation of a mixture of products.
However, trans-silirane 10 was identified by 'H and *’Si NMR
(6 = —127.1 ppm; typical downfield shift compared to the cis
isomer) spectroscopy. Interestingly, no resonances for cis-
silirane 9 were observed. Therefore, we conclude that [2 + 1]
cycloaddition reactions of bis(silyl)silylene 3 with stereogenic
alkenes are most likely stereospecific.

Overall, the outcome of the cycloaddition reactions with
stereogenic alkenes cannot yet reveal with certainty the ground
state multiplicity of bis(silyl)silylene 3 because even triplet
ground state silylenes could react via their singlet state.”"**
Therefore, further examinations are essential and both a
reliable method for determining the ground state multiplicity
(besides EPR spectroscopy) and typical triplet silylene
reactivity have yet to be found.

Surprisingly, the disilene/silylene equilibrium mixture is also
capable of activating dihydrogen via oxidative addition. So far,
only a few examples of low-coordinate silicon compounds are
known to react similarly. This series consists of three acyclic
silylenes and one disilene with small HOMO—-LUMO gaps
(2.0-3.0 eV), which undergo fast reactions under relatively
mild conditions (from 2 h at 0 °C to up to 2 days at SO
°C).*»%&20 Recently, Iwamoto et al. reported hydrogen
splitting reactions by boryldisilenes.”" Although no observable
sign of reaction was detectable at —80 °C (3 h), treating an n-
hexane solution of 3/3" at —40 °C with H, (1 bar) resulted in
a color change from blood red to pale yellow within 30 min.
The quantitative formation of silane 1 was detected by NMR
spectroscopy (Scheme 2). Again, no formation of the
respective disilene addition product was detected. The
molecular structure of 1 revealed a large Si—Si—Si bond
angle of 132.1(1)° comparable to that of silirane 5, indicating a
large Si—Si:—Si bond angle for bis(silyl)silylene 3 (Figure 1).
Contrary to reported acyclic silylenes, which are able to
activate H,, singlet bis(silyl)silylene 3 exhibits a large
HOMO-LUMO gap of 4.18 eV (Figure 2). Because acyclic
silylenes with a comparable large HOMO—LUMO gap have
shown no reaction toward H,,'" the extreme reactivity of
bis(silyl)silylene 3 is rather astonishing. Thus, we performed
additional calculations concerning the bimolecular reaction of
H, and singlet 3 and determined a very low effective barrier of
4.2 kcal/mol. The calculated barrier is significantly lower than
that reported for Aldridge’s acyclic aminoborylsilylene (23.2
kcal/mol),* which therefore rationalizes the observed fast
reaction of bis(silyl)silylene 3. These results contrast with the
generally assumed connectivity of a low HOMO—-LUMO gap
and the activation of dihydrogen for acyclic silylenes. Thus,
this correlation presumably does not account for acyclic
bis(silyl)silylenes. Additionally, this observation represents the
first example of dihydrogen activation by a bis(silyl)silylene
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and the fastest reaction of a low-coordinate silicon compound
toward H, to date.

DLPNO-CCSD(T)/cc-pVQZ single-point calculations
based on the PBEh-3¢ optimized structures of 3 revealed the
singlet state of 3 located 4.6 kcal/mol lower in energy than the
triplet, thus supporting the assumed reactivity toward H,.*”

Besides dihydrogen, the activation of ammonia via oxidative
addition is still a challenging target even for transition-metal
complexes.”> However, the rapid growth of main group
chemistry in recent decades has revealed various reactive
compounds capable of activating ammonia under mild
conditions.”* Among them are only a few silicon compounds,
all of which bear low-coordinate centers, represented by their
most prominent examples, silylenes*** and disilenes.”® On the
basis of the results so far, we envisaged the reaction of 3/3’
with ammonia as a promising target. Indeed, a facile reaction
was observed even at —80 °C by treating an n-hexane solution
of 3/3 with an equimolar amount of NH; (0.4 M solution in
1,4-dioxane). The successful hydroamination reaction was
clearly evident by the immediate color change from blood red
to pale yellow. Multinuclear and 2D NMR spectroscopy
identified the major product formed as aminosilane 6, the
addition product derived from tetrasilyldisilene 3’. The
reaction is completely regiospecific, with the preferred
regioisomer bearing the amino group attached to the silicon
nucleus with the two TMS groups, presumably for steric
reasons. A similar observation was reported by Scheschkewitz
and colleagues.26b The Si—NH, atom resonates at 6 = —35.7
ppm in the **Si NMR spectrum, which agrees well with those
observed for similar compounds (6 = —14.7 to —48.6 ppm)>°
and the theoretically calculated value (§ = —36.8 ppm). The
Si—H nucleus exhibits a high-field shift in the *Si NMR
spectrum at § = —119.9 ppm compared to the reported ones (&
= —57.1 to —72.4 ppm) but is in good accordance with the
calculated shift (5 = —116.6 ppm). Performing the reaction at
elevated temperatures leads to less-selective product formation,
presumably also affording the respective regioisomer and the
adduct of bis(silyl)silylene 3. Besides proving the existence of
tetrasilyldisilene 3’, these results further strengthen the
assumption of an equilibrium between silylene 3 and disilene
3’. Further calculations to obtain a conclusive mechanistic
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picture concerning ammonia activation are under current
investigation.

In addition, very fast reactions of 3/3" with small molecules
0,, CO,, and P, were observed, but in all cases, nonselective
reactions occurred, leading to product mixtures. However,
these observations underline the high reactivity of the
equilibrium mixture containing bis(silyl)silylene 3 and
tetrasilyldisilene 3'.

As previously investigated theoretically for ((H;Si)H,Si)-
(H)Si: and (H,Si)HSi=SiH,,"* further verification of the
experimentally observed equilibrium was provided by DFT
calculations (Figure 3). Accordingly, disilene 3’ represents the
most stable isomer, with an effective barrier of 15.2 kcal/mol
for the TMS group migration affording bis(silyl)silylene 3.
Interestingly, another regioisomeric bis(silyl)silylene (TMS)-
((TMS),("Bu,Si)Si)Si: 3" is accessible via a second 1,2-silyl
shift with its formation connected to an effective barrier of 19.6
kcal/mol. Thus, the isomerization reactions between bis(silyl)-
silylenes 3/3"" and disilene 3’ via TMS group migrations
represent an equilibrium, with disilene 3’ as the kinetic
product. The decomposition of disilene 3’ /silylene 3 proceeds
via C—H activation, connected to a substantially higher barrier
of 26.2 kcal/mol, affording thermodynamic product 4 in an
irreversible reaction.

Lewis Base-Stabilized Bis(silyl)silylenes. To gain deeper
insight into the disilene—silylene interconversion, we attemp-
ted to trap 3 and/or 3’ with additional Lewis bases such as
phosphines and NHCs. However, treating the equilibrium
mixture of 3/3’ with PMe; and NHCs with varying steric
demand did not furnish a clean donor—acceptor product. The
resulting mixtures of products contained several donor-
stabilized species, presumably including both bis(silyl)silylene
and disilene adducts. Instead, the reductive debromination of 2
with KCg in the presence of 1,3-diisopropyl-4,5-dimethyl-
imidazolin-2-ylidene (I'Pr,Me,) selectively furnished NHC-
stabilized bis(silyl)silylene 13 in excellent yield (Scheme 4).
Interestingly, the formation of initially targeted bis(silyl)-
silylene NHC adduct 15 (Scheme S) was not observed, but
two consecutive 1,2-silyl migrations from silylene 3 through
disilene 3’ to silylene 3"" occurred and finally NHC-stabilized
regioisomeric silylene 13 was obtained. Presumably, 13 is
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Scheme 4. Synthesis and Interconversion of Novel Donor-
Stabilized Bis(silyl)silylenes
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formed as the preferred product as a result of less steric
congestion between I'Pr,Me, and silylene 3’’ compared to
silylene 3. The divalent silicon nucleus of 13 exhibits a
downfield-shifted resonance in the Si NMR spectrum (5 =
—104.7 ppm) relative to those observed for reported
bis(silyl)silylenes IV—VI (§ = —110.5 to —136.6 ppm). The
molecular structure of 13 was unambiguously confirmed by
SC-XRD analysis (Figure 4). The I'Pr,Me,-stabilized divalent
silicon center adopts a trigonal pyramidal geometry with the
sum of bond angles amounting to 340.9° (IVb, 344.3°% Va,
302.7°, Vb, 293.4°, V¢, 255.5% and VI, 317.3°). The low
degree of pyramidalization indicates less-pronounced s
character of the lone pair of electrons at the three-coordinate
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Figure 4. Molecular structures of 13 (left) and 14 (right). Ellipsoids
are set at 50% probability. Hydrogen atoms and solvent molecules are
omitted for clarity. Selected bond lengths (A) and angles (°): 13:
Si1—Si2 2.360(1), Sil—Si3 2.437(1), Si1—C1 1.961(2); C1-Sil1—Si2
99.3(1), C1-Si1-Si3 115.6(1), Si2—Si1—Si3 126.0(1). 14: Si1-Si2
2.433(1), Sil—Si3 2.420(1), Sil—-N1 1.942(2); N1-Sil—Si2
104.5(1), N1-Si1-Si3 98.1(1), Si2—Si1—Si3 116.1(1).
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silicon atom. The Cyyc—Si bond length is 1.961(2) A, which
is in the typical range for Cyyc—Si bonds'® but elongated in
comparison to IV=VI (1.933—1.960 A) and thus displaying a
weaker interaction between the NHC I'Pr,Me, and the silylene
moiety in complex 13.

In contrast, the utilization of weaker Lewis base 4-N,N-
dimethylaminopyridine (DMAP) afforded DMAP-coordinated
silylene 14 in 90% yield. In this case, regioisomeric
(hypersilyl) (supersilyl)silylene 3 was trapped as donor—
acceptor complex 14. The less-shielded three-coordinate
silicon atom shows a significant downfield shift in the *Si
NMR spectrum at § = 68.8 ppm. A similar trend was observed
for donor-stabilized S-diketiminato silylenes (§ = —12.0 to 37.4
ppm)”’ reported by Driess et al. However, that case is far less
pronounced because the respective donor-free silylene
resonates only at § = 88.4 ppm.”® The solid-state structure
(Figure 4) revealed a higher degree of pyramidalization around
the divalent silicon nucleus (sum of bond angles: 318.7°) and
therefore illustrates the increased s character of base-stabilized
silylene 14. The Npy4p—Si bond length of 1.942(2) A agrees
well with those observed for previously reported DMAP-
stabilized low-valent silicon complexes (dy_g) = 1.85—2.01
A).270 Surprisingly, the treatment of silylene 14 with an
equimolar amount of I'Pr,Me, does not afford corresponding
NHC-stabilized silylene 15 but, selectively again, provides
rearranged silylene NHC adduct 13. This observation for the
Lewis base exchange further indicates the presence of the
silylene—disilene—silylene equilibrium discussed above. In
addition, our results are an extension of the recent findings
regarding the disilene—silylene rearrangement, reported by
Cowley, Holthausen, and colleagues.14

To gain more profound knowledge concerning the
accessibility of all isomers in equilibrium, we investigated the
reactivity of silylene 13 with respect to Lewis base abstraction
and exchange. The reaction of 13 with 1 equiv of Lewis acid
BPh; provided disiletane 4 through NHC abstraction and the
concomitant formation of the NHC—borane adduct I'Pr,Me,-
BPh; (Scheme 5). Full conversion, however, was observed only
after a reaction time of 1 week at ambient temperature.
Monitoring the reaction with "H and **Si NMR spectroscopy
revealed the intermediary formation of tetrasilyldisilene 3.
Therefore, NHC abstraction initially affords respective donor-
free silylene 3’ being in equilibrium with disilene 3’ and
silylene 3. As already mentioned, the irreversible decom-
position of the equilibrium mixture is kinetically limited but
thermodynamically preferred, thus accounting for the long
reaction times.

Silylene 13 is completely stable as a solid and in solution at
room temperature. However, heating a solution of 13 to 90 °C
results again in a double TMS migration and the formation of
initially targeted NHC-supported silylene 15 (Scheme S) in
58% yield (NMR). Additional DFT calculations revealed that
15 is slightly more stable than 13 with an effective activation
barrier of 30.0 kcal/mol for the interconversion, thus being in
line with the required elevated temperature and prolonged
reaction time for the isomerization. Nevertheless, silylene 15
could not be isolated in its pure form because of incomplete
conversion and concomitant decomposition via the formation
of disiletane 4 and free I'Pr,Me,. Neither prolonged heating (at
different temperatures) nor solvent change to benzene, n-
hexane, or THF affected the outcome of the reaction in favor
of silylene 15, thus further confirming the existence of the
equilibrium. Nonetheless, 15 was unambiguously characterized
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by a combination of multinuclear and 2D NMR studies,
supported by the results obtained from DFT calculations. The
»Si resonance of the three-coordinate Si nucleus is shifted to
higher field (§ = —120.6 ppm) compared to that for donor-
stabilized silylenes 13 and 14 and agrees well with its GIAO-
predicted chemical shift (§ = —127.2 ppm). In particular, the
huge difference from that observed for analogous DMAP-
stabilized silylene 14 emphasizes the stronger interaction
between bis(silyl)silylene 3 and the better 6-donor molecule.

Furthermore, an even stronger donor—acceptor interaction
was shown by the successful exchange of I'Pr,Me, with the
stronger o-donating NHC, 1,3,4,5-tetramethylimidazolin-2-
ylidene (IMe,). IMe,-stabilized bis(silyl)silylene 16 was
sufficiently characterized by multinuclear NMR spectroscopy
(Scheme S). The low-valent silicon nucleus exhibits a signal
observed at § = —117.1 ppm in the *’Si NMR spectrum. The
high-field-shifted resonance compared to that observed for 13
indicates a stronger interaction between NHC and bis(silyl)-
silylene 3. The theoretically determined resonance at 6 =
—115.2 ppm supports the formation of NHC adduct 16.
However, it was neither possible to remove free I'Pr,Me,, nor
to observe a rearrangement to the corresponding IMe,-
stabilized bis(silyl)silylene adduct of 3 because of an even
more facile decomposition reaction.

Additional DFT calculations also reflect the trend observed
for the o-donor—silylene interactions by **Si NMR spectros-
copy (details in Tables S9 and S11 in the Supporting
Information), and thus the gas-phase Gibbs free bond-
dissociation energy increases from 15.3 kcal/mol (14) to
16.3 kcal/mol (15) to 22.0 kcal/mol (13) and finally to 27.6
kcal/mol (16). These observations correlate well with the
increasing donor strength of the Lewis base used and also
confirm the inability to access ((TMS);Si)(‘Bu,Si)Si:(IMe,),
the regioisomeric product of 16. In addition to the higher gas-
phase Gibbs free bond-dissociation energy, the reduced steric
demand of IMe, makes 16 more susceptible for subsequent
reactions. This is evidenced by the slow decomposition of 16
in solution. In the case of NHC-stabilized silylene 13,
rearrangement to 15 is still the preferred pathway, although
decomposition and disiletane 4 formation occur during
heating. For DMAP-stabilized silylene 14, the isomerization
equilibrium finally providing 13 appears to be the only
accessible pathway subsequent to Lewis base dissociation.

NHC-Stabilized Silanoic Ester. Even though the oxygen-
ation of 3/3’ led only to complicated mixtures with no isolable
products, we investigated the reaction of 13 toward various
oxidizing agents because the last decades have witnessed
significant attention in the synthesis of heavier analogues of
carbonyl compounds. However, in particular, the isolation of
organosilicon compounds bearing a Si=0 moiety is a rather
demanding task because of their extreme reactivity. The origin
of this reactivity lies in the kinetic and thermodynamic
instability of the weak Si=O =-bond attributed to the
unfavorable p,-orbital overlap of silicon and oxygen.’’ In
addition, the Pauling electronegativity difference between
silicon and oxygen (Ay(5-0) = 1.54) is much larger than
that between carbon and oxygen (A)((c—o) =0.89).*" Thus, the
zwitterionic, ylide-like Si®*—O°~ resonance form makes a large
contribution to the nature of the strongly polarized Si=O
double bond.** As a consequence, the Si=0 double bond is
prone to barrierless, rapid head-to-tail oligomerization
affording oligosiloxanes via Si—O ¢-bond formation.” Despite
this challenge, the Si=O moiety could be tamed'*** and a

273,¢,35 d27b,36

series of donor- and donor—acceptor-stabilize
heavier carbonyl compounds have been reported. Even a few
examples of donor-free, three-coordinate silanones (silicon
analogues of ketones) have been isolated.”™*” Nevertheless,
silanoic esters, the heavier congeners of carboxylate esters,
remain rather elusive compounds with scarcely any reported
example species.’®

Because we recently reported the isolation of a stable silyl-
substituted silanone,” we assumed that 13, with two silyl
groups, was a promising precursor for gaining access to
silanone derivatives. However, the reaction of NHC-stabilized
silylene 13 toward Me;NO, CO,, and O, resulted in either no
reaction or the formation of a complicated mixture of products.
Interestingly, the exposure of an n-hexane solution of 13 to
N,O results in a color change from purple-red to pale red with
the concomitant formation of a white precipitate. After
workup, unique NHC-supported silanoic ester 17 was isolated
in 18% vyield (Scheme 6). The exact mechanism of the

Scheme 6. Oxygenation of Silylene 13 Furnishing NHC-
Stabilized Silanoic Ester 17
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formation of 17 is unclear but presumably includes the initial
generation of a silanone. Subsequent silyl migration, further
oxidation, and rearrangement might eventually lead to 17. In
29Si NMR, the Si=O0 silicon nucleus exhibits a resonance at &
= —50.8 ppm, which exactly matches the GIAO-DFT value
and agrees with those reported for related species (5 = —49.1
to —91.5 ppm).** The 'H NMR spectrum provided the most
intriguing spectroscopic feature of 17, an unusual broad
splitting of the NHC wingtip methine protons (AS = 2.68
ppm). The reason for this observation is presumably hydrogen
bonding of one isopropyl C—H proton to the oxygen atom of
the Si=O bond. The solid-state structure of 17 (Figure S)
revealed a close O---H distance of 2.143 A, being much shorter
than the sum of the van der Waals radii of hydrogen and
oxygen (2.72 A) and thus supporting this assumption.”” The
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Figure S. Molecular structure of 17 with ellipsoids set at 50%
probability (left) and the results of NBO analysis of 17 (right).
Hydrogen atoms, except for H9 involved in hydrogen bonding
(visualized by the dashed line), are omitted for clarity. Selected bond
lengths (A) and angles (°): Sil—O1 1.641(2), Si2—02 1.556(2),
Si2—01 1.655(3); Si2—Si3 2.415(1), Si2—C1 1.984(3); 02—Si2—01
115.5(1), 02—S8i2—C1 106.9(1), O1-Si2—C1 101.2(1), 02—Si2—
Si3 111.7(1), O1-Si2—Si3 107.0(1), C1-Si2—Si3 114.3(1).
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experimentally determined Si=O bond length of 1.556(2) A is
in the range observed for similar compounds (dg_o = 1.52—
1.59 A) and much shorter than the measured Si—O single
bonds (dg_o = 1.641(2) and 1.655(3) A).*® Interestingly, the
TMS—O o-bond is shorter than the Si2—O1 bond and the
Cuic—Si bond is elongated compared to that observed for the
precursor, silylene NHC adduct 13 (dc_g; = 1.961(2) A).

Characteristic Si=0 and Si—O-Si stretching vibrations at
7' = 1069 and 971 cm™’, respectively, were found in the IR
spectrum of 17. NHC-stabilized silanoic ester 17 is not a
particularly stable compound because decomposition to an
unidentified mixture of products was observed in solution at
temperatures higher than —30 °C. Possible multiple bonding
in four-coordinate silanoic esters and related thioesters has
already been investigated in detail by Driess, Apeloig, and co-
workers.”>* Nevertheless, our entirely silyl-substituted silanoic
ester is the first example of its kind. Natural bond orbital
(NBO) analysis revealed strong polarization for both central
silicon oxygen bonds (details in the Supporting Information).
The Wiberg bond indices (WBIs) of the Si2—O1 (0.47) and
Si2—02 (0.91) bonds are relatively low, contradictory to the
short Si2—O2 bond observed in the solid state. Natural
resonance theory (NRT) revealed the zwitterionic formulation
as the major resonance structure (Table S15). However, NBO
analysis further features negative hyperconjugation of the lone
pairs of O2 into the ¢* orbitals of Si2—C1 and Si2—O1, thus
rationalizing the observed short Si2—O2 bond as well as the
elongated O1-Si2 and Si2—C1 bonds (Figure S81). More-
over, both highly polarized Si—O bonds and the reduced
Cyuc—Si interaction account for the limited thermal stability
of 17.

B CONCLUSIONS

We used the novel dibromosilane ((TMS);Si)(‘Bu,Si)SiBr,
(2) to gain access to the equilibrium mixture of tetrasilyldi-
silene 3’ and the first example of an isolable bis(silyl)silylene 3.
The highly reactive nature of 3/3’ was demonstrated by the
facile activation of small molecules under very mild conditions.
In particular, the fastest reactions discovered for a low-valent
silicon compound toward dihydrogen and ammonia via
oxidative addition were observed. These results further
demonstrate the potential of main group compounds as
transition-metal mimics and possible catalysts for the future. In
the course of our study, we further isolated unprecedented
donor-stabilized bis(silyl)silylenes 13 and 14 and revealed
deeper insights into the disilene—silylene rearrangement. In
addition, the first acyclic NHC-stabilized silanoic ester, 17, was
isolated. Currently, the synthesis of bis(silyl)silylene transition-
metal complexes to examine the inherent o-donor strength and
further studies regarding the ground state multiplicity of 3 are
under active investigation in our laboratories.
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Content: This publication is an extension of the bis(silyl)silylene project (see chapter 6.3). Until recently,
the chemistry of silicon carbonyl complexes was limited to matrix isolation studies with their instability
precluding isolation and thus remained rather unexplored. In this paper, we report the synthesis of a
silicon carbonyl complex 3 obtainable via treatment of the equilibrium mixture of 1’/1 or DMAP-stabilised
bis(silyl)silylene 2 with CO. The strongly bent structural motif of 3 obtained from SC-XRD data revealed a
short S—C bond length and an elongated C—0O bond which is accompanied by the remarkable stability of
this compound in solution. DFT calculations including NBO and QTAIM analysis were performed to provide
insight into the nature of the Si—C bond. It can be described as a Si—C double-bonded species with CO—Si
o-donation and Si—CO ni-back-donation although substantial electron donation from the oxygen lone pair
into the m*(Si—Cco) orbital is present. Further studies incorporated the effects of different substituents on
the silicon carbonyl complexes, where silyl-substituted model systems were found to highly differ from
all others in terms of charge distribution, bonding energies and increased double bonding character. This
was also tested experimentally, with the bis(supersilyl)-substituted silicon carbonyl complex 8 being
accessible. Ligand exchange reactions with an isocyanide yielded a rare example of an isocyanide silicon
complex, possessing structural features and bonding analysis comparable to 3. As a last step
functionalisation of the carbonyl moiety was addressed, however compound 3 showed only limited
further reactivity attributed to its high stability. However, successful conversion of 3 with TMS-azide gave
the silyl-cyanide complex 7, which was verified by combined experimental and theoretical methods. This
reaction pathway is quite different to transition-metal analogues, which is attributed to the high
oxophilicity of silicon. In summary, this study succeeded in the synthesis of the isolable silicon carbonyl
complex 3, which bears a structure and reactivity reminiscent of transition-metal carbonyls. Its bonding
motif was shown to be highly dependent on the two silyl groups attached to the central silicon centre.
Moreover, the CO moiety at the silicon centre was successfully converted into a CN group with silicon
carbonyl granting access to novel reactivity profiles.

Contributions to the publication:

e Bonding analysis of 3 and 5 by NBO and QTAIM analysis

e Calculation of numerous small model systems to deduce the effect of the two silyl ligands onto
the bonding situationin 3

e Calculations concerning the product of the reaction of 3 and TMS-Nj3, including calculated *C/%Si
NMR shifts for multiple possible products and 7, as corresponding XRD data were not obtainable
for7

e  Writing of the manuscript
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Silylated silicon-carbonyl complexes as mimics of
ubiquitous transition-metal carbonyls

Dominik Reiter, Richard Holzner, Amelie Porzelt, Philipp Frisch® and Shigeyoshi Inoue®

Transition-metal-carbonyl complexes are common organometallic reagents that feature metal-CO bonds. These complexes
have proven to be powerful catalysts for various applications. By contrast, silicon-carbonyl complexes, organosilicon reagents
poised to be eco-friendly alternatives for transition-metal carbonyls, have remained largely elusive. They have mostly been
explored theoretically and/or through low-temperature matrix isolation studies, but their instability had typically precluded
isolation under ambient conditions. Here we present the synthesis, isolation and full characterization of stable silyl-substituted
silicon-carbonyl complexes, along with bonding analysis. Initial reactivity investigations showed examples of CO liberation,
which could be induced either thermally or photochemically, as well as substitution and functionalization of the CO moiety.
Importantly, the complexes exhibit strong Si-CO bonding, with CO— Si s-donation and Si—CO z-backbonding, which is remi-
niscent of transition-metal carbonyls. This similarity between the abundant semi-metal silicon and rare transition metals may

provide new opportunities for the development of silicon-based catalysis.

transition-metal-carbonyl complexes have gained huge atten-

tion both in academia and industry'~’. In the following years,
Hieber, in particular, played a pivotal role in the extensive devel-
opment of transition-metal carbonyls’. Today, these organometallic
compounds are key reagents in numerous applications, including
the Cativa process, hydroformylation and the Pauson-Khand reac-
tion®. Although these versatile processes are highly efficient, they
still have considerable disadvantages. They often require expensive
and rare transition metals, which raises questions of sustainability
and frequently use rather toxic metals that have a negative impact
on the environment. There has been a concerted effort in current
chemical research to develop environmentally benign and sustain-
able processes that replace transition metals with ecologically and
economically more advantageous main group elements®-*. However,
despite intensive investigations, carbonyl complexes with elements
other than transition metals remain rare.

Aside from several remarkable boron-mono-carbonyl com-
plexes’, Braunschweig et al. have isolated borylene-dicarbonyl
complex A, a unique example of a multicarbonyl main group ele-
ment adduct (Fig. 1)'°. Apart from boron, phosphorus-carbonyl
compounds (including phosphaketene B)'"'> have been obtained
and recently alkaline earth metal carbonyls”’ were observed in
low-temperature matrix isolation studies. In addition, reports on
carbonyl complexes with group 14 elements (carbon group) are
also very rare. Thus, carbonylation of specific carbenes (R,C:) led
to the formation of ketenes (R,C=C=0) instead of Lewis adducts
(R,C—CO)",

Silicon, the heavier homologue of carbon and the second most
abundant element in the Earth’s crust, has been demonstrated to
participate in bonding situations, structures and reactivity pat-
terns at the interface of transition metals and main group elements.
Thus, not only the isolation of carbon analogous compounds, but
also transition-metal-like reactivity, such as the activation of small
molecules, has already been demonstrated'. Together with its high
availability and low toxicity, silicon therefore represents a very

S ince the discovery of PtCl,(CO), by Schiitzenberger in 1868,

promising element for metal-free catalysis. Nevertheless, reports on
silicon-carbonyl complexes have so far been limited mainly to com-
putational and matrix isolation studies'’-**. It was found that linear
silaketenes (R,Si=C=0) are not even a minimum on the potential
energy surface, but are merely the transition state for inversion of
the Lewis adducts (R,Si«~CO). Recently, the reactivity of isolable
silylenes (heavier carbenes; R,Si:) towards CO has been investi-
gated, but no silicon-carbonyl complexes were obtained**~**. Thus,
the structural motif of these elusive compounds and their chemi-
cal behaviour remained unclear. Ganesamoorthy et al. have recently
reported the first ambient temperature stable silicon-carbonyl com-
plex C, bearing a gallium-based ligand framework, when this manu-
script was under review.”’

Herein, we present the synthesis, isolation and initial reactivity
investigations of structurally characterized metal-free silicon—car-
bonyl complexes, which resemble classical transition-metal carbonyls.

Results and discussion

Synthesis, characterization and reactivity. Exposure of an #-hexane
solution of the recently reported equilibrium mixture contain-
ing bis(silyl)silylene 1 and its tetrasilyldisilene isomer 1’ (ref. *) to
CO (1bar) at -30°C resulted in a colour change from blood-red
to purple. Silicon-carbonyl complex 3 was isolated as purple crys-
tals in 90% yield after work-up and crystallization from #-hexane
(Fig. 2). Alternatively, 3 can also be obtained by the reaction of
4-N,N-dimethylaminopyridine (DMAP)-stabilized bis(silyl)silylene
2 (ref. ) with CO (1bar) in quantitative yield. Bis(silyl)silylene-car-
bonyl complex 3 exhibits a downfield-shifted signal in the *C NMR
spectrum at 6=226.1 ppm compared to the resonance observed for
‘free’ carbon monoxide (§=184.5 ppm) and compound C (§=206.5
ppm)”. The silicon nucleus of the SiCO moiety resonates at
6=-228.5 ppm in the Si NMR spectrum, the typical region for silyl
anions'®, but at lower field than that of complex C (§=-256.5 ppm).
In addition, the observed signal is strongly upfield-shifted com-
pared to Lewis adduct 2 (§=68.8 ppm) and thus indicates a signifi-
cantly stronger donor-acceptor interaction. Infrared spectroscopy
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Fig. 1| Selected examples of isolable main group carbonyl complexes.
Borylene-dicarbonyl complex A is the only representative of a main

group element multicarbonyl complex stable at ambient temperature.
Phosphaketene B and silicon-carbonyl complex C were obtained via direct
carbonylation of the respective phosphinidene and silylene species.

showed a substantial bathochromic shift (red shift) for the CO
stretching mode at =1,908 cm™ with respect to that of free CO
(7=2,143cm™)*. The absorption band is observed at even lower
wavenumbers than those of the transient silicon-carbonyl com-
plexes studied by argon matrix isolation methods, the borylene-
dicarbonyl complex A and isolable silicon-carbonyl complex C
(0=2,065-1,942 cm™!)!*!18:2021.2327 Thjs remarkable red shift for the
CO band is closely related to classical transition-metal-carbonyl
complexes bearing z-backbonding from the metal to the carbonyl
moiety (terminal M-CO: 0=2,120-1,850 cm™)°.

The molecular structure of 3 was unambiguously confirmed
by single-crystal X-ray diffraction (SC-XRD) analysis (Fig. 3),
which showed a strongly bent (trigonal pyramidal) structure with
an angle between the Si2-Si1-Si3 plane and the Si1-C1 bond vec-
tor of §=103.7(1)° and an almost linear Sil-C1-O1 moiety (bond
angle of 171.3(1)°). Furthermore, the C1-O1 distance (1.153(2)
A) is considerably elongated compared to those of gaseous CO
(1.128 A)* and complex C (1.136(7) A)? and is essentially the same
as that observed for typical transition-metal carbonyls®. The short
Si1-C1 bond length (1.794(2) A)is significantly shorter than that
of silicon-carbonyl complex C (1.865(6) A) and lies between the
commonly observed Si=C double (1.70-1.76 A) and Si-C single
(1.87-1.93 A) bonds™.

Compound 3 is indefinitely stable at ambient temperature
in the solid state and in solution under an argon atmosphere.
Silicon-carbonyl complex 3 shows a higher thermal stability
than DMAP-stabilized bis(silyl)silylene 2 and only decomposes
completely after 2hours at 130°C to disiletane 4 under liberation of
CO. The formation of 4 originates from C-H bond activation of a
tert-butyl group of bis(silyl)silylene 1 as reported previously*.

Analogous to transition-metal-carbonyl complexes, photolysis
of 3 (A,,,,= 340 nm) resulted in the immediate liberation of CO with
simultaneous colour change from purple to blood-red and forma-
tion of 1/1'. The photodissociation is partially reversible until disi-
letane 4 is irreversibly formed after 4 days of continuous irradiation.
Since these results indicate a preserved silylene reactivity of 3, we
investigated the activation of the small molecules dihydrogen and
ethylene. Although no reaction was observed at ambient tempera-
ture, silane [(TMS),Si]('Bu,Si)SiH, and silirane (silacyclopropane)
[(TMS),Si]("Bu,Si)Si(CH,CH,) are formed selectively and rapidly
upon irradiation®. These oxidative addition products can also be
obtained via the thermally induced dissociation of 3, but only with
prolonged reaction times.

The combined analytical data suggest a bent donor-acceptor
bonding motif [(TMS),Si](‘Bu,Si)Sis CO, where the double arrows
represent a CO—Si o-donation with z-backdonation from the
silylene moiety to the carbonyl group (strong Sil-C1 and weakened
C1-01 bond) for silicon—-carbonyl complex 3.

Theoretical calculations. To provide insight into the electronic
structure of 3, we performed calculations at the MO06-2X/6-
3114+G(d,p)//M06-2X/6-31+G(d,p) level of density functional
theory (DFT) including a variety of simplified model compounds
(for details, see Supplementary Information). This analysis showed
the bis(silyl)-substituted derivatives 3 and (TMS),SiCO (I) exhibit-
ing the highest Si-C., bond dissociation energies, as the energeti-
cally most preferred complexes with respect to complex formation
(from the free silylenes), which is also reflected in the structural
data of the complexes. Natural population analysis (NPA) charges of
the complexes clearly depict the silyl effect. The electropositive silyl
groups with their strong o-donating nature increase the electron
density at the central Si atom and thus change the polarization of
the SiCO moiety (Fig. 4a) (compare with NPA charges of the central
Si nuclei in (R)(R")SiCO: 3: -0.07; I: ~0.02; II (R=CH, / R’=Ph):

CcO

™S “ CNXyl
I . )
TMS__Si Si CO (1 bar) (TMS)gSin, M CNXyl (1 eq.) .
~Si” T S SiBug (TMS)3Si ~ I\Si’Bua _— _/SI (TMS)3Si g
! 1, "hexane (90 %) BugSi "hexane BuSi”
™S or -CO Hss!
1 or 1 2, toluene (quant.) 3 (quant.) 5
— DMAP
TMAP (CeDe) 130 °C, 2h .
-Cco or 6-6 1130°C,2d
~ (TMS)SSII/ : (quant) | v (340 nm), 4 d (quant.)
BuSi
[ 2
s
N
DMAP (TMS)3Si—Si—Si—Bu Ny
Lo Jsi N
Ho Bu (TMS)3Si
SiBug
4
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Fig. 2 | Synthesis and transition-metal mimic chemistry of silicon-carbonyl complex [(TMS),Si1(*Bu,Si)Si<CO (3) (TMS = trimethylsilyl).
Carbonylation of donor-free bis(silyl)silylene 1and DMAP-stabilized bis(silyl)silylene 2 provided silicon-carbonyl complex [(TMS),Si](*Bu,Si)SisCO
(3). A thermally or photochemically induced liberation of CO led to formation of disiletane 4 via intramolecular C-H bond activation of silylene 1.
Substitution of CO with 2,6-dimethylphenyl isocyanide afforded silicon isocyanide complex [(TMS),Si1('Bu,Si)SissCNXyl (5). By contrast to compound
3, heating of 5 did not lead to formation of 4, but resulted in an intramolecular isomerization reaction and formation of 1,3-azasilole 6. DMAP, 4-N,
N-dimethylaminopyridine; CNXyl, 2,6-dimethylphenyl isocyanide). The double arrows represent CO—Si o-donation and Si—CO z-backbonding.
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Fig. 3 | Molecular structures of compounds 3 and 5 with thermal ellipsoids
set at 50% probability as derived from SC-XRD analysis. Hydrogen atoms
are omitted for clarity. Compound 3 adopts a trigonal pyramidal structure;
complex 5 is a silylene isocyanide.

0.78; III (R=R’=H): 0.23). In sharp contrast to II and III, both the
central silicon atoms and the CO units in I and 3 have negative NPA
charges, further highlighting z-backdonation from the silylene cen-
tres to the carbonyl ligands being present. The calculated Wiberg
bond indices (WBIs), which give an indication of the bond orders,
decrease going from 3 (1.31) to I (1.23), as an effect of the reduced
steric demand of the silyl groups and further upon exchange of the
silyl groups in II (1.00) and III (0.97). Natural bond orbital (NBO)
analysis of 3 showed two bonds between the silylene and the CO
moiety, bearing different polarization for the ¢ bond (27% Sil
sp>#173% C1 sp®*) and the 7 bond (68% Sil sp”*/32% C1 sp'”').
Natural resonance theory (NRT) analysis unveiled a preference
for the doubly bonded Si-C, moiety even though second-order
perturbation theory showed substantial electron donation from
the oxygen lone pair into the 7*(Si-C) orbital. This is apparent
in the natural localized molecular orbitals (NLMOs, Fig. 4b) with
the oxygen lone pair bearing a contribution of the CO carbon atom
(14%). By contrast, NBO and NRT analyses of the simplified model
compound (TMS),SiCO (I) showed only a singly bonded Si-Cq
unit in line with the reduced WBI. While in the case of II electron
donation from the silylene moiety to the CO solely occurs from
the silylene lone pair, model compound I bears additional electron
donation from the Si-Si bonds into the #z*(CO) orbitals justifying
the increased interaction.

Additional insights into the bonding situation of 3 were obtained
using Bader’s quantum theory of atoms in molecules’’. Accordingly,
a strongly polar covalent interaction was found for the Si-Cgq
bond of 3 (ref. *>**) (Supplementary Fig. 33 and Supplementary
Table 12) with the delocalization indices §,; (number of electron
pairs shared between two atoms A and B) reflecting the elongated
C-0 bond and strong Si-C, interaction with a decreased d¢o
(1.56; compare with free CO: §,,=1.78) and a high 5y (1.03),
respectively. The 1D Laplacian profile along the Si-C., bond path
is rather indicative of a dative bonding situation’>***. The inherent
n-backbonding is consistent with a significant Si--O, interaction
present in 3 (J.co)=0.17; model compounds I: &, oo =0.17;
IL: 8.0c0y=0.13; III: &g;.ocoy=0.12), reminiscent of the bonding
situation in transition-metal-carbonyl complexes™™*.

To further investigate the decisive silyl effect experimen-
tally, we exposed the recently reported acyclic iminosilyl- and
iminosiloxy-silylenes”* to CO and observed no reaction. However,
reductive debromination of (‘Bu,Si),SiBr, with potassium graphite
(KCy) in the presence of CO successfully provided the correspond-
ing silicon-carbonyl complex (‘Bu,Si),SisCO (8) (Supplementary
Figs. 25-28).

CO substitution and functionalization reactions. To study the
relationship of 3 to transition-metal carbonyls in more detail, we
turned to ligand exchange reactions. Upon treatment of 3 with
2,6-dimethylphenyl isocyanide (CNXyl) in n-hexane, an immediate
colour change from purple to dark blue was observable. Complex
5, a rare example of silylene isocyanide, was obtained in quanti-
tative yield after solvent removal (Figs. 2 and 3). The exchange
reaction of these valence isoelectronic ligands is prototypical for
transition-metal-carbonyl complexes and therefore another feature
of silicon-carbonyl complex 3 as a transition-metal mimic*>*. The
driving force of the reaction is the stronger -donating nature of the
isocyanide ligand compared to CO. *Si NMR spectroscopy showed
a downfield-shifted resonance for the SiICNXyl moiety at §=-177.0
ppm compared to 3, but a strong highfield shift with respect to other
reported silicon isocyanide complexes (6=26 to -55.0 ppm)**.
Infrared spectroscopy unveiled a substantial red shift for the CN
stretching mode at 7=1,966 cm™' compared to that observed for free
CNXyl (#=2,119cm™). SC-XRD analysis exposed a strongly bent
molecular structure (§=107.3(1)°) with an almost linear Si1-C1-
N1 bond angle (174.0(1)°) and a short Sil-C1 bond (1.819(2) A).
Complex 5 is thermally more stable than compound 3 and isom-
erizes selectively and quantitatively to 1,3-azasilole 6 only after

—-0.07 1.31 1.99 -0.02 1.23 2.02 0.78 1.00 2.18 023 1.05 217
Si = CO Si <= CO :Si <— CO :Si<— CO
S -0.11 Sy 012 SN 005 SN 007
(TMS)3Si”™  SiBus Me3Si SiMes Ph CHs H H
0.00 0.18 0.07 0.07 -0.44 -0.38 -0.15 -0.15
3 I [} m

(27%) Si1—C1 (71%)

(65%) Si1—C1 (28%)

LP O1 (C1 14%)

Fig. 4 | Bonding analysis of [(TMS),Si1(‘Bu,Si)SiCO (3). a, Results from NBO analysis of 3 and the related simplified model compounds I, Il and Ill. NPA
charges are shown in green and red, respectively and WBIs for the SisC and C=0 bonds are shown in black. The z-backdonation from the silylene moiety
to the CO ligand in silicon-carbonyl complex 3 is reflected in the higher Si-C and the lower C-O WBIs (1.31 and 1.99) compared to the model compounds.
Additionally, the higher electron density at the central Si nucleus (NPA: -0.07) highlights the importance of the sterically demanding silyl groups for the
stabilization and isolation of silicon-carbonyl complex 3. b, NLMOs representing the Si1-C1 bonds and the electron pair at O1in complex 3.
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Fig. 5 | Reactivity of carbonyl complexes with azides. a, Transition-metal
carbonyls typically react with azides under liberation of gaseous nitrogen
and formation of isocyanato complexes via isomerization of transient
carbene species. b, Conversion of 3 with TMSN, led to the formation of
silyl cyanide 7 instead of a related silyl isocyanide. A possible explanation
for the deviating reactivity is the high oxophilicity of silicon, thus different
reaction pathways are conceivable.

2 days at 130°C, analogous to an observation by Takeda et al. with
a related complex®. Interestingly, intramolecular C-C bond acti-
vation and subsequent 1,2-silyl migration occurred, instead of
Si-Ceyy, bond cleavage and formation of 4, which is consistent with
an increased bond dissociation energy of 40.8 kcal mol™ for com-
pound 5 compared to 29.8 kcal mol™' for complex 3. The combined
experimental and theoretical data for complex 5 showed a structural
motif analogous to [(TMS),Si](‘Bu,Si)SisCO (3) (Supplementary
Figs. 37-39 and Supplementary Tables 22-25). Thus, 5 should be
considered as a silicon-isocyanide complex with z-backbonding
{[(TMS),Si]("Bu,Si)SisCNXyl}, reflecting the results of a recent
theoretical study on metallylene-isocyanide complexes®.

Finally, we were interested in functionalizing the carbon monox-
ide moiety. Thus, we investigated the reactivity of silicon-carbonyl
complex 3 towards nucleophiles. Surprisingly, even at elevated tem-
peratures, 3 does not react with water but is sensitive to oxygen with
the formation of an unidentified product mixture. Additionally, no
reaction with MeOH, EtOH, MeLi or ‘BuLi was observed. Since
transition-metal carbonyls are known to react with azides to form
isocyanato complexes (Fig. 5a)", we envisaged a similar reaction
with 3. Whereas no reaction of 3 with NaN, in THF was observed
(even at elevated temperatures), treatment of 3 with trimethylsilyl
azide (TMSN;) resulted in a colour change from purple to colourless
with simultaneous conversion into a novel product. Multinuclear
and 2D NMR studies, elemental analysis and mass spectrometry
in combination with supportive DFT calculations identified the
obtained compound as a silyl cyanide [(TMS),Si](‘Bu,Si)Si(OTMS)
(CN) (7) (Fig. 5b) (Supplementary Figs. 18-24 and Supplementary
Table 26). The experimentally observed NMR resonances are
in good agreement with the calculated values (5c("Cen) =
131.4/133.2 ppm and & cq(*Sigien) = —-27.6/-29.3 ppm). Despite
the revealed similarity of 3 to transition-metal carbonyls, silyl ether
7 is formed, not the silyl isocyanate analogous to the case of transi-
tion metals. However, this can be easily understood by considering
the high oxophilicity of silicon, which provides alternative reaction
pathways to favour Si-O bond formation.

Summary. In conclusion, we have succeeded in synthesizing and
fully characterizing isolable and room temperature stable silylated
silicon-carbonyl complexes, which are reminiscent of traditional
transition-metal complexes in structure, bonding motif and reactiv-
ity. Besides photodissociation and exchange of the CO ligand by a
stronger donor molecule, the CO moiety was successfully converted
into a CN group. In addition to the close analogy to transition-metal
carbonyls, silicon-carbonyl complexes showed novel reactivity pro-
files, which overall may enable the development of new catalytic
processes in the future.
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Methods

General methods and instrumentation. All manipulations were carried out
under exclusion of H,0 and O, under an atmosphere of argon 4.6 (>99.996%;
Westfalen AG) using standard Schlenk techniques or in a LABstar glovebox from
MBraun Inertgas-Systeme GmbH with H,O and O, levels below 0.5 ppm. The
glassware used was heat-dried under fine vacuum prior to use with Triboflon

III grease (mixture of polytetrafluoroethylene (PTFE) and perfluoropolyether)
from Freudenberg & Co. KG as sealant. All solvents were refluxed over sodium/
benzophenone, freshly distilled under argon and deoxygenated before use.
Deuterated benzene was obtained from Sigma-Aldrich Chemie GmbH, dried
over Na/K alloy, flask-to-flask condensed, deoxygenated by 3 freeze-pump-thaw
cycles and stored over 3 A molecular sieves in the glovebox. All NMR samples
were prepared under argon in J. Young PTFE valve NMR tubes. The NMR spectra
were recorded on Bruker Avance Neo 400 (*H: 400.23 MHz, '*C: 100.65 MHz),

or AV500C ('H: 500.36 MHz, *C: 125.83 MHz, *Si: 99.41 MHz) spectrometers at
ambient temperature (300 K). The 'H, *C{'H} and *Si{'H} NMR spectroscopic
chemical shifts & are reported in ppm relative to tetramethylsilane. "H and
BC{'H} NMR spectra are calibrated against the residual proton and natural
abundance carbon resonances of the deuterated solvent as internal standard
(C¢Dg: 6("H)=7.16 ppm and 6(**C) =128.1 ppm). The following abbreviations

are used to describe signal multiplicities: s = singlet, d = doublet, t = triplet, m

= multiplet and combinations thereof (for example dd = doublet of doublets).
Quantitative elemental analyses were carried out using a EURO EA (HEKAtech)
instrument equipped with a CHNS combustion analyser at the Laboratory for
Microanalysis at the TUM Catalysis Research Center. Elemental analyses provided
partially and reproducibly low carbon percentages (~1% deviation), presumably
due to the formation of incombustible SiC compounds. Infrared spectra were
recorded on a Perkin Elmer FT-IR spectrometer (diamond ATR, Spectrum

Two) in the range 400-4,000 cm™' at room temperature inside an argon-filled
glovebox. The intensities of the infrared bands are abbreviated as follows: s =
strong, m = medium, w = weak. The UV-vis spectra were taken on a Varian, Inc.
Cary 50 spectrophotometer with a Schlenk quartz cuvette. Melting points (m.p.)
were determined in sealed glass capillaries under inert gas using a Biichi M-565
melting point apparatus. Liquid injection field desorption ionization mass spectra
(LIFDI-MS) were recorded on a Waters Micromass LCT TOF mass spectrometer
equipped with a LIFDI-ion source (LIFDI-700) from Linden CMS GmbH. The
samples were provided as filtered solutions in toluene. Electrospray ionization
mass spectra (ESI-MS) were acquired using an LTQ FT Ultra mass spectrometer
from Thermo Fisher. Photochemical experiments were carried out using an Asahi
Spectra Co., Ltd. MAX-302 xenon light source at 4,,,, =340 nm. Unless otherwise
stated, all commercially available reagents were purchased from abcr GmbH

or Sigma-Aldrich Chemie GmbH and were used without further purification.
Carbon monoxide (CO) 4.7 (>99.997%), ethylene 3.5 (>99.95%) and hydrogen 5.0
(>99.999%) were purchased from Air Liquide S.A. or Westfalen AG and used as
received. *C-labelled CO was obtained from Sigma-Aldrich Chemie GmbH.

Synthesis of [(TMS),Si] (‘Bu,Si)SiCO (3). Silicon-carbonyl complex 3 was
obtained by two different methods, either by direct carbonylation of 1/1'(Method
A) or more conveniently by exposure of 2 to CO via a Lewis base exchange reaction
(Method B):

Method A. A solution of 1/1 (100 mg, 210 pmol) in #-hexane (3 ml) was cooled
to —30°C, degassed and exposed to CO (1 bar). Subsequently, the reaction mixture
was warmed to ambient temperature, whereby a colour change from blood-red

to purple was observed. After stirring for 1h, all volatiles were removed under
reduced pressure. Purple crystals of 3 (95.0 mg, 189 pmol, 90%), which were
suitable for SC-XRD analysis, were obtained by cooling a concentrated n-hexane
solution of 3 to —35°C for several days.

Method B. A solution of 2 (600 mg, 1.00 mmol) in toluene (15 ml) was degassed
and subsequently exposed to CO (1 bar) at room temperature. The reaction
mixture was stirred for 5h, whereby a colour change from red-brown to purple
was observed. After removal of all volatiles under reduced pressure, the residue
was extracted with cold n-hexane (3 X 5ml, -35°C). DMAP was separated from the
mixture by filtration. Removal of the solvent under reduced pressure provided 3 as
a purple solid (505 mg, 1.00 mmol, quantitative yield).

Note. Removal of free DMAP is also possible by addition of an equimolar amount
of silicon tetrabromide (SiBr,) to the reaction mixture and subsequent filtration
(DMAP forms an unidentified Lewis acid/base adduct with SiBr,, which is
insoluble in common organic solvents; no reaction of 3 with SiBr, in solution was
detected at least within 1 day).

Silicon—carbonyl complex 3 is indefinitely stable as a solid and in solution
under an argon atmosphere at ambient temperature, but slowly decomposes in
solution at elevated temperatures (>90°C) to free, gaseous CO and disiletane 4;
m.p. 76-77 °C (decomposition; colour change from purple to black); "H NMR
(500 MHz, C,D,, 300K): 6 = 1.23 (s, 27H, C(CH,),), 0.39 (s, 27H, TMS) ppm;
1BC{'H} NMR (126 MHz, C,D,, 300K): 6 = 226.1 (CO), 32.0 (C(CH,),), 25.5
(C(CHS,)5), 3.0 (TMS) ppm; Si{'H} NMR (99 MHz, C,D, 300K): & = 42.8 (Si'Bu,),

-6.9 (TMS), -119.0 (Si(TMS),), -228.5 (SiCO) ppm; IR (solid): & [cm™] = 2,950
(W), 2,857 (m), 1,908 (5) (Pco), 1,477 (w), 1,388 (w), 1,244 (m), 1,011 (w), 826 (s),
684 (m), 622 (m), 468 (m); Analysis calculated for C,,H,0Si,: C, 52.51; H, 10.82;
found: C, 52.76; H, 10.54%; UV-vis (n-hexane, 298 K): 4,,,, = 373 (theoretical:
351; HOMO—LUMO+1) nm; LIFDI-MS calculated for 3 (C,,H;,0Si,): 502.2790;
observed: 502.3820.

Synthesis of disiletane (4). Disiletane 4 was obtained by two distinct methods,
either by thermal decomposition of silicon-carbonyl complex [(TMS),Si](‘Bu,Si)

5CO (3) (Method A) or upon irradiation of 3 (Method B). In both cases a C-H
bond activation of a tert-butyl group by the silylene moiety takes place after the
dissociation of CO.

Method A (thermally). A solution of silicon-carbonyl complex 3 (30.0 mg,

59.6 pmol) in CDj (0.5 ml) was heated to 130°C for 2h. A colour change from
purple to colourless indicated quantitative conversion, which was verified by 'H
NMR spectroscopy. Removal of all volatiles under reduced pressure provided
disiletane 4 as a colourless solid (28.3 mg, 59.6 pmol, quantitative yield).

Method B (photochemically). A J. Young PTFE valve NMR tube was charged

with a solution of 3 (30.0 mg, 59.6 pmol) in C;D; (0.5 ml). Photolysis of 3
(Aax=3401nm) resulted in an immediate colour change from purple to blood-red
with concomitant gas evolution (CO) and formation of bis(silyl)silylene [(TMS),Si]
(‘Bu,Si)Si:) (1) and its tetrasilyldisilene isomer (TMS),Si=Si(TMS)(Si'Bus) a.
The photodissociation is partially reversible (observable colour change from
blood-red to purple after interruption of irradiation) until after irradiation at room
temperature for 4 days, quantitative conversion to 1,2-disilacyclobutane 4 was
detected by 'H NMR spectroscopy. Removal of all volatiles under reduced pressure
afforded 4 as a colourless solid (28.3 mg, 59.6 pmol, quantitative yield); 'H NMR
(500 MHz, C,Dy, 300K): § = 437 (dd, /=7.8 Hz, ¥ =5.9 Hz, 1H, SiH), 145 (s, 3H,
C(CH,),), 136 (s, 3H, C(CH,),), 1.33-1.30 (m, 2H, CH,), 1.29 (s, 95, C(CH,),),
1.23 (s, 9H, C(CH),), 0.34 (s, 27H, TMS) ppm; *C{'H} NMR (126 MHz, C.D,,
300K): 6 = 37.4 (C(CH,),), 31.9 (C(CH,),), 31.9 (C(CH,),), 31.5 (C(CH,),), 31.0
(C(CH,),), 29.5 (CH,), 23.6 (C(CH,),), 22.9 (C(CH,),), 2.8 (TMS) ppm; *Si{'H}
NMR (99 MHz, C,D,, 300K): § = 35.6 (SltBuz) -9.2 (TMS), —60.4 (SiH), -133.8
(Si(TMS);) ppm. The spectroscopic data a match those recently reported?.

Synthesis of [(TMS),Si] (‘Bu,Si)Si=sCNXyl (5). To a mixture of silicon-carbonyl
complex 3 (100 mg, 199 pmol, 1.0 equiv.) and 2,6-dimethylphenyl isocyanide
(CNXyl) (26.1mg, 199 pmol, 1.0 equiv.) was added n-hexane (3 ml). An immediate
colour change from purple to deep blue with concomitant gas evolution (CO) was
observed. The reaction mixture was stirred for an additional hour. Subsequent
removal of the solvent under reduced pressure afforded silicon isocyanide complex
5 as a deep blue solid (121 mg, 199 pmol, quantitative yield). Crystals suitable

for SC-XRD analysis were obtained by cooling a saturated n-hexane solution to
-35°C for several days. Silicon isocyanide complex 5 is indefinitely stable as a solid
and in solution at ambient temperature, but very slowly isomerizes in solution at
elevated temperatures (>130°C) to 1,3-azasilole 6. Characterization for compound
5: m.p. 79-80°C (decomposition; colour change from deep blue to black); 'H
NMR (500 MHz, C,D;, 300K): § = 6.78-6.75 (m, 1H, p-C, H), 6.70-6.69 (m,

2H, m-C,H), 2.49 (s, 6H, 0-C,CH,), 1.36 (s, 27H, C(CH, )2, 0.4 (s, 27H, TMS)
ppm; “C{'H} NMR (126 MHz, C,D,, 300K): § = 192.1(CN), 138.2 (0-C,,), 130.1
(ipso-C,,), 129.3 (p-C,H), 128.9 (m-C,H), 32.4 (C(CH,)y), 25.5 (C(CH),), 19.3
(0-C,.CH,), 3.6 (TMS) ppm; Si{'Hj NMR (99 MHz, C,D,, 300K): 5 = 37.6 (Si'Bu,),
-8.1 (TMS), -119.1 (Si(TMS),), -177.0 (SiCN) ppm; IR (solid): & [cm™'] = 2,950
(W), 2,856 (m), 1,966 (W) (Pey), 1,471 (w), 1,387 (w), 1,244 (m), 1,012 (m), 826 (s),
683 (m), 622 (m), 465 (m); Analysis calculated for C,)Hg;NSig: C, 59.43; H, 10.47;
N, 2.31; found: C, 58.17; H, 10.54; N, 2.34%; UV-vis (n-hexane, 298K): 4., = 389
(theoretical: 366; HOMO—LUMO+1) nm.

‘max

Synthesis of 1,3-azasilole (6). A solution of silicon isocyanide complex 5 (50.0 mg,
82.5pumol) in C¢D; (0.5 ml) was heated to 130°C for 2 days. A colour change from
deep blue to deep green and finally to yellow was observed during the reaction.

"H NMR spectroscopy indicated quantitative conversion into 1,3-azasilole 6.
Removal of the solvent under reduced pressure provided 6 as yellow solid (50.0 mg,
82.5 pmol, quantitative yield); m.p. 163-164°C (decomposition; colour change
from yellow to orange); "H NMR (500 MHz, C;D, 300K): 6 =7.71 (d, °’J=7.0Hz,
1H, SiCCH), 7.15 (d, > =7.0 Hz, 1H, NCCCH,CH, overlapping with solvent
signal), 7.09 (pseudo t, }J=7.0 Hz, 1H, SiCCHCH), 2.76 (s, 3H, C,.CH,), 1.36

(s, 27H, C(CH,),), 0.68 (s, 3H, SiCH), 0.24 (s, 27H, TMS) ppm; “*C{'H} NMR
(126 MHz, C,D, 300K): 6 = 212.8 (SiC= N), 158.4 (NgCCHQ, 134.4 (NCECHQ,
132.9 (NCCCH,CH), 131.4 (SiCCH), 130.6 (SICCH), 127.4 (SICCHCH), 32.1
(C(CH,),), 23.1 (C(CH,),), 19.2 (NCCCH,), 4.0 (TMS), 0.3 (SiCH,) ppm; *Si{'H}
NMR (99 MHz, C,D,, 300K): 6 = 2.4 (SiCH,), 0.8 (Si'Bu), -8.8 (TMS), ~126.7
(Si(TMS),) ppm; Analysis calculated for C,Hg;NSig: C, 59.43; H, 10.47; N, 2.31;
found : C, 58.11; H, 10.59; N, 2.28%.

Synthesis of [(TMS),Si] ("Bu,Si)Si(OTMS)(CN) (7). To a solution of silicon—
carbonyl complex 3 (100 mg, 199 pmol, 1.0 equiv.) in #-hexane (3 ml) was added
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TMSN;, (26.4 pl, 22.9mg, 199 pmol, 1.0 equiv.). Subsequently, the reaction
mixture was stirred for 1 h, whereby a colour change from purple to colourless
was observed. Removal of all volatiles under reduced pressure provided crude
silyl cyanide 7 as a colourless waxy solid. Compound 7 is highly thermally (no
sign of decomposition was observed upon heating 7 to 130°C in C;Dg) and
photochemically stable and resistant to air and moisture. Silyl cyanide 7 is soluble
in n-hexane, benzene, toluene, THE, Et,O and CH,Cl,, but sparingly soluble in
acetonitrile, ethanol, methanol and water.

Note. Compound 7 contains a minor by-product, most likely the isomeric silyl
isocyanide [(TMS),Si](‘Bu,Si)Si(OTMS)(NC) (identified by infrared, *C NMR and
DFT calculations). However, all further purification attempts by crystallization,
distillation/sublimation, washing or flash chromatography have been unsuccessful
so far. In addition, the molecular structure of 7 could not be obtained by SC-XRD
analysis because all grown ‘crystals’ from a saturated acetonitrile solution did not
diffract sufficiently; m.p. 132-133°C; '"H NMR (500 MHz, C,D, 300K): § = 1.29
(s, 27H, C(CH,),), 0.45 (s, 27H, TMS), 0.31 (s, 9H, OTMS) ppm; “C{'H} NMR
(126 MHz, C.D,, 300K): 6 = 131.4 (SiCN), 32.4 (C(CH,),), 24.8 (C(CH,),), 5.0
(TMS), 4.2 (OTMS) ppm; Si{'H} NMR (99 MHz, C.D,, 300K): 6 = 14.4 (Si'Bu,),
11.9 (OTMS), =82 (TMS), ~27.6 (SiCN), ~111.6 (Si(TMS),) ppm; IR (solid): 7
[em™] =2,952 (m), 2,856 (m), 2,129 (W) (¥yc), 1,659 (W), 1,477 (w), 1,389 (w),
1,245 (m), 1,023 (m), 829 (s). The observed NC stretching mode at #=2,129 cm™!
most likely originates from the presence of a minor amount of the corresponding
silyl isocyanide isomer [(TMS),Si]("Bu,Si)Si(OTMS)(NC). The respective CN
stretching mode of silyl cyanide 7 is not observable (estimated low intensity).
These observations are in good agreement with those for other silyl cyanides and
the results of our DFT calculations: Analysis calculated for C,;HgNOSi,: C, 50.86;
H, 10.76; N, 2.37; found: C, 50.72; H, 10.63; N, 2.68%; ESI-MS: calculated for
[7-CNJ* (C,,H,;08i,): 563.33; observed: 563.33.

The full experimental details and characterization of the new compounds can
be found in the Supplementary Information.
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Data availability

X-ray crystallographic data are available free of charge from the Cambridge
Crystallographic Data Centre under the reference numbers CCDC 1976834 (3)
and CCDC 1976835 (5) via https://www.ccde.cam.ac.uk/structures/. All other
data supporting the findings are contained in the main text or the Supplementary
Information.
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Content: Homonuclear multiple-bonded neutral aluminium compounds have been a challenging target
with only masked species, radical species or di-anionic species with a bond order > 1 isolated prior to this
report. In this paper, we targeted the synthesis of a neutral Al-Al double bond by using a combination of
two strong o-donating groups directly attached to the aluminium centres: a NHC, namely I'Pr,Me;, and
the electropositive silyl group SitBu;Me. Key to isolation of a dialumene was the access to suitable
precursors, I'Pr,Me,-AlX;SitBu,Me 2/3 (X = Br/1), which enabled the conversion to the first dialumene 4 in
good to moderate yields on treatment with the reducing agent KCs. SC-XRD analysis revealed a trans-
planar structure for 4, with the shortest Al-Al distance reported to date. The results of DFT calculations
clearly confirmed a double bond being present in 4, with the HOMO representing the mt(AlAl) bond and
HOMO-1 the o(AlAl) bond. Initial reactivity studies focused on conversion with the C-C multiple bonds in
ethylene and phenylacetylene, which both react with 4 at rt or below to give 5,6 and 7. NBO analysis
revealed a high WBI for 4, which is almost halved in the reaction products 5,6 and 7. Dialumene 4 exhibits
a dark purple colour, assigned to m-t* transitions by TD-DFT calculations. In summary, this publication
reports the first example of a neutral double bonded Al-Al compound, called dialumene, which bears a
trans-planar structure. DFT calculations clearly demonstrate the presence of a double bond in this
compound. Experimentally this was proven by initial reactivity studies focusing on C-C multiple bonds to
yield the [2+2] cycloaddition products, though C-H activation was observed as well.

Contributions to the publication:

e Quantum chemical calculations on NHC-stabilised dialumene 4 including TD-DFT calculations

e Bonding analysis of the novel dialumene 4 via NBO analysis including internal referencing to the
phenyl-acetylene and ethylene reaction products (5, 6 and 7)

e Interpretation of the data, composition of the theoretical parts in the manuscript

e Co-writing of the manuscript
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ABSTRACT: Homodinuclear multiple-bonded neutral Al
compounds, aluminum analogues of alkenes, have been a
notoriously difficult synthetic target over the past several
decades. Herein, we report the isolation of a stable neutral
compound featuring an Al=Al double bond stabilized by
N-heterocyclic carbenes. X-ray crystallographic and
spectroscopic analyses demonstrate that the dialuminum
entity possesses trans-planar geometry and an Al—Al bond
length of 2.3943(16) A, which is the shortest distance
reported for a molecular dialuminum species. This new
species reacts with ethylene and phenyl acetylene to give
the [2+2] cycloaddition products. The structure and
bonding were also investigated by detailed density
functional theory calculations. These results clearly
demonstrate the presence of an Al=Al double bond in
this molecule.

luminum is the most abundant metal in the Earth’s crust,

and its many chemical derivatives have a diverse range of
applications in organic and organometallic synthesis." Most of
those compounds find Al in the +III oxidation state. Particularly,
the discoveries of the pivotal role of trialkyl aluminum
compounds in Ziegler—Natta olefin polymerization processes”
and AI(III) halide salts as potent Lewis acid in Friedel—Crafts
reactions’ provided a tremendous boost to organometallic Al
chemistry. In sharp contrast, the chemistry of low-valent Al
compounds remains in its infancy. A major discovery in Al(I)
chemistry was the isolation of neutral organometallic com-
pounds, namely [(Cp*Al),] (Cp* = pentamethylcyclopenta-
dienyl)," which has a tetrahedral arrangement of Al centers in the
solid state but is believed to dissociate in solution to the
monomeric form Cp*Al at elevated temperatures. Later, a stable
monomeric Al(I) compound with a f-diketiminato ligand was
isolated,” and its reactivity toward a broad range of small
molecules has been extensively investigated.”” However, neutral
Al(I) compounds containing an Al=Al double bond, namely
dialumenes, have yet to be reported. It is worth mentioning that
even compounds with an Al—Al single bond are highly reactive
and can only be isolated with the help of bulky substituents;
otherwise they easily undergo disproportionation to elemental Al
and trivalent AI(III) species.” In general, group 13 multiple
bonds are extremely reactive for a variety of reasons, such as their
inherent Lewis acidity and the difficulty of supplying steric bulk
with a single substituent. These double bonds also have
significant singlet diradical character, which further increases

-4 ACS Publications  ©2017 American Chemical Society

Chart 1. Examples of Dialuminum Compounds Having a
Formal Bond Order >1 (A—C) and Masked Dialumene
Compounds (D, E)

(Me3Si)HG  CH(SiMe3), Tip, Tip
A=Al /AI:A[ [ArAIAIAF2-
(Me3Si),HC CH(SiMe3), Tip Tip
A B c
Tip = 2,4,6-iPr3CeH, Ar = 2,6-Dipp2CeH3
Pdrschke Power Power
lAleI‘ ’A|’Bbp
Ar— Bbp~
71/ 71/
D E

Ar = 2,6-Dipp,CgHs Bbp = 2,6-[CH(SiMe3),1,CeHa

Power Tokitoh

their potential reactivity and reduces stability.” Despite these
challenges, there have been reports of homodinuclear multiple
bonds comprising exclusively group 13 elements, with the
exception of Al. For example, in the case of boron, a handful of
compounds containing boron—boron double'® and triple
bonds'' have been reported since the landmark discovery of
the first N-heterocyclic carbene (NHC)-stabilized neutral parent
diborenes by Robinson and co-workers.'”” The latter was
achieved through reductive dehalogenation of the corresponding
NHC-coordinated BBr; in the presence of excess potassium
graphite (KCg) at room temperature in diethyl ether. In fact, all
of these examples employ a strategy of Lewis base stabilization.
Employing sterically bulky terphenyl ligand systems, other
heavier group 13 neutral double-bonded compounds—having a
general formula ArtMMAr (M = Ga, In, T; Ar = 2,6-Dipp,C¢H,,
Dipp = 2,6-iPr,C¢H;)—have been isolated and characterized."”
However, all these compounds show considerable trans-bending
and dissociate into their corresponding monomers (ArM:) in
hydrocarbon solvents, providing evidence for the weak nature of
the metal—metal bond. These unsaturated multiple-bonded
compounds exhibit a diverse range of fascinating chemistry,
including some unique bond-activating reactions that were
traditionally dominated by transition metal compounds.'”"*
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Therefore, considering the ever-increasing popularity of
unsaturated boron and other heavier group 13 compounds,
neutral multiple-bonded Al compounds are highly desirable to
understand its true bonding nature as well as to explore their
reactivity.

In this regard, a few scattered efforts were made to isolate
multiple-bonded Al compounds. Among them, in the early
1990s, three examples of structurally authenticated dialuminum
compounds having formal bond orders >1 were documented
through the synthesis of the radical monoanionic complexes A
and B (Chart 1)'° and the dianionic compound
(Na,[Ar'AlAIAr']) (C, Ar' = CgH;-2,6-(C¢H,-2,4,6-iPr3),)."¢
Later, the groups of Power and Tokitoh independently reported
the synthesis of bicyclo masked dialumenes D'” and E'® (Chart
1) and interpreted their formation by a classical [4+2]
cycloaddition of the intermediate dialumene with toluene or
benzene. Recently, the possible formation of dianionic
dialumene as a reactive intermediate during the reaction of a-
diimine-stabilized dialumane [L(thf)Al—Al(thf)L] (L = [{(2,6-
iPr,C¢H;)NC(Me)},]*”) with a substituted butadiene under
reductive condition was proposed.19 However, none of these
studies has been successful in isolating the proposed
intermediate dialumene species. The extremely reactive nature
presumably arises from the highly electrophilic character of the
incipient dialumene, caused by the presence of a vacant p orbital
on each Al center leading to intrinsic thermodynamic instability.

Nonetheless, an earlier extensive quantum chemical calcu-
lation revealed that the neutral dialumene (Al,H,) could exist
within the constraints of trans-bent structural motif (HAIAIH);
however, it lies relatively higher in energy than the corresponding
planar two times H-bridged global minimum isomer
(AIHHAL).”® This clearly reflects the reduced z-bond strength
in the trans-bent form. Moreover, the existence of both isomers
has been studied by IR spectroscopy in a low-temperature argon
matrix.”' Recent theoretical calculations by Frenking et al.
revealed that coordination of external bases, like NHCs, can alter
the potential energy landscape to the extent where dialumenes
(ALH, and AL, Cl,) could be realized.”” The calculations further
highlight the profound influence of the substituents on the Al—Al
bond length as well as geometry around each Al center.
ALH,(NHC), has completely trans-planar structure with
relatively short Al—Al bond length (2.444 A) compared to
more electronegative chloride-substituted AL,CL,(NHC), (2.494
A), which shows considerable pyramidalization around each Al
atom. In fact, NHCs have been extensively employed for the
thermodynamic and kinetic stabilization of highly reactive
molecules through their tunable steric demand™ and effective
o-electron-donating  properties. Moreover, silyl groups,”* in
particular di-tert-butyl(methyl)silyl groups, have been used
extensively as substituents for a variety of unsaturated main-
group compounds because of their desirable steric shielding and
significant electron-donating capabilities.”> Also in light of the
theoretical calculations by Frenking,”* the di-tert-butyl(methyl)-
silyl, being more o-donating and sterically bulky than hydrogen,
could possibly isolate dialumene with better thermodynamic and
kinetic stability. With these factors in mind, we sought to
synthesize di-tert-butyl(methyl)silyl-subsituted aluminum (IIT)
dihalide precursors with coordinated NHCs, which could be
reductively coupled to form the desired dialumene. The readily
available NHC 1,3-diisopropyl-4,5-dimethyl-imidazolin-2-yli-
dene (IiPr) was selected as Lewis base because of its easy
accessibility, excellent donor properties, and moderate steric

bulk.

Scheme 1. Synthetic Route to Dihalide Precursors 2, 3 and
Their Subsequent Reduction to the NHC-Stabilized, Di-tert-
butyl(methyl)silyl-Substituted Dialumene 4

iPr— )ﬁ/
N
H i) BX3.dms H BuMeSi )——N
r-N_N~jp; Toluene iPr/NTN\iPr 3KCg BUMeSh /e
ii)Bu,MeSiNa Benzene "Pr\N_(

AlHg Pentane  BuMeSi—hx SiMetBu,
X NP

1 dms = dimethylsulfide X=1 2(67%)
Br 3(65%)

4 X=1 (53%)
Br (34%)

Until now, there has been no reliable route known for the clean
and high-yield synthesis of NHC-coordinated organoaluminum-
(110) alkyl, aryl, or silyl dihalides. Therefore, we have devised an
elegant two-step synthetic approach starting with the clean
conversion of NHC-stabilized aluminum trihydride (IiPr-AlH,)
(1) to the corresponding trihalide, IiPr-AlX; (X = Br, I), by
reaction with a slight excess of BX5-dms adduct (X = Br, I; dms =
dimethylsulfide) as a halogen-transfer agent.”® The resultant
NHC-stabilized aluminum trihalides have limited thermal
stability and were therefore reacted in situ with di-tert-
butyl(methyl)silyl sodium [tBu,MeSiNa] at —78 °C to obtain
the AI(III) precursors 2 and 3 as colorless crystalline solids in
good yields (~65%) (Scheme 1). Upon treatment of both Al(III)
dihalide precusors 2 and 3 with 3 equiv of KCq in benzene at
room temperature, we were able to isolate the dialumene 4 as a
dark purple crystalline compound in good yield (53%) from 2,
and in lower yield from 3 (34%) (Scheme 1).

Compound 4 is stable at room temperature under an inert
atmosphere for weeks and has moderate solubility and high
thermal stability in solutions of benzene or toluene, although it
undergoes slow decomposition over several hours to an
unidentified mixture of products in ethereal solvents (tetrahy-
drofuran or diethyl ether). The 'H NMR spectrum of compound
4 in CeD4 shows a septet at 642 ppm (see Supporting
Information (SI)) assigned to the isopropyl CH proton of the
NHC, considerably shifted downfield compared to starting
materials 2 and 3 (5.82 and 5.75 ppm, see SI).

Single-crystal X-ray analysis revealed that compound 4
possesses a completely trans-planar geometry in the solid state
(see Figure 1), similar to the NHC-stabilized diborene
compounds.'’ Each Al atom adopts an almost trigonal planar
coordination environment (sum of the angles at Al: 359.99°),
and the dihedral angles between the ligands are 180° (Cla—Al—
Al-C1 and Sila—Al—Al-Sil) (SI Table S9). The Al—Al bond
length in 4 is 2.3943(16) A and thus shorter than those

Figure 1. Molecular structure of dialumene 4 in the solid state (thermal
ellipsoids drawn at the 50% probability level; H-atoms omitted for
clarity). Selected bond lengths [A] and angles [°] of 4: All—Alla
2.3943(16), Al1-Sil 2.4939(13), All-CI1 2.073(3), C1—All—Alla
114.85(8), Alla—Al1-Sil 146.49(10), C1—Al1-Sil 98.65(11).
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Figure 2. DFT-calculated molecular orbitals of compound 4 (H-atoms
omitted for clarity).

theoretically calculated for the NHC-stabilized parent dihydro-
and dichloro-dialumenes (2.444 and 2.494 A, respectively) ™ due
to the more o-electron-donating effect of the silyl groups. It is
also notably shorter than the bonds in the theoretically predicted
parent dialumene ALH, (2.613 A)*° and the structurally
characterized one-electron 7-bonded monoanionic dialuminum
compounds A and B (Chart 1, 2.470(2) and 2.53(1) A,
respectively),' and even shorter than in the dianionic compound
(Na,[Ar'AlAIAr']) (C) (Chart 1, 2.428(1) A).'® Therefore,
compound 4 represents the shortest AI-Al bond reported to
date.

To get further insight into the bonding motif of compound 4,
we performed density functional theory (DFT) calculations at
the B3LYP/6-311G(d) level of theory. The HOMO of
compound 4 clearly shows the out-of-plane #-bond, whereas
the HOMO-1 represents the Al—Al o-bond and also has a
contribution from the Al—SiMetBu, bonds (Figure 2). Natural
bond orbital (NBO) analysis (see SI Table S8) reveals electron
occupancies of the Al-Al 6 bond of 1.91 and 1.78 for the 7 bond.
The Al—Al 6-bond is formed by overlap of the natural hybrid
orbitals of Al, bearing high sp-character (sp'**), while the 7-bond
is formed by almost pure Al p-orbitals (99.9%). The Wiberg
bond index (WBI) of 4 is 1.70, clearly indicating the significant
double bond character of the Al-Al bond (SI Table S8). Further,
the intense purple color encouraged us to check the photo-
physical behavior of compound 4 through combined exper-
imental and time-dependent TD-DFT calculations (B3LYP/6-
311G(d) level of theory, SI Figure S16). The UV—vis spectrum
of compound 4 in toluene shows an intense absorption band at
573 nm (¢ = 26750 L mol™ cm™), mainly attributed to the
HOMO to LUMO+1 (z—n*) transition coupled with a small
contribution from the HOMO to LUMO+3 and LUMO+5
transitions, which is responsible for the dark purple color (SI
Table S7).

In order to demonstrate its double-bonding nature and
inherent potential as a synthon, compound 4 was reacted with
ethylene and phenyl acetylene. Upon exposure of a toluene
solution of 4 to ethylene gas at room temperature, the dark
purple color of the solution vanished gradually and was replaced
by a bright yellow color within 2 h. The 'H NMR spectrum
reveals almost quantitative conversion to the dialumina-
cyclobutane compound § through a formal [2+2] cycloaddition
reaction, which was observed for a variety of unsaturated main-
group compounds.”” Compound § was isolated in 64% yield as
bright yellow crystals from toluene at —25 °C overnight (Scheme

Figure 3. Molecular structures of dialuminacyclobutane S, dialumina-
cyclobutene 6, and C—H insertion product 7 (thermal ellipsoids drawn
at the 50% probability level; H-atoms except that attached to aluminium
and co-crystallized solvent molecules omitted for clarity). Selected bond
lengths [A]: for 5, All—Alla 2.6503(10), Al1—C1 2.0221(17), Al1—C2
2.0825(18), Sil—All 2.5233(7), C1—Cla 1.544(4); for 6, Al1—Al2
2.6363(11), Sil—All 2.5285(11), Si2—Al2 2.5339(11), C1-C2
1.346(4), Al1-C9 2.082(3), Al2—C29 2.086(2); for 7, All—Al2
2.6411(9), Al1-C1 2.088(2), Al2—C21 2.121(2), All-H1 1.73(3),
Al2—C41 1.982(3), C41—C42 1.208(4).

2). The signal for the —CH proton of the isopropyl group of IiPr-
NHC in § is split into two septets (§ = 5.26, 5.55 ppm),
compared to one of dialumene 4 (& = 6.42 ppm), caused by steric
factors restricting the rotation of the NHC in the former case.
Similarly, the reaction of phenyl acetylene with 4 in toluene
proceeds smoothly even at —40 °C and undergoes both [2+2]
cycloaddition and terminal C—H insertion (Scheme 2) to
produce 6 and 7. Compounds 6 and 7 were isolated by fractional
crystallization from pentane as orange and yellow crystals,
respectively. Solid-state structure analyses of S, 6, and 7 (Figure
3) revealed considerable elongation of the Al—Al bond lengths
(2.6503(10), 2.6363(11), and 2.6411(9) A) compared to the

Scheme 2. Reaction of Dialumene 4 with Ethylene and Phenyl
Acetylene

H H

L
H H, BuMesiy[ )/
Toluene / “SiMetBu, L= H
5 (64%) Pr-Ny N~pr
4 ——
Ph L Loy
Ph—="H_ BuMesi\[ =)/ +fBU2MeS'\A/|_A/|(L
Toluene L/ “SiMetBu, /) SiMetBu,
6 (35%) Ph 7 (30%)

dialumene 4 (2.3943(16) A). All these bond lengths lie in the
typical range of Al—Al single bonds (2.55—2.70 A).”® To classify
this value, the WBIs of compounds §, 6, and 7 were also
calculated (see SI Table S8), possessing values of 0.83, 0.85, and
0.89, respectively, which are almost half of that of compound 4,
demonstrating the considerable decrease in the bond order upon
reaction with ethylene and phenyl acetylene.
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The presence of a terminal Al-H bond in 7 was confirmed by
the appearance of a broad signal at § = 4.48 ppm in the 'H NMR
spectrum (SI Figure S11) as well as by a peak at 1666 cm™ in the
IR spectrum (SI Figure S13). This value appears at slightly lower
wavenumbers than the reported terminal Al-H stretching
frequency of the Dipp-NHC-stabilized tetrahydrodialumane
(1682 cm™).*

Thus, we have presented the isolation of the first example of a
neutral dialumene 4 with an Al=Al double bond employing the
steric bulk and o-electron-donating capabilities of the di-tert-
butyl(methyl)silyl group in conjunction with strong donor
properties of IiPr-NHC. Dialumene 4 has a significantly low
HOMO-LUMO gap (2.24 eV) (Figure 2), also reflected by the
low-energy absorption band in UV—vis spectroscopy (573 nm)
and facile reaction with unsaturated organic molecules such as
ethylene and phenyl acetylene. Therefore, the dialumene 4 has
considerable potential to react with a wide range of molecules to
access a wide array of novel Al-based functional material as well as
organoaluminum compounds, and these are under investigation
in our laboratory. Therefore, this new unsaturated Al species sets
up a new dimension in Al chemistry.
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Content: This report is an extension of the dialumene project (chapter 6.5). The report targets the
differences in structure and reactivity between the already published silyl-substituted dialumene 3% and
Tipp-substituted dialumene 3, introduced in this report. Again synthesis of its precursor, namely
I'Pr,MeAll,Tipp (2), was key to access the new dialumene 3, which is obtained upon reduction of 2 with
KCs. Different to trans-planar 3%, SC-XRD analysis of dialumene 3 revealed a trans-bent and twisted
structure. In depth DFT calculations on different model systems revealed the steric demand of the ligand
being responsible for the observed structural differences, which enabled the possibility of delocalisation
of the m(AIAl) bond onto the NHC moiety in 3. Moreover, also the electronic properties are affected, with
a decreased HOMO-LUMO gap and changed polarisation of the Al, core in 3 due to increased polarisation
of the Al-Tipp bonds. Thus, an enhanced reactivity as well as increased accessibility of the Al, core in
reaction with strong bonds was anticipated. Experimental investigations on the reactivity of 3 started with
C—C multiple bonded reagents. In comparison to 3%, conversion with phenylacetylene solely yielded the
[2+2] cycloaddition product, which underwent intramolecular C—H activation to yield styrene. Compound
3 was also able to react with the sterically more demanding di(phenyl)acetylene, which was not possible
in 3%, Additionally, the reactivity of 3 towards C=N triple bonds was tested, which yielded butterfly
compound 7 as the first of its kind for aluminium. Activation of small molecules like CO,, O, and NO;
revealed results similar to the silyl-version, albeit the inorganic epoxide 11 was obtainable for the Tipp-
substituted dialumene. Additionally, the aryl-substituted compound 3 was further shown to enable the
activation of H,, supported by DFT calculations. In addition to these results, the comparison of the two
dialumenes in the catalytic application in hydroboration of CO, and amine borane dehydrogenation was
conducted. In both cases, product distributions were highly dependent on the used ligand, thus giving rise
to different accessible pathways for those reactions solely by change of the ligand. In summary, we report
the second example of a NHC-stabilised dialumene with its fundamental structure and reactivity highly
differing depending on the ligand, which was revealed in a combined experimental and theoretical
approach.

Contributions to the publication:

e DFT calculations to determine the differences between the dialumenes 3 and 3%, including
sterically reduced systems and corresponding monomers for both cases

e NBO analysis of compounds 3/3%, the smaller model systems, their monomers and 7

e Calculations on the structure of 11 and 12, as (discussable) SC-XRD data were missing

e Interpretation of the data

e  Writing of the manuscript
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Main group multiple bonds have proven their ability to act as transition metal mimics in the last few decades.
However, catalytic application of these species is still in its infancy. Herein we report the second neutral
NHC-stabilised dialumene species by use of a supporting aryl ligand (3). Different to the trans-planar
silyl-substituted dialumene (3%), compound 3 features a trans-bent and twisted geometry. The
differences between the two dialumenes are explored computationally (using B3LYP-D3/6-311G(d)) as
well as experimentally. A high influence of the ligand's steric demand on the structural motif is revealed,
giving rise to enhanced reactivity of 3 enabled by a higher flexibility in addition to different polarisation of
the aluminium centres. As such, facile activation of dihydrogen is now achievable. The influence of
ligand choice is further implicated in two different catalytic reactions; not only is the aryl-stabilised
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Introduction

The ability to isolate and stabilise complexes containing metal-
metal bonds is of fundamental interest, providing both exper-
imental and theoretical insights into the intrinsic nature of the
metal centre.® Since the discovery that the so-called ‘double
bond rule’ could be broken in the beginning of the last quarter
of the 20th century,>” efforts within main group chemistry have
strived towards isolating a plethora of both homo- and hetero-
main group element multiply bonded compounds, which have
been the subject of numerous reviews.*” Aside from curiosity,
one of the driving forces behind this research area is the ability
to use main group multiple bonds as transition metal
mimics.**® This is possible due to similarly energetically
accessible frontier molecular orbitals. Thus, reduction of small
molecules, such as dihydrogen, under ambient conditions by
sustainable main group metal centres is achievable.™

Whilst the ability to mimic transition metals is now possible
in regard to oxidative addition reactions, main group elements
still fall short in terms of catalytic activity due to the resulting
stability of the higher oxidation state complexes, i.e. the first
step in a redox based catalytic cycle. In order to truly compete
with transition metals that are currently employed in industry,
the ability to influence the stability, and thus reactivity, of main

Department of Chemistry, Catalysis Research Center and Institute of Silicon
Chemistry, Technische Universitit Miinchen, Lichtenbergstra Be 4, 85748, Garching
bei Miinchen, Germany. E-mail: s.inoue@tum.de

T Electronic supplementary information (ESI) available. CCDC 1989167-1989172.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d0sc01561j

This journal is © The Royal Society of Chemistry 2020

likelihood of alternate mechanisms simply through a change of supporting ligand.

group metal centres is paramount. One method of influencing
stability is through choice of stabilising ligand. If you consider
disilenes, the choice of silyl, aryl and nitrogen-based ligands
has been shown to influence the structural parameters around
the double bond,"** with silyl groups tending towards trans-
planar geometries” and aryl groups promoting trans-bent
character. It was not until the use of an N-heterocyclic imine
(NHI) based ligand, which results in a highly ¢rans-bent and
twisted geometry, that dihydrogen activation was achieved.**
An electropositive silyl supporting ligand was used to sta-
bilise the first neutral aluminium-aluminium double bond,
namely dialumene.”® DFT calculations found the HOMO to
consist of a w-bond formed from almost pure Al p-orbitals and
as such a planar geometry was observed. As predicted, the
dialumene behaved as a transition metal mimic towards
a variety of small molecules, as well as enabling catalytic
reduction of CO,.*® Prior to the isolation of the first neutral
dialumene, several compounds with Al-Al bond orders greater
than 1 were isolated."” These can be classed as radical mono-
anionic species, one electron m-bonded compounds, a dia-
nionic complex and masked dialumenes. The stick with latter,
reported independently by Power'® and Tokitoh,' proposed the
intermediacy of aryl-stabilised dialumenes, with the masked
species being a result of [2 + 4]-cycloaddition reaction due to the
use of aromatic solvent. This was additionally accounted for
through a series of [2 + 2]-cycloaddition reactions with internal
alkynes. Tokitoh further showed that the benzene derived
masked species was capable of activating dihydrogen;*
however, upon switching to an anthracene derived masked
species no reactivity towards dihydrogen was observed.

Chem. Sci., 2020, N, 4817-4827 | 4817
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On descending group 13, heavier digallenes and dithallenes
have been isolated which show notable ¢rans-bent character and
have been known to dissociate to their corresponding mono-
mers in hydrocarbon solutions.?’** However, digallanes have
been shown to react as the double bonded species, rather than
the monomer with regards to cycloadditions of unsaturated C-C
bonds and even dihydrogen activation.>*>*

Motivated by our group's previous efforts in dialumene
chemistry, we targeted the isolation of a neutral aryl-stabilised
dialumene to compare the intrinsic nature of the aluminium-
aluminium double bond through the influence of ligand sta-
bilisation. Whilst silyl and aryl groups have been routinely used
in main group multiple bond chemistry, no direct comparisons
of their influence on multiple bonds as reactive species have
been drawn. As such, we proposed a systematic study of both
dialumenes towards activation of a range of small molecules
and their use in catalysis, with the aim of providing experi-
mental and theoretical insight into the influence of these ligand
classes on main group multiple bond reactivity.

Results and discussion
Synthesis of aryl-stabilised dialumene

Following on from the successful isolation of the first neutral
dialumene, we focused our attention on expanding the scope of
this class of compounds towards aryl stabilised systems. As
such, we targeted the use of the Tipp ligand (Tipp = 2,4,6-tri-iso-
propylphenyl) for the stabilisation of a new dialumene. In
keeping with the previous dialumene, the choice of N-
heterocyclic carbene (NHC) remained the same, I'Pr,Me,
(I'Pr,Me, = 1,3-di-iso-propyl-4,5-dimethyl-imidazolin-2-
ylidene). Direct reaction of I'Pr,Me,AlH; and LiTipp at —78 °C
resulted in formation of the monosubstituted aluminium
dihydride complex I'Pr,Me,Al(Tipp)H, (1) (Scheme 1) in good
yield (66%, >’Al: 6 112.9 ppm).?® The identity of compound 1 was
confirmed upon inspection of the '"H NMR spectrum wherein
three resonances for the iso-propyl groups were identified in
a2:2:1ratio (NHC : o-Tipp : p-Tipp iso-propyl signals) as well

= =

ipp~N_ _N-j iop~N_ _N-j ipp~N_ _N-j
Pr=N " Pr TippLi-OEt, Pr \( Pr Wi Pr T Pr
Al i Al i Al
HH O Tipp” 1, H (i Tipp” 1

1 (66%) 2 (52%)
1y
\&N,Pr
N— )
T 3KC
iy \/ - ipp - 8
Tipp Ne N (iii)
N
Pr~” /
3 (48%)

Scheme 1 Synthesis of aryl substituted Al compounds, Tipp = 2,4,6-
tri-iso-propylphenyl. Reaction conditions: (i) TippLi- OEt,, Et,O —78 °C
to RT 48 h; (ii) Mel, toluene 0 °C to RT 24 h; (iii) 3 eq. of KCg, CgHg, RT
72 h.
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as a characteristic broad signal for the Al-H, protons (*H: § 5.11
ppm). Additionally, a sharp IR stretching band at 1711 cm™*
(Al-H) was observed in the IR spectrum.

Conversion of 1 towards formation of I'Pr,Me,Al(Tipp)L, (2)
could be achieved through reaction with BI;-dms (dms =
dimethyl sulfide) or with a small excess of methyl iodide, with
the latter resulting in higher and cleaner conversion; moreover,
the concomitant formation of methane allows for facile reaction
monitoring. Loss of signals relating to Al-H were observed in
both the "H NMR and IR spectra, and further characterisation
by single crystal XRD confirmed the identity of 2 (Fig. S547).
Compound 2 is structurally analogous to the corresponding
silyl supported complex (2%) with AI-C™© bond lengths
essentially the same (2: 2.0645(18) A; 25 2.0673(17) A), indi-
cating the dative nature of the NHC ligand. This is additionally
confirmed on comparison with the AI-C™PP bond length
(1.9887(19) A), which is smaller than the sum of the covalent
radii (Ra_c = 2.01 A).*°

Following the analogous synthetic protocol to the silyl dia-
lumene, compound 2 was stirred vigorously with KCg at room
temperature (Scheme 1). Through monitoring the reaction by
"H NMR, it was found that this reaction requires 72 hours rather
than the 24 hours required for the previous case. Compound 3
was isolated as a black solid, and in contrast to the silyl stabi-
lised dialumene (3%), 3 is highly soluble in a broad range of
aromatic, alkyl and ethereal solvents. Both dialumenes are
stable in the solid state in an inert atmosphere for prolonged
periods; however, they decompose in solution after 24 hours.
The "H NMR spectrum of 3 shows a large broad signal at room
temperature (~7.0-5.5 ppm) which resolves into distinct signals
at 228 K for the iso-propyl groups, indicating a degree of rota-
tional fluxionality in this system (Fig. S117).

Single crystals were grown from a concentrated n-hexane
solution at 5 °C and revealed a trans-bent and twisted geometry of
the aryl stabilised dialumene (compound 3, Fig. 1) (§ = 17.25°,
23.70°, T = 12.06°), which contrasts with the trans-planar geom-
etry observed previously. Furthermore, in 3% the NHC groups
were found to be parallel to each other, whilst in 3 they are found
to be almost perpendicular (85°). The change from a planar to
a trans-bent and twisted geometry has also been observed in
disilene chemistry on switching between aryl and silyl-based
ligands.”** The Al-Al bond length is 2.4039(8) A which is frac-
tionally longer than that in the previous dialumene (3%:
2.3943(16) A). Another notable difference between the two
systems lies in the Al-Cyyc bond length (3: 2.0596(16),
2.0422(17); 3%: 2.073(3) A). The shorter bond length in the case of
aryl stabilisation likely indicates a decrease in dative character
and thus an increase in the covalent nature of the Al-Cyyc bond
(which is also supported by the calculated bond dissociation
energy, see below).

Computational discussion of aryl-stabilised dialumene

To gain a deeper insight into the differences between these
two classes of dialumenes, we performed density functional
theory (DFT) calculations at the B3LYP-D3/6-311G(d) level of
theory (for detailed information see the ESIt). The optimised

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Molecular structure of compound 3 in the solid state. Ellipsoids
are set at the 50% probability level; hydrogen atoms and co-crystal-
lised solvent molecules are omitted for clarity and NHC ligands are
depicted in wireframe for simplicity. Selected bond lengths (A) and
angles (°): Al(1)-Al(2) 2.4039(8), Al(1)-C(16) 2.0596(16), Al(2)-C(42)
2.0422(17), Al(1)-C(1) 2.0292(16), Al(2)-C(27) 2.0180(16), C(16)-Al(1)—
Al(2) 119.55(5), C(42)-Al(2)-Al(1) 114.13(5), C(1)-Al(1)-Al2) 123.56(5),
C(27)-Al(2)-Al(1) 129.55(5), C(1)-Al(1)-C(16) 110.28(6), C(27)-Al(2)-
C(42) 112.84(7), 6 = 17.25, 23.70, © = 12.06.

geometry of 3 is in good agreement with experimental values,
with the addition of the dispersion required to account for the
trans-bent and twisted geometry. For comparison, all calcu-
lated values for 3% including dispersion are given in the ESL.}
Analysis of the frontier orbitals of 3 revealed similar features
to 3% in which the HOMO—1 and HOMO contain the Al-Al o-
and w-bonds, respectively, as well as the LUMO representing
the AI-CN"€ 1 bond (Fig. 2). The main difference to 3% (see
Fig. S577 for the corresponding orbitals) is the loss of uniform
arrangement of the HOMO on the two aluminium centres as
well as additional m-incorporation of the NHC present in 3. We
attribute this to the different orientation of the NHCs in 3,
enabling overlap with the p-orbital of the carbene carbon
atom, which is experimentally observed as a shortened Al-
C™€ bond in the SC-XRD structure and further evidenced by
an increased Gibbs free energy of bond dissociation of
26.0 kecal mol™* (¢f 3% = 16.9 kcal mol*). The conjugation
towards the AI-CN"¢ rt-bond in 3 is also observed on inspec-
tion of the monomers (for further details see ESI Fig. S627),
which also gives rise to the decreased HOMO-LUMO gap in 3
compared to 3% (3 = 1.86 eV, 3% = 2.24 eV) based on decreased
overlap of the monomers being possible.

This journal is © The Royal Society of Chemistry 2020
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HOMO (-2.35 eV)

HOMO-1 (-4.95 eV)

Fig. 2 Frontier orbitals of aryl substituted dialumene 3.

TD-DFT calculations corroborated the experimental UV/vis
spectrum of 3. This showed an intense absorption band at
833 nm (e = 6273 Lmol ' cm ') (calc. value 794 nm), which can
be assigned to the HOMO to LUMO transition and is respon-
sible for the highly coloured compound.*! Natural bond orbital
(NBO) analysis provided electronic insight into the nature of the
Al-Al double bond. The Al-Al m-bond of 3 bears reduced p-
character compared to 3%. Moreover, this NBO orbital has
a lower occupancy based on partial population of the m*-
orbitals of the C-N bonds of the NHC, rationalising the
increased interaction of the NHC for 3. This is based on its
different orientation, which we mainly attribute to the reduced
steric demand of the ligand. Furthermore, this is reflected in
the decreased Wiberg bond index (WBI) of the Al-Al bond of
1.67 to 1.53 going from silyl to aryl (Fig. 3), yet still indicating
a high degree of multiple bonding character in both systems.

Analysis of NPA charges clearly reflects the silyl effect (Fig. 3):
the aluminium centres in 3% bear a nearly neutral charge of
+0.08, while in 3 they account for +0.48/+0.49. We attribute this
to the silyl substituents, with their strong c-donating proper-
ties, possessing a more effective orbital overlap with the
aluminium centres in the o(Al-Si) bonds. This also becomes
evident upon examination of the results of NBO analysis for the

+0.16 0.55 +0.22 0.49
liPr,Me, -0.640.52 liPr,Me, -qiso 0.88
\\0-48 +0.49, Tipp +0.08 +a.oa/S| Bu,Me
Al=AI Al=A
Tlpp/ 1.53 \ +9_ 150.55 MetBUZSi 7 167 \ +9,22 0.49
-0.640.54 I'ProMe; -0.30 0.88 I'ProMe;
3 35i

Fig. 3 Results of the NBO analysis of 3 and 3%. NPA charges (blue and
red) and WBIs (black).
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AI-C™"PP/Al-Si bonds: the AI-C"'PP bonds are highly polarised
(17% Al, 83% C"PP) compared to Al-Si bonds in 3% (36% Al,
64% Si). This difference is also rationalised upon comparison of
Al-C and Al-Si Pauling electronegativities (Ax Al-C 0.94; Ax Al-
Si 0.29), thus resulting in less polarised Al-Si bonds.

To elucidate the effect of sterics around the aluminium
centre, we initially compared the steric demand of the Tipp and
Si‘Bu,Me ligands, which revealed similar percentages of buried
volume (% Vi) of 29.9% (3) and 30.7% (3% (Fig. S58 and S597).
However, the shape and thus distribution of kinetic stabilisa-
tion vary. Further calculation and comparison of reduced model
systems were performed with the I'Pr,Me, carbene replaced by
IMe, (™°*3 and ™¢*3% Fig. $607).*

For ™35 the most stable isomer exhibits a strongly trans-
bent and twisted geometry (6 = 42.1°, 30.4°, T = 11.7°) with the
NHC planes orientated almost parallel and a substantially
elongated Al-Al bond length of 2.43 A. In the Tipp-substituted
™e43 the trans-bent character is decreased compared to 3,
accompanied by a small increase of the Al-Al bond length due
to further rotation of the NHC planes towards the Al-Al plane,
enabling more effective m-interaction of NHC and the AlAl
moiety. This also becomes more apparent upon examination of
the corresponding frontier orbitals with ™¢*3. This features
enhanced delocalisation of the HOMO onto the NHC moiety, as
a consequence of further rotation of the NHC planes towards
the Al-Al bond (angle between NHC planes: 49°). In contrast,
the HOMO in ™¢43% exhibits contributions from the silyl
groups, as conjugation towards the NHC m-system is not
possible due to the different orientation. Moreover, the HOMO-
LUMO gap decreases for aryl and increases for the silyl case,
attributed to the decreased/increased trans-bent geometry.

The smallest possible model systems, by reducing I'Pr,Me,
to IH, as well as Tipp/Si‘Bu,Me to phenyl/TMS, were calculated
and yield comparable results: 53 and 53% both possess trans-
bent but no twisted configuration. In 53% a slightly shorter Al-Al
bond length and a decreased trans-bent angle (21.2° vs. 31.8° for
$3) are observed; however, in each case the NHC planes are
rotated towards the Al=Al bond (see Fig. S617). Hence, trans-
bent structures are obtained for the aryl and the silyl substituted
dialumenes bearing minimal steric effects. Thus, it is clearly
demonstrated that the steric effects of both NHC and the
ligands govern the binding motif of dialumenes. The shape of
the ligand influences the interaction with the NHC: either only
aweak and purely o-donating type of interaction, as observed in
planar 3% or more flexible coordination of the NHC, with the p-
orbital of the C®*™*™ able to form a slipped m-bond with the
AlAl core, as observed in 3. The trans-bent and twisted structure
obtained for 3 is therefore a result of the difference in steric
demand of the Tipp ligand compared to Si‘Bu,Me.

From the different aspects, steric as well as electronic, dis-
cussed above we thus conclude that the structural difference
between 3 and 3% is caused by the different steric demand of the
ligands. From the electronic point of view the change of silyl to
Tipp ligand in the dialumene changes the orbital situation at
the central AlAl core, which is accompanied by a reduced
HOMO-LUMO gap. Moreover, the polarisation of the
aluminium centres is different, based on differences in
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electronegativity between C and Si. We thus anticipate differ-
ences in reactivity with respect to activation of strong bonds,
such as those in small molecules, as well as an increased
accessibility towards a bigger range of reagent molecules of 3,
based on the increased flexibility of this system.

Reactivity of dialumenes

Further differences between these two systems were sought
experimentally. Firstly, reactivity towards a series of C-C
multiple bonds was examined (Scheme 2). In the case of
ethylene, compound 3 underwent formal [2 + 2]-cycloaddition to
yield the dialuminacyclobutane compound 4, akin to the reac-
tivity observed with 3515 Upon reaction with 1 equivalent of
phenylacetylene, clean formation of a single species by NMR
spectroscopy was noted to occur to form compound 5. This is in
contrast to the reactivity of 3% where both [2 + 2]-cycloaddition
(5%) and C-H activation were observed. Varying the number of
equivalents of phenyl acetylene (2 : 1 and 3 : 1 with respect to 3)
did not result in further incorporation of phenyl acetylene into
the complex even at elevated temperatures. However,
compound 5 was found to decompose in solution to yield
styrene (see ESI Fig. S37 and S3871). Monitoring a C¢Dg solution
of 5 showed that this occurs intramolecularly, with the addi-
tional protons required to make styrene likely the result of C-H
activation. In further support of an intramolecular C-H activa-
tion, addition of a hydrogen source, e.g. dihydrogen, phenyl
silane, pinacol borane or amine borane, failed to provide any
notable increase in the rate of styrene formation. Unfortunately,
attempts to identify the fate of the resulting aluminium con-
taining species were unsuccessful. It is proposed that initially [2
+ 2]-cycloaddition occurs to form compound 5, followed by C-H
activation of the iso-propyl groups of the Tipp ligand, as this was
not observed with the analogous silyl complex. Intramolecular
C-H activation of the Mes* ligand (Mes* = 2,4,6-tri-tert-butyl-
phenyl) has been previously observed by thermolysis of
(Mes*),AlH,* whilst 1-germapropadiene, which contains a Ge=
C double bond supported by Tipp ligands, also undergoes C-H
activation of the Tipp ligand.**

NHC_/\ Ar
AI—AI
Ar NHC

4(70%)

RT, 72 hrs

_

H  Ph
NHC_ =\ Ar x
Al—Al
Ar NHC Ar —_— @A
5 (50%)

Ph Ph

NHC =\ Ar
Al—AI_
Ar NHC

6 (59%)

Scheme 2 Reactivity of dialumene (3) towards C—-C multiple bonds.
(i—iii) Toluene, RT, 4 h.
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Further reactivity towards C-C multiple bonds was trialed
with diphenylacetylene (PhCCPh). Addition of 1 eq. of PhCCPh
to 3% failed to cause a reaction, and after prolonged heating
only decomposition of 3% was observed. In contrast, PhCCPh
was observed to react readily with 3, notably through the instant
colour change from the dark black solution of 3 to a yellow
solution of compound 6. This difference in reactivity was
surprising, considering that both 3 and 3% reacted cleanly with
both non-polar (ethylene to form 4 and 4%) and polar (phenyl-
acetylene to form 5 and SSi) C-C multiple bonds. This difference
in reactivity is thought to be a direct result of the choice of
stabilising ligand. The flexibility of the Tipp ligand, due to the
rotational iso-propyl groups, makes the central AIAl core more
accessible for reactant molecules, thus enabling reactivity with
more sterically demanding reagents. Moreover, the positive
NPA charges of 3 make it more electrophilic in comparison to
3% thus implying higher reactivity towards nucleophilic C-C
multiple bonds.

Compounds 4 and 6 were crystallised from concentrated
pentane solutions at —30 °C. The XRD structures revealed
addition of the C-C multiple bonds to the dialumene, resulting
in the formation of 4-membered rings (Fig. 4). Loss of double
bond character from the dialumene was confirmed due to
elongation of the Al-Al bond (4 2.6035(13), 6 2.5918(6) vs. 3

Compound 4

Compound 6

Fig. 4 Molecular structures of compounds 4 and 6 in the solid state.
Ellipsoids are set at the 50% probability level; hydrogen atoms and co-
crystallised solvent molecules are omitted for clarity and NHC ligands
are depicted in wireframe for simplicity. Selected bond lengths (A) and
angles (°): 4: Al1)-Al(2) 2.6035(13), Al(1)-C(1) 2.053(3), Al(1)-C(16)
2.079(3), Al1)-C(53) 2.052(3), C(53)-C(54) 1.565(5), Al(2)-C(27)
2.048(3), Al(2)-C(42) 2.093(3), Al(2)-C(54) 2.040(3), Al(1)-Al(2)-C(54)
73.50(11), Al2)-Al(1)-C(53) 72.94(11), C(54)-C(53)-Al(1) 101.33(19),
C(53)-C(54)-Al(2) 101.23(19). 6: Al1)-Al1) 2.5918(6), Al(1)-C(1)
2.0413(14), Al(1)-C(16) 2.1097(15), Al(1)-C(27) 2.0246(14), C(27)-C(27")
1.3701(19), Al(T)-Al(1)-C(27) 72.19(4), Al(1)-C(27)-C(27') 107.09(10).

This journal is © The Royal Society of Chemistry 2020
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2.4039(8) A). Also noted to occur is the elongation of the Al-
C™€ bond lengths (4 2.079(3), 2.093(3), 6 2.1097(15) vs. 3
2.0596(16), 2.0422(17) A). The 4-membered ring in 6 is almost
planar (6.37° between Al-Al-C(27) planes), whilst 4 is puckered
due to the presence of the sp* carbons.

Extension of this work towards C-N triple bonds focused on
the use of 2,6-dimethylphenylisocyanide (XyINC). Previously,
Tokitoh and co-workers had shown that reaction of their
masked dialumene species resulted in homocoupling of iso-
cyanides.* Reactions of varying equivalents of XyINC to 3% all
resulted in an ill-defined mixture of species; unfortunately,
attempts to separate species through fractional crystallisation
failed. In contrast, reaction of 2 eq. of XyINC with 3 resulted in
a clear colour change from black to red and produced a well-
defined but complex 'H NMR spectrum of compound 7
(Scheme 3). This complex contains bridging CNXyl units due to
the observed downfield signal in the *C NMR spectrum at
0 303.4 ppm. This was similar to the previously observed
bridging carbonyl fragment observed with 3%, in the rear-
rangement of CO, (6 276.0 ppm)*® and the bridging isocyanide
intermediate reported by Tokitoh (6 294.7 ppm).** Single crys-
tals of 7 were grown from a 2 : 1 (toluene : hexane) mixture at
5 °C, revealing a butterfly configuration with two p-CNXyl units
(Fig. 5).

The central AI-C*'-AI-C*" core in compound 7 is puckered
(34.3° between the two C*¥'-AI-C*" planes), with the supporting
NHC and Tipp ligands now cis to the ring. This change from
trans to cis-conformation has been observed previously for the
C-H activated phenylacetylene product on reaction with 3.
However, the reasons for such a change in conformation are
unclear. Again, elongation of the AI-CN"'® bond lengths are
observed (AI-CN"C 2.109(3) A), with the change in Al-C"'PP
negligible (7 2.042(7) vs. 3 (2.0292(16) A). Reduction of the C-N
triple bond to a double bond is confirmed on inspection of the
bond length (C(27)-N(3) 1.292(4) A), which is in line with
average C=N bond lengths.>**** Additionally, the change in
angle around the nitrogen in XyINC from linear to bent (126.3
(2) °) confirms reduction of the C-N triple bond. This butterfly
configuration has been previously observed with transition
metal complexes;***” however, they all contain a M-M bond,
and those without M-M bonds contain a planar central ring.**>*

To confirm the nature of the bonding within compound 7
DFT studies were performed again, at the B3LYP-D3/6-311G(d)
level of theory. The optimised structure is in good agreement
with the one obtained experimentally by SC-XRD, including the
calculated C=N IR stretching frequencies (experimental:
1545 cm™ ' vs. calculated: 1568 cm™*). Orbital analysis (Fig. 6)

Xyl
N
. Xyl—N=C
NHC,  Ar 260 9 ar. I ar
A=Al —_— JAl Al
Ar NHC Toluene NHC Y NHC
N
RT, 4 hrs Xyl’
3 7 (52%)

Scheme 3 Reactivity of dialumene (3) towards isocyanide.
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Top view

Sideviews
- .‘/ }, “',,r N
N 7*( - * H =

Fig.5 Molecular structure of compound 7 in the solid state. Ellipsoids
are set at the 50% probability level; hydrogen atoms and co-crystal-
lised solvent molecules are omitted for clarity and NHC ligands and
iso-propyl groups are depicted in wireframe for simplicity. Selected
bond lengths (A) and angles (°): Al(1)-C(1) 2.042(7), Al(1)-C(16)
2.109(3), Al(1)-C(27) 2.059(3), C(27)-N(3) 1.292(4), Al(1)-C(27)-Al(L")
91.59(11), C(27)-Al(1)-C(27') 82.74(11), C(27)-N(3)-C(28) 126.3(2).

revealed the HOMO as an orbital overlap of aluminium and
1*(C-N). The LUMO represents the combination perpendicular
to the HOMO, including conjugation across the central ring.
NBO calculations confirmed that no C-C or Al-Al bond is
present in 7 (WBI (C%’C%”):0.06; WBI (AI'AI'): 0.04).

Small molecule activation

Further reactivity differences were sought through investigation
towards small molecules (Scheme 4). Previously, reaction of 3%
towards carbon dioxide (CO,) resulted in an initial CO, fixation
complex.* This subsequently underwent C-O cleavage reaction,
in the absence of additional CO, through rearrangement to
a bridging carbonyl complex, whilst in the presence of CO,,
formation of a carbonate species with elimination of CO was
observed. On reaction of 3 with CO, immediate loss of the black

HOMO (-3.57 eV)

LUMO (-0.88 eV)

Fig. 6 Frontier orbitals of compound 7.
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CAI-Al
Ar NHC
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A=Al —_ CAI—AI]
Ar NHC Ar’ “NHC
3 11 (73%)

Scheme 4 Reactivity of dialumene (3) towards small molecules, CO,,
02 and Nzo

colour and formation of a colourless solution was observed. On
inspection of the "*C NMR spectrum, the presence of CO (6
184.4 ppm) and COj; (6 159.12 ppm) was observed, indicating
the formation of the carbonate complex compound 9. In
contrast to 3% attempts to isolate the CO, fixation product were
unsuccessful as it rapidly converted to compound 9. Use of the
labile I'Pr,Me,-CO, species allowed for the formal [2 + 2]-
cycloaddition product (compound 8) to be observed due to its
characteristic *>C resonance at 6 207.7 ppm (8% 6 209.9 ppm).
However, this reaction resulted in multiple species as well as
compound 9, owing to the higher reactivity of the Tipp dia-
lumene (compound 3), thus indicating that formation of 9
proceeds through the CO, fixation species in a similar manner
to 3%,

Reaction of 3 with O, resulted in the expected dioxo product,
compound 10, same as the previously reported reaction of 3%,
In a similar manner to 10%, compound 10 can also be reacted
with CO, resulting in carbonate complex 9. In a notable
difference to the silyl supported reactivity, addition of N,O to
compound 3 resulted in a dark red solution at room tempera-
ture (3% yielded colourless compound 10%). This red solution
was observed to slowly fade to colourless over a few hours and
the formation of compound 10 was confirmed by 'H NMR
spectroscopy. Use of 1 eq. of an oxygen donor reagent, namely
N-methylmorpholine-N-oxide, with 3 allowed for clean isolation
of the red species, compound 11. Compound 11 is stable in the
solid state for up to two months in a glovebox freezer; however,
at room temperature and in solution, further oxidation to
compound 10 occurs. Whilst "H NMR showed similar environ-
ments for both 10 and 11 (Fig. S39t), compound 11 is intensely
coloured (UV/vis = 512 nm, ¢ = 1155 L mol ' em™ ") whilst 10 is
colourless. As such compound 11 was tentatively assigned as
a bridging aluminium(u) mono-oxide species, rather than
a terminal aluminium(ur) mono-oxide complex. Unfortunately,
SC-XRD analysis did not provide clear structural parameters for
the mono-oxide species due to superposition with compound 10
(Fig. S55t). To provide further insight, calculations were also
performed on compounds 10 and 11. The optimised structure

This journal is © The Royal Society of Chemistry 2020
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of 10 is symmetric relating to the Al-O bonds, as previously
observed for the analogous silyl compound (10%).'* TD-DFT
calculations revealed the highest transition at 259 nm, in line
with the experimental colourless appearance. In contrast,
compound 11 bears substantial w-electron density between the
two aluminium centres in the HOMO as depicted in Fig. 7,
reminiscent of the disilaoxirane reported by our group.*® The
LUMO represents the unoccupied 7(Al-CN"“) bond. TD-DFT
calculations verified the experimentally observed red colour
(UV-vis 512 nm) with good accordance (calc. 519 nm), assigned
to the HOMO to LUMO transitions of 11.

Extension of this small molecule reactivity towards dihy-
drogen was investigated. Firstly, a J-Young NMR tube contain-
ing a purple solution of 3% was freeze-pump-thaw degassed
and then backfilled with approximately 1 atm of H,. After 24
hours at room temperature no reaction was noted to have
occurred; increasing the temperature to 60 °C and regular
monitoring only resulted in the observed decomposition of 3%,

Repetition of this reaction with the aryl stabilised dia-
lumene, compound 3, also resulted in no reaction at room
temperature. After 16 h at 50 °C, however, the black colour of 3
had faded to a dark brown/yellow solution (Scheme 5). On
inspection of the "H NMR spectrum, no Al-H signals could be
observed owing to the quadrupolar nature of the Al centre.
Additionally, three distinct iso-propyl signals similar to that
observed for compound 1 were identified. These, however, were
not identical and therefore complete hydrogenation and
cleavage of the Al-Al bond can be ruled out. Thus, it is likely that
compound 12 consists of either terminal or bridging hydrides.

IR spectroscopy was utilised to differentiate between the two
likely structures; two broad but distinct peaks at 1593 and

9 9
>3 >3
@ 9
a9

“‘

. 3

LUMO (-0.88 eV)

g
9
HOMO (-2.35 eV)

Fig. 7 Calculated molecular structure of compound 11 and its frontier
orbitals.
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NHC_ Ar H, (1 atm) NHC ~ Ar
A=Al — H—Al—Al—H
Ar NHC Hexane Ar NHC
50 °C, 16hrs
3 12 (85%)

Scheme 5 Reactivity of dialumene (3) towards dihydrogen.

1634 cm™ ' were observed. Compounds containing no Al-Al
bond but both terminal and bridging hydrides are found at
approximately 1880 ¢m™' and 1350 cm™ ', respectively,?*
whilst terminal hydrides within complexes containing Al-Al
bonds are found within 1680-1835 em™",* thus pointing more
in the direction of a terminal hydride with Al-Al bonds. Addi-
tionally, for the previous terminal hydride in the related silyl
system, from C-H activation of phenyl acetylene, this Al-H was
found at 1666 cm™".** Unfortunately, attempts to grow crystals
suitable for SC-XRD were unsuccessful. Therefore, additional
insight for this structure was sought computationally. Different
possible isomers of product 12 were calculated, including
bridging, terminal, and combinations of both as well as
different rotational isomers (H: cis or trans; NHC and Tipp
ligands: cis or trans).

The two lowest lying isomers were found to possess terminal
hydrides in the cis and trans configurations (Fig. 8). The Al-H
stretching frequencies were calculated to be 1634 and
1676 cm ™, respectively, which is in good agreement with the
experimentally obtained values (for detailed information see
the ESIY). It is, therefore, suggested that the activation of
hydrogen by 3 results in both the cis and ¢rans isomers of
compound 12.

Catalysis

Further comparisons between the two dialumenes examined
their use in catalytic applications. Two archetypal catalytic
reactions (hydroboration and dehydrocoupling) were studied
due to their prevalence in main group catalysis, as well as the
implication of metal-hydrides in facilitating turnover.***” With
the ability to form dialuminium-hydrides in the case of 3 and
not for 3%, differences in activity and mechanistic pathways are
anticipated.

CO, hydroboration

Previously, 3% was found to selectively catalyse the reduction of
CO, to a formic acid equivalent (product A, Scheme 6) with

12vons

Fig. 8 Calculated molecular structure of 12t"/12¢%,
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Scheme 6 Catalytic hydroboration of CO, mediated by dialumene (3).

pinacol borane (HBpin)."* Whilst this reaction does proceed at
room temperature, it required up to 1 week and 10 mol% of 35
(Table 1, entry 1); use of higher temperatures allowed for
reduced catalyst loadings and decreased reaction times (Table
1, entry 2). As 3 has so far shown increased reactivity, a trial
reaction with 5 mol% of 3 towards hydroboration of CO, at
room temperature was carried out (Table 1, entry 3). On regular
monitoring through 'H and ''B NMR spectroscopy the
consumption of HBpin was noted to occur along with the
formation of new B-O containing species. The corresponding
"H NMR spectrum showed the presence of further reduced
species (A-D, Scheme 6), indicating that 3 is not only more
catalytically active, but also proceeds through an alternate
mechanism due to the presence of B-C.

Again, through use of a higher temperature (60 °C), the
catalyst loading could be decreased down to 1 mol% (Table 1,
entry 5). This resulted in the same consumption of HBpin after
24 h (at RT) as with 5 mol% (Table 1, entry 4); however, the
resulting product distribution differs, with higher temperatures
favouring the formation of the triply reduced methanol equiv-
alent (product C, Scheme 6).

The formation of more highly reduced species indicates
a likely change in the mechanism. Previously, 3% showed no
reactivity towards HBpin and as such a non-hydridic mecha-
nism based on the initial formation of 9% was proposed. From
computational analysis, coordination of HBpin and subsequent
reduction of the exocyclic carbonyl of 9% was found to be rate
determining. Turnover was achieved through coordination/
insertion of an additional CO, on the opposite side of the
Al---Al plane resulting in formation of an 8-membered ring
which collapses to reform 9% with release of the formic acid
equivalent. This mechanism also further supports the observed
selectivity towards product A.*

Table 1 Catalytic hydroboration of CO, by dialumenes (3 and 3%)

View Article Online
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In this instance, use of 3 results in the formation of products
B-D in notable amounts; therefore, an alternative mechanism
for the hydroboration of CO, is highly likely. As such, 3 was
reacted with 1 eq. of HBpin; the "'B NMR spectrum showed
complete consumption of HBpin and formation of a new
upfield doublet at 6 2.57 ppm (Jyg = 112.18 Hz). The same
signal and coupling were observed from the reaction of HBpin
and I'Pr,Me,; therefore it is proposed that the stoichiometric
reaction of 3 and HBpin results in NHC abstraction. Notably,
this does not result in H-B bond cleavage and formation of an
Al(H)-Al(Bpin) type species, which was observed with diborene®®
and disilyne® chemistry. Addition of CO, to this I'Pr,Me,-
HBpin adduct did not result in formation of any reduced CO,
species, or any reaction after 24 h at room temperature; there-
fore it is unlikely that this is the catalytically active species. It is
of note that NHCs have been shown to catalyse hydroboration
(with HBpin) of carbonyl compounds, in acetonitrile.*

Whilst these experimental observations preclude definitive
mechanistic analysis, it is proposed that the aryl stabilised
dialumene (3) acts as a pre-catalyst, with CO, hydroboration
occurring through an initial hydroalumination of CO, and
subsequent Al-O/B-H o-bond metathesis, in line with other
previously reported main group hydroelementation of CO,
mechanisms.®°

Amine borane dehydrogenation

Main group catalysts (largely group 1, 2, and 13) have also been
shown to be viable dehydrocoupling catalysts.***”7%7> These
reactions largely proceed through formation of M-H and M-E

Me H

Me—\lTl—$/—H _BINMez
H-,B—N‘—Me \NMez
H Me
[Al]
H H CeDg A

Me—/‘N—B:—H —_— Me, H
Mé  H -H, Me H N-B7 e

N=E M N:
Meé H H-g Me

H H

c D

Scheme 7 Catalytic dehydrocoupling of Me,NHBHz; mediated by
aluminium catalysts.

Product distribution?/%

Entry Catalyst Loading/mol% Time/h Temp/°C Conversion/% A B C D
1 35 10 110 20 86 86 7 7 0
2 3% 5 4 60 68 94 2 4 0
3 3 5 58 20 81 39 27 34 0
4 3 5 24 20 66 65 15 17 3
5 3 1 24 60 62 49 7 41 3

“ Conversion of HBpin based on ''B NMR integrals. ? Ratio of products based on 'H NMR integrals.
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Table 2 Catalytic dehydrocoupling of Me,NHBH=z by aluminium catalysts

Product distribution®/%

Entry Catalyst Loading/mol% Time/hr Temp/°C Conversion“/% A B C D
1 3 5 5 20 72 25 5 — 27
2 3 5 44 20 78 35 5 — 23
3 38 5 16.5 20 17 5 1 — 11
4 3 1 2 20 28 8 1 <1 13
5 3 1 16.5 20 60 45 1 <1 14
6 1 5 24 20 0 0 0 0 0

7 1 5 24 60 31 11 — — 15

“ Conversion of Me,NHBH; based on ''B NMR integrals. ” Ratio of products based on 'B NMR integrals.

bonds, via c-bond metathesis reactions due to the differing
protic and hydridic substrates. Therefore, to probe the inter-
mediacy of aluminium hydrides we examined the use of both
dialumenes in amine-borane dehydrocoupling catalysis. Use of
5 mol% of 3 and 3% with Me,NHBH; in C¢D¢ showed rapid
evolution of gas at room temperature in the case of the aryl
substituted dialumene (3). Regular monitoring of both reaction
mixtures at room temperature by "H and ''B NMR spectroscopy
confirmed the formation of H, and showed several boron con-
taining species by ''B NMR (Scheme 7, products A-D). After 5 h
approximately 70% of the Me,NHBH; had been consumed in
the case of 3 (Table 2, entry 1); in contrast, the silyl dialumene
35 after three times as long resulted in 17% consumption of
Me,NHBH; (Table 2, entry 3). Notably, prolonged reaction times
in the case of the 3 did not lead to significant or complete
consumption of Me,NHBH; (Table 2, entry 2), and only a small
change in the product distribution was observed with increased
reaction times.

It was also possible to use 1 mol% of 3; again, fast
consumption of Me,NHBH; was observed within the first few
hours (Table 2, entry 4) with the reaction rate slowing with
increased Me,NHBH; consumption (Table 2, entry 5). As
aluminium-hydrides have been used in amine borane catalysis
previously,” and to rule out complete hydrogenation and Al-Al
bond cleavage during the reaction, compound 1 was tested for
dehydrocoupling activity. After 24 h at room temperature (Table
2, entry 6) no conversion of Me,NHBH; was observed; on
increasing the temperature to 60 °C (Table 2, entry 7), some
formation of H, and products A-D was observed. Due to the
increased temperature and prolonged reaction times required
for compound 1, it is proposed that the retention of an Al-Al
bond accounts for the increased catalytic activity.

Comparable to hydroboration reactions, the aryl stabilised
dialumene (3) was found to be more catalytically active than the
silyl-stabilised counterpart (3%). Mechanistically speaking,
amine-borane dehydrocoupling reactions generally occur
through formation of M-H and M-E bonds.*” As such, it has
been shown that formation of Al-H bonds is more accessible
from 3 compared to 3%, therefore accounting for the difference
in catalytic activity. Both reactions show initial formation of
a catalytic equivalent of HB(NMe,), (product B, Scheme 7)
which then remains constant throughout the catalysis. It has

This journal is © The Royal Society of Chemistry 2020

previously been shown by Wright and co-workers that forma-
tion of B is the result of the formation of the catalytically active
Al-H containing species from Al(NR3); (R = Me, iPr).”*
Furthermore, Braunschweig and co-workers recently showed
that Me,NHBH; can be used to isolate hydrogenated diborenes;
thus, analogous reactivity is anticipated.”” However, in our
hands, stoichiometric reactions of 3 and Me,NHBH; resulted in
a mixture of species, whilst reaction with a higher number of
equivalents of Me,NHBH; resulted in the dehydrocoupling
products. We therefore conclude that the dialumene acts as
a pre-catalyst in this reaction and the active catalyst is generated
in situ.

Conclusions

In conclusion, we have shown the fundamental differences
between aryl and silyl supporting ligands for the stabilisation of
dialumenes and their subsequent influence on reactivity. The
increased flexibility of the ¢rans-bent and twisted structure for
the aryl dialumene (3) enables reactivity with more sterically
demanding substrates, and in addition is now able to activate
dihydrogen. Further differences are observed in the catalytic
ability of the two dialumenes, with the latter exhibiting higher
activity. This is likely due to different mechanisms in the cata-
Iytic cycle and the ability of the aryl dialumene to stabilise
a metal-hydride intermediate in contrast to the silyl ligand.
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Abstract: Reactivity studies of silyliumylidenes remain scarce with only a handful of publications
to date. Herein we report the activation of S-H bonds in hydrogen sulfide by mTer-silyliumylidene
ion A (mTer = 2,6-Mesy-C¢Hs, Mes = 2,4,6-Me3-C¢H)) to yield an NHC-stabilized thiosilaaldehyde B.
The results of NBO and QTAIM analyses suggest a zwitterionic formulation of the product B as the most
appropriate. Detailed mechanistic investigations are performed at the M06-L/6-311+G(d,p)(SMD:
acetonitrile/benzene)/ /M06-L/6-311+G(d,p) level of density functional theory. Several pathways for
the formation of thiosilaaldehyde B are examined. The energetically preferred route commences with
a stepwise addition of H;S to the nucleophilic silicon center. Subsequent NHC dissociation and proton
abstraction yields the thiosilaaldehyde in a strongly exergonic reaction. Intermediacy of a chlorosilylene
or a thiosilylene is kinetically precluded. With an overall activation barrier of 15 kcal/mol, the resulting
mechanistic picture is fully in line with the experimental observation of an instantaneous reaction
at sub-zero temperatures.

Keywords: silicon; N-heterocyclic carbenes; silyliumylidenes; small molecule activation; mechanistic insights

1. Introduction

Low-valent main group chemistry is a rapidly developing field and the wealth of new structural
motifs, which have been isolated in the past two decades, have increasingly gained interest in using these
species for the activation of small molecules and, potentially, for catalysis (for representative reviews
see [1-7]). Key to these developments have been the usage of suitable synthetic methodologies in
combination with thermodynamic and kinetic stabilization by appropriately chosen ligands. In particular,
for the heavier carbon analogue silicon, a plethora of studies reported new low-valent compounds in recent
years [8-25] and the chemistry of silylene base adducts has already been carefully developed [14,26-36].
Before these findings, silyliumylidene ions, cationic Si(II) species were found to be promising as similar
versatile Lewis amphiphiles [37,38].

In 2004, Jutzi initiated the chemistry of silyliumylidene ions taking advantage of the stabilizing
effects of the n°-coordinated pentamethyl-cyclopentadienyl ligand to prepare hypercoordinate
silyliumylidene ion I (Figure 1) [39]. Driess and coworkers isolated the two coordinated silyliumylidene
ion II, stabilized by aromatic 67-electron delocalization as well as by intramolecular donation of
the sterically encumbered (3-diketiminate ligand [40]. N-heterocyclic carbenes (NHCs) represent
another ligand class, widely used in modern main group chemistry. As NHCs are strong o donors,
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their application in main group chemistry enabled the isolation of a large variety of low coordinate
and low-valent main group compounds [41,42]. The first NHC-stabilized silyliumylidenes, III and IV
were synthesized by Filippou and coworkers via a three-step protocol from Sily [28], and by Driess
and coworkers through the reaction of Roesky’s NHC-stabilized dichlorosilylene with their bridged
bis-carbene ligand [23].

[B(CeFs)al JY—] Dipp +
_ Di ~
[B(CeFs)4 Dlp—l PPN N/\>_| _

\ Dlpp
Si \ Si: I—

Sl )
\. /'Pr \
\ '/—N &
ipr/Nj/\ r\)
I I I Dipy” v
5 ST
R‘NJY - EMind= O

~N_ B
/R Bt Et Et E
R-Si: R—Si :
R N,/
/N 7N
RN~ (TMS);HC CH(TMS), /Nj/\ r Pr
Va-c 5 AIA' [
1
VaR=EMind, R=Me A R = mTer Pr
Vb R = EMind, R = 'Pr A'R = Tipp

VcR=Tbb, R=Me

Figure 1. Selected examples of isolated silyiumylidenes.

Sasamori, Matsuo, Tokitoh and coworkers obtained the bulky aryl-substituted silyliumylidenes
Va-c by treatment of the corresponding diaryldibromodisilene with the carbenes ImMey
(1,3,4,5-Mey-imidazol-2-ylidene) ~or  Im'Pr,Me;  (1,3-"Pry-4,5-Mep-imidazol-2-ylidene)  [43].
Around the same time our group reported the mTer- and Tipp-substituted silyliumylidenes A
and A’ (mTer = 2,6-Mesy-CsH3, Mes = 2,4,6-Me3-CgHy, Tipp = 2,4,6-'Pr3-C¢Hy) [44]. Different to all
other known silyliumylidenes, A and A’ are accessible via an easy one-step synthesis: the addition of
3 equivalents of ImMey to the corresponding Si(IV) aryldichlorosilanes to give the silyliumylidenes
via HCl removal by ImMe,; and nucleophilic substitution of chloride. The same approach was
recently used by the group of Matsuo, obtaining Va via addition of ImMey to a solution of
(EMind)dichlorosilane (EMind = 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl) [45].
It should be noted that the corresponding iodosilyliumylidene stabilized by one NHC and one cAAC
(cyclic (alkyl)aminocarbene) moiety have been reported by So and coworkers [46], as well as the parent
silyliumylidene [HSi*] stabilized by two ImMe, moieties [47].

Although a handful of silyliumylidenes have been reported in the last few years, reactivity studies
are limited to the activation of elemental sulfur [24,48], the synthesis of a stable silylone from IV [23],
and the catalytic application of I in the degradation of ethers [49]. For comparison, the neutral
silylene derivative of silyliumylidene II (Figure 1) has been applied in the activation of several
small molecules such as NHz, H,S, H,O, AsH3z and PHj3 [50-52]. A theoretical assessment of
the observed divergent reactivity was provided by Szilvasi and coworkers, revealing a unique
insertion step to form the 1,4 adducts, followed by varying pathways towards the products [53].
The NHC-stabilized arylchlorosilylene corresponding to A has already been published by Filippou
and coworkers in 2010, as well as the chlorosilylene with sterically more demanding mTer!'" ligand
(mTer'™™ = 2,6-TippyCgHz) [54]. Subsequently, the mTer'""-chlorosilylene was employed as the precursor
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for the preparation of a silylidyne complex Cp(CO),Mo=Si(mTer''") [55]. The conversion of those
chlorosilylenes with lithium diphenylphosphine and LiPH, to the corresponding phosphinosilylene
and 1,2-dihydrophosphasilene reported by Driess and coworkers in 2015 [56,57] as well as the reaction
towards diazoalkanes and azides presented by Filippou and coworkers [58] remain as the only reports
regarding the reactivity of this species.

In any case, we consider silyliumylidene ions as promising candidates for small molecule
activation as they possess two different reactive sites: an electron lone pair, and two empty p-orbitals
at the silicon center. The electrophilicity of A and A’ is moderately mitigated by N-heterocyclic
carbene coordination to the silicon center (Figure 2). Moreover, the zwitterionic representation of A/A’
(Figure 2) emphasizes the view of a silyl-anion, which appears useful further below.

We have already presented the silylene-like reactivity of A in the C-H activation of
phenylacetylene to give the 1-alkenyl-1,1dialkynylsilane VI as the Z-isomer exclusively (Figure 2) [44].
We have also reported the application of A/A’ for the reduction of CO; yielding the first NHC-stabilized
silaacylium ions (VII/VII’) [59]. In addition, we have demonstrated the importance of kinetic
stabilization by the steric bulk of the aryl ligands. In contrast to VII, the less shielded compound VII’
is kinetically labile even at sub-zero temperatures and could only be characterized spectroscopically.
Very recently, we reported the synthesis of the corresponding heavier silaacylium ions VIIIa-c obtained
from the reactions with CS; or Sg, Se, and Te, respectively [60]. Also, we could demonstrate the recovery
of silyliumylidene A from VIIIa-c by the treatment with Aul as well as chalcogen transfer reactions.
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Figure 2. Reactions of silyliumylidenes A and A’.

For the last 30 years, neutral congeners of VIIla-c, silanechalcogenones R,Si=E with E = S, Se,
Te have been studied extensively [61]. In contrast, related compounds of type RHSi=E (E =S, Se, Te) are
limited to the studies on intramolecularly stabilized silathioformamide by Driess and coworkers [50] and
the NHC-stabilized heavier silaaldehydes by Miiller and coworkers [62].

In this article, we further expand our series by the reaction of silyliumylidene A with
hydrogen sulfide, yielding an NHC-stabilized thiosilaaldehyde, in a combined experimental and
theoretical approach.
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2. Results and Discussion

2.1. Reaction of Silyliumylidene A with H,S

The reaction of NHC-stabilized silyliumylidene A, dissolved in acetonitrile, with 1 M H,S solution
in THF proceeded rapidly even at —20 °C, and the orange color of the starting material vanished
within seconds. 'H NMR spectroscopy indicated the formation of imidazolium salt, and one remaining
ImMey coordinated to the silicon center (3.46 ppm, 6H, NCHj3, ImMey). The splitting of the signals for
the ortho-methyl groups and the benzylic protons in the mesityl moieties indicated reduced symmetry in
the product. A new signal at 5.35 ppm with 2°Si satellites (}]s;y = 209.0 Hz) was assigned to the Si bound
hydrogen atom by 'H/?’Si-HMBC-NMR spectroscopy. The 2Si NMR signal was shifted down-field from
—69.03 ppm in the starting material to —39.59 ppm. Single crystals were obtained after storing the reaction
solution at 8 °C overnight. X-ray crystallography confirmed the formation of the NHC-stabilized
thiosilaaldehyde B (Figure 3). In earlier work by Miiller and coworkers, they obtained the analogous
species with the bulkier mTer'™™ ligand by the reaction of the NHC-stabilized hydridosilylene with
elemental sulfur [62]. BmTer'™" features the same Jgy coupling constant (209 Hz), which is smaller
compared to the one of silathioformamide (255 Hz) reported by Driess and coworkers. [50]. Compound B
is stable under the inert atmosphere and shows good solubility in acetonitrile, however, in contrast
to thiosilaaldehyde BmTer'’™, only a limited solubility in aromatic solvents is observed. Removal of
the imidazolium byproduct from B was achieved by fractional crystallization from acetonitrile to obtain
B as an analytically pure crystalline solid in 54% yield. Repetition of the experiments using A’ featured
the same fast decoloring, but the attempts to isolate the corresponding B” were not successful, most likely
due to the kinetic lability of the formed product.

\/N Cl /N\/N\ /L\_l\ N\
AN st + TH
R-Si: > R-§{| " R-Si_
\\.' / - ImMe4°HCI \S S
/N B
/NW%\
A R=mTer 23
(a) (b)

Figure 3. (a) Conversion of silyliumylidene A to B with H,S and (b) the molecular structure of B.
Thermal ellipsoids are shown at the 50% probability level. Except for the H1 atom, hydrogen atoms
are omitted for clarity. Selected bond lengths [A]and angles [°] of B: S1-Si1 2.0227(9), Si1-C1 1.902(2),
Si1-C25 1.934(2), Sil-H1 1.41(3), S1-Si1-H1 113.5(11), C1-Si1-S1 121.14(8), C1-Sil-H1 113.3(11).

The tetracoordinate NHC-stabilized thiosilaaldehyde B (Figure 3) exhibits a distorted tetrahedral
coordination around the silicon atom with a 7m-stacking of the NHC and a mesityl group of
the terphenyl ligand. The Si-S bond length was 2.0227(9) A, which is slightly longer than in compound
VlIIa (2.013(1) A and 2.018(1) A for the two independent molecules) [60], as well as the intramolecular,
stabilized thiosilaaldehyde by Driess and coworkers (1.9854(9) A) [50]. Tt is closer to the covalent
double bond radii of sulphur and silicon (2.01 A) than to the sum of single bond radii (2.19 A) [63].
The Si-CNHC bond (1.934(2) A) and the Si-C"™e bond (1.902(2) A) are shortened compared to
A (1.9481(19) A and 1.9665(19) A/1.9355(19) A). The structural parameters are close to those of
BmTer'" [62].

Further insight into the nature of the Si-S bond in B is provided by density functional theory
(DFT) computations at the M06-L/6-311++G(2d,2p)/ /MO06-L/6-31+G(d,p) level. For all bonding
analyses, we chose a truncated molecular model replacing the mTer ligand by phenyl and ImMey by
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ImMe,H, (1,3-Me,-imidazol-2-ylidene). The computed structural parameters of BM°del agreed well
with the experimental molecular structure obtained from X-ray diffraction (see Table S3). Natural bond
orbital (NBO) analysis reveal natural localized molecular orbitals (NLMOs, Figure 4b) corresponding
to Si—H, Si-CNHC, Si—C"Ter and Si-S single bonds as well as three NLMOs representing the electron
lone pairs at sulfur. This zwitterionic representation of BM°d¢l s also the dominant Lewis resonance
structure within the natural resonance theory (NRT) formalism (Figure 4a). In line with analysis
by Miiller and co-workers [62], the short Si-S bond and the Wiberg bond index of 1.38 can be
rationalized by negative hyperconjugation [64,65] of the sulphur lone pairs into the 0*(Si-R) orbitals:
the occupancy of the LP(S) NBOs is significantly decreased (1.81 e, 1.76 e), while the NBOs for
the anti-bonding o*-orbitals are partly populated (Si-H: 0.11 e, Si—-CNHC: 0.14 e, Si—C™Te™: 0.12 e).
Topological analysis of the computed electron density, by means of Bader’s quantum theory of atoms
in molecules (QTAIM) [66,67], characterizes the Si—S bond as a strongly polar covalent interaction as
indicated by a marked shift of the bond-critical point (bcp) towards the more electropositive Si site,
arelatively large electron density ppcp, a positive Laplacian Vz}pbcp as well as a negative total energy
density Hy,p, at the bep (Figure 4c) [68,69].

/L\_l NS N\
Ph—Si"H

BModeI

o(Si-CMHT)

(@)

p=+0788A2
Flp=+334ei5 |
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H-SioH  H-Si
S S
3 H 4

Figure 4. Results of the bonding analysis of BM®del, (a) Dominant Lewis resonance structure according
to NRT analysis, (b) NLMOs representing the electron lone pairs at sulphur and the Si-CNHC, Si-CPh,
Si-S, and Si-H single bonds, (c) 2D plot of Vzp(r) charge concentration (- - -), and depletion (—), bond
path (—) and beps (black dots) with characteristic properties and bond path lengths of the Si-S bond,
(d) related compounds 1-4.

For a classification of further characteristics at the Si-S bep, we analyzed related species containing
a Si-S single bond (1 and parent compound 3) or a Si=S double bond (2 and parent compound 4,
Figure 4d). The results of the corresponding QTAIM analyses are summarized in Table 1. All molecular
graphs display a characteristic shift of the Si-S bcp towards the more electropositive silicon site. In line
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with expectation, the values of pp,¢, and Vzpbcp are higher for double bonded compounds 2 and 4
compared to single bonded compounds 1 and 3. The electron density and its Laplacian for the Si-S
bond in BM°d¢l are located in between, suggesting the presence of a partial double bond [70,71].
Also, the delocalization gradient Jg; g, i.e., the number of electron pairs shared between two atoms,
lies between the values for the single and double bonded species. However, the bond ellipticity épp,
a measure of ppp anisotropy indicating the 7 character of a bond, is rather small with a value of 0.01.
Nevertheless, the Si-S bond shortening, as well as the decrease in ellipticity compared to épp for the Si-S
single bonds in 1 and 3, agree with the presence of negative hyperconjugation in BMdel [72], which was
already observed within the NBO framework.

Table 1. Results of QTAIM analyses of BM°del and 1-4. Selected properties of the electron density
distribution of the 5i-5 bond: Bond path lengths ds; s, and distances to beps dsjpep and dpep-s,
the electron density py,p, the Laplacian of the electron density V2pbcp, the total energy density Hyp,
the bond ellipticity Epep =M /Ay — 1 (derived from the two negative eigenvalues of the Hessian matrix
of the electron density at the bcp with A1 > A,), delocalization index 6g; g.

2
dSi—bcp dbcp—S Pbep v Pbcp Hbcp

Compound dg;_g [A] Al [Al  [eA~® [eA~5] [EyA—2l Ebep  Osis

pModel 2.00 075 126 0.78 3.33 —0.52 0.01 078
1 213 077 136 0.66 1.36 —0.43 012 056
2 1.95 073 122 0.83 524 —0.55 021 115
3 2.14 078 1.37 0.64 1.36 —0.40 010 057
4 1.94 073 121 0.83 5.39 —0.56 023 125

These results support a zwitterionic nature of B with the partial double bond character of the Si-S
bond due to negative hyperconjugation. This enhanced interaction between silicon and sulphur is
reflected experimentally by the short bond length found in single crystal XRD analysis.

2.2. Mechanistic Investigations on the Reaction of Silyliumylidene A with H»S

The reaction of HyS and A proceeds instantaneously, preventing the NMR detection of
intermediates to gain further information on this conversion. To rule out the formation of chlorosilylene
C as reaction intermediate, we investigated the interconversion of C and A in a combined experimental
and theoretical approach (Figures 5 and 6).

Addition of one further equivalent of ImMey to a solution of chlorosilylene C in benzene at RT lead
to no change in color or 'H-NMR. Heating of the reaction solution to 40 °C resulted in slow darkening
of the solution to orange. After several hours the formation of orange crystals in the lower part of
the Schlenk tube was observed, yielding silyliumylidene A in 58% isolated yield after a prolonged
reaction time of 18 h. The reverse reaction could not be demonstrated experimentally due to the limited
stability of chlorosilylene C and ImMe4 in MeCN, the sole solvent in which A is soluble and stable.

N N (¢]]
N\ ImMey4 /Yoo
R-Si —_— R-Si:
I /
cl ImMey \/—N
c /ka
A R=mTer

Figure 5. Interconversion of chlorosilylene C and silyliumylidene A at 40 °C.

DEFT calculations on the interconversion of C and A were performed at the M06-L/6-311+G(d,p)
(SMD = benzene)/ /M06-L/6-31+G(d,p) level of theory with a marginally reduced molecular model
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(mTer reduced to 2,6-diphenyl-C¢Hz and ImMey replaced by ImMe;Hy). Silyliumylidene 7 is only
slightly lower in energy than chlorosilylene 5 (Figure 6). This is in accordance with a report on the related
silyliumylidene ions Vb and V¢, for which a substituent-dependent shift in relative stabilities was
observed [43]. We further investigated the potential energy surface of the interconversion: NHC addition
to chlorosilylene 5 via TS56 (A'G = 19.6 kcal/mol) leads to tetracoordinate 6, which is located as
an unstable intermediate (18.8 kcal/mol). En route to silyliumylidene ion 7, a substantial effective barrier
of 28.4 kcal /mol for the chloride dissociation in TS67 is found. This is in line with interconversion of
chlorosilylene C to silyliumylidene A taking place at elevated temperatures but clearly incompatible with
the H,S activation that takes place at —20 °C. Based on our combined experimental and theoretical studies,
we thus conclude that formation of thiosilaaldehyde B does not involve intermediacy of chlorosilylene C.

/—\ /—\ * [\ ~ ¥ ~
[N N
NN~ N__N— _N_N— \:? \:?
N ¥ N N =N
Clu, l Cl, l Cla, i Cl+ / N / _
Sit + B — Si: E—— Si: — /31: —— R-Sj: Cl
7 7 7 RT X ./ N/
R R R | . .
~N" N 2 A fj fj
_ TNT N NT N N/ N_
\_/ _ . ~ ~
5 TS56 6 TS67 7
0.0 +19.6 +18.8 +28.4 -04

Figure 6. Computed pathway for the interconversion between 5 and 7, R = 2,6-diphenyl-C¢H; and
ImMe,Hy; AG?® in keal/mol.

The reaction of 8 with hydrogen sulfide commences with a proton transfer via TS89
to give intermediate 9 as an ion pair in an exergonic step (Figure 7) (MO06-L/6-311+G(d,p)
(SMD:acetonitrile) / /M06-L/6-31+G(d,p) level of theory). Subsequently, the SH moiety adds to
the silicon center to yield 10, a pentacoordinate intermediate, with an effective barrier of 15.1 kcal/mol.
The assistance of a second H,S molecule in TS?89 is entropically disfavored compared to TS89.
The NHC-stabilized silyliumylidene 8 acts as a nucleophile in the reaction with hydrogen sulfide, as its
electrophilicity is saturated by the presence of two coordinating NHCs. Accordingly, the zwitterionic
representation of 8 in the following best emphasizes its nucleophilic character.
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Figure 7. Computed pathway for the reaction from 8 to 10, R = 2,6-diphenyl-C¢Hz; AG?? (AH?®)
in kcal/mol.
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Starting from 10, different pathways to NHC-stabilized thiosilaaldehyde 11 were examined
(Figure 8). The concerted NHC dissociation and S-H proton abstraction in transition state TS1011
is connected with a barrier of 6.9 kcal/mol and directly yield 11 in a strongly exergonic reaction.
Alternatively, dissociation of one NHC ligand from 10 to 12 was thermodynamically favored and
proceeded barrierlessly, as indicated by relaxed potential energy surface scans along the Si-CN¢ bonds
(see Figures 57 and S8). The NHC liberated subsequently abstracts, with clear kinetic preference, the S-H
proton in 12 (TS1211: A*G = 8.7 kcal/mol). The alternative route for Si-H hydride abstraction via TS1213
is connected with a substantially higher activation barrier (A*G = 23.5 kcal/mol), which renders this path
to 11 kinetically irrelevant. The atomic charges obtained by natural population analysis of 10 (H: —0.17 e,
HS: 0.18 e) supported the view that the increased activation barrier goes back to the additional charge
transfer occuring in the course of the hydride abstraction. Overall, the addition of H;S to silyliumylidene
8 via TS910 is rate-limiting with an effective activation barrier of 15 kcal/mol. Subsequent isomerization
to thiosilaaldehyde 11 is initiated by barrierless NHC dissociation and accomplished by abstraction of
the S-H proton by the free carbene. Concerted proton abstraction and NHC dissociation (TS1011) is
kinetically disfavored.
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Figure 8. Computed pathway for the reaction from 10 to 11, R = 2,6-diphenyl-C¢Hs; AG**® (AH?%)
in kcal/mol.
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In conclusion, we have presented the activation of hydrogen sulfide by silyliumylidene ion A to
give the thiosilaaldehyde B. Its nucleophilicity is best rationalized by assuming a zwitterionic character.
Combined experimental and theoretical investigations reveal that the thiosilaaldehyde formation does
not involve intermediacy of chlorosilylene C or thiosilylene 13. The NHC-stabilized silyliumylidene A
adds H,S in a stepwise reaction sequence followed by NHC dissociation. Proton abstraction by the latter
yields thiosilaaldehyde in a strongly exergonic reaction. With an overall activation barrier of 15 kcal /mol,
the resulting mechanistic picture is fully in line with the experimental observation of an instantaneous
reaction at sub-zero temperatures.

3. Materials and Methods

3.1. General Methods and Instruments

All manipulations were carried out under the argon atmosphere using standard Schlenk or
glovebox techniques. Glassware was heat-dried under vacuum prior to use. Unless otherwise
stated, all chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) and used as received.
Benzene, n-hexane, and acetonitrile were refluxed over standard drying agents (benzene/hexane
over sodium and benzophenone, acetonitrile over CaHy), distilled and deoxygenated prior to use.
Deuterated acetonitrile (CD3CN) and benzene (C¢Dg) were dried by short refluxing over CaH, (CD3CN)
and/or storage over activated 3 A molecular sieves (CD3CN and C¢Dg). All NMR samples were prepared
under argon in ]. Young PTFE tubes. mTerSiHCly, chlorosilylene C and ImMe4 were synthesized according
to procedures described in literature [54,73,74]. NMR spectra were recorded on Bruker AV-400 spectrometer
(Rheinstetten, Germany) at ambient temperature (300 K). 14, 13C, and 2°Si NMR spectroscopic chemical
shifts § are reported in ppm relative to tetramethylsilane. 5(*H) and 5(*3C) were referenced internally
to the relevant residual solvent resonances. 5(*’Si) was referenced to the signal of tetramethylsilane
(TMS) (6 = 0 ppm) as the external standard. Elemental analyses (EA) were conducted with a EURO EA
(HEKA tech, Wegberg, Germany) instrument equipped with a CHNS combustion analyzer. Details on
XRD data are given in the supplementary materials.

3.2. Improved and Upscaled Synthesis of Silyliumylidene A

mTerSiHCI, (1.00 g, 2.42 mmol, 1.0 eq.) and ImMey (901 mg, 7.26 mmol, 3.0 eq.) were each dissolved
in 17.5 mL of dry benzene in two different flasks. The ImMe, solution was added very slowly to the silane
solution to generate a layer of immediately formed imidazolium hydrogenchloride salt separating both
solutions without stirring. After complete addition/overlaying stirring was switched on, both solutions
mixed thoroughly as fast as possible and the precipitated imidazolium hydrogenchloride salt was allowed
to settle down for a short time. The supernatant dark red solution was filtered into a new flask, the residue
was washed with 2 mL of dry benzene and the combined solutions were allowed to stand overnight
for complete crystallization of the orange silyliumylidene. The yellow supernatant was separated from
the orange crystalline solid, washed four times with 5 mL dry hexane to remove residues of white
imidazolium hydrogenchloride salt and dried in vacuo. An orange crystalline product was obtained in
66% yield (1.00 g). Analytical data are the same as previously published [44].

3.3. Synthesis of Thiosilaaldehyde B

Silyliumylidene A (150 mg, 221 umol, 1.0 eq.) was dissolved in MeCN (3.0 mL), cooled to —20 °C
and an excess of H;,S solution (approx. 0.8 M) in THF was added. The solution quickly turned from
orange to yellow to blue-green while a white precipitate was formed. The solution was allowed to
warm to RT upon which the precipitate redissolved. The solution was concentrated to halve the volume
and stored in the fridge for crystallization overnight. The supernatant was filtered off and the white
residue was washed with MeCN (0.5 mL) at 0 °C. The solid was dried in vacuo. B was obtained as
a white crystalline solid in 54% yield (59.0 mg, 118 pmol). Storage of a crude reaction mixture at 8 °C
yield single crystals of B suitable for X-ray diffraction analysis.
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TH-NMR (400 MHz, 298 K, CD3CN) & 7.45 (t, ] = 7.6 Hz, 1H, C*H, C®°H?), 6.98 (s, 2H, C3/5H, Mes),
6.91 (d, ] = 7.6 Hz, 2H, C>°H, C4H3), 6.76 (s, 2H, C3/°H, Mes), 5.36 (s, 1H, SiH, !Jg = 209.0 Hz),
3.46 (s, 6H, NCHj;, ImMey), 2.36 (s, 6H, C/3/5CHj, Mes), 2.31 (s, 6H, C1/3/5CH3;, Mes), 1.98 (s, 6H,
CCHj3;, ImMey), 1.93 (s, 6H, C1/3/5CHj3, Mes); 3C-NMR (126 MHz, 298 K, CD;CN) 5 149.84, 148.75,
141.06, 138.76, 137.45, 137.42, 137.05, 130.08, 129.63, 128.45, 34.12 (NCH3, ImMey), 22.21 (C*/4/CHj3, Mes),
21.76 (C%/4/6CHj;, Mes), 21.23 (C2/4/6CHj3, Mes), 8.68 (CCH3, ImMey); 2Si-INEPT-NMR (99 MHz, 298 K,
CD3CN) § —39.58; EA experimental (calculated): C 74.27 (74.65), H 7.66 (7.68), N 5.61 (5.62), S 6.25 (6.43) %.

3.4. Conversion of Chlorosilylene C to Silyliumylidene A

Chlorosilylene C (40.0 mg, 80 umol, 1.0 eq.) and ImMey (10.1 mg, 80 pumol, 1.0 eq.) were dissolved
in 1.5 mL of dry benzene in a Schlenk tube. The tube was placed in an oil bath and heated to 40 °C
for 18 h. After this time, a large amount of orange crystals was formed with some white precipitate
(ImMey4-HCl) and a slightly yellow supernatant, which was removed via the syringe. The orange
crystals were washed two times with 2 mL benzene and three times with 2 mL hexane to remove
the white precipitate. The crystalline material was dried in vacuo to give A in 58% yield (29.0 mg).
Analytical data are the same as previously published [44].

3.5. DFT Calculations

Geometry optimizations and harmonic frequency calculations have been performed using
Gaussian09 [75] employing the M06-L/6-31+G(d,p) [76-78] level of density functional theory. The SMD
polarizable continuum model was used to account for solvent effects of acetonitrile and benzene [79].
The “ultrafine’ grid option was used for numerical integrations [80]. Stationary points were characterized
as minima or transition states by analysis of computed Hessians. The connectivity between minima and
transition states was validated by IRC calculations [81] or displacing the geometry along the transition
mode, followed by unconstrained optimization. For improved energies, single point calculations
were conducted at the SMD-MO06-L/6-311+G(d,p) [82,83] level of theory; wave functions used for
bonding analysis were obtained at the M06-L/6-311++G(2d,2p) [82,83] level. Natural bond orbital
(NBO) and natural resonance theory (NRT) analyses were performed using the NBO 6.0 program [84],
interfaced with Gaussian09 [85,86]. The AIMALL [87] program was used for QTAIM analyses [66,67].
Unscaled zero-point vibrational energies, as well as thermal and entropic correction terms, were obtained
from Hessians computed at the M06-L/6-31+G(d,p) level using standard procedures. Pictures of
molecular structures were generated with the ChemCraft [88] program.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2304-6740/6/2/54/s1,
Figures S1-54: NMR spectra of B, Figures S5 and S6, Tables S1 and S2: Crystallographic details of B (CCDC 1839062),
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ABSTRACT: Silyliumylidene ions—Si(II) cations with a stereo-
chemically active lone pair of electrons—can act as ligands in
transition metal complexes comparable to silylenes. However, no
investigations concerning their donor abilities have been carried
out. Carbonyl complexes lend themselves exceptionally well to
determine the donor/acceptor strength of various ligand systems.
We now report the synthesis of novel group 6 and group 8
transition metal carbonyl complexes 2—S of N-heterocyclic
carbene (NHC) stabilized silyliumylidene ion 1b, including the

+ +
IMe,4 — Group6and8 IMe4_| OTF
OTf metal carbonyls ,/
R-Si: - R—S{;—> M(CO),
IMe4 IMe4
R = Tipp n=5 M=Cr, Mo, W
n=4,M=Fe

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

B INTRODUCTION

Since Jutzi’s initial report on the pentamethylcyclopentadiene-
silicon(1I) cation [Cp*Si:]* in 2004," silyliumylidene ions have
gained increasing scientific interest. Because of their unique
electronic structure—a silicon center with a lone pair of
electrons, a positive charge, and two vacant orbitals”—they are
promising candidates for the facile activation of various bond
types, as well as small molecules and, importantly, main-group
catalysis. These highly reactive species can also give new access
routes to novel low-valent silicon compounds, such as
silylones.” Their potential in the activation of small molecules
has already been shown with the isolation of sila-acylium ions
through the activation of CO," and their heavier homologues
directly from S; Se, and Te.” Other reported reactivities
include the activation of O—H,® S—H,” and C—H® bonds and
even the catalytic degradation of oligoethers to dioxane.”
Another possible application of Si(II) cations is their use as
ligands in transition metal complexes. Because of the presence
of a lone pair of electrons on the silicon center, silyliumylidene
ions can function as ligands just like silylenes and carbenes.
However, one-coordinate silyliumylidene ions [R—Si:]* (ie.,
without donor-stabilization) have not been isolated so far due
to their instability and high reactivity.”” Hence, isolation of
these Si(II) cations necessitates their kinetic and thermody-
namic stabilization through generally sterically demanding
substituents as well as electron donating ligands, such as
NHCs.”'° On the other hand, introduction of these moieties
generally hampers their reactivity and in the case of the
stabilization through Lewis bases also (partially) fills the vacant

-4 ACS Publications  © 2019 American Chemical Society 14931

orbitals on the silicon center, therefore reducing their z-
acceptor ability.

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

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

By I+ 'Bu’N\Si’N"Bu
[ W(CO)s - - IMe
NS oTf | H 4
ph—~( si OCs. }jnCO 'Si: — W(CO)
N oc” f Yco Van 5
N 1 Bu3Si
| DMAP ) &
Bu Bu\N N- Bu
I llla (M = Cr) v
Il (M = Mo)
e (M = W)
t
/IMe:] +X_ |Bu M(CO)s R{ /IMe4
vesTer —Sit — M~Cl “si" SiT Fe(CO)
Y Ph—<<N S K
IMey | Vla (R = ™*Ter, R' = H)
‘Bu VIb (R = 'BusSi, R' = H)
la(M=Cu,X=Cl) INa(M=Cr) Vie(R=R'=H)
Ilb(M=Ag, X=0Tf) IVb(M=Mo) VId(R=R'=CHs)
lc(M=Au,X=Cl) INe(M=W) Vle(R=R'=Cl)

“DMAP = 4-dimethylaminopyridine, IMe, = 1,3,4,5-tetramethylimi-
dazol-2-ylidene, Mes/ T‘pPT‘er = 2,6-(Mes/Tipp),-C¢H;, Mes = 2,4,6-
Me;-C4H,, Tipp = 2,4,6-Pr;-C4H,.

been reported in recent years. The electronic properties of
silylenes as ligands have also been investigated computation-
ally, 162!

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

B RESULTS AND DISCUSSION

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

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

Scheme 1. Synthesis of Silyliumylidene Triflates 1-OTf

+ +
Me, " CI™ ll\/le:I OTf
KOTf v/
R—Si: ————— R-Si
X (THF) N
IMey4 - KCl IMey4

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

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

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

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

IMe |y - Me, 15
oTf 4
. S( M(CO)sTHF / oTf
ipp—Si: Tipp—Si:— M(CO)
X (THF) N 5
IMe4 IMey
1b-OTf 2 (M =Cr, 80%)

3 (M = Mo, 83%)
4 (M=W, 86%)

While no direct reaction could be observed with M(CO),,
initial preparation of M(CO);(THF) is not necessary, as
irradiation of a simple mixture of the starting materials with
UV light led to formation of the same complexes, albeit slightly
less clean. The complexes are well soluble in THF, C4H,F,
acetonitrile, and pyridine and are slightly soluble in Et,O. They
are stable for about 2 days in THF, Et,0, and C;HF solution
at room temperature, but after 48 h, small amounts of
unidentified decomposition products can be observed in the
'"H NMR. They decompose rapidly in acetonitrile to an
unidentified mixture of products.

Coordination of the silicon center to the transition metal is
accompanied by marked downfield shift in the **Si NMR
(—69.5 ppm for 1b-OTf), which gets progressively weaker
with an increasing atomic number of the group 6 metal. The
Cr(CO); complex 2 resonates at +6.3 ppm, whereas the
Mo(CO)g and W(CO); complexes (3 and 4) are shifted
upfield to —17.3 and —30.5 ppm, respectively. The same trend
was also observed for the related group 6 silylene complexes
I (unsat./sat.; Cr, 136.9/170.3 ppm; Mo, 119.3/155.3 ppm;
W, 97.8/137.1 ppm)16 and IV (Cr, 92.3 ppm; Mo, 72.8 ppm;
W, 53.0 ppm)."® However, this is in stark contrast to the
coinage metal silyliumylidene complexes II, where an
increasing atomic number resulted in a stronger downfield
shift (Cu, —48.8 ppm; Ag, —46.6 ppm; Au, —38.0 ppm)."® For
comparison, the only other silyliumylidene ion W(CO);
complex I shows a significantly stronger downfield shift of
the °Si NMR resonance from —82.3 ppm in the uncoordi-
nated silyliumylidene ion®” to +51.6 ppm in the complex.'> We
were also able to observe the coupling of the central Si atom
with "W (~149% natural abundance, S = '/,; cf,, Figure S28),
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resulting in a doublet with 'Jgy = 123.0 Hz, which is in line
with other reported Si(II) — W(CO); complexes.'” No
coupling with %5/%Mo (**Mo, ~16%; “'Mo, ~10% natural
abundance; S = */,) could be observed, even with a high
concentration and significantly increased number of scans. *Si
NMR shifts as well as other important analytical parameters are
summed up in Table 1.

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

2Si NMR 3C NMR (CO)
M [ppm] [ppm] Sil-Ml [A]
1b —69.5
2 Cr 6.3 225.2, 222.0
3 Mo -17.3 210.0, 202.2 2.673(1)/2.740(1)
4 W -30.5 201.9, 1924
s Fe 54 2174 2.349(1)

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

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

Scheme 3. Synthesis of Iron Carbonyl Complex 5

+
IMe, ! o IMe, 1 oTf
) f Fex(CO)g
Tipp—Si: Tipp—Si:— Fe(CO),
(CeHsF) N
IMe4 — Fe(CO)s IMe,4
1b-OTf

5 (72%)

be easily removed under reduced pressure and no further
polymerization occurred when the NMR measurements of the
purified product where carried out in THF-dg. As expected,
coordination of iron to the silicon center once again causes a
significant downfield shift of the 2Si NMR resonance from
—69.5 ppm (1b-OTf) to +5.4 ppm (5) (cf, Table 1). For
comparison, the hydrosilylene complexes VIa and VIb show
resonances at —11.1 ppm and —48.3 ppm, respectively
(downfield from —80.5 ppm and —137.8 ppm in the free
silylenes). The "H NMR spectrum is comparable to 2—4, with
a key difference being the significant upfield shift of the septet

corresponding to the ortho 'Pr groups to 3.14 ppm (for 5)
compared to 4.10—4.24 ppm observed for 2—4 (and 3.74 ppm
for 1b-OTY). Interestingly, no signal broadening of this septet
occurs in this case. It is important to note that the "*C NMR of
complex 5 only shows a single resonance for the CO ligands at
217.5 ppm compared to the two resonances observed for the
group 6 complexes.

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

IR Spectroscopic Analysis. All complexes 2—5 were
characterized by IR spectroscopy. Experimentally determined
values (solid state, neat) of CO stretching frequencies and the
calculated bands of complexes 2—5 are listed in Table 2.
Conclusions about the o-donor or s-acceptor ability of
silyliumylidene ion 1b as a ligand can be drawn from the
characteristic CO stretching frequencies in these complexes.
To put the relative donor/acceptor strength of 1b into
perspective, we selected multiple literature known complexes
and compared the CO stretching frequencies: strong(er) o-
donors/weak(er) 7-acceptors increase the 7-backbonding from
the metal to the CO ligand and therefore strengthen the M—C
bond while simultaneously weakening the C—O bond (which
results in lower wave numbers of the CO stretching frequency,
i.e, a bathochromic shift). Conversely, ligands with weak(er)
o-donor/strong(er) 7-acceptor properties lead to higher wave
numbers observed in the IR spectrum (ie., a hypsochromic
shift). In general, strong 6-donors are weaker 7-acceptors and
vice versa. However, in the case of 1, the two coordinated
NHC moieties occupy the p-orbitals, significantly reducing the
m-acceptor ability of the central silicon atom. This drastically
reduces the s-backbonding contribution from the metal
fragment to the silicon center. Hence, any changes of the
carbonyl stretching frequency observed in the IR spectrum
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Figure 1. Ellipsoid plot (50% probability level) of the molecular structure of Mo(CO) complex 3 (one out of two independent molecules in the
asymmetric unit shown) and Fe(CO), complex S. Tipp-substituents are simplified as wireframes. Hydrogen atoms, solvent molecules, and anions
are omitted for clarity. Selected bond lengths [A] and angles [°]: 3 Sil—Mol 2.673(1)/2.740(1), Si1—C1 1.942(3)/1.966(3), Sil—C16 1.951(2)/
1.950(3), Si1—C23 1.962(4)/1.960(3), Mo1—C30 2.037(3)/2.040(3), Mo1—C31 2.004(3)/1.998(3), Mo1—C32 2.043(4)/2.018(3), Mo1—C33
2.052(3)/2.057(3), Mol—C34 2.041(4)/2.056(4), C30—01 1.143(4)/1.140(4), C31-02 1.140(4)/1.146(4), C32—03 1.144(5)/1.154(5),
C33—04 1.140(3)/1.139(4), C34—05 1.142(5)/1.142(4), Mo1-Si1—C1 132.7(1)/131.2(1), Mo1-Si1—C16 103.1(1)/102.2(1), Mol1—Sil—
C23 108.1(1)/109.3(1), C1-Si1—C16 104.3(1)/108.6(1), C1-Si1—C23 98.9(1)/98.5(1), C16—Si1—C23 108.1(1)/104.8(1), Sil—Mo1—C31
169.4(1)/171.5(1); § Sil—Fel 2.349(1), Si1—C1 1.91(2), Si1—C16 1.949(2), Si1—C23 1.956(2), Fe1—C30 1.768(2), Fe1—C31 1.775(2), Fel—
C32 1.781(3), Fel—C33 1.790(3), C30—01 1.160(3), C31—02 1.157(3), C32—03 1.154(3), C33—04 1.146(3), Fe1—Si1—C1 115.5(6), Fel—
Si1—C16 116.5(1), Fel—Si1—C23 106.4(1)), C1-Si1—C16 104.9(6), C1-Si1—C23 112.1(6), C16—Sil—C23 100.6(1), Sil—Fel—C33 176.5(1).

Table 2. Experimentally Determined (Solid State, Neat) and
Calculated CO Stretching Frequencies of Complexes 2—5
and Relevant IR Data for Reported Complexes I,'* V,>*
and VI’

a

CO stretching frequencies §c—o [cm™']

M experimental calculated

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

\Y% w 2042, 1952, 1879

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

VIa Fe 2009, 1922, 1884

VIb Fe 2002, 1919, 1878

Ve Fe 2011, 1904, 1855

vid Fe 1999, 1911, 1855

Vie Fe 2029, 1950, 1893

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

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

In general, common ligand classes like phosphines (e.g.,
PhyP = W(CO); Sc—o = 2060, 1914, 1887 cm™!)** or NHCs
(e.g, IMes = W(CO)s dc=o = 2057, 1911, 1876 cm™")*> are
(significantly) stronger o-donors than Si(II) cation 1b,
presumably because of the cationic nature of the silyliumyli-
dene, as well as stronger 7-acceptors, because of the presence
of two NHC ligands on the central silicon atom reducing its 7-
acceptor ability. However, as this was expected, a comparison
to other (donor-stabilized) low-valent silicon species is more
fitting and interesting: the IR bands of silyliumylidene
W(CO)s complexes I'> and 4 (Table 2) show that
silyliumylidene 1 is a stronger o-donor/weaker m-acceptor

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

Since no Fe(CO), complexes of a Si(II) cation have been
reported so far, we chose various related silylene complexes
VI’ for comparison. From this data, we can see that the o-
donor ability of silyliumylidene 1b is very similar to the NHC-
stabilized aryl-hydrosilylene ligand in VIa and, again, slightly
lower than the NHC-stabilized silyl-hydrosilylene ligand in VIb
(cf,, W(CO);5 complex). Considering that silyl groups have an
increased o-electron donating ability compared to aryl
substituents, this is not surprising. Complex VIe (IMe, —
SiCl, - Fe(CO),) shows comparable IR bands and with that
should be very similar in relative 6-donor/z-acceptor strength.
Furthermore, we have calculated the Tolman Electronic
Parameters (TEPs) of the [Tipp—Si(IMe,), — Ni(CO);]*
complex (TEPs: 2063, 2017, 2001 cm™"), which support the
weak o-donor/z-acceptor strength of 1b.”%"*

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

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

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

LUMO of §, cf,, Figures S39—S41 for complexes 2—4). While
the HOMO of § is localized on the transition metal fragment,
the LUMO is mainly located on the silicon center and the
adjacent NHC framework. Furthermore, we also calculated the
Wiberg Bond Indices (WBI) (Table 3). The low values for the
WBIs (i.e., 0.63—0.78) correlate well with the long Si—M bond
distances observed for the complexes. Investigation of the
atomic charge distribution in complexes 2—5 via natural
population analysis (NPA) shows a substantial positive charge
located on the silyliumylidene silicon with a significant
negative charge on the transition metal center. The negative
charge located on the metal center decreases considerably with
increasing atomic number of the metal (i.e., Cr (—2.61) > Mo
(—2.25) > W (—1.66)), which is most likely the consequence
of the orbital size differences that makes donation of the
silicon-centered lone pair to the metal more difficult with its
increasing size. Additionally, this conclusion is in line with the
obtained bond polarization values and the increasing s
character of silicon, which also indicate a decreasing donation
of the silicon centered lone pair.

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

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

B CONCLUSIONS

In summary, we have synthesized and fully characterized a
series of novel group 6 (Cr, Mo, W) and group 8 (Fe)
carbonyl complexes 2—5 of an NHC-stabilized silyliumylidene
ion, which includes the first reported Fe, Cr and Mo complexes
of a silyliumylidene ion, by directly reacting silyliumylidene
triflate 1b-OTf with transition metal carbonyl precursors.
Coordination of the Si(II) cation to the metal is accompanied
by a significant downfield shift of the *’Si NMR resonance. SC-
XRD analysis revealed surprisingly long Si—M bond lengths.
Analysis of the complexes via carbonyl IR stretching
frequencies together with DFT calculations give insight into
the o-donor ability of the Si(II) cation, which is significantly
lower than in model NHC or phosphine complexes, most
likely because of the positive charge located on the silicon
center. Further coordination chemistry of NHC-stabilized
Si(II) cations toward other metals and their application in
organometallic transformations is currently under investigation
in our laboratory.
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Summary and Outlook

7. Summary and Outlook

Acyclic silylenes

With the limited number of reported examples, we used a combination of NHI and silyl ligands to access
new donor-free acyclic silylenes. Formation of a green acyclicimino(silyl)silylene 1 (Scheme 9, chapter 6.1)
was achieved at low-temperatures and verified by combined experimental and theoretical studies. Its
isolable resting state was found to be a yellow silacycloheptatriene 1’ (silepin, Si +IV), which is a direct
result of the high Lewis acidic character of 1. As such it is capable of insertion into the C=C bonds of the
ligand phenyl ring, resulting in the dearomatised silepin complex (1’). Theoretical studies revealed these
two complexes to be close in energy and thermal rearrangement of 1’ to 1 is accessible, thus enabling 1’
to be used as a ‘masked’ silylene. 1’ can also be converted with BCF to yield the adduct of the silylene (2)
and was further examined towards the activation of small molecules. The Si(+IV) compound (1’) activates
H, and ethylene under mild conditions and furthermore conversion with CO, yields the first monomeric
silicon carbonate complex 3 under release of CO.
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Scheme 9: Summary of the reactivity of imino-hypersilyl-silepin acting as a masked silylene including the calculated
structure of 1 (chapter 6.1).1308!

Formation of 3 was assumed to proceed via an intermediary silanone. Silanones are three coordinate
silicon species which bear a Si—O double bond, thus representing the heavier congeners of ketones and
are often referred to as “Kipping’s dream”.3%-31% Changing the oxygenation agent to N,O, gave rise to
formation of the first acyclic three-coordinate silanone 6a (Scheme 10, chapter 6.2). Unsurprisingly, it
bears limited stability in solution. However, silyl ligand exchange enhanced the stability and enabled the
SC-XRD characterisation of 6b. NBO analysis of 6b, including representative smaller model systems,
revealed both ligands crucial for the stabilisation of this species: Firstly, the strong electron-donating NHI
group forces overlap of the lone pair of the exocyclic nitrogen with the Si—-O n-bond (HOMO-10). Secondly,
the polarisation of the silicon oxygen bond is reduced due to the attached electropositive silyl group. The
similarities and differences between 2a and 2b were examined, with both compounds providing access to
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carbonates 3a/3b and methanol quenching products 7a/7b. For the hypersilyl-substituted 6a
rearrangement to a disilene, via TMS-migration to the oxygen, was proposed and verified by reaction of
the intermediary disilene with ethylene (compound 9). Furthermore, the NHC-disilene adduct 8 was
isolated, which is best represented by its zwitterionic structure according to NBO analysis. In the case of
6b, a different rearrangement to imino-siloxy-substituted silylene 10 was observed. This silylene
represents the first reported oxygen-substituted acyclic silylene, which bears an increased HOMO-LUMO
gap and AEst compared to 1a. However, it was still able to activate ethylene to give 11 at rt. Since this
report, silanone 6b was further shown to enable sila-Wittig reactions.'%
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Scheme 10: Summary of the reactivity of silanones 6a/6b (chapter 6.2).31

Inspired by the TMS group migration occurring for 6a, we studied this rearrangement in an acyclic
bis(silyl)silylene (chapter 6.3). Combination of the hypersilyl and supersilyl groups in one molecule
provided access to disilene 12’, which according to extended calculations bears a trans-bent and twisted
structure, comparable to L36 and L40 (Figure 14). Mechanistic theoretical studies revealed the equilibrium
between disilene 12’ and bis(silyl)silylene 12 is accessible whereas deactivation of the equilibrium mixture
via C—H activation of 12 (yielding 13) is connected with a substantially higher barrier. These calculations
revealed a triplet state of 12 to be lower in energy compared to the singlet state. However, experimental

114



Summary and Outlook

proof for the triplet silylene could not be found, although several siliranes where obtained from [2 + 1]
cycloaddition reactions. Additionally, efficient activation of H, by 12/12’ at mild conditions was found to
yield compound 15. This conversion is connected with a low activation barrier of only 4.2 kcal/mol. For
the previously reported acyclic silylenes, activation of H, at mild conditions was thought to be connected
to the low HOMO-LUMO gaps of these species. However, 12 bears a rather high AEsomo-Lumo of 4.18 eV,
thus the general assumption of low HOMO-LUMO gaps being a requirement for H, activation (via a low
activation barrier) does not hold true for bis(silyl)silylenes. Additional high level calculations by
Holthausen revealed the singlet state of 12 being lower in energy, supporting the assumed activation of
H via the singlet bis(silyl)silylene. Furthermore, reaction of 12’ with ammonia yielded compound 16,
verified by combined experimental and theoretical methods.
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Scheme 11: Reactivity of the equilibrium mixture 12/12* including calculated structures.!3!

Furthermore, this study was successful in the isolation of the different accessible silylenes by stabilisation
with Lewis bases (compounds 17 and 18). Rearrangement of 18 and Lewis base exchange reactions (in the
order DMAP — I'Pr,Me, — IMe4) were observed, which is in line with increased donor strength and Gibbs
free energies of bond dissociation. In addition, NHC-stabilised silylene 18 was shown to selectively react
with N,O to vyield silyl ester 19. NBO analysis of 19 revealed a zwitterionic formulation as the most
appropriate Lewis structure with additional negative hyperconjugation from the oxygen lone pairs into
the Si—CNM© and the second Si—0 bonds rationalising the rather short Si—O bonds observed within SC-XRD
analysis.
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In the last silylene chapter (6.4), the bent silicon carbonyl complex 20 (Scheme 12) was studied in detail.
Combined NBO and QTAIM analysis revealed a major contribution of the donor-acceptor bonding motif
(chapter Donor-stabilised Silylenes, Figure 9), bearing donation from the carbonyl to the silicon centre
and back-donation from the silicon centre to the carbonyl unit, which is reminiscent of transition-metal
carbonyl complexes. Furthermore, the bis(silyl)-substitution was found to be critical for the high stability
of 20 via comparative calculations on a variety of smaller model systems.
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Scheme 12: Reactivity of disilene/bis(silyl)silylene equilibrium mixture towards CO, exchange with isocyanide and
functionalisation of the CO moiety with TMS-N3.54

Akin to transition-metal complexes, the CO unit in 20 can be exchanged with isocyanides to give 21. To
elucidate the high resemblance to transition-metal carbonyl complexes further, the CO unit in 20 was
successfully reacted with TMS-azide. In contrast to transition metal-carbonyls, which result in isocyanide
formation, a silyl cyanide 22 was obtained. This was attributed to the high oxophilicity of silicon compared
to transition-metals.

In conclusion, this thesis has succeeded in broadening the scope of donor-free acyclic silylenes bearing
NHI- and/or silyl ligands as well as insight into new reactivity pathways. The experimental work was
supported by a variety of computational methods providing in-depth insight into the underlying
mechanisms and bonding situations, which are not obtainable by experimental work alone. This includes
the first reversible Si(l1)/Si(IV) redox couple, which gave access to two silanones, the heavier analogues of
ketones, with the choice of silyl ligand found to be influential in their rearrangement pathways. Thorough
investigations into key parameters, e.g. electronic and mechanistic insights, aided molecular design which
resulted in the first acyclic bis(silyl)silylene, accessible from its rearranged disilene. Furthermore, silicon
carbonyl complexes resembling transition-metal carbonyl complexes were achieved within this thesis. The
first step of a catalytic cycle (Scheme 7) was shown to be possible for the investigated systems with a
variety of reagents, yet challenges towards reductive elimination (i.e. last step in a catalytic cycle) still
remain. In this regard, the reversible Si(l1)/Si(IV) redox couple highlights that it is indeed possible to go
from Si(IV) to Si(Il) and back again, which is highly advantageous when considering the catalytic potential
of main group compounds. Moreover, it was shown that the reactivity of acyclic silylenes cannot be judged
from their HOMO-LUMO gap alone, as other factors yet to be identified influence their ability to activate
enthalpically strong bonds like those present in H.

In view of catalysis, the large variety of acyclic silylenes should encourage further investigations in
enabling the next steps towards a catalytic application, with a particular focus on reductive elimination
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strategies. This might include further ligand modification to enable a more flexible nature of applied
stabilising donors, i.e. labile donor ligands, as this could provide a vacant coordination site for further
functionalisation of the oxidative addition products.

Dialumenes

As highlighted in chapter 3, low-valent aluminium compounds bearing multiple bond character were
targeted for several years, but dialumenes remained elusive. Use of a combination of strong o-donating
silyl groups and NHCs allowed access to dialumene 23 (Scheme 13) which is the first of its kind (chapter
6.5). Dialumene 23 exhibits a completely trans-planar structure with the shortest Al-Al bond reported to
date. NBO analysis revealed two bonds between the aluminium centres, which is reflected in HOMO and
HOMO-1 of 23. Reactivity evaluated the double bonding nature of 23 via reaction with C—C multiple bonds
to give compounds 24-26.

Me,'Pr,l
_Si'BuyMe
/AI:AI
Me'Bu,Si
HOMO-1
Me,Pr,l of
— N[ | SiBusMe
H,C=CH, Al—Al”
Me'Bu,Si” AN
24 |IPr2M92 Ph
. H Ph l |
Mezlprzl 4 p ) 4
Phenyl- \A7I:A< I/SlBuzMe Me Buzsl\AI_Al/SlBuzMe
acetylene MeBu,Si” . A ~

25  IPr;Me;  Me,Prol H 26  IProMe,
Scheme 13: Structure and frontier orbitals of dialumene 23 and reactivity towards C—C multiple bonds.3*!

Following this report, the reactivity of 23 was extended to CO,, NO; and O; including the catalytic
reduction of CO; by HBpin.2%*

Extension of this dialumene chemistry was achieved through isolation of an aryl-stabilised double bond
(27, Scheme 14, chapter 6.6). This change in ligands highly influences the geometry at the aluminium
centres as dialumene 27 exhibits a trans-bent and twisted structure. Theoretical evaluation of this
structural difference involved examination of a variety of smaller model systems. This revealed the trans-
planar structure of 23 as a direct result of the high steric demand and shape of the silyl ligand. In the case
of Tipp-substitution (27), the steric demand is decreased and, therefore, delocalisation of the m-bond to
the carbene carbon atoms is possible due to increased flexible coordination of NHCs. Furthermore, NBO
analysis revealed the electronic effect on the Al, core as a change in polarisation accompanied with a
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decreased HOMO-LUMO gap present in 27. These differences were also addressed experimentally.
Whereas reaction with ethylene and phenylacetylene affords the products akin to the silyl case, the
increased flexibility of 27 allows for conversion with di(phenyl)acetylene to give 28, which is inaccessible
for 23. Furthermore, clean conversion with Xylyl-isocyanide resulted in the formation of 29, bearing a
butterfly configuration. Comparison in the reactions towards small molecules (CO,, O,, N,O) revealed
enhanced reactivity of 27 including the characterisation of an inorganic epoxide (30) as a semi-stable
intermediate. Furthermore, switching of ligands in dialumene 27 renders the activation of H; possible,
yielding a mixture of the trans- and cis-products of 31.

) Ph
Mezlprzl

Ph
— = Tie Tiop. A Tiep
Ol Al—AI” Al Al CNXyl
acetylene N A N
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Scheme 14: Trans-bent and twisted structure of dialumene 27 including its enhanced reactivity and calculated
structures.[31€]

In the second part of this report, the activity of 23/27 in catalysis was compared experimentally, which
revealed the analogous enhanced reactivity of 27 compared to 23. In the hydroboration of CO, dialumene
27 allows for the reduction of catalyst loading and enables access to the higher reduced species. In amine-
borane dehydrogenation catalysis, 27 clearly outperforms 23, which only yields low conversions. This was
attributed to the ability of 27 to form Al-H bonds.

To summarise, this thesis investigated the first two isolable NHC-stabilised dialumenes including the first
study to include a direct comparison of silyl and aryl ligands in main group multiple bonds. This revealed
important insights into the bonding situation of this new class of compounds and the influence of the
attached ligands on the structural motif was disclosed. With dialumene chemistry in its infancy, future
work should investigate the full potential of these systems particularly in regard to catalytic application.
Utilisation of other stabilising ligands and/or different donors can further fine tune the reactivity of
dialumenes to challenge the prosperous group of anionic aluminyls (chapter 3, Figure 26) that have been
published recently.

118



Summary and Outlook

Silyliumylidene lons

The studies on aryl-substituted silyliumylidene ions began with optimisation of the existing synthetic
procedure. Now NHC-stabilised silyliumylidene ion 32 (Scheme 15, chapter 6.7) is accessible on the gram
scale as a prerequisite to study its reactivity in a broader context. Concerning its rather unexplored
reactivity, treatment of 32 with H,S yielded NHC-stabilised thiosilaaldehyde 34. Combined bonding
analysis using NBO and QTAIM revealed the zwitterionic representation as the most appropriate Lewis
structure for 34 (Scheme 15), although enhanced interaction between silicon and sulphur is present due
to negative hyperconjugation from the sulphur lone-pairs (Scheme 15). Computational mechanistic
investigations revealed a stepwise addition of H.,S to the nucleophilic silicon centre. Thus, 32 bears
reactivity better represented by the Lewis representation A in Scheme 15. This addition is followed by
barrierless NHC dissociation and S-H abstraction by the now free NHC, which yields compound 34. Hence,
the lability of the coordinated NHCs represents an important step in this reaction.

N/ \, /
N N 32 R= mTer /——N

—~N«
Y
@ mTer—Si\’S

NLMOs of !
areduced “f{ ]
model of 33 ¥ O

(Si—CNHC) o(Si—CPh) o(Si-S) o(Si-H)

Scheme 15: Different Lewis structures for 32 and 33 as well as reactivity of silyliumylidene ion 32 towards hydrogen
sulphide and NLMOs of 34.3%]

Furthermore, the interconversion of 32 and NHC-stabilised chloro-silylene L10 (Figure 8) was studied
experimentally and theoretically, revealing them to be located close in energy but connected with a
substantial barrier for interconversion by addition of one NHC. This also precluded the contribution of L10
in reactions of 32 at low-temperature, thus providing a consistent mechanistic picture between
experimental and theoretical observations.

Further reactivity studies towards a variety of reagents were hampered either by low solubility of 32 and
33 in solvents different to acetonitrile, instability of the reagents in acetonitrile or interference of the
chloride counter anion. Hence, anion exchange was sought to mitigate these issues.

Reaction with KOTf in acetonitrile gave the anion exchanged silyliumylidene ions 35 and 36, respectively,

in good yields. Thus, providing an easy route to increased solubility across a range of routinely used polar
and non-polar solvents. Compound 35 and 36 were reported along with the metal carbonyl adducts (37-
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40) of 35 (Scheme 16, chapter 6.8). Notably, adduct formation was not possible with the sterically more
demanding silyliumylidene ion 35. Metal carbonyl complexes 38 and 40 possessed Si—-M bonds located at
the upper end of reported values for Si—M single bonds. IR spectroscopy along with DFT calculations
revealed that 36 bears poor o-donor abilities, which is probably connected to its positive charge.
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Scheme 16: Conversion of anion exchanged silyliumylidenes 35 and 36 with different metal carbonyls.3¢!
Preliminarily studies on further application of 35 and 36 revealed the potential of these systems in bond
activations and catalysis, which was reported in a short lecture in July 2019 at the ICHAC conference in
Prague prior to the report of the group of So (Scheme 3 D-F).?*Y! Current ongoing investigations into the
role of 35 and 36 in catalysis appear to be more intricate than the recent report of silyliumylidene catalysis
by the group of So.

To summarise, this thesis revealed a rather nucleophilic reaction profile of NHC-stabilised silyliumylidene
ions. Further reactivity studies using the anion-exchanged versions should provide further insight into the
variety of accessible chemistry for these compounds, including their application in catalysis.5"
Prospective investigations demand for a more flexible coordination of the applied donor, to enable
reactivity at the p-orbitals of the silicon centre, which have hitherto be shown to be blocked by
coordination of the two NHC moieties.

In conclusion, this thesis features a series of silicon and aluminium compounds with ligands not solely
responsible for stabilisation but also governing the reactivity of these compounds. Oxidative addition of
challenging small molecules was achieved, representing the first step of a catalytic cycle. Yet, the
challenge to also gain control of reductive elimination (i.e. the last step in a catalytic cycle) still remains.
In this regard, the reversible Si(l1)/Si(1V) redox couple highlights that this is possible for low-valent silicon
compounds. To further develop the catalytic potential of some of the most abundant elements found
within the Earth’s crust, namely silicon and aluminium, a comprehensive understanding of their bonding
and reaction mechanisms is required. This can be achieved upon the interplay of theoretical and
experimental chemistry enabling insights into the structure-reactivity relationship. With this in hand,
catalyst design can be improved to enable true catalytic application of low-valent main group complexes.
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Silyliumylidene lons towards Group 13 Compounds

IRIS 2018 (International Symposium on Inorganic Ring Systems) Kyoto,
Japan, S-H bond activation in Hydrogen Sulfide by NHC-stabilized
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