Unsymmetrical Aromatic Diamines in Siloxane
Chemistry: Method Development and
Mechanistic Studies on Diamino-Functionalized

(Hydrido)siloxanes

Dissertation

zur Erlangung des
DOKTORGRADES DER NATURWISSENSCHAFTEN
(DR. RER. NAT)
an der Fakultat fur Chemie und Pharmazie

der Universitat Regensburg

vorgelegt von
Tobias Gotz
aus Weiding

im Jahr 2023






Eidesstattliche Erklarung

Ich erklare hiermit an Eides statt, dass ich die vorliegende Arbeit selbststéandig verfasst und keine
anderen als die angegebenen Quellen und Hilfsmittel benutzt habe. Die aus fremden Quellen
direkt oder indirekt Gbernommenen Gedanken sind als solche gekennzeichnet. Die Arbeit wurde
bisher in gleicher oder &hnlicher Form keiner anderen Prifungsbehérde vorgelegt und auch nicht

veroffentlicht.

Ort, Datum Unterschrift






Die vorliegende Arbeit entstand in der Zeit von November 2018 bis Dezember 2022 am Institut
fur Anorganische Chemie der naturwissenschaftlichen Fakultét IV fur Chemie und Pharmazie der

Universitat Regensburg unter Anleitung von Herrn Dr. Jonathan O. Bauer.

Promotionsgesuch Januar 2023
Promotion Méarz 2023
Prifungsausschuss:

Vorsitz: Apl. Prof. Dr. R. Muller
Erster Gutachter: Dr. J. O. Bauer
Zweiter Gutachter: Prof. Dr. M. Scheer
Dritter Prufer: Prof. Dr. F. M. Matysik

Publikationsliste:

Chloropentaphenyldisiloxane — Model Study on Intermolecular Interactions in the Crystal

Structure of a Monofunctionalized Disiloxane
J. O. Bauer, T. Gotz

Chemistry 2021, 3, 444-453.

Functional Group Variation in tert-Butyldiphenylsilanes (TBDPS): Syntheses, Reactivities,

and Effects on the Intermolecular Interaction Pattern in the Molecular Crystalline State
J. O. Bauer, N. A. Espinosa-Jalapa, N. Fontana, T. Goétz, A. Falk

Eur. J. Inorg. Chem. 2021, 2636-2642.

Molecular Scissors for Tailor-Made Modification of Siloxane Scaffolds
T. Gotz, A. Falk, J. O. Bauer

Chem. Eur. J. 2022, 28, €e202103531.



Preface

The herein presented results have already been published in part during the preparation of this
thesis (see above). The corresponding citations are given at the beginning of the respective

chapters.

Each chapter includes a list of authors and the individual contribution of each author is described.

Furthermore, all chapters have their own numeration of compounds. The molecular structures in
the schemes and figures may differ slightly in style. In the beginning of this thesis, a general
introduction and objectives of the work are presented together with a comprehensive conclusion

at the end of this thesis.
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1 Introduction

Silicon shapes our world — literally and figuratively. As the Earth’s crust second most abundant
element (26.3 w% Si) after oxygen (48.9 w% Q), it can be primarily found as silicate minerals and
various types of silicon dioxide known to most as rocks or sand.l*-® Astonishingly, also living
organisms like diatoms, sponges or radiolaria are able to produce silicon dioxide. They use the
chemical and mechanical stability which is fundamental to the structural motif for building rigid
exo- or endoskeletons.348 These macromolecular properties have triggered human curiosity
ever since and have found ubiquitous application in various technologies throughout the
centuries. From production of glassware over concrete formulation to silicone plastics, the
Si—O-Si moiety has always been an important chemical fragment. Since the end of the 20"
century, some people refer to the era we live in as “Silicon Age” owing to the fact that elemental
silicon is becoming more and more present in the digitalized world.[l Its semiconducting
properties combined with the relatively easy synthesis in different purities for different applications
makes it an indispensable material for technologies like solar cells, microchips and modern
computing in general. As a result of its versatility and applicability, research in silicon compounds
both in materials science and molecular chemistry is expected to continue to grow. The latter one
will be the main subject regarded in this work, focusing on silane- and especially siloxane
chemistry as smallest building blocks for studying the chemical behavior of the structural motif of
the most abundant Si-O-Si bond itself.

1.1 The siloxane bond motif and the controversy about its

electronic description

Silicon can form bonds with various chemical elements resulting in a variety of different compound
classes. The most abundant and therefore arguably most important bond is the
Si—O bond. When two or more silicon atoms are linked to each other through oxygen atoms, we
generally use the term ‘siloxane’ to classify the compound. Since silicon typically has four
substituents, a deeper differentiation can be applied depending on the molecular structure. While
naturally occurring silicates mostly have four oxygen atoms around Si, silsesquisiloxane cages
usually have one different functional group and linear silicone polymers are designed to have two

oxygen atoms and two organic substituents around the silicon atom (Figure 1.1).14.58]
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Figure 1.1. General structures of silicates, silicones and silsesquisiloxanes.

Most of the industrial and natural applications of these compound classes arise from to the
chemical and mechanical robustness of the bond motif.”! In order to understand the chemical and
physical background of this robustness, the consideration of di- or oligosiloxane compounds is of
great importance as they represent small and easily characterizable examples of the Si—O-Si
functionality. Since silicon is located below carbon in the periodic table it is often compared to its
lighter congener. Therefore, the siloxane bond can be well related to an ether C—O-C bond
whereby the question of basicity of the free electron pair located at the oxygen atom arises. Due
to the lower electronegativity of silicon (1.8 in the Pauling scale) compared to carbon (2.5 in the
Pauling scale), one intuitively would assume an electron richer oxygen lone pair and thus higher
basicity.'® However, reality proves otherwise as siloxane compounds typically show
extraordinary low basic properties!*12 along with high bonding angles of 140° to 180°.123 This
phenomenon has been intensely studied since the 1950s and initially attributed to n(O)—d(Si)
back-bonding. It has been argued that non-bonding 2p orbitals on the oxygen atom donate
electron density into the 3d silicon orbitals, decreasing the HOMO energy and therefore also the
proton affinity.l'214 However, later studies have revealed a much smaller influence of the
d-orbitals on the electronic behavior of the Si—O bond as the silicon d-orbitals are simply too high
in energy.[1516.171 This has been the starting point of long discussions about the true reasons for
the high bond angle and low basicity of siloxanes whereby two seemingly opposing views have
formed within the years. The one side attributes these unique properties to a high ionic character
of the Si—O bond paired with steric repulsion(!>17.18 while the other side argues with n(0)—o*(SiR)

hyperconjugative effects (Figure 2.2).[19:20
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Figure 1.2. Lewis formula of disiloxane illustrating the respective electronic explanations for the low basicity and high

bond angles.

Gillespie and Johnson, % and Grabowsky et al.['® suggested the Si—O bond to be essentially ionic

based on the calculations of Electron Localization Functions (ELF) of disiloxane. However, the
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latter group found a far higher covalent aspect if the siloxane bond is forced towards smaller
angles near the tetrahedral conformation by applying ring strain. They argue that by changing the
bond angle it is possible to tune the basicity of the siloxane oxygen atom.['8] Nonetheless, it is
stated that all arising questions as to the electronic nature of the bond motif can very well be
explained by its ionicity.[!518 In contrast to that, Weinhold and West have been using Natural
Bond Orbital (NBO) calculations on disiloxane and hexamethyldisiloxane. They found the reason
for the widening of the Si-O-Si bond angle compared with the respective carbon analogues in an
increase of the n(O)—o*(SIR) negative hyperconjugation. Therefore, the low basicity
fundamentally results from the competition between intramolecular hyperconjugation and
intermolecular hydrogen bonding interactions of the type n(O)—o*(OH).[1920 This behavior
basically represents a fairly covalent nature of the bond and thus opposes the ionicity explanation.
It was in 2018 when Grabowsky and co-workers published a very detailed theoretical study of the
siloxane bond that was about to bring both concepts together. They were not solely looking into
one theoretical method, but rather performing bonding analyses combining orbital-space, real-
space and bond-index considerations on the disiloxane molecule (H3SiOSiHz) and cyclic siloxane
systems Si2H4O(CHz)n-3 (with n=3,4,5).21 Therein, Grabowsky and co-workers stated that looking
at only one type of bonding analysis leads to an incomplete understanding of the bonds true
nature. In NBO calculations, the negative hyperconjugation is increasing with the Si-O-Si bond
angle, as the ionicity is simultaneously growing. In Quantum Theory of Atoms in Molecules
(QTAIM), Natural Population Analysis (NPA) and Hirshfeld-l Charges calculations, a similar
increase in both negative hyperconjugation and ionicity was confirmed. In terms of the Roby-
Gould index, a parallel increase in covalent and ionic bond indices was found suggesting an
equally important influence of both explanations. The authors argue that instead of an ongoing
controversy, scientists should take this once labelled “elusive bond”?? as indicator that single
Lewis-formulary could never fully explain the real bonding situations in molecules, particularly
when ion pairs and hyperconjugation effects play an important role.! Following, Apeloigi23! and
Cypryk24 have shown that adequate description of the siloxane bond is becoming even more
difficult when more than one Si—O bond is located at the silicon centers like it is predominantly
found in nature. Additional hyperconjugative interactions of the type n(O)—o*(SiO) are needed to

complete the electronic description of the structural motif (Figure 3.3).
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Figure 3.3. Structures highlighting the different orbital interactions in siloxane bonds.



These hyperconjugative interactions were found to play a significant role for the explanation of
the low basicity and stereoelectronic arrangements of such compounds.[23241 Even small anomeric
effects can be deduced from that type of interaction, albeit much smaller than in analogous
carbon-based compounds. Nonetheless, the authors suggest that these effects are strong
enough to influence or even determine the structure of such silicon molecules.[?3 It is evident that
silicates and silicones, as omnipresent silicon materials in nature, industry, and our everyday life,
can be electronically described by all the above discussed contributions. We need an ionic
description of the Si—-O bond and the hyperconjugative description of n(O)—o*(SiX) (X =H, C, O)

in order to fully explain their physical and chemical stability.

1.2 Synthetic methodologies for siloxane preparation

Industrial synthesis of silicones has become more and more important since the introduction of
the Miller-Rochow process in the 1940s in which the direct preparation of chlorosilanes from
silicon and chloromethane is described together with the hydrolysis and follow-up
polycondensation (Scheme 1.1, left).2%! Since then, the production of silicones has multiplied to
an estimated amount of 8.1 million tons per year in 2020.28 The type of produced polymer can
easily be controlled by choice of chlorosilane stoichiometries. Higher MeSiClz amounts therefore
lead to a high degree of cross-linked fragments while higher quantities of Me2SiClz results in rather
linear polymers. Additionally, MesSiCl acts as polymerization stopper and is therefore of great
importance for controlling the average weight distribution of the produced silicones.
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Scheme 1.1. Muller-Rochow process (left) and modern anionic ROP of cyclic oligosiloxanes (right). Only the chain

initiation and growth for hexamethylcyclotrisiloxane (Ds) is shown.

However, the controllability of the polymerization degree of this “direct synthesis” method is far
from perfect. Modern industry thus often relies on cyclic oligosiloxanes as precursors for ring-
opening polymerization (ROP) in order to obtain narrower molecular weight distributions.l21 The

most common procedure is the anionic ring-opening polymerization (Scheme 1.1, right) where a



variety of different polymerization initiators have been developed such as KOH,[28 ammonium
salts, phosphonium salts, phosphazene bases[?”2%1 and more recently also nitrogen bases like
N-heterocyclic carbenes (NHC’s)i% or bicyclic guanidines.l3 Nonetheless, by-products such as
smaller or bigger cyclic siloxanes can never be fully prevented which is why research in controlled
formation of specific siloxane compounds remains highly important.2” Many research laboratories
focus on the use of chlorosilanes and silanolates or silanols for a controlled build-up of specific
siloxane compounds.l32-381 For the preparation of small and defined disiloxane compounds in
laboratory scale, the silanols which should be reacted with a chlorosilane are metalated with
alkaline metal reagents like nBuLi, NaOH or KOH beforehand. This method makes the silanol
more reactive, resulting in higher yields and ease of workup as the only by-product is the metal
chloride salt (Scheme 1.2, left).[3233 The other method involves direct mixture of the chlorosilane
and the silanol. An additional base — mostly triethylamine or pyridine — must be added to quench
the formed hydrogen chloride with concomitant formation of the respective ammonium salt
(Scheme 1.2, right).[34-36]

/Rl
HO-Si-R'
/R' + R’
R MO SI‘RI.Q R, RrR I R Base R\_ R
R-$i-Cl ————— R-8i, _SIR'}{ R-§i~Cl —————> R-Si, . Si-R
R — MClI R R’ R — Base ¢ HCI R R

e.g. M =Li, Na, K e.g. Base = Et3N, Pyridine

Scheme 1.2. General scheme for the transformation of a chlorosilane with a silanolate (left) and a silanol (right).

By application of these easy and straightforward synthetic methods, several oligosiloxanes have
been prepared and studied as model compounds in materials sciencel3>371 and catalysis.[*8 Their
synthesis and reactivity32:39.40-42] glong with their structural analysis*43 has also been studied
extensively. Due to the high chemoselectivity and the driving forces of salt and Si—O bond
formation, this methodology often is the choice for small-scale synthesis of well-defined
oligosiloxanes in laboratories. Our group has recently demonstrated that even asymmetrically
functionalized disiloxanes can be easily prepared using a lithium silanolate and

dichlorodiphenylsilane in a molar ratio of 1:1 to selectively substitute only one of the two Si—Cl

units.[42
tBu +, tBu
H\si/tBU P\S
Ph, ClI Lio”> “Ph 2
Si —_— Ph‘/SI SII\’Ph = > ph-Si. ,éi—Ph
Ph" ClI Et,0 Ph Bu ph 9 “Bu
-80 °C—-r.t. -
15 h, 64% H[BCgF5)3l
— LiCl

Scheme 1.3. Synthesis of an asymmetrically substituted disiloxane as precursor for a hidden silylium-type siloxane.?
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Using this controlled mono-siloxylation of the dichlorosilane, it is possible to end up with a
chlorosiloxane, which is easy to further functionalize. Thus, a phosphine group could be
introduced which was then oxidized with sulfur. After addition of B(CsFs)s and subsequent
abstraction of the silicon-bound hydride, a ring closure was observed to obtain a formal six-
membered cyclic phosphonium ion which is capable of thermal fluoride abstraction from the
perfluorated borate counterion upon heating to 120°C (Scheme 1.3).[42 This work not only
demonstrates the still important use of the siloxane synthesis based on chlorosilanes and
silanolates but also emphasizes the importance of structurally controllable
Si—O-Si formations in general. As convenient as the formation of ammonium or alkaline metal
halides might be due to their rather easy removal in laboratory scale, it displays a big hinderance
for big scale applications in industry. The stoichiometric formation of salts and the additional need
of acid scavengers or metalation agents makes production costly and non-profitable. Therefore,
different approaches for siloxane formation are increasingly being pursued in academic research.
Next to rather “exotic” approaches like the insertion of O: into disilenes R2Si=SiR:2 followed by
hydrolysis!#4l, more common methods using other leaving groups than halides have emerged.
Aminosilanes represent easily accessible molecules which can be transformed into siloxane
compounds by simple reaction with silanols without the need for further reagents.[3245-471 Bauer
and Strohmann developed the use of pyrrolidine-substituted silanes and showed that the

aminosilane readily reacts with triphenylsilanol (Scheme 1.4).14¢l

LiNO O .
Ph. _OMe Phe_ _N Ph,;SiOH QOMe P

si’ ——» _si ————> Ph-si__Si-
Ph” “OMe  pentane Ph™ ~OMe Et,0 Ph’SLO/SI\Ifhh
20 h, rt. 30 h, rt.
86% 99%
—MeOLi —HN(CH,),

Scheme 1.4. Synthesis of an aminosilane and further reaction to a siloxane.

They demonstrated the easy preparation of mixed N,O-functionalized organosilanes by selective
substitution of a methoxide by a lithium amide. Albeit going from a thermodynamically more
favored Si—O to a less preferred Si—N bond, they suggested an overall favorable thermodynamic
reaction based on DFT calculations due to the salt formation of LiOMe and aggregation effects.
The thereby synthesized mixed-functionalized silanes offer versatile possibilities for
functionalization as it can selectively undergo stepwise substitutions by hydroxy groups or lithiated
nucleophiles due to the different reactivity of the Si—-NPyr and Si-OMe moieties. It can therefore
give rise to siloxane compounds with methoxide substituents as precursor for even further
functionalization.“®! The by-product formed in the amine substitution reactions is pyrrolidine which
can be easily removed from the mixture by evaporation techniques making this strategy highly
applicable not only for laboratory scale, but also for industrial purposes. However, production of
such aminosilanes usually starts from chloro- or alkoxysilanes in which undesired solid by-

products are formed.*”l In order to fully overcome this problematic need for stoichiometric



reagents and by-product removals, a range of catalytic siloxane formations has been developed
to date. Many of those use transition metal salts or complexes of palladium,®8 rhodium,9.50
ruthenium,® gold,®@ platinum,>3 molybdenum®4 cobalt®! or iron®¢ but also main group metal
catalysts such as barium,®”1 bismuth, [58-611 boronl%2-63 or potassiuml®6.67] have been developed
to bypass the need of expensive d-block metals. Already in 1980, Michalska has studied the
couplings of hydrosilanes and silanols with a series of rhodium () complexes.[*?! By using
Wilkinson’s catalyst [(PPhs)sRhCI], he reported quantitative coupling reactions of the starting
materials at ambient pressures and temperatures already after minutes. Based on known
reactivities of transition metals towards hydrosilanes in homogeneous catalysis, Michalska
proposed a mechanism involving oxidative addition of the Si—H bond to the metal center followed
by nucleophilic attack of the silanol onto the rhodium-bound silicon. Subsequent elimination of the
newly formed siloxane affords an intermediate dihydride rhodium complex which produces the

active catalyst species after reductive elimination of H2 (Scheme 1.5, left).[*9]

]
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Scheme 1.5. Rhodium(l) (left) %) and BiCl; catalyzed (right)®® siloxane formation. The mechanisms were proposed by

the authors of the respective publications.

Main group metals on the other hand typically catalyze these reactions via their Lewis acidic
character. BiCls for example can coordinate to the chlorine atom in chlorosilanes and make them
more reactive towards substitution by silanols or alkoxysilanes. 5860611 \WWakabayashi et al. have
impressively demonstrated the reactivity for the selective synthesis of some cross-linked
oligosiloxanes with alkoxy substitution.[*8] They reported the use of alkoxysilanes instead of
silanols which extends the range of application by eliminating the limitation to stable silanols that
are not prompt to self-condensation. The prepared siloxanes offer the possibility to be further
altered in a precise way or in polymerization processes. Wakabayashi et al. additionally proposed
a mechanism where the BiCls catalyst first activates the Si—Cl bond and then a nucleophilic attack
of the alkoxysilane onto the silicon atom occurs, leading to an intermediate oxonium cation.

Following, alkyl chlorides are formed via rearrangement reactions and are removed from the
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system leaving the desired siloxane compound (Scheme 1.5, right).[>8 However, such main group
metal catalysts like BiCls typically do not work for hydrosilanes which are preferentially used over
chlorosilanes in industry given their non-toxic and easy to handle properties. Another
breakthrough in this regard was achieved when the groups of Piers and Rubinsztajn
independently published conversions of hydrosilanes with a variety of nucleophiles catalyzed by
the cheap and available borane B(CeFs).62-656869 The discovery of these so called Piers-
Rubinsztajn (PR) reactions have led to many applications in synthetic laboratories for the selective
preparation of siloxane compounds.[7%.71-75 Early examples of this reactivity used hydrosilanes
together with silanols for creation of Si—-O-Si bonds as direct replacement for transition metal
complexes. In 2005, Zhou and Kawakami proved on a model system that chiral oligosiloxanes
with well-defined structural patterns and optical activities can be produced by reaction of chiral

dihydroxydisiloxanes with aryl-disilane linkers using B(CsFs)s as a catalyst (Scheme 1.6, top)[®!

OH OH . 2 H\S"Et B(CesFs)3 Me‘ghph‘ Me
PhiSi___Si"!Me SiC —»  Et,Si__Si___Si.__SiEt
7 0 Et™ Et S e e e 3

Me Ph “H,
Me‘Si’OR N H‘S"Me B(CgFs)3 MMe\s' SMeM
90 PA-1N —_— e-Si.__ !_ .
Me Me Me Me _RH Me/ o "
R = Me, Et

Scheme 1.6. Piers-Rubinsztajn reactions starting from hydrosilanes’ with silanols (top) and alkoxysilanes!®¥ (bottom).

In this well-elaborated publication, the authors compared B(CsFs)s with a series of Pd- and Rh-
based transition metal catalysts and demonstrated the dominance of the borane in terms of
conversion, selectivity and stereochemical control.[’8l The drawback, once again, for this
procedure lays within the use of silanols or siloxanols which tend to self-condense and therefore
limit the scope. However, Rubinsztajn himself has shown already in 2005 that hydrosilanes can
also react with alkoxysilanes instead of silanols (Scheme 1.6, bottom).64 Alkoxysilanes are easily
producible and stable molecules which could therefore expand the possible scope of siloxane
formations. Alkanes, mainly methane and ethane, are formed as sole by-products which can be
removed from the reaction mixtures without difficulty.!64771 This procedure has been applied in a
variety of controlled syntheses of polysiloxanes to date.[274.75.78 From a mechanistic point of view,
the borane activates the Si—H bond and reacts via an oxonium ion followed by hydride transfer

step (Scheme 1.7).
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Scheme 1.7. Mechanism of the Piers-Rubinsztajn reaction of hydrosilanes with alkoxysilanes. %74

A competition in the hydride transfer step occurs in which the hydride can go either to the alkoxy-
carbon or the other silicon atom. Especially for secondary alkoxides, the latter metathesis reaction
is facilitated leading to an exchange of hydride and alkoxide in the silane reagents followed by
new siloxane formations to obtain undesired self-condensed siloxanes. To prevent this
metathesis path, most examples use either methoxy- or ethoxysilanes and exploit the high driving
force of alkane removal. Additional Lewis basic functions within the system like amines, thiols or
epoxides will lead to side reactions or complete inhibition of the PR reaction due to Lewis
Base/Acid interactions.[671 An elegant application of the PR reaction combined with iridium-
catalyzed hydrosilylation was given by Matsumoto et al. in 2017.7° Their strategy allows the
preparation of oligosiloxanes without any by-product formation. They used a silyl ester and a
hydrosilane to perform a hydrosilylation reaction which is catalyzed by [Ir(coe)2Cl]2 to obtain a
disilyl acetal. A controlled rearrangement takes place that exploits the known side reaction of
B(CesFs)s catalyzed siloxane formations. This sequence results in the formation of an

alkoxysiloxane which can further react with hydrosilanes towards oligosiloxanes (Scheme 1.8).[79]
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Scheme 1.8. General scheme for by-product-free oligosiloxane formations via combination of Ir(l) and B(C¢Fs) catalysis
(left).l™



This procedure allows for the controlled build-up of unsymmetrical siloxane scaffolds without
creating by-products that must be removed. However, it is limited to small oligosiloxanes and is
therefore less interesting for polymer science. This problem has been tackled by Matsumoto and
Sato only one year later in 2018 when they published a B(CsFs)s-catalyzed iterative one-pot
synthesis of siloxanes.l’3l In this well-elaborated work, they described the utilization of
iso-propyloxy-substituted silanes and their transformation with any dihydrosilane to form a

hydrosiloxane following the PR procedure (Scheme 1.9).
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\
. . - _a:
One-pot iteration Me /Sk
Scheme 1.9. General scheme for the sequence-controlled siloxane build-up (right).[!

Iterative addition of equimolar amounts of acetone and a dihydrosilane resulted in the stepwise
formation of alkoxysiloxanes and hydrosiloxanes which can selectively be further expanded. By
choice of the added silane, Matsumoto and Sato controlled the substitution pattern of the formed
oligo or polysiloxane. The chain length was easily regulated by the number of acetone/silane
additions.[’380 Despite all advantages of the PR reaction, it naturally also carries some
drawbacks. This involves the aforementioned rearrangement reactions, inhibition of the reaction
if two or more electronegative substituents are bound to the hydrosilane®4 and inhibition of the
catalyst if thiols, amines or epoxides are present.l’l] Its catalytic deterioration by the presence of
moisture also displays a significant hinderance for industrial application.[6281 For this reason,
there is still an intensive search for new methods for the selective production of tailor-made
siloxane compounds. Some recent examples involve the use of cheap potassium
hexamethyldisilazane (KHMDS) for the catalytic synthesis of oligosiloxanes from hydrosilanes[¢”!
or alkynylsilanesi®® with silanols or the catalyst-free reaction of silanols with disilazanes as
silylation agents.®1 The latter one exploits the labile Si—-N bond in disilazanes, which will be the
subject in this work as well. Additionally, also transition metal catalysis remains prominent in
recent literature, as impressively demonstrated by Zhu et al. They reported on the
enantioselective dehydrogenative Si—O coupling to synthesize chiral siloxanes using [Rh(cod)Cl]z
as pre-catalyst and Josiphos as an additional chiral ligand. Not only could they report high ee
values of up to >99% for a library of different hydrosilane precursors and silanols, but also the

potential application of such siloxane compounds in optoelectronic materials.!82 This example
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from 2021 once more highlights the ongoing importance of controlled preparation of siloxanes

and Si-stereogenic compounds in synthetic chemistry and materials science.

1.3 Concepts for decomposition of siloxane compounds

Regarding the facts that silicone polymers are produced in such high amounts and that they are
chemically and mechanically very robust, it is evident that agglomeration in nature is becoming
more and more problematic. To tackle this problem, research laboratories have taken a look at
different approaches to cleave the strong Si—O-Si bond. Already back in the 1980s, some groups
have investigated the influence of additives on the equilibrium between siloxanes and their
cleavage products. It has been discovered by Pappas and co-workers that amines are able to
completely dissolve cross-linked polysiloxanes based on their influence on the siloxane bond.
Especially at crosslinking sites with the general formula Si(OR)4 where the central silicon atom is
the most electrophilic, aliphatic amines insert into the Si—O-Si bond to some extent creating a

silanol function alongside a silylamine group (Scheme 1.10).183.84]
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Scheme 1.10. General scheme for the influence of aliphatic amines on crosslinking sites of polysiloxanes.®

This aminolysis reaction was observed only when the amines were used in high excess after
dissolving the polymers in them. The proposed equilibrium lies predominantly at the siloxane side
owing to the significantly more stable Si—-O bond compared to the Si—N bond. It is therefore forced
to the siloxanol and aminosiloxane side by the high excess of amine. Removal of the amines in
vacuo resulted in the re-formation of the siloxane motifs which supported the author’s proposal of
the species being in equilibrium. The same equilibrium has been confirmed also for linear silicone
polymers, albeit even less pronounced than in the cross-linked congeners.®3 The addition of
bases such as KOH or NaOEt to the amine resulted in a significantly enhanced cleavage ability.[5°!
Chang and Lin compared the efficiency of ethanolysis to aminolysis of silicone polymers and
found that the latter one dominates the reaction kinetics and is therefore more suitable when it
comes to the objective of silicone degradation.[88 Furthermore, the equilibrium between siloxane
and silanol was found to be strongly influenced also by addition of Brgnsted acids.l8”! Ab initio
calculations by Cypryk and Apeloig have shown the high impact of silyloxonium species in the
ring opening polymerization of cyclic siloxanes which are created by addition of acids.!888°

Hydrogen bonding strongly affects the kinetics of the polymerization/depolymerization process in
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silicones, but also depends on the presence of water.[®d It has been demonstrated through a
series of theoretical calculations that water is lowering the activation energy for the
condensation/hydrolysis process by reducing angular strain.!8%911 All these contributions highlight
the importance of equilibria in siloxane chemistry but also the difficulty in precise determination of
reaction products. Therefore, also stoichiometric degradation reagents have been developed to
ensure a more controllable decomposition of siloxanes. Dimethylcarbonate for example, has been
described as a non-toxic and inexpensive reagent for the controlled decomposition of silical®? or
oligo- and polysiloxanes.[?3! It allows for the selective production of tetramethoxysilane which can
be further used in sol-gel processes to produce new polysiloxanes and therefore is of great
importance for silicone recycling.!®4 Other recycling strategies focus on the catalytic degradation
of polymeric siloxanes. This has been demonstrated using acids and bases like triflic acid®! and
potassium hydroxide!®>95 put also reliably using fluoride agents like tetrabutylammonium fluoride
(BuaN*F-) 195961 or boron trifluoride etherate (BFz*OEt2).[97%I] The latter two exploit the formation of
Si—F bonds which are amongst the strongest single bonds known with a bond strength of
582 kJ/mol. Rupasinghe and Furgal proposed for BusN*F-, that the fluoride ion cleaves a Si—O
bond and forms a smaller polysiloxane which can undergo fragment rearrangements resulting in
cyclic oligosiloxanes after quenching the catalyst with CaCl2.[%! Enthaler and co-workers on the
other hand, demonstrated that BFz*OEt> can be used to depolymerize linear, branched, and
cross-linked end-of-life polymers into methylfluorosilanes Me4-nSiFn and

tetramethyldifluorodisiloxane (Scheme 1.11, left).[97.98]
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Scheme 1.11. General scheme for the depolymerization of end-of-life silicones with BF3*OEt, (left)l®® and Fe(lll) catalysis
(right).[®9

In this sustainable catalysis, the depolymerization products Me2SiF2 and Me2FSiOSiFMe2 were
additionally identified as well-suited precursors for the synthesis of new polymers only by reaction
with water and bases like sodium hydroxide. Additionally, also the borane by-products Bx(OyRz)

can be easily converted back into BFs by addition of NaF and H2S04.%! Similar fluorination
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reactions using benzoyl fluoride and inexpensive metal catalysts based on zinc and iron have
also been established by Enthaler et al. (Scheme 1.11, right).[9100 All the previously
demonstrated methodologies focus on the degradation of polysiloxanes as direct recycling
strategies to approach the pollution problem and ensure for a more sustainable preparation of
silicone polymers. However, cleavage of Si—O—Si bonds can also give rise to very interesting new
materials which are not necessarily associated with recycling backgrounds. Early cleavage
attempts of oligosiloxanes using alkyllithium reagents were carried out already in the 1950s by
Frye et al.l’01 and Gilman et al.33 who independently found that lithium siloxides are formed
selectively. Sieburth and Mu expanded the understanding of these transformations by using
different alkyl lithium reagents to produce silanolates and silanols.[192 Later on, alkyl aluminum
reagents have been applied for cleavage of siloxanes in which the formed alumosiloxides were
observed to exhibit interesting molecular structures.l1% In the following years, these so-called
“metallasiloxides” have been prepared with transition!®4 and main group metals!%! |eading to a
fascinating new chemistry. From water-stable complexes!*1%! gver model compounds for
ceramicsl34107.108] gnd hydrogen bonding1% to transition metal catalysis,[11% metallasiloxides have
found increasing popularity as structural motifs. An impressive example is given by Limberg and
co-workers who synthesized a dinuclear Fe(ll) complex from an oligosiloxane by simple treatment

with sodium methoxide and iron(ll) triflate (Scheme 1.12).[107]

AN LONTTN ./
. 1) NaOMe -5 3 3~
/OSIMGZOH 2) Fe(OTf), Etzol,' ,O‘ ,O\ ,O‘ \\\OEtZ
Si'10SiMe,OH —————  Na_Fe Fé Na_
: THE Et,O O O O OEt,
OSiMe,OH i, Si S
(52 ~ "Me,SiO" =Si Si Si\/

Scheme 1.12. Synthesis of a dinuclear Fe(ll) siloxide complex.[1%”

The obtained square planar complex is formed after deprotonation of the Si—-OH groups and
cleavage of one of the Si—O-Si bonds. Workup with Et2O seemed to be crucial for the formation
of the obtained product. The authors argued that the square planar FeO4 motif is significantly
more stable than the structure that would be given without any siloxane decomposition. Such
pattern was not observed for its zinc analogue and is hoped to influence the research on new

ceramic materials due to its resulting robustness.[107]
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1.4 Aminosilanes as versatile reactive silicon-based compounds

When we think of different possibilities for the functionalization of amines with silyl substituents,
we will find three different types. One is the threefold silylated nitrogen atom which is labelled as
“trisilylamine” and the second is a nitrogen atom substituted with two silyl groups called “silazane”.
Especially silazanes count as a very important class of compounds as they have found
widespread use in polymer and materials science.!11 This thesis however, will primarily deal with
the third type of Si—N containing species bearing only one silicon atom with one or more amine
substituents called “aminosilanes” (sometimes also referred to as “silylamines”). Such
aminosilanes can be easily prepared following standard functionalization procedures like the
reaction of chloro- or alkoxysilanes with amines or their alkali metal salts (s chapter 1.2).147.112]
Another less common synthetic method involves the migration of silyl groups from a disilazane to
a primary amine. The reaction is facilitated by the formation of ammonia, which is more volatile
than the starting primary amine and therefore drives the reaction.13 Additionally, lithium amides
can be used to functionalize Si—-H groups under formation of LiH as by-product (Scheme 1.13,
left).['12 The reaction of hydrosilanes with amines can be likewise achieved without the formation
of undesired solid by-products. Instead, the release of gaseous H: is anticipated. This so-called

dehydroamination of silanes has been achieved catalytically using transition-,[*14 main group-

Cr
NH,

[115.116] and rare-earth!!17l metal-based complexes.

Ph\ LiN Ph\ Ph\ 1 mol% [Ru]
Ph=Si—H ———> Ph—/Si—N:] Me-Si-H > Ph
Ph Et,0 PH Me hexane Me_/S'_NH Br
-60 °C > r.t. r.t. Me
15 h, 61% 5 min, 96%
~ LiH —Ha
(Rl - 2

2
Et3P’Ru—S Q

BAr 47

Scheme 1.13. Examples for stoichiometric (left)*'? and catalytic (right) preparation of aminosilanes. 116

For instance, Oestreich and co-workers reported on the dehydrogenative Si—N coupling of
hydrosilanes with heteroarenes or aryl-substituted amines with the use of a cationic ruthenium

complex featuring a thiolate ligand. Their ruthenium catalyst proved highly active for the reaction
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of dimethylphenylsilane with a series of aniline and indole derivatives. The best result was
achieved in the reaction with ortho-bromoaniline in which a yield of 96% was obtained at ambient
conditions already after five minutes (Scheme 1.13, right). The authors proposed a homogeneous
mechanism in which a Ru—H complex and a sulfur-stabilized silylium ion take part after heterolytic
cleavage of the labile Ru-S bond.l*18l The research in the field of new aminosilane moiety
preparation remains of high importance as the Si—N functionality enjoys high popularity in organic
and medicinal chemistry in form of protecting group agents for alcohols, aldehydes and
ketones.[118] Their advantage thereby lies in the easy hydrolysis of the silicon-nitrogen bond and
consequently the straightforward removal of the protecting group. As stated also in chapter 1.2,
this behavior also finds application in the mild-condition functionalization of silicon compounds.
Aminosilanes can undergo self-condensation reactions,!*19 hydrolysis or reaction with alcohols,
thiols or silanals, for instance.*’l Diverse possibilities for the selective preparation of a manifold
of functionalized silanes is feasible by the use of this compound class. Additionally, the
introduction of Si—N functions can be useful in the field of insertion reactions. Specifically designed
aminosilanes were found to react with unsaturated molecules like CO2, CS2 or other
cumulenes.*29 Especially CO: insertion into the Si-N bond represents an important topic in
current carbon capture research and has been widely studied in recent years. Groundbreaking
results in that field were presented by Krokel'2!l and Stephan.[22 While Kroke and co-workers
introduced a high-pressure autoclave method for the insertion of CO: into silicon nitrogen bonds
to produce isocyanides, Stephan and co-workers designed the method in a way that selectively

delivers urea derivatives.

0
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R. .Si—Me o I I
Ny R+ R I _gi-Me aT H H
Ili Me : Me /N 0 ‘—_‘ \N (o) \Me —>
Si” /! I +
+ me” | H H Me Me
COZ Me

\ /
Me—/Si\O,Si—Me
Me Me

Scheme 1.14. General scheme for the CO; insertion into aminosilanes for the synthesis of urea derivatives. The pathway

was proposed by the authors of the publication!*?

Stephan and co-workers proposed a reaction pathway in which the nitrogen atom attacks at the
CO2 molecule creating a zwitterionic intermediate which rearranges to a silylcarbamide
(Scheme 1.14). The carbamides were stable and could be isolated. In screening reactions, the
authors optimized the reaction conditions and suggested temperatures of 120°C, reaction time of
30 min and 5 atm of CO: pressure in pyridine for these reactions. Heating to 120-150 °C for
additional time afforded the desired urea derivatives with hexamethyldisiloxane as a sole by-
product. Their method therefore can be used for sustainable synthesis of urea derivatives from
CO: as feedstock and the authors propose an application in the selective '3C labelling of ureas.
Another area of aminosilane research focuses on the introduction of chiral amines for the
preparation of Si-stereogenic compounds. Enantiomerically or diasteriomerically enriched silanes
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have found impressive applications in protecting group chemistry, 123 kinetic resolutions of chiral

alcohols*?4 or medicinal chemistry.[12%

MeO—,,, Meo=x. ,SiPhg
. MeO_ O
N PhLi Ph,;SiOH i

MeO_ |, MeO N \si
Si > ! > '
7 toluene
Ny e D
O -80 °C—r.t. 110 °C
O 4, 60% 41, 85%
(Sc. Ssi) (Ssi)
d.r. =88:12 e.r. =99:1

after recrystallization:
d.r. > 99:1

Scheme 1.15. Synthesis of chiral aminosilanes and application in chiral siloxane preparation.“s!

In a well-elaborated work by Bauer and Strohmann, an easy and straightforward synthesis of
Si-chiral diastereomers was demonstrated by simple use of an a-chiral pyrrolidine substituent
(Scheme 1.15). In this exemplary reaction, the formation of the Si-stereogenic silane was
achieved after reaction of the prochiral dimethoxysilane with phenyllithium in which a
stereoinduction with a diastereomeric ratio of 88:12 was observed. Simple recrystallization from
pentane solution afforded the optically pure aminosilane and the absolute configuration of the
silicon center could be assigned by single-crystal X-ray crystallographic analysis. Using the easy-
to-cleave Si—N functionality combined with the known configuration of the chiral silane, they were
able to study the stereochemical outcome after substitution of the chiral amine with nucleophiles
like triphenylsilanol. By doing this, they discovered the substitution attack to perform under
inversion of configuration at the silicon.3! Examples like this highlight the importance of chiral
amines to create Si-stereogenic compounds for the elucidation of mechanisms in silicon
chemistry. Such investigations are fundamental to the understanding of silicon-based reactions

and will also be touched in the premise of this thesis.
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2 Research objectives

The versatile potential of aminosilanes has been described in chapter 1.4. Such a functional group
opens the possibility to synthesize siloxane compounds in a selective way without production of
undesired solid by-products. Most of the known procedures make use of low-molecular-weight
amine-substituents that can be removed in vacuo and therefore need to be taken out of the
reaction system. The aim of this work is the expansion of such methodologies to cyclic
diaminosilanes that offer the option to form siloxane bonds by selective cleavage of one Si—N
bond while keeping the second one intact. The intramolecular free NH function will be further
exploited for investigations on the cleavage of the siloxane motif bearing high synthetic potential
in the selective formation of functionalized siloxanes. With this strategy, we will introduce model
systems for the defined modification of oligosiloxanes at specific positions in the molecule. The
fundamental results presented herein should enable the transfer of this methodology to more
complex systems. Cyclic diaminosilanes have been prepared in the past, but their potential in
further modification has never been fully explored. The new approach in this work relies on
unsymmetrically substituted ortho-aminoanilines with the premise of a sufficient steric difference
of the NH2 compared to the RNH group. During these studies, we found an unexpected but highly
interesting reactivity when a Si—H function is present at the silicon atom on which the diamine is
bound. The reactivity of this compound towards silanols will be investigated and is believed to
contribute significantly to the understanding of reaction mechanisms in silicon chemistry. The
introduction of an enantiomerically pure C-chiral substituent on the diamine ligand will additionally
be touched. It allows for the synthesis of diastereomerically pure Si-chiral compounds which are
promising precursors for enantiomerically pure silanes. Moreover, they are well-suited for
mechanistic investigations regarding inversion/retention of configuration at silicon centers. In
combination of all these studies, we hope to increase the understanding of the true nature of the
Si—O-Si bond with experimental insights into reactivities and mechanisms of both the formation
and the cleavage of this ubiquitous chemical motif. The objectives of this work can therefore be

summarized as follows:

e Preparation of new cyclic diaminosilanes with unsymmetrically substituted ortho-
aminoanilines

e Investigation of their reactivity towards silanols for the synthesis of unsymmetrical
N-functionalized oligosiloxanes

e Application of the diamine substituent in lithium-amide induced Si—-O-Si cleavage

e Investigations on the influence of Si—H functions in the reaction of diaminosilanes with
silanols

e Introduction of stereochemical information via the amine backbone for the chirality

transfer from carbon to silicon to afford Si-stereogenic diaminosilanes
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3 Molecular scissors for tailor-made modification of

siloxane scaffolds
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3.1 Abstract

The controlled design of functional oligosiloxanes is an important topic in current research. A
consecutive Si—-O-Si bond cleavage/formation using siloxanes that are substituted with 1,2-
diaminobenzene derivatives acting as molecular scissors is presented. The method allows to cut
at certain positions of a siloxane scaffold forming a cyclic diaminosilane or -siloxane intermediate
and then to introduce new functional siloxy units. The procedure could be extended to a direct
one-step cleavage of chlorooligosiloxanes. Both siloxane formation and cleavage proceed with
good to excellent yields, high regioselectivity, and great variability of the siloxy units. Control of
the selectivity is achieved by the choice of the amino substituent. Insight into the mechanism was

provided by low temperature NMR studies and the isolation of a lithiated intermediate.

3.2 Introduction

The Si—O-Si bond is omnipresent in our naturel and forms an integral part in many technical
products that are used in our everyday lives.l? In the past few years, there have been impressive
developments in the stepwise and tailor-made const-ruction of functional oligo- and
polysiloxanes.4 New methodologies for the formation of silicon—oxygen bonds are constantly
stimulating progress in this research area.l® Bulky, well-defined oligosiloxanols are important
precursors for building molecular siloxide models to study structure and reactivity in alumino-
silicates.l®l The extraordinary properties of the Si—O-Si bond!”! (high thermodynamic stability, low
basicity, resistance towards heat, radiation, and chemicals) renders the targeted cleavage of the
siloxane bond a particularly demanding undertaking.[®! The selective cleavage of an Si-O-Si
linkage must therefore meet special requirements, such as the presence of amino side arms
within the siloxane framework.[?! Acid-catalyzed® and alkyl-lithium-mediated*!l cleavage of
siloxanes have been known for a long time. Examples of siloxane cleavage with lithium amides
are limited to reactions with cyclic dimethylsilicones.'2 The search for sustainable and
environmentally friendly processes for recycling end-of-life silicone materials has become a major
concern in modern times.[3 Si—O-Si cleavage reactions have therefore mainly been investigated
in the context of the depolymerization of polysiloxanes into valuable low-molecular-weight
compounds as feedstocks for new polymers.['314 However, all these cleavage reactions on
siloxane oligo- and polymers are rather unselective and often lead to a large number of different
cleavage products, thus being unsuitable for targeted and regioselective bond break-ing for the
precise equipment of siloxane frameworks with special functions. Kuroda et al. described the use
of trimethylsilyl (TMS) units as protecting and leaving groups for the construction of alkoxy-
siloxane oligomers (Scheme 3.1).1% This is, to the best of our knowledge, so far the only example
of an utilization of a controlled siloxane bond formation/cleavage for the step-by-step synthesis of
functional siloxanes. However, a method in which Si—-O-Si linkages can be selectively cleaved at
certain positions and indivi-dual siloxy groups replaced by other units appears to be a novelty in

the field of preparative siloxane chemistry. Herein, a convenient method that allows for a tailor-
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made modification of siloxane scaffolds is reported (Scheme 3.1). Unsymmetrically substituted
1,2-diaminobenzene derivatives act as molecular scissors, which can be installed at specific
positions and split off again at the end. The cyclic diaminosilane intermedi-ates readily react with
functionalized silanols and siloxanols under ring opening. By incorporating molecular scissors into
the siloxane backbone, controlled cutting at a certain position by cleaving the Si—O-Si bond, and
replacing siloxy units by forming a new siloxane bond, new perspectives open up for the design

of functional polymers and molecular siloxide models.

Kuroda, 2017115 + CISIR,(OR")3.,
_ + CISiMes _ . /BiCls _ :
R S|_OH _— R Sl“-. /SIME - R S|'--.. /SlR (OR') .
? HCI 30 > _CIsiMe; S I b
This work
R R
NH NH
I b X
NH + nBuLj N_ _Ph | +HOSIR" NH
I, o 4,‘ /SI-\ 44-* Sl. on
Ph—/Sl‘O,S|R3 LIOSIR'; N Ph AT/ [H"] Ph—{ I‘O’SIR 3
PH H Ph

1: R=Dipp R, R"=Ph, Me, iPr, Mes, H,
2: R =1Bu OSiPh,, OSiMe,

Scheme 3.1. Consecutive Si—-O-Si bond cleavage/formation to easily exchange individual siloxy groups in oligosiloxanes

(Dipp = 2,6-diisopropylphenyl).

The premise of the work was the development of a flexible molecular system that would easily
allow the cleavage and introduction of a variety of siloxy groups for tailoring and equipping

oligosiloxanes with functional units.

3.3 Results and discussion

3.3.1 Reaction of five-membered cyclic diaminosilanes with silanols

In order to provide a compound library that adequately reflects the diversity of the siloxane units,
the diaminocyclosilanes 1 (R = Dipp) and 2 (R = tBu) as suitable model systems were first
prepared and reacted with a number of silanols (Table 3.1). Sterically demanding NH(R) units
were chosen in order to achieve high selectivity for the ring-opening attack of the silanols at the
heterocyclic silicon atom. The reactions with the silanols resulted in a regioselective opening of
the Si—-N(R) bond. Di- and trisiloxanes 3-11 were synthesized in excellent to moderate yields. In

general, the reaction shows a high tolerance towards the steric hindrance of the silanol used.
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Table 3.1. Introduction of different siloxy groups starting from diaminosilanes 1 and 2, and removal of the 1,2-
diaminobenzene derivative with formation of a siloxanol.

R
) A wor - on A
N OSiR' " . pT: H Qi Hwll n
(O s o cat on_p 5, s + (]
N~ “pn  THFor NH toluene, AT~ Ph NH,
H toluene/ I . 16 h-3d
cat. pTsOH Ph_/S'\o/SlR'zR" 89 to >99%
1':R = D|pp AT, 15-120 h Ph R = D|pp’ tBu
2: R = tBu up to 98% 3-11 R'=R" = Ph, Me, iPr
Entry R R’ R” Product Solvent Additive Reaction time [h] Yield [%]]
1 Dipp Ph Ph 3 THF — 120 42 (68)
2 tBu Ph Ph 4 THF — 15 n.r.
3 tBu Ph Ph 4 toluene  pTsOH 15 76
4l Dipp Me Me 5 THF — 15 98
5 tBu Me  Me 6 THF — 120 27141 (70)
6 Dipp  iPr iPr 7 THF — 15 98
7 tBu iPr iPr 8 THF — 120 30
8 Dipp Mes H 9 THF — 120 (18)
9 Dipp Mes H 9 toluene pTsOH 120 36 (78)
10 tBu Mes H 10 toluene  pTsOH 15 70
11 tBu Ph OSiPhs 11 toluene  pTsOH 100 75

[a] Reaction conditions: Silane 1 or 2 (1.0 equiv.) and the respective silanol (1.0 equiv.) were dissolved in THF or toluene and, if
indicated, catalytic amounts of pTsOH (1 mol%) were added. Unless otherwise stated, the solution was heated at reflux for the
indicated time. [b] Yields of isolated products. Yields of products determined by *H NMR spectroscopy using hexamethylbenzene
as internal standard are given in parentheses. [c] The reaction was carried out at room temperature. [d] The product was isolated
by distillation. [e] Isolated single-crystalline product after recrystallization from pentane.

The best results were obtained when the more electrophilic compound 1 was reacted with
MesSiOH (reaction at RT, entry 4) and iPrsSiOH (entry 6), with both disiloxanes 5 and 7 being
isolated in 98% yield. Some reactions with less nucleophilic arylsilanols[*® (entries 3 and 9-11)
required catalytic amounts of pTsOH, which facilitated ring opening by protonation of the amine
function. The described method even enables the introduction of synthetically highly valuable
hydrosiloxy unitsl'”! (entries 8-10), which are of particular interest for the cross-linking of
oligosiloxanes!*®l and the construction of complex siloxane architectures!*®! by Piers-Rubinsztajn
coupling of hydrosilanes with alkoxysilanes.l? Entry 11 shows that also longer and sterically
demanding siloxanols can easily be introduced with good isolated yields of 75%.

Diaminocyclosilanes 1 and 2 as well as aminodisiloxanes 3, 4, and 9 were characterized by
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single-crystal X-ray diffraction analysis (for details, see chapter 3.7). The molecular structures of
cyclosilane 1 and hydrodisiloxane 9 are shown in Figure 3.1. The two Si—N bond lengths in 1
differ signifi-cantly with 1.7257(11) A for Si-N(H) and 1.7460(10) A for Si-N(Dipp), indicating the
latter bond to be the weaker of the two. This structural finding nicely explains the regioselective
ring open-ing in the reactions with silanols, which is also confirmed through X-ray crystallography

of three ring-opened amino-substituted disiloxanes (Figure 3.1, right, and chapter 3.7).

3.3.2 Usage of the diamine -substitution as molecular scissors for cutting
the siloxane bond

Although 1,2-diaminobenzene derivatives have been used in the stabilization of silylenes, 2! their
synthetic potential to serve as molecular scissors is yet completely undiscovered. In the further
course of the work, it was found that the open form of the diamino fragment in siloxanes 3-11 act
as precise molecular scissors when adding n-butyllithium (Table 3.2). This leads to cleavage of
the Si—O-Si bond with ring closure and formation of a lithium siloxide. Surprisingly, the Si—-O-Si
cleavage occurs intramolecu-larly by an in situ-formed lithium amide function and not by the
alkyllithium reagent, which enables a high degree of control over the specific position of the
cleavage in the siloxane structure. The NH(R) function rather than the Si—N(H) moiety is
deprotonated, although the latter was actually expected to be more acidic. Probably the main

factor behind the high thermodynamic driving force of these unusual reactions is the formation of

:

stable aggregates of the cut off lithium siloxide.[22

Figure 3.1. Molecular structures of 1 (left) and 9 (right) in the crystal (displace-ment ellipsoids are set at the 50 %
probability level). Hydrogen atoms, except for the N—H and Si—H groups, are omitted for clarity. Only one molecule of the
asymmetric unit of 1 is shown. Selected bond lengths [A] and angles [*]: Compound 1: Si1-N1 1.7257(11), Si1-N2
1.7460(10), N1-Si1-N2 91.50(5). Compound 9: Si1-O 1.6406(10), Si2—O 1.6302(10), Si2—N1 1.7215(13), Si1-O-Si2
137.31(7).
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Table 3.2. Si—-O-Si bond cleavage in 1,2-diaminobenzyl-functionalized siloxanes 3-11 initiated by treatment with nBuLi.®®

R R

|
NH nBuLi N_ _Ph
> /SI\
NH THF N" “Ph
L . -80°C—>RT, 16h H
Ph—/SI\O/SIR 2R 82 to >99%

\

Ph - nBuH 1: R = Dipp
3-11 - LIOSIR';R" 2:R=1Bu

Entry Substrate R R’ R” Product Yield [%]®!
1 3 Dipp Ph Ph 1 >99
2 4 tBu Ph Ph 2 >99
3 5 Dipp Me Me 1 83
4 6 tBu Me Me 2 83
5 7 Dipp iPr iPr 1 87
6 8 tBu iPr iPr 2 82
7 9 Dipp Mes H 1 90
8 10 tBu Mes H 2 >09
9 11 tBu Ph OSiPhs 2 90

[a] Reaction conditions: Siloxanes 3-11 (1.0 mmol) were each dissolved in 10 mL of THF and cooled to =80 °C. nBuLi (1.1
equiv.) was added dropwise, the solution slowly warmed to room temperature and stirred for 16 h. [b] Yields of products were

determined by *H NMR spectroscopy using hexa-methylbenzene as internal standard.

The incorporated diamine scissors show excellent reactivity and selectivity towards cleavage of
a wide range of siloxy units leading to yields from 82% (entry 6) up to >99% (entries 1, 2, and 8
in Table 3.2).123 Due to the presence of two different silicon—nitrogen bonds in the heterocyclic
intermediates 1 and 2, new siloxy groups can now successively be inserted or the 1,2-
diaminobenzene scissors completely split off through simple hydrolysis (Table 1; for details, see
chapter 3.6.5). The formed siloxanols are precious building blocks not only for further Si—O-Si

couplings!?4 but also for the design of molecular models to mimic complex siloxide frameworks. [©]

3.3.3 One-step cleavage of chlorosiloxanes using the diamines

The next step was to find out whether the method can be extended to a one-step cleavage of
chlorooligosiloxanes (Schemes 3.2 and 3.3). For this purpose, it was first investigated whether

the diaminobenzenes 12 and 13 can be introduced selectively into the siloxane framework, the
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location of the chlorine substituent determining the location of the cleavage. In line with previous
studies by the authors, 2% the presence of a siloxy group required the use of the more nucleophilic
lithium amides to substitute a Si—Cl bond. Therefore, chloropentaphenyldisiloxane (14)2¢ was
chosen as a simplified model compound and treated with both deprotonated 12 (Path A) and 13
(Path B), which were each obtained from the reaction of the respective diamine with one
equivalent of nBuLi (Scheme 3.2). Interestingly, only in the case of diamine 13 (R =tBu) the
monosubstituted disiloxane 4 was the major product, which was formed in 63% yield together with
29% of the cyclic silane 2 (Scheme 3.2, Path B). When carrying out the reaction with the Dipp-

substituted diamine 12, the open form (compound 3) was not obtained.

I
1) 1.0 equiv. nBuLi I'IJH 1) 1.0 equiv. nBulLi
Path A 2) ¢l Ph @: 2) ¢l Ph Path B
= Ni Ph- SI._‘ _,SI—Ph ph..-SI,_ __S| -Ph =
R =Dipp PH ©  'Ph NH, p{ © pp | R=IBU
14 12: R = Dipp 4

THF 13: R ={Bu THF

-80°C »RT | -80°C » RT
16 h : 16 h
Dipp _ | tBu
NLi Dipp Bu NH
X O™ s CI
—_— 1 I +
NH  pn | _LiosiPh, N “Ph ! N~ “Ph NH  ph
Ph-Si.,-Si=Ph H , H Ph- s| ~o-SizPh
PH Ph | I PH Ph
3-Li 1 ! 2 4
50% | 29% 63%
I
Dlpp 10 Dlpp Dipp : ItBu e {Bu
equw .0 equiv. .
@E O O O -
I —_—
NH2 NHLI NH2 | NH, 'HF NH,
12-Li, | 13 13-Li
50% 50% | predominant species

Scheme 3.2. Proposed mechanism for the direct Si-O-Si cleavage of chloro-disiloxanes using lithiated 1,2-

diaminobenzene derivatives. Yields determined by *H NMR spectroscopy using hexamethylbenzene as internal standard.

Instead, cyclosilane 1 was formed as the only product in 50% yield (Path A). Apparently, there
are fundamental differences in the stability of the lithiated intermediates depending on whether
the amino function is equipped with an electron-withdrawing (Dipp) or an electron-donating group
(tBu). It appears that diamine 12 preferably forms a dilithiated rather than a monolithi-ated
species. In the case of diamine 13, the situation seems to be the opposite when one equivalent
of nBuLi is used, with the monolithiated diamine being the predominant species (Scheme 3.2,
bottom). The highly selective formation of compound 1 (with the maximum possible amount of
50%) can now be explained by the attack of the dilithium diamide 12-Li, at chlorodisiloxane 14
via the short-living intermediate 3-Li (Scheme 3.2). Remarkably, from a mixture of diamine 12
and one equivalent of nBuLi in THF exclusively single-crystals of the double lithiated diamine

suitable for X-ray diffraction analysis were obtained, which substantiated the assumption that the
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dilithiated rather than the monolithiated structure was preferentially formed (Figure 3.2). 12-Li,
crystallized in a previously unknown structure type for dilithiated 1,2-diaminobenzenes.?1 It forms
the dimer [12-Li,-(THF)2]2, which exhibits two sets of lithium atoms with different coordination
spheres. Low temperature NMR spectroscopy of single-crystals of [12-Li,-(THF)2]2 in THF at
—80°C showed only one set of signals in the 'H NMR spectrum, but two signals in the 7Li NMR

spectrum at 6 = 1.55 and 1.47 ppm, which corresponds to two inequivalent lithium centers.

Figure 3.2. Molecular structure of double lithiated Dipp-substituted 1,2-diamino-benzene [12-Li,-(THF),]. in the crystal
(displacement ellipsoids are set at the 50 % probability level). Hydrogen atoms, except for the N—H groups, are omitted

for clarity.

This indicates that the struct ure of 12-Li» in solution correlates well with the molecular structure
in the solid-state.[?8] When one equivalent of nBulLi is added to diamine 12 in THF at —-80°C, two
sets of signals now appear in the *H NMR spectrum and only one signal in the 7Li NMR spectrum
(6 = 1.56 ppm). This suggests a simultaneous presence of the dilithiated species 12-Li, and
diamine 12 in solution, presumably in the form of a coordination compound with equivalent
coordination spheres around the lithium centers. This explains the outcome of the reactions in
Scheme 3.2 very well. A quantitative, direct one-step cleavage of the Si—-O-Si linkage of
disiloxane 14 took place in all cases when using two equivalents of nBuLi, with compounds 1 and
2 being obtained in NMR yields of >99%. Not only PhsSiO but also MesSiO groups in
chlorodisiloxanes can be cut off by the dilithiated diamines, as exemplified for disiloxane 15
(Scheme 3.3).
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1.0 equiv. |
@Euu
) R
NHLi |
Cl, AN o, or 13-, N_ _Ph
Ph—SL_O,.SI\—Ph - /Si\
PH Ph THF N" "Ph
80°C - RT H
16 h, >99% 1-R = Di
14 , e : PP
— LiCl, - LiOSiPhy 2R = 8U
1.0 equiv. DiPp
@Emu
. Dipp
NHLi [
Cl- Me 12-Li N_ Ph
Ph‘SIEO,SI:MG - Si
PH Me THF N" "Ph
~80°C — RT H
15 16 h, 85% 1
— LiCl, - LiOSiMe;

Scheme 3.3. Direct Si-O-Si cleavage of chlorodisiloxanes.

The method could easily be extended to other substitution patterns on the attacked silicon atom,
as shown for the mesitylphenyl-substituted compound 16[2% (Scheme 3.4, top). Excellent
regioselectivity of the Si—O-Si cleavage was observed when using an unsymmetric trisiloxane
(18) (Scheme 3.4, bottom). Exclusively the bond to the triphenylsiloxy group is split off, most likely
because of the better charge stabilization in the PhsSiOLi leaving group. It therefore appears that
the steric hindrance of the NH(R) function has no discriminatory influence on the cleavage of the

siloxy unit, but that the stability of the split off lithium siloxide rather controls the regioselectivity.
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1.0 equiv. DiPP

@ENU
NHLI |:l)ipp

Cl Ph 12-Liy N_ Ph
Mes-Si.,_Si-Ph - A =
Ph Ph THF N" Mes

80°C —» RT H
16 16 h, 96% 17
LiCl, - LiOSiPhg 55% isolated yield
1.0 equiv. DiPP

@ENU
NHLI Dipp

Me ~ CI Ph _ N
Me-},SixO,SiHO/Si-F'h 12-Li; . C[ \Si,Ph _
Mé Bh - Ph hexane N~ “O-SiMe;
0°C »RT H
18 16 h, >09% 19
LiCl, - LiOSiPhs

54% isolated yield

Scheme 3.4. Variation of the substituents on the attacked silicon atom (top). Regioselectivity of the Si-O-Si cleavage in
an unsymmetrically substituted chlorotrisiloxane (bottom). Molecular structures of compounds 17 and 19 in the crystal

(Mes = mesityl).

3.4 Conclusions

In conclusion, a powerful concept for the application-oriented design of siloxanes was provided.
The method can have a direct impact on the development of new functional oligosiloxane
scaffolds and the targeted construction of molecular siloxide models. The authors are currently
working on testing this concept on silsequioxanes as the next step on the way to more complex
Si—-O-Si-based materials and elaborating an asymmetric version of this method for the

desymmetrization of silanols.
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3.6 Syntheses and characterizations

3.6.1 General remarks

All experiments were performed in an inert atmosphere of purified nitrogen by using standard
Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was heated at 600 °C
prior to use. Diethyl ether (Et20), dichloromethane (DCM), hexane, pentane, tetrahydrofuran
(THF), and toluene were dried and degassed with an MBraun SP800 solvent purification system.
n-Butyllithium (2.5 M or 1.6 M solution in hexane, Merck KGaA), trichlorophenylsilane (97%, Alfa
Aesar), dichlorodiphenylsilane (98%, Merck KGaA), triphenylsilanol (98%, Merck KGaA),
trimethylsilanol (2 97.5%, Merck KGaA), tri-iso-propylsilanol (98%, Merck KGaA),
hexamethylbenzene (HMB, 99%, Merck KGaA), di-iso-propylamine (= 99.0%, Merck KGaA),
pyrrolidine (for synthesis, Merck KGaA), lithium trimethylsiloxide (95%, Merck KGaA),
bromomesitylene (98%, Merck KGaA), 1-fluoro-2-nitrobenzene (99%, Fluorochem Ltd), 2,6-di-
iso-propylaniline  (90%, Merck KGaA), tert-butylamine (98%, Merck KGaA),
N,N-dimethylformamide DMF (99.5%, Acros) and trichlorosilane (99%, Merck KGaA) were used
as received without any further purification. Triethylamine (299%, Merck KGaA) was heated at
reflux over CaH2 and distilled prior to use. 1-Chloro-1,1,3,3,3-pentaphenyldisiloxane (14)1 and
1-Chloro-1-mesityl-1,3,3,3-tetraphenyldisiloxane (16)[ were synthesized according to previously
published procedures. CsDs used for NMR spectroscopy was dried over 3 A molecular sieves and
degassed by a standard freeze-pump-thaw procedure. NMR spectra were either recorded using
a Bruker Avance 300 (300.13 MHz), a Bruker Avance 400 (400.13 MHz) or a Bruker Avance lll
HD 400 (400.13 MHz) at 25 °C. Chemical shifts () are reported in parts per million (ppm). *H and
13C{'H} NMR spectra are referenced to tetramethylsilane (SiMes, & = 0.0 ppm) as external
standard, with the deuterium signal of the solvent serving as internal lock and the residual solvent
signal as an additional reference. 2°Si{*H} NMR spectra are referenced to SiMeas. “Li{*H} spectra
are not referenced. For the assignment of the multiplicities, the following abbreviations are used:
s = singlet, d = doublet, t = triplet, sept = septet, m = multiplet. For simplicity, multiplets of order
higher than one are described approximating them to the closest first-order type. High-resolution
mass spectrometry was carried out on a Jeol AccuTOF GCX and an Agilent Q-TOF 6540 UHD

spectrometer. Elemental analyses were performed on a Vario MICRO cube apparatus.
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3.6.2 Synthesis of precursors

4.1.1.1 (DippNH)Ph(NO>)
2.0 equiv.

NH»,
/k©)\ Dipp
©:F 1.0 equiv. KF @[NH
NO, neat, 180 °C NO,

3d

According to a modified literature procedure,® 1-fluoro-2-nitrobenzene (21.0 mL, 200.0 mmol,
1.0 equiv.), 2,6-di-iso-propylaniline (60.0 mL, 400.0 mmol, 2.0 equiv.), and potassium fluoride
(11.60 g, 200.0 mmol, 1.0 equiv.) were mixed and heated in neat conditions to 180 °C while
stirring for 3 days. The orange mixture was treated with ethyl acetate (ca. 200 mL) and water (ca.
200 mL) and extracted using a separation funnel. The agueous phase was again extracted with
ethyl acetate (3 x 100 mL). The combined organic phases were extracted with brine (ca. 200 mL)
and then dried over MgSOa. After removal of the solids via filtration, all volatiles were removed
via rotatory evaporation. The remaining orange oil was recrystallized from hot ethanol and
afforded an orange crystalline solid of (DippNH)Ar(NO2z), which was isolated by filtration and
washed with ethanol (31.50 g, 106 mmol, 53%).

1H NMR (400 MHz, CDCls, 298 K): &[ppm] = 1.09 [d, 3Jus = 6.87 Hz, 6H, CH(CHa)2], 1.15 [d,
3Jn+ = 6.87 Hz, 6H, CH(CHz3)2], 3.02 [sept, 3Jn-+ = 6.84 Hz, 2H, CH(CHa)2], 6.36 [dd, 3Jn-1 = 8.70,
43un = 1.23 Hz, 1H, Hen], 6.63-6.69 [m, 1H, Her], 7.21-7.28 [m, 3H, Her], 7.337.49 [m, 1H, Hen],
8.21 [dd, 3JH.h = 8.70, 4Jn.H = 1.54 Hz, 1H, Hpp], 9.19 [s, 1H, NH].
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Figure S3.1. *H NMR spectrum (CDCls, 298 K) of (DippNH)Ph(NO,).

4.1.1.2 (DippNH)Ph(NH,) (12)
Dipp Dipp
@ENH Pd/C, NaBH,, MeOH @ENH
NO, THF, 0 °C, 18 h NH,

12

According to modified literature procedures,*9 (DippNH)Ph(NO2) (27.60 g, 92.0 mmol,
1.0 equiv.), Pd/C (1.00 g, 0.8 mmol, 0.9 mol%), and sodium borohydride (8.70 g, 230.0 mmol,
2.5 equiv.) were dissolved in 200 mL of THF and cooled to 0 °C. Methanol (ca. 100 mL) was
added dropwise under gas formation. After the addition had been completed, the dark purple
reaction mixture was stirred for further 18 h. The solids were filtered off and the filtrate was
extracted with ethyl acetate (3 x 100 mL) and brine (100 mL) using a separation funnel. The
combined organic phases were dried over MgSOa4 and the solids removed by filtration. All volatiles
were removed via rotatory evaporation to afford a purple oil which was recrystallized from hot
ethanol. Storing the solution at —20 °C resulted in the precipitation of a purple crystalline solid of
(DippNH)Ph(NH2) (12), which was isolated by filtration and washed with ethanol (18.09 g,
67.0 mmol, 73%).

H NMR (400 MHz, CsDs, 298 K): &[ppm] = 1.09 [br, 12H, CH(CHs)2], 2.80 [s, 2H, NH], 3.13 [sept,
3JnH = 6.80 Hz, 2H, CH(CHa)2], 4.86 [s, 1H, NH], 6.35 [dd, 3Jn+ = 7.81 Hz, 4Jun = 1.44 Hz, 1H,
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Hen], 6.48 [dd, 3Juw = 7.51 Hz, 4Jnn = 1.58 Hz, 1H, Hen, 6.62—6.78 [m, 2H, Henl, 7.17-7.27 [m,
3H, Hen].
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Figure S3.2. 'H NMR spectrum (CeDs, 298 K) of (DippNH)Ph(NH,) (12).

4.1.1.3 (tBUNH)Ph(NO,)

2.0 equiv. tBUNH, fBu

@[F 1.0 equiv. KF @[NH
NO, neat, 180 °C NO,

3d

According to a modified literature procedure,® 1-fluoro-2-nitrobenzene (21.0 mL, 200.0 mmol,
1.0 equiv.), tert-butylamine (104.0 mL, 400.0 mmol, 2.0 equiv.), and potassium fluoride (6.50 g,
200.0 mmol, 1.0 equiv.) were dissolved in 300 mL of N,N-dimethylformamide (DMF) and stirred
at 100 °C for 3 days. The solids were filtered off and the light orange solution was transferred into
a separation funnel. 100 mL of water were added and the orgaic phase extracted with ethyl
acetate (3 x 100 mL). The combined organic fractions were extracted one time with brine solution
and then dried over MgSO4. Removal of the solids by filtration resulted in a light orange solution,
which was dried via rotatory evaporation followed by drying five hours in vacuo. (tBuNH)Ph(NO2)

was obtained as an intense orange liquid (38.50 g, 198.0 mmol, 99%).

IH NMR (300 MHz, CDCls, 298 K): &[ppm] = 1.51 [s, 9H, C(CHa)3], 6.65—6.71 [m, 1H, Hpn], 7.16—
7.21 [m, 1H, Hen], 7.38=7.44 [m, 1H, Hen], 8.17-8.21 [m, 1H, Hen].
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Figure S3.3. *H NMR spectrum (CDCls, 298 K) of (tBuNH)Ph(NO,).

4.1.1.4 (tBUNH)Ph(NH,) (13)

tBu fBu
I

@[NH Pd/C, NaBH,, MeOH @[NH
NO, THF, 0 °C, 18 h NH,

13

According to modified literature procedures,’®8 (tBUNH)Ph(NO2) (38.80 g, 200.0 mmol,
1.0 equiv.), Pd/C (4.20 g, 4.0 mmol, 2.0 mol%), and sodium borohydride (16.65 g, 440.0 mmol,
2.2 equiv.) were dissolved in 200 mL of THF and cooled to 0 °C. Methanol (ca. 100 mL) was
added dropwise under gas formation. After the addition had been completed, the dark brown
reaction mixture was stirred for further 18 h. The solids were filtered off and the filtrate was
extracted with ethyl acetate (3 x 100 mL) and brine (100 mL) using a separation funnel. The
combined organic phases were dried over MgSOa4 and the solids removed by filtration. All volatiles
were removed via rotatory evaporation to afford a brown oil, which was distilled in vacuo (60 °C,
4.1 x 10! mbar). (tBuNH)Ph(NH2) (13) was obtained as a yellow liquid (21.40 g, 130.0 mmol,
65%).

IH NMR (300 MHz, CsDs, 298 K): &[ppm] = 1.19 [s, 9H, C(CHa)3], 3.27 [br, 2H, NHz], 6.60-6.64
[m, 1H, Hen], 6.85-7.03 [m, 3H,