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Abstract

The development of Lewis acidic catalysts is of current interest in organic synthesis. Silyl cations
possess high Lewis acidities and therefore they show a remarkable capability to act as catalystsin e.g.
Diels-Alder and hydrosilylation reactions. The present studies focused on the synthesis and
characterization of intramolecularly phenoxy- and thiophenyl-stabilized silyl borates with the
naphthyl or acenaphthyl scaffold as backbone. The naphthyl/acenaphthyl backbone enforces the
intramolecular interaction between the silicon atom and the donor moiety. This feature supports the
reactive silicon center to react with substrates in a reversible manner. Moreover, asymmetrical
substitution at the silicon center in addition to the intramolecular stabilization enables the possibility
to generate chiral silyl cations whereby this system is also suitable for asymmetric catalysis.

Silyl borates were synthesized via hydride transfer reaction of the corresponding silanes with trityl
borate [Ph3C][B(CsFs)a]. NMR and X-ray analysis as well as quantum mechanical calculations revealed
remarkable structural differences between phenoxy- and thiophenyl-stabilized silyl cations. While the
oxygen atom in silyloxonium ions shows a trigonal planar coordination sphere, the sulfur atom in
silylsulfonium ions exhibits a trigonal pyramidal coordination sphere. Non-symmetrical substitution
at the silicon atom leads to chirality at the silicon center and in addition to the trigonal pyramidal
coordination sphere of the sulfur derivatives to the formation of cis/trans isomers.

To investigate the Lewis acidity of intramolecularly stabilized silyl cations, an NMR-based method for
the assessment of the Lewis acidity using 4-fluorobenzonitrile as a probe was developed. This method
is a useful tool in the design and fine-tuning of silyl Lewis acidic catalysts, since it allows the distinction
between silyl cations stabilized by donor moieties of very similar donor capacities.

The catalytic activity of silyl borates was demonstrated in Diels-Alder cyclizations and hydrosilylation
reactions of nitriles. While silyloxonium borates show a higher activity in Diels-Alder reactions as
silylsulfonium ions, silylsulfonium ions are more active in hydrosilylation reactions of nitriles. The
reason is their distinct Lewis acidity. Silyloxonium ions exhibit a higher Lewis acidity as silylsulfonium
ions, which is important for a good performance in Diels-Alder reactions. However, in hydrosilylation
reactions, this higher Lewis acidity is counterproductive, since the bond to the hydrosilylation product
is strong and therefore the release of the product exhibits a higher barrier.

In summary, this work demonstrates how the design and fine tuning of Lewis acidic catalysts can be

pursued and investigated.



Kurzzusammenfassung

Die Entwicklung Lewis-acider Katalysatoren ist in der organischen Synthese von aktuellem Interesse.
Silylkationen besitzen eine hohe Lewis-Aciditat und habe daher ein groRRes Potential als Katalysatoren in
z. B. Diels-Alder-, Mukaiyama-Aldol- und Hydrosilylierungsreaktionen zum Einsatz zu kommen. In der
vorliegenden Arbeit geht es um die Synthese und Charakterisierung von intramolekular phenoxy- und
thiophenylstabilisierten Silylkationen. Als organisches Grundgeriist dient das Naphthyl- und das
Acenaphthylgrundgeriist. Dieses fordert die Wechselwirkung zwischen dem Lewis-aciden Siliciumzentrum
und dem Donorsubstituenten und unterstiitzt somit eine reversible Wechselwirkung des Siliciumzentrums
mit Substraten, wodurch die katalytische Wirkung der Silylkationen maRgeblich gepragt wird. Ferner
bietet asymmetrische Substitution der Silylgruppe die Mdglichkeit chirale Silylkationen zu erzeugen,
womit diese Spezies als Katalysator in der asymmetrischen Synthese geeignet ist.

Die Silylborate wurden durch Hydridtransferreaktion der entsprechenden Silane mit Tritylborat
[Ph3C][B(CeFs)a] synthetisiert. NMR- und Roéntgenstrukturanalyse, sowie quantenmechanische
Berechnungen ergaben bemerkenswerte strukturelle Unterschiede zwischen den phenoxy- und den
thiophenylstabilisierten Silylkationen. Wahrend das Sauerstoffatom in Silyloxoniumionen eine trigonal
planare Koordinationssphdre aufweist, ist das Schwefelatom in Silylsulfoniumionen trigonal pyramidal
koordiniert. Asymmetrische Substitution am Siliciumatom fiihrt zusatzlich zur trigonal pyramidalen
Koordination der Schwefelderivate zur Bildung von cis/trans-Isomeren.

Zur Untersuchung der Lewis-Aciditdat der intramolekular stabilisierten Silylkationen wurde eine NMR-
basierte Methode zur Bestimmung der Lewis-Aciditat unter Verwendung von 4-Fluorbenzonitril als Sonde
entwickelt. Diese Methode ermdglicht die Unterscheidung zwischen Silylkationen, die durch
Donoreinheiten mit sehr dhnlichen Donorkapazitdaten stabilisiert werden und ist somit ein niitzliches
Werkzeug flr das Design von Lewis-aciden Katalysatoren.

Die katalytische Aktivitat der Silylborate wurde anhand von Diels-Alder- und Hydrosilylierungsreaktionen
von Nitrilen gezeigt. Wahrend die Silyloxoniumionen bei Diels-Alder-Reaktionen eine héhere Aktivitat als
die Silylsulfoniumionen zeigen, sind die Silylsulfoniumionen bei Hydrosilylierungsreaktionen von Nitrilen
aktiver. Der Grund ist, dass die Silyloxoniumionen eine hdhere Lewis-Aciditat als die Silylsulfoniumionen
aufweisen, was sich positiv auf ihre Aktivitdit bei Diels-Alder-Reaktionen auswirkt. Bei
Hydrosilylierungsreaktionen ist diese hohere Lewis-Aciditat jedoch kontraproduktiv, da die Bindung an das
Hydrosilylierungsprodukt zu stark ist und daher die Freisetzung des Produkts erschwert wird.
Zusammenfassend zeigt diese Arbeit, wie die Feinabstimmung des Designs von Lewis-aciden

Katalysatoren verfolgt und untersucht werden kann.



Table of Contents

3 [ Ao o [N ot o o PP UO PP URR PR PPVPPOPRRPRO 1
00 Y1177 110 T o o 13PTSR 1
1.1.1 Stabilization Strategies for Silicon-Based Cations........ccceeeveeiiiiiiee i 2
1.1.2 Syntheses Of Silyl CatioNS......cui i e s sree e s e b 6
1.2 Applications Of Silyl CAtioNS ......ccoccuiiiiiiiiie e e e e s b e e e e s sanaeeeeas 7
1.2.1 Assessment of the LeWiS ACIITY .....civcuieiiiiiiiiiiiiee e e e 10
1.3 Chiral SilicOn COMPOUNGS ...oueiiiieiiiiieeeciie ettt et s e e e s e e e sabe e e e s abaeeesabeeesssbeeesssseeesssnsenas 12
I 0 @ o 1 T Y11V I - oY T USRS 14

2 Motivation @and ODJECTIVE ....uiii i e e e st e e e e e e e sbe e e e e areeas 19
3 RESUILS AN DISCUSSION ...ueviiiiiieiiee ittt ettt ettt ettt ste e e bee e st esbe e e sabe e s bt e e sabeesabeesbaeesabeesabeesneeesasaeennees 23
3.1 Acenaphthyl and Naphthyl SIHANES ........cocuiiii i e e et e e rae e e e eanes 23
I I Y 0 1 o 1T =P 23
3.1.2 Comparison Of SIANES.......ooii et e e et ae e e et e e e e e areeas 24
3.1.3 Chiral RESOIULION ...ttt st sttt b e sae e st et e et e e sbeesaeenas 25
3.1.3.1 Derivatization with @an AUXiliary ........occueeeieoiiie e 26
3.1.3.2 KiNEtiC RESOIULION ..eoutiiiiiiiieiiieeeeet ettt sttt s et e b e saeeeas 33

a) Oxidation of the ThiIOpheNYl GroUP ....ccccviiiiieiiee e et e et e e e 34

b) Dehydrogenative Si — O COUPING ...ooeiiiriieeiiiee ettt etee e e et e e 37
3.1.3.3 Summary of the Chiral Resolution of Silanes..........cccccvveeieciiiiicciiee e 43
3.1.4 Crystal Structures of Acenaphthyl Silanes and Phenylmethylsilanol...........cccccoeeieiiierinnnen. 46
3.2 Phenoxy- and Thiophenyl-Stabilized Silyl Cations — A Comparison of the Dimethylsilyl-Substituted
DEIIVATIVES ..t e s e s e s e s e s e es 55
3.2.1 Coordination Environment of the Oxygen Atom in Silyloxonium lons .........ccccceeeeciveeeennen. 59
3.3 Asymmetrically Substituted Silyl Cations.........ccveiiiiiiii e e 67
3.3.1 Phenoxy-Stabilized Chiral Silyl Cations ........cccuiiiiiiiiiiiecee e e 67
3.3.2 Thiophenyl-Stabilized Chiral Silyl Cations ......cc.uviiiiiiiiiiiiieece e 74
e e T @ 11 | 1Y/ =10 o T YRR 80
3.4 Chalcogenyl-Stabilized Hydridosilyl Cations .........coovciiiiiiiiiiie et e e e 85
3.5 Dynamic Process of SUfONIUM I0NS ......coiiiiiii it e e e 93

3.6 Summary of Naphthyl- and Acenaphthyl-Substituted Silyloxonium and -sulfonium Borates.... 103
S A1V 130 1T ¢ T o SRR 108



3.8 Applications aNd REACHIVILY ....uuiii it ee e e e e e s s e e s e nareeas 120

3.8.1 Assessment Of the LEWIS ACIAILY ...uuiieciiiiiiiiiiiiciie e e e e e 120
3.8.2 Reaction of Nitrilium lons with @ Si —H SOUICe.......c.coiiiiiiiiirieeeee e 128
3.8.3 Catalytic Activity of Silylchalconium BOrates .........cccccvveeieiiieeecciiee e 135
3.8.3.1 Hydrosilylation Reaction of Nitriles........cccceieeiiiiiiiiiie e 135
3.8.3.2 DFT Studies on the Mechanism of the Hydrosilylation Reaction of Nitriles................. 146
3.8.3.3 Diels AldEr REACTION ...coruiieiiiiieitiesie ettt sttt ettt ettt e 161

4 Summary and FULUIE PEISPECLIVES ......uiiiieciiieecciiiee ettt ettt e ettt e e ette e e e e tte e e s ebtee e e ebtaeeeesaeeeeennes 166
R <Y T g 1T ) = L - o SRR 176
5.1 GeNEral REMAIKS ...cc.eiiiieee ettt st sttt et sbe e s 176
5.2 Syntheses of Starting Materials .........ooccviiiieiiiii e et e e e eas 178
oI R 1= V] =1 =T SRR 178
5.2.2 Bromo-Substituted Silyl Naphthalenes and Acenaphthenes..........cccoecevvveeieiiiiccinnnnen... 179

5.3 Syntheses of Naphthyl and Acenaphthyl Silanes .........cccveeiiiiiiiiciii e 182
5.4 Chiral Resolution of Acenaphthyl Silanes..........coovciiiiiiiiiii e 190
5.4.1 Pd-NP Catalyzed Dehydrogenative Si-O CoUPliNg.....ccceviveiieiiiciiee et 190
5.4.2 Kinetic Resolution — Oxidation of Thiophenyl Group.......cccocceveecieeiecciei e, 194
5.4.3 Kinetic Resolution - Dehydrogenative Si-O COUPIING .......ccccvviieciieiiiiiiee e, 195
5.4.4 Reduction Of SHOXANES ........eeviiiiiiiiieiieeceeeeee e e 202

5.5 SYNthesis Of Silyl BOIrat@S......ccuuiiiiiiiiiciiie ettt et e st e e e aaae e e sssaeeeeas 203
5.5.1 Chiral Memory EXPEIriMENTS ...ccccuiiiiiiiieeecciiee ettt eettee et e e s ere e e siae e s s eabae e s sabaee e enraeas 210

5.6 Syntheses of SilyINitrilium BOrates.......ccuiiiicciiiiieciiee ettt eeeaae e e e eabaeeeeas 212
5.6.1 Assessment of the LEWIS ACIAILY .....ccccueeeiiiiiie et e 222

5.7 Synthesis of Silyliminium BOrates ........ccuiiiiiiiiiiieciiee ettt saee e e e aae e e e aaeeeeas 223
5.8 Catalytic Reactions with Silyl Borates as CatalystsS........cccceeeiiieieeciiee e 228
5.8.1 Hydrosilylation REACTION .......cceiiiiiie ettt ettt eee e e e eree e e e eba e e e e eabae e e enreeas 228
5.8.2 Diels-Alder REACLION (DAR)....cccocuiiee e eetee ettt eette e e eetee e e et e e e e etee e e e eabae e e eeabaeaeenreeas 232

5.9 Calculation of the Free Gibbs Energy Barrier from VT NMR Data.........cccccceecvveeeecrieecennneen. 235

6 CompPuUtatioNal DELAIlS.......ueeiiii i e e e e e e b rr e e e e e eeaaas 236

2 (=Y = VT <N 238






Introduction

1 Introduction

As one of the most abundant elements in the earth crust, silicon has a major impact on the modern
world economy. Silicon dioxide and silicates are used in technical applications for example in steel
refinement or as component of cement, mortar and stucco and for the production of glass.!”
Furthermore, silicon’s semiconductor properties are extremely important in the modern world.
Semiconductor electronics are installed in computers, cell phones etc., whereby silicon became an
essential part of modern technology. Not to forget its significant role as semiconductor in the
development of photovoltaic solar panels, which is currently one of the key technologies in the
combat against climate change.?

Nevertheless, the chemical properties of silicon are not less important than its physical properties.?!
Organosilicon compounds exhibit an exceptional potential to act as Lewis acidic catalyst and for the
production of fine chemicals. Especially, cationic silicon compounds attracted a lot of attention in the
last decades.[¥ However, the synthesis and rather the isolation of these very reactive silicon species
is a major challenge in synthetic chemistry.”® The focus of this work is the development of positively
charged silicon species in which their reactivity can be controlled and fine-tuned.!®! Strategies for the
generation and isolation of these reactive organosilicon compounds and especially approaches for

the fine tuning of their reactivity as well as their applications will be discussed in this introduction.

1.1 Silylium lons

In classical silylium ions, the silicon atom bears a positive charge, is tricoordinated and exhibits a
trigonal planar coordination sphere. As such, they are isolobal to boranes and known as the heavier
homologues of carbocations.!” Despite their close relation to carbocations, silylium ions were
detected and recognized as reactive intermediates nearly 100 years later as their lighter congeners.®!
The reason is their high reactivity. In contrast to carbon, silicon exhibits a lower electronegativity,
whereby the positive charge in silylium ions is more localized at the silicon atom as in the
corresponding carbocations. Furthermore, the atomic radius of the silicon atom is bigger than that of
the carbon atom. As a consequence, the overlap of the orbitals of the silicon atom with those of the
organic moieties is lower, and the positive charge is little delocalized by m-conjugation or
hyperconjugation. Thus, silylium ions exhibit a very high Lewis acidity and react as strong

electrophiles with any kind of nucleophiles. Their high Lewis acidity demands strategies of
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stabilization to isolate silylium ions but it also shapes their reactivity and their potential to act as Lewis

acidic catalyst in organic synthesis.!”" %!

1.1.1 Stabilization Strategies for Silicon-Based Cations

In the past 30 years, a comprehensive tool box of stabilization strategies for silylium ions and silyl
cations has been explored and developed. In this section, a collection of important strategies is
discussed on the basis of some selected examples.

An important step for a successful isolation of silyl cations is the choice of the right counter anion.
Suitable examples are low coordinating anions, such as tetrakis(pentafluorophenyl)borate [B(CsFs)a]
(TPFPB) (Figure 1), perhalogenated closo-dodecaborates [B12X12]% (X = Cl, Br) (Figure 1), halogenated
monocarba-closo-dodecaborates [RCB1;H11.nXn]” (R = H, alkyl; X = F, Cl, Br, I; n = 6, 11) or amine
substituted closo-dodecaborates such as [MesNB1,Cl11]" as well as halogenated alkoxy aluminates, e.g.
[AI(OC(CFs)3)a]” (Figure 1).°% These anions are characterized by their low nucleophilicity, whereby
they do not interact with the majority of silyl cations. In routine procedures, TPFPB is generally the

counter anion of choice.l!

F
F,C_CF, L
3y F;C o
£ FC, 0./ F€
el Al ks
F 3 CFy J 07 CF
F ) CFs
F,C CF,
F

Figure 1 — Examples for low coordinating counter anions ([B(CeFs)4], [AI(OC(CF3)3)4]- and [B12X12]?%)

The stabilization of the positive charged silicon atom via aromatic solvents such as benzene and
toluene or chlorobenzene is a common way to synthesize silyl cations. The silicon atom interacts with
the solvent molecule by formation of arenium ions, or in case of chlorobenzene, under formation of
chloronium ions (Figure 2).*Y This stabilization strategy is convenient, since the synthesis can be
directly carried out in these solvents. Using TPFPB as counter anion, a two-layer system is formed in
toluene and benzene. The lower layer contains the obtained silyl borate in a high concentration,
whereby its characterization via NMR spectroscopy is simple. At this point, it is important to have in

mind that the coordination sphere of the silicon center in silyl arenium ions increases from the ideal
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three in silylium ions to four and therefore the general term silyl cation is better suited for these kind

of stabilized cationic silicon compounds.

RySi_ H RySix
Rl
R1=H, Me

Figure 2 — Examples for solvent stabilized silyl cations (left: arenium ion, right: chloronium ion).

A major breakthrough in the research of silylium ions has been the synthesis and isolation of
trismesitylsilylium carborate 1[HCB;1MesBrs], the first free, tricoordinated silylium ion which was
characterized using X-ray diffraction analysis.®™ 2 In 2002, Reed and Lambert achieved this
breakthrough using the effect of very bulky mesityl moieties to stabilize the highly reactive silicon
center by steric shielding, whereby the positive charged silicon atom is protected sterically against
the attack of nucleophiles. Trimesitylsilylium ion 1 is characterized by its trigonal planar coordination
sphere and a 2°Si NMR chemical shift of §?°Si = 225.12 In contrast, solvent-stabilized silyl cations
(Figure 2) exhibit a rather trigonal pyramidal coordination sphere and their 2°Si NMR chemical shifts

are in the range of §%°Si = 88-98.5

1
Another very effective way to stabilize silyl cations is the intramolecular stabilization. A nice example
was reported in 2001 by Miller in his pioneering work about silyl borate 2[B(CsFs)4]. The silicon center
is stabilized by a three-center two-electron Si— H — Si bridge (Figure 3). This structural motif was later
adopted by R. Panisch, who synthesized naphthyl-substituted silyl borate 3[B(CsFs)4]. Despite their
identical stabilization, the reactivity of these silyl cations 2 and 3 against nitriles differ from each
other. While Miller’s silyl cation 2 forms nitrilium ion 4, Panisch’s naphthyl silyl cation 3 forms
iminium ion 5 (Figure 3). In addition, naphthyl derivative 3 is more stable and survives heating in
toluene for several days whereas silyl cation 2 tends to decompose at room temperature.™3! These
distinctive properties emphasize the importance of the backbones used in terms of the reactivity and

stability of such compounds.
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Me,Si< ,.SiMe
ZH 2 MeZSi\H,SiMe2
2[B(CgFs),) 3[B(CqFs),l
=R
( )
—
~siTN"siMe,H Me;Sis,-SiMe,
VAN )|\®
t-Bu” 'H
4[B(CFs),] 5[B(CgFs),]

\.

Figure 3 —Examples for Si — H — Si stabilized silyl borates and their reaction with nitriles.

Inspired by the results of R. Panisch, N. Kordts used the naphthyl scaffold as backbone and introduced
a donor moiety in peri-position to the silyl group. This spacial proximity of a donor and an acceptor
moiety in naphthyl compounds has precedents in the literature.**¥ As donor she decided to use
chalcogenyl groups because chalcogen atoms are known to be weak electron donors. Doing so, a
molecule is created which provides an available vacant acceptor orbital at the silyl group and a filled
donor orbital (electron lone pair) at the chalcogenyl substituent.®® The spatially close relation of
acceptor and donor is a feature known from transition metals, which possess a vacant acceptor and
a filled donor orbital within one atom (Figure 4). Due to this, transition metals are efficient catalysts
in bond activation reactions of small molecules such as H, and CO.. Even though this field has been
dominated by transition metal species, many main group compounds such as frustrated Lewis pairs
(FLPs) emerged in the past decades and showed, that they are able to activate small molecules as
well.’ Using a remote donor substituent for the stabilization of a silylium ion enables the possibility
to mimic the reactivity of transition metals compounds and FLPs, whereby these silyl cations are

promising candidates to act in bond activation reactions.*>® 6!
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vacant acceptor filled donor
orbital orbital
0
MO <3“né>
d O
c=>X O CocXO
c o*
Me,Si_ : D Me,Si_ :D
2$ e 2 @ _+_
c=X O CocX O
c o*

Figure 4 — Schematic illustration of the interaction of a vacant acceptor and a filled donor orbital of transition metals (M)
with the 6 and o* orbital of a C— X bond (X =C, H, N, O) and comparison to chalcogenyl stabilized silyl cations 6 (D = OPh,
SPh, SePh, TePh).

A further advantage using chalcogenyl substituents is manifested in the discrete donor ability of
chalcogen atoms. Depending on the chalcogen used, the Lewis acidity of the silicon center is
influenced differently and, in consequence, it can be fine-tuned by the chosen donor.!® The possibility
of influencing and, thereby, controlling the Lewis acidity of the silicon center by the usage of different
donors was shown by Siegel and co-workers. In their silyl cations 7, they used the 2,6-diarylphenyl
scaffold, whereby the stabilization takes place by lateral ring interactions. They found, that using an
electron rich lateral arene substituent as in silyl cation 7a, single 7' © coordination dominates, while
in case of silyl cation 7b, the fluorine silicon interaction dominates. The different substitution pattern
leads to distinct Lewis acidities of these compounds, apparent by their 2°Si NMR resonances (Figure

5).[17]

n* m interaction halogen silicon interaction

829si=57.3 529si = 95.5

Figure 5 — Comparison of the 2°Si NMR chemical resonances of silyl cation 7a stabilized via 77* © coordination and silyl
cation 7b stabilized via a fluoro substituent.
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1.1.2 Syntheses of Silyl Cations

Since the quest for the generation and isolation of silylium ions started, various strategies for their
synthesis have been developed. Here, a selection of the most common and convenient approaches
will be discussed.

The most common way for generating silyl cations in condensed phase is the hydride transfer reaction
by Corey.!*® The corresponding hydrosilanes react with strong Lewis acids to give silyl cations and the
corresponding hydrogenated Lewis acid. Mostly triphenylcarbenium (trityl) borate [Ph3C][B(CeFs)4] is
used as hydride acceptor (Scheme 1).

[Ph,CIIB(C,Fs),]
RySi—H S s [RSSIlB(CFs),]
- Ph,CH

Scheme 1 — Synthesis of silyl borates via hydride transfer reaction of a hydrosilane with trityl borate.

The driving force of the hydride transfer reaction is defined by formation of a C — H bond which is
stronger than the Si — H bond. Typical solvents for the Corey reaction are aromatic solvents such as
benzene and toluene. In these solvents, purification of silyl borates with TPFPB as counter anion is
straight forward due to the formation of a biphasic system with an ionic and a non-ionic layer. The
non-ionic by-product triphenylmethane can be easily removed by washing the non-ionic layer with
benzene or hexanes.®

However, the Corey reaction is not suitable for the preparation of triarylsilylium ions due to the bulky
substituents of the reactants. Trimesitylsilylium ion 1 was synthesised by the heterolytic cleavage of
a Si — C bond (Scheme 2).12 This method requires very strong electrophiles such as carbocations or
silyl arenium ions and a good leaving group at the silicon center. As leaving group usually an allyl
substituent is used. As shown in Scheme 2, the leaving group is activated by the Lewis acid and reacts
with 1,1-diphenylethylene to the by-product 1-allyl-1,1-diphenyl-2-(triethylsilyl)ethane and the

product silylium carborate 1[HCB11:MesBrg] is formed. 8 2 2]

Ph,C=CH,
. Mes Mes
Mes,Si [Et3Si(C¢Hg)I[HCB,;MegBr] \Sié
X i Ph Ph Mes
~ SiEt, 1[HCB,,Me Br]

Scheme 2 — Synthesis of trimetsitylsilylium carborate 1[HCB;;MesBrg] via heterolytic cleavage of a Si — C bond.

Another way to synthesize triarylsilylium ions was established by Miiller and co-workers in 2011

(Scheme 3). In this reaction diaryl methylsilane A is treated with trityl cation wherein diarylmethylsilyl



Introduction

cation Bis formed as intermediate. Silyl cation B reacts directly with silane A in a substituent exchange

reaction to form triarylsilyl cation C and by-product trimethylsilane (Scheme 3).1°2%

2ph,c® ® A ®
2 MeAr,SH ————> 2 MeAr,si i
2 -2 PhyCH a3l “MeysiH A8
A B c

Scheme 3 — Synthesis of triarylsilylium ions via substituent exchange reaction.

Recently, Oestreich and co-workers developed a new method for the synthesis of silyl cations via
cleavage of Si — C(sp®) bonds using Reeds carborate acid [CsH7][HCB11HsBrs]. This method allows the
formation of anion-stabilized silyl cations directly from unfunctionalized precursors such as SiR4 (R =
Me, Et, n-Bu). Moreover, other substituents such as allyl, vinyl, benzyl and phenyl are also suitable
leaving groups (Table 1). Due to this method, Oestreich and co-workers were able to obtain previously
unavailable trimethylsilyl-substituted dimethylsilyl cation [MesSi-SiMe,]* (Table 1) and carborate-

stabilized hydrogen-substituted silyl cations (see Chapter 3.4).24

Table 1 — Synthesis of anion stabilized silyl cations via protonation with Reeds carborate acid.[2!

[CgHg - HIHCB, H:Br]
SiR, > [SiR,][HCB,,HsBr]
-RH
Silane RH Silyl Cation
R4Si (R = Me, Et, n-Bu) R-H (R = Me, Et, n-Bu) | RsSi* (R = Me, Et, n-Bu)
i-ProMe;Si Me-H i-Pr,MeSi*
t-BuMesSi Me-H t-BuMe,Si*
(allyl)RsSi (R = j-Pr, Me) allyl-H RsSi* (R = j-Pr, Me)
(vinyl)MesSi vinyl-H MesSi*
PhMesSi Ph-H MesSi*
(PhCH,)MesSi PhCH,-H MesSi*
MesSi-SiMes Me-H [MesSi-SiMe;]*

1.2 Applications of Silyl Cations

Due to their remarkable high Lewis acidity, silyl cations are potent reagents and catalysts in organic
synthesis and catalytic processes./” One of these processes is the hydrodefluorination (HDF) reaction.
The transformation of a C — F bond in fluoroalkanes into a C — H bond is performed via the exchange
of a fluoride by a hydride (Scheme 4). For this transformation a strong Lewis acid (LA) is required,
since the activation barrier for the heterolytic cleavage of a C — F bond is high (bond dissociation

energy BDE(C —F) = 500-545 kimol2).122 Driving force for this reaction is the formation of a very strong

7
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LA — F bond. Silyl Lewis acids exhibit this exceptional Lewis acidity required and have a very high
fluorine ion affinity.!?! First examples were reported by the groups of Ozerov?¥ and Miillert6 130 251,
While Ozerov and co-workers used triethylsilyl cation as a catalyst, Miiller and co-workers used
initially their naphthyl-substituted Si — H — Si bridged cation!***! and showed later that chalcogenyl-

stabilized silyl cations 6! are also active in HDF reactions.

[cat] = [Et,si(ton]© |
1-3 mol% [cat]A _ or

> C,H,, + Et;Si-F ll ll

Me,Si—ChAr
®

C,oH, F + Et;Si-H

6

CF; 1-3 mol% [cat]A CH, )
©/ + 3 Et;Si-H »> ©/ + 3 Et,Si-F A= [B(C4Fs),]

or
[HCB,,HCl,,]
/

\.

Scheme 4 — Hydrodefluorination reaction of decyl fluoride and trifluorotoluene catalyzed by silyl Lewis acids.

In 2017, Stephan and co-workers reported the stepwise hydrodefluorination reaction of
trifluorotoluene using a stoichiometric amount of the frustrated Lewis pair 8 containing a silylium
substituent and a phosphino moiety. In this reaction, selectively one C—F bond is activated, as shown
in Scheme 5. The remaining two fluorine atoms can be substituted successively through two further
mono-hydrodefluorination steps via the reaction of PhCF,H and PhCFH, with FLP 8. To date, other
silyl cation-based hydrodefluorination reagents are not able to transfer selectively only one C — F
bond of trifluorotoluene.?

F Ph H,0/THF ©

@ F F~¢’ <OH F O

A Ph—-CF ! 1 i I
PhZSI Pth 3 thsl @Pphz > PhZSI @Pphz + Ph_CFZH

Scheme 5 — Activation of a C — F bond in trifluorotoluene by FLP 8.122]

Silylium ion based FLPs are not only able to activate C — F bonds but also small molecules such as H,
and CO,. For example, Miller and co-workers formed a FLP of tris(pentamethylphenyl)silylium
borate 9[B(CsFs)s] and trimesityl phosphane 10 and treated it with H,. In this reaction, silane 11 and
phosphonium borate 12[B(CsFs)s] were generated (Scheme 6).1% In following studies, A. Merk et al.

found that the reaction proceeds via a single-electron transfer mechanism.2®
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[Pemp3Si]®+
9

PMes,
10

HZ
—_—

Pemp3SiH + [HPMes;,] ®

11 12

Scheme 6 — Activation of H, with a silylium ion based FLP.!16]

The group of Cantat showed in 2016 that their nitrogen/silicon FLP 13 act as catalyst in the

hydroboration reaction of CO,. Their investigations revealed that the mechanism of this reaction

proceeds via the FLP/CO; adduct 14 which was formed selectively by the insertion of CO, into the Si

— N bond. Adduct 14 reacts with a hydroborane under formation of product 15 and reformation of

catalyst 13 (Scheme 7).

13 [

R,BH + CO,

0o R ( }
& &+ 13 R,B0 CH, + R,BOBR,

Scheme 7 — Activation of CO; by Si/N FLP 13 (above) and catalytic hydroboration of CO, with FLP 13 as catalyst.[27]

In a similar vein, van der Vlugt and co-workers are able to activate CO with their pyridylsilyl

hydroborate 16[HB(CsFs)s]. The reaction results in a complete cleavage of the CO triple bond and the

formation of a C — H and two C — C bonds along with the formation of a Si — O — B unit (Scheme 8).

The authors discussed the detailed mechanism of the formation of compound 17 on the basis of DFT

calculations.!
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X
X |
| _ co N
,x'N o > Ph,Si( B~
Ph,Si’ ‘c-R
® H-ER, H™:
R
16 17

co f

» ®
® I.N & \IoN
(0 /s_r\ — R C) /C\H',S=I
I ..H") 3 - H
?‘Jp,', Ph K \R) ph Ph

OER,

Scheme 8 — Proposed mechanism of the activation of CO via pyridyl substituted silyl hydro borate 16[HB(CsFs)s] (R =
CeFs).14il

Other reactions in which silyl Lewis acids act as catalysts are the Diels-Alder cyclization and the
Mukayama aldol condensation as shown for the first time in studies of toluene stabilized silyl borate

[EtsSi(tol)][B(CsFs)a] (Scheme 9).128)
© . lfo 1 mol% [Et;Si(tol)][B(CgFs),] ;
0°C, 1h, 98 %
0]

|| OSiMe, 1 mol% [Et35i(t0|)][B(C5F5)4] OH O
+

\

\

/\Ph -78 °C, 1h, 99 % g M\/U\ph

Scheme 9 — Toluene stabilized triethylsilyl cation as catalyst in a Diels Alder reaction (above) and a Mukayama aldol
condensation (below).[28]

Recent progress using silyl cations as catalysts in Diels-Alder reactions was achieved in particular by

the group of Oestreich. They used ferrocenyl-stabilized silyl cations, as well as silylsulfonium ions (see

Chapter 1.3.1).12%

1.2.1 Assessment of the Lewis Acidity

The reactivity and efficiency as a catalyst of silyl cations correlates with their Lewis acidity which
depends on the substitution pattern of the silicon center and, more importantly, on the stabilizing
environment. Therefore, a special interest on the development of tools for the comparison and

guantification of their Lewis acidity has evolved. In the last decades, different methods and scales for

10
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the assessment of the Lewis acidity of Lewis acids have been developed and established.?” These
methods are based on the Lewis acid/base adduct formation with a Lewis base that serves as a probe.
The most common example is the Gutmann-Beckett method. The Lewis acid (LA) of interest is treated

with triethylphosphine oxide (EtsPO) to form the corresponding LA/LB adduct (Scheme 10). BY
h o S — oo/
®\— LA @\—

Scheme 10 — Formation of a Lewis acid/Et3sPO adduct to measure the Lewis acidity according to Gutmann Beckett.

The difference of the 3P NMR resonance of free EtsPO and the EtsPO/LA adduct serves as measure

for the Lewis acidity. Figure 6 shows the A8!P values of tris(pentafluorophenyl)borane (BCF),

trimesitylsilylium ion 1 and borenium ion 18.54

31p _ 531 31
A3*P =8 PLA/Et3P0'8 Peiapo

C6F5\ /Cst Mes. __Mes fo)
B Si \
| i C[ BO
CeFs Mes o
1 18
AS3'P =30.5 AS3P = 41.2 AS31P = 60.7

Figure 6 — Determination of the A33!P value as measure for the Lewis acidity according to Gutmann-Beckett and the A33P
values of three Lewis acids.[31-32

Another example is Childs method which relies on the *H NMR chemical shift change of the y-H atom
of crotonaldehyde upon coordination to a Lewis acid.®¥ This method is not suitable for silyl Lewis
acids, since the silyl cation/croton aldehyde adduct tends to undergo follow-up reactions.®2! A further
method was developed by Hilt and co-workers. They use the 2H NMR chemical shift of the y-
deuterium atom of perdeuterated pyridine upon coordination to the Lewis acid to quantify the Lewis
acidity.’® Both, the Hilt and the Gutmann-Beckett methods revealed the high Lewis acidity of silylium
ions. However, they are not suitable for donor-stabilized silyl Lewis acid, since the interaction
between the Lewis acidic silicon center and the probe is strong and, as a consequence, the silicon-
donor interaction is cancelled.3% 3% 3% The development of a new assessment method for

intramolecularly stabilized silyl cations will be disclosed in Chapter 3.8.1.

11
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1.3 Chiral Silicon Compounds

Asymmetric synthesis and catalysis are important for the production of natural products or medically
relevant substances and form a part of every day’s challenge in organic synthesis. Carbon-based chiral
compounds are well-known and widely exploited. However, compounds with a silicon stereogenic
center are not that well explored. Although, chiral silicon compounds have a high potential in various
fields in chemistry. For example, they can be used as molecular model systems for studies on
processes at solid-surfaces.® Here, the introduction of chirality in mesoporous organosilicates
seems to be a promising approach.B”! Another field is the use of siloxide ligands in transition metal
complexes, where they show a high potential due to their positive influence on the reactivity and the
tolerance of functional groups of transition metal complexes which can be used as catalysts. An
example is a molybdenium-based complex of the group of Fiirstner, which can be used in metathesis
reactions.¥ Insertion of chiral siloxide ligands might open the possibility to use those catalysts in
asymmetric reactions.°!

Another aspect is the use of compounds with a stereogenic silicon atom as chiral probes in the
elucidation of reaction mechanisms as shown by the groups of Oestreich*® and Strohmann!*Y. For
example, Strohmann and co-workers showed, that the reaction pathway of the reaction between silyl
lithium compounds with benzyl halides proceeds either through a Sx2 mechanism with the silicon
atom acting as nucleophile or through a halogen-lithium exchange reaction with subsequent
nucleophilic attack of the carbanion to the silicon center. Which of the two mechanisms takes place
depends on the benzyl halide used (Scheme 11). Using benzyl bromide, inversion of the configuration
at the silicon atom indicates that the reaction proceeds via halogen-lithium exchange with
subsequent nucleophilic attack of the formed carbanion, while retention of configuration at the
silicon atom occurs using benzyl chloride, indicating the Sy2 pathway in which the silicon compound

acts as nucleophile.[‘”]

?n
BnCI BnBr R,
O (S’Su, G N._Si.. Ca — \(/)SI( h

\ Me Retentlon e Inversion
Me

Scheme 11 — Reaction of a silyl lithium compound with benzyl halides: inversion of configuration at the silicon atom with
benzyl bromide and retention of configuration at the silicon atom with benzyl chloride.[41]

Nevertheless, the full potential of chiral silicon compounds is not exploited yet because of one vast
challenge which is caused by the capacity of the silicon atom to form stable pentavalent

intermediates. These pentavalent intermediates tend to undergo dynamic processes like the Berry

12
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pseudo rotation (BPR, Scheme 12), which leads in case of stereogenic silicon centers to the loss of the

stereo information.?

+
a a e’
_S'..\\e' I e_si.\\e’ I I aa
e II‘ rr ————— \eu —~— e—SIV ,
, e - 1,’a
a a e

Scheme 12 — Berry pseudo rotation at a pentacoordinated silicon center.

But how can BPR and the accompanying loss of chiral information be avoided? Basically, two
strategies can be pursued on the basis of a kinetically controlled reaction. The use of substituents
with rather low electronegativities, such as alkyl or aryl moieties, suppresses the formation of stable
pentavalent intermediates. In consequence, the transformations are determined by the nature of the
nucleophile and its way to interact with the stereogenic silicon center. An example is provided by
Strohmann and co-workers, who investigated the selective Si — C(sp®) bond cleavage using

carbanionic nucleophiles (Scheme 13).143

Bn BuLli n-Bu
® | n-buli s) .
Nsi,, — Nsi,,
- BnlLi \ Me
Me Ph
ee=98% Inversion ee=62%

Scheme 13 — Nucleophilic substitution at chiral silicon compound via Si — C(sp3) bond cleavage.[*3]

Furthermore, embedding of the chiral silicon center into a ring system can provide a certain
stereogenic stability. Hereby, chiral integrity is based on the formation of extreme unfavorable
conformers during BPR, since interchange of the substituents leads to high ring strain. Oestreich and
co-workers showed via chlorination and subsequent reduction of silane 19 that the ring system leads
to a good stereo control of this reaction (Scheme 14).144

S > Si > Si

\

th Retention PH;EI Inversion I-I;?>h
(R)-19 (5)-19
ee=94% ee=94% ee=88%

Scheme 14 — Chlorination and subsequent reduction of silane 19.[44

In contrast, if BPR is evoked purposely, it can be used for enantiomeric enrichment of the chiral

compound in a thermodynamical manner. Hereby, substituents with a high electronegativity are

13
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required which leads to stable pentavalent intermediates. In these intermediates, BPR leads, often in
combination with a chiral backbone, to the formation of the thermodynamically favored
diastereomer. As a result, enrichment of one diastereomer via epimerization is possible.*”! An
example was provided in 1999 by Tamao and co-workers, who showed that fluorosilane 20 undergoes
epimerization by treatment with a catalytic amount of AgF in acetonitrile, whereby (R)-fluorosilane

(R)-20 precipitates (Scheme 15).14%]

F
| £ T@ s *R,N._(R) .Ph
i *RN-SITPh  ——= SsitaNp
PRiN 2 ~ —_—
*R,N” \ Ph | “Np
Np F F
rac-20 (R)-20
precipitate
R* = —z;) dr=96%
Ph yield = 68 %

Scheme 15 — Optical resolution of racemic fluorosilane 20 via epimerization (reaction conditions: 5 mol% AgF, CHsCN, r.t.,
24 h).[45a]

1.3.1 Chiral Silyl Cations

In general, there are two possibilities to introduce chirality in silyl cations. The first possibility is via a
chiral backbone such as the binaphthyl substituent which exhibits axial chirality. The other possibility
is to generate chirality directly at the silicon atom. This is only feasible if the silicon center is inter- or
intramolecularly stabilized. The coordination number of the silicon center is expanded from the ideal
tri- to tetracoordination. If the silicon center bears four different substituents, it becomes a chiral
center. In this chapter, different representatives of chiral silyl cations are presented.

In 1998, researchers around Jgrgensen and Helmchen were the first who reported on chiral silicon
cations. They performed the synthesis of silyl nitrilium ion 21 with the binaphthyl backbone.[*®! Here,
chirality is exclusively introduced via the axial chirality of the backbone, whereby the silicon center
remains achiral. They used silylnitrilium ion 21 in the Diels-Alder reaction shown in Scheme 16 and

achieved a certain asymmetric induction with ee = 10 % of the Diels-Alder product.!¢?]

14
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r D
[:j 0 10 mol% 21 _ <ZD*4?
A e
fRoToan R )
-40 °C SI\N@)
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o) yield = 95 % OO SN
R=s(NJLO ce=10% 21
./ endo >95 % § J

Scheme 16 — Asymmetric Diels-Alder reaction catalyzed by silylnitrilium ion 21,1462l

Oestreich and co-workers reported their first chiral silyl cations in 2014 with oxazoline-stabilized silyl
cation 22 and thionyl-stabilized silyl cation 23, which are synthesized through the standard Corey
protocol from the corresponding hydrosilanes. These compounds exhibit two to three chiral centers

and the positively charged silicon atom is one of these centers.

O\«

\}llln..t_Bu t-Bu R* %

£ i*

§iAt-BU s‘ S h
e

I
*
Me M
22 23 R=H,Me

Regarding oxazoline-stabilized silyl cation 22, Oestreich and co-workers unambiguously showed, that
the stabilization occurs exclusively via the nitrogen atom, even though the oxygen atom is a potential
donor for the stabilization as well. Hereby, a small preference for the formation of one diastereomer
was observed after ionization. Addition of one equivalent acetonitrile led to diastereomeric
enrichment via epimerization. Oxazoline-stabilized derivative 22 showed no activity as catalyst in
Diels-Alder reactions. In contrast, formation of thionyl-stabilized silyl cation 23 occurred directly in a
stereoselective manner and it showed a good catalytic activity in Diels-Alder test reactions.?°"!

Inspired by their results of chiral silylsulfonium ions 23, Oestreich and co-workers merged their
findings with the idea of Jgrgensen and Helmchen, who used the binaphthyl backbone. The result is
the synthesis of species 24, 25 and 26. In asymmetric Diels-Alder reactions, all derivatives 24, 25 and
26 showed a good catalytic activity, but using species 24 and 25 as catalysts, no enantiomeric
enrichment of the Diels-Alder product was obtained. Only using species 26 as an catalyst, the Diels

Alder product was obtained with an ee of 11 %.1%°¢!

15



Introduction

-
®

®
OO S\iMe2 OO S/isM: OO Si‘\w
selos IN¢e g
25

24 26
Thereupon, P. Shaykhutdinova pursued this strategy and introduced the binaphthyl backbone as
bridge between the silicon and the sulfur atom, what led to better results for the stereoinduction of

silylsulfonium ion 27a in asymmetric Diels-Alder reactions (Figure 7).

modification of (

cyclic backbone I !
acyclic backbone different aromatic l

27b at Si atom substituents at S atom

modification of
bisnaphthyl backbone

.

5 mol% 27a 34

9 27a-e[B(C,Fs),] , 276 1

[::] + | Ph - “COPh 27c 7
Ph 27d 53

Ph 27e 67

Figure 7 — Some representatives of chiral silylsulfonium ions 27 and their stereoinductive performance as a chiral catalyst
in an example for a asymmetric Diels-Alder reaction.[2%]

In her studies, she successively modified the substitution pattern at the silicon atom (as in 27b,c), the
aryl substituent at the sulfur atom (as in 27d) and even modified the silicon sulfur bridging binaphthyl
backbone (as in 27e) to investigate the influence of these modification on the stereoinductive
performance of chiral silyl Lewis acids in Diels-Alder cyclizations. Hereby, silylsulfonium ion 27e
showed the best results in the stereoinduction with an enantiomeric excess of the Diels-Alder product
of ee = 67 %.129%¢
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In all these examples, chiral induction is induced by the chiral backbone and the chiral sulfur atom
but the silicon atom does not bear chirality. Chiral silyl Lewis acids with a chirality center at the silicon
atom and a chiral backbone were reported by Landais and co-workers. They studied the chiral
integrity of silyl cations 28 and 29 which are also based on the binaphthyl backbone and stabilized via

a remote oxygen-based substituent or phenyl group.*>

R
A ot
si,,
D
Me

28a (R = Me)
28b (R = Ph)

29

Their studies showed, that silyloxonium ions 28 can be generated from the corresponding
hydrosilanes 30 using the standard Corey protocol. After addition of lithium aluminiumhydride, they
were able to regenerate the corresponding silane 30 (Scheme 17). When the procedure is carried out
at low temperature (-78 °C), the diastereomeric ratio of the corresponding silanes 30 does not change
after the process, indicating that the overall reaction takes place under retention of the configuration

at the silicon atom.>!

[Ph;C][B(C¢Fs),]
OO OMe CH,Cl,, -78°C OO o'(ge
|

A EBu - LiAIH 0 S\
OO H “Me T ) B

30;dr=3:1 28[B(C¢Fs),]

Scheme 17 — Hydride transfer reaction of silane 30 to form silyl borate 28[B(C¢Fs)4] and its subsequent reduction,
revealing chiral integrity at the silicon atom during the process.[45d]

Interestingly, in contrast to the work of Miiller and co-workers, ¥ silyloxonium ion 28 exhibits an
oxygen atom with a trigonal pyramidal coordination environment. This point will be further discussed
in Chapter 3.2.1.

Aryl-stabilized silyl cation 29 is less stable than silyloxonium ion 28 and was stabilized via addition of

one equivalent diethylether and characterized as silyloxonium ion 31.
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31

The addition of an external donor leads in both species 28 and 29 to epimerization, whereby a
diastereomeric enrichment of silyloxonium ion 28 and a diminishment of the diastereomeric ratio of
aryl-stabilized species 29 was observed. These observations led to the conclusion, that the interaction
between the silicon center and a donor with an electron lone pair is much stronger than the Si — &-
interaction. This conclusion is an important fact for the design of donor-stabilized chiral silyl
cations.!>d

Landais and co-workers are currently pursuing their investigations regarding the chiral memory of
intramolecularly stabilized silyl cations using pyridyl- and quinoline-stabilized silyl cations 32 and 33.
Here, they intentionally pose the question, which impact the chiral backbone, namely the binaphthyl
scaffold, has on the chiral memory by using achiral backbones./*”! The results of these studies will be

further discussed in Chapter 3.3.3.
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2 Motivation and Objective

The development of Lewis acidic catalysts is of current interest in organic synthesis.[*®! Due to their
high Lewis acidity, silyl cations show a conspicuous capability to act as catalysts in e.g.
hydrodefluorination, Diels-Alder and Mukaiyama aldol reactions.* The present studies focus on the
synthesis and characterization of intramolecularly phenoxy- and thiophenyl-stabilized silyl borates
34-37[B(CsFs)4] with the acenaphthyl or naphthyl scaffold as backbone. The Lewis acidity of the silicon
center is defined by the intramolecular interaction with the donor substituent (OPh or SPh). The
discrete donor abilities of the chalcogenyl substituents control the reactivity of the resulting silyl

cations 34-37 and enable the fine-tuning of their reactivity.

[\ [B(CeF © [B(CeFs)y] ©
Co

RIR2Si—ChPh RR?Si—ChPh
® ®

34 (Ch=0) 36 (Ch=0)

35(Ch=5) 37 (Ch=5)
The characterization of silyl borates 34-37[B(CsFs)4] will include the assessment of their Lewis acidity.
As described in the introduction, there is a lack of suitable probes especially for intramolecularly
stabilized Lewis acids. Therefore, to investigate the Lewis acidity of silyl cations 34-37, an NMR-based
method shall be developed and evaluated. 4-Fluorobenzonitrile (FBN) seems to be a promising probe
because of two facts. Firstly, nitriles are weak electron donors and known to form stable adducts
with silyl cations. Previous studies showed, that intramolecularly selenyl-stabilized silyl cations 38
and 39 react with nitriles to form pentacoordinated silicon species 40 and 41 and that the interaction
with the donor moiety, here the selenyl substituent, is retained upon coordination of a nitrile
(Scheme 18). Secondly, the fluoro substituent at FBN allows the monitoring using *F NMR
spectroscopy. In addition, quantum mechanical calculations will be performed to investigate the

properties of silyl cations 34-37.
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SO
—_—

_Si—SePh R—=N-Si—SePh
38 (ace) 40 (naph, R = R = Me, R? = Ph)
39 (naph)

41 (ace, R = C¢H,4F, R1 = R? = Me)

Scheme 18 — Formation of nitrilium ions 40 and 41 from the corresponding silyl cations 38 and 39 (anion [B(CgFs)4]
omitted for clarity).

The cyclic arrangement of silyl cations 34-37 is an important feature for their catalytic activity. On
the one hand, the naphthyl/acenaphthyl backbone supports the interaction of the silicon center with
the chalcogen atom. This is important for the reversibility of the reactions of silyl cations 34-37 with
substrates [S]. If the interaction between the silicon center and the substrate/product is too strong,
a stable intermediate [S]-34-37 is formed and silyl cations 34-37 will not be regenerated as the
catalyst of the reaction (Scheme 19, a)). On the other hand, the integrity of the backbone pulls the
silicon and the chalcogen atoms to a certain extent apart and, thereby, prevents an interaction
between the two atoms which is too strong. If the silicon/chalcogen interaction would be too strong,
an interaction of silyl cations 34-37 with a substrate [S] might not be possible and the intermediate
[S]-34-37 will not be formed (Scheme 19, b)). A good balance between a too weak and a too strong

Si/Ch interaction makes silyl cations 34-37 to promising Lewis acidic catalysts.

P PN (O
a) ”O% + [S] — ‘ ‘
R1-Si—Ch [S]—Si :Ch
/ RN AN
34-37 [S]—34-37
oo Y _l @
r1-si—ch® [S]—Si—Ch
/ .. \Ph /N Nph
Rz Rl RZ
34-37 [S]—34-37

Scheme 19 — a) Irreversible reaction of silyl cations 34-37 with a substrate [S] to form intermediate [S]-34-37 as a result
of a too weak Si/Ch interaction; b) nearly no interaction between silyl cations 34-37 and the substrate [S] as a result of a
too strong Si/Ch interaction and the reaction equilibrium shifted in favor of the educts 34-37 and [S].
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To achieve the synthesis of silyl borates 34-37[B(CsFs)4] (Scheme 20), the synthesis of a variety of
precursor silanes 42-44 with different substitution patterns (R*= R? = Me (a); R = Me, R? = Ph (b); R?
= Me, R? = t-Bu (c); R? = H, R? = Ph (d)) will be accomplished. In the context of catalysis in organic
chemistry, a pronounced interest in the development of enantioselective catalysts has evolved.&4
Therefore, the synthesis of asymmetrically substituted silanes 42b,c; 43b,c, 44b and their chiral
resolution are of special interest to generate chiral silyl borates 34-37[B(CeFs)4] which are promising

candidates to act as catalysts in asymmetrical Diels-Alder cyclizations.

(alinlin
. .

[Ph;C][B(CgFs),] "

1R2RS;i 1R2RSi—ChPh
R?RSi., ChPh &

42 (ace, Ch=0) 34-37[B(CgFs),]
43 (ace, Ch =5)
44 (naph, Ch=5)

Scheme 20 — Synthesis of silylchalconium borates 34-37[B(C¢Fs)4] via the Corey protocol (R= R2= Me (a); R1= Me, R2=Ph
(b); Rt = Me, R2=t-Bu (c); R = H, R2=Ph (d)).

Another field of interest for industry and medicinal chemistry is the synthesis of silicon-containing
compounds and materials. A convenient way to synthesize silicon-containing compounds is by the
hydrosilylation reaction of unsaturated substrates such as ketones, alkenes, imines and nitriles.’>”
Especially silylated imines, products of the hydrosilylation reaction of nitriles, are important
compounds and intermediates in pharmaceutical industry.P® 51 Therefore, another catalytic

reaction which will be focused on, is the hydrosilylation reaction of nitriles (Scheme 21).

=—R’ cat R’
+ — > N=(
R;Si—H R;Si H

Scheme 21 — Hydrosilylation reaction of a nitrile.

The investigation of the reaction mechanism will provide further insight on the reactivity of
silylchalconium ions 34 and 35. In general, there are two possible ways of how silyl cations 34 and 35
interact with the substrates, namely the nitrile and the hydrosilane (Scheme 22). Firstly, as a classical
Lewis acid to form a LA/LB adduct A with the nitrile or to form a Si — H — Si bridge B with the

hydrosilane. Secondly, due to their amphiphilic character, chalcogenyl-stabilized silyl cations 34a and
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35a are able to activate the Si — H bond of the hydrosilane in a transition metal-like manner as shown

in intermediate C.

S 2 &6 &

Me,Si—ChPh ‘R—=N- S|—ChPh H- Sl—ChPh Me,Si @ ChPh
©) R3$| /\ H S|R3
34a (Ch=0)
A B C
35a(Ch=5)
Scheme 22 — Possible intermediates A, B or C in the hydrosilylation reaction of nitriles using silyl cations 34a or 35a as
catalysts.
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3 Results and Discussion

3.1 Acenaphthyl and Naphthyl Silanes

3.1.1 Syntheses

Phenoxy-substituted derivatives 42 were synthesized starting from 5,6-dibromoacenaphthene and
sodium phenolate to generate phenyl acenaphthyl ether 45 by an Ullmann-type reaction in a good
isolated yield of 75 %. Diaryl ether 45 was converted to silanes 42 by a metalation/salt metathesis
sequence using the corresponding chlorosilane as electrophile (Scheme 23, Route 1). The isolated
yields for dimethyl-, phenylmethyl- and phenyl-substituted derivatives 42a,b,d are good (65-78%),
whereby tert-butyl-substituted derivative 42c was obtained in a rather moderate yield of 39 %. A
reason for the lower yield might be the higher steric demand of the tert-butyl substituent in

comparison to the methyl or phenyl moieties.

Route 1 a) 0.0 b), c)
— -

Br OPh
45
Route2 | b),c) b), d)
Br Br R1R25i\ Br R'R?Si_ ChPh
H H
. 42 (ace, Ch=0)
Route 3 b), d) OO b), c) 43 (ace, Ch=5)
44 (naph,Ch =S
Br SPh Rl = Me, R? = Ph)
46

Scheme 23 — Syntheses of silanes 42, 43 and 44 (R1= R2 = Me (a); R1= Me, R2 = Ph (b); R = Me, R2 = t-Bu (c); Rt = H, RZ=Ph
(d)): a) 1 equiv. PhONa, 0.5 equiv. Cu,0, diglyme, 160 °C; b) 1 equiv. n-BulLi, THF, -80 °C; c) 1 equiv. RMeSiHCI or PhSiH,Cl,
THF, -80°C, R = Me, Ph, t-Bu; d) 1 equiv. PhSSPh, THF, -80 °C.

The synthesis of thiophenyl-substituted derivatives 43 and 44 is realized by two subsequent
metalation/salt metathesis sequences starting from 5,6-dibromoacenaphthene or 1,8-
dibromonaphthalene. Hereby, it is possible that first the silyl group and second the thiophenyl
substituent is installed (Scheme 23, Route 2) or vice versa (Scheme 23, Route 3). For this work, the
latter route turned out to be more convenient, since the substituents at the silicon center should be

altered. Herein, the diaryl thioether 46 was obtained in a yield of 80 %. The yields of silanes 43a,b,c
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and 44 are in general good, too (65-96%). However, as observed with the phenoxy-substituted
derivative 42c, the corresponding thiophenyl-substituted tert-butylmethylsilane 43¢ was obtained in

ayield of 30 %.

3.1.2 Comparison of Silanes

All synthesized silanes 42-44 are unknown to literature and were fully characterized by multinuclear
NMR and IR spectroscopy as well as using high-resolution mass spectrometry and elemental analysis.
The NMR and IR data are summarized in Table 2. Silanes 42-44 show the expected *H NMR chemical
shift for the hydrogen atoms which are attached to the silicon atom in the range from 8'H = 4.95 to
5.89 and the corresponding 2°Si NMR chemical shifts are between §%°Si = 1.3 and -31.3. Here, it is
noticeable that the 2°Si NMR chemical shifts of dimethyl- and methylphenyl-substituted derivatives
42a,b, 43a,b and 44 with 62°Si = -13.5 to -17.7 are distinct high field shifted in comparison to the tert-
butyl-substituted derivatives 42¢ and 43c (6%°Si = 1.3 to -3.2).

selve 2

RRZS| OPh ans. SPh PhMeSn

a2 43 44
a:R'=R?2=Me
b: R = Me, R? = Ph
c:R'=Me, R?=t-Bu
d:R'=H,R?=Ph

Table 2 — Selected NMR and IR spectroscopic parameters of the silanes 42-44 (for NMR CgDg, r.t., and IR ATR).

Silane 6'H 6'H Me 6%°Si Yusi 3usi (e ¥ (Si-H) [em™]
42a 5.20 0.70 -13.5 191.1 3.7 -1.5 2097, 2142
42b 5.63 0.84 -14.7 196.2 3.7 -2.9 2096, 2136
42c 4.95 0.56 1.3 192.9 3.8 -4.8 2090, 2151
42d 5.61 - -30.7 201.8 - - 2117
43a 5.39 0.63 -17.7 189.4 3.5 0.2 2106
43b 5.89 0.88 -17.2 202.8 3.6 -1.0 2091
44 5.83 0.85 -16.9 203.0 3.5 -0.5 2144
43c 5.41 0.54 -3.2 200.2 3.7 -3.3 2175
43d 5.80 - -31.3 203.8 - - 2088, 2151

This effect of the tert-butyl moiety to the 2°Si NMR resonance was found in the literature. One
example is the ferrocenyl-substituted tert-butylmethylsilane of Oestreich and co-workers, which
exhibits a 2°Si NMR chemical shift of §2°Si = -2.8.2% Another example is tert-butylmethylphenylsilane,
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described by Larson and Torres, which has a #Si NMR chemical shift of 8%Si = -1.3, whereas
cyclohexylmethylphenylsilane exhibits a 2°Si NMR resonance of §2°Si = -9.0.5% Furthermore, the 2°Si
NMR chemical shifts of the dihydrosilanes 42d and 43d with §°Si =-30.7 to -31.3 are even more high-
field shifted than the dimethyl- and methylphenyl-substituted derivatives 42a,b, 43a,b and 44 what
is in the expected range of secondary silanes."®¥ The Si-H coupling constants are in the expected range
of Uusi = 189 to 203 Hz. And the IR absorption bands for the Si-H stretching vibration of all silanes 42-
44 are in the expected range of 2088-2151 cm™. Hereby it is noteworthy, that silanes 42a,b,c and 43d
show two IR bands due to Fermi-resonance.l®¥ So far, it could not be determined which of the two

bands is the underlying fundamental vibration.

3.1.3 Chiral Resolution

Due to the asymmetric substitution of silanes 42b,c, 43b,c and 44, the silicon atom is a stereogenic
center. Hydrosilanes are precursors of silyl borates. The chirality of silanes 42b,c, 43b,c and 44
enables the possibility to generate the corresponding chiral silyl borates 34b,c[B(CsFs)a],
35b,c[B(CeFs)a] and 37b[B(CsFs)4] (Scheme 24). However, silanes 42b,c, 43b,c and 44 are obtained as
racemic mixtures and their chiral resolution has to be realized in order to generate enantiomerically

enriched silyl borates.

‘.r--\“ ',I'-",‘ [B(CGF5)4] e
[PhCIIB(C,Fs),]
i RMeSi—ChPh
RMeSi H ChPh ®
42 (ace, Ch=0) 34 (ace, Ch=0)
43 (ace, Ch =S) 35 (ace, Ch=9)
44 (naph, Ch =S, R = Ph) 37 (naph, Ch =5)

Scheme 24 — Generation of silyl borates 34[B(CsFs)a4], 35[B(CsFs)a] and 37[B(CsFs)4] from silanes 42, 43 and 44 (R = Ph (b),
t-Bu (c)).

Generally, two approaches to achieve the separation of the enantiomers of racemic mixtures can be
pursued.® The first approach is the resolution of the enantiomers through the reaction with an
enantiomerically pure reagent in order to generate the corresponding diastereomeric derivatives.
These diasteromers can usually be separated by column chromatography or by crystallization.® The
second approach is the kinetic resolution and is based on an enantiomerically selective derivatization.
For this purpose, either an enantioselective catalyst or an enantioselective reagent is necessary. To

achieve the consumption of only one enantiomer either 0.5 equiv. of the reagent/auxiliary is used or
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the reaction is stopped after half of the starting compound is consumed. As a consequence, only one
enantiomer reacts and the other one remains unaffected. In general, the separation of the
derivatized enantiomer and the not reacted enantiomer is easy. One general disadvantage to be
mentioned on kinetic resolution results if the enantiomerical selectivity is poor which can
compromise the resulting enantiomeric ratio.”! In this section, the tested approaches to realize the
resolution of racemic silanes 42b, 43b,c and 44 are discussed. (A short remark on the Schemes and
Figures in this chapter: the distinction between (R)- and (S)-silane is only illustrative and not proven

experimentally.)

3.1.3.1 Derivatization with an Auxiliary

The first approach to achieve the chiral resolution of racemic silanes 42b and 43b,c was the chemical
derivatization by dehydrogenative coupling with enantiomerically pure alcohols A-D to give
diastereotopic siloxanes 47, 48 and 49 (Scheme 25). Pyridyl alcohol E was used as racemic mixture in

these experiments for evaluation purposes. The reaction is catalyzed by palladium nanoparticles (Pd-

NP).158!
’ O OO
* o (R) (s)
( )Sl,, ChPh SI,, ChPh cat.:d-NP R/SI,, ChPh S'/, ChPh
H ) Me R
Me R RlJ\RZ el g2
rac-42b (Ch =0, R = Ph) 47 (Ch=0, R = Ph)
rac-43b (Ch =S, R = Ph) 48 (Ch=S,R="Ph)
rac-43c (Ch =S, R = t-Bu) 49 (Ch =S, R = t-Bu)
—
R,
"o HO=(S) T ~ I
(S) N
(SN Ph HO\/("S?Ph Ny
O

D rac-E

Scheme 25 — Derivatization of racemic silanes 42b and 43b,c with an alcohol A-E via Pd-NP catalysis.
The resulting siloxanes 47, 48 and 49 should be separated by column chromatography and afterwards
retransformed to enantioenriched silanes 42b and 43b,c via reductive cleavage. Convenient reducing
agents are aluminium hydrides, for example di-iso-butylaluminium hydride (DIBAL-H), since the

reaction proceeds under retention of configuration at the silicon center (Scheme 26).°!
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Scheme 26 — Separation of diastereotopic siloxanes 47, 48 and 49 and their subsequent reduction to corresponding
silanes 42b and 43b,c.

Initially, thiophenyl-substituted methylphenyl silane rac-43b was chosen to test the dehydrogenative
coupling with different auxiliaries A-E. To generate the corresponding siloxanes 48A-E, a reaction
tube was charged with the silane rac-43b, the alcohol (A, C-E) and a catalytic amount of Pd-NP. The
solids were dissolved/suspended in di-n-butyl ether and the reaction mixture was heated to the
temperature and for the time indicated in Table 3. In case of the liquid alcohol B, it was added to the
mixture after addition of the solvent. Siloxanes 48A,B,E were obtained in bad to moderate yields
(Table 3, Entries 1-7). It is noticeable, that elevated temperatures (70-100°C) are needed to complete

the reactions (see Entry 2-3, 6-7, Table 3).

27



Results and Discussion

Table 3 - Dehydrogenative Si — O Coupling of silanes 42b and 43b,c and different alcohols A-D. *Impure yield of siloxanes
47 and 48, the impurity is the by-product silanol 50 or 51.

cat Pd-NP .
CO + R
R
PhMeSi. , ChPh B ’S'(S) ChPh “Ch"h PhMesi,  ChPh

(rac)-42b (Ch = O) A-E 47 (Ch - O) 51 (Ch = O)
(rac)-43b (Ch =S) 48 (Ch=5) 50 (Ch=5)

SR

’ OH
(s) 3=((s) d
\p " ;_(ph ‘f‘i/('s}Ph N
A B C %> tBu
D E
Equiv Consumption Vield
Entry | Silane | Alcohol quiv. Reac. Cond. . P Siloxa | Separation
Alcohol of silane
nes

1 43b A 2.5 70°C,18 h not complete | 12 % | not possible
2 70°C,6h no reaction - -

43b B 2.5
3 100 °C, 16h complete 12 % | not possible
4 43b C 1.0 100°C, 16 h complete 45 %* | not possible
5 43b D 1.0 100 °C, 96 h no reaction - -
6 70°C,16 h no reaction - -

43b E 1.0
7 100°C, 72 h complete 28 %* | not possible
8 42b C 1.0 70°C,16 h complete 54 %* | not possible

The 2Si INEPT NMR spectra of the menthyl, the 1-phenylethyl and the pyridylsilyl ethers 48A,B,E are
shown in Figure 8. The **Si NMR chemical shifts of the silyl ethers 48A,B,E are in the range of 5*Si
=-6.5 and -8.1 which is in the same region compared to the silyl ethers of Landais and co-workers
(62°Si = -8.6-4.1).8) In the 2°Si NMR spectrum of pyridyl-substituted silyl ethers 48E a further silicon
species with a 2°Si NMR chemical shift of 8*°Si = -4.6 was detected. This silicon species was assigned

to the by-product silanol 50.
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Figure 8 — 29Sil60] INEPT NMR spectra (60 MHz, 298 K, CDCls) of the synthesized silyl ethers 48A (spectrum a)), 48B
(spectrum b)) and 48E (spectrum c)) after purification.

The formation of silanol 50 was observed in all attempts and is not unusual since the conversion from
hydrosilanes to silanols catalyzed by Pd-NP is well-known.!®" There are two possible explanations for
the formation of silanol 50. The first possibility is residual moisture present in the reaction mixture.
The mechanism of the reaction of a hydrosilane with water catalyzed by Pd-Nps is shown in Scheme
27a).1°%] The first two steps are the complexation of the substrates hydrosilane and water by the
nanoparticles and in the subsequent step dihydrogen and the product silanol are released. At this
point, it is important to mention that in the proposed mechanism of Shimizu et al. there is an oxygen
atom attached to the nanoparticle surface which plays an important role in the reaction.’®* The Pd-
NPs used in this work were provided by the group of Landais and were prepared by the reduction of
palladium(ll) chloride in the presence of a carbon-based solid support material under anaerobic
conditions. The X-ray photoelectron spectroscopy (XPS) analysis shows that the Pd-NPs consist of Pd°
(70 %) and PdO (30 %); whereby, Landais and co-workers describe that the PdO might be the result
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of the oxidation of Pd® during the XPS analysis.*® However, the positive effect of attached oxygen
atoms at the Pd surface on the reactivity of Pd-NPs is well-known, the H,O cleavage works as well
with a clean Pd surface.[®* 52l Consequently, residual moisture in the reaction mixture can be the

reason for the formation of silanol 50.

a) b)

HO-SiR, @
H,0
Hz

HZ
7/ SRy
@
/o \ H

HO-SiR; withR=H

H-SiR,

R;Si—0—SiR; withR = SiR;
Scheme 27 — Proposed mechanisms for the Si — O coupling using Pd-NP as catalyst.[61]

The second possibility is oxygen present in the reaction mixture. In that case the proposed
mechanism in Scheme 27b) holds./*** The reaction starts with the activation of the Si— H bond by the
Pd-NPs. After the formation of the product, there are two hydrogen atoms left at the nanoparticle
surface which react either to dihydrogen (as shown in mechanism a)) or with oxygen to water. The
production of water again opens the possibility to generate silanol 50 as described in the first
mechanism a). The mechanism for the dehydrogenative coupling of hydrosilanes with an alcohol is
probably in close analogy to the proposed mechanisms in Scheme 27.

The separation of the diastereomeric siloxanes 48A,B,E should be performed by column
chromatography; but, none of the mixtures of derivatives 48A,B,E was successfully separated.
Furthermore, in Entry 4 and 7 (Table 3) siloxanes 48E were not separated from the by-product silanol
50.

Diol C can react either with the primary alcohol or with the secondary alcohol. The possible reaction

products are shown in Scheme 28. Investigations of the Landais group showed that the reaction of
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primary alcohols are kinetically favored compared to the reaction of secondary alcohols; whereby,

the stereoselectivity of the reaction of a silane with diol C is generally good.®

”"s’?r (s) AY
a9l Si
PhIVI 4 ~N + Me“‘\l ~
™ ) KrOH Ph OH
(s) (s)
(s) 'Ll\r (R) Al\r \/'\Ph Ph Ph
wSi o F IIN -
Ph™ 4 “H Me'4 M4 cat. Pd-NP
Me Ph
.H2
Ar
(R) 1 Ph (S) Ar Ph
rac-42b (Ch = 0) i A
et Q Si s)
rac-43b (Ch=5) PhMel \O’IQ/ + Me“\\l \OJJ\/
Ph

O 47C (Ch = 0)
48C (Ch=5)
ChPh

Scheme 28 — Dehydrogenative coupling of silanes 42b and 43b with diol C.
Interestingly, the reaction of diol C with phenoxy derivative 42b was more selective compared to the
reaction of diol C with thiophenyl derivative 43b. The 2Si INEPT NMR spectra of the siloxanes 47C
and 48C are shown in Figure 9. The species with a 2°Si NMR chemical shift of §2°Si = -2.0 in the lower
spectrum of phenoxy-substituted derivative 47C was tentatively assigned to the corresponding
silanol 51. The 2°Si INEPT NMR spectrum of siloxanes 47C show only two 2°Si NMR chemical shifts
(8%Si = -1.7 and -1.4), indicating that two diastereomers were obtained. The reaction of thiophenyl
derivative 43b yielded in a mixture of four species (6°°Si = -6.2, -4.9, -4.7 and -4.4) and silanol 50 (8*Si
= -4.6) (Figure 9, above). The complexity of the mixture obtained with thiophenyl derivative 43b
makes a clear identification of the reaction products difficult and a further purification was not

possible. Also the separation of siloxanes 47C was not successful.
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Figure 9 — 29Si{*H} INEPT NMR spectra (60 MHz, 298 K, CDCl;) of the synthesized silyl ethers 47C and 48C after purification.

Using quinidine D as an auxiliary (Entry 5, Table 3) no reaction was observed. The reason is probably

the steric demand of quinidine D. Since the separation of the racemic methylphenyl-substituted

silanes 42b and 43b was not successful, tert-butylmethyl silane 43c was treated with phenyl ethanol

B and pyridyl ethanol E; however, no reaction was observed under the described conditions (n-Bu.0,

100 °C, several days; for details see Experimental Part).

The separation of none of the diastereomeric mixtures of the synthesized siloxanes 47 and 48 was

successful. Therefore, the second chiral resolution strategy was tested which will be discussed in the

following chapter.
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3.1.3.2 Kinetic Resolution

Two strategies for the kinetic resolution of racemic silanes 42b, 43b,c and 44 were tested. The first

strategy is the enantiomerically selective oxidation of the thionyl group (Scheme 29).

soN e

(R) © [
PhMeSi-,, SPh Me=$i., SPh ph-5i, DsPh
H PH md H O
rac-43b (R)-43b 52

Scheme 29 — Enantioselective oxidation of the thiophenyl moiety in silane 43b (the distinction between (R)- and (S)-silane
is illustrative and not proven experimentally).

This strategy is only suitable for the thiophenyl-substituted derivatives 43b,c and 44, whereby, silane
43b was chosen as a model system for this experiments. The disadvantage that only silanes with a
thiophenyl substituent can be separated through this strategy is compensated by the believed
straight forward separation of the remaining thiophenyl ether 43b from the resulting oxidized species
52 via column chromatography. Furthermore, oxidized derivative 52 is by itself an interesting species
in terms of the studies of the interactions in peri-substituted acenaphthyl compounds. E. Hupf et al.
studied the interaction of the Si — H---P, Si— H---E = P" (E =S, Se) and Si— OH---E —=P" (E=0, S, Se) of
5-diphenylphosphinoacenaphth-6-yl-silane 53 and -silanol 54.[¢%!

solee

Me,Si~,. PPh Me,Si,  PPh,
2 H 2 OH
53 54

In their studies, they show that the intramolecular hydrogen bridges in organo-H-silane 53 are
weaker than of organosilanol 54. 6-Phenylmethylsilyl-5-phenylsulfonylacenaphthene 52 is the
precursor for the corresponding silyl cation 55 (Scheme 30). The interaction between the Lewis acidic

silicon center of cation 55 and the sulfoxide group would be of interest.
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Scheme 30 — Formation of sulfonyl stabilized silyl cation 55 from silane 52.
The second strategy tested, is the enantiomerically selective dehydrogenative Si — O coupling
(Scheme 31).1%4 This strategy is promising since the dehydrogenative coupling of silanes 42b, 43b and
44 with an alcohol was already shown to be successful with the Pd-NP catalysis as described in the
previous section (Chapter 3.1.3.1). Moreover, the separation of silanes 42b, 43b,c and 44 from

siloxanes 47-49 and 56 is thought to be straightforward.

Falia chiral alcohol

enantioselective catalyst
- +
() —Si® chph
! —~Si™ ChPh R,
RMesi. , ChPh Me 4 md 0
R
raC'42, 43, 44 42: 43: 44 47'491 56

Scheme 31 — Kinetic resolution of silanes 42b (ace, Ch = O, R = Ph), 43b,c (ace, Ch =S, R = Ph (b), t-Bu (c)) and 44 (naph, Ch
=S, R =Ph) via enantioselective dehydrogenative Si — O coupling (the distinction between (R)- and (S)-silane is illustrative
and not proven experimentally).

a) Oxidation of the Thiophenyl Group
Oxidation of a sulfide with two different substituents results in the formation of a sulfoxide in which
the sulfur atom is a stereogenic center. This oxidation can be performed in an enantioselective
manner using an approach which is based on the asymmetric epoxidation using titanium tetrakis-iso-
propoxide (Ti(Oi-Pr)s) with the diethyl tartrate ligand as an asymmetrical reagent (Scheme 32).
Hereby, it is crucial for the enantioselectivity of this reaction that the tartrate is enantiomerically
pure (e.g. (+)-diethyl L-tartrate ((+)-DET)). As oxidant tert-butyl hydroperoxide is used. Treating a
prochiral sulfide with the chiral Sharpless reagent leads to the attack of only one of the two

enantiotopic lone pairs at the sulfur atom. !
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Scheme 32 — Formation of the chiral Sharpless reagent.[66]

To perform the enantiomerically selective oxidation of the thiophenyl ether 43b, the starting material
was dissolved in dichloromethane. The Sharpless reagent was used in an equimolar amount (Scheme
33). Therefore 4.0 equiv. (+)-DET and 2.0 equiv. Ti(Oi-Pr), were added to the reaction mixture. The
oxidant t-BuOOH was added at low temperature (-40 °C). The reaction was monitored via TLC. After
16 h no conversion of the silane 43b was observed. For that reason, the mixture was warmed to -20
°C for one day and later even to r.t. for further two days, but no reaction was observed. After 4 days,

the reaction was stopped and 84 % of the starting thioether 43b was recovered.

O‘O 1.Ti(2C.)i;_PBrl)ﬁ,) (()+I-)I-DET ; O‘O + O

PhMesi. , SPh Me—‘Si,(Xl SPh phlsl(s) Sph
H Ph Mé H O@
43b 43b 52

Scheme 33 - Approach for the enantioselective oxidation of thiophenyl silyl acenaphthene 43b (the distinction between
(R)- and (S)-silane is illustrative and not proven experimentally).

The second approach to achieve the asymmetrical oxidation of thiophenyl acenaphthene 43b was
using a vanadium-salan catalyst (Scheme 34). The catalyst consists of vanadyl acetylacetonate

(VO(acac),) and (R,R)-N,N’-bissalicyl-N,N’-dimethyl-1,1-diaminocyclohexane as the ligand.®”

O\II/ NH HN
/
OH HO

VO(acac), ligand

The reaction was performed in chloroform at 0 °C to room temperature. The catalyst was formed by

the reaction of 0.04 equiv. of VO(acac), with 0.06 equiv. of the ligand. One equiv. of the silane 43b
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was added at r.t. to the catalyst mixture. The oxidant H,0, was added at 0 °C. The reaction mixture

was then allowed to warm to r.t. and the reaction progress was monitored via TLC.

H,0, ‘
. cat. VO(acac), . OO
OO ligand OO
> * (5)®
.(R) Ph-Si SPh
H Me—SI,, SPh ‘Y 1
43b 43b 52

Scheme 34 — Enantioselective oxidation of the thiophenyl group in silane 43b catalyzed by a vanadium-salan catalyst (the
distinction between (R)- and (S)-silane is illustrative and not proven experimentally).

After two days the reaction was stopped and subsequently purified via column chromatography
resulting in recovery of 75% of the starting silane 43b. The *H NMR spectrum of the second fraction
collected showed two different Si-H signals, whereby, one signal was assigned to the starting silane
43b. The aliphatic as well as the aromatic region of the *H NMR spectrum are too crowded to allow
a further assignment of the second Si-H species. The 2°Si INEPT NMR spectrum of this fraction reveals
the complexity of the obtained mixture and shows six different silicon species (§°Si = -17.1
(43b), -12.0, -11.2,-6.2, -5.3 and -4.0 in CDCls). The signal at §*°Si = -17.1 was assigned to the starting
material 43b. The silanol 50, which was already observed in the experiments regarding the
dehydrogenative Si — O coupling discussed in Chapter 3.1.3.1, has a 2°Si NMR chemical shift of §2°Si =
-4.6. This exact chemical shift was not observed, but the formation of the silanol 50 is likely in this
reaction. Even the sulfoxide substituted silanol 57 could be formed as a by-product in this reaction.

Both would give a similar 2°Si NMR chemical shift in this region. (5]

sollse

Me-si, SPh Ph-Si @ SPh
ph OH md OH 00
50 57

However, the complexity of this mixture did not allow a clear identification of the reaction products
and further purification was unsuccessful. Furthermore, no explicit hint for the formation of the

desired product 52 was obtained. Therefore, this resolution route was abandoned.
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b) Dehydrogenative Si — O Coupling
The third method to obtain enantiomerically enriched silanes 42b, 43b,c and 44 is the
enantiomerically selective dehydrogenative coupling of silanes 42b, 43b,c and 44 with an alcohol.
Therefore, an undemanding cupper(l) catalyst was used. To achieve the selectivity required, the
chiral alcohol must possess a remote donor which allows a bidentate binding to the Cu(l)-catalyst. An
illustration of the mechanism, which was proposed by Oestreich and co-workers, is shown in Scheme
35. The chelate complex, copper(l) alkoxide 58, with the bidentate alcohol as ligand is formed by an
alkoxide exchange from tert-butoxide species 59. Copper(l) alkoxide 58 reacts with a hydrosilane to
give the corresponding silyl ether and the catalytically active species, copper(l) hydride 60. A new
catalytic cycle starts with the reaction of copper(l) hydride 60 and the bidentate alcohol with release

of dihydrogen and regeneration of the chelate complex, copper(l) species 58.%4

R N 0.
N O-SiR, H
Cu
it
HZ
60
L A O
N o N O, otBu
N/ <«— Cu
cu -t-BuOH L L
$ Lt 59
) >8
N, O-.c :
\ /2SR H-SiR,
Cu--H
L
L

Scheme 35 — Schematic illustration of the reaction mechanism of the dehydrogenative Si — O coupling catalyzed via a
copper(l) catalyst.[64]

A reasonable candidate for the bidentate alcohol is tert-butyl-substituted pyridylmethanol E.!** This
alcohol is not commercial available and the synthesis, in particular the chiral resolution is challenging.
The most convenient way to generate enantiomerically enriched pyridyl alcohol E turned out to be
by the enantiomerically selective reduction of the corresponding ketone 61 with (-)-B-
chlorodiisopinocamphenylborane ((-)-DIP-CI).'*® The mechanism of the reduction of ketone 61 with
DIP-Cl is shown in Scheme 36. Initially, the nucleophilic attack of the ketone to the borane occurs to
form adduct 62. The steric obstruction between the methyl group of the isopinocamphenyl

substituent and the sterically demanding tert-butyl group leads to the Re-attack of the hydride which
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is released from the isopinocamphenyl group to the carbonyl carbon atom. The hydride is transferred
with release of a-pinene and intermediate 63. Addition of diethanol amine leads to the formation of

by-product 64, which precipitates, and the product, alcohol E, in enantiomerically enriched form.!!

(-)-DIP-CI
c s
«B
¥ R
RS YE ¢ N [
o \4 ‘t-Bu ’!\t Bu
N a-pinene
t-Bu <
| P 63
61 lHN(CZHt‘OH)Z
o’ 1 OH

R’B‘()\) Pyﬁ*t'BU2
64 E

precipitates
Scheme 36 — Mechanism of the reduction of ketone 61 with (-)-DIP-CI.
Ketone 61 was synthesized according to the literature’” by lithiation of 1-bromopyridine with n-butyl
lithium and subsequent reaction with pivalonitrile (Scheme 37). After hydrolysis ketone 61 was

obtained in a good yield (94 %). Then ketone 61 was reduced using (-)-DIP-Cl to give alcohol (R)-E in

a moderate yield (55 %), but with a good enantiomerical excess of ee = 96% (determined via chiral

GQ).
1. n-Buli
Bre N 2. NC-t-Bu 0 1. (-)-DIP-CI OH
~
| P > t-Bu | Ny > t-BuR | Ny
3.H,S0, ~ 2. HN(C,H,0H), ~

61 (R)-E

Scheme 37 — Synthesis of enantiomerically enriched pyridyl-tert-butyl-substituted methanol (R)-E.

With pyridyl alcohol (R)-E in hand, the dehydrogenative coupling with chiral silanes 42b, 43b,c and
44 was performed. A Schlenk tube was charged with copper(l) chloride and triphenylphosphane and
the solids were dissolved/suspended in toluene. Subsequently, sodium tert-butoxide was added to

give a yellow solution. The starting silane 42b, 43b,c or 44 and 0.5 equiv. of alcohol (R)-E were
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dissolved in toluene, respectively. First, the solution of the alcohol (R)-E was added to the catalyst
mixture and, second, the solution of the silane 42b, 43b,c or 44. The reaction mixture was stirred for
16 h at r.t. and afterwards filtrated through a thin layer of silica gel to remove the Cu(l) species. After
removal of the solvent, the crude product was purified in two steps. First, a short column
chromatography using petroleum ether/ethyl acetate (100:0 - 70:30) which resulted in two
fractions. The first fraction obtained was a mixture of the remaining silane 42b, 43b,c or 44 and
residue of triphenylphosphane. The second fraction consists of a mixture of the corresponding silyl
ethers 47E, 48E, 49E or 56. Both fractions needed a second purification via column chromatography
or preparative TLC. The 2°Si NMR spectrum of thiophenyl-substituted silyl ether 48E is shown as one
example in Figure 10 in comparison to the product mixture obtained in the Pd-catalyzed reaction
(Chapter 3.1.3.1). The 2°Si NMR spectrum shows that one diastereomer of 48E is obtained in excess.
Moreover, the amount of the by-product silanol 50 is for the Cu-catalyzed reaction less than for the

Pd-catalyzed reaction.

(P

Pd-NP catalyzed OO ___» : :_ ;
| N\
PhMeSi._ SPh
OH
? |
Cu(l) catalyzed N~ © -
[ Y ON®
selNco NP 4
+
Me’s'” SPh ph,S|(\R) SPh
Me
N
t-BulRy S t-BuTr N\
Z b
- 3 9
10 5 0 -5 -10 -15

Figure 10 — Comparison of the 2Si{*H} INEPT NMR spectra (300 MHz, 298 K, CDCls) of the silyl ethers 48E synthesized via
Pd- and Cu-catalysis after purification.

The results for the dehydrogenative Si — O coupling are summarized in Table 4. The remaining silane
is always the (+)-enantiomer and the silane which is obtained from the reduction of the
corresponding siloxane is the (-)-enantiomer. As already observed with the Pd-NP-catalyzed
dehydrogenative Si — O coupling, the Cu(l)-catalyzed alternative for this reaction was also not
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applicable for tert-butyl-substituted silane 43c. No formation of the corresponding silyl ethers 49E
was observed; hence, the chiral resolution of derivative 43¢ was not achieved. The kinetic resolution
of derivatives 42b, 43b and 44 was successful (Table 4). The separation of (+)-silane 42b from
triphenylphosphane was challenging and was not achieved by column chromatography or
recrystallization. Therefore, the oxidation of triphenylphosphane was tested. The (+)-silane 42b/Ph;P
mixture was dissolved in petroleum ether and an aqueous hydrogen peroxide solution was added.
After stirring for 1 h at room temperature a white solid precipitated. However, the PhsP was not
completely consumed after this time. The complete removal was achieved by stirring the mixture for
16 h. The long reaction time led to decomposition of (+)-silane 42b (ca. 30 %). Nevertheless, after
filtration and column chromatography, (+)-silane 42b was obtained purely (Table 4, Entry 1). The
optical rotation of (+)-silane 42b is [a]o = +12° (c = 0.01 molL?, Et,0) and the enantiomeric excess is

ee = 54 % (chiral HPLC).

Table 4 — Results of the kinetic resolution of silanes 42b, 43b,c and 44 via copper catalyzed dehydrogenative Si — O
coupling.

(L OH N OO
o . D . Y
+ 05 t-Buﬁ'@\LNj % 0.5 ” + 0.5 Ph//Si\ ChPh
oluene .
PhMeSi.,, ChPh Z t. 16 h Me—Si. ChPh me O
H s pH H t-Bu” Y Ny
42b (ace, Ch= O, R = Ph) (R)-E (+)'42b 43b, 44 Z
43b (ace, Ch =S, R = Ph) T 47E (ace, Ch = 0)
44 (naph, Ch =S, R = Ph) 48E (ace, Ch = S)
56 (naph, Ch =S)
Entry | Silane Y".EId [a.]D e‘e .YIEId . dr
(+)-silane (+)-silane (+)-silane Siloxane Siloxane
1 | a2b 97 %) 001 n:ollzrl 0] 54 % 123 %> 85:15
. ’ 2
2 43b 80 % (0.06 n:olli’l E6,0) 66 % 69 % 91:9
+ o
3 44 59 % (0.04 mjll7_’1 E6,0) 84 % 75 % 93.7

(a) Mixture with ca. 15 % PhsP, b) yield is too high since 0.6 equiv. pyridyl alcohol E was used and remaining impurities.)

The moderate enantiomeric excess of (+)-silane 42b is reflected by the diastereomeric ratio of the
corresponding siloxane 47E with dr = 85:15. To determine the dr the integrals of the *H NMR signals

of the hydrogen atom, marked in blue, are used (*H NMR see Figure 11).
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Figure 11 — *H NMR spectrum (300 MHz, 297 K, C¢D¢) of diastereomeric phenoxy substituted silyl ethers 47E (#
impurities).

Improved results were obtained for the chiral resolution of the thiophenyl-substituted derivatives
43b and 44. Remaining (+)-silanes 43b and 44 as well as silyl ethers 48E and 56 were obtained in good
yields (Table 4, Entry 2, 3). The (+)-enantiomers 43b and 44 were successfully purified via column
chromatography. The measured enantiomeric excess is ee = 66 % for acenaphthene derivative 43b
and is ee = 84 % for naphthyl derivative 44. The diastereomeric ratio of the corresponding siloxanes
48E and 56 is dr =91:9 and 93:7, respectively, and is enhanced compared to the diastereomeric ratio

of phenoxy-substituted derivative 47E (dr = 85:15, Table 4, Entry 1).

The reduction of silyl ethers 47E, 48E and 56 was performed at r.t. in Et,O using two equiv. DIBAI-H.
After stirring the mixture for 18 h, the reaction was quenched with 1 M HCI solution. Subsequent
aqueous work up and purification by column chromatography or preparative TLC gave (-)-silanes 42b,
43b and 44 in good yields (69-82 %, Table 5). The enantiomeric excesses are moderate with ee = 64

% for thiophenyl derivatives 43b and 44, respectively, and ee =54 % for phenoxy derivative 42b.

41



Results and Discussion

Table 5 — Results of the reduction of siloxanes 47E, 48E and 56 with DIBAI-H.

”‘c DIBAL-H OO OH
Ph=Si__ChPh - * B AN
me O N PhMeSi, ChPh Z
F E
47E (ace, Ch=0) (-)-42b (ace, Ch = 0)
48E (ace, Ch=5) (-)-43b (ace, Ch =S)
56 (naph, Ch =S) (-)-44 (naph, Ch =5S)
. . . Yield ee .
Entry | Siloxane | dr Siloxane | Silane (-)-silane | (-)-silane [alb (-)-silane
-11°
. 0, 0,
1 47E 85:15 42b 80 % 54 % (0.05 molL™, Et,0)
-11°
. 0, 0,
2 48E 91:9 43b 82 % 64 % (0.02 molL™, Et,0)
-15°
. 0, 0,
3 56 94:6 44 69 % 64 % (0.04 molL™, Et,0)

In conclusion, the chiral resolution by enantiomerically selective Cu(l)-catalyzed dehydrogenative
coupling of silanes 42b, 43b and 44 was achieved. The resolution of racemic tert-butyl-substituted
derivative 43c was not achieved. The results of derivatives 42b, 43b and 44 are summarized in Table
6. The optical rotations of the enantiomers measured for both acenaphthyl-substituted derivatives
42b and 43b show nearly identical values with opposite signs for enantiomers A and B indicating
similar ee values for both enantiomers, which was confirmed by the chiral HPLC measurements
(Table 5, Entries 1, 2). The values of naphthyl derivative 44 show a slight discrepancy. While the dr of
the corresponding siloxane 56, which is determined from the *H NMR spectrum, shows the best value
of these studies, the measured ee of the corresponding (-)-silane 44 is with ee = 64 % similar to the
values obtained for silane 43b (Table 5, Entry 3). However, the (+)-enantiomer 44 was obtained with

an enantiomeric excess of ee = 84 %, which is the best result in these studies.

Table 6 — Summery of the kinetic resolution of silanes.

Entry | Silane [a]o (+)-silane ee (+)-silane [alo (-)-silane ee (-)-silane
1|4 oot r:ollil E6,0) 26 % (0.02 milll_l E6,0) >4%
21 b 606 r:oli-l, E6,0) 66 % (0.05 milll_l E6,0) 64%
31 % | 0oa r:ollil, E6,0) 84% (0.04 milsl_l EL,0) 64%
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3.1.3.3 Summary of the Chiral Resolution of Silanes

In summary, three approaches for the chiral resolution of silanes 42b, 43b,c and 44 were tested
(Scheme 38).

SORNNGe

(s) (R)

Si.  ChPh Si. ChPh

wh Me ¢ >

wd H { H
rac-42b (ace, Ch =0, R =Ph)
rac-43b (ace, Ch =S, R = Ph)
rac-43c (ace, Ch =S, R = t-Bu)
rac-44 (naph, Ch =S, R = Ph)

Resolution 1 | Resolution 3
/ Resolution 2 $ \

selisellvoNce

)
/s| ChPh
(s) Ph \
! (R)
Ph/fl 5 ChPh e’?\o me-Si,, SPh Ph’ls'\H® gph e ,s. (R) ! ChPh md
Me e Ph g Ph Me o t-Bu%\Lj
43b 52 (+)-42b, 43b, 44
47 (C: i (o} R_= P:) 47E (ace, Ch=0)
48 (Ch =S, R =Ph) 48E (ace, Ch =S)

56 (naph, Ch=S)

Scheme 38 — Overview of the tested approaches for the chiral resolution of silanes 42b, 43b,c and 44 (Resolution 1:
derivatization with an enantiomerically pure alcohol, Resolution 2: kinetic resolution via oxidation of the thiophenyl
group, Resolution 3: kinetic resolution via enantiomerically selective dehydrogenative coupling with an alcohol).

The first approach was the Resolution 1 (Scheme 38) via the dehydrogenative coupling of silanes rac-
42b and rac-43b with an enantiomerically enriched alcohol A-D and pyridyl alcohol rac-E to give
siloxanes 47C, 48A,B,C,E. The pyridyl alcohol E is not commercial available and was, initially, used as

racemic mixture for evaluation purposes. The reaction was catalyzed by palladium nanoparticles.!>®

R,
"o HO=(S) T ~ I
(S) HO,
S~ Ph HO1srpn ’ NS
HO t-Bu
A B C

rac-E

These studies revealed, that the dehydrogenative coupling reaction of acenaphthyl silanes rac-42b

and rac-43b,c proceeds only with the phenylmethyl-substituted silanes rac-42b, rac-43b. The tert-
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butylmethyl-substituted silane rac-43b did not undergo the reaction with the tested alcohols C and
E. The reason is most likely the steric demand of the tert-butyl substituent. The assumption, that the
reaction is limited regarding sterically demanding reagents was also observed by the reaction of the
sterically demanding quinidine D and silane rac-43b which was not successful as well.

Siloxanes 47C, 48A,B,C,E were obtained in bad to moderate yields (12-54 %). The obtained siloxanes
47C, 48A,B,C should be separated via column chromatography and then reduced to generate
enantiomerically enriched silanes 42b and 43b. However, the separation of none of the siloxane
mixtures was successful. Furthermore, the formation of the by-product silanol 50/51 was observed
in all attempts. Therefore, this resolution route was abandoned and the kinetic resolution of silanes
rac-42b, rac-43b,c and rac-44 was tested.

The first kinetic approach was the Resolution 2 (Scheme 38) via enantiomerically selective oxidation
of the thiophenyl group of silane rac-43b to give species 52. Two reagents were tested, namely the
Sharpless reagent and the vanadium-salan catalyst (Figure 12). The silane 43b was inert against the
tested reagents, and thus, the product 52 was not obtained (Scheme 38). Therefore, this resolution

route was not further pursued.

Sharpless Reagent Vanadium-Salan Catalyst

CO,Et

i'Pr\O 25 o-i-Pr
0

pp-0 ‘ NHHN
TN %o, P
__STiCoEt i \o it OHHO

VO(acac),
ligand

0
t-Bu

Figure 12 — Tested chiral reagents for the enantiomerically selective oxidation of the thiophenyl group of silane 43b.

The second kinetic approach was the Resolution 3 (Scheme 38) via the enantiomerically selective
Cu(l)-catalyzed dehydrogenative coupling of silanes rac-42b, rac-43b,c and rac-44 with pyridyl
alcohol (R)-E. As mentioned before, the pyridyl alcohol (R)-E is not commercially available and was
synthesized by the enantiomerically selective reduction of the corresponding ketone 61 with (-)-B-

chlorodiisopinocamphenylborane ((-)-DIP-Cl) (Scheme 39).
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o (-)-DIP-CI OH
o o
61 (R)-E

Scheme 39 - Enantiomerically selective reduction of the ketone 61 with (-)-B-chlorodiisopinocamphenylborane ((-)-DIP-Cl)

to give pyridyl alcohol (R)-E.

The results of the enantiomerically selective dehydrogenative Si — O coupling reaction are

summarized in Table 7. Again, the sterically demanding tert-butylmethyl-substituted silane rac-43c

did not undergo the reaction. The reactions of phenylmethyl-substituted silanes rac-42b, rac-43b

and rac-44 to give the corresponding siloxanes 47E, 48E and 56 were successful. The remaining

enantiomer was for all silanes the (+)-enantiomer and the enantiomer resulting from the reduction

of the siloxane the (-)-enantiomer.

Table 7 — Summary of the results (yield and enantiomeric excess) of the kinetic resolution of silanes 42b, 43b,c and 44 via

the dehydrogenative coupling with pyridyl alcohol (R)-E.

Fan 0.5 (R)-E (L
DIBAI-H OO
I —Si_ ChPh —~Si_ ChPh
PhMesi. , ChPh o Ph 7 ) Ph 7 H
rac-42b (ace, Ch =0, R = Ph) OO t-Bu | = (-)-42b, 43b, 44
rac-43b (ace, Ch =S, R = Ph) 0.5 &
rac-44 (naph, Ch =S, R = Ph) Me—Si_ ChPh 47E (ace, Ch=0)
Ph/ H 48E (ace, Ch=95)
56 (naph, Ch=5)
(+)-42b, 43b, 44
Entr Silane Yield ee Yield dr Yield ee
y (+)-silane | (+)-silane | Siloxane | Siloxane | (-)-silane | (-)-silane
1 42b 97 %2 54 % 123 %Y 85:15 80 % 54 %
2 43b 80 % 66 % 69 % 91:9 82% 64 %
3 44 59 % 84 % 75 % 93.7 69 % 64 %

(a) Mixture with ca. 15 % PhsP, b) yield is too high since 0.6 equiv. pyridyl alcohol E was used and remaining impurities.)

The yields of the reactions, dehydrogenative coupling as well as reduction of siloxanes, were good to

moderate (59-82 %). The enantiomeric excesses of the silanes (+)/(-)-42b, (+)/(-)-43b and (-)-44 are

moderate (ee = 54-66 %). The best result was obtained with silane (+)-44 with an ee of 84 %.
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3.1.4 Crystal Structures of Acenaphthyl Silanes and Phenylmethylsilanol

Previous studies showed that selenyl- and telluryl-substituted acenaphthyl silanes exhibit in the NMR
experiments a characteristic chalcogen hydrogen through space coupling.[®® The X-ray structures of
selenyl-substituted derivatives 65 and 66 show that the hydrogen atom of the silyl substituent is syn
relative to the selenium atom with Se/H distances of d(Se/H) = 276 pm (for 65) and d(Se/H) = 289 pm
(for 66) which are significant smaller than the sum of the van der Waals radii (2vdW (Se/H) = 300
pm).7Y Due to these observations a certain interaction between the hydrogen and the chalcogen

atom is assumed.®?!

$e

MezskH SeMes MeZSi\H SePh

65 66

In this chapter, the interactions of the two substituents in peri-position of acenaphthyl silanes 42 and
43 and silanol 50 are discussed by means of the molecular structures and DFT calculations at the
MO06-2X/Def2-TZVP level of theory. Single crystals suitable for X-ray analysis have been obtained of
silanes 42a,b,d, 43a-d and silanol 50 (Figure 14 - Figure 16).

5T 127 6] 1275

1R2RSi, OPh 1R2Rsi, SPh  PhMeSi, SPh
H H OH

42 43 50

a:R!=R%Z=Me

b: R! = Me, R? = Ph

c: Rl = Me, R? = t-Bu

d:R'=H,R?=Ph
To investigate the interaction between the chalcogen atom and the hydrogen or even the silicon
atom, the molecular structures were examined by different parameters. This structural classification
of naphthyl and acenaphthyl species was introduced and established by Woollins and co-workers and
further expanded by Hupf et al. (Figure 13).? The first parameter is the distance between the peri-
atoms which is in unstrained acenaphthene d(H/H) = 270 pm. The second parameter is the sum of
the bay angles (X) which is the sum of the angles E-C5-C12, C5-C12-C6 and C12-C6-E" (X3 = 368° for
unstrained acenaphthene).’”® And the third parameter is the out-of-plane distance of the peri-
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substituents from the mean central plane spanned by the ten carbon atoms of the acenaphthene
backbone. The larger is the distance of the peri-substituents to the acenaphthene plane, the higher
are the repulsive interactions between the peri-atoms. Further parameters which can be taken to
account are the torsion angles of which one is illustrated in Figure 13. The ideal value is 180°, whereas

torsion angles near this value indicate either attractive or no peri-interactions.

() @ e el
LD =
OO 12 E 3

5 012C 3 12
E<—E’ E F E FE
d
A B C D

Figure 13 — Structural parameter in peri-substituted acenaphthenes (A: peri-distance, B: X3, C: out-of-plane distance, D:
torsion angle).

C13

43c

43a

Figure 14 — Molecular structures of dimethyl silane 42a (left), dimethyl silane 43a (middle) and tert-butylmethyl silane 43c
(right) (thermal ellipsoids at 50 % probability, H atoms omitted for clarity except the Si — H). Pertinent bond lengths [pm]
and bond angles [°]; dimethyl silane 42a (left, triclinic space group P-1): Si/0 291.27(8), Si— C5 188.87(9), O — C6
138.29(10), O/H 268, Si-C5-C12 125.47(6), C5-C12-C6 127.32(8), C12-C6-0 115.31(7), C5-Si-C13 108.778(4), C5-Si-C14
109.41(4), C13-Si-C14 107.87(5). Dimethyl silane 43a (middle, triclinic space group P-1): Si/S 329.37(4), Si — C6 188.97(10),
S—C5177.05(10), Si—H 141.4(16), S-C5-C12 121.636(7), Si-C6-C12 130.086(7), C5-C12-C6 128.61(8), C6-Si-C13
111.965(54), C6-Si-C14 120.036(51), C13-Si-C14 112.468(67). tert-Butylmethyl silane 43c (right, triclinic space group P-1):
Si/S 333.49(3), Si—C6 190.15(5), S— C5 177.16(5), Si— H 138, S/H 281, S-C5-C12 123.20(4), Si-C6-C12 130.63(3), C5-C12-
C6 128.99(4), C6-Si-C13 110.063(23), C6-Si-C14 108.420(25), C13-Si-C14 108.718(24).
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42b 43b

Figure 15 — Molecular structures of phenylmethyl silane 42b (left), phenylmethyl silane 43b (middle) and silanol 49 (right)
(thermal ellipsoids at 50 % probability, H atoms omitted for clarity except the Si — H and O — H). Pertinent bond lengths
[pm] and bond angles [°]; phenylmethyl silane 42b (left, triclinic space group P-1): Si/0 292.227(1), Si— C5 187.58(1), O —
C6 138.81(1), Si— H 141.(2), 0-C5-C12 114.68(1), Si-C6-C12 126.79(8), C5-C12-C6 127.36(1), C5-Si-C13 109.411(62), C5-Si-
C14 116.93(6), C13-Si-C14 112.56(7). Phenylmethyl silane 43b (middle, monoclinic space group Cc): Si/S 330.55(2), Si— C6
189.6(5), S—C5 178.4(4), Si—H 147.(5), S-C5-C12 121.8(4), Si-C6-C12 132.1(3), C5-C12-C6 128.2(4), C6-Si-C13 113.5(3),
C6-Si-C14 115.7(3), C13-Si-C14 (111.2(3). Silanol 50 (right, monoclinic space group Cc): Si/S 325.74(11), Si — C6 189.6(3), S
—C5177.9(3), Si— 0 168.0(2), S-C5-C12 121.2(2), Si-C6-C12 130.6(2), C5-C12-C6 128.8(2), C6-Si-C13 114.66(13), C6-Si-C14
115.10(15), C13-Si-C14 113.48(14).

& L
45%

42d 43d

Figure 16 — Molecular structures of phenyl silane 42d (left) and phenyl silane 43d (right) (thermal ellipsoids at 50 %
probability, H atoms omitted for clarity except the Si — H). Pertinent bond lengths [pm] and bond angles [°]; phenyl silane
42d (left, monoclinic space group P2;/c): Si/O 286.8(1), Si— C5 187.50(16), O — C6 138.56(15), Si — H1 139(1), O/H1
262.(5), 0-C5-C12 115.01(12), Si-C6-C12 126.10(11), C5-C12-C6 126.97(12), i-C-O-C5 118.44(11). Phenyl silane 43d (right,
monoclinic space group P2;/c): Si/S 314.86(7), Si — C6 185.9(3), S— C5 177.16(5), Si — H 133.(5), S/H 284.(06), S-C5-C12
121.56(18), Si-C6-C12 127.80(18), C5-C12 C6 128.5(2), i-C-S-C5 104.90(19).

To classify whether repulsive or attractive interactions between the peri-substituents in silanes 42,
43 and silanol 50 are present, the presented parameters are summarized in Table 8. In general, the
angles in the bay region are for the thiophenyl-substituted derivatives 43 with £[3 = 378-384° larger
compared to those of the phenoxy-substituted derivatives 42 (X3 = 368-369°). Notably, the phenoxy
derivatives 42 exhibit a similar value for the sum of the bay angles as unstrained acenaphthene (X3
= 368°). The bay angle of the tert-butylmethylsilyl-substituted thiophenyl compound 43c is largest
compared to compounds 42, 43 and 50 and is by 16° higher than in unstrained acenaphthene. The

out-of-plane distances of both peri-substituents of silanes 42 and 43 are rather small (d = 0.5-41.2
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pm). Dimethyl-substituted thiophenyl derivative 43a shows the highest out-of-plane distance for the

silicon atom with d(Si) = 41.2. In compounds 42, 43 and 50, the distance between the substituents in

the peri-positions is higher than the distance in unstrained acenaphthene (d(Si/D) = 287-333pm vs

d(H/H) = 270 pm) but distinct smaller than the corresponding sum of the van der Waals radii of the

silicon and the chalcogen atom (SvdW (Si/O) = 362 pm, ZvdW (Si/S) = 390 pm)).”*! This can indicate a

slightly attractive interaction between the silicon center and the chalcogen atom. The torsion angle

of all compounds is close to 180° suggesting either attractive or no interactions between the

substituents in the peri-positions.

SY 12 oY 12
1R2RSi, OPh 1R2RSi\H SPh
42 43
a:R1=R2=Me

b: Rl = Me, R% = Ph
c: Rl = Me, R = t-Bu
d:R'=H,R?=Ph

®

PhMeSi, SPh
OH

50

Table 8 — Selected structural parameters of silanes 42, 43 and silanol 50. (Dihedral angle C12-C5-Si-H or C12-C6-Si-H,
SvdW (Si/0O) =362 pm, 2vdW (Si/S) = 390 pm), 23 = 368° and peri-distance 270 pm in unstrained acenaphthene.

D-Si Y d(Si d(D 2o(SiCs >o(D Torsion Dihedral

Compound | D | 11| [p(m)] [;m)]) {°1 | [°(1 ) angle [] | angle []
42a OPh 291.3 368.1 27.8 -13.7 326.1 345.8 178.3 61.6
42b OPh 292.2 368.9 21.3 -11.7 338.9 351.5 179.8 171.4
42d OPh 286.8 368.1 0.5 5.2 336.5 353.7 176.2 52.5
43a SPh 329.4 380.3 41.2 -13.2 352.5 289.6 177.7 168.3
43b SPh 330.6 382.1 6.9 -3.2 340.5 295.2 179.4 170.4
43c SPh 333.5 383.8 5.6 13.2 327.2 281.9 177.1 38.5
43d SPh 314.9 377.9 3.2 6.4 339.3 282.8 177.6 60.9
50 SPh 325.7 380.6 3.5 9.4 343.3 294.2 178.9 174.1

As described in the beginning, the direction of the hydrogen atom attached to the silicon atom is

even more remarkable for acenaphthyl silanes 42, 43 and is indicated by the dihedral angle (Figure

17, Table 8, for OPh derivatives 42: C12-C5-Si-H, for SPh derivatives 43: C12-C6-Si-H).
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\SI 0Ph

\\S|\
R R R Me R Me
syn-structure anti-structure

Figure 17 — lllustration of the syn- and anti-structures of silanes 42 and 43, whereby syn and anti refer to the position of
the hydrogen atom relative to the chalcogen atom and the dihedral angle marked in red (R = Me, Ph, t-Bu).

The hydrogen atom of tert-butylmethyl thiophenyl-substituted derivative 43c is syn relative to the
sulfur atom (C12-C6-Si-H = 38.5°), whereby, the S/H distance is by 9 pm smaller than the sum of the
van der Waals radii (dS/H = 281 pm, SvdW (S/H) = 290 pm).”") A similar value is observed in
dihydrogen derivative 43d (dS/H = 284 pm). The corresponding phenoxy derivative 42d exhibits a
O/H distance which is by 21 pm shorter compared to that of thiophenyl derivative 43d and match
the sum of the H/O van der Waals radii (dH/O = 3vdW (O/H) = 262 pm)."* Dimethylsilyl phenoxy
acenaphthene 42a also crystallizes with the hydrogen atom syn relative to the oxygen atom (C12-C5-
Si-H = 61.6°, d(O/H) = 268.4 pm). The O/H distance is by 6 pm larger compared to the sum of the van
der Waals radii. These observations are similar to those of selenyl-substituted derivatives 65, 66 (see
above). In contrast, the hydrogen/oxygen atom of both phenylmethyl-substituted silanes 42b and
43b, of dimethyl thiophenyl acenaphthene 43a and of silanol 50 is positioned anti relative to the
chalcogen atom (anti-structures, dihedral angle = 168-174°). Interestingly, the sum of the bond
angles of the silicon atom to the carbon substituents show for these derivatives 42b, 43a,b and 50 a
trigonal flattening (Zou(Si) = 339-352°). In return, derivatives 42a and 43c with the hydrogen atom syn
relative to the chalcogen atom (syn-structures) exhibit a sum of the bond angels around the silicon
atom of Za(Si) = 326-327° confirming their tetrahedral coordination sphere.

The trigonal flattening of the silicon center in the anti-structures indicates an interaction between
the silicon and the sulfur atoms. If the sulfur atom donates electron density to the silicon atom, it is
assumed that the silicon-hydrogen interaction is weakened compared to the Si— H bond in the syn-
structures. The relative strength of the Si — H bond in syn- and anti-structures can be compared by
the IR resonance.” The value for the experimental determined IR resonance (ATR, solid state) of
tert-butylmethyl derivative 43c (syn-structure) is by 69-84 cm™ larger compared to the wave numbers

of the derivatives 43a and 43b (anti-structures) (Table 9).
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Table 9 — Calculated energy difference AE for the two conformers of silanes 43a, 43b and 43¢ and comparison of the
corresponding calculated Si — H IR bands (M062X/Def2-TZVP) with the experimental determined values. (Scaling factor for

calculated 7(Si — H) values is 0.9619, details see Computational Details.)

AE (E(syn) — E(anti B(Si—H)=" | P(Si—H)= | P(Si—H)>® .
Compound ( ([IZJn:ol'l]( N [f:m'll Siln [cm™] anti [cm™] Solid state
43a -3.3 2162 2090 2106 anti
43b -1.2 2153 2103 2091 anti
43c -0.6 2169 2102 2175 syn

The bathochromic shift of the wave number of the anti-structures (43a, 43b) compared to the syn-
structure (43c) indicates a weakened Si — H bond in the anti-structures (43a, 43b). The calculated IR
resonances for both conformers (syn and anti) show the same trend for all three species 43a-c (Table
9). Consequently, the shift of the Si — H IR resonance might reflect whether the hydrogen atom is syn
or anti relative to the chalcogen atom.

The calculated energy difference (AE) between the conformers of compounds 43a,b,c is small (AE =
0.6-3.3 kimol?, Table 9) indicating that there is energetically no favored conformation. The analysis
of the electron density in the framework of Bader’s theory of atoms in molecules (QTAIM) of the two
conformers shows a bond path with a bond critical point (bcp) between the hydrogen and the sulfur
atom in the syn-structures and between the silicon and the sulfur atom in the anti-structures. The
2D Laplacian contour plots of the dimethylsilyl and the tert-butylmethylsilyl derivatives 43a and 43c
are shown in Figure 18.") The bond path in the QTAIM analysis between the silicon and the sulfur
atom of the anti-structures might indicate a beginning Sn2 reaction at the silicon center with the
sulfur atom as the nucleophile and the hydride as the leaving group. This could explain the weakened

Si — H bond in the anti-structures indicated by the position of the Si — H IR bands.
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ipso-C (Ph)

® o

Figure 18 — 2D contour plots of the calculated Laplacian of the electron density, V2 o(r), in the Si-C12-Ch plane of
dimethylsilane 43a as example for an anti-structure (left) and methyl-tert-butylsilane 43¢ as example for a syn-
structure (right). Relevant parts of the molecular graphs of the silanes are projected onto the respective
contour plot. Green spheres are the bond critical points (bcp). Black lines show the bond paths, which follow
the line of maximum electron density: solid lines show bond paths with bep of electron density > 0.05 e - A3,
dashed lines show bond paths with bcp in which the electron density is between 0.05-0.008 e - A-3. Red
contours indicate regions of local charge accumulation (V2 o(r) < 0); blue contours indicate regions of local
charge depletion (V?p(r) > 0).175!

ipso-C(Ph)

Characteristic for a Sy2 reaction is the pentacoordinated intermediate. If in the anti-silanes a
beginning Sn2 reaction is visible, the silicon center should adopt a coordination sphere which
indicates the transition from a tetrahedral coordination sphere to a trigonal bipyramid. This can
be determined via the geometrical goodness (AZ(®)) which is defined as the difference of the
sum of the equatorial and axial angles; thus, a tetrahedral structure exhibits a geometrical
goodness of AX(®) = 0° and a perfect trigonal bipyramid exhibits a value of AZ(®) = 90°.7¢! To
apply this for silanes 43, the difference between the sum of the bond angles around the silicon
atom (Za(Si), equatorial angles) and the sum of the bond angles of the Si — H bond to the Si—C

bonds (Z(H-Si-C), axial angles) are used (Figure 19).

cl
P AX(®) = Zo(SiC;) - Z(H-Si-C)
1 ; AZ(SiC,) = C1-Si-C? + C1-si-C3 + C%-si-C3
c ¢ AS(H-Si-C) = H-Si-C + H-Si-C? + H-Si-C3

Figure 19 — Determination of the geometrical goodness (AX(®)) of silanes 43 with the sum of the bond angles around the
silicon atom (Za(SiCs), equatorial angles) and the sum of the bond angles of the Si — H bond to the Si — C bonds (X(H-Si-C),
axial angles).

A scheme of a bimolecular Sx2 reaction at a silicon atom is shown in Figure 20.7”! In the educt (MesSiY)
the silicon atom exhibits a perfect tetrahedral coordination environment indicated by AX(®) = 0°.

When the nucleophile (X') approaches, the sum of the bond angles around the silicon center
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increases, whereby the value for AX(®) approximates 45°. In the intermediate, the silicon atom

exhibits a trigonal bipyramidal coordination environment in which AZ(®) is 90°.

e \ / ©
S | X—Si---- Y
x© & Si—Y z >  X—Si—Y e >  X—Si + yO
L B V7
| | | | |
| | | | |
A3(©) 0° 45° 90° 45° 0°

Figure 20 — Schematic illustration of a bimolecular Sy2 reaction at a silicon atom with the corresponding value for the
geometrical goodness (AX(®)) of the stages of the reaction.

The geometrical goodness (AX(®)) of silanes 42b, 43a,b and silanol 50 were calculated from the X-
ray diffraction data and are listed in Table 10. The values are in the range of 22-42° and are
significantly higher than in a perfect tetrahedral coordination environment. Consequently, a starting
Sn2 reaction in silanes is indicated. The closer the value is to 45°, the more pronounced is the degree
of the starting Sn2 reaction. The most pronounced degree is present in dimethylsilyl thiophenyl

acenaphthene 43a (AX(®) = 42°), followed by the thiophenyl-substituted silanol 50 (AX(®) = 32°).

Table 10 — Comparison of the geometrical goodness (AZ(®)) of silanes 42b, 43a,b and silanol 50 determined from X-ray

structure.
Compound AX(O) []
42b 22
43a 42
43b 25
50 32

In conclusion, the interactions of the peri-atoms in acenaphthyl silanes 42, 43 and silanol 50 appear
to be rather attractive than repulsive. This is manifested in the relative small peri-distances, sum of
the bay angles and out-of-plane distances of the silicon and the chalcogen atom in the crystal
structures. Furthermore, indications of an interaction either between the hydrogen and the
chalcogen atoms (syn-conformers) or between the silicon and the chalcogen atoms (anti-conformers)
were recognized using DFT calculations and QTAIM analysis. These indications are supported by the
analysis of the solid state structures. For example, in the syn-structure, tert-butylmethyl thiophenyl-
substituted derivative 43c, the S/H distance is by 9 pm smaller than the sum of the van der Waals

radii. In the anti-structures, the value of the geometrical goodness ((AXZ(®))) indicates a beginning
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Sn2 reaction at the silicon center with the chalcogen atom as the nucleophile and the hydride as the
leaving group. Further experimental support is given by the Si—H IR absorption band, which reflects
the relative strength of the Si — H bond. The syn-structures show a hypsochromic shift of #(Si — H)
compared to the anti-structures (syn-conformers 66 and 43c ¥(Si — H) = 2138/% and 2175 cm™ vs
anti-conformers 43a and 43b ©(Si — H) = 2106 and 2091 cm?), indicating that in anti-structures the Si
— H bonds are weakened. This supports the theory of a beginning Sx2 reaction with the chalcogen
atom as the nucleophile and the hydride as the leaving group. In return, this demonstrates the

attractive interaction between the silicon and the chalcogen atom.

SR

Me,Si, ~SePh R st. oph  R'R%i,_ sph PhMesi,  SPh
66 42 43 50
a:R1=R%Z=Me
b: Rl = Me, R2 = Ph
c:Rl1=Me, R?=t-Bu
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3.2 Phenoxy- and Thiophenyl-Stabilized Silyl Cations - A
Comparison of the Dimethylsilyl-Substituted Derivatives

Silyl borates 34a[B(CsFs)a] and 35a[B(CsFs)s] were synthesized using the Corey reaction of the
corresponding silanes 42a and 43a with trityl borate [PhsC][B(CesFs)s] (Scheme 40) and fully

characterized by multinuclear NMR spectroscopy.®?!

©
O‘O [PhsCIB(CoFs)a] O‘O [B(CgFs),]

CgHg, 1t I
Me,Si~,, ChPh Me,Si—ChPh
H ®
42a (Ch=0) 34a (Ch=0)
43a (Ch=5) 35a(Ch=Y9)

Scheme 40 - Synthesis of silyl borates 34a[B(CsFs)4] and 35a[B(CeFs)al.

The 2°Si NMR chemical shifts of silyl borates 34a[B(CsFs)s] and 35a[B(CsFs)s] are distinct low-field
shifted (82°Si= 77 (34a), 66 (35a)) compared to their corresponding precursors (62°Si = -14 (42a), -18
(43a)) which is induced by the ionization. The observed deshielding of oxonium ion 34a
(A8%Siilane,cation = 91) is higher than that of sulfonium ion 35a (A8%Sisianecation = 84). In general,
literature-known triarylsilylium ions exhibit a °Si NMR resonance of 8%°Si = 210-230 whereas known
solvent-stabilized silyl cations have a 2°Si NMR chemical shift of 2°Si= 88-97.! The presented species
34a and 35a show with %°Si= 77 and 66 a >°Si NMR chemical shift which is comparable to the solvent-
stabilized silyl cations. The 2°Si NMR chemical shifts of silyl cations 34a and 35a are independent of
the solvent (34a: 6*°Si= 77.5 (C;Ds), 77.4 (CeDs), 78.1 (CD,Cl,); 35a: 5%°Si = 66.0 (C;Ds), 65.8 (CeDs),
66.4 (CD2Cl,)) whereby an interaction of the positively charged silicon center with the solvent is ruled
out. As a consequence, the stabilization of the electron deficient silicon center occurs exclusively
intramolecularly by the remote donor substituent, namely OPh or SPh. Hence, silyl cations 34a and
35a are characterized by a direct linkage between the silicon and the chalcogen atom. In the 'H NMR
as well as in the 3C NMR spectrum one signal for the two methyl groups attached to the silicon center
of phenoxy-stabilized silyl cation 34a is observed (Figure 21, above). In contrast to these findings,
sulfonium ion 35a shows two signals for the methyl groups at the silicon atom in the *H NMR (Figure

21, below) as well as in the 3C NMR spectrum.
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Figure 21 — *H NMR spectra (500 MHz, 305 K, C;Ds) of phenoxy-stabilized silyl borate 34a[B(CeFs)4] (above) and thiophenyl
stabilized silyl borate 35a[B(CsFs)4] (below) (*CsDsCD,H).

The non-equivalence of the methyl groups in sulfonium ion 35a is not unexpected due to the
predicted pyramidal coordination sphere of the sulfur atom. This pyramidalization implies a syn/anti
relation of the phenyl substituent at the sulfur atom to the methyl groups at the silicon atom. The
non-equivalence of the methyl groups at the silicon atom is also observed in the corresponding
selenium and tellurium derivatives.'®¥ In fact, this substantiates the statement that a direct linkage
between the silicon and the sulfur atom is apparent.

S. Rathjen was able to obtain single crystals suitable for X-ray diffraction spectroscopy of
acenaphthyl-substituted sulfonium ion 35a in the crystal of 35a,[B1,Br1,] from a dichloromethane/n-
hexane solution (Figure 22).I7® Thiophenyl-stabilized silyl closo-borate 35a,[B1,Br1,] crystallizes in the
orthorhombic space group Pnma and shows well separated cations and anions. The closest distance
between the bromine of the closo-borate and the silicon atom is d(Br/Si) = 506 pm and the closest
distance to the sulfur atom is d(Br/S) = 547 pm which is distinct larger than the sum of the van der
Waals radii, respectively (2vdW (Si/Br) = 393 pm, ZvdW (S/Br) = 363 pm)." The Si — S bond length is
d(Si—S) =232.1 pm and by 5 pm longer than the sum of the covalent radii for a Si/S single bond.”?!
The sum of the bay angles is 23 = 353.3° and by 15° smaller compared to unstrained acenaphthene,!”*
demonstrating the attractive interaction between the peri-atoms. The sum of the bond angles around

the silicon atom shows a trigonal flattening of the silicon atom (Zo(Si) = 348.2° compared to the ideal
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value of a tetrahedral coordination environment Zo = 328.2°). The sulfur atom exhibits a trigonal
pyramidal coordination sphere with Za(S) = 307.7°.

At this point the question arises, whether the oxygen derivative 34a is actually different in structure
or a dynamic process in the molecule induces the equivalence of the methyl groups. The low
temperature NMR experiment at -90 °C of the naphthyl-substituted oxonium ion 36a does not show
a significant line broadening of the singlet signal of the methyl groups.!® In the first instance, this
shows that either the dynamic process is fast at the NMR time scale even at -90 °C or oxonium ion

36a exhibits a ground state structure with a higher symmetry as its heavier homologues.

C13

Ci4

36a

Figure 22 — Molecular structures of oxonium ion 36a in the crystal of 36a[HCB1;1HsBrg] (left) and sulfonium ion 35a in the
crystal of 35a;[B12Bri,] (thermal ellipsoids at 50 % probability, H atoms and counter ion omitted for clarity). Pertinent
bond lengths [pm] and bond angles [°]; oxonium ion 36a: Si — O 183.75(14), Si — C1 185.04(25), O — C8 144.01(28), Si-C1-
C9 109.25(17), C1-C9-C8 118.76(21), C9-C8-0 109.89(19), C1-Si-C11 115.31(10), C1-Si-C12 118.32(11), C11-Si-C12
117.87(10), C8-0-Si 113.43(12), C8-0-C13 121.30(16), Si-O-C13 125.25(13). Sulfonium ion 35a: Si— S 232.08(11), Si— C6
185.17(3), S—C5 177.91(3), Si-C6-C12 113.73(2), C6-C12-C5 125.14(3), C12-C5-S 114.55(2), C6-Si-C13 118.32(14), C6-Si-
C14 116.79(15), C13-Si-C14 113.06(18), C5-0-Si 94.34(11), C5-0-C15 103.72(13), Si-O-C15 109.65(11).

Single crystals suitable for X-ray diffraction spectroscopy of the naphthyl-substituted oxonium ion
36a were obtained in the crystal of 36a[HCB1:HsBrg] from a dichloromethane/n-hexane solution
(Figure 22). Phenoxy-stabilized silyl carborate 36a[HCB11HsBrg] crystallizes in the monoclinic space
group P2;/c and shows well separated cations and anions. While the closest distance for the bromine
substituent at the carborate and the silicon atom is d(Br/Si) = 404 pm, the closest distance to the
oxygen atom is d(Br/O) = 395 pm. Both values are larger than the sum of the van der Waals radii,
respectively (2vdW (Br/Si) = 393 pm, 2vdW (Br/0) = 335 pm)."" The Si — O bond length in naphthyl-
substituted cation 36ais d(Si — O) = 183.8 pm and is by 20 pm longer than an average Si — O bond in
compounds with a tetra coordinated silicon atom and a dicoordinated oxygen atom (d(Si— O) = 163
pm).B% Furthermore, this bond length is by 5-6 pm longer than the Si — O bond length of silylated

oxonium ions (d(Si—0) = 177.7-178.5 pm).[® The attractive interaction of the silicon and the oxygen
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atom leads to a pronounced distortion of the five membered ring which is formed by the naphthyl
backbone and the two connected peri-substituents. The sum of the bay angles in silyloxonium ion
36a is I3 = 337.9° and distinctively smaller than in unstrained naphthalene (28 = 360°).72®! The sum
of the bond angles around the silicon atom (2o(Si) = 351.3°) reveals its pronounced trigonal flattening
(ideal value Za(Si) = 328.2°). The oxygen atom exhibits a perfect trigonal planar coordination sphere
with Za(O) = 360.0° upon which a dynamic process, which induces the equivalence of the methyl
groups attached to the silicon atom, is ruled out.

The crystal structures do not only provide evidence for the structure of cations 36a and 35a, it also
gives the possibility to check the reliability of the quantum mechanical calculations at the DFT M06-
2X/Def2-TZVP level of theory of the structures of the presented cationic systems. Comparison of the
parameter from the X-ray structures and the calculated structures of cations 36a and 35a are in good
agreement (Table 11). The deviation of the listed parameters is in the range of 0.03 — 0.3 %. Only the
deviation of the sum of the bond angles around the sulfur atom of sulfonium ion 35a is ca. 3 %. In
both structures, the prediction of the out-of-plane distances does not fit that nicely. However, the
out-of-plane distortion of the peri-substituents is only related to small forces and is likely to be
strongly influenced by intermolecular interactions in the solid state. Consequently, for all other
parameters, the used M06-2X/Def2-TZVP level of theory is suitable for the DFT calculations of the
presented cationic system. Backed up by the good agreement of X-ray and calculated structures, it is
possible to compare the calculated structural parameters of the corresponding acenaphthyl analogs.
The naphthyl-substituted oxonium ion 36a and the acenaphthyl-substituted oxonium ion 34a exhibit
nearly identical values (Table 11), indicating, that there is no significant difference between the

naphthyl and the acenaphthyl substitution.

Table 11 — Selected calculated parameters (M062X/def2-TZVP) and structural parameters in parentheses for dimethylsilyl
cations 36a, 34a and 35a.

D -Si 2B d(Si) d(D)) 2o(SiCs) Za(D)
Compound D
P ml | 1 | [pm] | [pm] °] ]
183.2 337.7 0.6 0.9 351.7 359.4
36a OPh (183.8) | (337.9) | (3.2) (9.5) (351.5) | (360.0)
34a OPh 185.4 337.3 0.002 -0.001 352.2 360.0
232.1 3534 18.1 -8.0 349.0 299.4
35a SPh
(232.1) | (353.3) (9.8) (-18.0) (348.2) (307.7)
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3.2.1 Coordination Environment of the Oxygen Atom in Silyloxonium lons

As shown in Chapter 3.2 via NMR spectroscopy and X-ray diffraction analysis, phenoxy-stabilized
dimethylsilyl cation 36a exhibits an oxygen atom with a perfect trigonal planar coordination
environment.!% The trigonal planar coordination sphere of the oxygen atom of silyloxonium ions has
been preceded in literature. An example is silyloxonium ion 67, which was described by M. Kira and
H. Sakurai in 1992 and nine years later characterized via X-ray spectroscopy by Driess and co-
workers.[®¢ 82 The sum of the bond angles around the oxygen atom is Xa(O) = 359°, proving the
perfect trigonal planar coordination sphere of the oxygen atom. Another example is species 68,
reported by A. Schafer et al. in 2014, in which the bond angles around the oxygen atom is Za,(O) =
360°.18%2

\
) g CC
- sli-c§® )\Si/

",
4 Si\ Ny O
1N @ ot SI_O
) (SIS
Me
67 68 36a

Figure 23 — Examples of silyloxonium ions with an oxygen atom exhibiting a perfect trigonal planar coordination
environment.

In contrast to these findings, Ducos et al. demonstrated based on NMR experiments and DFT
calculations that the oxygen atom in binaphthyl-substituted silyloxonium ion 28a exhibits a trigonal

pyramidal coordination sphere.[*>

28a

The nature of the silicon oxygen bond and bond angles was widely discussed in terms of the
differences between organic ethers and disiloxanes.®” 23! While the bond angle C-O-C of ethers is
about 110-114°, the Si-O-Si angle of disiloxanes is in the range of 145-150°.1%! As reasons for the
widened Si-O-Si angle compared to the C-O-C angle, hyperconjugation between the lone pair at the
oxygen atom (no) and the 7" (SiRs) as well as the strong polarization of the Si— O bond and the thereof
resulting repulsive interactions between the silicon moieties were discussed.® 833 |n accordance

with the valence shell electron pairs repulsion (VSEPR) concept of Gillespie and Nyholm, the oxygen
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atom in silyloxonium ions is of the type AXsE and should form a trigonal pyramidal structure as the
NHs molecule (Figure 24). In oxonium ions with three carbon-based moieties, such as species 69 and
70, the analogy to NHs is given; whereby, it is important to notice that triethyloxonium ion 69 shows

a significant trigonal flattening.[®

AX,E,
N ~oc o
HH Hy,C"C CH, H;5i—05~siH,
105° 114° 142°
AX,E

N o® H.Si-_-* _SiH
H“\\lxl)H Et““\c‘)\Et 3 \I}I/) 3
o 12 o
H 107 Et g 0
69 71
Ta(N) = 321° Ya(0)=345°  o(0)=332° Ta(N) = 360°

Figure 24 — Comparison of the bond angles in structures which follow the VSEPR concept with the corresponding silylated
structures.

The effect of silyl groups to the coordination environment of the central atom was also observed for
trisilylamine 71 in which the sum of the bond angles around the nitrogen atom is 360° (Figure 24). Y.
Mo et al. describe that, besides the ny—osi”™ negative hyperconjugation stereoelectronic effects due
to the high polarized N — Si bond are the reason for the trigonal planar coordination sphere of the
nitrogen atom. [

In order to investigate the coordination environment of the oxygen atom in silyloxonium ions
biphenyl derivatives 72 and 73 were prepared (Scheme 41). These investigations are in cooperation
with the group of Prof. Landais in Bordeaux and the precursor silanes 74 and 75 were provided by his
co-worker A. Fernandes. Two considerations regarding the design of the model compounds in
comparison to Ducos” silyloxonium ion 28a were made. On the one hand, the backbone should be
simplified by going from the binaphthyl system to the biphenyl substituent to verify the impact of
the backbone to the coordination environment of the oxygen atom. On the other hand, the influence
of steric stress due to different substituents with different steric demand at the silicon atom should

be avoided. Therefore, the silicon atom bears either iso-propyl or methyl groups. The preparation
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was carried out in dichloromethane-d, at -80 °C for dimethylsilyl borate 72[B(C¢Fs)s] and at -80 °C -

r.t. for di-iso-propylsilyl borate 73[B(CsFs)s] (Scheme 41, for details see Experimental Part).

R’ R’
O o’: [Ph;C][B(C4F5),] N O (I)’&)

i, ] 3 Si,,
O \“R Ph;CH O \“R
R R
[B(CGF5)a] ©

72 (R = Me, R’ = Ph)
73 (R=i-Pr, R" = Me)

74 (R = Me, R’ = Ph)
75 (R = i-Pr, R = Me)

Scheme 41 — Corey reaction of biphenylsilanes 74 and 75 with trityl borate to give silyl borates 72[B(CeFs)4] and
73[B(CeFs)al.

The subsequent NMR measurements were done at -90 °C. The NMR spectra of di-iso-propyl
derivative 73 are shown as an example in Figure 25-26. In the 2°Si NMR spectrum (Figure 25), one
resonance at 8%°Si = 49.3 was observed which is within the expected range of intramolecularly
stabilized silyloxonium ions (vide infra). The second Si chemical shift at 8%°Si = 8.3 was assigned to
the corresponding cyclic biphenyl-di-iso-propylsiloxane which is the results of the follow up reaction
of silyl cation 73 with remaining silane 75 under release of methane. This side reaction has been
preceded in the literature.[® 4>

If the oxygen atom in species 73 exhibits a trigonal pyramidal coordination sphere, it is expected that
two sets of signals are detected for the j-Pr groups at the silicon atom in the 'H NMR spectrum.
However, the 'H NMR spectrum reveals only one set of signals which are assigned to the i-Pr groups

(5'H = 1.04 (6 H), 1.22 (6 H), 1.62 (2 H), Figure 26).
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Figure 25 — 29Si{H} NMR spectrum (99 MHz, 183 K, CD,Cly) and H/2°Si HMBC spectrum (500 MHz, 183 K, CD,Cl,) of di-iso-
propylsilyl borate 73[B(CgFs)4].
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Figure 26 —1H NMR spectrum (500 MHz, 183 K, CD,Cl,) of di-iso-propylsilyl borate 73[B(CsFs)4] (extract Ib =-8 Hz, gb =5
Hz; * CDHCIy, # PhsCH, ° impurities).
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The same results were obtained for dimethylsilyl cation 72. The 2°Si NMR chemical shift O Ph
of silyloxonium ion 72 is at §%°Si = 59.5 and only one singlet signal for the two methyl ?@
groups attached to the silicon atom at H = 0.80 is detected. In conclusion, a symmetric O Si("u.
ground state structure of silyloxonium ions 72 and 73 is indicated; however, a dynamic 72
process within the molecule which leads to equality of the substituents at the silicon atom which is
fast at the NMR time scale at -90 °C is still a possibility to consider.

To further investigate the coordination environment of the oxygen atom of silyloxonium ions 72 and
73, their structures were optimized using DFT calculations (M06-2X/Def2-TZVP). For comparison, the

structure of the corresponding biphenyl(dimethylsilyl) thiophenyl derivative 76 was calculated, too.

The resulting optimized structures are shown in Figure 27.

Sa(Si) = 347°

o (0)=355° Zo(0)=353° Zo(S) =307

72 73 76

Figure 27 — Optimized structures of dimethyl and di-iso-propylsilyl cations 72, 73 and thiophenyl derivative 76 (M06-
2X/Def2-TZVP; hydrogen atoms omitted for clarity).

The two phenyl groups of the biphenyl substituent are twisted against each other, respectively,
whereby the whole molecule shows a certain distortion compared to naphthyl- and acenaphthyl-
substituted dimethylsilyloxonium ions 34a and 36a. The sum of the bond angles around the silicon
atom of the calculated structure of biphenyl-substituted silyloxonium ions 72, 73 and sulfonium ion
76 reveals their trigonal flattening which is fairly less pronounced than in the acenaphthyl congeners
34a and 36a (Xo(Si) = 343-348° in species 72, 73 and 76 vs. Zo.(Si) = 352° in species 34a and 36a). The
deviation of the perfect trigonal planar coordination sphere of the oxygen atoms of species 72 and
73 is 5-7°, suggesting a rather trigonal planar coordination environment. In contrast, the sum of the
bond angles around the sulfur atom is Za(S) = 307° and reveals the trigonal pyramidal coordination
environment.

Despite the trigonal coordination sphere of the oxygen atom in species 72 and 73, the distortion
resulting from the twist in the biphenyl system suggests an inequality of the substituents at the silicon
atom. However, in the *H NMR spectrum at -90 °C only one signal set was observed for both species

72 and 73. Therefore, a transition state (TS) optimization of silyl cations 72 and 73 was performed on
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the basis of a perfect planar conformer of species 72 and 73 (Figure 28). The resulting structure of
the TS calculation shows an imaginary frequency which includes the twisting of the C — C bond
connecting the two phenyl groups of the biphenyl substituent. The twisting of the phenyl groups
against each other leads to the swinging of the substituent at the oxygen atom from one side to the
other (indicated by displacement vectors, Figure 28 a), b)). In consequence, this motion provides the
NMR spectroscopic equality of the substituents attached to the silicon atom. The calculated energy
barrier of this motion is AG = 15 kJmol? for di-iso-propyl derivative 73 and is AG = 25 kimol*? for
dimethyl derivative 72 (M06-2X/Def2-TZVP). Due to this small barrier, it is not unexpected, that the

dynamic process was not detectable using VT NMR spectroscopy.

—

"

72-TS 73-TS 76-TS

Figure 28 — Optimized transition state structures of a) dimethylsilyloxonium ion 72 b) di-iso-propylsilyloxonium ion 73 and
c) di-iso-propylsilylsulfonium ion 76 (M06-2X/Def2-TZVP).

The TS calculation of thiophenyl derivative 76 results in a free Gibbs energy of the inversion of the
configuration of 73 klmol (M06-2X/Def2-TZVP). The calculated negative frequency of the structure
of the transition state shows unambiguously the motion of the sulfur atom and not the motion
derived from the twisting of the biphenyl system as observed in oxonium ions 72 and 73 (see
displacement vectors, Figure 28 c)). These results manifest the difference in behavior of the phenoxy
substituent in comparison to the thiophenyl substituent. This difference is further emphasized by the
comparison of the corresponding acyclic derivatives 77 and 78 (Figure 29). The sum of the bond
angles around the silicon atom shows the typical trigonal flattening, respectively, (Za(Si) = 346° in

77, 345° in 78).
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Zal(Si) = 345°

To(Si) = 346° Sor(0) = 360° ( \ Ta(S) = 319°

77 78

Figure 29 — Optimized structures of acyclic derivatives 77 and 78 (M062X/def2-TZVP; hydrogen atoms omitted for clarity).

The sum of the bond angles around the oxygen atom in silyloxonium ion 77 is Za(O) = 360°,
demonstrating the perfect trigonal planar coordination environment of the oxygen atom; whereas
the value of the sulfur atom in silylsulfonium ion 78 is Za(S) = 319°, demonstrating the trigonal
pyramidal coordination environment of the sulfur atom.

The results of the DFT optimizations of all considered structures are summarized in Table 12. In
general, the oxygen atom in silyloxonium ions exhibit a trigonal planar coordination environment
(Za(O) = 353-360°). The exception is tert-butylmethyl binaphthyl derivative 28a of Landais and co-
workers, in which the oxygen atom exhibits a certain trigonal pyramidalization (Za(O) = 344°). In
contrast to the acyclic silyloxonium ion 77, in the cyclic silyloxonium ions 72 and 73 the coordination
environment of the oxygen atom in the cyclic derivatives 72 and 73 diverge from perfect planarity

(ideal value o (O) = 360°) by 5-7°.

Wy Q@/"“ *
|
SI/" t-Bu

Si,,, S| «Me “\\SI
e e
R? Me

72,73 34a

Table 12 — Calculated structural parameters of biphenylsilyl cations 72, 73, 76 and acyclic silyl cations 77 and 78 in
comparison to acenaphthyl and binaphthyl derivatives 34a, 35a, 28a (M06-2X/Def2-TZVP).

Compound D 2oYSiC3) [°] | ZaUD)[°] | si-D [pm]
72 OPh 348 353 182
73 OPh 343 355 183
77 OPh 346 360 183
34a OPh 352 360 185
28a OMe 347 344 184

Even though the deviation from a perfect trigonal planar coordination environment in silyloxonium

ion 72 and 73 is marginal, this indicates that the backbone might be the crucial factor for the trigonal
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pyramidal coordination sphere of the oxygen atom in Ducos’ silyloxonium ion 28a. Another aspect
which might have an impact on the coordination environment of the oxygen atom in silyloxonium
ions is the substitution pattern at the silicon atom. The results of the investigations regarding

asymmetrical phenoxy-stabilized silyl cations will be discussed in Chapter 3.3.1.
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3.3 Asymmetrically Substituted Silyl Cations

Silyl cations exhibit a high Lewis acidity; and therefore, are effective catalysts in e.g.
hydrodefluorination, Diels-Alder and Mukaiyama aldol reactions.[® 292 29¢ 29, 48, 86] |y this context, a
pronounced interest in the development of enantioselective catalysts has evolved. Unsymmetrical
substitution at the silicon atom, as in naphthyl- and acenaphthyl-based silyloxonium and
silylsulfonium ions 34, 35 and 37, results in a Lewis acidic catalyst system, in which on the one hand,
the Lewis acidity can be tuned via the remote donor substituent; and, on the other hand, the absolute
stereo configuration can be controlled via the substitution pattern at the silicon atom and the
chalcogen atom. In this chapter, the synthesis and characterization of asymmetrically substituted

silylchalconium borates 34b,c [B(CsFs)4], 35b,c[B(CsFs)s] and 37b[B(CsFs)a] is described.

o Q

_‘“\\\Si—OPh ‘“\SI SPh ‘“\SI
Me / ©) /
R
34b (R = Ph) 35b (R = Ph) 37b
34c (R = t-Bu) 35c¢ (R = t-Bu)

3.3.1 Phenoxy-Stabilized Chiral Silyl Cations

As discussed in Chapter 3.2.1, the oxygen atom in symmetrically substituted OO M
e
silyloxonium ions 34a and 36a exhibit a trigonal planar coordination ?@
environment. The tert-butylmethyl silyloxonium ion 28a of Ducos et al. contrasts OO Si\/""t B
-Bu
Me

these findings.[**¥ In this context, the question which arises is if unsymmetrical
substitution at the silicon center would trigger a trigonal pyramidalized 28a

coordination environment of the oxygen atom in the acenaphthyl-based system, too (Figure 30).

WwSi—O<
Me"/" @ Ph
R

Steric repulsion?

Figure 30 — Concept of asymmetrical substitution in acenaphthyl based silyloxonium ions 34.
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Hereby, the interaction (repulsive, or even attractive) of the phenyl moiety at the oxygen atom and
the substituents at the silicon atom would be the important factor. To investigate the effect of an
asymmetrical substitution pattern at the silicon center, the phenyl and the tert-butyl moieties were
chosen as second substituent at the silicon center because of their distinct steric demand.
Furthermore, the acenaphthyl substituent was chosen as backbone, due to its easier synthetic access
compared to the naphthyl backbone. If the change in the substitution pattern at the silicon atom
leads to a trigonal pyramidal coordination environment of the oxygen atom, it would become a chiral
center. In addition to the chiral center at the silicon atom, the formation of diastereomers for
silyloxonium ions 34b,c is expected. The diastereomers can be differentiated via their 2°Si NMR
chemical shifts. Otherwise, if the oxygen atom exhibits a trigonal planar coordination environment
there is no formation of diastereomers and, hence, only one signal in the 2°Si NMR spectrum is
expected.

Silyloxonium borates 34b,c[B(C¢Fs)s] were obtained via the Corey reaction of the corresponding
silanes 42b,c with trityl borate in quantitative yield without significant formation of side-products.

(Scheme 42).

OO [Ph;CI[B(CeF)] O

RMeSi, OPh " PhaCH nSI—0OZ_

\H Me / @ “Ph
42b (R = Ph) [B(C6F5)4] @
42c (R = t-Bu)

34b (R = Ph)
34c (R = t-Bu)

Scheme 42 — Synthesis of asymmetrical substituted silyl oxonium borates 34b,c[B(CsFs)4].

In the 2°Si NMR spectrum of phenylmethylsilyl cation 34b one signal at 52°Si = 60.8 is observed, which
is in the expected region for intramolecularly stabilized silyloxonium ions (34a, 36a: 5°°Si = 71.4,
77.4%%; 28a: §%°Si = 52.2, 52.9%°), |n the high-field region of the H NMR spectrum of
phenylmethylsilyl cation 34b one signal at 3'H = 0.63 is detected which is assigned to the methyl
substituent at the silyl group (Figure 31). In the low-field region of the *H NMR spectrum six signals
are detected with a total integral of 10 H; however, a total integral of 14 H was expected (4 H for the
acenaphthyl moiety and 10 H for the two phenyl groups). The signals at 8'H = 6.15 (1 H), 6.83 (1 H),
7.37 (1 H) and 7.61 (1 H) were assigned to the acenaphthyl hydrogen atoms (Figure 31). For the

phenyl group attached to the silicon atom two multiplets at 8'H = 7.00 (2 H) and 7.10 (3 H) are
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observed. The multiplet at 8'H = 7.31 (1H) was assigned to the p-H atom of the phenoxy substituent.
The resonances for the o- and m-H atoms of the phenoxy moiety have not been detected.
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Figure 31 —TH NMR spectrum (500 MHz, 305 K, CsDs) of phenylmethyl silyl borate 34b[B(CsFs)a] (*CsDsH).

Similar to the results of silyl cation 34b, in the 2°Si NMR spectrum of tert-butylmethylsilyl cation 34c
only one signal at 2°Si = 72.2 was detected. The *H NMR spectrum of silyl cation 34c shows only one
signal for the methyl (8'H =0.37 (3 H)) and one signal for the t-Bu group (8*H = 0.69 (9 H)), respectively
(Figure 32). For the acenaphthyl substituent the expected four signals (5'H = 6.18, 6.80, 7.29, 7.50
with 1 H, respectively) were detected. In the low-field region, a multiplet at 8'H = 7.13-7.23 with an
integral of 4 H was detected and was assigned to the phenoxy group. However, for the phenoxy
substituent 5 H have to be observed. Moreover, this multiplet signal overlaps with the benzene-dsH
signal. Due to this overlap the integral is even higher than it would be without the overlap with the
benzene-dsH signal. The detailed examination of the low-field region reveals that this multiplet at
8'H =7.13-7.23 is broadened compared to the other signals and that there are two additional signals
at approximately 8'H = 6.53 and 6.94 which are broadened, too. The question is, if there is a certain
pyramidalization of the oxygen atom that leads to the broadened signals due to coalescence, or, is

there some kind of hindered rotation of the phenoxy moiety.

69



Results and Discussion

-0.69
~0.37

“\\\Si_o
Me“/" ®"“Ph
t-Bu

34c

-

-

1.0—
0i—
4.3=
zf

1

<
8 7 6 5 4 3 2 1 0 -1
Figure 32 —H NMR spectrum (500 MHz, 305 K, C¢De) of tert-butylmethyl silyl borate 34c[B(CeFs)4] (* CsDsH).
To investigate the anomaly of the H NMR spectrum of tert-butylmethylsilyl cation 34c, a low
temperature NMR experiment was performed. Silyl borate 34c[B(CsFs)s] was dried under high-
vacuum and dissolved in dichloromethane-d,. The signals in the H NMR spectrum show no significant
line broadening; however unidentified impurities are observable which are probably the result of
decomposition (Figure 33). Due to the impurities the overall integral in the aromatic region is by 1.5
H higher than expected. The 2°Si INEPT NMR spectra at 193 K and 263 K are shown in Figure 34. The
29Si NMR chemical shift does not change upon solvent or temperature change (8%°Si = 72.3 in DCM-

d; at 193 K and 263 K, 8%Si = 72.2 in benzene-ds at 305 K). Consequently, under the described

conditions, the formation of diastereomers cannot be observed.
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Figure 33 —1H NMR spectrum (500 MHz, 263 K, CD,Cl,) of tert-butylmethyl silyl borate 34¢[B(CsFs)s] (* CDHCI,, # residual
CeDsH, ° impurities possibly due to decomposition).
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wSi—O04,
e ® “Ph
t-Bu/
° 34c
L

193 K
by gy ety bonndh sttt il

200 150 100 50 0 -50 -100 -150 -200
Figure 34 — 29Si{*H} INEPT NMR spectra (99 MHz, CD,Cl,, 263 K, 193 K, D3 = 0.0122, D4 = 0.0313) of t-BuMe silyl borate
34c¢[B(CsFs)a] (° impurities probably due to decomposition).
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Unfortunately, with phenylmethyl derivative 34b a low temperature NMR experiment was not
possible due to its fast degradation in dichloromethane-d..

To further investigate the coordination environment of the oxygen atom in silyloxonium ions 34b and
34c, DFT calculations with the standard method/basis set (M06-2X/Def2-TZVP) were performed.
Starting from a structure with a trigonal pyramidal coordination environment of the oxygen atom
(Za(O) = 345°) resulted after optimization in a structure with an oxygen atom that exhibits a trigonal

planar coordination sphere (Za(O) = 359°, Figure 35).

Ta(0)=359°

5?‘0 X

Ta(Si) = 350° OPt _  Sa(si)=351° .
Ta(0)=345° —
initial structure after optimization

Figure 35 — Structure optimization of tert-butylmethyl silyloxonium ion 34c (M062X/Def2-TZVP, hydrogen atoms omitted
for clarity).

The comparison of the calculated structural parameter of the investigated silyloxonium ions 34 is
summarized in Table 13. The sum of the bond angles around the silicon atom shows in all three
species its pronounced trigonal flattening (Za(Si) = 351-353°), whereas the value of the oxygen atom
is in all silyloxonium ions 34 close to 360° (Za.(Si) = 357-360°). This results suggest that, in accordance

to the experimental results, the coordination environment of the oxygen atom is trigonal planar.

Table 13 — Calculated structural parameter of acenaphthyl substituted silyloxonium ions 34 (M06-2X/Def2-TZVP).

Silyl cation Zo(SiCs) [°] | Za(0)[°] | Si—O [pm] .
34a (R = Me) 352 360 185 OO
34b (R = Ph) 353 357 187 RMeSi—OPh
34c (R = t-Bu) 351 359 187 @

34

In conclusion, in silyloxonium ions 34, the substitution pattern at the silicon atom does not influence
the coordination environment of the oxygen atom. This conclusion is reflected by the observations
of A. Fernandes. In his thesis, he describes the formation of tert-butylmethyl-substituted silyl cation
79 with the biphenyl backbone (Figure 36). In the *°Si NMR spectrum only one signal at 6*°Si = 55.7
(at 253 K) is detected.[*”® Furthermore, A. Fernandes was able to obtain single crystals suitable for X-
ray diffraction analysis of silyloxonium borate 79[B(CsFs)4]. The sum of the bond angles around the

silicon atom is Zo(Si) = 344.8° and around the oxygen atom is Za(O) = 354.7°17%], These values do
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not differ much from the calculated values obtained for the symmetrically substituted derivatives 72
and 73 which were discussed in Chapter 3.2.1 (Xoi(Si) = 343-348°, Za(0) = 353-355°, M06-2X/Def2-
TZVP). In general, that shows that the substitution pattern at the silicon atom does not influence the
coordination sphere of the oxygen atom in silyloxonium ions. The trigonal pyramidalization of the
oxygen atom in Ducos’ silyloxonium ion 28a is consequently caused by the binaphthyl backbone and

not by the unsymmetrical substitution pattern at the silicon atom (Figure 36).

Me Ph
‘O (l)’@ Zo(0) = 344° O o@ Za(0) = 355°
Si,,, Si,
\ “t-Bu O \ ‘Me
Me t-Bu

28a 79

Figure 36 — Intramolecular stabilized silyloxonium ions 28a and 79 and their sum of the bond angles around the oxygen
atom (for biphenyl derivative 28a Za(0) is calculated (M06-2X/Def2-TZVP) and the value of Za(O) of biphenyl derivative
79 was extracted from the X-ray structurel47bl),
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3.3.2 Thiophenyl-Stabilized Chiral Silyl Cations

In contrast to silyloxonium ions 34, silylsulfonium ions 35 and 37 exhibit a sulfur atom which has a
trigonal pyramidal coordination sphere.®? This trigonal pyramidal coordination sphere of the sulfur
atom in addition to the asymmetric substitution at the silicon atom leads to the formation of
cis/trans-isomers of silylsulfonium ions 35b,c and 37b. This means, that the second substituent at the
silicon atom (R = Ph or t-Bu) is either syn to the phenyl substituent at the sulfur atom (cis-isomer) or

anti (trans-isomer) (Scheme 43).

©
- £y [B(CgFs),) © 7 [B(CgFs),]
[Ph3CIIB(C4F5)a] .
- Ph,CH - O EPAC)
RMeSi,  SPh 3 Me-"o! _§\Ph Me""‘}SI 's',”""Ph
H R R
43b (ace, R = Ph) cis-35b (ace, R = Ph) trans-35c (ace, R = t-Bu)
43c (ace, R = t-Bu) cis-35c (ace, R = t-Bu) trans-35b (ace, R = Ph)
44 (naph, R = Ph) cis-37b (naph, R = Ph) trans-37b (naph, R = Ph)

Scheme 43 — Synthesis of asymmetrical substituted silylsulfonium borates 35b[B(CeFs)4], 35¢[B(CeFs)4] and 37b[B(CeFs)a].

In this context, it is of interest to investigate how the substitution pattern at the silicon atom does
influence the cis/trans ratio and how the backbone effects this ratio. To examine these aspects, three
different chiral silyl borates 35b[B(CsFs)4], 35¢[B(CsFs)s] and 37b[B(CsFs)s] were synthesized according
to the Corey reaction in Scheme 43. All obtained silyl borates 35b[B(CsFs)s], 35¢[B(CsFs)s] and
37b[B(CsFs)s] are compounds unknown to literature and were characterized by multinuclear NMR
spectroscopy. First, the phenylmethylsilyl-substituted derivatives 35b and 37b are discussed. As an
example the *H NMR spectrum of naphthyl silyl borate 37b[B(CsFs)s] is shown in Figure 37. The
expected two signal sets of the two diastereomers cis-37b and trans-37b are detected. The two
resonances of the methyl groups at 8'H = 0.33 and 0.73 are in a ratio of 40:60 (for 35b: 5'H = 0.34,

0.80 in toluene-ds).
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Figure 37 —1H NMR spectrum (500 MHz, 305 K, C;Ds) of naphthyl-substituted phenylmethylsilyl sulfonium borate
37b[B(CsFs)a] (*CeDsCD2H).

The same is reflected in the 2°Si NMR spectrum with two signals at 32°Si = 42.9 and 45.5 (Figure 38)
(for 35b: 5%°Si =51.2, 53.9 in toluene-ds). The 2°Si NMR chemical shifts are in the same region as those

of intramolecularly thionyl-stabilized silyl cations 27 with the binaphthyl backbone of Oestreich and

co-workers (2%Si = 32.0-57.6).[29¢ 29d]
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Figure 38 — 29Si{1H} NMR spectrum (99 MHz, 305 K, C;Dg) of naphthyl substituted phenylmethylsilyl sulfonium borate
37b[B(C¢Fs)a].
To assign the signals the cis- and to the trans-isomer, the nuclear Overhauser effect (NOE) was used.
By irradiation of the first methyl *H NMR resonance (8'H = 0.33) an increase of the second resonance
(8H = 6.48) in the aromatic region, which was assigned to the o-H atoms, was observed (Figure 39,
c). By irradiation of the second methyl resonance (6'H = 0.73) the other 0-Ph-H signal at 'H = 6.10
disappears (Figure 39, b). Consequently, the first methyl group resonance (8'H = 0.33) represents the

trans-isomer and the second (8'H = 0.73) the cis-isomer.
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Figure 39 — 'H and *H NOE NMR spectra (500 MHz, 305 K, C;Dg) of naphthyl substituted phenylmethylsilyl sulfonium
borate 37b[B(CsFs)4] (* CeDsCD,H; a) H spectrum, b) *H NOE spectrum irradiation at 'H = 0.73, C) *H NOE spectrum
irradiation at 31H = 0.33).

The observation, that the 'H NMR signal of the syn-methyl group is at higher field compared to the
'H NMR resonance of the anti-methyl group is consistent with the results of N. Kordts and K. Riiger
and can be considered as general rule for this type of cations.’®”!

Interestingly, the cis-isomer of the phenylmethylsilyl-substituted silyl cations 35b and 37b is the main
product, indicating that not a repulsive interaction between the two phenyl groups takes place but
rather an attractive interaction. K. Riger and P. Tholen made the same observations for the
corresponding naphthyl- and acenaphthyl-substituted selenyl-stabilized phenylmethylsilyl
cations.’®”> 88 The DFT calculations of the cis/trans-isomers of phenylmethylsilyl cations 35b and 37b
also show that the cis-isomer is more stable compared to the trans-isomer. The energy difference
between the isomers is AG = 1.4 kJmol? for the naphthyl derivative 37b and is AG = 1.8 kimol™ for
the acenaphthyl species 35b (M06-2X/Def2-TZVP, SCRF(solvent = toluene)). With these values the
equilibrium constant for the two isomers was calculated. The equilibrium constant is K = 1.4 for the

naphthyl-substituted cation 37b whereof a cis/trans ratio of 64:36 is calculated. The calculated
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equilibrium constant is K = 2.1 for acenaphthyl derivative 35b whereof a cis/trans ratio of 67:33
results. These values are in relatively good agreement to the experimental determined value of
60:40.

In contrast to these findings, the change of the substitution pattern to tert-butylmethylsilyl as in
species 35c¢ results in the formation of only one isomer indicated by only one set of signals in the *H
NMR (Figure 40) and 2°Si NMR spectrum even at -90 °C (?*Si = 70.0 in benzene-ds and Si = 70.3 in

dichloromethane-d,).
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Figure 40 — TH NMR spectra (500 MHz, 305 K, CsDg) of acenaphthyl substituted tert-butylmethylsilyl sulfonium borate
35¢[B(CsFs)4] (# residual PhsCH).

The calculated energy difference of the isomers of cation 35¢ is with AG = 13.1 kimol™ distinct higher
than that of the phenylmethylsilyl-substituted derivatives 35b and 37b. The calculated equilibrium
constant is K = 0.005 which gives a ratio of >99:1. In this case the trans-isomer is more stable than
the cis-isomer indicating the strong repulsive interaction between the tert-butyl group at the silicon
atom and the thiophenyl group. This observation is in accordance to the results of K. Riiger. In the
NOE NMR experiment for the corresponding naphthylselenyl derivative, the NOE effect between the
methyl substituent at the silicon atom and the phenyl group at the sulfur atom was observed; hence,
the trans-isomer is the formed species.!®"!

In summary, the synthesis and characterization via NMR spectroscopy of naphthyl- and acenaphthyl-

substituted silylsulfonium borates 35b[B(CsFs)4], 35¢[B(CsFs)s] and 37b[B(CsFs)s] was performed. The

78



Results and Discussion

phenylmethylsilyl-substituted derivatives 35b and 37b form the expected two isomers (cis and trans)
in a ratio of 60:40. The cis-isomer is the main compound in this mixture which was shown by the NOE

NMR experiment. The DFT calculations are in accordance with the experimental results.

©
£ [B(CgFs),] S FR [B(CgFs)4l
|
wSi— @ W i— (ID
Me=! §\Ph Me™" )SI 'S',""'Ph

R R
cis-35b (ace, R = Ph) trans-35c (ace, R = t-Bu)
cis-35c (ace, R = t-Bu) trans-35b (ace, R = Ph)
cis-37b (naph, R = Ph) trans-37b (naph, R = Ph)

In contrast to phenylmethylsilyl cations 35b and 37b, tert-butylmethylsilyl cation forms only the
trans-isomer. In general, these studies show that the substitution pattern of silylsulfonium ions
influences the cis/trans-ratio. Hereby, the steric obstruction is higher between the tert-butyl group
at the silicon atom and the phenyl group at the sulfur atom as in silyl cation 35c compared to the
steric repulsion between the two phenyl substituents as in silyl cations 35b and 37b. Furthermore,
the comparison of naphthyl- and acenaphthyl-substituted derivatives 35b and 37b shows no
significant difference between the two backbones, naphthyl and acenaphthyl. The results of
silylsulfonium ions 35a,c and 37b are in agreement with previous studies of the corresponding
selenyl-substituted derivatives.®”®> 2 The difference between the cis/trans-ratios of
phenylmethylsilyl-substituted derivatives 35b, 37b and tert-butylmethyl-substituted derivative 35¢
demonstrate that the choice of the substitution pattern at the silicon atom influences and

consequently controls the configuration of the sulfur atom.
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3.3.3 Chiral Memory

For the use of chiral silyl borates 34b[B(C¢Fs)s], 35b[B(CsFs)a] and 37b[B(CsFs)s] in asymmetric
catalysis, it is essential that there is no loss of the sterochemical information during the ionization
and later on during the catalytic process. In this chapter, the chiral integrity of silyl cations 34b, 35b
and 37b is discussed. A direct measurement of the enantiomeric ratio of moisture sensitive silyl
borates 34b[B(CeFs)a], 35b[B(CeFs)a] and 37b[B(CsFs)4] is difficult. Therefore, the chiral information
was accessed indirectly by so called test for chiral memory.**¥ For this experiment silyl borates
34b[B(CsFs)4], 35b[B(CsFs)s] and 37b[B(CsFs)s] were synthesized as usual and then retransformed to
the corresponding silanes 42b, 43b and 44 by a subsequent reduction (Scheme 44). Hereby, the
formation of the chiral silyl cations 34b, 35b and 37b and the subsequent reduction occurs under
inversion of the configuration at the silicon center, respectively.® That means, that the overall
reaction occurs under retention of the configuration. After the experiment, silanes 42b, 43b and 44
were analysed via optical rotation and chiral HPLC. The enantiomeric excess of silanes 42b, 43b and
44 before and after the chiral memory experiment were compared to see if racemization takes place
during the reaction sequence. As hydride source a 1 M solution of sodium triethyl borohydride in
toluene was used. The results are summarized in Table 14.

Lol
. )

Lol

[Ph;CI[B(C4Fs),] . Na[HBEt;] .

Cl-Ph PhMeSi—ChPh Cl-Ph
PhMeSi\|_I ChPh ©) theSi\H ChPh

[B(CgFs),] ©

42b, 43b, 44 34b, 35b, 37b 42b, 43b, 44

Scheme 44 — Formation of chiral silyl borates 34b[B(CsFs)4] (ace, Ch = 0), 35b[B(CsFs)4] 43b (ace, Ch = S) and 37b[B(CsFs)a4]
(naph, Ch = S) and its subsequent reduction to regenerate the corresponding silanes 42b (ace, Ch = 0), 43b (ace, Ch =S)
and 44 (naph, Ch =S).

In the first attempt naphthyl-substituted phenylmethyl thiophenyl-stabilized silyl borate
37b[B(CsFs)4] was used because it shows the best [a]p and ee values. The reaction was carried out in
chlorobenzene at room temperature. The silane (+)-44 was treated with trityl borate and the mixture
was stirred for 20 min. Subsequently, the borohydride was added and the mixture was stirred
overnight. After purification an optical rotation of [a]o = 0° (c = 0.004 molL?, Et,0) was measured,

indicating complete racemization (Table 14, Entry 1). In the second reaction phenoxy-stabilized silyl

borate 34b[B(CsFs)s] was used (Table 14, Entry 2). This time the reaction was carried out at -40 °C.
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The borohydride was added after 30 min stirring at -40 °C. The mixture was slowly warmed to r.t.
over night. After work up and purification an optical rotation of [a]p = -4° (¢ = 0.005 molL?, Et,0) was
obtained which corresponds to an ee of 32 %. Compared to the values of silane (-)-42b before the
experiment reveals that racemization of about 41 % has occurred. To obtain a better result, the
experiment was repeated at -80 °C but here only the decomposition of the silyl borate 34b[B(CsFs)4]
was observed. A reason for the decomposition is most likely the solvent dichloromethane. The best
result was obtained with thiophenyl-substituted silyl borate 35b[B(CcsFs)4] (Table 14, Entry 4). At -40

°C, the complete conservation of the chiral information was observed.

Table 14 — Results for the chiral memory of silyl borates 34b[B(CsFs)a], 35b[B(CsFs)s] and 37b[B(CsFs)a] ([c]o measured in
Et,0, for the concentration see Experimental Part, ee determined via chiral HPLC).

Entry Silane Conditions [a]o, ee start [a]o, ee end
1 (+)-44 Cl-Ph, r.t., 30 min +17°, 84 % 0°
2 (-)-42b Cl-Ph, -40 °C, 30 min -11°,54 % -4°,32 %
3 (-)-42b DCM, -80°C,20 min | -11°,ee=54% | decomposition
4 (-)-43b Cl-Ph, -40 °C, 15 min -10°, 64 % 9°,64%

These results show, that at r.t. racemization occurs, which was prevented by a lower reaction
temperature. A complete conservation of the chiral information was only observed with thiophenyl
derivative 35b. A reason for the better performance of the thiophenyl-stabilized silyl cation 35b
compared to the phenoxy derivative 34b might be the trigonal pyramidal coordination sphere of the
sulfur atom which enables the stereocontrol of silylsulfonium ions 35 and 37.

A. Fernandes observed similar behavior in the investigations to pyridyl-stabilized chiral silyl cation
32. In the chiral memory experiment, he observed at r.t. a loss of the chiral information of about 84
% (from initially ee > 90 % to ee = 14 %). At 0 °C he achieved with his system complete conservation
of the chiral information.!*’®47®! C. Laye observes with her quinoline system 33 a loss of the chiral

information of about 59 % (from ee = 98 % to ee = 40 %) even at -80 °C.[47>47c]
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The difference in the chiral memory of silyl cations 32 and 33 seems to be related to their ring strain.
Corriu demonstrated that ring strain in organosilanes can influence the stereochemistry of the

nucleophilic substitution reaction at the silicon center as shown in Scheme 45,15

Ph 1. RLi Ph
' .RLi -

Naph-S{-/O > R0 Naph-Si—(CH,),—OH
(CHp), =72 R

n =3 —> inversion of configuration at Si
n =4 —> retention of configuration at Si

Scheme 45 — Nucleophilic substitution reaction at the silicon atom in cyclic organo-silicon compounds.

The ring strain of acenaphthyl derivatives 34b and 35b is manifested by the sum of the angles in the
bay region. The sum of the bay angles of 34b and 35b is 3 = 338° for silyloxonium ion 34b and is Zf3
= 354° for silylsulfonium ion 35b (M06-2X/Def2-TZVP), whereby both values are lower than in
unstrained acenaphthene (ZB = 368°).73! Nonetheless, in oxonium ion 34b the ring strain is more
pronounced as in sulfonium ion 35b. The quinoline- and the pyridine-based silyl cations 32 and 33
form a four membered ring with the silicon, the nitrogen and two carbon atoms, respectively./*’? The
main difference is, that in quinoline derivative 33 both carbon atoms exhibit a sp? hybridization and
in pyridine derivative 32 one sp? and one sp® carbon atom are present. Even if the ring angles are
nearly identical (Table 15), the difference in the hybridization of the carbon atoms leads to a more

pronounced ring strain in quinoline derivative 33 as in pyridine derivative 32.

Table 15 — Comparison of the calculated bond angles in pyridine and quinoline based silyl cations 32 and 33 (M06-
2X/def2-TZVP, *sp3 carbon atom in pyridinium ion).[472]

Silyl cation 32 | Silyl cation 33
Si-C1*-C2 87.0° 88.8°
C1*-C2-N 106.5° 108.5°
C2-N-Si 91.1° 89.2°
N-Si-C1* 75.0° 73.3°

However, the ring strain alone does not explain the loss of stereochemical information. During
ionization and subsequent reduction in the chiral memory experiment, the silicon center passes twice
through a pentavalent intermediate in which the silicon atom exhibits a trigonal bipyramidal

coordination environment (Scheme 46).
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Scheme 46 — Reaction pathway of the ionization of silane 42b and the reduction of silyl cation 34b.

Pentacoordinated compounds are known to undergo dynamic processes, namely the Berry
pseudorotation (BPR)“%<°% or the turnstile rotation (TR).°Y The BPR leads to the exchange of both
axial substituents of a trigonal bipyramid with two equatorial substituents, whereby the molecule
goes through a square pyramidal transition state (Scheme 47, BPR). In the TR, a group consisting of
two equatorial and one axial substituent (e’, e”" and a’) turns against the remaining group consisting
of one equatorial and one axial substituent (e and a) with the central atom forming the pivot (Scheme

47, TR). These processes lead to racemization.

BPR +
a a el
I .we’ -49' . wa
e—Si, —=| e Siy .. | == e-Si,
1, ve” Ne I,Ya’
a a
TR ()
. a e
C I..\\e’ (_\ I-‘\\e
e—Siy-,, =—= a—sSiy
R l.7a

Scheme 47 — Schematic illustration of the Berry pseudorotation (BPR) and the turnstile rotation (TR).

Lammertsma and co-workers described this non-dissociative racemization process for chiral silicates
80, even though this compounds exhibit two bidentate substituents. They observe fast racemization
at r.t. (within 30 min) of methyl-substituted compound 80a and relative slow racemization of about

50 % within 1 h at r.t. of phenyl-substituted compound 80b."*”
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80a (R = Me)
80b (R=Ph)
80c (R=F)

Interestingly, silicate 80c, with the fluoro substituent, does not undergo racemization and displays a
perfect chiral integrity at r.t. over days. This is quite remarkable due to the fact, that the fluorine
atom is in an equatorial instead of an axial position.%

In conclusion, chiral silylchalconium ions 34b, 35b and 37b undergo racemization during the chiral
memory experiment. This racemization was slower and even prevented by a low reaction
temperature. For the use of chiral silyl chalconium borates 34b[B(CsFs)s], 35b[B(CsFs)s] and
37b[B(CsFs)4] as asymmetric catalysts that means, that the catalytic reactions have to be carried out

at low reaction temperatures.
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3.4 Chalcogenyl-Stabilized Hydridosilyl Cations

In the last sections the synthesis and characterization of a series of phenoxy- and thiophenyl-
stabilized silyl borates 34[B(CsFs)s] and 35[B(CsFs)a] was described. Silyl borates 34[B(CsFs)s] and
35[B(CsFs)a] exhibit three carbon-based substituents at the silicon atom and a remote donor group
which stabilizes and controls the reactivity of the highly electrophilic silicon center. Due to this
substitution pattern, silyl borates 34[B(Ce¢Fs)s] and 35[B(CsFs)s] are stable even at elevated
temperatures (90 °C) and relatively simple to access and handle when maintained under inert
conditions. Other representatives of the silyl cation family are secondary silyl cations. In this species
one carbon-based moiety is substituted by a hydrogen atom. These hydridosilyl cations show a very
high reactivity and undergo reactions with the solvent benzene under release of protons or
dihydrogen.®? In general, secondary silyl cations are promising candidates for hydrosilylation
reagents or for the use as precursors of silylenes.®>°3 However, due to their high reactivity they have
rarely been observed in condensed phase. One example is species 81 of Jutzi and Bunte which was

synthesized by the protonation of decamethylsilicocene (Scheme 48).54

OH
= L, 2 o 0
r OH L ® <0
Si > Si—H + @[ 'OH\ @
é\ toluene ﬁ\ O'\H,O
60°C,16 h

81

Scheme 48 — Synthesis of secondary silylium ion 81 via protonation of decamethylsilicocenium.[%4]

Another example is the hydrogen-substituted silyl cation 82 which was reported by H.
GroRRekappenberg and synthesized using the standard Corey procedure (Scheme 49). Secondary silyl
cation 82 is stabilized by formation of an intramolecularly stabilized arenium ion complex which was

established via DFT calculations and AIM analysis.!*

[Ph;CIB(CGFs),]
CeHsCl, rit., 22 h
- PhyCH

82[B(CgF<),]

Scheme 49 — Synthesis of silyl borate 82[B(C¢Fs)4] via the standard Corey procedure. !53]
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However, the Corey procedure leads for diaryl-substituted derivatives always to the formation of

triarylsilylium ions due to substituent exchange reactions (Scheme 50).5>%

. [Ph,CI[B(C,Fs),] _ .
Ar,SiH, >  [ArSilB(CEFs)]  +  SiH,
- Ph,CH

Ar = Pemp, Tipp

Scheme 50 — Reaction of diarylsilanes with trityl borate.[532]

Recently, Oestreich and co-workers described the synthesis and characterization via NMR
spectroscopy and XRD analysis of secondary and primary silylium ions 83a and 83b as well as the
formation of SiHs* 83c. The synthesis of secondary silylium ions 83 was realized either using the
classical Corey procedure or using the cleavage of a Si— C bond by protonation with Reed’s carborate
acid [CeHe-H][CHB11HsBrs] (Scheme 51). Silylium ions 83 are stabilized via the bromine atom of the
carborate. The Si— Br bond length are in the range of 238-247 pm which is elongated compared to a

neutral Si — Br bond (MesSiBr d(Si — Br) = 224 pm).°*

) [CcHg- HI[CHB, ,H:Br,] )
t-Bu(3_n)HnS|Ph N > [t-Bu(3_n)HnS|][CHBanBrG]
- PhH

83

Scheme 51 — Synthesis of silylium carborates 83[CHB11HsBrg] (n =1 (a), n =2 (b), n =3 (c)).[%!

Based on the experiences with phenoxy- and thiophenyl-stabilized silyl cations 34a-c and 35a-c, the
synthesis of silyl borates 34d[B(CsFs)s] and 35d[B(CsFs)s] should be accomplished. Therefore, the
corresponding silanes 42d and 43d were treated with trityl borate to perform the standard hydride

transfer reaction (Scheme 52).

(A
sl

Si—ChPh
- @--

-Ph;CH Ph

_Si... ChPh o)
Py H H  [B(C4Fs),l
42d (Ch = 0) 34d (Ch = 0)
43d (Ch =S) 35d (Ch =S)

Scheme 52 — Synthesis of hydridosilyl borates 34d[B(CsFs)4] and 35d[B(CsFs)4).
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The results of the synthesis attempts to generate the phenoxy-stabilized silyl borate 34d[B(CsFs)4]
are summarized in Table 16. In general, the 'H NMR as well as the 3C NMR spectra reveal the
complete consumption of trityl cation in all experiments. In the °F NMR spectra of the first and the
second attempt (Table 16, Entry 1, 2), the decomposition of the anion and the formation of
tris(pentafluorophenyl)borane (BCF) was observed. The formation of BCF from borate [B(CsFs)4] is
described as a proton-induced process.®® The presence of protons is not surprising, since secondary

silylium ions react with aromatic solvents under release of dihydrogen or protons (Scheme 53).[532 92!

®S|/\ —> A @ —>Ar\S| : + H® Ar = OO

Ph’ Ph’ ® Ph™>
OPh

Scheme 53 — Supposed reaction of hydridosilyl cation 34d with benzene under release of a proton.
The formation of BCF was prevented by adding the proton sponge 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) to the mixture (Table 16, Entry 4, 5). However, this did not prevent side-reactions. In the
29Si NMR spectra of the reaction mixtures, hints for the formation of triphenylsilane (Entry 3, 4; 5*°Si
=-17.8 (CsDs), -18.3(CD,Cly)), diphenylsilane (Entry 3; 8%Si = -34.2 (C;Ds)) and phenylsilane (Entry 4;
8%9Si = -58.4 (CD,Cl,)) were found. Due to the significant low-field shift of A§%°Si = 60-70 of silyl cations
compared to their precursor silanes, for hydridosilyloxonium ion 34d a 2°Si NMR resonance of about
8%Si = 30-40 is expected. The 2°Si NMR resonances which are in the expected region (5%°Si = 27.7-
42.6) do not show correlations to a hydrogen atom in the *H/?Si HMQC NMR spectrum as it is

expected for hydridosilyloxonium ion 34d.

Table 16 — Summery of the synthesis attempts of phenoxy-stabilized silyloxonium borate 34d[B(CsFs)4] (DTBMP = 2,6-di-
tert-butyl-4-methylpyridine).

Entry | Reaction conditions | additives | BCF:[B(CeFs)s] 52%Si
78.3,60.8,42.3,30.4,
-3.2%,-30.4%, -51.1°
64.0, 42.5, 30.4, -3.17,

1 Cst, r.t. - 1:1

2 CsDsCl, r.t. NC(CsHaF) 1:9 -50.7%, -79.8°

- ' 77.6, 60.0, 42.6, 30.3,
3 C7Ds, -40 °C—rt. DTBMP 0:1 -3.2%,-17.8°, -34.2°
4 CD,Cly, -80 °C DTBMP 0:1 277,183, -30.3%

-58.4°

a) Si— H species.
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A typically successful approach to stabilize highly reactive silyl cations is the formation of the
corresponding nitrilium ion (vide infra). Therefore, 4-fluorobenzonitrile (FBN) was added to the
reaction mixture (Table 16, Entry 2). However, the formation of the corresponding nitrilium ion 84
was not observed (Scheme 54). Instead the decomposition of the nitrile was observed (evidenced by

the F NMR spectrum).

©)
0 on !
L m &
Si.. OPh I -PhCH F—Q—CEN—/Si—OPh

Ph™ 2 H \
H H Ph

42d 84[B(C,Fs),]

Scheme 54 — Suggested formation of nitrilium borate 84[B(C¢Fs)s] by the reaction of silane 42d with trityl borate in the
presence of 4-fluorobenzonitrile.

The complexity of the obtained reaction mixtures did not allow a clear identification of the products

of the reaction of phenylsilyl phenoxy acenaphthene 42d and trityl borate.

Given that silylsulfonium ions 35 are in general more stable than silyloxonium ions 34, the synthesis
of thiophenyl-stabilized hydridosilyl borate 35d[B(CsFs)4] was more promising. The reaction of the
corresponding silane 43d with trityl borate was carried out in benzene-ds at room temperature. As
already shown in Chapter 3.3.2, asymmetrically substituted silylsulfonium ions 35b and 37b form
cis/trans-isomers due to the trigonal pyramidal coordination environment of the sulfur atom.
Therefore the formation of diastereomers is also expected for secondary silylsulfonium ion 35d

(Scheme 55).

Oe PhsCIBICF)] O‘ -

0 . O

. -Ph,CH . i
USiL, S. 3 ‘_‘“\\SI—S/”,,“ mSi—S
Ph W H Ph Ph H/ @ "Ph Ph H/ .-\Ph
43d cis-35d[B(C,Fs),] trans-35d[B(C,Fs),]

Scheme 55 — Synthesis of thiophenyl-stabilized hydridosilyl borate 35d[B(CeFs)4].

The 2°Si NMR spectrum shows two signals at 8*°Si = 27.2 and 37.0 which are somewhat high-field
shifted compared to their chiral analogues 35b and 37b (52°Si = 42.9-53.9) and within the region of
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binaphthyl-based intramolecularly stabilized silylsulfonium ions 27 of Oestreich and co-workers (*°Si
= 32.0-57.6). The H/*Si HMQC spectrum reveals the connection between these two °Si NMR
resonances to a 'H NMR resonance in the region of 8'H = 5-6, respectively (Figure 41). This indicates
the direct linkage of the formed silicon species to a hydrogen atom as expected for hydridosilyl

cations.
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Figure 41 — 1H/2°Si HMQC NMR spectrum (500 MHz, 305 K, C¢D¢) of the reaction mixture of the hydridosilyl borate
35d[B(CeFs)al.
The #Si-H coupled INEPT NMR spectrum is shown in Figure 42. The YJs;s coupling constant is Ysiy =
260 Hz for the mainisomer and is YJs;4 = 263 Hz for the second isomer, which
is significantly higher compared to the starting silane 43d (Ys;y = 204 Hz).

This increase indicates an enhanced s-orbital contribution of the Si—H bond.

The magnitude of the coupling constant of silylsulfonium ion 35d is also t-Bu
higher in comparison to that of the di-tert-butylsilylium ion 83a which is YJs;
=233 HzP as well as to that of the silyl cation 82 which is YJs;; = 240 Hz.53? This indicates that the s-
orbital contribution of the Si — H bond is more pronounced in silylsulfonium ion 35d compared to the
other derivatives 83a and 82. Therefore, silylsulfonium ion 35d is assumed to be closer to the, for

silylium ions expected, sp? hybridization than 83a and 82. The *H NMR resonance of the Si — H of
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thiophenyl-stabilized silyl cation 35d which is with 8'H = 5.62, 5.74 (CsDs) low-field shifted compared
to H. GroRekappenbergs and Oestreichs secondary silyl cations 82 (5'H = 4.25 in CsDsCl)"***! and 83a
(8*H = 5.09 in CsD4Cl).%*

-3810.5
-3547.7
-2730.6
-2471.0

N

50 45 40 35 30 25 20 15 10

Figure 42 — 29Si INEPT spectrum (99 MHz, 305 K, C¢De, D3 = D4 = 0.001 s) of hydridosilylsulfonium borate 35d[B(CgFs)a].

At room temperature the 'H NMR spectrum of species 35d shows broad signals. Therefore, the
sample was dried under high-vacuum and dissolved in toluene-ds to allow the NMR analysis at low
temperatures. At room temperature, the two signals of the hydrogen atoms attached to the silicon
atom appear in the *H NMR spectrum as one broad signal. Cooling the sample to 243 K leads to the
separation into the two previously observed signals (Figure 43). Unfortunately, due to the proximity
of the Si — H signals to the signals in the aromatic region, it was not possible to determine via NOE

experiments which of the two isomers, cis-35d or trans-35d, is the excess compound.
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Figure 43 — Comparison of the 'H NMR spectra (500 MHz) of hydridosilyl borate 35d[B(CeFs)4]): a) 305 K, CsDg; b) 305 K,
C7DgJC) 243 K, C7D3. (* CstCDzH, ° C5D5H, # Residual Phch)

From the studies of phenylmethylsilyl derivatives 35b and 37b it is known, that the cis-isomer is the
main compound. In this cases the result of the NOE NMR experiments and the DFT calculations are
in a good agreement. For this reason, DFT calculations of hydridosilyl cation 35d were performed as
well. The calculated energy deference between both isomers is very low (AE = 6 kimol?, AG = 0.8
kimol?, M06-2X/Def2-TZVP) and predict that the trans-isomer is more stable. The thereof predicted
trans/cis ratio is 58:42, whereby in the experiment (*H NMR spectrum) a ratio of 79:21 was
determined. Including the solvent toluene into the calculations leads to very similar values (AE = 7
kimol?, AG = 0.7 kimol?, MO06-2X/Def2-TZVP, SCRF(solvent = toluene)). Consequently, the
calculations do not reflect the experiment that good compared to the calculations of
phenylmethylsilyl derivatives 35b and 37b. The poor fit of calculated and experimental results is
rationalized considering an estimated error of about + 1 kJmol™ for the calculations. Thus, an energy
difference of about AG = 0-2 kimol? has to be considered, whereby the ratio increases to 69:31.
Nevertheless, the result is not clear enough to make a closing statement about the predominant

isomer.
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In conclusion, the synthesis of phenoxy-stabilized secondary silyl borate 34d[B(CsFs)4] failed due to
its high reactivity. However, changing the remote donor substituent to thiophenyl resulted in the
successful synthesis of the target compound 35d[B(CsFs)4]. Here, two isomers, cis-35d and trans-35d,
were obtained, which is in close analogy to phenylmethyl-substituted silylsulfonium borates
35b[B(CsFs)4] and 37b[B(CsFs)a]. Hydridosilylsulfonium borate 35d[B(CsFs).] is stable for several days
in benzene and does not decompose even under heating to 80 °C in toluene. This is quite remarkable

regarding the high lability of secondary silyl cations described in the literature.3* 92
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3.5 Dynamic Process of Sulfonium ions

In variable temperature NMR experiments of silylsulfonium borates 35a,b,d[B(CsFs)s] and

37b[B(CsFs)4] a dynamic process including the substituents at the silicon atom was observed.

RIR2Ssi—sPh PhMeSi—SPh
©) ®
35 37b
a:R'=RZ2=Me
b: Rl = Me, R2=Ph
d:R1=H,R?2=Ph
As one example, the H VT NMR spectra of silylsulfonium borate 35a[B(CsFs)s] are shown in Figure
44. The dynamic process influences the chemical shifts of the methyl groups attached to the silicon
center (see high-field region in Figure 44). Coalescence of the signals assigned to the dimethylsilyl
substituent is reached at 378 K. For silylsulfonium ion 35a the estimated free Gibbs energy of the

process is AG(378 K) = 74 kimol ™.
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Figure 44 — VT 1H NMR spectra (500 MHz, C;Ds) of sulfonium borate 35a[B(CsFs)4].
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Possible underlying processes which lead to the exchange of the substituents at the silicon atom of
sulfonium ions 35a,b,d and 37b are either the inversion of configuration at the sulfur atom, or, the

heterolytic cleavage of the Si — S bond (Scheme 56).

S - & &

MeZSI_S\Ph Me,Si— S/,,, g MeZS|

Scheme 56 — Inversion process of the sulfur atom (left) and heterolytic cleavage of Si — S bond (right) of silyl cation 35a.

The inversion process is realized via a transition state (TS) in which the sulfur atom exhibits a trigonal
planar coordination sphere (Figure 45). For this process a free Gibbs energy of AG = 73 kimol? was

calculated (M06-2X/Def2-TZVP) for silyl cation 35a.

G r
[kJ mol?]

AGH

Figure 45 — Diagram of the calculated relative free Gibbs energy of the transition state and the ground state structures of
the inversion process of the sulfur atom of silyl cation 35a (M06-2X/Def2-TZVP).

The second process includes the heterolytic cleavage of the silicon sulfur bond which leads to free
rotation of the thiophenyl as well as the dimethylsilyl group. To calculate the bond dissociation
energy of the Si — Ch bond in silyl cations 35 and 37, isodesmic equations were used (Scheme 57).
This theoretic consideration is not perfect in two terms: first, the peri-substituted silanes 43/44 are
destabilized due to steric repulsion between the peri-substituents compared to the corresponding
isomers 85/87. This leads to a prediction of a too strong Si — Ch bond. Second, the conjugation of the
3p orbital of the silicon atom with the m-system of the aryl substituent in cationic isomers 86/88

exhibits a stabilizing effect on the positively charged silicon atom which is less pronounced in the
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corresponding stabilized cations 35/37. This leads to a prediction of a too weak Si — Ch bond.
However, these two contemplations are reversing each other, whereby, isodesmic equation is
considered a reliable approach to estimate the bond dissociation energy (BDE) between the silicon

and the sulfur atom in these systems.
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Scheme 57 — Isodesmic equations for the calculation of the bond dissociation energy of the Si — Ch bond in silyl cations 35
and 37.

The calculated bond dissociation energy for dimethylsilyl derivative 35a is with BDE = 144 kimol*
(M06-2X/Def2-TZVP) distinctively higher than the free Gibbs energy calculated for the inversion of
the configuration of the sulfur atom (AG = 73 kimol™, (M06-2X/Def2-TZVP)). Comparison of the two
calculated values with the experimental determined free Gibbs energy (AG = 74 kimol?!) suggests
that the inversion of the sulfur atom is more likely the underlying process for the dynamic behavior
of thiophenyl-stabilized silyl cation 35a.

The results of the VT NMR experiments and the calculations of sulfonium ions 35b,d and 37b are
summarized in Table 17. The naphthyl derivative 37b has in comparison to the acenaphthyl derivative
35b a higher bond dissociation energy (BDE = 168 kimol? vs 141 kimol™). The distance of the peri-
positions at the acenaphthene backbone is compared to the naphthyl substituent by 20 pm widened,
hence, a stronger interaction between the silicon and the sulfur atom in naphthyl derivative 37b is
expected. The free Gibbs energies calculated for the inversion process of phenylmethylsilyl-
substituted derivatives 35b and 37b are in the range of AG®" = (71-74) kJmol™. The free Gibbs
energies determined via VT NMR experiment of the chiral derivatives 35b and 37b for the dynamic

process are AG®™® = (72-74) kimol? and are similar to the free Gibbs energies calculated for the
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inversion process. Hence, the inversion of the configuration of the sulfur atom is likely to be the
underlying process. This result is consistent to that of silylsulfonium ion 35a. Interestingly, there is
no significant difference in the free Gibbs energy of the inversion process between the phenylmethyl-
substituted derivatives 35b and 37b compared to the dimethyl-substituted derivative 35a despite

their different substitution pattern.

Table 17 — Comparison of the free Gibbs energy determined via VT NMR experiments (details see Chapter 5.9) and the
calculated energies for the inversion of the configuration of the sulfur atom and the BDE of the Si— S bond (M062X/def2-

TZVP).
Compound AG®® [kimol?] AG®" [kimol] BDE [kJmol?]
35a 74 +1 73 144
37b 721 71 168
35b 74 +1 74 141
35d 65 +1 74 143

The experimental determined values of the free Gibbs energy for the inversion process at the sulfur
atom are, in general, consistent with those calculated. One exception is hydridosilyl derivative 35d.
The experimental value is AG®® = 65 kimol™ whereby the calculated value is AG®' = 74 kJmol™. One
consideration not made yet is the effect of the solvent which was not included in the calculation.
Therefore, the inversion process was calculated again including the solvent toluene, resulting in a
free Gibbs energy barrier of AG® = 75 kmol™. This inversion barrier is similar to that calculated
without the solvent (AG® = 74 klmol? without solvent, AG® = 75 kimol? with solvent). In
consequence, the inversion barriers calculated for the other derivatives 35a, 37b and 35b are
expected to be suitable, even though the solvent was not included into the calculations. However,

PhMeSi—SPh
C)

R'R2Si—SPh
®

the calculated free Gibbs energy of the inversion process of silyl
cation 35d is still by 10 kJmol? higher than the experimental
value. The possible reason will be discussed below.

In conclusion, the dynamic process observed with silylsulfonium 35 37b

a: R1=R2 = Me
b: Rl = Me, R2 = Ph
d:R'=H,R?=Ph

borates 35a,b,d[B(CsFs)a] and 37b[B(Ce¢Fs)s] results from an

inversion of the configuration of the sulfur atom.

At this point, another phenomenon observed with sulfonium ions 35a,b,d and 37b shall be discussed.
Dimethylsilyl borate 35a[B(CsFs)s] was prepared in benzene-ds to allow an NMR measurement
directly after the preparation. The cationic phase was washed twice with ca. 0.3 mL benzene-ds and

then transferred to the NMR tube for analysis. The *H NMR spectrum obtained is shown in Figure 46
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(after reaction). A broad singlet signal in the high-field region which was assigned to the dimethylsilyl
substituent was observed (w(1/2) = 76 Hz). The sample was then measured every one to four days.
In the first days the broad signal got sharper (see spectrum after 9 days) (w(1/2) = 12 Hz) and then
after 13 days it splits up into two signals (w(1/2) = 35 Hz). After 20 days the two singlet signals (w(1/2)
= 6 Hz), which were expected for dimethylsilyl cation 35a, were detected. Later no further change

was observed.

directly after the reaction

after 9 days

after 13 days

L N J\ ANANG

after 20 days

8 7 6 5 4 3 2 1 0 -1

Figure 46 — Comparison of the 'H NMR spectra (300 MHz, 298 K, CsDs) of silyl borate 35a[B(CsFs)4] measured over a
period of time.

The naphthyl-substituted phenylmethylsilyl derivative 37b shows a similar behavior.

This compound was prepared directly in toluene-ds and washed twice with ca. 0.3 mL OO
toluene-ds prior to the NMR measurement. Broadened signals which were assigned theSi_@SPh
to the methyl group at the silicon atom were observed in the high-field of the *H NMR 37b[B(CqFs),]

spectrum (w(1/2) = 60 Hz). Two weeks after the preparation of the sample, it was purified by washing
the polar phase and subsequently analysed by a VT NMR experiment (Figure 47, left). The line
broadening was unchanged. Coalescence was observed at 328 K which results in a free Gibbs energy

barrier of AG®® = 63 kJmol. This value is by 6 kimol™*lower compared to the calculated value (Table
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17). The exact same sample was stored and analyzed six months later (Figure 47, right). At room
temperature no line broadening was observed (w(1/2) = 3 Hz) and coalescence was observed at 368
K which results in a free Gibbs energy barrier of AG®® = 72 kJmol™. This value is now similar to that
calculated (AG®" = 71 kJmol). The difference of the free Gibbs energy barrier between the two VT

NMR experiments is 9 kimol™.

Measured two weeks after the preparation Measured six months after the preparation

- et ;/\\p\_ug
_,A al l
363 K
o _/\,L\_u_
il
333 K J\__A_ 353 K M
328 K M 333K

303 K //W 305 K l

2.0 1.5 1.0 0.5 0.0 2.0 1.5 1.0 0.5 0.0
Figure 47 — Comparison of the VT 'H NMR spectra (500 MHz, C;Ds) of silyl borate 37b[B(CsFs)4] two weeks (left) and six
months (right) after preparation.
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For the acenaphthyl-substituted phenylmethylsilyl derivative 35b, this .

prepared in benzene, the polar phase was washed once with n-pentane and PhMeSi—@SPh

phenomenon was even more pronounced. Silyl borate 35b[B(CsFs)s] was O

dried in high-vacuum. The NMR spectrum was measured in toluene-ds (Figure 35b[B(C4Fs),]

48, above). For the SiMe; groups of the isomers cis-35b and trans-35b only one broad signal was
observed. Furthermore, not all signals in the aromatic region are affected by the line broadening.
Due to the relative high amount of triphenyl methane and benzene, the sample was purified a second
time (polar phase washed twice with n-pentane). The *H NMR spectrum measured after the second
purification is shown also in Figure 48 (lower spectrum). The signals do not show any line broadening
(w(1/2) = 3 Hz) and the subsequent VT NMR experiment gave the expected value for the free Gibbs

energy barrier of the inversion process (AG®® = 74 kimol*vs AG®" = 74 kimol?).
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a)
b)
JL ] )
8 7 6 5 4 3 2 1 0

Figure 48 —1H NMR spectra (500 MHz, 305 K, C;Ds) of silyl borate 35b[B(CsFs)4] a) before and b) after second purification.

Another important aspect is that the Si NMR spectrum is not affected. The line .

were made by S. Rathjen with the acenaphthyl-substituted dimethylsilyl cation Mezsi—®SePh

broadening appears only in the *H and *C NMR spectra. Similar observations O

38 which is stabilized by a selenyl group.!”® 38[B(CgFs),]

The examples discussed so far were all measured in toluene-ds or benzene-des. Therefore, a possible
explanation could be that the two phases are not completely separated and diffusion of the two
phases is taking place. Therefore, acenaphthyl-substituted thiophenyl-stabilized dimethylsilyl cation
35a was measured in dichloromethane-d; and chlorobenzene-ds, respectively (Figure 49, lower
spectrum in DCM-d; and above in chlorobenzene-ds). Both reactions were not perfectly clean. For
the sample in DCM-d,, the silyl borate 35a[B(CsFs)s] was prepared in benzene, purified, dried under
high-vacuum and dissolved in DCM-d,. The other sample was prepared in chlorobenzene-ds and
analysed via NMR spectroscopy, without any purification, directly after the preparation. Both spectra
show no significant line broadening (Figure 49). This could confirm the hypothesis, that the biphasic
system in benzene and toluene causes the line broadening. But then one would assume that all
signals in the 'H NMR spectrum would be affected; however, this is not the case (Figure 48 and vide

infra).
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Figure 49 — H NMR spectrum (500 MHz, 305 K, CD,Cl») and 'H NMR spectrum (500 MHz, 305 K, C¢DsCl) of silyl borate
35a[B(CéFs)a].

K. Rliger observed a similar behavior with the phenylmethyl-substituted selenyl- OO
stabilized silyl cation 39. A comparison of the 'H NMR spectra of selenyl-stabilized

PhMeSi—SePh
silyl borate 39[B(CsFs)4] in different solvents is shown in Figure 50. The first spectrum el @e

(a)) shows silyl borate 39[B(CeFs)s] in toluene-ds. The borate 39[B(CeFs)s] was 39[B(CqFs),]
prepared and purified in toluene, dried under high-vacuum and dissolved in toluene-ds. Here, a
significant line broadening of the methyl groups of both isomers, cis-39 and trans-39, was observed.
In the aromatic region, the line broadening affects not all signals. The signals, which are not affected,
are those of the naphthyl substituent. After one week, the solution of silyl borate 39[B(CsFs)4] in
toluene-ds was divided into several fractions, dried under high-vacuum and dissolved in different

solvents, namely in dichloromethane-d; and chlorobenzene-ds (Figure 50, b), c)). In these two

solvents sharp signals without any line broadening were observed.”?!
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a)
PhMeSi—SePh
®
39[B(CgFs),] l s
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Figure 50 — IH NMR spectra (500 MHz, 305 K) of silylselenium borate 39[B(CsFs)4] in a) C;Dg,b) CD,Cl; and c) C¢DsCl.

An effect which seems similar was reported by Shimizu and co-workers in quinoline imides 89. Here,
the rotation of the imide moiety accelerates by addition of acid, whereby coalescence of the methyl
groups is obtained by addition of 2 equiv. H*.”) However, to date, it is not clear, which chemical is
additionally present or formed with time in the reaction mixtures of silylchalconium borates
35[B(CsFs)a], 37[B(CsFs)a], 38[B(CsFs)a] and 39[B(CsFs)a] that could be the origin for this phenomenon.

Currently, S. Rathjen is investigating the phenomenon further.l’®

\ N o
e fh

In conclusion, even if the origin of the broadened signals in the 'H NMR spectra is not completely
understood to date, it is important to consider that this broadened signals can lead to a falsified
result in the determination of the coalescence temperature in the VT NMR experiment for
silylchalconium borates 35[B(C¢Fs)a], 37[B(CsFs)a], 38[B(CsFs)a] and 39[B(CsFs)s]. As described above,

the difference between the calculated and the experimental determined free Gibbs energy of the
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inversion process of hydridosilyl cation 35d was 10 kimol* (Table 17). The VT NMR experiment was
carried out just one day after the preparation and could not be repeated, since, after three months
storage, the hydridosilyl cation 35d was decomposed. However, it is assumed that the poor fit of the
calculated and the experimental determined values of the free Gibbs energy of .

the hydridosilyl cation 35d is caused by the phenomenon of the broadened OO

signals in the *H NMR spectrum. HPhSi_@)SPh

35d[B(C¢Fs),]
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3.6 Summary of Naphthyl- and Acenaphthyl-Substituted
Silyloxonium and -sulfonium Borates

Literature unknown silyloxonium and —sulfonium borates 34[B(C¢Fs)a], 35[B(CsFs)a] and 37[B(CsFs)4]
were synthesized via the standard Corey reaction (Scheme 58) and fully characterized by

multinuclear NMR spectroscopy. Selected NMR data are summarized in Table 18.

o=
. »

(PhaClB(CeFs)a]

RIR2Si_ ChPh -Ph3CH R'R2si—ChPh
H @ o
[B(CgFs5)4l
42,43, 44 34, 35,37

Scheme 58 — Synthesis of silyloxonium and —sulfonium borates 34[B(CeFs)4] (ace, Ch = O), 35[B(CsFs)4] (ace, Ch =S) and
37[B(CsFs)4] (naph, Ch = S) via the Corey reaction (R! = RZ= Me (a), Rl = Me, RZ = Ph (b), Rl = Me, R2=t-Bu (c), Rt =H, RZ=
Ph (d)).

Due to the trigonal pyramidal coordination environment of the sulfur atom in silylsulfonium ions 35
and 37, the methyl groups at the silicon atom are syn or anti relative to the SPh group. Hereby, the
H NMR and 3C NMR chemical shifts of the syn-methyl group is always at higher field compared to
the anti-methyl group (Table 18). Silyloxonium ions 34 instead exhibit a trigonal planar coordinated
oxygen atom, whereby, the methyl groups are equivalent and no formation of cis/trans isomers was
observed. The 2Si NMR chemical shifts of silyloxonium borates 34[B(CsFs)4] is between §2°Si = 60.8-
77.4 and are somewhat low-field shifted compared to the 2°Si NMR resonance of silyloxonium borate
28a[B(CsFs)4] of Ducos et al. (8%°Si = 52.2, 52.9). The ?°Si NMR chemical shifts of biphenyl derivatives
72 and 73 are in the same range (8%°Si = 49.3 and 59.5). In comparison, the ?°Si NMR chemical shifts
of silylsulfonium borates 35[B(CeFs)s] and 37[B(CeFs)s] are in the range of 8%Si = 26.0-70.0 and
comparable to those of binaphthyl-substituted silylsulfonium borates 27[B(CsFs)s] of Oestreich and

co-workers (5?°Si = 32.0-57.6).[2% %]
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= bi hthyl
& . | Siﬂ 7 = bisnaphthy
I//,' SI,,,' Si/, S@
oo (O um Oy me LT 4
Me i-Pr Me

28a 72 73 27

103



Results and Discussion

The deviation of the calculated and experimental determined 2°Si NMR resonances is 2-10 % for
silyloxonium ions 34 and is 8-28 % for silylsulfonium ions 35 and 37. The largest difference shows
acenaphthylphenylmethyl derivative 35b with A5?°Si = 16.5.

The 2°Si NMR chemical shift of the trans-isomer of the phenylmethyl-substituted derivatives 35b and
37b is high-field shifted compared to the corresponding cis-isomer. This is also reflected by the
corresponding calculated %Si NMR resonances. In contrast, the calculated %*Si NMR chemical shifts
of hydridosilyl cation 35d of the cis-isomer is high-field shifted compared to the trans-isomer. For the
experimental values of hydridosilyl cation 35d, it was not possible to distinguish cis and trans via the
NOE NMR experiment and also the calculation of the equilibrium constant and the thereof resulting
cis/trans ratio was not clear. Comparison of the calculated 2°Si NMR resonance indicates, that the
main isomer is the cis-isomer. This is in analogy to the results of the phenylmethyl-substituted
derivatives 35b and 37b. Here, also the cis-isomer is the main compound, which was clearly proven
via the NOE NMR experiment. In contrast to these findings, the tert-butylmethyl derivative 35c is

stereoselectively formed as the trans-isomer.

Table 18 — Selected NMR data (in C¢Ds) of silyloxonium and —sulfonium borates 34[B(CsFs)4] (ace, Ch = O), 35[B(CsFs)4]
(ace, Ch =S) and 37[B(CsFs)a] (naph, Ch =S; Rl = R? = Me (a), R! = Me, R? = Ph (b), Rl = Me, R? = t-Bu (c), Rt = H, R = Ph (d)).
(* main isomer) and comparison of the calculated 2°Si NMR chemical shift (M06-2X/Def2-TZVP//MO06L/Def2-TZVP).

Silyl cation | Donor | &'H SiMe, | 8'3C SiMe, 52°Si exp 62%Si calc
34a OPh 0.41 0.6 77.4 69.5
34b OPh 0.63 -3.9 60.8 59.5
34c OPh 0.37 -4.9 72.2 67.2

-0.01 (syn -3.0 (syn
35a SPh 1 047 (ngti)) 0.3 ((ai/)ti)) 658 714
35b sph 0.34 (trans) | -5.4 (trans) | 42.7 (trans) | 59.3 (trans)
0.80 (cis) -2.8 (cis) 45.2* (cis) 59.8 (cis)
37b sph 0.33 (trans) | -6.1 (trans) | 42.9 (trans) | 48.2 (trans)
0.73 (cis) -3.4 (cis) 45.5* (cis) 50.9 (cis)
35¢ SPh | 0.12 (trans) | -7.2 (trans) | 70.0 (trans) | 76.2 (trans)
26.0* 34.0 (cis)
35d SPh i i 37.0 43.0 (trans)

The interaction between the silicon and the oxygen or sulfur atom was investigated using DFT
methods (M06-2X/Def2-TZVP). Selected calculated structural parameters of silyloxonium and —
sulfonium ions are given in Table 19. The deviation between the calculated structural parameters
and the experimental determined values is between 0.03-3 % (Table 19). The Si — O distance in
derivatives 34 is with d(Si— O) = 185-187 pm by 3-4 % larger than the sum of the covalent radii (Xcr(Si
—0) =179 pm)" and by 10-11 % larger than the calculated bond length of silylated ether 90 (d(Si —
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0) =167 pm).% The calculated bond length of acyclic silyloxonium ion 91 is with d(Si— 0) = 182 pm![¢?!
by only 3-5 pm (2-3 %) shorter than in silyloxonium ions 34. The same trend is reflected in
silylsulfonium ions 35 and 37. The deviation of the Si — S bond length in silylsulfonium ions 35 and 37
to the sum of the covalent radii is 6 %, whereas the deviation to silyl thioether 92 is 7-8% (d(Si—S) =

216 pm)® and to acyclic silylsulfonium ion 93 is 4-5 % (d(Si — S) = 223 pm).[?!

QC?/SWI%
@\ _siMe, g
O
90 (Ch = 0)

91 (Ch = 0)
92 (Ch=Y5) 93 (Ch=Y5)
The five membered ring formed by the naphthyl/acenaphthyl backbone, the silicon and the
chalcogen atom shows for both silyloxonium and silylsulfonium ions 34, 35 and 37 a certain ring strain
which is manifested in the sum of the bay angles. For silyloxonium ions 34 the sum of the bay angles
is by 8 % and for silylsulfonium ions 35 and 37 by 4 % smaller than in unstrained acenaphthene (X3 =

368°).173

Table 19 — Selected calculated structural parameters (structural data from XRD is given in parentheses for comparison)
and bond dissociation energies of silyl cations 34 (ace, Ch = 0), 35 (ace, Ch =S ) and 37 (naph, Ch =S; R1=R2=Me (a), Rl =
Me, R2 = Ph (b), R = Me, R2 = t-Bu (c), R! = H, R? = Ph (d)). (M06-2X/Def2-TZVP).

. . Si-D Zo(Si) Zo(D) zp BDE
Silyl cation | Donor o .

Y [pm] '] '] ] [kimol]
34a OPh 185 352 360 337 104
34b OPh 187 351 359 338 101
34c OPh 187 353 357 338 120

232 349 299 353
35a SPh (232) (348) (308) (353) 144
351 (cis) 141 (cis)
35b SPh 234 350 (trans) 298 354 136 (trans)
350 (cis) 297 (cis) 169 (cis)
37b SPh 232 349 (trans) | 299(trans) 354 164 (trans)
35¢ SPh 232 349 299 353 164 (trans)
233 (cis) 351 (cis) 297 (cis) 143 (cis)
35d SPh 232 (trans) | 350 (trans) | 299 (trans) 354 137 (trans)

The BDE of the acyclic silylchalconium ions 91 and 93 is for the oxygen derivative 91 BDE(Si — O) =
214 kimol?* and for the sulfur derivative 93 BDE(Si — S) = 215 kimol™. Acenaphthyl silyloxonium ions
34 exhibit a BDE of 101-120 kimol™* and for silylsulfonium ions 35 and 37 BDE(Si — S) = 136-169 kimol
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lis obtained, which is in both cases distinct smaller than in the acyclic derivatives. This comparatively
weaker Si — O/S bond is the result of the ring strain in naphthyl/acenaphthyl silyl cations 34, 35 and
37. Herein, the change from the naphthyl to the acenaphthyl backbone weakens the Si — S bond in
phenylmethylsilyl derivative 37 by 28 kimol™. Notably, the change of the substitution pattern at the
silicon atom from dimethyl to tert-butylmethyl results in a stronger Si — Ch linkage (for 34c by 16
kimol? and for 35¢ by 20 kJmol™). A possible reason might be justified by the calculation of the BDE.
As described in Chapter 3.5, the BDE was calculated using the isodesmic equation shown for
acenaphthyl derivatives 34 and 35 in Scheme 59. The isodesmic equation is not perfect for two
reasons; on the one hand, the peri-substituted silane 43 is destabilized due to steric repulsion
between the peri-substituents compared to the corresponding isomer 85 what leads to a prediction
of a too strong Si — Ch bond. On the other hand, the stabilizing effect of the conjugation of the 3p
orbital of the silicon atom with the aryl substituent is higher in isomer 86 compared to silyl cations
34/35 which leads to a prediction of a too weak Si— Ch bond. Since these effects are reversing it was
assumed that they cancel out each other and, therefore, the isodesmic equation was presumed to

be suitable for the prediction of the BDE in silyl cations 34 and 35.

S . D B B

R1- |—Ch Rl—-Sl Rl—-Sl
R? R2 R2
34, 35 85 42,43 86

Scheme 59 — Isodesmic equations for the calculation of the bond dissociation energy of the Si — Ch bond in silyl cations 35
and 37.

However, for the tert-butylmethyl-substituted derivatives 34¢/35c, the sterically demanding tert-
butyl substituent leads to distortion in isomer 86-t-Bu compared to isomer 86-Me, as demonstrated
by the torsion angles of the phenoxyl-substituted derivatives in Figure 51. As a consequence, the
conjugation of the 3p orbital at the silicon atom with the n-system of the acenaphthyl substituent is
less pronounced in the tert-butylmethylsilyl-substituted derivative of isomer 86 than in the
dimethylsilyl-substituted derivative of 86. Therefore, it is assumed that the prediction of the BDE of
tert-butylmethylsilyl cations 34c¢ and 35c gives a higher BDE compared to the dimethylsilyl cations
34a and 35a.
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‘ OPh OPh

c5 C12

DSi, ®si_

Me Me t-Bu  Me
86-Me 86-t-Bu

Me-Si-C5-C12 =176° t-Bu-Si-C5-C12 = 165°
Figure 51 — Illustration of the torsion angles in the dimethyl- and tert-butylmethyl-substituted isomers 86.

Regarding the use of silylchalconium ions 34, 35 and 37 as catalysts, two important considerations
about the Si — Ch linkage must be made. On the one hand, the Si — Ch linkage should not be too
strong, since this would quench the reactive Lewis acidic silicon center completely. As a result, no
interaction between the silicon center and the substrate would be possible. On the other hand, a too
weak Si — Ch interaction can result in the cleavage of the Si — Ch bond. As a consequence, the bond
between the substrate and the silyl cation will be strong and the reaction stops at this point (Scheme
60).

Si - Ch too strong:

re 1@
R

1-Gj— S]—Si—Ch
Ri-Si—CHY [s] A
RZ Ph R1 Rz

Si - Ch too weak:

e T @

cwo— K

Rl-si—CcHP [S]—Si  :ch
/ BN AN

Scheme 60 — Concept of a too strong or too weak Si — Ch linkage in silyloxonium and — sulfonium ions 34, 35 and 37 ([S] is
some kind of substrate).

The nature of the Si—Ch bond in the presence of a possible substrate will be discussed in the following

chapter. As a model system serves the complex formed of silyl cations 34, 35, 36 and 37 with a nitrile.
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3.7 Silylnitrilium lons

Silyl cations react with nitriles to give nitrilium ions. The nitrile acts as an external electron donor
whereby the covalent silicon-nitrogen interaction leads to an increase in the coordination number at
the silicon center.® This increase in the coordination number implies an increase in the electron
density at the silicon atom whereby the 2°Si NMR chemical resonance experiences a high-field shift
compared to the corresponding cation. Hereby, the bonding situation in silylnitrilium ions 94-97 will
be investigated, especially regarding the intramolecular stabilization via the remote donor
substituent, OPh and SPh. In this terms, the effects of the different backbones, naphthalene and
acenaphthene, and different substitution patterns at the silicon atom (Me,, PhMe, t-BuMe and PhH)
shall be discussed. 4-Fluorobenzonitrile (FBN) was chosen as the nitrile because of the fluoro
substituent which can be easily detected via NMR spectroscopy. The formulation of resonance
structures of nitrilium ions 94-97 shows, that the interaction between the nitrile and the silicon
center affects the fluorine atom (Scheme 61) what should be visible via the °F NMR resonance. The

— N linkage is also influenced by the Si — Ch linkage. FBN is therefore a promising probe to get an
insight of the silicon chalcogen linkage.
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Scheme 61 — Resonance structures of nitrilium ions 94-97 (94: Ch = O, Rl = R2 = Me (ace), 95a: Ch =S, Rl = R2 = Me (ace),
96: Ch = O, Rl = RZ = Me (naph), 97: Ch =S, Rl = R2 = Me (naph), 95b: Ch = S, Rl = Me, R2 = Ph (ace), 95c: Ch =S, Rl = Me, R2
=t-Bu (ace), 95d Ch =S, R1 = Ph, RZ=H (ace)).

The reactivity of chalcogenyl-stabilized silyl cations 34-37, which were synthesized in this work, with
FBN was examined. Furthermore, the naphthyl-substituted dimethylsilylsulfonium ion 37a of N.
Kordts was included in this study to have a further naphthyl derivative for comparison. Another
compound included is the 5-dimethylsilylacenapthyl derivative 98 without a remote donor
substituent. Even though the dimethylsilyl cation 98 is highly reactive and cannot be prepared as the
free cation 98, its corresponding nitrilium ion 99 is accessible and provides a model compound in

which no remote donor substituent influences the silicon nitrile interaction (Scheme 62).
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Scheme 62 - Formation of nitrilium ion 99 without remote donor substituent.

To synthesize silylnitrilium borates 94-97[B(CeFs)4] (Scheme 63), a Schlenk tube was charged with the
corresponding silane, trityl borate and FBN. The solids were dissolved in dichloromethane-d; and the
mixture was stirred for 5-10 min. If the silane was oily, two separated Schlenk tubes were used; one
charged with the silane (in 0.2 mL CDCl;) and the other with trityl borate and FBN (in 0.3-0.4 mL
CD,Cly). The trityl borate/FBN mixture was then added to the silane and the mixture was stirred for

5-10 min and subsequently analysed using NMR spectroscopy.
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Scheme 63 — Preparation of nitrilium borates 94-97[B(CsFs)s4] in dichloromethane-d,. (94: Ch = O, R! = RZ = Me (ace), 95a:
Ch =S5, R1=R2=Me (ace), 96: Ch = 0, R1 = R2 = Me (naph), 97: Ch =S, R1 = R2 = Me (naph), 95b: Ch =S, R1 = Me, R2 = Ph
(ace), 95c: Ch =S, R1 = Me, R2 = t-Bu (ace), 95d Ch =S, R1 = Ph, R2 = H (ace)).

Nitrilium borates 94-97[B(CsFs)4] were obtained in quantitative yield. However, once prepared, it was
usually not possible to separate nitrilium borates 94-97[B(C¢Fs)s] from the side product triphenyl
methane. To obtain pure compounds 94-97[B(CsFs)4], the corresponding silyl borate 34-37[B(CsFs)4]
was prepared in benzene, what allows its purification due to the formation of two phases, a polar
and a nonpolar phase. The nonpolar by-product triphenyl methane was removed from the polar
phase by washing with benzene or n-pentane. After removal of the solvent under high-vacuum, a
solution of 4-fluorobenzene in 0.7 mL dichloromethane-d; was added to the silyl borate 34-

37[B(CsFs)a] at room temperature (Scheme 64). The mixture was stirred for 5 min and then

transferred to an NMR tube for analysis.
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Scheme 64 — Preparation of nitrilium borates 94-97[B(CsFs)4] from purified silyl borates 34-37[B(CsFs)4] (34a, 94: Ch = O,

R1=R2=Me (ace); 36, 96: Ch = O, Rl = RZ = Me (naph); 35a, 95a: Ch =S, R1 = RZ = Me (ace); 37a,97: Ch =S, Rl =R?2 = Me

(naph); 35b, 95b: Ch = S, Rl = Me, R? = Ph (ace); 35d, 95d: Ch =S, R1 = Ph, RZ = H (ace); 35¢, 95c: Ch =S, Rl = Me, R2 = t-Bu
(ace)).

Pertinent NMR data of silylnitrilium borates 94-97[B(CsFs)s] are listed in Table 20. The #Si NMR
chemical shift of nitrilium ions 94-97 are high-field shifted compared to the corresponding cations
indicating the coordination of the nitrile to the silicon center. The most pronounced difference is
observed in hydridosilyl cation 95d (A52°Si = 83, Entry 3) followed by the two phenoxy-substituted
dimethylsilyl cations 94 and 96 (A82°Si = 61, 70; Entry 1, 2). The thiophenyl-stabilized silylnitrilium
ions 95a,b and 97 exhibit a difference in the chemical shift compared to the corresponding silyl cation
35a,b and 37a between A3*Si = 31 and 45. An exception is the thiophenyl-stabilized tert-
butylmethyl-substituted derivative 95c¢ (Entry 7). In contrast to every other nitrilium ion, it exhibits
no difference in the 2°Si NMR resonance compared to its silyl cation analog 35¢c. This suggests that
there is no interaction between the silicon center and the nitrile, which may be explained by the huge

steric demand of the tert-butyl moiety.

Table 20 — Pertinent NMR data of nitrilium borates 94-97[B(CsFs)4] (94: Ch = O, R = RZ = Me (ace), 95a: Ch=S,R1=R2 =

Me (ace), 96: Ch = O, R1 = R2 = Me (naph), 97: Ch =S, R1 = R2 = Me (naph), 95b: Ch =S, R1 = Me, R2 = Ph (ace), 95c: Ch =

S, R1 =Me, R2 =t-Bu (ace), 95d Ch =S, R1 = Ph, R2 = H (ace); in CD,Cl,, A3%Si is the difference of the 2°Si NMR chemical
shift to the corresponding silyl borates).

Entry SinIn.itriIium Donor S'°F Yer [Hz] ,82,9.Si AS*Si
ion nitrilium
1 99 - -86.6 273 23.0 -
2 94 OPh -87.8 269 16.3 61
-93.9 (305 K) | 264 (305 K)

3 96 OPh -90.2 (233 K) | 268 (233 K) 16 70
4 95d SPh -91.5 264 -46.0 72,83
5 95a SPh -94.3 264 29.5 36
6 95hb SPh -95.5 263 6.4 36, 45
7 97 SPh -99.6 259 26.2 31
8 95¢ SPh -101.3 258 70.2 0.2
9 FBN - -103.4 256 - -
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Notably, not only do the oxygen derivatives 94 and 96 show only one signal for the methyl groups
connected to the silicon atom in the 'H NMR and *C NMR spectra, but the sulfur derivatives 95 and
97 do as well. For example, the *H NMR spectrum of dimethylsilylnitrilium borate 95a[B(CsFs)4] is
shown in Figure 52. Furthermore, the chiral thiophenyl-stabilized nitrilium ion 95b forms only one
isomer instead of the expected two (cis and trans) indicating that the silicon-sulfur interaction has

been weakened, or even broken due to the coordination of the nitrile to the silicon center.
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Figure 52 — TH NMR spectrum (500 MHz, 305 K, CD,Cl,) of dimethylsilyInitrilium borate 95a[B(CgFs)4] (* CDHCl,, ° residual
CgHe, # residual n-pentane).

Next, the °F NMR resonance of nitrilium ions 94-97 will be discussed. To permit a direct comparison
of the ®F NMR chemical shifts, the °F NMR spectra have to be referenced to an internal standard.
An obvious species for this purpose is tetrakis(pentafluorophenyl)borate. All samples were
referenced via the °F NMR chemical shift of the para-fluorine atom of the borate (5'°F = -163.44, for
details see Experimental Part). For comparison, the *F NMR chemical shift of FBN was measured in
a mixture with trityl borate. No change in the NMR parameters was observed and, consequently, no
interaction between the trityl cation and the nitrile takes place. This shows, that the interaction

between FBN and Lewis acids is weak and a stable complex is only formed with strong Lewis acids.
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Upon comparison of the F NMR chemical shifts of nitrilium ions 94-97, it was observed that they
are all low-field shifted compared to free FBN (8°F = -87.8 — (-99.6) vs 6'°F = -103.4). Even the tert-
butyl-substituted derivative 95c¢ shows a slight low-field shift (§'°F = -101.3). Another important
parameter directly related to the ®F NMR resonance is the ¢ coupling constant of para-
fluorobenzonitrilium ions 94-97. Compared to the non-bonded FBN, this value increases (Y = 258-
269 Hz vs Ycr = 256 Hz). A direct correlation between the °F NMR resonance and the YJcr coupling
constant is expected. To evaluate this, the Jcr constant was plotted against the °F NMR chemical
shift (Figure 53). The graph shows a linear correlation between this two parameters (R? = 0.95). FBN
and the nitrilium ion 99 without an intramolecular donor form the lower and upper extremes of the
series. The donor-stabilized silylnitrilium borates 94-97[B(CsFs)s] are located in between these
extremes. However, the values of the hydridosilyl derivative 95d (red) appears anomalous compared
to the other derivatives and phenoxy-stabilized silyl cation 36, here represented by derivative 96
(turquoise) was expected to exhibit a greater Lewis acidity compared to that of thiophenyl derivative
35a, here represented by derivative 95a. On the basis of the ®F NMR chemical shift and the YJcr
coupling constant of nitrilium ions 96 and 9543, silyl cations 36 and 35a seem to have the same Lewis

acidity (Figure 53).
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Figure 53 — Correlation of the 1°F NMR chemical shift and the ¢ coupling constant of nitrilium ions 94-97 (R? = 0.95).

A closer examination of the 1°F NMR spectrum of the naphthyl derivative 96 shows a broad signal for
the para-fluoro substituent (8'°F = -93.9, w(1/2) = 1343 Hz). VT NMR spectra of species 96 reveal,
that the signal splits into two sharp signals with 8'°F = -90.2 (w(1/2) = 23 Hz) and -102.6 (w(1/2) = 45
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Hz) (Figure 54, reference at 233 K 8°F = 162.87, for details see Experimental Part). The latter chemical

shift was assigned to free FBN indicating that the nitrile is in excess.

* * *
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Figure 54 — VT IH NMR spectra (500 MHz, CD,Cl,) of phenoxy-stabilized silylnitrilium borate 96[B(CsFs)a](* [B(CeFs)al’).

The F NMR resonance at 8'°F = -90.2 corresponds to nitrilium ion 96. The YJcr coupling constant of
the phenoxy derivative 96 was extracted from the F NMR spectrum at 233 K (Figure 55). The value
increases from Ycr = 264 Hz at r.t. to Ycr = 268 Hz at 233 K. A reason for this observation is probably
an exchange process including FBN attached to the silicon atom and free FBN. This exchange is fast
on the NMR time scale at room temperature and leads to an average value for the YJcr coupling
constant, line broadening as well as a high-field shift of the ®F NMR resonance compared to the
corresponding values for the nitrilium ion 96 in absence of FBN. Further experiments with the
acenaphthene-substituted dimethylsilyl derivative 95a with an excess of FBN confirm that the
presence of excess FBN results in a decrease of the YJcr coupling constant compared to the value
obtained with an equimolar amount of FBN and the silyl cation. For example, the *°F NMR chemical
shift of the thiophenyl derivative 95a with 1 equiv. excess of FBN is 8'°F = -98.3 compared to -94.3
without excess FBN and the YJcr coupling constant is 259 Hz compared to 264 Hz without excess FBN.

This may explain why the hydridosilyl derivative 95d does not fit into the correlation. The imbalance
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in the stoichiometry for these two examples, 95d and 96, is probably caused by loss of the
corresponding silyl borate during purification. The amount of FBN used is calculated in relation to the
amount of the precursor silane used. If the formation of the silyl borate does not occur quantitatively

or some amount of the cation gets lost during the purification, the nitrile is, consequently, in excess.

-42353.3
--42621.0
-162.9

-89.8 -90.2 -90.6 -91.0

—-90.2
—-=102.6

1 L

-40 -60 -80 -100 -120 -140 -160 -180

Figure 55 — 1°F{IH} NMR spectrum (470 MHz, 233 K, CD,Cl,) of naphthyl substituted silylnitrilium borate 96[B(CsFs)4].

The data were replotted using the Jcr coupling constant and the F NMR resonance measured at
233 K for nitrilium ion 96 (Figure 56). As expected, the relative position of silyl cation 36 changes

significantly.
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Figure 56 — Correlation of the 1°F NMR chemical shift and the ¢ coupling constant of nitrilium ions 94-97 with the
corrected values for naphthyl-substituted phenoxy-stabilized derivative 96 (R2 = 0.95).

The comparison of the dimethylsilyl and the phenylmethylsilyl thiophenyl-stabilized derivatives 95a

and 95b shows a low-field shift of the °F NMR chemical shifts compared to the free nitrile of A3'F =

9.1 and 7.9, respectively (Table 21), whereas for the tert-butylmethylsilyl derivative 95c the value is

AS¥F = 2.1 (Table 21). The difference in the backbone can be compared using the dimethylsilyl

derivatives 94/96 and 95a/97. For the phenoxy-stabilized acenaphthyl and naphthyl derivatives

94/96, the difference compared to free FBN is AS'°F = 15.6 (94, ace) and 13.2 (96, naph), while for

the thiophenyl-derivatives 95a/97 it is A3*°F = 9.1 (95a, ace) and 3.8 (97, naph).

Table 21 — Difference of the °F NMR chemical shift and ¢ coupling constant of nitrilium ions 94-97 and 99 to free FBN
(94: Ch =0, Rt =R2 = Me (ace), 95a: Ch =S, R1 = R2 = Me (ace), 96: Ch = O, R1 = R2 = Me (naph), 97: Ch =S5, R1 =R2 = Me
(naph), 95b: Ch =S, R1 = Me, R2 = Ph (ace), 95c: Ch =S, R1 = Me, R2 = t-Bu (ace), 95d Ch =S, R1 = Ph, R2 = H (ace)).

Silylnitrilium ion | Donor S¥F AS™F e [Hz] AYYecr [Hz]
929 - -86.6 16.8 273 17
94 OPh -87.8 15.6 269 13
96 OPh -90.2 (233 K) 13.2 268 (233 K) 12
95d SPh -91.5 11.9 264 8
95a SPh -94.3 9.1 264 8
95b SPh -95.5 7.9 263 7
97 SPh -99.6 3.8 259 3
95¢c SPh -101.3 2.1 258 2
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Comparison of the phenoxy with the thiophenyl dimethylsilyl derivatives 94/95a and 96/97 reveals
that the low-field shift compared to free FBN is higher for the phenoxy-stabilized dimethylsilyl
derivatives 94/96 (A3°F = 15.6 (94), 13.2 (96)) compared to its sulfur congeners 95a/97 which show
a less pronounced low field shift (A5'°F = 9.1(95a), 3.8 (97)). The trend is the same for the acenaphthyl
derivatives 94/95a and the naphthyl derivatives 96/97. This is also apparent by a direct comparison
of the F NMR chemical shifts (5°F(94) - §1°F(95a) = 9.5 and 6'°F(96) - 5'°F(97) = 9.4). In conclusion,
not only do the substituents at the silicon center affect the nitrile silicon interaction but also a
difference is observed between phenoxy- and thiophenyl-stabilized derivatives 94/96 and 95a/97.
These data strongly suggest that the silicon-chalcogen interaction is retained upon coordination of
FBN to the silicon center. To further support the retention of a Si — D binding interaction upon
coordination of a nitrile is provided by the selenium derivatives 40 and 41 of K. Riiger and S. Rathjen

which show a pronounced Si-Se coupling in the NMR spectra (Figure 57).13% 78 8701
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Figure 57 — Selenyl-stabilized silyInitrilium ions 40 and 41.

Further support for a binding interaction between the silicon and the chalcogen atoms is provided
by low temperature NMR experiments of the dimethylsilyl- and phenylmethylsilylsulfonium
derivatives 95a and 95b. In analogy to the silylsulfonium ions 35, a dynamic process was observed
with coalescence of the signals assigned to the methyl groups in the 'H NMR spectrum at 183 K for
95a and 203 K for 95b. For example, the VT NMR spectra of derivative 95b are shown in Figure 58.
The estimated free Gibbs energy for derivative 95a is AG®™® = 34 kimol™ and for derivative 95b is AG®®?
=39 kimol™.
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Figure 58 — VT H NMR spectra (500 MHz, CD,Cl,) of phenylmethylsilyl nitrilium borate 95b[B(CesFs)4] (¥ CDHCl,, # Ph3CH, °
impurities).

The energy barriers for inversion at the sulfur atom in nitrilium ions 95a and 95b were calculated

using DFT methods (M06-2X/Def2-TZVP). The values were determined to AG®° = 35 kJmol*and 37

kJmol?, respectively, and are consistent with the values obtained in the VT NMR experiments (Table

22).

Table 22 — Comparison of the calculated and experimental determined free Gibbs energy barrier of nitrilium ions 95a and
95b (M06-2X/Def2-TZVP).

o™ o "
F—@—:N—Si—s F =N—Si—S
S| S| ph
Me Me
R
R AG®® [kimol?] AG=" [kimol™]
Me (95a) 34+1 35
Ph (95b) 39+1 37
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The inversion barriers obtained for nitrilium ions 95a and 95b are significantly lower than those for
the corresponding silyl cations 35a and 35b (AG®® = 74 kimol™). This lowering of the inversion barrier
is consistent with the expected weakening of the Si-Ch linkage in nitrilium ions 95a and 95b compared
to silyl cations 35a and 35b due to the complexation of the nitrile.

Hydridosilyl derivative 95d is unique due to the hydrogen substituent directly attached to the
pentavalent silicon atom. The Ys;i; coupling constant was extracted from the 2°Si-'H coupled INEPT
NMR spectrum and is sy = 298 Hz (Figure 59). The magnitude of the YJs;;;coupling constant increases
from silane 43d (Y54 = 204 Hz) to silyl cation 35d (Ysi+ = 260 Hz, 263 Hz) to the nitrilium ion 95d

(Ysin = 298 Hz) which is consistent with an increase in the s-orbital contribution to the Si—H bond.>3!

BB & &

.\\\Sl SII,, \\\\Sl @ \ CN SI—S
|-| H
43d cis-35d trans-35d 95d
a)  §%si=-31.3 b) &29sj=37.1,26.2 c) §%sj=-45.9
Yo = 204 Hz Y = 260, 263 Hz Yy = 298 Hz
Ih | U H ' M
-20 -30 -40 4IO 3'»0 2'0 -Z'iO -lI1-0 -t";O

Figure 59 —29Si INEPT NMR spectra (99 MHz, 305 K, D3 = D4 = 0.001) of a) silane 43d (C¢Dg), b) silyl borate 35d[B(CgsFs)4]
(CeDs) and c) silylnitrilium borate 95d[B(CgFs)4] (CD,Cl5).

In conclusion, the synthesis and purification of silylnitrilium borates 94-97[B(CsFs)4] was described.
All silylnitrilium borates 94-97[B(CsFs)a] show a high-field shift of the 2°Si NMR resonance compared
to the corresponding silyl borates 34-37[B(CsFs).] indicating an interaction between the positively
charged silicon center and the nitrile. An exception is the tert-butylmethylsilyl derivative 95c where,
no difference between the 2°Si NMR resonances was observed. The °F NMR chemical shift of the
para-fluoro substituent and the YJcr coupling constant are also influenced by the interaction. These
values are even more sensitive as the 2°Si NMR chemical shift what is manifested with the tert-butyl-
substituted derivative 95c. Here, the °F NMR chemical shift and the YJcr coupling constant show a
slight change indicating a slight interaction between the silicon center and FBN. Direct comparison
of the dimethylsilyl derivatives 34/96 and 95a/97 show, that there is a significant difference between

the phenoxy- and thiophenyl-stabilized derivatives, indicating, that the silicon-chalcogen linkage is
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retained upon coordination of FBN. As a consequence, the silicon atom in silylnitrilium ions 94-97 is
pentacoordinated. Further support for the pentacoordination is given by VT NMR experiments of
derivatives 95a and 95b which reveal an inversion process at the sulfur atom which is in close analogy
to silylsulfonium ions 35 and 37 (see Chapter 3.5). Moreover, the increase of the magnitude of the
Ysin coupling constant of the nitrilium ion 95d (Ysin = 298 Hz) compared to the corresponding silyl
cation 35d (Ys; = 260 Hz, 263 Hz) reveals an increase in the s-orbital contribution to the Si — H bond

and indicates that the silicon atom is pentacoordinated.

The coordination of FBN has revealed a distinct difference between the Lewis acidity of the donor-
stabilized silyl cations which can be taken advantage of in the application of FBN as a probe for

intramolecularly stabilized Lewis acids. This will be discussed in detail in the following chapter.
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3.8 Applications and Reactivity

3.8.1 Assessment of the Lewis Acidity

Silyl cations are interesting compounds for the use as catalysts in various reactions such as Diels-
Alder, Mukaiyama Aldol or hydrodefluorination reactions as well as in late-stage chemoselective
functional-group manipulations of natural products.* o 2% 29¢ 29, 48, 8l pifferent silyl cations
demonstrate different reactivities due to their substituents or stabilizing environment which
influence their Lewis acidity. In this manner, their Lewis acidity often correlates with their efficiency.
For that reason, it is of interest to find tools for the comparison and quantification of their Lewis
acidity. Over the last decades different methods and scales for the comparison of Lewis acids have
been developed and established.?” The most common experimental approaches are the Gutmann-
Beckett and the Childs method. The Gutmann-Beckett method uses the 3!P NMR chemical shift of
EtsPO which changes upon coordination to the Lewis acid of interest,% whereas the Childs method
relies on the change in the 'H NMR chemical shift of the y-H atom of crotonaldehyde upon
coordination to a Lewis acid.®3 Another method was developed by Hilt and co-workers. They use the
2H NMR chemical shift change of the y-deuterium of perdeuterated pyridine upon coordination to
quantify the Lewis acidity.®* While the Childs method cannot be applied to strong silyl Lewis acids,
the Hilt and the Gutmann-Beckett methods reveal the high Lewis acidity of silylium ions.3% 34
However, these methods have limitations due to the high Lewis basicity of the molecular probes.
When either EtsPOB* or CsDsN* was used to probe the Lewis acidity of intramolecularly stabilized
silyl cations, the silicon donor interaction was broken by the strong silicon/probe interaction. A
comparison of the Lewis acidity of the trimesitylsilylium ion 1 and dimethylsilylselenium ion 38!7% as
determined using the Gutmann-Beckett method reveals a nearly identical Lewis acidity for both
cations 1 and 38 despite their very distinct electronic properties as revealed by 2°Si NMR spectroscopy

(see Figure 60).5%
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Figure 60 — Comparison of the 2°Si NMR resonances of trimesitylsilylium ion 1 and silylselenium ion 38 and their A53!P
value on the Gutmann-Beckett scale.B3!

This demonstrates that there is a need for the development of a Lewis acidity scale which is
applicable to intramolecularly stabilized silyl cations 34-38.

In Chapter 3.7, the reaction of silyl cations 34-37 with nitriles, especially with 4-fluorobenzonitrile
(FBN) was discussed. One essential observation made, was that the °F NMR resonance of the fluoro
substituent in para-position at the nitrile moiety shows a distinct difference between silyloxonium
ion 34 in comparison to silylsulfonium ion 35a. Despite the coordination of the nitrile to the silicon
center, the silicon chalcogen bond is not broken. Consequently, FBN was a promising candidate for
the use as a probe for the comparison of the Lewis acidities of chalcogenyl-stabilized silyl cations 34-
37.

The well-known Lewis acid, tris(pentafluorophenyl)borane (BCF), was also included into this studies.
A stable complex, 101, between BCF and FBN was formed upon mixing both compounds in
dichloromethane-d,. The B NMR spectrum shows a relatively sharp resonance at §!'B = -10.0
(w(1/2) = 275 Hz) indicating tetra-coordination for the boron atom. Tetra-coordination at the boron
atom in compound 101 is also supported by the small separation of the °F NMR resonances for the
p- and m-fluoro substituents of the CsFs-groups!® which is AS*F™P = 7.2. For comparison, the
separation for [B(CsFs)a] is ASF™? = 3.9 and for BCF is AS'°F™" = 20.1. The molecular structure of
borate 101 was confirmed unambiguously via X-ray diffraction analysis (Figure 61). The molecular
structure confirms the conclusion, that the boron atom is tetracoordinated as indicated by the sum
of the bond angles around the boron atom Xa(BCs) = 340.0°. The length of the N —B bond is d(N —B)
= 158.8 pm and is similar to the sum of the covalent radii for a N — B single bond (Zcr(N/B) = 156
pm).[”® The B-N-C bond angle is linear (179.7°) as expected. The N — C bond is with d(N — C) = 114.6

pm comparable to a regular N — C triple bond (Zcr(N/C) = 114 pm).U"?!
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101

Figure 61 — Molecular structure of the complex 101 of BCF with FBN (thermal ellipsoids at 50 % probability, H atoms
omitted for clarity). Pertinent bond length [pm] and angles [°]: B— N 158.77(11), C— N 114.56(10), C— Crs© 142.47(10), B-
N-C 179.732(77).

The °F NMR chemical shift of the p-fluoro substituent of FBN in complex 101 is 8!°F = -92.5 and falls
between the °F NMR chemical shift of dimethylsilyloxonium ion 96 and dimethylsilylsulfonium ion
95a (Table 23). BCF adduct 101 has a Ycr coupling constant of 268.0 Hz, close to the value of

silyloxonium ion 96. The relative position of BCF differs in both scales, 8*°F and ¢ (Figure 62).

Table 23 — Calculated bond dissociation energy of the Si — N bond in nitrilium ions 94-97 and 99 in comparison with the
BDE of the Si — Ch bond in the corresponding silyl cations 34-37 (M06-2X/Def2-TZVP) and in relation to the °F NMR
resonance (CD,Cly, * measured at 233 K).

Compound | Donor | &%°F Yer [Hz] B[ZEI,::);;\I [kj:ﬁl':‘] FU-[\k(JS;:‘:LTS]M )
99 - -86.6 272.8 183 626 302
94 OPh -87.8 269.1 96 516 215
96 OPh -90.2* 267.7* 90 508 201
BCF - -92.5 268.0 80 185 123
95a SPh -94.3 264.1 70 480 182
95b SPh -95.5 262.6 72 473 186
97 SPh -99.6 259 67 476 172
95¢ SPh -101.3 257.6 54 461 170
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Figure 62 — Comparison of the different Lewis acidity scales for acenaphthyl and naphthyl silyl cations 34-37 and BCF. a)
LA scale based on the 3'°F NMR resonance of the corresponding FBN complex (solvent CD,Cl,), b) LA scale based on the
e r coupling constant of the corresponding BCF complex, c) Scale based on the calculated complexation energy at M06-
2X/Def2-TZVP, d) Scale based on the calculated fluorine ion affinity (FIA) at SCIPCM/M06-2X/Def2-TZVP for
dichloromethane solution.
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DFT calculations at M06-2X/Def2-TZVP level of theory were used to gain further insights into the
bonding in nitrilium ions 94-97 and the Lewis acidity of silyl cations 34-37. The complexation energy
of FBN to the Lewis acid provides a first indication of the Lewis acidity. This energy is obtained, by
calculation of the bond dissociation energy (BDE) of the Si — N bond and is also given in Table 23. For
derivative 99 without a donor, the complexation energy is highest with BDE(Si — N) = 183 kJmol™ and
lowest for the tert-butylmethylsilyl derivative 95¢ (BDE(Si — N) = 54 kimol?).

In general, the BDE(Si — N) scale reflects the order derived from the °F NMR chemical shift (Figure
62), and thus, the F NMR chemical shift can be considered an indirect measure of the strength of
the N — Si bond. One exception is the ordering of the dimethylsilyl- and phenylmethylsilylsulfonium
ions 95a/95b. The Si — N bond of dimethylsilyl derivative 95a is 2 kimol? weaker than that in
phenylmethylsilyl derivative 95b; however, the °F NMR chemical shift is at lower field indicating a
higher Lewis acidity in 95a compared to 95b.

A well-established method for the comparison of the strength of Lewis acids is the fluorine ion affinity
(FIA). The FIA is defined as the binding enthalpy of a Lewis acid with a fluoride ion in the gas phase.
The binding enthalpy can be determined experimentally by ion cyclotron resonance spectroscopy or
by Born-Fajans-Haber cycles.?” These methods were used to evaluate FIA's calculated using DFT
methods, whereby the calculations were found to be suitable for the estimation of the FIA of Lewis
acids. The FIA of silyl cations 34-37 was calculated according to equation 1 in Scheme 65 and are
listed in Table 23 (M06-2X/Def2-TZVP). Here again, the strongest Lewis acid is silyl cation 98 without
a donor and the weakest is the tert-butylmethylsilyl derivative 35c. The order of the Lewis acidities
of silyl cations 34-37 resulting from the FIA reflects the scale determined by the F NMR chemical
shift except for the phenylmethyl- and dimethylacenaphthyl silylsulfonium ions 35a/35b (Figure 62).
For these two, the scale given by the FIA predict an inverted order compared to the *°F NMR chemical
shift scale and reflects the result determined by the BDE(Si — N) method. One significant exception is
the FIA calculated for BCF. The value is in a completely different range (FIA (BCF) = 185 kJmol* vs FIA
= 626-461 kimol™ for silyl cations 34-37).
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Scheme 65 — Equation for the calculation of the FIA of silyl cations 34-37.

Considering the equations used for the calculations of the FIA (Scheme 65), it is noticeable thatin eq.
1 the reaction starts with two neutral compounds and two ionic compounds are the resulting
products and in eq. 2 the reaction starts with the same charge as it ends. Computed FIA of cationic
species in the gas-phase are strongly affected by charge neutralization and electrostatic attraction.>%
To level these effects, a solvent was included in the calculation of the FIA resulting in much lower
values for silyl cations 34-37 (FIA(SCIPCM) = 302-170 klmol?, SCIPCM with dichloromethane as
solvent, M06-2X/Def2-TZVP). However, the value for BCF is still distinctly lower (FIA(SCIPCM) = 123
kJmol?) and can, therefore, not be directly compared to the values of silyl cations 34-37. Here, the
limitations of the scales of calculated values become apparent. Using the FIA scale, charges of
molecules are problematic and do not allow a direct comparison of compounds with different
charges. Another limitation is manifested in the switched order of dimethylsilyl and phenylmethylsilyl
derivative 35a/35b. Here, the scales of the calculated values predict a higher Lewis acidity for the
phenylmethylsilyl cation 35b but the experimental scales show unambiguously that the dimethylsilyl
cation 35a exhibits a higher Lewis acidity. Considering the stabilizing effect of the phenyl group to
the electron deficient silicon center, a reduced Lewis acidity of compound 35b consequences.
Therefore, the experimental scales reflect the expected difference of the Lewis acidity of these two
examples 35a and 35b better than the scales based on calculated values. Furthermore, considering
the distribution of the compounds on the scales, it becomes apparent, that in addition to the
dimethylsilyl and phenylmethylsilyl derivatives 35a/35b, the naphthyl silylsulfonium ion 37 and the
tert-butylmethylsilyl derivative 35c (in particular on the FIA scale) have similar values (Figure 62). In
view of an estimated error of about +1 kJmol? of the calculated values, this proximity does not allow
a distinction between the Lewis acidities of the pairs 35a/35b and 37/35c. With these limitations of
the calculated scales in mind, the experimental scales based on NMR parameters, namely 5'°F and

e, are considered more suitable for the evaluation of the Lewis acidity of intramolecularly stabilized
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silyl Lewis acids compared to the scales based on calculated values. A limitation of the experimental
scales might be the direct comparison of intramolecularly stabilized Lewis acids with non-stabilized
Lewis acids. This becomes apparent through the comparison of silyl cations 34-37 with BCF. The
relative ordering of BCF in both the 8'°F and ¢ scales is different. Further investigations with other
non-stabilized Lewis acids have to be performed. Initial experiments with non-stabilized silyl Lewis
acids were done by A. Merk. She prepared the FBN adducts of the trismesitylsilylium ion 1 and the
triethylsilylium ion.’%! These examples fit nicely into the experimental scales. Including other donor
stabilized silyl cations such as halonium ions 103/104, selenyl- and telluryl-stabilized derivatives 38,
39 and 106, investigations have revealed that the general order of the Lewis acidity of acenaphthyl-
and naphthyl-based donor-stabilized silyl cations is Br>0>I>5>Se>Te on all scales (8%°F, Ycs, FIA,

BDE(Si — N), Figure 63).

fen 1® 0 L 1@ . 1® ., ® 0 L e .' 1®
Me,Si—Br Me,Si—OPh Me,Si—I Me,Si—SPh Me,Si—SePh Me,Si—TePh
103/104 34a/36a 105 35a/37a 38/39 106

A

Increasing Lewis Acidity

Figure 63 — Order of donor-stabilized silyl cations by their Lewis acidity.

Moreover, it becomes apparent that both experimental scales show a larger dispersion of the data
for weak Lewis acids and a smaller separation for stronger Lewis acids. As a consequence, for strong
Lewis acids, a certain degree of uncertainty has to be taken to account. Furthermore, acenaphthyl-
based silyl Lewis acids are always stronger compared to their naphthyl-based analogs in accordance
with the generally weaker Si/D interaction in acenaphthene derivatives.®® Small irregularities
between the FIA and the experimental scales can be rationalized considering the calculated
structures of the molecules. In the thionyl-stabilized silyl cation 35a, the bay angle is Z3 = 353°, in
the corresponding nitrilium ion 95a it is X = 362° and in silyl fluoride 102a, it is 3 = 378 (3 = 368°
in unstrained acenaphthene). The trend shows, that the Si/D interaction in silyl cation 35a and
nitrilium ion 95a is rather attractive while in silyl fluoride 102a it becomes repulsive. The
intramolecular interactions influence the calculated FIA values, resulting in a relatively high
uncertainty. The order of Lewis acidity in the intramolecularly stabilized silyl cations was confirmed

experimentally by A. Merk using the hydride transfer reaction of selenide 66 with bromonium borate
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103[B(CsFs)4] to give the less Lewis acidic selenyl-stabilized silyl borate 38[B(CsFs)4] and the bromo-
substituted silane 107. A similar reaction of bromonium borate 104[B(CsFs).] with the thiophenyl-

substituted silane 43a shows the same result (Scheme 66).3> 100

roen @
. & S ve
A ce R ol

Me,Si—Br Me,Si. ChPh Mesi, ~Br

®

Me,Si—ChPh
[B(C4Fs)al © H [B(CeFs)al ©
103 (ace) 43a (Ch =S) 107 (ace) 35a (Ch =5)
104 (naph) 66 (Ch = Se) 108 (naph) 38 (Ch = Se)

Scheme 66 — Hydride transfer reaction of bromonium borates 103[B(CsFs)4] and 104[B(CsFs)4] with silanes 43a and 66.[35
100]

In conclusion, FBN is a valuable NMR probe to assess the inherent Lewis acidity of intramolecularly
donor-stabilized acenaphthyl and naphthyl silyl cations 34-37. This method enables the
discrimination between the Lewis acidity of donor-stabilized silyl cations 34-37 even when the donor
ability does not vary significantly. The FBN method is a useful tool for the design and fine-tuning of

silyl Lewis acids.
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3.8.2 Reaction of Nitrilium lons with a Si — H Source

R. Panisch showed in the studies on hydrogen-bridged silyl Lewis acids that the reaction of naphthyl-
based silyl cation 3 with pivalonitrile did not give the corresponding nitrilium ion 109 but iminium ion
5 was formed (Scheme 67).[2°Y Considering the reaction of silyl Lewis acids with nitriles,'® one can
assume that pivalonitrile attacks the electron deficient silicon center to form nitrilium ion 109 as an

intermediate and then an intramolecular hydrosilylation reaction takes place to form the final

> Me,Si iMe,
Me,Si, _SiMe,
H

product, iminium ion 5.

ANV
N®
H)\t-Bu
3 5

L &0

t-Bu—CEN—§i SiMe,
Me’ MeH

109

Scheme 67 — Reaction of naphthyl substituted hydrogen-bridged silyl cation 3 with pivalonitrile to give iminium ion 5.

The results of R. Panisch were reproduced with the synthesis of iminium borates 110[B(C¢Fs)4] and
111[B(CsFs)4] by the reaction of the corresponding silyl borates 112[B(CsFs)s] and 113[B(CeFs)4] with
4-fluorobenzonitrile (FBN) (Scheme 68). To synthesize the silylgermyliminium borate 111[B(CsFs)4], a
Schlenk tube was charged with the corresponding silane 115 and a solution of trityl borate and FBN
in 0.7 mL dichloromethane-d; was added at room temperature. The mixture was stirred for 5 min
and transferred to an NMR tube for analysis. To generate bissilyliminium borate 110[B(CeFs)a], the
corresponding bis-dimethylsilyl borate 112[B(CsFs)4] was prepared in benzene, purified by washing
the unpolar phase, dried under high-vacuum and dissolved in chlorobenzene-ds. The formation of
silyl borate 112[B(CeFs)4] was confirmed using NMR spectroscopy (8%°Si = 60.4).1872 The NMR sample
containing silyl borate 112[B(C¢Fs)4] was transferred to a Schlenk tube charged with FBN. The mixture
was stirred for 45 min and subsequently analysed via NMR spectroscopy. To compare, iminium ions
110 and 111 with Panisch’s tert-butyl-substituted naphthyl iminium ion 5, the NMR data are listed in
Table 24.
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Scheme 68 — Formation of iminium borates 110[B(C¢Fs)4] and 111[B(CsFs)4] via a reaction sequence including the Corey
reaction of silanes 114 and 115 with trityl borate and subsequent reaction with FBN (110, 112, 114: ace, ER; = SiMe;; 111,
113, 115: naph, ER; = Ge(n-Bu)y).

For instance, iminium ions 110 and 111 exhibit 2°Si NMR chemical shifts in the region of 3*°Si = 11.8-
23.3. Hereby, two #°Si NMR chemical shifts are detected for each compound, respectively. The reason
is a syn/anti relation of the aryl substituent at the imine moiety relative to the silyl group for iminium

ion 110 and the formation of cis/trans-isomers of iminium ion 111 (Figure 64).

o

Me,Si ,SiMe, Me,Si,  ,Ge(n-Bu), + Me,Si ,Ge(n-Bu),
¥ i ;
Ar” "H Ar/l\H H’LﬁAr
110 cis/trans-111

Figure 64 — Syn/anti relation of the aryl substituent relative to the silyl groups in 110 and cis/trans-isomers of 111 (Ar = p-
CgHyF).

For germylsilyliminium ion 111, one isomer is in excess with a ratio of 80:20. The 2°Si NMR resonances
show a correlation to hydrogen atoms which are distinctively low-field shifted with 6'H = 9.12-9.53.
These *H NMR resonances show a correlation to 3C NMR signals in the region of 6'3C = 185.7-187.4
which is expected for the N=C group in iminium ions (for comparison: 5 3*3C = 206.5,1°" [Me,CNMe;]*
83C = 189.5 or [HNCMe,]* 813C = 201.6).1292 Additionally, the *H/**N HMBC NMR spectrum of
iminium borate 110[B(CsFs)4] reveals the correlation of the nitrogen atom with a >N NMR chemical
shift of 3*°N = 229.5 to the *H NMR resonance at 8'H = 9.12 (1 H), as well as to the two singlet signals
at 8'H = 0.48 and 0.63 (6 H, respectively) which were assigned to the SiMe, groups. These NMR data

strongly indicate the formation of iminium ions 110 and 111.
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Table 24 — Selected NMR data of iminium ions 5, 110 and 111.

Compound 62°Si 6'H (NCH) 6N 613C (NC)
11.3
a) ’ [101] _ [101]
5 24106 8.32 206.5
1109 15.7,23.3 9.12 229.5 187.4
111 11.8,19.7* 9.32,9.53* - 185.7%*, 186.5

a) In C¢Dsg, b) in CD,Cly, c) in CgDsCl, * main compound.

Inspired by the reaction of hydrogen-bridged silyl cations with nitriles, the reaction of phenoxy- and
thiophenyl-stabilized nitrilium borates 94[B(CsFs)s] and 95a[B(CsFs)s] with an external Si — H source
to give the corresponding iminium borates 116[B(CsFs)4] and 117[B(CsFs)4] was investigated, whereby

triethylsilane was chosen as an external Si — H source (Scheme 69).

o n.®
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Scheme 69 — Formation of nitrilium ions 94 and 95a and the reaction with triethylsilane to give iminium ions 116 and 117.

The reactions were carried out in benzene-ds at room temperature. The formation of nitrilium ions
94 and 95a was confirmed via NMR spectroscopy, respectively, before triethylsilane was added. Both
reactions, of phenoxy- and thiophenyl-stabilized nitrilium borates 94[B(CesFs)s] and 95a[B(CsFs)4],
resulted in relative complex reaction mixtures. The 2°Si NMR spectrum of the reaction mixture of
thiophenyl-stabilized derivative 117 shows seven signals (8%°Si = -8.1, 12.4, 13.5, 34.0, 40.6, 41.0,
65.8), whereby none was assigned to nitrilium ion 95a (52°Si = 29.5). The 2°Si NMR signals at §2°Si = -
8.1,12.4,13.5 and 41.0 result from compounds which are in a relative low concentration compared
to the main signal and seem to be side products of the reaction (integrals are 0.2-0.3 when main
signal is set to an integral of 1). The main 2°Si NMR resonance is at 2°Si = 65.8 and was assigned to
the corresponding silyl cation 35a. The two remaining signals at 8*°Si = 34.0 and 40.6 show a
correlation in the H/?Si HMBC spectrum to the *H NMR resonance at 8'H = 8.71 (Figure 65). This *H
NMR signal is in the same region compared to the signals which were assigned the NCH group of

iminium ions 110 and 111 (8'H = 8.32-9.53, see above). In the *H/**C HMQC spectrum, the *H NMR
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resonance at 8'H = 8.71 shows a correlation to a *3C NMR resonance at 8*3C = 191.3 which is in the

expected region for the N = C group of iminium ions (see above).
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Figure 65 — 1H/2°Si HMBC NMR spectrum (500 MHz, 305 K, C¢D¢) of the reaction mixture of thiophenyl stabilized nitrilium
borate 95a[B(CsFs)4] with triethylsilane.

The 'H NMR signal at 8'H = 8.71 shows as well a correlation in the *H/*®N HMBC spectrum to the °N
NMR chemical shift at 8*°N = 230.2 (Figure 66). This >N NMR chemical shift is similar to that of the
bis-dimethylsilyliminium ion 110 (8N = 229.5). The >N NMR resonance at 6°N = 230.2 shows
correlations to the same signals in the high-field region of the H NMR spectrum as the #°Si NMR
signal at 8*Si = 34.0 (6'H = 0.44-0.50 and 0.57-0.66). The differentiation between the dimethylsilyl
and the triethylsilyl group cannot be made due to the overlap of the signals. Nevertheless, the NMR
chemical shifts and their correlations strongly indicate the formation of the target compound,

iminium ion 117.
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Figure 66 — 1H/1>N HMBC NMR spectrum (500 MHz, 305 K, C¢D¢) of the reaction mixture of thiophenyl stabilized
silylnitrilium borate 95a[B(CsFs)4] with triethylsilane.

In the reaction mixture of phenoxy-stabilized derivative 116 four silicon species with two silicon
centers, respectively, were detected. The main species shows the same correlations with similar NMR
resonances compared to thiophenyl-stabilized derivative 117. Selected NMR data are summarized in
Table 25. In the 2°Si NMR spectrum of the reaction mixture of phenoxy-stabilized derivative 116, the
main signals are at §%°Si = 17.9 and 40.0, whereby the first signal is similar to the 2°Si NMR resonance
of nitrilium ion 94 (8*Si = 16.3). The signal at °°Si = 17.9 correlates in the *H/*Si HMBC spectrum to
a singlet signal at 5'H = 0.57, which was assigned to the SiMe; group. The second **Si NMR resonance
at 8%°Si = 40.0 correlates to two multiplets which were assigned to the SiEt; group (Figure 67). The 'H
NMR resonance which was assigned to the NCH group is at 5'H = 8.98 and the >N NMR resonance of
silyliminium ion 116 is at 8"°N = 233.7, and is in the same region compared to thiophenyl-stabilized
derivative 117 (Table 25). Unlike the thiophenyl-stabilized derivative 117, the corresponding silyl
cation 34a was not observed in the reaction mixture of phenoxy-stabilized silyliminium ion 116.
However, in addition to the main species 116, three other silicon species with two different silicon
centers, respectively, which correlate to a *H NMR resonance in the region of 6'H = 8.5-9.0 were

detected (8%°Si = 17.5 and 27.3, 27.7 and 34.0, 32.0 and 40.6, Figure 67).
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Figure 67 — 1H/2°Si HMBC NMR spectrum (500 MHz, 305 K, C¢De¢) of the reaction mixture of phenoxy stabilized nitrilium

borate 94[B(C¢Fs)4] with triethylsilane.

An identification of the side products was not possible due to the complexity of the mixture.
Furthermore, the decomposition of the products was fast and therefore the *3C NMR spectrum could

not be included in the discussion.

Table 25 — Selected NMR data of iminium ions 110, 111, 116 and 117.

Compound 5%°Si 6'H (NCH) 6N 63C (NC)
1179 34.0,40.5 8.71 230.2 191.2
116? 17.9, 40.0 8.98 233.7 -
111 11.8,19.7* 932, - 185.7%,

9.53* 186.5
1109 15.7,23.3 9.12 229.5 187.4

a) In C¢Dg, b) in CD,Cls, c) in CgDsCl, *main compound.

In conclusion, iminium borates 110[B(CsFs)s], 111[B(CsFs)s], 116[B(CcFs)s] and 117[B(CeFs)s] were
obtained in relative complex reaction mixtures. Nevertheless, their identification was achieved using
2D NMR spectroscopy. Characteristic for iminium ions 110, 111, 116 and 117 is the correlation in the
1H/2°Si HMBC NMR spectrum of the 2°Si NMR resonances of the SiMe; and SiEts groups to the imine

hydrogen atom as well as the correlation in the >N HMBC NMR spectrum of the >N NMR resonance
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(8N = 230-234) to the alkyl moieties attached to the silicon atoms. Even though, a complete
structural elucidation was not possible to date, these experiments show, that nitrilium ions 94 and
95a indeed react with an external Si — H source to give the corresponding iminium ions 116 and 117.
However, side products or products of following reactions were not identified. The reformation of
silylsulfonium ion 35a together with the complete consumption of triethylsilane and FBN gives rise
to the question whether silylchalconium ions 34-35 can act as catalysts in hydrosilylation reactions

of nitriles. This hypothesis is discussed in the following chapter.
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3.8.3 Catalytic Activity of Silylchalconium Borates

3.8.3.1 Hydrosilylation Reaction of Nitriles

The hydrosilylation reaction of unsaturated substrates such as ketones, alkenes, imines or nitriles is
an effective method for the preparation of organosilicon compounds not only in the academic
laboratory but also in industry.®® Furthermore, ketones and imines can be easily transformed to the
corresponding alcohols and amines.[*%! Silylated imines, products of the hydrosilylation reaction of
nitriles, are particularly important compounds/intermediates for medicinal chemistry.% >3
However, the hydrosilylation reaction of nitriles to obtain the corresponding imines is synthetically
more challenging than the hydrosilylation reaction of imines to obtain the corresponding amines,
because the formation of the latter is kinetically favored and overreduction of nitriles to the
corresponding amines is likely.!%

In Chapter 3.8.2, the formation of iminium ions 116 and 117 via the hydrosilylation reaction of

nitrilium ions 94 and 95a was discussed (Scheme 70).

) 1@ ) 19
OO Et,Si—H Et3Si OO

Ar-C=N-Si—ChPh > H-cN=si—Chph

Me Me o I‘-\rMé Me
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94 (Ch=0) 116 (Ch = 0)
95a (Ch = 9) 117 (Ch =)

Scheme 70 — Reaction of nitrilium ions 94 and 95a with triethylsilane to give iminium ions 116 and 117 (Ar = p-C¢H4F).

For the thiophenyl-stabilized derivative 117, the reformation of the corresponding silyl cation 35a
was observed at room temperature in benzene after several days. At the same time, complete
consumption of 4-fluorobenzonitrile (FBN) and triethylsilane was observed. On that basis, it can be
hypothesized, that decomposition of iminium ion 117 into the corresponding silyl cation 35a and a
hydrosilylation product occurs. In stoichiometric reactions, the formation of one specific
hydrosilylation product was not be observed to date, since side reactions and decomposition take
place and the resulting reaction mixtures are too complex to make clear statements regarding the
formed products. Therefore, the question arises, what happens if the substrates are present in excess

in the reaction mixture? One can assume, that the regenerated silyl cation 35a would react with
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another nitrile to give nitrilium ion 95a, which then reacts again with another silane to form iminium
ion 117. In this way the equilibrium product, silyl cation 35a, would be removed from the equilibrium
and the equilibrium educt, iminium ion 117, is formed. In this manner, a catalytic cycle would be

generated (Scheme 71).
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Scheme 71 — Proposed mechanism for the catalytic hydrosilylation reaction of nitriles catalyzed by silyl cation 35a.

To investigate this assumption, the catalytic activity of silyl cations 34a and 35a in the hydrosilylation
reaction of nitriles was tested. Therefore, 4-fluorobenzonitrile (FBN) and triethylsilane were chosen
as substrates (Scheme 72). FBN provides the possibility to monitor the reaction via F NMR

spectroscopy.
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Scheme 72 — Hydrosilylation reaction of FBN with triethylsilane and 5 mol% of silyl borate 34a[B(CsFs)4] and 35a[B(CsFs)a]
as catalyst.

To begin, thiophenyl-stabilized silyl borate 35a[B(CsFs)s] was used as a catalyst. A Schlenk tube was
charged with 0.06 equiv. of silane 43a and 0.05 equiv. of trityl borate [Ph3C][B(CsFs).]. Silane 43a was
used in excess to ensure complete consumption of trityl borate, since it could act as pre-catalyst (vide

136



Results and Discussion

infra). Benzene was added, the mixture was stirred for five minutes and silyl borate 35a[B(CsFs)4] was
separated from the by-product, triphenylmethane, by washing the unpolar phase with benzene.
After removal of the solvent under high-vacuum, 0.8 mL dichloromethane was added and the
formation of silyl borate 35a[B(CsFs)s] was confirmed via NMR spectroscopy. Then, a Schlenk tube
was charged with 1 equiv. FBN and the NMR sample containing silyl borate 35a[B(CsFs)4] was added
and the mixture was stirred for five minutes. Subsequently, the mixture was cooled with an ice bath
and 2 equiv. triethylsilane was added. After stirring for 45 minutes, the reaction mixture was
transferred to an NMR tube for analysis. The *H NMR spectrum of the reaction mixture is shown in
Figure 68 and reveals the signal at 8'H = 9.07 with an integral of 1 H atom, which is characteristic for
the NCH group of imines (cf. 8'H = 8.18-9.42).5% 104 The aryl hydrogen atoms of the CsHsF moiety
can be observed in the low field region which shows two multiplets with an integral of 2 H atoms,
respectively. The aliphatic region shows one multiplet with an integral of 6 H atoms which was
assigned to the CH; group of the SiEts moiety and another multiplet assigned to the corresponding
CHs group. The latter multiplet has a too high integral for imine 118 (13 H instead of 9 H) probably
due to overlap with residual catalyst or side products. The formation of side products can also be
observed in the °F NMR spectrum (Figure 69, a)). The main signal exhibits a 1°>F NMR chemical shift
of 8%%F = -109.4, which is high field shifted compared to FBN (8*°F = -103.0). With the main signal set
to an integral of 1, the four side products exhibit integrals of 0.06-0.16 and the °F NMR resonances
are at 8°F=-117.0,-113.6, -106.4 and -100.6. The °F NMR chemical shift of FBN cannot be observed,
hence, FBN was completely consumed. More importantly, the *H/?Si HMBC NMR spectrum reveals
cross peaks of a 2°Si NMR signal at 52°Si = 8.1 with the multiplet assigned to the CH, groups of the silyl
moiety and the signal for the NCH moiety at 'H = 9.02. The 2°Si NMR resonance (62°Si = 8.1) is similar
to other reported silylated imines (cf. §2°Si = 7.7-9.3).55% 1043l A 15N NMR resonance at 6*°N = 344.8
shows a correlation to the same signals in the *H/*>N HMBC NMR spectrum as the 2°Si NMR resonance
(8%°Si = 8.1) in the *H/*Si HMBC NMR spectrum. All these NMR data strongly indicate the formation

of hydrosilylation product 118.
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Figure 68 — H NMR spectrum (500 MHz, 305 K, CH,Cl,, without lock and shim, * CH,Cl,: 81H = 5.32, # Et3SiH) of the
reaction mixture of the hydrosilylation of FBN with Et3SiH using thiophenyl-stabilized silyl borate 35a[B(CsFs)4] as catalyst.

Encouraged by this result, the reaction was repeated with silylsulfonium and silyloxonium borate
34a[B(CqFs)s] and 35a[B(CsFs)4] as catalysts. In these experiments, the catalyst was prepared in situ,
without any purification. All attempts resulted in complex reaction mixtures in which the main
compounds identified were the substrates, FBN and EtsSiH, and small amounts of the hydrosilylation
product 118 together with several unidentified products, as illustrated by the F NMR spectrum of
one reaction mixture derived from using silylsulfonium borate 35a[B(CsFs)4] as a catalyst (Figure 69,
c)). In the experiments using silyloxonium borate 34a[B(CsFs)s] as a catalyst not even traces of the
product 118 were observed. Furthermore, a clear statement about what happened to the catalyst
cannot be made, since only 5 mol% was used and the concentration was too low to be detected by

NMR spectroscopy.
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Figure 69 — 19F NMR spectra (470 MHz, 300 K, CH,Cl,) of a) the reaction mixture of the first hydrosilylation experiment,

catalyst 35a[B(CsFs)4] prepared and purified prior to use; and b) the reaction mixture of a hydrosilylation experiment in
which the catalyst 35a[B(CsFs)4] was generated in situ (# unidentified side products, * [B(CsFs)4]’).

The assumption arises, that not silylsulfonium borate 35a[B(CsFs)s] was the catalyst in the first
experiment in which hydrosilylation product 118 was obtained almost quantitatively. A known
competition reaction using strong Lewis acids as catalysts is the catalysis via hidden protons.!*%°!
Therefore, the experiment was repeated using silylsulfonium borate 35a[B(CsFs)a] as a catalyst,
whereby the catalyst mixture was directly prepared in CH,Cl,. The formation of silylsulfonium borate
35a[B(CsFs)4] was confirmed via NMR spectroscopy and the catalyst was stored for a week. After one
week of storage, the F NMR spectrum of silylsulfonium borate 35a[B(CsFs)s] reveals the
decomposition of the borate [B(CsFs)a] (similar to that observed in the experiments on the synthesis
of hydridosilyloxonium ion 34d, see Chapter 3.4), indicating the formation of protons in the reaction
mixture.®® Using this mixture in the hydrosilylation reaction of FBN and EtsSiH led to complete
conversion of FBN and formation of hydrosilylation product 118. In consequence, it is presumed that
the catalysis took place via protons which might result from the decomposition of silyl borate
35a[B(CsFs)s]. Therefore, 2,6-di-tert-butyl-4-methylpyridine (DTBMP) was added as proton sponge to
the following test reactions. The results are summarized in Table 26. The reaction of FBN and Et5SiH

was repeated in chlorobenzene to enable heating of the reaction mixture. The catalyst, 34a[B(CsFs)a]
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or 35a[B(CsFs)s], was prepared in situ, in the presence of DTBMP. First FBN and then EtsSiH were
added at r.t. and the mixture was heated to 80 °C for 3-6 h; however, no conversion was observed
(Table 26, Entry 3, 4). A substrate which is used extensively in the literature for hydrosilylation
reactions is benzonitrile. Therefore, the hydrosilylation reaction of benzonitrile with silylsulfonium
borate 35a[B(CsFs)4] as a catalyst was tested as well. However, no reaction was observed with either
triethylsilane or with the more reactive phenyldimethylsilane.l*%*3! Not even heating to 80 °C for 4 h

lead to an observable reaction (Table 26, Entry 5, 6).

Table 26 — Summary of attempts for the hydrosilylation reaction of nitriles using silyl chalconium borates 34a[B(CgFs)4]
and 35a[B(CesFs)4] as catalyst.

5 mol%
342,35a[B(CsFs)s] R W
:N=—R! + R%Si—H > J\'
H™ " R!

Entry | Catalyst T t [h] | solvent | additives R! R? :::rl\\: Conversion
1 35a r.t. 16 CH,Cl, - CeH4F Et 2.5 traces
2 34a r.t. 3 CsHe - CeHaF Et 1 0
3 35a 80 °C 6 CeHsCl DTBMP | CgH4F Et 2 0
4 34a 80 °C 3 CeHsCl DTBMP | CgH4F Et 2 0
5 35a 80°C 5 CeHsCl DTBMP Ph Et 2 0
6 35a 80 °C 4 CeHsCl DTBMP Ph PhMe; 2 0

Seeing that the catalytic hydrosilylation of aryl-substituted nitriles did not work, alkyl-substituted
nitriles were tested. Initially, pivalonitrile was used because of its relatively high boiling point (bp =
105 °C) and because it is easy to monitor using *H NMR spectroscopy. For the hydrosilylation reaction
of pivalonitrile with triethylsilane, silylsulfonium borate 35a[B(CsFs)s] was freshly prepared in
chlorobenzene with 10 mol% DTBMP as an additive (Scheme 73). First 1.0 equiv. pivalonitrile and
subsequently 1.5 equiv. triethylsilane were added at r.t. to thiophenyl-stabilized silyl borate
35a[B(CsFs)s]. The mixture was stirred for one hour, then transferred to an NMR tube charged with a

D,0 capillary for the lock signal and then analysed via NMR spectroscopy.
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Scheme 73 — Hydrosilylation reaction of pivalonitrile with triethylsilane and silyl borate 35a[B(CsFs)4] as catalyst.

The *H NMR spectrum of the reaction mixture is shown in Figure 70. At 6'H = 8.42, a resonance typical
for the NCH group of imines (8'H = 8.18-9.42)0% 104 \y a5 detected. In the aliphatic region, a singlet
signal for 9 hydrogen atoms was found at 8'H = 1.03 and was assigned to the tert-butyl group. The
'H NMR chemical shift is high-field shifted compared to pivalonitrile (5'H = 1.13). Furthermore, a
quartet at 3*H = 0.65 (6 H) was observed and assigned to the CH; groups and the multiplet at 8'H =
0.92-1.02 was assigned to the CHs groups of the ethyl moieties. The latter signal has a higher integral
than expected for imine 119 due to overlap with a side product (14 H instead of 9 H, vide infra). The
IH/N HMBC NMR spectrum reveals correlations of the signal at >N = 331.2 to the H NMR
resonances assigned to the NCH group and the CH; group of the SiEts moiety (cf. EtsSiNC(CeHsF): 5°N
= 344.8, see above).
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Figure 70 — 1H NMR spectrum (500 MHz, 305 K, CgH4Cl,, D20 capillary for the lock signal) of the hydrosilylation reaction of
pivalonitrile with triethylsilane and 5 mol% of silyl borate 35a[B(C¢Fs)4] as catalyst (*DHO, #DTBMP, °CgH4Cl5, +side
product, vide infra).

In the H/?°Si HMBC NMR spectrum of the reaction mixture, two silicon species were observed (Figure
71). Imine 119 exhibits a 2°Si NMR chemical shift of §2°Si = 5.8 (cf. §*Si = 7.7-9.3)F0% 1043l 'and shows
a correlation to the signals assighed to the NCH and the SiEts group. The other 2°Si NMR resonance is
8%Si = 11.4. This signal shows three correlations in the *H/?°Si HMBC spectrum to 8'H = 0.75, 0.92-
1.02, 2.81. Consequently, the multiplet for the CH; groups (8*H = 0.92-1.02) overlaps with the second
species, what explains the higher than expected integral of this signal. Integration of the singlet signal
at 8'H = 2.81 and the smaller multiplet at 8'H = 0.75 (Figure 72) reveals, that this signal might be
assignable to amine 120 which is the product of a double hydrosilylation reaction of pivalonitrile (cf.
(Et3Si)2NCH,Bu: 8*H = 1.17 (NCHy), §2°Si = 10.4 in C¢DsBr).°%! This is possible, since triethylsilane was

used in excess (1.5 equiv.).
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Figure 71 — *H/2°Si HMBC NMR spectrum (500 MHz, 305 K, CsH4Cl,) of the hydrosilylation reaction of pivalonitrile with
triethylsilane and 5 mol% of silyl borate 35a[B(CsFs)4] as catalyst.
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Figure 72 — Aliphatic region of the 1H NMR spectrum (500 MHz, 305 K, CsH4Cl,, DO capillary for the lock signal) of the
hydrosilylation reaction of pivalonitrile with EtsSiH and 5 mol% of silyl borate 35a[B(CsFs)4] as catalyst (#DTBMP).
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Based on this result, a preliminary screening of the hydrosilylation reaction of alkyl nitriles using
silylchalconium borates 34a[B(CsFs)4] and 35a[B(CsFs)4] as catalysts was performed. The results of this
screening are summarized in Table 27. First, the reaction of pivalonitrile was repeated using 2 equiv.
triethylsilane (Entry 2). After stirring for 120 min at r.t., the mixture was transferred to an NMR tube
equipped with a D0 capillary. The 'H NMR spectrum shows two products, imine 119 and amine 120,
in a ratio of 83:17. This is the same ratio which was observed in the first attempt (Table 27, Entry 1).
The second hydrosilylation reaction seems to be slow at r.t. and therefore, the NMR tube was heated
to 80 °C for 160 min and analyzed again. The ratio of imine 119/amine 120 was now found to be
54:46 (Entry 3). After further heating to 80 °C for 490 min the ratio of imine 119/amine 120 is 34:66
(Entry 4). To push the equilibrium in favor of the amine 120, the NMR sample was transferred to a
Schlenk tube and an additional equiv. triethylsilane was added. After heating the mixture for a further
340 min, complete conversion to amine 120 was achieved (Entry 5).

To ensure the reaction is indeed catalyzed by silylsulfonium borate 35a[B(CeFs)s], an equimolar
mixture of the substrates, pivalonitrile and triethylsilane, in 0.5 mL chlorobenzene was stirred for 195
min at 80 °C. No conversion was observed (Entry 6). Then 5 mol% trityl borate [PhsC][B(CsFs)4] was
added as pre-catalyst for the formation of [Et3Si(Cl-benzene)]* or rather [Ets3Si-NC(t-Bu)]* (vide infra)
and the mixture was stirred at 80 °C for 160 min. This resulted in the formation of 10 % imine 119
(Entry 7). The sample was stored for 2 weeks (20160 min) at r.t. and analysed again, whereafter a
conversion of 30 % imine 120 was measured (Entry 8). Entries 7 and 8 demonstrate that the
hydrosilylation reaction is slower with [EtsSi(Cl-benzene)]* or rather [Et3Si-NC(t-Bu)]* as a catalyst in
comparison to using silylsulfonium borate 35a[B(CsFs)4] as a catalyst (Entry 1, 2). As a consequence,
it is assumed that silylsulfonium ion 35a is the actual catalyst in this reaction.

Other substrate combinations were tested. Changing the silane to dimethylphenylsilane, the
conversion of pivalonitrile to amine 120a is achieved at r.t. within 1080 min (Entry 9). Using
triphenylsilane, the reaction is slower. After preparation of the sample, it was stirred over the
weekend (3 days, 4320 min) at r.t. and the conversion achieved was only 22 % of imine 119b (Entry
10). After heating to 80 °C for 340 min, complete conversion of pivalonitrile to the corresponding
imine 119b was obtained; the formation of the corresponding amine 120b was not observed (Entry
11). This shows, that the selectivity of the reaction depends on the silane used. Other alkyl nitriles
were tested, starting with acetonitrile. Here, the reaction was heated to 60 °C only because of the
lower boiling point of acetonitrile. Surprisingly, no conversion to the corresponding hydrosilylation

products was observed, neither with triethylsilane nor with the more reactive dimethylphenylsilane
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(Entry 12, 13). The last substrate tested was cyclohexanecarbonitrile; here again, no conversion to

the corresponding hydrosilylation products was observed (Entry 14).

Table 27 — Results of the screening of the hydrosilylation reaction of nitriles using silyloxonium and silylsulfonium borates
34a[B(CsFs)4] and 35a[B(CsFs)s] as catalysts and 10 mol% DTBMP as additive/proton sponge. The yield was determined via
1H NMR spectroscopy using the methyl signal of DTBMP as internal standard (for details see Experimental Part). (119,
120: SiR?3 = SiEt3, 119a, 120a: SiR23 = SiMe,Ph, 119b, 120b: SiR2; = SiPhs).

5 mol%
34a or 35a[B(C4F;),] R%,Si . R2,Si N SiR%,
e N—_pl 2 i > .
:N=R + R 3SI H c6H5c| HJ\Rl + H)\Rl
119 120
Entry | Catalyst T t [min] R? Silane equiv. | Yield of 119 | Yield of 120
1 35a r.t. 60 t-Bu EtsSiH 1.5 83 17
2 35a r.t. 120 t-Bu EtsSiH 2 83 17
3 35a 80°C 160 t-Bu EtsSiH 2 54 46
4 35a 80°C 490 t-Bu EtsSiH 2 34 66
5 35a 80°C 340 t-Bu EtsSiH 3 0 100
6 - 80°C 195 t-Bu EtsSiH 1 0 0
7 [PhsC]* | 80°C 160 t-Bu EtsSiH 1 10 0
8 [PhsC]* r.t. 20160 t-Bu EtsSiH 1 30 0
9 35a r.t. 1080 t-Bu PhMe,SiH 2 0 95
10 35a r.t. 4320 t-Bu PhsSiH 2 22 0
11 35a 80°C 330 t-Bu PhsSiH 2 100 0
12 35a 60 °C 300 Me EtsSiH 2 0 0
13 35a 60 °C 315 Me PhMe,SiH 2 0 0
14 35a 80°C 240 CeH11 EtsSiH 2 0 0
15 34a r.t. 1020 t-Bu EtsSiH 1 traces 0
16 34a 80°C 100 t-Bu EtsSiH 1 57 0
17 34a 80°C 160 t-Bu EtsSiH 2 27 73
18 34a 80°C 490 t-Bu EtsSiH 2 2 98
19 34a r.t. 1440 t-Bu PhMe,SiH 2 20 0
20 34a 80°C 260 t-Bu PhMe,SiH 2 0 100

Phenoxy-stabilized silyl cation 34a appears to be less reactive in the hydrosilylation reaction of
pivalonitrile. At room temperature, only traces of the hydrosilylation product 119 were observed
(Table 27, Entry 15). Heating to 80 °C for 100 min leads to the formation of 57 % of the corresponding
imine 119 (Entry 16). The conversion of pivalonitrile using 2 equiv. of triethylsilane leads to an imine
119/amine 120 ratio of 27:73 after heating to 80 °C for 160 min (Entry 17). Nearly complete
conversion to amine 120 was achieved after approximately 8 h at 80 °C (Entry 18). Using the more

reactive dimethylphenylsilane, a conversion of 20 % to imine 119a was achieved at r.t. after 24 h
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(1440 min, Entry 19). This reaction mixture was then heated to 80 °C for 260 min, whereby complete
conversion to amine 120 was obtained (Entry 20).

In conclusion, silyl borates 34a[B(CeFs)a] and 35a[B(CsFs)s] show catalytic activity in the
hydrosilylation reaction of pivalonitrile. Other substrates, such as 4-fluorobenzonitrile, benzonitrile,
cyclohexylnitrile and acetonitrile do not undergo the hydrosilylation reaction with silyl borates
34a[B(CsFs)s] and 35a[B(CeFs)a] as catalysts. This is a rather surprising result, since other Lewis acids
show a good catalytic activity with all these substrates.!>®® 1% Entries 1 and 15 (Table 27) reveal that
the phenoxy-stabilized silyl borate 34a[B(CesFs)s] shows a lower reactivity in the hydrosilylation
reaction of pivalonitrile in comparison to the thiophenyl-stabilized derivative 35a despite its higher
Lewis acidity (Chapter 3.8.1). However, the second hydrosilylation reaction to amine 120 seems to
be more efficient with silyloxonium borate 34a[B(CsFs)s] compared to silylsulfonium borate
35a[B(CeFs)s] as a catalyst. This is apparent via comparison of Entries 4 and 18 (Table 27). In these
attempts, 2 equiv. EtsSiH were used and the mixture was stirred at 80 °C for approximately 8 h. With
silylsulfonium borate 35a[B(C¢Fs)s] an imine 119/amine 120 ratio of 34:66 was obtained whereas
silyloxonium borate 34a[B(CsFs)4] leads to a ratio of 2:98. Despite the limited scope of silylchalconium
borates 34a[B(CsFs)s] and 35a[B(CsFs)s] regarding nitriles, the selectivity obtained using different
silanes reveals the order expected: dimethylphenylsilane is more reactive than triethylsilane which
is more reactive than triphenylsilane.

Due to the limited scope of substrates regarding the catalytic activity in the hydrosilylation reaction
of nitriles of silylchalconium borates, 34a[B(CsFs)s] and 35a[B(CsFs)s], DFT calculations were
performed to gain further insights to the mechanism and the limiting factor of this reaction. The

results are discussed in the following chapter.

3.8.3.2 DFT Studies on the Mechanism of the Hydrosilylation Reaction of Nitriles

As shown in Chapter 3.8.3.1, silylchalconium borates 34a[B(CsFs)s] and 35a[B(CsFs)s] exhibit an
unexpected limited scope in the catalytic hydrosilylation reactions of nitriles. Therefore, an
investigation of the mechanism was performed to get insights into the limiting factors of this
reaction. In this section, three possible pathways of the hydrosilylation reaction of nitriles using
silylchalconium ions 34a and 35a as a catalyst will be discussed.

The mechanism of the hydrosilylation reaction of ketones with tris(pentafluorophenyl)borane (BCF)

as Lewis acidic catalyst has been elucidated experimentally by the groups of Piers and Oestreich.[4%
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1071 They suggest a three-step mechanism, which seems counterintuitive (Scheme 74). In the first
step, BCF does not form a Lewis acid/base adduct with the ketone, instead it activates the Si—H bond
by formation of a Si — H — B two-electron three-center bond. Piers and Tuononen were able to verify
the existence of this kind of species via the synthesis and X-ray analysis of borane-silane complex
121.1%%%1 |n the subsequent step of the mechanism, a silyl transfer from the borane-silane complex to
the carbonyl oxygen of the substrate takes place. Here, Oestreich and co-workers have shown, that
this occurs in a Sx2-Si mechanism by using chiral silanes as probes.!*%! The final step is the hydride
transfer from the borate to the carbonyl carbon atom and liberation of the catalyst, BCF, and the
product. This last step was investigated by Piers and co-workers. They found, that using mass-labeled
silanes, no crossover reaction takes place, which indicates that the ion pair is not separated and the

hydride transfer is fast.[%”!

Piers, Tuononen
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Et,Si R
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Scheme 74 — Mechanism of the hydrosilylation reaction of carbonyl substrates using BCF as catalyst and its experimental
elucidations.[40a, 107-108]

This mechanism is transferable to silylchalconium ions 34a and 35a as shown in Scheme 75 and was,

therefore, initially considered in the present DFT studies.
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Scheme 75 — Possible mechanism for the hydrosilylation reaction of nitriles using silyl chalconium ions as a catalyst (D =
OPh (34a), SPh (35a)).

All calculations were performed at the M06-2X/Def2-TZVP level of theory and included the solvent
chlorobenzene using the SCRF model. Furthermore, the calculated free Gibbs energies were
corrected with a factor obtained via the freqchk utility program by applying the solvent pressure (p
= 24.419 MPa for chlorobenzene). The resulting free Gibbs energies for the Si — H activation
mechanism are illustrated in Figure 73. The overall reaction is exothermic by 46 kimol? for both
silyloxonium and silylsulfonium ion 34a and 35a. However, the first step, the formation of the Si— H
— Si adduct 122 is endothermic by 24 kimol? for silylsulfonium ion 35a and by 21 kJmol? for
silyloxonium ion 34a. The subsequent transfer of the triethylsilyl group to the nitrile is again
exothermic (AG = -26 kimol™ for 35a; AG = -57 kJmol™ for 34a). The final step, the hydride transfers
from silanes 42a and 43a to silylated nitrile 123 with the formation of product 119 and regeneration
of catalyst 34a or 35a is also an exothermic reaction (AG = -43 klmol? for 35a; AG = -9 kJmol* for
35a). Consequently, the formation of the Si — H— Si complex 122 is, according to the calculations, the

rate-limiting step in this reaction.
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Figure 73 — Calculated relative free Gibbs energies of the hydrosilylation of nitriles with silyl chalconium ions 34a and 35a
as catalyst: Si — H — Si route (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene), p = 24.419 MPa).

An alternative pathway for the Si— H activation was also considered (Scheme 76). After activation of
the Si — H bond by the formation of the Si — H — Si bridge in 122, the heterolytic cleavage of the Si —
H bond of triethylsilane is the next step as shown in Scheme 76. The triethylsilyl group is transferred
to the donor substituent and silyl chalconium ion 124 is formed. In the reaction sequence for the
hydrosilylation reaction of nitriles, the triethylsilyl group is then transferred from the donor
substituent to the nitrile and the last step, the hydride transfers from silane 42a or 43a to silylated

nitrilium ion 123, is the same as in the previously discussed route.

O N=—R Mezsl Me,Si—D
, _>
423, 432 34a, 35a
Me,Si D '
Et35| 2 | + +
SiEt :
122 3 ® Et3S|N_ H
124 Et,Si—-N=—R

123 119R

Scheme 76 — Reaction of species 122 to form silylchalconium ion 124 and subsequent sequence of hydrosilylation of a
nitrile.

149



Results and Discussion

The calculated free Gibbs energies of the second reaction pathway are illustrated in Figure 74. The
first step, namely the Si — H — Si adduct 122 formation, remains the same as shown in the first
mechanism. The subsequent heterolytic cleavage of the Et3Si — H bond is endothermic for both silyl
chalconium ions 34a and 35a (AG = +17 klmol™ for 35a; AG = +15 kimol™? for 34a). The silyl transfer
from the chalcogen atom of 124 to pivalonitrile is exothermic (AG = -44 kimol™ for 124-S; AG = -73
kimol? for 124-0). Consequently, the heterolytic cleavage of the Si — H bond with formation of 124

would be the rate-limiting step in this reaction pathway.

Grel A . ’
O Ete.Si'H—/SI\_D
122

kimol? e OO
Si—D S D
’'N® H
34a, 35a | M 42a, 43a
:N=—t-Bu / A .
+21 I—N=——1t-Bu
EtsSi—H P .O
S O
-3 .
-37
D = SPh to119
D = OPh .,
- 46

Figure 74 — Calculated relative free Gibbs energies of the hydrosilylation of nitriles with silyl chalconium ions 34a and 35a
as catalyst: heterolytic cleavage of the Si — H bond (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene), p = 24.419 MPa).

At this point, one should consider that there is also triethylsilane present in the reaction mixture

which can transfer the hydride to silylnitrilium ion 123 instead of silanes 42a or 43a (Scheme 77).
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LG

MGZSI D MeZS|—D
42a, 43a 34a, 35a
® AN EtsSisy
Et,Si—-N=—t-Bu —— By
123 / \ 119
Et;Si—H "Et,Si® "

Scheme 77 — Hydride transfer of silanes 42a, 43a or triethylsilane to silylnitrilium ion 123 to form hydrosilylation product
119.

There are two reasons why triethylsilane is not believed to be the species which transfers a hydride
to the silylated substrate 123. The first reason is the result of a control reaction using a catalytic
amount of trityl borate. In this reaction, the triethylsilyl cation is formed initially which would directly
react with the nitrile to form silylated nitrilium ion 123 (Scheme 78). Then, the hydride is transferred
to nitrilium ion 123 forming the hydrosilylation product 119 and nitrilium ion 123, and thus, the
silylated nitrilium ion 123 would be considered the catalyst of this reaction. However, the
hydrosilylation reaction of pivalonitrile using trityl cation as a pre-catalyst was significantly slower

compared to the reaction using silylsulfonium borate 35a[B(CsFs).] as a catalyst (see Chapter 3.8.3.1).

— Et,SiH t-Bu
. =R @ 3 .
[PhyCI® + Et;SiH ——— Et;Si-N=—t-Bu — > ,/N=<
- Ph,CH 123 N=—t-Bu\ Etsi°

Scheme 78 — Possible mechanism of the hydrosilylation reaction of nitriles using trityl cation as pre-catalyst.

The second reason is that, based on the Lewis acidity scale using 4-fluorobenzonitrile as a probe,
triethylsilyl cation is a stronger Lewis acid compared to silyl cations 34a and 35a (see Chapter
3.8.1).3% Therefore, the formation of silyl cations 34a and 35a is preferred compared to the
formation of triethylsilylcation and the hydride transfer of silane 42a or 43a to silylnitrilium ion 123
is more likely than of triethylsilane.

Recapitulating, the Si — H activation by silylchalconium ions 34a and 35a to give the Si— H —Si adduct
122 and subsequent heterolytic cleavage of the Si — H bond to give silylchalconium ion 124 are

endothermic steps. In relation to the chalcogen atom used the calculated free Gibbs energies do not
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differ much (Si — H — Si formation: AG = +24 kJmol™ for SPh vs AG = +21 klmol™ for OPh; subsequent
Si — H cleavage: AG = +17 kimol™ for SPh vs AG = +15 kimol™ for OPh). The subsequent silyl and
hydrogen transfer reactions are exothermic reactions. Therefore, the Si — H activation is most likely
the rate-limiting step in these reaction pathways. As a consequence, according to the calculations,
silyl cations 34a and 35a should both show a similar activity in the hydrosilylation reaction of
pivalonitrile. Further calculations with benzonitrile as a substrate showed similar results compared

to the calculations discussed with pivalonitrile as a substrate. The results are shown in Table 28.

Table 28 — Calculated free Gibbs energies for the hydrosilylation reaction of benzonitrile and pivalonitrile: Si — H activation
mechanism (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene), p = 24.419 MPa).

o ee se

silyl transfer

. + N=R ——> i + Et;Si-N=—R
Et,si-H 5D G G Y123
3 Izz H  sikt,
124 42a, 43a

O @ hydride transfer OO EtsSivy
+ EtSi-N=—R - +

> N
_Si D 123 _Si—D H™ R
7 4 /7 ®
42a,43a 34a, 35a
Silyl transfer Hydride transfer
Et5Si source AG [kimol?] Hydride source AG [kimol?]
t-Bu Ph t-Bu Ph
122-S -26 -24
1245 43 41 43a 43 61
122-0 -57 -55
124-0 73 70 42a N 27

The experimental results revealed, that with both catalysts 34a and 35a, only the hydrosilylation
reaction of pivalonitrile is possible, whereas benzonitrile does not react. If the Si — H activation is the
first step in the underlying mechanism of the hydrosilylation reaction, the cations 34a and 35a should
have the same activity with both substrates, pivalonitrile and benzonitrile. Since this is not the case,
the Si—H activation pathway does not seem to be the likely underlying mechanism. Another possible
mechanism for the hydrosilylation reaction of nitriles using silylchalconium ions 34a and 35a as
catalysts starts with the formation of a Lewis acid/base adduct and a subsequent Si — H addition to
the unsaturated bond of the substrate as shown in Scheme 79.1*%7! Silylchalconium ion 34a or 35a

reacts with the nitrile to form nitrilium ion 125. Nitrilium ion 125 reacts with triethylsilane to form
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iminium ion 126 which is subsequently cleaved into product 119 regenerating silylchalconium ion

34a or 35a.

H S|Et3

O‘ R—=N
L

R 119
MeZS|—D® A/LB adduct
- N cleavage 34a, 352 formation
00° )

Et;Si
_(/N—4$j—D R—=N— S|—D
H -
Si - H addition to
the N=C bond Et;Si—H

Scheme 79 — Possible mechanism for the hydrosilylation reaction of nitriles using silyl chalconium ions 34a and 35a as a
catalyst.

The results of the calculation of the free Gibbs energies of this reaction pathway for the
hydrosilylation reaction of pivalonitrile are shown in Figure 75. The formation of silylated nitrilium
ions 125 is exothermic for both silyl chalconium ions 34a and 35a (AG = -18 kimol™ for 35a and AG =
-42 kJmol™ for 34a). The subsequent Si—H addition to the N — C triple bond with formation of iminium
ions 126 is also exothermic for both nitrilium ions 125 (AG = -27 kimol™ for 125-S and AG = -43 klmol
! for 125-0). However, the heterolytic cleavage of the Si — N bond to release product 119 and reform
the catalysts, silyl cations 34a and 354, is, according to the calculations, an equilibrium with AG =0
kJmol® for iminium ion 126-S and endothermic by 39 kimol™ for silyliminium ion 126-0. This could
explain why the reaction using silylsulfonium ion 35a as a catalyst proceeds at r.t. while with

silyloxonium ion 34a the reaction has to be heated to 80 °C (see Chapter 3.8.3.1, Table 27).
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Figure 75 — Calculated relative free Gibbs energies of the hydrosilylation of nitriles with silyl chalconium ions 34a and 35a
as catalyst via the formation of nitrilium ion (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene), p = 24.419 MPa).

The free Gibbs energies of this reaction pathway were calculated for benzonitrile, acetonitrile and
cyclohexanecarbonitrile as well. The results are summarized in Table 29. It becomes apparent, that
the formation of nitrilium ions 125 and iminium ions 126 is an exothermic reaction in all cases (Table
29, a), b): AG = -11-(-79) kimol). However, the heterolytic cleavage of the Si — N bond of iminium
ions 126 is endothermic by 28-84 kimol™. The only exception is the thionyl-stabilized tert-butyl-
substituted iminium ion 125-S. Here, the free Gibbs energy for the heterolytic cleavage of the Si— N

bond is AG = 0 kJmol?, suggesting that reaction c) is an equilibrium for this substitution pattern.
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Table 29 — Calculated free Gibbs energies for the hydrosilylation reaction of nitriles with silyl chalconium ions 34a and 35a
as catalyst: LA/LB adduct mechanism (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene), p = 24.419 MPa).

0 0 0 O
o . CO e Y e CO
Et,Si,
Si—D R—=N—Si—D N—Si—D Si—D
N ® VA H—¢ 7\ N ®
343, 35a 125 R 343, 35a
’ 126 ’

+ + +
N=—R Et;Si—H EtsSis
+ |
Et,Si—H HOR

119
R D a) b) c)
AG [kJmol?] AG [kJmol?] AG [kJmol ]
t-Bu SPh -18 -27 0
t-Bu OPh -42 -43 +39
Ph SPh -11 -78 +28
Ph OPh -43 -78 +60
Me SPh -20 -76 +56
Me OPh -44 -79 +84
Cy SPh -13 -78 +51

Experimental indications for the formation of the intermediate phenoxy-stabilized silylnitrilium ion

125-0 and thiophenyl-stabilized silyliminium ion 126-S were found. The 2°Si INEPT NMR spectrum of

a reaction mixture of the hydrosilylation reaction of pivalonitrile with EtsSiH using silylsulfonium

borate 35a[B(CsFs)4] as a catalyst shows in addition to imine 119 and amine 120, two additional %Si

NMR chemical shifts at 3*°Si = 30.9 and 46.2 (Figure 76). These signals are in the region of silylated

iminium ions 116, 117 (see Chapter 3.8.2). If the assumption of the
equilibrium between iminium ion 126-S and silyl cation 35a plus
hydrosilylation product 119 is correct, it is expected that iminium ion

126-S, instead of the catalyst, silyl cation 35a, would be present at the

s

S
@

H\c/,N\Si—ChPh
/\ .o

CeH F

end of the reaction, since imine 119 is in excess present in the mixture

and the equilibrium would shift in favor of iminium ion 126-S.

116 (Ch = 0)
117 (Ch =S)
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Figure 76 — 29Si INEPT NMR spectrum (99 MHz, 305 K, C¢H4Cl,, D1 = 0.0084, D4 = 0.0313, *impurities) of the reaction
mixture of the hydrosilylation reaction of pivalonitrile with triethylsilane using thiophenyl stabilized silyl borate
35a[B(CsFs)4] as catalyst.

Evidence for the formation of nitrilium ion 125-0 was obtained via X-ray diffraction analysis. Even
though the quality of the crystals was not good because of their small size and impurities within the
crystal, the topology of the molecule could be secured (Figure 77). Pivalonitrile coordinates to the
silicon atom and is anti relative to the oxygen atom and the oxygen atom exhibits a trigonal planar

coordination sphere.

Figure 77 — Molecular structure of silyl nitrilium ion 125-0 in the crystal of 125-OCu[B12Br1,] (thermal ellipsoids at 25 %
probability, H atoms and counter ion are omitted for clarity).
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In summary, three different pathways for the hydrosilylation reaction of nitriles using silylchalconium
ions 34a and 35a as catalysts were investigated. The first mechanism includes the Si — H activation of
triethylsilane via the formation of the Si — H —Si three-center two-electron bond between silyl cations
34a and 35a and triethylsilane (compound 122) and in the second pathway the subsequent formation
of silyl chalconium ion 124 from complex 122 was considered. The third mechanism starts with the
formation of a LA/LB adduct between silyl cation 34a or 35a and the nitrile (species 125) (Scheme

80).

| 1@
Et;Si—H---Si—D .
: < ®  EtSi—H [ R—=N R—=N—Si—D
122 =~ i— > = 4=
silane activation MeSi %a LA/LB adduct <4
¢ 34, 35a formation
Me,Si D ® Et;Si—H
2 H Si - N cleavage Si - H addition
S|Et3 hydride transfer to the N=C bond
124
silyl transfer
R—=N \
Me28| D Et;Si_ |
—SI—D
42a 43a H SiEt H—<’ ‘-
—N
R—=nTsiEt, R>_ R 126
123 119

Scheme 80 — Proposed mechanisms for the hydrosilylation reaction of nitriles using silyl chalconium ions 34a and 35a as
catalyst.

According to the calculations, the Si — H activation is predicted to be an endothermic reaction for

both silyl cations 34a and 35a while the formation of nitrilium ion 125 is exothermic (Figure 78).
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Figure 78 — Comparison of the calculated free Gibbs energies of the initial steps of both mechanisms, Si — H activation and
LA/LB adduct formation for silyl sulfonium ion 35a (M06-2X/Def2-TZVP, SCRF(solvent=chlorobenzene, p = 24.419 MPa).

Considering the experimental results that reveal that silyl cations 34a and 35a are selective for
pivalonitrile, the calculation results are reasonable. If one of the first two pathways is the underlying
reaction pathway, the reaction should take place with benzonitrile as well as pivalonitrile; however,
this is not the case. In the third mechanism, the last step, namely the cleavage of the Si — N bond of
iminium ions 126 to release the hydrosilylation product 119 and silyl cation 34a or 35a is the rate-
limiting step (Scheme 81). The following applies: the stronger the Si — N bond, the less likely is the
bond dissociation. As a consequence, this explains, why the more Lewis acidic silyloxonium ion 34a

is less reactive in the hydrosilylation reaction of pivalonitrile.

N—Si—D .
H= Y by "t
R
126 343, 35a 119

Scheme 81 — Last step of the third mechanism (LA/LB pathway) of the hydrosilylation reaction of nitriles using silyl cations
34a or 35a as catalysts.
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However, there is still an inconsistency. According to the calculations, the cleavage of phenoxy-
stabilized silyliminium ion 126-O into silyl cation 34a and hydrosilylation product 119 is an
endothermic reaction by 39 kimol™. In the experiment, this reaction takes place via heating to 80 °C
(Scheme 82, a)). However, the cleavage of thiophenyl-stabilized silyliminium ion 126-S-Ph into the
corresponding products 35a and 119-Ph is endothermic by 28 kimol™. In contrast to the reaction of
126-0 into 34a and 119 (AG = 39 kJmol ), the reaction with benzonitrile does not proceed via heating,

despite the lower free Gibbs energy (Scheme 82, b)).

a) e
ol N so
Et,Si, —_—> + M
N—Si—OPh Si—OPh H” >t-Bu
H— 7\ N @
t-Bu
126-0 34a 119
b) 1®
oSO
Et,Si, — + I
N—Si—SPh Si—<ph H” >Ph
H= /) N @
Ph 126-S-Ph 35a 119-Ph

Scheme 82 — Cleavage of the Si — N bond of silyliminium ions 126-0 and 126-S-Ph to release the catalyst 34a and 35a and
the products 119 and 119-Ph.

Moreover, it seems unreasonable that only pivalonitrile reacts and other alkyl-substituted nitriles do
not. The calculations predict that, with acetonitrile and cyclohexanecarbonitrile, the last step of the
reaction is endothermic by 51-84 kimol™ (Table 29). The only reasonable explanation might be the
different steric demand of the substituents. The steric demand of organic moieties can be compared
via the A value. This value is based on the conformational analysis of mono-substituted cyclohexenes
and is the energy difference between the axial and the equatorial conformers.[®® 1% |n Table 30, the
A value for the substituents of the nitriles tested are listed in comparison to the calculated free Gibbs
energy of the heterolytic cleavage of the Si — N bond in thiophenyl-substituted iminium ions 126-S.
Notably, the free Gibbs energy for the Si — N cleavage decreases when the steric demand increases.

Hereby, the order of the steric demand reflects the order given by the free Gibbs energies.
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Table 30 — Comparison of the steric demand of organic substituents (A value) [66 109 and the calculated free Gibbs energy
for the heterolytic cleavage of the Si— N bond in thiophenyl substituted iminium ions 126-S (M06-2X/Def2-TZVP,
SCRF(solvent=chlorobenzene, p = 24.419 MPa).

Substituent | A value [kimol?] AG [kJmol?]
Me 7 +56
Cy 9 +51
Ph 12 +28
t-Bu 20 0

In conclusion, the DFT studies on the mechanism of the hydrosilylation reaction of nitriles using
silylchalconium ions 34a and 35a as catalysts suggest that the reaction proceeds via the formation of
the LA/LB adduct, nitrilium ions 125, and not as described for the related reaction with BCF as Lewis
acid via the Si — H activation. This conclusion is supported by the experimental results that show the
limited scope of silyl cations 34a and 35a. Only the hydrosilylation reaction of pivalonitrile was
catalyzed by silyl cations 34a and 35a. If the reaction would proceed via the Si — H activation, the
hydrosilylation reaction of other nitriles using silyl cations 34a and 35a should also be possible, but
this is not the case. The DFT calculations show that the crucial step of the reaction is the release of
the catalyst 34a or 35a and the formation of the product 119. The Si — N cleavage depends on the

steric demand of the substituent, and thus, only the tert-butyl group of pivalonitrile is bulky enough.
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3.8.3.3 Diels Alder Reaction

Another standard reaction catalyzed by Lewis acids is the Diels-Alder cyclization. Therefore, the
presented silyl borates were tested as catalyst in various Diels-Alder test reactions. The first reaction
chosen was the Diels-Alder cyclization of 2,3-dimethylbuta-1,3-diene with methyl acrylate as
dienophile. The catalysts tested were dimethylsilyl borates 34a[B(CsFs)a], 35a[B(CsFs)a], 36a[B(CsFs)al,
37a[B(CsFs)a] and 39[B(CsFs)4]. The reaction was carried out either in dichloromethane at -80 °C or in
chlorobenzene at r.t. with a catalyst charge of 5 mol% (Table 31). Entries 1-4 reveal the different
catalytic activities of chalcogenyl-stabilized silyl borates 34a[B(CsFs)s], 36a[B(CsFs)s], 37a[B(CeFs)a)
and 39[B(CsFs)s]. The isolated yield of Diels-Alder product DAP1 is highest using acenaphthyl-
substituted silyloxonium borate 34a[B(CsFs)s] as catalyst (yield = 75 %). In contrast, naphthyl-
substituted thiophenyl-stabilized derivative 37a[B(CsFs)4] gave 24 % and selenyl-stabilized derivative
39[B(CeFs)4] gave 9 %.

To rule out the possibility of proton catalysis in this reaction out, it was repeated with acenaphthyl-
substituted thiophenyl-stabilized derivative 35a in the presence of the proton sponge 2,6-di-tert-
butyl-4-methyl pyridine (DTBMP) (Entry 5). This time the reaction was carried out at r.t. and the GC
measurement revealed, that the reaction was not complete, but the significant conversion (33 %)

shows unambiguously that silyl cation 35a catalyzes this reaction.

Table 31 — Results of the Diels Alder cyclization of 2,3-dimethylbuta-1,3-diene and methyl acrylate using silyl borates
34a[B(CsFs)a], 35a[B(CsFs)al, 36a[B(CsFs)a], 37a[B(CsFs)s] and 39[B(CeFs)4] as catalysts.

o 5 mol% [cat][B(C4Fs),] 0 OO
I + HI\O/ > :())J\O/ [cat] =
| Me,Si—D
DAP1 ®
34-37,39
Entry Catalyst Catalyst charge | Reaction conditions | t[h] Yield
1 36 (Naph, D = OPh) 5 mol% DCM, -80 °C 1 65 %
2 37a (Naph, D = SPh) 5 mol% DCM, -80 °C 1 24 %2
3 39 (Naph, D = SePh) 5 mol% DCM, -80 °C 1 9 %%
4 34a (Ace, D = OPh) 5 mol% DCM, -80 °C 1.5 75 %2
59 35a (Ace, D = SPh) 5 mol% CeHsCl, r.t. 1.5 33 %)
6 - - DCM or CeHsCl, r.t. 24 0 %

a) Isolated yield, b) GC yield, c) DTBMP added
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The difference in the catalytic activity of chalcogenyl-stabilized silyl cations reflect nicely the order
given by the Lewis acidity scale of the ®F NMR resonance of the corresponding nitrilium ions as

discussed in Chapter 3.8.1 (Figure 79).

Increasing Lewis Acidity

Me,si—oph MeSI—OPh e si—sph Me,Si—SPh  Me,Si—sePh
® ®
34a 36a 35a 37a 39
819F I | | I I | | I/ I | | I | I I I | I I | | ||/ I
i -90 -95 -100

Increasing Catalytic Activity

Figure 79 — Lewis acidity scale of intramolecularly stabilized silyl cations 34-37, 39 based on the °F NMR chemical shift of
the corresponding FBN nitrilium ions.

In the next step, enantioenriched chiral silyl borates 34b[B(CsFs)4], 35b[B(CesFs)a] and 37b[B(CsFs)a4]
should be used as catalysts to investigate if the stereo information is transferred from the cation to
the Diels-Alder product. Unfortunately, the reaction of 2,3-dimethylbuta-1,3-diene with methyl
acrylate as dienophile was not suitable for this purpose, since DAP1 did not show a separation of the
enantiomers at the chiral GC. The analysis via chiral GC is important to calculate the enantiomeric
excess of the formed product. Therefore, other Diels-Alder test reactions were performed in order
to find a reaction product, which is easy to analyze with locally available methods. The first test
reaction was the cyclization of cyclopentadiene and acryl acetate to give DAP2. The reaction was
carried out in C¢HsCl at -30 °C and in the presence of the proton sponge DTBMP. The results are
summarized in Table 32. All experiments yielded in complete conversion of the substrates within one
hour (determined via GC). Even the less reactive sulfonium borates 35[B(CsFs)s] show complete
conversion. The substitution pattern at the silicon does not affect this as shown with derivative 35¢
which exhibits the bulky tert-butyl moiety (Entry 4). To test whether the reaction takes place without
catalyst, a sample with the two substrates and the proton sponge in chlorobenzene was stored at
room temperature. The GC analysis shows 82 % of conversion after one hour at r.t. (Table 32, Entry
5). Consequently, no catalyst is needed to obtain DAP2. However, if the reaction is done without
catalyst, a bad endo/exo ratio of 76:24 is obtained and the reaction is relatively slow compared to

the reactions with catalysts 34a and 35. Here, with catalysts 34a and 35a, complete conversions are
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obtained within one hour at -30 °C and the endo/exo ratio is improved compared to the control

sample.

Table 32 — Results of the Diels Alder cyclization of cyclopentadiene with acryl acetate catalyzed by silyl borates
34a[B(CsFs)a], 35a[B(CsFs)al; 35b[B(CsFs)a] and 35¢[B(CeFs)4] (the yield and the endo/exo ratio were determined via GC).

@ . KO(O/ 5 mol% [cat][B(C6F5)4L 0 - O.O
@ to_

RMeSi—D
DAP2
34,35
Catalyst Reaction . .
Entry Catalyst .. time Conversion | Endo:Exo
charge conditions
1 34a(R=Me,D=0Ph) | 5mol% | CeHsCl, -30°C 1h 100 % 94:6
2 35a (R = Me, D =SPh) 5mol% | CeHsCl,-30 °C 1h 100 % 93:7
3 35b (R = Ph, D = SPh) 5mol% | CeHsCl, -30 °C 1h 99 % 92:8
4 35c (R=t-Bu,D=SPh) | 5mol% | CeHsCl, -30°C 1h 100 % 89:11
5 - - CeHsCl, r.t. 1h 82 % 76:24

DAP2 was separated at the chiral GC. Nonetheless, this Diels-Alder reaction was not suitable for the
use as standard test reaction. The fact, that the cyclization takes place without catalyst is
problematic. Even if the cyclization is slow, the endo/exo and the enantiomeric ratio can be falsified
due to this. Furthermore, the substrates cannot be stored together and the substrate mixture has
always to be prepared freshly, which makes this test reaction impractical.

The next consideration was the reaction of cyclopentadiene with 4-phenylbut-3-en-2-one as
dienophile. For an initially test, the reaction was carried out using thiophenyl-stabilized dimethylsilyl
borate 35a[B(C¢Fs)s] with a catalyst charge of 10 mol% in chlorobenzene at r.t. (Scheme 83). The
reaction is slow under these conditions and the enantiomers of DAP3 could not be separated at the

chiral GC.

Q 10 mol% 35a[B(C,Fs)
D -
CeH,Cl
Me S|—SPh
Ph r.t.,, 30 min 2
conv. ~ 40 % DAP3 35a

Scheme 83 — Diels Alder cyclization of cyclopentadiene with 4-phenyl-3-en-2-one catalyzed by thiophenyl stabilized silyl
borate 35a[B(CeFs)4).
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In the end, the Diels-Alder reaction of cyclohexadiene with acryl acetate was tested (Table 33). This
substrate combination has the advantage, that the cyclization does not occur without catalyst at
ambient conditions and the substrates can be stored as a mixture for several days. Initially, the
reaction was carried out with the dimethylsilyl derivatives 34a and 35a as catalysts (Table 33, Entry
1, 2). The substrates were added to the catalyst at 0 °C and the mixture was stirred for 0.5to 1 h
while warming slowly to room temperature. Complete conversion and a good endo/exo ratio of 99:1
were obtained. Phenylmethylsilyl-substituted oxonium borate 34b[B(CsFs)s] shows as well a good
catalytic activity under these conditions (100% conv., endo/exo = 99:1, Entry 3). However, with
phenylmethylsilyl-substituted sulfonium borate 35b[B(CsFs)4] the reaction is slower and stops after
50 % conversion. Nevertheless, the enantiomerically enriched (+)-silane 43b was used as precursor
in the next attempt. The substrates were added at O °C and the reaction was stirred for 1.5 h under
warming to room temperature. The GC analysis shows only 34 % conversion and the chiral GC reveals
the racemic mixture of DAP4. In a next attempt, naphthyl derivative, sulfonium ion 37b was used
under the same conditions with (+)-silane 44 as precursor. Surprisingly, with catalyst 37b complete
conversion was obtained, while with the corresponding acenaphthyl derivative 35b only 34 %
conversion was observed. A reason might be a higher stability of naphthyl derivative 37b. The
decomposition of acenaphthyl derivative 35 would explain, why the reaction stopped after max. 50
% conversion. Unfortunately, despite the good catalytic activity of naphthyl derivative 37b, no
enantiomeric enrichment of DAP4 was found as well. Since the experiments regarding the chiral
memory of silyl cations 34b, 35b and 37b showed, that they undergo fast racemization at room
temperature, the Diels-Alder reaction was tested at -40 °C. This time oxonium borate 34b[B(CsFs)a]
was used, since it shows a higher Lewis acidity and catalytic activity even at lower temperatures as
thiophenyl-stabilized derivatives 35. However, under these conditions, the catalytic activity of
oxonium borate 34b[B(CgFs)4] is not good as well. Moreover, the small amount of DAP4 which was

obtained, does not have a measurable enantiomeric excess.
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Table 33 — Results of the Diels Alder cyclization of cyclohexadiene with acryl acetate catalyzed by silyl borates
34a,b[B(CeFs)4], 35a,b[B(CeFs)4] and 37b[B(CeFs)4] (the yield and the endo/exo ratio were determined via GC, DTBMP was
added in all attempts except Entry 7).

re=A
’ [}

0 [cat][B(C4Fs),] 0
© ' ﬁ o~ CHCl Wo_ Leat] = ®

RMeSi—D
DAP4 34, 35, 37
Cat.
Entry Catalyst charge T[°C] t[h] | Conv. | Endo:Exo | ee [%]

1 34a (Ace, D=0Ph,R=Me) | 5mol% | 0> r.t. 1 100 % 99:1 -
2 35a (Ace, D=SPh,R=Me) | 5mol% | 02> r.t. 0.5 100 % 99:1 -
3 34b (Ace, D=0Ph,R=Ph) | 5mol% | 0> r.t. 0.5 100 % 99:1 -
4 35b (Ace, D =SPh,R=Ph) | 3 mol% r.t. 1.5 50% 98:2 -
5* 35b (Ace,D=SPh,R=Ph) | 3mol% | 0> r.t. 1.5 34 % -

6* | 37b (Naph,D=SPh,R=Ph)| 5mol% | 0> r.t. | 0.5 100 % 98:2
7* 34b (Ace, D = OPh, R=Ph) | 5mol% -40 0.5 25 % -

* Enantioenriched silane as precursor.

o|Oo|Oo

In conclusion, in the asymmetric Diels-Alder reactions the stereo information of chiral silyl cations
34b, 35b and 37b was not transferred to the Diels-Alder product DAP4. Reasons for the loss of the
stereo information is probably the reaction temperature. In Chapter 3.3.3, the experiments regarding
the chiral integrity of silyl cations 34b, 35b and 37b revealed that only at lower temperatures (-40 °C)
no racemization takes place. However, the here tested asymmetric Diels-Alder reaction proceeds
only at room temperature. Nevertheless, the tested silyl borates 34a,b[B(CcFs)s], 35a,b[B(CsFs)a],
36a[B(CsFs)al, 37a,b[B(CsFs)s] and 39[B(CsFs)4] show a good to moderate activities as catalysts in Diels-
Alder reactions. In particular, the comparison of the dimethylsilyl borates 34a[B(CsFs)a], 35a[B(CsFs)4],
36a[B(CeFs)a], 37a[B(CsFs)a] and 39[B(CsFs)a] reveals a distinct activity of silylchalconium ions in
relation to the donor substituent. Hereby, the order of the catalytic activity is OPh>SPh>SePh (Figure
79). This order reflects the order of the Lewis acidity scale using FBN as a probe and supports the

prediction made regarding the reactivity of silylchalconium ions.
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4 Summary and Future Perspectives

The focus of this work was the synthesis and characterization of intramolecularly phenoxy- and
thiophenyl-stabilized silyl borates 34[B(CesFs)a], 35[B(CsFs)s] and 37[B(CsFs)a] with the naphthyl or
acenaphthyl scaffold as backbone and the investigation of their reactivity and catalytic activity in
hydrosilylation and Diels-Alder reactions. In this context, the analysis of the interaction between the
silyl group and the stabilizing moiety, OPh or SPh, was of interest.

A variety of precursor silanes 42, 43 and 44 with different substitution pattern was synthesized and
fully characterized by multinuclear NMR and IR spectroscopy as well as X-ray diffraction (XRD)
analysis. Hereby, the synthesis of thiophenyl-substituted derivatives 43 was performed by
modification of the previous synthesis introduced by N. Kordts.®* 872 |nstead of starting with
installing the silyl group, the thiophenyl group was installed first. In this way, the introduction of

different substitution patterns at the silyl substituent is more efficient (Chapter 3.1.1).

selve 2

R1RZS| OPh RIRZS, SPh PhMeSn

42 43 44

a:R'=R?=Me

b: R = Me, R? = Ph

c: R = Me, R? = t-Bu

d:R!=H,R*=Ph
Furthermore, the interactions of the peri-atoms in acenaphthyl silanes 42 and 43 were discussed.
Structural parameters such as peri-distances, sum of the bay angles and out-of-plane distances in the
crystal structures were disclosed. An interaction either between the hydrogen and the chalcogen
atom (syn-conformers) or between the silicon and the chalcogen atom (anti-conformers, Figure 80)
were indicated by QTAIM analysis.”” These indications are supported for the anti-structures by the
geometrical goodness ((AZ(®))) suggesting a beginning Sx2 reaction at the silicon center with the
chalcogen atom as nucleophile and the hydride as leaving group. This suggestion is supported
experimentally by the IR absorption band of the Si — H stretching vibration, which reflects the relative
strength of the Si — H bond. The anti-structures show a bathochromic shift compared to the syn-

structures, indicating the weakening of the Si — H bond in anti-structures (Chapter 3.1.4).
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Figure 80 — syn- and anti-structures of silanes 43a,b,c (R = Me (a), Ph (b), t-Bu (c)).

With regard to asymmetric catalysis, the chiral resolution of asymmetric-substituted silanes 42b, 43b
and 44 was performed. Three different routes were tested, whereby the kinetic resolution by
dehydrogenative, copper-catalyzed Si — O coupling turned out to be the method of choice for this
system (Scheme 84). In the process, the biggest challenge was caused by a too close relation in
properties of the resulting diastereomers or inertness of silanes against chiral auxiliaries.
Nevertheless, enantiomeric enrichment of silanes 42b, 43b and 44 was obtained with good to

moderate enantiomeric excesses (ee = 54-84 %) (Chapter 3.1.3).

Lalinlin
’ .

! i OH { : OO
+ 05 t_Bu)\ENj el _ os ” + 05 Ph—Si__ChPh
=

toluene

—_C (o]
PhMesi. , ChPh rt. 16 h Me /s-\H ChPh Mé \
(-)-E Ph t-Bu” (S
42b, 43b, 44 (+)-42b, 43b, 44 Z
47, 48, 56

Scheme 84 — Kinetic resolution of silanes 42b, 43b and 44 by the dehydrogenative Si — O coupling with an
enantiomerically enriched alcohol (-)-E (42b, 47: ace, Ch = O; 43b, 48: ace, Ch =S; 44, 56: naph, Ch =S).

Precursor silanes 42, 43 and 44 were treated with trityl borate [PhsC][B(CesFs)s] to obtain the
corresponding silyl borates 34[B(CsFs)4], 35[B(CsFs)a] and 37[B(CeFs)a], which were fully characterized
by multinuclear NMR spectroscopy. The results of the NMR spectroscopy, XRD analysis and DFT
calculations reveal remarkable structural differences between silyloxonium and silylsulfonium ions
34 and 35/37. While the oxygen atom in species 34 shows a trigonal planar coordination sphere, the

sulfur atom in species 35/37 is trigonal pyramidal coordinated (Figure 81) (Chapters 3.2, 3.3).
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Figure 81 — Comparison of the coordination environment of the oxygen and sulfur atom in silyl chalconium ions 34 and
35/37 (R1= R2= Me (a); R = Me, R2 = Ph (b); R! = Me, R? = t-Bu (c); Rt = H, R2 = Ph (d)).

The trigonal planar coordination sphere of oxonium ions 34 contrasts the results of Ducos et al.. Silyl
cation 28a exhibits an oxygen atom with a certain trigonal pyramidalization (Za(O) = 344°).
Therefore, the coordination environment of silyloxonium ions 34, 36, 72 and 73 was investigated by
low temperature NMR experiments and DFT studies. Furthermore, the structures of model
compounds 76, 77 and 78 were calculated for comparison. The results demonstrate, that the
substitution pattern at the silicon and the oxygen atom does not influence the coordination
environment of the oxygen atom. Instead, the backbone and the intramolecular stabilization are an
important factor for the coordination sphere of the oxygen atom. Especially the binaphthyl backbone

forces the oxygen atom into a trigonal pyramidal coordination sphere (Figure 82) (Chapter 3.2.1).
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Figure 82 — Comparison of the sum of the bond angles around the oxygen or sulfur atom in silyloxonium and —sulfonium
ions (silyloxonium ions 36, 79: XRD; silyloxonium ion 34, 72, 73: DFT; model compounds 76, 77, 78: DFT (model
compounds were not synthesized and served only for theoretical comparison)).

High temperature NMR experiments of silylsulfonium ions 35 and 37 show a dynamic process within
the molecule, visible by a significant line broadening and coalescence of the signals of the methyl
groups at the silicon atom. As possible underlying processes the Si — S bond dissociation and the
inversion process of the sulfur atom were discussed. Experimentally determined and by DFT methods
calculated energy barriers strongly suggest the inversion process of the sulfur atom as underlying

dynamic process (Scheme 85) (Chapter 3.5).
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Scheme 85 — Inversion of the configuration of the sulfur atom in silylsulfonium ions 35 (ace) and 37 (naph, R = Me (a), Ph
(b), t-Bu (c)).

This process was also observed in hydrogen-substituted silylsulfonium borate 35d[B(C¢Fs)4]. Species
35d was characterized by multinuclear NMR spectroscopy, is stable for several days in benzene and
does not decompose even under heating to 80 °Cin toluene. Its stability is quite remarkable regarding
the high lability of secondary silyl cations described in the literature.3* %2 |n the progress of this
investigations, it was shown, that the thiophenyl group exhibits a better stabilizing effect than the
phenoxy group. While silylsulfonium ion 35d shows a high stability, silyloxonium ion 34d could not
be isolated or detected despite complete consumption of the precursor silane 42d. Not even addition
of a nitrile for further stabilization allowed to draw conclusions regarding the existence of

silyloxonium ion 34d (Chapter 3.4).

Not detected | ‘ h * | Stable even at 80 °C

\\\\Sl OPh ‘\\\SI h
H H
34d[B(C4F5),] 35d([B(C4F5),]

Chiral silyl cations 34b, 35b and 37b were examined regarding their chiral integrity by treating the
enantiomeric enriched silanes 42b, 43b and 44 with trityl borate to generate chiral silyl borates
34b[B(CsFs)a], 35b[B(CsFs)s] and 37b[B(CsFs)s] and subsequent treatment with triethyl borohydride to
regenerate the starting silane 42b, 43b and 44 (Scheme 86). Regenerated silanes 42b, 43b and 44
were examined regarding their enantiomeric excess by chiral HPLC. The results show that chiral silyl
chalconium ions 34b, 35b and 37b undergo racemization during this experiment. Racemization was
slowed down and even prevented by a low reaction temperature (-40 °C). For the use of chiral silyl
chalconium borates 34b[B(CsFs)4], 35b[B(CsFs)s] and 37b[B(CsFs)4] as catalysts that means that the
asymmetrical catalytic reactions have to be carried out at low reaction temperatures to conserve the

chiral information of the catalysts (Chapter 3.3.3).
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Scheme 86 — Generation of chiral silyl borates 34b[B(CsFs)4], 35b[B(CsFs)s] and 37b[B(CsFs)4] and subsequent reduction to
regenerate the corresponding silanes 42b, 43b and 44 (42b, 34b: ace, Ch =0; 43b, 35b: ace, Ch =S; 44, 37b: naph, Ch =S).

The catalytic activity of silylchalconium ions 34-37 is closely related to the nature of the Si — Ch bond.
This linkage should neither be too strong, nor too weak. Therefore, the Si — Ch bond was examined
in the presence of a weak donor and possible substrate. As a model system served the complex
formed of silyl cations 34-37 with 4-fluorobenzonitrile (FBN) (Scheme 87). Silylnitrilium borates 94-
79[B(CsFs)a] were synthesized via the classical Corey protocol in the presence of FBN and

characterized by multinuclear NMR experiments (Chapter 3.7).
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Scheme 87 — Resonance structures of silylnitrilium ions 94-79 (94: Ch = O, R1 = R2 = Me (ace), 95a: Ch =S, R1=R2=Me
(ace), 96: Ch = O, Rl = R2 = Me (naph), 97: Ch =S, Rl = R2 = Me (naph), 95b: Ch =S, Rl = Me, R2 = Ph (ace), 95¢c: Ch =S, Rl =
Me, R? = t-Bu (ace), 95d Ch =S, Rl = Ph, R2 = H (ace)).

In this context, the ®F NMR resonance of 4-fluorobenzonitrile upon coordination and the Y
coupling constant were of interest, since these parameters are influenced by the Lewis acidity of silyl
cations. The higher the Lewis acidity is, the more important becomes chinoid structure B in Scheme
87. Direct comparison of the dimethylsilyl derivatives show, that there is a significant difference
between the phenoxy- and thiophenyl-stabilized derivatives, indicating, that the silicon chalcogen
linkage is retained upon coordination to FBN. VT NMR experiments of derivatives 95a and 95b show
the inversion process of the sulfur atom and reveal that the Si — S linkage in nitrilium ions 95a and
95b is weakened in comparison to silylsulfonium ions 35 and 37. Since the °F NMR chemical shift is
effected by the Lewis acidity of the silyl cation and the Si—S linkage is not canceled upon coordination

to FBN, FBN turned out to be a valuable NMR probe to assess the actual Lewis acidity of

intramolecularly donor-stabilized silyl cations (Figure 83) (Chapter 3.8.1).
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Figure 83 — Lewis acidity scale based on the °F NMR chemical shift and Y, coupling constant of the corresponding silyl
nitrilium ion of intramolecularly stabilized silyl chalconium ions.

Investigations on the reactivity of silylnitrilium borates 94a[B(CesFs)4] and 95a[B(CsFs)4] showed, their
reactivity against triethylsilane to give iminium borates (Scheme 88). Iminium borates 116[B(CqFs)4]
and 117[B(CesFs)s] were obtained in relative complex reaction mixtures, but were identified via 2D
NMR spectroscopy. The correlation of the 2°Si NMR resonances to the imine hydrogen atom in the
1H/%Si HMBC NMR spectrum as well as the correlation in the >N HMBC NMR spectrum of the °N
NMR resonance (8N = 230-234) to the alkyl moieties attached to the silyl substituents are
characteristic features (Chapter 3.8.2).
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Scheme 88 — Reaction of silylnitrilium borates 94a[B(CsFs)s] and 95a[B(CsFs)4] with triethylsilane (Ar = CgHa4F).

Silylchalconium borates were tested as catalyst in two different reactions, namely the hydrosilylation
reaction of nitriles and the Diels-Alder cyclization.

Silyl borates 34a[B(CsFs)4], 35a[B(CsFs)a], 36a[B(CsFs)a], 37a[B(CsFs)a] and 39[B(CsFs)4] show a good to
moderate activity as catalyst in Diels-Alder reactions. Hereby, the reactivity correlates with the donor
capacity of the chalcogenyl substituent (D = OPh, SPh or SePh). The order of the catalytic activity is
OPh>SPh>SePh. This order reflects the order of the Lewis acidity scale using FBN as a probe and
supports the prediction made regarding the reactivity of silylchalconium ions (Figure 84). However,

in asymmetric Diels-Alder reactions no transfer of the chiral information from the catalyst to the
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product was observed. Reasons for the loss of the stereo information is probably the racemization of

chiral silyl cations 34b, 35b and 37b at room temperature (Chapter 3.8.3.3).

I o 34-37, 39[B(C4Fs),] o]
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Increasing Catalytic Activity

Figure 84 — Example for one Diels-Alder reaction tested and Lewis acidity scale of silylchalconium ions in relation to their
catalytic activity.

Regarding the hydrosilylation reaction of nitriles, silyl borates 34a[B(CsFs)4] and 35a[B(CsFs)4] show a
catalytic activity against pivalonitrile (Scheme 89). Other substrates, such as 4-fluorobenzonitrile,
benzonitrile, cyclohexanecarbonitrile and acetonitrile do not undergo the hydrosilylation reaction
with silyl borates 34a[B(CsFs)s] and 35a[B(CsFs)4] as catalysts. This was a rather surprising result, since
other Lewis acids show a good catalytic activity with all these substrates.’ %! Fyrthermore,
phenoxy-stabilized silyl borate 34a[B(CsFs)s] shows a lower catalytic activity in the hydrosilylation
reaction of pivalonitrile in comparison to thiophenyl-stabilized derivative 35a[B(CsFs)s] despite the

higher Lewis acidity of silyl cation 34a (Chapter 3.8.3.1).

5 mol%
34a or 35a[B(C.F;),] R3Si\N R35i\N,SiR3
=—tBu + R;Si—H > | +
CcH:Cl H)\t-Bu Hi\t-Bu

Scheme 89 — Hydrosilylation reaction of pivalonitrile catalyzed by silyl borates 34a[B(CgFs)4] and 35a[B(CeFs)a4].
The mechanism of the hydrosilylation reaction using silylchalconium ions 34a and 35a as catalysts
was investigated by DFT calculations. Two different mechanisms were considered (Scheme 90). The
first mechanism resembles the mechanism discussed in the literature for BCF catalyzed

hydrosilylation reactions of ketones!*®® 17 via the formation of a Si— H —Si three-center two-electron
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bond between silyl cations and triethylsilane. The second mechanism was the classical LA/LB

mechanism between silyl cation as the LA and the nitrile as the LB.
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Scheme 90 — Proposed mechanisms for the hydrosilylation reaction using silyl cations 34a and 35a as catalysts.

According to the calculations, the Si — H activation is predicted to be an endothermic reaction for
both silyl cations 34a and 35a and is therefore the rate-limiting step of this reaction pathway. In
contrast, in the second mechanism, the rate-limiting step is the last step, namely the release of the
hydrosilylation product and the regeneration of the catalyst 34a or 35a. In the experiments, the
limited substrate scope of the catalysts 34a and 35b was revealed; in other words, only the
hydrosilylation reaction of pivalonitrile was successful. If the rate-limiting step of the underlying
mechanism would be the Si — H activation, the reaction should take place independent of the nitrile
used as a substrate. However, if the rate-limiting step of the underlying mechanism is the release of
the hydrosilylation product with the regeneration of the catalyst 34a or 35a, the effect of the
substituent of the nitrile becomes an important factor. In consequence, this reaction pathway
depends on the nitrile used as a substrate what gives rise to the conclusion, that the LA/LB pathway

is the underlying mechanism.

In future investigations, the experimental proof of the Lewis acidity scale derived from the *F NMR
chemical shift of FBN upon coordination to the silyl cation should be performed for the cases, in
which the values of the ®F NMR chemical shift and the Ycr coupling constant are close or the
calculated scales (e.g. FIA) predict a different order compared to the NMR parameters. For example,

for the dimethylsilyl and phenylmethylsilyl thiophenyl-stabilized derivatives 35a and 35b (Scheme
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91) the calculations predict an inverse order compared to the experimental scales, 5'°F and Ycg.

Another example is the relative position of BCF, which shows distinct positions at both scales, 8°F

and l.lc,F.
.' 1@
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Scheme 91 — Hydride transfer reaction of silane 43b with silyl cation 35a to experimentally proof the order at the FBN
Lewis acidity scale.

To date, the comparison of Lewis acids with different charges using calculated FlAs is problematic. In
this context, it will be interesting to investigate, if the experimental scale using FBN as a probe gives
better results. In general, the expansion of the Lewis acidity scale with other (intramolecularly or
intermolecularly) stabilized and non-stabilized Lewis acids should be the focus of future
investigations.

In terms of the catalytic activity of silylchalconium ions in hydrosilylation reactions, it is of interest to
test other substrates such as ketones or aldehydes to further screen the scope of silyl cations 34a
and 35a. In addition, it appears promising to also test selenyl-stabilized silyl cation 38 as a catalyst in
the hydrosilylation reactions of nitriles. This work has shown, that the thiophenyl-stabilized silyl
cation 35a exhibits a higher catalytic activity in comparison to phenoxy-stabilized silyl cation 34a,
despite the silyl cation 34a exhibits a higher Lewis acidity (Figure 85). The following applies: the higher
the Lewis acidity of the catalyst is, the stronger is the bond of the catalyst with the hydrosilylation
product and the less likely is the release of the product with regeneration of the catalyst. If the
conclusion about the underlying mechanism is correct, the less Lewis acidic selenyl-stabilized silyl
cation 38 should show a better catalytic activity than thiophenyl-stabilized silyl cation 35a in the

hydrosilylation reaction of nitriles.
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Decreasing Activity in the Hydrosilylation Reaction of Nitriles

Figure 85 — Proposed order for the catalytic activity of silylchalconium ions 34a, 35a and 38 in the hydrosilylation reaction
of nitriles.

Another topic for future investigations is the reactivity and catalytic activity of hydridosilyl cation
35d. Furthermore, silyl cation 35d is a promising precursor for the synthesis of the silylene 127,52
which might be capable to activate small molecules such as H; and CO; and, therefore, provides new

perspectives for this compound class.*>¢ 1%
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Scheme 92 — Reaction of silyl cation 35d with a base to generate silylene 127.
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5 Experimental Part

5.1 General Remarks

All experiments were carried out under argon or nitrogen atmosphere using Schlenk techniques. The
glass equipment was stored in an oven at 120°C, evacuated and flushed with argon or nitrogen prior
to use. The solvents n-pentane, n-hexane, benzene, tetrahydrofuran and diethyl ether were dried
over sodium-potassium alloy and distilled under nitrogen atmosphere. Dichloromethane was dried
over sodium hydride, and diglyme was dried over sodium. The deuterated solvents were first dried
over NaK alloy and then either freshly condensed before use or stored over molecular sieve (4 A).
Commercially available solid materials were stored and weighted in a glove box or dried under high-
vacuum prior use. n-Butyllithium was used as a 1.6 M solution in n-hexane and tert-butyllithium as a
1.9 M solution in n-pentane. 1,8-Dibromonaphthalene, 5,6-dibromoacenaphtene, 1-bromo-8-
dimethylsilylnaphthalene, 5-dimethylsilylacenaphthene and trityl borate [PhsC][B(CeFs)a] were
synthesized according to literature procedures.!**! Sodium phenolate was prepared by the reaction
of 1.1 equiv. sodium with 1.0 equiv. phenol in THF. The reaction mixture was heated to the boiling
temperature for three hours, the excess of sodium was filtered off and the solvent was removed
under low pressure.

Triethylsilane, dimethylphenylsilane, triphenylsilane, pivalonitrile, cyclohexanecarbonitrile,
benzonitrile, methyl acrylate, cyclohexa-1,3-diene and 2,3-dimethylbuta-1,3-diene were dried and
stored over molecular sieve (4 A). Cyclopenta-1,3-diene was cracked and freshly distilled prior to use.
Thin-layer chromatography was performed using commercial available aluminum foil (Fluka) coated
with silica gel 60 and fluorescent indicator F254. For the column chromatography silica gel of the
mesh size 60 from Merck was used. For preparative TLC, the pre-coated TLC plates SIL G-200 from
MACHEREY-NAGEL were used.

GC/MS spectra were performed on a Thermo Focus DSQ (stationary phase: DB5 column, length 25
m, diameter 0.2 mm, film thickness 0.33 um; temperature program: Tiitial = 60°C for 5 min, then
heating with 10°C/min to Tena = 280°C, staying at this temp. for 10 min; detector: El with 70 eV) or on
a Shimadzu GCMS-QP2020 equipped with a Macherey-Nagel Optima 5 HT column (30 m, 0.25 mm
ID, 0.25 um film thickness) and a Shimadzu GC/MS-QP2020 mass selective detector. High resolution
mass spectra were measured on a Finnigan-LCQ or a Finnigan-MAT95 spectrometer using ESI, Cl or

El.
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GC spectra were performed on a Shimadzu GC-2010 Plus equipped with a Macherey-Nagel Optima 5
MS column (15 m, 0.25 mm ID, 0.25 um film thickness) and a flame ionization detector.

Chiral GC spectra were measured on a GC-2010 Plus from Shimadzu. The column used, is a FS-Lipodex
E [Octakis-(2,3-di-O-pentyl-3-butyryl)-y-cyclodextrin, 25 m, 0.25 mm, constant flow, carrier gas
hydrogen: 1.5 cm®min] from Macherey-Nagel.

Chiral HPLC was performed on a Thermo Scientific Dionex Ultimate 3000 with a Lux 5um Cellulose-3,
250 x 4.6 mm column and a flow rate of the eluent of 1ImL/min at 25°C.

The determination of the optical rotation was performed using the Polartronic M from
Schmidt+Haensch with Na-D-line (589 nm) at 20°C (cell lengths: 1 dm).

Infrared spectra were performed on a Bruker Tensor 27 spectrometer with a MKIl Reflection Golden
Gate Single Diamond ATR system.

NMR spectra were recorded on a Bruker Avance 500, a Bruker Avance Il 500 spectrometer. *H NMR
spectra were referenced to the residual solvent resonance as internal standard (benzene-d:
S5'H(CsDsH) = 7.20, toluene-ds: 6'H(Ce¢DsCD,H) = 2.08, chloroform-di: &8'H(CHCls) = 7.24,
chlorobenzene-ds: 6'H(CsD4HCI) = 7.14) and 3C NMR spectra by using the central line of the solvent
signal (benzene-ds: §'3C(CsDs) = 128.0, toluene-ds: §'3C(CsDsCDs) = 20.4, chloroform-ds: §3C(CDCls) =
77.0, chlorobenzene-ds: §3C(CsDsCl) = 134.2). 2°Si NMR spectra were referenced to an external
standard (2°Si(Me,SiHCl) = 11.1 versus tetramethylsilane (TMS)), °F NMR spectra against external
CFCls (8*°F(CFCl3) = 0.0), and B NMR spectra against BFs-OEt, (61'B(BFs-OEt,) = 0.0). The 2°Si NMR
inverse gated spectra were recorded with a relaxation delay D1 = 10 s. The 2°Si INEPT spectra were
recorded with delays D3 = 0.0084 and D4 = 0.0313 for SiMe,, D3 = 0.0122 and D4 = 0.0313 for SiMe
or D; =0.0013 and D4 = 0.0013 for Si — H, if not given otherwise.

Single crystal X-ray analyses were performed on a Bruker Apex 2 with Mo Ka-radiation. For solving
and refining the molecular structures, SHELXL-97 was used and for the visualization Crystal Impact
Diamond 4.2.

Combustion analyses (C, H, N, S) were obtained on a Euro EA Element Analyzer with EuroVector
equipment. For silanes, combustion analysis values for carbon show often too low values, what may
be attributed to the formation and incomplete combustion of silicon carbide, although vanadium
pentoxide as combustion aid was used. Satisfactory combustion analyses could not be obtained from

all silyl borates due to their high reactivity.
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5.2 Syntheses of Starting Materials

5.2.1 Diaryl ethers

5-Bromo-6-phenoxyacenaphthene 45

In a three-necked flask with a reflux cooler and gas supply, 1.0 equiv. (2.00 g, 6.41 mmol) 5,6-
dibromoacenaphthene, 0.5 equiv. (0.46 g, 3.21 mmol) copper(l) oxide and 1.0 equiv. (0.74 g, 6.41
mmol) sodium phenolate was suspended in diglyme. The reaction mixture was heated to 160-170°C
for six hours. After termination of the reaction, the copper salts were removed by filtration of the
reaction mixture through silica gel. After removing the solvent under low pressure, the product was
purified by column chromatography using petroleum ether/dichloromethane (9:1, RF = 0.2) as
eluent. 5-Bromo-6-phenoxyacenaphthene 45 was obtained as a colorless solid. Yield: 1.56 g (4.80

mmol, 75 %).

e

Br OPh
45

H NMR (500.13 MHz, 299.1 K, CD,Cl,) 6 =3.39 (s, 4 H, CH), 6.86-6.89 (m, 2 H, CH), 7.01-7.04 (m, 1 H,
CH), 7.12-7.15 (m, 2 H, CH), 7.27-7.31 (m, 3 H, CH), 7.66 (d, 3/ = 7.3 Hz, 1 H, CH). 3C{*H} NMR (125.77
MHz, 299.0 K, CD,Cl,) & = 30.6 (CH,), 111.2 (C), 117.5 (CH), 120.9 (CH), 121.4 (CH), 121.7 (CH), 122.4
(CH), 124.8 (C), 130.0 (CH), 134.4 (CH), 143.0 (C), 143.9 (C), 146.9 (C), 148.5 (C), 160.2 (C). GC/MS tx
= 25.7 min, m/z (%) = 51 (60), 63 (23), 77 (76), 94 (18), 122 (23), 139 (100), 152 (52), 168 (24), 218
(18), 145 (79), 324 (11) [M*]. EA C1sH13BrO, calculated: C 66.48, H 4.03; found: C 66.15, H 4.05.

5-Bromo-6-thiophenylacenaphthene 46!7%!

5,6-Dibromoacenaphthene (1.0 equiv., 15.42 mmol, 4.81 g) was dissolved in ca. 100 mL THF and
cooled to - 80 °C. Then, a 1.6 M solution of 1.0 equiv. (15.42 mmol, 9.64 mL) n-BuLi in n-hexane was
added dropwise within 30 min. The reaction mixture was stirred for 110 min at -(70-80)°C.
Subsequently, a solution of 1.0 equiv. (15.42 mmol, 3.37 g) diphenyl disulfide in ca. 20 mL THF was
added within 30 min. The reaction mixture was stirred for further 90 min at -80 °C and was then

allowed to warm up to r.t. over night. The reaction mixture was treated with 40 mL H,O and the
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product was extracted with diethyl ether (4 x 20 mL). The solvent was removed under reduced
pressure and the residual solid was washed with hexanes (150 mL). After drying in HV the product 46
was obtained as light yellow solid. Yield 4.40 g (12.89 mmol; 80%).

e

Br SPh
46

H NMR (500.13 MHz, 297.9 K, CsD¢) & = 2.71-2.80 (m, 4 H, CH,), 6.63 (d, 3/ = 7.4 Hz, 1 H, CH), 6.78
(d, *Jun = 7.2 Hz, 1 H, CH), 6.90-6.94 (m, 1 H, CH), 6.98-7.03 (m, 1 H, CH), 7.26-7.30 (m, 1 H, CH), 7.66-
7.70 (m, 1 H, CH). *C{*H} NMR (125.77 MHz, 297.9 K, CsDs) & = 29.9 (CH,), 30.1 (CH,), 109.9 (C), 115.1
(C), 120.7 (CH), 121.0 (CH), 126.0 (CH), 127.4 (C), 129.4 (CH), 130.8 (C), 135.9 (CH), 138.4 (CH), 140.1
(C), 142.2 (C), 146.9 (C). GC/MS tx = 30.2 min, m/z (%) = 130 (34), 152 (32), 184 (12), 242 (15), 260
(100), 340 (39) [M*].

5.2.2 Bromo-Substituted Silyl Naphthalenes and Acenaphthenes

General Procedure A®?!: The starting material was dissolved in THF and cooled to -80 °C. Then n-butyl
lithium was added dropwise. The reaction mixture was stirred for 60 min at that temperature. After
the dropwise addition of the corresponding chlorosilane, the mixture was stirred for another 60 min
at -80 °C and was then allowed to warm to room temperature over night. Thereafter, an aqueous
NH4CI solution (ca. 20 mL) was added to the reaction mixture and the product was extracted with
Et,0 (3 x 20 mL). The combined organic layer was dried over Na,SO,4 and the solvent was removed

under reduced pressure. The product was purified by column chromatography or crystallization.

8-Phenylmethylsilyl-1-bromonaphthalene!®™!

The title silane was synthesized according to General Procedure A using 1.0 equiv. of 1,8-
dibromonaphthalene (10.00 mmol, 2.86 g), 1.0 equiv. of n-butyllithium (10.00 mmol, 6.25 mL) and
1.0 equiv. of phenylmethylchlorosilane (10.00 mmol, 1.57 g). The product was purified by column
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chromatography using petroleum ether as eluent. 8-Phenylmethylsilyl-1-bromonaphthalene was

obtained as a yellow oil. Yield 1.62 g (4.93 mmol; 49 %).

5 4

O

7 2
3 1

8
MePhSi,  Br
H

H NMR (500.13 MHz, 297.4 K, CsDe) 6 = 0.86 (d, *Juy = 3.6 Hz, 3 H, SiCHs), 6.00 (g, *Jun = 3.6 Hz,
Ysin = 203.5 Hz, 1 H, SiH), 6.81 (t, 3y = 7.8 Hz, 1 H, 3-H), 7.07 (t, Jun = 7.6 Hz, 1 H, 6-H), 7.17-7.22
(m, 3H, o-Ph-H, 2-H), 7.41 (dd, ¥uu=8.1Hz, Yun= 1.0Hz, 1H, 4-H), 7.50 (dd, *Jun=8.2 Hz,
4Jun = 1.0 Hz, 1H, 5-H), 7.55-7.61 (m, 3 H, m-Ph-H, p-Ph-H), 8.00 (dd, /s = 7.0 Hz, Yy = 1.2 Hz, 1 H,
7-H). 3C{*H} NMR (125.77 MHz, 297.6 K, CsD¢) & = -0.1 (SiCHs), 123.8 (C-1), 125.7 (C-6), 126.1 (C-3),
128.2 (m-PhCH), 129.2 (p-PhCH), 129.6 (C-4), 131.9 (C-5), 132.6 (C-2), 134.7 (C-8), 135.0 (0-PhCH),
136.5 (C-9), 137.3 (C-10), 139.3 (SiC(CHs)), 141.0 (C-7). 2*Si{*H} INEPT NMR (99.31 MHz, 673.2 K, CsDs,
Ds = 0.0013, D4 = 0.0013) & = -13.9.

5-Bromo-6-methyl-tert-butylsilylacenaphthene

The title silane was synthesized according to General Procedure A using 1.0 equiv. of 5-bromo-6-
phenoxylacenaphthene (3.48 mmol, 1.09 g), 1.0 equiv. of tert-butyl lithium (3.48 mmol, 1.83 mL) and
1.0 equiv. of chloromethyl-tert-butylsilane (3.48 mmol, 0.48 g). The product was purified by column
chromatography using n-pentane as eluent (R = 0.50). Silane 8a was obtained as an orange solid.

Yield: 0.87 g (2.62 mmol, 75 %).

Cr

Me(t-Bu)Si\H Br

1H NMR (499.87 MHz, T = 305.1 K, CsDs) & = 0.63 (d, >/ = 3.8 Hz, 3 H, SiCH3), 1.15 (s, 9 H, SiC(CHs)s),
2.77-2.80 (m, 2 H, CH,), 2.88-2.90 (m, 2 H, CH,), 5.71 (q, 3 = 3.6 Hz, Ysiu = 199.7 Hz, 1 H, SiH), 6.72
(dm, 3/=7.4Hz, 1H, CH), 7.05 (dm, */=7.1Hz, 1H, CH), 7.70 (d, ¥ =7.4 Hz, 1 H, CH), 7.73 (d,
3/=7.1Hz, 1 H, CH). 3C{*H} NMR (125.71 MHz, T = 305.0 K, CsDs)) & = -3.2 (Si(CHs)2), 17.9 (C, t-Bu),
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28.7 (CHs, t-Bu), 29.5 (CH,), 30.2 (CH), 118.3 (C), 119.6 (CH), 120.5 (CH), 129.7 (C), 134.3 (CH), 136.1
(C), 140.2 (CH), 141.5 (C), 147.0 (C), 149.2 (C). *Si{*H} NMR (99.31 MHz, T = 305.0 K, CsD¢) & = -3.0.
HR/MS (EI): [C17H21BrSi], calculated: 332.0596; found: 332.0585.

5-Bromo-6-phenylsilylacenaphthene

The title silane was synthesized according to General Procedure A using 1.0 equiv. of 5-bromo-6-
phenoxylacenaphthene (1.60 mmol, 500 mg), 1.0 equiv. of n-butyl lithium (1.60 mmol, 1.00 mL) and
1.0 equiv. of chlorophenylsilane (1.60 mmol, 0.21 mL). The product was purified by crystallization
from hexanes. 5-Bromo-6-phenylsilylacenaphthene was obtained as a white solid. Yield: 377 mg

(1.11 mmol, 69 %).

6 5
PhSi\\H Br
H

'H NMR (500.13 MHz, 305.0 K, C¢Dg): 6 = 2.79-2.82 (m, 2 H, CH;, H-1), 2.87-2.90 (m, 2 H, CH,, H-2),
5.94 (s, 2 H, Yysi= 203.9 Hz, SiHa), 6.71 (dm, 3/ = 7.4 Hz, 1 H, H-3), 6.97 (dm, 3/ = 7.0 Hz, 1 H, H-8), 7.21-
7.23 (m, 4 H, Ph, overlap with CsDsH), 7.57 (d, 3/ = 7.4 Hz, 1H, H-4), 7.69-7.71 (m, 2 H, 0-Ph), 8.03 (d,
3) = 7.0 Hz, H-7). 3C{*H} NMR (125.71 MHz, 305.0 K, C¢D¢) 6 = 29.7 (CHa, C-1), 30.4 (CH,, C-2), 118.8
(C), 120.2 (CH, C-8), 120.7 (CH, C-3), 125.6 (C), 128.3 (CH, Ph), 129.5 (CH), 133.2 (CH, C-4), 135.4 (C),
135.7 (CH, 0-Ph), 136.0 (C), 141.4 (C), 143.4 (CH, C-7), 146.8 (C), 150.3 (C). *Si{"H} NMR (99.31 MHz,
305.0 K, CsDg) & = -29.6. GC/MS tr = 27.3 min, m/z (%) = 105 (14), 128 (14), 153 (74), 181 (76), 260
(100), 340 (7) [M"].
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5.3 Syntheses of Naphthyl and Acenaphthyl Silanes

General Procedure B: The starting material was dissolved in THF and cooled to -80°C. Then n-butyl
lithium was added dropwise and the reaction mixture was stirred for 70 minutes. During this time,
the reaction mixture was allowed to warm to -30°C. Subsequently, the reaction mixture was cooled
to -70°C and chlorodimethylsilane was added. The mixture was stirred for additional 30 minutes
at -70°C and then warmed to r.t. over night. After completion of the reaction, NH4Cl solution (10 mL)
was added to the reaction mixture and the product was extracted with Et,O (3 x 10 mL). The organic
layer was dried over Na,SO, and the solvent was removed under low pressure. The product was

purified by column chromatography or crystallization.

General Procedure C: The starting material was dissolved in THF and cooled to -80 °C. Then n-butyl
lithium was added dropwise. The reaction mixture was stirred for 60 min at that temperature. A
solution of diphenyl disulfide in THF was added dropwise and the mixture was stirred for another 60
min at -80 °C. Then the mixture was allowed to warm to room temperature over night. An aqueous
NH4CI solution (ca. 20 mL) was added to the reaction mixture and the product was extracted with
Et,0 (3 x 20 mL). The combined organic layer was dried over Na,SO,4 and the solvent was removed

under reduced pressure. The product was purified by column chromatography or crystallization.

5-Dimethylsilyl-6-phenoxyacenaphthene 423!%

The title compound was synthesised according to general procedure A using 1.0 equiv. 5-bromo-6-
phenoxylacenaphthene 45 (6.15 mmol, 2.00 g), 1.1 equiv. n-butyl lithium (6.77 mmol, 4.23 mL) and
1.0 equiv. chlorodimethylsilane (6.15 mmol, 0.68 mL). The product 42a was purified by column
chromatography using petroleum ether as eluent (Rr = 0.44). Silane 42a was obtained as a colorless

solid after crystallization from n-pentane at -25°C. Yield: 1.45 g (4.80 mmol, 78 %).

2 1

3 8

4 7
Y 12

MeZSi\H OPh

42a
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H NMR (499.87 MHz, 305.0 K, CD,Cl,) & = 0.40 (d, *J = 3.6 Hz, 6 H, Si(CHs),), 3.34-3.37 (m, 2 H, CH,,
1-H), 3.41-3.45 (m, 2 H, CH,, 2-H), 4.62 (sept, 3J = 3.6 Hz, Ysi = 190.9 Hz, 1 H, SiH), 6.82 (d, / = 7.5 Hz,
1H, CH, 7-H), 7.10-7.11 (m, 2 H, CH, Ph), 7.14-7.18 (m, 2 H, CH, 8-H, p-Ph), 7.33 (dm, 3/ = 6.9 Hz, 1 H,
CH, 3-H), 7.37-7.42 (m, 2 H, CH, Ph), 7.79 (d, 3/ = 6.8 Hz, 1 H, CH, 4-H). *C{*H} NMR (125.71 MHz,
305.0 K, CD,Cl) & = -1.5 (Si(CHs)2), 30.1 (CH,, C-1), 31.4 (CH,, C-2), 114.7 (CH, C-7), 119.5 (CH, C-8),
120.4 (CH, C-3), 120.5 (CH, Ph), 124.2 (CH, Ph), 128.1 (C, C-5), 129.1 (C), 130.4 (CH, Ph), 137.6 (CH, C-
4), 141.3 (C), 141.6 (C), 148.8 (C, C-10/12), 152.9 (C, C-6), 157.6(C, ipso-C-Ph). 2Si{*H} NMR (99.31
MHz, 305.0 K, CD,Cl,) & = -14.0. 2Si INEPT NMR (99.31 MHz, T = 305.0 K, CDCl,) & = -14.0. GC/MS t
=24.3 min, m/z (%) = 51 (32), 59 (18), 135 (36), 152 (74), 165 (31), 211 (100), 226 (54), 271 (17), 287
(27), 304 (38) [M*]. IR (ATR, liquid): ©(Si-H) [cm™] = 2097, 2142. EA Ca0H200Si, calculated: C 78.90, H
6.62; found: C 78.83, H 6.96. HR/MS (EI): [C20H200Si], calc: 304.1283; found: 304.1270

5-Methylphenylsilyl-6-phenoxylacenaphthene 42b!!!2

The title compound 42b was synthesized according to general procedure B using 1.0 equiv. (2.00
mmol, 0.65 g) 5-Bromo-6-phenoxylacenaphene 45, 1.0 equiv. (2.00 mmol, 1.26 mL) n-butyl lithium
and 1.2 equiv. (2.40 mmol, 376 mg) chloro(methyl)phenylsilane. In addition, 1.1 equiv. (2.20 mmol,
256 mg) TMEDA was added to the starting material before adding n-butyl lithium. The product 42b
was purified by column chromatography using n-pentane as eluent (R = 0.20). The product 42b was

obtained as a colorless oil. Yield 0.40 mg (1.11 mmol; 55 %).

PhMeSi\H OPh

42b
1H NMR (499.9 MHz, 298.1 K, CsDg) & = 0.84 (d, /i = 3.7 Hz, 3 H, SiCH3), 2.98-3.02 (m, 2 H, 1-H), 3.05-
3.08 (m, 2 H, 2-H), 5.63 (q, *Jupn = 3.7 Hz, Ynsi = 196.2 Hz, 1 H, Si-H), 6.75 (d, *Jun = 6.6 Hz, 1 H, 7-H),
6.81-6.83 (m, 2 H, 0-0-Ph), 6.87-6.92 (m, 2 H, 8-H, O-p-Ph), 7.04-7.09 (m, 2 H, O-m-Ph), 7.13-7.19 (m,
4 H, Si-m/p-Ph, 3-H), 7.58-7.61 (m, 2 H, Si-0-Ph), 7.99 (d, 3y = 6.9 Hz, 1 H, 4-H) ppm. *C{*H} NMR
(125.7 MHz, 297.8 K, CsDe) & = -2.9 (SiCHs), 29.7 (CH, C-2), 31.0 (CHa, C-1), 113.8 (C-7), 119.4 (C-8),
120.2 (C-3), 120.7 (CH, OPh), 123.8 (CH, OPh), 125.7 (C, C-5), 127.9 (CH), 128.9 (CH), 129.2 (C), 129.9
(CH), 135.0 (CH, SiPh), 138.2 (C, Si-ipso-Ph), 139.3 (CH, C-4), 140.5 (C), 141.4 (C), 148.6 (C), 153.3 (C,
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C-6), 156.8 (C, O- ipso-Ph). 2Si{*H} INEPT NMR (99.3 MHz, 297.9 K, CsDe) 6 = -14.7. IR (ATR, fest): §(Si-
H) [ecm™] = 2096, 2136. GC-MS tr = 32.8 min, m/z (M*) = 366. HR/MS calculated: m/z = 366.1440;
found (EI): m/z = 366.1442.

5-Methyl-tert-butylsilyl-6-phenoxylacenaphthene 42¢!*?

The title compound 42c was synthesized according to general procedure B using 1.0 equiv. (1.00
mmol, 325 mg) 5-bromo-6-phenoxylacenaphene 45, 1.1 equiv. (1.10 mmol, 0.70 mL) n-butyl lithium
and 1.5 equiv. (1.50 mmol, 205 mg) chloro(tert-butyl)methylsilane. The chlorosilane was added at -
50 °C and the reaction mixture was stirred for further 60 min at this temperature. The product 42c
was purified by column chromatography using n-pentane as eluent (Rr = 0.26). The product 42c was

obtained as a colorless oil. Yield 134 mg (0.39 mmol; 39 %).

tBuMeSi_ OPh
H
42c

'H NMR (499.9 MHz, 298.1 K, C¢Dg) 8 = 0.56 (d, *Juu = 3.8 Hz, 3 H, SiMe), 1.19 (s, 9 H, Sit-Bu), 2.98-
3.02 (m, 2 H, 1-H), 3.05-3.09 (m, 2 H, 2-H), 4.95 (q, *)un = 3.8 Hz, Yusi = 192.9 Hz, 1 H, Si-H), 6.85 (d,
3Jup = 7.5 Hz, 1 H, 7-H), 6.91-6.96 (m, 2 H, 3-H, p-Ph), 7.07-7.10 (m, 2 H, o-Ph), 7.12-7.16 (m, 2 H, m-
Ph), 7.21-7.22 (m, 1 H, 3-H), 7.98 (d, 3Jun = 6.9 Hz, 1 H, 4-H). 3C{*H} NMR (125.7 MHz, 297.8 K, C¢Ds)
6 =-4.8(SiCH3), 18.1 (C, t-Bu), 28.5 (CH3, t-Bu), 29.6 (CH2, C-2), 30.9 (CH2, C-1), 114.9 (CH, C-7),119.3
(CH, C-8), 119.9 (CH, C-3), 120.8 (CH, Ph), 123.7 (CH, Ph), 125.9 (C, C-5), 129.5 (C), 130.1 (CH, Ph),
139.0 (CH, C-4),141.0(C), 141.4(C), 148.2 (C), 153.2 (C, C-6), 157.6 (C, i-Ph). *Si{*H} INEPT NMR (99.3
MHz, 297.9 K, CsD¢) & = -21.9. GC-MS tz = 26.5 min, m/z (M*) = 346. HR/MS calculated: m/z =
346.1747; found (El): m/z = 346.1757. IR (ATR, solid): §i(Si-H) [cm™] = 2090, 2151. EA Ca3H2SiO,
calculated: C 79.72, H 7.56, solid: C 80.00, H 7.66

184



Computational Details

6-Phenoxy-5-phenylsilylacenaphthene 42d!**3!

The title compound 42d was synthesized according to general procedure A using 1.0 equiv.
(1.00 mmol, 325 mg) 5-bromo-6-phenoxyacenaphthene 45, 1.2 equiv. n-Buli (1.20 mmol, 0.75 ml)
and 1.0 equiv. (1.00 mmol, 0.13 ml) phenylchlorosilane. The product 42d was purified by

crystallization from n-pentane and obtained as a white solid. Yield 271 mg (0.77 mmol, 77 %).

2 1
3 8

4 7
Y 125

PhSi< , OPh
I:I H
42d

H NMR (300.14 MHz, 295.0 K, CsDe): & = 2.95-3.06 (m, 4 H, CH,), 5.61 (s, Yusi= 201.8 Hz, 2 H, SiH,),
6.79 (d, *Juu=7.6 Hz, 1 H, H-7), 6.86-6.91 (m, 4 H, H-6, OPh), 7.04-7.08 (m, 2 H, OPh), 7.12-7.19 (m, 4
H, H-3, Si-m/p-Ph), 7.64-7.67 (m, 2 H, Si-0-Ph), 7.96 (d, 3y = 6.8 Hz, 1 H, H-4). 3C{*H} NMR (75.48
MHz, 295.0 K, CéDs): 6 = 29.7 (CH,), 31.1 (CHa), 114.6 (CH), 119.5 (CH), 120.2 (CH), 120.4 (CH), 121.9
(C), 123.7 (CH), 128.1 (CH), 129.3 (CH, C-3), 129.4 (C), 129.9 (CH), 134.6 (C), 135.7 (CH, Si-0-Ph), 140.3
(CH, C-4), 140.9 (C), 141.2 (C), 149.1 (C), 152.7 (C), 157.3 (C). Si{*H} NMR (99.31 MHz, 305.0 K, C¢Ds):
& =-30.7. 2Si INEPT NMR (99.31 MHz, 305.0 K, C¢Ds, D3 = D4 = 0.001 s): & = -30.6 (tm, YUysi= 201.8
Hz). GC-MS R: 32.3 min, m/z (%) = 77 (25) CeHs, 152 (46) C12Hs, 197 C12Hs0Si (19), 271 (21) C1sH1:0Si,
273 (100) C15H130Si, 274 (62) C15H140Si, 352 (58) [M+]. IR (ATR, fest): ¥ (Si-H) [cm-1] = 2117. HR-MS
calc: m/z = 352.1283; found (El): m/z = 351.9593 EA CasH200Si, calc: C 81.78, H 5.72, found: C 81.64,
H 5.98.

5-Thiophenyl-6-dimethylsilylacenaphthene 43a!%?!

A Schlenk flask was charged with 1 equiv. 5-bromo-6-dimethylsilylacenaphthene (1.70 mmol, 500
mg) and the solid was dissolved in ca. 50 mL THF and cooled to -40° C. Then 1 equiv. n-butyl lithium
(1.70 mmol, 1.1 mL) was added dropwise and the reaction mixture was stirred for 70 minutes. During
this time, the reaction mixture was allowed to warm to -10° C. Subsequently, the reaction mixture
was cooled to -35° C and a solution of 1 equiv. of diphenyl disulfide in 3 mL THF was added. The

mixture was stirred for additional 30 minutes at -35°C and then warmed to r.t. over night. After
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completion of the reaction, NH4Cl solution (10 mL) was added to the reaction mixture and the
product was extracted with Et,0 (3 x 10 mL). The organic layer was dried over Na,SO, and the solvent
was removed under low pressure. The product 43a was obtained as a colorless solid after

crystallization from n-pentane at 6°C. Yield 250 mg (0.77 mmol, 45%).

Alternatively, the title compound 43a was synthesized according to general procedure A via lithiation
of 5-bromo-6-thiophenylacenaphthene 46 and subsequent addition of dimethylchlorosilane using
1.0 equiv. (2.99 mmol, 1.02 g) 5-bromo-6-thiophenylacenaphthene, 1.1 equiv. n-butyl lithium (3.29
mmol, 2.05 mL) and 1.1 equiv. (3.29 mmol, 0.37 mL) dimethylchlorosilane. The product 43a was
obtained as a colorless solid after crystallization from n-pentane at 6°C. Yield 676 mg (2.12 mmol,

71%).

MeZSi\|_I SPh

43a

'H NMR (499.87 MHz, 305.0 K C¢Dg) 6 = 0.63 (d, 3/ = 3.5 Hz, 6 H, Si(CHs)2), 2.91-2.94 (m, 2 H, CH,, 1-
H), 2.97-3.00 (m, 2 H, CH,, 2-H), 5.39 (sept, 3y = 3.5 Hz, Ysin = 198.4 Hz, 1 H, SiH), 6.82 (t, 3/ = 7.3 Hz,
1 H, CH, p-Ph), 6.90-6.93 (m, 2 H, CH, m-Ph), 6.98 (dm, 3/ = 7.2 Hz, 1 H, CH, 3-H), 7.03-7.05 (m, 2 H,
CH, 0-Ph), 7.15 (dm, 3/ = 7.0 Hz, 1 H, CH, 8-H), 7.88 (d, 3/ = 7.2 Hz, 1 H, CH, 4-H), 8.02 (d, 3/ = 7.0 Hz,
1 H, CH, 7-H). 3C{*H} NMR (125.77 MHz, 300.1 K, CsDg) & = 0.2 (Si(CHs)2), 30.0 (CH,, C-2), 30.2 (CHa,
C-1), 120.1 (CH, C-8), 120.5 (CH, C-2), 125.2 (CH, p-Ph), 126.4 (C, C-5), 126.9 (CH, 0-Ph), 129.1 (CH, m-
Ph), 131.3 (C, C-6), 139.3 (C, C-5), 139.81 (CH), 139.84(CH), 140.9 (C), 141.6 (C, ipso-Ph), 149.2 (C),
149.6 (C). 2Si{*H} NMR (125.71 MHz, 305.0 K, CsD¢) 6 = -17.7. IR (ATR, liquid): ¥(Si-H) [cm™] = 2106
cm™.GC/MS tr = 26.5 min, m/z (%) = 51 (31), 59 (17), 75 (19), 77 (44), 152 (70), 165 (24), 213 (20),
227 (100), 305 (64), 319 (29) [M*]. HR/MS (Cl, isobutane): [C20H20SSi], calculated: 320.1049; found:
320.1039. EA CyH20SSi, calculated: C 74.95, H 6.29, S 10.00; found: C 74.36, H 6.38, S 9.84.
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5-Thiophenyl-6-phenylmethylsilylacenaphthene 43b

The title compound 43b was synthesized according to general procedure A using 1.0 equiv. (4.31
mmol, 1.47 g) 5-bromo-6-thiophenylacenaphene 46, 1.0 equiv. (4.31 mmol, 2.69 mL) n-butyl lithium
and 1.0 equiv. (4.31 mmol, 0.65 mL) chloro(methyl)phenylsilane. The product 43b was purified by

crystallization from n-pentane and obtained as a colorless solid. Yield 1.07 g (2.80 mmol; 65 %).

1 2
8 3
7 4

6 12Y%s
PhMeSi\H SPh

43b

H NMR (499.87 MHz, 305.1 K, CsD¢) & = 0.88 (d, 3/ = 3.6 Hz, 3 H, SiCH3), 2.91-3.95 (m, 2 H, CH,), 2.96-
3.00 (m, 2H, CH,), 5.89 (q, ¥/ = 3.4 Hz, Yy = 202.8 Hz, 1 H, SiH), 6.80-6.83 (m, 1 H, CH, S-p-Ph), 6.87-
6.92 (m, 4 H, CH, S-m/o-Ph), 6.96 (d, 3/ = 7.3 Hz, 1 H, CH, 3-H), 7.10 (d, */ = 7.0 Hz, 1 H, CH, 8-H), 7.14-
7.17 (m, 3 H, CH, Si-m/p-Ph), 7.60-7.64 (m, 2 H, CH, Si-0-Ph), 7.79 (d, 3/ = 7.1 Hz, 1 H, CH, 4-H), 8.05
(d, 3/ = 7.0 Hz, 1 H, CH, 7-H). *C{*H} NMR (125.71 MHz, 305.0 K, CsDs) & = -1.0 (SiCH3), 30.1 (CH,, C-
2), 30.3 (CH,, C-1), 120.2 (CH, C-8), 120.7 (CH, C-3), 125.1 (CH, S-p-Ph), 126.7 (C, C-5), 126.9 (CH, S-m-
Ph), 128.1 (CH, Si-m-Ph), 128.8 (CH, S-p-Ph), 128.9 (C, C-6), 129.0 (CH, S-0-Ph), 134.9 (CH, Si-o-Ph),
139.3 (C, Si-ipso-Ph), 139.5 (C, C-12), 139.7 (CH, C-4), 140.9 (C, C-11), 141.5 (C, S-ipso-Ph), 141.9 (CH,
C-7), 149.5 (C, C-10), 149.7 (C, C-9). °Si{*H} NMR (99.31 MHz, 305.0 K, CsDs) & = -17.2. GC/MS tg =
30.8 min, m/z (%) = 51 (16), 77 (38), 152 (71), 227 (64), 289 (100), 305 (24), 367 (41), 382 (23) [M*].
HR/MS calculated: m/z = 382.1206; found (El): m/z = 382.1196. IR (ATR, solid): &(Si-H) [cm™] = 2091.
EA CasH2,SSi, calculated: C 78.48, H 5.80, S 8.38; found: C 78.57, H 6.63, S 8.08.

1-Thiophenyl-8-phenylmethylsilylnaphthalene 4414

The title compound 44 was synthesized according to general procedure C using 1.0 equiv.
(3.06 mmol, 1.00 g) 8-phenylmethylsilyl-1-bromonaphthalene, 1.0 equiv. (3.06 mmol, 1.91 mL) n-
butyl lithium and 1.0 equiv. (3.06 mmol, 0.67 g) diphenyl disulfide. The product 44 was purified by
column chromatography using petroleum ether/ethyl acetate (99:1) as eluent (R = 0.26) and was
obtained as a colorless solid after crystallization from n-pentane at -18 °C. Yield 0.96 g (2.70 mmol;
88 %).
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8 1
PhMeSi, SPh
H
44

'H NMR (500.13 MHz, 298.4 K, CeDg) & = 0.85 (d, 3Juu = 3.5 Hz, 3 H, SiCHs), 5.87 (q, Jun = 3.5 Hz,
s = 203.0 Hz, 1 H, SiH), 6.75-6.85 (m, 5 H, SPh), 7.07 (t, 3Jun = 7.6 Hz, 1 H, 3-H), 7.12-7.16 (m, 3 H,
Si-m-Ph, Si-p-Ph), 7.21-7.24 (m, 1H, 6-H), 7.51-7.56 (m, 2 H, Si-0-Ph), 7.59 (dd, 3Juu = 8.1 Hz,
“Jun=1.2Hz, 1H, 4-H), 7.66 (dd, *uu=8.1Hz, Yyu=1.1Hz, 1H, 5-H), 7.75 (dd, 3Jun=7.2 Hz,
“Jun=1.3 Hz, 1H, 2-H), 8.08 (dd, *Jun = 6.9 Hz, *Jy = 1.0 Hz, 1 H, 7-H). 3C{*H} NMR (125.77 MHz,
298.3 K, CsD) 6 = -0.5 (SiCHs), 125.4 (CH), 126.0 (CH), 126.2 (CH), 127.2 (C), 128.5 (CH), 128.7 (CH),
129.0 (CH), 131.5 (CH), 131.9 (C), 132.1 (CH), 134.2 (CH), 134.7 (CH), 135.6 (C), 137.6 (C), 139.6 (C),
140.6 (CH), 140.6 (C), 140,9 (CH). 2°Si{*H} NMR (99.31 MHz, 673.2 K, C¢D¢) 6 =-16.9. IR (ATR, solid):
D(Si-H) [cm™] = 2144. HR/MS calculated: m/z = 356.1055; found (ESI): m/z = 355.0595. EA Cy3H20SSi,
calculated.: C 77.48, H 5.65; S 8.99, found: C 76.41, H 5.98, S 8.60.

5-Thiophenyl-6-methyl-tert-butylsilylacenaphthene 43c

The title compound 43c was synthesized according to general procedure B using 1.0 equiv. (990.43
umol, 338 mg) 5-bromo-6-thiophenylacenaphene 46, 1.0 equiv. (990.43 umol, 0.63 mL) n-butyl
lithium and 1.0 equiv. (990.43 umol, 94 mg) chloro(tert-butyl)methyl silane. The product 43¢ was
purified by crystallization from n-pentane and obtained as an orange solid. Yield 107 mg (297.13

umol, 30 %).

43c

'H NMR (500.13 MHz, 298.9 K, CsD¢) & = 0.54 (d, *Jun = 3.4 Hz, 3 H, SiCHs), 1.19 (s, 9 H, Si(t-Bu)), 2.91-
2.95 (m, 2 H, CHy), 2.98-3.02 (m, 2 H, CH>), 5.41 (q, *Jun = 3.3 Hz, Yusi = 199.8 Hz, 1 H, SiH), 6.82-6.85
(m, 1 H, p-Ph), 6.92-6.95 (m, 2 H, m-Ph), 6.98 (d, ®Juu = 7.1 Hz, 1 H, 3-H), 7.05-7.06 (m, 2 H, 0-Ph), 7.16
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(d, 3up=7.0Hz, 1H, 8-H), 7.88 (d, 3Jun=7.1Hz, 1H, 4-H), 8.01 (d, ¥uu=7.0Hz, 1H, 7-H).
3C{'H} NMR (125.71 MHz, 305.0 K, CsDs) & = -3.2 (SiCHs), 18.5 (C, tBu), 30.0 (CH,, C-2), 30.3 (CH,, C-
1), 119.8 (CH, C-8), 120.5 (CH, C-3), 125.2 (CH, p-Ph), 126.9 (C, ipso-Ph), 127.2 (CH, o-Ph), 129.1 (CH,
m-Ph), 129.6 (C, C-6), 139.4 (C, C-12), 139.8 (CH, C-4), 140.2 (CH, C-7), 141.0 (C, C-5), 141.3 (C, C-11),
149.2 (C, C-9), 149.5 (C, C-10). Si{'H} NMR (99.36 MHz, 299.1 K, CsDs) & = -3.3. HR/MS calculated:
m/z = 362.1519; found (El): m/z = 362.1508. IR (ATR, solid): (Si-H) [cm™] = 2175. EA Cy3H26SSi,
calculated: C 72.19, H 7.23, S 8.84; found: C 75.14, H 8.15, S 7.70.

6-Phenylsilyl-5-thiophenylacenaphthene 43d

The title silane 43d was synthesized according to general procedure C using 1.0 equiv. (757.43 umol,
257 mg) of 6-phenylsilyl-5-bromoacenaphthene, 1.0 equiv. (757.43 umol, 0.47 mL) n-butyl lithium
and 1.0 equiv. (757.43 umol, 166 mg) diphenyl disulfide in 5 mL THF. After aqueous work up and
crystallization from hexanes, the product 43d was obtained as a white solid. Yield 21 mg (60.59 umol,
8%).

Alternatively, the title compound 43d was synthesized according to general procedure A using 1.0
equiv. (3.00 mmol, 1.02 g) 5-bromo-6-thiophenylacenaphthene 46, 1.0 equiv. (3.00 mmol, 1.88 mL)
n-BuLi and 1.0 equiv. (3.00 mmol, 0.39 mL) chlorophenylsilane. After aqueous work up and
crystallization from hexanes, the product was obtained as a white solid. Yield 0.98 g (2.88 mmol, 96

%).

PhSi<,, SPh
|:| H
43d

1H NMR (500.13 MHz, 298.9 K, CsDs) & = 2.87-2.96 (m, 4 H, CH,), 5.80 (s, Ui = 203.8 Hz, 2 H, SiH,),
6.80-6.84 (m, 1 H, S-p-Ph), 6.87-.6.90 (m, 2 H, S-m-Ph), 6.92-6.95 (m, 3 H, S-0-Ph, 3/4-H), 7.06 (dm,
3Jun = 6.9 Hz, 1 H, 8-H), 7.13-7.16 (m, 3 H, SiPh), 7.63-7.67 (m, 2 H, SiPh), 7.78 (d, ¥Jupu = 7.2 Hz, 1 H,
3/4-H), 8.08 (d, 3 = 6.9 Hz, 1 H, 7-H). 3C{*H} NMR (125.71 MHz, 305.0 K, CsDs) & = 30.1 (CHs), 30.4
(CH,), 120.4 (CH, C-3/4), 120.7 (CH), 125.2 (C), 125.6 (C), 126.3 (C), 126.9 (CH, S-m-Ph), 129.1 (CH,
SPh), 129.1 (CH, SPh), 135.5 (CH, SiPh), 135.9 (C), 139.5 (C), 139.7 (CH), 140.9 (C), 141.3 (C), 143.4
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(CH, C-7), 149.8 (C), 150.3 (C). 2°Si{*H} NMR (99.36 MHz, 299.1 K, CsDs) & = -31.3. IR (ATR, solid): ¥(Si-
H) [cm™] = 2151, 2088. EA Ca4H20SSi, calculated: C 78.21, H 5.47, S 8.70; found: C 77.29, H 5.44, S 8.16.

5.4 Chiral Resolution of Acenaphthyl Silanes

5.4.1 Pd-NP Catalyzed Dehydrogenative Si-O Coupling
Siloxanes 48A

A reaction tube was charged with 1.0 equiv. (259.02 umol, 99.1 mg) 6-methylphenylsilyl-5-
thiophenylacenaphthene 43b, 2.5 equiv. (652.08 pumol, 101.9 mg) (-)-menthol A and 10.1 mg Pd
nanoparticles. The solids were suspended in 1.0 mL n-Bu;0. The reaction mixture was degassed and
heated to 64 — 67°C for 20 h. The reaction mixture was cooled to r.t. and filtered through silica gel.
After removal of the solvent, the crude product was purified by preparative TLC (petroleum
ether/ethyl acetate (99:1)) and a mixture of both siloxanes 48A was obtained. Yield: 16 mg (28.49
umol, 11%).

MePhSI\0 SPh
18

13
s 17
14
15 16

48A

'H NMR (499.87 MHz, 296.1 K, CDCl3) 6 =0.29 (d, *Jun = 6.9 Hz, 3 H, CH3-i-Pr), 0.63 (d, *Juu= 6.9 Hz, 3
H, CHs-i-Pr), 0.70 (d, *Jun = 6.1 Hz, 3H, CH3-i-Pr), 0.76 (s, 3 H, SiCHs), 0.77-0.79 (m, 2 H), 0.79 (s, 3 H,
SiCHs), 0.80-0.83 (m, 8 H), 0.88 (d, *Ju= 7.1 Hz, 3H, CHs-i-Pr), 0.91-0.94 (m, 2 H), 0.97-1.08 (m, 4 H),
1.16-1.28 (m, 5 H), 1.48-1.58 (m, 6 H), 3.20-3.26 (m, 1 H, 13-H), 3.32-3.37 (m, 1 H, 13-H), 3.42-3.50
(m, 8 H, ace-CH,), 6.46-6.68 (m, 4 H), 6.91-6.93 (m, 6 H), 7.02-7.13 (m, 8 H), 7.30-7.35 (m, 5 H), 7.45-
7.47 (m, 2 H), 7.61-7.63 (m, 2 H), 8.55 (d, 3Jun = 7.1 Hz, 2 H, 7-H) (the overall integral is by 4 H too
high due to overlap with impurities). *C{*H} NMR (125.77 MHz, 298.7 K, CsD¢) 6 = 0.4 (CHs, SiCHs),
1.0 (CHs, SiCHs), 13.3, 14.4, 14.8, 15.6, 15.9, 21.6, 22.4, 22.4, 22.8, 22.8, 25.3, 25.3, 30.2 (CH;, ace),
30.4 (CH,, ace), 34.7 (CHa), 34.7 (CH,), 45.2 (CH.), 45.6 (CH,), 50.4 (CH, C-14), 50.4 (CH, C-14), 72.9
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(CH, C-13), 73.5 (CH, C-13), 119.9 (CH), 120.3 (CH), 124.1 (C), 124.6 (CH), 125.7 (C), 126.4 (CH), 127.5
(CH), 127.8 (CH), 128.0 (CH), 128.2 (CH), 128.4 (CH), 129.4 (C), 129.6 (C), 133.1 (CH), 139.0 (CH), 139.1
(CH), 141.1 (CH), 141.3 (CH), 141.4 (CH), 149.3 (C). °Si{*H} NMR (99.31 MHz, 296.1 K, CDCls) & = -8.4,
-9.6.

Siloxanes 48B

A reaction tube was charged with 1.0 equiv. (262.42 umol, 100.4 mg) 6-methylphenylsilyl-5-
thiophenylacenaphthene 43b and 15.0 mg Pd nanoparticles. The solids were suspended in 1.0 mL n-
Bu,0 and 2.5 equiv. (625.00 pumol, 0.75 mL) (S)-(-)-phenylethanol B were added. The reaction mixture
was degassed and heated to 100°C for 16 h. The reaction mixture was cooled to r.t. and filtered
through silica gel. After removal of the solvent, the crude product was purified by preparative TLC
(petroleum ether/ethyl acetate (99:1)) and a mixture of both siloxanes 48B was obtained. Yield: 16

mg (31.49 umol; 12%).

MePhSI\o SPh

Ph7(s)
48B

H NMR (300.23 MHz, 298.2 K, CDCl5) 8 = 0.62 (s, 3 H, SiCHs), 0.78 (s, 3 H, SiCH3), 1.29-1.32 (m, 6 H,
CHs), 3.39-3.53 (M, 8 H, CH,), 4.70-4.78 (m, 2 H, OCHMePh), 6.44-6.51 (m, 4 H), 6.90-6.94 (m, 6 H),
7.02-7.33 (m, 25 H, overlap with CHCls), 7.48-7.50 (m, 1 H), 7.61-7.65 (m, 2 H), 8.35 (d, Juu= 7.1 Hz,
1 H), 8.72 (d, ¥upu= 7.1 Hz, 1 H). 3C{*H} NMR (125.77 MHz, 298.7 K, CDCl3) § = 0.0 (CHs, SiCHs), 0.5
(CHs, SiCHs), 26.9 (CHs), 30.2 (CH,), 30.4 (CH3), 71.1 (CH), 71.5 (CH), 109.7 (C), 119.9 (CH, ace), 120.0
(CH), 120.4, 124.7, 124.9 (C), 125.7 (CH, ace), 125.8 (CH, Ph), 126.5 (CH), 126.6, 126.7 (CH), 127.5
(CH), 127.5 (CH), 128.1, 128.2, 128.4 (CH, ace), 128.5 (CH, ace), 133.2 (CH), 133.3, 138.9 (CH), 141.0
(CH, C-7), 139.3 (C, ace), 140.3 (C, ace), 148.3 (C, ace), 146.8 (C, ipso-Ph), 149.2 (C, ace). °Si{*H}
INEPT NMR (59.65 MHz, 298.2 K, CDCl3) 6 =-7.7, -6.5.
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Siloxanes 49B

A reaction tube was charged with 1.0 equiv. (269.16 umol, 97.6 mg) 6-methyl-tert-butylsilyl-5-
thiophenylacenaphthene 43¢ and 9.7 mg Pd nanoparticles. The solids were suspended in 1.0 mL n-
Bu,0 and 2.5 equiv. (672.90 umol, 0.80 mL) (S)-(-)-phenylethanol B were added. The reaction mixture
was degassed and heated to 100°C for 4 days. The reaction mixture was cooled to r.t. and filtered
through silica gel. 91 mg (253.01 pumol, 94 %) of the starting silane 43c were recovered. No product

could be observed.

Me(t-Bu)Sl\O SPh

Ph7(s)

49B

Siloxanes 48C

A reaction tube was charged with 1.0 equiv. (250.00 pmol, 95.7 mg) 6-methylphenylsilyl-5-
thiophenylacenaphthene 43b, 1.0 equiv. (250.00 umol, 34.5 mg) (S)-(+)-1-phenyl-1,2-ethandiol Cand
6.5 mg Pd nanoparticles. The solids were suspended in 1.0 mL n-Bu;O. The reaction mixture was
degassed and heated to 70°C for 4 h. No reaction was observed. Therefore, the temperature was
changed to 100°C for further 16 h. The reaction was cooled to r.t. and filtrated through silica gel.
After removal of the solvent, the crude product was purified by preparative TLC (petroleum
ether/ethyl acetate (9:1)). One main fraction was recovered. Due to its complexity, no clear

assignment of the signals was made. The product 48C was not identified unambiguously.

o

MePhS|\0 SPh
OH
(s)
Ph
48C

28i{’H} INEPT NMR (99.31 MHz, 296.0 K, CDCl5) § =-6.2, -4.9, -4.6, -4.5, -4.4.
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Siloxanes 47C

A reaction tube was charged with 0.9 equiv. (133.96 pmol, 49.1 mg) 6-phenoxy-5-
methylphenylsilylacenaphthene 42b, 1.0 equiv. (149.82 umol, 20.7 mg) (S)-(+)-1-phenyl-1,2-
ethandiol C and 5.3 mg Pd nanoparticles. The solids were suspended in 0.7 mL n-Bu,0O. The reaction
mixture was degassed and heated to 70°C for 16 h. The reaction was cooled to r.t. and filtrated
through silica gel. After removal of the solvent, the crude product was purified by preparative TLC
(cyclohexane/ethyl acetate (9:1)). A mixture of the products 47C and most likely the silanol 51 was

obtained.

Cr
()

MePhSI\o OPh Oe
OH

(s)
Ph MePhSi, OPh
OH

47C 51

256i{1H} INEPT NMR (99.31 MHz, 296.0 K, CDCl3) & = -2.0 (tentatively assigned to 51), -1.7, -1.4.

Siloxanes 48D

A reaction tube was charged with 1.0 equiv. (250.00 umol, 95.7 mg) 6-methylphenylsilyl-5-
thiophenylacenaphthene 43b, 1.0 equiv. (250.00 umol, 81.1 mg) (+)-quinidine D and 9.0 mg Pd
nanoparticles. The solids were suspended in 1.0 mL n-Bu;O. The reaction mixture was degassed and
heated to 100°C for 16 h. Colorless crystals formed at the glass wall of the tube. Therefore, further
1.0 mL n-Bu;0 was added. The mixture was heated for further 2 days at 100 °C. A reaction control
via NMR spectroscopy showed the formation of silanol 50. After additional 16 h of stirring at 100 °C,
the reaction was stopped by cooling to r.t. and filtration through silica gel. After removal of the
solvent, the crude product was purified by preparative TLC (pentane/ethyl acetate (99:1)). Two main
fractions were collected: the first fraction was the starting silane 43b (25 mg, 65.00 umol, 26 %) and
the second fraction was the silanol 50 (15 mg, 37.50 umol, 15 %). The NMR data of silanol 50 is given

below. The products 48D were not obtained.
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48D 50

H NMR (300.23 MHz, 298.2 K, CDCl3) & = 0.77 (s, 3 H, SiCHs), 3.40-3.52 (m, 4 H, CH,), 6.66-6.72 (m, 2
H), 6.99-7.06 (m, 3 H), 7.13-7.23 (m, 3 H), 7.30-7.34 (m, 1 H), 7.38-7.43 (m, 3 H), 7.69 (d, ¥ = 7.1 Hz,
1H), 8.21 (d, ¥uu= 7.0 Hz, 1 H). 2°Si{*H} INEPT NMR (59.65 MHz, 298.2 K, CDCl3) & = -4.5.

Single crystals suitable for X-ray diffraction analysis of silanol 50 were obtained from this batch.

5.4.2 Kinetic Resolution — Oxidation of Thiophenyl Group

Experiment 1: A Schlenk flask was charged with 1.0 equiv. (250.00 pmol, 95.7 mg) 6-
methylphenylsilyl-5-thiophenylaenaphthene 43b in 2 mL DCM. Then 4.0 equiv. (1.00 mmol, 172 ul)
(+)-diethyl L-tartrate and 2.0 equiv. (500.00 pumol, 148 L) titanium tetrakispropoxide were added at
r.t.. The mixture was then cooled to -40 °C before adding 1.0 equiv. (250.00 umol, 25 pL) tert-butyl
hydroperoxide. The progress of the reaction was monitored by TLC. After 17 h stirring at -40 °C no
reaction was observed. The mixture was warmed to -20 °C and stirred for further 3 h, but still no
reaction could be observed. The mixture was warmed to r.t. and stirred for 3 days. Then the reaction
was stopped by filtration through a thin layer of silica gel. After removal of the solvent and
subsequent purification by column chromatography (petroleum ether/ethyl acetate 8:2) 80 mg

(209.10 pumol, 84 %) of the starting silane were recovered. The product 52 was not observed.

Experiment 2: A flask was charged with 0.04 equiv. (20.00 umol, 5.3 mg) vanadyl acetylacetonate and
0.06 equiv. (30.00 umol, 9.8 mg) (R,R)-N,N’-bissalicyl-N,N"-dimethyl-1,1-diaminocyclohexane®” in 4
mL chloroform. The mixture was stirred for 45 min at r.t. until a color change was observed. Then 1.0
equiv. (500.00 umol, 191.3 mg) 6-methylphenylsilyl-5-thiophenylacenaphthene 43b was dissolved in
1 mL chloroform and added to the reaction mixture at r.t.. The mixture was stirred for 10 min and
then cooled to 0 °C. When the temperature was reached, 1.5 equiv. (750.00 pmol, 0.77 mL, 30%(ww)
in H,0) H,0, were added to the mixture and it was stirred at 0 °C for 16 h. The reaction progress was
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monitored via TLC. After 16 h at 0 °C no reaction was observed. The mixture was warmed to 10 °C
and stirred for further 20 h. No significant conversion was observed. Further 0.5 equiv. (250.00 umol,
0.25 mL) H,0, was added and the mixture was stirred at 10 °C for further 23 h. The reaction was
stopped by adding 15 mL H,0 and the organic compounds were extracted with DCM (3 x 15 mL).
After drying the organic layer over Na,SO,4 and removal of the solvent, the crude product was purified
via column chromatography (petroleum ether/ethyl acetate 9:1). 140 mg (365.92 umol, 73%) of the
starting silane 43b were recovered. The second fraction (25 mg) was a mixture of at least five silicon

species.

e

PhMeSi ,SPh
HO
52

26i{'H} INEPT NMR (99.31 MHz, 296.0 K, CDCl3) 6 = -4.0, -5.3, -6.2, -11.3, -17.2 (43b).

5.4.3 Kinetic Resolution - Dehydrogenative Si-O Coupling
(R)-2,2-Dimethyl-1-(pyridin-3-yl)propan-1-ol (R)-E

1. n-Buli

_ 1. (-)-DIP-Cl
Bro N 2. NC=t-Bu Q neat, 40°C, 16 h OH
N THF, -80°C N T - N
| > t-Bu S > t-Bu® N
= 3. H,S0, | 2. HN(C,H,0OH), |
Et,0
61 (R)-E

The first step is the synthesis of 2-pivaloylpyridine 61. Therefore, a round-bottom Schlenk flask was
charged with 1.0 equiv. (30.00 mmol, 2.86 mL) 2-bromopyridine and ca. 100 mL THF. The mixture
was cooled to -80 °C and 1.0 equiv. (30.00 mmol, 18.75 mL) n-BuLi was added slowly (within 30 min).
The color of the reaction mixture changed from light yellow to red. After stirring for 2 h at this
temperature, 1.0 equiv. (30.00 mmol, 3.32 mL) pivalonitrile was added. The reaction mixture was
stirred for 1 h at -80 °C and was then warmed slowly to -50 °C (within 1h). Then the cooling bath was
removed and the mixture was stirred for further 1.5 h. A solid precipitated. The reaction mixture was

then transferred to a flask which was cooled with an ice bath and charged with ca. 60 mL 1 M H,SO4
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and a big stirring bar (Circulus). This mixture was stirred for 1.5 h. Subsequently, the phases were
separated and the product 61 was extracted from the aqueous layer with Et;0 (3 x 20 mL). The
combined organic layers were dried over Na,SO4 and the solvent was removed. If everything works
fine, there is no need for further purification. If not: purification via distillation (so far, that was not
necessary for me). 2-Pivaloylpyridine 61 was obtained as a light yellow liquid with a yield of 4.61 g
(28.24 mmol, 94 %).

The second step is the reduction of 2-pivaloylpyridine 61. Therefore, a round-bottom Schlenk flask
was charged with 1.0 equiv. (15.38 mmol, 2.51 g) (-)-B-chlorodiisopinocamphenylborane ((-)-DIP-CI).
Then 1.0 equiv. (15.38 mmol, 4.93 g) 2-pivaloylpyridine 61 were added and the mixture was stirred
at 40 °Cfor 6 h. After cooling the reaction mixture to r.t., the mixture was dissolved in ca. 50 mL Et,0.
In a separated flask with stirring bar, 3.0 equiv. (46.14 mmol, 4.45 mL) diethanolamine was dissolved
in ca. 20 mL Et,0. The reaction mixture was transferred to the diethanolamine at r.t. and the mixture
was stirred for 3 h. A white solid precipitated. The precipitate was filtered off and the solvent was
removed. The crude product (R)-E was purified via column chromatography with petroleum
ether/ethyl acetate (8:2 > 7:3) as eluent. The product (R)-E was obtained as a colorless oily liquid
with a yield of 1.39 g (8.41 mmol, 55 %) and an optical rotation of [o] = 11.41° (c = 1 molL™, CHCl)

and an enantiomeric excess of ee =96 % (chiral GC).

OH

t-BU (R | N\
4

(R)-E

H NMR (300.14 MHz, 295.1 K, CDCl3) & = 0.92 (s, 9 H, t-Bu), 4.38 (s, 1 H), 4.68 (brs, 1 H, OH), 7.13-
7.18 (m, 1 H), 7.22-7.27 (m, 1 H), 7.58-7.65 (m, 1 H), 8.47-8.51 (m, 1 H). *C{*H} NMR (75.48 MHz,
295.4 K, CDCls) & = 25.9 (CH3, t-Bu), 36.3 (C, t-Bu), 80.4 (CH, OC), 122.3 (CH), 122.9 (CH), 135.6 (CH),
147.8 (CH), 160.1 (C). *H/*>N HMBC NMR (500.45 MHz, 300.0 K, CDCls) & = 300.5. Chiral GC tz = 56.6
(88.6 %), 57.3 (11.4 %).
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General Procedure for the Kinetic Resolution of Silanes

A Schlenk flask was charged with copper(l)chloride and triphenylphosphane in a ratio of 1:2. Toluene
was added and the mixture was stirred until triphenylphosphane was dissolved. Subsequently
sodium tert-butoxide (equimolar to CuCl) was added at r.t. and the mixture was stirred until the color
turned yellow (5 — 10 min). The pyridyl alcohol (R)-E was dissolved in toluene and added at r.t. to the
catalyst mixture. The mixture turned orange. Subsequently the silane was added either as a solid in
one portion or dissolved in toluene whereupon the mixture turned brown-red. After stirring for
approximately 16 h, the reaction mixture was filtrated through a thin layer of silica gel to remove the
Cu(l) species, the solvent was removed and the crude product was purified by a two-step column
chromatography if not mentioned otherwise in the details. The first column chromatography (eluent
petroleum ether/ethyl acetate 100:0 = 50:50) with a short column resulted in two fraction: 1. (+)-
Silane + PhsP, 2. Siloxanes + impurities. Both fractions needed further purification which is specified

for each compound in detail below.

6-Phenoxy-5-methylphenylsilylacenaphthene 42b

The kinetic resolution of the title compound 42b was performed four times with slightly altered
conditions and outcomes which are listed in Table 34. Entry 1: Silane 42b added as solid in one
portion. In all other entries the silane 42b was dissolved in toluene prior to the addition. Entry 3: The
alcohol/toluene solution was added at r.t., the silane 42b/toluene mixture at -40 °C, the mixture was
warmed slowly to -13°C as a color change was observable, the mixture was cooled again to -35°C and
stirred at this temperature for 1 h, afterwards the mixture was slowly warmed to r.t. over night. Entry
4: The catalyst was prepared as usual at r.t., then the mixture was cooled with an ice bath, first the
alcohol/toluene and subsequently the silane 42b/toluene mixture was added dropwise, the mixture

was warmed slowly to r.t. over night.
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Table 34 — Reaction conditions and yields of the attempts for the kinetic resolution of 6-phenoxy-5-
methylphenylsilylacenaphthene 42b ([a]p measured in Et,0).

Catalyst Alcohol Yield /[a] Yield ar
Entry CuC\: Silane 42b (R)-E T Silane SiTen OZ;b Siloxane | Siloxane
42b ane 47E 47E
1 0.2 equiv. 1.0 equiv. 0.55 equiv. t 82 92 i 21 90 89:11
144.6 pmol | 723.0 umol | 397.6 umol
0.2 equi 1.0 equi 0.5 equi r.t ee=2%
. uiv. . uiv. . uiv. L
2 85 % =+0.4° 12 % 68:32
259.7 umol | 1.3 mmol | 649.3 umol | (31°C) ° lo] = +0 . 0
(0.04 molL™)
0.2 equi 1.0equiv. | 0.5equi ee =44 %
.2 equiv. .0 equiv. .5 equiv.
3 g a a 40°C | 62% [o] = +5° 10% 86:14
151.5 umol | 783.0 umol | 391.5 umol 3
(0.006 molL™?)
0.2 equi 1.0 equiv. | 0.53 equi ee =26%
. uiv. . uiv. . uiv.
4 0°C 52 % = +12° 61 %" 85:15
305.6 umol | 3.06 mmol 1.61 mmol ° [o] 3 0
(0.01 molL™?)

a) mixture with PhsP, yield calculated from H NMR and GC/MS, b) used for reduction from siloxane to (-)-silane, c) not
pure.

Purification

Entry 1: column chromatography (eluent petroleum ether/ethyl acetate 100:0 = 70:30). Entry 2:
First column chromatography (eluent petroleum ether/ethyl acetate 99:1 = 90:10). Fraction 1 ((+)-
silane 42b + PhsP) was further purified by oxidation of the phosphane with H,0,. Therefore, the solid
were dissolved in petroleum ether and 1.0 mL H,0; (30w% in H,0) was added at r.t. after stirring the
mixture for 16 h the solid which precipitated was filtered off and the phases were separated. The
solvent of the organic layer was removed and the residue was purified via recrystallization from
hexanes. The second fraction (siloxanes 47E) was purified via preparative TLC (eluent petroleum
ether/ethyl acetate 90:10). Entry 3: First short column chromatography (eluent petroleum
ether/ethyl acetate 100:0 = 0:100) resulting in two fractions. Fraction 1 ((+)-silane 42b + Ph3P) was
further purified by oxidation (see Entry 2) of the PhsP (0.7 mL H,0, 30w% in H,0) subsequent filtration
and recrystallization from hexanes. Fraction 2 (siloxanes 47E) was purified via preparative TLC (eluent
petroleum ether/ethyl acetate 90:10). Entry 4: First short column chromatography (eluent petroleum
ether/ethyl acetate 100:0 = 0:100) resulting in two fractions. Fraction 1 ((+)-silane 42b + Ph3P) was
further purified by oxidation (see Entry 2) of the PhsP (0.7 mL H,0, 30w% in H,0) subsequent filtration
and recrystallization from hexanes. Fraction 2 (siloxanes 47E) was not further purified. The crude

fraction 2 was used for the reduction of siloxane to obtain (-)-silane 42b.
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e

PhMeSI\O OPh
=

47E

'H NMR (499.87 MHz, 305.0 K, CsDs) 6 = 0.99 (s, 3 H, SiCH3), 1.21 (s, 9 H, t-Bu), 2.99-3.04 (m, 2 H,
CH,), 3.12-3.17 (m, 2 H, CH3), 5.02 (s, 1 H, OCH), 6.47 (dm, 3Juu= 7.7 Hz, 2 H, OPh), 6.50-6.53 (m, 1 H,
Py), 6.56 (d, 3Jun= 7.5 Hz, 1 H, 7-H), 6.78-6.81 (m, 2 H, Si-m-Ph), 6.82-6.85 (m, 2H, 8-H, O-ipso-Ph),
6.89-6.97 (m, 4 H, Py, OPh, Si-p-Ph), 7.16-7.18 (m, 2 H, Si-0-Ph), 7.26 (dm, *Ju= 7.9 Hz, 1 H, Py), 7.46
(dm, 3Jun=6.9 Hz, 1 H, 3-H), 8.27-8.31 (m, 1 H, Py), 8.96 (d, *Ju,x= 6.9 Hz, 4-H). Additional signals for
second diastereomer: 0.57 (s, SiCH3), 1.06 (s, t-Bu), 4.94 (s, OCH), 7.51 (d, 3Ju = 7.0 Hz, 3-H), 8.47-
8.49 (m, Py), 8.96 (d, 3Jun = 7.0 Hz, 4-H). 3C{*H} NMR (125.71 MHz, 305.0 K, C¢D¢) & = -2.0 (SiCHs),
26.8 (CH;3, t-Bu), 29.6 (CH;), 31.0 (CH>), 36.8 (C, t-Bu), 84.5 (CH, OC), 112.0 (CH, C-7), 120.3 (CH, C-3),
121.3 (CH), 121.3 (CH, Py), 123.1 (CH, Py), 124.0 (CH), 126.1 (C), 127.1 (CH), 128.2 (CH, Py), 128.7 (C),
129.6 (CH), 133.6 (CH), 134.5 (CH, Py), 138.5 (CH, C-4), 139.0 (C), 140.0 (C, ace), 141.4 (C, ace), 147.5
(CH, Py), 148.5 (C, ace), 153.4 (C, C-6), 155.4 (C, O-ipso-Ph), 162.3 (C, Py). 2°Si{*H} NMR (99.31 MHz,
305.0 K, CsDs) & = -5.0 (main), -4.6. *H/*>N HMBC NMR (499.87 MHz, 305.0 K, CsDs) & = 316.5 (main),
317.5. EA C35H3sNO,Si, calc: C 79.35, H 6.66, N 2.64, found: C 61.48, H 6.15, N 2.11.

6-Methylphenylsilyl-5-thiophenylacenaphthene 43b

For the chiral resolution of 1.0 equiv. (1.05 mmol, 401.0 mg) of the title compound 43b 0.2 equiv.
(213.14 pmol, 21.1 mg) copper(l)chloride, 0.4 equiv. (242.34 umol, 111.3 mg) triphenylphosphane,
0.2 equiv. (208.11 pmol, 20.0 mg) sodium tert-butoxide and 0.55 equiv. (576.75 pumol, 95.3 mgin 3.5
mL toluene) of the pyridyl alcohol (R)-E were used. The catalyst was prepared in 2.0 mL toluene and
the silane 43b was added as a solid in one portion. The crude product was an oil which was adsorbed
on silica for a solid deposition at the column. Eluent for column chromatography petroleum
ether/ethyl acetate 98:2 = 90:10. Two fractions collected: the first fraction was the (+)-silane 43b
and PhsP, which was further purified via preparative TLC (eluent petroleum ether/ethyl acetate 99:1,

TLC was three times eluted). The yield of (+)-silane 43b ([a]o = 11, ¢ = 0.06 molL?, in Et,0; ee = 66 %)
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was 113.0 mg (295.35 umol, 56 %). The second fraction contained the siloxanes 48E and impurities.
Siloxanes 48E were obtained purely by adding a pentane/ethyl acetate 9:1 mixture to the oil.
Siloxanes 48E were dissolved and the impurities precipitated. After removal of the solvent, siloxanes
48E were obtained as a colorless viscous oil. The yield of siloxanes 48E was 171.0 mg (313.29 umol,

60 %).

s

PhMeSi\O SPh
=

'H NMR (499.87 MHz, 305.0 K, C¢Ds) 6 = 1.09 (s, 3 H, SiCH3), 1.19 (s, 9 H, t-Bu), 2.94-2.98 (m, 2 H,
CHy), 3.05-3.09 (m, 2 H, CH,), 5.00 (s, 1 H, OCH), 6.49-6.53 (m, 1 H, Py), 6.56-6.59 (m, 2 H), 6.70-6.74
(m, 3 H), 6.77-6.81 (m, 2 H, SiPh), 6.84-6.91 (m, 2 H, Py), 6.93 (dm, *Juu=7.2, 1 H, 3-H), 7.18-7.21 (m,
2 H, Py), 7.22-7.25 (m, 2 H, SiPh), 7.43 (dm, *Jyu=7.1, 1 H, 8-H), 7.66 (d, *Jun= 7.1 Hz, 1 H, 4-H), 8.28-
8.30(m, 1 H, Py),9.19 (d, 3Juu= 7.1 Hz, 7-H). Additional signals for second diasteromer: 0.66 (s, SiCHs),
1.03 (s, t-Bu), 4.96 (s, OCH), 6.64-6.68 (m), 7.03-7.07 (m), 7.10-7.14 (m), 7.49 (dm, 3Jy = 7.0 Hz), 7.53-
7.56 (m), 7.59 (dm, 3Jun= 7.9 Hz), 7.69 (d, *Jun= 7.2 Hz), 8.46-8.49 (m), 8.62 (d, *Juu=7.0), 9.32 (d,
3Jun= 7.1 Hz). BC{*H} NMR (125.71 MHz, 305.0 K, C¢D¢) 6 = -0.6 (SiCH3), 26.8 (CHs, t-Bu), 30.0 (CH>),
30.3 (CH,), 36.8 (C, t-Bu), 84.5 (CH, OC), 120.2 (CH, C-8), 120.6 (CH, C-3), 121.2 (CH, Py), 123.2 (CH,
Py), 124.8 (CH), 126.3 (C), 126.8 (CH), 127.3 (CH), 127.9 (CH), 128.6 (CH), 129.0 (C, C-6), 133.1 (CH,
SiPh), 134.4 (CH), 139.4(CH, C-4), 139.4 (C), 140.0 (C), 140.9 (C, ace), 141.3 (CH, C-7), 141.4 (C), 147.5
(CH, Py), 149.3 (C, ace), 149.6 (C, ace), 162.2 (C, Py). Additional signals for the second diastereomer:
-0.2 (SiCHs), 26.7 (CHs, t-Bu), 36.7 (C, t-Bu), 83.9 (CH, OC), 120.3 (CH), 120.6 (CH), 121.7 (CH), 122.9
(CH), 124.7 (CH), 126.2 (C), 126.5 (CH), 127.1, (CH), 127.9 (CH), 128.3 (CH), 129.0 (C), 135.1 (CH),
139.5 (CH), 139.6 (C), 140.1 (CH), 141.2 (C), 141.3 (CH), 141.7 (C), 148.0 (CH), 163.7 (C). *Si{"H} NMR
(99.31 MHz, 305.0 K, CsD¢) & = -8.1 (main), -7.6. *H/*>N HMBC NMR (499.87 MHz, 305.0 K, CsD¢) & =
310.6, 307.8 (main).
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8-Methylphenylsilyl-1-thiophenylnaphthalene 44

For the chiral resolution of 1.0 equiv. (818.94 umol, 292.0 mg) of the title compound 44 0.1 equiv.
(163.78 umol, 16.0 mg) copper(l)chloride, 0.2 equiv. (327.58 umol, 86.0 mg) triphenylphosphane, 0.1
equiv. (163.78 umol, 16.0 mg) sodium tert-butoxide and 0.6 equiv. (491.36 umol, 81.0 mg in 2 mL
toluene) of pyridyl alcohol (R)-E were used. The catalyst was prepared in 2 mL toluene and the silane
was added as a solid. The first column chromatography resulted in two fractions: 1. (+)-silane 44 +
PhsP (209 mg), 2. siloxanes 56 + impurities (217 mg). Preparative TLC of the first fraction (eluent
petroleum ether, eluted three times) gave 86.0 mg (241.19 umol, 59 %) of (+)-silane 44 ([a]p = 17, c
= 0.04 mollL?, in Et,0; ee = 84 %)). Preparative TLC of the second fraction (eluent petroleum

ether/ethyl acetate 9:1) gave 159.0 mg (305.90 umol, 75 %) of siloxanes 56.

PhMeSI\0 SPh

t-Bu | Ny

=
56

H NMR (499.87 MHz, 305.1 K, CsD¢) & = 1.07 (s, 3 H, SiCHs), 1.15 (s, 9 H, t-Bu), 4.91 (s, 1 H, OCH),
6.40-6.43 (m, 2 H, SPh), 6.48-6.52 (m, 1 H, Py), 6.65-6.71 (m, 3 H, SPh), 6.74-6.78 (m, 2 H), 6.83-6.88
(m, 2H, Py), 7.04-7.10 (m, 3 H, naph, Py), 7.13-7.17 (m, 2 H, SiPh), 7.56-7.61 (m, 1 H, 6-H), 7.62-7.67
(m, 2 H, SiPh), 7.76-7.79 (m, 1 H), 8.26-8.29 (m, 1 H, Py), 9.24-9.28 (m, 7-H), the sum of the integrals
in the aromatic region is by 1 H too high, most likely due to overlap with the second diastereomer.
Additional signals for second diastereomer: 0.63 (s, SiCHs), 0.99 (s, t-Bu), 4.90 (s, OCH), 6.36-6.39 (m),
6.57-6.59 (m), 7.43-7.48 (m), 7.49-7.52 (m), 8.44-8.47 (m, Py), 9.33-9.36 (m, 7-H). 3C{*H} NMR
(125.71 MHz, 305.0 K, C¢Dg) & = -0.6 (SiCHs), 26.7 (CHs, t-Bu), 36.6 (C, t-Bu), 84.4 (CH, OC), 120.9 (CH,
Py), 122.9 (CH, Py), 125.0 (CH), 125.8 (CH, naph), 125.8 (CH), 126.7 (CH, SPh), 127.1 (CH), 127.6 (CH),
128.5 (CH), 131.2 (C), 131.3 (CH), 131.5 (CH), 132.6 (CH), 134.1 (C, C-8/Si-ipso-Ph), 134.2 (CH), 135.4
(C), 137.1 (CH), 139.2 (C, C-8/Si-ipso-Ph), 140.1 (CH, C-7), 140.1 (C), 140.9 (C), 147.3 (CH, Py), 161.9
(C, Py). Additional signals for the second diastereomer: -0.1 (SiCHs), 26.6 (CHs, t-Bu), 36.5 (C, t-Bu),
83.3 (CH, 0C), 121.5 (CH), 122.7 (CH), 124.9 (CH), 135.6 (C), 140.6 (C), 141.7 (C), 147.9 (CH), 163.4
(C). °Si{*H} NMR (99.31 MHz, 305.0 K, C¢Dg) 6 =-11.2 (main), -10.9. *H/**N HMBC NMR (499.87 MHz,
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305.0 K, CsDs) 6 = 316.6. HRMS protonated at N atom Cs3H34NOSSi, found: 520.2128, calculated

520.2130.

5.4.4 Reduction of Siloxanes

The siloxanes were dissolved in 2-20 mL diethylether and di-iso-butylaluminiumhydride (1 M in n-

hexane) was added at r.t.. The mixture was stirred for 16 h and afterwards quenched by addition of

1-20 mL 1 M HCI. The two phasic mixture was stirred for 20-60 min, the phases were separated and

the product was extracted from the aqueous layer (3 x 5-20 mL Et,0). After removal of the solvent,

the product was purified via column chromatography or preparative TLC (eluent PE). Details see Table

35. Entry 1: Reaction in 20 mL Et,0, work up with 20 mL 1 M HCI. Entry 2: Reaction in 4 mL Et,0, work

up with 3 mL 1 M HCI. Entry 3: Reaction in 2 mL Et,0, work up with 1 mL 1 M HCI.

Table 35 — Batches of the reduction of siloxanes 47E, 48E and 56 to the corresponding (-)-silanes 42b, 43b and 44 ([a]p

measured in Et,0).

1.0 equiv. 2.0-2.5 equiv. . [alo ee
Entr Compound Yield
¥ P siloxane DIBAL-H (-)-silane (-)-silane
1 a7E 993 mg 4.70 ml 561 mg -11° 64 %
(1.87 mmol) (4.69 mmol) (82%) | (0.02 molLY) 0
174 0.64 mL 97 -11°
2 48E me m me ., 64 %
(318.79 umol) (637.58 umol) (80 %) (0.05 molL™?)
158 0.76 mL 75 -15°
3 56 me m me ., 54 %
(303.98 pmol) (759.94 umol) (69%) | (0.04 molL?)
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5.5 Synthesis of Silyl Borates

General Procedure D: The silane and trityl borate [Ph3C][B(CeFs)s] were dissolved in benzene. Then
the solution of the trityl borate was added to the silane at r.t. and the biphasic reaction mixture was
stirred for 30 min. Subsequently, the phases were separated, the upper, nonpolar phase was
removed and the polar phase was washed with benzene three times. After removing the solvent
under low pressure, the residue was dissolved in a deuterated solvent and analyzed by NMR

spectroscopy.

Phenoxy-Stabilized Silyl Borate 34a[B(CsFs)4]®?!

Silyl borate 34a[B(C¢Fs)4] was synthesized according to general procedure D using 1.1 equiv. of silane

42a (460 pumol, 140 mg) and 1.0 equiv. of trityl borate (438 umol, 404 mg).

21 B(CgFs)a] ©
3109 . [ ( 6 5)4]
4 7

5 12 06
Me,Si—OPh
®

34a

14 NMR (499.87 MHz, 297.8 K, C;Ds) & = 0.31 (s, 6 H, Si(CHs)), 3.02-3.06 (m, 2 H, CH,, 2-H), 3.10-3.14
(m, 2 H, CH,, 1-H), 6.13 (d, 3/ = 7.8 Hz, 1 H, CH, 7-H), 6.60-6.63 (m, 2 H, CH, Ph), 6.79 (dm, 3/ = 7.9 Hz,
1H, CH, 8-H), 7.16-7.24 (m, 3 H, CH, Ph), 7.27 (dm, 3/= 7.0 Hz, 1 H, CH, 3-H), 7.55 (d, 3/ = 7.0 Hz, 1 H,
CH, 4-H). 'H NMR (499.87 MHz, 305.1 K, CéDg) 6 = 0.41 (s, 6 H, Si(CHs)2), 3.13-3.15 (m, 2 H, CHa, 2-H),
3.24-3.26 (m, 2 H, CH,, 1-H), 6.25 (d, 3/=7.8 Hz, 1 H, CH, 7-H), 6.72-6.73 (m, 2 H, CH, Ph), 6.91 (d,
3)=7.8 Hz, 1 H, CH, 8-H), 7.27-7.30 (m, 2 H, CH, Ph), 7.33-7.34 (m, 1 H, CH, p-Ph), 7.41 (d, 3/ = 7.0 Hz,
1H, CH, 3-H), 7.67 (d, 3/=7.0 Hz, 1 H, CH, 4-H). 3 C{*H}t NMR (75.48 MHz, 297.8 K, C;Ds) & = -0.5
(Si(CHs)2), 30.7 (CH,, C-2), 32.5 (CH,, C-1), 108.6 (CH, C-7), 115.2 (C, C-5), 119.6 (CH, C-8), 121.6 (CH,
Ph), 124.2 (CH, C-3), 124.8 (C), 131.8 (CH, Ph), 132.4 (CH, Ph), 134.7 (CH, C-4), 137.1 (dm,
1) = 235.4 Hz, [B(CeFs)a]), 139.1(dm, U = 233.6 Hz, [B(CeFs)a]), 139.1 (C), 146.1 (C), 148.3 (C, ipso-Ph),
149.2 (dm, Y = 248.9 Hz, [B(CsFs)4]), 151.6 (C), 152.4 (C, C-6). The broad signal of the ipso-C atom of
the borate anion is hidden by a triplet signal of the solvent toluene-ds. *C{*H} NMR (125.71 MHz,
305.0 K, CsDg) & = -0.6 (Si(CHs)s), 30.5 (CHa, C-2), 32.3 (CH,, C-1), 108.5 (CH, C-7), 115.0 (C, C-5), 119.4
(CH, C-8), 121.4 (CH, Ph), 124.0 (CH, C-3), 124.2-125.7 (C, [B(CsFs)a]), 124.5 (C), 131.6 (CH, Ph), 132.2
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(CH, Ph), 134.5 (CH, C-4), 137.0 (dm, Y = 233.5 Hz, [B(CeFs)a], CF), 128.9 (dm, Y = 233.0 Hz, [B(CsFs)a],
CF), 138.9 (C), 145.9 (C), 147.9 (C, p-Ph), 149.1 (dm, Y = 241.9 Hz, [B(CeFs)a], CF), 151.3 (C), 152.1(C,
C-6). 2°Si{'"H} NMR (99.36 MHz, 299.6 K, CsDs) 6 = 77.4. *F{*H} NMR (470.30 MHz, 305.0 K, CcDs) & =
-166.7-(-166.4) (m, 8 F, [B(CeFs)a]), -162.6 (t, 3Jrr = 20.6 Hz, 4 F, [B(CsFs)a]), -132.1-(-131.8) (m, 8 F,
[B(CeFs)a]). “B{*H} NMR (160.46 MHz, 298.5 K, C;Ds) 6 = -16.7.

Phenoxy-Stabilized Methylphenylsilyl borate 34b[B(CsFs)4]!**?!

The title compound 34b[B(CsFs)4] was synthesized according to general procedure D using 1.1 equiv.
(410 umol, 151 mg) of 5-methylphenylsilyl-6-phenoxyacenaphthene 42b and 1.0 equiv. (380 umoaol,
346 mg) of trityl borate.

[\ B ©
8

5 6
PhMeSi—OPh
®
34b

'H NMR (499.9 MHz, 305.0 K, C¢D¢) 5 = 0.63 (s, 3 H, SiCHs), 3.07-3.12 (m, 2 H, CH,), 3.19-3.24 (m, 2 H,
CHa), 6.15 (d, 3w = 7.8 Hz, 1 H, 7-H), 6.82-6.84 (m, 1 H, 8-H), 6.98-7.02 (m, 2 H, SiPh), 7.08-7.13 (m,
3 H, SiPh), 7.28-7.33 (m, 1 H, OPh), 7.35-7.38 (m, 1 H, 3-H), 7.61 (d, ¥Jux = 7.0 Hz, 1 H, 4-H), the signals
of m- and 0-OPh were not found. **C{*H} NMR (125.7 MHz, 305.0 K, CsDs) & = -3.9 (SiCHs), 30.6 (CH>),
32.4 (CH,), 108.7 (CH, C-7), 112.1 (C, C-5), 119.7 (CH, C-8), 121.6 (CH, SiPh), 124.2 (CH, C-3), 125.0 (C,
ipso-SiPh), 125.5 (C, C-12), 129.4 (CH, SiPh), 131.3 (CH, SiPh), 135.2 (CH), 135.5 (CH, SiPh), 135.9 (CH,
C-4),138.9 (C, C-11), 149.8 (C), 147.9 (C), 151.5 (C), 151.9 (C, C-6). Si{*H} NMR (99.3 MHz, 305.0 K,
CeDe) 5 = 60.8 ppm. “'B{*H} NMR (160.46 MHz, 305.0 K, CsDs) & = -16.0. >F{*H} NMR (470.30 MHz,
305.0 K, CsDs) & = -166.7-(-166.4) (m, 8 F, [B(CsFs)a]), -162.6 (t, ¥Jrr = 20.6 Hz, 4 F, [B(CsFs)a]), -132.1-(-
131.8) (m, 8 F, [B(CsFs)al).
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Phenoxy-Stabilized tert-Butylmethylsilyl Borate 34c[B(C¢Fs)4]™**?

The title compound 34c¢[B(CsFs)a] was synthesized according to general procedure D using 1.0 equiv.
(380 umol, 130 mg) of 5-methylphenylsilyl-6-phenoxyacenaphthene 42¢ and 1.0 equiv. (380 pumol,
346 mg) of trityl borate.

2 1
[ [B(CeFs)sl ©
L
4
57 ey '
Me(t-Bu)Si—OPh
®
34c
'H NMR (499.9 MHz, 305.1 K, CsDs) 8 = 0.37 (s, 3 H, CHs), 0.69 (s, 9 H, t-Bu), 2.99-3.03 (m, 2 H, CH,),
3.11-3.15 (m, 2 H, CH,), 6.18 (d, Juy = 7.8 Hz, 1 H, 7-H), 6.78-6.81 (m, 1 H, 8-H), 7.13-7.24 (m, 4 H,
overlap with C¢DsH), 7.28-7.31 (m, 1 H, 3-H), 7.50 (d, Jun = 7.1 Hz, 1 H, 4-H), OPh signals broad and
not listed. ¥C{*H} NMR (125.7 MHz, 305.1 K, CsDs) & = -4.9 (SiCHs), 20.8 (C, t-Bu), 23.8 (CHs, t-Bu),
30.5 (CH,), 32.3 (CHy), 108.7 (CH, C-7), 113.3 (C, C-5), 119.5 (CH, C-8), 121.4 (CH, OPh), 124.0 (CH, C-
3),125.0 (C, C-12), 131.6 (CH, OPh), 132.1 (CH, OPh), 135.1 (CH, C-4), 138.8 (C, C-11), 146.0 (C, C-9),
149.5 (C, ipso-OPh), 151.3 (C, C-10), 153.0 (C, C-6). 2°Si{*H} NMR (99.3 MHz, 305.1 K, CsD¢) 6 = 72.2.
BF{*H} NMR (470.30 MHz, 305.0 K, CsDs) 6 = -166.7-(-166.4) (m, 8 F, [B(CsFs)s]), -162.6 (t,
SJF,F =20.6 Hz, 4 F, [B(C5F5)4]), -132.1-(-131.8) (m, 8F, [B(C6F5)4]).

Thiophenyl-Stabilized Silyl Borate 35a[B(CsFs)4]'*?!

Silyl borate 35a[B(CsFs)4] was synthesized according to general procedure D using 1.0 equiv. of silane
43a (380 umol, 122 mg) and 1.0 equiv. of trityl borate (380 umol, 350 mg). The reaction was carried

out directly in benzene-ds.

1 2
g [an) 0 [B(CHs),] ©

7 4
12 Y%

Me,Si—SPh
©)
35a

1H NMR (499.87 MHz, 298.3 K, CsD¢) & = -0.01 (s, 3 H, syn-Si(CHs)), 0.47 (s, 3 H, anti-Si(CHs)), 3.02-
3.05 (m, 2 H, CH,), 3.09-3.12 (m, 2 H, CH,), 6.54 (d, 3/ = 7.7 Hz, 2 H, CH, 0-Ph), 6.91-6.94 (m, 2 H, CH,
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m-Ph), 7.01-7.05 (m, 2 H, CH, p-Ph, 3-H), 7.13 (d, >/ = 7.5 Hz, 1 H, CH, 4-H), 7.23 (d, 3/ = 7.0 Hz, 1 H,
CH, 8-H), 7.43 (d, 3/= 7.0 Hz, 1 H, CH, 7-H). *C{*H} NMR (125.70 MHz, 298.4 K, CsDs) & = -3.0 (syn-
Si(CHs)a), -0.3 (anti-Si(CHs),), 30.9 (CH,, C-2), 31.2 (CH,, C-1), 117.0 (C), 121.4 (C, C-6), 122.5 (CH),
123.1(CH, C-8), 124.6 (CH), 124.2-126.0 (C, [B(CsFs)4]), 128.4 (CH, 0-Ph), 131.3 (CH, m-Ph), 132.6 (CH),
133.4 (CH, C-4), 136.9 (CH, C-7), 137.0 (dm, Ycr = 246.6 Hz, CF, [B(CsFs)s]), 138.5 (C), 138.9 (dm,
Yer = 232.8 Hz, CF, [B(CeFs)al), 139.3 (C), 149.1 (d, Ycr = 241.4 Hz, CF, [B(CeFs)a]),152.2 (C), 154.2 (C).
29Gi{*H}NMR (99.36 MHz, 298.3 K, CsDs) & = 65.8. *B{*H} NMR (160.46 MHz, 298.9 K, CsDs) & = -16.6.
9F{'H} NMR (470.30 MHz, 305.0 K, CcDe) &6 = -166.7-(-166.4) (m, 8 F, [B(CeFs)a]), -162.6 (t,
3Jer = 20.6 Hz, 4 F, [B(CeFs)a]), -132.1-(-131.8) (m, 8 F, [B(CsFs)a]).

Thiophenyl-Stabilized Methylphenylsilyl Borate 35b[B(C¢Fs)4]

The title compound 35b[B(CsFs)4] was synthesized according to general procedure D using 1.0 equiv.
(347 umol, 133 mg) of 6-methylphenylsilyl-5-thiophenylacenaphthene 43b and 1.0 equiv. (347 umol,
312 mg) of trityl borate.

1 2

[N IBICGFs) ©

3

OO
7 4
5

6

PhMeSi—SPh
®

35b

'H NMR (499.9 MHz, 305.1 K, C;Dg) 6 = 0.33 (s, 2 H, SiCHs, trans-35b), 0.79 (s, 3 H), SiCHs, cis-35b),
3.03-3.17 (m, 7 H, CH,), 6.15 (dm, 3Jyn = 7.9 Hz, 2 H, S-0-Ph, cis-35b), 6.54-6.59 (m, 3 H, SPh), 6.70-
6.75 (m, 1 H, S-p-Ph, cis-35b), 6.79-6.87 (m, 4 H), 6.92-6.99 (m, 3 H, SPh), 7.02-7.20 (m, 9 H), 7.22-
7.27 (m, 2 H), 7.40 (d, 3Jun = 7.0 Hz, 1 H, 7-H, cis-35b), 7.43 (d, 3Jun = 7.0 Hz, 0.6 H, 7-H, trans-35b).
13C{*H} NMR (125.7 MHz, 305.1 K, C;Dg) & = -4.4 (SiCHs, trans-35b), -2.8 (SiCHs, cis-35b), 31.0 (CH,),
31.4 (CH,), 116.1 (C), 117.3 (C), 119.0 (C-6), 122.7 (CH), 122.8 (CH), 123.4 (CH), 123.5 (CH), 123.6 (C),
125.5 (CH), 126.5 (C), 127.8 (CH, SPh), 128.3 (CH), 128.6 (CH), 129.0 (CH), 129.3 (CH), 129.7 (CH),
130.5 (CH), 131.5 (CH, SPh), 131.6 (CH), 132.8 C(H, SPh), 133.9 (CH), 134.2 (CH), 134.4 (CH), 134.9
(CH), 135.8 (CH), 137.0 (dm, Y= 246.3 Hz, [B(CsFs)a]), 138.3 (CH, C-7), 138.4 (CH, C-7), 138.9 (dm,
Uer = 244.1 Hz, [B(CeFs)al), 139.4 (C), 139.6 (C), 139.7 (C), 139.9 (C), 149.2 (dm, Ycr = 240.0 Hz,
[B(CeFs)a]), 153.0 (C), 154.4 (C), 154.5 (C). °Si{*H} NMR (99.3 MHz, 305.1 K, C;Ds) & = 53.9 (cis-35b),
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51.2 (trans-35b). 11B{IH} NMR (160.38 MHz, 305.1 K, C;Ds) 6 =-16.0. 19F{1H} NMR (470.30 MHz, 305.1
K, C,Ds) 6 = -166.6-(-166.4) (M, 8 F, [B(CeFs)a],), -162.7 (t, ¥Ji.r = 20.6 Hz, 4 F, [B(CeFs)a]), -131.8-(-131.6)
(m, 8 F, [B(CsFs)a]).

Naphthyl-Substituted Thiophenyl-Stabilized Methylphenylsilyl Borate 37b[B(CsFs)4]™**#

The title compound 37b[B(CsFs)4] was synthesized according to general procedure D using 1.0 equiv.
(433 umol, 154 mg) of 8-methylphenylsilyl-1-thiophenylnaphthalene 44 and 1.0 equiv. (433 umol,
400 mg) of trityl borate.

e A, [BIGFI©
oo

8. 1
PhMeS|—®SPh

37b

H NMR (499.87 MHz, 263.0 K, CeDsCDs) & = 0.22 (s, 2 H, SiCHs, trans-37b), 0.64 (s, 3 H, SiCHs, cis-
37b), 5.98 (d, 3Jun = 8.0 Hz, 2 H, S-0-Ph, cis-37b), 6.36 (d, *Jus = 7.8 Hz, 1 H, S-0-Ph, trans-37b), 6.49
(t, *Jusi = 7.7 Hz, 2 H), 6.64-6.70 (m, 3 H), 6.70-6.75 (m, 1 H), 6.76-6.82 (m, 2 H), 6.82-6.90 (m, 2 H),
6.93-7.06 (m, 4.5 H), 7.06-7.12 (m, 2.5 H), 7.16-7.21 (m, 2 H), 7.21-7.25 (m, 1 H), 7.35-7.41 (m, 1.7 H),
7.42-7.48 (m, 0.5 H), 7.69-7.74 (m, 1 H), 7.74-7.78 (m, 2 H). 3C{*H} NMR (125.71 MHz, 296.4 K, C;Ds)
8 =-6.1 (SiCHs, trans-37b), -3.4 (CH, cis-37b), 122.3 (C), 122.7 (C), 124.5 (C), 126.6 (C), 128.3 (C),
128.6 (C), 129.3 (C), 129.9 (C), 130.3 (C), 130.7 (C), 132.9 (CH), 133.3 (CH), 134.2 (CH), 134,4 (CH),
136.1 ([B(CsFs)a]), 136.8 (CH), 138.0 ([B(CeFs)al), 139.7 (C), 139.9 ([B(CsFs)a]’), 142.3 (CH), 144.5 (CH),
149.2 (d, J = 241.3 Hz, [B(CeFs)al’). °Si{*H} NMR (99.31 MHz, 295.8 K, CcDs) & = 42.7 (trans-37b), 45.2
(cis-37b). “B{*H} NMR (160.38 MHz, 296.0 K, CsDe) & = -16.0. °F{*H} NMR (470.30 MHz, 296.0 K,
CeDe) 6 = -166.6-(-166.4) (m, 8 F, [B(CsFs)al,), -162.4 (t, *Jrr = 20.8 Hz, 4 F, [B(CsFs)a]), -131.8-(-131.6)
(m, 8 F, [B(CeFs)a).
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Thiophenyl-Stabilized tert-Butylmethylsilyl Borate 35¢[B(C¢Fs)4)

The title compound 35¢[B(CsFs)s] was synthesized according to general procedure D using 1.0 equv.
(389 umol, 141 mg) of 6-tert-butylmethylsilyl-6-thiophenylacenaphthene 43c and 1.0 equiv. (389

pumol, 359 mg) of trityl borate.

1'2 [B(CeFs)al ©
8 3
7 4
6 5
Me(t-Bu)Si—SPh
®
35c
'H NMR (499.9 MHz, 298.1 K, CsD¢) 6 = 0.12 (s, 3H, CHs), 0.89 (s, 9 H, t-Bu), 3.05-3.25 (m, 4 H, CH,),
6.67 (dm, Jun = 7.9 Hz, 2 H, 0-Ph), 7.03-7.08 (m, 2 H, m-Ph), 7.11-7.12 (m, 1 H, 3-H), 7.13-7.16 (m, 1
H, p-Ph), 7.27-7.30 (m, 1 H, 8-H), 7.34 (dm, Jus = 7.0 Hz, 1 H, 8-H), 7.56 (d, Jun = 7.0 Hz, 1 H, 7-H).
BC{H} NMR (125.7 MHz, 297.8 K, CeDe) 5 = -7.3 (SiCHs), 20.7 (C, t-Bu), 24.3 (CHs, t-Bu), 30.9 (CH,),
31.3 (CH,), 116.7 (C), 119.6 (C-6), 122.6 (CH, C-3), 123.1 (CH, C-8), 124.4 (C), 124.4-126.1 (brm,
[B(CoFs)a]), 128.4 (CH, 0-Ph), 131.4 (CH, m-Ph), 132.6 (CH, p-Ph), 133.5 (CH, C-4), 137.0 (dm, Ycr =
240.1 Hz, [B(CeFs)a]'), 137.4 (CH, C-7), 138.9 (dm, Ucr = 238.5 Hz, [B(CsFs)a]), 139.3 (C), 139.3 (C), 149.1
(dm, Yer= 244.1 Hz, [B(CoFs)a]), 152.5 (C), 154.4 (C). 2Si{*H} NMR (99.3 MHz, 297.9 K, C¢De) & = 70.0.
295i{1H} NMR (99.3 MHz, 297.9 K, CD,Cl,) 8 = 70.5. “B{*H} NMR (160.38 MHz, 305.0 K, CsDs) & = -16.0.
E{IH} NMR (470.30 MHz, 305.1 K, CeDs) & = -166.6-(-166.4) (m, 8 F, [B(CsFs)al,), -162.7 (t,
3er=20.7 Hz, 4 F, [B(CeFs)a]), -132.0-(-131.7) (m, 8 F, [B(CsFs)a]).

Thiophenyl-Stabilized Hydridophenylsilyl Borate 35d[B(CsFs)a]

The title compound 35d[B(CsFs)4] was synthesized according to general procedure D using 1.0 equiv.
(380 umol, 140 mg) of 6-phenylsilyl-5-thiophenylacenaphthene 43d and 1.0 equiv. (380 umol, 350

mg) of trityl borate.

1 2 e
[B(CgFs)al
7 4

6 5

HPhSi—SPh
®

35d
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For the integration in the *H NMR spectrum the multiplet of the CH, groups was set to 4, the signals
for the SiH are broadened and overlap and were therefore integrated as 1 signal. The signals in the
13C spectrum show significant line broadening as well.

'H NMR (499.9 MHz, 298.1 K, C¢Ds) & = 3.03-3.17 (m, 4 H, CH>), 5.62, 5.74 (2 brs, 1 H, SiH,), 6.12-6.20
(brm, 1 H, SPh), 6.54-6.64 (brm, 2 H, SPh), 6.68-6.79 (brm, 1 H, SPh), 6.83-6.93 (brm, 3 H), 6.95-6.18
(brm, 5 H), 7.22-7.26 (brm, 1 H, 8-H), 7.38-7.46 (brm, 1 H, 7-H). 2C{*H} NMR (125.7 MHz, 297.8 K,
CeDe) 6 =30.9 (CH2), 31.4 (CH2), 115.0 (C), 116.6 (C), 120.9 (C), 122.5 (CH), 123.4 (CH, C-8), 123.7 (C),
124.2-126.0 (brm, [B(CsFs)s]), 127.9 (CH, SPh), 129.1 (CH), 130.6 (CH, SPh), 131.5 (C), 131.7 (CH),
134.0 (CH), 134.6 (CH), 136.4 (CH), 137.0 (dm, YJcr=241.5 Hz, [B(CsFs)a]’), 138.9 (dm, Ycr=241.8 Hz,
[B(CgFs)al), 139.4 (CH, C-7), 139.6 (C), 149.1 (dm, “Jcr = 243.2 Hz, [B(CsFs)a]), 153.5 (C), 154.4 (C).
26i{1H} NMR (99.3 MHz, 297.9 K, CsDs) & = 26.0 (trans-35d), 37.0 (cis-35d). 2Si INEPT NMR (99.3
MHz, 297.9 K, CsD¢) 8 = 26.0 (d, YJsin= 259.7 Hz), 37.0 (d, Ysiu= 263.3 Hz). *'B{*H} NMR (160.38 MHz,
305.0 K, CsDs) & = -16.0. F{'H} NMR (470.30 MHz, 305.1 K, C¢D¢) 6 = -166.6-(-166.2) (m, 8 F,
[B(CeFs)al,), -162.5 (t, 3Jgr = 20.7 Hz, 4 F, [B(CeFs)a]), -132.0-(-131.8) (m, 8 F, [B(CeFs)a]).

Biphenyl-Substituted Silyloxonium Borates

To generate biphenyl-substituted silyloxonium borates 72,73[B(CsFs)4], 1 equiv. of the corresponding
silane 74 or 75 was dissolved in 0.3 mL dichloromethane-D; as well as 1 equiv. of trityl borate. The
solution with the trityl borate was transferred to an NMR tube and cooled to -80 °C. Then, the
solution of the silane 74 or 75 was added slowly to the trityl borate. The NMR tube was closed and
the mixture was mixed while keeping it as cold as possible. The subsequent NMR analysis was carried
out at -70-(-90) °C.

Di-iso-propylsilyloxonium borate 73[B(CsFs)4] was obtained using 1.0 equiv. (77.05 pumol, 23 mg) of
biphenyl-di-iso-propyl silane 75 and 1.0 equiv. (77.05 pumol, 56 mg) of trityl borate. The NMR analysis
revealed that the reaction was not complete at -70 °C. Therefore, the sample was warmed to r.t. for

2 min and then cooled to -80 °C for the NMR measurement.

o
B(C.F
O o [B(CgFs),]
|
‘ Si\*i-Pr
i-Pr

73
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H NMR (499.9 MHz, 183.0 K, CD,Cl3) & = 1.01 (d, J = 7.4 Hz, 6H, SiCH(CHs),), 1.20 (d, J = 7.3 Hz, 6H,
SiCH(CHs)), 1.66 — 1.52 (m, 2H, SiCH(CHs),), 4.53 (s, 3H, OCHs), 7.61 — 7.52 (m, 3H, HAr), 7.64 (t, J =
7.5 Hz, 1H, HAr), 7.73 (d, J = 7.3 Hz, 1H, HAr), 7.77 (t, J = 7.7 Hz, 1H, HAr), 7.89 (t, J = 9.8 Hz, 2H,
HAr). 3C{*H} NMR (125.7 MHz, 183.0 K, CD,Cl,) & = 11.9 (SiCH(CHs),), 16.0 (SiCH(CHs),), 16.5
(SICH(CHs),), 74.1 (OCHs), 119.5, 123.1 (brs, C*‘B(CeFs)a), 123.8, 127.2, 128.9, 129.4, 130.2, 131.4,
131.6, 133.9, 134.1, 135.9 (d, J = 240.2 Hz, B(CeFs)s), 136.9, 137.8 (d, J = 242.0 Hz, ‘B(CeFs)a), 147.6
(d, J = 241.4 Hz, "B(CsFs)a), 150.3. 2°Si INEPT NMR (99.3 MHz, 183 K, CD,Cl,): & = 49.3.

Dimethylsilyloxonium borate 72[B(CsFs)s] was obtained using 1.0 equiv. (101.82 umol, 31 mg) of
biphenyl-dimethyl silane 74 and 1.0 equiv. (101.82 umol, 74 mg) of trityl borate.

Olgm ®emi°

?/

Si—

S5
Me

72
IH NMR (499.9 MHz, 183.0 K, CD,Cl;) 6 =0.77 (s, 6 H, SiMe;), 6.94-7.02 (m, 1 H), 7.06-7.13 (m, 7 H,
PhsCH), 7.14-7.22 (m, 5 H, Ph3CH), 7.26-7.37 (m, 10 H, PhsCH), 7.44-7.53 (m, 4 H), 7.57-7.67 (m, 3

H), 7.80-7.86 (m, 1 H), 7.99-8.07 (m, 2 H). The overall integral is too high due to overlap with PhsCH
and other impurities. 2Si{*H} INEPT NMR (99.3 MHz, 183.0 K, CD,Cl,) : 6 = 59.5.

5.5.1 Chiral Memory Experiments

A Schlenk tube was charged with 1.0 equiv. of silane (-)-42b, (-)-43b or (+)-44 and a second Schlenk
tube was charged 1.0 equiv. of trityl borate [PhsC][B(CsFs)s]. The solids were dissolved in DCM or
chlorobenzene, respectively. The silane was cooled to the temperature indicated in Table 36 and
trityl borate was added. The mixture was stirred for the time indicated in Table 36. Then, sodium
triethyl borohydride in toluene was added and the mixture was stirred overnight. The solvent was
removed and the residue was suspended in petroleum ether. The mixture was filtrated through a
thin layer of silica, the solvent was removed and the crude product was purified via preparative TLC
(eluent petroleum ether). After the purification, the formation of silanes was confirmed by NMR
spectroscopy and then their optical rotation was measured and their ee was determined via chiral

HPLC (Table 37).
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re=n

[Ph;CI[B(C4Fs),] _

Cl-Ph
PhMeSi ‘H ChPh
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PhMeSi—ChPh

r=-n
D .
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N .

Na[HBEt,]
c-ph
® PhMeSi\H ChPh

[B(C4F5),] ©

34b, 35b, 37b

42b, 43b, 44

Table 36 — Batches, reaction conditions and yields of the chiral memory experiments.

Compound Silane Trityl borate Etsz;:‘ 2:2;' in Conditions Yield
(+)-44 1063'86 :1“;"" 1069'86 :1';0" 153 fS“nTLO" Cl-Ph,rt,30min | 24%
(-)-42b 1776'_;:’ r‘:;"" 17;’ '6% ‘:n:"" 2606_ '207“;10" Cl-Ph, -40°C,30 min | 14%
(-)-42b 1806'61 r‘:;"" 18;)'616 ‘:n:"" 27(())_ '217“;10" DCM, -80°C,20 min | 0%
(a3 | 2 29; r‘:;"" 25;53 ‘:n:"" 32;3_ jB“nTLO" Cl-Ph, -40 °C, 15 min | 14%

Table 37 — Results of the optical rotation and the chiral HPLC analysis of the chiral memory experiments-

Silane [ao start ee start [a]o end ee end
(+)-44 (0.04 mﬂ-l, eo) | % | (0.008 mg'fl' Et:0) -
(-)-42b (0.02 milll_l e,o) | 4% | (0.005 m-i'fl' Et,0) 27
(-)-42b (0.02 milll_l eo) | >t decomposition fecompestton
(-)-43b (0.05 m-;ltlj_'l, eLo) | % (0.006 m-c?IL‘l, Et.0) o4
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5.6 Syntheses of Silylnitrilium Borates

General Procedure E: A Schlenk tube was charged with the corresponding silane and trityl borate
[Ph3C][B(CsFs)s] and the solids were dissolved in benzene. The reaction mixture was stirred at r.t. for
20 min. Then, the phases were separated, the upper, nonpolar phase was removed and the polar
phase was washed twice with benzene. After removing the solvent under reduced pressure, 4-
fluorobenzonitrile was dissolved in 0.6 mL deuterated methylene chloride or deuterated benzene
and added to the residue. Afterwards, the reaction mixture was stirred for further 15 min and

subsequently transferred to a NMR tube for analysis.

General procedure F: Trityl borate [Ph3C][B(CsFs)4] and 4-fluorobenzonitrile were dissolved in CD,Cl,.
This solution was added to a solution of the corresponding silane in CD,Cl,. The reaction mixture was

stirred for 5 min and subsequently transferred to a NMR tube for analysis.

Dimethylsilylnitrilium Borate 94[B(CsFs)4]

Nitrilium borate 94[B(CsFs)4] was synthesized according to general procedure E using 1.0 equiv. of 6-
phenoxy-5-dimethylsilylacenaphthene 42a (379.46 umol, 116 mg), 1.0 equiv. of trityl borate (379.46
umol, 349 mg) and 1.0 equiv. of 4-fluorobenzonitrile (379.46 umol, 46 mg) (NMR spectroscopy in
benzene-dg) or general procedure F using 1.0 equiv. of 5-dimethylsilyl-6-phenoxyacenaphthene 42a
(132.36 umol, 40 mg), 1.0 equiv. of trityl borate (132.36 umol, 122 mg) and 1.0 equiv. of 4-
fluorobenzonitrile (132.36 umol, 16 mg). Nitrilium ion 94 decomposes in dichloromethane-d, within

one day.

[B(C4Fs)al ©

94

'H NMR (499.87 MHz, 305.1 K, CsD¢): 6 =0.74 (s, 6 H, Si(CHs),), 3.03-3.05 (m, 2 H, CH,, H-1), 3.16-3.18
(m, 2H, CH,, H-2), 6.58-6.64 (m, 3 H, H-17, H-17’, H-7), 6.89-6.91 (m, 2 H, H-13, H-13’), 6.92-6.96 (m,
3 H, H-16, H-16’, H-8), 7.00-7.05 (m, 1 H, H-15), 7.14-7.19 (m, 2 H, H-14, H-14), 7.31 (d, *Juu = 7.2 Hz,
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1H, H-3), 7.72 (d, 3Jun = 7.1 Hz, 1 H, H-4). *C{*H} NMR (125.71 MHz, 305.0 K, CcDs): & = 0.8 (Si(CHs)s),
29.7 (CH,), 31.3 (CH,), 98.4 (C-CN), 113.0 (C-7), 115.5 (C-5), 118.3 (d, Ycr = 23.5 Hz, C-17, C-17’),
120.5, 120.6 (C-3, C-8), 121.0 (C-13, C-13’), 122.0 (CN), 123.9-126.0 (C, [B(CsFs)a]), 126.3 (C-15), 126.9
(C-12), 131.0 (C-14, C-14°), 136.4 (C-4), 137.0 (dm, Ycr=233.2 Hz, CF, [B(CsFs)a]), 137.7 (d,
3Jcr = 11.2 Hz, C-16, C-16’), 138.9 (dm), Ycr = 232.6 Hz, CF, [B(CsFs)a]"), 140.8 (C-11), 142.0 (C-9), 149.0
(d, Yer = 239.0 Hz, CF, [B(CsFs)a]’), 151.2 (C-6), 152.9 (C-10), 154.2 (C, C-Ph), 168.7 (d, Ycr = 264.6 Hz,
CF). *F{*H} NMR (470.30 MHz, 305.0 K, C¢D¢): -167.5-(-167.3) (m, 8 F, m-F, [B(CsFs)a]), -163.44 (t,
3er = 20.5 Hz, 4 F, p-F, [B(CeFs)a]’), -133.0-(-132.8) (m, 8 F, 0-F, [B(CeFs)a]), -89.8 (s, 1 F, CF). 2Si(H)
NMR (99.31 MHz, 305.0 K, CsDs): & = 15.4. 1B(*H) NMR (160.38 MHz, 305.1 K, CeDe): & = -16.1.

H NMR (499.87 MHz, 305.1 K, CD,Cl,): & = 1.08 (s, 6 H, Si(CHs),), 3.44-3.46 (m, 2 H, CH,, H-1), 3.54-
3.56 (m, 2H, CH,, H-2), 6.84 (d, 3y = 7.7 Hz, 1 H, H-7), 7.18-7.20, 7.24-7.29, 7.31-7.37 (3 m, 19 H, H-
8, CH-Ph, PhsCH), 7.42-7.46 (m, 2H, H-17, H-17"), 7.49-7.53 (m, 3 H, H-3, CH-Ph), 7.94 (d, 3/ = 7.0 Hz,
1 H, H-4), 8.00-8.03 (m, 2 H, H-16). *F{*H} NMR (470.28 MHz, 305.1 K, CD,Cl,): & = -167.4-(-167.2)
(m, 8 F, m-F, [B(CsFs)a]’), -163.44 (t, i = 20.5 Hz, 4 F, p-F, [B(CsFs)a]’), -133.0-(-132.9) (m, 8 F, o-F,
[B(CsFs)a]), -87.9 (s, 1 F, CF). 2Si(*H) NMR (99.31 MHz, 305.0 K, CD,Cl,): & = 16.3.

Naphthyl-Substituted Dimethylsilylnitrilium Borate 96[B(CsFs)4]

Nitrilium borate 96[B(CsFs)s] was synthesized according to general procedure E using 1.0 equiv. of 8-
phenoxy-1-dimethylsilylnaphthalene (251.41 umol, 70 mg), 1.0 equiv. of trityl borate (251.41 pumol,
230 mg) and 1.0 equiv. of 4-fluorobenzonitrile (251.41 umol, 30 mg).

’ T® [B(CGFL),©
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'H NMR (499.87 MHz, 305.0 K, CD,Cl,) & = 1.07 (s, 6 H, Si(CHs)2), 6.70 (d, 3Jun = 7.8 Hz, 1 H, H-7), 7.35-
7.37 (m, 2 H, H-11, H-11"), 7.39-7.43 (m, 3 H, H-15, H-15’), 7.47 (t, ®Jun = 8.0 Hz, 1 H, H-6), 7.52 (t,
3Jun = 7.5 Hz, 1 H, H-13), 7.65 (t, *Jun = 7.9 Hz, 2 H, H-12, H-12’), 7.70-7.76 (m, 2 H, H-4, H-5), 8.04-
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8.06 (m, 3 H, H-14, H-14’), 8.12 (d, 3uu= 7.0Hz, 1 H, H-3), 8.18 (d, Juu=8.3 Hz, 1 H, H-2).
13C{'H} NMR (125.71 MHz, 305.0 K, CD,Cl,) & = 2.6 (Si(CHs),), 103.1 (C-CN), 109.5 (C-7), 118.8 (d,
2Jer = 23.3 Hz, C-15, C-15’), 120.9 (CN), 121.9 (C-1), 123.2 (C-11, C-11’), 123.7 — 125.7 (brm, [B(CsFs)al,
C), 124.3 (C-4/C-5), 127.4, 127.6, 128.4 (C-6, C-4/C-5, C-13), 128.9 (C-9/C-10), 131.8 (C-12, C-12’),
132.7 (C-2), 134.8 (C-3), 134.9 (C-9/C-10), 136.9 (d, Ycr=243.5Hz, [B(CeFs)s], CF), 137.6 (d,
3Jcr = 10.2 Hz, C-14, C-14’), 138.9 (d, Ycr=244.1Hz, [B(CeFs)sl, CF), 148.8 (d, Ycr=241.0 Hz,
[B(CeFs)a], CF), 152.3 (C-Ph), 154.4 (C-8), 168.3 (d, Ycr = 264.4 Hz, CF). 2°Si{*H} NMR (99.31 MHz,
305.0 K, CD,Cl) & = 1.6. *F{*H} NMR (470.30 MHz, 233.1 K, CD,Cl,) & = -166.9-(-166.7) (m, 8 F,
[B(CeFs)a]), -162.87 (t, ¥Jrr = 21.0 Hz, 4 F, [B(CeFs)a]), -133.6-(-133.3) (m, 9 F, [B(CeFs)a]), -102.6 (s, 0.5
F),-90.2 (s, 1 F). “B{"H} NMR (160.38 MHz, 305.1 K, CD,Cl,) & = -16.6.

Dimethylsilylnitrilium Borate 95a[B(CsFs)a]

The nitrilium borate 95a[B(CsFs)4] was synthesized according to general procedure E using 1.0 equiv.
of 6-dimethylsilyl-5-thiophenylacenaphthene 43a (233.99 umol, 75 mg), 1.0 equiv. of trityl borate
(233.99 umol, 215 mg) and 1.0 equiv. of 4-fluorobenzonitrile (233.99 umol, 28 mg).

[B(CgFs),] ©

95a

H NMR (499.87 MHz, 298.7 K, CD,Cl,): & = 0.95 (s, 6 H, Si(CHs)2), 3.58-3.64 (m, 4 H, 2 x CH,), 7.04-
7.07 (m, 2 H, H-13, H13’), 7.38-7.43 (m, 4 H, H-14, H-14’, H-17, H-17’), 7.44-7.48 (m, 1 H, H-15), 7.60-
7.64 (m, 2 H, H-3, H-8), 7.95 (d, *Jun = 7.4 Hz, 1 H, H-4), 8.00-8.02 (m, 2 H, H-16, H-16’), 8.14 (d,
3Jup = 7.1 Hz, 1 H, H-7). 3C(*H) NMR (125.71 MHz, 298.7 K, CD,Cl,): & = 2.7 (Si(CHs)2), 31.5 (CH,), 31.7
(CH,), 103.0 (C-CN), 118.8 (d, cr = 23.4 Hz, C-17, C-17), 120.0, 120.1 (C, CN), 122.1 (C-6), 122.6,
122.9 (C-3, C-8), 128.8 (C-13, C-13"), 130.6 (C, C-Ph), 131.2 (C-14, C-14’), 135.8 (C-4), 136.9 (dm,
Yer = 243.0 Hz, CF, [B(CsFs)a]), 137.6 (d, 3Jor = 10.4 Hz, C-16, C-16'), 138.8 (C-7), 138.9 (dm,
Yer = 245.1 Hz, CF, [B(CeFs)a]’), 139.6 (C), 140.4 (C), 148.8 (dm, Ycr = 242.0 Hz, CF, [B(CeFs)a]), 153.2
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(C), 153.6 (C), 168.3 (d, Ycr = 264.0 Hz, CF). °F(*H) NMR (470.28 MHz, 298.7 K, CD,Cl): & = -167.4-(-
167.2) (m, 8 F, m-F, [B(CeFs)al), -163.44 (t, 3Jir = 20.5 Hz, 4 F, p-F, [B(CsFs)a]), -132.9-(-132.7) (m, 8 F,
o-F, [B(CeFs)al), -94.3 (s, 1 F, CF). 2Si(*H) NMR (99.31 MHz, 298.7 K, CD,Cl,): & = 29.5. *B(*H) NMR
(160.38 MHz, 305.0 K, CD,Cl,): & = -16.6.

Naphthyl-Substituted Dimethylsilylnitrilium Borate 97[B(CsFs)4]

Nitrilium borate 97[B(CsFs)4] was synthesized according to general procedure E using 1.0 equiv. of 8-
dimethylsilyl-1-thiophenylnaphthalene (244.49 umol, 72 mg), 1.0 equiv. of trityl borate (244.49 umol,
226 mg) and 1.0 equiv. of 4-fluorobenzonitrile (244.49 pumol, 30 mg). The nitrilium borate 97[B(CsFs)4]
was only obtained in a mixture with trityl borate. Impurities or residual solvent in the starting silane

might be the reason for this imbalance in the batch.

6 3 [B(C4Fs5),] ©
15 14 7 2

1H NMR (499.87 MHz, 305.0 K, CD,Cl,): & = 0.95 (s, 6 H, Si(CHs),), 7.04-7.07 (m, 2 H, SPh), 7.22-7.32
(m, 5 H, NC-Ar), 7.40-7.46 (m, 2 H, SPh), 7.48-7.55 (m, 2 H), 7.77-7.91 (m, 7 H, 6-H, NC-Ar, [CPhs]*),
8.05-8.09 (m, 1 H), 8.24-8.33 (m, 3 H, 7-H, [CPhs]*), the overall integral is by 6 H too high, due to
residual [CPhs]* and excess 4-fluorobenzonitrile. 3C(*H) NMR (125.71 MHz, 305.0K, CD,Cl;): 6 = 1.8
(Si(CHs)), 106.5 (C), 117.9 (d, Jr = 22.9 Hz, NC-Ar), 119.2 (C), 125.6 (C), 126.5 (CH), 128.5 (CH), 128.5
(C-8), 128.8 (CH, SPh), 128.8 (C), 129.3 (CH), 129.8 (CH), 131.2 (CH), 137.0 (dm, Ycs = 240.9 Hz, CF,
[B(CsFs)al), 131.6 (CH), 133.6 (CH), 134.2 (d, Jcr = 15.7 Hz, NC-Ar), 134.8 (C), 136.3 (d, ¥Jcr = 10.6 Hz,
NC-Ar), 137.4 (CH), 138.9 (dm, Ycs = 238.7 Hz, CF, [B(CeFs)a]), 140.2 (C), 148.8 (dm, Ycr = 242.0 Hz,
CF, [B(CsFs)a]), 166.9 (d, Ycr = 259.9 Hz, CF). F(*H) NMR (470.28 MHz, 305.0 K, CD,Cly): § = -167.4-
(-167.0) (m, 8 F, [B(CeFs)s]), -163.44 (t, 3Jrr=19.4Hz, 4 F, p-F, [B(CeFs)a]’), -132.8 (brs, 8 F,
[B(CeFs)a]), -99.5 (s, 1.7 F, CF). 2°Si(*H) NMR (99.31 MHz, 305.0 K, CD,Cl,): § = 26.1. 'B(*H) NMR
(160.38 MHz, 305.0 K, CD,Cl,): & =-16.5.
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Phenylmethylsilylnitrilium Borate 95b[B(CeFs)a]

Nitrilium borate 95b[B(CsFs)s] was synthesized according to general procedure F using 1.0 equiv.
(135.91 pumol, 52 mg) of 6-methylphenylsilyl-5-thiophenylacenaphthene 43b, 1.0 equiv. (135.91
umol, 125 mg) of trityl borate and 1.0 equiv. (135.91 umol, 16 mg) of 4-fluorobenzonitrile.

—-®
[B(C4Fs),] ©

H NMR (499.87 MHz, 305.0 K, CD,Cl,): & = 1.32 (s, 3 H, SiCH3), 3.61-3.69 (m, 4 H, CH2), 5.61 (s, 1 H,
Ph3CH), 6.68-6.71 (m, 2 H, S-0-Ph), 7.11-7.16 (m, 2 H, S-m-Ph), 7.17-7.21 (m, 6 H, Ph3CH), 7.23-7.29
(m, 6 H, Si-m-Ph, S-p-Ph, Ph3CH), 7.30-7.35 (m, 8 H, NC-Ar, Ph3CH), 7.38-7.43 (m, 3 H, Si-o/p-Ph),
7.62 (dm, ¥Jup=7.3 Hz, 3-H), 7.70 (dm, 3Jup=7.2 Hz, 8-H), 7.82-7.86 (m, 2 H, NC-Ar), 7.88 (d,
3Jup = 7.4 Hz, 4-H), 8.33 (d, Jup = 7.1 Hz, 7-H). 3C{*H} NMR (125.71 MHz, 305.0 K, CD,Cl,): 6 = 1.2
(CH3), 31.5 (CH2), 31.7 (CH2), 57.6 (Ph3CH), 104.0 (CN), 118.5 (d, Ycr = 23.2 Hz, NC-Ar), 119.2 (C, C-
6), 120.4 (C), 120.6 (C, C-CN), 122.6 (CH, C-8), 122.9 (CH, C-3), 123.8-125.6 (brs, C, [B(CsFs)a]’), 126.9
(CH), 128.1 (CH, S-0-Ph), 128.8 (CH, PH3CH), 129.6 (CH), 129.9 (CH), 130.0 (CH, Ph3CH), 130.4 (C, Si-
i-Ph), 130.5 (CH, S-m-Ph), 132.1 (C), 132.6 (CH), 133.7 (CH, Si-Ph), 136.4 (CH, C-4), 137.0 (dm,
Yer = 243.6 Hz, CF, [B(CeFs)a]), 137.1 (d, Jer = 10.3 Hz, CH, NC-Ar), 138.9 (dm, Ycs = 244.3 Hz, CF,
[B(CeFs)a]), 140.4 (C, C-9/12), 140.5 (CH, C-7), 144.7 (CH, Ph3CH), 148.8 (dm, Yecr = 241.4 Hz, CF,
[B(CsFs)a]), 153.3 (C), 154.0 (C-9/12), 167.9 (d, Yc = 262.6 Hz, NC-Ar, CF). B{*H} NMR (160.38 MHz,
305.0 K, CD,Cly): & =-16.5 ([B(CsF5)a]). **F{*H} NMR (470.28 MHz, 305.0 K, CD,Cl,): 6 = -167.4-(-167.2)
(m, m-F, [B(CeFs)a]’), -163.44 (t, 3Jir = 20.4 Hz, o-F, [B(CgFs)a]), -132.9-(-132.7) (m, o-F, [B(CeFs)a]
),-95.5 (s, 1 F, CF). 2°Si{*H} NMR (99.31 MHz, 305.0 K, CD,Cl,): & = 6.4.
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tert-Butylmethylsilylnitrilium Borate 95c[B(CsFs)4]

Nitrilium borate 95c[B(CsFs)s] was synthesized according to general procedure F using 1.0 equiv.
(123.85 pumol, 44.9 mg) of 6-tert-butylphenylsilyl-5-thiophenylacenaphthene 43c, 1.0 equiv. (123.85
pumol, 114.2 mg) of trityl borate and 1.0 equiv. (123.85 umol, 15.0 mg) of 4-fluorobenzonitrile.

@ [B(CF),l ©

e

F—@—CN—\Si—&
S

t-BI.; Me
95c¢

1H NMR (499.87 MHz, 296.0 K, CD,Cl): 6 = 0.57 (s, 3 H, CHs), 1.20 (s, 9 H, t-Bu), 3.60-3.68 (m, 4 H,
CH,), 7.11-7.14 (m, 2 H, S-0-Ph), 722.7.26 (m, 6 H, HCPhs, NC-Ar), 7.49-7.53 (m, 2 H, m-Ph), 7.59-7.63
(m, 1 H, p-Ph), 7.66 (dm, Juu=7.5Hz, 1 H, 3/4-H), 7.71-7.78 (m, 4 H, NC-Ar, 8-H), 8.00 (d,
3Jun = 7.5 Hz, 1 H, 3/4-H), 8.05 (d, 3Jup = 7.0 Hz, 1 H, 7-H). 3C{*H} NMR (125.71 MHz, 296.0 K, CD,Cl,):
8 = -6.0 (CHs), 21.7 (CHs, t-Bu), 25.3 (C, t-Bu), 31.7 (CH,), 32.0 (CH.), 107.6 (CN), 117.8 (d,
2Jer = 23.8 Hz, NC-Ar), 119.0 (C, C-5), 120.3 (C, C-6), 123.2 (CH, C-3), 123.7 (CH, C-8), 123.8-125.5 (brs,
C, [B(CsFs)a]’), 125.1 (C), 128.40 (C), 129.3 (CH, 0-Ph), 132.1 (CH, m-Ph), 133.3 (CH, p-Ph), 134.3 (CH,
C-4), 135.7 (d, Jer = 9.7 Hz, CH, NC-Ar), 136.8 (dm, Ycr = 252.2 Hz, CF, [B(CeFs)a]), 138.2 (CH, C-7),
138.8 (dm, Ycs = 248.8 Hz, CF, [B(CsFs)a]’), 140.0 (C, C-12), 140.1 (C), 148.7 (dm, Ycr = 242.5 Hz, CF,
[B(CeFs)a]), 153.1 (C, C-9), 155.1 (C-10), 166.2 (d, Ycr=257.6 Hz, NC-Ar, CF). “B{*H} NMR
(160.38 MHz, 296.0 K, CD,Cl,): & = -16.6 ([B(CsF5)a]’). °F{*H} NMR (470.29 MHz, 296.0 K, CD,Cl,): 6 =
-167.4-(-167.1) (m, m-F, [B(CeFs)a]), -163.44 (t, *J¢¢ = 20.4 Hz, 0-F, [B(CsFs)a]), -133.1-(-132.8) (m, o-F,
[B(CeFs)a]), -101.3 (s, 1 F, CF). 2°Si{*H} NMR (99.31 MHz, 296.0 K, CD,Cl,): & = 70.2.

Phenylhydridosilylnitrilium Borate 95d[B(CeFs)4]

An NMR tube was charged with 1.0 equiv. (56.98 umol, 21 mg) of 6-phenylsilyl-5-
thiophenylacenaphthene 43d and 1.0 equiv. (56.98 mmol, 53 mg) of trityl borate. The tube was
evacuated, flushed with Ar and cooled to -40°C. Then 0.7 mL chlorobenzene-ds were added slowly.
The NMR tube was sealed and shaken while keeping the temperature as low as possible. The silane
43d did not dissolve well at this temperature, therefore the mixture was slowly warmed to r.t.. The
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sample was analysed via NMR spectroscopy. After 3 weeks storage, 1.0 equiv. (56.98 umol, 7 mg) of
4-fluorobenzonitrile were added to the sample at r.t.. The NMR analysis revealed the formation of

the title compound 95d[B(C¢Fs)4].

In a second batch the title compound 95d[B(CsFs)4] was prepared according to the slightly altered
general procedure E using 1.0 equiv. (175.00 umol, 65 mg) of silane 43d, 1.0 equiv. (175.00 umol,
161 mg) of trityl borate and 1.0 equiv. (175.00 umol, 21 mg) of 4-fluorobenzonitrile. For this batch
the nitrile was added prior to washing the reaction mixture. It was possible to dry the nitrilium borate
95d[B(CsFs)a] under high-vacuum without significant decomposition. The NMR spectra were

measured in dichloromethane-ds.

9 [B(CFS),] ©

1H NMR (499.87 MHz, 305.0 K, CsDsCl): 6 = 3.16-3.21 (m, 2 H, CH,), 3.23-3.28 (m, 2 H, CH,), 5.45 (s, 1
H, PhsCH), 6.13 (s, 1 H, SiH), 6.70-6.74 (m, 4 H, S-0-Ph, NC-Ar), 6.98-7.03 (m, 3 H, SPh), 7.05-7.09 (m,
9 H, PhsCH), 7.14-7.17 (m, 8 H, PhsCH), 7.20-7.28 (m, 5 H, NC-Ar, SiPh), 7.46-7.50 (m, 3 H, SiPh, 8-H),
8.24 (d, ¥y = 7.1 Hz, 1 H, 7-H). 3C{*H} NMR (125.71 MHz, 305.0 K, CsDsCl): & = 30.8 (CH,), 31.0 (CH,),
57.3 (PhsCH), 105.5 (CN), 116.0 (C, C-6), 117.6 (d, 2Jcr = 23.1 Hz, NC-Ar), 119.9 (C), 121.1 (C, C-CN),
121.9 (CH, C-8), 122.2 (CH, C-3), 122.4 (C), 125.6 (C), 126.5 (CH, PH3CH), 127.1 (CH), 128.5 (CH), 128.7
(CH), 129.4 (CH), 130.0 (CH), 130.9 (CH, SiPh), 131.8 (C), 133.0 (CH), 136.2 (d, Je = 10.2 Hz, CH, NC-
Ar), 136.4 (CH), 136.8 (dm, Ycr = 240.6 Hz, CF, [B(CsFs)a]’), 138.7 (dm, Ycr = 244.2 Hz, CF, [B(CsFs)al),
139.7 (C, C-9/12), 140.2 (C), 140.7 (CH, C-7), 144.2 (CH, PhsCH), 148.8 (dm, Ycr = 240.5 Hz, CF,
[B(CsFs)a]"), 152.0 (C), 153.8 (C-9/12), 167.1 (d, Yc = 263.9 Hz, NC-Ar, CF). B{*H} NMR (160.38 MHz,
305.0 K, CsDsCl): & = -16.3 ([B(CsF5)a]). **F{*H} NMR (470.28 MHz, 305.0 K, CsDsCl): = -166.4-(-166.1)
(m, m-F, [B(CeFs)al"), -162.4 (t, Je = 21.4 Hz, 0-F, [B(CeFs)a]’), -131.9-(-131.7) (m, o-F, [B(CeFs)a]), -93.8
(s, 1 F, CF). 2°Si{*H} NMR (99.31 MHz, 305.0 K, CsDsCl): & = -46.0 (Ysin = 297.6 Hz).

1H NMR (499.87 MHz, 305.0 K, CD,Cl,): 6 = 3.45-3.51 (m, 4 H, CH,), 6.03 (s, 1 H, SiH), 6.73-6.74 (m, 2
H, SPh), 7.01-7.03 (m, 1 H), 7.09-7.18 (m, 4 H), 7.23-7.26 (m, 2 H), 7.32-7.35 (m, 1 H), 7.37-7.39 (m, 2
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H), 7.45 (dm, 3Jup = 7.3 Hz, 1 H, 3/4-H), 7.53 (dm, 3Jun = 7.2 Hz, 1 H, 8-H), 7.75 (dm, 3 = 7.3 Hz, 1 H,
3/4-H), 7.81-7.83 (m, 2 H, NC-Ar), 8.18 (dm, ¥y =7.1Hz, 1 H, 7-H). *F{*H} NMR (470.28 MHz,
305.0 K, CD,Cly): & = -167.5-(-167.1) (m, m-F, [B(CeFs)a]’), -162.4 (m, o-F, [B(CeFs)al), -132.8 (brs, o-F,
[B(C6Fs)a]), -91.5 (s, 1 F, CF). 2°Si NMR (99.31 MHz, 305.0 K, CD,Cl2): & = -41.4 (Ysiu= 295.2 Hz).

Pivalonitrilium Borate 125-5!**°!

Nitrilium borate 125-S[B(CsFs)s] was synthesized according to general procedure E using 1.0 equiv.
(200.00 umol, 64 mg) of 5-dimethylsilyl-6-thiophenylacenaphthene 43a and 1.0 equiv. (200.00 umol,
184.5 mg) of trityl borate and 0.9 equiv. (180.00 umol, 15.0 mg) of pivalonitrile. The NMR was

measured in CgHsCl with a D,O-capillary for the lock signal.

O‘O b [B(CeFs)] ©

'H NMR (4998.9 MHz, 305.0 K, C¢HsCl/D,O-capillary): 6 = 0.70 (s, 6 H, Si(CHs),), 1.20 (s, 9 H, C(CHs)s3),
3.15-3.17 (m, 2 H, CH,), 3.21-3.22 (m, 2 H, CH,), 6.75-6.77 (m, 2 H, Ar-H), 7.29-7.30 (m, 1 H, H-12),
7.37 (t, ) =7.90 Hz, 1 H, Ar-H), 7.51 (d, 3/ = 7.28 Hz, 1 H, Ar-H), 7.84 (d, 3/ = 7.13 Hz, 1 H, H-11). The
'H NMR chemical shifts of three aromatic hydrogen atoms could not be assigned due to overlap with
the solvent chlorobenzene. 3C{*H} NMR (125.71 MHz, 305.0 K, CsHsCl/D,0O-capillary): 6 = 3.9 (CHs,
Si(CHs)2), 26.3 (CHs, C(CHs)3), 29.0 (C, C(CHs)s), 30.5(CHy), 30.6 (CH,), 110.4 (C, CN), 120.6 (CH),
120.9 (CH), 121.1 (CH, C-12), 121.9 (CH), 123.9-125.7 (C, [B(CeFs)a]’), 126.7 (C), 127.4 (CH), 128.5 (CH),
135.4-135.9 (brm, C, [B(CeFs)a]), 136.1 (CH), 138.5 (dm, LJcr=245.2 Hz, CF, [B(CsFs)4]), 138.6 (CH,
C-11), 139.1(C), 142.1(CH), 143.1(CH), 148.7 (dm, Ycr=242.1Hz, CF, [B(CeFs)a]), 151.6 (C),
152.7 (C). #Si{*H} NMR (99.3 MHz, 305.0 K, CsHsCl/D,O-capillary): 6 =-3.30. **B{*H} NMR (160.40
MHz, 305.1 K, CeHsCl/D,O- capillary): 6 =16.4. F{*H} NMR (470.30 MHz, 305.1 K,
CeHsCl/D,0- capillary): 6 = -166.6 (t, *Jrr = 17.9 Hz, 8 F, m-F, [B(CeFs)a]’), -162.7 (t, *Jrr = 20.7 Hz, 4 F,
p-F, [B(CsFs)a]), -132.0 (brs, 8 F, o-F, [B(CsFs)4]).
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Silylnitrilium Borate 99[B(CsFs)s] without a Donor

Nitrilium borate 99[B(CsFs)s] was synthesized according to general procedure F using 1.0 equiv. of 5-
dimethylsilylacenaphthene 100 (250.00 umol, 53 mg), 1.0 equiv. of trityl borate (250.00 umol, 230
mg) and 1.0 equiv. of 4-fluorobenzonitrile (250.00 umol, 30 mg). Nitrilium ion 99 is not stable and

decomposes within one day.

[B(C4Fs),] ©

1H NMR (499.87 MHz, 305.1 K, CD,Cl,): 6 = 1.26 (s, 6 H, Si(CHs),), 3.53 (brs, 4 H, 2 x CH,), 7.40-7.44
(m, 2 H, H-14, H-14), 7.50 (d, *Jun = 6.9 Hz, 1 H, H-3), 7.54 (d, *Jun = 7.0 Hz, 1 H, H-8), 7.71-7.74 (m, 1
H, H-7), 7.84 (d, ¥Juy = 8.3 Hz, 1 H, H-6), 7.93 (d, *Jun = 6.9 Hz, 1 H, H-4), 8.01-8.06 (m, 2 H, H-13, H-
13). 3C{*H} NMR (125.71 MHz, 305.0 K, CD,Cl,): & = -0.9 (Si(CHs)s), 30.9 (CH,), 97.8 (C-CN), 118.9 (C,
C-5), 119.8, 120.1 (CH, C-3, C-14, C-14’, overlapping with CN), 121.0 (CH, C-6), 121.6 (CH, C-8), 132.8-
125.7 (brs, C, [B(CeFs)a]’), 130.8 (CH, C-7), 134.7 (C, C-12), 137.0 (dm, Ycr = 242.2 Hz, CF, [B(CsFs)a]),
138.8 (CH, C-4), 139.0 (dm, Yer = 233.2 Hz, CF, [B(CsFs)al’), 139.9 (d, 3Jcr = 10.3 Hz, C-13, C-13’), 146.8
(C, C-11), 148.9 (dm, Ycr=241.0 Hz, CF, [B(CsFs)a]), 149.4 (C, C-9), 154.9 (C, C-10), 170.4 (d,
Yer = 277.5 Hz, CF). *F{*H} NMR (470.28 MHz, 305.0 K, CD,Cl,): & = -167.5-(-167.2) (m, 8 F, m-F,
[B(CsFs)a]’), -163.44 (t, Jer = 20.4 Hz, 4 F, 0-F, [B(CsFs)a] ), -133.0-(-132.8) (m, 8 F, o-F, [B(CeFs)a]’), -86.6
(s, 1 F, CF). 2Si{'H} NMR (99.31 MHz, 305.0 K, CD,Cl,): & = 23.0. 'B{*H} NMR (160.38 MHz, 305.1 K,
CD.Cly): 6 =-16.4.

FBN-BCF Complex 101

A Schlenk tube was charged with 94 mg (183.60umol) of tris(pentafluorophenyl)borane, 22 mg
(183.60 pmol) of 4-fluorobenzonitrile and 52 mg (56.38 umol) of trityl borate. The solids were

dissolved in 0.7 mL CD,Cl, and the mixture was stirred for 20 min at r.t.. Then the mixture was
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transferred to a NMR tube for analysis. Trityl borate was added as internal reference for the F NMR

spectroscopy.

'H NMR (499.87 MHz, 305.0 K, CD,Cl,): 6 = 7.35-7.43 (brm, 2 H, CN-Ar, m-CH), 7.69 (d, 3/un = 7.5 Hz,
[CPhs]*, 0-CH), 7.89 (t, 3Juu = 7.8 Hz, [CPhs]*, m-CH), 7.94-7.05 (brm, 2 H, CN-Ar, o-CH), 8.28 (t,
3Jun = 7.5 Hz, [CPhs]*, p-CH). BC{*H} NMR (125.71 MHz, 305.0 K, CD,Cl,): § = 102.0 (NC-Ar), 114.5 (NC-
Ar), 115.7 (NC-Ar), 119.0 (d, 2Jcr = 13.5 Hz, NC-Ar), 123.4-125.5 (brs, C, [B(CsFs)a]), 131.2 ([CPhs]*, CH),
136.8 (dm, Ycr=241.4Hz, CF, [B(CeFs)a]), 138.0 (dm, YJcr=249.0 Hz, CsFs, m-CF), 138.8 (dm,
Yer = 247.6 Hz, CF, [B(CsFs)a]), 140.6 ([CPhs]*, CH), 141.1 (dm, Ycr = 251.0 Hz, CeFs, p-CF), 143.3
([CPhs]*, CH), 144.2 ([CPhs]*, CH), 148.8 (d, Ycr = 240.8 Hz, CF, [B(CeFs)al’, CsFs, 0-CF), 168.7 (d,
YJer=269.9 Hz, NC-Ar, CF), 211.5 ([CPh3]*). **B{*H} NMR (160.38 MHz, 305.0 K, CD,Cl,): 6 = -10.0 (N-
B), -16.6 ([B(CeF5)al]. °F{*H} NMR (470.28 MHz, 305.0 K, CD,Cl,): 6 = -167.4-(-167.2) (m, m-F,
[B(CeFs)al), -164.0-(-163.9) (m, 6 F, m-CeFs), -163.44 (t, 3Jrr = 20.3 Hz , o-F, [B(CsFs)al), -156.8 (t,
3Jrr =20.2 Hz, 3 F, p-CeFs), -134.5-(-134.3) (m, 6 H, 0-C¢Fs), -132.9-(-132.5) (m, o-F, [B(CsFs)a]), -92.5
(s, 1 F, CF).

4-Fluorobenzonitrile + Tritylborate in CD,Cl,

H NMR (499.87 MHz, 305.0 K, CD,Cl,): § = 7.19-7.25 (m, 2 H, CN-Ar, m-CH), 7.69-7.72 (m, 8 H,
[CPhs]*, 0-CH, CN-Ar, 0-CH), 7.89 (t, ¥Juy = 7.8 Hz, 6 H, [CPhs]*, m-CH), 8.28 (t, 3Juu=7.5Hz, 3 H,
[CPhs]*, p-CH). *C{*H} NMR (125.71 MHz, 305.0 K, CD,Cl,): & = 109.3 (C-CN), 117.4 (d, ¥cr = 22.8 Hz,
CN-Ar, m-CH), 118.7 (CN), 123.7-125.7 (brs, C, [B(CeFs)a]), 131.2 ([CPhs]*, m-CH), 135.3 (d,
3Jcr = 9.4 Hz, CN-Ar, 0-CH), 136.9 (dm, Y = 243.4 Hz, CF, [B(CsFs)a]), 138.9 (dm, Ycr = 244.0 Hz, CF,
[B(CeFs)a]), 140.6 ([CPhs]*, ipso-C), 143.2 ([CPhs), o-CH), 144.1 ([CPhs]*, p-CH), 148.8 (d,
Yer =239.7 Hz, CF, [B(CeFs)a]), 165.7 (d, Ycr=255.7 Hz, CF), 211.6 ([CPhs]*). “°F{H} NMR
(470.28 MHz, 305.0 K, CD,Cl,): & = -167.4-(-167.2) (m, 8 F, m-F, [B(CeFs)a]), -163.44 (t, *Jrr = 20.4 Hz,
4 F, 0-F, [B(CeFs)a]), -132.9-(-132.7) (m, 8 F, o-F, [B(CsFs)a]’),-103.4 (s, 1 F, CF). “B{*H} NMR
(160.38 MHz, 305.1 K, CD,Cl,): 6 = -16.6.
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5.6.1 Assessment of the Lewis Acidity
The samples of the silylnitrilium borates 94-97 were prepared according to the procedures in Chapter

5.6.

For the reference an NMR sample was prepared using fluorobenzene (302 umol, 28 pL), trityl borate

(302 umol, 278 mg) and 4-fluorobenzonitrile (302 umol, 37 mg) in 0.55 mL dichloromethane-d,.

Table 38 — 19F NMR chemical shifts of the p-fluorine of [B(CeFs)4]- and free 4-fluorobenzonitrile (FBN) referenced against
fluorobenzene 81°F = -113.78 at different temperatures

T[K] &%°F [B(CgFs)al 8°F FBN
305 -163.44 -103.43
293 -163.37 -
283 -163.29 -103.38
273 -163.20 -
263 -163.12 -103.33
253 -163.04 -
243 -162.96 -103.30
233 -162.87 -103.29
223 -162.79 -103.30
213 -162.73 -
203 -162.63 -103.30
193 -162.57 -103.31
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5.7 Synthesis of Silyliminium Borates

Bis-dimethylsilyliminium Borate 110[B(C¢Fs)4]

To synthesize iminium borate 110[B(CcFs)a4], first the corresponding silyl borate 112[B(CcsFs)s] was
prepared. A Schlenk tube was charged with 1.0 equiv. (314.21 umol, 85 mg) of 5,6-bis-
dimethylsilylacenaphthene 114 and 1.0 equiv. (314.21 umol, 289 mg) of trityl borate. Then 1.5 mL
benzene was added and the mixture was stirred for 1 h. Thereby, first the formation of two phases
was observed, then a yellow solid precipitated. The solvent was removed via syringe and the
remaining solid was washed (1 x 1.5 mL benzene, 2 x 3.0 mL benzene and n-pentane (1:1)) and
subsequently dried under high-vacuum. The resulting silyl borate 112[B(CsFs)4] was dissolved in 0.7
mL chlorobenzene-ds for NMR spectroscopic analysis. The H NMR spectrum shows broadened

signals. The NMR data is in accordance with the literature.®7?!

0.0 [B(C4Fs)y] ©

MeZSi\H,SiMeZ
®

112

1H NMR (499.87 MHz, 305.0 K, CsDsCl): 6 = 0.50 (s, 12 H, w(1/2) = 14.1 Hz), 2.92 (s, 4 H, w(1/2) = 14.2
Hz),3.29 (s, 1 H, w(1/2) = 17.4 Hz), 7.01 (s, 5 H, overlap with the solvent, w(1/2) = 18.5 Hz), 7.23 (s, 2
H, w(1/2) = 12.7 Hz). 3c{*H} NMR (125.71 MHz, 305.0 K, CsDsCl): & = -1.4, 30.5, 120.2, 121.0, 123.8-
125.8 (brm, [B(C¢Fs)a]), 135.4, 136.9 (dm, YJcr = 236.8 Hz, [B(CgFs)a]), 137.0, 138.3, 138.8 (dm, Y=
235.9 Hz, [B(CeFs)al), 149.0 (dm, Ycr = 240.9 Hz, [B(CeFs)a]), 153.7. 2°Si{*H} INEP NMR (D3 = 0.0084,
D4 =0.0313, 99.31 MHz, 305.0 K, CsDsCl): & = 60.4.

A Schlenk tube was charged with 1.0 equiv. (314.21 pmol, 38 mg) of 4-fluorobenzonitrile and the
NMR sample with the bis-dimethylsilyl borate 112[B(C¢Fs)s] was added. The solution was stirred for
45 min at r.t. and then analysed by NMR spectroscopy. The title compound 110[B(CsFs)s] was not
obtained purely, therefore only those chemical shifts, which were assigned unambiguously to

iminium borate 110[B(CsFs)4] are listed. A complete characterization was not possible.
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0.0 [B(C4Fs)al ©

MeZSi\N,SiMe2
O
F
110

'H NMR (499.87 MHz, 305.0 K, C¢DsCl): & = 0.48 (s, 6 H, CHs), 0.63 (s, 6 H, CHs), 3.12-3.18 (m, 6 H,
CH,), 7.02-7.07 (m, 4 H, NC-Ar, overlap with impurities), 7.23-7.26 (m, 2 H, 3/8-H), 7.46-7.48 (m, 1 H,
4/7-H), 7.49-7.55 (m, 3 H, NC.Ar, 4/7-H), 9.12 (s, 1 H, 13-H). 3C{*H} NMR (125.71 MHz, 305.0 K,
CeDsCl): & = -1.5 (CH3), 1.9 (CHs), 117.3 (d, Ycr = 22.9 Hz, NC-Ar), 122.6, 124.4 (C, C-5/6), 123.5-125.4
(brm, C, [B(CeFs)a]), 135.0 (d, Jer = 10.7 Hz, CH, NC-Ar), 136.5 (dm, Ycr = 232.7Hz, CF, [B(CeFs)al),
138.4 (dm, Ycr =232.9 Hz, CF, [B(CeFs)al)), 148.5 (dm, Ycr=241.6 Hz, CF, [B(CeFs)a]), 135.0 (d,
Yer=10.7 Hz, NC-Ar), 168.2 (d, Ycr=267.4 Hz, NC-Ar, CF), 187.4 (CH, C-13). “B{H} NMR
(160.38 MHz, 305.0 K, CsDsCl): 6 = -16.2 ([B(C6F5)a]). °F{*H} NMR (470.29 MHz, 305.0 K, CsDsCl): & =
-167.4-(-167.2) (m, 8 F, m-F, [B(CsFs)a]), -163.4 (t, *Jer = 20.6 Hz, 4 F, 0-F, [B(CsFs)a]), -133.0-(-132.7)
(m, 8 F, o-F, [B(CéFs)a])), -101.3 (s, 1 F, CF), -93.3 (s, 0.5 F), -92.6 (brs, 0.2 F). Si{"H} NMR (99.31 MHz,
305.0 K, C¢DsCl): 6 = 15.7, 23.3. 'H/*>N HMBC NMR (499.87 MHz, 305.0 K, C¢DsCl): & = 229.5.

(Dimethylsilyl)(di-n-butylgermyl)iminium Borate 111[B(CsFs)a]

A Schlenk tube was charged with 1.1 equiv. (184.89 umol, 69 mg) of 1-di-n-butylgermyl-8-
dimethylsilylnaphthalene 115. A solution of 1.0 equiv. (166.40 umol, 154 mg) of trityl borate and 1.0
equiv. (166.40 umol, 20 mg) of 4-fluorobenzonitrile in 0.7 mL dichloromethane-d; was added to the
precursor 115 at r.t. and the solution was stirred for five minutes before transferring it to an NMR
tube for analysis. The title compound 111[B(CsFs)s] was not obtained purely,

besides impurities, the corresponding silylgermyl cation 113 was detected. OO

Furthermore, two stereoisomers in the ratio of 80:20 of the title ion 111 were MeZSi\H,Ge(n-Bu)2
®
formed. A complete characterization was not possible.
113

224



Computational Details

2 [B(CGFs),1©

MeZS|\ -Ge(n-Bu), MeZS|\ Ge(n-Bu),

ﬁ ﬁ

111

H NMR (499.87 MHz, 305.0 K, CD,Cl,): & = 0.43 (s, 0.8 H), 0.60 (s, 0.8 H), 0.74 (t, i = 7.0 Hz, 6.0 H,
CHs (n-Bu)), 0.78-0.82 (m, 3.5 H), 0.85-0.89 (m, 2.3 H), 0.92 (s, 6.5 H, Si(CHs),), 0.93-0.97 (m, 3.0 H),
0.99-0.14 (m, 1.4 H), 1.09-1.11 (m, 1.0 H), 1.12-1.56 (m, 19.7 H), 1.59-1.74 (m, 4.2 H), 1.99-2.12 (m,
0.6 H), 4.36 (s, 0.3 H), 5.62 (s,1.5 H, PhsCH), 7.05 (t, 3Juu = 7.4 Hz), 7.19-7.22 (m, 9.3 H, PhsCH), 7.24-
7.28 (m, 4.3 H, PhsCH), 7.31-7.36 (m, 9.2 H, PhsCH), 7.46-7.55 (m, 3.5 H), 7.66-7.81 (m, 5.2 H), 7.87-
7.98 (m, 4.8 H), 8.10-8.22 (m, 2.8 H), 9.32 (s, 0.2 H), 9.53 (s, 0.9 H). *C{*H} NMR (125.71 MHz, 305.0 K,
CD,Cl): 6 =-0.9, 1.1, 1.5, 13.4, 13.6, 20.7, 25.9, 26.2, 26.5, 26.7, 57.6 (PhsCH), 118.6 (d, J = 22.6 Hz),
123.8- 125.5 (brm, C, [B(CsFs)a]), 126.8 (d, J = 5.4 Hz), 127.0 (PhsCH), 129.0 (PhsCH), 130.0 (PhsCH),
133.0, 133.1, 133.8, 134.2, 134.4, 134.9 (d, J = 9.4 Hz), 135.7, 137.0 (dm, J = 241.3 Hz, CF, [B(CsFs)a]),
138.9 (dm, J = 244.9 Hz, CF, [B(CeFs)a]), 139.8, 144.7, 148.9 (dm, J = 241.0 Hz, CF, [B(CsFs)a]), 168.8 (d,
J=265.6 Hz), 185.7, 186.5. 'B{*H} NMR (160.38 MHz, 305.0 K, CD,Cl,): & = -16.5 ([B(CsF5)a]’). °F{*H}
NMR (470.30 MHz, 305.1K, CD,Cl,): & = -167.4-(-167.2) (m, 8 F, m-F, [B(CeFs)a]), -163.4 (t,
3er = 21.0 Hz, 4 F, o-F, [B(CeFs)a]), -133.0-(-132.7) (m, 8 F, o-F, [B(CeFs)a]), -94.7 (s, 0.6 F, CF), -94.4 (s,
0.2 F). Si{'H} INEPT NMR (D3 = 0.0083, D4 = 0.0313, 99.31 MHz, 305.0 K, CD,Cl,): & = 11.8 (111),
19.7 (111, main), 41.1 (113).

Phenoxyl-Substituted Dimethylsilyliminium Borate 116[B(C¢Fs)4]

A Schlenk tube was charged with 1.0 equiv. (358.01 umol, 109 mg) of silane 42a, 1.0 equiv. (358.01
umol, 330 mg) of trityl borate and 1.0 equiv. (358.01 umol, 43 mg) of 4-fluorobenzonitrile. The solids
were dissolved in 0.8 mL benzene-Dg and the mixture was stirred for 30 min. 1.0 equiv. (358.01 umol,
0.06 mL) of triethylsilane was added at r.t. and the mixture was stirred for 5 min prior to transferring
it to an NMR tube for analysis. The mixture contains the title compound 116[B(CsFs)s] and at least
three further species, whereby a complete characterization was not possible. Due to fast

decomposition, the 3C NMR data was not included.
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) 19 [B(CFy),] ©
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/\
Me Me
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'H NMR (499.87 MHz, 305.0 K, C¢D¢): 6 = 0.52 (brs, 1.4 H), 0.57 (s, 6 H, SiMe,, title compound), 0.59
(brs, 1 H), 0.62-0.64 (m, 4.4 H, side product 2), 0.67 (d, *Jun= 3.1 Hz, 1.2 H), 0.69 (d, *Jyy=3.1 Hz, 3.6
H, 0.70-0.71 (m, 5 H), 0.71-0.73 (m, 4.9 H, side product 1), 0.73-0.75 (m, 1.5 H), 0.76 (s, 2.6 H), 0.77-
0.82 (m, 6.3 H, SiEts, title compound), 0.83-0.89 (m, 11.9 H, SiEts, title compound), 3.07-3.18 (m, 4 H,
CH,), 3.20-3.28 (m, 4 H, CH>), 5.54 (s, 0.9 H, PhsCH), 6.32-6.36 (m, 0.5 H), 6.47 (t, /i = 8.3 Hz, 1.8 H),
6.55 (d, 3un=7.7 Hz, 0.3 H), 6.59 (d, 3Jun= 7.7 Hz, 0.9 H), 6.67 (d, 3Jun= 7.7 Hz, 0.3 H), 6.74 (d, 3 n=
7.7 Hz, 0.3 H), 6.77-6.81 (m, 0.6 H), 6.83-6.90 (m, 2 H), 6.91-6.95 (m, 1.7 H), 6.95-7.00 (m, 3.4 H),
7.01-7.11 (m, 1.7 H), 7.12-7.26 (m, 18.6 H, PhsCH), 7.28 (d, 3Jun= 7.1 Hz, 0.9 H), 7.31-7.34 (m, 0.8 H),
7.37 (t, 3Jupn= 7.8 Hz, 2.4 H), 7.52-7.57 (m, 1.1 H, title compound), 7.66 (d, 3Jun= 7.0 Hz, 0.2 H), 7.81
(d, 3un=7.1Hz, 0.2 H), 8.83 (s, 0.3 H, NCH, side product 3), 8.98 (s, 1 H, NCH, title compound), 9.12
(s,0.3 H, NCH, side product 2),9.28 (s, 0.2 H, NCH, side product 1). **F{*"H} NMR (470.30 MHz, 305.1 K,
CeDe): 6 =-167.4-(-167.2) (m, 8 F, m-F, [B(CeFs)a]), -163.4 (t, *Jr = 21.0 Hz, 4 F, o-F, [B(CsFs)a]), -132.7-
(-132.4) (m, 8 F, o-F, [B(CeFs)al), -96.9 (brs, 0.1 F), -95.5 (s, 0.4 F), -95.1 (s, 0.1 F), -94.1 (s, 0.1 F).
25Gi{1H} INEPT NMR (D3 = 0.0083, D4 = 0.0313, 99.31 MHz, 305.0 K, C¢Ds): & = 17.5 (side product 1),
17.9 (title compound), 27.3 (side product 1), 27.7 (side product 2), 32.0 (side product 2), 34.0 (side
product 3), 40.0 (title compound), 40.6 (side product 3). *H/**N HMBC NMR (499.87 MHz, 305.0 K,
CeDg): 6 =233.7.

Thiophenyl-Substituted Dimethylsilyliminium Borate 117[B(C¢Fs)4]

A Schlenk tube was charged with 1.0 equiv. (368.15 umol, 218 mg) of silane 43a and 1.0 equiv.
(368.15 umol, 339 mg) of trityl borate. The solids were dissolved in ca. 1 mL benzene-D¢ and the
mixture was stirred for 20 min at r.t.. Then 1.0 equiv. (368.15 umol, 44 mg) of 4-fluorobenzonitrile
was added and the mixture was stirred for 5 h at r.t.. Subsequently, 1.0 equiv. (368.15 umol, 0.06

mL) of triethylsilane was added at r.t. and the mixture was stirred for 15 min prior to transferring it
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to an NMR tube for analysis. The title compound 117[B(CsFs)4] was obtained in a mixture with at least

two side products. A complete characterization was not possible.

® 19 [B(CFy),] ©

Et3$|‘

—N-—Si—SPh
/\
Me Me
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1H NMR (499.87 MHz, 305.0 K, CsDs): 5 = 0.30 (brs, 6H, SiMe, silyl cation), 0.44-0.49 (m, 4.7 H, title
compound), 0.57-0.66 (m, 10.7 H, title compound), 0.67-0.70 (m, 2.1 H), 0.74-0.77 (m, 6.8 H, title
compound), 0.84-0.92 (m, 2.6 H), 0.98-1.03 (m, 6.2 H), 3.02-3.11 (m, 5.6 H, CH,), 6.54-6.65 (m, 2.5
H), 6.79-6.84 (m, 1.3 H), 6.88-6.97 (m, 3.4 H), 6.97-7.02 (m, 2.8 H), 7.05-7.15 (m, 6.8 H), 7.39-7.50 (m,
1.4 H), 8.71 (s, 0.5 H, NCH, title compound). 3C{*H} NMR (125.71 MHz, 305.0 K, CsD) & = 4.1 (CH,),
5.1, 5.9 (CHs), 5.9 (CHs), 6.1 (CHs), 6.2 (CHs), 6.4 (CHa,), 6.6 (CH,), 7.7 (CH2), 7.9 (CH2), 30.1 (CH,), 30.9
(CH,), 31.0 (CH2), 31.2 (CH,), 114.4 (d, Jcr = 21.0 Hz, CH), 114.8 (d, Jcr = 21.2 Hz, CH), 117.1 (C), 117.4
(d, Jer = 22.2 Hz, CH), 117.5 (d, Jer = 22.8 Hz, CH), 118.8 (CH), 119.8 (CH), 121.5 (CH), 122.5 (CH), 123.1
(CH), 124.0-125.8 (brm, [B(CsFs)a]), 124.7 (C), 126.7 (CH), 127.5 (CH), 128.4 (CH), 129.4 (CH), 130.3
(CH), 130.3 (CH), 131.3 (CH), 132.7 (CH), 133.4 (CH), 133.8 (C), 134.0 (d, Jcr = 10.4 Hz, CH), 135.4 (C),
135.5 (C), 136.9 (CH), 137.0 (d, Jcr = 233.5 Hz, [B(CsFs)a]), 138.5 (C), 138.9 (d, Jr = 233.0 Hz, [B(CeFs)a]"
), 139.3 (C), 139.5 (C), 140.6 (d, Jer = 2.6 Hz, C), 143.5 (d, Jer = 3.0 Hz, C), 145.7 (C), 147.9 (C), 149.1
(d, Jer = 241.4 Hz, [B(CeFs)a]), 152.3 (C), 154.2 (C), 168.2 (d, Jer = 266.5 Hz, C), 191.3 (CH). 2°Si{*H}
NMR (99.31 MHz, 305.0K, C¢Dg): & = 12.4 (side product 1), 13.5 (side product 2), 34.0 (title
compound), 40.6 (title compound), 65.8 (silyl cation). *H/">N HMBC NMR (499.87 MHz, 305.0K,
CeDg): 6 =230.2.
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5.8 Catalytic Reactions with Silyl Borates as Catalysts

5.8.1 Hydrosilylation Reaction

General Procedure G: A Schlenk tube was charged with 75.00 umol of silane 42a or 43a, 75.00 umol
(69.0 mg) of trityl borate [Ph3C][B(CsFs)s] and 150.00 umol (30.8 mg) of DTBMP and the solids were
dissolved in 0.5 mL chlorobenzene. The mixture was stirred for 10 min at r.t.. Subsequently,
1.50 mmol (0.17 mL) of pivalonitrile and 1.50-4.50 mmol of the corresponding silane (EtsSiH,
Me,PhSiH or PhsSiH) was added. The mixture was stirred for the time and at the temperature given
below and then transferred to an NMR tube equipped with a D;0 capillary for analysis. The yield of
the product was determined via 'H NMR spectroscopy. Therefore, the integral of the para-methyl
group of DTBMP was used as internal standard. Here, it is important to mention, that the integration
contains an error which is induced by the different relaxation times of the CH moiety of the imine
and the CH, group of the amine (Figure 86). The H NMR spectra of all catalytic hydrosilylation

reactions were measured with a relaxation time of D1 =1 s.
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Figure 86 —'H NMR spectra (500 MHz, 305 K, CsHsCl/D,0-capillary) of the reaction mixture of the hydrosilylation reaction
of pivalonitrile with triethylsilane. Above D1 =1s, below D1 =20s.
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Silylimine 118

A Schlenk tube was charged with 0.06 equiv. (62.40 pumol, 20.0 mg) of 5-dimethylsilyl-6-
thiophenylacenaphthene 43b and 0.06 equiv. (61.80 umol, 57.0 mg) of trityl borate. The solids were
dissolved in 1 mL benzene and the mixture was stirred for 15 min at r.t.. The polar layer was washed
with benzene (3 x 1 mL) and the solvent was removed under low pressure. The residual was dissolved
in 0.8 mL dichloromethane-d; and transferred to an NMR tube for analysis.

The next day, a Schlenk tube was charged with 1.0 equiv. (990.80 umol, 120.0 mg) 4-
fluorobenzonitrile. The NMR sample containing silyl borate 35a[B(CsFs)s] was added to FBN and the
mixture was stirred for 5 min at r.t.. Then the mixture was cooled with an ice bath and 2.0 equiv.
(1.98 mmol, 0.32 mL) of triethylsilane was added slowly to the mixture. The mixture was stirred for
45 min while warming slowly to r.t.. The mixture was transferred to an NMR tube for analysis.
Complete consumption of FBN and the quantitative formation of silylimine 118 was observed.

Et,Si<
I .

H)\@\
F

H NMR (499.87 MHz, 305.0 K, CHCl,): 6 = 0.61-0.68 (m, 6H, CH,), 0.82-0.93 (m, 29 H, CHs, overlap
with residual EtsSiH), 6.93-7.01 (m, 2 H, CH), 7.65-7.71 (m, 2 H, CH), 8.90 (s, 1H, NCH). °F{'H} NMR
(470.29 MHz, 305.0 K, CH,Cl,): & = -109.4. 2°Si{*H} NMR (99.31 MHz, 305.0 K, CH,Cl,): & = 8.1. 'H/N
HMBC NMR (499.87 MHz, 305.0 K, CH,Cl,): & = 344.8.

Silylimine 119

Imine 119 was obtained according to general procedure G using 5-dimethylsilyl-6-
thiophenylacenaphthene 43a (24.0 mg, 75.00 umol) and 2.0 equiv. of triethylsilane (0.48 mL,
3.00 mmol). Stirring the mixture for 120 min at r.t. resulted in a yield of 83 %. Using 5-dimethylsilyl-
6-phenoxyacenaphthene 42a (22.8 mg, 75.00 umol) as precursor and 1.0 equiv. of triethylsilane
(0.24 mL, 1.50 mmol) after 100 min stirring at 80 °C, a yield of 50 % was obtained.

EtsSis .

K
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'H NMR (499.90 MHz, 305.0 K, C¢HsCl/D,0-capillary): & = 0.49 (q, °J = 6.98 Hz, 6 H, Si(CH,CHs)s), 0.80
(t,3/=7.92 Hz, 9 H, Si(CH,CHs)3), 0.86 (m, 9 H, C(CHs)s), 8.24 (s, 1 H, N—CH). 2Si{*H} NMR (99.30 MHz,
T = 305.0 K, CeHsCl/D,O-capillary): 6 = 6.0. H/®NHMBCNMR (499.90 MHz, 305.0K,
CeHsCl/D,0-capillary): 6 =331.2.

Disilylamin 120

Amine 120 was obtained according to general procedure G using 5-dimethylsilyl-6-
thiophenylacenaphthene 43a (24.0 mg, 75.00 umol) and 3.0 equiv. of triethylsilane (0.72 mL,
4.50 mmol). After stirring the mixture for 340 min at 80 °C, quantitative formation of amine 120 was
obtained. Using 5-dimethylsilyl-6-phenoxyacenaphthene 42a (22.8 mg, 75.00 umol) as precursor and
2.0 equiv. of triethylsilane (0.48 mL, 3.00 mmol), stirring for 470 min at 80 °C, a yield of 95 % was

obtained.

Et;Sivy-SiEts

b

120

H NMR (499.90 MHz, 305.0 K, CsHsCl/D,O-capillary): & = 0.55 (g, 3/ = 7.91 Hz, 12 H, Si(CH,CHs)s),
0.74 (s, 9 H, C(CHs)s), 0.81 (t, 3J = 7.95 Hz, 18 H, Si(CH,CH3)s), 2.62 (s, 2 H, N-CH,). 3C{*H} NMR
(125.70 MHz, 305.0 K, CgHsCl/D,O-capillary): 6 =4.6 (CHy, Si(CH2CHs)s), 5.3 (CHs, Si(CH2CHs)s),
26.7 (CHs, C(CHs)s), 30.4 (C, C(CHs)s), 54.1(CHs, N—CH.). 2Si{*H} NMR (99.30 MHz, 305.0 K,
CeHsCl/D,0-capillary): 6 = 11.6.

Disilylamin 120af***!

Amine 120a was obtained according to general procedure G using 5-dimethylsilyl-6-
thiophenylacenaphthene 43a (24.0 mg, 75.00 umol) and 2.0 equiv. of dimethylphenylsilane (0.47 mL,
3.00 mmol). Stirring the mixture for 18 h at r.t. resulted in a yield of 92 %. Using 5-dimethylsilyl-6-
phenoxyacenaphthene 42a (22.8 mg, 75.00umol) as precursor and 2.0 equiv. of
dimethylphenylsilane (0.47 mL, 3.00 mmol), after stirring for 22 h at r.t. a yield of 20 % was obtained.

Stirring for further 260 min at 80 °C led to quantitative formation of amine 120a.
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PhMeZSi\N,SiMeZPh

b

120a

H NMR (499.90 MHz, 305.0 K, CsHsCl/D,0-capillary): & = 0.26 (s, 12 H, Si(CHs)2), 0.67 (s, 9 H, C(CHs)s),
2.89 (s, 2 H, N-CH,), 7.07-7.12 (m, 6 H, m-Ph, p-Ph), 7.41-7.43 (m, 4 H, 0-Ph). *C{*H} NMR (125.70
MHz, 305.0 K, CsHsCl/D,O-capillary): & = 0.0 (CHs, Si(CHs)2), 26.4 (CHs, C(CH3)s), 30.4 (C, C(CH3)s),
54.7 (CHz, N-CH), 124.9 (CH, Ph), 125.3 (CH, Ph) 131.4 (CH, ortho-Ph), 131.6 (C, Cipso). 2Si{*"H} NMR
(99.30 MHz, 305.0 K, CHsCl/D,O-capillary): & = 0.5.

Silylimine 119b(***!

Imine 119b was obtained according to general procedure G using 5-dimethylsilyl-6-
thiophenylacenaphthene 43a (24.0 mg, 75.00 umol) and 2.0 equiv. of triphenylsilane (781.2 mg,
3.00 mmol). Stirring the mixture for 3 days at r.t. resulted in a yield of 22 %. Stirring for further 330

min at 80 °C led to quantitative formation of amine 119b.

PhySis, .

I

119b

H NMR (499.90 MHz, 305.0 K, CsHsCl/D,O-capillary): 6 =0.92 (s, 9 H, C(CHs)3), 7.11-7.13 (m, 9 H,
m-Ph, p-Ph), 7.57-7.59 (m, 6 H, o-Ph), 8.32 (s, 1 H, N-CH). 3C{*H} NMR (125.70 MHz, 305.0 K,
CeHsCl/D,O-capillary): & = 25.6 (CHs, C(CHs)s), 39.7 (C, C(CHs)s), 128.2 (CH, m/p-Ph), 133.9 (C, Cipso)
135.5 (CH, o0-Ph), 185.4 (CH, N—CH). %Si{*H} NMR (99.30 MHz, 305.0 K, C¢HsCl/D,0O-capillary): & = -
18.4.
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5.8.2 Diels-Alder Reaction (DAR)

DAR 1: The catalyst was prepared freshly by the reaction of 0.06 equiv. (150 umol) of the
corresponding naphthyl or acenaphthyl silane and 0.05 equiv. (135 umol, 125 mg) of trityl borate in
0.5 mL dichloromethane either at r.t. or at -80 °C. After stirring for 10-30 min, the catalyst mixture
was cooled to -80 °C and a mixture of 1.0 equiv. (2.73 mmol, 0.25 mL) of methyl acrylate and 2.0
equiv. (5.46 mmol, 0.60 mL) of 2,3-dimethylbuta-1,3-diene in 0.5 mL dichloromethane was added
slowly. (Batch for the reaction with silyl borate 35a[B(CsFs).]: silane 43a (81 umol, 26 mg), trityl
borate (75 umol, 69 mg), methylacylate (1.5 mmol, 0.11 mL), 2,3-dimethylbuta-1,3-diene (3.0 mmol,
0.34 mL), DTBMP (150 umol, 31 mg), the reaction was carried out at r.t. in CgHsCl.) The mixture was
stirred for 60-90 min. Then the reaction was quenched with 0.5 mL saturated NaHCOs; solution and
the product was extracted with dichloromethane (3 x 5 mL). The organic layer was dried over Na,SO4
and the solvent was removed under reduced pressure. The Diels-Alder product DAP1 was purified by

column chromatography using petroleum ether/ethyl acetate (95:5) as eluent. Details see Table 39.

Table 39 — Details and yield of Diels Alder test reaction 1 using different catalysts.

o 5 mol% [cat][B(C4Fs),] 0 OO
I + ﬁj\o/ > :O)(O/ [cat] =
| Me,Si—D
DAP1 ®
34-37, 39
Entry Catalyst Amount silane Reac.t.lon t [min] Yield
[mg] conditions
1 36 (Naph, D = OPh) 42 DCM, -80 °C 60 65 %)
2 37a (Naph, D = SPh) 44 DCM, r.t. = -80 °C 60 24 %
3 39 (Naph, D = SePh) 51 DCM, r.t. = -80 °C 60 9 %?
4 34a (Ace, D = OPh) 46 DCM, -80 °C 90 75 %%
59 35a (Ace, D = SPh) 26 CeHsCl, r.t. 90 33 %"
6° - - CeHsCl, r.t. 1d 0 %

a) Isolated yield, b) GC yield, c) addition of DTBMP.

DAP1

H NMR (500.13 MHz, 299.2 K, CéDs) 6 = 1.51 (s, 3 H, CHs), 1.53 (s, 3 H, CHs), 1.66-1.74 (m, 3 H), 1.92-
1.95 (m, 1 H), 2.01-2.07 (m, 1 H), 2.22-2.24 (m, 1 H), 2.43-2.48 (m, 1 H, 1-H), 3.42 (s, 3 H, OCHs).
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3C{*H} NMR (125.77 MHz, 299.3 K, CéD¢) & = 18.9 (CHs), 19.0 (CHs), 26.2 (CHa, C-6), 31.2 (CH,, C-5),
34.1 (CH,, C-2), 40.3 (CH, C-1), 51.1 (OCHs), 124.0 (C, C-4), 125.2 (C, C-3), 175.6 (CO). GC tz = 1.3
(methyl acrylate), 10.0 (DTBMP), 10.1 (DAP1), 13.1 (PhsCH), 15.6 (5-thiophenylacenapthene) min.

DAR 2: The catalyst was prepared freshly by the reaction of 0.06 equiv. (83 umol) of the
corresponding silane and 0.05 equiv. (75 pmol, 69 mg) of trityl borate in 0.3 mL chlorobenzene at r.t..
Additionally, 0.06 equiv. (90 umol, 18 mg) DTBMP was added. After stirring for 10-30 min, the catalyst
mixture was cooled to -30 °C and a mixture of 1.0 equiv. (1.5 mmol, 0.11 mL) of methyl acrylate and
2.0 equiv. (3.0 mmol, 0.34 mL) of 2,3-dimethylbuta-1,3-diene in 0.1 mL chlorobenzene was added
slowly. (Batch for the reaction with silyl borate 34a[B(CsFs)s]: silane 42a (99 pumol, 30 mg), trityl
borate (99 umol, 90 mg), methylacylate (1.5 mmol, 0.11 mL), 2,3-dimethylbuta-1,3-diene (3.0 mmaol,
0.34 mL), DTBMP (99 umol, 20 mg).) The mixture was stirred for 60 min. A sample (0.2 mL) of the
reaction mixture was filtrated through a short column of silica (2-3 cm in a Pasteur pipette) and

diluted in ca. 1 mL dichloromethane. This solution was used for the GC analysis. Details see Table 40.

Table 40 — Details and yield of Diels Alder test reaction 2 using different catalysts.

@ \ Kol\o/ 5 mol% [cat][B(C6F5)4]; o - O.O
Z (0]

- RMeSi—D
DAP2
34,35
Amount Reaction Time .
Entry Catalyst ) .. ) Conversion | Endo:Exo
silane [mg] conditions [min]

1 34a (R = Me, D = OPh) 30 CeHsCl, -30 °C 60 100 % 94:6
2 35a (R =Me, D =SPh) 26 CeHsCl, -30 °C 60 100 % 937
3 35b (R = Ph, D = SPh) 32 CeHsCl, -30 °C 60 99 % 92:8
4 35c (R = t-Bu, D = SPh) 30 CeHsCl, -30 °C 60 100 % 89:11
5 - - CeHsCl, r.t. 7d 98 % 76:24

GC tg = 1.3 (methyl acrylate), 8.4 (cyclopentadiene-dimer), 9.0 (exo-DAP2), 9.1 (endo-DAP2), 10.1
(DTBMP), 13.1 (Ph3CH), 14.2 (5-phenoxylacenaphthene), 15.6 (5-thiophenylacenapthene) min.

DAR 3: A Schlenk tube was charged with 0.1 equiv. (79 umol, 25 mg) of 6-dimethylsilyl-5-thiophenyl-
acenaphthene 43a, (0.1 equiv. (72 pmol, 66 mg) of trityl borate and 0.2 equiv. (145 pmol, 30 mg) of

DTBMP and 0.3 mL chlorobenzene was added at r.t.. The mixture was stirred for 10 min and cooled
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with an ice bath. A solution of 1.0 equiv. (0.8 mmol, 105 mg) (E)-4-phenylbut-3-en-2-one and 4.2
equiv. (3.0 mmol, 0.25 mL) cyclopentadiene in 0.5 mL chlorobenzene was added slowly. The mixture
was stirred for 30 min. A sample (0.2 mL) of the reaction mixture was filtrated through a short column
of silica (2-3 cm in a Pasteur pipette) and diluted in ca. 1 mL dichloromethane. This solution was used

for the GC analysis.

Ph
DAP3

Conversion 40 %. GC tg = 8.4 ((E)-4-phenylbut-3-en-2-one), 10.1 (DTBMP), 11.9 (exo-DAP3), 12.1
(endo-DAP3), 13.1 (Ph3CH), 15.6 (5-thiophenylacenapthene) min.

DAR 4: The catalyst was prepared freshly by the reaction of 0.06 equiv. (83 umol) or 0.03 equiv. (52
umol) of the corresponding silane and 0.05 equiv. (75 pmol, 69 mg) or 0.03 equiv. (45 umol, 41 mg)
of trityl borate in 0.3 mL chlorobenzene at r.t.. Additionally, 0.06 equiv. (150 umol, 31 mg) or 0.06
equiv. (90 umol, 18 mg) of DTBMP was added. After stirring for 10-30 min, the catalyst mixture was
cooled to the temperature indicated in Table 41 and a mixture of 1.0 equiv. (1.5 mmol, 0.14 mL) of
methyl acrylate and 1.5-2.0 equiv. (2.25-3.0 mmol, 0.21-0.29 mL) of cyclohexadiene in 0.1 mL
chlorobenzene was added slowly. The mixture was stirred for 30-90 min. A sample (0.2 mL) of the
reaction mixture was filtrated through a short column of silica (2-3 cm in a Pasteur pipette) and

diluted in ca. 1 mL dichloromethane. This solution was used for the GC analysis. Details see Table 41.
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Table 41 — Details and GC yield of Diels Alder test reaction 4 using different catalysts.

-
. .

0 [cat][B(C5F5)4] (0] Oe
+ Rl\o/ W [cat] = ®
| CeHsCl o— RMeSi—D
DAP4 34, 35, 37
Cat Amount ¢ ce
Entr Catalyst ) silane T[°C Conv. | Endo:Exo
4 ¥ charge [Img] rcl [min] v X [%]
34a (Ace, D = OPh, R
1 3 (Ace vie 5mol% | 25 | 0>rt | 60 |100% | 99:1 .
35a (Ace, D = SPh, R
2 al C_eMe) Smol% | 26 | 0->rt | 30 |100% | 99:1 .
34b (Ace, D = OPh, R
3 ~ oh) 5mol% | 30 | 0->rt | 30 |100% | 99:1 .
35b (Ace, D=SPh, R
4 (Ace oy 3mol% | 20 rt. 90 | 50% | 982 .
35b (Ace, D=SPh, R
5* (Ace o) 3mol% | 20 | 0>rt | 90 | 34% . 0
37b (Naph, D = SPh,
6* ( i " Smol% | 29 | 0->rt | 30 [100%| 982 | o0
34b (Ace, D = OPh, R
7* ( Cf'Ph) " | smolw | 42 40 30 | 25% . 0

*precursor enantiomerically enriched.

GC tg = 1.3 (methyl acrylate), 1.6 (cyclohexadiene), 9.8 (exo-DAP4), 10.0 (endo-DAP4), 10.1 (DTBMP),

13.1 (PhsCH), 14.2 (5-phenoxyacenaphthene), 15.6 (5-thiophenylacenapthene) min.

5.9 Calculation of the Free Gibbs Energy Barrier from VT NMR Data

The free Gibbs energy barrier of the inversion process of the silylsulfonium ions 35a,b,d and 37b were

calculated from the coalescence temperature (Teoa) and the difference of the separate signals va and

vg (Av) using equation 1:

AG®® = RTcoaI(22.96 + |n(TcoaI/AV)) (eq 1)'[60]
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6 Computational Details

All quantum chemical calculations were carried out using the Gaussian09 package.**®! The molecular
structure optimizations were performed using the M06-2X functional along with the Def2-TZVP basis
set for the elements F, S, O, Si, C, B, H.['*”! Every stationary point was identified by a subsequent
frequency calculation either as a minimum (Number of imaginary frequencies (NIMAG): 0) or as a
transition state (NIMAG: 1). All obtained SCF energies (E(SCF)) and the absolute computed Gibbs free
energies at T=298.15 Kand p=0.101 MPa (1 atm) in the gas phase (G298) are given in the additional
file (SKD-Computed_Energies.docx).
The fluorine ion affinity (FIA) for cations xx and BCF was calculated according the reaction in Scheme
93. The SCF energies (E(SCF)) for the FIA were calculated at the M06-2X/Def2-TZVP level of theory
with inclusion of solvent effects using the SCIPM model with dichloromethane as a solvent. The SCF
energies (E(SCF)) are given in the additional file (SKD-Computed_Energies.docx).
LA+ [F—BEt3]@ — IF—LAl@ + BEtg

Scheme 93 — Reaction used to calculate the fluorine ion affinity (FIA) of cations and BCF (LA = silyl cation xx, BCF).
For the calculations of the mechanism of the hydrosilylation reaction of nitriles, the absolute
computed Gibbs free energies were calculated at the M06-2X/Def2-TZVP level of theory including
the solvent chlorobenzene using the SCRF model. The obtained free Gibbs energies were corrected
with a factor obtained via the freqchk utility program by applying the solvent pressure (p = 24.419
MPa (241 atm) for chlorobenzene). These data can also be found in the additional file (SKD-
Computed_Energies.docx).
The optimized molecular structures of all calculated compounds are given as Cartesian coordinates
in the structure file (SKD-Computed_Molecular_Structures.xyz).
For the assignment of the IR bands of the syn- and anti-structures of silanes x-x (SPh, R = Me, t-Bu,
Ph), their molecular structures were calculated at the M06-2X/Def2-TZVP level of theory at T=298.15
K and p = 0.101 MPa (1 atm) in the gas phase with a subsequent frequency analysis. To account for
anharmonicity effects, a scaling factor for the Si — H vibration was determined from the correlation
of the computed data and the experimental results for silanes x-x and triethylsilane (Figure 87). The

scaling factor is given by the scope of the line of best fit which is 0.9619 + 0.00295.
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Figure 87 — Correlation of the calculated wavenumber obtained at M06-2X/Def2-TZVP of the v(Si — H) vibration and the
experimental value for silanes 43a,b,c, 5-bromo-6-dimethylsilyl acenaphthene, 5-dimethylsilyl acenaphthene and
triethylsilane.

The figures of the calculated molecular structures were generated using the software GaussView
5.0.
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