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ABSTRACT

Tris(catecholato)silicate dianions, a compound class that is already known for over a century,
can be readily prepared by reacting sand with catechol under basic conditions. Strikingly, the
two-electron-oxidized derivative — silicon tris(perchloro)dioxolene 1€! — has been recently
accessed, representing a thermally stable, neutral triplet diradical and the first non-metal
complex with redox-active and mixed-valence substituents.

In the present work, the redox properties of 1€! are investigated and by the synthesis of the
corresponding monoradical anion [1€Y*”, the redox series of tris(catecholato)silicates in general
is completed. With cyclic voltammetry the redox potentials Ei2 = 0.43 V and 0.88 V (vs.
Fc/Fc*) were finally determined. Comparing the redox potentials of 1¢! with free tetrachloro-
o-benzoquinone, a tremendous shift of about 1.2 V becomes apparent. Moreover, 1€l is applicable
as efficient redox catalyst.

By varying the quinone ligands and the silicon source, further homo- and heteroleptic derivatives
are prepared. Variable temperature EPR measurements disclose the existence of diradicals with
a triplet ground state.

With a more profound understanding of the monomeric species, the synthesis is extended to
higher nuclearity. A straightforward approach is established by introducing substituted 2,5-
dihydroxy-p-benzoquinone (H2dhbg¥) as [dhbgY|[Na@15c5]2 (Y = Cl, Br, Ph, NO2) salts and
mixing with bis(catecholato)silanes 2% (X = Cl, Br, CF3, iPr) to obtain the dinuclear species
[4%Y][Na@15¢5]2, which are robust to coordinating environments. By selective combination of
more electron-rich 2% and electron-poor dhbq linkers diradicaloid complexes [4%:Y]*" (X = Cl,
iPr and Y = Cl, Br, NO2) were obtained and characterized. The opposite extreme with the
smallest diradical character was accomplished by combining electron-poor 2€¥3 and electron-
rich dhbg™. The underlying design principle is further disclosed by computational analyses.
Conclusively, this one-step protocol grants access to dimeric silicon polyoxolenes with control
over and fine-tuning of the spin ground state. Lastly, preliminary results are obtained for the
trimeric structures by implementing the six-fold deprotonated tritopic linker 2,3,6,7,10,11-
hexahydroxytriphenylene (Hehhtp) with 2L

The results gathered in this work present a fundamental understanding of silicon-bridged
polyoxolenes and thus are valuable extensions based on a non-metal main group element to
known works based on transition metals.






KURZZUSAMMENFASSUNG

Tris(catecholato)silikat-Dianionen — eine Substanzklasse, die bereits seit {iber einem Jahrhundert
bekannt ist, konnen leicht durch eine Reaktion von Sand mit Catechol in basischem Milieu
hergestellt ~ werden. Kiirzlich wurde die zweifach oxidierte Form -~  Silizium
Tris(perchloro)dioxolen 1€! — zugiinglich gemacht, welches ein thermisch stabiles, neutrales
Triplett-Diradikal sowie den ersten nichtmetallischen Komplex mit redoxaktiven und
gemischtvalenten Substituenten darstellt.

In der vorliegenden Arbeit werden die Redox-Eigenschaften von 1€! untersucht und durch die
Synthese  des  entsprechenden  Monoradikalanions  [1€]*” die  Redox-Serie  von
Tris(catecholato)silikaten im Allgemeinen vervollstindigt. Mittels Cyclovoltammetrie konnten
die Redoxpotentiale Ei2 = 0.43 V und 0.88 V (vs. Fc¢/Fct) bestimmt werden. Bei einem
Vergleich der Redoxpotentiale von 1€ mit dem freien Tetrachlor-o-benzochinon, zeigt sich eine
enorme Potentialverschiebung um etwa 1.2 V. AuRerdem kann 1€ als effizienter
Redoxkatalysator eingesetzt werden.

Durch Verdnderung der Chinon-Liganden und der Siliziumquellen werden weitere homo- und
heteroleptische Derivate hergestellt. EPR-Messungen bei variabler Temperatur zeigen das
Vorliegen von Diradikalen mit einem Triplett Grundzustand, analog zum perchlorierten Derivat.

Mit einem tieferen Versténdnis fiir die monomeren Verbindungen wird schliefslich die Nuklearitdt
der Substanzklasse erhoht. Durch die Einfiihrung von substituierten 2,5-Dihydroxy-p-
Benzochinonen (HadhbqY) als [dhbqY|[Na@15c¢5]2 (Y = Cl, Br, Ph, NO2) Salze und das
anschliefende Umsetzen mit Bis(catecholato)silanen 2% (X = Cl, Br, CF3, iPr) wird eine einfache
Vorschrift geschaffen, um die zweikernigen Verbindungen [4%:Y|[Na@15c5|2 herzustellen, die in
Gegenwart von koordinierenden Losungsmitteln robust sind. Durch gezielte Kombination von
elektronenreicheren 2% und elektronenarmen dhbg-Linkern werden diradikaloide Komplexe
[4%Y]>* (X = CL iPr und Y = Cl, Br, NO2) erhalten und untersucht. Das entgegengesetzte
Extrem mit dem kleinsten Diradikal-Charakter wird durch die Kombination von 2CF3
(elektronenarm) und dhbg™ (elektronenreich) erreicht. Das zugrundeliegende Syntheseprinzip
wird durch quantenchemische Berechnungen bestétigt. Schlussendlich, ermdglicht dieser
einstufige Ansatz den Zugang zu dimeren Siliziumpolyoxolenen mit Kontrolle iiber und
Feinabstimmung des Spin-Grundzustands. Zuletzt werden erste Ergebnisse fiir trimere
Strukturen durch die Umsetzung des sechsfach deprotonierten tritopischen Linkers 2,3,6,7,10,11-
Hexahydroxytriphenylen (Hehhtp) mit 2€! erzielt.

Die in dieser Arbeit gesammelten Ergebnisse stellen ein grundlegendes Verstandnis von Silizium-
verbriickten Polyoxolenen dar und sind somit eine wertvolle Erweiterung bekannter Arbeiten
auf der Basis von Ubergangsmetallen, die auf einem nichtmetallischen Hauptgruppenelement
basieren.
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INTRODUCTION

Many chemical transformations can be facilitated by catalytic processes based on
transition metals. These catalytic processes are usually accompanied by a change in
the redox state, typically taking place at the metal center (Figure 1). A distinction
can be made between reductive, oxidative, and intrinsically redox neutral processes.
The coordinating ligands thereby serve as stabilizing skeleton for the corresponding
metal center and regulate the catalyst performance with the help of their properties
(e.g., steric hindrance), but themselves are only indirectly involved in the reaction.
Thus, such ligands only partake as spectators and are also called redox-inactive

ligands.1-4

A lot of the catalytic systems known today, and which are of industrial usage benefit
from the features of (noble) transition metals. In contrast to base metals favoring one
electron processes that lead to undefined reactions, precious metals participate in well-
defined two electron redox reactions. However, due to their low natural abundance,
effortful and costly production, these metals also bear many disadvantages.2>
Therefore, it is of particular importance to develop adequate catalytic systems based
on elements that are more accessible and abundant. Here, silicon stands out with a
mass fraction of up to 28 % as the second-most abundant element in the earth’s crust.6
Accordingly, cost-effective and environmentally benign compounds, as well as novel
reaction pathways, which for example are not mediated via the metal center, have
received a significant upturn.® Within the last decades, new types of catalytic
approaches have been discovered in which the ligand system plays a significantly more
active role by interacting cooperatively in the determining step for bond activation or

by contributing features like redox activity.
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Nature already paved the way for this concept since various metalloenzymes are
known to have redox-active ligands within their active side, that interact with the
corresponding metal ions. Such ligand-centered redox reactions found in enzymatic

processes are essential in plenty of metabolic pathways.10

Ln@ —c. L mntt Traditional ligand
+e
(Lr mn =& L Mn Redox-active ligand
+e
"—L~ Redox non-innocent ligand
+ e

Figure 1: Classification of ligand (L) types in metal (M) complexes upon electron transfer reactions.

1.1 Redox-Active Ligands: ortho-Dioxolenes

Ligands that are redox-active typically have an energetically higher-lying HOMO
(highest occupied molecular orbital) or an energetically lower-lying LUMO (lowest
occupied molecular orbital) compared with traditional ligands.3:5 This leads to more
accessible energy levels than the single metal center can provide, widening the range
for possible redox events and modifying the reactivity of the whole complex.1!
Accordingly, multi-electron reactions are unraveled into sub-steps, which means that
ligand-centered redox processes can be more easily initiated. Thereby, the metal
center can retain its electronic state, or the redox-active ligand may interact in
synergy with the central ion, enabling delocalization of the electrons leading to
ambiguous redox states (Figure 1).1:12 In 1966, JORGENSEN stated that ligands are
innocent when they allow oxidation states of the central atom to be defined 1> With
that, the terminology of suspect or rather (redox) non-innocent ligands was introduced
to describe the ambiguity in the redox state of the metal center occurring though the

ligand system.



1.1 Redox-Active Ligands: ortho-Dioxolenes

Redox-active ligands can expand the reactivity of the metal center and the whole
complex through different reaction modes (Figure 2). They can function as (a)
electron reservoir by providing or receiving electrons, (b) change the Lewis
acidity /basicity of the central atom, (c) generate reactive ligand-centered radicals, or
(d) directly activate substrates by single electron transfer reactions.!3:9 Regarding
radical-type reactivity, it is important to mention that thereby different spin states
can be accessed. This likewise broadens the reactivity in catalysis as lower reaction

barriers can be generated through different open shell configurations.4

a) Electron reservoir c) Reactive ligand radical
X
I
XY —X red / ox
Ln Mn = Ln+2 M L Mn . Lnt1 M
b) Change in Lewis acidity or basicity d) Activation of substrate by SET
red / ox
Ln Mn > Lnt1 M Ln M [ Lnt1 M
sub
sub sub sub -

Figure 2: Enhancing the reactivity of a metal center (M) with redox-active ligands (L) as a) electron
reservoir or by b) changing the Lewis acidity or basicity of the metal center, c¢) generation of reactive
ligand radicals or d) activation of substrate (sub) by single electron transfer (SET) from the ligand.

Catechol, also known as 1,2-dihydroxybenzene, is an excellent example of a redox-
active ligand. It was first isolated by REINSCH in the first half of the nineteenth
century and a variety of natural substances, derived from the catechol moiety, play
an important role in many biological processes.!5-16 For example, catecholamines make
up an essential class of compounds for neurotransmitters, hormones, and other
narcotic drugs. Also, catechol-type siderophores possess the ability to specifically bind
to iron(Ill) cations, making them soluble and thus increasing their biological

availability.

The redox activity of the catechol is displayed by two reversible one electron
oxidations resulting in three stable redox isomers (Scheme 1) which are all suitable
for coordination.1” In the 1970s, the members of this redox series were first mentioned

and coined as dioxolenes (dioz) by BALCH et al1819 To date, dioxolene ligands have



1 Introduction

found broad usage in the fields of coordination chemistry. Numerous transition metal
dioxolene complexes are well established and intensively studied.20-22 Due to similar
orbital energies between the ligand and the metal center and hence the occurrence of
redox non-innocence, to date, promising applications within the fields of redox-active

ligand-based catalysis and functional materials could be spawned.2923-26

O v O e O
g% —e - A M e _ ok
o] O O

quinone (qX) semiquinonate (sg*) catecholate (caf¥)

Scheme 1: Redox isomers of ortho-dioxolene ligands with their respective notation and abbreviations
used in the following.

1.1.1 Dioxolene Complexes of p-Block Elements

As with the transition metal complexes, the chemistry of dioxolene complexes with
p-block elements has also been investigated and resumed appropriately.27-30 There,
the dioxolene ligands usually behave chemically innocent, which means the redox
state of the element center is well-defined. In many p-block element dioxolene
complexes, the ligand tends to adopt the fully reduced catecholate state which imparts
features such as strong Lewis acidity.31-3¢ The differences in the energies of the frontier
molecule orbitals of the dioxolene ligands and the (lighter) p-block elements, unlike
the orbital energies regarding the d-block metals (vide supra), yield in redox
unambiguous performance.3® This means that redox reactions are prone to be only
ligand- or element-based. Consequently, characteristics such as valence electromerism
are scarce within the p-block elements3¢ compared to the transition metals.3” However,
the heavier p-block elements show more distinct redox flexibility and therefore are
inclined to be involved in redox processes alongside the dioxolene ligands.35 In the
following, some selected examples for p-block element dioxolene complexes in view of

redox activity will be presented.

1.1.1.1 Group 13
The first aluminum catecholate complex Al(catf)s (Figure 3a), reported in the 1960s,
could be oxidized in the presence of sodium peroxide at higher temperatures, whereas

the analogous boron complexes remained in their reduced state.3¥ A decade later
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further group 13 dioxolene complexes were discovered by reacting the metal halides
MXs; (M = Al, Ga, In and X = Cl, Br, I) with @6d® (Figure 3b), resulting in

paramagnetic monosemiquinoidal dihalide complexes as indicated by EPR

I
B
Bu o !
OD\

oz i
o Bu By

spectroscopy.3?

a) b)

gé-o-atp R E-ato
P od)
Bu
i o N
a )
: o N
Bu
! NN _q3, 6-dtb

Figure 3: a) Anionic aluminum catecholate complex.? b) 3,5-Di-‘butyl- and 3,6-di-‘butyl-substituted
o-dioxolenes represented in the quinone state. c¢) Neutral triradical tris(3,5-di-tbutyl-
semiquinonato)gallium complex.40-41 d) Sterically hindered ligand: 5,8-di-tbutyl-2,3-dihydro-1,4-
ethanoquinoxaline-6,7-dione.

Later, in 1993, the groups of HENDRICKSON and MCGARVEY independently isolated
the triradical Ga(sgdtb) (Figure 3c).40-41 Green crystalline material was obtained
either from oxidative addition of ¢t (Figure 3b) to elemental gallium or by salt
exchange between Gals and Na(s¢g->-dt). Single crystal structure analysis showed that
the dioxolene ligands were coordinated octahedrally around the gallium center and
the bond lengths confirmed the presence of the semiquinone state for all three ligands.
Similar results were obtained for the isostructural chromium complex.42 Magnetic
investigations on Ga(s@>dth)3 showed an increase of the magnetic moment from
3.0 up at 320 K to 3.58 up at 9 K, indicating a ferromagnetically coupled S = 3/2
ground state. The exchange parameter was calculated as Jysg = 7.8 cm™ and low-

temperature EPR measurements revealed signals for the forbidden transition at
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Ams= 3 at g = 6, corroborating the presence of a quartet state (S = 3/2) for the
triradical.4! Later, these findings were additionally validated by the group of SCHMIDT,
who prepared M(diozX)2/3 complexes (M = Al, In, Cd, Sn and X = 3,5-dtb; 3,6-dtb)
following a mechanochemical route by grinding the metals with the respective
quinones.4? Besides, the dipolar coupling parameters were calculated and found to be
D >0 for triradicals, consistent with theoretical predictions. Furthermore,
semiempirical PM3 (CI) calculations on dioxolene complexes by PEREKHODTSEV and

LEBEDEV consolidated the theoretical concepts and the experiments.44

In 2014, an analogous aluminum dioxolene complex was synthesized and characterized
by scXRD. Thereby, PISKUNOV et al. made use of the sterically hindered ligand 5,8-
di-butyl-2,3-dihydro-1,4-ethanoquinoxaline-6,7-dione (NN-¢30-dtb Figure 3d) and
drew comparisons of the magnetic properties between the group 13 elements.4> Single
crystal structure analysis showed an octahedral configuration for the aluminum and
gallium semiquinonate complexes, whereas the respective indium complex adopted a
trigonal prismatic structure. Similar observations for indium dioxolene complexes
were made before by the same group but with the 3,6-di-*butyl-dioxolene ligand.46
Having a look at the magnetic properties, the unpaired electrons in M(NN-g¢:6-dth)s
(M = Al, Ga) coupled ferromagnetically at 30 K, as expected by previous results with
similar complexes (vide supra). By contrast, the indium analogues were present in a
doublet ground state and the coupling was found to be antiferromagnetic. These
examples neatly present the control over and dependency of the magnetic properties
through the complexes’ geometry. Here it should be noted that for magnetic couplings
between unpaired electrons two exchange pathways are possible.43 The first one
proceeds through direct exchange, for example, between the electrons and the p-
orbitals of adjacent oxygens, resulting in non-zero overlap, meaning antiferromagnetic
coupling. The second pathway is mediated through the empty p-orbital of the element
center, which leads to an orthogonal overlap due to the symmetry of the p-orbitals,
and thus yields ferromagnetic coupling.40:43 Lastly, for related thallium dioxolene
complexes prepared by STEGMANN and coworkers from diphenyl thallium hydroxide
and substituted catechols, oxidation with atmospheric oxygen led to respective stable

semiquinonate complexes, which presumably exist as ions pairs.47
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1.1.1.2 Group 14

RIVIERE and coworkers realized the first bis(catecholato)germanes in 1986 by reacting
@54t with GeFa or GeF2(THF) in benzene.®8 Later, the synthesis could be extended
onto GeCly or GeCly.49 Reactions with elemental gallium could also be enabled®® and
accelerated by liquid-assisted grinding (LA G) with donor molecules, such as pyridine
(py), resulting in the adduct complexes (Scheme 2a).>! GeO2 could also be utilized
with the respective catechol. GREB and coworkers were also able to compound
Ge(cat®)s under milder conditions. Simply mixing of GeOz with Hacat® at 60 °C
directly in water yielded the respective bis-adduct. Hence, Ge(cat)s marks the first
neutral Lewis superacid (see chapter 1.1.2 for definition) showing entire stability in
aqueous media.?? Using cyano-substituted pyridines as donor ligand resulted in
yellow- and orange-colored solids,>2 instead of colorless ones as with THF or py.49.51
This was explained by charge transfer happening between the catecholate and the py
ligands (LLCT). Later, GRISHIN et al. discovered that M(cat?6-dtb), (M = Ge, Sn)
reacted with radicals emerging in the radical polymerization of styrene. EPR
experiments showed that thereby semiquinone intermediates were formed, thus,
suggesting a direct participation of the bis(catecholate) complexes within the
propagation steps. The resulting polymers could be further used as macroinitiators to

promote chain growth.53

a) By By (<4
o LAG o, 1.0 ‘Bu
Ge + 2 - ~Gey
py Bu o™} o7
o] Bu by Bu
b
) o O;\/\\;X toluene IO O™ X
n Y 4 ' ) A4
o = O/ \O_
X=ClI, Br

Scheme 2: a) Synthesis of Ge(cat?>dtb)s(py)2 via oxidative addition of ¢35t to germanium metal
under LAG conditions in presence of pyridine.?! b) Synthesis of neutral diradical Sn(s¢¥)2 (X = Cl,
Br) via oxidative addition of ¢X onto elemental tin in toluene.54-5

Investigations on tin dioxolene compounds started in the 1980s with reactions between
triorganyltin hydroxides with substituted catechols’ or tin halides with quinones,57

58 in which the appearance of paramagnetic intermediates was observed by means of
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EPR spectroscopy. Later, DAVIES and HAWARI used chlorinated organotin reagents
with 3,6-di-!butyl-benzoquinone to purposefully synthesize similar radical tin
derivatives X3Sn(s¢>6-dtb) (X = alkyl, Cl), which were isolated as stable adducts with
donor ligands (phen, bipy, TMEDA).5 Following an electrochemical setup by
conducting the anodic oxidation of tin metal in presence of catX* (X = H, Br),
MABROUK and TUCK were able to synthesize Sn(catX) complexes.?0 Addition of
another equivalent of quinone led to Sn(IV) bis(catecholato) complexes.
Implementation of elemental tin with quinones in toluene, directly led to tin(II)
semiquinonate species (Scheme 2b).545 In 2005, ABAKUMOV and PISKUNOV
synthesized ClaSn(cat36-dth)(THF) (Scheme 3a) and PhaoSn(cat36-4t0)(THF), (n = 0,
1), which turned out to be useful as radical traps for some short-lived C-, O- and S-
centered radicals, whereby the catecholate ligands were oxidized to the semiquinone
state.01-62 Furthermore, ferrocene was able to reduce Sn(sg-0-4th);Cly in acetonitrile
leading to the mixed-valence complex [(cat?6-dth)(s¢36-dt)SnCls][CpeFe], which gave
rise to ferromagnetic coupling between the ferrocenium radical cation and the tin
radical anion complex.5 The reaction could be reversed into the starting material by
changing the solvent to THF. Oxidative fixation of NOz could be realized by
XoSn(cat36-dth)(THF), (X = Cl, Br) in a mixture of acetonitrile/toluene (Scheme
3a).64 The resulting semiquinonate complex then quickly dimerized to the respective
halogenated diradical compound, evidenced by typical splitting patterns observed in
EPR spectra at lower temperatures. Finally in 2016, the synthesis and crystallization
of free Sn(cat30-dth) was reattempted with SnCla(dioxane) and Nap(cat36-dth) ag
starting materials.%5 SCXRD analysis finally revealed that the complex existed as
trimeric aggregate, substantiating the results that were already made ten years before
by ABAKUMOVA and coworkers, who prepared Sn(ca#3:6-d%) in minor yields from tin

amalgam and ¢3.0-dtb 66

Lead(II) dioxolene complexes were first tackled in 2003 by mixing lead metal with
different quinones, but the synthesis was accompanied with difficulties as the reaction
only resulted in insoluble diamagnetic precipitate, whereas with phenanthrenequinone
stable bis(semiquinonate) complexes could be realized.f” Following an electrochemical
approach, as done with tin,% lead catecholates could be successfully prepared.67 In
2012, Pb(cat36-dth) was discovered to be the first non-transition metal complex able
to fixate nitric oxide in THF yielding Pb(s¢g?0-dt))NO (Scheme 3b).63 Switching to
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nonpolar solvents such as toluene or hexane, led to the elimination of NO gas and

disproportionation to metallic lead and the desired diradical species Pb(sg-0-dtb),

I
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Scheme 3: a) Oxidative addition of ¢36-dtb to tin halides in THF leading to Xa2Sn(cat36-dtb)(THF)2
(X = Cl, Br),6! followed by a subsequent reaction with NO2 gas in CH3CN/toluene.% b) Fixation of
nitric acid by Pb(cat36-dtb) in THF leading to the respective monoradical complex Pb(sg36-dth)NO,
which dimerizes in non-polar solvents under loss of NO gas to the neutral diradical Pb(s¢30-dtb);.68

1.1.1.3 Group 15

Pioneering works of the group of RAMIREZ in the late 1950s led to the first group 15
dioxolene complexes.69-70 For example, trimethyl phosphite and tetrachloro-o-
benzoquinone in benzene under inert conditions react to form a neutral
monocatecholato phosphorane (Scheme 4a).” Later on, phosphorus trihalides also
were employed, leading to Cl3P(cat®), which in presence of acetic anhydride
assembled to the bis(catecholato) complex CIP(cat®)2.7 The same outcome could be
obtained by mixing quinone with ethyl dichlorophosphite. STEPHAN et al. synthesized
coordinatively saturated phosphorus(V) dications by using substituted quinones to
oxidize phosphorus(IIl) terpyridine (terpy) dications.” Interestingly, the complex
[(terpy) (cat®)PPh]2t still exerted weak Lewis acidity and operated as effective
initiator for hydrodefluorination reactions of fluoroalkanes. In 1991, the group of TUCK
were able to prepare BrP(catX): (X = Cl, Br) via one-pot reaction with halogenated
quinones, bromine and red phosphorus,™ avoiding the usage of corrosive phosphorus
halides.™ 7 Without bromine the synthesis yielded indistinct paramagnetic

intermediates as detected by EPR spectroscopy.

In 1973, the reactivity above could be applied to arsenic by WIEBER et al., resulting

in bis(catecholato) compounds such as MeAs(cat)s and MeAs(catt?)(catct).76
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Additionally, ABAKUMOVA and coworkers synthesized neutral antimony(V)
catecholate complexes by oxidative addition of methoxy substituted 3,6-di-’butyl-o-
benzoquinone to SbPhs (Scheme 4b).77 By storing the complexes under ambient
conditions, they were found to react reversibly with molecular dioxygen furnishing
spiro endoperoxides with trioxastibolane rings. A radical pathway was postulated as
mechanism, wherein the catecholate ligand is first oxidized to the semiquinonate state
by oxygen. This leads to the formation of a diradical intermediate with a
semiquinonate and a peroxo ligand, which rapidly recombines to the bicyclic
endoperoxides. Interestingly, the antimony catecholate complexes with more electron
deficient ligands were stable in the presence of 2.7 Hereby, electrochemical
investigations showed that the redox potentials of the dioxolene ligands played a
crucial role. Besides MOVCHAN et al. prepared further neutral antimony complexes

which could serve as radical traps for the autooxidation of oleic acid.”™

cl cl
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Scheme 4: a) Ramirez reaction of trimethyl phosphite with ¢! in benzene to (H3CO)3P(cat?!).™ b)
Oxidative addition of methoxy-substituted ¢6-dtb onto triphenylstibine in toluene to the respective
catecholate complex, which reversibly reacts with molecular oxygen.”?

1.1.1.4 Group 16

Te(cat)s was first synthesized in 1959 by ANTIKAINEN and MALKONEN from telluric
acid and catechol in aqueous media.80 Single crystal structure analysis revealed a
distorted trigonal bipyramidal structure in which an equatorial position was
unoccupied.8! Over thirty years later, further stable dioxolene complexes containing
tellurium also could be prepared by TUCK et al. via oxidative addition of substituted

quinones to elemental tellurium.82 There, the ligands were present in the catecholate

10
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state and the tellurium owned the oxidation state +IV. Regarding the redox behavior,
BART et al. reinvestigated it only recently and found the compounds to be quite stable
and relatively unreceptive towards further oxidation by heating.83 Reactions with
organic oxidants, such as pyridine-N-oxide or N-methylmorpholine-N-oxide (NMO)
yielded in the formation of the respective adducts as observed with other Lewis bases,
such as 2,2-bipyridine or BCl3.82 Heating the adduct complex Te(caf?>-dth)3(NMO)
only led to decomposition, meaning complete oxidation of the ligands and formation
of N-methylmorpholine and TeOs, leaving the redox state of tellurium unchanged
(Scheme 5).83
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Scheme 5: Reaction of Te(caf3-dtb)s with NMO leading to adduct formation. Subsequent heating
results in decomposition of the adduct.83

1.1.2 Silicon Dioxolene Complexes

The synthesis of the first silicon dioxolene complexes goes back to the year 1920, over
a century ago. At that time, ROSENHEIM and SORGE realized the highly robust
tris(catecholato)silicate salts [Si(catt)s][HB|2 (HB = NHy or Hpy) by reacting silicon
tetrachloride and catechol in diethyl ether, followed by a work up with ammoniacal
or pyridine-containing alcoholic solutions.8* Later, SCHENDEL and RAIBMANN
discovered that the dianions can be prepared from freshly precipitated silicon dioxide
in boiling hot ammoniacal catechol solution.?® In the early sixties, WEISS and
coworkers demonstrated that the reaction also proceeds under milder conditions and
even with quartz glass or other modifications of Si02.86 For a long time, the structure
of the silicate dianions had been controversial. WEISS et al. postulated that the

dianions existed as dimers.8%6 However, in 1969, single crystal structure analysis by
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FLYNN and BOER showed that the catecholates are indeed octahedrally arranged
around the silicon center,87 as already assumed by ROSENHEIM (Figure 4a).84

a) Bu
: O\ O
/S
o O
Bu
O/, | e}
Lot
o\© i Bu
Bu

Figure 4: a) Octahedral arrangement of the catecholates in the dianion [Si(catl)s]2™.84.87 b) Examples
of 3,6- and 3,5-di-"butylated bis(catecholato)silanes synthesized by KABACHNIK et al.88-89

Around 1980, KABACHNIK and coworkers studied the oxidized species of
hexacoordinate silicon dioxolene compounds. Thereby, the bis(catecholato)silane
derivative Si(ca#30-dtb)y was synthesized (Figure 4b)?9-91 and converted with alkali
salts of s¢X (X = 3,5-dtb; 3,6-dtb; 2-Cl-3,5-dtb; Cl) to yield the respective monoradical
anions [Si(catX)2(s¢X)]™.88 With low-temperature EPR experiments, both intra- and
interligand electron exchange was observed, dependent on the solvent polarity and
the substituent pattern on the dioxolene ligands. Furthermore, mixing various
o-benzoquinones with Si(catX)2 (X = 3,5-dtb; 3,6-dtb, see Figure 4b) furnished
putative homo- and heteroleptic neutral diradical compounds Si(diox)3.8889 Their
diradical character was unveiled by variable temperature EPR measurements of
frozen solutions in toluene. There, the characteristic coupling for two unpaired
electrons at normal field and the forbidden transition at half-field could be examined.
However, aside from the EPR studies, no further evidence was provided either by

other spectroscopic methods or through single crystal X-ray diffraction.

In 2012, RAO et al. prepared further derivatives of tris(catecholato)silicate salts by
reacting substituted catX (X = Cl; Br; 3,5-dtb) with tetraethoxysilane (TEOS) in the
presence of an amine base in acetonitrile.9? [Si(catX)s|[HaN"Prof2 (X = CI, Br) and
[Si(cat?>dth)3][HoN"Busg|o were afforded and the structural properties were
characterized by various methods including scXRD. Interestingly, hydrogen bond

interactions were observed only within the solid phase structure of the chlorinated
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salt [Si(cat®)s3|[HaN"Pr2]2. Both cations were found to interact with the oxygen atoms

of one catechol ligand and with solvent molecules.

Finally in 2018, the fully oxidized redox isomer of the perchlorinated silicate dianion
was isolated by GREB and coworkers.? Thereby, the mixed-valence compound
Si(s¢™)2(cat®) was prepared by mixing silicon tetraiodide (Sily) with ¢“! in
dichloromethane under inert conditions (Figure 5a). As confirmed by the bond lengths
obtained from the single crystal structure, the quinone ligands were reduced to the
semiquinonate and catecholate states with concurrent oxidation of the iodides to
molecular iodine. Variable temperature EPR measurements of the diradical in dilute
state and DFT calculations on the isolated compound verified an intramolecular
ferromagnetic coupling of the unpaired electrons, leading to a triplet ground state. In
contrast, preliminary SQUID magnetometry measurements of the solid state indicated
an intermolecular antiferromagnetic coupling between the open shell dioxolene units.
Furthermore, Si(sq®)2(cat®) also represents the first example of mixed valence ligands

bridged by a non-metal center.

With the 215t century, more attention was also devoted to further neutral
bis(catecholato)silane derivatives regarding their Lewis acidity. In 2015, TILLEY et al.
synthesized the perfluorinated complex Si(catt)2 (Figure 5b), which was found to be
the first neutral silane that was able to catalyze the hydrosilylation of aldehydes.94
Some years later, GREB and coworkers found that changing the substituents to less
electronegative chloride increased the compounds’ Lewis acidity (Figure 5c).3! This
could be experimentally demonstrated by fluoride ion abstraction from the SbFg”
anion, which marks the threshold for Lewis superacidity.? Additionally, the computed
fluoride ion affinities (FIAs), a valuable measure for the Lewis acidity of hard Lewis
acids in the gas phase, were consulted for comparison.96-97 Hereby, the FIA for
Si(cat®) of 507 kJ-mol™ exceeded that of SbFs with 501 kJ-mol™. Thus, by
definition, Si(cat®)s represented the first neutral silicon Lewis superacid and, for

example, could be successfully used as catalyst for a hydrodefluorination reaction.

Making use of the heavier homologue bromine or sterically hindered and electron-
withdrawing CFs-groups (Figure 5c¢), led to further increases of the Lewis acidity
(538 kJ-mol™ and 584 kJ-mol™, respectively).3233 Moreover, Si(cat¥3)s exhibited
enhanced solubility compared to the perhalogenated analogues. Coupled with its

increased Lewis superacidity broader applicability was enabled, which could be
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disclosed by using Si(cat®F3); as catalyst for deoxygenation reactions of aldehydes,
ketones, amides, and phosphine oxides, as well as for carbonyl olefin metathesis.
Further investigations on the counter-intuitive course of the Lewis acidity regarding
the substituents of Si(catX)2 (X = F, Cl, Br) showed that the trend correlates not to
the electronegativity, but to the Hammett parameters o, (F = 0.337 < Cl = 0.373 <
Br = 0.391).9 More positive values indicate stronger electron-withdrawing properties,
as a result of the decreased ability to s-backbond to the aromatic system of the
catechol ligands and thereby leading to an increased electron deficiency at the silicon

center.31-32

cl
a) cl o
cl
o) cl
CH,CI
sil, + _ CHLCl,
o) Cl -2l
cl
b) F F
F O g ° F
. o Yo .
F F ;

X =Cl, Br, CF,

Figure 5: a) Synthesis of neutral diradical Si(s¢“!)2(cat®!) by mixing Sils with ¢! in non-donor solvent,
like CH2Cl2.93 b) Lewis acid Si(catF)2 synthesized by TILLEY et al.94 ¢). Lewis superacids Si(catX)2 (X
= Cl, Br, CF3) synthesized by GREB et al.31-33

1.2 Porous Functional Materials

In 1756, the Swedish mineralogist CRONSTEDT observed vigorous steam development
while heating stilbite, a tectosilicate mineral.99 This illustrative example might be one
of the first recorded proofs made for porous substances. Based on this observation,
these materials were coined as zeolites (Greek for boiling stone). Zeolites own a porous

structure with differing pore sizes and are composed of an aluminosilicate framework,
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which are made up of AlO4~ and SiO4 tetrahedrons.!® They can be naturally found
in form of various minerals but nowadays are also of great industrial interest due to
their large surface area and adsorption capacity, and therefore produced in large
scale.101-102 Firgt applications for natural zeolites have been found as ion exchanger,103
molecular sievesi® or as gas absorber.l05 But due to the commonly inhomogeneous
composition of natural zeolites, synthetically produced materials are of high industrial
demand.196 A considerable example hereby is Zeolite Y, afforded by BRECK,07 which
is predominantly used in petrochemistry as catalyst in processes like fluid catalytic
cracking (FCC)108 and hydrocracking!® — a substantial progress in industrial

catalysis.

Aside from zeolites, which can be declared as purely inorganic, novel microporous
materials composed of inorganic and organic compounds were prepared in the early
nineties. Pioneering works of YAGHI and coworkers in 1995 thereby established the
term metal organic framework (MOF) and prepared one of the first examples
(MOF-2) with permanent porosity.110-111 Since then, the construction of three-
dimensional microporous solids containing metallic nodes and organic linkers has been
further investigated and mastered.l12-113 Remarkable success was made by using
reticular chemistry to produce extremely low-density materials.}14-115 With the help
of large organic diamagnetic linkers, framework stability and permanent porosity
could be promoted, logically, accompanied by large metal-metal distances. This
prevented effective electronic exchange among the metal centers that are crucial for
charge transfer and magnetic coupling. Finally, the usage of redox-active polytopic
linkers allowed to merge both fields, smoothing the way for magnetic and conductive
MOFs.116-118 These porous functional materials promise a wealth of applications, for
example as porous battery electrodes, electrochemical sensors or in lightweight
magnetoelectric materials.119-120 Tn the following, some seminal examples shall be
highlighted.

In 2015, the groups of LONG and HARRIS synthesized MOFs based on Fe(III) nodes
and 2,5-dihydroxy-p-benzoquinone (Hadhbgt, Figure 6a) as organic linker in the
paramagnetic state. Back then, they were able to realize record conductivities and
magnetic ordering temperatures.l2-122° Later, YAGHI and coworkers employed
2,3,6,7,10,11-hexahydroxytriphenylene (Hehhtp, Figure 6b) as spacer to construct two-

dimensional MOF's with pronounced charge storage capacity and conductivity.2? By
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now, the hhtp linker has been employed to assemble two- and three-dimensional

frameworks that are applied in electronic devices among others.124-126

a) ' b) HO OH

pogne

! HO OH

Figure 6: The organic linkers a) 2,5-dihydroxy-p-benzoquinone (Hadhbgt) and b) 2,3,6,7,10,11-
hexahydroxytriphenylene (Hehhtp) used in various MOFs.

Another class of porous materials are displayed by the covalent organic frameworks
(COFs).127-129 Tn contrast to MOFs, COF's are metal-free and constituted of covalently
bonded organic building blocks. The first COFs with permanent porosity were realized
by the group of YAGHI in 2005.130 COF-1 was synthesized via condensation reactions
between boronic acids (Figure 7a) and COF-5 in similar fashion by the condensation
of boronic acids with the polyoxolene hhtp (Figure 7b). Thenceforth, two- and three-
dimensional COFs have been established and prepared by making use of dynamic
condensation reactions between various organic building blocks with different

geometries, yielding in B-O, C-N or B-N bond formation.128,131

Later, the usage of polyoxolenes with silanes as building blocks for silicon-based COFs
(SiCOFs) was inspired by successful syntheses of respective macrocycles and cages.!3%
136 Tn 1992, early attempts towards silicate network materials were accomplished by
the group of SHEA, where TEOS was condensed with 1,2,4,5-tetrahydroxybenzene,
which easily oxidizes to dhbg, but the material was not further examined.!3” However,
the synthesis was only carried out at ambient temperature, so that the criteria of
reversibility, which is often crucial for equilibration toward ordered topologies, was

not met.128

Recently, the first synthesis of a two-dimensional SiCOF was successfully achieved
by THOMAS et al, where reversible Si-O bond formation under solvothermal
conditions was exploited (Figure 7c).13 Subsequently, implementation of hhtp as
linker allowed the construction of three-dimensional SiCOFs,139 structurally

comparable with analogous transition metal-bridged networks.124
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So far, COFs with magnetic, conductive, or charge-storing features have only been

achieved by using, e.g., mconjugated systems or by incorporating magnetic metal

nanoparticles.140-142 - Architectures exhibiting electronic exchange wvia non-metallic

single atom connectors in terms of MOF's, however, are unexplored.
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Figure 7: Linkage in the frameworks of a) COF-1, b) COF-5130 and c) one of the first SiICOFs by

THOMAS et al.138
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MOTIVATION AND AIM

As a thematic starting point for this work serves the diradical of the homoleptic
compound Si(dioz™)s, that demonstrates the first example of an oxidized form of a
tris(catecholato)silicate — a substance class known for over a century. Constituting
the first non-metal complex with redox-active and mixed-valence substituents, the
thermally stable compound allowed the investigation regarding magnetic properties,
revealing intramolecular ferromagnetic coupling (triplet ground state) in the dilute
state and intermolecular antiferromagnetic coupling in the solid state. Strikingly, such
properties state a novelty for a non-metal compound, yet a more comprehensive
understanding of the redox properties is required for possible applications in diradical
research (such as non-linear optics, conductors, energy storage, singlet fission or

spintronics).143-146

Therefore, the first part of this work deals with the investigation of the redox
chemistry and the completion of the redox series of Si(dioz®); — and thus of
tris(catecholato)silicates in general — by catching the elusive monoradical anion.
Subsequently, the application of the oxidized form in redox catalysis shall be studied.
Consecutively, a variation of the substituents at the dioxolene ligands shall be
performed by introducing different, ortho-quinones (¢) and silicon sources, resulting in
a new series of homo- and heteroleptic mononuclear compounds. These will be in turn
investigated regarding their electronic structure and redox properties in order to make

comparisons with Si(dioz)s.

The next step towards extended systems will be covered in the last two sections of
this work. By introducing rationally chosen polytopic linkers, such as 2,5-dihydroxy-
p-benzoquinone (Hadhbg?) and 2,3,6,7,10,11-hexahydroxytriphenylene (Hghhtp), the

controlled assembly of dimeric and, in continuation, trimeric forms of the silicon
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dioxolene motif will be investigated. It is known, that both dhbg and hhtp linkers
readily stabilize various diamagnetic and paramagnetic (semiquinonate) states in
transition metal complexes and mediate extremely strong magnetic interactions.147-
150 Thus, a synthetic strategy towards dimeric compounds involving the reaction of
Lewis acids Si(cat)2 and Hadhbgq shall be established, and first characterizations be
made. Outgoing from these gained insights, lastly a synthesis for the consecutive

trimeric species utilizing the linker Hghhtp shall be designed.

In summary, the aim of this work is to increase the complexity of the mononuclear
homoleptic complexes Si(dioz)z by 1) variation of the redox state, 2) variation of the
substitution at the ligands and 3) finally by increasing the nuclearity. A systematic
bottom-up approach will disclose the magnetic properties within the homo- and
heteroleptic monomeric complexes first, followed by subsequent investigation of the
dimeric and trimeric analogues connected through conjugated polytopic linkers. The
understanding of electron-exchange within metal free silicon polyoxolenes is not only
a valuable extension from a fundamental perspective, but a structure-effect
relationship gained from those smaller systems will be crucial for the rational design
of redox-active SiCOF's, which in turn would constitute a major step toward an
ecologically and economically benign alternative for this future type of functional

materials — based on the most abundant elements in the Earth’s crust.
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Figure 8: Overview of the aims of this work: investigating the redox chemistry of Si(dioa®!)3 by catching
the intermediate monoradical anion as well as the synthesis and characterization of new silicon
polyoxolene derivatives by varying the dioxolene ligand and increasing the nuclearity.
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RESULTS AND DISCUSSION

31 Completing the Redox Series?

In the following chapter, the redox chemistry of silicon tris(perchloro)dioxolene 1€L
an easily prepared neutral triplet diradical (see chapter 1.1.2 and Figure 5a)% and
also the fully oxidized form of a century-old class of dianions [1€1]27; will be covered.
This will be approached by CV studies of 1€! and its dianionic representatives.
Besides, to complete the redox series of silicon trisdioxolenes, the elusive monoradical

anion [1CY*~ will be synthesized and thoroughly characterized.

Recent research works have addressed the enhancement of the redox potential of
quinones by supramolecular interactions. For example, through encapsulation as
guests in dimeric palladium cages, tetrahalogenated p-benzoquinones have found to
operate as potent one-electron oxidants, which were used as catalyst in cycloaddition
reactions.!®! Further, JACOBSEN et al. used dicationic bis(amidinium) salts as dual
hydrogen bond donors to increase the redox force of ¢C! for the catalysis of an
oxidative lactonization.152 However, redox amplification through Lewis acid binding
has not been investigated yet. From a hypothetical view, 1€! can also be considered
as the formal adduct of ¢! with the Lewis superacid Si(cat®)s 2€! (Figure 5c).
Therefore, the concept to transform quinones into potent two-electron acceptors by
Lewis acid binding will be introduced and the usage of 1€! as redox catalyst will be

studied hereafter.

a Initial works of this project were already part of the Master thesis. Corresponding
parts are marked with the respective reference.%
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3 Results and Discussion

3.1.1 Synthesis and Characterization of 1¢!

1€ was synthesized according to a straightforward procedure (Figure 5a).93 Thereby,
¢©! was mixed with Sils in dichloromethane. The reaction mixture immediately turned
black red and was left at room temperature without stirring for 72 h. Afterwards a
thick layer of black solids was observed, and the solution was dark purple due to the
formation of iodine. The supernatant solution was decanted off. Then the remaining
solids were washed with pentane by suspending and vigorous stirring in copious
amounts of solvent, which turned pink. The solids were left to settle down and pentane
was exchanged repeatedly until the solution stayed colorless (after around 150 mL
pentane). After removing the final pentane phase and drying the solids in vacuo for

24 h the product 1€! was obtained as a fine green powder in yields up to 86 %.

The successful preparation and structure of 1€! was confirmed by various analytical
methods, such as scXRD analysis, HR-MS and elemental analysis. Additionally, the
magnetic properties were thoroughly examined with EPR spectroscopy (Figure 9a)
and SQUID measurements.? With density functional theoretical data (restricted and
unrestricted PBE0-D3(BJ)/def2-TZVPP level of theory) the triplet state was found
to be 63 kJ-mol™! lower in energy than the closed shell singlet state (see Appendix
7.3.1, Table 5). The optimized structure for a triplet state was also in accordance
with the metrical data obtained from scXRD analysis. Also, the spin density is mainly
located over two of the three dioxolene ligands (Figure 9b). Besides, Kohn-Sham
broken-symmetry computations revealed a positive value for the coupling constant J
of 16L underlining the experimentally observed triplet ground state (see Appendix

7.3.1, Table 6).

Resonance Raman measurements showed characteristic C-O stretching bands for the
semiquinonate (¥ = 1476 and 1348 cm™) and catecholate (¥ = 1209 cm™) ligands,
which are also observed by IR spectroscopy (Figure 10a and b).153 In the UV-vis-NIR
spectra of solutions of 1€! in dichloromethane absorptions at A = 453 nm were
revealed, which can be referred to the intraligand zsz* and ns* transitions within the
semiquinonates.153-154 Besides, an intense absorption in the near-IR region at A =
1127 nm and a weaker one at 4 = 2843 nm were assigned to interligand valence charge

transfers (IVCT) between the catecholate and semiquinonates (Figure 10c). Similar
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3.1 Completing the Redox Series

electronic properties were also found for chromium(III) complexes with identical

assembly and oxidation states of the ligands.155-156
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Figure 9: a) Experimental (red) and simulated!57 (blue) EPR spectra of 1¢1in 1,1,2,2-tetrachloroethane
(TCE, C2H2Cl4) at 20 K and the half-field signal. Parameters: frequency = 9.636 GHz, power 2.0 mW
(6.3 mW for half-field signal), modulation 1 mT. Simulation parameters: S = 1, g = 2.0055, D =
0.2278 cm™, E = 0.000097 cm™. b) Contour plot of spin density distribution of the triplet state of 1€1
at PBE0-D3(BJ)/def2-TZVPP level of theory (isodensity value 0.003 au).
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Figure 10: a) ATR-IR and b) resonance Raman (excitation wavelength A = 476 nm) spectra of solid-
state sample of 1€! and c) absorption spectrum in the near-IR region of a solution of 1€! in CHaCl2
(1072 M).

Single crystals of 1€! could be produced in various solvents, like dichloromethane.?3

From the bond lengths obtained for the dioxolene ligands the metrical oxidation state
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3 Results and Discussion

(MOS) was calculated (see Appendix 7.4, Table 15).158 Two of the ligands were
existent in the monoanionic semiquinonate state (unit A and B) and the other one in
the fully reduced catecholate state (unit C), consistent with the Lewis formulation
Si(s¢™)2(cat®) (Figure 11a). The octahedral coordination sphere within 1€ is slightly
distorted, disclosed by the O-Si-O angles Zus = 85.8(1)° to 95.6(1)° and Zirens =
170.3(1)° to 178.4(1)°. Regarding the crystal packing, compact anisotropic z-stacking
occurs with close aromatic rings, such as the dioxolene ligands from another molecule
of 1€ resulting in plane-to-plane centroid distances of 3.49 A (e.g., between the units
B and C in Figure 11b). These values can be compared to similar distances found in
donor-acceptor complexes (e.g., benzoquinone-hydroquinone 3.20 A)159 or conductive
stacked structures (e.g., 2,2’-bis-1,3-dithiole (TTF) - 7,7,8,8
tetracyanoquinodimethane (TCNQ), separated stacks of 3.47 A and 3.17A4,
respectively).160 Besides, the semiquinonate and catecholate units alternate within the
stacking in the order B-C’-B’-C (Figure 11b). The remaining semiquinonate units

stack with each other (A-A’) irrespective of the other dioxolenes.

Figure 11: a) Crystal structure of and picture detail of the b) crystal packing for 1€! obtained from a
solution in CH2Cl2 with the assignment of the semiquinonate (unit A and B) and catecholate (unit C)
ligands and the respective MOS values (in blue and italic). The thermal displacement ellipsoids are
shown at the probability level of 50 %. c¢) Picture detail of the crystal packing for 1€! obtained from a
solution in CH2Cl2/CsHs. The thermal displacement ellipsoids are shown at the probability level of
50 %.

Single crystals were also received in benzene or o-dichlorobenzene (o-dcb, 0-CsH4Clo)
as the respective adducts 1€1-(CsHe)s and 1€ (o-dcb)s. Similar bond lengths as in the
structure from dichloromethane but a different crystal packing was apparent. In fact,
the units of 1€! were isolated from each other due to intercalation of aromatic solvents
between the electron-poor dioxolene rings of 1€! (Figure 11c). Analogue solid-state

structures are already known from Cr/V /Fe-dioz® complexes.!6! Interestingly, when
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3.1 Completing the Redox Series

calculating the sum of the MOS for the dioxolene rings of 1€1(CgHg)s a significantly
larger value of —4.75 is obtained than the expected —4. Possible intermolecular charge
transfer between benzene and the semiquinonates could explain this observation,
whereby the MOS for s¢® is increased from —1 to —1.3. Indeed, the stacking between
benzene and the semiquinonate ring (plane-to-plane distance of 3.3 A) is closer

compared with benzene and the catechalote ones (3.7 A)
3.1.2Synthesis and Characterization of [1¢/]2"

The syntheses of the dianionic representatives [1Cl[HB|2 (HB = HN"Pr; or NEt3) are
based on the procedure of RAO et. al.92 In general, a secondary or tertiary amine base
is mixed with a catechol in acetonitrile to generate the respective ammonium salts,
which are converted with tetraethyl orthosilicate (TEOS) to the respective dianionic
silicate salts [1C1|[HB|2 (Scheme 6). Hacat® was synthesized according to literature
known procedure.3! For di-"propylamine the reaction was stirred for 1 h at room
temperature and 2 h at 90 °C, for triethylamine it was stirred for 2 h at room
temperature and 18 h at 90 °C. The reactions were then left to cool down, leading to
the development of colorless precipitate, which could be increased by maintaining the
suspension at —20 °C for 1-2 h. The solids were collected by filtration and washed
several times with diethyl ether. After drying under reduced pressure for 24 h the
respective product salts [1C1|[HB|2 (HB = HN"Pr; or NEt3) were obtained as colorless
solids in yields up 51 % and 61 %, respectively.

Cl cl
Cl
1) Base o) Cl
HO Cl Cl
2 TEOCS > Cl O:,.,_Sl_.,\\\O
1
Ho “ 4 1990 C Y 7]
cl L [0) Cl
Cl
+ Cl
2 [HB] al
Scheme 6: General synthesis of [1C[HB|2 (HB = HN"Prz or NEt3) by reacting ammonium

perchlorocatecholate salts with tetraethyl orthosilicate (TEOS).92
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3 Results and Discussion

Besides, the preparation of [LC|[N"Buy]s was aimed. For that [1CI[HNEts]> was
suspended in dichloromethane and 2 eq. "NWBuwCl were added to conduct salt
metathesis. The mixture was stirred and immediately cleared up. By cooling down
the solution to —20 °C and keeping it for 24 h HNEt3ClI could be easily precipitated.
After removing the solids and drying the supernatant solution over anhydrous NaSQy,
the solvent was removed in vacuo to obtain [LC][N"Buwy]s as colorless powder in yields
up to 74 %.

All three silicate salts from above were thoroughly characterized and found to be
consistent with literature, where possible. 29Si-INVGATE NMR measurements
revealed chemicals shifts at 6 = —143.7, —138.3 and —138.2 ppm, respectively,
confirming the presence of hexacoordinate silicon species.!62 In the IR spectra
characteristic bands for N-H, C-H and C-O vibration modes can be observed. For
[1€Y[N"Buwy)2 no N-H stretching vibration was observed anymore, which means that
the salt metathesis proceeded successfully and the side-product HNEt3Cl could be
removed completely. In addition to that single crystals of [1€Y[HoN"Pra]> and
[1€Y[N"Buy]2 could be obtained by cooling down concentrated solutions in acetonitrile

or dichloromethane.
3.1.3 Investigating the Redox Properties

To gather first insights into the redox properties of silicon trisdioxolenes, cyclic
voltammetry (CV) measurements were contemplated. Investigations were started
with the two-electron reduced complex [1CY|[N"Buy]s representing the most stable
form of this compound series. Besides, it was tried to avoid fluorinated electrolytes
such as [PFg|[N"Bw| or [BArFa4][N"Buy| since defluorinating side-reactions could be
easily triggered by intermediate complexes containing the Lewis superacid 2C€L
Finally, [BArF2o][N"Buy| proved to be suitable as electrolyte and CV measurements
of [19[N"Bw]z in dichloromethane revealed two well-separated but non-reversible
oxidation waves at Eo; = 0.45 V and 0.88 V (vs. Fc/Fc+, Figure 12a). These oxidation
peaks were assigned to the redox couples [1€127/[1C1*™ and [1CY|*”/1CL respectively.
Interestingly, measuring CV only up to £ = 0.70 V, resulted in the isolation of a
quasi-reversible redox wave at Ej» = 0.43 V (Figure 12b). Only after further

oxidation to the diradical irreversibility within the redox events is observed. This
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3.1 Completing the Redox Series

indicates, that [1C1|*” must at least be stable in the presence of the dianionic species

but subsequent formation of 1€! leads to unfavored side-reactions.
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o
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Figure 12: a) CV measurement of the first quasi-reversible redox wave of [1Cl|[N"Bu4|2 at 500 mV /s
(red trace), measuring further to the second redox event leads to two oxidation and three reduction

events (black trace). b) CV measurement of the first quasi reversible redox wave of [1Cl|[N"Bu4|2 at
different scan rates.

CV measurements of 1€! were attempted as well. However, this led to more confusing
voltammograms with no reversible reduction events, which might be explained by

incompatibility issues and thus instability of 1¢! with the given CV conditions.

To narrow down the redox range of 1€! more precisely, reactions with substrates of
known redox potentials within the range were carried out.163 In Table 1 the different
substrates are listed of which the redox potentials were remeasured under similar

conditions as [1€12~ for better comparability.

In general, equimolar amounts of 1€! and the substrates were mixed in CD2Cl2, and
the reaction outcome was monitored via EPR and NMR spectroscopy. Indeed,
successful oxidations of thianthrene and tris(4-bromophenyl)amine® (N(Ph-Br)s)
could be observed (see Appendix 7.5 for EPR spectra). An upper limit of 1€! was
reached with tris(2,4-dibromophenyl)amine (N(Ph-Brz)s).164 There, formation of the

ammoniumyl radical cation was not detected by EPR spectrum. However, significant

b The respective amine radical cation is also known as magic blue due to its intense
color.163
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3 Results and Discussion

line broadening of the aromatic signals of N(Ph-Br2)3 was observed in the 'H NMR
spectrum, implying that an electron transfer had taken place (see Appendix, Figure
63). Thus, with the experimental findings the redox potential of 1€! can be ranged
between thianthrene and N(Ph-Bra)3 (£ = 0.84-1.12 V vs. Fc/Fct), which are also in
accordance with the electroanalytical results.

Table 1: Redox potentials of the compounds measured in CH2Cl2 with the respective electrolyte (0.1 M)

at room temperature under N2 atmosphere. Values are internally referenced vs. Fc/Fc'. For the
voltammograms see Appendix 7.7.

Compound Eq/2 |V] Compound Eo [V]
1€ 0.4301 / 0.88l HMB 1.140bl
q —1.19k1 / —0.33l PMB 1.270b

thianthrene 0.84/bl TMB 1.65/!

N(Ph-Br)s 0.720

N(Ph-Br2)3 1.1200!

[al [BArF20][N"Buy], I [PFs|[N"Buy]

Intensity [a.u.]

9=2.0026
a,=0171mT
T

T T T T T
334 335 336 337 338 339 340 341
Magnetic Field [mT]

Figure 13: EPR spectrum of the oxidation of hexamethylbenzene with 1€! in CD2Cl2 at room
temperature. The asymmetry in the signal can be explained by the presence of the underlying
monoradical anion [1C)*~. Parameters: By = 3377 G, sweep = 100 G, sweep time = 40 s, modulation
= 2000 mG, microwave power = 1 mW, gain = 9-102.

In addition to that, oxidation of alkylated benzene derivatives was attempted and
examined by EPR spectroscopy. Mixing 1€! with hexamethylbenzene (HMB, Figure
13), pentamethylbenzene (PMB) or 1,2,3 4-tetramethylbenzene (TMB) in CD2Cls led
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3.1 Completing the Redox Series

to the development the respective radical cations, identifiable by the characteristic
hyperfine coupling patterns in the EPR spectra (see Appendix 7.5).165 With

mesitylene no reaction was observed.

The redox potentials of the substrates were also remeasured under comparable
conditions since they were only poorly documented (Table 1). Remarkably, these
values were way beyond the oxidative power of 1€l A possible proton-coupled
electron transfer carried out by 1€! could explain this observation. Indeed, n-stacking
with much less strong electron donors like benzene or o-dcb has already been observed
in solid state (see chapter 3.1.1). Accordingly, these preorganized structures may act

as precursor complexes for the aforesaid electron transfer.
3.1.4 Synthesis and Characterization of [1C!]*~

The substantial separation of the redox waves (AFE,;) observed in the voltammogram
of [19Y[N"Buy|> (Figure 12) enabled the calculation of the comproportionation

constant K. given by the equations (1) and (2).166

AGY = —RT(in K) = —nF(AE,,) (1)

K, — eF(AEw)/RT @)
F = Faraday constant

R = universal gas constant

For T = 298 K a comproportionation constant of K, &~ 18.5 -106 was calculated with
equation (2). Elated by the large value for K, which is crucial for the isolation of the
[1€1)*7, the synthesis of the elusive silicon trisdioxolene monoradical anion was tackled

by reacting 1€ with [1C12".

For that equimolar amounts of 1€ and [1CY[N"Buy]s were mixed in dichloromethane
at —40 °C (Figure 17). An intense dark green colored solution was obtained.
Maintaining the low temperatures for further 24 h led to the development of green
crystalline material. After removing the supernatant solution and drying the
precipitate in vacuo for 24 h, the product was obtained as green powder in yields up
to 64 %. NMR spectroscopy showed broad signals in the 'H NMR spectrum for the
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3 Results and Discussion

cation. The anionic part of the salt was 13C and 2Si-INVGATE NMR silent.
Conducting EPR measurements at room temperature revealed a strong singlet signal
with g = 2.0064, which indicates a paramagnetic substance in the S = % state (Figure
14a). Indeed, scXRD analysis revealed the single crystal structure of [1¢1|[N"Buy| and
ultimately confirmed the spectroscopic interpretation. With the respective bond
lengths the MOS were calculated for the dioxolene ligands, of which two were found
to be present in the catecholate state and one in the open shell semiquinonate state

(see Appendix 7.4, Table 15), consistent with the proposed Lewis formulation [1€1*.

The IR spectrum showed typical N-H stretching vibrations at ¥ = 3059 cm™ for the
cation and C-O stretching vibrations at ¥ = 1236 and 1212 cm™ for catecholate and
semiquinonate ligands (Figure 14b). Moreover, characteristic absorption bands at A
= 303 and 456 nm were observed in the UV-vis spectrum. Examining further into the
near-IR region revealed strong IVCT bands around 4 = 1003 nm and some smaller
ones at A = 2844 and 2974 nm, which were also expected from the large value for K,

(vide supra).t66
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Figure 14: a) EPR spectrum of [1C!|[N"Buy| in CH2Cl2. EPR parameters: By = 3368 G, sweep = 25 G,

sweep time = 30 s, modulation = 2000 mG, microwave power = 10 mW, gain = 3. b) ATR-IR spectrum
of solid [1€Y[N"Buy].

Attention was also given to the redox properties of [LC|[N"Bwy|. Indeed, CV
measurements in dichloromethane with [BArFao|[N"Buy] (0.1 M) provided two quasi-
reversible redox events at Ej2 = 0.43 V and 0.88 V (vs. Fc/Fct, Figure 15), very

much consistent with the values obtained for the respective dianionic species (see
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3.1 Completing the Redox Series

chapter 3.1.2). In view of the separated redox events and also the intense IVCT bands
observed in the NIR region for 1¢! and [1C!|*", the complexes can be sorted into the

classes II/IIT of mixed valence compounds according to ROBIN and DAY.167-168
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Figure 15: a) CV measurement of the two separated quasi reversible redox waves of [1CI|[N"Buy| at
different scan rates. b) Isolation of the second quasi reversible redox wave of [1CI||[N"Bu4| at different
scan rates.

Finally having the electrochemical parameters in hand, comparing the redox
properties of 1€! with the quinone ligand ¢“! was mandatory. Therefore, a cyclic

voltammogram of ¢C! was measured under same conditions delivering quasi-reversible
redox events at E;» = —1.19 V and —0.33 V (vs. Fc¢/Fct, Figure 16, black trace).
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Figure 16: Comparison of the (quasi) reversible redox waves of ¢¢! (black trace, 100 mV/s) and of
[1CY|N"Buy (red trace, 500 mV/s).
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3 Results and Discussion

Thus, within 1€! a redox potential shift of AE ~ 1.2 V into the anodic direction can
be observed (Figure 16). Similar redox amplification of substituted quinones were also
found recently. For example, the encapsulation of perhalogenated p-benzoquinones in
Pd-cages leads to an anodic shift of AE =~ 1.0 V.11 Also, coordination of ¢! to
dicationic hydrogen bond donors yields a shift of AE ~0.6 V.152 In this case, however,
formally binding ¢! to the Lewis superacid 2€! outperforms those potential shifts.

1C[N"Bu, ‘
o B, B an
CHCl,, N
=40 °C
-
[1[HNPr,],
CH20|2’ r.t.
_ qC'

2 [HoN"Pry]*

Figure 17: Comproportionation reaction of 1€! with [1€![N"Bu4|2 leading to the monoradical anion
[1€Y*=. The thermal displacement ellipsoids are shown at the probability level of 50 %. Protons are
omitted for clarity. Alternate reaction outcome of 1€! with [1CI|[H2N"Pra2 yielding [3C!|[H2N"Praj2
and release of ¢CL. The thermal displacement ellipsoids are shown at the probability level of 50 %.
Cations are omitted for clarity.

Besides, during the synthetical attempts to the monoradical anion another reaction
outcome was observed, however only with the use of [1€Y2~ with a protic counter
cation. Mixing of 1¢! and [1€1|[HoaN"Pry)s in dichloromethane led to the release of one

equivalent ¢C! and the formation of a new diamagnetic silicon catecholate species
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3.1 Completing the Redox Series

monitored by NMR spectroscopy. In the 29Si-INVGATE NMR spectrum a signal at

8 = —109.6 ppm was detected, speaking for a pentacoordinated silicon center.162

Fortunately, gaseous diffusion of pentane into the reaction solution in CD2Cls led to
colorless crystals. SCXRD analysis finally revealed the solid-state structure of a
dinuclear silicon complex. Surprisingly, two units of 2€! are bridged by a cat®! unit
resulting in [(cat™)2Si(cat™)Si(cat™)o][HaN"Pro]a ([3CY[HaN"Pra|2, Figure 17). Thus,
ligand scrambling was presumably induced by hydrogen bond activation via the protic
cation, coupled with an electron redistribution since a neutral quinone is released.
Yet, after isolating [3€1|[H2N"Prs]2, only one set of catecholate signals was observed
in the BC spectrum, which means that a fast exchange of the catecholate units must
be apparent. To explain this observation DFT calculations (PW6B95-D3/def2-
QZVPP level; geometry optimization and frequencies on PBEh-3c/def2-mSVP level)
of the respective exchange pathway were conducted. Indeed, thereby a very low
barrier of AGH = 49.5 kJ-mol™! was revealed (see Appendix 7.3.1, Table 7 and Figure
58), emphasizing the dynamic covalent nature of the Si-O bonds in these silicon-based

catecholate complexes.130,138,169-170
3.1.5Redox Catalysis

Encouraged by the now tangible redox properties of 1€! and the preliminary results
regarding the oxidation reactions with the alkylated benzenes, 1€! was further

investigated regarding its potential to function as redox catalyst.

In this regard, the intramolecular oxidative lactonization reaction of 2-(4-
methoxybenzyl)benzoic acid I was investigated.152 First, I was synthesized as per
literature known procedure and obtained analytically pure in 87 % yield.!71-172 With
a catalyst loading of 5 mol% of 1€! and 1.3 eq. of ¢! a quantitative conversion of I
to the respective lactone II was achieved at room temperature in 95 min (Scheme 7).
Because of the straightforward synthesis, 1€! was also attempted to form in situ.
Premixing 5 mol% of Sils with 1.3 eq. of ¢! and adding the substrate I after 30 min
led to a similar efficient conversion to II, thus not stringently requiring the pre-
isolation of 1€ Compared to the system with hydrogen bond donors, 1€ shows
improved efficiency according to the more positive shift of the redox potentials for

¢“. In terms of the mechanism, a total of 2¢ /2H' are transferred from the substrate
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3 Results and Discussion

I to 1€L This leads to the formation and cleavage of HacatCl, which is replaced by
another ¢! delivering the catalyst 1€! again (Scheme 7). This proposal was supported

by NMR spectroscopy, where the signals for Hacat® were observed in the 'H and 3C
NMR spectra.

JH O OH 1% 0r Sily (5 mol%) 4 O o
“'(13eq)
O O CH,Cl,, rt., 95 min O O
e > 95% ~
I I
1C| 2C| cl
~ HO cl
¢
HO cl
cl

Os_OH O+ _OH
pH H Hycaf®
(EE— . /
+ 2
e e
[1CI]-— [1CI_H]—

Scheme 7: Oxidative lactonization of I to IT under redox-catalytic conditions with either 5 mol% of
1€ or in situ formed 1€ by premixing 5 mol% Sils and ¢C!, supplemented with the proposed reaction
mechanism.

Further reactions were tested to establish the general applicability of 1€l as an
efficient redox catalyst. It was found that dehydrogenative intramolecular coupling of
3,3’ 4,4’ -tetramethoxy-o-terphenylc III to the respective triphenylene IV could be
accomplished quantitatively with 10 mol% of 1€! within 24 h at room temperature
(Scheme 8a).173-171 Additionally, dihydroanthracene was successfully oxidized to
anthracene with the same catalyst loading (Scheme 8b). However, reactivity between
1€l and the product led to secondary oxidation products, observed by NMR

spectroscopy, which is why the isolation of anthracene was not attempted.

¢ IIT was synthesized by U. WiLD (HIMMEL group, University of Heidelberg).174
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Scheme 8: a) Dehydrogenative intramolecular coupling of III to IV and b) oxidation of
dihydroanthracene to anthracene with catalytic amounts of 1CL

3.1.6 Conclusion

Scheme 9: Lewis formulation of the silicon trisdioxolene redox isomers: [1]>7, [1]*” and 1.

In this chapter, the redox chemistry of a century old compound class, the silicon
trisdioxolenes was examined and described. The respective redox series was finally
completed, and each member was thoroughly characterized (Scheme 9). Thereby, 11
as stable and easily preparable diradical was found to hold potential for vibrant
diradical-based research areas.143-116 Qbservations of IVCT bands in the NIR region
for 1€ highlighted the suitability of silicon as central atom for the construction of

metal-free magnetic materials and electronic devices.17

Moreover, comproportionation reaction between 1€l and [1€12" resulted in the
monoradical anion [1C!]*” confirmed by scXRD analysis. With CV measurements, the

redox potentials E;» = 0.43 V and 0.88 V (vs. Fc/Fct) could be determined, but
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3 Results and Discussion

guiding redox reactions revealed an even higher redox potential of E;» ~ 1.0 V (wvs.
Fc/Fct), depicting 1€ as strong oxidant like [N(Ph-Bra)s]** (magic blue) and NOT.
However, the latter oxidants suffer limitations due to their charged nature, non-
innocence, and effortful synthesis, whereas 1! stands out as neutral oxidant with a
straightforward synthesis by only combining two commercially available starting
materials. At the same time, upon reduction of 1€! an easy-to-handle weakly

coordinating anion (WCA) is delivered (reminiscent of SbFs5).93

Besides, 1€! proved to be an efficient redox catalyst, which can be even generated in
situ. Further, DFT calculations (PW6B95-D3/def2-TZVPP (CH2Cla, CPCM) level;
geometry optimization and frequencies on BP86-D3/def2-SVP level) of the solvated
electron affinities revealed higher values for 1€ (EA., = 5.43 eV, see Appendix 7.3.1,
Table 8) compared to ¢©' (FAsw = 4.52 €V), consistent with the experimental
findings. Thus, the concept of redox amplification through Lewis superacid-binding
was successfully demonstrated to be a powerful instrument, whenever high oxidation

potentials are needed.
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3.2 Further Silicon Trisdioxolenes

3.2 Further Silicon Trisdioxolenes

Driven by the successful synthesis and characterization of 1€! further derivatives of
the same constitution but with different substitution patterns were envisaged. For
the preparation of 1X the respective quinone ligands are needed as starting material.
Fortunately, ¢! is commercially available, just as 3,5-di-tbutyl-benzoquinone (g¢tB).d
Further substitutions, like X = F, Br, iPr® were tackled by oxidizing the respective
catechols. The synthesis of 1X was also tested with other silicon sources, such as SiBry

or elemental silicon under mechanochemical conditions.

Besides, DFT calculations (PW6B95-D3/def2-QZVPP level; geometry optimization
and frequencies on PB86-D3/def2-SVP level) showed that the synthesis of 1X (X =
F, Br, tBu, iPr) starting from Sily and 3 eq. of the respective quinone under solvated

conditions were highly exergonic (see Appendix 7.3.1, Table 10).

Additionally, the question arises if and how the substitution pattern influences the
magnetic properties of 1X. By the introduction of bigger atoms or bulkier remainders
within the dioxolene ligands the distance between the molecules 1X might be enlarged
in solid state leading to the observation of altered magnetic interactions. Besides, a
brief insight will be given into heteroleptic silicon trisdioxolenes regarding their

synthesis and magnetic properties.

3.2.1 Synthesis of Precursors

Br Br
HO Br HNO; (conc.) o Br
R ——
HOACc (conc.),
HO Br rt. 2h (@] Br
Br Br

Scheme 10: Synthesis of ¢Bt via oxidation of H2caBr with conc. HNO3.176

Like ZINCKE, tetrabromocatechol (HazcatBr) was oxidized at room temperature with
1.6 eq. of concentrated HNO3 in glacial acetic acid (Scheme 10).176 After 2 h of

d Abbreviation: tBu = 3,5-dtb = 3,5-di-tert-butylated.
¢ Abbreviation: iPr = 3,4,6-tip = 3,4,6-tri-iso-propylated.
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stirring, water was added to precipitate the product. The red solids were redissolved
in dichloromethane and dried over NaaSQO4. After removing the solvent and drying in
vacuo for 24 h, ¢B' was obtained as red powder in up to 56 % yield, confirmed by
NMR spectroscopy where no signal for the hydroxyl group was observed in the H
NMR spectrum anymore, but a carbonyl signal at § = 169.2 ppm in the 13C NMR

spectrum.

Then, the synthesis of tetrafluoro-o-benzoquinone (¢) was tackled. First,
tetrafluorocatechol (Hzcat?)!77 was purified by Kugelrohr distillation at 85 °C and
29 mbar.f Colorless and crystalline solids were obtained in up to 55 % yield. In an
initial attempt, the procedure of LEMAL et al. was followed, where ¢& was prepared
by oxidizing a solution of Haocaff' in nitromethane with concentrated HNO3.178 The
reaction was conducted at —10 °C and darkened after adding the acid. It was stirred
for 10 min before adding water. The phases were separated, and the aqueous phase
was extracted with benzene, which turned orange. After drying the combined organic
phases over NasSQy, the solution was concentrated cautiously without heating at a
reduced pressure of 145 mbar. However, this was not successful due to the high boiling
points of benzene and nitromethane. Since ¢ melts already at 67 °C and sublimates
as well 178 the solvent residues could not be removed completely without loss of the
product itself. At least in the 19F NMR spectrum the formation of ¢& with minor
impurities could be observed.l™ Attempts to crystallize the product from solutions in
diethyl ether layered with petroleum ether according to SAH and PEOPLES failed.!80
Heating to 50 °C and letting the residual solvent evaporate did also not work.
According to the many signals in the 19F NMR spectroscopy the product underwent

polymerization and possibly fluorinated dibenzo-1,4-dioxin derivates were formed.18!

In another attempt, the oxidation of Hacat! was again conducted with concentrated
HNOj3 but in dichloromethane at —41 °C with an acetonitrile/dry ice bath (Scheme
11). Then, the reaction was worked up as stated above. Here, the solvent could be
easily removed under reduced pressure with no need of heating. NMR spectroscopy
confirmed a successful conversion to ¢. Upon cooling the remaining orange oil to

—18 °C the product solidified and was obtained in quantitative yields.

f Hycatf was synthesized by undergraduate students during their inorganic chemistry
practical course of the Bachelor’s studies (MCII-AC, University of Heidelberg).177
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3.2 Further Silicon Trisdioxolenes

F F
HO F HNO; (conc.) o F
B ——————
CH,Cl,
HO L F -41 °C, 10 min © I F

Scheme 11: Synthesis of ¢& via oxidation of Hacat!” with conc. HNOgz.

Next, 3,4,6-triisopropycatechol (Haca#fr) was synthesized according to literature
known procedure (Scheme 12).182 Catechol was suspended in hexane and isopropanol
and heated to reflux. Upon addition of concentrated sulfuric acid, the reaction mixture
darkened. The temperature and stirring was maintained for further 5 h. After cooling
down, the black-colored phases were separated with the help of additional ethyl
acetate and a flashlight to determine the phase boundary. The organic layer was
washed with diluted aqueous NaOH (0.5 M) solution and with water. After drying
over Na2SQO4 and removal of the solvent, a viscous black-brown residue was obtained
in around 80 % yield. By NMR spectroscopy and mass spectrometry it could be shown
that the crude material contained other isopropylated and oxidized derivatives besides
the main product. Therefore, it was further purified by silica gel flash column
chromatography with petroleum ether and ethyl acetate (10:1), giving HacatP* as
brownish oil in yields of 35 %. Much to our delight, solidifying the oil at —40 °C and
slowly warming back to room temperature led to sublimation and yielded colorless

crystals suitable for scXRD analysis (Scheme 12).

HO 1) i-PrOH KsFe(CN)g,
j@ 2) H2804 (conc.) KOH, NaZCO3
HO n-heptane, reflux ./@\ EtQO / H,O

Scheme 12: Synthesis of H2catiPr followed by the oxidation to ¢Fr according to SHAVYRIN et al.182. The
solid-state molecular structure of Haca#Fr is displayed as ORTEP plot within the reaction scheme. The
thermal displacement ellipsoids are shown at the probability level of 50 %. Only one molecule per
asymmetric unit is shown. Hydrogen atoms, co-crystallized solvent molecules and structural disorders
are omitted for clarity.

Subsequently, ¢Pr was prepared as described by SHAVYRIN et al.!82 The catechol
Hacat®r was oxidized with K3Fe(CN)g under basic conditions (KOH and NayCO3) in
a diethyl ether/water mixture (Scheme 12). After workup, a dark red organic phase

39



3 Results and Discussion

was obtained. The solvent was removed under reduced pressure leaving a dark red
oil. Further drying in vacuo and storing the oil at —40 °C led to solidification. Finally,

¢Pr was obtained as dark green solids in quantitative yields.

3.2.2 Synthesis and Characterization of 1X

The preparation of 1Br was accomplished in the same manner as the perchlorinated
example with the difference that the reaction proceeded faster. After leaving the
reaction mixture of Sily and ¢ in dichloromethane at room temperature for 24 h,
dark violet precipitate was observed. Washing vigorously with pentane and drying in
vacuo yielded elementally pure product as a violet powder in up to 76 % yield. From
saturated solutions in dichloromethane or benzene suitable crystals for scXRD
analysis could be obtained (Figure 18). Alike to 1€! the octahedral coordination sphere
within 1Br is slightly distorted disclosed by the O-Si-O angles £.; = 85.0(4)° to
95.4(4)° and Zyrans = 169.0(4)° to 179.5(5)°. As expected, the sum of the MOS for the
dioxolene rings of 1Br is about —4.1. Interestingly, having a closer look reveals an

imbalance of charge between the semiquinonate ligands (—0.9 and —1.2).

Figure 18: Solid-state molecular structure of 1B from solutions in CH2Cl2. The thermal displacement
ellipsoids are shown at the probability level of 50 %. Co-crystallized solvent molecules are omitted for
clarity.

With IR spectroscopy, characteristic C-O stretching bands for the semiquinonate (¥
= 1416 cm™) and catecholate (¥ = 1265 cm™) ligands could be observed (Figure
19a). In the UV-vis-NIR spectra of solutions of 1Br in o-dcb absorptions at A = 491 nm

were revealed. Besides, an intense absorption in the near-IR region at 1 = 1054 and
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3.2 Further Silicon Trisdioxolenes

1154 nm and a weaker one at A = 2852 nm could be assigned to the IVCT bands
(Figure 19b), resembling the observations for 1€ (Figure 10c).

18"
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Figure 19: a) ATR-IR spectrum of solid-state sample of 1Br. b) Absorption spectrum in the near-IR
region of a solution of 1B in o-dcb (1073 M). The irregularities in the graph from A = 1650 to 2750 nm
originate from the subtraction of the strong near-IR absorptions of the solvent.

For the synthesis of the diradical 1tBu in the first attempt the respective starting
materials were mixed in dichloromethane and left at room temperature for 24 h.
Brown colored solids were observed. Leaving the mixture for further days resulted in
the additional formation of colorless solids. At first, mass spectrometry confirmed the
formation of the product, but elemental analysis referred more to the Lewis acid 2tBu,
Since 2tBu is an insoluble colorless solid, this would also be consistent with the
observations above. The reaction was repeated and a green solution with black solids
was obtained. After 24 h, the supernatant solution was removed, and the solids were
washed with pentane until the iodine was completely removed. However, the solids
turned more light brown during the washing process. Again, NMR spectroscopy
revealed the isolation of 2tBu.32 Thus, the 3,5-di-tbutylated diradical derivative seems

to be less stable than the preceding perhalogenated examples.

Given that 1tBu can also be thought of as an adduct between 2tBu and ¢Bt (as in
chapter 3.1.4), the instability of the diradical could be explained by the fact that 2tBu
is a much weaker Lewis acid than its perhalogenated counterparts.3? Depending on
the polarity of the solvent, it is possible that the quinone can be easily cleaved when

its solubility is higher than of the product 1tBu, Therefore, working up the reaction

41



3 Results and Discussion

with pentane should be avoided. However, the removal of iodine remains unavoidable.
Consequently, other silicon sources were contemplated for the synthesis. The most
straight-forward approach was to simply combine the Lewis acid with the respective

quinone.

Thus, it was tried to afford 1tBu by oxidative addition of quinone onto the Lewis acid
(Scheme 13). For that 2tBu was freshly sublimed$ as it dimerizes during its
synthesis.32 183 It was mixed with ¢'B" in TCE-ds resulting in a dark green solution
with residual colorless solids. In the TH NMR spectrum broad signals for the ‘butyl-
groups and no signals in the 13C NMR spectrum were observed. Since the starting
materials are diamagnetic, this speaks for a paramagnetic product compound, also
confirmed by initial EPR measurements at room temperature. The mixture was
further stirred until the solids were completely consumed. A similar outcome was also
observed in toluene-dg or o-difluorobenzene (o-dfb), which additionally needed
heating. Interestingly, heating the reaction mixtures up to 110 °C resulted in the
formation of a deep blue solution. Unfortunately, crystallization attempts were not

successful.

Bu Bu
o Bu O
Sl/ + —_— 1tBu
~

TCE-d,,
Bu o o o = t 2

Scheme 13: Alternative preparation of diradical 1tBu in NMR scale by oxidative addition of ¢*B" onto
the Lewis acid 2tBu,

Next, SiBrs and SiCly were tested as silicon sources since bromine and chlorine would
be easier to remove due to their volatility. But, as expected, side reactions occurred
where the dioxolene ligands were halogenated which was confirmed by GC-MS
measurements. Lastly, elemental silicon was considered, where it was
mechanochemically grinded with Bt with small amounts of solvent, also known as
liquid-assisted grinding (LA G).5! The reaction was conducted in toluene-dg but after

grinding no visible change was observed. Only after heating the mixture to 120 °C for

8 2tBu wag synthesized and sublimed by Dr. D. HARTMANN during her doctoral thesis
according to literature known procedure.32
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3.2 Further Silicon Trisdioxolenes

several days a weak singlet signal in the EPR spectrum could be observed.
Unfortunately, these attempts did not lead to the successful synthesis of 1tBt on a

preparative scale.

Nevertheless, the synthesis of 1tBu yiq Sil; and q'Bv was further pursued since mass
spectrometry revealed the successful composition. Still, the removal of iodine had to
be taken care of without the possibility to wash it out. This was tackled by various
methods. As 1Bt seems to be stable in dichloromethane for several days, removal of
iodine with the solvent under reduced pressure was attempted. This turned out to be
not very successful. Then, it was further tried to remove iodine from the solids by
sublimation in wacuo for 24 h. A green appearance of the solids was observed.
However, residuals of iodine were still present recognizable by the violet discoloration
of grease or vial caps when it was stored in Schlenk tubes or vials for several hours.
Lastly, the usage of activated charcoal was considered since it is known to adsorb
small molecules. Also, the specific iodine number indicates the efficiency of
adsorption.184 Prior to use, the activated charcoalt was dried in vacuo for 24 h. Then
the crude product was dissolved in dichloromethane and filtered over layers of
activated charcoal and celite. After filtration an intense green solution was obtained.
However, re-filtration of the green solution or washing out the residuals with
dichloromethane eventually led to a brown filtrate which, according to NMR
spectroscopy, could be assigned to the catechol HacatBu and thus speaks for the
decomposition of 1tBu, Finally, conducting a fast filtration and removing the solvent
under reduced pressure gave elementally pure 1tBu as bright green powder in yields
up to 51 %. The IR spectrum showed characteristic C-H and C-O stretching bands
at ¥ = 2954 cm™! and ¥ = 1480 (catecholate) and 1242 cm™ (semiquinonate),

respectively.

The synthesis of 1¥ was approached on NMR scale. Mixing of Sily and ¢& in CD2Cls
led to a red solution. After 24 h, the mixture had darkened, presumably by the
development of iodine. EPR measurements at room temperature revealed a signal
with hyperfine splitting arising from the fluorine remainders, thus confirming a

conversion to a paramagnetic fluorinated compound. Iodine was removed by washing

b Activated charcoal (Supelco 05105) was purchased from Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany. Iodine-adsorption: 0.05 mol/L, 70 mL/g
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and an attempt to crystallize the product by gaseous diffusion of pentane failed. Since
qF is not very stable at ambient conditions and not easy to handle as a semisolid and

volatile substance the synthesis of 1¥ had been put on hold for now.

In similar fashion, the preparation of 1iPr was also attempted. Sily and ¢Fr were mixed
in dichloromethane. After 24 h, black solids were obtained in the reaction, but NMR
measurements displayed the existence of a diamagnetic silicon species. With a 29Si-
INVGATE shift of § = —41.2 ppm, the bis(catecholato)silane 2iPr (see chapter 3.3.2)
was most likely isolated, comparable with the shift obtained for freshly sublimed 2tBu
(29Si MAS: 8 = —40.7 ppm).183 Thus, it is questionable whether 1iPr was prepared at
all. Moreover, 2iPr and 2tBu should be similarly weakly acidic, which means, according
to the Lewis acid-quinone adduct model (see chapter 3.1.4), coordination of another
dioxolene ligand is less favored and thus could hamper the formation of the respective
diradical. Regarding the 29Si NMR shift, 2iPr seems to be existent in monomeric form
in solution, whereas 2tBu tends to dimerize (6§ = —69.3 ppm).!83:185 This should lead
to an increased solubility of 2iPr which again calls the stability of the diradical in
solvated state into question. Hence, the workup and isolation of partially formed 1iPr

becomes more difficult as well.

1€! was also synthesized with SiBry and SiCly. Compared to the approach with Sily,
the reactions proceeded much slower. Also, iodine as byproduct is much easier to
handle than elemental bromine or chlorine, which are much more volatile and

corrosive.

3.2.3 Synthesis of [1X]?~

The synthesis of the dianionic salts [1X]|2~ was accomplished analogous to the
synthetical route for the perchlorinated ones (Scheme 14). At first, it was tried to
prepare [1Br|[NEty|2 via [1BY][HNEts|2 and subsequent salt metathesis with NEt4Cl
(Table 2, entry a). However, problems occurred during the isolation of the product
salt due to similar solubilities with the byproduct HNEt3Cl. Washing with water was
not sufficient but washing with diethyl ether worked well which however came along
with loss of yield. NMR and HR-MS measurements at least confirmed the successful

conversion to [1B][NEty|s.
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1) Amine base

HO X

HO X
X

2) TEOS
CH,CN

[1X]HBI,

Exchange salt BX
T ———

CHJCl,
- [HBI][X]

[1X(BL,

Scheme 14: General synthetical route towards tris(catecholato)silicate salts. For the definition of X,
Amine base, HB and BX see Table 2.

Table 2: Summary of the synthetical attempts towards [1X]2~ with different countercations under

varying conditions and yields.

P d
Entry X HB/B “rocedure Conditions Yield
(Amine base, BX)
ith NEt: 16 h refl
w [NEt] via Conversion with 3 6 h reflux Isolation of
[HNEt3]* Salt metathesis with 15Dt product failed
NEt4C1 ’ o
Br
2hrt.
(b) [Hpy|* Conversion with pyridine 9 h 11_; ﬂ117x 68 %
Salt metathesis with
N"Bug| " 2hrt. 50 %
(c) IN"Bu N"BuBr “ %
16 hr.t.
[HoN"Pra]* Conversion with HN"Pr2 6hrs., Salt
(d) 2 b reflux metathesis
Salt metathesis with (. o
[N"Bua]* 2hrt. failed
tBu N"BusBr
C it idi 30 min r.t.,
“ NBui|* vi onversion with pyridine 9 b reflux o
e g
[Hpy|* Salt metathesis with o bt ’
N"BuwiBr L
16 hr.t.
f ith HN"Pr ’
@ [N"Bua|* via Conversion with 2 2 h reflux Isolation of
[H2N (nPr)2]* Salt metathesis with 16 b ri product failed
F N"BuBr Lt
(2) [Hpy|* Conversion with pyridine 16 hr.t. 72 %
alt tathesis with
() [N"Bud] * Salt metathesis with 2 hrt. 50 %

N"BusBr

Hence, it was considered to prepare a salt with very low solubility with which

exchange reactions could be done more easily. Thus, pyridine was used as amine base

and indeed [1Br|[Hpy|2 could be obtained as yellow powder in up to 68 % yield (Table

2, entry b). Since the basicity of pyridine (in water: pK, = 5.23, conjugated acid)!86
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is half as strong compared to triethylamine (pK, = 10.68)187, it might be advisable to
make sure the reaction time is long enough. Salt metathesis of [1Br|[Hpylz with

N7BwBr afforded [1Br|[N"Buy|2 as brown powder in 50 % yield (Table 2, entry c),
confirmed by scXRD analysis and NMR spectroscopy.

For the synthesis of [1tBY|[N"Buy]s, [1tBY|[H2N"Prs]o was prepared and salt exchange
was conducted with N"BuyBr (Table 2, entry d). But the metathesis did not happen
completely, and isolation of the product failed. Therefore, the same procedure as for
the brominated species was followed. Subsequently, [1tBY|[N"Buyl2 via [1tBY|[Hpy|2
was successfully afforded as brown oil in 79 % yield (Table 2, entry e), confirmed by
NMR spectroscopy.

In case of X = F, initial attempts towards [LF|[N"Buy|z via [1F][HoN"Pro)2 did not
work out as well (Table 2, entry f). Therefore, the pyridinium salt was prepared
directly and obtained as brown solids in 72 % yield (Table 2, entry g). Salt metathesis
with N"BwBr finally led to [1F|[N"Buys as light brown powder in up to 50 % yield

(Table 2, entry h). Due to the high fluorine content, the catecholate signals for
[1F][N"Buy|2 were not observed in the 1*C NMR spectrum. But additional HR-MS

measurements confirmed the successful synthesis of both salts.

The synthesized silicate salts [1X|[N"Buy]2 were also investigated by CV. Initial
measurements showed similar irreversible oxidation potentials in similar range as for
[1€Y[N"Buyl2. However, [PFg|[N"Bu4] was used as electrolyte at that time, which only

later proved to be unsuitable for this compound class.
3.2.4 Synthesis of [1Br]*"

For the synthesis of the brominated monoradical anion, disproportionation between
1Br and [1Br|[N"Bwls was carried out as for the chlorinated species. Solutions of each
of the starting materials in dichloromethane were cooled down to —40 °C and
combined. A red brown suspension was obtained. The temperature was maintained
for further 24 h leading to a dark brown solution. After two weeks, the supernatant
solution was clear brown and black crystalline solids were observed in the reaction
mixture. SCXRD analysis finally revealed the molecular structure of [1Br|[N"Buy]

(Figure 20) and the resulting MOS were in line with the proposed Lewis formulation
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as [Si(sgBr)(catBr)s]*™ (see Appendix 7.4, Table 15). Removing the supernatant

solution and drying the black solids in vacuo led to the product in quantitative yields.

e
o

Figure 20: Solid-state molecular structure of [1Br|[N"Bua]. The thermal displacement ellipsoids are
shown at the probability level of 50 %. Hydrogen atoms and co-crystallized solvent molecules are
omitted for clarity.

3.2.5 Formation Mechanism towards 1X

After completing the redox series of silicon trisdioxolenes and thorough investigation
of the redox properties, the formation mechanism towards 1X was examined. The
preparation of 1€! proceeds via ¢C! and Sily. During the reaction course, the quinones
are reduced to a catecholate and two semiquinonate ligands and the formally
monoanionic substituents of Sily are oxidized to form elemental iodine. Thus, the first
assumption was that the formation of 1€! is simply initiated by a redox process,
wherefore CV measurements of the starting materials were conducted. For the redox
couple ¢“/s¢! the redox potential E;» = —0.33 V (vs. Fc/Fet) was found, whereas
Sily was not oxidized until Eo = 0.03 V (vs. Fc/Fct, see Appendix 7.7, Figure 71).
Conclusively, the first step of the reaction towards 1€! does not involve a redox
process since the redox potential of ¢¢1/s¢C! is lower than the oxidation potential of
Sily. Another proposal would be that the conversion proceeds wia substitution
reaction, in which the iodides serve as leaving groups. This could result in the
intermediate V as shown in (Scheme 15), from which the actual redox process may

take place, leading to the formation of iodine.
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Additionally, the reaction was also tested with tetrachloro-p-benzoquinone. Mixing
with Sily in CD2Cl2 led to a yellow solution. The mixture was stirred at room
temperature and monitored for several days, which led to no change in habitus. NMR
measurements confirmed that no reaction had occurred. This observation reasserts
the fact that in this synthetical approach between Sily and quinones initially no redox

process is involved and for the substitution of iodides a chelating ligand, such as ¢C!

is of need.
cl N .
- cl
o cl | oo alf ! P cl
Sil, + g N M
4 | S|I‘O/ - NE | SII ~g@ cl
o cl | cl | cl
cl v
I +
o« 7 T cl I+
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——— \ \
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Scheme 15: Proposed mechanism for the synthesis of 1€! via Sils and ¢CL

To further support this assumption, the electron affinities of V and ¢! were computed
with DFT methods (PW6B95-D3/def2-TZVPP (CH2Cla, CPCM) level; geometry
optimization and frequencies on BP86-D3/def2-SVP level). Thereby, a higher value
for the electron affinity for V (EAsw = 6.61 €V, see Appendix 7.3.1, Table 8) was
found than compared to the starting material ¢C! (EAsoiy = 4.52 €V). To substantiate
this hypothesis, the formation of 1€! was monitored by UV-vis spectroscopy. Apart
from the absorption bands at A = 504 nm which can be assigned to the formation of
I, bands at 4 = 298 and 376 nm developed and decreased over the reaction course,
speaking for the presence of triiodide. Especially during the formation of 1Br, which
should proceed in analogous way, this progress could be well observed wvia UV-vis

spectroscopy (Figure 21).
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Absorption

T T T T
300 400 500 600 700
Wavelength [nm]

Figure 21: UV-vis reaction monitoring of the synthesis of 1B in CH2Cl2 (1074 M) at room temperature
in a quartz cuvette with Normag valve.

Initially, there was also the consideration that in the synthesis of 1€! first the free
form of 2€! is assembled wvia redox chemical pathway, which due to its high Lewis
acidity then has no choice but to coordinate another quinone ligand in non-donor
solvents, finally leading to 1€L Indeed, 2€! has recently been prepared donor-free and
found to oligomerize to (2€1),, which means that the solubility was still low in
common organic solvents.188 Thus, if the synthesis towards 1€! would proceed over
2C1 colorless precipitation should be eventually observed during the reaction, which

has not been the case while repeatedly monitoring the synthesis.
3.2.6 Heteroleptic Silicon Trisdioxolenes

Initial efforts towards heteroleptic silicon trisdioxolenes 1%Y were pursued on NMR
scale. Thereby, the synthetical route via oxidative addition of quinones onto the
respective Lewis acids was chosen, which does not involve any byproducts (Scheme
16).

The first synthesis was attempted with the bis-acetonitrile adduct of 2€! and ¢ to
afford 1CLiPr. The reaction did not proceed successfully (Table 3, entry a),
presumably because acetonitrile is a stronger donor compared to the quinone and thus
cannot be displaced. Therefore, the bis-sulfolane adduct of 2€! was used and reacted

with ¢Pr (Table 3, entry b). The reaction mixture slowly turned into a dark green
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suspension. After heating to 50 °C no colorless solids were observed anymore, and the
conversion seemed to be complete. EPR, spectroscopy confirmed the presence of a new
paramagnetic substance whereby a doublet signal was detected at room temperature,
caused by hyperfine splitting of the hydrogen atom (nuclear spin I= %) at the
isopropylated dioxolene ligand. Accordingly, no signals were observed by 29Si-
INVGATE NMR spectroscopy. Since both starting materials both were diamagnetic

substances, the observations indicate full conversion to the product 1CLiPr,

Y
O~/ 2%(sulfolane), or 2F or (2°1),, <y
A > %
ojf) CD,Cly, 50 °C

X = Cl, Br, CF,
Y = 3,5-dtb 3,4,6-tip

Scheme 16: General synthesis of 1X:Y by oxidative addition of quinone onto bis(catecholato)silanes.

Based on these preliminary results, the reaction was repeated with the Lewis acids
2X(sulfolane)z (X = Cl, Br, CF3) and 2F as well as the quinones ¢P* and ¢'Bu (Table
3, entries c-1).33:94 Thereby dark green, brown, and black solutions were obtained after
heating the mixtures to 50 °C. Investigations via NMR and EPR spectroscopy

delivered similar results as above, indicating successful oxidative additions.

In the course of the syntheses towards 1CLY, the Lewis acid 2€! was also introduced
in its oligomeric donor-free form (2€1),,188 since the removal of sulfolane, a byproduct
of the reactions, rendered difficult. For test purposes the syntheses of 1CLiPr and
1CLtBu were repeated with (2€1),, which resulted in similar observations (Table 3,
entries j and k). Dark green solutions were obtained. Removal of the solvent in vacuo

delivered the products as green solids in quantitative yields.

Moreover, another route to prepare heteroleptic silicon trisdioxolenes could be
realized. A mixture of 2 eq. of catechol and 1 eq. of quinone in CD2Cly was reacted
with HSiCl3 (Scheme 17). The combination of Hacat® with ¢P* was attempted.
Immediately the development of gaseous hydrogen chloride and dihydrogen could be
observed. The mixture was stirred at room temperature, leading to a clear green

solution. TH NMR spectroscopy revealed broad signals for the isopropyl groups. Excess
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HSiCl3 and the solvent were removed under reduced pressure to give 1CLPT as green

solids in quantitative yields.

Table 3: Summary of the synthetical attempts towards 1%XY, All reactions were carried out in CD2Cl2
at 50 °C.1

Entry Lewis Acid 2X Y R‘éﬁffn EPRA
(a) 2C€L(CH3CN)2 iPr no reaction no signal
(b) 2€L (sulfolane)2 iPr dark green doublet
(c) 2Br. (sulfolane)2 iPr dark green doublet
(d) 2C€Fs. (sulfolane)s iPr dark green doublet
(e) 2F iPr dark green doublet
() 2€L (sulfolane)2 tBu dark green doublet
(2) 2Br. (sulfolane)2 tBu dark brown doublet
(h) 2CFs. (sulfolane)s tBu black doublet
(i) 2F tBu dark green doublet
G4) (29, iPr dark green doublet
(k) (29, tBu dark green doublet

lal splitting of the signal at r.t.
Cl
HO cl o HSICl,
2 + — > qClLiPr
HO 7 cl o CD_ZEIZC’I r.t.
-H,

Scheme 17: Alternate synthesis of 1CLPT by reacting HacatC! and ¢iPr with HSiCls in CD2Cls.

To ultimately confirm the solid-state molecular structures of the heteroleptic

derivatives 1%Y crystallizations were attempted, but without success.

I The Lewis acids 2X(sulfolane)s, 2F and (2€1),, were prepared by T. THORWART, Dr.
D. HARTMANN during their doctoral thesis and N. ANSMANN during his Master’s thesis
according to literature known procedures.33:94.188
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3.2.7 Investigating the Magnetic Properties of 1tBu and 1X.Y

Open shell electronic structures of the new diradical 1tBt were investigated with X-
band cu~EPR spectroscopy. Frozen solutions of 1tBuin TCE were examined at 7 K.
The recorded spectra featured peak patterns which are characteristic for a triplet
state (S = 1) centered at g = 2.0069 (Figure 22a). At half-field a distinct signal for
the forbidden transition Am, = 2 at g = 4.0272 was additionally detected (Figure
22b). From the distances between the signals at normal field the respective zero-field
splitting parameters were determined as D = 288 G and E = 20.5 G.18 Thus, with
equation (3) an average distance between the unpaired electrons was calculated as
Taw = 4.6 A, which is slightly shorter than already obtained theoretically (rcac =
4.9 A) and experimentally (re; =~ 5 A) for 1193

D= 1.39-10% - (g/1) (3)

a) b)

73K

154K

262K
——36.2K

——46.3K

*

g =2.0069 1tBu g=4.0272
118y C,H,Cl,, 7.3K half-field C,H,Cl,
r T T T T T T T T T T
300 320 340 360 380 169 170 171 172 173 174
Magnetic Field [mT] Magnetic Field [mT]

Figure 22: a) X-band EPR spectra of 1tBu in TCE (C2H2Cls) at 7.3 K (monoradical impurity*). b)
Variable temperature spectra at half-field from 7 to 80 K. Parameters: frequency = 9.632 GHz, power =
0.63 mW, modulation = 1 G.

According to ABE, the observation of the forbidden transition strongly indicates the
presence of a triplet diradical.’®® To consolidate the electronic ground state of 1tBu,
variable temperature (VT) EPR measurements were conducted in the range of 7 to
80 K. The resulting Ix T vs. T plot ultimately confirmed the triplet ground state. Due
to the population of the singlet open shell state, which is EPR inactive, the intensity

of the signal decreases upon increasing the temperature (Figure 22b). Such a
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ferromagnetic coupling seems reasonable in view of the orthogonality of the magnetic

ligand orbitals and of the empty 3p orbitals at the silicon center.

1CLtBu and 1CLIPr a5 representatives for the heteroleptic analogues, were investigated
by EPR spectroscopy. Frozen solutions in dichloromethane and TCE, respectively,
were measured at 6 K revealing peak patterns characteristic for triplet diradicals
(Figure 23). Furthermore, a hyperfine splitting can be observed (blue area) in both
spectra, unlike with the homoleptic diradical 1tBu (Figure 22a). From this, it can be
concluded that the unpaired electrons of 1tBu are equally delocalized over the three
dioxolene ligands, whereas for 1€LtBu and 1CLiPr the unpaired electrons must be more
localized at the alkylated dioxolene ligand to make the splitting observable. Since
diox'BU is an electron-rich ligand, it preferably exists in the semiquinonate state rather
than in the catecholate state, which should be more favored by the electron poor
dioz® ligand. Thus, within the mentioned heteroleptic diradicals the intramolecular

electron transfer can be observed by EPR spectroscopical methods.

a) b)

g =2.0069 g=2.0044
1cH8u CH,Cl,, 7.2K ¢t C,H,Cl,, 6.7K
T T T T T T T T
320 340 360 380 320 340 360 380
Magnetic Field [mT] Magentic Field [mT]

Figure 23: X-band EPR spectra of frozen solutions of a) 1CLtBu at 7.2 K and b) 1CLiPr at 6.7 K.
Hyperfine splitting highlighted by blue area. Parameters: a) frequency = 9.632 GHz, power = 0.02 mW,
modulation = 1 G, b) frequency = 9.633 GHz, power = 0.06 mW, modulation = 1 G.

At half-field distinct signals for the forbidden transition Amg = 2 were detected for
both compounds (Figure 24). VT measurements revealed triplet ground states for
1CLtBu and 1CLIPr as the intensity of the signals decreased with increasing

temperature. Since the molecular geometry of heteroleptic diradicals should not differ
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significantly from that of the homoleptic diradicals, ferromagnetic coupling could be

also expected here.

Furthermore, the zero-field splitting parameters were determined for 1€LtBu as D =
273.5 G and E = 26 G and for 1CLiPr a5 D = 300 G and E = 16 G. Calculations of
the average distances between the unpaired electrons with equation (3) yielded 74y =

4.7 A and Tow = 4.5 A, respectively, which are in a similar range to that of 1€! and
1tBu 93
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Figure 24: VT X-band EPR spectra of frozen solutions of a) 1CLtBu 1) 1CLIPr at half-field from 7 to
50 K. Parameters: frequency = 9.632 GHz, power = 0.63 mW, modulation = 1 G.

3.2.8 Conclusion

According to the synthesis of 1€l the analogous homoleptic diradical 1Br was

successfully prepared in good yields. Via comproportionation reaction with
[1Br][N"Buy|2 the brominated monoradical anion [1Br][N"Buy| could be obtained,
confirmed by scXRD analysis and calculated MOS, thus completing the redox series
of the silicon tris(perbromo)dioxolene. For 1Br [VCT bands were observed in the
near-IR region, as for 1CL Further, the derivative 1tBu could be finally synthesized
and isolated. Investigations of the magnetic properties by EPR spectroscopy

confirmed the diradical character with a triplet ground state.

Moreover, several tris(catecholato)silicates [1%|[HB]2 (X = F, Br, tBu; HB = NEt4,
N"Bw*, Hpy') were prepared and characterized by NMR spectroscopy and mass
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3.2 Further Silicon Trisdioxolenes

spectrometry. Preliminary CV experiments showed similar oxidation potentials as for
1€

With CV experiments and reaction monitoring through UV-vis spectroscopy, the
formation mechanism of 1X was studied. It was found that the first step of the
reaction cannot be initiated by a redox process, but more likely by a substitution of
an iodide by the quinone. This presumably leads to the intermediate [¢¥Sil3|, which,
according to DFT calculations, has a higher electron affinity than the respective
quinones and could therefore undergo reduction. Moreover, no reactivity was observed
between Sily and tetrachloro-p-benzoquinone, substantiating the proposed

mechanism.

Last, the synthesis of the heteroleptic diradical species was attempted on NMR scale.
Thereby, oxidative addition of ¢¥ (Y = tBu and iPr) to the Lewis acid 2X (X = F,
Cl, Br, CF3) led to the formation of 1%Y as observed by preliminary EPR
measurements. Alternatively, mixing of 2 eq. HacatX* and 1 eq. ¢¥ with HSiCls gave
similar results for 1CLiPr. VT EPR measurements confirmed a triplet diradical

character for 1CLtBu and 1CLiPr,
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3.3 Tetraoxolene-bridged Bis(catecholato)silanes

In the following chapter the preparation and investigation of dimeric silicon
polyoxolenes will be covered. At first the synthesis and the characterization of the
precursors, especially the polytopic substituted 2,5-dihydroxy-p-benzoquinone
HadhbgY (Y = CI, Br, Ph, NO») linkers and the new silicon Lewis acid 2iPr; will be
discussed in detail. Subsequently, the substituted tetraoxolene linkers will be
assembled with various GREB-type silanes 2X (X = Cl, Br, CF3, iPr) to yield
tetraoxolene-bridged bis(catecholato)silanes, which will be thoroughly characterized

regarding their structural and magnetic properties.
3.3.1Synthesis and Characterization of Precursors

Unsubstituted 1,4-dihydroxy-p-benzoquinone (Hadhbg!) and its chlorinated derivative
HadhbgC! were purchased from commercial suppliers. HodhbgB® was obtained as red-
brown powder by a twofold bromination of Hadhbgt! with elemental bromine in ethanol
in 36 % yield.190 The phenylated derivative, also known as polyporic acid (Hadhbgt™),
was prepared following a two-step synthesis.!91-192 Firgt, 2,5-diphenyl-p-benzoquinone
was brominated in hot glacial acetic acid to afford the respective dibromo compound
as orange powder in 93 % yield. Subsequently, the addition of aqueous NaOH solution
(10 %) to 3,6-dibromo-2,5-diphenyl-p-benzoquinone suspended in methanol caused a
drastic color change to dark purple, which indicated an instant hydrolysis to
Nagdhbgth. Acidification with concentrated HCI solution led to discoloration and
formation of a brown precipitate. After filtration, vigorous washing with water and
drying under reduced pressure at 50 °C for two days, Hodhbg™® was obtained as light
brown powder in 71 % yield. Lastly, the NOa-derivative could be directly accessed as
disodium salt wvia nucleophilic substitution reaction.193 There, tetrachloro-p-
benzoquinone and sodium nitrate in water yielded an orange crystalline material
(73 %) which was identified by elemental analysis to be the di-water adduct of
Nagdhbg™02. For further usage the crystal water needed to be removed. This could
not be accomplished by drying under reduced pressure but by dissolving
Napdhbg02(H20)2 in DMSO and storing over molecular sieves (4 A) for 24 h.
Addition of dichloromethane led to a yellow precipitation. Vigorous washing with

dichloromethane/pentane and drying in vacuo led to water-free NapdhbgNO2 as bright
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3 Results and Discussion

yellow powder in quantitative yields. The above synthesized dhbgY-precursors were
thoroughly analyzed, and the data found to be consistent with the respective

references.

For further usage of the dhbgY-precursors a two-fold deprotonation was necessary.
This was at first conducted for Y = CI and Br. Therefor HadhbgCV/Br was mixed with
2 eq. of NaH and suspended in acetonitrile (method 1). Stirring at room temperature
immediately led to vigorous gas development and formation of pink and purple solids,
respectively. During the reaction period the gaseous phase was exchanged frequently.
After stirring for 18 h the solids were collected by filtration and washed with
acetonitrile/dichloromethane. After drying in vacuo Nazdhbg®' was obtained in
quantitative and the brominated derivative in 84 % yield. The deprotonated species
could be verified by NMR and IR spectroscopy. The specific OH valence vibration
was no longer present while the broad C=0 vibration bands retained (¥ = 1488 cm™
for Y = Cland ¥ = 1504 cm™ for Y = Br, Figure 25).
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Figure 25: ATR-IR spectra of a) [dhbg®'|Naz and b) [dhbgBr|Naz with no longer observed OH valence
vibration but intense C=0 vibration bands (blue area).

The organo-salts Naxdhbq®/Br were insoluble in common organic solvents and only
found to be soluble in water and DMSO. To increase the poor solubility 15-crown-5
was employed. Indeed, due to the complexation of the sodium cation by the crown
ether and thus enlarging the counter ion, the solubility was increased, and single
crystals of the chlorinated derivative could be obtained by gaseous diffusion of pentane
into solutions of dichloromethane at —40 °C. SCXRD analysis showed that the sodium
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cations are coordinated by the crown ethers and also interact with the oxygens of the
dhbg®! unit (Figure 26a)

. According to the structural data, the two oxygen atoms on the same side of the
tetraoxolene linker interact equally and have the same distance to one of the sodium
counter ions, which is also consistent with 13C NMR spectroscopical data which only
shows two carbon signals for the anion [dhbg®!|?". Additionally, the 15-crown-5 ethers
are located perpendicular and slightly tilted regarding the planar dhbq® unit (Figure
26b). The brominated analogue was less soluble in common solvents even after the

addition of the crown ether, which rendered the growth of single crystals impossible.

Figure 26: a) Front view and b) side view of the solid-state molecular structure of [dhbg®!|[Na@15¢5]2
as ORTEP plot. The thermal displacement ellipsoids are shown at the probability level of 50 %.
Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity.

According to literature another strategy was carried out to obtain the salts
Nagdhbg®V/Br. Thereby, sodium methoxide was used for deprotonation (method 2).194
To a sodium methanolate solution Hadhbg®V/Br was added and the resulting mixture
was stirred at room temperature for two days. Pink and purple precipitates were
obtained respectively and collected by filtration. The solids were washed with
methanol and dried in vacuo at 70 °C for 2 days to obtain Nagdhb¢C! in quantitative
and NagdhbgBr in 88 % yield. Compared to method 1 from above, method 2 seemed
more advantageous due to the higher solubility of deprotonating agent in methanol.
Consequently, the reagent, if used in excess, can be easily removed from the products
by washing only. However, although the products were dried under reduced pressure
at 70 °C for 2 days, the 'H NMR spectrum still showed traces of methanol, which

might derive from coordinated solvent molecules to the cation. The amount of the
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solvent should be rather negligible as no specific OH stretching vibration was observed
in the respective IR-spectrum. Nevertheless, even little residues of methanol might
induce hydrolysis or other side-reactions regarding the subsequent synthesis of the
dimeric structures and extended frameworks. With method 1 the products were
obtained solvent-free and analytically pure after drying in wvacuo. Therefore, the
deprotonation of the tetraoxolenes were only conducted with method 1 (NaH), which

should be more sufficient for follow-up reactions.

As the salts NagdhbqY (Y = Cl, Br, Ph, NO») still were quite insoluble in common
organic solvents, attempts for salt metathesis reactions were made. For test purposes,
the reactions were again only conducted for the derivatives Y = Cl and Br. First, salt
exchange was approached for Nagdhbq®! with PPhsCl. There, one could observe that
the reaction either proceeded in water or in a mixture of dichloromethane/acetonitrile
with a certain amount of water. Problems occurred trying to isolate the final product
as their solubility was very similar to the starting materials. The phases were
separated, and the aqueous phase was extracted once with dichloromethane. The
organic phases were combined, and the solvent was removed under reduced pressure.
The resulting solids were suspended in pentane and dichloromethane was added until
everything dissolved. After cooling to —20 °C for 24 h, fine precipitate developed
which was collected by filtration and washed with little cold dichloromethane. After
drying in vacuo for several hours, the product was obtained as light pink powder in
good yield. Red crystals could be obtained by gaseous diffusion of pentane into
solutions of dichloromethane. But scXRD analysis revealed that the cation exchange
was incomplete, meaning [dhbg®]|[PPhy|[Na] was obtained. However, after some
synthetical attempts the final product [dhbg®Y|[PPhy]> was obtained in yields of 83 %
as confirmed by NMR spectroscopy and elemental analysis. Similar problems as above
were observed when carrying out the salt metathesis with N"BuyCl. Isolation of the
chlorinated and brominated products resulted in dark red wax-like solids. The product
[dhbg®|[N"Buyl2 was obtained in yields up to 92 % as confirmed by NMR spectroscopy
and elemental analysis, whereas for the brominated species the elemental analysis was
not consistent with the theoretical data. Here, the isolation of the main product was
also problematic due to very similar solubility features compared to N"BuyCl or the
side product NaCl. Due to the wax-like consistency it may be possible that the strong

deviation in the elemental analysis originates from NaCl or extant starting material
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N"BwyCl. Both potential impurities cannot be properly observed by NMR

spectroscopy in presence of the main product.

Since the salt metatheses proved to be difficult, the reaction was not extended to
further derivatives and was left at the results from above. However, as the
enhancement of solubility and thus crystallization with addition of 15-crown-5 was
successful, at least for the chlorinated derivative, it was decided to subsequently react
all other NagdhbqY salts with crown ether and isolate the outcome (Scheme 18). To
ensure complete complexation the mixtures were stirred for 18 h in dichloromethane
at room temperature. The resulting colored and voluminous solids were collected by
filtration, washed with dichloromethane/pentane and dried in vacuo for one day. For
Y = Cl, Br, Ph and NO3 yields of 77 %, 87 %, 90 % and 71 % were obtained,

respectively.

1) 2 eq. NaH, CH,CN oY (\o/\

HO O 2) 2 eq. 15-crown-5, CH,Cl, @)

t ” o Q Na f}
o OH rt o o o o
Y Y / ,

Y =Cl, Br, Ph, NO,

Scheme 18: Deprotonation and subsequent complexation of substituted 1,4-dihydroxy-p-benzoquinone
Ha2dhbg¥ (Y = Cl, Br, Ph, NO2) to the tetraoxolene salts [dhbgY][Na@15c5]2.

Moreover, [dhbg’"|[Na@15c5]2 could be crystallized from saturated solutions in
dichloromethane at room temperature (Figure 27a) and [dhbgNO2|[Na@15c5]2 from
saturated solutions in DMSO (Figure 27b), each with residual solvent molecules.
Analytical purity of the linkers could be confirmed by NMR spectroscopy and

elemental analysis.

Synthesis of the fluorinated derivate wia nucleophilic substitution reaction according
to SUTTON and coworkers was also attempted.19 2 35 6-Tetrafluro-p-benzoquinone
was reacted with aqueous NaOH (8 M) solution in 1,4-dioxane yielding a brown
precipitate, which should represent Napdhbg®. The brown solid was collected by
filtration and dried in vacuo. The ¥YF NMR spectrum in D20 revealed one main signal
with a chemical shift at § = —122.3 ppm and a smaller one at § = —177.4 ppm. While
the downfield shifted main signal could be assigned to Nagdhbg®, for which only one
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signal is expected, absolute proof is pending due to missing comparisons from the
literature. However, the second smaller signal could not be further explained. For the
starting material a different chemical shift at § = —146.6 ppm in acetone-ds is

reported.196 Also 13C NMR spectroscopy failed to give further insights.

Figure 27: Front view of the solid-state molecular structures of a) [dhbgh|[Na@15c5|2 and b)
[dhbgNO2][Na@15¢5]2 as ORTEP plot. The thermal displacement ellipsoids are shown at the probability
level of 50 %. Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity.

In addition, attempts were made to deprotonate the unsubstituted Hodhbg! with NaH
in acetonitrile. The mixture turned blood red and a vigorous gas development was
observed. The reaction was further stirred at room temperature for 18 h yielding a
brown suspension. The brown solids were collected by filtration and washed with
acetonitrile/dichloromethane. After drying in vacuo, the product was obtained in
quantitative yields. IR spectroscopy confirmed the absence of OH stretching
vibrations. Due to the pronounced insolubility of the solids in common organic
solvents, NMR spectra were measured in D20, giving a wine-red solution. A signal
was observed at § = 5.36 ppm (Figure 28a) in the 'H NMR spectrum which does not
fit the chemical shift according to the literature.l97 However, in the 13C NMR
spectrum, two signals were observed at § = 181.9 and 101.3 ppm, of which the latter
one was observed as a triplet with 1:1:1 intensity and a coupling constant of J =
24.0 Hz (Figure 28b). This was in good agreement with reported couplings between
carbon and deuterium nuclei, % meaning that a H/D exchange must have happened.
Measuring another TH NMR experiment of the exact same sample the next day,

revealed the disappearance of the signal at § = 5.36 ppm. To eliminate any errors,
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the synthesis was repeated according to the literature with sodium methoxide in
DMSO. Similar outcome was observed as above, and IR spectroscopy and elemental
analysis indicated successful deprotonation. Nevertheless, investigation of the
obtained compound by NMR spectroscopy confirmed the correctness of the results
above, which means that the signal at § = 5.36 ppm can be assigned to the protons
of Nagdhbgt! and that a fast H/D exchange seems to happen in D20. Apparently the
corresponding authors in the literature procedure have mistakenly assigned the
residual proton signal of the deuterated solvent to the product.}97 Aside from that,
further implementation of |dhbg"|Nag with 15-crown-5 unfortunately did not work out

as with the substituted analogues.

a)

t' —5.36
=

© -
(o]
~
(=]

4 3 2 1 ppm
b)

101.45
10129 ¢

—181.90
101.13

T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm

Figure 28: a) 'H NMR (200 MHz) and b) 13C NMR (151 MHz) spectra of Nazdhbg! in D20.

Lastly, the synthesis of Nagdhb¢®™* was tested by reacting Napdhbg! with
trifluoromethyl thianthrenium triflate (TT-CF3-OTf)i as novel trifluoromethylation
reagent.19 The reaction mixture was stirred in acetonitrile at —40 °C and slowly
warmed to room temperature overnight. A brown suspension was obtained.
Unfortunately, investigations of the solids and the supernatant confirmed that no
reaction took place. Since this challenging type of reaction is beyond the scope of this

work, no further efforts regarding NagdhbqCF? were made.

I TT-CF3-OTf was prepared by T. THORWART during his doctoral thesis according to
literature known procedure.199
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3.3.2 Synthesis and Characterization of 2iPr

With analytically pure Haca#iF* (chapter 3.2.1) in hand the synthesis of the new GREB-
type silicon Lewis acid 2iPT now could be tackled.k This was accomplished analogous
to the established synthesis of 2X (X = Cl, Br, CF3).3133 Thereby, HacatP* was
dissolved in acetonitrile and reacted with an excess of HSiCl3 (1.2 eq.). The mixture
immediately darkened, and gas development was observed. Over time the solution
decolored, and light brown solids formed. The precipitate was of very sticky nature,
whereas the usage of a broad Schlenk tube was more advantageous for proper stirring
and thus complete conversion. After isolating the solids by washing with acetonitrile
and drying under reduced pressure, NMR measurements were conducted. The 29Si-
INVGATE NMR spectrum revealed a signal at § = —41.0 ppm and indicated the
successful synthesis of 2iPr, For comparison, the similar Lewis acid 2tBu exhibited a
chemical shift of 6 = —41.7 ppm (?Si MAS NMR) in its monomeric form after
sublimation.!83 However, another small signal at 8 = —26.8 ppm was observed
additionally. It was hypothesized that the latter signal must originate from an
incomplete conversion, due to the usage of excess HSiClz. This might lead to
intermediates such as ClaSi(catPr), which could be consistent with the mentioned
chemical shift, when drawing comparisons to similar silanes from literature.162.200
Therefore, the reaction was repeated but this time with a shortfall of HSiCl3
(0.95 eq.). Indeed, following this synthetical route 2Pr could be synthesized as

analytically pure and colorless powder (Scheme 19).

, HO 0.95 eq. HSICl, N~
—_— I
Ho CHACN SN
-2H,

Scheme 19: Synthesis of the new silicon Lewis acid 2iP* analogous to the procedure of GREB et al.31-33

The amount of solvent used for the synthesis of 2iPr should not be increased

proportionally when upscaling the synthesis since the Lewis acid is partially soluble

k The synthesis of 2iPr was compiled in cooperative work with T. THORWART.

64



3.3 Tetraoxolene-bridged Bis(catecholato)silanes

in acetonitrile. Additionally, washing with little amounts of cold acetonitrile is

sufficient for the workup of 2iPr. So far, yields up to 64 % were obtained.

Aside from that, it was possible to recycle HacatiPr from failed reactions or from the
supernatant and washing solutions above. The residues were combined and dried
under reduced pressure. After redissolving in dichloromethane, the organic phase was
washed with water and with saturated aqueous NaCl solution. Drying over NasSO4
resulted in a clear red solution. Finally, removing the solvent in vacuo yielded a dark
red and sticky residue. According to NMR spectroscopy HacatF* was thereby obtained

in quantitative yields.
3.3.3 Synthesis and Characterization of [4X-Y][Na@15c5],

Preliminary synthetical approaches towards dimeric structures were at first conducted
in situ at NMR experiment scale. Thus, the deprotonation was followed by NMR
spectroscopy. Subsequently, the Lewis acid was added, and the course of the reaction
further monitored. In fact, first single crystal structures could be obtained from such
initial NMR experiments. For example, the dimeric dianion
[(cat)2Si(dhbg®)Si(cat®)o]?™ [4%:Y]2 was crystallized as PPhyt salt. This could be
accomplished in pmol scale by deprotonating Hodhbg®! with 2 eq. NaH in CD3CN.
After stirring for 1 h 2 eq. PPhyCl were added. Over 24 h a colorless precipitate,
supposedly NaCl, was observed and removed wia filtration. Then, addition of 2 eq.
2CL(CH3CN)s; facilitated the precipitation of solids, which showed a limited solubility
in CD2Clo. Characterization via NMR spectroscopy failed, whereas crystallization by
gaseous diffusion of pentane into concentrated solutions in dichloromethane at —40 °C

was attempted. Indeed, clear dark red single crystals developed within two months.

SCXRD analysis finally confirmed the successful synthesis and for the first time the
solid-state structure of the perchlorinated dimeric derivative [4CLC2™  as
conceptualized in the beginning (Figure 29a). In the same one-pot manner as above,
but with the addition of 15-crown-5 after deprotonation, the perbrominated dimeric
dianion [4Br-Br|2” could be synthesized as [Na@15¢5|* salt (Figure 29b). Black-violet
single crystals were as well obtained after two months from saturated solutions in

acetonitrile stored at —40 °C.
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Figure 29: Solid-state molecular structure of a) [4CLCI[Na@15¢5]2 and b) [4BrBr]|Na@15c5)2 as
ORTEP plot. The thermal displacement ellipsoids are shown at the probability level of 50 %. Cations
and co-crystallized solvent molecules are omitted for clarity.

For clean preparative synthesis of the dimeric structures, we decided to isolate and
purify the intermediate precursors before implementing them with the Lewis acids.
This ensures the usage of the correct amount of starting material and thus complete
conversion. Due to the low mass of NaH and its inherent weighing error, the sodium
salts of dhbgY were first prepared in large-scale amounts and isolated as 15-crown-5

salts (see chapter 3.3.1).

Above all, the linkers [dhb¢®|[M]o (M = PPhy or N"Buy) were reacted with
2CL/Br.(CH3CN),. Thereby, very different outcomes were obtained. Reproduction of
the salt [4C€LCY[PPhy|2 in larger scale turned out to be tricky. Mixing the starting
materials in dichloromethane yielded a dark red reaction solution. Since 2€1(CH3CN)
as very insoluble reagent was completely consumed, a conversion to the expected
product was assumed. But crystallization attempts and scXRD analysis revealed the
synthesis of half of the dimeric compound only, meaning [(cat®)2Si(dhbg™)|[PPhylo.
Yet, another crystallization sample yielded crystals of [4CLC]|[PPhy]z with the same
cell parameters as the structure obtained from initial NMR, experiments. Moreover,
implementation of the linker with 2Br(CH3CN)2 led to the synthesis of
[4Br.Cl|[PPhy|[Na|. It seems that [dhbg®!|[PPhy]2 is still contaminated with NaCl,
leading to undetermined reactivity. Still, the single crystal structure showed the

successful compounding of the first mixed halogenated dimer [4BrClJ2",
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The combination of [dhbg®!|[N"Buylz with 2C1.(CH3CN)2 delivered [4CLC1[N"Buy|2 in
fair yields of 55 %. Single crystals were obtained, of which scXRD analysis could
confirm solely the connectivity of the dianion. However, reaction with 2Br-(CH3CN)
did not provide the favored dimeric compound, but the chloride adduct
[2Br-Cl|[N"Buy|, which crystallized from the reaction mixture. Similar outcome was
observed when using |dhbgB|[N"Buy|2, which suggests that those linkers still must be
impure with NaCl. Consequently, due to the ambiguous reactivity of |dhbg®y/Br|[M]2
(M = PPhy or N"Buy) presumably originating from impurities that were not
detectable wvia NMR, spectroscopy, and the relatively effortful synthesis, further

application of those linkers was discontinued for now.

The synthesis of [4%:Y|2” was thenceforth conducted with the [dhbgY|[Na@15c5]2 salts
(Scheme 20). At first, the perhalogenated compounds were addressed. The linkers
[dhbgY][Na@15c¢5]2 (Y = Cl and Br) were mixed with 2 eq. of Lewis acid
2C1/Br.(CH3CN); and suspended in dichloromethane under inert conditions. Thereby,
the red suspensions rapidly turned to black-red and opaque mixtures. After stirring
for 18 h at room temperature, the reaction mixtures appeared grey, implying that the
starting materials had been consumed. The solids were collected by filtration, washed

with dichloromethane/pentane several times and dried in vacuo for 24 h.
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Scheme 20: Synthesis of the dinuclear silicon tetraoxolene salts [4%:Y|[Na@15¢5]2 (X = Cl, Br, CFs,
iPr and Y = Cl, Br, Ph, NO2) starting from [dhbg¥|[Na@15¢5|2 and 2X(D)2 (D = CH3CN, sulfolane or
none).
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The dinuclear silicon tetraoxolene salts [4%Y][Na@15c5|2 were isolated as elementally
pure, grey powders in all possible combinations (X,Y = Cl,Cl; Br,Br; C1,Br and Br,Cl)
in yields of 80-95 %. For X,Y = CL,Cl; Br,Br and CI,Br single crystals suitable for
scXRD analysis could be obtained by gaseous diffusion of dichloromethane into
concentrated solutions in acetonitrile at —40 °C. SCXRD analysis confirmed the
dimeric structure as obtained from initial in situ NMR experiments (vide supra, Figure
30a). For X,Y = Br,Cl the connectivity could be verified as well.

cl
[dhbg°>- (e
c1-01 1.245(1) 1.280(5)
c1-c2 1.403(1) 1.372(6)
c2c3 1.402(1) 1.394(6)
c1-c3 1.546(2) 1.517(6)
c3-02 1.246(1) 1.264(5)

Figure 30: a) Solid-state molecular structure of the hetero-perhalogenated dimeric derivative
[4CLBr][Na@15c¢5|2 as ORTEP plot. The thermal displacement ellipsoids are shown at the probability
level of 50 %. Cations and co-crystallized solvent molecules are omitted for clarity. b) Selected bond
lengths [A] of [dhbgCY2~ and [4CLCY2" given in tabular form for comparison.

Comparison of the metric parameters of [4CLCY 2™ with the respective free linker
[dhbg?Y|Z™ showed significant changes in bond lengths. Shortening of the C1-C2, C2-
C3, C1-C3’ and elongation of the C1-O1 and C3’-0O2 bonds were observed within
the dimeric complex (Figure 30b), being in line with a more reduced state of the
dhbgC! linker.147 Similar observations were made within dinuclear cobalt(IIl) complex
[Coa(dhbg) (triphos)s||BF4]2 synthesized by HUTTNER et al.20! Hence, the external
catecholates were suspected as source of electron density. In regard of the MOS a

slight decrease was observed for the average of the four catecholates (see Appendix,
Table 15).

Further, the four complexes were characterized by NMR spectroscopy. Signals for the
cation were clearly visible in the H and 13C NMR spectrum. In addition, the 13C

NMR spectra allowed a clear assignment of characteristic signals for the catecholato
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3.3 Tetraoxolene-bridged Bis(catecholato)silanes

units and for the dhbglinker of the dimeric disilicates (Figure 31). The signals for the
linker within the dimers were shifted upfield compared to the linker as free sodium
salts (e.g. for Y = CLCL; CynpgeO 170.6 vs. 174.1 ppm, respectively). In the 29SI-
INVGATE NMR spectra only one signal for each of the complexes was observed as
well (Figure 32a-d). For example, the perchlorinated derivative exhibited a signal
with a chemical shift at 6 = —130.1 ppm, which lies in the range of hexacoordinated

silicon species.162
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Figure 31: 13C NMR spectrum (151 MHz, CD2Cl2*) of [4CLCI[Na@15c¢5|2 with residual acetonitrile (*).
The set of signals for the carbon atoms of the catecholate ligands is marked with blue boxes and of the
tetraoxolene linker with orange boxes.

Despite their grey appearance in solid state, dissolving the perhalogenated dimers in
dichloromethane yields dark red colored solutions. Investigations of a solution of
[4CLOY[Na@15¢5]2 via UV-vis spectroscopy thereby revealed absorptions bands at A
= 472 nm with broad shoulders at 1 = 440 and 500 nm, which are absent for the
respective free linker and in line with the color of the complexes in solution or in
crystalline state (Figure 33). Besides, the dimeric complexes were found to be stable
and remain soluble in acetonitrile for prolonged time, whereas the Lewis acids 2Cl/Br
form insoluble bis-acetonitrile adducts. However, using the stronger donating solvent
THF yielded colorless precipitation, which means the products are reverted to
dhbgCl/Br salts and 2€V/Br.(THF), and thus displaying a possibility for reversible

product formation.
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Figure 32: 29Si-INVGATE NMR spectra (119 MHz, CD2Cl2) of [4X:Y]||[Na@15c5]2 with XY = a) CLCl
b) Br,Br ¢) C1,Br d) Br,Cl e) Cl,Ph and f) CF3,Ph.
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Figure 33: Comparison of UV-vis absorption spectra of identical concentrations (0.65 mM) of
|dhbgCY|[Na@15c5]2 (blue), [1CLCY[Na@15c¢5)2 (black) and [1%Pr:Cl[Na@15c¢5]2 (red) in CH2Cl2 with a

closer view between A = 350 and 700 nm (inset).

Moreover, it was attempted to influence the electronic structure of the system through
structural variations of the Lewis acid or dhbgY-linker. At first, the linker was altered
by introducing [dhbg™|[Na@15c5]2 as more electron-rich linker. Similar to the
synthesis of the perhalogenated derivative, combination with 2C1/Br.(CH3CN): led to
green and brown reaction mixtures, respectively. [4CLPh|[Na@15c5]2 was isolated as
green powder in 78 % yield. The compound could be characterized via elemental
analysis and NMR spectroscopy. The 29Si-INVGATE NMR spectrum revealed a signal
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3.3 Tetraoxolene-bridged Bis(catecholato)silanes

with the chemical shift at § = —132.7 ppm, consistent with the derivatives from above
(Figure 32e). Saturated solutions in dichloromethane yielded dark-green single

crystals suitable for scXRD analysis (Figure 34a).

As for the perhalogenated dimeric derivative (Figure 30b), the solid state molecular
structure of [4CLPh|2” shows a significant shortening of the C1-C2, C2-C3, C1-C3'
bonds and elongation of the C1-O1 and C3'-O2 bonds compared to the free linker
[dhbgPh]2™ (Figure 34b), which speaks for a more reduced state of the linker in
[4CLPh|[Na@15c5]2.  Accordingly, the calculation of the MOS of the external
catecholates describes a slight reduction of their oxidation state (see Appendix 7.4,
Table 15).

b) "
e e
\\02/(':3\ o
Ph
[dhbqph]Z’ [1 cl.Ph]2’
c1-01 1.2567(18) 1.280(2)
c1-C2 1.419(2) 1.394(3)
c2-c3 1.421(2) 1.402(3)
c1-c3 1.551(2) 1.520(2)
€3-02 1.2568(18) 1.274(2)

Figure 34: a) Solid-state molecular structure of [4CLPh|[Na@15c¢5]2 as ORTEP plot. The thermal
displacement ellipsoids are shown at the probability level of 50 %. Cations and co-crystallized solvent
molecules are omitted for clarity. b) Selected bond lengths [A] of [dhbgPh]2~ and [4CLPB|2- given in
tabular form for comparison.

In contrast, the combination X,Y = Br,Ph turned out to be less stable and thus
difficult to isolate. The reaction in dichloromethane yielded a dark brown solution
alongside with colorless precipitate, which firstly implied an incomplete reaction. It
was further stirred for some days, after which still no change in reaction could be
observed. Thus, the solids were removed by filtration. Pentane was added to the
filtrate to precipitate the product. The dark brown solids were then washed with
pentane and dried under reduced pressure. However, investigations wvia NMR
spectroscopy revealed the existence of several silicon species in the 29Si-INVGATE

NMR spectrum. Also, the elemental analysis did not fit with the calculated data.
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3 Results and Discussion

Saturated solutions in dichloromethane yielded dark crystalline material which,
however, could not be examined via scXRD analysis. From the washing solutions
colorless precipitation was observed, which were assigned to the starting material
2Br.(CH3CN)2 by IR spectroscopy. In conclusion, the compound does not appear to

be long-term stable in solution.

Then, another more electron-deficient linker was introduced. [dhbg¥0?|[Na@15c5]2 was
implemented with 2Cl.(CH3CN)2 in dichloromethane, yielding a grey solid in 75 %
yield, similar to the perhalogenated derivatives. The low solubility of
[4CLNO2|[Na@15c5]2 did not allow its characterization via NMR spectroscopy and
decomposition was observed in acetonitrile already after some minutes. However, the

purity of [4CLNO2|[Na@15c5]2 could be finally confirmed through elemental analysis.

After altering the linker, modification of the Lewis acid was carried out. For this
purpose, 2€Fs.(sulfolane)s and 2Pr were introduced. At first, the highly electron-
deficient Lewis superacid 2CFs was combined with [dhbg™"|[Na@15c5]2 in
dichloromethane, yielding a dark yellow solution. The product seemed to have an
improved stability compared to the perhalogenated dimers only allowing its isolation
after the addition of excess pentane. The solids were collected by filtration and dried
in vacuo for 24 h. [4CFsPh|[Na@15c5]z was obtained analytically pure as brown
powder in yields up to 92 %. Sharp signals were observed in the NMR spectra. Due
to the intense fluorine content and coupling, not all signals could be properly assigned
in the 13C NMR spectrum, but the 29Si-INVGATE shift provided a signal at 6 =
—132.8 ppm (Figure 32f), implying a hexavalent silicon center in solution. Later, the
connectivity of [4CFsPh|[Na@15c5|2 could be confirmed by scXRD analysis of single
crystals obtained through gaseous diffusion of dichloromethane into concentrated

solutions of acetonitrile at room temperature (Figure 35).

72



3.3 Tetraoxolene-bridged Bis(catecholato)silanes

N\~
9, .
N\ /

Figure 35: Solid-state molecular structure of [4CF3:Ph|[Na@15c5]2, connectivity shown only. The
thermal displacement ellipsoids are shown at the probability level of 50 %. Cations, protons, and co-
crystallized solvent molecules are omitted for clarity.

Next, 2iPr was compounded with |dhbg®/Br|[Na@15¢5]2 in dichloromethane yielding
dark red to violet solutions. The presence of numerous isopropyl groups resulted in
pronounced solubilities of the products in common organic solvents. Therefore,
precipitation with pentane did not allow quantitative isolation of the respective
dimeric compounds. Thus, the solvent was removed in vacuo, and the resulting solids
were further dried. Elemental analysis indicated that the samples still contained
residual solvent, however drying for another 24 h in vacuo did not improve its purity.
Also, various crystallization attempts failed since the products only separated as oils
from the solvent mixtures. Interestingly, investigations wvia 'H NMR spectroscopy
revealed a peak integral ratio of anion/cation that is smaller than the expected 1:2
ratio. Besides, broader signals for the isopropyl groups were observed, indicating a
populated triplet diradical state of the anion (vide infra, chapter 3.3.4). Accordingly,
no signal was obtained in the 2Si-INVGATE NMR spectrum. UV-vis spectroscopy of
[4iPr,Cl|[Na@15¢5]2 in dichloromethane in the visible range showed absorption bands
at A = 462 nm with two broad shoulders at A = 430 and 525 nm, being in line with
the dark red appearance both in solid state and solution (Figure 33). Similar features
were found for the perchlorinated analogue but with a weaker extinction coefficient.
With electrospray ionization (ESI-) mass spectrometry of samples in
dichloromethane, reasonable high-resolution masses were observed for fragments of
the derivatives X,Y = iPr,Cl/Br (Figure 36). With that, the connectivity between the

dhbq linker and the catecholate ligand with silicon could be demonstrated as existent.
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Figure 36: High resolution mass spectrum (ESI neg.) of [4%r:Cl||[Na@15c5|2 dissolved in CH2Cl2
(1076 M) with the assignment of respective mass fragments.

Lastly, 2iPr was combined with [dhbgO?][Na@15c¢5]2. A green-brown solution was
obtained. After removing the solvent and drying the solids in wvacuo,
[4iPr,NO2|[Na@15c5]2 was obtained as green-brown powder in quantitative yields.
Similar features as for the derivatives X,Y = iPr,Cl/Br could be observed. Signals in
the ™H NMR spectrum were very broad and barely visible in the 3C NMR spectrum,

except for the cation. Also, no signal for a diamagnetic silicon species could be found.

Moreover, [4iPr:Y|[Na@15¢c5]2 (Y = Cl, Br, NO2) were found to be soluble and stable
in THF, in contrast to the other dimeric derivatives. Yet, crystallization attempts by
gaseous diffusion of pentane into solutions of THF were not successful. To decrease
the solubility of those compounds, it was probed to synthesize the dinuclear silicon
species starting from the crown-ether free sodium salts. Subsequently, 2iPr was mixed
with [dhbg®|Naz in dichloromethane. At first no reaction occurred. This can be
probably explained by the low solubility of the sodium salts in dichloromethane.
Therefore, the solvent was changed to the more polar solvent acetonitrile which
immediately led to a darkening of the mixture. After some hours a violet solution was
obtained. Broad signals in the 'H NMR spectrum and no signals in the 13C and 29Si-
INVGATE NMR spectra confirmed that the consumption of the starting materials.
Through gaseous diffusion of dichloromethane into concentrated solutions of
acetonitrile dark crystalline as well as colorless precipitate could be obtained.

However, only the latter ones were suitable for scXRD analysis revealing the structure
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3.3 Tetraoxolene-bridged Bis(catecholato)silanes

of fully reduced dimeric silicon catecholato species [(catiP*)sSi(catPr)Si(catiPr)s|2
[31Pr]2” as sodium salt with an acetonitrile molecule coordinated to each cation (Figure
37), reminiscent of an alternate product obtained in the comproportionation reaction
between 1€! and [1C€Y[HaN"Prs| through hydrogen bond activation (see chapter
3.1.4).

Figure 37: Unrefined solid-state molecular structure of [3P*|Naz. The thermal displacement ellipsoids
are shown at the probability level of 50 %. Cations, hydrogen atoms and co-crystallized solvent
molecules are omitted for clarity.

3.3.4Investigating the Magnetic Properties!

Since it was attempted to influence the electronic structure of the system by varying
the Lewis acid 2X and the dhbgY linker, the magnetic properties of the dimeric

compounds were additionally studied by EPR spectroscopy.

The sharp peaks in the NMR spectra of [4CLC1|[Na@15c5|2 suggested a predominant
closed shell character in solution (Figure 31 and Figure 32). Surprisingly, EPR
spectroscopy of analytically pure [4CLCI|[Na@15c5]2 in acetonitrile or the solid sample

at 7.5 K exhibited signals at normal field and a weak signal at half-field, confirming

I The quantum chemical computations in this chapter were conducted by Prof. Dr. L.
GREB and T. THORWART.
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3 Results and Discussion

a populated triplet diradical state. However, EPR measurements of the same samples
in dichloromethane or TCE showed barely visible signals at normal field and no signal
at half-field, rendering the diradical state stability strongly depending on the
environmental polarity. For the electronically similar derivatives [4%Y][Na@I15c5]|2
(X,Y = Br,Br; CL,Br; Br,Cl) identical EPR spectroscopic observations as for
[4CLCY[Na@15c5|2 were made.

Interestingly, NMR investigations of solutions of analytically pure [4iPrCl|[Na@15c5]2
(see chapter 3.3.3) indicated an extensively populated triplet diradical state of the
anion. Accordingly, a solution of [4/Pr:Cl|[Na@15c5]2 already in less polar TCE showed
an intense EPR signal at normal field and a strong peak at half-field at 6.4 K (Figure
38). VT EPR measurements from 6 to 110 K led to a decreasing IxT wvs. T plot
(Figure 39), characteristic of a triplet ground state with a thermally populated singlet

state.

a) b)

6.4 K
152K
676K
108.2K
— 158 K

) g =2.0031 [4P~[Na@15¢5], g =4.0064
[47"°[Na@15c5], C,H,Cl, half-field CH,Cly
T T T T T T T T T T T T
320 330 340 350 360 370 169 170 171 172 173 174
Magnetic Field [mT] Magnetic Field [mT]

Figure 38: VT EPR of [1iPrCl[Na@15¢5]2 in TCE (C2H2Cls) at a) normal field and b) half-field.
Parameters: frequency 9.6321 GHz, power 1.258 mW, modulation 1 G.

Hence, quantum theoretical computations (restricted and unrestricted PW6B95-
D4/def2-QZVPP//r2scan-D4 level of theory) were performed to guide the
experimental findings. Computations of anionic or dianionic diradicals have been
found difficult in earlier reports, but were tackled by the explicit consideration of
countercations.202-205 Thus, all computations were performed on the respective salts
with [Na@15¢5]+ and one additional CH3CN coordinated to sodium, in analogy to the
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available scXRD structures. The triplet state of the precursor linker salt
[dhbg®|[Na@15c5]2 lies at 143 kJ-mol™ above the closed shell singlet state (Table 4,
entry a). In agreement with the experimental observations, this appears inaccessibly
high for a population at room temperature. For [4CLCl|[Na@15c5|2, a substantially
diminished gap between closed shell and triplet state energies was computed
(30.9 kJ-mol™!, Table 4, entry b). The triplet state appears still relatively high in
energy to be populated at room temperature (as observed by experiment), but
alternative orientations of the cation (e.g., via coordination of [Na@15¢5|+ to the -Cl
at dhbg®) are suspected of causing further triplet state lowering in solution. The open
shell singlet solution (broken symmetry, BS) is comparable to the triplet state, and
an antiferromagnetic (negative) coupling constant J is obtained. Excitingly, for
[4iPr.Cl|[Na@15c5]2, the triplet state becomes indeed favored by —4.7 kJmol™ in
comparison to the closed shell solution (Table 4, entry c). The spin density within
[41PrCY is delocalized across the central dhbg® unit and the external 2iPr fragments

(Figure 40).

| [4™"“[Na@15¢5],

IxT

T T
0 20 40 60 80 100 120
Temperature [K]

Figure 39: IxT ws. T plot based on VT EPR measurements of frozen solution samples of
[1iPrCl|[Na@15¢5]2 in TCE, Ix T is the product of the intensity (I) for the forbidden resonance (Ams =
2) at half-field and the respective temperature.
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3 Results and Discussion

Table 4: Computed energies and properties of compounds [4%:Y|[Na@15¢5]2.

AE [kJ-mol™!] vs CSPl

Entry Compoundl! J [em™] FODM
Tl BSh!

(a) [dhbg®] 143 - - 0.497
(b) [acLcl] 30.9 29.9 ~79.0 1.679
(©) [4iPr.CY 47 46 441 1.902
@) [4CLPh] 42.1 30.2 2070 1.633
() [4CLNO2) 8.8 8.6 157 1.869
(f) [4CF3.Ph) 87.6 ; ; 1.307
@) [41PrNO2) 408 40.6 118.8 2.303

[al all compounds computed as salts with two [CH3CN-Na@15¢5] *
bl ¢S = closed shell, T = triplet open shell, BS = broken symmetry open shell singlet

[l FOD = fractional occupation density

Figure 40: Spin density distribution in the triplet state of [41PrC]|[Na@15¢5]|2. Cations are omitted for
clarity.

The fractional occupation density (FOD), a parameter proportional to the diradical
index, was examined next (Table 4).206-207 Tn line with expectations, an increasing
FOD occurs the more stabilized the open shell state becomes. Overall, the computed

results agree with the observed qualitative trends of EPR and NMR spectroscopy.
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Next, it was probed if modifications in dhbg¥ linker provided another handle for tuning
the diradical character in the adducts. Combination of the phenyl-substituted dhbgth
linker with 2€! yielded [4CLPh]|[Na@15c5]2. Interestingly, NMR spectra of the salt in
CD2Cly were sharp, and the expected 1:2 peak integral ratio of cation/anion was
observed in this case. No EPR activity could be detected in apolar and polar solutions
or the solid state. Accordingly, the triplet state is computed more unfavorable as for
[4CLCY[Na@15c5]2, along with a lower FOD (Table 4, entry d).

In contrast, the combination of 2C€! with the NOgz-substituted linker,
[4CLNO2|[Na@15c5]2, revealed a sample with a strong EPR signal (Figure 41). In line
with the experiment, the triplet state of this salt was computed at only 8.8 kJ-mol™?
above the singlet state, along with a larger FOD (Table 4, entry e). Hence, with the
more electron-rich linker dhbg™®, the equilibrium is tilted towards the closed shell

state, while a more pronounced diradical character is obtained using the electron-poor
linker dhbgNOz.

a) b)

64K [49"°[Na@15¢5], 6.7K
[4°IN0[Na@15¢5], g =2.0041 half-field g = 4.0080
T T T T T T T ] T T T T T T T T T
310 320 330 340 350 360 370 380 168 169 170 171 172 173 174 175 176
Magnetic Field [mT] Magnetic Field [mT]

Figure 41: EPR spectrum of [1CLNO2|[Na@15¢5]2 in solid state at a) normal field, 6.4 K and b) half-
field, 7.7 K. Parameters: frequency 9.632 GHz, power 0.6295 mW (3.155 mW for b)), modulation 1 G.

Based on these design principles, two additional Lewis acid/linker combinations were
expected to reach most toward the extremes. In line with the hypothesis, the
combination of 2C€Fs and dhbg™®, [4CF3Ph|[Na@15c¢5]2, provided sharp NMR signals

and absent EPR activity, while the computed singlet-triplet gap increased
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substantially (Table 4, entry f). FOD analysis delivered the smallest diradical

character of all considered combinations.

The opposite direction was addressed by combining the electron-rich 2%r (the
strongest donor) with dhbgNO2 (the most potent acceptor). In agreement with the
broad signals observed in the H NMR spectrum (see chapter 3.3.3), EPR
spectroscopic measurement of [4PT.NO2|[Na@15c5]2 gave a strong signal at half and
normal field (Figure 42). DFT computations confirmed an open shell state that is the
most preferred among all combinations, along with the largest FOD (Table 4,
entry g).

a) b)

65K
15.0K
26.3K
—36.7K
——46.8K

_ 9=20029 [47"N°[Na@15¢5],
[4P"NO|[Na@15¢5], 6.6 K half-field
. T

T T T T T T T T T T T T T
310 320 330 340 350 360 370 380 168 169 170 171 172 173 174 175
Magnetic Field [mT] Magnetic Field [mT]

g=4.0120
T

Figure 42: a) EPR spectrum of [1iPr:NO2|[Na@15c5]2 in solid state at 6.6 K at normal field. b) VT EPR
spectra of [11Pr:NO2|[Na@15c5]2 in solid state at half-field. Parameters: frequency 9.633 GHz, power
1.257 mW (3.152 mW for b)), modulation 100 kHz.

Unfortunately, due to the low effective magnetic moments of all samples, no
quantitative characterization of the magnetic properties, e.g., by VI EPR, Evans’
NMR method, or SQUID magnetometry, could be achieved.

3.3.5 Conclusion

In this chapter, a series of ditopic dhbgY (Y = Cl, Br, Ph, NO») linker was synthesized
as [Na@15¢5|* salts and the new bis(catecholato)silane Lewis acid 2Pr was

introduced. By simply combining the Lewis acids 2X (X = Cl, Br, CF3, iPr) with the
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linkers [dhbgY|[Na@15c5]2 a variety of dinuclear silicon polyoxolenes [4%Y][Na@15c5]2
was prepared in very good yields. For [4%Y]2 (X = Cl, Br, CF3 and Y = Cl, Br, Ph)
solid-state molecular structures could be obtained, confirming the Lewis formulation
for the anionic part as [(catX)2Si(dhbgY)Si(catX)s]2". Through scXRD analysis and
comparison with the free linker salts [dhbg¥]2” (Y = Cl, Ph) a more reduced state of
the dhbg linker within the complexes could be observed. Sharp NMR-signals were
obtained, however EPR spectroscopy revealed also signals for a populated triplet
diradical state. An electron transfer from the external catecholates to the internal

dhbq linker was suspected to be responsible for the EPR activity.

Thus, selective combination of electron-rich Lewis acids and electron-poor dhbg linkers
was attempted and indeed led to the formation of diradicaloid complexes [4%Y]2™ (X

= Cl, iPr and Y = CI, Br, NO3). Furthermore, with the combination of electron-poor

2CFs and electron-rich dhbg™ the opposite extreme, meaning the smallest diradical
character, was accomplished. The underlying design principal was additionally

disclosed by computational analyses.

It can be concluded that the Lewis acid 2X has a twofold task: 1) enhancing the
acceptor property of the bridging dhbgunit (lowering the LUMO energy) and 2)
providing electron density with the electron-rich catecholato 7-systems. Indeed, the
FIAs of the employed 2X correlate with the LUMO energy lowering in the dhbgY units
caused by Lewis acid binding. The larger the FIA (see Appendix 7.3.2, Table 13), the
more pronounced the LUMO lowering. In turn, the HOMO energies of 2X determine
the ability to donate electron density into the central unit (see Appendix 7.3.2, Table
14). The features of the central dhbg provided complementary handles.

Besides, the dinuclear complexes [4%:Y]2" were found to be long-term stable in
coordinating environments, such as acetonitrile and THF (partially), which is not

possible for the mononuclear silicon diradicals from chapter 3.1 and 3.2.
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3.4 Hexaoxolene-bridged Bis(catecholato)silanes

In the following chapter the preparation and investigation of trinuclear silicon
polyoxolenes will be covered. At first the synthesis of the precursors 2,3,6,7,10,11-
hexamethyltriphenylene (hmtp) and 2,3,6,7,10,11-hexahydroxytriphenylene (Hghhtp)
will be discussed. For the formation of neutral open shell structures 2,3,6,7,10,11-
hexaketotriphenylene (hktp) is required as linking part. Therefore, the oxidation of
Hehhtp to hktp will be attempted, which turned out to be synthetically more
challenging than expected. Thus, the assembly of the hexaoxolene-bridged
bis(catecholato)silanes will be approached over Hehhtp, wherefor the triphenylene first
needs to get deprotonated and subsequently implemented with the perchlorinated
Lewis acid 2€! as bis-acetonitrile adduct. Further, the trimeric complex salts are going

to be characterized by NMR and IR spectroscopy.
3.4.1 Synthesis of Precursors

According to the group of WHITE, the triphenylene framework of the polytopic linker
hmtp is constituted via C-C bond formation between three veratrole molecules.208 This
was achieved through a SCHOLL reaction in the presence of anhydrous FeClz as Lewis
acid and concentrated sulfuric acid in dry dichloromethane (Scheme 21). After stirring
for 3 h at room temperature, methanol was added to quench the reaction. A grey
suspension was observed, of which the solids were collected by filtration and dried in
vacuo for 24 h to give hmtp in yields up to 84 %. Here, it is important to mention,
that the usage of anhydrous FeCls is crucial for receiving good yields in the preceding

reaction step.

OMe

MeO
anhyd. FeCl; O
©:OM6 conc. H,SO4 ‘O OMe
3 e
CH.Cl,,
OMe Y O OMe

MeO
OMe

Scheme 21: Synthesis of hmip via oxidative trimerization of veratrole.208
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3 Results and Discussion

Next, the cleavage of the methyl ethers of hmip was accomplished using the strong
Lewis acid BBr3 (1 M in CH2Clz) to give Hghhtp (Scheme 22).139 Thereby, the
reactants were mixed in dry dichloromethane at —78 °C and allowed to warm to room
temperature over 16 h. Afterwards the suspension was poured onto ice, the solids
were collected by filtration and washed with water. Drying under reduced pressure at

60 °C for 24 h finally gave analytically pure Hghhtp as grey powder in 76 % yields.
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Scheme 22: Synthesis of Hehhtp from hmtp via deprotection of the methyl ether groups.139

Lastly, it was attempted to generate hktp by a sixfold oxidation. Thereby, Hehhtp was
mixed with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in 1,4-dioxane and stirred

at room temperature for 24 h under the exclusion of light (Scheme 23).209
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Scheme 23: Synthetic approach to hktp by a sixfold oxidation oh Hehhtp with DDQ.209

Brown precipitate was obtained and removed. The supernatant solution was
concentrated under reduced pressure yielding dark brown solids that were further
dried in wvacuo. Investigations of the solids wia 'H NMR spectroscopy indicated a
conversion as only one signal was observed at § = 3.64 ppm in CD2Clz. But the 13C
NMR spectrum also revealed solely one signal at § = 67.4 ppm. However, the signals
were mnot in agreement with the literature.209 To gain further insights IR

measurements were conducted. Surprisingly, in the IR spectrum still a broad band at
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3.4 Hexaoxolene-bridged Bis(catecholato)silanes

7 = 3215 cm™! was observed but none around ¥ = 1750 cm™! for the ketone moiety,
suggesting that either the starting material Hghhtp or the reduced form of the oxidant
(H2DDQ) must have been isolated. Yet, the signals found in the NMR spectra did
not fit to any of the mentioned components. Unfortunately, mass spectrometry and
elemental analysis did as well not provide any clear results as well. In summary, while
conversion of Hghhtp with DDQ could be observed through primary reaction
monitoring wvia NMR spectroscopy, the obtained analytical data is very much
inconclusive. Owed to the fact that the product is very sensitive,210 and probably
decomposes rapidly in solution, the formation of side- or decomposition products was
considered a plausible explanation. Consequently, the following preparation of
trimeric hexaoxolene-bridged bis(catecholato)silanes were further conducted with
Hehhtp.

3.4.2 Deprotonation of Hghhtp and Synthesis of [5C'][HB]e

For the use of Hghhtp as precursor for the aimed trimeric silicon complexes, the linker
formally needs to undergo a sixfold deprotonation. This was attempted with different

bases bearing different basicities.

When the deprotonation was found successful, the resulting salt [hhtp|[HB|s was
converted with the Lewis acid 2€1.(CH3CN)2 under varying conditions (Scheme 24)

in a consecutive step.
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Scheme 24: Synthetical route to the trinuclear silicon hexaoxolene salts [5CY[HB]|¢ via deprotonation

of Hehhtp and subsequent conversion with 2C1-(CH3CN)2.
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3 Results and Discussion

3.4.2.1 Method 2: Triethylamine

The polytopic linker Hghhtp was mixed with 6 eq. of triethylamine in CD3CN on NMR,
scale. Already after 10 min 'H NMR measurements showed the absence of the phenolic
hydrogens, suggesting that the deprotonation is probably facilitated by the increased
solubility of triethylamine compared to NaH. However, the disappearance of the
signals demonstrates the poor solubility of the deprotonated product. The reaction
was further shaken for 30 min to assure completeness and then 3 eq. of 2€1.(CH3CN)
were added. After shaking for additional 24 h the outcome was examined via NMR
spectroscopy again. In the 'H NMR spectrum new and different signals in the aromatic
region could be observed (Figure 43b). However, those signals were rather broad and
undefined. After 24 h, the reaction mixture darkened and EPR spectroscopy revealed
a broad singlet signal, thus the existence of paramagnetic impurities, which may

explain the broader signal in the TH NMR, spectrum.
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Figure 43: a) 'H NMR (400 MHz, CD3CN*) spectrum of Hehhtp as reference. 'H NMR (400 MHz,
CD3CN*) spectra of NMR scale synthesis of [5C[HNEts|¢ with b) 6 eq. and ¢) 12 eq. of NEt3.
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Since triethylamine is a mild base, it was taken into account that the deprotonation
of Hehhtp may be an equilibrium reaction. So, after the addition of the silicon Lewis
acid the reaction equilibrium is shifted to the side of the starting materials, which
results in partially deprotonated [Hhhtp|(z=6). Thus, the conversion of the Lewis acid
with different degrees of deprotonated linker leads to undesired or incomplete side-
products, explaining the asymmetric NMR spectrum and other additional peaks.
There is also the possibility that the protic cation [HNEt3]+ may cause problems for
the silicon Lewis acid. Thereto, polymerization of the solvent acetonitrile was

observed.

To improve this, it was considered to increase the amount of triethylamine to 12 eq.

The use of a superstochiometric amount of base should guarantee the equilibrium not
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3.4 Hexaoxolene-bridged Bis(catecholato)silanes

to undergo a strong shift and to stay at the product side. In addition, this might
suppress the acid-catalyzed polymerization of acetonitrile.2!1-212 Repeating the
synthesis with the altered conditions indeed yielded a reaction mixture which
exhibited much clearer signals in the NMR spectra. In the 'H NMR, spectrum two
signals in the aromatic region were observed, assignable to the protons of the
triethylammonium cation and the hhtp core (Figure 43c). Besides, another peak at §
= 6.5 ppm was visible. Conducting the reaction in THF-dg yielded similar results and

spectra.

Given the successful preparation of [5C1[HNEts|¢ according to NMR spectroscopy,
the synthesis was performed in higher scale in a Schenk tube with proper stirring. 1
eq. of Hehhtp was deprotonated with 12 eq. of triethylamine in acetonitrile. 24 h after
the addition of 2€.(CH3CN)2 a reaction control was taken, and a conversion could
be observed wia 'H NMR spectroscopy. Subsequently, the solvent was removed
yielding a fine grey powder which was confirmed as [5C[HNEtsl¢ by NMR
spectroscopy. A clean 'H NMR spectrum was revealed with two signals in the
aromatic region, with an integral ratio of 1:1 (Figure 44). The broader peak at § =
7.58 ppm can be assigned to the protons of the cations and respectively the other
peak at 6 = 7.47 ppm, which is interestingly present as doublet, should originate from
the hhtp core. Also, the peak at around 6 = 6.5 ppm, which was obtained in
preliminary experiments, was not detected. Thus, it appears that insufficient
homogeneous mixing caused by the absence of stirring within a J Young NMR tube,

for example, may also be a reason for undesired reactivity.

© ®©© BN oo~
0 << NN -
NNN o -
NV % NS

-
o
r

L

N 4
-
k=]
T
3

Figure 44: 'H NMR (600 MHz, CD3CN*) spectrum of [5C)|[HNEts]¢ obtained from preparative scale
synthesis.

The origin of the splitting of the signal at § = 7.47 ppm is satisfactorily explained by

the presence of diastereomeric product mixtures. In octahedral complexes, where the
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3 Results and Discussion

element center is coordinated by three chelating ligands, A (delta, Figure 45a) or A
(lambda) isomers can be existent. Thus, in the trimeric silicon complexes, each of the
silicon centers can be present in one of those configurations. Statistically, this can
result in 8 combinations, of which four are the mirror images of the other four,
meaning they are enantiomeric (see Figure 45b). Of the four remaining combinations,
the first one exhibits C2 symmetry, while the other combinations only show identity
as operation element (¢). Besides, combinations 2-4 can be transferred into each other
by rotation. That means, in total there are two diastereomers present in a ratio of 1:3
(Figure 45b), respectively, which should be distinguishable by NMR, spectroscopy. So,
this might explain the doublet splitting of the signal in the TH NMR spectrum (Figure
44). Yet, discrepancies arise as the integral ratio of the signals at & = 7.48 and 7.46
ppm (1:1) does not match with the calculated statistical distribution.
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Figure 45: a) Ilustration of the A configuration for one hexacoordinated silicon center within [5C1]6-
b) Possible combinations of A and A for all three silicon centers within [5C16~ summarized in tabular
form and the differentiation of enantiomers and diastereomers.

Further, heteronuclear and 2D NMR analyses were conducted. The 3C NMR
spectrum showed six signal sets, of which the signal at § = 103.5 ppm was revealed
as CH-type carbon from the hhtp core by 13C-DEPT-135 NMR spectroscopy (Figure
46a and b). Here, it can also be observed that multiple signals at similar chemical
shifts were obtained, further advocating for the presence of diastereomers.
Additionally, the 'H-B3C-HSQC NMR spectrum showed a cross peak between the
protons at 8 = 7.47 ppm with the CH-type carbon, both originating from the hhtp
core. In the 2Si-INVGATE spectrum one single peak at 5 = —138.6 ppm was observed
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3.4 Hexaoxolene-bridged Bis(catecholato)silanes

(Figure 46¢), indicating chemical equivalent silicon centers within the large bulky

trinuclear silicon complexes.
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Figure 46: a) 13C, b) 13C-DEPT-135 NMR (151 MHz, CD3CN*) and 29Si-INVGATE NMR (119 MHz,
CD3CN) spectra of [5C1|[HNEts3]¢ obtained from preparative scale synthesis.

In the IR spectrum, the broad O-H stretching band at ¥V = 3376 cm™! vanishes after
deprotonation and is replaced by the N-H stretching band at ¥ = 3378 ¢cm™ (Figure
47). After the conversion with the Lewis acid, the C-H stretching bands at ¥ =
2984 cm™! are more resolved and the N-H (¥ = 3063 cm™) stretching vibration bands

are shifted to lower wavenumbers.
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Figure 47: Comparison of the ATR-IR spectra of Hehhtp (black) with [hhtp|[HNEts|¢ (red) and
[5CY[HNEt3]6 (blue).

Regarding the information obtained by NMR and IR spectroscopy, it was concluded
that the desired product [5CY[HNEt3|¢ was successfully prepared in yields up to 89 %.

Further, salt metathesis with the triethylammonium salt of the chlorinated trimer
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3 Results and Discussion

was attempted with PPhyCl and PNPCI in THF. The solubility of the final products
clearly improved, resulting in good solubility even in less polar dichloromethane.
Partial crystallization of HNEt3Cl from the reaction solution was induced when cooled
down to —40 °C. However, the complete isolation of the salt exchange product from
HNEt3Cl seemed to be difficult due to the very similar solubilities. Various

crystallization attempts towards [5CY[HNEt3|¢ were not yet successful either.

3.4.2.2 Method 4: Pyridine

While the approaches described in the preceding method were found crucial for the
establishment of a synthetical access towards the aimed systems, the soluble
ammonium cations did not yet result in single crystals suitable for scXRD analysis.
Therefore, according to the synthesis of the tris(catecholato)silicates (see chapter
3.2.3), the use of pyridine was investigated, since insoluble pyridinium salts also offer
the possibility for salt metathesis reactions, in which the side-product pyridinium salts

might be separated more easily.

Initial NMR scale experiments showed that the deprotonation of Hehhtp with the
usage of 12 eq. pyridine (used in analogy to triethylamine experiments, see chapter
3.4.2.1) in THF-dg led to a clean deprotonation after 1 h shaking. In the 'H NMR
spectrum the signal of the deprotonated hhtp core was still observed accompanied by
the new signals of the pyridinium cations. Addition of 2€L(CH3CN)2 to the purple
solution yielded a greenish suspension. The solids were found to be solely soluble in
DMSO-dg, where the formation of the trinuclear silicon complex was strongly
indicated by NMR spectroscopy. For completeness, it shall be mentioned that residues

of pyridine originating from the deprotonation were also observed.

The reaction was then conducted in higher scale in Schlenk tubes. After mixing the
reagents and adding the Lewis acid, the mixture was stirred for 24 h. A light-yellow
precipitate was observed which was collected by filtration. The solids were washed
vigorously with pentane and dried in vacuo, yielding [5CY[Hpyls as yellow powder in
93 % yields. Thorough examination wvia NMR spectroscopy confirmed a clean
conversion. In the 'H NMR spectrum the signal for the protons at the hhtp core was
observed as doublet, as in the methods above, but here in an integral ratio of roughly

3:1 (Figure 48), as expected for the diastereomers (see chapter 3.4.2.1).
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Figure 48: 'H NMR (600 MHz, DMSO-d¢*) spectrum of [5CY[Hpyl¢ (with residual solvent THEF*)
obtained from preparative scale synthesis.

13C NMR. measurements revealed nine peaks in the aromatic region, of which, with
the help of 13C-DEPT-135 and 'H-13C-HSQC NMR spectra, three originate from the
pyridinium cations and one from the CH-type carbon from the hhtp core (Figure 49a
and b). The remaining five signals can be assigned to the quaternary carbon atoms of
the hhtp core and of the catecholates. Also, a signal at § = —138.1 ppm was observed
in the 29Si-INVGATE NMR spectrum (Figure 49c).

a) II&EY 58 8 81
geey LI Lch
\V/ LT . . )
L L I
b) *
Lo | |
T T T T T T T T T T I] T T T T F T T 1
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm
c) -138.1 ppm

I 1

T T T T T T T T T
-20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
Figure 49: a) 13C and b) 13C-DEPT-135 NMR (151 MHz, DMSO-d¢*) spectra and c) 29Si-INVGATE
NMR (119 MHz, DMSO-ds) spectrum of [5CY[Hpyle (with residual solvent THF*).

Through IR spectroscopy a successful conversion was also confirmed, whereby for
[5C[Hpyls the broad O-H stretching vibration was no longer observed, but broad
bands for the C-H and N-H stretching vibrations from ¥ = 3250 to 2500 cm™ were
detected (Figure 50).
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Figure 50: Comparison of the ATR-IR spectra of Hehhip (black) with [5CY[Hpyle (blue).

As proposed, the formed compound was only found to be soluble in DMSO. Thus,
salt metathesis reactions of [5CY[Hpyls was conducted with the following salts:
PPhyBr, PNPC], NBwyBr and NEt4Br. In general, one equivalent of [5€1[Hpy|¢ was
suspended in THF, and 6 eq. of the respective exchange salt were added. After stirring

at room temperature for 24 h, the reaction mixtures were examined.

For PPhyBr no significant change in habitus was observed after the reaction. The
solids were still yellow colored and reaction control of the supernatant solution via
NMR spectroscopy revealed no signal in the 29Si-INVGATE NMR spectrum. After
reacting with PNPCI a clear solution with colorless precipitate was obtained. 29Si-
INVGATE NMR measurement of the supernatant solution showed a signal at § =
—137.7 ppm, which could be assigned to the desired salt exchange product [5C1|[PNP]¢
(Figure 51a). Conversion with N"BuyBr and NEt4Br yielded clear solutions with pale-
yellow solids. 29Si-INVGATE NMR measurements of the supernatant solutions
revealed in both cases signals at § = —139.9 ppm and 6§ = —140.6 ppm, respectively
(Figure 51b and c). Interestingly, in the 2Si-INVGATE NMR spectra obtained from
the salt metathesis reactions above only one singlet peak was observed. Still,
crystallization attempts were not successful, yet, and hence further investigations need

to be conducted.
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Figure 51: 29Si-INVGATE NMR (119 MHz, THF-ds) spectra of the supernatant solutions from the salt
metathesis reaction between [5€Y[Hpy|s and a) PNPCI, b) N"BuwBr and ¢) NEt4Br.

3.4.2.3 Method 5: Tri-n-octylamine

In contrast to the pyridinium salts, a highly soluble representative was expected when
using tri-n-octylamine as a base and thus tested. Deprotonation of Hghhtp with tri-n-
octylamine was at first conducted with 6 eq. in THF-dg at 60 °C for 24 h. This led to
a blue suspension. 'H NMR, measurements revealed a shifted signal at § = 7.33 ppm
for the hhtp core and a new broad peak at § = 8.65 ppm for the ammonium cations
(Figure 52a), according to the integral ratio and 'H-13C-HSQC NMR spectrum.
Addition of 2€.(CH3CN), turned the reaction slowly pale brown. A signal at § =
139.1 ppm arose in the 2Si-INVGATE NMR spectrum (Figure 52b), validating the
successful preparation of [5C1[H"NOctss.
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Figure 52: a) 'H NMR (400 MHz, THF-ds*) and 29Si-INVGATE NMR (119 MHz, THF-ds) spectrum
of [5CY[HN"Octs]s (with residual solvent CH3CN*) obtained from NMR scale synthesis.

Thus, the reaction was upscaled and conducted in a Schlenk tube. Hereby, the

reaction mixture was stirred at 50 °C for 24 h for the first step. Then, the
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perchlorinated Lewis acid was added and the mixture was further stirred at 50 °C for
24 h. Strikingly, no precipitate was obtained, meaning with the tri-n-octylammonium
countercations the solubility of the hexaanionic complex has tremendously increased.
On the contrary, it was not possible at first to precipitate the final product, as it was
found to be likewise soluble in very non-polar solvents such as pentane, hexane, and
heptane and in highly polar solvents as DMSO, DMF and acetonitrile (albeit only
partially). Only in HMDSO the complex salt did not dissolve. Therefore, the product
was precipitated and washed with the latter solvent. After isolation, 'TH NMR
spectroscopy of the solids showed impurities, as revealed by comparison to the NMR
scale experiments. Possible explanation might be given in the application of higher
temperatures during the synthesis or the usage of HMDSO for precipitation, possibly

leading to decomposition of the trinuclear silicon complex.

Thus, the reaction was repeated at room temperature in THF-ds and in the end the
solvent was just evaporated. This led to the isolation of analytically pure
[5CY[HN"Octs|s as grey and sticky solids in 52 % yields. Accordingly, the 3C NMR
spectrum revealed six peaks in the aromatic region, of which the one at § =
—108.6 ppm fits to the tertiary carbon from the hhtp core, validated by 13C-DEPT-
135 and 'H-13C-HSQC NMR experiments (Figure 53).
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Figure 53: a) 13C and b) 13C-DEPT-135 NMR (151 MHz, THF-ds*) spectra of [5CY[H"NOcts|¢ obtained
from preparative scale synthesis.

In the IR spectrum of [5CY[H"NOctsls (Figure 54), no O-H vibration band was
observed anymore, but characteristic bands at ¥ = 3081 cm™ (br) for N-H stretching
vibrations and at ¥ = 2924 and 2854 cm™! for C-H stretching vibrations.
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Figure 54: Comparison of the ATR-IR spectra of Hehhip (black) with [5CY[HN?Octs|s (blue).

3.4.2.4 Method 6: (S)-(—)-1-(2-Naphthyl)ethylamine

Since NMR measurements of the experiments described above have suggested that
the obtained products are existent as mixtures of stereoisomers (see chapter 3.4.2.1)
and the integral ratios of the signals obtained in the 29Si-INVGATE NMR
experiments did not come close to the theoretical one (1:3), it was considered to make
use of a chiral base. For this case, (5)-(—)-1-(2-naphthyl)ethylamine (NEA) was

judged to be suitable for the controlled synthesis of only one preferred stereoisomer.

Deprotonation of Hehhtp with NEA in THF-dg led to pale-green solution after some
hours. This was confirmed in the 'H NMR spectrum by the disappearance of the
signal for the OH-group and the concurrent appearance of new signals for the
protonated bases, especially for the ammonium protons. Then, the Lewis acid
2CL(CH3CN)2 was added, and the mixture was stirred at 60 °C until the colorless
solids were consumed. Again, a successful conversion was noted wvia NMR
spectroscopy. In the TH NMR spectrum a shift of signals could be observed, as well
as in the 13C NMR spectrum. Regarding the 29Si-INVGATE NMR measurements,
two silicon peaks at 6§ = —140.9 ppm were detected (Figure 55), confirming the
synthesis of the trimeric silicon complex. Yet, the ratio of the signals was found to be
around 1:1, overall, not pledging for a stereospecific synthesis. This led to the
conclusion that even though the all-A or all-A isomer seem preferred, the planned
stereospecific control by a proposed preorganized cation is only to a minor extent

feasible.
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Figure 55: 29Si-INVGATE NMR (119 MHz, THF-ds) spectrum of NMR scale synthesis of [5CI[HNEA]e.

3.4.2.5 Base-free Direct Approach Between Hghhtp and 1€

Apart from the reactions between Hghhtp and 2€! under basic conditions, another
question arose, namely, whether a direct conversion of Hshhitp with the neutral silicon
diradical 1€! was considered, as this would directly lead to the neutral trinuclear
silicon semiquinonate complex bridged by the hhtp linker (Scheme 25) and therefore

would state an attractive alternative.

1 eq. of Hghhtp was mixed with 3 eq. of 1€ in CD2Cl2 and the reaction progress was
monitored via NMR spectroscopy. Immediately after setting up the reaction, signals
for the Hehhtp in the TH NMR spectrum were already missing and another broad
signal at 6 = 5.87 ppm was observed. The 13C NMR spectrum exhibited three new
signals in the aromatic region at 6 = 140.6, 124.1 and 119.2 ppm. Indeed, these signals
altogether agree well with tetrachlorocatechol.3! Warming the reaction mixture to
40 °C and stirring for another three days did not lead to any changes in the NMR
spectra. It appears that one coordinated cat®! ligand was successfully cleaved from
1€ and substituted by the hhtp linker as proposed (Scheme 25). Nevertheless, black
solid particles were still left in the reaction mixture, leading to the assumption that
either 1€! was not completely consumed or that reaction products have already
precipitated. Moreover, the resulting trinuclear silicon complex is expected to be
paramagnetic and therefore NMR spectroscopy cannot provide any further
information about the structure. Given these insights, it is still questionable, whether
the final product contains three silicon centers bridged by hhtp or has only been

partially formed or even decomposed.
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Scheme 25: Synthetic approach to neutral trimeric silicon complex (Si(s¢®Y)2)s(hhip) via reaction
between Hehhtp and 1€! and liberation of H2catCL

Preliminary EPR measurements at room temperature showed a very broad singlet
signal that is slightly shifted compared to 1€L Additionally the g-value has changed
from g = 2.043 to g = 2.003, indicating that a new compound might have formed,
whose unpaired electrons are rather carbon-centered than oxygen-centered.?!3 From
this, it can be postulated that a larger aromatic system for delocalization must be
available within the new complex, which would state a first indication for a successful

implementation of at least one silicon unit.

Overall, while the preliminary results generally demonstrate the possibility of a direct
implementation toward the radical species in base-free environment, the encountered
difficulties in this approach yet prevent a full development of an applicable synthetic
strategy.

3.4.3 Conclusion

Initial synthetical attempts towards hktp via oxidation of Hehhip were not successful,
wherefore the synthesis of the trinuclear silicon polyoxolenes was approached wvia
Hehhtp. The sixfold deprotonation of tritopic linker was examined with a variety of
bases. Preliminary reactions indicated that strong nucleophilic bases, like NaH were
found to be unsuitable. Deprotonation with milder amine bases, like triethylamine
and pyridine, yielded an equilibrium reaction. Thus, with superstochiometric amounts
of amine base, [hhtp|S— was finally implemented with 2Cl.(CH3CN). According to
NMR and IR-spectroscopical investigations the trimeric complexes [5€1[HB]|¢ (HB =
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HEts and py) were successfully prepared. Due to the pronounced insolubility of those
hexaanionic salts, salt metathesis reactions were approached for [5CY[Hpyls with
PNPCI, N"BuyBr and NEt4Br. Preliminary investigations showed that the exchange
salts exhibited increased solubility. Still, attempts to obtain a solid-state molecular
structure of [5CY6~ have not been successful yet. With tri-n-octylamine,
[5CN[HN"Octs]s was synthesized as well and found to be extensively soluble, even in

very apolar solvents, such as pentane and heptane.

Furthermore, signal splittings in differing ratios were observed in the 1H, 3C and 29Si
NMR spectra for the hexaanions [5€10, rendering the presence of possible

diastereomers. Thus, with the chiral base (5)-(—)-1-(2-naphthyl)ethylamine (NEA) a

controlled synthesis of one preferred stereoisomer was attempted but to no effect.

Preliminary investigations regarding a base-free approach wvia ligand scrambling
between Hghhtp and 1€l was also attempted. Thereby, release of Hacat® could be

observed by 13C NMR spectroscopy, indicating a successful implementation of at least

one silicon unit.
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SUMMARY

In the context of this work, a series of novel silicon polyoxolenes were prepared and
studied regarding their structure, redox and magnetic properties. The mononuclear
homoleptic diradical compound 1€, whose properties demonstrate a novelty for non-

metal compounds, served thereby as inspiration.

The first part of this work dealt with the thorough investigation of the redox
properties of 1€l Synthesis of the hitherto elusive monoradical anion [1Cl|*” finally
completed the redox series of 1€l and thus of silicon trisdioxolenes in general. The
redox potentials were determined as E;» = 0.43 V and 0.88 V (vs. Fc/Fct). Guiding
redox reactions revealed an even higher redox potential of E;2 ~ 1.0 V (vs. Fc/Fct),
depicting 1€! as strong oxidant like [N(Ph-Bro)s|*t (magic blue) and NO+.163
However, the latter oxidants suffer limitations due to their charged nature, non-
innocence, and effortful synthesis, whereas 1! stands out as neutral oxidant with a
straightforward synthesis by only combining two commercially available starting
materials. At the same time, upon reduction of 1€! an easy-to-handle weakly
coordinating anion (WCA) is obtained (reminiscent of SbF5).93 Also, observations of
IVCT bands in the NIR region for 1€! highlighted the suitability of silicon as central

atom for the construction of metal-free magnetic materials and electronic devices.17>

Comparing the redox potentials of 1€! with free ¢!, a massive shift of about 1.2 V

became apparent, which outperforms comparable concepts of redox amplification.151-

152 Moreover, 1€! proved to be an efficient redox catalyst for an oxidative lactonization
reaction, for which 1€! could be even generated in situ. Thus, the new concept of

redox amplification through Lewis (super)acid-binding was successfully demonstrated

to be a powerful tool for the boost of oxidation potentials.
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In the second part of this work, accordingly the homoleptic analogues 1X (X = Br,
tBu) were prepared. The redox series of 1Br was completed in analogy to its
perchlorinated derivative, exhibiting diradical character and similar structural
parameters. Moreover, VT EPR spectroscopy of 1tBu confirmed a diradical with a
triplet ground state. Preliminary CV experiments of [1X|[N"Bu4]2 (X = F, Br, tBu)

showed similar oxidation potentials as for 1CL

Furthermore, a simple access to the heteroleptic diradicals 1%Y (X = F, Cl, Br, CF3
and Y = tBu, iPr) was found by oxidative addition of the quinones ¢Y to the respective
Lewis acids 2X. A pathway utilizing catechol and quinone in a one-pot procedure with
HSiCl3 was also found to be a valuable alternative. Analysis of the heteroleptic
representatives 1C€LtBu and 1CLIPr yjq VT EPR studies likewise revealed the presence

of diradicals with a triplet ground state.

After gaining in-depth insights into the monomeric species, the last two parts of this
work investigated the effect of higher nuclearity in extended systems. A
straightforward synthesis was established by simply mixing the Lewis acids 2X (X =
Cl, Br, CF3, iPr) with the linker salts [dhbg¥]|[Na@15c¢5]2 (Y = Cl, Br, Ph, NO»)
yielding a variety of dimeric silicon polyoxolenes [4%:Y|[Na@15c5]2. In contrast to the
monomeric forms (1X and 1%Y), the dinuclear complexes [4%Y]2™ were found to be
stable in coordinating environments, such as acetonitrile and THF. Comparison of
the metrical parameters in the complexes with the Lewis formulation
[(catX)2Si(dhbgY)Si(catX)s|?” with the free linker salts [dhbg¥]2™ (Y = Cl, Ph) revealed
a more reduced state of the dhbqY linker. NMR spectroscopy showed sharp signals,
however EPR spectroscopy revealed signal patterns for a populated triplet diradical
state. Thus, an electron transfer from the external catecholates to the internal dhbg
linker was suspected to be responsible for the EPR activity. By selective combination
of more electron-rich bis(catecholato)silanes and electron-poor dhbq linkers
diradicaloid complexes [4%:Y]2" (X = Cl, iPr and Y = Cl, Br, NO3) could be finally
observed and characterized. The opposite extreme with the smallest diradical
character was accomplished by combining electron-poor 2C€F3 and electron-rich
dhbg®. Those extremes served as basis for an underlying design principle, which was
disclosed by computational analyses. Conclusively, this one-step protocol granted
access to diradicaloid dimeric silicon polyoxolenes with adjustable diradical character.
Lastly, the trinuclear silicon polyoxolenes [5CY[HB|s (HB = HNEt3, Hpy, HN"Octs)
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were approached by a sixfold deprotonation of Hehhtp and subsequent implementation
with 2€L as indicated by NMR spectroscopy, complicated synthetic approach.
Cl
Cl cl completing redox series
v E; =043V, 088V

(vs. Fc/Fct)
chp2-
cl (1] v redox catalyst ¥
cl L
[1CI]-- &
Vv comproportionation
to monoradical anion
variation of increasing nuclearity with polytopic linkers

dioxolene

diradical character

v homo- and heteroleptic
derivatives
V triplet diradical

v control over spin ground state
v robust to coordinating environments
v preliminary results for trimeric derivatives

Figure 56: Overview of the results of this work: completion of the redox series and investigation of the
redox properties of 1C! as well as extension towards new silicon polyoxolenes by varying the dioxolene
and increasing the nuclearity with polytopic linkers.

Altogether, this work presents a more profound understanding of silicon-bridged

redox-active ligands and therefore provides a valuable extension based on a non-

metallic main group element to existing works on transition metals.
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EXPERIMENTAL SECTION

5.1 General Information

5.1.1 Materials and Methods

Unless otherwise stated, all experiments were carried out under inert argon
atmosphere using standard Schlenk techniques in flame-dried laboratory glassware or
in the gloveboxes SylaTech (Y-05-G-7986), MBraun LABstar (MB-10-G) and
MBraun LABmaster DP (MB-20-G) under inert nitrogen atmosphere to prevent
oxidation and hydrolysis of air and moisture sensitive compounds. Thereby, the argon
used within the Schlenk-line was freed from traces of oxygen with a heated Cu-
catalyst2!4 and dried using molecular sieves. All glassware, syringes, needles, and
magnetic stirring bars were thoroughly dried. Sensitive compounds were stored in one

of the glove boxes under nitrogen atmosphere.

The chemicals and solvents used in this work were obtained from the chemical store
of the chemical institutes of Heidelberg University or directly purchased from the
respective suppliers: Sigma Aldrich (Merck KGaA), aber GmbH, Alfa Aesar and Acros
Organics B.V.B.A. (Thermo Fisher Scientific), VWR, TCI Chemicals, Fluorochem.
Prior to use, commercially available solid chemicals were dried under reduced
pressure; liquid ones were degassed by saturation with argon and dried by storing

over activated molecular sieves (3 or 4 A) for at least 24 h.

The solvents used were obtained from a solvent purification system (MB-SPS-800,
MBraun). Deuterated solvents were purchased from Deutero GmbH, Eurisotop or
Sigma Aldrich. All solvents were degassed with three or four freeze-pump-thaw cycles,

and then dried and stored over activated molecular sieves (3 or 4 A) in J. Young or
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Normag valve ampoules under dry argon atmosphere for at least 24 h prior to use. In

case of acetonitrile and DMSO, the solvents were degassed by saturation with argon.

Hacat®31 2X.(CH3CN)2 (X = Cl, Br)312 and tris(2,4-dibromophenyl)amine!64 were

synthesize according to literature known procedures.

Analytical data of the known compounds were compared to the data of the respective
reference and were found to be consistent in all cases. Novel compounds were

characterized to the reported structures to the best of our knowledge.
5.1.2 Analytical Methods

Cyclovoltammetry

Electrochemical measurements were performed with a potentiostat (EmStat3+ Blue,
PalmSens Compact Electrochemical Interfaces) in the SylaTech glovebox under
nitrogen atmosphere in a glass cell using a three-electrode configuration. A glassy
carbon electrode with a working area of 0.07 cm?2, was used as working electrode, a
platinic wire as counter electrode; a silver wire served as quasi reference electrode.
The program PSTrace 5.9 was used to record all measurements. The substances were
examined at room temperature with an electrolyte of choice ([BArFao|[N"Bw| or
[PF6][N"Buy|, ¢ = 0.1 M, V=5 mL) in dichloromethane at a scan rate of 100 mV /s,
unless otherwise stated. The solutions were stirred between each measurement and
kept under nitrogen atmosphere throughout. As internal standard ferrocene was

measured at the very end of each set of measurements.

[BArF2][N"Buy] were prepared according to literature known procedure.215-216 Prior
to use, the electrolytes were recrystallized: [BArFao) [N"Buy| (dichloromethane/hexane,
4 °C),216 [BArFo|[PF¢| (hot ethanol)?!7, dried in vacuo for 24 h and stored in the

glovebox.

Electron Paramagnetic Spectroscopy

X-band EPR measurements (9.30-9.55 GHz) at room temperature were conducted on
a spectrometer (MiniScope MS400, magenettech) with a modulation frequency of
100 kHz. X-band EPR spectra (9.6 MHz) between 4-276 K were obtained with a
spectrometer (Elexsys E500, Bruker) with a continuous wave dual-mode resonator

(ER 4116DM, Bruker). The regulation of the temperature for low-temperature
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measurements was performed with a Bruker ER 4112HV-CF42 In-Cavaty Cryogen
Free VT system and a temperature controller (ITC 4, Ozford Instruments). The low-
temperature measurements of solvated samples were directly measured in quartz

tubes.

Elemental Analysis

The elemental analyses for the determination of C-, H- and N-content [%]| were
performed by the staff of the Microanalytical Laboratory of the Institutes of
Chemistry at Heidelberg University on an elemental analyzer (vario EL or vario
MICRO cube, Elementar Analysensysteme GmbH).

GC-MS

All GC-MS measurements were performed on a gas chromatograph (Agilent
Technologies 6890 Series) with helium as carrier gas, a column (HP-5MS, 5 %
diphenyl polysiloxane and 95 % dimethyl polysilorane) and a mass detector (Agilent
5973 Mass Selective Detector).

Magnetic Measurements

Magnetic properties were investigated using a SQUID magnetometer (Quantum
Design MPMX-XL 5, 5 T). Temperature and field dependency of the molar
susceptibility (Xm) in a temperature range of 2-300 K and a field range of 0-5 T were
measured. To prevent field-induced alignment of the sample during the measurement,
the powdered sample was pressed into a polycarbonate capsule and fixed in a plastic
straw as a sample holder. The data were adjusted by the diamagnetic contribution of
the gelatin capsule, the sample holder, and the sample itself with the help of Pascal

constants.

Mass Spectrometry

High resolution mass spectrometry (HR-MS) experiments were performed by the Mass
Spectrometry Facility of the Institute of Organic Chemistry of the University of
Heidelberg on mass spectrometers (JEOL AccuTOF GCz for EI pos., Bruker AperQe
hybrid 9.4 T FT-ICR for ESI and MALDI neg. and Bruker tims TOFfleX for MALDI

neg.).
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Nuclear Magnetic Resonance

NMR measurements were carried out by the NMR facilities of the Institute of
Inorganic Chemistry of the University of Heidelberg. The spectra were recorded at
298 K with a spectrometer (DPX 200, Avance II 400 or Avance III 600, Bruker) and
referenced to the respective deuterated solvent in use. 'H NMR data is reported as
follows: chemical shift & [ppm], multiplicity (s = singlet, br = broad, d = doublet, t
= triplet, q = quartet, quin = quintet, sext = sextet, sept = septet, m = multiplet),
scalar spin-spin coupling constant 2.J4p [Hz|, (n = number of chemical bonds between
coupled nuclei; A, B = coupled nuclei) integration value. 13C and 295i INVGATE
spectra were recorded 'H decoupled. Additionally, 2D NMR correlation experiments
(IH-13C-HSQC) and DEPT-135 NMR spectra were measured for the complete

assignment of the signals.

Single Crystal Structure Analysis
Suitable crystals for single-crystal structure determination were taken directly from
the mother liquor, submerged in perfluorinated polyether oil, and fixed on a Nylon

loop.

For the solid-state molecular structures of chapter 3.1.1, the intensity data were
collected at low temperature with a diffractometer ( Enraf-Nonius Kappa CCD, Mo-
K, radiation, sealed X-ray tube, graphite monochromator or Agilent Technologies
Supernova-E CCD, Cu-K, radiation, microfocus X-ray tube, multilayer mirror optics).
Detector frames (w- and j-scans) were integrated by profile fitting.218-220 Data were
corrected for air and detector absorption, Lorentz and polarization effects?19-220 and
scaled essentially by application of appropriate spherical harmonic functions.219,221-224
Absorption by the crystal was treated with a semiempirical multiscan method (as
part of the scaling process), and augmented by a spherical correction,219.221-224 The
scXRD measurements were conducted Prof. Dr. H. WADEPOHL and Prof. Dr. L. GREB
from the University of Heidelberg. The structures were solved by Prof. Dr. H.
WADEPOHL with the charge flip procedure2?>-226 and refined by full-matrix least
squares methods based on F? against all unique reflections.227-229 All non-hydrogen
atoms were given anisotropic displacement parameters. Hydrogen atoms were input
at calculated positions and refined with a riding model. The structure of 1€ (CgsHg)4
was refined as an inversion twin. Combined non-merohedral and inversion twinning

was found to be present in the crystals of 1CL(CgH4Clz)o. Refinement of one
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enantiomorph of this structure was carried out against singles and composites of the
first domain. Disordered benzene solvent in the structure of 1€1.(CH2Cly), was treated
as a rigid planar regular hexagon (dcc = 1.390 A), rigid body adp restraints were
applied.20 Due to severe disorder, electron density attributed to solvent of
crystallization (CH2Clz) was removed from the structures of 1€ (CH2Cly), with the
BYPASS procedure,?31-232 a5 implemented in PLATON (squeeze/hybrid).233-234
Partial structure factors from the solvent masks were included in the refinement as

separate contributions to Falc.

For the solid-state molecular structures of the remaining chapter, full shells of
intensity data were collected at low temperature with a diffractometer (D8 Venture,
Bruker), dual-source (Mo- or Cu-K, radiation, microfocus X-ray tube, Photon III
detector). Data were processed with the standard Bruker software package (SAINT,
APEXS8 or APEXY).235-236 Multiscan absorption correction was applied using the
SADABS program.221-222 The scXRD measurements were conducted by the X-ray
team of the groups HIMMEL and GREB from the University of Heidelberg. The
structures were solved by Prof. Dr. L. GREB, Dr. D. HARTMANN, Dr. M. SCHORPP and
D. ROTH by intrinsic phasing?2%:237 and refined using the SHEL X TL software package
(version 2014/6 and 2018/3).227-228,238-239 Graphical handling of the structural data
during solution and refinement was performed with OLEX2.2%0 All non-hydrogen
atoms were given anisotropic displacement parameters. Hydrogen atoms bound to

carbon were input at calculated positions and refined with a riding model.

For data visualization, Mercury 4.3.1 was used.241-243 The thermal displacement
ellipsoids are shown at the probability level of 50 %. Already published
crystallographic data can be obtained free of charge from the Cambridge
Crystallographic Data Centre and FIZ Karlsruhe joint Access Service via

https://www.ccde.cam.ac.uk/structures/ under the CCDC numbers given in the

respective tables (see Appendix 7.8).

Software

The chemical structures were visualized with ChemDraw 21.0.0.28 by PerkinElmer
Informatics. The plot and the evaluation of the spectral data were accomplished using
OriginPro 2021b 9.8.5.212 by OriginLab Corporation (IR, UV-vis-NIR, EPR,
SQUID), TopSpin 4.0.6 by Bruker (NMR) and OpenChrom by Lablicate (GC-MS).
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UV-vis-NIR Spectroscopy

UV-vis-NIR absorption spectra were recorded at room temperature (298 K) on a
spectrophotometer (Cary 5000, Varian/Agilent). The substances were measured as
dilute solutions in Normag quartz glass cuvettes. The solutions were prepared under
inert conditions in a glovebox. Before each measurement a background spectrum of

the solvent was recorded, and a baseline correction was conducted.

Vibrational Spectroscopy

Infrared (IR) spectra of solids and oils were performed on a FTIR spectrometer (Cary
630, Agilent) equipped with a diamond ATR sampling module in the SylaTech
glovebox under nitrogen atmosphere. Thereby, the samples were directly deposited
on the diamond crystal and pressed down with a stamp (in case of solid samples). A
baseline correction was conducted. The IR absorption bands are given in
wavenumbers ¥ [cm™!] and the signal intensities are divided into s = strong, m =
medium, w = weak and sh = shoulder, relative to the strongest signal in the respective

spectra.
5.1.3 Theoretical Methods

5.1.3.1 Geometry Optimizations, Single Point Energies on Different Spin States
of 1X and Exchange Coupling Constant J (for Chapter 3.1.1)

Geometry optimizations and single point energy calculations have been performed

with ORCA 4.0.1244 The RI approximation245 for the Coulomb integrals was used in

all cases (RIJCOSX), with application of corresponding auxiliary basis sets.246

The DFT hybrid functional PBE0?47 was used in combination with Grimme’s semi-
empirical dispersion correction,?*® Becke-Johnson damping function?49-251 (D3(BJ))
and a def2-TZVPP22-253 hasis set. All calculated geometries have been confirmed as
energetic minima on the potential energy surface by analytical calculation of harmonic

frequencies, revealing only positive values.

Broken-symmetry Kohn-Sham DFT calculations were used to obtain the magnetic
exchange coupling constant J of the two unpaired electrons (H = —2.J%Sx*Sg). Spin-

contamination was accounted by means of the Yamaguchi correction scheme (J =
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E[HS]-E[BS])/(<$2>HS—<.5*>BS)).254257 The use of PBEOQ follows a recent advice

by Tllas and co-workers on the choice of suitable functionals.258

The energies for the open shell triplet, open shell singlet, and closed shell singlet
solution for 1€ are given in Table 5 (see Appendix). Ferromagnetic exchange coupling
constants were obtained for 1X (X = F, Cl, Br, tBu; see Appendix, Table 6).
Comparison of the computed, characteristic C-O bond lengths of the three different
states with the X-ray structure of 1€! obtained from CH2Cly, revealed closest

agreement with the triplet state.

5.1.3.2 Transition State for Catecholate Shuffling (for Chapter 3.1.4)

Geometry optimizations and single point energy calculations have been performed
with Orca 4.2.259 The structures of all involved compounds were optimized with the
PBEh-3c/def2-mSVP as implemented in Orca, using grid5 settings,260 and confirmed
as energetic minima on the potential energy surface by analytical calculation of
harmonic frequencies, revealing only positive Hessian eigenvalues, or one negative in
case of the transition state. Enthalpies at 298.15 K have been calculated at the same
level of theory by using the rigid-rotor harmonic oscillator (RRHO) approximation,261
as implemented in Orca. The gas phase single point computations were calculated
with the hybrid meta exchange-correlation functional PW6B95-D3(BJ),262 in
combination with the very large def2-QZVPP basis set.252 SCF settings were tightSCF
and integration was performed at a very fine grid7. The RIJCOSX Fock-matrix
formation algorithm was used as implemented in Orca along with the respective
automatically generated auxiliary basis sets (AutoAux)263. Enthalpies at 298.15 K
were calculated with the total thermal and zero-point energy correction from the

PBED-3c calculation combined with the electronic single point energies obtained on
the PW6B95-D3(BJ)/def2-QZVPP level of theory.

5.1.3.3 Electron Affinities and Thermodynamic Data (for Chapters 3.1.6, 3.2 and
3.2.5)

Geometry optimizations and single point energy calculations have been performed

with ORCA 4.0.1.2.259:264 The RI approximation?4 for the Coulomb integrals was

used in all cases (RIJCOSX), with application of corresponding auxiliary basis sets.246

The single point energies were obtained in two steps. First, geometry optimization

was performed on BP86.265-266 The obtained geometry was taken and further
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optimized on PW6B96.262 Both steps included Grimme’s semi-empirical dispersion
correction?!® with Becke-Johnson damping function?49-251 (D3(BJ) and def2- SVP or
def2-TZVPP%2253 basis set). Solvation correction (CH2Clz) was performed with

CPCM in both calculations as implemented in Orca.

All calculated geometries have been confirmed as energetic minima on the potential
energy surface by analytical calculation of harmonic frequencies at the BP86-
D3(BJ)/def2-SVP level, revealing only positive values. Enthalpies at 298 K have been
calculated with the same level of theory by using the rigid-rotor harmonic oscillator

(RRHO) approximation,26l as implemented in Orca.

5.1.3.4 Geometry Optimizations, Single Point Energies on Different Spin States
and Fractional Occupation Densities (FODs, for Chapter 3.3.4)
All computations were performed with the Orca 5.0.3 program package.244:259 Asg
starting geometries, VSEPR, structures preoptimized with UFF were used. Structure
optimizations for all compounds were performed with the r2SCAN-3c¢ method
(including the def2-mTZVPP basis set, geometrical counter-poise correction scheme
(gCP) and the atom-pairwise dispersion correction (D4)),267 as implemented in Orca.
For the compounds [4%Y][CH3CN-Na@15¢5|2 and [dhbg®!|[Na@15c5]2, the structures
were optimized in the triplet and the singlet manifold. Calculated equilibrium
structures were confirmed as energetic minima on the potential energy surface by
analytical calculation of harmonic frequencies at the level of optimization, revealing
only positive Hessian eigenvalues. Enthalpies at 298.15 K have been calculated by
using the rigid-rotor harmonic oscillator (RRHO) approximation,26! as implemented

in Orca.

Single point computations at the singlet- and triplet states were performed at the
respective optimized structures of the same spin state. Restricted or unrestricted
computations with the PW6B95 functional 262 D4 dispersion correction?67 and the
def2-QZVPP basis set?52 were performed. For the Coulomb Integral, the RI
approximation (RIJCOSX) was applied along with the corresponding auxiliary basis
sets.246 Broken symmetry solutions were obtained by the implemented feature in Orca
5.0.3. on the triplet optimized structures. Coupling constants J are given according
to Yamaguchi’s scheme (—(E[HS]—E[BS])/(<S**2>HS—<S**2>BS)).
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Thermochemical corrections to obtain H and G were taken from the structural

optimization computations at the r2scan level of theory.

Fractional occupation densities (FODs) were obtained for the respective singlet state
structures of [4%Y][CH3CN-Na@15c5]2 and [dhbg®!|[Na@15¢5]2 as implemented in
Orca 5.0.3, using the originally suggested FT-TPSS/def2-SV(P) (T« = 5000 K) level
of theory.207,268

5.1.3.5 Fluoride-Anion-Affinities (FIAs, for Chapter 3.3.5)

For the optimized structures single point energies were calculated with the double-
hybrid functional DSD-BLYP,269 the Becke-Johnson damping function (BJ),250.270
Grimme’s semi-empirical dispersion correction (D3),248249 and the def2-QZVPP basis
set.252 For the Coulomb Integral, the RI approximation (RIJCOSX) was applied along

with the corresponding auxiliary basis sets.246 This combination is denoted as DSD-
BLYP-D3(BJ)/def2-QZVPP.

The FIAs were derived from the thermodynamic data according to a protocol from a
comprehensive benchmark study.2”t Final values were obtained after subtraction of
the enthalpy for the isodesmic reaction of the Lewis Acid (LA) with
trimethylsilylfluoride (FSi(CH3)3) to the Fluoride adduct of the Lewis acid and the
trimethylsilyl cation (Si(CH3)3*) from the highly accurate CCSD(T)/CBS anchor
point for the FIA of the trimethylsilylcation.2™ The calculated gas phase values are
shown in Table 13 (see Appendix).
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5.2.1 Precursors

5.2.1.1 Tetrachlorocatechol — HacatC!

Cl
Cl OH

Cl OH
Cl

Freshly sublimated catechol (5.00 g, 45.4 mmol, 1.0 eq.) was dissolved in concentrated
acetic acid (50 mL) and concentrated hydrochloric acid (275 mL). The solution was
cooled down to 5 °C. Then hydrogen peroxide solution (35%, 15.6 mL, 182 mmol,
4.0 eq.) was added dropwise over a period of 2 h, whereby the color of the reaction
changed multiple times. The solution was left to warm up to room temperature slowly
leading to precipitation of light brown to orange solids. The precipitate was collected,
washed with water, and left to dry in the fume hood for 24 h. The crude product
(9.27 g, 37.4 mmol, 82 %) was washed with little amount of cold dichloromethane. It
was then recrystallized from hot dichloromethane with the addition of some drops of
EtOH. Finally, the crystalline solids were filtrated and dried in vacuo, yielding
Hzcat® (4.26 g, 17.2 mmol, 38 %) as colorless solids. The analytical data was in

agreement with the literature data.31,272

1H NMR (400 MHz, CD2Cls): 6 = 5.92 (s, 2H).
13C NMR (101 MHz, CD2Cly): 8 = 140.6 (Cr-O), 123.9 (CearCl), 119.2 (Cur-Cl).

114



5 Experimental Section

5.2.1.2 3,4,6-Triisopropylcatechol — HacatPr

OH

OH

Catechol (2.25 g, 20.4 mmol, 1.0 eq.) was suspended in heptane (6.0 mL) and
isopropanol (4.91 g, 6.25 mL, 81.7 mmol, 4.0 eq.) was added. The mixture was heated
to reflux. Concentrated sulfuric acid (8.02 g, 4.54 mL, 81.7 mmol, 4.0 eq.) was added
over a period of 20 min. The reaction was stirred for further 5 h at around 100 °C.
After cooling down, ethyl acetate was added to visibly enhance phase separation. The
organic layer was separated and washed twice with diluted aqueous sodium hydroxide
solution (0.5 M) and water. The organic phase was dried over NapSO4. After the
solvent was evaporated under reduced pressure a black-brown and viscous residue
(3.88 g, 80 %) remained. Purification of the crude material (4.00 g) by silica gel flash
column chromatography (petroleum ether: ethyl acetate = 10:1) afforded HacatiF*
(1.39 g, 5.88 mmol, 35 %) as a brown oil. Single crystals were obtained by solidifying
the oil at —40 °C and slowly warming back to room temperature. This led to
sublimation yielding in colorless crystals suitable for scXRD analysis. The analytical

data was in agreement with the literature data.182

1H NMR (600 MHz, CDCls): 6 = 6.65 (s, 1H), 5.34 (s, 1H), 4.74 (s, 1H), 3.37 (m,
1H), 3.17 (sept, 3Jun = 6.7 Hz, 1H), 3.05 (sept, 3Jug = 6.9 Hz, 1H), 1.40 (d, 3Jpy =
7.2 Hz, 6H), 1.27 (d, 3Juw = 6.9 Hz, 6H), 1.21 (d, 3Jur = 6.9 Hz, 6H).

13C NMR (151 MHz, CDCl3): 8 = 143.0 (Ceu-O), 138.8 (CoariPr), 138.6 (Cear-O),
131.3 (CoariPr), 129.0 (CariPr), 113.7 (CearH), 29.3 (CH), 27.7 (CH), 26.9 (CH),
24.4 (CHs), 22.7 (CHzs), 21.2 (CHj).

Elemental Analysis: calcd. for Ci5H2402: C 76.23, H 10.24, found: C 76.22, H 10.42.
GC-MS (EI pos.): m/z221.2 (30 %) Ci14aH2102" [NI*CHg]*, 236.2 (10 %) Ci15H2402"
[M]+.

HR-MS (EI pos.): m/z caled. for Ci4H2102" [M—CHs| " 221.1536, found 221.1556;
caled. for Ci5Ha4Oo" [M]+ 236.1771, found 236.1669.

IR (FT-ATR): 7 = 3359 (br, O-H), 2958 (s, C-H), 2029 (s, C-H), 2869 (s, C-H), 1493
(m), 1440 (s), 1363 (s), 1262 (s), 1187 (s), 1104 (s).
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5.2.1.3 Tetrabromo-o-benzoquinone — gB"

Br. O

A solution of tetrabromocatechol (4.00 g, 9.40 mmol, 1.0 eq.) in warm glacial acetic
acid (20 mL) was prepared. Nitric acid (65%, 1.05 mL, 15.0 mmol, 1.6 eq.), diluted
with glacial acetic acid (1.5 mL), was added dropwise over 10 min. After the mixture
was stirred for 2 h at room temperature, the addition of water (120 mL) precipitated
a red solid, which was filtered. The solids were redispersed in dichloromethane and
dried over NapSQ4. The solvent was removed under reduced pressure. After drying in
vacuo for 24 h, ¢Br (2.24 g, 5.28 mmol, 56 %) was obtained as red crystalline solids.

The analytical data was in agreement with the literature data.176

13C NMR (101 MHz, CD2Cl2): 6 = 169.2 (CgiorrO), 142.7 (Caios-Br), 128.6 (C gios
Br).
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5.2.1.4 3,4,6-Triisopropyl-o-benzoquinone — ¢P"

3,4,6-Triisopropylcatechol (945 mg, 4.00 mmol, 1.0 eq.) was dissolved in diethyl ether
(50 mL). A solution of K3Fe(CN)g (6.4 g), crushed potassium hydroxide (1.28 g) and
NapCO3 (2.2 g) in water (60 mL) was added and the reaction mixture was stirred
vigorously at room temperature for 2 h. Then, the phases were separated. The organic
phase was washed with water for three times and the aqueous phase was extracted
twice with diethyl ether. The combined organic layers were dried over NasSO4. The
solvent was removed under reduced pressure leading to a dark red-brown oil. The oil
was dried in vacuo for 24 h and afterwards stored at —40 °C, where the product
solidified. Finally, ¢P* (790 mg, 3.36 mmol, 84 %) was obtained as sticky dark green

solids. The analytical data was in agreement with the literature data.182

1H NMR (600 MHz, CD2Clp): 6 = 6.74 (d, 4Jur = 1.0 Hz, 1H), 3.20 (sept, 3Jun =
6.9 Hz, 1H), 3.09 (sept, 3Jgn = 7.1 Hz, 1H), 2.87 (dsept, *Jun = 6.9 Hz, 4Jur = 1.0 Hz,
IH)7 1.21 (d7 3Jgr = T7.1 HZ)7 1.14 (d, 3Ty = 6.9 HZ)7 1.11 (d, 3Jgr = 6.9 HZ).

13C NMR (101 MHz, CD2Cla): 6 = 181.8 (CuiorrO), 181.0 (CiorrO), 154.0 (C gioe~
iPr), 147.1 (CgioriPr), 140.5 (Cgior-iPr), 134.1 (Caior-H), 29.7 (CH), 27.8 (CH), 27.3
(CH), 21.6 (CHs), 21.2 (CHs), 20.4 (CHs).
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5.2.1.5 Bromanilic acid — HodhbgB"

Br
HO o]

0] OH
Br

2,5-Dihydroxy-p-benzoquinone (2.00 g, 14.3 mmol, 1.0 eq.) was suspended in ethanol
(25 mL). Bromine (4.56 g, 1.46 mL, 28.6 mmol, 2.0 eq.) was slowly added to the
suspension. The reaction mixture was stirred for 20 h at room temperature. Red
precipitate was obtained, collected by filtration and washed with pentane and hexane.
The crude product was redissolved in hot ethanol, layered with hexane and left to
cool down. Red crystalline material formed. After drying in vacuo for 24 h, HadhbgB*
(1.54 g, 5.17 mmol, 36 %) was obtained as red brown powder. Single crystals were
obtained from a saturated solution in hot ethanol layered with hexane. The analytical

data was in agreement with the literature data.l9

1H NMR (600 MHz, (CD3)2CO): 6§ = 10.95 (s, br, 2H).
13C NMR (151 MHz, (CD3)2CO): 8 = 206.1 (C,-0), 102.1 (C¢-Br).
Elemental Analysis: calcd. for CsgHoBraOy4: C 24.19, H 0.68, found: C 24.43, H 0.75.
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5.2.1.6 3,6-Dibromo-2,5-diphenyl-p-benzoquinone

Ph
Br o]

(0] Br
Ph

2,5-Diphenyl-p-benzoquinone (1.11 g, 4.27 mmol, 1.0 eq.) was dissolved in hot glacial
acetic acid (80 mL). Excess of bromine (approx. 5.50 g, 1.76 mL, 34.4 mmol, 8.1 eq.)
was dropped to the yellow solution within 20 min. It was stirred at 100 °C for 1 h.
After cooling down, water (400 mL) was added to the reaction. An orange suspension
was obtained which was again heated to reflux until coagulation of the product was
observed. After cooling down to room temperature, the orange solids were collected
by filtration and washed with water. The title compound (1.66 g, 3.96 mmol, 93 %)
was obtained as orange powder. Single crystals (orange) suitable for scXRD analysis
were obtained from a saturated solution in hot n-butanol. The analytical data was in

agreement with the literature data.191

1H NMR (600 MHz, CDCl3): § = 7.51-7.49 (m, 6H), 7.35-7.33 (m, 4H).

13C NMR (151 MHz, CDCl3): § = 177.1 (C-0), 147.2 (C¢-Br), 136.4 (CPh), 133.3
(ipso-Cpn), 129.9 (Cpp-H), 129.4 (Cpi-H), 128.4 (Cpp-H).

Elemental Analysis: calcd. for CigH10Br2O2: C 51.71, H 2.41, found: C 51.98, H
2.54.
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5.2.1.7 Polyporic acid — H2dhbgPh

Ph
HO (0]

[0) OH
Ph

3,6-Dibromo-2,5-diphenyl-p-benzoquinone (1.00 g, 2.39 mmol, 1.0 eq.) was suspended
in methanol (50 mL). An aqueous solution of sodium hydroxide (10 %, 50 mL) was
added, and the reaction immediately turned violet. It was stirred for 2 h at around
50 °C. After cooling down, the mixture was filtrated. The violet solution was acidified
with concentrated hydrochloric acid until discoloration and formation of brown
precipitate was obtained. Water (50 mL) was added to the suspension. It was heated
to reflux until coagulation of the solids was observed. The brown solids were collected
by filtration and washed with a vigorous amount of water. After drying in vacuo at
50 °C for 2 d, HadhbgP? (500 mg, 1.71 mmol, 71 %) was obtained as light brown
powder. Single crystals (brown) were obtained from a saturated solution in hot

toluene. The analytical data was in agreement with the literature data.l92

1H NMR (600 MHz, (CD3)2S0): 6 = 11.15 (s, br), 7.43-7.37 (m, 4H), 7.35-7.31 (m,
1H).

13C NMR (151 MHz, (CD3)2S0): 8 = 130.8 (ipso-Cpn), 130.5 (Cpn-H), 127.6 (Cpun-
H), 127.5 (Cpp-H), 115.6 (C4-Ph).

Oxygen-bound carbons were not detected.

Elemental Analysis: caled. for CigH1204: C 73.97, H 4.14, found: C 72.98, H 4.32.
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5.2.1.8 [dhbg\%z]Na,
NO,
NaO O

o ONa
NO,

Sodium nitrite (5.00 g, 72.5 mmol, 9.0 eq.) was dissolved in water (200 mL). To the
colorless solution tetrachloro-p-benzoquinone (2.00 g, 8.13 mmol, 1.0 eq.) was added,
resulting in a yellow suspension. The reaction was heated to reflux for 2 h and turned
orange. It was filtrated while hot and the solution was left to cool down to room
temperature. Orange crystals already formed. The solution was further cooled down
to 4 °C for 24 h to increase precipitation. The precipitate was collected by filtration
and washed with less amount of water (50 mL). It was left to dry in the fume hood
and further dried in vacuo for 24 h to yield the product (1.64 g, 5.97 mmol, 73 %) as
orange crystalline solids. The analytical data was in agreement with the literature
data.193

IH NMR measurements and elemental analysis revealed the presence of 2 eq. of water
within 1 eq. of product. Therefore, prior to use, the product was dissolved in dimethyl
sulfoxide. The solution was then dried over molecular sieves for 24 h. Then, adding
dichloromethane led to precipitation of the product, which was collected by filtration
and washed vigorously with dichloromethane and pentane. The solids were dried in

vacuo for 24 h to yield [dhbgNO2|Naz as yellow powder in quantitative yields.

13C NMR (151 MHz, (CD3)2S0): 6 = 168.6 (C-0), 133.2 (CoN).

Elemental Analysis: caled. for C¢NaNapOg x (CH3)2SO: C 27.28, H 1.72, N 7.95,
found: C 27.58, H 1.99, N 7.66.

IR (FT-ATR): ¥ — 1587 (s, N=0O, C=0), 1465 (m), 1264 (s), 1032 (s).
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5.2.1.9 [dhbgH]Na;

NaO. O

o ONa
H
2,5-Dihydroxy-p-benzoquinone (500 mg, 3.57 mmol, 1.0 eq.) and NaH (171 mg,
7.14 mmol, 2.0 eq.) were mixed in acetonitrile (11 mL). The reaction mixture turned
blood red and was stirred at room temperature until the hydrogen gas development
was completed. During the reaction period, the gaseous phase was exchanged
frequently. The reaction was further stirred for 18 h at room temperature yielding a
brown suspension. The precipitate was collected by filtration and washed once with
acetonitrile and several times with dichloromethane. Finally, the brown solids were

dried in vacuo for 24 h to give [dhbgH]Naz in quantitative yields.

1H NMR (200 MHz, D20): 6 = 5.36 (s, 2H).

13C NMR (600 MHz, D;0): § = 181.9 (C-0), 101.3 (C-H).

Elemental Analysis: calcd. for CsHaNagO4: C 39.15, H 1.10, found: C 38.64, H 1.43.
IR (FT-ATR): ¥ — 2939 (w, C-H), 1524 (s, C=0), 1400 (s), 1266 (s).
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5.2.1.10 2,3,6,7,10,11-Hexamethoxytriphenylene — hmtp
OMe

Anhydrous iron(III) chloride (12.0 g, 73.9 mmol, 3.4 eq.) was suspended in
dichloromethane (65 mL), followed by concentrated sulfuric acid (150 uL). A solution
of 1,2-dimethoxybenzene (3.0 g, 2.77 mL, 21.7 mmol, 1.0 eq.) in dichloromethane
(30 mL), was added dropwise over a period of 20 min. The reaction was stirred for 3
h at room temperature. Afterwards it was quenched with methanol (90 mL) leading
to a suspension. The precipitate was collected by filtration and washed with methanol
(150 mL) and ethanol (100 mL). Drying in wvacuo for 24 h finally afforded hmtp
(2.58 g, 6.32 mmol, 84 %) as colorless powder. The analytical data was in agreement
with the literature data.208

'H NMR (400 MHz, CDCly): 8 = 7.81 (s, 6H), 4.08 (s, 18H).

13C NMR. (101 MHz, CDyCly,): 6 = 149.4 (C-O), 123.5 (C,), 104.8 (CH), 56.3
(CH).
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5.2.1.11 2,3,6,7,10,11-Hexahydroxytriphenylene — Hghhtp
OH

l OH
00O
e

OH

OH

A solution of hexamethoxytriphenylene (500 mg, 1.22 mmol, 1.0 eq.) in
dichloromethane (10 mL) was cooled to —78 °C. Boron tribromide (1 M in CHCls,
14.7 mL, 14.7 mmol, 12 eq.) was added dropwise within a period of 20 min. While the
reaction was allowed to warm to room temperature, it was further stirred for 16 h.
Afterwards the mixture was poured onto ice (50 g) and stirred until the ice was
melted. The precipitate was collected by filtration and washed vigorously with water.
Drying in vacuo for 24 h at 60 °C provided Hehhtp (301 mg, 928 pmol, 76 %) as grey

powder. The analytical data was in agreement with the literature data.l39

1H NMR (600 MHz, (CD3)2S0): 8 = 9.29 (s, br, 6H), 7.61 (s, GH).

13C NMR (151 MHz, (CD3)280): 8 = 145.2 (C-0), 121.8 (C,), 107.8 (CH).

IR (FT-ATR): ¥ = 3418 (s, br, O-H), 3376 (s, br, O-H), 1631 (m), 1609 (m), 1534
(s), 1452 (s), 1370 (s), 1246 (s), 1180 (s), 1128 (s), 1000 (s).
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5.2.2Silicon Lewis Acids

5.2.2.1 Si(catC|)2-(CH3CN)2 - 2C|-(CH3CN)2

1 CHiCN .
cl o, | o ci
an
cl o7 | Yo cl
Cl cHyeN Cl

Hocat® was recrystallized (see 5.2.1.1), dissolved in acetonitrile and dried over

molecular sieves (3 A) for 24 h prior to use.

HSiCl3 (296 mg, 221 pL, 2.19 mmol, 1.0 eq.) was slowly dropped to the solution of
Hacat® (1.09 g, 4.38 mmol, 2.0 eq.) in acetonitrile (40 mL) while stirring. Evolution
of gas bubbles and colorless precipitation could be observed. After the gas
development was finished, the solution was warmed up to 40 °C and stirred well for
24 h. The precipitate was collected by filtration, washed with acetonitrile (3 x 10 mL)
and dichloromethane (3 x 10 mL). After drying in vacuo for 24 h, 2CL.(CH3CN)2
(1.12 g, 1.86 mmol, 85 %) was obtained as colorless solids.

TH NMR (400 MHz, CD2Clz): 6 = 2.00 (s, br, 6H).

13C and 29Si NMR spectra could not be obtained due to limited solubility.
Elemental Analysis: calcd. for Ci6HgClsN204Si: C 31.93, H 1.00, N 4.65, found
C 31.59, H 1.18, N 4.68.

HR-MS (EI pos.): m/z caled. for Cy2ClgO4Sit [M—(CH3CN)o|* 519.7010, found:
519.7013.

5.2.2.2 Si(catB')z-(CH3CN)2 - 23"-(CH3CN)2

Br CHiCN Br
Br. o, | o Br
‘st
Br o7 | o Br
Br CH,CN Br

HacatPr (2.00 g, 4.70 mmol, 2.0 eq.) was suspended in acetonitrile (15 mL). HSiCl3
(237 uL, 2.35 mmol, 1.0 eq.) was slowly dropped into the solution, whereby evolution
of gas bubbles and colorless precipitation could be observed. After the gas
development was finished, the solution was warmed up to 40 °C and stirred for 24 h.

The precipitate was collected by filtration, washed with acetonitrile and
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dichloromethane. After drying in vacuo for 24 h, 2Br.(CH3CN)2 (2.05 g, 2.14 mmol,
91 %) was obtained as colorless solids. The analytical data was in agreement with the

literature data.32

5.2.2.3 Si(catiPr), — 2iPr

O, ..~ o
-
0" Mo

Hacatr (288 mg, 1.22 mmol, 2.0 eq) was dissolved in acetonitrile (5.0 mL) in a broad
Schlenk tube resulting in a light brown solution. While stirring HSiClz (78.3 mg,
58.5 pL, 578 pymol, 0.95 eq) was dropped into the solution. The reaction immediately
turned greenish black, and development of gas bubbles was observed. It was stirred
well for 24 h at room temperature. Over time, it could be observed that the mixture
decolored to light brown and colorless sticky solids formed. The supernatant solution
was removed, and the solids were washed with acetonitrile (2 x 5 mL). After drying

in vacuo 21Pr (183 mg, 368 umol, 64 %) was obtained as colorless powder.

1H NMR (600 MHz, CDCl3): 6 = 6.77 (s, 1H), 3.31 (sept, 3Jux = 7.0 Hz, 1H), 3.21
(sept, 3Jum = 6.8 Hz, 1H), 3.16 (sept, 3Jug = 6.9 Hz, 1H), 1.37 (d, 3Jug = 7.0 Hz,
6H), 1.28 (d, 3Jum = 7.0 Hz, 6H), 1.23 (d, 3Juy = 6.8 Hz, 6H).

13C NMR (151 MHz, CDCl3): 6 = 144.6 (C(et-O), 142.1 (Crer-O), 139.9 (Cear), 131.2
(Cea), 129.1 (Cear), 116.1 (CearH), 29.4 (CH), 28.5 (CH), 27.1 (CH), 24.4 (CHs),
22.5 (CHs), 21.2 (CHs).

29Si INVGATE NMR (119 MHz, CDCl3): § = —41.1.

Elemental Analysis: calcd. for C30H4404Si: C 72.54, H 8.93, found: C 72.36, H 8.90.
HR-MS (ESIneg.): m/z caled. for C3oHy505Si™ [M+OH]|™ 513.3042, found 513.3045
(100 %).

IR (FT-ATR): ¥ = 2958 (s, C-H), 2929 (s, C-H), 2870 (s, C-H), 1415 (s), 1309 (s),
1174 (s), 1120 (s), 993 (s).
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5.2.3 Homoleptic Silicon Trisdioxolene Compounds

5.2.3.1 Si(dioxX); — 1X (X = Cl, Br)

Sily and perhalogenated ortho-benzoquinone (gX) were dissolved in dichloromethane.
The solution was intense red colored in the beginning and was allowed to stand
without stirring for several days (X = Cl) or 24 h (X = Br). Thereby the mixture
darkened to black violet (due to the formed iodine) and big black crystals were
observed in the vial. The supernatant solution was removed. The crystalline material
was washed several times by suspending in pentane and removing the supernatant
until no coloration of the solution was observed anymore. Afterwards the solids were

dried in vacuo for 24 h to give the products 1X as intense colored powders.

Si(dioxC)s — 1€ Sily (350 mg, 653 pmol, 1.0 eq.) and ¢ (482 mg, 1.96 mmol,
3.0 eq.) were employed in CH2Cly (3.0 mL) to give 1€ (429 mg, 560 ymol, 86 %) as
green powder. Single crystals (black) were obtained from a saturated solution in
CH2Clz or by gaseous diffusion of pentane into solutions of CH2Cly at —40 °C or o-

dcb at room temperature. Crystallization was also possible in TCE by layering with
CeHg.

IR (FT-ATR): ¥ = 1502 (s), 1453 (s), 1387 (sh), 1208 (s), 991 (s).
UV-vis-NIR (CHyCly, 5 x 107 M): 299, 488, 615, 1025, 1116, 2844.
UV-vis-NIR (o-dcb, 5 x 1074 M): 301, 322, 467, 568, 1130, 2844, 2915.

Si(dioxBr)s — 1Br: Sily (61.9 mg, 116 pmol, 1.0 eq.) and ¢ (147 mg, 346 pmol,
3.0 eq.) were employed in CH2Cly (1.0 mL) to give 1Br (114 mg, 87.8 umol, 76 %) as
purple powder. Single crystals (black violet) suitable for scXRD analysis were

obtained from saturated solutions in CHsCly or CgHg.
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Elemental analysis: calcd. for Ci1gBri1206Si: C 16.64, found: C 16.90.

HR-MS (MALDI neg.): m/z caled. for CigHBri206Si~ [M-+H]|™ 1299.9626, found
1299.9645 (70 %); caled. for Ci1oHBrsOsSi~ [Si(catbr)o+OH]™ 892.2983, found 892.2993
(100 %).

IR (FT-ATR): ¥ — 1491 (m), 1467 (m), 1416 (s), 1264 (w), 1223 (w), 1359 (m), 1163
(m), 1025 (s).

UV-vis-NIR (CH2Cly, 1074 M): 277, 468, 575 (sh), 2856.

UV-vis-NIR (o-dcb, 107 M): 491, 1054, 1154, 2852.

5.2.3.2 Si(dioxtBu); — 1tBu

Sily (162 mg, 302 pmol, 1.0 eq.) and g*B* (200 mg, 908 mmol, 3.0 eq.) were dissolved
in dichloromethane (6.0 mL). The reaction immediately turned dark brown and was
stirred at room temperature for 24 h. Afterwards the solvent and iodine (in parts)
were removed under reduced pressure. The residual solids were redissolved in
dichloromethane and filtered fast over celite and activated charcoal. A black-green
solution was obtained. The solvent was removed under reduced pressure. The
resulting solids were dried in vacuo for 24 h to give 1tBu (107 mg, 155 pmol, 51 %)

as dark green powder.

Elemental Analysis: calcd. for C4o0HgoOgSi: C 73.21, H 8.78, found: C 72.42, H 8.65.
HR-MS (MALDIneg.): m/z caled. for C4oHe1OgSi™ [M+H|™ 689.4243, found 689.4249
(19 %); caled. for CagHusO5Si™ [Si(cattBu)a+OMe|™ 499.2885, found 499.2873.

IR (FT-ATR): ¥ — 2954 (s, C-H), 2905 (s, C-H), 2868 (s, C-H); 1574 (w), 1480 (s),
1425 (s), 1362 (m), 1242 (s), 987 (s).
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5.2.3.3 [Si(catX)s][M]2 — [1X][M]2 (X = F, CI, Br, tBu)

F

F F

. 0 F
F:@o,,,,éim\o
F o7 | o

F o F

F F

_ Fo_| [meyl,

[Si(catF)s]|[Hpylz — [1F][Hpyl2: HacatF (100 mg, 549 pmol, 3.0 eq.) was dissolved in
acetonitrile (5.0 mL). Then pyridine (28.5 mg, 29.0 pL, 360 pmol, 2.0 eq.) and
tetraethyl orthosilicate (37.5 mg, 39.9 pL, 180 umol, 1.0 eq.) were added and the
mixture was stirred for 16 h resulting in an orange solution. The solvent was removed
under reduced pressure. The solid was washed with diethyl ether and dried in vacuo
for 24 h to yield [1F|[Hpyl2 (95.0 mg, 130 pmol, 72 %) as brown powder.

1H NMR (400 MHz, CDsCl): § = 8.91 (d, 3Jun — 5.2 Hz, 4H), 8.30 (t, *Juy —
7.8 Hz, 2H), 7.82 (t, 3.Jui — 6.8 Hz, 4H).

19F NMR (376 MHz, CDCly): 6 = —170.7 (m, 2F), —177.0 (m, 2F).

13C and 29Si NMR spectra could not be obtained due to limited solubility.
HR-MS (ESI neg.): m/z caled. for CisHF1206Si™ [Si(cat™)s+H]|™ 568.9356, found
568.9362.
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-n
-n

] [N”Bu4]2

[Si(catF)s][N"Buy|2 — [1F|[N"Buy]2: [1F|[Hpyl2 (80.0 mg, 110 pmol, 1.0 eq.) was
suspended in dichloromethane (20 mL), giving an orange solution. Then N"BuyBr
(70.9 mg, 220 pmol, 2.0 eq.) was added and the mixture was stirred for 2 h.
Concentrating the solution under reduced pressure and cooling to —20 °C resulted in
a yellow suspension. The precipitate was removed by filtration and the solution was
washed with water (3 x 5 mL). Then the solvent was removed under reduced pressure
yielding [1F|[N"Buy|2 (58.0 mg, 55.1 umol, 50 %) as brown solids which was dried in

vacuo for 24 h.

1H NMR (400 MHz, CDCly): 8 = 3.26 (m, 16H), 1.66 (m, 16H), 1.31 (m, 16H), 0.90
(t, 3Jug = 6.56 Hz, 24H).

13C NMR (151 MHz, CDyCly): 6 = 59.0 (N-CHy), 23.9 (CHs), 19.7 (CHa), 13.3
(CHj3). Residual signals were not detected due to intense fluorine content (coupling).
19F NMR (376 MHz, CDoCly): § = —172.5 (m, 2F), —181.0 (m, 2F).

HR-MS (ESI neg.): m/z caled. for CisHF1206Si™ [Si(cat™)s+H]|™ 568.9356, found
568.9362; C34Hz6F12NOgSi™ [Si( catF)3+N"Buy+H]|™ caled. 810.2125, found 810.2130.
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cl
cl cl
cl o cl
cl 0., | 0
/'SI\
cm o | o
o cl
cl cl
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: b7 e

[Si(cat®)s3][H2N"Pra]e — [1C1[H2N"Prz]2: Di-n-propylamine (109 mg, 148 uL,
1.08 pmol, 2.0 eq.) was slowly dropped to a solution of Hacat® (402 mg, 1.62 mmol,
3.0 eq.) in acetonitrile (6.0 mL). The reaction mixture turned red brown. Tetraethyl
orthosilicate (113 mg, 121 uL, 541 ymol, 1.0 eq.) was slowly added. The reaction was
stirred for 1 h at room temperature and heated to reflux for 2 h. After cooling to room
temperature, a colorless solid precipitated. Cooling to —20 °C for 1 h promoted further
precipitation. The solids were collected by filtration, washed several times with diethyl
ether and dried in vacuo to give [LC|[HaN"Pra]2 (268 mg, 276 umol, 51 %) as colorless
crystalline solids. Single crystals (colorless) suitable for scXRD analysis were obtained
from a saturated solution in acetonitrile at —20 °C. The analytical data was in

agreement with the literature data.92

1H NMR (600 MHz, CD2Clo): 6 = 7.43 (s, 4H), 3.23 (t, 3Jgy = 7.4 Hz, 8H), 1.71
(sext, 3Jyn = 7.5 Hz, 4H), 0.96 (t, 3Juy = 7.4 Hz, 6H).

13C NMR (151 MHz, CD2Clp): 6 = 146.7 (Ccar-O), 120.3 (Cear-Cl), 114.2 (Car-Cl),
49.2 (N—CHQ)7 19.7 (CHQ)7 10.9 (CHg).

29Si INVGATE NMR (119 MHz, CD2Cly): 6 = —143.7.

Elemental Analysis: caled. for C30H32Cl12N206Si: C 37.14, H 3.33, N 2.89, found:
C 37.69, H 3.49, N 3.01.

HR-MS (ESIneg.): m/z caled. for CisHCli206Si™ [Si(cat®)s+H]™ 766.5721, found:
766.5751.

IR (FT-ATR): ¥ = 3230 (m), 2970 (m), 2806 (m), 1568 (m), 1456 (s), 1387 (s), 1305
(w), 1244 (s), 1237 (s), 984 (s).
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[Si(cat®)3][HNEts]z — [LC[HNEt3]2: Triethylamine (136 mg, 188 uL, 1.35 mmol,
2.0 eq.) was slowly dropped to a solution of Hacat® (500 mg, 2.02 mmol, 3.0 eq.) in
acetonitrile (40 mL). The reaction mixture turned reddish. Then tetraethyl
orthosilicate (140 mg, 149 uL, 672 ymol, 1.0 eq.) was slowly added. The reaction was
stirred for 2 h at room temperature and heated to reflux for 18 h. After cooling to
room temperature, colorless solids precipitated. Cooling to —20 °C for 1-2 h promoted
further precipitation. The solids were collected by filtration, washed with diethyl ether
and pentane, and dried under reduced pressure to give [1C![HNEts]> (400 mg,
412 pmol, 61 %) as colorless powder.

1H NMR (200 MHz, CD2Cla): 6 = 7.37 (s, 2H), 3.48 (t, 3Jug = 5.6 Hz, 12H), 1.26
(t, 3Jgn = 7.2 Hz, ISH).

13C NMR (151 MHz, CD2Clp): 6 = 147.6 (Ccar-O), 119.9 (Cor-Cl), 113.8 (Cear-Cl),
48.2 (N—CHQ)7 9.0 (N—CHg).

29Si INVGATE NMR (119 MHz, CD3CN): § = —138.3.

Elemental Analysis: caled. for C30H32Cl12N206Si: C 37.14, H 3.33, N 2.89, found:
C 37.48, H 3.49, N 3.15.

HR-MS (ESIneg.): m/z caled. for CisHCl1206Si™ [Si(cat®@)3+H]™ 766.5721, found
766.5718.

IR (FT-ATR): ¥ — 3118 (m), 2982 (W), 2946 (w), 1571 (w), 1552 (w), 1453 (s), 1396
(sh), 1382 (s), 1304 (m), 1245 (sh), 1231 (m), 983 (s).
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[Si(cat®)3][N"Bug]z — [1CY][N"Bug]2: To a suspension of [1CY|[HNEts]2 (388 mg,
400 pmol, 1.0 eq.) in dichloromethane (50 mL), N"BuyCl (222 mg, 800 ymol, 2.0 eq.)
was added. The clear and colorless solution was stirred vigorously for 2 h and cooled
down to —20 °C overnight to precipitate the side product triethylammonium chloride.
Colorless crystals were obtained and removed. The filtrate was washed with water
(3 x 50 mL). The organic phase was then dried over anhydrous MgSO4, and the
solvent removed under reduced pressure. The resulting solids were dried in vacuo to
give [19[N"Bwlz (370 mg, 296 pmol, 74 %) as colorless powder. Single crystals

(colorless) were obtained from a saturated solution in dichloromethane at —20 °C.

1H NMR (600 MHz, CDyCly): 6 = 3.22 (t, 3.Juy = 8.5 Hz, 16H), 1.69-1.63 (m, 16H),
1.25 (sext, 3Jgy = 7.4 Hz, 16H), 0.85 (t, 3Jyn = 7.2 Hz, 24H).

13C NMR (151 MHz, CD:Cly): 6 = 149.2 (Ceat-O), 117.9 (Cea-Cl), 112.6 (Ceear=Cl),
59.6 (N-CHa), 24.4 (CHz2), 20.2 (CH2), 13.7 (CHs).

29Si INVGATE NMR (119 MHz, CD3CN): § = —138.2.

Elemental Analysis: calcd. for Cs50H72Cli12N20gSi: C 48.02, H 5.80, N 2.24, found:
C 48.24, H 5.91, N 2.18.

HR-MS (ESI neg.): m/z caled. for CigCli2O6Si2™ [Si(cat®)s]2” 382.7824, found
382.7813; caled. for CigHCl1206Si™ [Si(cat®™)s+H]™ 766.5721, found 766.5682; calcd.
for C34H36C11aNOgSi™ [Si(cat01)3+N"BU4+H]7 1007.8491, found 1007.8511.

IR (FT-ATR): ¥ — 2961 (s), 2932 (sh), 2875 (m), 1568 (w), 1549 (w), 1462 (s), 1379
(s), 1304 (s), 1240 (s), 985 (s).
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[Si(catBr)s][Hpy]2 — [1B7][Hpyl2: HacatPr (2.00 g, 4.70 mmol, 3.0 eq.) was suspended
in acetonitrile (42 mL). While stirring, first pyridine (248 mg, 252 yL, 3.13 mmol,
3.0 eq.) and then tetraethyl orthosilicate (326 mg, 347 pL, 1.57 mmol, 1.0 eq.) were

added. The mixture was stirred for 2 h at room temperature and heated to reflux for

further 2 h which led to a yellow precipitation. The solid was collected by filtration
and washed with diethyl ether. After drying in vacuo at 70 °C for 48 h, [1Br|[Hpyl
was obtained as yellow powder (1.55 g, 1.07 mmol, 68 %).

1H NMR (600 MHz, CDyCly): 8 = 9.20 (m, 4H), 8.48 (m, 2H), 7.98 (m, 4H).

13C NMR (151 MHz, CD2Cly): § = 148.7 (CurO), 146.3 (C,,), 142.8 (C,,), 127.4
(Cpy), 114.5 (CarBr), 107.2 (CourBr).
298i INVGATE NMR (119 MHz, CDoCly): § = —142.3.

134



5 Experimental Section

Br
Br. Br
Br (o] Br
Br. Ol,, |_‘“\0
/'SI\
Br ¥ [e) | o]
r o Br
Br Br
N"Bu
L B _| [WBu,

[Si(catBr)s][N"Buy|z — [1BT|[N"Buy]a: [1B|[Hpyl2 (512 mg, 351 mmol, 1.0 eq.) was
suspended in dichloromethane (400 mL). Then N"BwBr (226 mg, 702 mmol, 2.0 eq.)
was added and subsequently the mixture was stirred for 2 h at room temperature.
The solution was cooled to —20 °C and yellow precipitation was observed. The
precipitate was removed by filtration. The filtrate was washed with water (3 x 5 mL).
The solvent of the organic phase was removed under reduced pressure. The residual
was dried in vacuo for several days giving [1B*|[N"Buyj2 (332 mg, 186 mmol, 53 %) as
light brown powder. Single crystals (colorless) suitable for scXRD analysis were

obtained from a saturated solution in dichloromethane at —40 °C.

1H NMR (600 MHz, CDCls): § = 3.02 (m, 16H), 1.53 (m, 16H), 1.29 (sext, 3.Jum =
7.3 Hz, 16H), 0.93 (t, 3Jun = 7.47 Hz, 24H).

13C NMR (151 MHz, CD2Clz): 6 = 151.1 (Cr-0), 112.0 (Car-Br), 105.6 (C.qr-Br),
59.5 (N-CHa), 24.3 (CHz), 20.1 (CH), 13.8 (CH3).

298i INVGATE NMR (119 MHz, CDoCly): § = —141.1.
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[Si(cattBu)3][N"Buy]z — [1tBY][N"Buylz: 3,5-Di-tert-butylcatechol (500 mg,

[N"Bu4]2

2.25 mmol, 3.0 eq.) was dissolved in acetonitrile (15 mL). Then pyridine (119 mg,
121 yL, 1.50 mmol, 2.0 eq.) was added over a period of 5 min and tetraethyl
orthosilicate (156 mg, 166 uL, 750 pymol, 1.0 eq.) was added within 15 min. The
mixture was stirred at room temperature for 30 min and heated to reflux for further
2 h. The solvent was removed under reduced pressure, giving a dark, oily substance.
The residue was dissolved in dichloromethane (15.0 mL) and N"BwBr (484 mg, 1.50
mmol, 2.0 eq) was added. After stirring for 2 h at room temperature the solution was
concentrated under reduced pressure to a volume of 5 mL. The solution was washed
with water (5 x 5 mL) and the solvent of the organic phase was removed under
reduced pressure. Finally, the residue was dried in vacuo to give [1tBY|[N"Buylz (690

mg, 593 umol, 79 %) as light brown oil.

13C NMR (101 MHz, CD2Cly): 8 = 143.5 (Ccar-O), 142.3 (Crar-O), 141.4 (CortBu),
135.8 (CeartBu), 115.7 (Ceer-H), 111.3 (Ceer-H), 59.4 (N-CHbz), 35.1 (C-(CHs)s), 34.6
(C—(CHg)g), 31.7 (C—(CHg)g), 29.8 (C—(CHg)g), 24.3 (CHz)7 20.0 (CHz)7 13.8 (CHg).
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5.2.3.4 [Si(dioxX)3][N"Bus] — [1X][N"Bua] (X = CI, Br)
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[Si(diox®!)3][N"Buy| — [1C1][N"Buy]: [1C[N"Bwlz (54.0 mg, 43.2 pmol, 1.0 eq.)
was dissolved in dichloromethane (2.0 mL) and cooled down to —40 °C. To the
colorless solution, 1€! (33.1 mg, 43.2 pymol, 1.0 eq.) was added. Immediately, an
intense black-green colored reaction mixture was observed. The reaction was
maintained at —40 °C without stirring. After 24 h black-green crystals suitable for
scXRD analysis were obtained. The supernatant solution was removed. The
crystalline solids were dried in vacuo to yield the [1Cl[N"Buy| as intense green powder
(55.4 mg, 55.0 ymol, 64 %).

Single crystal structure analysis and elemental analysis revealed one equivalent of

dichloromethane per structural unit.

Elemental Analysis: caled. for C34H36Cl12NOgSi x CHoClo: C 38.46, H 3.50, N 1.28,
found: C 38.49, H 3.53, N 1.28.

HR-MS (ESIneg.): m/z caled. for CisHCli206Si™ [1€H4+-H|™ 766.5721, found 766.5645.
IR (FT-ATR): ¥ = 2874 (m), 2932 (sh), 2960 (m), 1528 (m), 1448 (s), 1385 (s), 1300
(m), 1287 (m), 1236 (s), 1212 (s), 986 (s).

EPR (9.449144 GHz, CH2Cla): g = 2.0046.
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[Si(dioxBr)3][N"Buy] — [1Br][N"Buy]: [1B*][N"Buylz (30.0 mg, 16.8 umol, 1.0 eq.)
was dissolved in dichloromethane (1.0 mL) and cooled down to —40 °C. The colorless
solution was dropped to a solution of 1Br (21.9 mg, 16.8 pmol, 1.0 eq.) in
dichloromethane (1.0 mL). Immediately, the reaction mixture turned dark brown.
The reaction was maintained at —40 °C without stirring. After 24 h the solution was
filtrated. Another 24 h at —40 °C led to the development of black crystalline solids.
The solvent was removed under reduced pressure. The crystalline solids were dried in
vacuo for 24 h to yield [1BY][N"Buy| as brown powder in quantitative yields. Single
crystals (dark yellow) suitable for scXRD analysis were obtained from a saturated

solution in dichloromethane at —40 °C.
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1€ (14.2 mg, 18.6 pmol, 1.0 eq.) and [1C[HaN"Pra|2 (18.0 mg, 18.6 umol, 1.0 eq.)
were mixed in dichloromethane-ds. A green solution was obtained at first which then
turned orange, indicating liberation of g€l Finally, [3€1[H2N"(Pras was crystallized

by gaseous diffusion of pentane into the solution, giving light brown crystals (21.1 mg,
14.2 ymol, 76 %) suitable for scXRD analysis.

TH NMR (400 MHz, CD2Cls): 6 = 7.02 (s, 4H), 3.34 (s, 8H), 1.87-1.81 (m, 8H), 1.03
(t, 3Jug = 7.3 Hz, 6H).

13C NMR (151 MHz, CD2Clz): 6 = 145.1 (Ccut-O), 144.4 (CrarO), 126.5 (Cear-Cl),
124.0 (CcarCl), 123.4 (CcarCl), 1154 (Cear-Cl), 49.0 (N-CH2), 19.5 (CHz), 11.0
(CH3).

29Si INVGATE NMR (119 MHz, CD2Clp): 6 = —109.6.

Elemental Analysis: calcd. for Cy2H32Cl20N20O10Sio: C 33.86, H 2.16, N 1.88, found:
C 33.93, H 2.37, N 2.04.

HR-MS (ESIneg.) was attempted but only fragments could be detected: m/z caled.
for C1sHCl1206Si™ [101+H]7 766.5721, found 766.5747.

IR (FT-ATR): ¥ = 3190 (m), 3096 (m), 2972 (w), 2937 (w), 2881 (w), 1584 (m), 1449
(s), 1387 (s), 1300 (w), 1232 (m), 986 (s).
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5.2.4 Heteroleptic Silicon Trisdioxolene Compounds

5.2.4.1 Si(diox<)(dioxtBu) — 1C1.tBu
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(2¢1),, (11.0 mg, 21.2 ymol, 1.0 eq.) and ¢B" (4.67 mg, 21.2 ymol, 1.0 eq.) were mixed
in CD2Cl2 (0.5 mL) to give a brown solution. After stirring at room temperature for
48 h a green solution was obtained. The solvent was removed under reduced pressure.

The residue was dried in vacuo to give 1€LtBu as green solids in quantitative yields.

5.2.4.2 Si(dioxC)y(dioxiPr) — 1€LiPr
Cl

Cl

ipr

(2¢1),, (10.2 mg, 19.6 pmol, 1.0 eq.) and ¢ (4.60 mg, 19.6 pmol, 1.0 eq.) were mixed
in CD2Cl2 (0.5 mL) to give a brown suspension. After stirring at room temperature
for 24 h a dark brown-green solution was obtained. The solvent was removed under

reduced pressure. The residue was dried in vacuo to give 1CLPr as green solids in

quantitative yields.
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5.2.5 Tetraoxolene-bridged Bis(catecholato)silanes

5.2.5.1 General Procedure: Preparation of [dhbqY][Na@15c5]>
Y o]
o 15
Na
0 0 (o OJ
Y s 5

Y = CI, Br, Ph, NO,

For Y = Cl, Br and Ph, 1 eq. of substituted dihydroxybenzoquinone (H2dhbq¥) and
2 eq. of NaH were mixed in acetonitrile. The reaction was stirred at room temperature
until the hydrogen gas development was completed. During the reaction period, the
gaseous phase was exchanged frequently. The reaction was further stirred for 18 h at
room temperature. The precipitate was collected by filtration and washed once with
acetonitrile and several times with dichloromethane. After drying in vacuo for 24 h,
[dhbgY|Naz (Y = Cl, Br, Ph, NO32) were suspended in dichloromethane with an
excess of 15-crown-5. The mixture was again stirred for 18 h at room temperature to
ensure complete complexation. The solids were collected by filtration and washed once

with dichloromethane and three times with pentane. The final products
[dhbgY][Na@15c5]2 were dried in vacuo for 24 h.

[dhbgCY[Na@15c¢5]2: Hadhbg® (500 mg, 2.39 mmol, 1.0 eq.) and NaH (115 mg, 4.78
mmol, 2.0 eq.) were employed in CH3CN (5.0 mL) to obtain [dhb¢®|Nas as pink solids
in quantitative yields. Complexation of [dhbg®|Nay (100 mg, 395 umol, 1.0 eq.) with
15-crown-5 (192 mg, 172 uL, 870 ymol, 2.2 eq.) in CH2Cls (3.0 mL) yielded the product
as magenta-colored solids (210 mg, 303 ymol, 77 %). Single crystals (red) suitable for

scXRD analysis were obtained by gaseous diffusion of pentane into solutions of
CH»Cly at —40 °C.

1H NMR (600 MHz, CD>Cly): 6 = 3.72 (s, br, 40H).

13C NMR (151 MHz, CD2Clo): 8 = 174.1 (C4-O), 104.8 (C4-Cl), 69.5 (CH2).
Elemental Analysis: calcd. for CogHy9ClaNagO14: C 45.03, H 5.81, found: C 44.89,
H 5.92.

IR (FT-ATR): ¥ = 2905 (s, C-H), 2873 (s, C-H), 1533 (s), 1471 (s), 1353 (m), 1251
(m), 1100 (s).
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[dhbgBr][Na@15c¢5]2: Hadhbg®r (500 mg, 1.68 mmol, 1.0 eq.) and NaH (80.5 mg, 3.36,
2.0 eq.) were employed in CH3CN (5.0 mL) to obtain [dhbg®|Nay as violet solids (482
mg, 1.41 mmol, 84 %). Complexation of [dhbgB'|Nag (100 mg, 293 pmol, 1.0 eq.) with
15-crown-5 (142 mg, 127 L, 644 ymol, 2.2 eq.) in CH2Cls (4.0 mL) yielded the product
as pink solids (200 mg, 256 pmol, 87 %).

1H NMR (600 MHz, (CD3)2SO): = 3.55 (s, 40H).

13C NMR (151 MHz, (CD3)2S0): § = 172.7 (C4-0), 96.4 (Cy-Br), 69.7 (CH2).
Elemental Analysis: calcd. for CosHaoBraNaO14: C 39.91, H 5.15, found: C 39.62,
H 5.07.

IR (FT-ATR): ¥ = 2905 (s, C-H), 2870 (s, C-H), 1631 (w, C=0), 1538 (s), 1473 (s),
1352 (m), 1251 (m), 1100 (s).

[dhbgPP][Na@15c¢5]2: Hodhbg™™ (200 mg, 684 umol, 1.0 eq.) and NaH (32.8 mg,
1.37 mmol, 2.0 eq.) were employed in CH3CN (8.0 mL) to obtain [dhbg'2|Nas as lilac
solids (219 mg, 650 pmol, 95 %). Complexation of [dhbg™|Nas (192 mg, 571 umol,
1.0 eq.) with 15-crown-5 (440 mg, 400 pL, 1.82 mmol, 3.2 eq.) in CH2Clz (4.0 mL)
yielded the product as pink solids (400 mg, 515 pmol, 90 %). Single crystals (red)
suitable for scXRD analysis were obtained by gaseous diffusion of pentane into a
solution of dimethyl sulfoxide or from a saturated solution in dichloromethane at

room temperature.

1H NMR (600 MHz, (CD3)2S0): 6 = 7.63 (d, 3Jgy = 7.0 Hz, 4H), 7.13 (t, 3Jyn =
7.7 Hz, 4H), 6.92 (t, 3Juu = 7.3 Hz, 2H), 3.56 (s, br, 40H).

13C NMR (151 MHz, (CD3)280): 8 = 177.7 (C-O), 139.1 (ipso-Cp), 130.8 (Cpi-
H), 125.9 (Cpi-H), 122.6 (Cp-H), 111.0 (C(-Ph), 69.7 (CHy).

Elemental Analysis: calcd. for C3gHs0NagO14: C 58.76, H 6.49, found: C 58.15, H
6.21.

IR (FT-ATR): ¥ = 2908 (s, C-H), 2873 (s, C-H), 1585 (w), 1522 (sh), 1508 (s), 1436
(m), 1351 (m), 1278 (m), 1251 (m), 1103 (s).

[dhbgNO?2|[Na@15c5]2: Complexation of [dhbg¥O2Naz (200 mg, 730 umol, 1.0 eq)
with 15-crown-5 (334 mg, 300 pL, 1.46 mmol, 2.1 eq) in CH2Clz (5.0 mL) yielded the
product as yellow solids (368 mg, 515 pymol, 71 %). Single crystals (yellow) suitable
for scXRD analysis were obtained from concentrated solutions in dimethyl sulfoxide

at room temperature.

1H NMR (600 MHz, (CD3)2S0): 8 = 3.55 (s, br, 40H).
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13C NMR (151 MHz, (CD3)2S0): 8 = 168.5 (C-0), 133.3 (C-N), 69.5 (CHy).

IR (FT-ATR): ¥ = 2916 (s, C-H), 2880 (s, C-H), 1578 (s, N=0, C=0), 1493 (s),
1464 (s), 1353 (s), 1296 (s), 1251 (s), 1097 (s).

Elemental Analysis: caled. for CogHaoN2Na2O1s x CH2Cla: C 40.56, H 5.29, N 3.50,
found: C 40.28, H 4.95, N 3.76.

5.2.5.2 General Procedure: Preparation of
[(catX)2Si(dhbqY)Si(cat*)2][Na@15c5]> — [4%-Y][Na@15c5]>

X { X
X X X
X Y
o) 0 X (\O’}
o\| PaN o\s|_ _0 o) o
sil_ SN (\ Na )
o | 0 (o) o] 0 o
X o Y o} \_/ ,
X X X X
X X

X=Cl, Br, CF3, iPr
Y =Cl, Br, Ph, NO,

To a suspension of 2 eq. of 2X.(CH3CN)z (X = Cl, Br) or 2CFs.(sulfolane)s, or to a
solution of 21Pr in dichloromethane, 1 eq. of [dhbgY][Na@15c¢5]2 (Y = Cl, Br, Ph, NO3)
was added. The reaction was stirred for 18 h at room temperature. For X, Y = Cl,
Br grey solids were collected by filtration and washed once with dichloromethane and
three times with pentane. For X = CI or CF3 and Y = Ph a dark colored solution
was obtained. Addition of pentane led to precipitation of colored solids, which were
collected by filtration and washed with pentane. For X = iPr and Y = Cl, Br or NO»
red-brown reaction solutions were obtained. They were filtrated and the solvent was
removed under reduced pressure yielding in colored residual solids. The final products
[4%Y][Na@15c5]2 were dried in vacuo for 24 h.

[4CLCY[Na@15c5]2:  [dhbg?Y|[Na@15ch]s  (75.0 mg, 108 pmol, 1.0 eq.) and
2CL(CH3CN)2 (130 mg, 216 pmol, 2.0 eq.) were employed in CH2Cly (4.0 mL) to
obtain the product as grey solids (167 mg, 96.3 pmol, 89 %). Single crystals (red)

suitable for scXRD analysis were obtained by gaseous diffusion of CH2Cly into
solutions of CH3CN at —40 °C.
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1H NMR (600 MHz, CDyCly): & = 3.62 (s, 40H).

13C NMR (151 MHz, CDyCl): § = 170.6 (Caig-O), 146.8 (CearO), 120.6 (C.ar-Cl),
114.6 (Cear-Cl), 102.3 (CanpCl), 69.1 (CHa).

298; INVGATE NMR (119 MHz, CDyCly): 6 = —130.1.

Elemental Analysis: caled. for C50H40CligsNagoO22Sia: C 34.65, H 2.33, found: C 34.57,
H 2.47.

IR (FT-ATR): ¥ = 2922 (m, C-H), 2879 (m, C-H), 1552 (s), 1450 (s), 1384 (s), 1247
(s), 1235 (s), 1093 (s).

HR-MS (ESI neg.): m/z caled. for CioHClgOsSi— [2C€4+-OH|~ 536.7047, found:
536.7049; caled. for C13H3Clg05Si [2C€14+-OMe|— 550.7204, found: 550.7203; caled. for
CisCligOsSi~  [(dhbg™)Si(cat@)o)~  748.6272, found: 748.6288; caled. for
C18CLioNaOgSi— [(dhbg®)Si(cat®)o+Na] -~ 726.6091, found: 726.6096.

[4BrBr|[Na@15c5]2:  [dhbg|[Na@15c5]  (75.0 mg, 959 pmol, 1.0eq.) and
2Br.(CH3CN)2 (184 mg, 192 umol, 2.0 eq.) were employed in CH2Cly (4.0 mL) to
obtain the product as grey solids (227 mg, 89.7 umol, 94 %). Single crystals (dark

red) suitable for scXRD analysis were obtained by gaseous diffusion of CH2Cla into
solutions of CH3CN at —40 °C.

1H NMR (600 MHz, CD3CN): 6 = 3.61 (s, 40H).

13C NMR (151 MHz, CD3CN): § = 172.6 (CanpsO), 149.0 (Crer-O), 115.7 (Car-Br),
107.7 (Ceat-Br), 90.3 (CanpgBr), 69.4 (CH2).

29Si INVGATE NMR (119 MHz, CD3CN): § = —133.1.

Elemental Analysis: caled. for CsoH4oBrigNasO92Sio: C 23.71, H 1.59, found: C
23.45, H 1.84.

IR (FT-ATR): ¥ — 2921 (m, C-H), 2874 (m, C-H), 1599 (sh), 1551 (s), 1442 (s), 1383
(), 1351 (s), 1273 (m), 1222 (s), 1085 (s).

[4CLBr][Na@15c5]2:  [dhbg?|[Na@15c5]  (75.0 mg, 95.9 ymol, 1.0eq.) and
2CL(CH3CN)2 (115 mg, 192 ymol, 2.0 eq.) were employed in CH2Cly (4.0 mL) to
obtain the product as grey solids (145 mg, 79.6 umol, 83 %). Single crystals (violet)
suitable for scXRD analysis were obtained by gaseous diffusion of CH2Cly into
solutions of CH3CN at —40 °C.

1H NMR (600 MHz, CD3CN): 6 = 3.62 (s, 40H).

13C NMR (151 MHz, CD3CN): 6 = 172.7 (CanprO), 147.0 (Coar-O), 121.3 (Coar-Cl),
115.1 (Ccar-Cl), 90.4 (CanpgBr), 69.4 (CHz).

29Si INVGATE NMR (119 MHz, CD3CN): § = —131.1.
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IR (FT-ATR): ¥ = 2920 (m, C-H), 2878 (m, C-H), 1557 (s), 1450 (s), 1378 (s), 1235
(s), 1109 (s, sh), 1093 (s).

Elemental Analysis: calcd. for CsoH49Cli6BraNagO22Siz: C 32.96, H 2.21, found: C
33.15, H 2.37.

[4Br-Cl|[Na@15c5]2:  [dhbg®l|[Na@l5c5z  (75.0 mg, 108 pmol, 1.0eq.) and
2Br.(CH3CN)2 (207 mg, 216 pmol, 2.0 eq.) were employed in CHoCly (4.0 mL) to
obtain the product as grey solids (216 mg, 88.4 ymol, 82 %). Single crystals (red) were
obtained by gaseous diffusion of CH2Cls into solutions of CH3CN at —40 °C.

1H NMR (600 MHz, CD3CN): 6 = 3.62 (s, 40H).

13C NMR (151 MHz, CD3CN): 6 = 171.5 (CansO), 148.9 (CearO), 115.7 (C.ar-Br),
107.7 (Ccar-Br), 102.9 (Cans-Cl), 69.4 (CH2).

29Si INVGATE NMR (119 MHz, CD3CN): § = —132.2.

Elemental Analysis: calcd. for CsoH49ClaBrigNagO22Siz: C 24.57, H 1.65, found: C
24.93, H 1.95.

IR (FT-ATR): ¥ = 2919 (m, C-H), 2878 (m, C-H), 1550 (s), 1442 (s), 1383 (m), 1352
(m), 1273 (m), 1222 (m), 1106 (s, sh), 1092 (s).

[4CLPh|[Na@15c5]2:  [dhbg™P|[Na@15c5]2  (42.9 mg, 55.2 pmol, 1.0eq.) and
2CL(CH3CN)2 (66.4 mg, 110 ymol, 2.0 eq.) were employed in CHoCly (1.5 mL) to
obtain the product as green solids (78 mg, 42.9 umol, 78 %). Single crystals (dark
green) suitable for scXRD analysis were obtained from a saturated solution in CH2Cla

at room temperature.

1H NMR (600 MHz, CD2Cl) 6 = 7.44 (d, 3Jug = 7.5 Hz, 4H), 7.31 (t, 3Jug = 7.5 Hz,
4H), 7.26 (t, 3Jyn = 7.4 Hz, 2H), 3.59 (s, 40H).

13C NMR (151 MHz, CD2Cl) 6 = 173.1 (CangO), 147.3 (CarrO), 130.1 (Cpi-H),
128.8 (ipso-Cpy), 128.5 (Cpy-H), 128.4 (Cpp-H), 120.2 (Cer-C1), 114.4 (Cear-Cl), 110.5
(CangPh), 69.2 (CH2).

29Si INVGATE NMR (119 MHz, CD2Clp) § = —132.7.

Elemental Analysis: calcd. for CeaHs0ClisNaoO22Sia: C 41.00, H 2.77, found: C 41.01,
H 2.93.

IR (FT-ATR): ¥ — 2917 (m, C-H), 2874 (m, C-H), 1540 (s), 1452 (s), 1368 (s), 1234
(s), 1087 (s).

[4CFs.Ph|[Na@15c5]2:  [dhbg™|[Na@15¢5]2 (9.7 mg, 12.5 ymol, 1.0 eq.) and
2CFs. (sulfolane)s (25.7 mg, 25.0 pmol, 2.0 eq.) were employed in CH2Clz (2.0 mL) to
obtain the product as light brown solids (27.3 mg, 11.6 ymol, 93 %). Single crystals
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(brown) suitable for scXRD analysis were obtained by gaseous diffusion of CH2Clo

into solutions of CH3CN at room temperature.

TH NMR (600 MHz, CD2Cl): 6 = 7.23 (m, 10H), 3.62 (s, 40H).

13C NMR (151 MHz, CD2Clp): 6 = 173.5 (CansgO), 154.3 (Ca-O), 129.8 (Cpi-H),
128.9 (Cpi-H), 128.4 (Cpi-H), 127.9 (ipso-Cpn), 111.0 (CansePh), 69.2 (CH2).
Residual signals were not detected due to limited concentration and intense fluorine
content (coupling).

19F NMR (376 MHz, CD2Clp): 6 = —50.8 - —51.3 (m, 24F), —56.4 - —57.1 (m, 24F).
29Si INVGATE NMR (119 MHz, CD2Cly): 6 = —132.8.

Elemental Analysis: calcd. for C7sHsoF 48NapO22Sie: C 39.81, H 2.14, found: C 40.13,
H 2.92.

IR (FT-ATR): ¥ = 2923 (m, C-H), 2878 (m, C-H), 1551 (m), 1482 (s), 1351 (m),
1269 (sh), 1251 (sh), 1219 (s), 1152 (sh), 1137 (sh), 1109 (s), 1095 (s).

[41Pr-Cl|[Na@15c5]2: [dhbg“|[Na@15c5]2 (34.9 mg, 50.3 pmol, 1.0 eq.) and 2iPr
(50.0 mg, 101 pmol, 2.0 eq.) were employed in CH2Clz (2.5 mL) to obtain the product

as red solids in quantitative yields.

Elemental Analysis: calcd. for CggH128ClaNagO22Siz2 x 0.5 CH2Cla: C 60.07, H 7.52,
found: 60.10, 7.24.

IR (FT-ATR): 7 — 2955 (s, C-H), 2019 (s, C-H), 2868 (s, C-H), 1563 (s), 1456 (sh),
1430 (s), 1352 (s), 1331 (sh), 1303 (sh), 1250 (m), 1114 (s), 1091 (s), 1001 (s).
HR-MS (ESI neg.): m/z caled. for Ca1Ha3ClaO7Si [(dhbg®)Si(catifr)+OH|~ 485.0595,
found 485.0599; caled. for CaoHasClaO7Si— [(dhbg®)Si( catitr)+OMe|— 499.0752, found:
499.0756; caled. for C3oHas05Si [2Pr+OH]~ 513.3041, found: 513.3040; caled. for
C31H470551 [2iPr+O]\/[e]7 527.3198, found: 527.3198; calcd. for C45Clg7O6Si—
[Si(catiPr)s+H|~ 731.4712, found: 731.4717.

[4iPr:Br][Na@15c5]2: [dhbgP|[Na@l5c¢5]2 (39.4 mg, 50.3 ymol, 1.0 eq.) and 2iPr
(50.0 mg, 101 pmol, 2.0 eq.) were employed in CH2Clz (2.0 mL) to obtain the product

as red solids in quantitative yields.

Elemental Analysis: calcd. for CggHi28BraNagO20Sia x CH2Cla: C 56.16, H 7.04,
found: 56.36, 6.70.

IR (FT-ATR): 7 — 2955 (s, C-H), 2019 (s, C-H), 2868 (s, C-H), 1563 (s), 1456 (sh),
1430 (s), 1352 (s), 1331 (sh), 1303 (sh), 1250 (m), 1114 (s), 1091 (s), 1001 (s).
HR-MS (ESI neg.): m/z caled. for CsHys05Si~ [2Pr+OH] 513.3041, found:
513.3040; caled. for C31Ha7O5S5i [2iPr+OMe] 527.3198, found: 527.3199; cacld. for
Co1H23BroO7Si—  [dhbgBrSi(catit)+OH|~ 574.9564, found: 574.9569; cacld. for
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CooHosBroO7Si—  [dhbBrSi(catifr)+OMe|~ 588.9721, found: 588.9724; caled. for
Cy5Cle706S1 [Si(catPr)s+H]~ 731.4712, found: 731.4718.

[4iPr:NO2][Na@15c5]2: [dhbgNO?|[Na@15c5]2 (36.0 mg, 50.3 pmol, 1.0 eq.) and
Si(catifr); (50.0 mg, 101 pmol, 2.0 eq.) were employed in CH2Cl> (2.5 mL) to obtain

the product as green solids in quantitative yields.

Elemental Analysis: calcd. for CggH128NaNagO26Sia x 0.5 CHoClg: C 59.35, H 7.43,
N 1.60, found: 58.82, 7.38, 1.83.

IR (FT-ATR): 7 — 2957 (s, C-H), 2026 (s, C-H), 2870 (s, C-H), 1596 (s, N=0), 1525
(m), 1458 (sh), 1430 (s), 1353 (s), 1327 (s), 1250 (m), 1114 (s), 1092 (s), 1001 (s).
HR-MS (ESI neg.): m/z caled. for CsHys05Si~ [2Pr+OH]~ 513.3041, found:
513.3039; caled. for C31Hy705S1 [21Pr+OMe| 527.3198, found: 527.3201.

5.2.6 Hexaoxolene-bridged Bis(catecholato)silanes

5.2.6.1 [hhtp(Si(cat<")2)s][HB]s — [5][HB]s

Cl
Cl

Cl

[ve],

Cl

[5CY[HNEts3]6: To a suspension of Hghhtp (50.0 mg, 154 ymol, 1.0 eq.) in acetonitrile
(10 mL) triethylamine (187 mg, 256 uL, 1.88 mmol, 12 eq.) was added and stirred for
30 min. Then, 2€1.(CH3CN)2 (278 mg, 462 umol, 3.0 eq.) was added to the solution

and stirred for further 24 h at room temperature. Afterwards the solvent was removed
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under reduced pressure yielding the product (342 mg, 137 ymol, 89 %) as grey

crystalline solids.

1H NMR (400 MHz, CD3CN): § = 7.57 (s, 6H), 7.47 (d, 6H), 3.22 (q, 3Jur = 7.1 Hz),
1.18 (t, 3Jug = 6.1 HZ).

13C NMR (101 MHz, CD3CN) 6 = 150.5 (C-0O), 149.4 (C-0), 122.9 (C,), 118.9 (Cy),
113.6 (Cy), 103.5 (Cpayp-H), 48.1 (N-CHz), 9.4 (CHs).

29Si NMR (80 MHz, CD3CN): 6 = —138.6.

IR (FT-ATR): ¥ = 3063 (m, C-H, N-H), 2984 (m, C-H, N-H), 2947 (m, C-H, N-H),
2704 (m, br, C-H, N-H), 1450 (s), 1382 (m), 1245 (s), 1234 (s), 1158 (m), 984 (s).
[hhtp(Si(catC)q)s][Hpyle: To a solution of Hehhtp (20.0 mg, 61.7 ymol, 1.0 eq.) in
THF (5.0 ml), pyridine (59.6 yL, 740 pmol, 12.0 eq.) was added, resulting in a dark
brown, suspension. The mixture was stirred for 24 h at room temperature. Then,
2CL(CH3CN)2 (111 mg, 185 pmol, 3.0 eq.) was added and subsequently yellow
precipitation was observed. The reaction was stirred for further 4 d at room
temperature. The solids were collected by filtration and washed with pentane. After

drying in vacuo, the product (140 mg, 59.4 umol, 96 %) was obtained as yellow solids.

1H NMR (600 MHz, (CD3)2S0): 6 = 9.3 (br s), 8.79 (d, 12H), 8.28 (t, 3Jur = 7.2 Hz,
6H), 7.80 (t, 3Jun = 6.0 Hz, 12H), 7.59 (m, 6H).

13C NMR (151 MHz, (CD3)2S0): § = 148.4 (C-0), 145.2 (C-0), 145.1 (C,,), 142.3
(Cpy), 125.9 (Cypy), 121.8 (Cy), 116.7 (Cy), 111.7 (Cy), 107.7 (Chu-H).

29Si INVGATE NMR (119 MHz, (CD3)2S0): 6 = —138.1.

IR (FT-ATR): ¥ = 3091 (w, C-H, N-H), 3069 (w, C-H, N-H), 2973 (w, C-H, N-H),
2845 (w, C-H, N-H), 1459 (s), 1386 (m), 1248 (m), 1237 (m), 987 (s).
[5YN[HN"Octs]e: To a solution of Hehhtp (20.0 mg, 61.7 umol, 1.0 eq.) in THF
(5.0 mL), tri-n-octylamine (162 uL, 370 umol, 6.0 eq.) was added. The mixture turned
dark blue and was stirred for 24 h at room temperature. Then, 2€1.(CH3CN)2 (111 mg,
185 pmol, 3.0 eq.) was added and the reaction was stirred for further 4 d at room
temperature forming a green solution. The solvent under was removed under reduced
pressure. After drying in vacuo, the product (128 mg, 32.0 pmol, 52 %) was obtained

as light green solids.

1H NMR (600 MHz, THF-dg): § = 8.65 (br s, 6H), 7.33 (m, 6H), 3.41 (s, 36H), 1.78
(s, 36H) 1.37-1.01 (m, 180H), 0.81 (t, 3.Jyx = 7.0 Hz, 54H).
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13C NMR (151 MHz, THF-dg): 6 — 149.3 (C-0), 146.1 (C-0), 123.9 (Cy), 119.0
(Cy), 113.7 (Cy), 108.6 (Chiyy~H), 54.6 (N-CHs), 32.8 (CHs), 30.2 (CHa), 30.1 (CHy),
27.8 (CHa), 23.5 (2CHy), 14.6 (CHs).

29Si INVGATE NMR (119 MHz, THF-dg): 6§ = —139.1.

IR (FT-ATR): 7 = 3081 (w, br, N-H), 2054 (s, sh, C-H), 2924 (s, C-H), 2854 (s, C-
H), 1571 (w), 1549 (w), 1456 (s), 1383 (s), 1304 (m), 1263 (m, sh), 1245 (s), 1235 (s),
1157 (m), 984 (s).
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5.2.7 Catalysis

5.2.7.1 Oxidative Lactonization Studies

Substrate Synthesis

(o]
MgBr TH CO,H
ORI
MeO 0 °Ctort.
© le] MeO'

2-(4-Methoxybenzoyl)benzoic acid: 4-Methoxyphenylmagnesium bromide
(9.46 mL, 0.50 M in THF, 4.73 mmol, 1.0 eq.) was added dropwise to a solution of
phthalic anhydride (701 mg, 4.73 mmol, 1.0 eq.) in THF (10 mL) at 0 °C. The light-
yellow reaction was warmed to room temperature after 1 h and stirred for 24 h. The
blurry and colorless reaction mixture was quenched with aqueous HCI solution (1 M)
and extracted with diethyl ether. The combined organic phases were extracted twice
with aqueous NaOH solution (1 M), and the resulting aqueous phases were acidified
with concentrated HCI solution. The mixture was then extracted with diethyl ether,
washed with brine solution, and dried over MgSQO4. The solvent was removed under
reduced pressure to obtain the crude product (857 mg, 3.34 mmol, 71 %).
Recrystallisation in diethyl ether yielded the product as colorless crystals (464 mg,

1.81 mmol, 38 % yield). The spectral data matched with previously reported ones.17!-
172

CO,H CO,H
_ ESH
IO e e
MeO reflux, 19 h MeO
1

2-(4-Methoxybenzyl)benzoic acid: Trifluoroacetic acid (3.0 mL) was added
dropwise to a solution of 2-(4-methoxybenzoyl)benzoic acid (460 mg, 1.80 mmol,
1.0 eq.) and triethylsilane (860 uL, 5.39 mmol, 3.0 eq.) in chloroform (3.0 mL) at
0 °C. Then the solution was warmed up to room temperature. and heated at reflux
for 19 h. After the reaction was cooled down to room temperature, it was diluted with
diethyl ether and washed twice with aqueous HCI solution (1 M). The combined
organic phases were extracted twice with aqueous NaOH solution (1 M), and the

resulting aqueous phases were acidified with concentrated HCI solution. The mixture
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was then extracted with diethyl ether, washed with brine solution, and dried over

MgSO4. The solvent was removed under reduced pressure to yield the product I as
colorless solids (380 mg, 1.57 mmol, 87% yield). The spectral data of I matched with

previously reported ones.17!
Catalysis

Os_OH 1€ (5 mol%,) o °
g“ (13 eq)

O O CD,Cl, 1., 95 min O O
-0 <o

161 (2.50 mg, 3.27 pmol, 5 mol%), ¢ (20.9 mg, 84.9 umol, 1.3 eq.) and I (15.8 mg,
65.3 ymol, 1.0 eq.) were mixed and cooled down to —40 °C. Cold CD2Clz (0.5 mL)
was slowly added. The reaction mixture was maintained for 5 min at 4 °C and then
stirred at room temperature. Over time the reaction turned from intense dark red to
yellow. Within less than 95 min the reaction was completed. Product conversions were
determined by 'H NMR analysis of the crude reaction. II is a known compound and

the spectral data matched with previously reported ones.273

in situ Catalysis

o o}

cl
g-' (1.3 eq) 40l |

CD,Cl, 80 min O O
rt., 30 min -0

Sils (5 mol%)

Sily (1.70 mg, 3.10 umol, 5 mol%) and ¢“! (19.8 mg, 80.5 umol, 1.3 eq.) were mixed
and CD2Cls (0.25 mL) was added. A bright red solution was obtained. After 30 min,
a solution of I (15.0 mg, 61.9 ymol, 1.0 eq) in CD2Cl> (0.25 mL) was added to the
reaction. Within less than 80 min the reaction was completed. Product conversions

were determined by 'H NMR analysis of the crude reaction. II is a known compound

and the spectral data matched with previously reported ones.273
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5.2.7.2 Dehydrogenative Coupling of 3,3",4,4"-Tetramethoxy-o-terphenyl

161 (2.00 mg, 2.61 pmol, 10 mol%), ¢ (8.35 mg, 34.0 ymol, 1.3 eq.) and 3,3",4,4”-
tetramethoxy-o-terphenyl IIT (9.15 mg, 26.1 ymol, 1.0 eq.) were mixed and cooled
down to —40 °C. Cold CD2Clz (0.5 mL) was added and a dark green solution was
obtained. It was maintained for 5 min at —40 °C, then it was slowly warmed up to
room temperature. The reaction was stirred for 24 h, then colorless crystals
precipitated. The supernatant solution was removed. The crystals were dried under
reduced pressure to give the product 1,2,11,12-tetramethoxytriphenylene IV co-
crystalized with HacatC! as light brown powder in quantitative yields. IV is a known
compound and the spectral data matched with previously reported ones.!™ Product

identity was also confirmed by scXRD analysis (Figure 57).

CI2

CI3
Cl4

Figure 57: Solid-state molecular structure of IV cocrystallized with Ha2catCl. The thermal displacement
ellipsoids are shown at the probability level of 50 %.

5.2.7.3 Oxidation of 9,10-Dihydroanthracene

1€l (2.00 mg, 2.61 pmol, 5 mol%), ¢©' (16.1 mg, 65.3 pmol, 2.5 eq.) and 9,10-
dihydroanthracene (4.70 mg, 26.1 ymol, 1.0 eq.) were mixed and CD2Clz (0.5 mL)
was added. A dark red solution was obtained, which decolored within few minutes to
a colorless to light yellow suspension. It was stirred at room temperature. After 65 h
the reaction was completed. Product conversions were determined by H NMR
analysis of the crude reaction. Anthracene is a known compound and the spectral

data matched with previously reported ones.27
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5.2.8 Miscellaneous

5.2.8.1 [2C|—N3] [N"BU4]

N
19
N
cl N cl
cl o, | 0 Cl
o
cl o” o cl
cl cl |N"Bu4|

A suspension of 2€1-(CH3CN)2 (100 mg, 166 ymol, 1.0 eq.) and N"BwN3 (47.3 mg,
166 pmol, 1.0 eq.) in o-dcb (1.5 mL) was stirred at room temperature for 18 h. A clear
colorless solution was obtained. The solution was filtered through a syringe filter to
remove any fine insoluble solids (starting materials). The solvent was removed in
vacuo and [2CLN3|[N"Buy| was obtained in quantitative yields as colorless solids.
Single crystals (colorless) suitable for scXRD analysis were obtained by gaseous

diffusion of pentane into solutions of o-dcb at room temperature.

1H NMR (600 MHz, o-C¢HiCly:CeDg (50:1)): 6 = 2.71 (m, 8H), 1.30-1.24 (m, SH),
1.11 (sext, 3Juy — 7.42 Hz, 8H), 0.75 (t, 3Jum — 7.30 Hz, 12H).

13C NMR (151 MHz, o-CgH4Cla:CeDg (50:1)): 8 = 146.3 (CearO), 122.1 (Coor-Cl),
115.1 (CarCl), 59.0 (N-CHa), 23.9 (CH,), 19.9 (CHs), 13.7 (CHz).

29Si NMR (119 MHz, o-CgH4Cl2:CgDs (50:1)): 6 = —99.9.

15N NMR (61 MHz, o-CHyClo:CDg (50:1)): 8 = 249.2 (Si-N=N=N"), 236.0 (Si-
N=N=N"), 175.4 (Si-N=N=N").

Elemental Analysis: calcd. for CogHzsClsN4O4Si: C 41.81, H 4.51, N 6.97, found:
C 42.05, H 4.35, N 7.02.

IR (FT-ATR): ¥ = 2963 (m), 2934 (m), 2876 (m), 2137 (s), 1454 (s), 1387 (s), 1315
(m), 1302 (m), 1249 (m), 1234 (m), 988 (s).
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5.2.8.2 [2C|-(N3)2] [N"BU4]2

Cl
Cl cl
Cl cl) cl
Cl 0O/, 1 WO
/SI\
Cl .8 [o} | N3
N N7B|
L : J v,

A solution of N"BwN3 (7.10 mg, 24.9 ymol, 1.0 eq.) and [2C-N3|[N"Buy| (20.0 mg,
24.9 ymol, 1.0 eq.) in o-dcb (0.5 mL) was stirred at room temperature for 18 h. A

clear colorless solution was obtained. The solvent was removed in vacuo and [2€-
(N3)2][N"Buy]2 was obtained in quantitative yields as colorless solids. Single crystals
(colorless) suitable for scXRD analysis were obtained by gaseous diffusion of pentane

into solutions of o-dcb at room temperature.

1H NMR (600 MHz, o-C¢H4Clo:CeDg (50:1)): 8 = 3.03 (m, 16H), 1.51-1.45 (m, 16H),
1.22 (sext, 3Jgy = 7.5 Hz, 16H), 0.80 (t, 3Jyn = 7.4 Hz, 24H).

13C NMR (151 MHz, o-CHyCly:CeDg (50:1)): 8 = 149.5 (CearO), 118.2 (Coar-Cl),
112.9 (Car-Cl), 59.0 (N-CHa), 24.1 (CHy), 20.1 (CHy), 13.8 (CHj).

29Si NMR (119 MHz, o0-CsH4Clo:CgDs (50:1)): 6 = —155.1.

Elemental Analysis: calcd. for Cy4H72ClsNgO4Si: C 48.54, H 6.67, N 10.29 found:
C 48.24, H 6.46, N 10.60.

IR (ATR): ¥ 2961 (m), 2933 (w), 2875 (w), 2120 (s), 2086 (s), 1461 (s), 1379 (m),
1303 (m), 1243 (m), 988 (s).
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APPENDIX

7.1 List of Abbreviations

15¢5
2D
a.u.
anhyd.
ATR

av

BArFy

BArFoy

bipy
br

BS
BTPP
calc.
cat

COF

conc.

15-crown-5
two-dimensional

atomic unit

anhydrous

attenuated total reflection
average

base

tetrakis(pentafluorophenyl)b
orate

tetrakis(3,5-
bis(trifluoromethyl)phenyl)bo
rate

2,2’-bipyridine
broad

broken symmetry
(tbutylimino)tris-
(pyrrolidino)phosphorane
calculated

catechol

covalent organic framework

concentrated

Cp
CcS
Cv
cw
d/D
DBU

DDQ

DEPT

DFT

dhbq
dioz
DIPEA
DMF
DMSO
dtb
dtbpy

cyclopentadiene
closed shell

cyclic voltammetry
continuous wave
doublet /donor

diazabicycloundecene
2,3-dichloro-5,6-
dicyano-1,4-
benzoquinone
distortionless
enhancement by
polarization transfer
density functional
theory
2,5-dihydroxy-1,4-
benzoquinone

dioxolene
diisopropylethylamine
dimethylformamide
dimethyl sulfoxide
di-tert-butyl

2,6-di-tbutylpyridine
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I

e.g.
EA
EI
EPR
eq.
ESI
Et

et al.
exp.
Fe
FCC
FIA

FOD
GC

hhtp

hktp

HMB
HMDSO

hmtp
HOAc
HOMO
HR

HSQC
INVGATE

i

for example
electron affinity

electron ionization

electron paramagnetic
resonance

equivalent
electrospray ionization
ethyl

and others
experimental

ferrocene

fluid catalytic cracking

fluoride ion affinity

fractional occupation
density

gas chromatography

2,3,6,7,10,11-hexa-
hydroxytriphenylene
2,3,6,7,10,11-hexaketo-
triphenylene

hexamethylbenzene

hexamethyl-disiloxane

2,3,6,7,10,11-hexa-
methoxytriphenylene

acetic acid

highest occupied
molecular orbital

high resolution

heteronuclear single
quantum coherence

inverse-gated

150

iPr
IR
1vCeT
L
LAG

LiHMDS

LLCT
LUMO
m/M
MALDI

MAS
MOF

MOS
MS

n

"Bu
NEA
neg.
NIR
NMO
NMR

nPr

iso-propyl
infrared

intervalence charge
transfer

ligand
liquid-assisted
grinding

lithium
bis(trimethylsilyl)-
amide

ligand-ligand charge
transfer

lowest unoccupied
molecular orbital
multiplet or medium
/metal

matrix assisted laser
desorption /ionization

magic-angle spinning

metal organic
framework
metrical oxidation
state

mass spectrometry
normal

n-butyl
(8)-(—)-1-(2-
naphthyl)ethylamine

negative

near-IR

N-methylmorpholine-
N-oxide

Nuclear magnetic
resonance

n-propyl

ortho-
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Oct
o-dfb

ORTEP
OTf

ox

Ph

phen

red

scXRD
SET

sext
sept

sh

sim
solv

8q
SQUID

sub

octyl

o-difluorobenzene

Oak Ridge thermal
ellipsoid plot

trifluoromethanesulfonate
oxidation

para-

phenyl

1,10-phenantroline
quaternary

reduction

strong or singlet

single crystal X-ray
diffraction

single electron transfer
sextet

septet

shoulder

simulated

solvated

semiquinonate

superconducting quantum
interference device

substrate

t/T
tBu

TCE

TCNQ
TEOS
terpy
THF
tip
TMB

TMEDA

triphos

TS
TT
TTF
uv
vis
vS.

vT

WCA

tert or triplet/triplet

tert-butyl

1,1,2,2-
tetrachloroethane
Tetracyanoquinodi-
methane

tetraethyl orthosilicate
terpyridine
tetrahydrofuran

tri-iso-propyl

1,2,3,4-
tetramethylbenzene
Tetramethylethylene-
diamine
1,1,1-tris(diphenyl-
phosphinomethyl)-
ethane

transition state
thianthrene
tetrathiafulvalene
ultraviolet

visual

versus

variable temperature

weak

weakly coordinating
anion

111
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7.2 List of Symbols

NS

1B

Om

v

angle between two plains |[°]
activation-

magnetic field [mT] or [G]
zero-field splitting parameters [G]
energy [Hartree| or [kJ-mol™|
potential / oxidation potential / half-wave potential [V]
Faraday constant

proportionality factor

Gibbs free energy [kJ-mol™|
enthalpy [kJ-mol™|

nuclear spin or intensity
exchange coupling constant [Hz]
comproportionation constant
logarithmus naturalis
mass-to-charge ratio

NMR coupling constant [Hz]
negative common logarithm of the acid dissociation constant
parts per million

distance |A]

universal gas constant

electron spin

temperature [*C] or [K]
wavenumber [cm™

chemical shift [ppm|

difference

spin quantum number

extinction coefficient

wavelength [nm]

Bohr magneton

(meta) Hammett parameter



7 Appendix

7.3 Computational Data Tables

7.3.1Data Tables for Chapters 3.1 and 3.2

Table 5: Computed energies for the singlet, triplet, and broken-symmetry state of 1CL

Exp. T

BS

CS singlet

Energy
|[Hartree| and
[kJ-mol-1|

—6946.799556

—18252715.833

1.350 / 1.290 /

—6946.799553

—18252715.826

—6946.775549

—18252652.8

, 1.337 / 1.276 / 1.317 / 1.311 / 1.302 / 1.292 /
C-O bond lengthslel [A]
1.282 1.276 1.311 1.291
lal average of two bonds in one ring
Table 6: Computed exchange coupling constants J for 1X.
Compound J [em™]
1Br 4.57
101 1.83
1F 6.58
1tBu 13.52

Table 7: Computed energies of [3€Y2~ and the transition state (TS, Figure 58) for the catecholate

shuffling.
Thermal +
ZPE Entropy*29 E [Hartree|
correction 8K from PW6B95- E H G
from PBEh- PBEh-3c D3(BJ)/def [kJ-mol-1] [kJ-mol-1] [kJ-mol-1]
3c [kJ-mol-1] 2-QZVPP
[kJ-mol™]
[3¢12- 848.8 379.9 —11690.5 —30693465.2 —30692616.4 —30692996.2
TS 845.6 369.4 —11690.5 —30693423.0 —30692577.4 —30692946.7
AE AH AG
Exchange 42.3 39.1 49.5
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[3¢1]2- global min. [3°? transition state for
rel. G =0 kJ mol interchange of bridging
(B) with external
catecholate (A)
rel. G = 49.5 kJ mol !

Figure 58: Calculated structures of the global minimum and the transition state for catecholate
shuffling of [3CY 2.

Table 8: Computed energies of the compounds for the calculation of solvent corrected (CH2Clz, CPCM)
electron affinities (EAsomw).

E [Hartree] E [Hartree]
PW6B95/ PW6B95/
Compound Compound AE [Hartree] EAson [eV]
TZVPP TZVPP
D3 D3

q© —2221.9411 sq©! —2222.1073 0.166279 4.52
q°r —10680.8075 sqbr —10680.9749 0.167487 4.56
T —779.5900 sq —779.7540 0.163935 4.46
q*B —697.1296 sgtB —697.2677 0.138110 3.76
[gC'Sils]+ —3405.3447 gCISils —3405.5874 0.242728 6.61
[gBrSils]+ —11864.2130 ¢BrSils —11864.4551 0.242146 6.59
[¢FSils]*+ —1962.9870 ¢FSils —1963.2326 0.245632 6.68
[¢tBuSiIs]+ —1880.5467 gtBuSil; —1880.7823 0.235668 6.41
1 —6955.914073 [1C1)e- —6956.113474 0.199401 5.43
18r —32332.517281 [1Br]- —32332.717732 0.200451 5.45
1F —2628.849286 [1F]e- —2629.048230 0.198944 5.41
1tBu —2381.470549 [16Buje- —2381.633851 0.163302 4.44

VI
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Table 9: Computed energies for the compounds for the calculation of thermodynamic data.

E [Hartree] E [Hartree]
PW6B95/ PW6B95/ E H
Compound E [kJ-moll] H [kJ-mol]
TZVPP TZVPP  [kJmolY [kJ-mol|
D3 D3

q'B —695.5112956  —1826064.9 —1825228.6  —697.1161162 —1830278.4  —1829442.0
¢ —10675.28404  —28027958.3  —28027810.9 —10680.79641 —28042431.0 —28042283.6
q“ —2219.2036 —5826519.1 —b826368.1  —2221.930492 —5833678.5  —5833527.6
'd —777.8217274  —2042170.9 —2042011.0  —779.5784565 —2046783.2  —2046623.3
Sily —1480.982507  —3888319.6 —3888285.0  —1481.513765 —3889714.4  —3889679.8
I —595.7008273  —1564012.5 —1564001.2  —595.8041515 —1564283.8  —1564272.5
1Br —32315.6174  —84844653.5  —84844186.3 —32332.49937 —84888977.1 —84888509.9
1 —6947.37272  —18240327.1  —18239851.3 —6955.897599 —18262709.1 —18262233.3
1F —2623.218566 ~ —6887260.3 —6886750.8  —2628.830886 —6901995.5 —6901485.9
1tBu —2376.304897  —6238988.5 —6236456.0  —2381.450649 —6252498.7  —6249966.2

Table 10: Calculation of thermodynamic data for the synthesis of the diradicals 1X.

AHgr = H(Products) - H(Educts)

[kJ-mol™1]
Sils + 3 ¢ = 1€+ 2 I —515.7571849
Sils +3 ¢Pr=1Br + 2 Db —524.1063048
Sili+3 ¢ =1F+ 21D —481.1388778
Sily + 3 ¢Bu = 1tBu 4 2T, —505.2201607

VII



7 Appendix

7.3.2Data Tables for Chapter 3.3

Table 11: Computed energies for the singlet, triplet, and broken-symmetry states and for the energies
of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO).

Compou Statel] ESP ESP HSP GSP HOMO LUMO Gap
ndlal [Hartree] [kJ-mol™1] [kJ-mol™1] [kJ-mol™1] [eV] [eV] [eV]

cs —3317.6824 87105751  —8708695.8  —8709017.6 —4.698 —1.027  —3.7
[dhbg®Y] T —3317.6279 87104321  —8708560.3  —8708880.0

BS I - ld

cs —13052.0031 —34268034.2 —34265217.6 —34265842.1 —5.202 —4.111  —1.1
[4CLC] T —13051.9913  —34268003.2 —34265189.6 —34265816.8

BS —13051.9917  —34268004.3

cs —7110.0808  —18667517.2 —18661571.4 186623349 —4.220 —3.322  —0.9
[4iPr-Cl] T —7110.0826  —18667521.9 —18661578.2 —18662343.8

BS —7110.0826  —18667521.8

cs —12595.0061 —33068188.4 —33064882.3 —33065532.8 —5.235 —3.907  —1.3
[4C1PH] T —12594.9900 —33068146.3 —33064844.9 —33065501.6

BS —12594.9911  —33068149.2

cs —12541.6785 —32028176.9 —32925292.9 —32925932.3 —5.318 —4.510  —0.8
[4C1NOz| T —12541.6752 —32028168.1 —32925286.9 —32925928.8

BS —12541.6752 —32928168.3

cs —10636.4231  —27925928.9 —27921940.3 —27922767.0 —6.349 —4.128  —2.2
[4CFsPh] T —10636.3898  —27925841.3 —27921860.9 —27922681.5

BS I - ld

cs —6599.7606  —17327671.4 —17321658.1 —17322436.3 —4.533 —3.691  —0.8
[4iPr-NO2] T —6599.7762  —17327712.3 —17321699.8 —17322478.5

BS —6599.7761  —17327712.1

lal all compounds computed as salts with two [CH3CN-Na@15¢c5]*, [Pl CS = closed shell, 7' = triplet open shell,

BS = broken symmetry open shell singlet, I/ no stable broken symmetry solution obtained.

Table 12: Computed energies for the calculation of fractional occupation densities (FODs) and
exchange coupling constant J.

AESP AHSP AGSP
Compoundlal  Statelb! FOD J [em™]
[kJ-mol™1] [kJ-mol™1] [kJ-mol™1]
al (o) 0.0 0.0 0.0 0.4966
[dhbac]
T 143.0 135.5 137.6
cs 0.0 0.0 0.0 1.6785
[acnoy T 30.9 28.1 25.3
BS 29.9 —79.0
[4iPr.Cl] Ccs 0.0 0.0 0.0 1.9018

VIII
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T —47 6.9 ~8.9
BS —46 +4.1
cs 0.0 0.0 0.0 1.6329
[4C1PH] T 42.1 37.5 31.2
BS 39.2 —207.0
cs 0.0 0.0 0.0 1.8689
[4C1NOz| T 8.8 5.9 3.5
BS 8.6 —15.7
e cs 0.0 0.0 0.0 1.3967
T 87.6 79.4 85.4
csS 0.0 0.0 0.0 2.3026
[4iPr-NO2] T —40.8 —41.7 —422
BS —40.6 +18.8

lal all compounds computed as salts with two [MeCN-Na@15c5|*, [l S = closed shell, 7' = triplet open shell,
BS = broken symmetry open shell singlet.

Table 13: Computed energies for the calculation of vacuum FIAs.
oL Single-Point (SP) Level (DSD-
Level of Optimization (r2scan)
BLYP-D3(BJ)/def2-QZVPP)
FIA
EelOpt HOpt HOpt EaSP HaSP [kJ-mol-!]
Compound EaSP [H]
[Hartree] [Hartree] [kJ-mol™1] [kJ-mol™1] [kJ-mol™1] (SP
Level)
Si(CHs)st —408.9138  —408.7967  —1073295.8 —408.6882 —1073011.0 —1072703.5
FSi(CHs)s —509.1207  —508.9986  —1336375.9 —508.8755 —1336052.6 —1335732.0
2iPr —1759.9347 —1759.2130 —4618814.2  —1759.0601 —4618412.7 —4616518.0
386
[F-21Pr]— —1859.9291 —1859.2054 —4881344.0  —1859.0288 —4880880.6 —4878980.3
2C1 —4729.1168 —4728.9923 —12415970.3 —4727.2579  —12411416.5 —12411089.7
488
[F-2¢1]— —4829.1533 —4829.0254 —12678607.1 —4827.2665 —12673989.2  —12673653.5
2CF3 —3748.8453 —3748.5907 —9841925.7  —3747.5521 —9839198.8 —9838530.4
566
[F-2CFs]— —3848.9092 —3848.6526 —10104638.2 —3847.5890 —10101845.8  —10101172.1

FIA = —AH(LA + F~ 2> LA-F), LA = Lewis Acid,
Anchor Point (AP) = —AH(Si(CHs)s* + F~ > Si(CHz3)s),
APCOSD(T)/CBS — 952 .5 kJ-mol ™!,
FIALA — APCCSD(T)/CBS _ [AH(LA + FSi(CHs)s > LA-F~ + Si(CHs)s")]

— APCCSD(T)/CBS _ [H(LA-F-) + H(Si(CH)s*) — H(LA) — H(FSi(CHy)3)).

IX
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Table 14: Computed energies for the energies of the highest occupied molecular orbital (HOMO) of the
respective Lewis acid (vacuum, DSD-BLYP-D3(BJ)/def2-QZVPP/ /r2SCAN-3c level of theory).

Energy of the highest occupied molecular orbital (HOMO) at the Single-

Compound
Point Calculation Level [eV]
2iPr —7.5354
2C1 —8.7651
2CF3 —10.1264
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7.4 Computation of Metrical Oxidation State

The metrical oxidation state (MOS) was calculated with the Excel sheet provided in
the supporting information of: S. N. BROWN, Inorg. Chem. 2012, 51, 1251-1260.158

/CG\ /O
C5 C1 \ r“""
|Q| e,
c3 c2 /
~ei” Yo
Table 15: Calculated MOS for the following silicon polyoxolene compounds.

Compound diorX  C-Ow C1-C2 C2-C3m C3-Cdw CaC5 2
MOS
Ring 1 1.2900 1.4430 1.4035 1.3740 1.4340 —1.15
101 Ring 2 1.2905 1.4480 1.4045 1.3770 1.4360 —1.13
Ring 3 1.3520 1.4100 1.3780 1.3985 1.3940 —1.97
sum —4.25
Ring 1 1.3015 1.4220 1.4140 1.3765 1.4250 —1.32
1€1(CeHe)4 Ring 2 —1.32
Ring 3 1.3580 1.3860 1.3820 1.3990 1.3900 —2.10
sum —4.75
Ring 1 1.3180 1.4270 1.3880 1.3850 1.4170 —1.52
1Y (0-dcb) Ring 2 —1.52
Ring 3 1.2840 1.4400 1.4090 1.3800 1.4430 —1.10
sum —4.14
Ring 1 1.2785 1.4680 1.3900 1.3770 1.4790 —0.85
B Ring 2 1.2850 1.4380 1.4035 1.3810 1.4200 —1.21
Ring 3 1.3480 1.4080 1.3785 1.3895 1.3760 —2.01
sum —4.08
Ring 1 1.2805 1.4470 1.4135 1.3760 1.4370 —1.05
[1CY[NBuy| Ring2  1.3435  1.4090 1.3765 1.4030 1.3860 ~1.97
Ring 3 1.3460 1.3970 1.3810 1.4025 1.3910 —1.99

XI
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sum —5.01
Ring 1 1.285 1.453 1.4075 1.3725 1.447 —1.02
[157][NBuy| Ring 2 1.3425 1.409 1.3835 1.402 1.388 —1.93
Ring 3 1.343 1.419 1.376 1.401 1.397 —1.87
sum —4.82
Ring 1 1.3430  1.4090 1.3775 1.4025 1.3890 ~1.95
[1CY[HaN("Pr)a]2 Ring 2 1.3400  1.3990 1.3910 1.4030 1.3880 ~1.93
Ring 3 13430  1.4090 1.3775 1.4025 1.3890 ~1.95
sum —5.82
Ring1  1.3620  1.3820 1.3790 1.3965 1.3970 —2.11
Ring 2 13565  1.3870 1.3780 1.3930 1.3970 ~2.06
BOELNCPr % isess 13010 13880 1.3835 13860 211
(linker)
Ring4 13630  1.3910 1.3785 1.3950 1.3900 —2.12
Ring 5 13575  1.3950 1.3685 1.3985 1.4000 —2.07
sum —10.48
Ring1  1.3520  1.3960 1.3845 1.4015 1.3950 ~2.00
Ring2 13440  1.4140 1.3750 1.4080 1.3980 ~1.92
[4CLCY[Na@15c5]2
Ring3 13440  1.4140 1.3750 1.4080 1.3980 ~1.92
Ring4 13520  1.3960 1.3845 1.4015 1.3950 ~2.00
sum —7.84
Ring 1 13430  1.4070 1.3795 1.4015 1.3890 ~1.95
(4P| [Na@1505]: Ring 2 13385  1.4040 1.3785 1.4050 1.3840 ~1.96
Ring 3 13385  1.4040 1.3785 1.4050 1.3840 ~1.96
Ring4 13430  1.4070 1.3795 1.4015 1.3890 ~1.95
sum —7.82
Ring 1 13410  1.4050 1.3810 1.4030 1.3910 ~1.93
4O B Na@1505]: Ring2 13445  1.3990 1.3820 1.4035 1.3930 ~1.96
Ring 3 1.3445  1.3990 1.3820 1.4035 1.3930 ~1.96
Ring4 13410  1.4050 1.3810 1.4030 1.3910 ~1.93
sum —7.79
Ring 1 13470  1.4110 1.3855 1.4105 1.3930 ~1.94
4O P Na@1505]: Ring2 13475  1.4090 1.3890 1.4105 1.3880 —1.96
Ring 3 1.3475  1.4090 1.3890 1.4105 1.3880 —1.96
Ring4 13470 14110 1.3855 1.4105 1.3930 ~1.94
sum —17.80

XII
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7.5 EPR Spectroscopy

a,=0.645 mT

Intensity [a.u.]

a,=0.862mT g =2.0062

T T T T T T T 1
333 334 335 336 337 338 339 340 341
Magnetic Field [mT]

Figure 59: EPR spectrum of the reaction between 1€l and thianthrene at room temperature in
dichloromethane. The observed signals are in agreement with previous studies of the thianthrene
radical cation.2™ Parameters: By = 3364 G, sweep = 100 G, sweep time = 20 s, modulation = 2000 mG,
microwave power = 10 mW, gain = 7.

Intensity [a.u.]

g=2.0015
a, =0.680 mT

T T T T T T
334 335 336 337 338 339 340 341
Magnetic Field [mT]

Figure 60: EPR spectrum of the reaction between 1€l and tris(4-bromophenyl)amine at room
temperature in dichloromethane. The broad signal with hyperfine splitting indicates a radical localized
at the nitrogen. EPR parameters: By = 3370 G, sweep = 200 G, sweep time = 20 s, modulation =
2000 mG, microwave power = 10 mW, gain = 9.

XIII
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Intensity [a.u.]

g=2.0002
a, =173 mT

T T T T T T 1
334 335 336 337 338 339 340 341
Magnetic Field [mT]

Figure 61: EPR spectrum of the reaction between 1C€! and PMB at room temperature in
dichloromethane. The observed hyperfine coupling validates the successful oxidation reaction of PMB.
The asymmetry in the signal can be explained by the presence of the underlying radical anion of 1CL
Due to the short-lived nature and light-sensitivity of the primary oxidation products, no further
isolation or characterization was attempted.276-277 Parameters: By = 3370 G, sweep = 100 G, sweep
time = 20 s, modulation = 2000 mG, microwave power = 10 mW, gain = 4-102

Intensity [a.u.]

g=2.0011
a,=0.152mT
T T T T T 1
335 336 337 338 339 340

Magnetic Field [mT]

Figure 62: EPR spectra of the reaction between 1€! and TMB at room temperature in dichloromethane.
The observed hyperfine coupling validates the successful oxidation reaction of TMB. The asymmetry
in the signal can be explained by the presence of the underlying radical anion of 1€L Due to the short-
lived nature and light-sensitivity of the primary oxidation products, no further isolation or
characterization was attempted.276-277 Parameters: By = 3370 G, sweep = 100 G, sweep time = 30 s,
modulation = 2000 mG, microwave power = 10 mW, gain = 2-102.
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7.6 NMR Spectroscopy

*

Figure 63: 1H NMR (*CD2Cl2) of a reaction mixture of 1€ and tris(2,4-dibromophenyl)amine. Contains
residual *pentane.
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7.7 Cyclic Voltammetry Experiments

o

Current [uA]

T T T T

44 A2 40 08 06 04 02
Potential [V] (vs. Fc/Fc*)

Figure 64: CV measurement of ¢“! in dichloromethane with [BArF2o|[N"Bu4| at 100 mV/s.

15 71— thianthrene

Current [uA]

-10

0.0 02 04 06 08 10 12 14
Potential [V] (vs. Fc/Fc*)

Figure 65: CV measurement of thianthrene in dichloromethane with [PF¢|[N"Bua| at 100 mV/s.
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| —— tris(4-bromophenyl)amine

Current [uA]

0.2 04 06 08 1.0
Potential [V] (vs. Fc/Fc*)

Figure 66: CV measurement of tris(4-bromophenylamine) in dichloromethane with [PFe¢|[N"Bu| at
100 mV/s

209 —— tris(2,4-dibromophenyl)amine

Current [uA]
(&)

-10 4

00 02 04 06 08 10 12 14 16
Potential [V] (vs. Fc/Fc*)

Figure 67: CV measurement of tris(2,4-bromophenyl)amine in dichloromethane with [PFg|[N"Bu4] at
100 mV/s.
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—— hexamethylbenzene
40

30+

20

Current [uA]

-1.0 05 00 05 10 15
Potential [V] (vs. Fc/Fc*)

Figure 68: CV measurement of HMB in dichloromethane with [PF¢|[N"Bu4] at 100 mV/s.
509 pentamethylbenzene
40

30

20

Current [uA]

15 -1.0 05 00 05 1.0 15
Potential [V] (vs. Fc/Fc*)

Figure 69: CV measurement of PMB in dichloromethane with [PF¢][N"Bua| at 100 mV /s.
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804 1,2,3,4-tetramethylbenzene
70
60
50 4
40

30+

Current [uA]

20+

T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential [V] (vs. Fc/Fc*)

Figure 70: CV measurement of TMB in dichloromethane with [PFs|[N"Bua| at 100 mV/s.

—sil
204 ¢

Current [uA]

-10 4

-15 T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Potential [V] (vs. Fc/Fc*)

Figure 71: CV measurement of Sils in dichloromethane with [PF¢][N"Bua4| at 100 mV/s.

XIX



7 Appendix

7.8 Crystallographic Data

Compound

HscatiPr

3,6-Br-2,5-Ph-p-benzoquinone

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges
Reflections collected

Independent reflections

Data/Restraints/Parameters

Goodness-of-fit on F' 2
Final R indexes [I >26({ )|
Final R indexes [all data)

Largest peak/hole [e-A™9)

mo_rm70lc_Om_a
2182203

Ci15H2402

236.37

100.00

monoclinic

C2/c

19.6049(12)
21.0294(12)
21.3612(14)

90

91.195(3)

90

8804.9(9)

24

1.070

0.069

3121.0

0.394 x 0.364 x 0.238
Mo-Ky (A = 0.71073 A)
3.814 to 54.51
—25<h<25 —26<k<
27, 27 <1<27
169045

9821 [Rint = 0.0778,
Rsigma = 0.0358|
9821/913/805

1.050

R1 = 0.0792, wR2 = 0.2332
R1 = 0.0891, wR2 = 0.2425

0.40/—0.28

mo_RM617_0m_a
2182196

CisHioBr202

418.08

100.0

monoclinic

P21/n

6.1461(4)

7.2515(4)

17.5582(11)

90

99.493(2)

90

771.83(8)

2

1.799

5.255

408.0

0.44 x 0.339 x 0.124
Mo-Ky (A = 0.71073 A)
4.704 to 59.208
—8<h<8,-10< k<10,
—24<1<24

31132

2173 [Rint = 0.0626, Rsigma =
0.0258|

2173/0,/100

1.061

Ri = 0.0225, wR2 = 0.0588
Ri = 0.0245, wR2 = 0.0597
0.59/—0.78

XX



7 Appendix

Compound 1°(CH,Cly), 1¢(CgHe)4
Identification code rm270_sq_ file002 rm277 _file003
CCDC number 1877563 1877564
Empirical formula C18Cl1206Si (CH2Cla) Ca2H24Cl120651
Formula weight 765.67 1078.10
Temperature [K| 100 100

Crystal system monoclinic tetragonal
Space group P21/n P 41212

a[A] 13.760(3) 13.3140(19)
b[A] 31.108(6) 90

c[A] 14.872(3) 24.662(5)

o[ 90 90

B 95.44(3) 90

v [l 90 90

Volume [A3)] 6337(2) 4371.7(15)

Z 8 4

Qcale [g-cm?] 1.605 1.638

g [mm™] 1.117 0.836

F (000) 2992 2168

Crystal size [mm?]
Radiation

20 range [’

Index ranges
Reflections collected
Independent reflections

Data/Restraints/Parameters
Goodness-of-fit on F 2

Final R indexes [I >26({ )|
Final R indexes [all data)
Largest peak/hole [e-A™9)

Flack parameter

0.65 x 0.30 x 0.30
Mo-Ky (A = 0.71073 A)

1.5 to 25.1

~16<h<16, 37<k<
37, -17<1<17

89964

11315 [Rint = 0.0872,
Reigma = 0.0571]
11315/0/667

1.025

R1 = 0.0484, wR2 = 0.1008
Ri = 0.0759, wR2 = 0.1099
0.845, —0.553

n/a

0.60 x 0.50 x 0.35
Mo-Ky (A = 0.71073 A)

2.2 to 26.4

~16<h<16, 11 <k<
11, -30 <1< 30

12734

4474 [Rine = 0.0340,

Reigma = 0.0473]
4474/72/253

1.034

R1 = 0.0468, wR2 = 0.1118
Ri = 0.0796, wR2 = 0.1263
0.698, —0.298

0.37(14)*

* inversion twin

XXI
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Compound

1¢(o0-dcb)y

1Br

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges
Reflections collected

Independent reflections

Data/Restraints/Parameters

Goodness-of-fit on F' 2

Final R indexes [I >26({ )|

Final R indexes [all data)
Largest peak/hole [e-A™9)

Flack parameter

gr_rml_4_file004
1877565
Ca2H16Cl200651

1353.64

120

orthorhombic

Fdd2

24.6052(3)
24.2681(4)
16.5848(2)

90

90

90

9903.1(2)

8

1.816

10.775

5360

0.104 x 0.080 x 0.065
Cu-Ka (A = 1.54184 A)
3.7 to 71.0
—30<h <30, 29<k<
29, —20<1<20

75635

4621 [Rint = 0.0684,
Rsigma = 0.0283]
4621/1/313

1.027

R1 = 0.0314, wR2 = 0.0723
Ri = 0.0348, wR2 = 0.0733
0.397, —0.250
0.054(18)

mo_RM422 Om_a
n/a
Br12C19Cl206SiHo.12
1382.23

100.00

monoclinic

C2/c

21.6357(10)

20.2942(8)

16.3581(7)

90

119.468(2)

90

6253.3(5)

8

2.936

15.618

5041.0

0.092 x 0.133 x 0.088
Mo-Ky (A = 0.71073 A)
4.014 to 50.048
—25<h<25 —24<k<
24, -19<1<19
118156

5523 [Rint = 0.1141,
Rsigma = 0.0445|
5523/0/361

1.061

Ri = 0.0627, wR2 = 0.1620
R1 = 0.0789, wR2 = 0.1744
3.02/-1.25

n/a
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Compound [1CY[H2N2]2 [1€][NBuy
Identification code rm264_2_c2 mo_rm498 Om
CCDC number 2035360 2035362
Empirical formula C30H32C112N206Si C35H3sCl1aNOgSi
Formula weight 970.06 1093.05
Temperature [K] 120 101.0

Crystal system monoclinic triclinic

Space group C€2/c(15) P1(2)

a [A] 20.646(4) 10.9650(8)

b[A] 12.467(3) 12.4668(9)

c[A] 16.175(3) 17.8053(13)

o[ 90 101.534(3)

B 108.56(3) 100.805(3)

v [l 90 102.979(3)
Volume [A3)] 3946.8(15) 2254.0(3)

Z 4 2

Qcale [g-cm?] 1.633 1.611

g [mm™] 0.917 0.927

F (000) 1968.0 1110.0

Crystal size [mm?]
Radiation

20 range [’

Index ranges
Reflections collected
Independent reflections

Data/Restraints/Parameters
Goodness-of-fit on F 2

Final R indexes [I >26({ )|
Final R indexes [all data)

Largest peak/hole [e-A™9)

0.13 x 0.12 x 0.11
Mo-Ky (A = 0.71073 A)
3.874 to 60.09
~29<h<29, —17<k<
17, 22 <1< 22

10939

5772 Rt = 0.0376,

Reigma = 0.0528]
5772/0/244

1.034

R = 0.0415, wR2 = 0.0920
R1 = 0.0699, wR2 = 0.1021
0.69/—0.59

0.181 x 0.089 x 0.062
Mo-Ky (A = 0.71073 A)
3.686 to 54.326
—14<h<14,-15<k<
15, -22 <1< 22

71748

9956 |Rint =
0.0332]

9956,/0,/518

1.049

Ri = 0.0398, wR2 = 0.0910
Ri = 0.0513, wRe = 0.0979
0.69/-0.61

0.0599 5 Rsigma =

XXIII
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Compound

[1Br] [N"Bll4]2

[1%][NBuy]

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges
Reflections collected

Independent reflections

Data/Restraints/Parameters

Goodness-of-fit on F' 2

Final R indexes [I >26({ )|

Final R indexes [all data)
Largest peak/hole [e-A™9)

Flack parameter

mo_r1md74_2_Oma
n/a

Cs0H72Br12N206Si
1784.10

100.0

orthorhombic
P212:2(18)
20.4286(10)
27.8404(12)

13.9042(6)

90

90

90

7907.9(6)

4

1.499

6.129

3472

n/a

Mo-Ka (A = 0.71073 A)
4.14 to 55.05 (0.77 A)
—26 <h <26, -35<k<
36, -16 <1<18

72409

18184 [Rint = 0.0664,
Rsigma = 0.0706]
18184/602/612

1.304

R1 = 0.1104, wR2 = 0.3114
Ri = 0.1358, wRp = 0.3343
5.93/—2.60

0.043(8)

mo_x_rmb573_0Om_a
n/a

Ci7.50H19Br6 CIN0.5003Si0.50
813.29
100(2)
triclinic
P1(2)
11.2987(7
12.7356(8
17.8079(13)
100.533(3)
99.093(3)

105.045(3)

2375.3(3)

4

2.274

10.298

1542

0.069 x 0.053 x 0.046
Mo-Ka (A = 0.71073 A)
3.82 to 62.08 (0.69 A)
—16 <h <16, —18 < k <
18, —25 <1< 25

143094

15192 |Rin = 0.0814
Riigma = 0.0427]
15192/0/518

1.029
Ri = 0.0323, wR2 — 0.0610
Ri = 0.0557, wR2 — 0.0676
1.24/-0.95

n/a
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Compound [3C][H2N"Pro)2 [dhbgC|[Na@15c5],
Identification code rm317_pl mo_rmajll9_0Om
CCDC number 2035361 2182195
Empirical formula C42H32N2010Si2Cl2o Ca6Ha0Cl2Na2014
Formula weight 1489.87 693.46
Temperature [K] 293(2) 100.0

Crystal system triclinic triclinic

Space group P1(2) P1

a[A] 11.029(2) 8.704(4)

b[A] 15.799(3) 9.531(4)

c[A] 17.369(4) 20.274(6)

o[ 87.78(3) 83.028(10)

B[l 74.42(3) 78.044(11)

¥ [ 85.75(3) 74.702(12)
Volume [A3)] 2906.8(11) 1583.2(11)

Z 2 2

Qcale [g-cm?] 1.702 1.455

g [mm™] 1.035 0.299

F (000) 1492.0 728.0

Crystal size [mm?]
Radiation

20 range [’

Index ranges
Reflections collected
Independent reflections

Data/Restraints/Parameters
Goodness-of-fit on F 2

Final R indexes [I >26({ )|
Final R indexes [all data)

Largest peak/hole [e-A™9)

0.105 x 0.09 x 0.085
Mo-Ky (A = 0.71073 A)
2.586 to 55
—14<h<14,-20<k<
20, —22 <1< 22

24720

13332 [Rint = 0.0797,
Reigma = 0.1439)
13332/0/689

0.923

R1 = 0.0523, wR2 = 0.0913
Ri = 0.1631, wR2 = 0.1195
0.44/-0.34

0.188 x 0.111 x 0.098
Mo-Ky (A = 0.71073 A)
4.118 to 61.176

~12<h<12, -13<k<
13, 28 <1< 28

98060

9716 [Rint = 0.0487,

Reigma = 0.0235]
9716,/0,/397

1.055

R1 = 0.0304, wR2 = 0.0690
R1 = 0.0392, wR2 = 0.0744
0.41/-0.22
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Compound

[dhbgPP][Na@15c5]»

[dhbgN 02 [Na@15c5].

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges
Reflections collected

Independent reflections

Data/Restraints/Parameters

Goodness-of-fit on F' 2

Final R indexes [I >26({ )|

Final R indexes [all data)

Largest peak/hole [e-A™9)

mo_RM631_0m
2182197
Ca0H54ClaNa2014
473.30

293.15

triclinic

P1

9.153(4)
10.574(6)
12.640(8)
79.04(3)
72.713(17)
82.615(15)
1143.5(10)

1

1.375

0.340

496.0

0.125 x 0.1 x 0.088

Mo-Ky (A = 0.71073 A)

3.934 to 61.944

~13<h <13, -15 <k <15,

—18<1<18
57063

7182 [Ruw — 0.0455,

Riigma = 0.0277)
7182/0/271
1.063

R1 = 0.0446, wR2 = 0.1085
Ri = 0.0577, wR2 = 0.1150

0.59/—0.67

mo_rm692_Om_4_a
2182198
C28H16N2Na2O19Si2
792.71

100.00

triclinic

P1

8.3219(7)

11.2322(9)
11.4895(10)

63.487(3)

80.017(4)
79.825(4)
940.44(14)

1

1.400

0.188

418.0

0.202 x 0.177 x 0.145
Mo-Ky (A = 0.71073 A)
6.818 to 54.334

—10<h <10, -12<k<
14,0<1< 14

4108

4108 [Rint = 0.0822,

Rsigma = 0.0556]
4108/40/255

1.129

Ri = 0.1305, wR = 0.3413
R = 0.1492, wR2 = 0.3519
1.79/-1.16
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7 Appendix

Compound

[4CLC) [Na@15c5]2

[4Br-Br|[Na@15c5]»

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’

Index ranges
Reflections collected
Independent reflections

Data/Restraints/Parameters
Goodness-of-fit on F 2

Final R indexes [I >26({ )|
Final R indexes [all data)

Largest peak/hole [e-A™9)

mo_r1md79_1_0Om
2182199
Cs4H16ClisN2Na2022Si2
1815.19

100.00

triclinic

P1

10.7482(13)
13.2987(16)
14.0893(18)
115.674(5)
95.090(5)

100.826(5)

1749.5(4)

1

1.723

0.827

916.0

0.177 x 0.145 x 0.102
Mo-Ky (A = 0.71073 A)
4.564 to 50

—12<h <12, -15 <k <
15, =16 <1< 16

45958

6141 [Rint = 0.1252,

Rsigma = 0.0711]
6141/9/453

1.030

Ri = 0.0570, wR2 = 0.1398
R1 = 0.0778, wR2 = 0.1614
0.55/—0.52

mo_rmse77_pentan_Om
2182200
Cs4Ha6BrisN2NazO225i2
2615.47

100.00

triclinic

P1

10.9161(4)
13.6199(4)
14.3745(5)
114.9450(10)

95.9130(10)

100.8530(10)

1862.75(11)

1

2.332

9.784

1240.0

0.145 x 0.131 x 0.095
Mo-Ky (A = 0.71073 A)
3.882 to 57.462

—14<h<14, 18 <k<
18, -19<1<19

52652

9655 [Rint = 0.0710,

Rsigma = 0.0488|
9655/0/452

1.016

Ri = 0.0320, wR2 = 0.0585
R1 = 0.0524, wR2 = 0.0657
0.90/—0.79
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7 Appendix

Compound

[4CLBr]|[Na@15c5]»

[4CLPh] [Na@15c5]2

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges
Reflections collected

Independent reflections

Data/Restraints/Parameters

Goodness-of-fit on F' 2

Final R indexes [I >26({ )|

Final R indexes [all data)

Largest peak/hole [e-A™9)

mo_rmd99_1_Om_a
2182201
C54Ha6Br2CligN2Na20225i2
1904.11
100.00
triclinic
P1
10.7198(6
13.3617(7
14.1849(7
116.011(2
94.312(2)

101.051(2)

1762.66(16)

1

1.794

1.878

952.0

0.117 x 0.105 x 0.09
Mo-Ky (A = 0.71073 A)
3.506 to 56.64

—14<h<14, -17<k<
17, =18 £1<18

64482

8772 [Rint = 0.0420,

Rsigma = 0.0227|
8772/0/452

1.058

Ri = 0.0315, wR2 = 0.0873
R1 = 0.0371, wR2 = 0.0907
0.61/—1.29

)
)
)
)

mo_1m626_0m_a
2182202
CosHeoCl2oN2Na2O22Si2
2068.34

100.00

monoclinic

P2i/n

19.818(11)

11.020(4)

20.503(8)

90

104.773(17)

90

4330(3)

2

1.586

0.738

2096.0

0.14 x 0.12 x 0.08
Mo-Ky (A = 0.71073 A)
4.11 to 54.11
—25<h<25 —14<k<
14, —26 <1< 25
106568

9453 [Rint = 0.0656,
Rsigma = 0.0273]
9453/0/524

1.069

Ri = 0.0347, wR2 = 0.0809
Ri = 0.0458, wR2 = 0.0872
0.62/—0.70
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7 Appendix

Compound

[ZCI—N3] [N"Bll4]

[29-(N3) | [N"Buy|2

Identification code
CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group

a [A]

b[A]

c[A]

a ]

Bl

[

Volume [A3)]

Z

Qcale [g-cm?]

g [mm™]

F (000)

Crystal size [mm?]
Radiation

20 range [’
Index ranges

Reflections collected
Independent reflections

Data/Restraints/Parameters
Goodness-of-fit on F 2

Final R indexes [I >26({ )|
Final R indexes [all data)

Largest peak/hole [e-A™9)]

mo_rm590_Om
2130731
CasH36ClsN4O4Si
804.30

100.0

triclinic

P1 (2)
10.1621(4)
11.4174(5)
16.5904(7)
93.958(2
98.166(2
111.533(2)

1756.98(13)

2

1.520

0.716

828

0.301 x 0.161 x 0.098
Mo-Ka (A = 0.71073 A)
3.87 to 57.45 (0.74 A)
—13<h<13, -15<k<
15,

—22<1<22

37613

8973 [Rint = 0.0487,

Rsigma = 0.0360]
8973/0/410

1.060

Ri = 0.0301, wR2 = 0.0765
Ri = 0.0370, wR2 = 0.0793
0.45/—0.28

- =

rm615_P2lc_a
2132184
Ca4H72ClsNsO4Si
1088.78

100(2)

monoclinic

P2,/c (14)

9.8208(12)

14.8040(15)

36.978(5)

90

94.199(4)

90

5361.7(11)

4

1.349

0.490

2296

0.300 x 0.150 x 0.080
Mo-Ka (A = 0.71073 A)
4.16 to 54.62 (0.77 A)
—12<h <12, -19<k<
19,

—47 <1< 47

211540

11960 [Rint = 0.0667,
Rsigma = 0.0272]
11960/387/671

1.056

Ri = 0.0463, wR2 = 0.1043
Ri1 = 0.0584, wR2 = 0.1123
0.92/-0.70
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