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Abstract

Silsesquioxanes as organic-inorganic hybrid species are established polymer additives
and fillers due to their beneficial contributions to the mechanical and thermal properties
of the resulting material. Most investigations therefore focus on the organic
substituents of the silsesquioxane, often ignoring the chemistry of the siloxane
framework. This PhD thesis focuses on three aspects of silsesquioxane chemistry
going significantly beyond such limitations: (1) a TsRs silsesquioxane is connected with
an unsaturated silicon cluster in search of a potential molecular silicon monoxide model
system, (2) the straightforward trifluoromethanesulfonic acid-catalyzed condensation
of two T7R7(OH)s units towards the so far largest structurally fully characterized
silsesquioxane with organic substituents is demonstrated and a tris(triflate) derivative
as intermediate explored, (3) the Lewis basicity of phospha-substituted
silsesquioxanes of the T7R7P type is systematically studied for the first time including
the unambiguous demonstration of the coordination of a phenyl-substituted derivative

to sterically demanding Lewis acids.
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Zusammenfassung

Silsesquioxane als organisch-anorganische Hybridspezies sind etablierte Polymer
Additive und Fullmaterialien, aufgrund ihrer vorteilhaften Beitrage zu den
mechanischen und thermischen Eigenschaften des resultierenden Materials. Die
meisten Untersuchungen fokussieren sich daher auf die organischen Substituenten
des Silsesquioxans, wahrend die Chemie des Siloxangerusts meist ignoriert wird.
Diese Doktorarbeit fokussiert sich auf drei Aspekte der Silsesquioxanchemie, die
signifikant weiter als diese Einschrankungen gehen: (1) ein TsRs Silsesquioxan wird
mit einem ungesattigten Siliziumcluster verbunden, auf der Suche nach einem
potenziellen molekularen Siliziummonoxid Modellsystem, (2) die zielgerichtete,
Trifluormethansulfonsaure katalysierte Kondensation von zwei T7R7(OH)s Einheiten
hin zum bislang gréfdten strukturell voll charakterisierten Silsesquioxan mit
organischen Substituenten ist demonstriert und ein tris(triflat) Derivat als Intermediat
erforscht, (3) die Lewis Basizitat eines phospha-substituierten Silsesquioxans des
T7R7P Typs ist systematisch zum ersten Mal untersucht, inklusive der eindeutigen
Demonstration der Koordination eines phenylsubstituierten Derivats an sterisch

anspruchsvolle Lewis Sauren.
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Preface

Preface

Modern society is unimaginable without the technological advances seen in recent
history. Of all elements in the periodic table, silicon is a critical component with regards
to its role in semiconductors. It is only second to oxygen with regards to the abundance
in earth’s crustl'l and occurs in the form of silicon dioxide and silicate minerals. Since
its first isolation in amorphous form by Berzelius in 182421 and the discovery of its
semiconducting properties, the development and improvement of industrial
manufacturing processes opened the door for mass production of everyday devices.Fl
The increase in annual production of (ferro-)silicon (from about 3.4 million tons in the
year 2000 to over 9 million tons as of 2023) reflects the great demand of silicon-based
materials.[*l The impact of the so-called semiconductor crisisl®! on the supply chains of
silicon and the resulting delay in technological goods demonstrates the importance of

the element in our daily lives.

To further the technological progress even more, it is vital to understand more about
different silicon compounds and their effect on semiconducting materials. Established
processes, like the top-down approach of etching circuitry into silicon wafers via
photolithography, frequently reach their resolution limit in creating smaller structures
and new techniques must be explored. While extreme ultraviolet (EUV) lithography!®!
enabled the patterning below the diffraction limit of previous photolithography methods,
it faces challenges to further minimize semiconductor circuitry. Promising new
techniques are investigated to replace EUV lithography, 6072l as well as fundamentally
new transistor components.[’?! On the other hand, bottom-up approaches!® can be a
complementary tool which in principle allows for a structural build-up from silicon
surfaces. The investigation of relevant intermediates is hence a priority of increasing

importance.

Molecular silicon clusters were reported to resemble intermediates of bulk silicon
produced by chemical vapor deposition (CVD) of silanes,® and can be versatile model
systems of these processes and resulting materials. Silicon monoxide (SiO), which is
known since 1886!'% and heavily investigated in industrial applications such as lithium-
ion battery materials,!'"l is a prominent example as its exact atomic composition is still

a matter of debate.
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Aside from the semiconductor field, various forms of silicon compounds found their
way into every nook and cranny of homes around the globe in the form of
polysiloxanes. A special class of siloxane compounds are silsesquioxanes, organic-
inorganic hybrid materials consisting of a siloxane framework with organic substituents
in the form of polymeric networks or discrete molecules. Due to their structural
proximity to silicon dioxide, they are sometimes regarded as the smallest possible silica
structure, albeit with some restrictions due to their substituents.l'? Closely resembling
spherosilicates!'® (with organic substituents on each vertex), their synthetic access
was troublesome in the beginning, but later breakthroughs!'¥ enabled their widespread
use in industrial applications. Employed as copolymers, they transfer unique properties
such as thermal and mechanical stability!’®! to materials,['®l and are also relevant in the
aforementioned  bottom-up  procedures.l'l  Functionalization  strategies of
silsesquioxanes have been investigated thoroughly for certain readily accessible
species such as the series from the TsRs to T12R12 representatives, while synthetic
access of larger frameworks and their structure-property relationships remain mostly
obscure to this day. The goal of this thesis is to contribute to functionalization strategies
from a molecular chemical point of view, regarding model systems of subvalent silicon
oxides with the silsesquioxane acting as silica model, facile access to larger

frameworks through catalyzed condensation, as well as Lewis-acid-base chemistry.




1 Introduction

1 Introduction

1.1 Silsesquioxanes

1.1.1 Overview, early synthetic procedures and analysis

Silsesquioxanes are a class of organic-inorganic hybrid materials with the
stoichiometric formula of [RSiO1.5]n. The term “sesqui”, translating to “one and a half”
in Latin, reflects the silicon to oxygen ratio of 1.5 in silsesquioxanes. A variety of
structures is known, ranging from cage- or ladder-like representatives to random
polymeric mixtures as shown in Figure 1. The functional group R can designate
hydrogen or organic substituents suitable for a vast amount of functionalizations. As
agreed upon in siloxane chemistry, the abbreviation Tn distinguishes the cage size with
the index n (n = 4) being the number of trifunctional silicon vertices T in the
silsesquioxane. Additionally, the name “POSS” for polyhedral oligomeric
silsesquioxanes has been established, differentiating the cage-like from cyclic and
polymeric structures. The size of the TsRs siloxane cages is usually in the range of 1.2
to 1.4 nm,['8l while the very rigid inorganic siloxane corel'8! itself amounts to about

0.5 nml'8l which makes them one of the smallest classes of nanoparticles.!'!

First reports hinting at the formation of — by then — structurally unverified siloxane
frameworks that could today be classified as silsesquioxanes were published as early
as 1873 by Ladenburg.’®® The hydrolysis product of phenyltrichlorosilane was
described as “silicobenzoic acid”, reaction with potassium hydroxide in alcohol and
carbonic acid resulted in a solid product given the formula of (SiCeHs0)20 via
molecular weight determination, wrongly identified as “siliconic anhydride”. Kipping and
coworkers argued from their own observations with silane diols,?!! that the more
realistic interpretation would be hydrolysis followed by condensation into more complex
structures. The nature of these condensation products was also pointed out to be
highly influenced by the hydrolysis conditions employed, usually resulting in mixtures.
Reported by Scott in 1946,?2 thermal rearrangement of a MeSiCls and Me2SiCl2
condensate forms different siloxane products, one of which was tentatively attributed
to the formula [MeSiO1.5]2n, with n being an integer. Overall low yields (below 1%) and
bad solubilities hindered a more detailed analysis. A patent by Barry and Gilkey
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published in 1949123 details the separation of supposedly TsRs to T24R24 monomers —
distinguished via their molecular weight — from a mixture of alkylsilsesquioxane
hydrolysate and sodium hydroxide, with some of the proposed conformations being

correct in hindsight, though at the time still unverified.

R
R‘S- R\Sl/o\Si,R RS 0 s'\i\o
~Sl=0 o) ! g \
R \ iR R g O~g; O\ P r O SR
Si—o5Y [S VR R iSo=8570
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Figure 1. Exemplary structures of different silsesquioxane types. A: TeRs, B: TsRs, C: T10R10, D:
incompletely condensed T7R7(OH)s, E: ladder-like, F: random polymeric. R designates hydrogen or
organic functional groups.

In 1955, several reports were published in rapid succession by the groups of Guenther,
Gilkey and Wiberg, describing indication for TsMes, TsMes,[242¢1 TePhg, 251 TgEtgl246:25]
T1oMe10? and T4Bus as well as T4Pral?8l units. It should be noted that some of the
structural assumptions were allegedly wrong (TePhe)?>271 or remained tentative until
subsequently realized from different starting materials (T4Ra4).?628] The approach of
Sprung and Guenther differed from the so far established procedures. Instead of
thermally rearranging (co-)hydrolysates of di- and trichlorosilanes produced in an
excess of water, they employed co-hydrolysis of trialkoxysilanes and trichlorosilanes
10
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in the presence of up to three molar equivalents of water,?#2b! with additional acid
catalysis/?*l depending on the silane employed. In case of basic catalysis, the addition
of tetraethylammonium hydroxide increased yields somewhat as well as shown by the
same authors.[?°l Structural conformations of TsEts and TsCys were finally obtained by
Gilkey via XRD-analysis, ! followed by the works of Sliwinski®*% in 1959 (reporting the
first synthesis of the octahydridosilsesquioxane TsHs) and Larrson®'1in 1960, detailing

several other alkylsubstituted silsesquioxane solid-state structures.

After these seminal reports, the next decades encompassed the synthesis of many
structures from n= 6 upward in one reaction mixture from chloro- or alkoxysilanes. In
addition, most silsesquioxanes could only be isolated in very low yields after being
crystallized or precipitated over the course of weeks or even months.[?5321 During this
time, the first incompletely condensed frameworks (such as Structure D from Figure 1)
were reported by Brown and Vogt,[322.°1 which will be the focus of Chapter 1.1.3. In
1970, Frye and Collins reported the synthesis of TsHs under “scarce-water” conditions,
in contrast to previous syntheses, which had employed water in excess. Controlling
the exact equivalents of water in the reaction mixture allowed the authors to isolate
TsHs in about 13% yield, along with the first higher hydridosubstituted structures from
T1oH10 to T1eH1e in combined yields of 15-35%.33 Further improved protocols with
additional characterization data based on Collins work were published in 1987 and
1991 by Agaskar and coworkers,¥ reaching an overall yield of 17.5% of TsHs 1
(Scheme 1).

H
\ O _
FeCls, H‘Sli./o\sro \
, HCI O "H O
Hsicl; — = | [ \ [l = Tobs
toluene, Q H;Si\ /O/Si-H
methanol, \p ) d
hexane Si Si
\ H \O/ H )
1

Scheme 1. Synthesis of TsHs 1 via “scarce-water” hydrolysis of trichlorosilane with FeCl3.[34]
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Another report of Agaskar and Klemperer in 1995[3 details the synthesis and isolation
protocols of silsesquioxanes ranging from TsHs 1 to T1sH1s from one and the same
reaction mixture in a long and resource-intensive procedure. Breakthroughs such as
reported by Bassindale and coworkersl'¥ enabled the synthesis of TsRs
silsesquioxanes with yields of up to 90%, finally giving broader access to functionalized

TsRs frameworks without the need of hydrosilylation of TsHs.

The remarkable and apparently quite selective formation of discrete molecules from
monomeric silanes instead of random polymeric structures has been subject of many
investigations. The observations of Brown and Vogtl®?2b! infer cyclic oligosiloxanes
((SiO)s and (SiO)s rings) emerging from dimers. Fourier Transform infrared
spectroscopy (FTIR) monitoring the condensation process of alkoxysilanes under
basic conditions alludes to a four membered (SiO)4 ring as well, two of which then
condense into Ts frameworks.% Kudo and coworkers investigated the formation of the
TsHs framework theoretically from the role of solvents and starting materials’
substituents to the fully condensed products.’”) Water is ascribed a significant
beneficial effect in the initial condensation and formation of small three and four
membered rings with SiO units by stabilizing all-cis transition states with hydrogen
bonds.3728 Supporting the findings of Brown, Vogt®?2:l and Li,3¢! the (SiO)s ring
(structure C in Figure 2) is understood as initial precursor for larger frameworks as well,
although alternative rearrangement processes of for example three membered ring
systems were not considered in the calculations.?’d In addition to four consecutive
condensations of two (SiO)4 rings towards the Ts framework, Kudo and coworkers
describe (energetically less favored) alternative stepwise constructions from the form
membered ring onward: ancillary siloxane mono- or dimers are being added in such a
way, that the greatest possible stabilizing effect through hydrogen bonding is achieved.
This leads to many possible intermediates on the way to the fully condensed
octahydridosilsesquioxane TsHs (Figure 2).379 Nevertheless, research concerning the
choice of reaction conditions such as the solvent is still ongoing, which can significantly

influence the structural outcome.[38!
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Figure 2. Schematic of processes from silanol (A; HSi(OH)3) to Ts (U). The numbers are the
MP2//B3LYP/6-31G(d) + ZPC reaction energies. The number of intramolecular hydrogen bonds shorter
than 2.5 A are indicated in parentheses. Figure reproduced with permission from the American Chemical
Society.[37d

1.1.2 Synthesis of functionalized TsRs Silsesquioxanes

The TsRs framework is the by far most investigated representative of the
silsesquioxanes. Several pathways to certain functionality patterns are known,
depending on the starting material. The parent molecule, TsHs is formed through the
improved “scarce-water’-method of Agaskar and Klemperer as described above.[340]
The silicon-hydrogen functionalities allow different modifications such as
hydrosilylation, usually carried out with Speier's or Karstedt's catalysts.*] The
versatility of these approaches is limited by indiscriminate conversion of the Si-H
functionalities, as in most cases all of them react in the same manner, although some
reports do give insight into selective monofunctionalization via this route, as shown in
Scheme 2.[3%]
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H,[PtClg],
T12(0SiMes);, MesNOSiMesCl /\/\/‘ B
T14(OSiMez)1q - HrTe™ Cebra
7,8 H,[PtClg], 2
) SN
, Fe H7T8/\/©
_ Me3SiOSbMe :
Tg(OSiMes)g ~— “{Tan} == 2 Fe
6 Ha[PtCle], H,[PtClg], 3 =
= OH ~_0
MH) . /\{/ =z {\AO/}n; H7T8\/\/O%/\Oﬂ'
T8 8 m
5 4

Scheme 2. Selected functionalization strategies of hydridosilsesquioxanes TnHn. For 2 to 6: n =8, for 7:
n =12, for 8: n = 14 .[34a:39]

Organically substituted TsRs frameworks can be synthesized from accordingly
substituted starting materials as well, provided the functional group tolerates the
necessary condensation conditions. Common organic manipulations have been used
to create silsesquioxanes tailored to the desired application, as most reactions are
targeting the functional organic groups, not the siloxane core itself.*?] Perhaps the
most important requirement in this case is the compatibility of the siloxane core with
regards to harsh reaction conditions, as it can be cleaved by strong acids and bases,
which will be discussed in the next chapter. Silsesquioxanes are also investigated

regarding the encapsulation of hydrogent*'l and fluoride inside the siloxane core.l'8¢42]

1.1.3 Incompletely condensed silsesquioxanes

As in the TsHs parent case, monofunctionalization of only one functional group from a
fully condensed TsRs silsesquioxane is a difficult task. While condensations of
differently substituted chloro- or alkoxysilanes in the desired stoichiometric ratio can
indeed be used to isolate partially functionalized frameworks, very low yields and
mixtures of different isomers are the result of such reaction conditions.*3 A different
reaction pathway solves this problem by utilizing incompletely condensed
silsesquioxanes, where at least one siloxane bond of the framework is missing. From

general investigations, such as shown in Figure 2, it can be rationalized that
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incompletely condensed structures are suitable precursors for various framework
manipulations through condensation. As mentioned in Chapter 1.1.1, such open
frameworks were already reported by Brown and Vogt in the 1960’s, although their
significant synthetic value had not been recognized at the time.2a Two general
methods are established: Siloxane bond cleavage of a completely condensed cage
with strong acids or bases or preventing the condensation process from finishing the
framework during the synthesis. Feher's pioneering work details the edge-opening
reactions of TsCys silsesquioxane 9 using trifluoromethanesulfonic acid (TfOH) or
HBF4-OEt2.[41 Upon bond cleavage, either a triflate group or fluorine substitutes the
oxygen on the silicon atoms formerly part of the siloxane bond. The disilyl fluoride 10
allows substitution with trimethylstannanol, followed by hydrolyzation towards the
exodisilanol 11. The bis(triflate) 12 is prone to hydrolysis and can form the
endodisilanol 13 or reform the completely condensed Ts framework 9 to varying
degrees.*¥l With both reaction pathways, stereochemical control over the position of
the silanol groups enables the endo- and exohedral functionalization of the framework
(Scheme 3).

2) HCI/H,0

0 . 'o .
Cy Cy
a) HBF,4 /Cy\ \O {C Ole\\ \O _,Cy
/S;\O/Si:o /SE\O/Si:O
Cy Cy
TeCys 10 11
9 Cy OTf Cy Cy
oS A oS A
Cyrgir O O CY Cy g0 g0 OH
QoL \o £ o/CV\ | \o OH
\O/SI\O/I//SI-OTf \ O/SI\O////SI-Cy
Si si° Si si°
O Sy A ™ O PO Sy A ™ O
Cy 012 Cy Cy 013 Cy

Scheme 3. Treatment of fully condensed TsCys 9 silsesquioxane with a) tetrafluoroboronic acid and b)
triflic acid. In both cases, one edge of the cubic framework is opened and two silyl fluoride (10) or triflate
(12) moieties are produced. Cy=CeH11.144]
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While the disilyl fluoride 10 is a very stable species due to its silicon-fluoride bond and
is restricted to a few manipulations, the more versatile bis(triflate) 12 can be
functionalized with suitable nucleophiles. Treatment with either stoichiometric amounts
or an excess of aniline results the silsesquioxane framework 14 with an oxygen atom

substituted by nitrogen, or in the disilylamide 15, respectively (Scheme 4).[4%]

The incompletely condensed silsesquioxanes with one vertex missing have garnered
more attention than the previously discussed mono edge-opened frameworks, as their
synthetic access is far easier. The approximately Cs, symmetric T7 silsesquioxane
structure 16 is formed through the hydrolysis and condensation of trichloro- or
alkoxysilanes. The early reports detail chlorosilane hydrolysis procedures lasting
months to years,®? a period of time that can be shortened considerably by the
presence of a base such as lithium or sodium hydroxide and a slight excess (1.1 to 1.3
equivalents) of water (Scheme 5).[461 The synthesized silanolates can then be

protonated to obtain the incompletely condensed R7T7(OH)s species.

Cy C F|)h
: Cy
5i— O s Cy, ./o\s,N\H
Cy ’O//O\ /O/\ O//SI / |
/Sid S{‘C N_py, -1 HaNPh exc. H,NPh Cy\S/iO'/O\Si/O Cy
y Y - 12— \C
Cy. / y
Qg ) si. ole\\_ \o Cyph
- T~ A Cy /
\o o) /d \O/SI\O/I//SI-N
Simaq = Si_ : .0 K
~1S~0 Si Si
Cy Cy ~o— \Cy
14 15

Scheme 4. Edge-capping of bis(triflate) 12 with an excess of aniline results in an incompletely
condensed silsesquioxane functionalized with two silyl amide moieties 15. A formally fully condensed
TsCys structure such as 14 can be obtained with one oxygen replaced by nitrogen, by treatment of the
bistriflate with an equimolar amount of aniline.#?!

Notably, almost the same reaction conditions are employed to obtain the incompletely
condensed framework 17, usually termed double decker silsesquioxane (DDSQ).[4]
Applying alcohols as solvents instead of aprotic ethers such as thf and longer reaction
times is the key for this reactivity, as intermolecular hydrogen bonding to the solvent
molecule suppresses dimer formation of two T7R7(OH)3 fragments.3848 The
T7Ph7(OH)s trisilanol 16a was found to act as the precursor for DDSQ 17, which is
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obtained after about 44 h of continuous stirring (Scheme 5), in line with previous
findings reporting siloxane bond cleavage in silsesquioxane frameworks under basic

conditions in alcoholic media.[38

R __OH
1) NaOH, H,0, 0»/3'
'PrOH or thf, R. Ii'/O\Si”OH
O OH

reflux 4h, 15 h rt

2) HCI, Hy0 o/ R~\ . \R /
\

RSIR's for solvent = 'PrOH, “
R = Ph (16a)

mé//O\\&Ph
7 / \
1) NaOH, H,0, Ph\S/iO,//o\Si/o OH

'PrOH, reflux 4h, 210 *Ph
tshig  HO \ \ OH
. g
2) HCI, H,0 Ph-si__ /O/Shph
Ho_ 07 0
Si Si”
PR O™ ph
17

Scheme 5. Synthesis of incompletely condensed silsesquioxanes T7R7(OH)s type 16 with C3, symmetry
and of the double decker type 17 from the same starting material. R = in general organic substituents,
for R = Ph: 16a,[3846b:481 R = Cy: 16b;16c1 R’ = alkoxysubstituents.

The silanol functionalities of incompletely condensed silsesquioxanes make them an
extremely versatile starting material, enabling the incorporation of a differently
substituted silicon atom in so-called corner capping reactions. Capping the structure
with silicon vertices is conveniently achieved with trichlorosilanes and an amine as
auxiliary base (Scheme 6).[322¢49 |n general, any functional group can be introduced
this way, as long as the necessary reaction conditions do not decompose the siloxane

framework.
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Scheme 6. Corner capping reaction of incompletely condensed T7Cy7(OH)s silsesquioxane 16b with
chlorosilanes and an auxiliary base producing a completely condensed framework 18 akin to structure
B (Figure 1) with one different substituent. R’ = H or organic substituent.[322:49]

Introduction of a second functional group can be accomplished by cleaving a silicon
vertex of a previously corner-capped silsesquioxane (20) with Et4aNOH,®% although it
has to be emphasized that the selective cleavage of a particular vertex can be
challenging, and a mixture of corner-opened products can result (Scheme 7).5%
Corner-capping with a suitable trichlorosilane enables two-fold functionalization, e.g.
for the crosslinking of polymers.

Bu 0 "Bu‘
O/s|/ \/Si O/s|/ \/Su
1 / /O /O 1 / /O /O
BU.gjeO~g;" \ eNoH  DUsieO~g \
’Bu\\ / ’Bu\\ /
Q™™g S 0"s S
o I\O l/’ I-Bu HO I\O l/’ I-Bu
_Si Si” Si”
Bu” 0T "By HO=— "Bu
19 20

Scheme 7. Corner-opening reaction of a completely condensed monofunctional silsesquioxane 19 with
tetraethylammonium hydroxide resulting in functionalized trisilanol 20.5%

Aside from silicon atoms, many other elements of the periodic table can be introduced
by corner-capping reactions of incompletely condensed frameworks. In general, the
heteroelement atoms introduced to the silsesquioxane framework do not have to

coordinate exclusively to the oxygen atoms of just one silsesquioxane, most

18



1 Introduction

prominently seen in metallasilsesquioxanes. While the Tz framework D from Figure 1
is able to accommodate even large transition metals such as zirconium into a single
vertex,®!l dimeric structures are frequently obtained, especially when trivalent metal
precursors are employed.? One commonly adopted structure (21) is shown in
Scheme 8, though depending on the metal and silsesquioxane framework, a different

number of bridging blocks and coordination environments are possible.
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Scheme 8. Incompletely condensed silsesquioxanes 16b react with (transition-)metals react with in such

a way, that a M202 bridge between two T7 fragments is created. M = Ti: 21a;52al M = Al: 21b;5201 M = V:
21 c'[52(:;533]

For example, in addition to structure 21, molybdenum and tungsten form Mo=Mo and
W=W triple bonds!®?d and a single transition metal can connect two corner opened
T7R7(OR’)(OH)2%2¢1 or edge-opened TsRs(OH)2 moieties.[>?"l Some species exhibit an
equilibrium between the mono- and dimeric state,[3 tentatively attributed to the poorer
orbital overlap between the silsesquioxane to the transition metal in the monomer, 53l
as well as steric demand of the corresponding ligand coordinating to the metal
center.[3 Through treatment of these dimers with strong bases such as pyridine or
acetonitrile, species with two additional ligands located at one of the two transition
metals are obtained, some of which are surprisingly stable against dissociation into
monomers.[%22.c:53al |n other examples, a donor on each metal is reported for titanium
dimers in chloroform solution (prepared from Ti('PrO)s4 and a T7 trisilanol), after addition

of methanol.[53b!

Alkali metals such as lithium and sodium are introduced either through the

condensation process using NaOH or LiOH as discussed above,*®! or through
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deprotonation of the trisilanol D with suitable bases. While stronger alkali metal bases
such as sodium tert-butoxidel®*@ tend to quickly destroy the silsesquioxane framework,
sodium hydridel®*! or n-butyllithiumi®%a.cl are sufficient deprotonation agents. The
structure of [T7R7(OLi3)]2 in the solid state is a matter of debate, as Edelmann and
coworkersl®®®! reported a dimer featuring a LisOs bridging unit between the two T7Cyz
fragments, while Gomez and coworkers!®® published a [T7Bu7(OLi3)]s tetramer. In the
latter case, bad crystal quality might factor into ambiguous results’®l and DFT

optimized studies!®®d support the former LisOs dimer reported by Edelmann.[55°]

Group 2 elements are less common for corner-capping and can form more intricate
structures. Magnesium features an example of three Mg202 rings bridging two T7 parts,
but is nonetheless equally useful for the synthesis of silicon or titanium capped
silsesquioxanes.8! In contrast, treatment of T7Cy7(OH)s 16b in thf with calcium in liquid
ammonia led to cage rearrangement towards the complex [(TsCysO)2Ca(dme)Ca(thf)z]

with two edge-opened Ts fragments.’]

Group 13 elements produce different bridging modes: in contrast to aluminium (forming
dimer 21b52?l), boron tends to arrange its substituents in such a way that allows the
retention of the trigonal planar coordination environment when incorporated into
incompletely condensed T7 frameworks, as shown by Feher and coworkers (Scheme
9, reaction a).%8 The reported [T7Cy7B]2 dimer 22 shows a remarkable stability against
various bases and so far, no isolated species with a single boron atom capping a T~
fragment was reported. Boron dimer 22 exhibits behavior indicative of switching the
coordination of the oxygen ligands between the two borate esters, producing an
intermediate structurally akin to the dimeric motif 21.52°1 Upon addition of PhsPO or
MesNO to aluminium dimer 21b, the authors describe 21b as a “latent source”™?"! of
the monomeric T7Cy7Al intermediate 23, forming according to a dissociative
mechanism even before a reaction with PhsPO or Me3sNO takes place, as shown in
Scheme 10.[520:59.b0] |n contrast to other monomer-dimer equilibria, however, 530l the
authors observe only one species in solution via spectroscopic methods,!%?®! and the
reactions take several hours at room temperature, so that an equilibrium producing

noteworthy amounts of a reactive, Lewis acidic monomer seems unlikely.
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Scheme 9. a) Treatment of incompletely condensed silsesquioxane T7Cy7(OH)s 16b with Bls in the
presence of NEts results in dimer 22, in which two boron atoms bridge two separate T7 fragments, while
keeping their trigonal planar coordination environment.58] b) The reaction of T7Cy7(OH)s with AlMes
yields dimer 21b, in which the two Al atoms are tetrahedrally coordinated and form an Al202 ring.[52]
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Scheme 10. Cleavage of aluminium dimer 21b with proposed occurrence of intermediate monomeric
species 23 on the way to Lewis adducts 24a ((a) = R = OPPhs, n= 0), 24b ((b) = R = Me3NO, n= 0),152°]
24c ((c) = MesSbOTMS, R = TMS, n= 1, X = Me4Sb; TMS = trimethylsilyl)i>% and 24d ((d) = Me4SbOH,
R =H, n=1, X = Me4Sb).[5%]

T7R7(OH)s frameworks treated with gallium trichloride or trimethylgallium share similar
dimeric structures as aluminium, though also Lewis base-coordinated monomers and
more extensive dimers with multiple four-membered Gaz20:2 rings can be obtained with

an excess of GaMe3s.[5%!

Group 14 and 15 trihalides usually cap the missing vertex to complete the framework
condensation,®%61if used in a 1:1 stoichiometric ratio. The heavier group 14 elements

behave similar to silicon in the capping process,32¢:4:60 while group 15 elements can
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act as Lewis bases due to their electron lone pair.6'a Employing an excess of the main
group element, a threefold substitution of a trisilanol with pentamethylantimony affords
stibonium substituted silsesquioxanes amenable as precursors for a variety of
electrophilic substitution reactions, 622 although their propensity for side reactions such
as cyclodehydrations limits their synthetic use. A trimeric Sb(V) species in which a
single antimony atom is coordinated by three T7 frameworks was recently reported.6']
Adding one equivalent of a mono- or dihalide to a trisilanol can introduce different
functionalities, or exclude one or more silanols from participating in further reactions
by capping them with inert groups.[®? Incompletely condensed T7R7(OSiR’3)(OH)2
silsesquioxanes with one inert siloxane moiety can produce interesting structures, for
example when treated with LiBH4 a lithium and a boron atom bridging two Tz
silsesquioxanes are introduced to give structure 26 (Scheme 11).5%¢ In contrast to the
[T7B]2 dimer 22, the boron atom adopts a tetrahedral coordination environment.
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Scheme 11. Treatment of incompletely condensed silsesquioxane 25 with 0.5 equivalents of LiBH4
produces the bridged species 26 R = CsHo.[59¢

Lanthanoids were introduced into silsequioxane frameworks as well, adopting
silsesquioxane dimer, trimer and tetramer structures.®5263] Sometimes other elements
such as lithium are mixed into the bridging units, %3 and such species are investigated
as potential components of semiconductor surfaces.[®3¢! Yttrium exhibits a dimer, in
which framework oxygen atoms are used to satisfy the coordination sphere of the metal

atoms.[55263al  Applied in transition metal complexes,®'264 many incompletely
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condensed silsesquioxanes tend to dimerize as with group 1, 2 or 13 metals, though
some interesting features can be observed. For example, pleochroic mixed-metal
species are obtained in solid solutions by treating the silsesquioxane trisilanol

consecutively with the different metal precursors.[52l

1.1.4 Larger Silsesquioxane cage systems

While the syntheses of larger congeners of TsHs were reported early on,[33-3%1 simple
and high-yielding procedures were lacking. The organically functionalized T1o0R10
(Structure C) and T12R12 (G) silsesquioxanes turned out to be the most accessible
larger silsequioxanes, prepared either from Ts and polysilsesquioxane structures with
acid or base induced cleavage and subsequent rearrangement processes,6%a-cefl or
through TfOH-catalyzed hydrolysis of alkoxysilanes.[%49! So far, the largest isolated
organically substituted silsesquioxane T1sR1g (R = styryl, PhCH=CH-) framework (J)
was reported by Wong Chi Man et al. in 2021,8] albeit without characterization in the
solid state. Functionalization strategies of T1R10, Ti2R12 and the TisR1s
silsesquioxanes are largely the same compared to TsRs, as most reactions occur at

the organic substituents.
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Figure 3. Examples of isolated larger silsesquioxane frameworks: T12R12 (GI6%-¢l), Ca, isomer of T14R14
(H®7al), Dan isomer of T14R14 (I343), T1gR1s (JI6€1).

So far, the systematic construction of a broad variety of larger silsesquioxanes other
than T10 and T12 is considerably underdeveloped: many cage systems are formed in
one-pot reactions without explicit control over the cluster size (aside from the
previously mentioned NEtsF templated TeRs synthesis). A few reports mention the

selective formation of distinct silsesquioxanes where C2v or D3n T14R14 species
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(Frameworks H and |, respectively) were either obtained as crystals in minute amounts

or postulated as thermal rearrangement products of smaller silsesquioxanes.[®’]

Theoretical studies explored the possible isomers of T14H14 and T1sH1e compositions.
Usually, one distinguishes by the number of four-, five- and six-membered rings (with
regards to the RSiO unit). The established nomenclature indicates as superscript how
many ring motifs are present in a given silsesquioxane. For example, 6°5%42 refers to
the Dan isomer | of T14R14 displayed in Figure 3. While Freeman®® and Kudol*'!
investigated only three of the four3® possible T14R14 isomers, they found significant
differences in relative stability. Freeman and coworkers/®® argued that larger structures
favor larger ring systems to decrease ring strain, which is also reflected in the empirical
observations by Agaskar,% Wong Chi Manl®%l and Marsmann(®®al in their respective
systems. Extrapolation of the number of rings from spectroscopic data would help
identifying the framework isomers in a reaction mixture if isolation of single crystals is

unsuccessful.

1.1.5 Applications of silsesquioxanes

Feher and coworkers first recognized the resemblance of incompletely condensed
T7R7(OH)s silsesquioxanes with hydroxylated silica surfaces.i32¢:%1al Synthetically, T7
silsesquioxanes are therefore useful silica model systems, resembling the (111)
octahedral face of B-cristobalite.[??l Coordination to a transition metal follows the same
rationale, allowing for the development of structure-property relationships of silica
supported catalytic systems.[6®7% Early reports showcased vanadium and chromium
silsesquioxanes as efficient catalysts for olefin polymerization.l’°2] Since then many
combinations of silsesquioxanes and (transition) metals have been evaluated on their
catalytic activity. Along with useful insights into catalytically active sites in silica-
supported catalysts, these efforts led to interesting structural findings such as a
tetrameric neodymium silsesquioxane complex initiating the 1,4 polymerization of
isoprene,l’%l or two T7 fragments bridged by perpendicular Zn202 rings useful for
polylactide polymerization.[70d]

The completely condensed silsesquioxane framework can also act as monodentate

ligand, for example in the molybdenum catalyzed alkyne metathesis.[’'a Non-
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metallated silsesquioxanes are used as catalysts as well, for example in the formation
of cyclic carbonates from CO2 and epoxides,[’'® and C-O bond reduction with

multiborylated Ts silsesquioxanes.[”"°]

Closely related to the function as silica surface model, the TsRs framework was
recognized to resemble the building blocks of zeolites.l%%2] The vibrational spectra of
hydrogen substituted silsesquioxanes, also in case of larger systems, match the zeolite
data to such a degree, that they can act as model systems for the ring-opening
vibrations of the latter.[’?2<1 Kuroda and coworkers synthesized macrocylic structures
from dihydroxysilsesquioxanes resembling zeolite apertures,[’?d while Feher and
coworkers prepared R7T7AI-O-TgR715%l and [R7T7Al]205%] species. The latter example
violates Loewenstein’s rulel”3@ (prohibition of (O3)AI-O-Al(O3) motifs in zeolites), which
has seen some other violations and expansions emerge in recent times.[’30cl,
Treatment of a T7R7(OH)2(OSiMes) incompletely condensed silsesquioxane with
aluminium sources such as AlEts[74a or AICI3[7#Pl along with an amine base result in a
monoanionic dimer, in which one aluminium atom bridges two difunctional Tz
fragments, a feature usually observed in transition metal complexes of incompletely

condensed silsesquioxanes.[52¢-l

Since more synthetic procedures targeting the TsRs silsesquioxanes produced better
yields and shorter reaction times, Ts systems have been widely applied in industrial
settings, mainly as nano building blocks!”®2."] of organic-inorganic hybrid systems. The
inherent symmetrical structure and high core rigidity!'8®! of Ts frameworks enables their

use in dendrimers,[76a chemical sensors!’®*¢.d and in OLED applications.[””]

Calcination of metallasilsesquioxanes produces evenly distributed metal oxide
particles in the resulting material, due to the preconfigured selective incorporation of
heteroelements into the Tn framework.[’82l The same rationale prompted the groups
of Thieuleux and Grandidier to dope germanium wafers with an antimony monolayer
surface, applying silsesquioxane stibines as precursor.l’8¢dl Their high thermal and
mechanical stability’® makes them attractive additives for fire-resistant materials,
additionally introducing a protective char layer in the material during combustion.[”]

Aside of the organically functionalized TsRs framework, other forms of silsesquioxanes
are of industrial interest as well. HSQ, a resin consisting of hydrogen-functionalized

TnHn silsesquioxanes, can function as negative electron-beam and extreme ultraviolet
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lithography resists for integrated circuitry with intriguing results for potential future
nanofabrications below 10 nm.[B%pbl Qrganically functionalized silsesquioxane
copolymers are promising electron-beam lithography resist candidates as well.[80c]
Ladder-like silsesquioxanes (Type E in Figure 1) were recently shown to exhibit
thermoplastic behavior, useful for thermally stable hybrid glass applications.®]
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1.2 Lewis acid-base chemistry and frustrated Lewis pairs

The Lewis acid-base concept is one of the fundamental principles of chemistry. Lewis
bases, electron pair donors as per definition,®? are key components in transition metal
chemistry, acting as ligands to the metal and exerting electronical as well as steric
influence.®3 The almost unlimited combinations of Lewis basic centers with organic
substituents enable specifically tailored electron pair donors, such as trisubstituted
amines and phosphines amenable for C-C bond formation®4 and catalysis.[®® Lewis
acids act as electron acceptors, and can likewise be tuned through their
substituents.® Lewis acids are — for instance — employed as catalysts in a number of
organic reactions®’l and as anion transporters.8 In 2006, Lewis acids and bases
attracted considerable renewed attention with the introduction of the concept of
Frustrated Lewis Pairs (FLPs) by Stephan and co-workers.!9 In their pioneering work,
they showed that the intermolecular combination of sterically shielded strongly Lewis
acidic and strongly Lewis basic centers in 27 was capable of metal-free reversible
dihydrogen activation to yield 28 (Scheme 12). The lone pair of the Lewis base and the
empty p-orbital of the acid exhibit essentially unquenched reactivity if sterically

hindered from forming the adduct.

F F F F
Ha ® !_I
(Me;3CgHy),P B(CeFs)2 (Me3CgHy),P B(CeFs)2
A H @
27 28

Scheme 12. The concept of Frustrated Lewis pairs (FLPs) illustrated with dihydrogen activation by
prototypical 27.[8°

Such hindrance is achieved intermolecularly with bulky substituents on preferably both
components.B%:90d  The reactive centers can additionally be incorporated
intramolecularly into a rigid scaffold with a suitable distance between the two.[?%-l
Since their introduction, numerous FLPs with diverse structural features have been
reported and investigated regarding their scope of substituents®l and the mechanisms
of activating small molecules.[®? Lewis acidity!®® and basicity!® scales along with
theoretical calculations!® have been helpful to rationalize the general reactivity trends,
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though the factors responsible for successful activation, or no reaction at all, are not

always obvious.[]
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1.3 Stable unsaturated molecular silicon clusters

1.3.1 Overview

In general, silicon cluster chemistry can be divided into three categories shown in
Figure 1: the polyhedral oligosilanes,®”-% commonly referred to as saturated clusters,
in which every silicon atom is tetrahedrally coordinated to either stabilizing substituents
or other cluster vertices; the Zintl anions,®%1° completely substituent-free, negatively
charged deltahedral clusters; and siliconoids,['%? which must feature at least one
unsubstituted, hemispheroidally coordinated silicon atom. Regarding silicon clusters in
this thesis, the focus will be on siliconoids and the following section will give a brief

overview of their syntheses, structures and properties.
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Figure 4. Examples of an SisMe14 polycyclic silane 29,1°71 a [Sig]* Zintl anion 30°%! and a SisTips
siliconoid 31.['%2 The counter ions of 30 are omitted for clarity, the unsubstituted silicon atom of 31 is
highlighted in bold (Tip =2,4,6-triisopropylphenyl).

1.3.2 Stable neutral unsaturated Siliconoids

Schnockel and coworkers!'®l developed synthetic protocols for the preparation of
group 13 clusters via the corresponding monohalides, termed metalloids. A metalloid
consists of more metal-metal than metal-ligand bonds and ligand free, “naked”, cluster
vertices,['%%] with an average oxidation state between 0 and +1.'9 The name was
chosen to reflect on the atomic arrangement of these clusters, which is reminiscent of
that in the corresponding bulk metal.['9%¢l Schnepfl'%4 later expanded the metalloid
concept to group 14 elements, although the preference of this main group for oxidation
states of +II rather than +| gives rise to a certain ambiguity. Scheschkewitz et al.[%]

therefore coined the term siliconoids for unsaturated silicon clusters in 2012: while the
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average oxidation state is ignored, a siliconoid only requires the presence of at least
one unsaturated, hemispheroidaly coordinated cluster atom. The hemispheroidality
parameter @ ['91 was introduced to distinguish unambiguously from the tetrahedral
coordinated case. The term siliconoid reflects on the resemblance to potential
intermediates during the deposition of elemental silicon from the gas to the condensed
phase.['05107] The first siliconoid 31 (adhering to this definition in hindsight) was
reported in 2005 by Scheschkewitz!'%? and is obtained through treatment of SiCls with

a fourfold excess of lithium-disilenide 32.[108]
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Scheme 13. Treatment of lithium-disilenide 321'08 with 0.25 eq of tetrachlorosilane yields the first
siliconoid 31117 with tetrasilabutadiene 33199 as by-product (Tip = 2,4,6-triisopropylphenyl).

In the following years, more examples of siliconoids were reported by the groups of
Veith, Wiberg, Breher, Scheschkewitz, lwamoto, Kyushin, Fassler and Lips (Figure
5).['1% Some of them are obtained through thermal rearrangement of their isomers or
smaller siliconoids, such as the global minimum isomer of hexasilabenzpolarene

3701101 or lwamoto’s Sis siliconoid 38.[11°]
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Figure 5. Selected siliconoids (Mes = 2,4,6-trimethylphenyl, Dip = 2,6-diisopropylphenyl, Tip = 2,4,6-
triisopropylphenyl, R = SiMe3).[10]

1.3.3 Stable anionic unsaturated siliconoids

A common feature of many siliconoids is the propellane-like structure, which was also
found to be a plausible structure of 2D silicon films such as the still elusive silicene.l'"]
Siliconoids thus constitute suitable molecular models stabilized kinetically by their large
organic substituents. The unsubstituted vertices in siliconoids resemble the “dangling
bonds” of a silicon surface and are heavily studied with regards to their reactivity and
structure-property relationships. Scheschkewitz and coworkers reported (di)anionic
unsaturated siliconoids,!"?l which enable the transfer of the intact siliconoid moiety, or
(among other methods!'?) the incorporation of heteroatoms into the cluster
framework.['12¢] Such anionic, partially substituted siliconoids represent a valuable
contribution regarding the relationship of Zintl clusters of silicon with neutral saturated
and unsaturated clusters.[''%] Silylation of a Sis Zintl anion accesses the anionic
siliconoid 44 with an exceptionally high number of unsubstituted vertices.
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Scheme 14. a) Syntheses of anionic siliconoids from the dismutative isomer of hexasilabenzpolarene
36 in different positions.l'122<l (Reagents: (a): BHs:SMez; (b): BuC(O)CI; (c): PhC(O)CI; (d): SiCls; (e):
CIP(NMez2)2; (f): CISiMes; E = main group element electrophiles: 41a: E = BHs~, 41b: E = ‘BuCO, 41c: E
=PhCO, 41d: E = SiCls, 41d: E = P(NMez)2, 41f: E = SiMes, Tip = 2,4,6-triisopropylphenyl). b) Formation
of anionic siliconoids 44 and 45 through silylation of Ki2Si17. 45 is formed in small amounts during
crystallization of 44 (222crypt = {4,7,13,16,21,24-hexaoxa-1,10-diaza-bicyclo[8.8.8]hexacosane}).['10d]

With the basic set of differently sized siliconoid frameworks and manipulation tools at
hand, transition metal chemistry and cluster expansions are currently being

explored.[14]
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1.4 Silicon monoxide

1.4.1 Synthesis of silicon monoxide

The material commonly known as silicon monoxide (SiO) was first reported by Mabery
in 1886 by reduction of silicon dioxide (SiO2) in an electrical furnace.l'® Mabery
described a green-yellow amorphous substance with a nominal composition between
elemental silicon (Si) and unreduced silicon dioxide, variable in color and yield
depending on the reaction and condensation conditions. To this day, the exact
structure of SiO in the condensed phase is unknown. The heavier group 14 monoxides
of tin and lead(''® adopt well-characterized crystalline lattices, while the structure of
solid GeO is also amorphous and still somewhat ambiguous.[''® SiO is commonly
prepared by heating elemental silicon and silicon dioxide and condensing the
generated gaseous SiO on cold surfaces (Scheme 7).1'17]

A
Si(s) + SiOy(s) ——=——=" SiO(g)

Scheme 15. Heating of silicon and silicon dioxide forms diatomic silicon monoxide, which
disproportionates partially again upon cooling or thermal treatment into silicon and silicon dioxide.['!7]

Other preparation methods employ the reduction of silica with reductive agents other
than elemental Si. As described by Hass,[''"] these methods generate systematic by-
products and thus proceed with lower atom economy. Different cooling rates of the
diatomic gas!''® result in several different modifications in the condensed phase,
ranging from green-yellow to black in color.'®'""] The condensed material tends to
disproportionate over time into Si and SiO2, which complicates the analysis and
interpretation considerably. SiO is an amorphous substance, and the lack of spatial
resolution approximating the long-range order of the material turns the deduction of
structural information into a tedious task. Despite the so far unknown composition at
the atomic level, it has been explored for many decades as component in optical
coatings,[':11°% and is an extensively studied potential anode material in lithium ion
batteries,[".120 gs well as precursor for Si nanowires, nanotubes and porous silicon.[121]
Essentially since its first report, scientists debated if SiO consists of a mixture of
amorphous silicon (a-Si) and amorphous silicon dioxide (a-SiO2)l'?2 or rather a
macroscopic phase of silicon(ll) oxide.['?3] Regardless of their actual composition, the
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various known modifications are all amorphous. Studies claiming that a crystalline SiO
(c-Si0O) modification exists!'*4l were proven wrong by describing the “c-SiO” to be a
mixture of B-silicon carbide and B-crystobalite,['2%8l and no credible report on ¢c-SiO was
published so far. Theoretical investigations regarding the crystallinity of SiO at
pressures of 1 atm and above were performed by Hoffmann and coworkers,['?8] in
which they found many possible structures at ambient conditions deviating only slightly
in energy. Crystallization of pure silicon from SiO however was experimentally proven
through the aforementioned disproportionation into Si and SiO2 at temperatures above
850 °C.[?7]

1.4.2 Model systems for SiO

The works of Brady in 19590223 attributed the radial distribution functions of
amorphous SiO to a stoichiometric mixture of a-Si and a-SiO2. The random mixture
(RM) model later on presented by Temkinl['?8l regards SiO as a mixture of a-Si and a-
SiO2 in the short-range order. The individual phases were assumed to be 10 A in size
with thin intermediary regions. On the other hand, Philipp proposed the random
bonding (RB) model,['? in which silicon, being tetrahedrally coordinated, is bonded in
a statistical distribution to silicon and oxygen atoms, which would result in a
macroscopically unique phase of Si(ll)oxide. Schmid-Fetzer and coworkers!'2%]
reviewed the literature, also highlighting the aforementioned disproportionation. This
renders comparisons without further knowledge about the actual preparation method,

age, and storage conditions of the investigated samples problematic.

More intricate model systems have been proposed since then, essentially blending
both aspects of the two pioneering models together. High resolution transmission
electron microscopy (HRTEM)!'3% analysis of commercially obtained, otherwise
thermally untreated SiO samples only produces the image of an amorphous powder
while samples annealed at 1000 °C exhibit small microcrystallites of silicon.['27:1311 Pair
distribution function (PDF) analysis hints at intermediate layers between silicon and
silicon dioxide domains in which Si atoms are being coordinated by both silicon and
oxygen, forming Si(SixOs-x) tetrahedra.l’% At the same time, energy-loss near edge
structure (ELNES) fails to give any information about the intermediate regions.
Schulmeister and Mader!'3% suggest the Si and SiO2 domains to be about 3 to 4 nm in

size, about six to eight times larger than assumed by Temkin.['?8] The thickness of the
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intermediate layer was suggested to be about 0.3 nm, interpreted as the edge length
of one tetrahedrally coordinated Si(SixO4-x) silicon unit, reaching a proportion of 20 to

25% of all silicon atoms in SiQ.[130]

The interface clusters mixture model (ICM model, Figure 3, left hand side)3
describes SiO as a nano-composite being divided into a-Si and a-SiO2 domains. The
bulk SiO is described as a “frozen non-equilibrium state”, the disproportionation having
stopped sometime after the initial onset. The interface between the Si/SiOz2 regions is
described to be as thin as possible, while having a contribution of about 10 at.%.
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Figure 3. Left: Schematic illustration of the interface clusters mixture structure of a-SiO. The ultrathin
sub-oxidic interface (gray) has a matrix-like structure (roughly 10 vol%) between clusters of SiOz (light
gray) and more numerous smaller convex clusters of Si (black). Figure and caption reproduced with
permission from Elsevier.['3'l Right: Reconstructed heterostructure model of amorphous SiO. The inner
part corresponds to an amorphous Si cluster and the outer part is amorphous SiO2 matrix. The blue, red

and green circles denote Si and O in amorphous SiO2 and Si in the Si cluster, respectively. Figure and
caption reproduced with permission from the literature.['32
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Taking different oxidation states and bond lengths into account, 79 different Si(SixO4—x)
tetrahedra would be possible. The TEM investigations of the authors hinted at a

maximum Si cluster size of less than 2 nm.

In more recent times, Chen et all'32 published a heterogeneous structure model of a-
Siincorporated into an a-SiO2 matrix as shown in Figure 3 (right hand side), separated
by the aforementioned interface. Angstrom beam electron diffraction analysis detected
tetrahedral suboxidic species, reiterating the interface clusters mixture model. The
existence of Si(SixOs—) tetrahedra reinforces the hypothesis of disproportionation
suggested by earlier publications.['2%] Very recently, machine-learning based models

were applied to the SiOx system:['33 silicon domains after disproportionation were
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estimated to average between 24 to 54 A, in line with observations of Schulmeister
and Mader.['3% Qverall, the atomic composition of SiO might be approximated for the
short-range order, but a concise description through experimental evidence is still

elusive.
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2 Aims and scope

After the breakthrough of silsesquioxanes with regards to industrial applications and
as ligands in transition metals, the majority of publications revolve around the well-
known T7R7(OH)s and TsRs species as well as the double-decker derivatives, with
many silsesquioxanes finding their way into polymers. Aside from the use as transition
metal ligands, the potentially interesting chemistry of the frameworks themselves has
received less attention than the functionalization with organic groups. Considering
larger structures, only a handful of reports detail the synthesis of silsesquioxanes larger
than T12 systems, let alone detail more of their properties due to limited quantities
available. The following summarizes the scope of this PhD thesis.

The first contribution of the present work is the design and synthesis of a molecular
proof-of-principle prototype, which can open the door to novel molecular model
systems of SiO. So far, discrete silicon oxides such as silanones, resembling linear
SiO in the gas phase, rely on stabilizing contributions of substituents, due to their
inherent reactive nature.l'3 A different approach combining Zintl anions and silicates
approximates the necessary stoichiometry: obtained by the reaction of elemental Si,
SiO2 and alkali metals at about 700 °C, SiO is also reported as byproduct.'% As
described in the introduction, SiO models of the actual material are in general realized
as silicon clusters of variable sizes embedded into a subvalent silicon and silicon
dioxide matrix['32 and of theoretical rather than experimental nature.l'31 To circumvent
such problems molecular model systems are a viable approach. Examples of other
molecular suboxidic model systems employ strong Lewis basic substituents for
stabilization,!'3®! whereas the model presented herein consists of donor free
components and is in parts kinetically stabilized. The goal of any molecular model is to
create a species with which more targeted experimental investigations regarding the
thermal breakdown into SiO resembling domains can be realized. Such a model
system must a) consist of a silicon to oxygen stoichiometry as close as possible to SiO
(1:1) and b) be thermally decomposable in a way that mimics the synthesis
procedure/formation of SiO. The high thermal stability silsesquioxanes makes them
the ideal species to resemble the oxygen-rich domains of SiO (in analogy to the
application of silsesquioxanes as silica models), which is preserved until organic

components tend to be removed during heating. Silicon clusters on the other hand can

38



2 Aims and scope

function as the pure silicon domains, evidenced by their inherent resemblance to bulk
silicon intermediates during the condensation from the gas phase.l'%l A Sie silicon
cluster together with a Ts silsesquioxane exhibit a stoichiometric ratio of about SiOo.ss,
as shown in the proof-of principle molecule 46. Both parts usually contain carbon-rich
substituents, which (ideally) evaporate above temperatures of the usual decomposition

of organic matter, leaving mainly silicon and oxygen phases.

Si /Tip
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Figure 6. Targeted proof-of-principle molecule 46 consisting of hexasilabenzpolarene linked to a TsPhzR
silsesquioxane. The stoichiometry of silicon to oxygen (about 1:0.86) approximates the overall 1:1 ratio
of silicon monoxide, while the components themselves represent silicon and oxygen rich domains.

The creation of a straightforward synthetic procedure for larger silsesquioxanes would
enable the application of extended systems in various applications, and in particular
as larger SiO2 part of the model system. So far, all synthetic methods known involve
tedious separation of larger frameworks from a mixture of many different cages,
making broad reactivity and property related investigations cumbersome. Combining a
few reports concerning the condensation of two cyclotetrasiloxanes,!'3] siloxane bond
(re)formation of silyltriflates in silsesquioxane frameworks!*4 and the dimeric
stabilization of incompletely condensed frameworks, 3221381 the general idea of linking
such open-cage systems with suitable catalytic support arose. Treatment of such
incompletely condensed silsesquioxanes with TfOH should allow for the transformation
of silanol functionalities at the open face into triflates, which may even be isolable and

serve as precursors for a whole variety of subsequent manipulations including
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condensation to larger silsesquioxanes. The use of silyl triflates was recognized by
Feher and coworkers[*44% for edge-opened silsesquioxanes as versatile intermediates,

but an isolated incompletely condensed T7R7(OTf)s had yet to be reported.

o7/
Ph.. —>=0O~<..-OH
) S oH TfOH

Scheme 16. Proposed treatment of the phenyl substituted incompletely condensed silsesquioxane
T7Ph7(OH)s 16a with trifluoromethanesulfonic acid.

In light of the near endless possibilities of incompletely condensed silsesquioxanes to
produce functionalized frameworks, it is curious that phosphites embedded into a
silsesquioxane framework have not received much attention since their initial report by
Feher.6'a The few available publications provide an incomplete picture, especially
regarding the variation of steric demand. The initial report cautioned that the large
Tolman cone angle of the phosphite 4761213 may be detrimental for its ligand
properties towards transition metals. As, however, phosphite 47 readily coordinates to
trimethylaluminium(®'al but shows no catalytic activity,['#% and the isooctyl-substituted
congener actively hinders catalysis,®*! the role of different substituents and Lewis
acids should be evaluated. Even more so, since Tolmans initial report about the cone
angle, several more sophisticated methods have been established, such as the
crystallographic cone angle of Miiller and Mingos,['*' and the percent buried volume

parameter.[142]
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Scheme 17. Treatment of incompletely condensed silsesquioxane 16b with PCls corner caps the
missing vertex with a phosphorus atom. The hereby generated phosphite 47 was shown to coordinate
to Lewis acidic center of trimethylaluminium to form the Lewis adduct 48.[612]

A comparison and possible reevaluation of the steric demand of 47 seems appropriate
in context of the more refined methods. Furthermore, many FLP systems focus on
boranes and phosphanes, due to their inherent natures as Lewis acids and bases,
respectively. Silsesquioxane substituted phosphites might be suitable candidates as
basic components, as the large Tolman cone angle can hint at an ideal structural
prerequisite for steric shielding of the Lewis base. The synthesis and properties of
phosphite 49 are to be investigated with regards to general Lewis acid-base reactivity,
as well as FLP chemistry. The phenyl substituent is chosen as less sterically
demanding functional group compared to the reported cyclohexyl congener to

elucidate the reactivity and steric constraints.

R;A

Scheme 18. Reaction of silsesquioxane substituted phosphite 49 with various sterically demanding
Lewis acids RsA can potentially lead to frustrated Lewis pairs with interesting properties (R = organic
substituent, A = Lewis acidic center).

41



3 Publications

3 Publications

3.1 Interlinkage of a siliconoid with a silsesquioxane: en

route to a molecular model system for silicon monoxide

M. Hunsicker, N. E. Poitiers, V. Huch, B. Morgenstern, M. Zimmer, D. Scheschkewitz,
Z. Anorg. Allg. Chem. 2022, 648, €202200239. Copyright © 2022 The Authors.

https://doi.org/10.1002/zaac.202200239

This article has been published by Wiley-VCH Verlag GmbH & Co. KGaA as an “Open
Access” Article and is licensed under a “Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND-4.0)" License

(https://creativecommons.org/licenses/by-nc-nd/4.0/).

The article is reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA and
all authors. No modifications were made. The results are additionally concluded and

put into context in Chapter 4.
Contribution of authors:

Marc Hunsicker: Equal (D. S.): Conceptualization; Lead: Data curation, Formal

analysis, Investigation, Methodology, Validation, Visualization, Writing and Editing.

Nadine E. Poitiers: Supporting: Investigation, Data curation, Formal analysis of Sis-
CH2-Ph.

Volker Huch: Equal (B. M.): Lead: X-ray analysis.
Bernd Morgenstern: Equal (V. H.) Lead: X-ray analysis.
Michael Zimmer: Lead: CP/MAS NMR, VT-NMR and TOCSY NMR analysis.

David Scheschkewitz: Lead: Conceptualization, Project administration, Supervision,
Acquisition of Funding and Resources, Supporting: Methodology, Writing - Review and
Editing.

42



3 Publications

'.) Check for updates

RESEARCH ARTICLE

Journal of Inorganic and General Chemistry

/AAC

www.zaac.wiley-vch.de

Zeitschrift fir anorganische und allgemeine Chemie

DOI: 10.1002/zaac.202200239

Interlinkage of a siliconoid with a silsesquioxane: en route
to a molecular model system for silicon monoxide
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Michael Zimmer,”® and David Scheschkewitz*®!

Dedicated to Prof. Cameron Jones on occasion of his 60" birthday.

A new potential model system for silicon monoxide (SiO) is
synthesized by the interlinkage of an unsaturated silicon cluster
(siliconoid) with a polyhedral silsequioxane cage. Two deriva-
tives with variable linker size are obtained by the corner-
capping reaction of Ph,T,(ONa); with a trichlorosilane featuring
a remote benzylic chloride functionality and the subsequent

Introduction

Silicon monoxide (SiO) has been reported more than 130 years
ago,” yet relatively little is known about the structure of this
commercially available material, which is nonetheless exten-
sively employed, e.qg. as antireflective coating.*®® More recently,
it is being investigated along with suboxidic SiO, species as a
component of anode materials in lithium ion batteries™ < and
as pivotal component of silicon nanowires in light-enhanced
hydrogen generation.?"

SiO is usually prepared by thermal evaporation of elemental
Si and SiO,. In the gas phase at high temperatures it
predominantly exists as a diatomic molecule, which is sub-
sequently condensed by cooling.” Depending on the cooling
rate, different modifications of SiO are obtained of which the
amorphous dark powder is typically employed for the various
applications.” In contrast to SiO," the solid state structure of
SiO is still a controversial subject,' and is either described as a
single phase” or an amorphous, nanoscalar composite of Si
and Si0,.*® Earlier suggestions of a simple macroscopic mixture
of Si and Si0,” are neither in line with the distinct reactivity of
Si0,® nor with spectroscopic findings."” The random bonding
model proposed by Philipp assumes a continuous network of
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n

nucleophilic substitution of the latter by the anionic hexasila-
benzpolarene-type Sig siliconoid. Based on the recently pro-
posed heterogeneous cluster model for the SiO structure, the
stoichiometry between silicon and oxygen reiterates the
suboxidic interface of the nano-composite in a Si:O ratio of
14:12.

arbitrarily distributed covalent Si—O and Si—Si bonds."" Such a
network could be regarded as a single macroscopic phase of
SiO, but would not account for the aforementioned thermody-
namically driven disproportionation of SiO. Recently, Chen et al.
developed a heterogeneous structure model consisting of
elemental silicon clusters incorporated into an amorphous SiO,
matrix with interfacial Si(Si,,0,) tetrahedra."?

In view of the lack of empirical evidence for the SiO
structure, several (potential) model systems have been con-
ceived. lonic phases approximating the Si/O ratio of 1:1
incorporate both discrete Si-based Zintl anions and silicate
anions as reported by the groups of Fissler and R&hr." In fact,
SiO was suspected as byproduct of this synthesis. Molecular
species with silicon suboxide motifs have been reported as well,
all containing strong external donors to increase stability:
Filippou et al. prepared a chromium complex of NHC-stabilized
Si0," while Robinson et al. isolated several disilicon suboxides
coordinated by NHC ligands."™

Herein, we report the synthesis of a well-defined and stable
potential molecular model system, which combines an unsatu-
rated Sig siliconoid with a Tj silsesquioxane in one and the same
molecule and thus reiterates Chen’s model with local molecular
Si and SiO clusters.'”? While silsesquioxanes have been
suggested as models for silica surfaces and silica supported
transition metal catalysts,"® siliconoids are implied as inter-
mediates in gas phase deposition processes of elemental
silicon™” and - in the form of stable molecular representatives
regarded as model systems for silicon surfaces (Figure 1).'¥

Results and Discussion

Anionically functionalized siliconoids are easily derivatized in a
straightforward manner by reactions with various electrophiles,
which mostly proceed without compromising the integrity of
the Sis cluster scaffold."” Yet, attempts to introduce the 4-
vinylbenzoyl group (as a group potentially amenable to
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Figure 1. Selected examples of unsaturated neutral siliconoids A to
E"® and of polyhedral molecular silsesquioxanes F'® (@: saturated
silicon vertex, Si: unsubstituted silicon vertex).

subsequent hydrosilylation by T;Ph,H) in ligato-position® of a
hexasilabenzpolarene scaffold gave complex and intractable
product mixtures. Although hydro silsesquioxanes are routinely
modified by hydrosilylation procedures,”?" the reverse approach
of initial grafting of the linker units to TgPh,H by reaction with
suitably functionalized terminal alkenes in the presence of
either the Karstedt catalyst or palladium on charcoal only
resulted in partial conversion of the silsesquioxane. In contrast,
corner-capping reactions® of incompletely condensed T,
silsequioxanes using highly electrophilic trichlorosilanes tolerate
less reactive remote functionalities potentially amenable to later
introduction of the hexasilabenzpolarene motif. In terms of
grafting the substituted T; to the anionic ligato lithiated
hexasilabenzpolarene 1, we selected a remote benzylic halide
functionality in para-position to the ethylene moiety.”” Encour-
agingly, the test reaction of the ligato-lithiated hexasilabenzpo-
larene 1 with benzyl bromide yielded the benzyl-substituted 2
in 75% isolated yield (Scheme 1).

The desired trichlorosilane 3 with remote benzylic chloride
was obtained by hydrosilylation of para-vinylbenzyl chloride
with trichlorosilane through an adapted literature procedure
(see Supporting Info).”” In our hands, the anti-Markovnikov
selectivity of the reaction heavily depended on the choice of
catalyst. The use of Pt/C finally allowed for the isolation of 3 by
vacuum distillation in 67 % yield.

The subsequent treatment of Ph,T,(ONa); with a slight
excess of trichlorosilane 3 in tetrahydrofurane at 0°C indeed

R. Si CeHe R ,O<$I R
,’O< _+PhCH,Br R
- LiBr
Ph
1 2

Scheme 1. Test reaction of anionic siliconoid 1 with benzyl bromide
to obtain benzyl functionalized hexasilabenzpolarene.

affords the Tg-substituted benzyl chloride 4 as a white solid in
46% yield after aqueous work-up (Scheme 2).

The ethylene moiety in 4 gives rise to characteristic '"H NMR
multiplets between 2.79 and 2.75 ppm as well as 1.16 and
1.12 ppm, respectively. The *C NMR signals of the correspond-
ing carbon atoms are observed at 28.83 and 14.14 ppm. The
benzylic group gives rise to a 'H NMR singlet at 4.08 ppm and a
3C NMR signal at 46.19 ppm. The *Si NMR resonances in C,D;
of the Ty, cage in 4 are observed at —654, —77.6 and
—78.0 ppm. While the local C;, symmetry would demand four
signals, monofunctionalized T, cages often only show three *Si
signals due to incidental isochronism of the phenyl-substituted
corners of the Ty cage.”™ A 'H-*°Si NMR correlation experiment
assigned the resonance at —65.4 ppm to the newly introduced
silicon vertex (Experimental Section/Sl). In contrast, the parent
species TgPhy exhibits one signal at —78.3 ppm in CDCl;,*
while silsesquioxane 4 gives rise to resonances at —65.8, —78.3
and —78.6 ppm in this solvent.

Reaction with the anionic silicon cluster 1 in benzene at
25°C quantitatively afforded the anticipated benzpolarene-
grafted Ty cage 5. Crystallization from a benzene solution
afforded orange crystals of 5 in 31% yield (Figure 2). Single
crystals suitable for X-ray diffraction were grown from a 10:1
mixture of toluene and hexane.

The Si1—Si3 distance of the nudo-silicon atoms of 2.640(1) A
is at the short end of the typical range for neutral
hexasilabenzpolarenes."™ Despite the difference in carbon
hybridization, the bond between the T; silicon vertex to the

Ph ONa
ONa Ph o
ON
\?/ \T a N O/’PO/ \CR’VV
Phg\ ﬁ \Cfpho
}5\ " oph;\ 2 Ph
o} 07
Ph Ph }5\ /440
Ph o Ph
Ph;T;(ONa)3
= PhyTs
cl
Cl3Si 3
Cl
1
CeHe
-Licl
Ph;Tg Ph7Tg
4 5

Scheme 2. Corner capping reaction of the incompletely condensed
heptaphenyl silsesquioxane T,Ph,(ONa); with trichlorosilane 3
containing the linking group (R=Tip =2,4,6-triisopropylphenyl), as
well as grafting reaction to lithiated hexasilabenzpolarene motif by
nucleophilic substitution of chloride at benzylic carbon atom to
yield the potential SiO model system 5.
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Figure 2. Molecular structure of potential SiO model system 5 in
the solid state. Thermal ellipsoids at 50 % probability, hydrogen
atoms and co-crystallized solvent molecules omitted for clarity.
Selected bond lengths [A] and angles [°]: Si1-Si2 2.357(1), Si1-Si3
2.640(1), Si1-Si4 2.374(1), Si1—Si6 2.329(1), Si2—Si3 2.395(1), Si3—Si4
2.315(1), Si3—Si6 2.376(1), Si4—Si5 2.345(1), Si5—Si6 2.388(1), Si4—C31
1.894(3), C31-C32 1.513(4), C32—C37 1.384(4), C37—C36 1.393(4),
C36—C35 1.381(4), C35—C38 1.512(4), C38—C39 1.514(4), C39-Si7
1.838(3); 01-5i7—04 109.7(1), 04-Si7—05 108.2(1), 01-Si7—-05
109.4(1), 01-Si7—C39 109.1(1), 04-Si—C39 110.2(1), O5-Si7—C39
110.3(1).

pending ethylene moiety (Si7—C39 1.838(3) A) is identical within
the margin of error to the Si—C distances involving the Tg-
phenyl substituents and indistinguishable from those reported
for TgPhg?” (1.838(2) to 1.843(2) A) as well as an octa(p-
carboxyphenylethyl)-T, (1.840(4) to 1.851(4) A).?®! The SiO bond
lengths of the T, cage are between 1.606(2) A and 1.627(2) A,
thus showing slightly more variance compared to TgPhg
(1.6166(11) to 1.6258(11) A). As a consequence of the reduced
symmetry, the Tg silicon atoms of 5 deviate slightly more from
the ideal tetrahedral coordination with angles between 103.9(3)
and 116.3(3)°. In comparison, the silicon atoms of T;Phg exhibit
bond angles from 107.72(6) to 111.58(6)°. The same applies to
the angles at the oxygen cage atoms with values between
137.6(1)° and 168.0(2)° compared to TgPhg (min. 142.28(7) and
max. 153.22(8)°). The ethylene signals undergo downfield shifts
t0 2.98-2.91 ppm and 1.41-1.34 ppm (previously 2.79-2.75 ppm
and 1.16-1.12 ppm) in the '"H NMR and 28.93 and 15.34 ppm in
the "*C NMR respectively (4: 28.83 and 14.14 ppm).

As to be expected for the substitution of the electron-
withdrawing chloro group, the 'H NMR signal of the benzylic
proton in 5 is no longer observed at 4.08 ppm but most likely
obscured by the Tip groups of the hexasilabenzpolarene
through an upfield shift. The benzylic carbon atom of 5 is
observed at 20.34 ppm (4: 46.19 ppm). The *Si NMR shows
diagnostic signals for an intact hexasilabenzpolarene motif'**’
at 170.6 ppm for the privo-position, 14.1, 8.4 and 1.0 ppm for
the two ligato- and the remoto-vertices as well as —261.1 and
—275.9 ppm for the two nudo-positions. The silsesquioxane
signals observed at —65.3, —77.6 and —77.9 ppm are compara-
ble to the precursor 4 (—65.4, —77.6 and —78.0 ppm). The *Si
CP/MAS NMR spectrum shows almost identical signals to those

in solution, indicating a very similar structure in the solid state
(Experimental Section/Sl).

The longest wavelength absorption in the UV/Vis spectrum
of 5 at 470 nm (=540 M 'ecm™") is marginally blue-shifted
compared to the all-Tip substituted hexasilabenzpolarene E
(473 nm).r5¢

With compound 5 as proof-of-principle in hand, we
attempted the installation of a shorter linking unit between the
siliconoid and silsesquioxane motifs, that is without the
ethylene bridge between the T cage and the para-phenylene
spacer. Corner capping the incompletely condensed silsesquiox-
ane Ph,T,(ONa), through a modified literature procedure® with
commercially available 4-(chloromethyl)phenyltrichlorosilane 6
gives 7 in 11% isolated yield. Subsequent treatment of 7 with
the anionic siliconoid 1 indeed results in 8, which was isolated
in 74% crystalline yield by slowly cooling down a 75°C hot
benzene solution during 15 h (Scheme 3).

Unfortunately, no single crystals of 8 could be obtained so
that the comparison of physical data with those of 5 is limited
to the NMR spectroscopic investigations. As in 5, the hexasila-
benzpolarene motif of 8 shows the typical distribution of
2Si NMR signals:"®#'%*#! The shortened linking unit has close to
no discernible effect on the chemical shifts. The absence of the
ethylene bridge at the silsesquioxane side of the linker is
reflected in the ?°Si NMR spectrum of 8. All corners of the T
unit are directly substituted by aryl groups giving rise to four
signals (instead of three in 5), which are closely grouped
together at chemical shifts of —76.8, —77.5, —77.6 and
—77.7 ppm. A total correlation spectroscopy (TOCSY) experi-
ment was used to verify the linkage of the cluster compounds
spectroscopically. Cross signals in the TOCSY experiment
indicate the successful connection of the silsesquioxane (see
Supporting Info). Compound 8 also exhibits a longest wave-
length absorption of 470 nm (e=540 M 'cm ™).

cl cl
thf
PhT,(ONa); + —
7Tl )k {;g -3 NaCl {;g

Cl3Si Ph;Tg
6 7
R 1
R)(<?I/ R A‘ie
R éi R - LiCl
Ph;Tg
8

Scheme 3. Corner-capping reaction using trichlorosilane with short-
er linking group 6 to yield monofunctionalized Ty as well as
subsequent reaction with ligato-lithiated hexasilabenzpolarene to
yield the potential SiO model system 8 (R=Tip = 2,4,6-triisopropyl-
phenyl).
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Conclusions

Suitably functionalized Tg-silsesquioxanes react with a lithiated
hexasilabenzpolarene to yield interconnected molecular species
featuring both uncompromised silicon-rich and oxygen-rich
moieties, the siliconoid and the T silsequioxane, respectively.
With the overall Si:O ratio of 14:12 these molecules approx-
imately reflect the stoichiometry of silicon monoxide and thus
represent potential molecular model systems. With the non-
conjugated linkers employed here, however, only very small
structural and spectroscopic effects result. One of the inter-
linked species was fully characterized by single-crystal X-ray
diffraction leaving no doubt regarding the constitution of the
other based on the similarity of spectroscopic data. The
synthesis of derivatives with fully m-conjugated linking units
and possibly more realistic o-conjugated oligosilane linkers is
currently being investigated in our laboratory.

Experimental Section

General. All manipulations were conducted under a protective argon
atmosphere using standard Schlenk techniques or a glovebox. Non-
chlorinated solvents were dried over Na/benzophenone (in the
presence of tetraglyme in case of aromatic and aliphatic solvents) and
distilled under argon atmosphere. Deuterated solvents were dried by
reflux over potassium and distilled under argon atmosphere prior to
use. Chlorinated deuterated solvents were refluxed and distilled over
P,O,, and stored under Argon atmosphere. NMR spectra were
recorded on either a Bruker Avance Il 300 NMR spectrometer ('H:
300.13 MHz, "*C: 75.46 MHz, %Si: 59.63 MHz) or a Bruker Avance Ill 400
spectrometer ('H: 400.12 MHz, *C: 100.61 MHz, *Si: 79.49 MHz) at
300K. UV/VIS spectra were recorded on a Shimdazu UV-2600
spectrometer in quartz cells with a path length of 0.1 cm. Melting
points were measured in sealed NMR caps under Ar atmosphere.
Elemental analysis was carried out with an elemental analyzer Leco
CHN-900. T,Ph,(OH); was obtained from Hybrid Plastics and dried
under vacuum prior to use. 4-vinylbenzyl chloride was obtained from
Sigma Aldrich and degassed before use. Platinum on activated carbon
was obtained from abcr. Trichlorosilane was obtained from abcr and
distilled prior to use. Sodium hydride was obtained from Sigma
Aldrich, washed with hexane and stored under argon atmosphere.
Triethylamine was obtained from Merck, stirred over calcium hydride
overnight and distilled prior to use. Calcium hydride was obtained
from Acros Organics and used as received. (2,2,5,5,6-Pentakis(2',4',6"-
triisoprophylphenyltetracyclo[2.2.0.0"2.0*Jhexasilan-4-yl)lithium 1 was
synthesized according to the published procedure.”*”

Deprotonation of heptaphenylsilsesquioxanetriol with sodium
hydride. The synthesis was carried out according to a modified
literature procedure.”® A solution of 21.17 g (22.70 mmol) of
T,Ph,(OH); in 80 mL thf was added dropwise to a suspension of
1.69 g (70.4 mmol) sodium hydride in 30 mL thf at room temper-
ature in three hours. The reaction mixture was stirred for 24 hours,
after which the solvent was evaporated. 23.20 g (90%) of a white
solid were obtained. '"H NMR (400 MHz, CDCl,, 300 K): 8.08-5.87 (m,
35 H, Ar-H), 3.40 (m, 8 H, thf), 1.54 (m, 8 H, thf) ppm.

Preparation of the benzyl-functionalized siliconoid 2. The ligato-
lithiated hexasilabenpolarene 1 (200 mg; 0.127 mmol) is dissolved
in 2mL benzene and 1.1 eq benzylbromide (23.96 mg; 16.64 pL;
0.14 mmol) are added at room temperature under stirring. After
stirring the dark orange solution for 15 h, the precipitation of LiBr
as white solid can be observed. Benzene is distilled off in vacuum

at room temperature. The orange residue is digested with 4 mL
hexane and extracted with hexane at room temperature. After
evaporation of hexane in vacuum, the crude product is dissolved in
0.5 mL pentane to afford 122 mg (75 %) of 2 as orange crystals. 'H-
NMR (300.13 MHz, C,D,, 300 K): 7.62, 7.24 (C1oHy), 7.13-6.69 (br, 9 H,
Ar-H), 5.91-4.37 (br, 1 H, Tip-H), 4.37-3.91 (br, 2 H, Tip-Pr-CHMe,),
2.85-2.57, 2.47-2.36 (each br, together 4 H, Tip-Pr-CHMe,), 2.21-
0.02 (br, overlapping with thf, all together 72 H, Tip-Pr-CH,) ppm.
Si-NMR (59.62 MHz, C,D,, 300 K): 170.6 (Tip,-Si), 14.0 (Tip-Si), 8.5
(Tip,-Si), 1.3 (s, Si-C-Ph), —260.9, —276.0 (each br, Si-Si;) ppm.

4-(Chloromethyl)phenethyltrichlorosilane 3. The synthesis was
carried out according to a modified literature procedure.? A
mixture of 0.19 g platinum on activated carbon, 200 mL toluene,
13.50 mL (95.80 mmol) of 4-vinylbenzyl chloride and 14.50 mL
(143.45 mmol) of trichlorosilane was refluxed at 80°C for 4 hours,
stirring was continued at room temperature for another 17 h. The
mixture was filtered over Celite 545 and all volatiles were distilled
off at 1072 mbar. Distillation at 10> mbar using an oil diffusion
pump and 120°C afforded 18.55 g (67 %) of 3 as a deep yellow
liquid. 'H NMR (400 MHz, CDCl;, 300 K): 7.36-7.22 (m, 4 H, Ar-H),
4.59 (s, 2 H, Ar-CH,-Cl), 2.93-2.89 (m, 2 H, Ar-CH,-CH,), 1.78-1.73 (m,
2H, Si-CH-CH,) ppm.”CNMR (100 MHz, CDCl;, 300K): 141.81,
135.87, 129.09, 128.42 (each Ar-C), 46.13 (Ar-CH,-Cl), 28.08 (Ar-CH,-
CH,), 26.08 (Si-CH,-CH,) ppm. *Si NMR (79.5 MHz, CDCl,;, 300 K):
11.8 ppm.

Corner-capping reaction of Ph,T,(ONa); with 4-(chlorometh-
yl)phenethyltrichlorosilane. Preparation of 4 (T;Ph,R; R=4-
(chloromethyl)phenethyl). This synthesis was carried out according
to a modified literature procedure.”’ A suspension of 14.68 g
(14.72 mmol) of T,(ONa); and 6.60 mL (47 mmol) NEt, in 250 mL dry
thf was stirred for 30 minutes and then cooled down in an ice-
water bath for 1 h. A solution of 3.85mL (17.66 mmol) of 4-
(chloromethyl)phenethyltrichlorosilane 3 in 150 mL of dry thf was
added dropwise during 3.5 h and stirring continued for 14 h in the
thawing ice-bath. The solvent was evaporated, and the white
residue dissolved in 150 mL of chloroform. The organic phase was
washed three times with water and dried over magnesium sulfate.
The product was precipitated by pouring the organic phase into
100 mL of MeOH. Drying in vacuum yielded 7.47 g (6.73 mmol,
46 %) of 4 as a white solid (m.p.>300°C). '"H NMR (400 MHz, C¢Ds,
300 K): 7.89-7.81 (m, 14 H, Tg-m-Ar-H), 7.15-7.00 (m, 21 H, Tg-o,p-Ar-
H), 6.93-6.83 (m, 4 H, om-Ar-H), 4.08 (s, 2 H, Ar-CH,-Cl), 2.79-2.75
(m, 2 H, Ar-CH,-CH,), 1.16-1.12 (m, 2 H, Tg-CH,-CH,) ppm. *C NMR
(100 MHz, C,D,, 300 K): 144.12, 135.28, 134.64, 134.60, 131.27,
131.24, 130.69, 130.45, 130.39, 128.89, 128.43, 128.36, 128.20,
127.94 (each Ar-C), 46.19 (Ar-CH,-Cl), 28.83 (Ar-CH,-CH,), 14.14 (T,
CH,-CH,) ppm. °Si NMR (79.5 MHz, C¢D,, 300 K): —65.4 (O;Si-CH,),
—77.6 (0,Si-Ph), —78.0 (O5Si-Ph) ppm. *Si NMR (79.5 MHz, CDCl,,
300 K): —65.8 (0,5i-CH,), —78.3 (0,5i-Ph), —78.6 (05Si-Ph) ppm.

Preparation of hybrid system 5. A solution of the ligato-lithiated
hexasilabenzpolarene 1 in C¢Hy (7.5 mL) was added dropwise to
388 mg (0.35 mmol) of the linker-substituted silsesquioxane 4 in
5 mL benzene during 25 minutes. The mixture was stirred at room
temperature for another 45 minutes and filtered. The solvent was
reduced to half of its volume and 213 mg (31 %) of orange crystals
of 5 were grown by heating the solution to 75°C in an oil bath and
letting it cool down slowly to rt overnight. Single crystals suitable
for an X-ray diffraction study were grown by adding hexane to the
amorphous solid to form a suspension. Dropwise addition of
toluene while heating gently dissolved all solids and standing for
three days at room temperature produced orange needles of 5 as
single crystals. (m.p. 200-201°C, no dec.). '"H NMR (400 MHz, C¢D;;,
300 K): 7.97-7.79 (m, 14 H, Tym-Ar-H), 7.63, 7.25 (CyoHg), 7.19-7.00
(m, 27 H, overlapping Tg-o,p-Ar-H with Tip-CH), 6.97 (br, 2 H, Tip-
CH), 6.95-6.82 (m, 4 H, o,m-Ar-H), 6.80 (br, 1 H, Tip-CH), 5.11, 4.57
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(each br, 1H, Pr-CH), 424 (br, 2 H, Pr-CH), 4.17-3.99 (m, over-
lapping, 2 H, ‘Pr-CH), 3.44, 3.31, 3.12 (each br, 1 H, 'Pr-CH), 2.98-2.91
(m, 2 H, Ar-CH,-CH,), 2.69, 2.68 (each sept., overlapping, 4 H, 'Pr-CH),
2.39 (sept, *Jyy=6.90 Hz, 1 H, Pr-CH), 2.17 (br, 3 H, Pr-CH,), 1.93
(br, 1 H, 'Pr-CH), 1.75, 1.63 (each br, 6 H, 'Pr-CH,), 1.60-1.42 (m, 19 H,
'Pr-CH,), 1.41-1.34 (m, 2 H, Si-CH,-CH,), 1.33-1.01 (m, overlapping,
32 H, 'Pr-CH,), 0.85-0.68 (br, overlapping, 20 H, 'Pr-CH,), 0.65, 0.36,
0.23 (each br, 3 H, 'Pr-CH;) ppm. *C NMR (100 MHz, C¢D,, 300 K):
157.30, 155.13, 154.11, 153.50, 152.70, 150.82, 150.78, 150.63,
149.36, 140.88, 137.78, 136.73, 134.70, 134.67, 134.64, 131.26,
131.21, 130.76, 130.50, 130.45, 130.05, 127.40, 126.07, 124.02,
123.52, 123.42, 123.05, 122.46, 122.07, 121.45, (each Ar-C), 37.77,
36.56, 36.11, 34.74, 34.42, 34.38, 31.97, (each Tip-Pr-CH and Tip-Pr-
CH,), 28.93 (Ar-C, 27.50, 27.14, 26.51, 25.61, 24.48, 24.18, 24.06,
23.86, 23.47, 23.07, 22.55 (each Tip-Pr-CH and Tip-Pr-CH,), 20.33
(Ar-CH,-Si), 15.34 (Si-CH,-CH,), 14.39 ppm. 2*Si NMR (79.5 MHz, C¢Ds,
300 K): 170.6 (Tip,Si), 14.1 (Tip-Si), 8.4 (Tipy-Si), 1.0 (Si-C-Ar), —65.3
(04Si-CH,), —77.6, —77.9 (each 0,Si-Ph), —261.1, —275.9 (each Si-Siy)
ppm. CP-MAS 2SiNMR: (79.5MHz, 11kHz, C,D, 300 K):168.3
(Tip,Si), 18.1, 5.0, 1.9 (RSi;Si), —67.4 (OSi-CH,), —79.0 (O5Si-Ph),
—264.8, —274.3 (each Si-Siy) ppm. UV/VIS (n-hexane): A..(€)=
470 nm (540 M~'ecm™), 375 nm (8190 M~'cm™'). Elemental Analy-
sis: Calc. for CyyeH60045Si4: C, 66.96; H, 7.15; Found: C, 67.03; H,
7.43.

Corner-capping reaction of T,Ph,(ONa); with 4-((chloromethyl)-
phenyl)-trichlorosilane.  Preparation of 7 (TsPh,R; R=4-
(chloromethyl)phenyl). This synthesis was carried out according to
a modified literature procedure.*” A suspension of 26.50g
(26.57 mmol) of T,(ONa); and 12.5 mL (89.70 mmol) NEt; in 300 mL
thf was stirred for 20 minutes and cooled in an ice-water bath for
one hour. 4-(Chloromethyl)phenyltrichlorosilane 6 in 125 mL of thf
was added dropwise during 2 h in the cold. The reaction mixture
was allowed to reach room temperature and stirring continued for
another 15 hours. All volatiles were removed under vacuum and
500 mL of CH,Cl, were added. The mixture was filtered and the
solvent reduced until precipitation started to occur. The residue
was collected and washed with 100 mL dichloromethane. The
product 7 (3.15 g; 2.92 mmol) was collected as a white solid in 11%
yield (m.p.>300°C). '"H NMR (400 MHz, C,D,, 300 K): 7.86-7.84 (m,
14 H, Tg-m-Ar-H), 7.74-7.72 (m, 2 H, Ar-om-H), 7.11-7.01 (m, 21 H,
Te-0,p-H), 6.90-6.88 (m, 2 H, Ar-om-H), 3.92 (s, 2 H, Ar-CH,) ppm.
'HNMR (400 MHz, CD,Cl,, 300 K): 7.80-7.78 (m, 14 H, Ty-m-Ar-H),
7.50-7.39 (m, 26 H, Ar-o,m-H overlapping with Tg-0,p-H), 4.60 (s, 2 H,
Ar-CH,) ppm. CNMR (100 MHz, CD,Cl,, 300 K): 140.66, 134.88,
134.41, 131.33, 130.79, 130.45, 130.41, 128.50, 128.40 (each Ar-C),
46.42 (Ar-CH,-Cl) ppm. **Si NMR (79.5 MHz, CD,Cl,, 300 K): —78.31,
—78.35, —78.6 ppm.

Preparation of hybrid system 8. A mixture of 273 mg (0.253 mmol)
of silsesquioxane 7 and 372 mg (0.256 mmol) of the ligato-lithiated
hexasilabenzpolarene 1 in benzene (5mL) was stirred at room
temperature for 75 min. The resulting dark orange mixture was
filtered by cannula and the filtrate reduced in vacuum until a
viscous solution was obtained. Orange crystals of 8 (417 mg, 74 %)
were obtained by heating the benzene solution to 75°C in an oil
bath and letting it cool down slowly during 14 h (m.p. 200-201°C,
no dec.). 'HNMR (400 MHz, C,D¢, 300 K): 8.04-7.97 (m, 7 H, Ar-H),
7.89-7.77 (m, 14 H, Ar-H), 7.29-7.21 (m, 13 H, Ar-H), 7.13-7.01 (m,
20 H, Ar-H), 7.00-6.88 (m, 10 H, Ar-H and Tip-CH), 6.85 (br, 2 H, Tip-
CH), 6.79 (br, 1 H, Tip-CH), 5.10 (br, 1 H, 'Pr-CH), 4.56 (br, 1 H, 'Pr-CH),
4.23 (br, 1 H, 'Pr-CH), 4.08 (br, 4 H, overlapping, ‘Pr-CH), 3.41, 3.29,
3.10 (each br, 1H, Pr-CH), 2.76-2.59 (m, 5 H, overlapping, ‘Pr-CH),
2.28 (sept, 1H, Pr-CH), 2.16 (br, 3 H, Pr-CH), 1.76-1.04 (m, 79 H,
overlapping, 'Pr-CH,), 0.80 (br, 5H, 'Pr-CH;),0.72 (br, 8 H, over-
lapping, Pr-CH;), 0.62 (br, 17 H, overlapping, 'Pr-CH,), 0.35, 0.22
(each br, 4 H, 'Pr-CH;) ppm. C NMR (100 MHz, C,D,, 300 K): 156.90,

154.70, 153.65, 153.01, 152.29, 150.68, 150.50, 150.32, 148.92,
148.77, 14411, 137.83, 136.17, 13544, 134.46, 134.36, 134.30,
133.74, 133.69, 130.87, 130.82, 130.49, 130.12, 129.47, 128.23,
128.01, 127.94, 127.89, 127.82, 127.70, 127.58, 127.46, 125.71,
123.62, 123.07, 122.66, 122.07, 121.72, 121.10, (each Ar-C) 37.44,
36.28, 36.05, 35.78. 35.39, 34.86, 34.46, 34.37, 34.01, 33.95, 28.36,
27.59, 26.99, 26.75, 26.10, 25.33, 24.28, 24.12, 23.82, 23.68, 23.50,
22.98, 22.71, 22.23, (each Tip-Pr-CH and Tip-Pr-CH,)), 20.94 (Ar-CH,-
Si) ppm. 2°Si NMR (79.5 MHz, C,D,, 300 K): 170.8 (Tip,Si), 14.3 (Tip-
Si), 8.8 (Tip,-Si), 1.9 (Si-C-Ar), —76.8, —77.5, —77.6, —77.7 (each O,Si-
Ar), —260.5, —276.2(each Si-Si;) ppm. CP-MAS 2Si NMR: (79.5 MHz,
11 kHz, 300 K): 167.1 (Tip,Si), 9.1, 5.0 (each RSi,Si), —78.9 (O;Si-Ar),
—255.0, —281.7 (each Si;Si) ppm. UV/VIS (n-hexane): h..(€)=
470 nm (540 M~'cm™"), 362 nm (8510 M~'cm™). Elemental Analy-
sis: Calc. for CypuH,5501,5i4: C, 66.73; H, 7.05; Found: C, 68.86; H,
5.98.
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Polyhedral Oligomeric Silsesquioxane D3,-(RSiO;, 5)4

Marc Hunsicker,” Ankur,”’ Bernd Morgenstern,” Michael Zimmer,” and

David Scheschkewitz*®!

Dedicated to the memories of Robert West and Petey Young

While smaller polyhedral oligomeric silsesquioxanes T R, (POSS)
are readily accessible or even commercially available, unambig-
uously authenticated larger systems (n>12) have barely been
reported. Synthesis and isolation procedures are lengthy, and
yields are often very low. Herein, we present the surprisingly
straightforward and high-yielding access to the phenyl-substi-
tuted derivative of a so far only postulated second Dj;,-
symmetric T,, isomer and with that the largest crystallo-
graphically characterized POSS cage with organic substituents.

Introduction

Silsesquioxanes [RSiO, 5], are polymeric or oligomeric materials
with a wide variety of applications in materials chemistry, e.g.
as building blocks in inorganic-organic copolymers and other
hybrid materials,"™ precursors for silicon nanocrystals,™® elec-
tron beam resists," chemical sensors,'¥ and as model systems
for silicon surfaces.? Many oligomeric silsesquioxanes adopt
cage-like molecular structures (polyhedral oligomeric silses-
quioxanes POSS, R = H, alkyl, aryl). Their high stability gives rise
to a broad range of further manipulations in the POSS frame-
work periphery.®’ The common abbreviation T,R, refers to the
number n of trifunctional silicon centers T each carrying a single
substituent R. Early synthetic procedures employed the
controlled hydrolysis of trihalo- or trialkoxysilanes followed by
the condensation to often complicated mixtures of variously
sized molecular cages as well as polymers. Long reaction times,
low yields and tedious separation procedures limited the
potential applications initially. The use of NBu,F as catalyst
improved yields in case of TgR significantly (Figure 1, A) despite
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Treatment of the commercially available incompletely con-
densed T,Ph,(OH); silsesquioxane with catalytic amounts of
trifluoromethanesulfonic acid results in high yields of the
T,4Ph;, framework, which is isolated in crystalline form by a
simple work-up. D3;,-T,,Ph;, was analyzed by single crystal X-ray
diffraction, multinuclear NMR spectroscopy and thermal analy-
sis. The relative energies of all four theoretically possible T,,Ph,,
isomers were determined by optimization of the corresponding
structure using DFT methods.

Figure 1. Exemplary POSS derivatives characterized in the solid state by
X-ray crystallography. A: TgRg; B: TigR;, C: D,, isomer of Ty,H,,, D: Dy, isomer
of T,,H,4 E: C,, isomer of T,,H,, (@ =SiR).

much shorter reaction times!? A large number of TiRq

derivatives have thus been crystallographically characterized, as
well as a few examples of the larger cages T,4R, (B) and T;,R;,
(C)."" The largest POSS cages with unambiguously determined
solid state structure are two of the four possible T,,H,, isomers
with Dj, and C,, symmetry (D and E).“' Recently, a styryl-
functionalized T,4R,s isomer was isolated in low yield from a
complex product mixture, but its structural characterization was
restricted to spectroscopic observations and DFT calculations.”
Using larger silsesquioxane cages as precursors for materials
may lead to altered, possibly improved properties, for example
in hybrid porous polymers and materials with low dielectric
constants.”
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Herein, we report the simple and systematic preparation of
one of the two elusive T,, framework isomers as crystalline
material. With its phenyl-substituents, the obtained T,,Ph;,
represents the largest organic POSS derivative with unambigu-
ously determined solid state structure to date. Its straightfor-
ward and reliable high yield synthesis by condensation of the
commercially available trisilanol T,Ph,(OH); is enabled by the
catalytic action of trifluoromethanesulfonic acid (TfOH). We also
obtained circumstantial evidence for the formation of triflates
of the type T,Ph,(OTf),(OH);_, under closely related reaction
conditions.

Results and Discussion

Given the resemblance of the commercially available trisilanol
T,Ph,(OH); to one half of the postulated, yet experimentally
elusive second Dj, isomer in the T,,H,, system, we speculated
that a condensation reaction may result in an analogous TR,
structure. Pietschnig et al. previously reported that the corre-
sponding tert-butyl-substituted T,'Bu,(OH); forms a dimer in
which two T, units are connected by hydrogen bonding
through the silanol groups.” Thermal rearrangement above
200°C was postulated to form the aforementioned second Dj;,
T.4R,, isomer among other possible condensation products,
based on MALDI-TOF-MS data."” As spontaneous self-conden-
sation at ambient temperature does apparently not occur in
either case, and considering the NBu,F catalyzed condensation
of silanetriols towards TR, silsesquioxane frameworks,"" we
concluded that a catalyst would be required in order to enable
a nucleophilic attack of the OH groups of one molecule at the
open face of a second.

Trifluoromethanesulfonic acid (triflic acid, TfOH) is reported
to cleave Si-O-Si linkages of silsesquioxane cages under
formation of bis(triflates), a reaction plausibly involving silanol
intermediates."*'¥ Despite reports on cage rearrangements
during the acid-catalyzed hydrolysis of T,Ph,(OH); and related
incompletely condensed species,™ we speculated that TfOH
may either substitute the Si-OH groups of the incompletely
condensed T,Ph,(OH); 1 or catalyze the condensation to T,,Ph,.

In an initial attempt targeting the tris(triflate) T,Ph,(OTf),
three equivalents of TfOH were added to 1 in toluene at room
temperature (Scheme 1). This resulted in a product mixture
from which low amounts of a product with three 2Si NMR
signals at 8=-76.1, —77.5 and —79.1 ppm in C,Ds were
obtained by cooling a hot, concentrated toluene solution to
room temperature. The absence of OH signals in the '"H NMR
and of any '°F NMR signal suggested that instead of substitu-
tion of OH by OTf condensation to a symmetrical T,,Ph,,
derivative had occurred. As in this case triflic acid would be
needed in catalytic quantities only, we repeated the reaction
with 10 mol% of TfOH and in the presence of molecular sieves
(to capture the released water upon substitution) in toluene
and indeed obtained the same product in 39% yield after
evaporation of the volatiles and precipitation from minimal
amounts of toluene.

Chem. Eur. J. 2024, 30, €202303640 (2 of 6)

a) 10 mol%, b)20 eq
TfOH TfOH

Scheme 1. a) Synthesis of the D;;,-T,,Ph,, isomer 2 from incompletely
condensed silsesquioxane Ph,T,(OH); 1 catalyzed by TfOH (@: silicon vertex).
b) Treatment of T,Ph,(OH); with 20 equivalents of triflic acid results in a
minute quantity of T,Ph,(OTf); among other non-isolated T,Ph,(OTf),(OH);_,
species.

Single crystals were grown by slowly cooling a concentrated
toluene solution from approx. 100°C to room temperature in
the course of 16 h. An X-ray diffraction study (Figure 2)!""
indeed confirmed the formation of the condensation product of
two molecules of T,Ph,(OH); 1 across the three silanol functions.
The T,,Ph,, cage 2 thus shows approximated D3, symmetry with
the three edge-sharing (RSiO), rings of each T, unit connected
by three (RSiO)s motifs (6°5°4%; the base referring to the number
of SiO units in a given ring motif and the exponent to the

Figure 2. Molecular structure of T,,Ph,, silsesquioxane 2 in the solid state.
The idealized D5, symmetry has no crystallographic correspondence. Thermal
ellipsoids at 50% probability level, two of the three molecules in the
asymmetric unit as well as hydrogen atoms and co-crystallized solvent
molecules are omitted for clarity.
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number of occurrences).*® This connectivity is in marked
contrast to the two crystallographically characterized isomers of
the T,,H,, parent species isolated by Agaskar et al. in a multiple
step separation effort and with the very small combined yield
of 1.1%:" The Dy,-T,,H,, isomer shows 6°5°4* and its C,, isomer
6'5'4* connectivity. The 6°5°4° isomer of T,H,, had been
proposed to be part of the reaction mixture together with a
fourth isomer of 6°5%4° connectivity on the basis of GC-MS
analysis, although no further information on its structure had
been given in the absence of analytical data in solution and the
solid state.*! In subsequent computations on T,H,, however,
only the two experimentally confirmed isomers plus the elusive
6°5°4° motif reported in here as phenyl-substituted version 2
were considered"® revealing its strong energetic disadvantage
by approximately 14.7 kcalmol™" at the MP2/SBK level of
theory."®!

The asymmetric unit of the crystals of 2 consists of three
crystallographically independent molecules with noticeable
differences in the bonding parameters although all show
approximate D, symmetry. The silicon-oxygen bond lengths in
the three molecules vary between 1.583(7) A and 1.638(6) A as
opposed to the relatively uniform case of TgPhg (with Si—O bond
lengths between 1.617 A and 1.626 A)." In contrast, the OSiO
bond angles are rather uniform and differ just slightly from
TgPhg. The range of SiOSi bond angles in 2 (T,,Ph,,(1): 138.8(4)°
to 172.0(6)°, TiPh,(2): 138.0(4)° to 162.6(4)° and T,,Ph,,(3):
141.0(4)° to 155.3(4)°) is larger than in TgPhg (142.28° to 153.22°)
for all three independent molecules. Figure S14 shows super-
positions of two molecules each in order to visualize the
geometrical deviations (see Supporting Information).

The T,,Ph,, silsesquioxane 2 gives rise to three signals in the
*Si NMR at —76.2, —77.6 and —79.1 ppm in C¢Dg as depicted in
Figure 3, which is in the usual range of phenyl-substituted
silsesquioxanes.™ Compared to the Ph,T,(OH); starting material
(—68.3, —76.9 and —77.8 ppm) the chemical shifts of 2 are
closer together due to the very similar coordination environ-
ment at each silicon center. A 'TH-*’Si correlation NMR experi-
ment in CDCl; (Figure S8) indicates the signal at —76.9 ppm to
represent the two silicon atoms located on the C; rotation axis

o
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Figure 3. *Si NMR spectrum of the T,,Ph,, silsesquioxane 2 in C¢D; at 25 °C.
The insert shows the signals with their relative intensities.
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in the T, fragments (Si28 and Si15 atoms in Figure 2), by
assignment of the corresponding 'H NMR resonances to the
meta hydrogen atoms of the phenyl groups based on the
relative intensities (see Figures S1 and S2). The *Si/CP MAS
spectrum of the crystalline material (Figure S7) shows an
unresolved single broad peak at —77.8 ppm. The reported
T:,Ph;, #Si/CP MAS spectrum shows two well-resolved signals
at —76.8 and —80.4 ppm,“? in accordance with the two
distinctly different chemical environments of the Si atoms. In
our case, it is not surprising that the different silicon environ-
ments cannot be resolved in the solid state given the 42 silicon
atoms of the three crystallographically inequivalent T,,Ph,,
molecules with only slightly different chemical environments.
Diagnostically, the IR spectrum in Figure S10 of silsesquioxane 2
(ATR) lacks the distinct OH bands of the T,Ph,(OH); precursor
(Vou=3234 cm ™', v50y =885 cm ™', Figure $9)'® but is otherwise
almost identical. Thermogravimetric analysis and differential
scanning calorimetry of the T,,Ph,, isomer show a behavior
similar to that of the TgPhg to T,,Ph;, systems (see Supporting
Information for details).

DFT optimization of the four isomers in the T,,Ph,, system
at the B3LYP/6-311G level of theory (Figure 4) revealed the D,
(6°5°4°) (framework E in Figure 1) to be the most stable
representative, while the herein synthesized D;, (6°5°4°) isomer
2 is the least stable at 13 kcal mol™". This reflects the previously
reported findings for T,,;H,,"® The most stable D, isomer
features the largest ratio of five-membered SiO rings to four- or
six membered ones. This is in line with the observation that the
five membered SiO ring systems are less strained and thus
more stable.”'® As can be seen in Figure 4, the higher the
number of four and six membered rings, the higher the relative
energy of the T,,Ph,, isomer. In contrast to the experimental
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Figure 4. Optimized structures of the T,,Ph,, isomers. a) D, (6°5°4%) isomer,
b) C,, (6'5%4%) isomer, ¢) C,, isomer (6°5%4%), d) D3, (6°5°4°) isomer.
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solid state structure, the SiOSi bond angles are relatively
uniform between 178.001° and 179.335°. Due to the well-
established facile variation of the siloxane linkage, packing
effects in the crystal lattice readily explain the deformation of
the SiOSi angles in silsesquioxanes and can deviate by a large
margin from calculations in the gas phase.*'¥ The SiO bond
lengths vary between 1.653 and 1.684 A, which is overall
slightly longer than in the experimental case as well-known for
many DFT-functionals. In concert with the tendency of TfOH to
cleave siloxane bonds under thermodynamic conditions, the
high relative energy of the here reported Dj, (6°5°4°% isomer
suggests that silsesquioxane 2 represents the kinetic product of
the reaction.

In order to broaden the scope of the systematic preparation
of large silsesquioxanes, we attempted to isolate the incom-
pletely condensed silsesquioxane as tris(triflate) derivative 3,
despite clear indications that it was unlikely to be an
intermediate in the catalyzed formation of 2. The reverse
addition of the trisilanol 1 as suspension in toluene to a large
extent of TfOH (20 eq) was expected to favor the stoichiometric
reaction. Indeed, the biphasic mixture produced a small
quantity of colorless single crystals after layering the separated
toluene phase with hexane (Scheme 1). X-ray diffraction analysis
revealed the heavily disordered structure of 3 (Figure 5), which
may serve as strong indication for its formation but does not
allow for the discussion of structural parameters. Unfortunately,
the extreme sensitivity of 3 prevented a spectroscopic charac-
terization of the minute amount obtained. In addition, as water
is released during the substitution of OH by TfOH under the
conditions described above, an unfavorable equilibrium reac-
tion may complicate the isolation of 3 in larger quantities. The
use of triflic anhydride Tf,O instead of TfOH was expected to
avoid this issue but did not produce satisfying results, as
depending on the reaction conditions variable amounts of
T,4Ph,, along with unidentified byproducts at ambient temper-
atures or intractable product mixtures (between —78°C and
0°C) are obtained. Attempts to quench potential triflate species
with suitable nucelophiles such as MeOH resulted in incon-
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Figure 5. Highly disordered structure of silsesquioxanes tris(triflate) 3 in the
solid state. Hydrogen atoms and disorder of phenyl and OTf groups are
omitted for clarity. While the structure confirms the formation of the
T,Ph,(OTf); species, the pronounced disorder of the OTf groups is prohibitive
with regards to a discussion of bonding parameters.
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clusive NMR spectra. Increasing the excess of triflic acid even
further was not considered a viable option as it may favor
competing side reactions such as ring opening and cage-
rearrangements as reported by Feher and coworkers for other
silsesquioxanes.””

Based on above findings and considerations, it can be safely
assumed that the mechanism of the condensation dimerization
of 1 to the here reported D;,-symmetric T,,Ph,, isomer 2 does
not involve intermediate tris(triflates) to any significant extent
although they undoubtedly occur in low concentration under
the reaction conditions. Instead we assume a catalytic cycle that
closes the three required SiOSi linkages in a stepwise manner.

Conclusions

We conclude that whereas all hitherto reported polyhedral
silsesquioxanes (RSiO; s), of cage sizes beyond n = 8 have been
obtained as side-products of the smaller congeners in typically
low yield and required complicated separation protocols, the
here presented approach via an unprecedented catalytic
condensation dimerization of T,Ph,(OH), to give T,,Ph,, is
simple and straightforward. This allowed for the first complete
characterization of a T,,Ph,, silsesquioxane, a substituted
representative of the elusive second D, isomer of T,,H,,. The
high yielding and reproducible TfOH-catalyzed synthesis of the
largest organically substituted polyhedral silsesquioxane from
commercially available Ph,T,(OH); opens the door to the
development of an entirely new field of silsesquioxane
chemistry. The reactivity of T,,Ph,, is currently being inves-
tigated in our laboratory.

Experimental

General. All manipulations were conducted under a protective
argon atmosphere using standard Schlenk techniques unless
otherwise stated. Non-chlorinated solvents were dried over Na/
benzophenone (in the presence of tetraglyme in case of aromatic
and aliphatic solvents) and distilled under argon atmosphere.
Deuterated solvents were dried by reflux over potassium and
distilled under argon atmosphere prior to use. NMR spectra were
recorded on either a Bruker Avance Il 300 NMR spectrometer ('H:
300.13 MHz, "C: 75.46 MHz, "°F: 282.4 MHz, *’Si: 59.63 MHz) or a
Bruker Avance Il 400 spectrometer ('H: 400.12 MHz, 'C:
100.61 MHz, #°Si: 79.49 MHz) at 300 K. Thermogravimetric Analysis
(TGA) was performed on a TGA/DSC Stare System 1 (Mettler-Toledo)
and applying a heating rate of 10 K/min between 30 and 1000 °C.
The Ar gas flow was set to 60 mL/min. Differential Scanning
Calorimetry (DSC) was performed on a DSC 204 F1 Phoenix
calorimeter (NETZSCH-Geratebau GmbH) using an aluminum cru-
cible with a pierced lid under nitrogen atmosphere (60 mL/min). A
heating rate of 10 K/min from 25 to 415°C was applied, with an
isothermal step for 5 min at 415°C. A cooling rate of 15 K/min from
415°C to 25°C was applied. Elemental analysis was carried out with
an elemental analyzer Leco CHN-900. T,Ph,(OH); was obtained from
Hybrid Plastics, Inc. and dried under vacuum prior to use.
Trifluoromethanesulfonic acid was obtained from TCl Belgium and
distilled over a small amount of trifluoromethanesulfonic anhydride.
Trifluoromethanesulfonic anhydride was obtained from Fluorochem
and distilled over P,O,, prior to use.
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Preparation of T,,Ph,, 2. A suspension of 1.27 g T,Ph,(OH), in
13 mL of toluene is treated with 0.13 mL of a 1 M stock solution of
freshly distilled trifluoromethanesulfonic acid in dichloromethane at
room temperature in the presence of molecular sieve 4 A. The
reaction mixture is stirred for 30 minutes at ambient temperature,
then for 15 minutes at 50°C. The volatiles are evaporated under
reduced pressure using a warm water bath. From here on,
protective atmosphere or dry solvents are no longer necessary. The
obtained residue is washed with another 2 mL of toluene at 0°C.
The product is again dissolved in 2 mL of dichloromethane and
separated from the molecular sieves via filtration. 7 mL of toluene
are used to separate the T,,Ph,, from residual toluene-insoluble
byproducts. Evaporation of toluene gives 475mg of a white
powder (39% yield). (m.p. 407°C). '"HNMR (400 MHz, C,Ds,
300 K):7.96-7.92 (m, 4H, m-Ph-H), 7.79-7.70 (m, 24H, m-Ph-H), 7.14-
7.01 (m, 12H, o, p-Ph-H, overlapping with toluene-H), 6.97-6.93 (m,
18H, o, p-Ar-H), 6.86-6.82 (m, 12H, o, p-Ph—H) ppm. 'H NMR
(400 MHz, CDCl;, 300 K): 7.76-7.74 (m, 4H, m-Ph-H), 7.56-7.54 (m,
12H, m-Ph-H), 7.47-7.44 (m, 12H, m-Ph-H), 7.38-7.33 (m, 10H, o,p-
Ph-H), 7.27-7.20 (m, 20H, o,p-Ph-H, overlapping with toluene-H),
7.10-7.06 (m, 12H, o,p-Ph-H) ppm. *C NMR (100 MHz, C,D,, 300 K):
134.6, 134.5, 132.0, 131.3, 131.1, 130.9, 130.7, 130.5, 129.3, 128.6,
128.5, 128.2, 125.7 (each Ph-C) ppm. CNMR (100 MHz, CDCl,,
300 K): 134.3, 134.2, 134.1, 131.7, 131.2, 130.9, 130.8, 130.4, 130.2,
128.1, 127.8, 127.7 (each Ph-C) ppm. *Si NMR (79.5 MHz, C¢Ds,
300 K): —76.2, —77.6, —79.1 ppm. *Si NMR (79.5 MHz, CDCls, 300 K):
—~76.9, —78.3, —80.1 ppm. CP-MAS-** Si NMR: (79.5 MHz, 13 kHz,
300 K) —77.8 ppm. Elemental Analysis: Calc. for CgH;00,Sis: C,
55.78; H, 3.90; Found: C, 56.11; H, 3.86.

Supporting Information

Plots of NMR and IR spectra as well as details of thermal
analysis, X-ray structures and DFT calculations. The authors
have cited additional references within the Supporting
Information.?'~2
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Synthesis and Ligand Properties of Silsesquioxane-Caged

Phosphite T,Ph,P

Marc Hunsicker,” Johannes Krebs,” Michael Zimmer,” Bernd Morgenstern,” Volker Huch,?

and David Scheschkewitz*®

Dedicated to Professor Michael Veith on occasion of his 80" birthday

The synthesis of the phosphorus-capped heptaphenylsilses-
quioxane T,Ph,P is reported. We show that, unlike previous
examples, it readily forms Lewis acid-base adducts with boranes
of different steric demand and the FeCO, fragment. All
complexes were characterized by multinuclear NMR and IR
spectroscopy in solution and the solid state. The molecular

Introduction

Trisubstituted phosphanes and phospite esters are ubiquitous
as reagents in organic chemistry,””” and as ligands in transition
metal complexes.” The inherent Lewis basicity associated to
the lone pair of electrons leads to the facile formation of
adducts with suitable electron deficient Lewis acids.”! The
strength of this donor-acceptor interaction can be tuned by the
electronic nature of the substituents. Framework phosphanes
with the donor-center in an oligocyclic bridgehead position can
offer additional control of the ligand properties due to their
structural rigidity.

In this context, the incompletely condensed T,R,(OH);
silsesquioxanes of type I have proven to be valuable precursors
for the incorporation of various heteroelements into the cubic
framework." Feher and coworkers reported the synthesis of the
heterosilsesquioxane Ila in which a phosphorus atom closes the
T,Cy, backbone (Scheme 1).®! So far only limited information is
available on its coordination chemistry and that of related
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article under the terms of the Creative Commons Attribution Non-
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n

structures of the adducts with BPh; and B(C.Fs5); were
determined from XRD suitable single crystals. The relative
conformation of the Ph and CgFs rings in T,Ph,P—B(CGFs),
suggests favorable m-interactions, stabilizing the adducts to
such a degree that attempts to activate H, or CO, were
unsuccessful.

Rsi/OH R.Si/o\
o’ o~ !
R~ Lo—__ oH hbase R LO—__ .0
Si Si Si Si
) / (0] \‘R OH 2) PCly / (6] \R (0]
a _ =
0 R~\S. 0 S/ 0 Rg. o s/
O~ /- I‘R O~ [ I‘R
\o" o7y \o" o7y
R'SI\O/SlR R’SI\O/SI'R
la-d lla-c; 1
o "o f
Ph\sfil//O\Si,O\ E Ph\sfil//o\sl,o\
O ‘R O (e} (e}
b) / \Ph/ / \Ph/
Q Ph;Si\ _ /Si‘Ph Q Ph,\SI\ _ /Sl‘Ph
\o™ o \o~ o7y
Si Si” Si Si”
PR~ O ph PR~ O ph
1 2-5

Scheme 1. a) Corner capping of partially condensed silsesquioxanes
la-c (a: R=Cy, b: R=Oct, ¢: R=Bu d: R=Ph) with PCl, to
heterosilsesquioxane cages with a phosphorus vertex lla,b,c**'"
and 1 (this work). b) Treatment of the phosphorus capped
heptaphenylsilsesquioxane 1 with various Lewis acids generates
Lewis acid-base adducts 2 to 5 (2: E=BPh;; 3: E=B(C4Fs); 4: E=BCl;
5: E=Fe(CO),).

compounds: lla reportedly forms a 1:1 adduct with AlMe,
according to NMR spectroscopic evidence, although the lack of
suitable single crystals prevented full characterization. The steric
demand of the cyclohexyl groups®® may prevent coordination
of lla to transition metal centers as it did not induce catalytic
activity when added to [Rh(acac)(CO),] under hydroformylation
conditions.” In contrast, the heptaisooctyl-substituted Ilb
reported by Marciniec and coworkers acted as inhibitor towards
Karstedt's catalyst in hydrosilylation reactions and was proven
to coordinate to the platinum center by 3'P NMR.®
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In the context of the functionalization of polyhedral
silsesquioxanes,”” we explored their interconnection by donor/
acceptor interactions. In particular, we were interested in the
phenyl-substituted version of Il in view of its intermediate steric
bulk and the somewhat reduced electron density"” compared
to the cyclohexyl derivative lla. Herein, we report on the
synthesis of the phenyl-substituted cage phosphite T,Ph,P and
its conversion to Lewis pairs with several boron-centered Lewis
acids as well as with the iron tetracarbonyl fragment.

Results and Discussion

Synthesis. In adaption of the reported corner capping reaction of
the partially condensed cyclohexyl-substituted la, T,Ph,(OH); Id was
treated with triethylamine and a slight excess of PCl; (1.1 eq) in
toluene at 0°C. Filtration after five minutes of stirring followed by
removal of the volatiles and washing with minimal amounts of
toluene yielded the colorless phosphite T,Ph,P 1 in 41% yield.
Phosphite T,Ph,P 1 gives rise to a *'P NMR singlet at 86.3 ppm, in
C¢Ds almost identical with those of lla (86.1 ppm),”’ llb (84.6 ppm)*®
and lic (84.7 ppm).""” The phenyl groups of 1 produce two uniform
multiplets in the 'H NMR spectrum in C,Ds between 7.85 to
7.79 ppm and 7.15 to 7.00 ppm.

The alternative use of T,Ph,(ONa); results in the formation of
several unidentified byproducts with overlapping 'H NMR resonan-
ces in the aromatic region, unlike in case of T,Oct,(ONa); from
which Marciniec et al. obtained near-quantitative yields of T,Oct,P.”
These byproducts give rise to several *'P NMR signals between 180
and —21 ppm after stirring overnight (see Figure S36). Resonances
at —19 and —26 ppm were reported by Copéret et al. for the
grafting of T,Bu,P to OH-terminated silica and rationalized by the
formation of phosphonates through OH transfer from the surface to
the P center."”

In an initial attempt to elucidate the geometric constraints
between the phosphite and a boron-centred Lewis acid, we
prepared Lewis acid-base complex 2 by treatment of T,Ph,P
with a slight excess of triphenylborane in toluene. Stirring for
35 minutes at room temperature and isolation of the resulting
precipitate by filtration yields the colorless product in 51 % yield
(reaction of Ph;BPCl; adduct with T,Ph,(OH); resulted in much
lower yields of 2). '"H NMR spectra confirm a new species,
although the "B and *'P NMR spectra in CsD¢ do not show any
signals (vide infra).

Next, tris(pentafluorophenyl)borane was used as Lewis acid
component to increase acidity and steric demand of the borane
in the hope to induce frustration. Reaction of a 1:1 stoichio-
metric ratio of T,Ph,P 1 and B(C¢F;); in toluene for 30 minutes,
however, results in the formation of a new adduct as well, as
evidenced by its uniform "H NMR spectrum and ''B and *'P NMR
signals at —14.9 ppm and 37.1 ppm, respectively, in CiDs
solution. The adduct 3 was isolated by crystallization at room
temperature from a hot-saturated toluene solution in 42%
yield. In order to increase steric demand of the Lewis acid even
more, a mixture of T,Ph,P and tris(4-bromo2,3,5,6-tetrameth-
ylphenyl)borane in toluene was stirred at room temperature,

and indeed no adduct formation took place according to NMR
monitoring.

Initial attempts to obtain the boron trichloride adduct
T,Ph,P-BCl; 4 by combining toluene solutions of BCl; and 1 led
to inseparable mixtures with about 35% of a major product (''B
NMR at 1.4 ppm). In an improved procedure, careful layering a
concentrated toluene solution of 1 with a stock solution of BCl;
in toluene affords 4 as a microcrystalline colorless product in
43% yield.

Stirring a twofold excess of Fe,(CO), (in order to assure
complete conversion) and the cage phosphite 1 in toluene
results in the immediate formation of a new species at room
temperature as well. The Fe(CO), adduct5 shows a single
resonance at 124.1 ppm in the *'P NMR spectrum and is thus
downfield shifted by Ad=37.8 ppm. Various alkoxy- and
amino-substituted phosphite iron carbonyl complexes (in
CH,Cl, or CDCl;) showed *'P NMR signals, downfield shifted by
Ad between 20.2 and 55.1 ppm compared with the free
ligands."? The adduct 5 was isolated by extraction from the
dried product mixture with toluene in 47 % yield. Unlike in case
of 2 and 3, single crystals of 5 could not be obtained despite
crystallization attempts from a saturated toluene solution at
room temperature, or from storing slightly more diluted
solutions at reduced temperatures between +4°C and —27°C.

Crystal structure discussion. Single crystals of the borane
adducts 2 and 3 suitable for XRD were obtained from toluene
at 4°C and room temperature, respectively.”” The free
phosphite ligand 1 and its Fe(CO), adduct 5 precipitated in
amorphous form, the microcrystals of the BCl; adduct 4 proved
unsuitable for XRD.

The molecular structures of adducts 2 and 3 in the solid state
confirm the anticipated constitutions as borane adduct (Figure 1, left).
Both structures show approximate C; symmetry. Notably, while the
B-bonded phenyl groups of 2 are staggered with respect to the
adjacent phenyl groups of the cage phosphite without clear-cut
stabilizing interactions, the perfluorinated phenyl groups of 3 adopt
an almost eclipsed conformation (Figure 1, right). The centroids of
the phenyl and pentafluorophenyl groups of adduct3 are
4.1794(6) A apart on average, which is significantly farther than the
corresponding distance calculated for the m-stacked benzene-dimer
(3914 A)™ but intriguingly close to those in Lewis adducts of the
type PhsE-B(C4Fs); with similar eclipsed conformations (E=P: 4.169 A,
As: 4215 A)I% The authors concluded a certain attractive inter-
action between the aromatic rings in the arsenic case, which was
supported by DFT calculations™™ The average angle between the
planes of the C¢Hs and C¢F5 rings of 7.8(4)° in 3 is much closer to
coplanarity than in the abovementioned phosphorus and arsenic
Lewis adducts with angles of 2449° (P) and 2264° (As). We
tentatively attribute the near-coplanarity in 3 to the much smaller
distortions from the idealized tetrahedral structure of the Lewis base
required for effective m stacking. A theoretical study investigating
non covalent interactions (NCI) in several Lewis adducts and FLP
systems also found weakly stabilizing effects of m stacking between
the aromatic rings in Ph;P—B(C4Fs);."*? Stephan et al. reported parallel
alignment of phenyl and C,Fs groups in an ethylene bridged P-B
adduct and interpreted it as 7t stacking effect."”
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Figure 1. Left: molecular structures of the BPh; adduct 2 and B(C4F5); adduct 3 in the solid state. Co-crystallized solvent molecules,
disordered phenyl groups and hydrogen atoms are omitted for clarity. Thermal ellipsoids at 50% probability. Right: top-views of BPh,
adduct 2 and B(C¢Fs); 3 down the boron-phosphorus bonds. Blue: phenyl groups on the first substituents attached to phosphorus in both
complexes. Red: phenyl groups of BPh;. Green: aromatic rings of the C,F; moieties on boron. Selected bond lengths and angles for 2: P1-B1:
1.9604(2) A, P1-01: 1.5636(1) A, P1-04: 1.5652(1) A, P1-08: 1.5625(1) A, B1-C1: 1.629(2) A, B1-C7: 1.632(2) A. B1-C13: 1.626(2) A, 01-P1-04:
106.34(6)°, 08-P1-04: 105.05(6)°, 08-P1-01: 105.39(6)°, C1-B1-C7: 114.62(1)°, C13-B1-C7: 112.54(1)°, C13-B1-C1: 113.47(1)°. Selected bond
lengths and angles for 3: P1-B1: 1.994(4) A, P1-06: 1.547(2) A, P1-010: 1.545(2) A, P1-011: 1.550(2) A, B1-C1: 1.638(5) A, B1-C7: 1.638(5) A,
B1-C13: 1.641(5) A; 06-P1-011: 106.32(1)°, 010-P1-011: 106.81(1)°, 010-P1-06: 107.25(1)°, C1-B1-C7: 114.0(3)°, C1-B1-C13: 112.3(3)°, C7-B1-

C13:115.0(3)°.

The staggered conformation of the triphenylborane adduct 2
with angles of 71.7(6)° on average between the planes of adjacent
phenyl groups of the PPh; and the cage phosphite moieties is best
described as a threefold T-shaped interaction between electronically
similar benzene rings. The average distance between the centroids
of 4.9654(7) A is substantially longer than in 3 and similar to the
distance in the T-shaped benzene dimer (4913 A)'" The boron-
phosphorus bond lengths of 2 and 3 are at the short end of the
range of typical Lewis-acid base adducts (for 2: 1.9604(2) A, for 3:
1.994(4) A). In comparison, the reported Ph,P—B(C.Fs),"*? and
(MeNCH,CH,);N)P—B(CF5);"" adducts display P-B bond lengths of
2.180 A, and 2.096 A, respectively. Phosphite-borane adducts with-
out aromatic substituents at phosphorus also feature significantly
longer P—B distances, for instance 2.0209 A in (MeO);P—B(C4Fs),."*

Due to a lack of single crystals of the free ligand 1, an unbiased
comparison of the steric shielding provided by the substituents
with that in T,Cy,P lla is difficult. Nonetheless, some trends can be
derived from the available solid state structures. Feher and
coworkers determined a Tolman cone angle of ~167°" by using
solely the H—P—L angles as basis for the calculation. A more refined
method was introduced shortly thereafter by Mingos etal"® in
which the van der Waals radius of the hydrogen atoms is accounted
for when determining the P-L—H angles. According to the latter
approach, Tolman cone angles of 6 =181.1° for 2 and 6=174.3° for
3 are obtained from solid state structures truncated to the free
T,Ph,P ligand. Both cone angles are smaller than that of lla (0=
189°) recalculated by the same method. As discussed by Sigman
and Doyle etal,™ the reactivity of a (phosphine or phosphite)
ligand can only be vaguely rationalized on grounds of the Tolman
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cone angle. The percent buried volume %V,,"® parameter

(determined with the Sambvca open-source application™®’ using a
distance of 2.28 A between the phosphorus atom and the center of
the putative sphere) is larger for lla (23.8%) than for the phosphite
ligands of 2 (23.0%) and 3 (22.2%). This confirms the general trend
of the Tolman cone angles and is keeping with other distance
values in the %V, calculation, such as the 2.0 A chosen by Nolan
and coworkers,"® albeit at inherently larger values of %V,,. Overall,
the change from cyclohexyl to phenyl, and from phenyl to
pentafluorophenyl is 3-4% irrespective of the steric parameter,
reflecting the anticipated higher steric bulk of the cyclohexyl
substituent and the different conformations of the aromatic groups
in 2 and 3.

NMR spectroscopy. In C,D, solution, the free cage-phosphite 1
gives rise to a diagnostic *'P NMR signal emerging as a singlet at
86.3 ppm along with a satellite doublet with a coupling constant of
372 Hz attributed to coupling to the silicon atoms of the
silsesquioxane. This compares well with the reported cyclohexyl and
isooctyl-substituted congeners (86.1 (Jp5;=35.8 Hz) and 84.6 ppm,
respectively).*® The corresponding CP/MAS spectrum shows two
signals of approximately equal intensity at 83.8 and 82.1 ppm, most
likely because of at least two symmetry-independent environments
in the solid state as previously discussed by Erker et al. for boron-
phosphorus frustrated Lewis pairs®® The BPh, (2) and BCl,
complexes (4) do not show *'P NMR signals in solution, presumably
due to coalescence phenomena of temperature dependent proc-
esses. Unfortunately, the low solubility of both adducts was
prohibitive of VT NMR studies that could have shed further light on
this aspect. In the *P CP/MAS NMR spectra, however, the BPh,
adduct 2 exhibits a broad signal at 48.1 ppm (full width at half
maximum FWHM=340 Hz, Figure S9), and the BCl; adduct4 a
quartet centered at 8.3 ppm, in accordance with the I=3/2 spin of
the "B nucleus. Further signals of minor intensity are strongly
concealed by overlap but may be attributable to the B isotopomer
(I=3) and/or impurities (Figure S26 and S27). The estimated
coupling constant of 'Jps=~300Hz suggests an exceptionally
strong donor-acceptor bond in 4 as a result of relatively small steric
encumbrance.

The B(C4Fs); and Fe(CO), adducts 3 and 5 in C;Ds show *'P NMR
resonances in C,D, solution at 37.3 (broad quartet, 'Jp5=150 Hz)
and 124.1 (singlet with a satellite doublet, *Jp5=27.4 Hz) ppm,
respectively. The solid-state *'P NMR isotropic shifts of the adducts 3
and 5 match the solution data reasonably well (3: 32.8 ppm, Jpz=
150 Hz; 5: 120.2 ppm). The 'J;5 coupling constant of about 150 Hz
(3) is comparable to the B(C¢Fs); adduct of Verkade's base (1pr5:
130 H2)™" The "B NMR spectrum in CiD, of 3 shows a broad
singlet at —14.9 ppm, while 4 displays a doublet at 1.4 ppm with a
'Jsp=300 Hz, the same as observed in the *'P CP/MAS spectrum. In
solution, no signal for the BPh; adduct2 could be observed,
whereas in the solid state two singlets at —4.0 and —7.3 ppm are
found with no discernible splitting due to coupling with the "B
nucleus. As in case of 1, the occurrence of two signals is most likely
due to differing solid state environments, as the FWHM of the *'P
signal in the solid state is clearly insufficient to conceal a 'Jpg
coupling constant of 420 Hz (corresponding to Ad=3.3 ppm of the
two CP-MAS "B NMR signals of 2). The ®*C NMR spectrum of the
iron carbonyl adduct 5 shows two singlets at 213.2 and 213.0 ppm,

in agreement with the corresponding *C CP/MAS isotropic shift at
211.4 ppm (broad singlet).

Only the B(C¢Fs); and FeCO, adducts 3 and 5 are sufficiently
soluble in C,D4 for the acquisition of *Si NMR spectra in solution.
For 1, 2, and 4, Si CP/MAS solid state NMR spectra were obtained
instead. The silicon atoms of all compounds give rise to broad,
overlapping resonances between —77.1 and —83.2 ppm in the
expected region of phenylsubstituted T, silsesquioxane backbones
without discernible indications for %) coupling to the *'P nucleus.
Phosphite 1, B(C¢F5); adduct 3 and FeCO, adduct 5 give rise to two
isotropic shifts in a ratio of 2:1 each, BPh; adduct 2 displays three
signals (in a ratio of 1:1:2) and BCl; adduct 4 shows two barely
resolved signals in approximate 1:1 ratio. In contrast, the B(CsFs);
adduct 3 displays three signals at —76.7, —77.6 and —80.1 ppm
(3:1:3) in CDs solution, the latter as a doublet with a coupling
constant of 27.9 Hz, which is again attributed to 2J coupling to
phosphorus. The presence of a doublet was furthermore confirmed
by a second *Si NMR experiment at a frequency of 59.62 MHz
(before: 79.49 MHz), which produces a Jpg coupling constant of
28.2 Hz (see Figures S15 to S17). The iron carbonyl adduct 5 shows
two singlets at —76.3, —77.4 and a doublet at —81.3 ppm (3:1:3,
2Jgpt 27.9 Hz) in C¢De.

The IR spectrum of 5 (ATR) shows a distinct broad signal at
1938 cm™', and two smaller bands at 1985 and 2064 cm™ for the
carbonyl groups, which are at slightly higher wavenumbers
compared to (PhO);P—Fe(CO), (v=1961, 1996, 2070 cm™', pentane
solution; 1945, 1985, 2051 cm™" (chloroform solution))'*'*? and in
reasonable agreement with IR bands reported for Ph,P—Fe(CO),
(1945, 1979, 2044 cm™, heptane solution).""!

Reactivity. In more recent years it was discovered that even
classical Lewis adducts may exhibit FLP reactivity.™? Based on
computations, it has been proposed that certain adducts should
even be more reactive than FLPs?" We therefore investigated the
B(C4Fs); adduct 3 and the non-coordinated mixture of T,Ph,P and
tris(4-bromo-2,3,5,6-tetramethylphenyl)borane with regards to small
molecule activation. As adduct 3 contains the most Lewis acidic
borane and features the smallest J,; coupling constant, we treated
it with dihydrogen, carbon dioxide and phenylacetylene to gain
insight into potential FLP type reactivity. Unfortunately, the adduct
proved to be too unreactive; even at elevated temperatures of up
to 120°C no reaction took place in either case. From a
thermodynamic point of view, even small structural deviations from
reactive FLPs can inhibit reactivity completely.”? The apparent 7t
interactions between the aromatic systems may stabilize the adduct
to a degree that completely prevents any FLP reactivity. Even Lewis
pairs with a relatively small tendency towards dissociation were
shown to activate phenylacetylene, such as Ph,P—B(C4Fs);.** None-
theless, a mixture of 1 and tris(4-bromo-2,3,5,6-tetramethylphenyl)-
borane resulted in the consumption of the phosphite, when treated
with dihydrogen. However, the '"H NMR spectrum in CiD, shows an
intractable mixture of signals in the aromatic region, whereas the
methyl substituents of the duryl groups and the ''B NMR resonance
of the starting material remain unchanged. Signals between —14
and —20 ppm in the *'P NMR spectrum suggest the presence of
similar (by—) products to the synthesis of phosphite 1. The obtained
spectroscopic information does not allow for any conclusions on
the nature of the product(s). In this case, either the phosphites
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donor ability is too low due to the aforementioned electron-
withdrawing effect of the T, backbone, or the boron center is too
sterically encumbered to engage in FLP reactivity. Consequently,
phosphite 1 does also not react with small molecules on its own in
a straightforward manner, as had been observed with more
electron-rich phosphines.?¥

Conclusions

We presented first insights into the donor abilities of phosphite
T,Ph,P 1 and the properties of adducts with boron-centered Lewis
acids. Despite large ligand cone angles, the phenyl-substituted 1
coordinates to Lewis acidic boranes of different steric demand,
unlike the previously reported cyclohexyl derivative. The short bond
length of B(C4Fs); adduct 3 (1.994(4) A) indicates that even larger
Lewis acids may be accommodated, suggesting the propensity of 1
for a rich coordination chemistry, unlike the cyclohexyl substituted
lla. The inability of adduct 3 to engage in FLP type chemistry is
tentatively explained by the attractive m stacking between the
aromatic substituents of the ligand and the Lewis acid. Cage
phosphite 1 does not form a Lewis adduct with tris(4-bromo-2,3,5,6-
tetramethylphenyl)borane, indicating a latent FLP in solution yet no
according reactivity was observed.

Experimental Section

General. All manipulations were conducted under a protective argon
atmosphere using standard Schlenk techniques or a glovebox. Non-
chlorinated solvents were dried over Na/benzophenone (in the
presence of tetraglyme in case of aromatic and aliphatic solvents) and
distilled under argon atmosphere. Deuterated solvents were dried by
reflux over potassium and distilled under argon atmosphere prior to
use. Chlorinated deuterated solvents were refluxed and distilled over
P,O,, and stored under Argon atmosphere. NMR spectra were recorded
on either a Bruker Avance Il 300 NMR spectrometer ('H: 300.13 MHz,
3C: 75.46 MHz, Si: 59.63 MHz, F: 282 MHz) or a Bruker Avance Ill 400
spectrometer ('H: 400.13 MHz, "'B: 12838 MHz "C: 100.61 MHz, *Si:
79.49 MHz, *'P: 161.98 MHz) at 300 K. Melting points were measured in
sealed NMR tubes under Ar atmosphere. Elemental analysis was carried
out with an elemental analyzer Leco CHN-900. T,Ph,(OH); was obtained
from Hybrid Plastics, Inc. and dried under vacuum prior to use.
Phosphorus trichloride was obtained from commercial sources and
distilled prior to use. Tris(pentafluorophenyl)borane was obtained from
BLD Pharm. Boron trichloride was obtained from Praxair Deutschland
and condensed into toluene before use. Triphenylborane was obtained
from abcr and used as received. Diiron nonacarbonyl was obtained
from Sigma Aldrich and used as received. Triethylamine was obtained
from Sigma Aldrich and distilled over CaH, prior to use.

Preparation of T,Ph,P 1. A suspension of 10.35g of T,Ph,(OH); in
100 mL toluene is treated with 4.65mL of NEt; and stirred for
10 minutes at room temperature. Then it is cooled down with an ice-
water bath for 20 minutes and 1.1 mL of PCl; are added. The mixture is
stirred for five minutes in the ice bath, then filtered into an equally
cooled flask. Another 20 mL of toluene are used to wash the residue.
The resulting filtrate is again washed with 20 mL toluene. The mixture is
evaporated to dryness to obtain 440 g (41%) of a colorless powder
(m.p. 200°C, decomposition). 'H NMR (400.13 MHz, C,D,, 300 K) 7.85-
7.79 (m, 14H, m-Ar-H), 7.15-7.00 (m, 21H, o,p-Ar-H, overlapping with
toluene H). *'P NMR (161.98 MHz, C,D,, 300 K) 86.3 (s, *Jp5;=37.2 Hz for
5j satellites, (5i0);P) ppm. CP/MAS 2°Si NMR (79.49 MHz, 13 kHz, 300 K)

—77.7, —83.2 (each br, (RO),Si-Ar) ppm. CP/MAS *'P NMR (161.98 MHz,
13 kHz, 300 K) 83.8, 82.1 (each br, (SiO);P) ppm. Elemental Analysis:
Calc. for CjoH;504,PSiy: C: 52.59, H: 3.68, Found: C: 54.90, H: 4.12.

Preparation of T,Ph,P-BPh; 2: A mixture of 406 mg of T,P and 117 mg
of BPh; in 5 mL toluene is stirred for 35 minutes at room temperature.
The resulting colorless precipitation is separated from the volatiles by
filtration and purified by washing with 2 mL of toluene. Drying the
product under reduced pressure yields 259 mg (51%) of a colorless
solid (m.p. 231-233°C, decomposition). '"H NMR (400.13 MHz, C¢Ds,
300 K) 7.81-7.75 (m, 14H, m-Ar-H), 7.47-7.45 (m, 6H, m-Ar-H), 7.21-7.18
(m, 9H, o,p-Ar-H, overlapping with C,Dy), 7.13-6.96 (m, 21H, op-Ar-H,
overlapping with toluene-H) ppm. ''B NMR (128.38 MHz, C¢D, 300 K)
no signal observed. *P NMR (161.98 MHz, C,D,;, 300K) no signal
observed. CP/MAS "B NMR (12838 MHz, 13 kHz, 300K) —4.0, —7.3
(each s, P-BPh;) ppm. CP/MAS *C NMR (100.61 MHz, 13 kHz, 300 K)
149.0, 1383, 135.6, 133.3, 131.2, 1280, 125.5, 122.6 (each s, Ar—(), 474,
9.5 ppm. CP/MAS *Si NMR (79.49 MHz, 13 kHz, 300K) —77.1, —78.2,
—80.4 (each br, (RO);Si—Ar) ppm. CP/MAS *'P NMR (161.98 MHz, 13 kHz,
300K) 481 (br, (SiO);P-B) ppm. Elemental Analysis: Calc. for
CgoHsoBO,,PSi: C: 59.98, H: 4.20, Found: C: 60.40, H: 4.60.

Preparation of T,Ph,P-B(C4Fs); 3. A suspension of 458 mg of T,Ph,P and
273 mg tris(pentafluorophenyl)borane in 5 mL of toluene is stirred for
30 minutes at room temperature, then it is gently heated until fully
dissolved. Standing at room temperature overnight affords colorless
crystals, whose yield is increased by keeping the flask at 4°C for three
days. Separation of the crystals from the mother liquor yields 292 mg
(42%) of a colorless solid (m.p.: above 300°C, partial decomposition). 'H
NMR (400.13 MHz, C,Dy, 300 K) 7.84-7.79 (m, 6H, m-Ar-H), 7.77-7.74 (m,
2H, m-Ar-H), 766-762 (m, 6H, m-Ar-H), 7.14-7.003 (m, 17H, op-Ar-H,
overlapping with toluene-H), 6996-6.94 (m, 6H, op-Ar-H). "B NMR
(12838 MHz, CDs, 300K) —149 (s, P-BCFs);) ppm. C NMR
(10061 MHz, C,Dg, 300 K) 134.3, 134.2, 133.8, 1326, 132.0, 131.8, 1287,
1285 (overlap with toluene), 128.13, 125.49, 12546 (each s, Ar-C) ppm.
F NMR (282 MHz, C;Dy, 300 K) —1313 (s, 0-Ar-f), —1556 (dtr, J=21 Hz,
6 Hz, p-Ar-F), —163.8 (dtr, J=23 Hz, J=6 Hz, m-Ar-F) ppm. *Si NMR
(7949 MHz, C;Dy, 300 K) —76.7, —77.6 (each s, (Si0);Si-Ar), —80.1 (d, s
279 Hz, (PO)(SI0),Si-Ar) ppm. 3'P NMR (161.98 MHz, C,D,, 300 K) 37.1 (br)
ppm. CP/MAS #Si NMR (7949 MHz, 13 kHz, 300 K) —783, —82.1 (each
br, (RO);Si-Ar) ppm. CP/MAS *'P NMR (161.98 MHz, 13 kHz, 300 K) 32.7
(overlapping g, 'Jpg: 150 Hz, (SiO);P-B) ppm Elemental Analysis: Calc. for
CgoH35BF;50,,PSi;: C: 48.98, H: 2.40, Found: C: 50.50, H: 2.62.

Preparation of T,Ph,P-BCl; 4. A stock solution of 3 molar boron
trichloride in toluene was added slowly to a solution of 348 mg T,Ph,P
in 18 mL of toluene with a layer of 2 mL toluene in between without
stirring. Standing overnight afforded small crystals along with precip-
itation, which were separated from the volatiles via filtration and
purified by washing with another 5 mL of toluene. 169 mg (43%) of a
colorless solid were obtained (m.p.: 160°C, decomposition). 'H NMR
(400.13 MHz, C,Dg, 300 K) 8.01-7.98 (m, 6H, m-Ar-H), 7.80, 7.77 (m, 2H,
m-Ar-H), 7.61-7.58 (m, 6H, m-Ar-H), 7.14-6.94 (m, 21H, o,p-Ar-H, overlap
with toluene). "'B NMR (128.38 MHz, C,D,, 300 K) 1.4 (d, 'Jpz=301 Hz P-
BCl;) ppm. CP/MAS *C NMR (100.61 MHz, 13 kHz, 300 K) 133.5, 1315,
127.7, 125.0 (each s, Ar-C) ppm. CP/MAS *Si NMR (79.49 MHz, 13 kHz,
300K) —783, —795 (each br, (RO),Si-Ar) ppm. CP/MAS *'P NMR
(161.98 MHz, 13 kHz, 300 K) 8.3 (overlapping g, Jpg: 310 Hz, (Si0);P-B)
ppm. Elemental Analysis: Calc. for C,,H;sBCl;0,,PSi;: C: 46.86, H: 3.28,
Found: C: 49.72, H: 3.82.

Preparation of T,Ph,P-FeCO, 5. A mixture of 301 mg of T,Ph,P and
248 mg Fe,(CO), is stirred in 8 mL of toluene for two hours at room
temperature. The volatiles are evaporated under reduced pressure using
a warm water bath. The mixture is filtered with 6 mL toluene and the
residue washed with another 4 mL. The resulting dark brown filtrate is
reduced to dryness to obtain 168 mg (47 %) of an equally dark brown
solid (m.p.: 180°C, decomposition). '"H NMR (400.13 MHz, C,D,, 300 K)
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8.02-7.99 (m, 6H, m-Ar-H), 7.80-7.76 (m, 2H, m-Ar-H), 7.76-7.73 (m, 6H,
m-Ar-H), 7.14-6.98 (m, 21H, o,p-Ar-H, overlap with toluene). *C NMR
(10061 MHz, C,D,, 300 K) 213.2, 213.0 (each s, Fe-CO), 134.52, 134.47,
1323, 131.7, 131.6, 129.5, 1289, 128.7, 1286, 128.54, 12848, 127.51,
12749 (each s, Ar-C) ppm. Si NMR (7949 MHz, C,D, 300 K) —76.3,
—774 (each s, (SIO),Si-Ar), —813 (d, Ups=27.9 Hz, (PO)(SIO),Si-Ar) ppm.
P NIMR (161.98 MHz, C,Dy, 300 K) 124.1 (s, Uy =27.4 for *Si satellites,
(Si0);P-Fe) ppm. CP/MAS C NMR (10061 MHz, 13 kHz, 300 K) 211.4
(br, Fe-CO), 1333, 1276 (each br, Ar-Q) ppm. CP/MAS *Si NMR
(79.49 MHz, 13 kHz, 300 K) —77.5, —83.1 (each br, (RO);Si-Ar) ppm. CP/
MAS *'P NMR (161.98 MHz, 13 kHz, 300 K) 1202 (s, (SiO);P-Fe) ppm.
Elemental Analysis: Calc. for C,sHssFeO,Si,P: C: 49.02, H: 3.13, Found: C:
50.47, H: 3.63.
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4 Conclusion and Outlook

4 Conclusion and Outlook

The envisioned model system 46 proved to be accessible through corner capping
incompletely condensed silsesquioxane 16a with a suitable electrophilic linking unit,
producing silsesquioxane 50, which is able to connect to the anionic unsaturated
siliconoid 40. Model system 46 was isolated and fully characterized in the solid state

and in solution.

Cl

o \ 40

r Ph O
o/Ph\\ . \ / Ph7Tg

50 46
Cl

\ 40
L0~ O\

Ph;Tg

51 52

Scheme 19. a) Combining the linker substituted silsesquioxane 50 with anionic siliconoid 40 yields the
proof-of-concept model system 46. b) Due to steric compatibility, even shorter linking units such as used
in silsesquioxane 51 are accepted to form the smaller linked congener 52.

The crystal structure provides information about the steric demand of both parts, which

indeed permits shorter linking groups, as demonstrated with the second target
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molecule 52. The next step would constitute the linkage of the silsesquioxane and
siliconoid in a n-conjugated manner. As the 2°Si NMR and UV/VIS spectra of 46 and
52 demonstrate, the linking of the silsesquioxane to the siliconoid in a non-conjugated
manner does not exert significant mutual influence. The unsaturated siliconoid moiety
of model system 46 displays spectral data completely in line with other ligato-
substituted anionic unsaturated siliconoids. Therefore, investigation of electron
delocalization effects in a conjugated molecule would shed light on similarities to
proper SiO samples. To get a more realistic model with regards to the correct
stoichiometry, a siloxane linker could be conceived, mimicking parts of the postulated
interface.!"3" Reducing the carbon content in the linking unit and on the silsesquioxane
substituents should lessen the formation of silicon oxycarbides from silsesquioxanes
during pyrolysis.l'43 Even though very sophisticated theoretical model systems have
been established for SiO,['32133] the direct experimental evidence of the long-range
order remains elusive. The presented molecule constitutes the starting point for
systematic investigations regarding the interfacial Si(SixO4-x) region, when differently
sized silsesquioxanes and siliconoids are considered. Successful functionalization of
the also herein presented T14 framework with the siliconoid instead of Ts, the resulting
SiO1.05 ratio would be even closer to the actual stoichiometry of silicon monoxide,
compared to the SiOo.s6 of model systems 46 and 52.

While several silsesquioxanes larger than Ti2 are accessible,®33566 the resource
intense procedures, low yields and a limited choice of substituents render them almost
exclusively interesting to academic investigations. The herein presented formation of
a T14 framework from two trisilanol silsesquioxanes represents a significant increase

in efficiency and yield compared to earlier reports.
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Scheme 20. a) Treatment of incompletely condensed silsesquioxane 16a with an excess of TfOH
substitutes the silanol moieties, however only small amounts of triflate 53 could be obtained in the form
of low-quality crystals. An overall partial substitution in the reaction mixture towards TzPh7(OH)3x(OTf)x
is tentatively suggested. b) Adding 10 mol% of TfOH to silsesquioxane 16a produces the T14Ph14
silsesquioxane 54.

The straightforward synthesis of a T14R14 silsesquioxane framework opens up new
strategies toward larger systems, by combining smaller fragments of suitable geometry
into bigger frameworks. While such reactions are expected to occur in a typical
silsesquioxane reaction mixture, judging from a few possible isomers consisting
seemingly of several fused smaller ones,® such an intentional, catalyzed
condensation from smaller silsesquioxanes into frameworks larger than TsRs is the first
of its kind. Preliminary fragmentation studies by Freeman and coworkers/®® can
provide guidance in selecting appropriate structures, and as was demonstrated herein,
even postulated isomers of low stability can be isolated in this manner.
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In general, the established chemistry of smaller silsesquioxanes with regards to
substituent manipulations with organic chemistry should be transferable to the here
presented T14Ph14, therefore a larger silsesquioxane with more anchor points could be
beneficial as three-dimensional building block in copolymers. More reports urge for the
development of synthetic protocols to prepare larger silsesquioxanes in an economic
manner in order to explore their so far only postulated properties.['4 Larger
incompletely condensed frameworks - provided methods of their isolation and
functionalization are found - could also give more insight into extended silica

supported systems.

The observation that T7Ph7(OH)s3x(OTf)x species may be present when the
silsesquioxane is treated with an excess of triflic acid strengthens the argument that
the siloxane framework itself is prone to more sophisticated manipulations than the
simple corner capping methods employed so far. The more general synthetic use
would enhance the (already widespread) ability of incompletely condensed frameworks
of being closed with heteroatomic vertices unseen so far, or substitution of the pending

silanols with completely different functional groups such as, for instance, amines.*!

Phosphite 49 was successfully synthesized in an adapted literature procedure,
although in comparatively mediocre yield.l6'abl While unfortunately no XRD suitable
single crystals could be obtained, the spectroscopic data is in line with other
silsesquioxane-caged phosphites. It was shown that 49 can indeed coordinate to Lewis
acids and transiton metals of sizeable steric demand, such as

tris(pentafluorophenyl)borane and the Fe(CO)4 fragment.
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Scheme 21. Corner capping of phenyl substituted incompletely condensed silsesquioxane 16a with
PCls yields phosphite 49. Treatment of 49 with several Lewis acids affords the Lewis acid-base adducts
55a-d (E = main group or transition metal element, R = organic substituent 55a: ER» = BPhs, 55b: ERy
= B(CeFs5)3, 55¢: ERn = BCl3, 55d: ERn = Fe(CO)a).

The previously reported Tolman cone anglel®'®13°] of the T7Cy7P phosphite 47 is
slightly larger than the (approximated) cone angle of the phenyl derivative, when
reevaluated with the Mingos method.['4"l This difference is not overly significant, and
as such the T7CyrP 47 could also be viable for a broader Lewis acid-base chemistry.
In contrast to the successful adduct formation, FLP reactivity was not found for Lewis
complex 55b, which can tentatively be rationalized through a strong donor-acceptor
bond. The short P-B bond length and large coupling constants in the ''B and 3'P NMR
would be in favor of this hypothesis, while the phosphite itself might not be basic
enough to instill FLP reactivity, due to the electron withdrawing effect of the
silsesquioxane framework.[0.14% As the crystal structure of Lewis adduct 55b suggests,
threefold n-stacking may be stabilizing the adduct, thus preventing FLP type reactivity.
A different combination of silsesquioxane substituents and Lewis acids might be
amenable for small molecule activation, as was shown for other Lewis adducts
before.['#6] The spectroscopic investigation of a combination of phenyl substituted
phosphite 49 with tris(4-bromo-2,3,5,6-tetramethyl)borane provided no hints at adduct
formation, nor FLP reactivity. This might be attributed to a severe increase in steric
shielding at the Lewis acidic center. In general, the synthetic value of silsesquioxane-
caged phosphites could be much greater than anticipated. Likewise, these results
demonstrate that incorporation of elements of the periodic table into silsesquioxane
frameworks has not reached its conclusion yet, and more unique properties could be

uncovered with more exotic species.
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1 Plots of NMR Spectra

Preparation of the benzyl-functionalized siliconoid 2
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Figure S1. 2°Si NMR of benzyl-functionalized siliconoid 2 in benzene-Ds at 300 K.
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Figure S2. 'H NMR of Ph7T7(ONa)s in CDCls at 300 K.
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4-(Chloromethyl)phenethyltrichlorosilane 3
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Figure S3. 'H NMR of trichlorosilane 3 in CDClz at 300 K.
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Figure S4. '3C NMR of trichlorosilane 3 in CDCl3 at 300 K.
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Figure S5. 2°Si NMR of trichlorosilane 3 in CDCl3 at 300 K.

S6

91



6 Supporting Information

S7

92



6 Supporting Information

Corner-Capping reaction

of T7Ph7(ONa)s with
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Figure S6. '"H NMR of silsesquioxane 4 in benzene-Ds at 300 K.
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Figure S7. '3C NMR of silsesquioxane 4 in benzene-De at 300 K.
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Figure S8.2°Si NMR of silsesquioxane 4 in benzene-Ds at 300 K.

S10

95



6 Supporting Information

——65.8
~=78.3
-78.6

_J

— e e — . S

-64 -66 -68 -70 =72 -74 -76 -78 ppm
T T T T T T T T T T T T T
250 200 150 100 50 0 -50 -100 -150 -200 -250 ppm

Figure S9. 2°Si NMR silsesquioxane 4 in CDCl3 at 300 K.
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Figure $10. 'H 2°Si correlation NMR experiment of silsesquioxane 4 in benzene-Ds at 300 K.

Preparation of hybrid model system 5
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Figure $13. 2°Si NMR of potential SiO model system 5 in benzene-Ds at 300 K.
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Figure S14. 2°Si/CP-MAS spectrum of compound potential SiO model system 5. * side spinning bands of privo-
SiTip2 (168.3 ppm). + side spinning band of RSisSi (5.0 ppm).
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Figure S15 "H NMR of silsesquioxane 7 in benzene-Ds at 300 K.

518

103



6 Supporting Information

OCWO T~ 10N O o
SN ST I U ) ©
[ e el el ol ol o <
,r\ww‘«& J \ e
T T T T T T T T T
1 10 9 8 7 6 5 4 1 ppm

1513 —

©
<
o
~

Figure S16. "H NMR of silsesquioxane 7 in CD2Cl2 at 300 K.
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Figure S17. '3C NMR of silsesquioxane 7 in CD2Cl2at 300 K.

520

105



6 Supporting Information

m ™M O ®m MmO
© © ® ® © o
£ pps ~ &S~
L | 11

T
250 200 150 100 50 0 -50 -100 -150 -200 -250 ppm

Figure S18. 2°Si NMR of silsesquioxane 7 in CD2Cl2 at 300 K.

Preparation of hybrid model system 8
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Figure S20. '*C NMR of potential SiO model system 8 in benzene-Ds at 300 K.
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Figure S21. 2°Si NMR of potential SiO model system 8 in benzene-Ds at 300 K.
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2 Plots of UV/vis spectra
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Figure $23. UV/vis spectra of potential SiO model system 5 in hexane at different concentrations
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Figure $24. Determination of € (8190 M-'cm™') by linear regression of absorptions (375 nm) of potential SiO
model system 5 against concentration.
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Figure S25. Determination of € (540 M-'cm") by linear regression of absorptions (470 nm) of potential SiO model
system 5 against concentration.
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Figure $26. UV/VIS spectra of potential SiO model system 8 in hexane at different concentrations
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Figure S27. Determination of € (8510 M-'cm™) by linear regression of absorptions (362 nm) of potential SiO
model system 8 against concentration.
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3 Crystallographic data

Table 1. Crystal data and structure refinement for sh3725.

Identification code sh3725

Empirical formula C179 H280 Si12

Formula weight 2769.09

Temperature 122(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=24.8143(9) A o=90°.
b =13.7674(5) A B=102.7690(10)°.
c=26.2617(9) A vy =90°.

Volume 8749.9(5) A3

4 2

Density (calculated) 1.051 Mg/m3

Absorption coefficient 0.136 mm-!

F(000) 3044

Crystal size 0.358 x 0.202 x 0.112 mm3

Theta range for data collection 1.590 to 28.785°.

Index ranges -33<=h<=33, -16<=k<=18, -35<=[<=27

Reflections collected 92580

Independent reflections 22663 [R(int) = 0.0690]

Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7458 and 0.6953

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 22663 /799 / 982

Goodness-of-fit on F2 1.029

Final R indices [I>2sigma(l)] R1 =0.0538, wR2 = 0.1205

R indices (all data) R1=0.1013, wR2 = 0.1403

Extinction coefficient n/a

Largest diff. peak and hole 0.682 and -0.395 e A3

Refinement details for sh3725:

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H
atoms were placed in positions of optimized geometry and treated as riding atoms. Their isotropic
displacement parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH,
CH2) or 1.5 (CHs). One isopropyl-group and one n-pentane solvent molecules were split over two
positions. Their occupancy factors refined to 0.44 and 0.70, respectively. One n-pentane solvent was
split over a center of inversion using PART -1. Its occupancy factors were set to 10.5.
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Table 2. Crystal data and structure refinement for sh4243a_sq.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh4243a_sq

C142.50 H186 O12 Si14

2484.16

130(2) K
0.71073 A
Triclinic

P-1
a=15.5337(5) A
b =21.1596(7) A
c =24.3408(8) A

o= 71.4690(10)°.
B=82.8310(10)°.
vy =69.1110(10)°.

7086.5(4) A3

2

1.164 Mg/m3

0.183 mm-!

2666

0.283 x 0.194 x 0.076 mm3
2.010 to 25.681°.

-18<=h<=18, -25<=k<=25, -29<=|<=29
126353

26889 [R(int) = 0.0824]

99.9 %

Semi-empirical from equivalents
0.7454 and 0.7022

Full-matrix least-squares on F2
26889 /714 / 1546

1.044

R1=0.0532, wR2 = 0.1314

R1 =0.0850, wR2 = 0.1502

n/a

0.667 and -0.552 e.A3

Refinement details for sh4243a_sq:

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H
atoms were placed in positions of optimized geometry and treated as riding atoms. Their isotropic
displacement parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH,
CHz) or 1.5 (CHs). The structure was first refined using isotropic displacement parameters for two
toluene and one n-hexane solvent molecules in the asymmetric unit. The occupancy factors of these
solvent molecules refine to a value of approximately 1.5 toluene and one hexane. The solvent
molecules have been treated as a diffuse contribution to the overall scattering without specific atom
positions by SQUEEZE/PLATON. In a final refinement procedure SQUEEZE found 246e (V = 1281
A3), which is in good agreement with the suggested solvent (calcd: 250e)
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6.2 Polyhedral Oligomeric Silsesquioxane D3n-(RsiO1.5)14
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Figure S2. '"H NMR of T14Phi4 in chloroform-d at 300 K.
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Figure S3. °C NMR of T14sPh14 in benzene-ds at 300 K.
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Figure S5. 2°Si NMR spectrum of T14Ph14 in benzene-ds at 300 K.
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Figure S6. 2°Si NMR of T14Phss in chloroform-d at 300 K.
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Figure S7. 2°Si/CP-MAS spectrum of T1sPhis.

124



6 Supporting Information

WILEY-VCH

ppm M

-861]
1 -847

| -82

R Q ..

L 7a
=727

=70

-68 T T T T T T T T T T T T T T
8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 ppm

Figure S8. 'H-?Si correlation NMR of T14Ph1a in chloroform-d at room temperature.
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Figure S9. IR Spectrum (ATR) of the T7Ph7(OH)s precursor.
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Figure S$10. IR spectrum (ATR) of T14Ph14.
2. Thermal Analysis
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Figure S11. Thermogravimetric Analysis (TGA) of T14Ph1a. The first mass loss of 1.35% is attributed to residual toluene.

Thermogravimetric analysis (TGA) of 2 reveals the decomposition onset at about 428 °C, and the extrapolated onset at 496 °C as displayed in Figure
S11. This is slightly higher than in the case of known TsPhs (N2) and T1oPh1o (air) cases, where the onset had been observed at 472 °C and 490 °C,
respectively.l'4 21 In contrast, the T12Ph12 silsesquioxane is reported to decompose at a relatively low temperature of 342 °C, although no significant
decrease of the residual mass happened at temperatures below approximately 400 °C.[?2 The small decrease in mass of the T12Ph1s sample at 90 °C is
attributed to the loss of residual toluene. After the initial decomposition onset of T14Ph14, a small saddle point with a second decomposition step can be
observed at 557 °C (33% total weight loss), which had similarly been described in the TsPhs and T12Ph+2 cases. The first derivative reveals the peak
temperature to be at 548 °C, which corresponds to the first decomposition event. The total weight loss until 1000 °C is about 47%, just slightly more than
the organic components of the entire T14Ph1s. This is in accord with the behavior of other reported silsesquioxane species.["

126



6 Supporting Information

WILEY-VCH

0.4 4
= 0,2 1
£
=
.§. 0,0 %’—’
2
=
S 02 - —— Cycle 1
8 ’ —— Cycle 2
o —— Cycle 3
-0,4 -
_0,6|| - 1 - 1 T - T ° 1

T L T — 1
0 50 100 150 200 250 300 350 400 450
Temperature [°C]

Figure S12. Differential Scanning Calorimetric analysis of T14Ph14 upon heating.
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Figure S13. Differential Scanning Calorimetric analysis of T14Ph14 upon cooling of the hot sample.

Differential scanning calorimetric (DSC, see Figures S12 and S13) analysis gives rise to a peak at 407 °C upon heating, which can be assigned to the
melting point of the silsesquioxane. It was reproduced well in the second and third cycle of the DSC analysis. A small endothermic event was observed
in the first cycle at 225.5 °C, which is not present in the following cycles. Upon cooling the hot sample, one exothermic event in each cycle can be

observed at 313 °C.
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3. Crystallographic data

The data set was collected using a Bruker D8 Venture diffractometer with a microfocus sealed tube and a Photon Il detector. Monochromated Moka
radiation (I = 0.71073 A) was used. Data were collected at 133(2) K and corrected for absorption effects using the multi-scan method. The structure was
solved by direct methods using SHELXT?® and was refined by full matrix least squares calculations on F? (SHELXL2018[?4l) in the graphical user interface
Shelxle.l?%

Acknowledgments. Instrumentation and technical assistance for this work were provided by the Service Center X-ray Diffraction, with financial support
from Saarland University and German Science Foundation (project number INST 256/506-1).

3.1 Refinement Details for T1sPh14

Refinement: All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms were placed in positions of optimized
geometry and treated as riding atoms. Their isotropic displacement parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH)
or 1.5 (CH3). Disorder: 20 of the 42 phenyl groups were treated as a disorder over two layers. One of the two toluene solvent molecules was 62%
occupied (C133-C138; A: 62%), as it would otherwise have collided with the second layer of a disordered phenyl ring (C333-C338; B: 38 %).

Table S1. Crystal data and structure refinement for sh4622_a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

sh4622_a

C87.76 H74.30 021 Si14
1858.18

133(2) K

0.71073 A
Monoclinic

Pn
a=16.8254(4) A
b = 19.6600(5) A
c=41.3867(12) A
13581.6(6) A3

6

1.363 Mg/m®

0.269 mm™"!
5789

0.289 x 0.178 x 0.131 mm?3
1.962 to 25.681°.

-20<=h<=20, -21<=k<=23, -50<=|<=50
211626

50301 [R(int) = 0.0702]

100.0 %

Semi-empirical from equivalents
0.7455 and 0.6955

Full-matrix least-squares on F2
50301 /5974 / 4456

1.040

R1=0.0591, wR2 = 0.1367
R1=0.0846, wR2 = 0.1529
0.40(9)

n/a

0.707 and -0.377 e.A™
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3.2 Refinement Details for T-Ph;(OTf)3

Refinement: All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms were placed in positions of optimized
geometry and treated as riding atoms. Their isotropic displacement parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH).
Disorder: The structure is highly disordered. The phenyl groups on Si1, Si2, Si3, Si5 and Si6 are split over two positions (fvar 2: 0.60/0.40, fvar 3:
0.44/0.56, fvar 4: 0.53/0.47, fvar 5: 0.68/0.32 and fvar 6: 0.69/0.31) as well as the trifluormethanesulfonates on Si5 and Si7 (fvar 7: 0.48/0.52 and fvar 8:

0.57/0.43). For the refinement of the disorder SIMU, DELU, FLAT and SADI restraints were applied.

Table S2. Crystal data and structure refinement for sh4765_a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.026°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

sh4765_a

C45 H35 F9 018 S3 Si7
1327.54

133(2) K

0.71073 A
Monoclinic

P24
a=11.7970(6) A
b = 19.5273(10) A
c=12.8813(6) A
2819.3(2) A3

2

1.564 Mg/m®

0.380 mm™"
1352

0.257 x 0.192 x 0.108 mm?
1.964 to 25.026°.

-14<=h<=14, -23<=k<=23, -15<=I<=15
37812

9928 [R(int) = 0.0620]

100.0 %

Semi-empirical from equivalents
0.7456 and 0.6780

Full-matrix least-squares on F2
9928 / 2065 / 1160

1.047

R1=0.0694, wR2 = 0.1807
R1=0.0952, wR2 = 0.2052
0.00(5)

n/a

0.451 and -0.468 e A3
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3.3 Overlap of the T14Ph44 units in the asymmetric unit

a) Si1/15 b) siaz c) Si15/42
01/24 023/61

Figure S14. Overlay of the three crystallographically independent T14 units in the solid state structure of 2. a) Overlay of Unit 1 with 2; b) overlay of 1 with 3; c)

overlay of 2 with 3.
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4 Computational details

Geometry optimizations were performed using Gaussian16 suite of programs(%! using the B3LYP!?”! functional. The 6-311G?8l basis set was used for all
the atoms. All stationary points have been identified for minimum.

4.1 Atomic coordinates

Table S3. Atomic coordinates for the optimized structure of the D3, (6°5°4%) isomer of the T14Ph14 System.

Nimag =0

-8877.855176 Hartree

Si 2.36195200 -1.94984100 -2.33283700
o 3.35448400 -1.02356600 -1.36933200
(e} 1.20121300 -0.97616800 -3.01762500
(¢} 1.61039500 -3.09842700 -1.38888800
Si 0.02295600 0.05831300 -3.55926200
Si 3.99595700 -0.31333900 -0.00046600
(e} 3.35765600 -1.10292300 1.31867000
(e} 3.56131500 1.28792800 0.00210800
(e} -1.45987000 -0.48121100 -3.02719900
(e} 0.26410600 1.58828700 -2.95966600
Si 0.50557900 3.07642600 -2.26440200
(e} 1.87645900 2.99628800 -1.31528000
(e} -0.77682900 3.47641800 -1.28263900
Si 2.87179000 2.79708400 0.00404100
(e} 0.29706900 1.51807500 3.01836300
Si -1.74684300 3.60351200 0.07113400
(e} -0.74404700 3.41158800 1.38920000
Si -2.87630600 -1.00603900 -2.34587500
Si -2.85730300 -1.06443700 2.34381900
(e} -2.59147200 -2.33617100 -1.37788900
Si 0.96104900 -3.88664800 -0.07089500
(e} -1.43307200 -0.56276800 3.02647200
(e} 1.62500500 -3.16927500 1.28354300
(e} -0.68469600 -3.70991200 -0.03754500
(e} -2.58896500 -2.36946500 1.33835600
Si -2.28618900 -3.26623100 -0.03153300
(e} -2.90039100 2.41633800 0.03689000
Si -3.84765300 1.05100700 0.02933500
(e} -3.50587900 0.16863300 -1.34081700
(¢} -3.48874000 0.14062300 1.37603400
Si 0.05197600 -0.03067800 3.55977800

1.21592600 -1.05329300 2.96145000
2.35426300 -2.04197600 2.26631100
1.92390700 2.93273100 1.37268400
0.56725500 3.00927600 2.33458300
1.39578800 -5.70573400 -0.12473800
0.43230600 -6.69224300 0.14114100
2.71079300 -6.11327800 -0.41087500
0.77209300 -8.04795300 0.12287000
-0.58739100 -6.40082000 0.35384900
3.05358900 -7.46680600 -0.42966700
3.47001000 -5.37373400 -0.63219900
2.08336300 -8.43696000 -0.16102600
0.01554900 -8.79435600 0.32633300
4.06964500 -7.76247400 -0.65599300
2.34719300 -9.48649300 -0.17665700
-3.37188900 -4.78996500 -0.04464300
-3.76368900 -5.40218900 1.15823700
-3.77751200 -5.37274600 -1.25717700
-4.53872900 -6.56485300 1.15015300
-3.47469700 -4.96035000 2.10296300
-4.565274600 -6.53498700 -1.26841500
-3.49732800 -4.90939100 -2.19408700
-4.93247100 -7.13406100 -0.06414100
-4.83623600 -7.02043100 2.08559100
-4.86036000 -6.96803400 -2.21119400
-5.563383500 -8.03389500 -0.07176800
-4.07649500 -1.52227900 3.68789700
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-3.75955400
-5.34575400
-4.68333400
-2.78877700
-6.27052900
-5.61624400
-5.93981900
-4.42030200
-7.24239500
-6.65570100
0.09370700
0.28193800
-0.09939600
0.27672600
0.44771000
-0.10473000
-0.23278400
0.08118700
0.42950900
-0.24905100
0.07906600
-5.65729700
-6.34232300
-6.35044800
-7.68246200
-5.83040600
-7.69071700
-5.84535700
-8.35790100
-8.19631100
-8.21109500
-9.39637500
-2.57528800
-1.82504400
-3.94655000
-2.42687200
-0.76869900
-4.55209500
-4.54384900
-3.79283600
-1.83490000
-5.61077800
-4.26097800
0.79876900
-0.31266400
2.07994600
-0.14875100
-1.30750200
2.24740100
2.94905000
1.13261600
-1.01491600
3.24199900
1.26135300
3.34897100
3.39004500
4.07604300
4.13685300
2.83562100
4.82313300
4.05901500
4.85443100
4.15705600
5.37538900
5.43267800
3.36692300
2.92309400
4.55769900
3.64740700
2.01805500
5.28476600

-1.37320300
-2.02289700
-1.71474100
-0.99171400
-2.36509700
-2.14944800
-2.21086500
-1.59369700
-2.74940400
-2.47569400
-0.05429400
-1.26353200
1.11956200
-1.29935300
-2.18033400
1.08778100
2.06422500
-0.12238800
-2.23862300
2.00379100
-0.14810300
1.52620700
1.71682800
1.74114000
2.11159100
1.54328700
2.13638300
1.568424100
2.32426400
2.24925000
2.29232100
2.62909400
5.28042300
6.43462600
5.42285100
7.69453400
6.35151800
6.68249200
4.54666200
7.82008200
8.57157900
6.77263700
8.79578500
4.30013000
4.93764600
4.62580000
5.87246600
4.71551100
5.56055400
4.15761000
6.18324300
6.35860800
5.80363200
6.90850400
-2.92461900
-4.32742500
-2.19346400
-4.98267100
-4.90565500
-2.84496200
-1.11110500
-4.24226100
-6.06424300
-2.26669800
-4.74822700
-2.79317900
-3.99620000
-2.22113200
-4.60901900
-4.46373600
-2.83169000

5.04748200
3.34706200
6.03971000
5.33279100
4.33540900
2.30632300
5.68525300
7.08229100
4.05454700
6.45259100
5.43346600
6.12585800
6.18045300
7.52206300
5.57476400
7.57771300
5.67058300
8.25067000
8.03720700
8.13539400
9.33270100
0.04097500
1.25293300
-1.16260600
1.26290000
2.19041200
-1.15578100
-2.10681100
0.05792800
2.20523600
-2.09172700
0.06460300
0.12402400
0.41051800
-0.14354200
0.42812400
0.63304600
-0.12646400
-0.35669900
0.15786400
0.65477000
-0.33123900
0.17252400
3.66924300
4.24729400
4.14418200
5.27266000
3.88331100
5.16890800
3.70133000
5.73663600
5.70222100
5.51912700
6.52957600
3.58303400
3.63930300
4.53905200
4.62293200
2.91251600
5.52222500
4.51956800
5.56527600
4.65150000
6.25130200
6.32752600
-3.66708100
-4.24296600
-4.14434900
-5.26864300
-3.87715900
-5.16926000

12

WILEY-VCH

132



6 Supporting Information

4.92406000
4.82879700
3.29462400
6.20297200
5.39194100
5.86110000
6.50208300
6.65186000
7.89354400
5.91292800
8.04252700
6.18278600
8.66554000
8.37065500
8.63607600
9.74319200
4.21270800
5.36302800
4.08092800
6.35151600
5.49595400
5.06863800
3.21021800
6.20423400
7.23259500
4.95232500
6.96983400
0.70588000
-0.16588800
1.73821100
-0.01131500
-0.96645900
1.89556300
2.42229400
1.01975600
-0.69235800
2.69460300
1.14048700
-4.10533300
-5.40360100
-3.76310800
-6.33209900
-5.69533500
-4.69054300
-2.77116500
-5.97588100
-7.32671500
-4.40831100
-6.69465200
0.04197600
-0.59225000
0.65225400
-0.61669400
-1.05779000
0.63012300
1.15799500
-0.00639700
-1.10422200
1.11103000
-0.02262200
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Table S4. Atomic coordinates for the optimized structure of the Cz, (6'5%4*) isomer of the T14Ph14 system.

Nimag =0

-8877.846934 Hartree

Si -0.02687600
(e} -1.35944700
(¢} 1.32929700
(e} 2.10557600
(e} 0.03414700

-1.30354500
-4.02538400
-5.53821500
-2.38010700
-4.49982800
-0.46017400
-1.43017700
0.37995700
-1.55959500
-2.07759100
0.25258600
1.14639300
-0.71982200
-2.31003000
0.91056300
-0.81909200
4.10174300
3.95523700
5.26270400
4.94168700
3.06142100
6.25126200
5.38834900
6.09317000
4.81054000
7.13745200
6.85805300
4.39117400
5.49063700
4.29901200
6.47160400
5.57675800
5.27740900
3.46019900
6.36635300
7.31189200
5.19001300
7.12496900
-1.43478500
-1.85501400
-1.35557900
-2.18641100
-1.92317900
-1.68647000
-1.03289500
-2.10256200
-2.50756000
-1.61815300
-2.35898900
0.10259500
1.14818000
-0.91966500
1.17172800
1.95613200
-0.89939000
-1.72782600
0.14548800
1.98823100
-1.69311600
0.16339800

1.69758400
2.22746200
2.23473300
2.94706800
2.73451700

-3.70334400
-5.73494300
-5.69670400
-5.52129700
-6.52810500
0.01665400
0.80453200
-0.78651600
0.78971500
1.44027000
-0.80445200
-1.39021200
-0.01674700
1.40630200
-1.42562600
-0.02904900
-0.01332200
0.78124700
-0.79269400
0.79949200
1.37730100
-0.77749800
-1.42242900
0.02068900
1.41397300
-1.38750400
0.03321100
-3.58107500
-3.64351000
-4.53134800
-4.62758400
-2.92128000
-5.51481100
-4.50701300
-5.56404400
-4.66098300
-6.23926200
-6.32648700
-3.69066800
-3.35036600
-5.04998900
-4.33889900
-2.30991400
-6.04241200
-5.33512000
-5.68846400
-4.05836700
-7.08476100
-6.45595100
-5.43293300
-6.12691100
-6.17848100
-7.52316500
-5.57717200
-7.57580300
-5.66740300
-8.25031300
-8.03948300
-8.13226100
-9.33238000

3.01921900
2.17975900
2.21674100
-0.30682200
-2.03002100
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-2.09461700
0.00338800
0.00569900
-2.08783600
-0.01907600
2.08763800
1.36358700
-1.35204600
-2.64517400
-2.62589200
2.61040600
2.64899800
1.63034500
1.69010600
-1.67492900
-1.61809400
-3.74147800
-3.70084300
-2.28446800
-2.27253400
-3.23686300
-4.44770500
-4.19740600
3.70969900
3.69247200
2.29359100
2.30114000
4.43790800
3.24786200
4.19732400
-6.27219200
-6.84015400
-7.10907600
-8.20745900
-6.21100300
-8.47528700
-6.69568900
-9.02651500
-8.62912800
-9.10586800
-10.08524600
6.26200700
6.74761300
7.17418400
8.10879800
6.06106700
8.53512100
6.82264900
9.00384800
8.46784300
9.22549900
10.05846200
-0.05248500
0.42706000
-0.51067200
0.44709500
0.77371900
-0.49175100
-0.89720500
-0.01061300
0.81442600
-0.85407000
0.00326900
3.44727400
3.14584700
4.41945200
3.79571500
2.39895600
5.07006800
4.66641000
4.75888200

2.95961700
0.04122300
-1.62282300
-2.97374300
-2.81750800
-2.97013700
-2.16486100
-2.12437200
-2.60173700
2.66157900
2.66304500
-2.60453900
-2.86568400
2.73473600
-2.82813300
2.76782900
-1.35342500
1.38280700
-1.39827900
1.32360900
-0.03165900
0.01945200
-0.03297100
-1.32418300
1.39268600
-1.45108200
1.28343800
0.03437300
-0.09108200
-0.03128500
0.06047300
1.15011200
-1.00278700
1.17808000
1.97684500
-0.97736700
-1.85508300
0.11481700
2.02609600
-1.80325300
0.13589600
0.07629800
0.84954200
-0.68980000
0.85562400
1.45625200
-0.68487700
-1.28093100
0.08689500
1.45990700
-1.27719000
0.09196800
2.40907600
1.67043600
3.71887600
2.22185200
0.65635200
4.27351500
4.30495100
3.52524900
1.63450700
5.28129400
3.95284600
4.18243300
4.65069800
4.86635400
5.77170700
4.14186300
5.98667000
4.52963200
6.44092000

-0.34883800
3.09277700
3.05715400
-0.20790800
-1.94280900
-0.21031000
2.27229700
2.24308900
1.32079700
1.19868800
1.25813400
1.31451900
-1.81168500
-1.90598500
-1.81535500
-1.93934500
1.17807500
1.13927700
-2.41304000
-2.45458900
-2.48132300
0.54507800
-1.11021400
1.20908200
1.17354000
-2.40214200
-2.44617700
0.56815300
-2.46560100
-1.08723800
0.94573000
1.62450300
0.56312200
1.91391100
1.92537600
0.85047500
0.03802700
1.52749500
2.43728300
0.54821100
1.75064700
0.96513100
2.03246100
0.21951100
2.34834000
2.60770700
0.53269100
-0.61631800
1.59984900
3.17105900
-0.05347300
1.84294900
4.75292300
5.84737800
4.97994900
7.13139000
5.70045100
6.26206500
4.15619500
7.34040000
7.96259400
6.41787200
8.33459700
1.95914800
3.24820100
1.20806300
3.77265800
3.84235600
1.72891600
0.20918100
3.01407800
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3.54856100
5.81446900
5.26225300
-3.47860100
-3.56887700
-4.04718000
-4.20931500
-3.13727600
-4.68831700
-3.98647200
-4.77028900
-4.26939700
-5.11934300
-5.26661400
2.39769300
2.50621800
2.79137800
2.99432000
2.22019900
3.28011500
2.72720600
3.38025700
3.07502700
3.58397000
3.75991000
-2.28116200
-1.42681000
-3.66929800
-1.94249900
-0.35597900
-4.18785500
-4.35353400
-3.32328800
-1.26728200
-5.25887600
-3.72362500
4.32494900
5.53605400
3.92830100
6.32907200
5.86681500
4.71910800
3.00627500
5.91988900
7.26102300
4.40172600
6.53409900
3.52828300
4.63887000
3.06989600
5.27259400
5.01717700
3.70155900
2.22627300
4.80287300
6.13031500
3.33905700
5.29370600
2.28812300
3.60657300
1.49755300
4.12045500
4.23422600
2.00840400
0.47607400
3.32115700
5.13666000
1.38178000
3.71767300
-4.30623500
-3.77344300

6.11922300
6.50183800
7.30929800
4.18389700
5.36201600
4.16940300
6.49499400
5.39152000
5.29932000
3.27547100
6.46502600
7.39420500
5.27119500
7.34144000
4.13436000
5.43016500
3.92445300
6.48590400
5.61211300
4.97807000
2.93246700
6.26112000
7.47614000
4.79664400
7.07761300
4.18283700
5.06094200
4.38681600
6.11324000
4.92363800
5.43650200
3.72199500
6.30284900
6.77876100
5.57541800
7.11636300
-0.13651700
0.57529500
-0.85178900
0.57326900
1.12135600
-0.85482500
-1.41745500
-0.14066700
1.12313600
-1.41521600
-0.14399500
-4.08312600
-3.91120100
-5.38819200
-5.01236400
-2.91500600
-6.49085100
-5.54427500
-6.30385100
-4.86264800
-7.48951300
-7.15760600
-4.34116000
-4.78407900
-5.01368500
-5.86534800
-4.29152700
-6.09672600
-4.69959500
-6.52307800
-6.19404200
-6.60541000
-7.36213000
-0.03338100
0.34611600

4.76715300
1.13596700
3.41896900
1.87589500
1.11724100
3.16226100
1.62787200
0.12597200
3.67469900
3.77029800
2.90664200
1.02899000
4.66695600
3.30270200
-2.93052600
-2.39632700
-4.26293200
-3.17054500
-1.36842000
-5.03996400
-4.69031800
-4.49519900
-2.74155700
-6.06252800
-5.09568000
-2.97236700
-3.65793800
-3.07236800
-4.42042200
-3.59877000
-3.83263500
-2.55977700
-4.50858300
-4.94193200
-3.90000200
-5.09961000
-3.99215300
-4.03204600
-5.13408800
-5.18179000
-3.15807200
-6.28600800
-5.11704500
-6.31173900
-5.19469400
-7.15557100
-7.20286400
2.04979400
2.89324500
1.80219600
3.47538000
3.08139900
2.38188100
1.14232500
3.22201300
4.11802500
2.17626700
3.67089700
-2.75923800
-2.55421800
-3.70527900
-3.27251800
-1.82233700
-4.42625800
-3.87146400
-4.21207000
-3.09850900
-5.14700300
-4.76900000
-4.01375300
-5.25772700
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Table S5. Atomic coordinates for

NIimag =0

-5.64930800
-4.56024400
-2.74543300
-6.43939700
-6.07939600
-5.89482900
-4.13640400
-7.47390900
-6.50604500
-2.37915300
-2.64602800
-2.61697600
-3.13465400
-2.48823700
-3.10615000
-2.43325800
-3.36307400
-3.34172900
-3.28892500
-3.74381200
-3.48636800
-2.76825000
-4.83993900
-3.38590800
-1.72002900
-5.46131200
-5.40544900
-4.73557000
-2.81745900
-6.50512200
-5.21503700
-0.00876100

1.09691600
-1.13566700

1.07973900

1.97037100
-1.15655700
-2.00509500
-0.04664500

1.94003000
-2.03385900
-0.06220500

-8877.838906 Hartree

Si
Si
Si
Si
Si
Si
Si
Si
Si
Si
Si
Si
Si
Si

O0O0O0O0O0O00O0

-3.48260400
-3.52689800
-0.67611000
2.09104300
2.11980400
-0.61124500
-3.52652000
-3.48256900
-0.61105800
2.12000000
2.09153500
-0.67581800
4.11742900
4.11721300
1.88607600
3.20497800
4.54986000
3.18562700
0.68007000
-2.02083400
-3.41567400
-2.07708400
0.63980200

-0.43935000
0.31671600
0.67845900

-0.46810100

-0.72006300

-0.09254000
0.61669500

-0.77921800

-0.11353600

-4.26682000

-4.14171700

-5.50588300

-5.22381100

-3.19111100

-6.58994600

-5.61906700

-6.45104300

-5.10734000

-7.53545100

-7.28953900

-4.08303900

-5.27015200

-4.03866000

-6.38214800

-5.32759100

-5.14982100

-3.13058400

-6.32338800

-7.28696900

-5.09728400

-7.18406900

-2.29457900

-2.97891100

-2.10862400

-3.46241000

-3.14306300

-2.58961500

-1.59101200

-3.26727400

-3.99099100

-2.43945100

-3.64245900

-1.70011900
1.56429700
3.16392700
1.59268100
-1.69632300
-3.26599000
-1.56417400
1.70022300
3.26585400
1.69620700
-1.59279100
-3.16388500
-1.61879500
1.61887300
0.05925500
1.95643900
0.00006400
-1.85860800
-2.42577100
-2.43413000
-0.06961800
2.30903200
2.30853300

-3.95409000
-6.41115500
-5.32375100
-5.10621300
-3.00190500
-6.33679900
-7.36056400
-5.04250600
-7.22973300
-2.78532200
-4.15965600
-2.16764800
-4.89610100
-4.65258600
-2.90072800
-1.10727000
-4.26729000
-5.95185600
-2.40712800
-4.83592800
2.09422600
2.32162300
2.46401600
2.89703800
2.05541300
3.04149200
2.30390300
3.25736500
3.06793700
3.32225800
3.70524600
4.80627100
5.33638600
5.62656900
6.64802600
4.71998200
6.93695500
5.24119400
7.45055000
7.03730000
7.55237200
8.46564900

-1.60691700
-1.66012200
-1.73389200
-2.62566000
-2.56373000
-1.56616700
1.66039700
1.60717100
1.56621600
2.56374500
2.62553000
1.73392200
0.03349400
-0.03380400
2.73510200
1.31948600
-0.00028200
1.39299400
-2.17569400
-1.90254800
-1.95828700
-2.01398900
-2.27152300

the optimized structure of the Czv (62524°) isomer of the T14Ph14 System.
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1.88565100
-3.81414400
-3.81442700
-2.02080700
-2.07657300
-0.51357500

3.20486500

3.18487100

0.68012300

0.64032300
-0.51338700
-3.41528800
-0.78048200

0.17780100
-1.79883800

0.12000600

0.97026300
-1.85964900
-2.54862000
-0.89981600

0.86588000
-2.65340800
-0.94533100
-0.66631600
-1.24958600
-0.16390700
-1.32896200
-1.62924000
-0.24240900

0.30387400
-0.82702800
-1.77674600

0.15576800
-0.88682800
-4.82056300
-4.50009600
-6.17548600
-5.50529600
-3.46333500
-7.18183800
-6.44869100
-6.84718700
-5.24064900
-8.21996700
-7.62644100
-4.91126100
-5.23043200
-5.63051000
-6.23923900
-4.69880100
-6.64051700
-5.40988200
-6.94433900
-6.47619600
-7.18818600
-7.72722800

2.75996200

1.88883000

4.14283700

2.38419700

0.81880200

4.64221500

4.83253900

3.76292600

1.69803400

5.71066900

4.14833000

2.79670600

2.21886400

3.86743700

2.69498600

-0.05939900
-1.80895600
1.80905200
2.43432600
-2.30869200
-3.39884200
-1.95650800
1.85862300
2.42542900
-2.30852900
3.39847400
0.06974600
-4.81540500
-5.81441800
-5.08051700
-7.04204200
-5.63740700
-6.30862800
-4.32692200
-7.29060500
-7.79950000
-6.49617100
-8.24168900
4.97228900
6.04941700
5.19873300
7.31574900
5.90377000
6.46399600
4.38951000
7.52432600
8.13434200
6.62050100
8.50526100
2.53819300
3.44506400
2.25630000
4.05432500
3.68043000
2.86353600
1.56615000
3.76352700
4.75381700
2.63657000
4.23527400
-2.30419500
-1.78700200
-3.41488900
-2.36500900
-0.92244200
-3.99423700
-3.81770000
-3.47113400
-1.95135200
-4.84630600
-3.91849800
-2.28889500
-2.66201100
-2.41612900
-3.14688800
-2.58727800
-2.90156200
-2.14911500
-3.26577800
-3.43538400
-2.99742300
-3.64322400
2.42351400
2.08795300
3.33168700
2.64618700

-2.73495900
0.03159000
-0.03127900
1.90267200
2.01419900
0.09087700
-1.31952900
-1.39293000
2.17578000
2.27102300
-0.09085000
1.95854700
2.61097300
2.36480900
3.54120700
3.02719000
1.64860900
4.20631100
3.74126400
3.95072000
2.82492500
4.91751300
4.46526300
2.33638200
1.64753600
3.62905300
2.23180400
0.64462500
4.21690100
4.17421700
3.51933500
1.68371100
5.21084900
3.97281700
2.60827300
3.63129300
2.36118800
4.38762500
3.82974800
3.11460500
1.57303000
4.13092600
5.16964500
2.91019600
4.71539000
2.67556800
3.94249300
2.20273600
4.71712600
4.31773900
2.97476200
1.22285100
4.23470800
5.68855600
2.59386500
4.83330800
4.22885700
5.26627600
4.43922200
6.47880500
5.12242800
5.65012400
3.64934400
6.67302700
7.26428600
5.79246200
7.61131500
4.15078900
5.38787100
4.13751700
6.57610700
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1.40326400
4.34741000
4.33351500
3.76005000
2.24249100
5.17665700
4.13184800
-0.78080600
0.17739900
-1.79910300
0.11959300
0.96980400
-1.85992500
-2.54883400
-0.90016400
0.86540500
-2.65363800
-0.94568800
-4.91177300
-5.63049200
-5.23158500
-6.64061400
-5.40937100
-6.24050900
-4.70035000
-6.94508300
-7.18786900
-6.47796100
-7.72806300
-4.82066500
-6.17552400
-4.50033300
-7.18193600
-6.44863200
-5.50559800
-3.46363500
-6.84741500
-8.22001100
-5.24105000
-7.62672000
-0.66694800
-1.25016400
-0.16494100
-1.32989000
-1.62950300
-0.24379200
0.30278900
-0.82836000
-1.77762800
0.15407300
-0.88843000
2.79646300
2.21913700
3.86654500
2.69514800
1.40405200
4.34640800
4.33225500
3.75957300
2.24306900
5.17516600
4.13128700
2.75962500
1.88844900
4.14255100
2.38383600
0.81840600
4.64194900
4.83232800
3.76261700
1.69765200

1.37708300
3.89155600
3.59256400
3.55136400
2.37154500
4.58626500
3.98257200
4.81558300
5.81462500
5.08074000
7.04231600
5.63758100
6.30892300
4.32713000
7.29092100
7.79979600
6.49650200
8.24205900
2.30416900
3.41538300
1.78628900
3.99456800
3.81874700
2.36413200
0.92134300
3.47077500
4.84704500
1.94995100
3.91800800
-2.53815100
-2.25521300
-3.44618200
-2.86257300
-1.56410000
-4.05557400
-3.68232500
-3.76374400
-2.63478900
-4.75595500
-4.23558500
-4.97231200
-6.04947800
-5.19859300
-7.31569500
-5.90394700
-6.46374000
-4.38933400
-7.52411200
-8.13432300
-6.62012800
-8.50495800
-2.42340200
-2.08691800
-3.33233600
-2.64498400
-1.37545700
-3.89204000
-3.59391700
-3.55091800
-2.36962400
-4.58733600
-3.98199300
2.28851200
2.66306400
2.41409000
3.14772800
2.58964900
2.89929900
2.14592500
3.26496000
3.43734800

5.42645200
5.32474200
3.19685100
6.54568100
7.51992900
5.29583300
7.46609100
-2.61068000
-2.36432300
-3.54096800
-3.02657600
-1.64806800
-4.20594100
-3.74115300
-3.95016900
-2.82416200
-4.91718600
-4.46461200
-2.67522700
-2.20281700
-3.94171300
-2.97481400
-1.22326800
-4.71631900
-4.31662300
-4.23431800
-2.59423700
-5.68740500
-4.83289500
-2.60788000
-2.36160500
-3.62990900
-3.11483900
-1.57425800
-4.38605400
-3.82777100
-4.13015900
-2.91106700
-5.16731300
-4.71448000
-2.33654600
-1.64772100
-3.62940700
-2.23219500
-0.64467300
-4.21745700
-4.17456200
-3.51990800
-1.68411700
-5.21154800
-3.97354700
-4.15089700
-5.38797500
-4.13776200
-6.57633300
-5.42643400
-5.32511000
-3.19710900
-6.54604200
-7.52014500
-5.29629900
-7.46654900
-4.22904100
-5.26591200
-4.44004300
-6.47852200
-5.12153900
-5.65102200
-3.65061500
-6.67337500
-7.26357100
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Table S$6. Atomic coordinates for the optimized structure of the Dan (6°5°4%) isomer of the T14Ph14 System.

Nimag =0

5.71045300
4.14803900
5.64887000
5.57945600
6.88579600
6.71491400
4.63615400
8.02394200
6.95741200
7.93963200
6.64462600
8.96995900
8.82001600
5.64918000
5.57994900
6.88598800
6.71546500
4.63673700
8.02419100
6.95748100
7.94006000
6.64531300
8.97011500
8.82048900

-8877.833986 Hartree

Si
Si
Si
Si
Si
Si
Si
Si
Si
Si

OIOIOOO000000000O0O0O0O0O0OO0OOOO0O0O
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1 Plots of NMR and IR Spectra
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Figure S1. 'H NMR (400.13 MHz) spectrum of T7Ph7P 1 measured in benzene-ds at 300 K. Residual solvent signals of toluene and satellites of
benzene-ds are marked with a plus sign + and remaining impurities with a minus sign —.
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Figure S2. 3'P NMR (161.98 MHz) spectrum of T7Ph7P 1 measured in benzene-ds at 300 K.
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Figure S3. 2°Si CP/MAS NMR (79.49 MHz) spectrum of T7Ph7P 1 at a spinning rate of 13 kHz.
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Figure S4. 3'P CP/MAS NMR (161.98 MHz) spectrum of T7Ph7P 1 at a spinning rate of 13 kHz. Spinning sidebands are marked with an asterisk *.
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Figure S5. 'H NMR (400.13 MHz) spectrum of T7Ph7P-BPhs 2 measured in benzene-ds at 300 K. Residual solvent signals of toluene and satellites

of benzene-ds are marked with a plus sign + and remaining impurities with a minus sign —.
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Figure S7. '°C CP/MAS NMR (100.61 MHz) spectrum of T7Ph7P-BPhs 2 at a spinning rate of 13 kHz. Spinning side bands are marked with an
asterisk *.
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Figure S8. 2°Si CP/MAS NMR (79.49 MHz) spectrum of T7Ph;P-BPhs 2 at a spinning rate of 13 kHz.
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Figure S9. 3'P CP/MAS NMR (161.98 MHz) spectrum of T7PhsP-BPhs 2 at a spinning rate of 13 kHz. Spinning sidebands are marked with an
asterisk *.
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Figure $10. 'H NMR (400.13 MHz) spectrum of TzPhsP-B(CsFs)s 3 measured in benzene-ds at 300 K. Residual solvent signals of toluene are
marked with a plus sign + and remaining impurities with a minus sign —.
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Figure S$11. "B NMR (128.38 MHz) spectrum of T7Ph7P-B(C¢Fs)s 3 measured in benzene-ds at 300 K. Remaining impurities are marked with a
minus sign —.
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Figure $12. "*C NMR (100.61 MHz) spectrum of TzPhsP-B(CsFs)s 3 measured in benzene-ds at 300 K. Residual solvent signals of toluene are
marked with a plus sign +.
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Figure 13. 'F NMR (282.40 MHz) spectrum of TzPh7P-B(CsFs)s 3 measured in benzene-ds at 300 K.
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Figure S$14. Magnification of the three '°F NMR signals of TzPh7P-B(CsFs)s 3 measured in benzene-ds at 300 K.

153



6 Supporting Information

N~ ©
O~
=N
i

—-76.7
—-77.6
--79.9
--80.2

— ——————— ——————— ————————r ———— ————r
250 200 150 100 50 0 -50 -100 -150 -200

Figure S$15. 2°Si NMR (79.49 MHz) spectrum of T7Ph7P-B(CsFs)s 3 measured in benzene ds at 300 K.

~ © © N © o ®
DN R 8 RRRE
f
| | |
| |
I | i ““
T T T T 1
77 78 79 80 ppm

-250 ppm

T T T T T T
250 200 150 100 50 0 -50 -100 -150 -200

Figure S16. °Si NMR (59.63 MHz) spectrum of T7Ph7P-B(CsFs)s 3 measured in benzene ds at 300 K.
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Figure S17. Overlay of the two 2Si NMR spectra of T7Ph7P-B(CsFs)s 3 at 79.49 MHz (blue, from Figure S15) and 59.63 MHz (red, from Figure
S16) in benzene-ds at 300 K.
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Figure $18. 3'P NMR (161.98 MHz) spectrum of T7Ph7P-B(CsFs)s 3 measured in benzene ds at 300 K.
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Figure $19. °Si CP/MAS NMR (79.49 MHz) spectrum of T7Ph7P-B(CsFs)s 3 at a spinning rate of 13 kHz.
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Figure $20. *'P CP/MAS NMR (161.98 MHz) spectrum of T7Ph7P-B(CsFs)s 3 at a spinning rate of 13 kHz. Spinning sidebands are marked with an
asterisk *.
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Figure S21. Magnification of the isotropic shift in the 3'P CP/MAS NMR (161.98 MHz) spectrum of T7PhsP-B(CsFs)s 3 at a spinning rate of 13 kHz.
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Figure 22. "H NMR (400.13 MHz) spectrum of TsPhsP-BCls 4 measured in benzene-ds at 300 K. Residual solvent signals of toluene and satellites
of benzene-ds are marked with a plus sign +, and remaining impurities with a minus sign —.
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Figure S23. "B NMR (128.38 MHz) spectrum of T7Ph7P-BCls 4 measured in benzene-ds at 300 K. Remaining impurities are marked with a minus
sign —.
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Figure S24. 3C CP/MAS NMR (100.61 MHz) spectrum of TsPh/P-BCls 4 at a spinning rate of 13 kHz. Residual toluene signals are marked with a
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Figure $26. *'P CP/MAS (161.98 MHz) NMR spectrum of T7Ph;P-BCls 4 at a spinning rate of13 kHz. Spinning side bands are marked with an
asterisk *.
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Figure S27. Magnification of the isotropic shift in the 3'P CP/MAS NMR spectrum of T7Ph;P-BCl3 4.
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Figure S28. 'H NMR (400.13 MHz)spectrum of TzPh7P-Fe(CO)s 5 measured in benzene-ds at 300 K. Residual solvent signals of toluene and
satellites of benzene-ds are marked with a plus sign + and remaining impurities with a minus sign —.
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Figure S29. '3C NMR (100.61 MHz) spectrum of T7Ph;P-Fe(CO)s 5 measured in benzene-ds at 300 K. Residual toluene signals are marked with a
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Figure $30. 2°Si NMR (79.49 MHz) spectrum of TsPh;P-Fe(CO)s 5 measured in benzene-ds at 300 K.
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Figure S31. 3'P NMR (161.98 MHz) spectrum of T;Ph;P-Fe(CO)s+ 5 measured in benzene-ds at 300 K.
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Figure 32. ®C CP/MAS NMR (100.61 MHz) spectrum of T7Ph7P-Fe(CO)s 5 at a spinning rate of 13 kHz. Residual solvent signals of toluene are
marked with a plus sign + and spinning side bands with an asterisk *.
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Figure 33. 2°Si CP/MAS NMR (79.49 MHz) spectrum of TzPhsP-Fe(CO)4 5 at a spinning rate of 13 kHz.
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Figure S35. IR spectrum (ATR) of T7Ph;P-Fe(CO)4 5.
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2. Crystallographic data

2.1 Refinement Details for T;Ph;P-BPh; 2

The data set was collected using a Bruker X8 Apex diffractometer. Graphite-monochromated Moka radiation (I = 0.71073 A) was used.
Data were collected at 152(2) K and corrected for absorption effects using the multi-scan method. The structure was solved by direct
methods using SHELXS-97(5" and was refined by full matrix least squares calculations on F2 (SHELXL2018[52)) in the graphical user
interface Shelxle.[S%

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms were placed in positions of
optimized geometry and treated as riding atoms. Their isotropic displacement parameters were coupled to the corresponding carrier
atoms by a factor of 1.2 (CH, CHz) or 1.5 (CHs). Disorder: One of the toluene solvent molecules lies over a center of inversion and
hence, was split over two positions using the PART -1 command of SHELX. Its side occupation factors were constraint to 0.5. A dfix -
1.39 (0.01) A was used to restraint the C-C bond lengths. One solvent toluene was split over two positions (fvar 2: 0.82 / 0.18).

Acknowledgements. Instrumentation and technical assistance for this work were provided by the Service Center X-ray Diffraction, with
financial support from Saarland University and German Science Foundation (project number INST 256/506-1).

Table S1. Crystal data and structure refinement for sh4115.

Identification code sh4115

Empirical formula 2(C60 H50 B 012 P Si7), 7(C7 H8)

Formula weight 3047.75

Temperature 152(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=11.8613(5) A a=80.0806(16)°.
b =15.2142(8) A b=87.8072(13)".
¢ =23.0370(13) A g =76.4972(12)°.

Volume 3981.9(4) A3

z 1

Density (calculated) 1.271 Mg/m3

Absorption coefficient 0.201 mm-!

F(000) 1598

Crystal size 0.344 x 0.251 x 0.169 mm3

Theta range for data collection 1.396 to 29.265°.

Index ranges -16<=h<=16, -20<=k<=20, -31<=I<=31

Reflections collected 146482

Independent reflections 21619 [R(int) = 0.0515]

Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents
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Max. and min. transmission 0.7458 and 0.7219
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 21619 /370/1051
Goodness-of-fit on F2 1.013

Final R indices [I>2sigma(l)] R1=0.0399, wR2 = 0.0919

Rindices (all data) R1=10.0729, wR2 = 0.1096
Extinction coefficient n/a
Largest diff. peak and hole 0.463 and -0.368 e.A™3

2.2 Refinement Details for T;Ph;P-B(CéFs)s 3.

The data set was collected using a Bruker D8 Venture diffractometer with a microfocus sealed tube and a Photon Il detector.
Monochromated Moxa radiation (I = 0.71073 A) was used. Data were collected at 133(2) K and corrected for absorption effects using the
multi-scan method. The structure was solved by direct methods using SHELXTIS4 and was refined by full matrix least squares
calculations on F2 (SHELXL2018!52) in the graphical user interface Shelxle.[S

All non H-atoms were located in the electron density maps and refined anisotropically. C-bound H atoms were placed in positions of

optimized geometry and treated as riding atoms. Their isotropic displacement parameters were coupled to the corresponding carrier
atoms by a factor of 1.2 (CH) or 1.5 (CHz3). Disorder: One phenyl-group is split over two positions (fvar 2: 0.67/0.33).

Acknowledgements. Instrumentation and technical assistance for this work were provided by the Service Center X-ray Diffraction, with
financial support from Saarland University and German Science Foundation (project number INST 256/506-1 (D8 Venture) and 256/582-
1 (Synergy-S).

Table 1. Crystal data and structure refinement for sh4494_a.

Identification code sh4494_a

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

C81 H59 B F15 012 P Si7
1747.69

133(2) K

0.71073 A

Monoclinic

P21/n

a=16.5251(10) A

b = 23.3893(14) A
c=21.9647(13) A
8103.9(8) A3

4

1.432 Mg/m®

0.233 mm-"!

3576

0.320 x 0.263 x 0.048 mm°>

1.994 to 27.000°.

22

a=90°.
b=107.336(2)°.

g=90°.
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Index ranges -20<=h<=21, -28<=k<=29, -28<=|<=28
Reflections collected 119722
Independent reflections 17680 [R(int) = 0.0935]
Completeness to theta = 25.242° 100.0 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7461 and 0.6278
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 17680 /290 /1114
Goodness-of-fit on F2 1.029
Final R indices [I>2sigma(l)] R1=0.0573, wR2 = 0.1263
R indices (all data) R1=0.1070, wR2 = 0.1578
Extinction coefficient 0.00133(13)
Largest diff. peak and hole 0.903 and -0.607 e.A™3
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