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Kurzzusammenfassung

Hauptaugenmerk dieser Arbeit liegt auf dem Untersuchen der Reaktivitat von
peraryl-substituierten Cyclotrisilenen (c-SisTips) gegenuber verschiedenen kleinen
Molekulen. Die Reaktion von c-SisTips4 mit Styrol und Diketon liefert zugleich weitere
Hinweise auf einen dritten Reaktionsmechanismus, die Ringo6ffnungsreaktion zu
Disilenylsilylenen, die Siliciumversion von vinyl-Carbenen. Die beschriebene
Synthese von 1,2,3-Trisilacyclopentadienederivaten, durch die Reaktion von c-SisTip4
mit Alkinen, stellt eine neue Methode zur Herstellung von cyclischen, konjugierten
C=C-Si=Si Systemen dar. SisE-bicyclo[1.1.0]butane and SisE2-bicyclo[1.1.1]pentane
(E = S, Se, Te) werden erhalten durch die Additionsreaktionen von c-SisTips mit
Chalkogenen. Die thermische Isomerisierung zZu
2-Chalcogena-1,3,4-trisilacyclobutenen wird durch die NMR-spektroskopischen
Daten nahegelegt und durch die Isolierung des Hydrolyseprodukts

2-Tellura-1,3,4-trisilacyclobuten gestutzt.
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Abstract

This thesis concentrates mainly on the reactivity study of a peraryl-substituted
cyclotrisilene (c-SisTip4) towards various small molecules. The reaction of ¢-SisTip4
with styrene and diketone provides further evidence for a third reaction mode, namely
the ring opening to disilenyl silylene, a silicon version of vinyl carbene. The synthesis
of 1,2,3-trisilacyclopentadiene derivatives that achieved by reaction of c-SisTips4 with
alkynes, constitutes a new method to access cyclic conjugated C=C-Si=Si systems.
n-addition reactions of c¢-SisTips with chalcogen elements resulting in the
SisE-bicyclo[1.1.0]butane and SisE2-bicyclo[1.1.1]pentane (E = S, Se, Te) derivatives.
In addition, thermal isomerization to 2-chalcogena-1,3,4-trisilacyclobutenes is
achieved as suggested by NMR spectroscopic data and supported by the isolation of

the hydrolysis product of 2-tellura-1,3,4-trisilacyclobutene.
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Background

Silicon is the second most common element on Earth by mass (about 28%) after
oxygen (47%)' as more than ninety percent of the Earth’s crust, e.g. dusts and sands,
are composed of silicon dioxide or silicates in various forms. Even though silicate
minerals have been used by human beings over hundreds of years in the form of clay,
porcelain, glasses, etc., silicon in its elemental form had not attracted attention until
the year 1823 when amorphous silicon was prepared by Jons Jacob Berzelius via
heating of silicon tetrafluoride in the presence of potassium.? Almost 31 years later in
1854 the crystalline form of silicon was prepared by Deville.® Since there is no
organosilicon material containing C-Si bonds in nature except for silicon carbide in
meteorites,’ the real flourish of silicon chemistry only began in the early 20" century
when a detailed investigation of hydrides of silicon and organosilicon compounds was
carried out by Alfred Stock* and Frederick Stanley Kipping.® In the wake of these
pioneering endeavors, many thousands of organosilicon compounds were prepared,
for instance for the polysiloxane industry. Nowadays, the manufacture of high-purity
elemental silicon and inorganic and organic silicon compounds sustains diverse
applications, e.g. in microprocessors, photovoltaics and not least the building industry
(waterproofing treatment and sealants).®

In parallel with the development of the silicon and silicone industries, scientific
research in silicon chemistry has grown rapidly in recent decades, in particular since
the so-called classical double-bond rule’ (stating that elements of the third row of the
periodic table and below cannot sustain multiple bonds)8° was disproven through the
first isolation of P=P, Si=Si and Si=C doubly bonded diphosphene, disilene and silene
in 1980s by Yoshifuji,'® R. West!! and A. G. Brook,? respectively. These milestone
achievements were enabled by the use of sterically and electronically stabilizing
substituents. In subsequent years various subvalent silicon compounds including

silylenes,*® trivalent silyl radicals,'* acyclic- and cyclic disilenes!®, compounds with
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Si=E double bond (E = S, Se, Te, N, P, Bi, etc.), etc. were isolated and characterized
by spectroscopic means and X-ray crystallography.

Trisilaallenes, ¢ and disilynes 1’ are prime examples that the properties of
unsaturated silicon species often substantially differ from those of the corresponding
carbon species. Robinson's disilicon(0) 18 species draws its stability from the
near-perpendicular coordination of N-heterocyclic carbenes (NHCs), while the
corresponding carbon species adopt linear allene structures. Similarly, the
geometries around the Si=Si double bond and Si=Si triple bonds of disilene and
disilyne are trans-bent in contrast to the planar C=C double and C=C triple bonds.
Moreover, silicon combines with other elements to form various types of structures
completely unknown to carbon chemistry. Two tricyclic unsaturated isomers of
hexasilabenzene 1° perfectly illustrate that unhybridized bonding situations are
preferred for heavier elements. Theoretical studies predict that repeating units in pure
silicon nanosheets do not exhibit a planar hexagonal geometry like in graphene, but a
non-classical bridged propellane motif instead.?® These differences reflect the
well-established propensity of silicon for single bonding even in the element: while a
variety of allotropes of carbon besides diamond, such as graphite, fullerenes, and
carbon nanotubes, are known as a stable material mainly consisting of sp2-hybridized
carbon atoms, silicon's only stable element modification to date has a diamond-type
structure based on tetracoordinate silicon atoms.

Among these low-valent silicon species, small and thus highly strained ring systems
consisting of silicon have been attractive synthetic challenges both for fundamental
curiosity and their anticipated potential in synthesis. Until the early 1980s, when the
synthesis of first stable cyclotrisilane was achieved by Masamune,?! they were
considered as non-isolable reactive intermediates. The significant ring strain and the
weakness of endocyclic Si-Si single bond make the cycloreversion of cyclotrisilane
one of the major methods to generate silylenes and disilenes as reactive

intermediates.?? The cyclotrisilene, with the Si=Si double bond incorporated into the
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skeleton of cyclotrisilane, was obtained in the late 1990s by Kira?® and Sekiguchi,?*
independently, taking advantage of bulky silyl substituents and exocyclic n-c*

interaction.
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“Chemistry itself knows altogether too well that

— given the real fear that the scarcity of global
resources and energy might threaten the unity of
mankind — chemistry is in a position to make a
contribution towards securing a true peace on earth.”

Kenichi Fukui
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1 Introduction

1.1 Pioneering Works

1.1.1 Synthesis of the first stable disilene

Prior to the isolation of a stable disilene, circumstantial evidence regarding the
existence of a transit disilene had been released by Peddle and Roark.
Tetramethyldisilene B was generated during the thermolysis of disilane-bridged
naphthalene A at 350 °C and was trapped in the presence of anthracene giving the
disilane-bridged octa-2,5-diene C (Scheme 1).2°> The first synthesis of the isolable
tetramesityldisilene 1 was achieved by West, Michl and Fink in 1981 via photolysis of
2,2-bis(mesityl)hexamethyltrisilane in hydrocarbon solution (Scheme 2)."" Stable
disilene 1 was isolated as a bright-yellow crystalline solid showing a strong absorption
band in the visible at Amax = 420 nm. The Si=Si double bond is sterically stabilized by
the presence of two mesityl (2,4,6-trimethylphenyl) groups at each silicon atom,
whereas the considerable red-shift and consequently smaller excitation energy
compared to that of olefins suggests that the Si=Si = bond is distinctly weaker than

the C=C = bond.
Mez '\S/l'ez
Si e
Me,Si’|  350°C (Me,Si=SiM Oee Me,Si
/ —_— + eyol=oiMey] — a O
A B Cc

Scheme 1. Trapping of the transient tetramethyldisilene B.?°
Mes Mes

h
Mes,Si(SiMes), — > Si=s{  + Me;SiSiMe,

1

Scheme 2. Synthesis of the first isolable disilene 1.
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1.1.2 Synthesis of the first stable cyclotrisilene

In carbon chemistry, cyclopropene (CsH4) as the simplest cycloalkene was always a
subject of curiosity due to its high ring strain and the resulting high reactivity.?® In
contrast, even substituted cyclotrisilenes (c-SisR4) were not isolated until the year
1999, although numerous disilenes as well as a few cyclic disilenes had been
previously described. The first stable cyclotrisilene 2 was serendipitously obtained by
Kira and co-workers in an attempt to synthesize a silicon version of an alkyne by
reduction of a trihalosilane with potassium graphite (Scheme 3).22> The bulky silyl
substituents in 2 kinetically protect the reactive core of the molecule. n-c* interactions
between the Si=Si bond and the antibonding orbitals of the substituents contribute
significantly to the stability of 2, which was isolated as dark-red crystals and shows a
maximum absorption wavelength at Amax = 482 nm, red-shifted by AL = 62 nm
compared with that of the first disilene 1 (Amax = 420 nm)." The 2°Si NMR signals of
the tricoordinate silicon atoms are found at 6 81.9 (Si-R) and 99.8 (Si-SiRs) ppm, and
thus significantly high-field shifted relative to those for the acyclic tetrasilyldisilenes
(142-154 ppm).?’
R Br kg RN
R—/Si—Si\(—:IBr — Si/:Si
R”™ “Si
R = SiMe,'Bu 2

Scheme 3. Synthesis of the first stable cyclotrisilene 2.3

The isolation of acyclic disilenes and the smallest cyclic derivative — cyclotrisilene —
enabled the comparison of their properties with those of their carbon analogues, the
alkenes and cyclopropene, respectively. In the following, the CGMT model will
therefore be presented, which allows for a correlation of the singlet-triplet excitation
energy of the constituting carbene-analogous fragments with the characteristics of

the double bond. In addition, the subsequent section (Section 1.4) will address the
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added complication of strain in small cyclic alkenes and their heavier homologues.

1.2 The Carter-Goddard-Malrieu-Trinquier (CGMT) Model

The CGMT model was developed by Malrieu and Trinquier based on earlier work by
Carter and Goddard Il and is widely accepted to allow for qualitative understanding of
the geometry of doubly bonded systems of heavier Group 14 elements. In this model,
instead of considering the dissociation of a multiply bonded system, the combination
of two carbene-like fragments was investigated as a function of their spin
multiplicity.?® It is well known that methylene (CH:2) has a triplet ground state with
respect to the 9 kcal mol™" higher lying singlet state.?® In contrast, theoretical and
experimental evidence supports that the singlet state of silylene (SiHz) is energetically

more favorable than the triplet state by ~18-21 kcal mol~".30-31

Figure 1. (a) Energy profile for coupling of two triplet carbenes to form an olefin; curve a
shows two carbene fragments with a triplet state, curve b describes the interaction of two
carbene fragments with excited triplet state. (b) Energy profile for coupling of two singlet
carbene fragments into an excited olefin. Reproduced from the literature.?®

In Carter and Goddard III's computational model, the triplet-singlet excitation, AEsr, is
taken as a measure for the preparation energy required to create a reactive state,

ready for barrier-less combination of the two fragments. Figure 1 shows the energy

profile of the coupling of both triplet and singlet carbene fragments to form an
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olefin-like double bond. The energy gain in the resulting “classical” planar doubly
bonded system equals the total interaction energy of both o- and wn-components,
Eon ( Figure 1a). When >Est < 1/2 Es:z a planar doubly bonded system is formed.

Conversely, a trans-bent orientation becomes more favorable when Est > 1/2

Ecr.[280]
r>req
0 =90°
Nsi—si.,,
r=req \'H
0 = 45° H
disilene
(trans-bent)
H H H/, H H/// H
\\C:C ‘v r= req )
‘ty, _ 11y
H/ \H H /H 0=0° H H
ethylene
(planar)

Figure 2. Interaction diagram of the formation of planar and trans-bent double bond from
carbene and silylene fragments according to CGMT model.

Figure 2 shows the interaction diagram of two carbene and its heavier analogue SiH2
fragments as a function of the positional parameter r (distance) and 8 (bending angle).
The maximal stabilization of two triplet carbene fragments is achieved at an angle 6=
0°, forming a “classical” planar ethylene system. In contrast, in case of SiH: this
maximum is reached at an angle ¢ = 45° at which the electron density of the lone
pairs of electrons of the singlet fragments is effectively donated into the vacant p(r)
orbitals. With decreasing angle 8the formation of a bond becomes impossible due to
the strong Coulomb repulsion between the Ilone pairs of electrons
(two-center-four-electron interaction).®? The non-planar or trans-bent geometry of
disilene is the consequence. Thus apart from the bond length d, deviation of Si=Si

14



double bond from planarity is generally characterized by two angular parameters: the
trans-bent angle 6, which describes the degree of deviation between the Si=Si double
bond vector and the plane defined by silicon and its adjacent substituents, and the
twist angle z, which represents the dihedral distortion of two R-Si(sp?)-R planes with
respect to each other. Such Si=Si double bond twist is also observed in cyclic

disilenes represented by the dihedral angle y along the R-Si=Si—-R bond (Figure 3).

AN /;U
-0
||
7/ AN
P
»
|
@.,
)
S
Y
;d‘; )‘

Figure 3. Structural parameters for characterization of Si=Si double bond (d = bond length, &
= trans-bent angle, r = twist angle, w = dihedral angle in cyclotrisilene).

1.3Strain Energy (SE) of Cyclic Disilenes

Strain energy (SE) has proven to be valuable for the evaluation of the inherent
reactivity of organic compounds with unusual geometries or intramolecular
interactions.®® A general theoretical method for the accurate assessment of strain
energy in cyclic hydrocarbons is the use of homodesmotic reaction equations, in
which there are equal numbers of carbon atoms for each state of hybridization as well
as equal numbers of bonds involving any two elements in reactants and products
(Scheme 4, Eq. 1).3* With the report on the isolation of stable cyclic disilenes, their
strain energy was determined by the homodesmotic method (Scheme 4, Eq. 2).35-36
Table 1 shows the calculated strain energy of selected cyclic alkenes and disilenes.36
Notably, the ring size has a different effects on the SE values of cyclooligosilanes and

cycloalkanes. Calculations by Inagaki and co-workers also demonstrated that the
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introduction of a double bond into three- (35.4 to 34.5 kcal mol™), four- (12.9 to 9.1
kcal mol™"), and five-membered (3.0 to 0.9 kcal mol™") saturated cyclic oligosilanes
relaxes the ring strain to a large extent. This is in marked contrast to their carbon
analogues, wherein the strain energy is even increased (cyclopropene 55.5 kcal
mol™" to cyclopropane 25.5 kcal mol™') by the introduction of the double bond (Table

1).36

Hy

C.  + 2H.C—CH, —— HsC-C=C-CH, + HsC-CH,—CH; (1)
HC/Z\CH 3C—CHj S THTH 3 3 2 3

H

(Siz)n L .

_/ \ + (n+1)H3S|_S|H3 + H28|—S|H2 —_—
H/S|=S|\H

N H3Si—SiH,—SiHs + 2H3Si—SiH=SiH, (2)
Scheme 4. Homodesmotic reactions of cyclic alkenes and cyclic disilenes.343°

Table 1. Strain energy of cyclic alkenes and disilenes (kcal mol™").%¢

Ho Ho
Ho Hy _E_ _E.
/E\ /E\ HzE EH2 H2E EH2 HQE EH2 H2E EH2
H,E—EH, HE=EH H2E EH2 HE= EH H2E EH2 HE EH
C 255 55.5 22.6 28.7 4.7 4.5
Si 35.5 34.5 12.9 9.1 3.0 0.9

The more relaxed ring strain in cyclic disilenes is in good agreement with the more
elastic feature of Si=Si double bond than C=C double bond. The effective relaxation
could be theoretically interpreted by the in-phase n—o* interaction between the
n-bond of three-coordinated silicon atom and o-bonds on the saturated atom in the
ring.3® The r-electrons delocalize through cex bonds in a cyclic manner due to the

cyclic interaction of = and cen* (Figure 4).%7

16



bobog | =4 g | T

T

G T, T,

Figure 4. Cyclic delocalization of & electrons through the ¢ conjugation.3®
1.4 Routes to Cyclotrisilene

1.4.1 Reductive Dehalogenation

Reductive coupling is the most general used method to synthesize cyclotrisilenes,
albeit the yields are typically moderate at best due to the inherent difficulties of hetero
coupling two different precursors. Soon after the publication of Kira’s cyclotrisilene,?
Sekiguchi and co-workers reported the synthesis of persilyl-substituted cyclotrisilene
3 by reduction of one equivalent of
2,2-dibromo-1,1,3,3-tetra(tert-butyl)-1,3-dimethyltrisilane and two equivalents of
2,2,2-tribromo-1,1-di(tert-butyl)-1-methyldisilane with sodium in toluene (Scheme
5).24 The reaction led to immediate formation of a dark red solution from which
cyclotrisilene 3 was isolated as red-orange crystals at 9.4% yield after recrystallization

from hexane.?*

17



/
R Br BT Na S|
Si + 2 R—SI\—BF — SI:\SI
R Br gr t3hrs “R
3
Scheme 5. Synthesis of Sekiguchi’s cyclotrisilene 3 (R = SiMe'Bu,).%*
R R R R
R&i_di-R R B ke s
;s Na R—$i—S{-Br A
R/SI_SI\R Toluene R Cl R “SiR,
4 2

Scheme 6. Reduce of 4 with different reductive reagent resulting in cyclotrisilene 2 and
cyclotetrasilene 5 (R = SiMe,'Bu).?

The major product of reductive coupling depends significantly on the reducing agent
as well as the reaction time. Reaction of a suitable trihalosilane with potassium
graphite in tetrahydrofuran produces cyclotrisilene 2, while its reaction with sodium in
toluene results in cyclotetrasilene 4 (Scheme 6).23 A short reaction time is also crucial

for the successful isolation of 3, prolonged reaction time results in over-reduction.

RZ R2 R2
/SI\ . N ./SL . S|\ .
MGZS= SIICI2 a Me28|| %I\Si/ SllMez
MeZSi\Si,SiCIz Mezsi\Si,Si/ '5i-SiMe,
R2 R2 R2
5 6

Scheme 7. Synthesis of bicyclo[4.1.0]heptasil-1(6)-ene 6 (R = Bu).%®

The tetrasilane-bridged bicyclo[4.1.0]heptasil-1(6)-ene 6 was also obtained by
reduction of 1,1,2,2-tetrachlorocyclohexasilane 5 with four equivalents of sodium
dispersion in toluene (Scheme 7).38 Notably, the reddish crystals of 6 are very stable

and can be heated to 238 °C in argon atmosphere without decomposition.
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1.4.2 Condensation

Ry Ry
Ri__ R or B THF Y Ri R
2 Si + R,—Si—Si-R, —— 2\ + 1/2 SI:SI\
L Li Br Br RZ/SI_SI\R2 R1 R1
7 8 9

Scheme 8. Synthesis of cyclotrisilene 9 by condensation of dilithio- and halogensilanes (R4 =
SiMe'Buz, R; = Si'Bus).*®

Sekiguchi and co-workers reported the synthesis of a highly crowded cyclotrisilene 9
by reaction of dilithiosilane 7 with bromotetrasilane 8 at a ratio of 2:1 (Scheme 8).%°
The second equivalent of dilithiosilane acts as a reductant towards the intermittent
1,2-dibromo cyclotrisilane. The introduction of extremely bulky tri-tert-butylsilyl groups
at the unsaturated silicon atoms of cyclotrisilenes has a planarizing effect on the
Si=Si double bond as shown by the comparatively small ‘BusSi—Si=Si-Si‘Bus dihedral
angle w of 4.8° for 9, in marked contrast to the highly trans-bent structure of 3

(dihedral angle yBuMe2Si-Si=Si-Si'BuMe2 31.9°).24

R R
Y/ ‘Bu,SiNa R R
7N\ _/S'\ ,
RPTS=R ¢y or r-SI=SIs

R
X X BrCH,CHBr
10a X = Cl 3
10b X = Br R = SiMe'Bu,

Scheme 9. Interconversion between 10a,b and cyclotrisilene 3.4°

1,2-Dichloro- or 1,2-dibromo- cyclotrisilane 10a,b were prepared by the reaction of
cyclotrisiiene 3 with CCls and 1,2-dibromoethane, respectively. Interestingly,
conversion of 10a,b by reduction with ‘BusSiNa to 3 was also proven to be an efficient,
albeit non-productive method to produce cyclotrisilene (Scheme 9).%° It is likely that
the reaction pathway includes an electron transfer step with a halogen-sodium
exchange to form an anionic intermediate, which then quickly undergoes elimination

of NaX to form the final cyclotrisilene 3.
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1.4.3 Valence Isomerization

R R R R R CH.R
S KC Si NV
R N /C| i
s sitT — % R-si—si-R O~ S
clI”°N" R g 130°C __Si=Si_
Hy Hy R
1 12 13

Scheme 10. Synthesis of trisila-bicyclo[1.1.0]butane 12 followed by thermal isomerization to
cyclotrisilene 13 (R = SiMe'Buy).*?

Currently reported valence isomerizations to cyclotrisilenes generally occur with
precursors with silyl substituents, which can be rationalized by the higher migration
tendency of silyl group compared to alkyl and aryl substituent.4! Cyclotrisilene 13
with three silyl and one alkyl substituent was prepared by reduction of
dichloro-trisilacyclobutene 11 with potassium graphite followed by heating of the thus
obtained trisila-bicyclo[1.1.0]butane 12 at 130 °C (Scheme 10).#> The cleavage of the
bridging Si-C single bond accompanied with silyl substituent migration results in
formation of 13. Due to the introduction of alkyl substituents 13 exhibits both upfield
sp3-Si and downfield sp?-Si signals for the skeletal silicon atoms at —=71.7 and 122.8

ppm in comparison to those of cyclotrisilene 3 at -127.3 and 97.7 ppm.?*

) R\ /R
\S|i§SI§Si/R 120 °C /Si\
' Si=Si
R R R/ \R
14 3

Scheme 11. Thermal isomerization of trisilaallene 14 yields cyclotrisilene 3 (R = SiMe'Bu).*

The trisilaallene 14 was also observed to undergo thermal rearrangement yielding
cyclotrisilene 3 in 30% isolated yield (Scheme 11).* However, compared with the
reductive dehalogenation (Scheme 5),%* this method of cyclotrisilene generation is

less straightforward due to the relative low yield of the synthesis of 14 (40%).
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N/
2 i=Si_
Rs” 3
15a,b 16a,b

Scheme 12. Thermal isomerization of disilyne 15a,b yields cyclotrisilene 16a,b, respectively
(15a: R1 = Ry = SiMe(Si‘Bus),, 16a: R; = Si(‘Bus), R« = Me, Rs = Ry; 15b: Ry = SiPrDsiz, R, =
SiNpDsiz; 16b: R3 = Dsi, R4 = Np, Rs = R1; Np = CH,Bu, Dsi = CH(SiMe3),).444°

Thermal isomerization of disilyne to cyclotrisilene was initially reported by Wiberg et
al. in 2004 involving the transformation of the symmetrically substituted disilyne 15a
to cyclotrisilene 16a (Scheme 12).4* Unfortunately, no spectroscopy data was
published. In 2010 Sekiguchi and co-workers reported the synthesis of
unsymmetrically substituted disilyne 15b and its isomerization in solution to yield
cyclotrisiiene 16b quantitatively (Scheme 12), which was characterized
spectroscopically by NMR and HRMS.#® In the three-membered skeleton of 16b the
sp3-Si exhibits signal at -14.1 ppm while the two sp?-Si display signal at 70.0
(Rs—Si=Si) and 130.1 (R3—Si=Si) ppm.

1.4.4 Cleavage of Si=Si double bond in Tetrasila-1,3-diene

r R RR R
R /
R L A [
S//SI\Si//SI — Sil Il
! R orhv L
R rR R R
17 18
.. R
R_Si_R RR di T
Ol
-R(_JR Si” \§|
R R
R
19

Scheme 13. Thermo- and photolysis of tetrasila-1,3-diene 17 yields cyclotrisilene 18 (R =
SiMes).49

In carbon chemistry, 1,3-butadienes are known to undergo a Diels-Alder type

21



dimerization*® or the cleavage of the C2-C3 bond upon heating.*” Upon irradiation
with UV light, isomerization to bicyclo[1.1.0]butane or cyclobutene takes place.*® In
contrast, both thermolysis and irradiation of tetrasila-1,3-diene 17 in benzene affords
cyclotrisilene 18 as yellow crystals in 87% and 51% yield, respectively (Scheme 13).4°
The formation mechanism was rationalized by the ring closure of a disilenyl silylene
19 formed by homolytic cleavage of one of the Si=Si double bonds of tetrasiladiene

17.

1.4.5 Synthesis of Aryl-substituted Cyclotrisilene

In 2004, Scheschkewitz synthesized disilenide 20 by direct reaction of Tip2SiCl2 with
an excess amount of lithium powder (Scheme 14).5° The surprising stability (mp.
121 °C), acceptable isolated yield (51% from hexane) and the presence of an anionic
reactive site turn 20 into an efficient nucleophilic Si=Si transfer reagent.’®2¢e51 Ag
shown in Scheme 14, by reaction of 20  with silicon(Il)
tetrakis(pentafluorophenyl)borate accompanied with the elimination of Li[B(CsF5)4],
Scheschkewitz and Jutzi et al. synthesized cyclotrisilene 21, the first cyclotrisilene
with carbon-based substituents.5? The reaction process can be readily explained by
the formation of intermediate disilenyl silylene 22 which subsequently undergoes

intramolecular isomerization to the final product 21 isolated as orange-brown oil.

Tip Tip Tip\ /Tip
. *6Li / Cp*Si*[B(CeFs. i
2 Tip,SiCly — = /\Si:Si\ PoTIBCer o S_/S'\S_ (21)
T' L'. * I— I\ .
Tip, Tip T
Si=Si
Tip” X\ si—Cp*
22

Scheme 14. Synthesis of cyclotrisilene 21 with carbon-based substituents via postulated
disilenylsilylene intermediate 22 (Cp* = CsMes).50-52

Synthesis of the first peraryl-substituted cyclotrisiiene 24 was also achieved by
22



Scheschkewitz’'s group taking advantage of the homoleptic trisilaallyl chloride
precursor 23 obtained by reaction of disilenide 20 with TipSiCls.5? After reduction of
23 with magnesium powder, cyclotrisilene 24 is isolated from pentane solution as
orange crystals in 51% yield (Scheme 15). It should be mentioned that the reduction
time must be critically limited to seven hours as otherwise the over-reduced product

magnesium salt of trisilene-1,3-diide is generated as an impurity.>3

Tipsicl; TPy TP g Tie [ Tip

./ e /\
Tip Si=Tip __Si=Si__
cl CI Tip Tip

23 24

Scheme 15. Synthesis of peraryl-substituted cyclotrisilene 24.52

1.4.6 Silicon Analogue of Spiropentadiene

The reaction of trihalosilane with potassium graphite at —=78 °C gives a brownish red
solid, which contains spiropentadiene 25 and cyclotrisilene 2 in a ratio of 1:8 as
determined by 'H NMR. Crystallization from hexane gave the dark red crystals of 25
in 3.5% yield (Scheme 16).5

RsSi.  SiRs

. R R
R\ | l/Br KCqg SI\—/SI \S|/
R—/SI—SI\—BF — /Si + /\
\ I=Sj

ol Si=Si R Sgir,

R5Si” “SiR,
25

Scheme 16. Reduction of trihalosilane with KCg results in spiropentasiladiene 25 and
cyclotrisilene 2 (R = SiMe,'Bu).%*

High stability of 25 was indicated by the melting point which up to 216 °C. The steric
protection of four bulky silyl groups and a smaller strain energy (SE) of the silicon
spiro-ring system,36:54 without doubt contribute to the stability of 25. The longest
wavelength absorption maximum of 25 in UV/vis spectrum is at 560 nm, highly

red-shifted relative to that for cyclotrisilene 2 (482 nm)?3 and 3 (466 nm).2*
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1.4.7 1-Disilagermirene and 2-Disilagermirene

The reaction of 2,2,2-tribromo-1,1-di(tert-butyl)-1-methyl-disilane and
dichlorobis[di-tert-butyl(methyl)silyllgermane with excess amounts of sodium in
toluene at room temperature produced a dark-red reaction mixture, which contains 26
as a major product (Scheme 17).%° The 1-disilagermirene 26 was isolated as
hexagonal ruby crystals and shows the 2°Si NMR chemical shift of sp2-Si at 92.2 ppm,
only upfield shifted by 5.5 ppm compared with that of cyclotrisilene 3 (97.7 ppm). The
geometry about the Si=Si double bond of 26 is more frans-bent than that in

cyclotrisilene 3, as determined by the dihedral angle y along R-Si=Si—-R of 37.0° (3 :

w=31.9°).
'‘Bu,MeSiSiBr Ry /R )
2 3 Na/toluene Ge hv Ge
+ —_— / \ — 7\
rt, 6hrs R/SIZSI\R ora R/SI_SI\—R
t .
(BUZMeS|)2GeC|2 26 27 R

Scheme 17. Synthesis of 1-disilagermirene 26 and 2-disilagermirene 27 (R = SiMe'Buy).%®

Interestingly, the transformation of 26 to 2-disilagermirene 27 can be achieved via
photolysis of the CsDs solution of 26 with a high-pressure Hg-lamp (A > 300 nm) or
thermolysis of the solution of 26 in mesitylene at 120 °C (Scheme 17).>° This
constitutes yet another example of the ease of silyl group migration, here leading to
the formation of an endocyclic Si=Ge double bong system. Disilagermirene 27 was
produced quantitatively and shows extremely thermally stable with a melting point of
194-196 °C. The endocyclic double-bonded silicon atom exhibits a downfield signal at
99.3 ppm while the endocyclic saturated silicon atom has an upfield resonance at

-120.1 ppm.

1.4.8 Recent Advances

In 2014, Iwamoto and co-workers reported the thermolysis behavior of
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hexaalkyltricyclo[2.1.0.0]pentasilane 29 that was prepared by the reaction of the
corresponding potassium trialkyldisilenide 28 with 0.5 equivalent amount of SiCla.
Heating 29 at 40 °C for 5 hours in the presence of 7.6 equivalents of
4-(N,N-dimethylamino)pyridine (DMAP) affords an orange solution, from which
30-DMAP was isolated as orange crystals in 89% yield (Scheme 18).°¢ 30-DMAP
exhibits three resonances in the 2°Si NMR at 84.5 (Si2), 13.3 (Si4) and -79.8 (Si3)
ppm, however, no resonance assignable to the naked Si1 could be observed either in

solution or in solid state.

# # / t
Bu Bu \ Bu
R ) | B /R N )-NMe, R q E
fBu sicl, RS Si=Si TR (DMmAP) Sz _ gy
Si=si — Si—Si—Si Sia L 2572
\K 40°C, 5hrs R Sit X
IR PR R R DMAP
R = SiMe,
# t
R |Bu R R |BU
Si S
s sy —— [ sl iSsi-e
Si Si
R R
30 30,

Scheme 18. Synthesis of silicon analogue of bicyclo[1.1.0]but-1(2)-ene (BBE) 30-DMAP and
the canonical structure 30,.%

X-ray structure analysis of 30-DMAP shows the Si1-Si2 and Si2-Si3 bond length is
2.2906 and 2.2556 A, respectively, which are between the typical range of Si-Si single
bond length (ca. 2.36 A)5” and Si=Si double bond length (2.118-2.289 A),5"22
indicating a significant double-bond character in both Si1-Si2 and Si2-Si3 bond.
Indeed, a theoretical study indicates that the zwitterionic structure 30z (Scheme 18) is
the main existence which involves a tetrasilahomocyclopropenylium cation and a silyl

anion rather than a bicyclic structure with a localized highly strained double bond.
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Scheme 19. Synthesis of cyclotrisilene 32 with heteroatom substituent (R = SiMe'Buy).58%°

The [1+2] cycloaddition reaction of cyclotrisilene 3 with propylene sulfide affording
thiatrisilabicyclo[1.1.0]butane 31 was reported by Sekiguchi in 2008.58 Almost seven
years later in 2015, Lee and Sekiguchi et al. found thermolysis of 31 in toluene
solution at 100 °C cleanly produces the cyclotrisiiene 32, featuring a
(‘Bu2MeSi-S)-substituent at the skeletal sp3-Si atom and thus representing the first
cyclotrisilene with a heteroatom substituent (Scheme 19).5° The 2°Si NMR chemical

shift of the tricoordinate Si atoms of 32 is observed at 137.1 ppm.

1.5UV/vis Spectroscopy

E/eV

Hooo . H Heo_o.H
LC=Cl, | SSiESily
—0.31 1 —
— 247
_.— -6.00

764 %“

Figure 5. Frontier orbitals and their energy levels of ethylene and disilene at the
B3LYP/6-311++G(2d,p)//B3LYP/6-31G(d) level of theory.'

Compounds with Si=Si double bond are colored, in marked contrast to their carbon
congeners, which are colorless in most cases. The differences in frontier orbital
splitting of disilene and ethylene provide a good explanation for the highly variable

color of currently isolated disilenes. As shown in Figure 5, calculations performed by
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Kira and co-workers demonstrate the HOMO-LUMO splitting energy in ethylene (AE =
7.33 eV) is almost twice as much as the parent disilene (AE = 3.53 eV)."5f

Generally, the n-n* absorption maxima of cyclic disilenes (Amax 391 to 482 nm) are
observed at significantly longer wavelengths than those of corresponding acyclic-
disiienes (Amax 420 to 517 nm)."™ However, the intensely blue
(‘Bu2MeSi)2Si=Si(SiMe!Buz)2 with its absorption maxima at Amax 612 nm is an
exception, which originates from the severe twisting of the Si=Si double bond (7 =
54.5°).%% In comparison, the longest wavelength absorption of the corresponding
cyclotrisilene 3 is strongly blue-shifted to Amax 466 nm as the incorporation into the
three-membered rings precludes any significant twisting the double bond.?* Table 2

shows the Amax Of selected cyclotrisilenes.

Table 2. Amax Of selected cyclotrisilenes. a) in hexane, nm; b) L mol™ cm™

2 3 6 9 13 18 24

Amad 482 466 468 472 457 391 413
(€)°  (2640) (440) (2200) (500)  (2060)  (4400)  (4912)

Cyclotrisilenes with silyl substituents in general have a Amax at 460-480 nm,?3-?4 while
24 with peraryl substituents shows a more blue-shifted longest absorption wavelength
at Amax 413.52 Cyclotrisilene 13 with mixed silyl and alkyl substituents appear a little
shorter Amax (457 nm) than these of persilyl-substituted cyclotrisilenes.*? The bicyclic
18 with a rigid dialkyl-backbone shows the shortest Amax (391 nm) among currently

isolated cyclotrisilenes.*?

1.6 2°Si NMR Spectroscopy

Despite the relative low natural abundance of 2°Si (the only NMR active silicon
nucleus 4.67%)," 2°Si NMR is a useful diagnostic tool for recognizing silicon with
different coordination environments and electronics states, particularly in the cases of

low valent silicon compounds. The 2°Si NMR shifts of unsaturated silicon atoms in
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cyclotrisilenes are remarkably upfield shifted compared with that of acyclic disilenes.
For instance, the resonances of the unsaturated 2°Si nuclei of persilyl-substituted
cyclotrisilene 2 and 3 located at 5 81.9, 99.8 and 97.7 ppm, respectively,?>?4 while
disilene (Bu2MeSi)2Si=Si(SiMeBuz)2 shows 2°Si NMR of sp? hybridized silicon atom
at 5 155.5 ppm.®® Table 3 shows the 2°Si NMR chemical shifts of selected
cyclotrisilenes. The peraryl-substituted cyclotrisilenes 21 and 24 shows signals of the
unsaturated silicon atom at § 58.6, 37.3 and 42.5 ppm,®? ca.10 ppm upfield shifted in
comparison to that of the symmetric tetraaryl disilenes, in which the 2°Si NMR shifts

were found between & 53 and 72 ppm. '

Table 3. 2°Si NMR chemical shifts of selected cyclotrisilenes. a) in ds-benzene, ppm

2 3 6 9 13 21 24

sp?5Si®  81.9,99.8 97.7 1471 974 1228 58.6,37.3 425

sp®8¥si® -117.2  -127.3 -854 -1157 -71.7 -153  -23.2

29Si NMR shifts of disilenes show a clear-cut dependency on the substitution pattern
on each of the sp? hybridized silicon atom.6!-%2 For instance, homoleptic
silyl-substituted disilenes (6 131-156 ppm) are downfield shifted by ca. 90 ppm
compared with that of aryl-substituted disilenes (5 53-72 ppm).'%"22 As shown in Table
3, the substitution pattern also affects the 2°Si NMR of cyclotrisilenes, represented by
signals of sp? hybridized silicon atoms of 21 and 24 being ca. 50 ppm upfield shifted
in comparison to that of 2 and 3, being up to 80 ppm with respect to that of 13. Figure
6 shows the three 2°Si chemical shift tensors that were determined by solid state
NMR spectroscopy.®® Significant deshielding along one principal axis occurs to
various disilenes. According to West and co-workers’ study, the large deshielding 2°Si
NMR signals of disilenes with silyl substituents is rationalized by the significant
paramagnetic contribution along the axis §11.%" For tetrasilyldisilenes this extreme
deshielding in 811 can be related to the low o—m* transition energy resulted from the
higher-lying o orbital levels of Si=Si double bonds, which is ascribed to the
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contribution of electropositive silyl substituents.®’

H H /

H"”)Si——SiQH 8

333

611

Figure 6. Approximate orientation of the principal shielding tensor components in
disilenes.61 ,Error! Bookmark not defined.

1.7 Reactions of Stable Cyclotrisilenes

1.7.1 Halogen Abstraction

After the successful synthesis of cyclotrisiiene 2 and 3, their reactions with
halogenated compounds were studied. Similarly to the acyclic disilenes which
undergo 1,2-addition reaction with halogens and hydrogen halides,?? cyclotrisilene 2
reacts immediately with CCls even at -70 °C resulting quantitatively in
trans-1,2-dichlorocyclotrisilane 33 (Scheme 20).23 As matter of fact 1,2-dichloro- and
dibromo cyclotrisilane 10a and 10b as discussed in 1.4.2 was also prepared via

reaction of cyclotrisilene 3 with CCls and BrCH2CH2Br, respectively.4°

R R R R
5 ccly s
S/=5i  orBrCH,CH,Br R*\‘Si/—\SifX
R/ \R1 X\ /R1
2 33
3 10a,b

Scheme 20. Reaction of cyclotrisilene 2, 3 with CCls and BrCH,CH:2Br (2: R = SiMe,'Bu, R1 =
SiR3; 33:,X = Cl; 3: R = Ry = SiMe'Buy; 10a: X = Cl; 10b: X = Br).2340

1.7.2 Cycloaddition

The first cycloaddition of a cyclotrisilene was reported by Sekiguchi et al. with the

[4+2] reaction of persilyl-substituted 3 with 2-methyl-1,3-butadiene (Scheme 21).
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Although this reaction proceeds under rather severe conditions (toluene, 100°C, 36 h)

it leads to the formation of bicyclic adduct 34 in 82% yield.%*

\

R.__S
3 <+ st |,j\
R* Si

/

~
N
-1

R
34
i R
o iR, R___Si—0
24 1 _Si ]
R SITGR,
R Ph
35a,b

Scheme 21. Reactions of cyclotrisiliene 3 and 24 with 1,3-butadiene and ketone affording
cycloaddition adduct 34 and 35a,b (34: R = SiMe'Bu,; 35a: R = Tip, R1 = H; 35b: R =Tip, R1 =
H).6468

In the case of acyclic disilenes in general, one of the most investigated Si=Si
reactivities is that with carbonyl species (typically affording disiloxetanes).’® As the
only reaction of cyclotrisilenes with a C-O species, a [1+2] cycloaddition with carbon
monoxide itself was reported (Scheme 22).55 In case of heteronuclear heavier
cyclopropenes, the reaction of 1-disilagermirene 26 with benzaldehyde affords the
[2+2] cycloaddition product,®® the same species gives rise to a 1,2-OH addition
product with the enolizable ketone, acetophenone.®” In 2018, we reported the
reaction of cyclotrisiene 26 with aldehydes and benzophenone, both of which
proceed smoothly at mild condition and result exclusively in the cycloaddition product
35a and 35b, respectively (Scheme 21). The reaction procedures as well as the
detailed discussion of the product structure have been published in Angew. Chem. Int.

Ed. 2018, 57, 2445-2449% and a brief introduction is also given in 3.1.
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24 R SII R'
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i R-Si-Si.,.C=si__ (38)
; R (37a,b) R R R
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Scheme 22. Reactions of cyclotrisilene 3 and 24 with isocyanides and carbon monoxide (36a:
R = SiMe'Buy, R' = cyclohexyl; 36b: R = SiMe'Bu,, R' = Xyl; 36¢: R = Tip, R' = ‘Bu; 36d: R =
Tip, R' = Xyl; 37/37'a: R = SiMeBuy; 37/37'b: R = Tip; 38: R = Tip; 39a: R = SiMe'Bu, R' = H,
X = OH; 39b: R = SiMe'Buz, R' = H, X = OMe; 39c: R =Tip, R'= TMS, X = OTf).656°

Cyclotrisilene 3 (peraryl) and 24 (persilyl) were also reported to undergo cycloaddition
reaction with alkyl and aryl isocyanides under ambient conditions with the formation
of bicyclic adduct 36a-d (Scheme 22).%° Interestingly, exposure of a benzene solution
of either 3 and 24 to 1 atm of CO at room temperature appears to result in a similar
[1+2] cycloaddition product 37a,b initially, which due to its polar oxyallyl nature rapidly
dimerizes to the tricyclic Brook-type bis(silene) 38 in the case of 24, while in the case
of 3 the cyclic silenol 39a is formed as the final product by reaction with trace water.6®
The postulated mechanism was further confirmed by reaction of 3 and 24 in the
presence of MeOH or trimethylsilyl trifluoromethanesulfonate (TMSOTT), resulting in

cyclic silenol 39b,c, respectively.®®
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Scheme 23. Reactions of cyclotrisilene 3, 24 and 32 with chalcogen elements yielding
40/41a-c, and 42a, followed by formation of 43a and 44a,b (40, 43: R = R = SiMe'Bu,, 41, 44:
R =R =Tip; 42: R1 = SR, R = SiMe'Buy; a: E=S; b: E = Se; ¢: E = Te).5707"

Reaction of 3 with sulfur, selenium and tellurium was firstly reported by Sekiguchi et al.
yielding bicyclo[1.1.0]trisilabutane derivative 40a-c, individually,’® among which the
bridging Si-Si single bond can add a further equivalent of sulfur resulting in
bicyclo[1.1.1]pentane derivative 43a (Scheme 23).7%° In the case of
peraryl-substituted cyclotrisilene 24 and as a result of this PhD thesis, its reactivity
towards chalcogen elements was reported in 2018 affording 41a-c. In particular, due
to the smaller steric congestion in 41 than 40, besides the dithia species 44a,
2,4-diselena-1,3,5-trisilabicyclo[1.1.1]pentane 44b could also be obtained.
Preparative and analytical data as well as a detailed discussion of products 41a-c and
44a,b has been published in Z. Anorg. Allg. Chem. DOI 10.1002/zaac.201800182"1
and a brief introduction is also given in 3.4. Moreover, cyclotrisiiene 32 was also

reported to react with one equivalent of sulfur resulting in bicyclic adduct 42a.%°
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Scheme 24. Reaction of cyclotrisilene 3 with phenylacetylene yields 45.72

Cycloaddition of cyclotrisilene with alkynes was suggested by Sekiguchi et al. as key
step of the reaction of 3 with an excess of phenylacetylene at room temperature
resulting in 1,2,5-trisilabicyclo[3.2.0]hepta-3,6-diene derivative 45 as final product
(Scheme 24). 2 The reaction with deuterium-labelled cyclotrisilene with
phenylacetylene under identical conditions indicates that the reaction proceeds as
follows: the phenylacetylene undergoes [2+2] cycloaddition to the Si=Si double bond
to form the bicyclic adduct 46, which isomerizes to the
1,2,3-trisilacyclopenta-3,5-diene derivative 47 with a conjugated Si=C-C=Si system
followed by the migration of a silyl substituent. The resulting
1,2,3-trisilacyclopenta-2,4-diene  derivative 48 reacts further with another

phenylacetylene molecule via [2+2] cycloaddition forming the final product.”?

1.7.3 Si-Si single bond insertion

Reaction of cyclotrisilene 3 with xylyl isocyanide at 25 °C affords the ring-expanded
iminotrisilacyclobutene 49a arising from insertion into one of the Si-Si single bond of 3
in 48% vyield (Scheme 25).%% Similarly, 49b is formed via the reaction of 24 with

tert-butyl isocyanide at 60 °C. However, when the reaction is performed at -94 °C,
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only bicyclic adduct 36¢c (Scheme 22) is observed. Samples of isolated 36¢ only
transform to 49b very slowly over several days at room temperature, which is
clear-cut evidence that the bicyclic adducts 36 are formed under kinetic control, while
iminotrisilacyclobutenes 49 are obtained as thermodynamic product. On this basis it
was speculated that the kinetic [1+2] cycloaddition be reversible, although a

competing intramolecular isomerization pathway cannot be excluded.

$l
R N
3 [ Noi 7
or RNC’ |S|I C|:/ (49a)
24 _Si—si__ (49b)
R RR
R R R R
BN R
40ab p, R-Si—E H,0  H-§-Si" “Si-gin
o ora Si_Sl.i o s\'~'\l'e T/e /
41a-c R R R/é' Si-r
50a,b 52
51a-c

Scheme 25. c-insertion of Si-Si single bond of cyclotrisilene results in ring-expanded
products 49-51 (49a: R = SiMe'Buy, R' = Xyl; 49b: R = Tip, R' = ‘Bu; 50: R = SiMe'Buy; 51, 52:
R=Tip;a:E=S, b: E = Se, c: E = Te).t970a7"

With the synthesis of chalcogen-bicyclo[1.1.0]trisilabutane derivatives 40 (Scheme
23), Sekiguchi et al. also reported the photochemical isomerization of 40a,b to the
heavier cyclobutenes 50a,b, respectively (Scheme 25).7% In the very recent report
published as one of the results of this PhD thesis regarding the reactivity of 24
towards chalcogens, chalcogenatrisilacyclobutenes 51a-c are described as thermal
rearrangement products from the corresponding bicyclobutanes. Formation of 51a-c
is supported by multinuclear NMR data and the isolation of the hydrolysis product 52.
Details of this process are also discussed in Z. Anorg. Allg. Chem. 2018, DOI
10.1002/zaac.201800182.7" A brief introduction is provided in section 3.4.
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1.7.4 Miscellaneous Reactions
1.7.4.1 Base coordination

By treatment of cyclotrisilene 21 with one equivalent of N-heterocyclic carbene (NHC)
53, the 1:1 adduct 54, with the carbenic carbon atom attached at the Cp*-substituted
silicon atom, is formed (Scheme 26).52 Calculations of the model system of 21"
suggest a reverse polarization of the Si=Si double bond according to resonance
structure 21" (Scheme 26), in which the weak n donation approximates a n?3
coordination mode and apparently stabilizes a partial positive charge at the Si atom
bonded to Cp*. The reversibility of Lewis base coordination is confirmed by
variable-temperature NMR studies which shows at 223 K only the appearance of
signals of adduct 54, which co-exist at room temperature with 21 in comparable

concentrations.

i *Cp
Pr. - \__NHC
Ip\ _/SI ®
21 + :{ || (63) — _ si{] (54)
N Ip e?l
ipf Tip
Cp* Cp*
D & i Di 3 i
ip i ip i:
(21" sil] =~ >sil ] (21"
Dip Si: Dip Si®
Shey \
Dip Dip

Scheme 26. Reaction of 21 with N-heterocyclic carbene yields 54.52
1.7.4.2 Ring-opening

The first example of ring-opening reaction of cyclotrisilene was reported in 2013 by
Scheschkewitz et al. by treatment of peraryl-substituted cyclotrisilene 24 with
N-heterocyclic carbene 53 affording the base-stabilized disilenyl silylene 55 (Scheme
27), the silicon version of vinyl carbene.” Disilenyl silylene 55 was isolated as

dark-green crystals in acceptable yield (23%) by crystallization from hydrocarbon
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solvents at —20 °C. Time-dependent DFT calculations showed that the longest
wavelength UV/vis absorption band of 55 at Amax 568 nm resulting from the
HOMO—LUMO transition. Formation of 55 was proposed to proceed via the cyclic
cyclotrisilene-NHC adduct 56 on the basis of the 2°Si NMR spectrum at 210 K, which
exhibits three signals at 6 —45.6, -95.3 and -126.8 ppm, being very similar to that of
the Cp*-cyclotrisilene NHC complex 54 (5§ —61.5, -85.6 and —85.9 ppm).%?

iPr . _
<N Tlp\S S/Tlp
26 + 1(53) — i=Si . . (55)
N T S P
iPr " ZNHC
©)
Tip /Tip
N\ S J
p~ . \T'
56 P

Scheme 27. Reaction of 26 with N-heterocyclic carbene 53 yields ring-opening product 55.7

The first irreversible disilenyl silylene-like reactivity of a cyclotrisiliene was reported
very recently as a major result of the work described in this thesis. Reaction of 24 with
benzil and styrene at room temperature produces exclusively the ring-opening
product 57 and 58, respectively (Scheme 28). Interestingly, after the disilenyl
silacyclopropane derivative 55 was heated at 170 °C for twenty minutes housane 59
formed as the major product. A repeat experiment performed at the same
temperature in vacuum leads to recoverage of starting material 24 in ~80%
spectroscopic yield, indicating housane 59 formed via [2+2] cycloaddition of
cyclotrisilene with styrene as the thermodynamic product instead of an intramolecular
rearrangement of 58. Experimental details and discussion of results has also been
published in Angew. Chem. Int. Ed. 2018, 57, 2445-2449 and a brief introduction is

given in 3.1.68
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Scheme 28. Reaction of 24 with benzil and styrene affords ring-opening product 57-58 and
cycloaddition product 59.58

1.7.4.3 Synthesis of 1,2,3-trisilacyclopentadiene derivatives

Unlike the reaction of phenylacetylene with persilylated cyclotrisilene 3 that yields
trisilabicyclo[3.2.0]-hepta-3,6-diene derivative 45 (Scheme 24),7? its reaction with

peraryl cyclotrisilene 24 affords the 1,2,3-trisilapenta-2,4-diene 60a (Scheme 29).

Tip . l ‘ Tip _
. Ti H : L i
Tip -,éi/ P _Tip Pho— R’ Tip. g P
0 p /3 24 —— zﬂ LR’
. ) . '
Tip/SI /S\' SI\Tlp Tip” ¢ (60a)R'=H
H o1 TiD"™ Tip NIRE Ph (60b) R'=Ph
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_ _ Si=Si Ti
Tip_ Tip Tip_ Tip Tip/ \Si/ P
s Si /2N (62)
Tip~gi gj-TiP « Tip~gi_5i-TPp R’ Ph
\
PN “Ph R
64 Ph 63 R

Scheme 29. Synthesize 1,2,3-trisilacyclopenta-2,4-diene derivative 60-61 via reaction of 24
with alkyne and the proposed reaction mechanism.

While 3 reportedly does not react with diphenylacetylene, the reaction of 24 with
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diphenylacetylene proceeds smoothly at room temperature resulting in 60b in
acceptable yield. Moreover, the combination of 24 with 1,4-diethynylbenzene
generates with 61 a phenylene-bridged 1,2,3-trisilapentadiene derivative for the first
time. All three compounds show a significant red-shifted longest wavelength band in
the UV/vis spectra each (Amax 493 for 60a, 495 for 60b, 495 nm for 61) in comparison
to cyclotrisilene 24 itself (Amax 413 nm).

In the proposed mechanistic scenario, the ring-opening intermediate 62 plays a more
important role than the [2+2] cycloaddition housane 63 (Scheme 29). The 2°Si NMR
spectrum of the reaction mixture of 24 with diphenylacetylene unambiguously exhibits
a signal at —118.5 ppm, which is characteristic for three-membered silirene rings.”*
Experimental details and discussion of results has been published in Chem.

Commun., 2018, 54, 8399-8402. DOI: 10.1039/C8CC03297A and a brief introduction

is given in 3.3.

1.7.4.4 Photochemical Isomerization
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Scheme 30. Photochemical isomerization of cyclotrisilene 2 to tetrasilabicyclo[1.1.0]butane
derivative 65 (R = SiMe,'Bu).”®

Cyclotrisiliene 2 was reported to undergo photochemical isomerization to the
corresponding tetrasilabicyclo[1.1.0]butane derivative 65 in 90% yield upon irradiation

with UV light of A 254 nm at 243 K (Scheme 30).”> Formation of 65 was rationalized
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by the generation of an intermediate 1,3-silyl biradical 66 via 1,2-migration of the

trialkylsilyl group followed by intramolecular radical combination.

1.7.4.5 Synthesis of cyclotetra- and cyclotrisilenylium ion

The silyl substituents in cyclotrisiene 3 make it a possible precursor for a
cyclotrisilenylium ion, a silaaromatic system. The attempted oxidative removal of one
‘Bu2MeSi group, however, by reaction of 3 with trityl tetraarylborate failed. Instead the
cyclotetrasilenylium ion 67* was obtained by reaction of 3 with

[EtsSi(benzene)]*TPFPB~ (Scheme 31).76

R R R tBu
| + — \ / . + - "/tBU
o d PhCAB i [EtsSi(CeHe)]- TPFPB™  R___Si
ArgB™ 2\ si=%; BE—— S| TPFPB
Si—Si. - ~ i—Si
R1/ R1 R1 R1 R/SI I\R
70*a-c 3 R =R, = SiMe'Bu, 67"
B ~ 9 R = SiMeBu,, Ry = Si'Buj
Ar,B=TPFPB a
TTFPB_ b By Bul
TSFPB™ ¢ L BU_ /Bu si” a
®SI\ /R — R< aflla:' \\‘b-/R
2\ (e8%) & (69
_Si=Si. Si
R R R

Scheme 31. Synthesize cyclotetra- and cyclotrisilenylium ion 67*, 70" by oxidative removal of
substituent of cyclotrisilene 3 and 9, respectively (TPFPB: (CsFs5)4B; TTFPB: (CsF4)4B; TSFPB:
([4-(’BUMezsi)C6F4)4B]).39’76

A mechanistic investigation using deuterium-labeled cyclotrisilene indicates that the
methyl group of one of the silyl substituents at the saturated ring silicon atom is
initially abstracted by [EtsSi(benzene)]*. The intermediately formed silyl cation 68*
then isomerizes via the plausible transition state 69* to the final product. Finally, the
cyclotrisilenylium ion 70* was synthesized by reaction of the slightly modified
cyclotrisilene 9, containing the extremely bulky Si‘Bus groups at the Si=Si double

bond, with trityl tetraarylborate (Scheme 31).3°
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1.7.4.6 Phosphide delivery to a cyclotrisilene

The direct incorporation of a phosphide anion into an unsaturated ring system was
realized by reaction of cyclotrisilene 24 with potassium salt of 2-phosphaethynolate

anion 71 ([K(18-crown-6)]-71).7"

Tip\ Tip
[K(18-cr-6)]-71 /Si
24 —— > i \  _Tip (72
Tlp\?i\/s\i Tip (72)
oc” P
©
Tip Tip
Si - o
hv N AP ARNAL
-——T> T|p—S|\ /SI\ = Tip—Si\\ /Si\ _
co g Tip = Tip

73

Scheme 32. Reaction of 24 with 2-phosphaethynolate anion 71 yields 72 followed by
photolysis to 73.78

The initial product was isolated as bright-orange crystals and confirmed by X-ray
crystal structure analysis as anionic [P(CO)Si3(Tip)s]” 72 (Scheme 32).7® The
decarbonylation of 72 occurs upon photolysis of the mixture of [K(18-crown-6)]-71
and 24 in toluene, affording [K(18-crown-6)]-73, a heavier congener of the
cyclobutene anion, that was isolated as blue-green crystals showing the longest

absorption wavelength band at Amax 594 nm.

1.7.4.7 Synthesis of Donor-Acceptor Adduct of 1,3-Disila-2-oxyallyl Zwitterion

Reaction of cyclotrisilene 24 with carbon monoxide (1 atm) was also performed in the
presence of one equivalent amount of Et2O-B(CeFs)s, leading to the formation a
1,3-disila-2-oxyallyl-borate adduct 74 (Scheme 33).7° The presence of cyclic =
system in 74 is suggested by both Wiberg bond index (0.2986) and out-of-plane zz
tensor components of the calculated nucleus independent chemical shifts (NICS) at

the center of gravity of the Si-C-Si plane in 74. Similarly, exposure of the mixture of 24
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with N-heterocyclic carbene (NHC) to one atmosphere of CO leads to the formation of

silenolate-type species 75.7°

]
CO _B

ELO-B(CoFs)s g 0 )
24 I_@I. (74)
R-SI=Si{
R R
iPr . . o? R
Tlp\ ./Tlp coO C=Si
24 + (|| = Si=Si 5 T | (75)
N Tip &P - R-Si—Si-R
Pt “NNHC "Ny o R
® ON-'Pr
53 55 ~

Scheme 33. Synthesize Donor-Acceptor adduct of 1,3-disila-2-oxyallyl zwitterion 74 and
75.7°

1.7.4.8 Cyclotrisilene as stoichiometric silicon source

*Si Ti
Cp Sit i . | | Tio Sl.p_l__
Ti Ti [B(CgF5)a4l T'p\ Jip Li/CqoHg i PP
N /P S Si=Si"/
- Si=Si sk _ //Si—Si\
Tip Li-2DME Cp*” \Tip Tlp_Sll. Tip
Tip
20 21 76
- LiCp* Tip\Si/Tlp T
S/_\S.
S 11
77

Scheme 34. Alternative synthetic route to hexasilabenzene 76 by the reaction of disilenide 20
with Cp*Si* cation via cyclotrisilene 21.%

The synthesis of dismutational hexasilabenzene isomer 76 was initially achieved
through dehalogenation of trichlorocyclotrisilane by Scheschkewitz et al.’® In 2012, an
alternative preparative route to 76 was afforded by a collaborative work of the groups
of Scheschkewitz and Jutzi. Acting as a stoichiometric source of silicon, the reaction

of Cp*Si* with disilenide 20 initially yields cyclotrisilene 21, in which the Cp* ligand
41



can be cleaved in a one electron reduction and the presumably occurring transient

cyclotrisilenyl radical 77 dimerizes to afford siliconoid 76.8°
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2 Aims and Scope

On the potential-energy surface of SisH4, six electron-precise isomers were located
as minima (I-VI, Scheme 35),8! of which the persila species I-lll were isolated as
stable derivatives with bulky substituents in the early 215t by the groups of Kira,?
Sekiguchi?* and Wiberg®®. Conversely, no stable derivatives of the silylene-type
isomers IV and VI have been reported until recently. NHC adducts of representatives
of IV, V and VI were isolated by taking advantage of the stabilizing effect of Lewis

base coordination.82-83

"/ ANIEPSI .
s./S'\S- SITUISSI Hysi-Sissi—H
P |: I\
H H H H
1(2.7) Il (0.0) I (2.4)
H H H3Si, _/SI\.
Si=Si Si=Si: H—Si—Si—H
/ \ / / \
H Si—H H H H
IV (8.9) V (4.6) VI (2.7)

Scheme 35. Relative energies (kcal/mol) of singlet SizH.%!

The first stable derivative of disilenyl silylene IV — the silicon version of vinyl carbene
— is formed in the equilibrium reaction of peraryl-substituted cyclotrisilene 24 with an
N-heterocyclic carbene (NHC) (Scheme 36).”® Apart from that, no ring-opening
reactivity of cyclotrisilene 24 has so far been reported. Therefore investigation into the

ring-opening reaction of cyclotrisilene was a central focus of this work.
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Scheme 36. Synthesis of disilenyl silylene derivative 55 and possible reaction yields
ring-opening and cycloaddition products.”

The second major objective of this work was the synthesis of cyclic conjugated
Si=Si-C=C systems. Acyclic conjugated Si=Si-C=C system of the type VIl and VIl
were obtained at the beginning of this decade, for instance, disilenes with phenyl
substituents that show elongation of Si=Si double bond due to conjugation with
aromatic linking unit (Scheme 37).8485 In contrast, cyclic conjugated Si=Si-C=C
systems are relatively rare. 1,2-Disilabenzenes of type IX are accessible by reaction
of disilynes RSi=SiR with acetylenes.®® The only example of Sis-cyclopentadiene
derivative of type X had been obtained by reaction of a
1,2,3-trisilabicyclo[1.1.0]butane derivative with an excess of hex-3-yne at elevated

temperature.®’

R R R R
R R R R R
p:d@ {%} LU RﬁR o Ssi
R R R L
= ocC
VI VIl IX X

Scheme 37. Generic examples of conjugated Si=Si—-C=C systems (Ar = aromatic unit, LU =
linking unit).84-87

In view of Sekiguchi’s synthesis of a Si2Ge-cyclopentadiene derivative Xl with cyclic

Si=Ge-C=C system from 27 and phenylacetylene (Scheme 38),%® the intermediacy

44



of a transient cyclotrisilene during the formation of Xl seems plausible. We therefore
considered employing cyclotrisilene 24 in reactions with acetylene and 1,4-diethylnyl
benzene with the purpose to synthesize trisilacyclopentadiene derivatives of type X
with cyclic conjugated Si=Si-C=C system and moreover, cross-conjugated bridging
of two of SisC2 unit by a para-phenylene linker (Scheme 38). Considering the higher
migration tendency of silyl compared to aryl group, mechanistic investigations are

also of importance in this work.

R
O Si c? R
e
QC )\ + Ph——H > R R
~Si—Si—R (XI)
9 Ce o7 R PH
R
”e Ph———H R o

Mechanism ?

Scheme 38. Synthesis of cyclic Ge=Si-C=C system and the possible reactions of
cyclotrisilene 24 with acetylene and 1,4-diethynylbenzene (Ar = aromatic unit, LU = linking
unit).8

Thirdly, this thesis deals with the reactivity of peraryl-substituted cyclotrisilene 24
towards chalcogens. Inspired by Sekiguchi’'s synthesis of
chalcogena-bicyclo[1.1.0]butane and disulfur-bicyclo[1.1.1]pentane derivatives,’® the
main task of this work was to explore whether 24 would not only be able to expand
the range of known chalcogena- bicyclo[1.1.0]butane and bicyclo[1.1.1]pentane
systems (here with aryl substituents), but also transform to corresponding
chalcogena-trisilacyclobutene system under appropriate conditions (Scheme 39).
Moreover, the anticipated propensity of bridging the Si-Si single bond of the
bicyclobutane systems for homolytic cleavage encouraged us to study the possibility

of synthesizing bicyclo[1.1.1]pentane derivatives with mixed-chalcogen elements by
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reaction with another equivalent of a second chalcogen element.

R
Chalcogen kY
24 —— / \
R-Si—Si—R R-Si__Si-R
|/
Ch

isomerization?/ \ R R
R

“ TNy
. Py
Pyl

N 7 N
Si—Ch R—Si S\I—R ?

o
Si—Si-R Ch

R R
?

Scheme 39. Possible reactions of cyclotrisilene 24 with chalcogen elements (R = Tip, Ch, Ch'
=S, Se, Te).

Finally, considering the limited reports of cyclic disilenes with mixed Group 14
elements, we therefore sought an alternative method — usage of cyclotrisilene as a
c-insertion precursor — by reaction of 24 with Group 14 divalent species. Basing on
the previous reactions of cyclotrisilene with isocyanides, it is reasonable to propose
the insertion of divalent E (E = Si, Ge, Sn) atoms into the ring Si-Si single bond would

yield targeted cyclic disilenes composed of different Group 14 elements.

R\
R,E: Si—ER’

24 ?

E=Si Ge,Sn .~ S=R
R R

Scheme 40. Possible reactions of cyclotrisilene 24 with divalent Group 14 species (R = Tip).
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3 Results and Discussion

3.1 Disilenyl Silylene like Reactivity of Cyclotrisilene

As introduced in Chapter 1.7 Reactions of Stable Cyclotrisilenes two main generic
reaction pathways can be differentiated for these strained, unsaturated silacycles: (1)
The m-addition to the Si=Si double bond leading to 1,2-addition or cycloaddition
products such as Xll (Scheme 41) represented by bicyclic products 36, 40 and (2) the
o-insertion into one of the endocyclic Si-Si single bonds, effectively resulting in ring
expansion products of type XIll. Trisilacyclobutenes 49 and 50 are typical
representatives of this reaction course. A third reaction pathway is much less
frequently observed, described as (3) the formal insertion into an exocyclic o-bond of
one of the substituents yields XIV (formation of 32 provides an example). The
reversible ring-opening reaction of cyclotrisilene to give adduct of type XV sets an
example for a fourth pathway, which was only recently reported by our group
(equilibrium reaction of aryl-substituted cyclotrisilene 24 with an N-heterocyclic

carbene).”

R R e R XR R R
SN X—Si~ Si Si=Si
Sicl X |1 I\ / \

1 SI=SI _Si=Si_ R -Si—R

R R R R R \

Xl X1 XIV xv base
n-addition S % g ring-opening
c-insertion

Scheme 41. Generic products of cyclotrisilenes reactions.

As the relatively small HOMO-LUMO energy split of disilenes renders them
susceptible to oxidative additions,?> one of the general reactivities of disilenes
involves (oxidative) cycloaddition of the Si=Si double bond with multiple bonds. For
instance, reaction of tetramesityldisilene 1 with styrene affords the [2+2] cycloadduct
78% and disilene 1A reacts with maleic anhydride through formal [2+3] addition

accompanied by hydrogen shift to give 79 (Scheme 42).%°
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Scheme 42. Representatives of reactions of disilene with alkene and carbonyl
compound.’28990

In the case of cyclotrisilenes, however, only limited examples involving cycloaddition
of the endocyclic Si=Si double bond with multiply bonded systems have been
reported during last decades. Cyclotrisiliene 3 was reported to react under rather
severe conditions with 2-methyl-1,3-butadiene resulting in [2+2] cycloaddition product
34 (Scheme 21).54 Another example reported by Sekiguchi et al. involves the reaction
of endocyclic Si=Si double bond of Si2Ge-cyclotrimetallene 26 with aldehydes
yielding bicyclo[2.1.0]pentane derivative 80 while the reaction with enolizable ketone
affords 1,2-OH addition product 81 (Scheme 42).”? Considering the well-studied
ring-opening process in the cases of carbon-based cyclopropenes — e. g. the field of
ring-opening polymerization (ROP)°! — it was motivating that apart for the equilibrium
formation of XV no further ring-opening reactivity of cyclotrisilene has been reported
yet. We were therefore keen to find the preparative manifestation of such disilenyl
silylene reactivity of cyclotrisilenes.

In this publication, reactions of cyclotrisilene 24 with ketones and styrene have been
investigated in detail. While reaction of cyclotrisiiene 24 with benzaldehyde and
benzophenone results in the [2+2] cycloaddition product 35a and 35b, respectively,
reaction with benzil and styrene at room temperature affords the ring-opening product
57 and 58. Interestingly, reaction of 24 with styrene at 170 °C also generates [2+2]
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cyclic adduct 59 in substantial yield (Scheme 43). This process is realized by heating
solid 58 at 170 °C in a sealed Schlenk tube. When the procedure is performed in
vacuum, regenerated starting material cyclotrisilene 24 can be detected in ca. 80%

yield by measuring '"H NMR of the reaction mixture.

Tip\ Tip\ /Tip Tip, /Tip Tip\
Tip\S'/SIi_cl) . /Si:Si\ Tip - SI=SI JTip Tip\Si/Sli
Tip” Si—C-gr .o Sk Tip SAI Tip” \Si:L
Tig  Ph Q_P Ph Tg PP
Ph"  Ph
35aR; =H 57 58 59
yellow orange orange colorless
Amax 422 nm Amax 437 NmM Amax 426 NM
35b R, = Ph sp? 32%Si sp? 5%°Si

colorless 99.69, 36.01 ppm 103.42, 36.16 ppm

Scheme 43. Cycloadduct 35, 59 and ring-opening product 57-58.

DFT calculations at the dispersion-corrected M062X/def2-SVP level of theory reveal
58 to be about 16.8 kcal/mol higher in AGz9s than 59 and this difference is only
slightly lowered at 443 K with AAGas = 14.6 kcal/mol. The experimental
observations and computational results support a mechanistic scenario in which the
kinetic product of [1+2] addition 58 re-dissociates to give free styrene and the
transient disilenyl silylene, which rapidly isomerize to cyclotrisiene 24 even at
elevated temperature. Under thermodynamic control, [2+2] cycloaddition of 24 with
styrene affords housane 59. Gibb’s enthalpies also show dissociation of 58 to free
disilenyl silylene is thermodynamically significantly more feasible (AAG29s = +5.7
kcal/mol vs. AAGaaz = +21.4 kcal/mol).

Products 35a,b and 57-59 are isolated as pure colorless to orange crystals from
hydrocarbon solvents in 50%-60% yield and fully characterized by multinuclear NMR
spectroscopy, X-ray single crystal structure analysis, UV/vis absorption spectrum and
elemental analysis. The UV/vis absorption spectrum of 57 and 58 shows the longest
wavelength absorption at Amax 437 and 426 nm, respectively, due to the n-* transition.
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In the 2°Si NMR spectrum saturated housane 35a,b and 59 exhibit signals of the
bridgehead silicon atoms at relatively high-field (6 7.87, —-65.83 ppm for 35a, —1.66,
-67.14 ppm for 35b, 9.28, —-84.22 for 59), while the three-coordinated silicon atoms of
57 and 58 show signals at 6 99.69, 36.01 and 103.42, 36.16 ppm, respectively. Bond
lengths and angles as well as the Si=Si double bond trans-bent and torsion angle are

also discussed in detail.

Results of the described studies have been published in the Angewandte Chemie
International Edition and Angewandte Chemie.
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Disilenyl Silylene Reactivity of a Cyclotrisilene

Hui Zhao, Kinga Leszczynska, Lukas Klemmer, Volker Huch, Michael Zimmer, and

David Scheschkewitz*

Abstract: The highly reactive silicon congeners of cyclopro-
pene, cyclotrisilenes (c-SizR,), typically undergo either m-
addition to the Si=Si double bond or o-insertion into the Si—
Si single bond. In contrast, treatment of c-Si;Tip, (Tip = 2,4,6-
'Pr,C4H,) with styrene and benzil results in ring opening of the
three-membered ring to formally yield the [1+2]- and [1+4]
cycloaddition product of the isomeric disilenyl silylene to the
C=C bond and the 1,2-diketone m system, respectively. At
elevated temperature, styrene is released from the [1+2]-
addition product leading to the thermodynamically favored
housane species after [242] cycloaddition of styrene and c-
Si;Tip,.

The heavier congeners of cyclopropenes (c-C;R,), namely
cyclotrisilene (c-Si;H,), continue to attract interest from
theory! and experiment alike owing to their unique structure
and reactivity. A significant number of stable cyclotrisilenes I
have been isolated taking advantage of kinetic stabilization by
sterically demanding silyl and aryl substituents.”! The exten-
sive investigations into the reactivity of strained, unsaturated
silacycles revealed two main generic reaction pathways
(Scheme 1): 1) The m-addition to the Si=Si double bond

R R XR
R.___Si M (3) 5
SSICIOX = —— bl
R77°SiTT m-addition R R exocyclic __Si=Si.

|'Q \ L/ c-bond R
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_Si=Si_

R R R R R R
>|(—S|i’ (2) | (4) Si=si
A -— — 1=l

R/SI_SI\R c-insertion ring-opening R/ .\Si—R
"\
] V' bpase

Scheme 1. Generic reactivity pathways of cyclotrisilenes I.

leading to products of type II** and 2) the o-insertion into
one of the endocyclic Si—Si single bonds effectively resulting
in ring expansion products of type IIL™ In addition, a few
reactions under (Scheme 1, 3) formal insertion into an exo-
cyclic obond of one of the substituents have been repor-
ted,?> for example, the insertion of sulfur into one of the
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bonds to the silyl substituents.”! Ring-opening reactions of
cyclotrisilenes were notably absent, although well-studied in
the cases of carbon-based cyclopropenes and even applied for
the synthesis of polymers.!®’ Recently, we reported the first
example of (Scheme 14) the reversible ring-opening of
a cyclotrisilene: the equilibrium reaction of aryl-substituted
cyclotrisilene with an N-heterocyclic carbene (NHC).”! Dis-
ilenyl silylenes, such as the resulting NHC-coordinated
example V (Scheme 1), have also been proposed as transient
intermediates.'*? Clear-cut preparative manifestations of
disilenyl silylene reactivity of cyclotrisilenes, however, remain
elusive. We now report the reactions of homoleptic cyclo-
trisilene ¢-SiyTip, (1, Tip =2,4,6-Pr;C¢H, Scheme 2) with
substrates containing C=C or C=0 double bond(s) that allow
for the detection and—in two cases—even isolation and full
characterization of the assumed kinetic product of disilenyl
silylene-like reactivity of 1.

0 Q R R
R JC, R opnNPh o sisst R
R._.si-0 Ph 'R R___si o) N
Sitl ] -— sl R _Si
R Si=CG-pp RTSi P
R R R P Ph
2a,b 1 3

Scheme 2. Reactions of cyclotrisilene 1 with benzaldehyde, benzophe-
none, and benzil to give housanes 2a,b and disilenyl-substituted 2,5-
dioxasilol 3 (R'=H (2a), Ph (2b); R=Tip=2,4,6-Pr,CsH.).

One of the most investigated Si=Si reactivities in general
is the [242] cycloaddition of carbonyl species to afford
disiloxetanes.” In the case of cyclotrimetallenes of heavier
Group 14 elements, however, just a limited number of
reactions with carbonyl compounds is known.*! As the
only example in the case of cyclotrisilenes, a [1+2] cyclo-
addition of carbon monoxide itself was reported.”® While the
reaction of a 1-disilagermirene with benzaldehyde affords the
[242] cycloaddition product,* the same species gives rise to
a 1,2-OH addition product with the enolizable acetophe-
none.” Building on the divergent reactivity of cyclotrisilenes
towards isonitriles ([1+2] cycloaddition leading to the kinetic
and o insertion to the thermodynamic product),”® we
investigated the behavior of 1 towards carbonyl compounds
with a view to possible disilenyl silylene-like reactivity.

Treatment of 1 with one equivalent of benzaldehyde or
benzophenone in benzene at room temperature, however,
leads to rapid conversion into the [242] cycloaddition
products, housane derivatives 2a,b (Scheme 2). Three sharp
»Si NMR signals each (2a: 6 =43.87, 7.87, and —65.83 ppm;
2b: 6=27.61, —1.66, and —67.14 ppm) are comparable to
those of the aforementioned imino trisilabicyclo[1.1.0]butane
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(0=45.0, 27.9, and —78.7 ppm).”” On the basis of 'H/”Si
HMBC spectrum, the two downfield *Si NMR signals are
assigned to the bridgehead silicon atoms, while the upfield
signal is due to the SiTip, bridge. In the 'H NMR spectrum of
2a, the benzylic hydrogen atom gives rise to a singlet at 6 =
6.34 ppm, very similar to that of trans-disilagermabicyclo-
[2.1.0]pentane (6 6.01 ppm).** Both, 2a and 2b show
diagnostic *C NMR resonances (2a: 6=77.38; 2b: 6=
92.31 ppm) in the typical range for the ring carbon atoms in
disilaoxetanes.[*

Housanes 2a,b, were isolated as single crystals in accept-
able yields (2a: 60 %, yellow blocks, m.p. >200°C; 2b: 55%,
colorless blocks, m.p. >200°C). The solid-state structures of
2ab were confirmed by X-ray crystallography (2a: Figure 1,

Figure 1. Molecular structure of 2a in the solid state. Hydrogen atoms
are omitted for clarity (thermal ellipsoids set at 50% probability).
Selected bond lengths [A] and angles [°]: Si1-Si2 2.347(6), Si2—Si3
2.333(6), Si1-Si3 2.364(7), Si1-O1 1.675(1), Si2—C1 1.975(2), C1-O1
1.453(2), C1-C2 1.505(2), C1-H1 0.964(2); Si1-Si3-Si2 59.95(2), Si3-
Si1-01 109.14(5), Si3-Si2-C1 98.99(5), Si1-O1-C1 104.76(8), Si2-C1-O1
102.85(9), C2-C1-H1 106.40(1).

2b: see Supporting Inforamtion).'"’”’ Housanes 2a,b display
a three- and four-membered ring fused skeleton with the
angle between the two planes being 115.9(4)° in 2a and
113.4(1)° in 2b, which is slightly larger than that of the trans-
disilagermabicyclo[2.1.0]pentane (107.8°),5% but significantly
smaller than the dihedral angle in imino-1,2,3-trisila-bicyclo-
[1.1.0]butane (134.2°).5" The Si—Si bond lengths in the three-
membered rings of 2ab (2a: 2.333(6), 2.347(6), and 2.364-
(7) A, 2b: 2.338(2), 2.349(3), and 2.403(3) A) are within the
typical range for Si—Si single bonds.

As the [242] cycloaddition of an isolated C=O moiety
prevails over the targeted [142] cycloaddition with the
postulated transient disilenyl silylene 6 (see Scheme 4), we
speculated that the [1+4] cycloaddition of the silylene moiety
with a 1,2-diketone might be sufficiently favored compared to
any reaction of the Si=Si fragment. Reactions of isolated
silylenes with 1,2-diketones were previously reported to give
dioxasilole derivatives."!! Indeed, an equimolar mixture of
benzil and 1 dissolved in C¢D4 or toluene afforded an
intensely bright red solution almost instantly, as opposed to
the pale yellow to colorless reaction mixtures of 2a,b. Three
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new signals in ¥Si NMR spectrum at ¢ =99.69, 36.01, and
14.40 ppm served as first indication for the formation of 1,3,2-
dioxasilole 3 with an exocyclic Si=Si double bond and thus the
desired disilenyl silylene reactivity of cyclotrisilene 1. The
product 3 was isolated as an orange powder in acceptable
yield (60 %). In the ¥Si NMR, the two signals at low field are
assigned to the formally sp® hybridized silicon atoms. The
signal at 0 =14.40 ppm corresponds to the tetracoordinate
silicon atom of the dioxasilole ring. As typical for disilenes,
the UV/Vis spectrum of 3 in hexane shows a longest wave-
length absorption at A, =437nm (e=14950m 'cm™),
which is assigned to the m—x* transition.®!

Crystals of 3 suitable for X-ray crystallography were
obtained from hexane solution (Figure 2).'" The Si=Si double

L

Si1 e \812 .
A\
L '\L S\|3\< 02
o1 C62
— SR ZRAN
1 AV

Figure 2. Molecular structure of disilenyl-substituted 2,5-dioxasilole
3.C¢H,, in the solid state. Co-crystallized C¢H,, and hydrogen atoms
are omitted for clarity (thermal ellipsoids set at 50% probability).
Selected bond lengths [A] and angles []: Si1-Si2 2.179(4), Si1-Si3
2.333(4), Si3-01 1.679(8), Si3-02 1.679(8), C61-01 1.396(1), C62-02
1.393(1), C61-C62 1.345(2); Si2-Si1-Si3 136.78(2), Si1-5i3-O1 122.40-
(3), 01-Si3-02 94.17(4), Si3-01-C61 109.06(6), O1-C61-C62 113.59(9).

bond length of 2.179(4) A is within the typical range (2.138-
2.289 A)."”l The twisted Si=Si double bond (twist angle 7=
23.5(4)°) is only moderately trans-bent (0 =12.4(3)° at SiTip,,
6.7(2)° at Si(Tip)Si). The dioxasilole ring of 3 exhibits an
envelope confirmation with an angle of 6.3(4)° between the
planes of O1-C61-C62-0O2 and O1-Si3-02, slightly more than
in the reported 1,3,2-dioxasilole (3.3°).'"¢) The two phenyl
groups twist from the dioxasilole ring by interplane angles of
39.9(4)° and 37.3(4)°.

It is well-established that polar substrates facilitate the
[242] cycloaddition to Si=Si bonds.l'"¥! As the lower polarity of
the C=0 bonds in benzil might contribute to the prevalence of
the [14+4] cycloaddition pathway, we extrapolated that
a reaction of cyclotrisilene 1 with the inherently less-polar
C=C bond of alkenes might also result in disilenyl silylene
reactivity. While a cis/trans isomeric mixture of stilbene (1,2-
diphenyl ethene) does not react with 1 even at elevated
temperatures, presumably a result of steric hindrance, the
treatment of cyclotrisilene 1 with one equivalent of styrene
(phenyl ethene) at room temperature results in the uniform
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appearance of three new signals in the ?Si NMR spectrum at
0=103.42,36.16, and —94.15 ppm (Scheme 3). Asin case of 3,
the two downfield signals are diagnostic of an acyclic Si=Si
unit. The signal upfield falls well within the typical region for
the endocyclic silicon atom of three-membered C,Si rings: for
instance, siliranes obtained by the reaction of an acyclic
iminosilylsilylene and a silylsilylene with ethylene were
reported to show resonances at 0=-100.90 and
—80.76 ppm, respectively.'"¥! With the help of a DEPT-135
spectrum (Figures S14,515), the "CNMR signal at 6=
10.84 ppm is assigned to the CH, moiety in the three-
membered ring of 4, while the phenyl substituted ring
carbon gives rise to a signal at 6 =23.59 ppm. As in the case
of 3, the longest wavelength absorption in the UV/Vis
spectrum of 4 at A,,,, =426 nm (¢ =17430M 'cm™') confirms
the presence of an acyclic Si=Si unit as it is almost identical to
that of a previously reported chlorosilyl disilene (A, =
427 nm).!

After workup, disilenyl-substituted silirane 4 is isolated in
54% vyield (m.p. 168-170°C) as an orange powder. Orange
blocks suitable for X-ray structure analysis were obtained at
—20°C from toluene solution. The molecular structure of 4 in
the solid state confirmed the connectivity deduced from the
spectroscopic data (Figure 3)."" The Si=Si double bond of

Figure 3. Molecular structure of disilenyl-substituted silirane 4 in the
solid state. Hydrogen atoms are omitted for clarity (thermal ellipsoids
set at 50% probability). Selected bond lengths [A] and angles [°]: Si1-
Si2 2.300(1), Si2-Si3 2.180(1), C1-C2 1.533(4), Si1-C1 1.844(3), Sil—
C2 1.890(2); Si1-Si2-Si3 125.37(4), C1-Si1-C2 48.44(1), Si1-C2-C1
64.21(2).

2.180(1) A displays moderate twisting and frans-bending
(twist angle 7=17.9(9)°, trans-bent angle 6=13.2(7)° at
SiTip,, 18.4(6)° at Si(Tip)Si). The Sil—Si2 distance of 2.300-
(1) A is rather short for the typical Si-Si single bond
suggesting a certain degree of hyperconjugation!'® with the
adjacent Si=Si unit.

Given that the steric requirements of styrene and
benzaldehyde are fairly comparable, we considered the
possibility of isomerization of the disilenyl-substituted sili-
rane 4 to a saturated housane structure akin to 2a,b. Indeed,
heating of solid 4 slightly above the melting point for 20 min
under argon atmosphere affords trisilabicyclo[2.1.0]pentane 5
(Scheme 3) in 32% yield after crystallization from hexane.
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Scheme 3. Synthesis of disilenyl-substituted silirane 4 (kinetic product)
and its conversion into housane 5 (thermodynamic product;
R=Tip=2,4,6-Pr;CH,).

Colorless single crystals suitable for X-ray diffraction analysis
(Figure 4) were obtained from hexane at 5°C confirming the

Figure 4. Molecular structure of housane 5 in the solid state. Hydro-
gen atoms are omitted for clarity (thermal ellipsoids set at 50%
probability). Selected bond lengths [A] and angles []: Si1-Si2 2.392(2),
Si1-Si3 2.311(2), Si2-Si3 2.371(1), Si1-C1 1.905(4), Si2-C2 1.916(4),
C1-C2 1.546(7), C1-H1 1.05(4), 0.92(5), C2-H2 0.97(3); Si3-Si1-Si2
60.54(5), Si1-Si3-5i2 61.41(5); C1-Si1-Si2 75.38(2), Si1-C1-C2 106.0(3),
Si2-C2-C1 99.6(3).

constitution of a housane structure.'” The angle between the
mean planes of the three- and four-membered rings is
119.0(9)°, which is slightly larger than that in 2ab (2a:
115.9(4)°; 2b: 113.4(1)°). The Si—Si single bond lengths vary
between 2.311(2) A and 2.392(2) A. Curiously, in the >Si
NMR spectrum of § in C;Dj solution at 25 °C only one signal
at 0 =14.28 ppm is observed, while in the solid state CP-MAS
»Si NMR revealed the expected three signals at 0 =14.72,
8.39, and —88.75 ppm. Similarly, the *’Si NMR spectrum in
solution at —40°C displays three signals at 6 =13.19,9.28, and
—84.22 ppm, which coalesce in a rather undefined manner
upon warming to room temperature. These findings suggest
that the two signals at 6 =9.28 and —84.22 ppm arise from an
unknown dynamic process. Despite the high probability that
the upfield signal at 6 =—84.22 ppm belongs to the SiTip,
moiety on grounds of similarity with 2a, we confirmed the
assignment by calculating the NMR shifts at the M06-2X/
def2TZVPP level of theory. The results (8”Sigeq = —79.04
(SiTip,), 29.43 (SiCPh), 20.90 (SiCH,) ppm) are in qualitative
agreement with the experiments. We tentatively explain the
peculiar NMR behavior with hindered rotation at the two
more congested silicon atoms.
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Finally, we pondered the question whether the formation
of 5 proceeds 1)as an intramolecular isomerization or
2) through the dissociation of styrene from the kinetic
product 4. A few reversible [142] cycloadditions involving
silylenes and ethylene have indeed been reported, for
example, the reaction of ethylene with a phosphonium
silaylide!"” and with acyclic silylenes."*!¥! Melting of 4 was
therefore repeated under dynamic vacuum to remove any
liberated styrene rapidly. The melt residue of 4 after having
been kept in vacuum at 170°C for two minutes showed the
characteristic *Si NMR signals of cyclotrisilene 1 at § =42.82,
—22.98 ppm. From the 'HNMR spectrum the yield of
regenerated 1 was estimated to about 78 % (Figures S15,S16),
accompanied by small quantities of m-addition product 5 and
other by-products.

On this basis, we propose the following mechanistic
scenario for the formation of 5: the kinetic product of [142]
addition 4 re-dissociates to give free styrene and the transient
disilenyl silylene 6, which should rapidly isomerize to cyclo-
trisilene 1 even at elevated temperature. Under thermody-
namic control, [242] cycloaddition of 1 with styrene affords
housane 5 (Scheme 4). DFT calculations at the dispersion-

R R R\ /R
si=si R 170°C si
R si R-gj-5j-R
Ph Ph
4 5
AGpge=-13.3 AGoge= -30.1
AGuaa=-5.7 AGyq3=-20.3
R R R\ /R
Si=Si - . si
R .SiR o SESi
6 1
+ PhCH=CH, + PhCH=CH,
AGpgg= +14.9 AGpge= 0.0
AGaa3= +15.7 AGaas= 0.0

Scheme 4. Mechanism proposed for the formation of housane 5 from
the kinetic product disilenyl-substituted silirane 4 (R=Tip=2,4,6-
'Pr;C¢H,; Gibb’s enthalpies at the M062X/def2-SVP level of theory are
given in kcalmol™).

corrected M062X/def2-SVP level of theory indeed reveal 4 to
be about 16.8 kcalmol ™' higher in AG,s than 5 (Scheme 4).
While this difference is only slightly lowered at 443 K,
dissociation of 4 to free disilenyl silylene 6 is thermodynami-
cally significantly more feasible (AAG,ys=+ 28.2 kcalmol ™!
vs. AAG;=+21.4kcalmol'). According to Hammond’s
postulate,'”! the kinetics of an equilibrium between 1 and 4
under these conditions (AAG,;=-+5.7 kcalmol™!) can be
approximated by the energy of the transient intermediate 6.

In conclusion, with species with one isolated carbonyl
group cyclotrisilene 1 undergoes formal [242] cycloaddition
to give housanes 2a,b. In contrast, the reaction with less-polar
double bonds of benzil and styrene at room temperature
likely proceeds via ring-opening to transient disilenyl silylene
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6 to give [144] and [142] addition products 3 and 4,
respectively, which represent the first examples of disilenyl
silylene reactivity of any cyclotrisilene. Under thermody-
namic control, however, 1 and styrene react through the usual
[242] cycloaddition pattern to give the housane product 5.
Thermolysis of 4 under vacuum strongly supports the
dissociative nature of the transformation to 5.
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3.2 Supplementary Results

3.2.1 [2+2] and [2+4] Cycloaddition

In contrast to the reaction of cyclotrisiiene 3 with 2-methyl-1,3-butadiene, which
needs severe condition to produce [2+4] cyclic adduct 34,54 the reaction between 24
and 2,3-dimethyl-1,3-butadiene proceeds smoothly even at room temperature with
the complete consumption of the starting materials in one hour. New signal appear in
the 2°Si NMR spectrum at -46.6 ppm. After workup pale-yellow crystals of 82 are
isolated in 80% yield from toluene solution (Scheme 44). Based on the 2D 'H/?°Si
correlation spectrum, the signal at —46.6 ppm can be assigned to the SiTip2 unit,
however, absence of signals of bridgehead silicon atoms could probably be due to
signal broadening by a dynamic process related to the hindered rotation of the Tip
group at SiTip2 unit. Similar 2°Si NMR behavior is also observed in other cycloaddition

adducts such as 41 and 59.

Tip \ / R-N. N-R Tie R
Tip\S_/\Sli | > Y 1(83) Tip_ SN
I\ H > . NAc
Tip” /SI rt, 1h rt, overnight Tip” /SI—CH
Tip Tig 5R
82 84 1

Scheme 44. [2+4]/[2+2] cycloaddition of 24 with 1,3-butadiene and diimine yields adduct 82
and 84, respectively (R = Dip).

51



C6

Figure 7. Molecular structure of 82-C7Hs in solid state. Hydrogen atoms the co-crystalized
toluene molecule are omitted for clarity. Thermal ellipsoid at 50%. Selected bond lengths [A]
and angles [°]: Si1-Si2 2.384(9), Si1-Si3 2.311(9), Si2-Si3 2.435(9), Si1-C3 1.914(2), Si2-C5
1.932(2), C1-C3 1.503(3), C2-C5 1.510(3), C1-C2 1.333(3); Si3-Si1-Si2 62.4(3), Si1-Si2-Si3
57.3(2), Si2-Si3-Si1 60.2(3), Si1-C3-C1 109.0(2), C3-C1-C4 115.6(2), C5-C2-C6 115.0(3).
X-ray single crystal structure analysis confirmed the constitution of 82 as a [2+4]
bicyclic adduct composed of three- and six-membered rings (Figure 7), in which the
Si-Si bond lengths (2.311(9) to 2.435(9) A) lie within the normal Si-Si single bond
range®? and the C1-C2 bond length 1.333(3) A being in accordance with the typical
range of C=C double bond length.®® The bond distortion along C5-Si2-Si1-C3 being
w=23.5(1)°. Interestingly, the two Tip groups attached to the bridgehead silicon
atoms are unequally distorted with respect to the vector of Si1-Si2 with a distortion
angle ¢si1 = 75.0(3)° and ¢si2 = 66.2(4)°.

Since the reactivity of cyclotrisilene towards ketone and benzil indicates less
polarized reagent might promote the ring-opening process,®® the reaction of
cyclotrisilene with diimine was also attractive. Indeed, after 24 and one equivalent of
diimine 83 were mixed and dissolved in CeDs at room temperature, '"H NMR spectrum
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showed signals of starting materials decreased slowly and disappeared completely
over the course of one day. The appearance of new signals at 42.6, 17.3, —-62.2 ppm
in a ratio of 1:1:1 suggested the formation of a bicyclic housane derivative. Indeed,
the housane derivative 84 is preparatively obtained as yellow crystals from a repeat
reaction in benzene and workup of the reaction mixture (crystallization from a
hydrocarbon solvent). UV/vis spectroscopy showed the longest absorption

wavelength at Amax 353 nm (¢ 8376 L mol~' cm™).
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Figure 8. Molecular structure of 84 in solid state. Hydrogen atoms are omitted for clarity.
Thermal ellipsoid at 30%. Selected bond lengths [A] and angles [°]: Si1-Si2 2.389(0), Si2-Si3
2.316(1), Si1-Si3 2.428(1), Si1-N1 1.744(0), Si2-C1 1.992(0), C1-N1 1.495(0), C1-C2
1.488(0), C2-N2 1.265(0); Si3-Si1-N1 115.0(2), Si3-Si2-C1 105.4(2), N1-C1-C2 111.9(2),
C1-C2-N2 121.9(3).

X-ray crystal structure analysis revealed the fused three- and four-membered ring
structure of 84 (Figure 8), wherein the four-membered ring is not planar with a
deviation of N atom from the plane Si1-Si2-C1 being 0.218 A. The angle between the
plane of Si1-Si2-Si3 and Si1-Si2-C1 is 120.1° and the distortion angle of the two Tip
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groups attached to the bridgehead silicon atoms with respect to the vector of Si1-Si2
is @si1 84.3(5)° and gsi2  75.6(3)°. The 3C NMR spectrum of 84 exhibits signals of C1
and C2 at § 68.5 and 168.2 ppm, respectively. According to the 2D 'H/'3C HMQC
spectrum, the signal of the proton attached to C1 of the four-membered ring is
observed at 8 6.17 ppm as a doublet (Figure 9). The signal at 8 -62.2 ppm in the 2°Si
NMR spectrum is assigned to SiTip2 unit while other relative downfield signals at 6

42.6 and 17.3 ppm are attributed to SiTipCH and SiTipN, respectively.
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Figure 9. 2D 'H/"3C HMQC spectrum (CsDs, 300 K) of 84.
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3.2.2 Reaction of cyclotrisilene with benzoyl chloride

The reaction of 24 with benzoyl chloride proceeds smoothly at —80 °C, even faster
than the reaction of it with ketones which are typically complete within two hours at
room temperature. When benzoyl chloride was introduced via microsyringe into the
solution of 24 in toluene, an immediate reaction is indicated by the color change from
orange to brown. The reaction mixture was stirred at —80 °C for 15 minutes until no
further color change was observed. After removal of toluene and addition of hexane,
the resulting colored solution was kept at room temperature. Pure colorless crystals
suitable for X-ray crystal structure analysis deposited and were isolated by solvent
decantation in 65% yield. X-ray structure analysis confirmed the constitution of 85 as

a trisilabicyclo[1.1.1]pentane composed of silicon and oxygen as bridging atoms

(Scheme 45).
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Sl’.
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+ — _Si 0 Si_ (85)
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Tip_ Tip N Tip Tip

si=si . | ——— S g
. . T
Tip/ \Si/Tlp C-Cl insertion Tip/ :<\Si\/ P
o Cl
h

O
86 87 P
Scheme 45. Reaction of 24 with benzoyl chloride yields 85.

The formation of 85 could readily be explained through the ring-opening to disilenyl
silylene 86 triggered by the polarized benzoyl chloride, which then rapidly reacts with
86 in a C-Cl insertion manner to afford disilenyl acylsilane 87 followed by formal [2+2]
cycloaddition of Si=Si and C=0 double bond (Scheme 45). Insertion of the C-Cl bond
of acyl chlorides into dialkyl- silylene and stannylene resulting in corresponding
acylsilane and acylstannane was previously reported by Kira et al.®*-° The
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intramolecular isomerization of acyl disilene to silene was also reported by

Scheschkewitz et al.%
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Figure 10. Molecular structure of 85-:CsHis in solid state. Hydrogen atoms and the
co-crystalized hexane molecule are omitted for clarity. Thermal ellipsoid at 50%. Selected
bond lengths [A] and angles [°]: Si1-Si2 2.344(7), Si1-Si3 2.370(7), Si2-C1 2.003(2), Si3-C1
1.971(2), Si2-Cl1 2.085(7), Si1-O1 1.725(1), C1-01 1.499(2); Si1-O01-C1 94.0(9), Si2-Si1-Si3
84.2(2), Si2-Si1-O1 74.8(4), 01-C1-Si3 92.1(1).
29Si NMR spectrum of 85 displays three signals at § 39.3, 15.1 and -6.2 ppm, of
which the upfield signal at 6 —6.2 ppm is attributed to SiTip2 and the relative downfield
signals at 6 39.3 and 15.1 ppm are assigned to SiTipO and SiTipC, respectively. In
the molecular structure of 85 (Figure 10), both Si2-CI1 vector and the bridging oxygen
atom point backwards from the plane of Si1-Si2-C1. The interplanar angles of the
plane Si1-O1-C1 with respect to the planes of Si1-Si2-C1 and Si1-Si3-C1 are
identical with 118.4(9)°. All Si-Si and Si-C bond lengths in the skeleton of 85 fall within
the normal single bond length range. The phenyl group is distorted from the plane of
Si1-0O1-C1 with the angle of pc1 = 22.4(2)°, the corresponding angle of the opposite
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Tip group is @si1 = 15.2(2)°.

3.2.3 Reaction with azobenzene

The reactivity of c-SisTips towards azobenzene was also examined. After 24 and
azobenzene were mixed and dissolved in CeDs, a '"H NMR spectrum showed a very
slow consumption of the starting materials with full conversion after three days. New
signals appeared in the 2°Si NMR spectrum at 5 37.66 and —24.23 ppm with a ratio of
1:2. In order to promote the reaction to some extent in a repeat reaction on a
preparative scale, the mixture was dissolved in toluene and heated to 60 °C. Indeed,
"H NMR spectrum showed complete disappearance of starting materials after heating
the mixture to that temperature overnight. Work-up of the reaction mixture resulted in
the isolation of 88 as pale-yellow crystals in 70% yield (Scheme 46). Single crystals
suitable for X-ray structure analysis were obtained by recrystallization from hexane at

0 °C.

Tip Ph
\ N/
- Si—
A Tip<_ .~
24 + Ph-N=N-Ph ———— Tsit X (88)
overnight Tip”  “gicy
| \
[2+2] Tip  Ph
cycloaddition
. . intramolecular
TR Ph TR Ph [2+2]
Tipng SN | | Tip SN cycloaddition
Tip” \ISi\—LN\ Tip”” “Si=N_
Tip Ph Tip Ph
89 90

Scheme 46. Reaction of 24 with azobenzene results in 88.

Instead of the anticipated [2+2] cycloaddition product - a ftrisila[1.1.0]butane
derivative - X-ray crystal structure analysis reveals the constitution of 88 as a
diaza-trisila[1.1.1]pentane (Figure 11), probably formed through cycloaddition of Si=Si

and N=N double bonds to afford 89 followed by consecutive cleavage of the bridging
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Si-Si and N-N single bond, resulting in the intermediate 90 that undergoes
intramolecular cycloaddition to yield 88 as final product. Skeletal Si1-Si2 2.420(5) A
and Si2-Si3 2.436(5) A bond lengths are within the typical range of Si-Si single bonds.
The distance between N1 and N2 is at 2.370(2) A much larger than the typical N-N
single bond length (ca. 1.45 A), unambiguously confirming the complete cleavage of

the N-N bond.

Figure 11. Molecular structure of 88-:CsHi> in solid state. Hydrogen atoms and the
co-crystalized pentane molecule are omitted for clarity. Thermal ellipsoid at 50%. Selected
bond lengths [A] and angles [°]: Si1-Si3 2.420(5), Si2-Si3 2.436(5), Si1-N1 1.797(1), Si2-N1
1.782(1), Si2-N2 1.769(1), Si1-N2 1.773(1); Si1-Si3-Si2 59.2(2), Si3-Si1-N2 91.8(4),
Si3-Si2-N2 91.4(4), Si1-N2-Si2 85.2(5), Si1-N1-Si2 84.1(5).

The 2°Si NMR signal at § 37.66 ppm is attributed to the SiTip2 unit, while the other at
d -24.23 ppm is due to the SiTip moiety. It is worth mentioning that the reactions of

azobenzene with low-valent group 14 species, such as West's disilene,?” alkyne

analogues ArE=ZEAr (E = Ge, Sn),®® amidinate-stabilized silylsilylene,®® in no case
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resulted in the complete cleavage of the N=N double bond. Selected 2°Si NMR
chemical shifts, structure parameters as well as physical properties of 82-88 are

given in Table 4.

Table 4. Selected °Si NMR shifts, structure parameters as well as physical properties of
82-88. a) ring Si-Si single bond length; b) in de-benzene; c) in solid state.

82 84 85 88
Si-Si 2.384(9), 2.389(0), 2.344(7), 2.420(5),
[A]? 2.311(9), 2.316(2), 2.370(7) 2.436(5)
2.435(9) 2.428(1)
8%°Si, 2.85, -33.2, 42.61, 17.27, 39.3, 15.1, 37.66,
ppm -48.23°, -46.6" -62.19° -6.2° -24.23°
color pale yellow yellow colorless pale yellow
mp. °C 175-78 > 200 139-42 > 200

3.2.4 Attempt reaction of cyclotrisilene with phenyl isocyanate

Since both cyclotrisilene 3 and 24 turned out to be highly reactive towards
isocyanides®® and, as discussed in 3.2.1 and 3.2.3, 24 also reacts with ketones,
imines as well as azobenzene, we were curious about the reactivity of cyclotrisilene
24 towards isocyanate in order to gather a first idea about the selectivity of the two
possible cycloadditions to the C=0 and C=N moieties. Therefore phenyl isocyanate
was introduced into the solution of 24 in CsDs at room temperature. However, 'H
NMR spectrum of the reaction mixture showed that even after one day large amount
of starting material remains. After the reaction mixture was kept at room temperature
over two days, 2°Si NMR still showed signals of the starting material of substantial
intensity. Two further sets of signals appeared at 6 33.7, 9.7, -15.1 ppm and -30.1,
-15.1 and -86.8 ppm (Figure 12). Attempts to improve conversion or separate the
two products by crystallization failed: either the prolongation of reaction time or

increasing the reaction temperature only resulted in the increased intensity of
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unidentified signals in 2°Si NMR spectrum.

Scheme 47. Cyclotrisilene 24 is inert towards phenyl isocyanate.

o < ~ B oo o ©
T o™ o AR © @
I \ PN [ [

60 40 20 0 -20 -40 -60 -80 -100
ppm

Figure 12. 2°Si NMR spectrum (59.6 MHz, 300 K, C¢Ds) of the reaction mixture of 24 with
phenyl isocyanate.
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3.3 Phenylene-Bridged Cross-conjugated

1,2,3-Trisilacyclopentadienes

Incorporation of Si=Si double bonds into carbon-based systems has gradually moved
into focus due to the markedly different chemical and physical properties of Si=Si and
C=C bonds and the unique optical properties of heavier n-conjugated systems. Due
to the limited synthetic options for the generation of Si=Si double bonds, disilenes of
the type VII (Scheme 48) were only obtained at the beginning of this decade.* Even
the incorporation of a single unhindered phenyl group as in VII typically result in an
appreciable red-shift of the longest wavelength UV/vis absorption.84¢ Electronic
communication between two Si=Si moieties as in type VIl is effectively mediated by
various aromatic linking unit, for instance, anthracenyl-bridged tetrasiladiene shows
near-IR emission in the solid state.®> Phenylene-bridged tetrasiladiene were also
employed as precursors for o,n-conjugated polymers. 1 In contrast, cyclic
conjugated Si=Si—-C=C systems are relatively rare. The 1,2-disilabenzenes of type IX
(Scheme 48), which benefit from their aromaticity, are typically accessible by reaction
of disilynes RSi=SiR  with  acetylenes.® A  formally  antiaromatic
benzodisilacyclobutadiene reported by lwamoto et al. was also shown to be stable
very recently.’® One of the examples of Sis-cyclopentadiene derivative of type X was
obtained by reaction of a 1,2,3-trisilabicyclo[1.1.0]butane derivative with an excess of
hex-3-yne at elevated temperature.®” In view of Sekiguchi’'s synthesis of
Si2Ge-cyclopentadiene derivative Xl with cyclic Si-Si=Ge-C=C system from a
Si>Ge-cyclotrimetallene and phenylacetylene,®® the intermediacy of a transient
cyclotrisilene during the formation of Xl seems plausible. Therefore we considered

employing cyclotrisilene 24 under similar reaction conditions.
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Scheme 48. Generic examples of molecule with conjugated Si=Si-C=C systems (LU =
linking units).

Cyclotrisilene 24 was reacted with phenylacetylene, diphenylacetylene, resulting in
the 1,2,3-trisilacyclopentadiene 60a,b, respectively. The first cross-conjugated
bridging of two of the SisC2 cycles by a para-phenylene linker 61 was also achieved
by reaction of 24 with 1,4-diethynyl benzene (Scheme 49). Derivatives 60-61 were
fully characterized by multinuclear NMR spectroscopy, UV/vis absorption spectrum,
X-ray single crystal structure analysis and elemental analysis. All three compounds
show typical 2°Si chemical shift of the three-coordinated silicon atom at & 111.0, 34.3
for 60a, 106.8, 43.2 for 60b, 109.7, 33.0 ppm for 61. The signals of the
four-coordinated silicon atoms are upfield shifted at 60a: 6 —26.8 ppm; 60b, —-19.9
ppm; 61: -27.0 ppm. Based on the 2D 'H/'3C spectra, the '3C signals of the
endocyclic C=C units are identified at 56 145.49, 160.73 ppm for 60a and 6 146.84,
160.21 ppm for 61. The molecular structure of 60a and 61 were discussed in detail. In
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both cases the Si1=Si2 double bond is less twisted (torsion angle = 37.2(3)° in 60a,
30.0(2)° in 61) than that of X (59.4°). In contrast to their carbon congeners and
cyclopentadiene derivatives of Group 14 elements which have almost planar
five-membered ring framework, the five-membered SisC2 ring of 60a displays an
envelope conformation with a folding angle of 21.8(1)°. While the
trisilacyclopentadiene moieties of 61 are close to planarity with a folding angle of only
3.2(6)°. The para-phenylene linker in 61 is distorted from co-planarity with the two
five-membered rings by a dihedral angle of 43.1(8)°.

Tip Tip

- - Ti Ti
Ti | TP Tip. &P o i /P
N - .
S’S' gi-Sl S Si=Si .
| o | / | ; \ /Tlp
L LR &/ di TP Si
Tip/SI\(\; Tip™™ T SN /AN
Ph H Ip Tip R Ph
60a R’ = H 61 62
60b R' = Ph

Scheme 49. 1,2, 3-Trisilacyclopentadiene derivatives 60, 61 and ring-opening intermediate 62

Density functional theory (DFT) calculations at the B3LYP/6-311G(d,p) level of theory
show the HOMOs of 60a,b are delocalized across the unsaturated cyclic backbone
with dominant © contributions by the Si=Si moieties and less pronounced C=C
components. The LUMOs correspond to antibonding n-type orbitals with expectedly
larger contributions by the carbon ring atoms. In the case of 61, the interaction
between the two 1,2,3-trisilacyclopentadiene units leads to a near-degenerate HOMO
and HOMO-1 and slightly split LUMO and LUMO+1. Noticeable contributions by the
para-phenylene spacers are observed as well. TD-DFT calculations reveal the
longest absorption wavelength band of 60a (Amax = 493 nm) and 60b (Amax = 495 nm)
mainly originates from the HOMO—LUMO transition, while the presence of no less
than four transitions of comparable oscillator strength is probably responsible for the
broadening of the experimental longest wavelength band of 61 (Amax= 495 nm). When
compared with the cyclotrisilene starting material 24 (Amax = 413 nm), however, the
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longest wavelength bands are bathochromically shifted by a significant margin of
AX = 80 nm. This contrasts with IVa (Amax = 493 nm) for which the red-shift compared
to the silyl-substituted cyclotrisilene precursor is much smaller (Amax = 466 nm).

A mechanistic investigation by room temperature and variable-temperature NMR
allows proposing two distinct reaction pathways during the reaction of cyclotrisilene
24 with alkynes: (A) [2+2] cycloaddition followed by the intramolecular valence
isomerization and (B) initial ring-opening to disilenyl silirenes followed by
isomerization (Scheme 29). Due to the sterically more demanding substitution pattern
in the case of diphenylacetylene, the ring-opening intermediate 62 (Scheme 49) could
be detected even at room temperature with signals at 6 99.6, 43.0 and —-118.5 ppm.
Predicted 2°Si NMR shifts of 62 (calc. § 133.23, 78.87 and -119.22 ppm) at the
MO06-2X(D3)/def2-TZVPP level of theory also support the postulated intermediate.

Results of the described studies have been published in the Chemical
Communications — Royal Society of Chemistry.

Hui Zhao, Lukas Klemmer, Michael J. Cowley, Moumita Majumdar, Volker Huch,
Michael Zimmer and David Scheschkewitz, Phenylene-bridged cross-conjugated
1,2,3-trisilacyclopentadienes, Chem. Commun., 2018, 54, 8399-8402.
DOI: 10.1039/C8CC03297A.
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1,2,3-Trisilacyclopentadienes are obtained from the reactions
of cyclotrisilene c-SizR4 (R = iPrsCgH,) with phenyl and diphenyl
acetylene, respectively. With 1,4-diethynyl benzene the cross-
conjugated bridging of two of the SizC, cycles by a para-
phenylene linker is achieved. UV/vis spectroscopy indicates a small
but significant effect of cross-conjugation, which is confirmed
by TD-DFT calculations. The formation mechanism of the 1,2,3-
trisilacyclopentadienes is elucidated by VT NMR.

Since the first disilene was isolated by West, Michl and Fink
in 1981, research on species with Si=Si double bonds has
enormously developed.> More recently, the incorporation of
Si=Si bonds into carbon m-electron systems has moved into
focus due to the small HOMO-LUMO gap of disilenes.”® Even
a single phenyl group as in I (Chart 1) typically results in
an appreciable red-shift of the longest wavelength UV/vis
absorption.® Electronic communication between two Si=Si
moieties as in II is effectively mediated by various aromatic
linking units.>* Tetrasiladienes II not only show interesting
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Chart1 Generic examples I-IVa of molecule with conjugated Si=Si—
C=C system (LU = linking units; IVa: E = Si, R = SiMe'Buy, Ry = CH.R, R, =
Rs = Et; IVb: E = Ge, R = R; = SiMe'Bu,, R, = H, Rs = Ph).
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photophysical properties,’ but were also employed as precursors
for o,m-conjugated polymers.’

In contrast, cyclic conjugated Si—Si-C—C systems are
relatively rare. 1,2-Disilabenzenes of type III, accessible by
reaction of disilynes RSi=SiR with acetylenes, benefit from
their aromaticity,**” although a formally antiaromatic benzodisila-
cyclobutadiene was shown to be stable very recently.® Reaction
of a 1,2,3-trisilabicyclo[1.1.0]butane derivative with an excess
of hex-3-yne at elevated temperature unexpectedly afforded a
Siz-cyclopentadiene derivative of type IvVa.” In view of Sekiguchi’s
synthesis of Si,Ge-cyclopentadiene derivative IVb with cyclic
Si-Si=Ge-C=—C system from a Si,Ge-cyclotrimetallene and
phenylacetylene,® the intermediacy of a transient cyclotrisilene
during the formation of IVa seems plausible. We therefore
considered to employ cyclotrisilene 1° (Scheme 1, R = 2,4,6-
iPr;Ce¢H,) under similar conditions. Due to its ring strain and
the highly reactive Si=Si bond, 1 exhibits a versatile reactivity
towards various substrates.’® In the present study, we were
particularly intrigued by the prospect of accessing hitherto
unknown bridged species.

Indeed, treatment of cyclotrisilene 1 with one equivalent
of either phenylacetylene or diphenylacetylene at ambient
temperature affords the 1,2,3-trisilacyclopentadienes 2a,b
(Scheme 1), isolated from hydrocarbons as bright-red crystals
in 55-60% yield. Under similar conditions, two equivalents of 1
and 1,4-diethynylbenzene, gave para-phenylene-bridged 3 as
purple crystals in 52% yield (Scheme 1).
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Scheme 1 Synthesis of 2=3 (R = 2,4,6-iPrsCgH,; 2a: R’ = H, 2b: R’ = Ph).

Chem. Commun., 2018, 54, 8399-8402 | 8399


http://orcid.org/0000-0001-9165-8518
http://orcid.org/0000-0003-1421-9938
http://orcid.org/0000-0003-0664-2891
http://orcid.org/0000-0001-5582-3475
http://orcid.org/0000-0001-5600-8034
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cc03297a&domain=pdf&date_stamp=2018-07-11
http://rsc.li/chemcomm
http://dx.doi.org/10.1039/c8cc03297a
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC054060

Published on 26 June 2018. Downloaded by Universitat des Saarlandes on 8/20/2018 2:52:36 PM.

Communication

In all cases, the *°Si NMR shows three signals in a ratio of
1:1:1. The two downfield signals (2a: 6 111.0, 34.3 ppm; 2b:
106.8, 43.2 ppm; 3: 109.7, 33.0 ppm) are diagnostic of the Si=Si
unit. The more pronounced shielding of the Si=Si nuclei in
comparison to those of IVa (6 166.4, 95.6 ppm)’ is a well-known
effect of aryl vs. silyl substitution. Conversely, the signals of the
saturated ring silicon atoms (2a: 6 —26.8 ppm; 2b, —19.9 ppm;
3: —27.0 ppm) are shifted downfield in comparison to that
of IVb (6 —45.6 ppm).®** The 2D 'H/**C spectra of 2a and 3
(ESIY), allowed for the identification of the *C signals of the
endocyclic C—=C units at ¢ 145.49, 160.73 ppm for 2a and ¢
146.84, 160.21 ppm for 3.

Single crystals of 2a,b and 3 were investigated by X-ray
diffraction (Fig. 1).q All datasets suffer from weak diffraction
at higher 26 angles, probably due to severe disorder of the Tip
substituents. The structural models of 2a and 3 are still of
sufficient quality for a discussion of bonding parameters. In
both cases the Si1=Si2 double bond is less twisted (torsion
angle t = 37.2(3)° in 2a, 30.0(2)° in 3) in comparison to that
of IVa (59.4°), indicating less steric repulsion between aryl
substituents than between the bulky silyl groups of IVa. The five-
membered SizC, ring of 2a displays an envelope conformation
with a folding angle between the mean planes of Si1-C2-C1-Si3
and Si1-Si2-Si3 of 21.8(1)°. This is in contrast to not only their
carbon congeners,"* but also most reported cyclopentadiene
derivatives of Group 14 elements with their almost planar five-
membered ring framework.”® While a similar deviation from
planarity is also apparent in 2b (ESIt), the trisilacyclopentadiene

\ I Si2
DT N
: z 3 N o >\
Si1 Y — p
P M / 0 @c1
o C2® 1 C2
o
c3
o
, / \
/ /(\
/\:/ Cl Si3 o
e
X = C30 A
L CZ s|2
\;//
\V; /
T

Fig. 1 Molecular structure of 2a (top left) 2b (top right) and 3-CsHi»
(bottom). Thermal ellipsoids at 50%. Hydrogen atoms, disorder of iso-
propyl groups and solvent molecules are omitted for clarity. Selected bond
lengths (A) and angles (°): 2a Si1-Si2 2.188(2), Si2—Si3 2.365(2), Si3—C11.884(5),
Si1-C2 1.880(5), C1-C2 1.364(6), C2-C3 1.489(6); Sil-Si2-Si3 92.1(7),
Si2-Si3-C1 96.9(2), C2-Si1-Si2 104.5(2); 3 Si1-Si2 2.150(2), Si2-Si3 2.336(2),
C1-C21.341(4), Si1-C2 1.868(3), Si3—C11.878(3), C2-C3 1.480(4); Si1-Si2-Si3
94.1(6), Si2-Si3—C1 97.6(1); Si2-Si1-C2 105.5(9).
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moieties of 3 are close to planarity with a folding angle of only
3.2(6)°, identical to that of IVa (3.2°).” The para-phenylene linker in
3 is distorted from co-planarity with the five-membered rings by
43.1(8)°.

The 1,2,3-trisilacyclopentadienes 2a,b and 3 show two bands
in the UV/vis spectra each (Zaps 493, 375 nm for 2a; A,ps 495,
356 nm for 2b; A,ps 495, 386 nm for 3). While a pronounced
red-shift with increasing conjugation path length is discernible
for the lower wavelength absorption, the band at longest
wavelength is almost invariant except for a certain broadening
in the case of 3. When compared with the cyclotrisilene starting
material 1 (Apn. = 413 nm),’ however, the longest wavelength
bands (Fig. 2, Amac 2a 493 nm, 2b 495 nm, 3 495 nm) are
bathochromically shifted by a significant margin of A1 ~ 80 nm.
This is in contrast to IVa (/may = 493 nm),” for which the red-shift
of 27 nm compared to the silyl-substituted cyclotrisilene precursor
is much smaller."?

In order to gain more insight into the © conjugation features
of 2a,b and 3, density functional theory (DFT) calculations at
the B3LYP/6-311G(d,p) level of theory'® were performed. The
optimized structures (calc. dgj—sg; 2.187 in 2a, 2.173 Ain 3; d.—.
1.354 in 2a, 1.361 A in 3) are in good agreement with the
experimental data (Fig. 1). The HOMOs of 2a,b (2a: Fig. 3, for 2b
see ESIT) are delocalized across the unsaturated cyclic back-
bone with dominant r contributions by the Si=Si moieties and
less pronounced C—C components. The LUMOs correspond
to antibonding © orbitals with expectedly larger contributions
by the carbon ring atoms. In the case of 3, the interaction
between the two 1,2,3-trisilacyclopentadiene units leads to a
near-degenerate HOMO and HOMO—1 (0.0013 eV) and slightly
split LUMO and LUMO+1 (0.0067 eV, Fig. 3c-f). Although
primarily located at one of the five-membered rings, there are
noticeable contributions by the para-phenylene spacer as well.
Time-dependent DFT (TD-DFT) calculations reproduce the
trends of the experimental UV/vis spectra of 2a,b reasonably
well even though the calculated longest wavelength absorption
is a little overestimated in both cases (calc. Ay = 508 nm for

1.5
—3 A, =495nm
——2b)_ =495nm
1.0 2a)  =493nm
c
o
s
2
Qo
<
0.54
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Fig. 2 UV/vis absorption spectra of 2a (black), 2b (red) and 3 (blue) in

hexane (0.0008 M) at 25 °C.
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Fig. 3 HOMO:s (a, 2a; c, e, HOMO and HOMO-1 of 3) and LUMOs (b, 2a;
d, f, LUMO and LUMO+1 of 3) at the B3LYP/6-311G(d.p) level of theory
(isosurface = 0.04 a.u.).

2a, 519 nm for 2b). In contrast, the calculated lowest energy
band of 3 (calc. Amax = 543) differs substantially from the
experimental value by a red-shift of A4 = 48 nm. The presence
of no less than four transitions of comparable oscillator
strength (HOMO — LUMO 543, HOMO—-1 — LUMO 530,
HOMO — LUMO+1 481, HOMO—1 — LUMO+1 478 nm) is
probably responsible for the broadening of the experimental
longest wavelength band of 3, prohibiting its accurate read-out
(for the second longest wavelength absorptions see ESLt
Tables S4-S6).

For the reactions of silyl-substituted Si,Ge- and Si;-cyclo-
trimetallenes 4a-c with phenylacetylene, an initial [2+2]
cycloaddition to give the intermediate housane derivatives
5a-c was proposed by Sekiguchi et al. (Scheme 2).5%* valence
isomerization to trimetalla-cyclopentadienes 6a-c with an
E’=C bond and silyl migration would give the corresponding
E'—E isomers 7a-c¢, which in turn could react with excess
phenyl acetylene to yield 8a-c. Although 5b had been detected
by NMR spectroscopy and isomers 7b,c were even isolated, in

Ph
R
R\E/R //E/ /R
Va + 2 PhC=CH —— " “si_
7N\ R R
_E'=Si_ _
R R
Ph
4a-c 8a-c
+ PhC=CH - + PhC=CH
[2+2] cycloaddition [2+2] cycloaddition
ROR R R R
. _E
R\E'—\Si/R ‘ R\E'\ ;Si/R R\E'/ \Si:s
_ vaience A/ 1,2 Si-shift )—/
PhJ_‘ isomerization pyy sh Ph
5a-c 6a-c 7a-c

Scheme 2 Formation mechanism of heavier cyclopentadienes as proposed
by Sekiguchi et al®** (R = ‘Bu,MeSi, a: E=E'=Si; b: E=Ge, E'=Si; c: E=Si,
E'=GCe).

This journal is © The Royal Society of Chemistry 2018

View Article Online

Communication

the case of 4a none of the intermediates were confirmed
experimentally. Moreover, neither reaction of 4b with diphenyl-
acetylene nor with styrene was observed.®” In marked contrast
to 4b, cyclotrisilene 1 reacts smoothly with styrene'® and - as
we show here — with diphenylacetylene under mild conditions.
In order to clarify the mechanistic differences between cyclo-
trisilenes 1 and 4a-c regarding the reaction with alkynes, the
reaction of 1 with phenylacetylene was monitored by *°Si NMR
at variable temperature.

At 216 K, three high-field signals in the typical range for
cyclotrisilanes'® start appearing at § —23.4, —60.0 and —73.5 ppm.
Two of these signals are similar to the bridgehead silicon
signals of intermediate 5b (—65.0, —84.1 ppm) in line with
the mechanism proposed by Sekiguchi.®®? At 236 K the signals
of 2a (6 111.9, 34.3, —26.8 ppm) start growing in until at
276 K only signals of 2a and residual cyclotrisilene 1 remain
(see ESIt). Conversely, a mixture of 1 and one equivalent of
diphenylacetylene reveals three >°Si NMR signals at § 99.6, 43.0
and —118.5 ppm after 20 minutes at ambient temperature. The
two downfield signals at § 99.6 and 43.0 ppm are attributed to
an Si=Si unit different from that of 2b, while the upfield signal
at 0 —118.5 ppm is characteristic for a three-membered silirene
ring."® We thus propose disilenyl silirene 11b as initial product,
similar to the recently reported isolated intermediate from the
reaction of 1 with styrene.'® Predicted *°Si NMR shifts of
11b (calc. 6 133.23, 78.87 and —119.22) at the M06-2X(D3)/
def2-TZVPP level of theory support the postulated intermediate
(the chemical shifts of low coordinate silicon atoms are routinely
overestimated by DFT methods). As the reaction proceeds, signals
of 2b (0 106.8, 43.2, —19.9 ppm) grow in at the expense of those of
11b. In addition, a minor product with signals at ¢ 61.8, 4.2 and
—13.8 ppm is observed in the final reaction mixture (see ESIT).

Considering the higher migration tendency of silyl compared
to aryl groups,'” we propose that unlike in the case of 4a, two
distinct reaction pathways are active during the reaction of
cyclotrisilene 1 with alkynes: (A) a [2+2] cycloaddition yields
housanes of type 9 followed in case of 9b by the intramolecular
valence isomerization to 10b and (B) initial ring-opening to
disilenyl silirenes 11 (Scheme 3). In the case of phenylacetylene,
the reaction pathway of type A prevails at 216 K with reversible
formation of the [2+2] product, housane 9a (Scheme 3). The
principal possibility of reversible reaction of Si==Si double bond

R R R R R
W D! \ 7 Mot
Si PhC=CR Si PhC=CR' Si=Si
RegsR == A —o =R "
(A) _Si=Si__ (B) !
— R R A=
Ph R' R Ph
9a,b 1 11a,b
R
R\S{R | _R
Rew:Si._R “si—!
S S 1 v (2
s (10b) ,gi\/}R (2a,b)
Ph"  "Ph RO hh

Scheme 3 Proposed mechanism of formation of 2a,b with side product
10b (R = Tip = iPrsCgHp; a: R’ = H, b: R’ = Ph).
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has been reported recently.'®"'® With increasing temperature,
ring-opening to disilenyl silirene 11a is proposed to occur
although in this case it could not be detected, presumably
due to rapid rearrangement to the final product 2a. Due to the
sterically more demanding substitution pattern in the case of
diphenylacetylene, the intermediate 11b isomerizes to 2b in a
sufficiently slow manner allowing detection even at room
temperature. The minor signals at é 61.8 and —13.8 ppm in a
ratio of 2:1 are tentatively assigned to cyclic bis(silene) 10b,
which would plausibly result from valence isomerization by
cleavage of the Si-Si bridge in 9b (Scheme 3). The calculated
*Si NMR chemical shifts of the optimized structure of 10b
support the assignment: the signal of the tetracoordinate SiTip,
unit at dcae. —9.8 ppm shows a good agreement with the
experiment, while those of the tricoordinate Si atoms (Jcac.
91.5 and 99.1 ppm) are once again overestimated.

In summary, we have prepared 1,2,3-trisilacyclopentadienes
(2a,b) and - for the first time - a bridged bis(1,2,3-tri-
silacyclopentadiene) (3). The UV-vis data and DFT calculations
prove m-conjugation across the five-membered cyclic framework.
Unlike in case of Sekiguchi’s 4a, the housane product of type 9
does not seem to be an intermediate towards 2a,b and 3. Instead,
ring-opening to disilenyl silirenes 11 precedes the isomerization to
1,2,3-trisilacyclopentadienes.
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3.4 Reactivity of peraryl Cyclotrisilene towards Chalcogens

Compared with bicyclo[1.1.10]butane derivatives composed of Si or Si/C atoms,%?
those comprising chalcogen heteroatoms are rare. Sekiguchi et al. obtained the so far
only bicyclo[1.1.0]butane species with both silicon and chalcogen in the scaffold
(40a-c, Scheme 23) by treatment of a silyl-substituted cyclotrisilene 3 with sulfur,
selenium and tellurium.” Notably, the sulfur and selenium derivatives 40a,b were
transformed into the corresponding cyclobutene isomers (50a,b, Scheme 25) upon
UV irradiation.”®@ The successful synthesis of peraryl-substituted cyclotrisilene 24 as
well as its highly versatile reactivity in terms of r-addition to the Si=Si double bond,
c-insertion to an endocyclic Si-Si single bond and ring-opening under formation of
acyclic disilene derivatives discovered in recent years (see Chapter 1.7), prompted us

to investigate the effect of the peraryl substitution on the reactivity of 24 towards

chalcogens.
Tip\S TP Tip_ Tip T.pTlp Tip, Tlp oL Tip Tip
Ti S'/ I\S' Ti Tip—Si SIS Ti STI_E H‘SVSI SI\SI -
ip—Si—Si—Tip Ip— = 1ip Si=Si_ _ Te Te
L/ / Tip” Tip TP S' S' ~Tip
E T|p T|p
41a-c 44a b 51a-c 52

Scheme 50. Products resulting from reaction of 24 with chalcogen element (a: E=S, b: E =
Se, c: E=Te).

In this vane, 24 was treated with elemental sulfur, selenium and tellurium, individually,
affording 2-chalcogena-1,3,4-trisilabicyclo[1.1.0]butanes 41a-c (Scheme 50). The
monochalcogenation products 41a-c was isolated as air-sensitive yellow to orange
crystals from hydrocarbon solvents in acceptable yields (45% to 55%). Pure
2-thia-1,3,4-trisilabicyclo[1.1.0]butane (41a) could only be obtained by reaction of 24
with one equivalent of propylene sulfide as stoichiometric source of sulfur to suppress
the addition of a second equivalent of sulfur. Indeed, the intrinsic ring strain of the

bicyclo[1.1.0]butane skeletons of 41a and 41b allows for the insertion of a second
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equivalent of the same chalcogen into bridging Si-Si single bond with formation of
2,4-dichalcogena-1,3,5-trisilabicyclo[1.1.1]-pentanes (44a and 44b, Scheme 50).
Both bicyclo[1.1.1]pentanes 44a,b were isolated as air-stable colorless crystals.
Constitutions of 41 and 44 were confirmed by X-ray crystal structure analysis.

41a-c show three signals in 2°Si CP-MAS NMR spectrum at § 3.0, —44.4, and -59.2
ppm (41a), 0.61, -54.3, and -68.9 ppm (41b), 1.1, -85.9, and -98.0 ppm (41c), in a
ratio of 1:1:1, of which the two relatively upfield signals are attributed to SiTip moieties.
DFT calculation at the BP86(D3)/def2-SVP level of theory reveals the
non-equivalence silicon chemical shift of SiTip originates from the near orthogonality
of the rotationally hindered Tip group at one of the bridgehead silicon atoms, which
allows for considerable in-phase interaction. The more pronounced paramagnetic
contribution to the chemical shift tensor results in the deshielding of Si2a relative to
Si1. In contrast to the silyl-substituted SisE-bicyclo[1.1.0]butanes 40a-c, which show
the expected two 2°Si NMR signals in a 1:2 ratio for the bridging and bridgehead
silicon atoms, the 2°Si NMR spectra of 41a-c in CeDs at room temperature exhibit just
a single signal at relatively low field (5 3.17 (41a), —1.63 (41b), —1.24 (41c) ppm). The
non-equivalence of the two SiTip moieties is also confirmed by variable-temperature
29Si NMR, wherein three 2°Si NMR signals of equal intensity appear at 233 K at § 1.86,
-43.0, and -58.27 ppm for 41a, -2.67, -54.9, and -68.9 ppm for 41b, -2.10, —-87 .4,
and -98.7 ppm for 41c. With rising temperature, the latter two signals are gradually
broadened and disappear in the noise at approximately 263 K.

After heating of the solution of 41a-c in a nmr tube to 60 °C for 1 h, characteristic
signals for tricoordinate silicon atoms appeared in the 2°Si NMR spectrum at 3 128.2,
19.4 ppm for 51a, 127.7, 21.7, and —-8.9 ppm for 51b, 103.4, 35.6 and —30.0 ppm for
51c, suggesting the formation of chalcogena-trisilacyclobutenes 51 as the
thermodynamically favoured isomer. Attempts to isolate 51a-c by crystallization from
different solvents such as hexane, toluene and thf failed. Deliberate quenching of the

reaction mixture containing 51¢ with a small amount of water added by microsyringe,
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however, resulted in the product 52 of two fold OH-addition, which was obtained from

toluene as colourless crystals in 30% yield (Scheme 50).

Results of the described studies have been published in the Zeitschrift fiir
Anorganische und Allgemeine Chemie — Wiley online Library.
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Abstract. Reactions of the peraryl-substituted cyclotrisilene 5
(c-Si3Ry4, R = Tip = iPr;CgH,) with chalcogens initially result in Si=Si
double bond m-addition products, 2-chalcogena-1,3,4-trisila-
bicyclo[1.1.0]butanes 6a—6¢. Treatment with an excess of sulfur or
selenium leads to the insertion of a second equivalent into the bridging
Si-Si single bond of 6a and 6b and thus affords 2,4-dichalcogena-
1,3,5-trisilabicyclo[1.1.1]pentanes 7a and 7b. In the solid state as well
as at low temperature in solution, the monoaddition products 6a—6¢

show three signals in 2°Si CP-MAS NMR spectroscopy. The rapid
degenerate exchange of the differing aryl group conformations at the
bridging silicon atoms leads to coalescence (and thus disappearance)
of two of these signals in C¢Dg at elevated temperature. Thermal isom-
erization of 6a—6c¢ to 2-chalcogena-1,3,4-trisilacyclobutenes 8a—8c is
suggested by NMR spectroscopic data and supported by the isolation
of the hydrolysis product of 8c.

Introduction

The chemistry of the heavier Group 14 elements is strongly
influenced by the interplay of their thermodynamic preference
for single bonds vs. the (predominantly) kinetic effect of steric
bulk.l'! By the careful choice of substituents, unsaturated spe-
cies with heavier double bonds can be favored over saturated
cyclic isomers or vice versa; occasionally both even co-exist
in equilibrium.?! Silabicyclo[1.1.0]butanes (Si,C_nRe: 7 = 1
to 4)31 are attractive in this regard as the number of isomers
for E4R¢ species is in general still manageable. The facile in-
terconversion of B,P,R, for instance, allowed for a detailed
picture of the relevant potential energy surface through the
synthesis of stable representatives.'*! In comparison to the
abundant bicyclo[1.1.0]butane derivatives composed of Si or
Si/C atoms,® those comprising chalcogen heteroatoms are
rare, although Si-Si single and double bonds are well-known
to oxidatively add chalcogens under mild conditions.’>¢! In-
deed, Sekiguchi et al. obtained the so far the only bicy-
clo[1.1.0]butane species with both silicon and chalcogen in the
scaffold (2a—2c, Scheme 1) by treatment of a silyl-substituted
cyclotrisilene 1 (c-SizR4, R = SiMefBu,)!”! with sulfur, selen-
ium, and tellurium.'®! Notably, the sulfur and selenium deriva-
tives 2a and 2b were transformed into the corresponding
cyclobutene isomers 3a and 3b upon UV irradiation
(Scheme 1).133
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Scheme 1. Sekiguchi’s synthesis of chalcogen-containing bicy-
clo[1.1.0]butanes 2a—2c¢ and isomerization to cyclobutene derivatives
3a and 3b (R = SiMetBu,; a: E=S; b: E = Se; ¢: E = Te).[®!

In 2012, we reported the first peraryl-substituted cyclotri-
silene 5 (c-SisR4, R = Tip = iPr;C¢H,, Scheme 2),!°! which
displays a highly versatile reactivity in terms of m addition to
the Si=Si double bond,'”! o insertion to an endocyclic
Si-Si single bond,!'!] and ring-opening with formation of
acyclic disilene derivatives.'?! The reaction of cyclotrisilene 5
with acetylenes to yield 1,2,3-trisilacyclopentadienes was
shown to be particularly susceptible to the nature of the substit-
uents.!'3! We were thus curious about the effect of the peraryl
substitution on the reactivity of 5 towards chalcogens.

R e R R s, RN
R\Si/&g Sg /S|\ A \S\i\ ’
R™ “SiE excess Se s element Si=Si

& E R-ITSNR seTe R R

7a,b 5 6a-c

Scheme 2. Synthesis of 6a—6¢ and 7a, 7b. (R = Tip = iPr;C¢H,;
aE=S,bE=Se, ¢c E=Te; reaction conditions: 6a toluene, —20 °C
to room temperature; 6b thf, room temperature; 6c¢ thf, 40 °C; 7a,b
thf, 25 °C).
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Results and Discussion
Synthesis

The reactions of peraryl cyclotrisilene 5 with an equimolar
ratio of either elemental sulfur, selenium or tellurium expect-
edly afford 2-chalcogena-1,3,4-trisilabicyclo[1.1.0]butanes 6a—
6¢ (Scheme 2).

Unlike previously reported for the silyl-substituted deriva-
tives,'3! pure 2-thia-1,3,4-trisilabicyclo[1.1.0]butane (6a) could
only be obtained by reaction of cyclotrisilene 5§ with one equiv-
alent of propylene sulfide as stoichiometric source of sulfur.
The monochalcogenation products 6a—6¢ were isolated as air-
sensitive yellow to orange crystals from hydrocarbon solvents
in acceptable yields (45 % to 55 %).

The intrinsic ring strain of the bicyclo[1.1.0]butane skel-
etons of 6a and 6b allows for the insertion of a second equiva-
lent of the same chalcogen into bridging Si-Si single bond
with formation of 2,4-dichalcogena-1,3,5-trisilabicyclo[1.1.1]-
pentanes (7a and 7b, Scheme 2). In case of Sekiguchi’s silyl-
substituted derivatives only the 2,4-dithia-1,3,5-trisilabicyclo-
[1.1.1]pentane (4) had been obtained, presumably due to more
pronounced steric encumbrance of 1 in comparison to 5
(Scheme 1).8! Both bicyclo[1.1.1]pentanes 7a, 7b were iso-
lated as air-stable colorless crystals. Treatment of cyclotrisilene
5 with an excess amount of elemental tellurium failed to
achieve the insertion of a second tellurium atom even at ele-
vated temperature, probably due to the large size of tellurium
center in 6¢. Attempts to synthesize mixed derivatives of type
7 with two different chalcogen atoms remained inconclusive.

Spectroscopy

The yellow to orange color of 6a—6c mainly originates

from the longest wavelength absorptions (6a: /.. =
404nm, ¢ = 1487 L-cm *mol™!; 6b: A,.x = 408 nm,
e = 1773 Leem™mol™; 6¢: Anax = 408nm, ¢ =

1355 Lecm™'*mol™"), which are similar to those of silyl-substi-
tuted Si3S- and SizSe-bicyclo[1.1.0]butanes 2a (394 nm) and
2b (403 nm). Conversely, the A, of 6¢ is blue-shifted by no
less than A4 = 55 nm with respect to that of Si;Te- bicy-
clo[1.1.0]butane 2¢ (A, = 463 nm).[8"!

Interestingly, in contrast to the silyl-substituted Si;E-bicy-
clo[1.1.0]butanes 2a—2¢, which show the expected two 2>°Si
NMR signals in a 1:2 ratio for the bridging and bridgehead
silicon atoms,'! the 2°Si NMR spectra of 6a—6¢ in C¢Dg at
room temperature consist of just a single signal at relatively
low field [0 = 3.17 (6a), —1.63 (6b), —1.24 (6¢) ppm]. A dy-
namic process equilibrating all three silicon atoms seemed un-
likely on the basis of the low propensity for migration of sili-
con-bonded aryl groups.''* Indeed, the NMR spectra of 6a—6¢
in the solid state suggested that apparently only two of the ring
atoms are involved in a dynamic process.

Figure 1a shows the representative 2°Si CP-MAS NMR
spectrum of 6b with three signals at 6 = 0.61, —54.3, and
—68.9 ppm in a ratio of 1:1:1. Similar signals were also ob-
served in the 2°Si CP-MAS NMR spectra of 6a (J = 3.0, —44.4,
and —59.2 ppm) and 6¢ (0 = 1.1, —85.9, and -98.0 ppm). The
most downfield shifted signals of each spectrum agree reason-

ably well with those of the single signals in the corresponding
solution spectra at room temperature and are therefore as ex-
pected not involved in the exchange reaction. The non-equiva-
lence of the two SiTip moieties is confirmed by variable-tem-
perature 2°Si NMR of 6b. At 233 K in [Dg]toluene, three 2°Si
NMR signals of equal intensity appear at 0 = -2.67, —54.9, and
—68.9 ppm (Figure 1b), very similar to those of 6b in the solid
state. Analogous 2°Si NMR behavior occurs in the cases of
6a and 6¢ with three signals each (6a: 6 = 1.86, —43.0, and
—58.27 ppm; 6¢: 0 = -2.10, —-87.4, and -98.7 ppm) at 233 K
(Figure S29, Supporting Information). On the basis of a 2D
'H2°Si correlation spectrum, the low-field signals of 6a—6¢ are
assigned to the SiTip, unit and the two high-field signals to
the bridgehead SiTip. With rising temperature, the latter signals
are gradually broadened and disappear in the noise at approxi-
mately 263 K (Figure 1b).

0.61

(a) _ _543 —689
SiTipz SiTip SiTip
(b) \ 303K
263K ,
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253K
"”‘*‘W"‘“WMJW -WMMJWMWWW
qum-wwnj 24—?-.:(.... MWWHMM et
-27 -549 -68.9
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oot “l oy v A Ml-MWWW*
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Figure 1. (a) 2°Si CP-MAS NMR of 6b at 303 K; (b) variable-tem-
perature 2°Si NMR of 6b in [Dg]toluene.

In contrast, the 2°Si NMR spectra of the disulfur and dis-
elenium species 7a and 7b show as expected two signals in a
ratio of 1:2 at 6 = 35.37, -9.18 ppm for 7a and ¢ = 37.16,
—-31.62 ppm for 7b. The assignment of signals was therefore
straightforward on the basis of relative intensities. The release
of ring strain in comparison to 6a and 6b explains the relative
downfield shift of the 2°Si NMR signals as previously reported
for 4 (0 = 69.8, —4.1ppm) versus 2a (0 = -22.0,
—119.9 ppm)™! as well as for monochalcogen versus dichalco-
gen addition product of disilenes.[®! Selected spectroscopic and
crystal data of 6a—6¢ and 7a, 7b are summarized in Table 1.

Table 1. Selected bond lengths /A and spectroscopic data of 6a—6¢ and
7a, Tb.

Sil-Si2 ® = 2°Si /ppm J = 2°Si /ppm Jimax /nM
(25 °C, C¢Dg) (in the solid)
6a 2.275(1)  3.17 3.0, 444,-59.2 404
6b 2.302(8) -1.63 0.61, -54.3, —68.9 408
6¢ - -1.24 1.1, -85.9, -98.0 408
7a 2.548(4)  35.37,-9.18 -b -
7b 2.655(1)  37.16, -31.62 -® -

a) Bond length between bridgehead silicon atoms. b) 2°Si CP-MAS of
7a and 7b were not measured due to solution spectra being consistent
with expectations.
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Solid State Structures

Single crystals of 6a—6¢ were obtained from hexane at room
temperature. Unlike the SizE-bicyclo[1.1.0]butanes 2a-2c,
which adopt an orthorhombic crystal system,®3b1 6a—6¢ crys-
talize in the triclinic P1 space group. In all cases, pronounced
positional disorder of almost the entire asymmetric unit needed
to be addressed by refinement as split models between two
alternative orientations of the molecule in a 4:1 ratio (Fig-
ure 2). Refinement proceeded smoothly for both 6a and 6b so
that the bonding parameters can be discussed with confidence.
Figure 2a shows the molecular structure of 6a as an example
(6b: Figure S40, Supporting Information).

Figure 2. (a) The major position in the disordered solid-state structure
of 6a. (b) Disorder in crystals of 6a. The dashed bond indicates the
minor position. Thermal ellipsoids at 50 %, hydrogen atoms are omit-
ted for clarity. Selected bond lengths /A and angles /°: Sil-Sla
2.196(1), Si2a-Sla 2.195(1), Sil-Si2a-2.275(1), Si2a-Si3a 2.339(1),
Sil-Si3a 2.346(1); Cl16a-Si2a-Sil 151.9(9), C1-Sil-Si2a 150.2(9),
C3la-Si3a—C46a 107.8(1), Si3a-Si2a-Sla 96.3(5), Si2a-Si3a-Sil
58.1(3)

Both 6a and 6b are typical short-bond isomers!'>! with rela-
tively small interplanar angle (6a: 122.2°, 6b: 120.0°) between
the two three-membered rings and large R-Si-Si angles
[151.909)°, 150.2(9)° in 6a; 150.3(5)°, 152.1(6)° in 6b]. The
remarkable short Si-Si bridge in 6a and 6b [Sil-Si2a: 6a
2.275(1) A; 6b 2.302(8) A] had also been observed in 2a—2c!8!
and is characteristic for chalcogenadisiliranes in general.[®! The
differing 2°Si NMR chemical shifts for the SiTip moieties in
low temperature experiments and the solid state are readily
explained by the strongly differing torsion of the Tip substitu-
ents about the Si—C bond vector with respect to the Si; ring
[Tsitip 39-2(3)° in 6a, 40.6(2)° in 6b; Tgiparip 71.2(2)° in 6a,
70.3(1)° in 6b].

The optimized structure of 6a and 6b based on DFT calcula-
tions at the BP86(D3)/def2-SVP level of theory nicely repro-
duced the differing dihedral distortion at the bridgehead silicon
atoms (calcd. Tgi i, 41.2° in 6a, 41.4° in 6b; TgipTip 72.8° in
6a, 73.7° in 6b). The 2°Si NMR chemical shifts of 6a predicted
at the M06-2X(D3)/def2-TZVPP level of theory [0*°Si e 0.9
(SiTip,y), —=39.4 (Si2aTip), -54.4 (SilTip) ppm] are in good
agreement with the experiment and allow for an assignment of
the more deshielded 2°Si NMR signal to the silicon atom with
the more twisted Tip group. Indeed, a contour plot (6a: Fig-
ure 3, 6b: Figure S44, Supporting Information) shows the

LUMO to be predominantly located at the Si2aTip moiety.
Therefore, the non-equivalence silicon chemical shift of SiTip
unit below 263 K in solution and in solid state is proposed to
originate from the near orthogonality of the rotationally hin-
dered Tip group at Si2a, which allows for considerable in-
phase interaction of m orbitals at C16a with the ¢* orbital at
Si2a. As the LUMO is largely determining the paramagnetic
contribution to the chemical shift tensor the deshielding of
Si2a relative to Sil is plausible.!''®! The non-reappearance of
an averaged signal even at 303 K, however, suggests a more
complicated interplay of more than one dynamic equilibrium,
possibly related to the equally hindered rotation of the Tip
groups at Si3.

HOMO LUMO

Figure 3. Contour plots of HOMO and LUMO of 6a at the BP86(D3)/
def2-SVP level of theory (isosurface = 0.05 a.u.).

The SiszE,-trisilabicyclo[1.1.1]pentanes 7a, 7b (Figure 4)
crystallize in the monoclinic P21/c space group. The skeletal
Si—Si bond lengths of 7a and 7b [2.372(4), 2.353(4) A for 7a;
2.368(0), 2.375(1) A for 7b] fall within the normal range of
Si-Si single bonds.l"”! Similarly, the Si—E bond lengths of 7a
and 7b [7a: E = S, 2.164(1) to 2.198(1); 7b: E = Se, 2.309(6)
to 2.339(7) A] differ only insignificantly from those of 6a
[2.159(1) A] and 6b [2.330(7) A] or 2a—2¢!8! and other chalco-
genadisiliranes.[©3-62]

Figure 4. Molecular structure of 7a (right) and 7b (left). Thermal ellip-
soids at 50 %, hydrogen atoms are omitted for clarity. Selected bond
lengths /A and angles /°: 7a: Sil1-Si3 2.351(1), Si2-Si3 2.371(1), Sil-
S12.167(1), Si2-S1 2.187(1), Si1-S2 2.198(1), Si2-S2 2.164(1); Sil—
Si3-Si2 65.4(2), Si3-Si2-S2 91.4(3), Si3-Sil-S2 91.1(4), Si2-S1-Sil
71.7(3), Si1-S2-Si2 71.5(3). 7b: Si3-Sil 2.375(8), Si3-Si2 2.368(9),
Sil-Sel 2.309(6), Si2-Sel 2.339(7), Sil-Se2 2.335(7), Si2-Se2
2.314(6); Sil-Si3-Si2 68.1(3), Si3-Si2-Sel 91.2(3), Si2-Sel-Sil
69.7(2), Sel-Sil-Si3 91.8(2), Si3-Sil-Se2 90.4(3), Sel-Si2—Se2
90.6(2), Sil-Se2-Si2 69.6(2).

Thermal Isomerization of 6¢ to Tellura-Trisilacyclobutene 8

Thermal isomerization between tetrasilabicyclo[1.1.0]butane
and tetrasilacyclobutene had initially been observed by
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Kira et al.®Y Transformation of SizE-trisilabicyclo[1.1.0]but-
ane 2a and 2b to corresponding trisilacyclobutene 3a and 3b
was achieved by photochemical irradiation (Scheme 1).1%4! Tel-
lura-trisilacyclobutenes, however, have not been reported pre-
viously.

We anticipated that the more sterically demanding peraryl-
substitution of tellurabicyclobutane 6c¢ might allow for its
isomerization. After heating of a solution of 6¢ in an NMR
tube to 60 °C for 1 h, indeed three new signals appeared in the
29Si NMR in a ratio of 1:1:1 at § = 103.4, 35.6 and —30.0 ppm.
The two low-field signals are indicative of the presence of
tricoordinate silicon atoms and thus suggest the formation of
tellura-trisilacyclobutene 8¢ as the thermodynamically favored
isomer (Scheme 3). Very large chemical shift differences in
polarized Si=Si double bonds (such as the one in 8c¢) have
been subject to intense theoretical scrutiny.!'® The sulfur and
selenium derivatives 6a and 6b are similarly transformed into
new species upon heating to 60 °C with diagnostic signals in
the 2°Si NMR spectrum (6 = 128.2, 19.4 and —12.2 ppm for 8a;
127.7, 21.7, and -8.9 ppm for 8b, Figures S31-33, Supporting
Information). Attempts to isolate 8a—8c by crystallization from
different solvents such as hexane, toluene and thf failed. After
deliberate quenching of the reaction mixture containing 8¢
with a small amount of water added by microsyringe, however,
the hydrolyzed dimer 9 was obtained from toluene as colorless
crystals in 30 % yield (Scheme 3).

ol Re& H?\ "*SllQ'/O\S" _,R
Si Te A Si—Te HZO Si 1 I‘_SI'—H
N A = | I
_Si—Si_ Si=S8i_ R’S,i"TE Te‘Si\R
R R R R R F‘l
6c 8c 9

Scheme 3. Isomerization of 6c to tellura-trisilacyclobutene 8¢ and sub-
sequent hydrolysis product 9.

Single crystal X-ray structure analysis confirmed the consti-
tution of 9 as disiloxane-bridged Si;Te cycles (Figure 5), in
which the Si-Si single bond lengths are within the normal
range from 2.380(8) to 2.401(8) A.['7! The Si-Te bond lengths
are between 2.540(6) and 2.562(6) A, highly comparable with
that in 2-tellura-1,3,4-trisilabicyclo[1.1.0]butane (2¢) (2.551
and 2.572 A).8® The four-membered rings of Sil-Si2—Si3—
Tel are almost planar with small folding angles of the tel-
lurium atoms regarding the adjacent Sis planes [Tel-Sil-Si3
versus Sil-Si2-Si3 5.3(2)°/ Te2-Si4-Si6 versus Si4—Si5-Si6
9.0(2)°]. In the '"H NMR of 9 the Si—H signal is detected at &
= 6.52 ppm as a singlet with 2°Si satellites ('Jg;_y = 143 Hz).
The 2°Si NMR shows three signals at § —2.22, —28.87, and
—45.36 ppm. On the basis of the 2D 'H/?°Si HMBC spectrum
(Figure S25, Supporting Information), the signal at
—-28.87 ppm is attributed to SiH, whereas the signals at o
—45.36 and —2.22 ppm are due to the SiTip, and SiOTip moie-
ties, respectively.
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Figure 5. Molecular structure of 9:C;Hg. Thermal ellipsoids at 50 %,
hydrogen atoms and co-crystalized C;Hg molecule are omitted for clar-
ity. Selected bond lengths /A and angles /°: Sil-Si2 2.380(8), Si2—Si3
2.401(8), Si4-Si5 2.380(8), Si5-Si6 2.394(8), Si2-H1 1.37(2), Si5-H2
1.38(2), Si1-0O1 1.656(2), Si4-O1 1.657(2), Si3-Tel 2.555(6), Sil—
Tel 2.540(6), Sid-Te2 2.547(6), Si6-Te2 2.562(6); Si4—O1-Sil
143.5(9), Sil-Tel-Si3 87.7(2), Si4-Te2-Si6 88.5(2).

Conclusions

We reported the synthesis of peraryl-substituted 2-chalco-
gen-1,3,4-trisila-bicyclo[1.1.0]butanes 6a—6¢ and 2,4-dichalco-
gen-1,3,5-trisilabicyclo[1.1.1]pentanes 7a and 7b via reactions
of cyclotrisilene 5 with chalcogens. In comparison to the pre-
viously reported silyl-substituted 2a—2¢, 6a—6¢ show peculiar
dynamics in solution NMR studies related to the conformation
of the aryl substituents. Thermal isomerization of 6c¢ to 2-tel-
lurium-1,3,4-trisilacyclobutene (8c) is confirmed by the isola-
tion of the hydrolysis product 9.

Experimental Section

General All manipulations were carried out in a protective atmosphere
of argon applying standard Schlenk techniques or in a glovebox. Sol-
vents were distilled over sodium/benzophenone in an argon atmo-
sphere. CgDg and [Dg]toluene were dried with potassium and distilled
in an argon atmosphere before use. 1,1,2,3-Tetra(2,4,6-triisoprop-
ylphenyl)trisilacyclopropene (cyclotrisilene 5) was prepared according
to the published procedure.®! All other chemicals were obtained com-
mercially and used as supplied. NMR spectra in solution were recorded
with a Bruker Avance III 300 MHz spectrometer. 'H and '3C NMR
spectra were referenced to residual signals of the deuterated solvent;
29Si was referenced to external SiMe,. Solid-state 2°Si CP-MAS NMR
spectra were recorded with a Bruker AV400 WB spectrometer at
79.5 MHz with a 13 KHz spinning rate. UV/Vis spectra were acquired
with a Perkin-Elmer Lambda 35 spectrometer using quartz cells with
a path length of 0.1 cm. Melting points were determined in an argon
atmosphere in a sealed NMR tube. Elemental analysis was performed
with a Leco CHN-900 analyzer.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository numbers CCDC-1840604 (6a), CCDC-1840606 (6b), CCDC-
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1840605 (7a), CCDC-1840607 (7b), and CCDC-1840608 (9)
(Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http:/
www.ccde.cam.ac.uk).

Synthesis of 6a: Cyclotrisilene 5 (300 mg, 0.334 mmol) was dissolved
in 10 mL toluene and the resulting solution cooled to —20 °C. Propyl-
ene sulfide (27 pL, 0.334 mmol) was introduced via micro syringe,
upon which the color of the reaction mixture changed from orange to
yellow within 2 min. Stirring was maintained for 1 h while warming
to room temperature. After removal of volatiles in vacuo, the resulting
light yellow residue was dissolved in 2 mL hexane. Cubic yellow crys-
tals of 6a formed over 5 h and were isolated by solvent decantation
(170 mg, yield: 55 %, m.p. 165-168 °C, dec.). '"H NMR (300.13 MHz,
CeDsg, 300 K): 6 =7.31, 7.30 (br., 1 H, Tip-CH); 7.15 (overlapped with
solvent, 4 H, Tip-CH); 7.00, 6.99 (br., 1 H, Tip-CH); 6.95 (br., 2 H,
Tip-CH); 4.89-4.81, (m, 1 H, iPr-CH); 3.93 (br,, 3 H, iPr-CH); 3.72
(br., 3 H, iPr-CH); 3.19-3.11 (m, 1 H, {Pr-CH); 2.75-2.70 (m, 4 H,
iPr-CH); 1.74 (br., 6 H, iPr-CH;); 1.41 (br., 12 H, iPr-CH3); 1.22 (br.,
9 H, iPr-CH;); 1.19, 1.18, 1.17, 1.15, 1.13 (each br, together 30 H,
iPr-CH3); 1.06 (br., 9 H, iPr-CH3); 0.80 (br., 6 H, iPr-CH;) ppm.
I3C{'H} NMR (75.47 MHz, Cg¢Dg, 300K): J = 155.97, 154.90,
153.78, 152.18, 150.37, 150.11 (Tip-C); 136.88, 133.05, 126.40,
122.20, 121.87, 121.64 (Tip-CH); 37.44, 36.10, 36.00, 34.58, 34.42,
31.79 (iPr-CH); 25.77, 25.48, 23.96, 23.87, 23.77, 23.68, 22.87 (iPr-
CH3) ppm. ?*Si{'H} NMR (59.6 MHz, C4Ds, 300 K): 6 = 3.17 (SiTip,)
ppm. ¥Si{'H} CP-MAS (79.5 MHz, 300 K): § = 3.0 (SiTip,), —44.4
(SiTip), —=59.2 (SiTip) ppm. UV/Vis (hexane) 4., (€): 404 nm (1487
M em™). CgoHosSisSe: caled. C 77.51; H 9.97 %; found: C 76.25; H
9.90%.

Synthesis of 6b: A suspension of cyclotrisilene 5 (500 mg,
0.557 mmol) and selenium powder (44 mg, 0.557 mmol) in 6 mL thf
was stirred at room temperature overnight. Removal of the solvent in
vacuo resulted in a yellow residue, which was extracted with hexane
(2 X5 mL) and filtered. The filtrate was concentrated to ca. 3 mL from
which yellow crystals of 6b were obtained at room temperature over-
night and isolated by solvent decantation (233 mg, yield: 45 %, m.p.
163-166 °C, dec.). 'TH NMR (300.13 MHz, C¢Dg, 300 K): 6 = 7.31
(br., 1 H, Tip-CH); 7.13 (overlapped with solvent, 4 H, Tip-CH); 6.99
(br., 1 H, Tip-CH); 6.94 (br., 2 H, Tip-H); 4.91-4.82 (m, 1 H, iPr-CH);
3.92 (br., 6 H, iPr-CH); 3.18-3.10 (m, 1 H, iPr-CH); 2.74-2.70 (m, 4
H, iPr-CH); 1.73 (br., 6 H, iPr-CH;); 1.41 (br, 21 H, iPr-CH;); 1.18
(s, 3 H, iPr-CH5); 1.16, 1.15, 1.13 (each br, 24 H, iPr-CH;); 1.02
(br., 12 H, iPr-CH3); 0.69 (br., 6 H, iPr-CH;) ppm. 3C{1H} NMR
(75.47 MHz, C¢Dg, 300K): 0 = 156.12, 155.18, 153.71, 152.06,
150.41, 150.23 (Tip-C); 138.28, 132.66 (Tip-CH); 126.06, 122.36,
122.02, 121.84, 121.72 (Tip-CH); 36.86, 36.25, 36.10, 34.56, 34.10
(iPr-CH); 24.93, 24.28, 23.94, 23.85, 23.77, 23.62, 22.87 (iPr-CH3)
ppm. #Si{'H} NMR (59.6 MHz, C¢Dg, 300 K): & —1.64 (SiTip,) ppm.
2Si{'H} CP-MAS (79.5 MHz, 300 K): 6 = 0.61 (SiTip,), —54.3 (Si-
Tip), —68.9 (SiTip) ppm. UV/Vis (hexane) A, (€): 352 nm (1951
M-L:em™), 408 nm (1773 M~:em™). CgoHo,Si5Se: caled. C 73.79; H,
9.50 %; found: C 72.84; H, 9.24 %.

Synthesis of 6¢: Cyclotrisilene 5 (500 mg, 0.557 mmol) and 1.2 equiv-
alents of tellurium powder (85.4 mg, 0.669 mmol) were mixed in a
Schlenk tube. After addition of 10 mL of thf, the reaction mixture was
stirred at 40 °C for 8 h. Removal of thf in vacuo resulted in an orange
solid that was extracted with hexane (2 X5 mL) and filtered. The fil-
trate was concentrated to ca. 2 mL and stored at room temperature.
Orange crystals of 6¢ were obtained over 2 d and isolated by solvent
decantation (280 mg, yield: 50 %, m.p. 165-170 °C, dec.). '"H NMR
(300.13 MHz, C¢Dg, 300 K): 6 = 7.30 (br., 1 H, Tip-CH); 7.16 (br.,
overlap with solvent, 3 H, Tip-CH); 7.10 (br., 2 H, Tip-CH); 6.99 (br.,

1 H, Tip-CH); 6.96 (br., 1 H, Tip-CH); 4.96 (m, 1 H, iPr-CH); 4.23
(br., 3 H, iPr-CH); 3.80 (br., 3 H, iPr-CH); 3.16, 3.14 (m, 1 H, iPr—
CH); 2.76-2.65 (m, 4 H, iPr—CH); 1,70 (br., 6 H, iPr-CH>); 1.48, 1.39
(each br, 18 H, iPr-CHs); 1.17, 1.16, 1.14, 1.13 (each br, 27 H, iPr—
CHs); 0.94 (br., 21 H, iPr—-CH;) ppm. 3C{'H} NMR (75.47 MHz,
C¢Dg, 300 K): 0 = 157.80, 156.13, 155.52, 154.48, 153.62, 151.78,
150.41, 150.37, 141.29 (Tip-CH); 132.82 (Tip-CH); 122.62, 122.36,
122.09, 121.73 (Tip-CH); 38.13, 37.00, 36.37, 36.21, 34. 57, 34.51,
34.37,34.27,31.79 (iPr—-CH); 26.51, 25.13, 24.36, 24.22, 23.92, 23.81,
23.80, 23.78, 23.54, 22.88 (iPr—CH3) ppm. ?Si{'H} NMR (59.6 MHz,
Ce¢Dg, 300 K): 6 = —1.24 (SiTip,) ppm. ¥Si{'H} CP-MAS (79.5 MHz,
300 K): 0 = 1.1 (SiTip,), —85.9 (SiTip), —98.0 (SiTip) ppm. UV/Vis
(hexane) An.x (€): 408 nm (1355 M~':cm™). CgoHg,SisTe: caled. C
70.92; H, 9.04 %; found: C 69.68; H, 8.72 %.

Synthesis of 7a: Cyclotrisilene 5 (400 mg, 0.446 mmol) and one
equivalent of Sg (114 mg, 0.446 mmol) were mixed and dissolved in
10 mL thf. A color change from orange to pale-yellow occurred after
the reaction mixture was stirred at room temperature for 1 h. The sol-
vent was removed in vacuo and the resulting pale-yellow residue ex-
tracted with hexane (2 X5 mL) and filtered. The filtrate was concen-
trated to ca. 3 mL and stored at room temperature. Colorless crystals
of 7a formed over 2 h and were isolated by solvent decantation
(231 mg, yield: 54%, m.p. 217-220 °C). 'H NMR (300.13 MHz,
CgDg, 300 K): 6 = 7.26 (br., 2 H, Tip-H); 7.07 (br., 4 H, Tip-H); 6.92
(br., 2 H, Tip-H); 4.27-4.22 (m, 3 H, iPr-CH); 3.49-3.44 (m, 3 H, iPr-
CH); 2.78-2.66 (m, 6 H, iPr-CH); 1.88 (d, Jyu = 6.4 Hz, 6 H, iPr—
CH;); 1.48 (d, Juu = 6.6 Hz, 9 H, iPr-CH,); 1.40 (br., 6 H, iPr-CHs);
1.21, 1.19 (each d, 18 H, iPr—CH3); 1.13 (d, Jyu = 6.9 Hz, 18 H, iPr—
CH;); 098 (d, Juu = 6.7 Hz, 6 H, iPr-CH3); 0.47 (d, Juu = 6.7 Hz,
6 H, iPr-CH3) ppm. 3C{'H} NMR (75.47 MHz, C¢Ds, 300 K): J =
156.96, 153.65, 153.20, 152.27, 151.81, 150.00 (Tip-C); 135.04 (Tip-
CH); 124.46, 123.04, 122.48, 122.07 (Tip-CH), 37.99, 35.31, 34.50,
34.38 (iPr—CH); 28.06, 24.77, 24.74, 24.12, 24.04, 23.83, 23.73, 23.61,
22.97 (iPr—CH3) ppm. 2*Si{'H} NMR (59.6 MHz, C¢Ds, 300 K): 6 =
35.37 (SiTipy), —9.18 (SiTip) ppm. CgoHo,Si5S,: caled. C 74.93; H,
9.64 %; found: C 73.15; H, 9.44 %.

Synthesis of 7b: Cyclotrisilene 5 (300 mg, 0.33 mmol) and excess
amount of selenium powder (156 mg, 1.98 mmol) were mixed and dis-
persed in 6 mL thf. After the reaction mixture was stirred at room
temperature overnight, thf was removed in vacuo, and the resulting
residue was extracted with hexane (2 X 5 mL) and filtered. The filtrate
was concentrated to ca. 3 mL, colorless crystals of 7b were obtained
at room temperature overnight and isolated by solvent decantation
(174 mg, yield: 50 %). "H NMR (300.13 MHz, C¢Dg, 300 K): 6 = 7.26
(s, 2 H, Tip-CH); 7.06 (br., 4 H, Tip-CH); 6.91 (s, 2 H, Tip-CH); 4.42—
4.34 (m, 2 H, iPr-CH); 4.03 (br,, 2 H, iPr-CH); 3.62 (br., 2 H, iPr—
CH); 3.47-3.40 (m, 2 H, iPr-CH); 2.78-2.62(m, 4 H, iPr-CH); 1.86
(d, Juu = 6.2Hz, 6 H, iPr-CH3); 1.48 (d, Jyu = 6.3 Hz, 12 H, iPr-
CHs); 1.21, 1.19, 1.17 (each d, 18 H, iPr-CH3); 1.13 (br., 6 H, iPr—
CHs); 1.11 (br., 6 H, iPr-CH3); 0.92 (d, Jyy = 6.6 Hz, 6 H, iPr-CHs);
0.69 (br., 6 H, iPr-CH3); 0.41 (d, Juu = 6.5 Hz, 6 H, iPr-CH;) ppm.
BC{'H} NMR (75.47 MHz, C¢Dg, 300K): 6 = 153.39, 153.17,
151.99, 149.95 (Tip-C); 136.11 (Tip-CH); 123.26, 122.73, 122.18 (Tip-
CH); 37.66, 35.58, 35.14, 34.49, 31.79, 29.30, 27.75 (iPr—CH); 24.79,
24.27, 24.01, 23.81, 23.72, 23.60, 22.87 (iPr—CH3) ppm. 2*Si{'H}
NMR (59.6 MHz, C¢Dg, 300 K): 6 = 37.16 (SiTip,), —31.62 (SiTip)
ppm. CgoHogsSizSe,: caled. C 68.27; H, 8.79 %; found: C 67.25; H,
8.64 %.

Synthesis of 9: At room temperature 6¢ (100 mg, 0.11 mmol) was
dissolved in 5 mL thf and the resulting solution was heated to 60 °C
for 2 h in a sealed Schlenk tube. After that the solution was cooled
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down to room temperature, water (20 pL) was added in 10-fold excess
to the reaction mixture via micro syringe. The resulting colorless mix-
ture was stirred for 5 min followed by removal of solvent in vacuo.
The residue was extracted by addition of 5 mL toluene and filtered.
The filtrate was condensed to ca. 2 mL and kept at room temperature.
Colorless crystals of 9 appeared overnight, which were isolated by
solvent decantation and dried in vacuo (34 mg, yield: 30 %). '"H NMR
(300.13 MHz, C¢Dy, 300 K): 6 = 7.19 (br., 2 H, SiTip, Tip-CH); 7.13
(br., 2 H, SiTip, Tip-CH); 7.09 (br., 2 H, Tip-CH); 7.06 (br., 2 H,
SiTip, Tip-CH); 6.96 (br., 2 H, SiTip Tip-CH); 6.88 (br., 2 H, SiTip,
Tip-CH); 6.80 (br., 2 H, Tip-CH); 6.62 (br., 1 H, Tip-CH); 6.52 (br.,
2 H, SiH); 5.70 (m, 2 H, iPr-CH); 4.99-4.92 (m, 2 H, iPr-CH); 4.17—
4.13 (m, 2 H, iPr-CH); 3.90-3.82 (m, 2 H, {Pr—CH), 3.52 (m, 2 H,
iPr-CH); 3.18-3.12 (m, 2 H, iPr-CH); 2.84-2.68, 2.62-2.52 (m, 12 H,
iPr-CH); 1.79 (d, Jun = 6.7 Hz, 6 H, iPr-CH;); 1.75 (d, Jyn = 6.7 Hz,
3 H, iPr-CH3); 1.56 (d, Jyu = 6.5 Hz, 9 H, iPr-CH3); 1.45 (d, Jyu =
6.5 Hz, 6 H, iPr-CHs); 1.40, 1.38, 1.36 (each br, total 18 H, iPr-CHs);
1.31, 1.29 (each d, 21 H, iPr-CHj;); 1.26 (d, Jyu = 2.8 Hz, 6 H, iPr-
CH3), 1.24 (d, Juu = 6.9 Hz, 6 H, iPr-CH3); 1.08, 1.06, 1.04, 1.02
(each d, total 24 H, iPr-CHs); 0.73-0.70 (m, 9 H, iPr-CH3); 0.57 (d,
Jun = 6.4 Hz, 6 H, iPr-CH3); 0.44-0.40 (m, 12 H, iPr-CH3); 0.36 (d,
Jun = 6.7Hz, 6 H, iPr-CH;); 0.27 (d, Juu = 6.3 Hz, 12 H, iPr-CH;)
ppm. BC{IH} NMR (75.47 MHz, C¢Ds, 300 K): 6 = 158.63, 155.43,
155.01, 154.83, 154.64, 154.11, 153.83, 151.82, 150.81, 150.50,
149.48, 149.28 (Tip-C); 136.50, 133.92, 131.58, 130.21, 129.15,
128.39, 125.52, 124.73, 122.96, 122.65, 122.42, 122.25, 122.05,
121.72 (Tip-CH); 39.12, 36.40, 36.23, 35.94, 34.98, 34.81, 34.27,
34.14, 33.45 (iPr-CH); 31.37, 30.91, 30.04, 29.07, 27.86, 26.68, 26.44,
25.7, 25.34, 25.27, 25.13, 24.45, 24.31, 23.78, 23.73, 23.59, 23.49,
23.13, 21.64 (iPr-CHs) ppm. %*Si{'H} NMR (59.6 MHz, CgDs,
300K): 0 = -2.22 (SiTeTip), —28.87 (SiTip), —45.36 (SiTip,) ppm.
C1o0H g60SigTe,: caled. C 69.68; H, 9.06%; found: C 68.37; H,
8.62 %.

Supporting Information (see footnote on the first page of this article):
Plots of NMR spectra (Figure S1-S33), UV/vis spectra (Figure S34-
S39), molecular structure of 6b (Figure S40), X-Ray crystallographic
and computational details.
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3.5 Supplementary Results: Reactivity of Cyclotrisilene towards

Divalent Species of Group 14 Elements

In 2003, Sekiguchi et al. reported a rather unusual type of reaction of the
1-disilagermirene 26 and 2-disilagermirene 27 with GeClz-dioxane, which gave fast
and effective access to disiladigermetene 91 as a new unsaturated four-membered
ring system consisting of Ge=Ge double bond (Scheme 51).193 Formation of 91 was
proposed to proceed through GeClz-dioxane oxidative addition across the Si=Si
double bond to produce chlorogermylene 93 (96 in the case of 27). The resulting 93
(96) then would quickly undergo intramolecular insertion into the Si—-Ge bond to form
compound 94 (97) with a Si=Ge (Ge=Ge) bond. The latter then could possibly
rearrange to bicyclo[1.1.0]butane derivative 95 followed by 1,2-Cl migration to form
the final 91. The general applicability of this protocol was demonstrated by the
reaction of both 26 and 27 with SnClz-dioxane, which quantitatively produced the
same product 92 (Scheme 51). In our previous research these heavy dichlorocarbene
analogues were used as well as a source of germanium and tin to synthesize the
germanium- and tin-substituted dismutational isomer of benzene analogues E2SisR4
(E = Ge, Sn).1%* With the knowledge of reactivity of cyclotrisilene 24 towards a wide
range of reagents as discussed in the chapter 1.7 and 3.1-0, we were therefore
inspired to investigate its reactivity towards these divalent species of Group 14

elements.
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Scheme 51. Reaction of 1-disilagermirene 26 and 2-disilagermirene 27 with
GeCl,/SnCl;-dioxane yields 91 and 92, respectively, and the proposed mechanism.®

3.5.1 Reactions of 24 with SnCl:

A solution of cyclotrisilene 24 was introduced via cannula to the colorless suspension
of SnCl2 in thf at room temperature. Color of the mixture turned green immediately
after the first several drops of cyclotrisilene had been added. After complete addition
the reaction mixture gradually turned dark-brown. Yellow crystals of 98 are obtained
by crystallization at 5 °C accompanied by precipitated particles of elemental Sn
(Scheme 52). The green color at the very beginning of the reaction could hint towards
an initial s-bond insertion intermediate 99, from which the final product 98 could be
derived by a twofold migration of chlorine atoms from the tin center to the unsaturated

Si=Si moiety.

72



Cl gj

in_\ ¥
S
24 + nel, . . (98)
rt, thf Tip//S|_S\|\Tip
Cl Tip
Tip Cl
\|s|i—5r|{/CI
./ \ Tip
Tip 99 Tip

Scheme 52. Reaction of 24 with SnCl, results in 98.

In the "H NMR spectrum of 98, the resonances of the coordinated thf molecule are
detected at 6 3.51, 3.47 and 1.62 ppm as broad signals. Due to the low stability of 98
in both deuterated- thf and benzene (complex signals appeared in 2°Si NMR
spectrum after 98 was dissolved in these solvents over 30 minutes), 2°Si CP-MAS
was measured in order to obtain reliable data of the chemical shifts of 98 regarding its
integrity in solution. As shown in Figure 13, three signals appear in the solid state
NMR spectrum at 5 36.6, 19.1 and 16.5 ppm, of which the latter signal at 6 15.6 ppm
is slightly broad in comparison to another two singlet signals. Needle-shaped yellow
crystals of 98 suitable for X-ray single crystal structure analysis were obtained by
careful crystallization from thf at 0 °C, and isolated by solvent decantation in 40%
yield. UV/vis spectroscopy recorded on a light-yellow tetrahydrofuran solution shows
a clear maximum at A 271 nm mainly resulting from the aryl substituents absorption
and a weak shoulder at A 450 nm (see: 9.2.2 UV/vis Spectra and Determination of ¢

for 98). The molecular structure of 98 in the solid state is shown in Figure 14.
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Figure 13. 2°Si CP-MAS NMR spectrum (79.5 MHz, 300 K) of 98.

X-ray structure analysis confirms the cyclic four-membered constitution, wherein the
two chlorine atoms are in trans-configuration with angles of CI1-Si1-Si2 at 112.5(1)°
and CI2-Si2-Si1 at 80.6(9)°. The Si-Si bond lengths (Si1-Si2 2.371(2) A, Si2-Si3
2.412(3) A) are within the normal range of Si-Si single bond lengths. The Si-Sn bond
lengths (Sn1-Si3 2.719(3) A, Si1-Sn1 2.701(3) A) are slightly longer than that in the
cyclic disilylated stannylene phosphane adduct (2.648 and 2.653 A) reported by
Marschner and Miiller et al.1%® and even longer than that of 1-stannacyclopentasilane
(2.620 and 2.594 A).106 Nonetheless, the Sn1-O1 bond length (2.372(3) A) is
significantly longer than that of the Sn-P bond (Sn-P 2.608 A) of the stannylene
phosphane adduct.’® The Sn1 is significantly pyramidal with sum of the bonding
angles at 276.5° (Figure 14). The four-membered skeleton of 98 exhibits a folding
constitution with a derivation of Sn1 from the plane of Si1-Si2-Si3 being 1.317 A.
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Figure 14. Molecular structure of 98 in solid state. Thermal ellipsoid at 50%. Selected bond
lengths [A] and angles [°]: Si1-Si2 2.371(2), Si2-Si3 2.410(3), Sn1-Si3 2.720(3), Si1-Sn1
2.700(3), Sn1-O01 2.371(3), Si1-CI1 2.105(4), Si2-Cl2 2.177(2); CI1-Si1-Si2 112.5(1),
ClI2-Si2-Si1 80.6(9), Si1-Sn1-Si3 82.7(9), Sn1-Si1-Si2 84.0(2), Si1-Si2-Si3 97.0(9),
Sn1-Si3-Si2 82.8(2), Si1-Sn1-01 96.6(1), O1-Sn1-Si3 97.2(1).

3.5.2 Reduction of 98 with NpLi

The two chlorine atoms in 98 was supposed to originate from SnCl2 which undergoes
c-insertion with cyclotrisilene 24 followed by chlorine migration to Si=Si double bond
resulting simultaneously in the stannylene stabilized with donor solvent thf. Therefore
we sought to remove the chlorine atoms with reduce reagent in order to reproduce
the Si=Si double bond in the four-membered ring and further obtain a targeted cyclic
disilenyl stannylene. Considering the low stability of 98 in thf the procedure was
performed without isolating it. Therefore after cyclotrisilene 24 had been added to the
suspension of SnClz in thf and stirred the reaction mixture for 30 minutes, the brown

mixture was cooled down to -30 °C and newly prepared naphthalene lithium
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suspension was introduced. The color gradually changed and finally an opaque green
mixture resulted, which was brought to room temperature with stirring overnight.
Removal of thf in vacuum resulted in a green residue, which showed the complete
disappearance of the starting material by 'H and 2°Si NMR spectra. NMR
spectroscopy, however, does not provide any useful information in identifying the
product due to the multitude of signals (Figure 15). The green residue was dissolved
in hexane from which green blocks of 100 formed after storing at room temperature

for one month.

Tip Tip
\ /
sncl,  Tipy /S S”‘j,S.f7S'\S_/Tip
24 — o N
NpLi Tlp/ \SI{_-Sn——Sn_\SI/ \T|p
Tip Tip
100

Scheme 53. Reduce the mixture of 24 and SnCl, with NpLi affording Si/Sn cluster 100 in a
non-stoichiometric manner.

S
(9.0
o - <o o 9 o
©® < © a9 o © !
e T s 8] ’
200 160 120 80 40 0 -40 -80 -120
ppm

Figure 15. 2Si NMR spectrum (79.5 MHz, CsDs, 300 K) of the reaction mixture of 24 with
SnCl> and NpLi.
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Figure 16. Molecular structure of 100 in solid state. Thermal ellipsoid at 50%. Selected bond
lengths [A] and angles [°]: Si1-Si2 2.418(2), Si2-Si3 2.382(2), Si1-Sn1 2.573(2), Si1-Sn2
2.668(2), Si3-Sn1 2.568(2), Si3-Sn2 2.710(2), Si5-Si6 2.389(2), Si5-Si4 2.384(2), Si6-Sn4
2.680(2), Si6-Sn3 2.581(2), Si4-Sn4 2.705(2), Si4-Sn3 2.561(2), Sn4-Sn1 2.905(3), Sn4-Sn3
3.163(2), Sn3-Sn2 2.915(3), Sn1-Sn2 3.152(3), Sn3-Sn1 3.094(2); Si6-Si5-Si4 81.5(6),
Si1-Si2-Si3 81.5(6), Sn1-Sn4-Sn3 61.1(4), Sn4-Sn1-Sn2 117.8(5).

X-ray crystal structure analysis revealed the constitution of these green crystals to be
a SisSn4 cluster with four-coordinate silicon atoms and four three-coordinate tin atoms
(Scheme 53, Figure 16). In the molecular skeleton all Si-Si bond lengths (from 2.382
(2) to 2.418(2) A) lie within the normal Si-Si single bond length range, most of the
Si-Sn bond lengths (2.568(2) to 2.680(2) A) are also comparable with the Si-Sn single
bond lengths of 1-stannacyclopentasilane (2.620 and 2.594 A)'% and the
tin-substituted dismutational isomer of benzene analogues Sn2SisTip4 (2.602 to 2.657
A).1% The distances between the three-coordinate tin atoms Sn1-Sn2 and Sn3-Sn4

are 3.152(3) A and 3.163(2) A, respectively, and thus 0.042 A longer than that of
Sn2SiaTips (3.110 A).'%* The other Sn-Sn distances are Sn4-Sn1 2.905(3), Sn3-Sn2
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2.915(3), Sn3-Sn1 3.094(2) A, much longer than the distance expected from normal
Sn-Sn single bond (2.81 A). An electron map of Sn atoms in 100 could probably be
clarified with the help of calculations. Therefore, for the time being, the connectivity of
the central four Sn atoms was depicted as in Scheme 53 using dash bonds. However,
due to the small quantity of crystals, measurement of 2°Si as well as '"°Sn NMR of
100 failed. A repeat experiment on a preparative scale failed (no crystal is obtained

even after two months).

3.5.3 Attempted reactions of cyclotrisilene 24 with silylenes

Considering the high reactivity of cyclotrisiiene 24 towards SnCl2 even at room
temperature, we investigated its reactivity towards the silicon analogues of carbenes
- silylenes, numerous stable representatives of which have been isolated and shown
to be highly reactive towards small molecules.? Silylenes 101 and 102, however, did
not react with cyclotrisilene 24, even after heating the reaction mixture to 60 °C
overnight (Scheme 54). Only signals of starting material and — presumably —
unidentified decomposition products of cyclotrisilene were observed in the '"H NMR of

the reaction mixture (Figure 17).

24 tBu

I
N
101= Cp*,Si: 102= Ph—<_ Si>
<N/ \OtBu
|
Bu

Scheme 54. Attempted reactions of 24 with silylenes 101 and 102.
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Figure 17. '"H NMR spectrum (300.13 MHz, CsDs, 300 K) of the reaction mixture of 24 with
102.

3.5.4 Reaction of 24 with Roesky silylene

Solid cyclotrisilene 24 and one equivalent of Roesky silylene 103 were mixed in a
NMR tube and dissolved in CsDes at room temperature, immediately resulting in
condensed deep-red solution. The reaction mixture was monitored by '"H NMR which
showed the appearance of new sets of signals after thirty minutes at room
temperature. Conversion was complete after two hours at room temperature
(confirmed by 'H NMR) and at that point the 2°Si NMR was measured. As shown in
Figure 18, apart from the signal of excess Roesky silylene at 5 14.1 ppm, another two
sets of signals also appear at (i) 6 21.1, 2.7, =7.9 and -25.8 ppm (ii) 6 -8.6, -20.0,

-24.5 and -49.3 ppm as sharp singlets, indicating the formation of two products.
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Figure 18. 2°Si NMR spectrum (59.6 MHz, C¢Ds, 300 K) of the reaction mixture of 24 with
103.
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Scheme 55. Reaction of 24 with Roesky silylene 103 yields 104 and 105.

The reaction was repeated on a preparative scale (24: 300 mg, 103: 99 mg) in a

Schlenk flask using toluene as solvent. After the resulting reaction mixture was stirred
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at room temperature for four hours, toluene was removed in vacuum and hexane was
introduced into the resulted brown residue. A bright-orange precipitate 104 formed
immediately after hexane addition (Scheme 55) and was isolated by filtration. Due to
the low solubility of 104 in CsDs, 2°Si CP-MAS NMR was measured and showed
signals at 6 21.9, 1.1, =104 and -23.5 ppm (Figure 19, up). In the UV/vis
spectroscopy 104 shows obviously the longest wavelength absorption at Amax 422 nm
(e 5820 L mol~'cm™). Crystals suitable for X-ray structure analysis formed from a
condense hexane solution. The structure of 104 was confimed to be a
four-membered Sis ring composing of three- and four-coordinated silicon atoms
(Figure 20).

-10.4
21.9 -23.5

29Si CP-MAS NMR of 104

29Si NMR 0f 105 in CeDs

-8.2 -20.0 e 8

-24.4 A
-49.3

30 20 10 0o -10 -20 -30 -40 -50 -60 -70 -80 -90 -100ppm

Figure 19. 2°Si CP-MAS NMR spectrum (79.5 MHz, 300 K) of 104 (up) and 2°Si NMR
spectrum (59.6 MHz, CsDs, 300 K) of 105 (below).

On the other hand, needle shape orange-red crystals of 105 also formed from the

filtrate diluted hexane solution overnight at room temperature. 2°Si NMR shifts of 105

is at 5 -8.2, -20.0, —24.4 and -49.3 ppm (Figure 19, below). The 2°Si NMR signals of
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104 and 105 are identical with the two sets of signals observed in Figure 18. However,
unlike 104, in the UV/vis spectroscopy 105 shows a first clear maximum at A 328 nm
(e 14350 L mol~'em™") and a shoulder absorption at A 410 nm. Based on the similarity
absorption area in comparison to that of 84 (Amax 353 nm) and the relative upfield 2°Si
NMR signals, 105 is temporary postulated as a Sis-bicyclo[1.1.0]butane derivative
(Scheme 55).

In the molecular structure of 104 the bond length of Si2-Si3 (2.323(2) A) and Si3-Si4
(2.370(3) A) lie within the normal range of Si-Si single bonds, while those of Si1-Si4
(2.290(2) A) and Si1-Si2 (2.247(4) A) are significantly shorter. The four-membered
ring is folded with a deviation of Si1 from the plane of Si2-Si3-Si4 being 1.032 A. The
distance between Si1 and Si3 is 2.770(3) A, much shorter than the sum of the van der
Waals radii of the silicon atom (4.20 A), and comparable to the diagonal Si---Si
distances (2.828 and 3.584 A) in the charge-separated tetrasilacyclobutadiene,0’
and significantly shorter than the diagonal distance between the two three-coordinate
silicon atoms of bicyclo[1.1.0]tetrasilatetraamide derivative (3.621 A).1%8 The sum of
the angles about the Si1 atom is 352.6°, indicating a certain deviation from planarity

of the Si1 coordination sphere.
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Figure 20. Molecular structure of 104 in solid state. Thermal ellipsoid at 50%. Selected bond
lengths [A] and angles [°]: Si1-Si2 2.247 (4), Si2-Si3 2.323(2), Si3-Si4 2.370(3), Si1-Si4
2.290(2), Si1-Si3 2.771(3), Si2-C1 2.144(3), Si3-N1 1.913(8), Si3-N2 1.864(5), N1-C35
1.316(9), N2-C35 1.327(1); Si1-Si4-Si3 72.9(8), Si4-Si3-Si2 96.5(9), Si3-Si2-Si1 74.6(9),
Si2-Si1-Si4 101.0(1), N1-Si3-N2 69.4(3).

DFT calculations were performed by Dr. Diego Andrada in order to get a clear picture
of the bonding situation in 104 (see: 6.1.4 Computational Details). Calculated
geometry parameters based on the optimized structure at the
BP86+D3(BJ)/def2-SVP level of theory fit well with those of the experiment (dsit-sis
and dsi2-si4, calc. 2.700, 3.509 A; exp. 2.771, 3.502 A). Natural partial charge analysis
at the BP86+D3(BJ)/def2-TZVPP//BP86+D3(BJ)/def2-SVP level of theory shows the
value of +0.89 a. u. in Si1 and +0.31 a. u. in Si3. Wiberg bond orders analysis gives a
value between Si1 and Si3 of 0.49 a.u. The distortion of the four-membered ring from
planarity could thus be interpreted as a transannular donor-acceptor interaction
between Si1 and Si3 (Figure 21).
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Figure 21. Stabilizing donor-acceptor interaction of 104.

In solid state both 104 and 105 are to some extent stable towards exposure to air:
remain unchanged up to 30 minutes. In contrast, after storing a solution of 104 in
CesDs at room temperature for two days, signals of 105 start appearing (Figure 22,
red). Even at room temperature minute signals of 105 can be observed immediately
after 104 is dissolved in CeDs (Figure 22, black). Therefore, the solution of 104 in
CsDs was sealed in the NMR tube and heated to 50 °C. Indeed, signals of 105 grow
substantially after overnight heating (Figure 22, green). Thus, a thermal
transformation of 104 to 105 is confirmed spectroscopically, despite the fact that the

identity of the latter remains obscure at this time.
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Figure 22. '"H NMR spectrum of 104 in CsDs, at 300 K (black), over two days (red) and heated
at 50 °C overnight (green).

85



“Probleme kann man niemals mit derselben
Denkweise losen, durch die sie entstanden sind.”

Albert Einstein
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4 Summary

This thesis focuses mainly on cyclotrisilenes (c-SisR4) and is organized according to
the introduction of the intrinsic feature of Si=Si double bond followed by the synthesis
and reactivity of cyclotrisilenes that have appeared in the scientific literature as well
as the photochemical and NMR behaviour. In Particular, the latest results we have
obtained in recent involving the reactivity of peraryl substituted cyclotrisilene
(c-SisTip4) is presented.

Cyclotrisilene 24 (c-SisTip4), which undergoes, besides n-addition of Si=Si double
bond and c-insertion of Si-Si single bond, ring-opening reaction to a stable silicon
version of vinyl carbene - disilenyl silylene — upon reaction with an N-heterocyclic
carbene (NHC). Until this thesis, however, this remained the only manifestation of ring
opening of cyclotrisilenes. Therefore, in this thesis the comparison reactivity of 24
towards styrene and ketones was investigated. Usual [2+4] cycloaddition occurred
between cyclotrisilene 24 and 2,3-dimethyl-1,3-butadiene at room temperature
yielding adduct 82 (Scheme 56). The reaction of it with benzaldehyde and
benzophenone resulted in the [2+2] cycloadduct 35a and 35b, respectively. However,
reactions of 24 with benzil and styrene at room temperature afforded the ring-opening
[1+2] and [1+4] cycloaddition product 57 and 58 of the isomeric disilenyl silylene to
the 1,2-diketone system and the C=C double bond, respectively. The results
represent the first examples of disilenyl silylene reactivity of any cyclotrisilene. At
elevated temperature starting reagent 24 and styrene were reproduced from the [1+2]
addition product and reacted via usual [2+2] cycloaddition pattern vyielding the
thermodynamically favoured housane derivative 59. Moreover, Si=Si double bond
was also turned out to be reactive towards the C=N double bond of diimine, yielding

the [2+2] cycloaddition product 84 (Scheme 56).
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Scheme 56. Ring-opening and n-addition reactions of 24 (c-SisTipa).

Both 57 and 58 showed typical 2°Si NMR signals of Si=Si double bond, at 5 99.69,
36.01 ppm and & 103.42, 36.16 ppm, respectively. Particularly, both 82 and 59 has a
single resonance in solution 2°Si NMR spectrum at & —46.6 for 82 and & 14.28 ppm for
59. Melting point of these n-addition housanes (> 200 °C) are higher than that of 57
(97-100 °C) and 58 (155-160 °C), in line with the less stability of Si=Si double bond
than Si-Si single bond. Reactions of 24 with benzoyl chloride and azobenzene were
also investigated which resulted in a bicyclo[1.1.1]pentane derivative 85 and the
complete N=N double bond cleavage product 88 (Scheme 57), respectively.
Ring-opening to intermediate 86 followed by C-CI insertion to the resulting disilenyl

silylene was proposed as key step of formation of 85, although no experiment proof

was provided in this thesis.
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Scheme 57. Reactions of cyclotrisilene 24 with benzoyl chloride and azobenzene.

Reactions of 24 with acetylenes were investigated, affording
1,2,3-trisilacyclopentadiene 60-61, of which 61 was the first cross-conjugated
bridging of two of the SisC2 cycles by a para-phenylene linker achieved via reaction of
24 with 1,4-diethynyl benzene (Scheme 58). In contrast to their carbon congeners
and cyclopentadiene derivatives of Group 14 elements which have almost planar
five-membered ring framework, five-membered SisC2 ring of 60a displays an

envelope conformation with a folding angle of 21.8(1)°.
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Scheme 58. Synthesis of 60-61.

DFT calculations showed the HOMOs of 60a,b are delocalized across the

unsaturated cyclic backbone with dominant contributions by the Si=Si moieties and
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less pronounced C=C components. In the case of 61, the interaction between the two
1,2,3-trisilacyclopentadiene units leads to a near-degenerate HOMO and HOMO-1
and slightly split LUMO and LUMO+1. Noticeable contributions by the
para-phenylene spacers were observed as well. The longest wavelength absorption
bands of all three products were bathochromically shifted by a significant margin of
AL = 80 nm compared with that of 24 (Amax 413 nm), certifying the Si=Si-C=C
conjugation. Variable-temperature NMR study of in the case of reaction of 24 with
diphenylacetylene discovered the initial ring-opening to disilenyl silirenes 62 (Scheme
58) that could be detected at room temperature with signals at 6 99.6, 43.0 and
-118.5 ppm, was an important intermediate which isomerized to the final product 60.
Predicted 2°Si NMR shifts of 62 (calc. 5 133.23, 78.87 and —-119.22 ppm) at the
MO06-2X(D3)/def2-TZVPP level of theory also support the postulated intermediate.
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R Rgo R R
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52
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Scheme 59. Reactions of 24 with chalcogen elements.

Considering the different reactivity c-SisTips 24 exhibited from the c-SisR4 (R = silyl),
the reactions of 24 with chalcogen elements were investigated. Reaction of 24 with
element S, Se and Te afforded corresponding

2-chalcogena-1,3,4-trisilabicyclo[1.1.0]butane derivatives 41a-c (Scheme 59). An
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interesting feature of these monoaddition products was that the 2°Si NMR in the solid
state as well as at low temperature in solution of 41a-c showed two signals for the
bridgehead silicon atoms (6 -43.0, —58.27 for 41a, -54.9, -68.9 for 41b, -87.4, -98.7
ppm for 41c¢). DFT calculations disclosed the non-equivalence silicon chemical shift of
bridgehead silicon atoms originated from the near orthogonality of the rotationally
hindered Tip group at one of the bridgehead silicon atoms which had a more
deshielded signal (Scheme 59, LUMO of 41a). Thermal isomerization of 41 to
2-chalcogena-1,3,4-trisilacyclobutenes 51 was suggested by NMR spectroscopic
data which showed typical signals of three-coordinate silicon atoms (6 128.2, 19.4
for 51a, 127.7, 21.7 for 51b, 103.4, 35.6 ppm for 51¢) and supported by the isolation
of the hydrolysis product of 2-tellura-1,3,4-trisilacyclobutene 52.

Additionally, the reaction of cyclotrisilene with Group 14 divalent species was also
investigated. The reaction of 24 with SnCl2 was proposed to undergo firstly
o-insertion of the Si-Si single bond followed by chlorine migration, yielding a
tetrahydrofuran-stabilized four-membered stannylene 98 (Scheme 60). The attempt
to reproduce the Si=Si double bond by reducing the reaction mixture with
naphthalene lithium, however, resulted in a SieSn4 cluster 100 in a non-stoichiometric
manner. Reaction of 24 with Roesky silylene 103 gave a cyclic Sis system 105
(Scheme 60), which was isolated as orange-red crystal and composed of three- and
four-coordinate silicon atoms. An air-stable orange powder 104 was also obtained
from the reaction, which was shown NMR spectroscopically to transform to 105 at

elevated temperature.
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Scheme 60. Reactions of 24 with SnCl> and Roesky silylene 103.
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5 Outlook

With the development of new synthesis technology and synthesis efficiency, new
cyclic structures containing the main group elements are continually being discovered
which add to the chemical diversity in modern inorganic chemistry, and particularly,
leads to opportunities to experimentally validate theoretical predictions. Due to the
novel bonding modes and the ubiquitous role of these cyclic intermediates in a wide
variety of chemical transformations, reactivity investigation of these cyclic units are
also becoming more and more attractive. As can be seen from this thesis, the number
of elements and substituents that can be incorporated within three-membered cyclic
arrangements of Group 14 elements is vast and thus resulting various reactivity
profiles. As presented in this thesis, for instance, persilyl- and peraryl-substituted
cyclotrisilene showed entirely different reactivity towards phenylacetylene, leading to
the bicyclo[3.2.0]hepta-3,6-diene and cyclopentadiene derivative, respectively.
Therefore, the synthetic strategy study can possibly afford new and efficient routes to
these inorganic rings with varied substituents. This has been demonstrated through
the synthesis of peraryl-substituted cyclotrisilene c¢-SisTips4, which was synthesized,
instead of straightforward reducing of corresponding silanes, taking advantage of the
disilenide precursor.

Specifically, the high reactivity of the weak Si=Si double bond as well as the ring
strain allows for a conceptually more variable reaction behaviour than in the case of
cyclic alkenes, which will likely adopt increasingly important roles in advancing small

molecule activation.
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“When radium was discovered, no one knew that

it would prove useful in hospitals. The work was

one of pure science. And this is a proof that scientific
work must not be considered from the point of view
of the direct usefulness of it.”

Marie Curie
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6 Supplementary Experiments

6.1 General

6.1.1 Experiential Conditions

All sensitive compounds are manipulated under a protective atmosphere of argon
taking advantage of standard Schlenk techniques or in a glovebox. Argon 5.0
supplied by PraxAir was used as protection gas without further purification. All
glassware was cleaned prior to use in a KOH/H20 bath, neutralized in a HCI/H20 bath
and dried in the oven at 120 °C overnight. All setups were evacuated while still hot
and refilled with argon three times. The vacuum (1*1072 bar) was generated by a slide
vane rotary vacuum pump RZ 6 from Vacuubrand. Naphthalene was purified before
use by sublimation. Silicon tetrachloride was distilled from magnesium under a
protecting atmosphere of argon ahead of use. Benzophenone, benzaldehyde,

styrene, benzil, benzoyl chloride, sulfur, selenium, tellurium were used as supplied.

6.1.2 Purification of Solvents

Diethyl ether (Et20), toluene, 1,2-dimethoxyethane (DME), tetrahydrofuran (THF),
hexane and benzene as well as pentane were refluxed over sodium. Benzophenone
was used as probes to identify the dry and oxygen-free condition. All solvents were
distiled and stored under argon. Deuterated solvents were purchased from
Sigma-Aldrich, of which deuterated benzene, toluene and thf were dried over sodium
or potassium before use, distilled and stored in the glovebox. The dry solvents were
transferred with cannulas of stainless steel or PTFE into the reaction flasks under a
protection of argon. Deuterated solvents were transferred in the glovebox with a
syringe into NMR tubes.

6.1.3 Methods of Analysis and Measurement

NMR spectra in solution were recorded on a Bruker Avance lll 300 spectrometer
("H = 300.13 MHz, ¥C = 75.46 MHz, 2°Si = 59.6 MHz). Solid state NMR was
recorded on a Bruker AV400 spectrometer. WB: 79.5 MHz 2°Si CP/MAS spectrum at
13 KHz MAS rate. All spectra were analyzed with the Topspin 3.2 suite of programs.
H and "*C NMR spectra were referenced to residual signals of the solvent (CDCls: H
7.26 ppm; CeDs: H 7.16 ppm; C 128.06 ppm; toluene-ds: H 2.08 ppm; C 20.04 ppm,;
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THF-ds: H 1.72 ppm; C 25.31 ppm). 2°Si was referenced to external SiMes. All
chemical shifts are reported in parts per million (ppm). Coupling constants are
reported in Hertz (Hz) and are given in the usual notion that "Jix,y) means a coupling
of nucleus X over n bonds with nucleus Y. Coupling constants are determined by
observing satellite signals next to main signal. The multiplicity and shape of the
observed signals are given as s = singlet, d = doublet, t = triplet, m = multiple or
convoluted signals, br. = broad signal.

UV/vis spectra of the supplementary compounds are recorded on a SHIMADZU
UV-2600 spectrophotometer.

Melting points (mp.) were determined under argon in sealed NMR tubes and are
uncorrected.

Elemental analysis was carried out using pure products with Leco CHN-900

analyzer.

6.1.4 Computational Details

Geometry optimizations of 105 were performed using the Gaussian 09 optimizer©?
together with TurboMole V7.0 energies and gradients.'® All geometry optimizations
were computed using the functional BP86'! functional with Grimme dispersion
corrections D312 and the Becke-Jonson damping function!3 in combination with the
def2-SVP basis set.''* The stationary points were located with the Berny algorithm?>
using redundant internal coordinates. Analytical Hessians were computed to
determine the nature of stationary points (one and zero imaginary frequencies for
transition states and minima, respectively)'® and to calculate unscaled zero-point
energies (ZPEs) as well as thermal corrections and entropy effects using the
standard statistical-mechanics relationships for an ideal gas. The atomic partial
charges have been estimated with the natural bond orbital (NBO)''’ method using
NBO 5.9.118
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6.2 Synthesis of Starting Materials
6.2.1 Synthesis of TipBr

Br, Br

- HBr

—_—
CHCI;
0°C
darkness

CisH24 Br, Cy5H23Br
204.36 g/mol 159.81 g/mol  283.25 g/mol

At 0 °C, Br2 (110.5 g, 0.69 mol, 35 mL) is introduced dropwise into a the solution of
2,4 ,6-triisopropylbenzene (143 g, 0.7 mol) in 700 mL CHCIs via a dropping funnel.
The whole apparatus is protected from light with aluminum foil. Thus generated HBr is
neutralized with isopropanol in washing bottles connected with the reaction flask
(extra empty washing bottle must be set up between the isopropanol and reaction
flask in order to avoid suck-back). After the addition is finished, the reaction mixture is
warmed to room temperature with stirring overnight. The crude reaction mixture is
neutralized by NaOH. The organic layer is separated off and washed three times with
water until neutral. Drying over Na2SOa4 for 30 min the organic layer is filtrated and
concentrated by removing the CHCIs. The remaining residue is distilled in vacuum to
give TipBr as a colorless liquid (159 g, yield: 81%).

TH NMR (300.13 MHz, CDCls, 300 K): § 6.98 (s, 2H, Tip-H); 6.97 (s, 1H, Tip-H); 3.51
(m, 2H, Pr-CH); 2.83 (m, 'Pr-CH); 1.21, 1.24 (each d, Ju-n = 7 Hz, altogether 18H,
Pr-CHs) ppm.

6.2.2 Preparation of Lithium Naphthalene (Li/C1oHs)

Li
— Li/C4qH
o o

C1oHs
128.17 g/mol 6.94 g/mol 135.11 g/mol

Lithium granules (138 mg, 20 mmol), naphthalene (3.08 g, 24 mmol) are mixed in a
100 mL Schlenk flask with a stirring bar. 40 mL thf is introduced into the mixture via a

dropping funnel in five minutes, slight heat is released at the beginning of the reaction.
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Within five minutes a dark green suspension is obtained, the formed mixture is stirred
at room temperature overnight. The exact concentration (ca. 0.5 mol L") is
determined by titration of a hydrolyzed aliquot with aqueous hydrochloric acid against
phenolphthalein.

6.2.3 Synthesis of Tip2SiCl:

Et\?/Et
Br Li
Li, Et,O SiCly Tip_ CI
-LiBr Toluene Tip” Cl
-LiCl
C15H23Br L| C19H33LiO S|C|4 C30H460|28i

283.25 g/mol 6.94 g/mol  284.41 g/mol 169.90 g/mol 505.68 g/mol

Tip2SiCl2 was prepared by a modified literature protocol:'*° TipBr (156 g, 0.55 mol) is
added dropwise to a suspension of 2.2 equivalent amount of Li granules (7.63 g, 1.1
mol) in 1000 mL dry Et20 at room temperature. The resulting brown reaction mixture
was stirred overnight at room temperature. Yield of TipLi can be checked by "H NMR
spectroscopy with the hydrolyzed aliquot taken from the mixture. Remaining lithium is
filtered off with a glass frit under the protection of argon and the solvent of filtrate is
removed in vacuum affording crude TipLi (72%, 114 g), which is used for next step
without further purification. To the resulted TipLi 1000 mL dry toluene is added and
the resulting suspended solution is cooled down to 0 °C. Silicon tetrachloride (30.58 g,
0.18 mol) is added dropwise via a dropping funnel to the above solution and after the
addition is finished the reaction mixture is stirred over two days at room temperature.
For workup no protection atmosphere is needed, since the product Tip2SiCl2 is stable
towards air and moisture for limited periods of time. All insoluble components are
removed by filtration. Solvent of the filtrate is removed with a rotary evaporator. The
remaining residue is dissolved in pentane (4 mL/g) and kept at =78 °C overnight.
Pure block crystals of Tip2SiClz is obtained by further re-crystallization (two to three
times) from pentane. Yields: 56 g, 61%.

TH NMR (300.13 MHz, CDCl3, 300 K): 3 6.98 (s, 4H, Tip-H); 3.66 (m, Ju-+ = 6.8 Hz, 4H,
Pr-CH); 2.83 (m, JuH = 6.8 Hz, 2H, 'Pr-CH); 1.20 (d, Jun = 6.8 Hz, 12H, 'Pr-CHs),
1.18 (d, Ju-1 = 6.8 Hz, 24H, 'Pr-CHs) ppm.
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6.2.4 Synthesis of disilenide 20

6 Li
dme Tip, Tip
2 Tip,SiCl, —>4 Lol Si=Si
-4 Li ./ .
TipLi Tip Li-(dme),
20
C3oH46CISi Li Cs3HggliO4Sis

505.68 g/mol 6.94 g/mol 853.38 g/mol

Disilenide is prepared according to a published procedure.’® At 0 °C, dry dme (200
mL) is added to the mixture of Tip2SiCl2 (40 g, 79 mmol) and lithium powder (2.4 g,
340 mmol). The resulting mixture is stirred at room temperature overnight to afford a
deep red solution. Solvent of the formed reaction mixture is removed in vacuum. The
dark-red residue is digested with 500 mL hexane and filtered off at 50 °C. The
dark-red filtrate is kept at room temperature overnight from which red blocks of crude
disilenide crystallize. Pure disilenide was obtained by re-crystallization from hexane in
48% vyield.

TH NMR (300.13 MHz, CsDs, 300 K): § 7.13, 7.09,7.07 (each br, 2H, Tip-H), 4.79 (m,
4H, 'Pr-CH), 4.28 (br, 2H, Pr-CH), 2.92 (s, 12H, dme-CHs), 2.84 (s, 8H, dme-CH>),
2.90-2.74 (br, 3H, 'Pr-CH), 1.43, 1.41, 1.33, 1.26, 1.21, 1.20, 1.14 (each d, altogether
54H, Pr-CHs) ppm.

6.2.5 Synthesis of TipSiCls

Et\Q/Et N ?l o
Br Li ~Si”
Li, Et,0 sicl,
-LiBr Toluene
-LiCl
C15H23Br Li C19H33LiO S|C|4 C15H23C|3Si

283.25 g/mol 6.94 g/mol 284.41 g/mol  169.90 g/mol  337.78 g/mol

The same literature procedure referenced for Tip2SiClz is used in a modified way to
prepare TipSiCls. At room temperature TipBr (200 g, 0.71 mol) is added dropwise to a
suspension of 2.2 equivalent amount of lithium granules (10.9 g, 1.6 mol) in 1000 mL
dry Et20. After the addition completed, the resulting mixture is stirred overnight. The
yield of TipLi is checked by 'H NMR spectroscopy with the hydrolyzed aliquot taken
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from the mixture. Remaining Li is filtered off with a glass frit under the protection of
argon and the solvent is removed from the filtrate in vacuum to afford crude TipLi
(72%, 114 g). The product is used without further purification. To the resulting TipLi
1200 mL of dry toluene are added and the suspension is cooled to 0 °C in an ice-bath.
Silicon tetrachloride (50.00 g, 0.29 mol) is added dropwise to the above solution and
after the addition is finished the reaction mixture is stirred overnight. Stirring is
continued for another two days to complete the reaction. Since the products is
unstable towards air and moisture, all of the afterwards manipulations must carried
out under argon. All insoluble components are removed by filtration. The volume of
the filtrate is reduced under vacuum until a colorless solid starts precipitating. The
precipitate is dissolved in 200 mL hexane and kept at =30 °C overnight. TipSiCls is
obtained as colorless blocks (44.16 g, 52%).

TH NMR (300.13 MHz, CeDs, 300 K): 5 7.10 (s, 2H, Tip-H), 3.95 (m, 2H, 'Pr-CH), 2.65
(m, 1H, 'Pr-CH), 1.21 (d, 12H, 'Pr-CHs), 1.11 (d, 6H, 'Pr-CH3).

6.2.6 Synthesis of trisilaallyl chloride 23

Tip, ~ Tip TipSicl; TP, Tip
/Si:Si\ —_— /SI:SI\ Tip
Tip Li-(dme),  thf Tip Si7
- LiCl CII Cl
20 23
C53H89Li048i2 C15H23C|3Si C60H92C|28i3
853.38 g/mol 337.78 g/mol  968.55 g/mol

At =80 °C, thf (20 mL) is transferred to a mixture of disilenide (5.40 g, 6.33 mmol) and
TipSiCls (2.14 g, 6.33 mmol). The resulted red-brown mixture is slowly brought to
room temperature (ca. 30 min) and then stirred for 15 hours. All volatiles are removed
in vacuum and the orange residue is dissolved in hexane (50 mL). Lithium chloride
precipitates and is removed by filtration. The clear filtrate is concentrated to dryness
to afford 23 as orange powder (6.07 g, 99%). Due to its very good solubility in
hydrocarbon solvents crystallization is tedious, but also unnecessary as the crude
product is spectroscopically pure. Therefore 23 is used for subsequent reactions
without further purification.

"H NMR (300.13 MHz, CsDs, 300 K): 5 7.09, 7.07, 7.01, 6.94 (s, 8H, Tip-H), 4.37, 4.31
(m, 4 H, 'Pr-CH), 4.03 (br, 2 H, 'Pr-CH), 3.59 (m, 2 H, 'Pr-CH), 2.72, 2.63 (m, 4 H,
Pr-CH), 1.41,1.22,1.14, 1.13, 1.08, 1.07, 0.89 (d, 72 H, 'Pr-CH3s) ppm.
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6.2.7 Synthesis of cyclotrisilene 24

Tip,  ,Tip Mg Tip\s i
Si=S;i — I
Ty ~ si-Tip  tf _si=Si_
cf ¢ ~MgCl  Tip Tip
23 24
CeoHo2Cl2Si3 Mg CeoHo2Si3

968.55 g/mol  24.31 g/mol  897.65 g/mol

At room temperature, 100 mL of dry and degassed Et20 are added through a septum
by cannula to 20.00 g (20.6 mmol) 23 in a 250 mL Schlenk flask. The resulting red
solution is transferred by cannula to another 250 mL Schlenk flask containing 0.6 g
(24.7 mmol, 1.2 equiv.) magnesium powder which was activated before use. The
mixture is stirred at room temperature for 30 min to 60 min to start (the reaction needs
to be stirred vigorously at the beginning in order to be activated, once the reaction
starts, a fine precipitate becomes apparent in solution as well as at the wall of the
Schlenk flask), and then kept stirring for another 7 hours (never let the reaction
mixture be stirred over 7 hours, or a further reduced byproduct o,w-dianionic
magnesium salt will be produced),®® during which time it acquires a deep red color.
After removal of the Et20 in vacuum, 200 mL n-pentane are added by cannula. The
solid residue is stirred for five minutes at room temperature so that the product is
completely dissolved in n-pentane. Following this the Schlenk flask is connected to
the reversing frit equipped with the third 250 mL round-bottom Schlenk flask.
Insoluble parts are filtered off, the red filtrate is concentrated to ca. 100 mL and kept
at room temperature for one day. By solvent decantation and subsequent drying in
vacuum at room temperature block-shaped crystals of 24 (8.5 g, 46%) are isolated. A
second crop of crystals from the mother liquid yields another 1.5 g of 24. Total yield:
10.0 g, 54.1%.

"H NMR (300.13 MHz, CsDs, 303 K): § 7.18 (br, 2H, SiTip2 Ar-H), 7.09 (s, 4H, SiTip
Ar-H), 6.97 (br, 2H, SiTip2 Ar-H), 4.98 (br sept, 2H, SiTip2 iPr-CH), 4.03 (sept, 4H,
SiTip iPr-CH), 3.66 (br sept, 2H, SiTip2 iPr-CH), 2.79 (sept, 2H, iPr-CH), 2.69 (sept,
2H, iPr-CH), 1.66 (br, 6H, SiTipz2 iPr-CHs), 1.42 (br, 6H, SiTip2 iPr-CHs), 1.35 (br, 6H,
SiTip iPr-CHs), 1.26 (br, 6H, SiTip2 iPrCHs), 1.21 (br, 6H, SiTip iPr-CHs), 1.22 (d, 12H,
iPr-CHs), 1.10 (d, 12H, iPrCHs), 0.62 (br, 6H, SiTip2 iPr-CHs) ppm.
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6.3 Reactivity of 24 towards 1,3-butadiene and imine

6.3.1 Synthesis of 82

Tip

Tip

/ >\ /< \
Tip\S_/Si Tip\Si/Sliji
Tip” I\Si Tip” "Si

\ 4

Tip Tip

24 82
CeoHg2Si3 CeH1o CeeH1025i3

897.65 g/mol 82.15 g/mol 979.80 g/mol

Cyclotrisilene 24 (300 mg, 0.334 mmol) is dissolved in 10 mL toluene at room
temperature, the solution is cool down to -30 °C and 2,3-dimethyl-1,3-butadiene (38
uL, 1 equiv.) introduced into the solution by microsyringe. The resulting mixture is
stirred overnight while warming to room temperature. The thus formed yellow reaction
mixture is concentrated by reducing the solvent under vacuum to ca. 5 mL. Pale
yellow sheet crystals of 82 (260 mg, yield: 80%, mp. 175-78 °C) are isolated by
solvent decantation and drying in vacuum at room temperature.

TH NMR (300.13 MHz, CsDs, 300 K): & 7.14 (overlapped with solvent, 4H, Tip-H), 7.10
(br. 3H, Tip-H), 6.78 (br. 1H, Tip-H), 4.63 (br. 1H, iPr-CH), 3.60 (br. 4H, CH-), 3.38 (br.
1H, 'Pr-CH), 2.27-2.66 (m, 5H, 'Pr-CH), 2.63-2.54 (m, 3H, 'Pr-CH), 2.29 (br. 2H,
Pr-CH), 1.44 (br. 27H, 'Pr-CHs), 1.28, 1.26 (br, 9H, Pr-CHs), 1.17 (d, Ju-H = 7.2 Hz,
24H, 'Pr-CHs), 1.12 (d, Ju-H = 6.8 Hz, 12H, 'Pr-CHs), 0.44 (br. 7H, CHs) ppm.

13C{'H} NMR (75.47 MHz, CeDs, 300 K): § 156.3, 156.2 (Tip-C); 155.7 (C=C); 155.4
(Tip-C); 149.8, 149.7, 149.5 (Tip-C); 135.4, 134.7, 133.2, 129.2, 128.4 125.5, 123.8,
122.1, 121.9 (Tip-CH); 36.6 ('Pr-CH); 35.3 (CHz); 34.4, 34.3 (Pr-CH); 27.3, 24.9
(Pr-CHs); 23.9 (CHs); 23.8; 23.7, 21.3 (‘Pr-CHs) ppm.

13C{'H} CP/MAS (100.63 MHz, 300 K): & 156.4-153.9 (m, Tip-C, C=C); 149.7-148.1
(m, Tip-C); 135.8, 135.3, 134.8, 131.5, 127.2 (Tip-CH); 122.4, 122.0, 120.6 (br,,
Tip-CH); 34.1 (br., Pr-CH, CH2); 27.9, 27.5, 26.4 (br., 'Pr-CHs); 24.8, 23.0, 21.5, 20.3
(br., CHs, 'Pr-CHs) ppm.

298i{'H} NMR (59.6 MHz, CeDs, 300 K): & —46.6 (SiTip2) ppm.

298i{'H} CP/MAS (79.5 MHz, 300 K): § 2.85 (SiTip), —33.21 (SiTip), —-48.23 (SiTip2)

ppm.
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Elemental Analysis Calc. for CesH102Sis. C, 80.91; H, 10.49 Found: C, 79.00; H,
9.96.

6.3.2 Synthesis of 84

/P Dip—N. N-Di e PP
Tip\S'/?i PN NP Tip i/Si—N
e s TeT SicH
24 TP " gg 0P
CeoHo2Si3 CosH3eN> Cg7H129N2Si3

897.65 g/mol 376.59 g/mol 1274.25 g/mol

Cyclotrisilene 24 (300 mg, 0.334 mmol) and diimine (125.9 mg, 0.334 mmol) are
mixed in a Schlenk flask and 10 mL benzene added to the solid reagents by syringe.
The resulting orange reaction mixture is stirred at room temperature for one day. The
solvent is removed from the light-orange solution under vacuum resulting in a solid
residue that was dissolved in 3 mL hexane. Housane 84 crystalizes as yellow blocks
and is isolated by solvent decantation and drying in vacuum (298 mg, yield: 70%,
mp. 220-24 °C).

TH NMR (300.13 MHz, CeDs, 300 K): 5 7.96 (d, Ju-H = 8.9 Hz, 1H, HC=NDip); 7.25 (d,
Ju-H = 6.5 Hz, 2H, Tip-H), 7.01 (s, 1H), 6.99 (br. 3H), 6.95 (br, 3H), 6.90 (d, J4-H = 3.5
Hz, 4H, Tip-H), 6.73 (s, 1H), 6.17 (d, Ju-H = 8.8 Hz, 1H, HCSiTip), 4.50-4.45 (m, 1H,
Pr-CH), 4.30-4.26 (m, 1H, 'Pr-CH), 4.04-3.99 (m, 1H, 'Pr-CH), 3.76-3.74 (m, 1H,
Pr-CH), 3.56-3.31 (m, 5H, 'Pr-CH), 2.85-2.74 (m, 4H, 'Pr-CH in Dip), 2.61-2.54 (m, 3H,
Pr-CH), 1.84, 1.79 (each d, Jun = 7.6 Hz, 9H, 'Pr-CHs), 1.73 (d, Ju-+ = 7.0 Hz, 3H,
'Pr-CHs), 1.59 (d, Ju-H = 6.5 Hz, 3H, 'Pr-CHs), 1.41 (d, Ju-1 = 5.3 Hz, 6H, 'Pr-CH3), 1.28,
1.24, 1.20, 1.14 (each d, total 30H, Ju-H = 6.5 Hz, 'Pr-CHs in Tip and Dip), 1.11, 1.06
(each d, total 24H, 'Pr-CHs), 0.77 (d, Ju-H = 7.0 Hz, 3H, 'Pr-CHs), 0.70 (d, Ju-+ = 6.5 Hz,
6H, 'Pr-CHs), 0.15, 0.10 (each d, 12H, 'Pr-CH3) ppm.

BC{'H} NMR (75.47 MHz, CeDs, 300 K): 5 168.18 (HC=NDip); 157.14, 156.56,
155.47, 155.01, 154.69, 154.38, 151.28, 150.66, 150.21, 149.53, 147.23, 146.04,
145.62, 136.82, 135.80, 132.69, 131.53 (Tip, Dip-C); 126.30, 126.04, 124.29, 123.44,
123.21, 122.86, 122.01 (Tip, Dip-CH); 68.52 (HCSiTip); 37.39, 36.84, 35.85, 35.27,
34.75, 34.38, 34.24, 32.61, 31.79 ('Pr-CH); 28.68, 28.35, 28.17, 27.85, 27.16, 26.89,
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26.17, 25.64, 25.14, 25.01, 24.82, 24.43, 23.98, 23.93, 23.79, 23.69, 23.54, 23.40,
23.29, 22.88 ('Pr-CHs) ppm.

29Si{'H} NMR (59.6 MHz, CesDs, 300 K): § 42.61 (SiTipCH), 17.27 (SiTipN), -62.19
(SiTip2) ppm.

UV/Vis (hexane) Amax(e) 353 nm (8367 L mol~'cm™).

Elemental Analysis Calc. for CssH12sNSis. C, 81.96; H, 10.24, N, 1.1 Found: C,
79.72; H, 9.98; N, 1.95.

6.3.3 Synthesis of 85

-
Tip I
. | :
Tip_ _Si O Tip._ /T\_. TP
>silJl o+ M —= Csio sil_
Tip Si Ph™ “CI Cl \/ Tip
\
Tip Ph
24 85
CeoHoSis  C7HsCIO Cg7Hg,CIOSis

897.65 g/mol 140.57 g/mol 1038.22 g/mol

Cyclotrisilene 24 (500 mg, 0.56 mmol) is dissolved in 20 mL dry toluene at room
temperature in a Schlenk flask and the resulting orange solution is cooled to —80 °C.
Benzoyl chloride (64.7 uL, 0.56 mmol) is introduced into the solution by microsyringe.
The resulting reaction mixture was stirred at —80 °C for 15 minutes. Removal of the
solvent affords a light-orange residue which is dissolved in 10 mL hexane and then
concentrated to ca. 3 mL. Colorless crystals form at room temperature (436 mg,
yield: 65%, mp. 139-42 °C).

TH NMR (300.13 MHz, CeDs, 300 K): 5 8.41 (br, 1H, Ph-H), 7.55 (br, 1H, Ph-H); 7.35
(br, 1H, Ph-H), 7.15 (overlapped with solvent, 2H, Tip-H), 7.10 (s, 2H, Ph-H), 7.08 (br,
2H, Tip-H), 7.03 (br, 1H, Tip-H), 6.99 (br, 1H, Tip-H), 6.85 (br, 1H, Tip-H), 6.74 (br, 1H,
Tip-H), 4.14-4.08 (m, 1H, 'Pr-CH), 3.91-3.74 (m, 3H, 'Pr-CH), 3.50-3.43 (m, 1H,
Pr-CH), 3.34-3.17 (m, 2H, 'Pr-CH), 3.09-3.05 (m, 1H, 'Pr-CH), 2.68-2.61 (m, 4H,
Pr-CH), 1.53 (d, Ju-H = 5.8 Hz, 3H, 'Pr-CHs), 1.48 (d, Ju-H = 6.8 Hz, 9H, 'Pr-CH3), 1.43
(d, Ju-H = 6.2 Hz, 3H, 'Pr-CHs), 1.23 (br, 9H, 'Pr-CHs), 1.14, 1.13 (br, 6H, 'Pr-CHs),
1.12, 1.11 (br, 12H, 'Pr-CHs), 1.10, 1.08 (br, 9H, 'Pr-CHs), 0.94 (d, Ju-+ = 6.6 Hz, 3H,
Pr-CHs), 0.66, 0.64 (each d, Ju-H = 3.4 Hz, 6H, '/Pr-CHs), 0.61, 0.59 (each d, Ju-n = 3.5
Hz, 6H, 'Pr-CHs), 0.29, 0.27 (d, Ju-1 = 6.6 Hz, 6H, 'Pr-CHs) ppm.
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3C{'H} NMR (75.47 MHz, CeDs, 300 K): 5 157.69, 155.65, 155.05, 154.96, 154.73,
151.96, 151.87, 151.26, 149.70, 143.11 (Tip-C); 134. 93, 133.51, 132.73, 131.27
(Tip-CH); 126.81, 124.98 (Ph-CH); 123.60, 123.12, 122.71, 122.55, 122.01 (Tip-CH);
121.82, 121.57 (Ph-CH); 38.19, 36.54, 36.05, 35.86, 35.72, 35.36, 35.07, 35.00,
34.47, 34.33, 34.31, 34.22, 31.79 ('Pr-CH); 27.84, 26.87, 26.72, 26.42, 26.23, 25.83,
25.62, 25.25, 24.66, 24.58, 24.29, 24.02, 23.85, 23.82, 23.75, 23.71, 23.65, 23.63,
22.88, 21.74 ('Pr-CHs) ppm.

28i{'"H} NMR (59.6 MHz, CeDs, 300 K): § 39.26 (SiTipO), 15.12 (SiTipC), -6.19
(SiTip2) ppm.

Elemental Analysis Calc. for Ce7Ho7CIOSis. C, 77.51; H, 9.42 Found: C, 77.40; H,
9.44.

6.3.4 Synthesis of 88

Tip Tlp\ /Ph
Tipw _si Tip_ SN
P>sil]l  + Ph-N=N-Ph — ">siT X
Tip” Si Tip™ “si-N
A | \
Tip Tip  Ph
24 88
CeoHo2Si3 C12H10N2 C72H102N2Si3
897.65 g/mol 182.23 g/mol 1079.88 g/mol

Cyclotrisilene 24 (300 mg, 0.334 mmol) and azobenzene (61 mg, 0.334 mmol) are
mixed and dissolved in 10 mL toluene. The resulting red-orange mixture is heated to
60 °C and stirred overnight at that temperature, yielding a yellow solution. Removal of
toluene in vacuum results in a light-yellow powder, which is dissolved in 5 mL of
hexane. The solution is kept at room temperature to afford pale yellow crystals of 88
after one day, which are isolated by solvent decantation and drying in vacuum (252
mg, yield: 70%, mp. > 200 °C).

TH NMR (300.13 MHz, CsDs, 300 K): § 7.30 (d, Jn-H = 3.9 Hz, 4H, Tip-H), 6.88 (s, 4H,
Tip-H), 6.66-6.57 (m, 8H, Ph-H), 6.45-6.40 (m, 2H, Ph-H), 4.86-4.81 (m, 2H, 'Pr-CH),
4.26-4.22 (m, 2H, 'Pr-CH), 3.73-3.64 (m, 4H, 'Pr-CH), 2.80-2.64 (m, 4H, 'Pr-CH), 1.52
(d, Ju-H = 6.3 Hz, 12H, Pr-CHs), 1.25 (d, Ju+ = 6.3 Hz, 12H, 'Pr-CHs), 1.21 (d, Ju-H =
6.9 Hz, 12H, Pr-CHs), 1.17 (d, Ju-H = 6.9 Hz, 12H, Pr-CHs) ppm.

BC{'H} NMR (75.47 MHz, CeDs, 300 K): 5 160.31, 158.25, 156.10, 153.79, 149.83
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(Tip-C), 146.19 (Ph-C), 136.82 (Tip-CH), 124.46, 122.39, 121.85, 121.27 (Tip-CH),
120.85, 117.67 (Ph-CH), 36.71, 36.04, 34.62, 34.35, 32.77 ('Pr-CH), 26.65, 26.20,
25.67, 23.93, 23.70, 22.55 (‘Pr-CHs) ppm.

29Si{'H} NMR (59.6 MHz, CeDs, 300 K): & 37.66 (SiTip2), —24.23 (SiTip) ppm.
Elemental Analysis Calc. for C72H102N2Sis. C, 80.08; H, 9.52 Found: C, 80.10; H,
9.72.

6.3.5 Synthesis of 98

Tip g}

Tip, Tip \ p
5 Cl~gi—sn:
[\, o+ osncp, — 11

Tip~ S S~ ip Tip~ 7P XA~ Tip
Cl Tip
24 98
C60H928i3 C|28n C64H100CIQOSi3Sn

897.65 g/mol 189.61 g/mol 1159.37 g/mol

At -30 °C a solution of cyclotrisilene 24 (300.0 mg, 0.334 mmol) in 5 mL of thf is
added by cannula to a suspension of SnCl2 (63.3 mg, 0.334 mmol) in 8 mL thf. The
suspension turns brown after the first few drops of 24 have been added. The resulting
brown mixture (ca. 15 mL) is stirred for two hours while warming to room temperature,
then concentrated to ca. 5 mL under vacuum and kept at —20 °C overnight. Yellow
needle-shaped crystals of X-ray quality form (element Sn and brownish impurities
also form during crystallization) and are isolated by solvent decantation. After removal
of residual solvent 98 is isolated as powder (155 mg, yield: 40%, mp. 120 °C, dec.).
TH NMR (300.13 MHz, thf-ds, 300 K): 5 7.05 (br., 1H, Tip-H), 7.02 (br., 1H, Tip-H),
6.99 (br., 2H, Tip-H), 6.79-6.78 (br., 4H, Tip-H), 4.25-4.14 (m, 2H, 'Pr-CH), 3.97-3.90
(m, 2H, Pr-CH), 3.67 (m, 1H, 2H, 'Pr-CH), 3.51, 3.47 (each br., 4H, C4Hs0), 2.75-2.65
(m, 6H, 2H, Pr-CH), 2.44-2.35 (m, 1H, 2H, 'Pr-CH), 1.62 (br., 4H, C4Hs0O), 1.50 (t, 6H,
'Pr-CHs), 1.37 (d, Ju-H = 6.3 Hz, 6H, Pr-CHs), 1.31 (d, Ju-1 = 6.9 Hz, 6H, 'Pr-CHs), 1.24
(d, Ju-1 = 6.3 Hz, 6H, 'Pr-CHs), 1.12-1.07 (each br., total 32H, 'Pr-CHs3), 0.95 (d, JH-H =
6.0 Hz, 3H, 'Pr-CHs), 0.84 (d, Ju-H = 6.6 Hz, 3H, 'Pr-CHs), 0.34 (d, Ju-H = 6.9 Hz, 3H,
Pr-CHs), 0.20 (t, 6H, 'Pr-CHs3) ppm.

B3C{'H} CP/MAS (100.63 MHz, 300 K): § 155.53, 154.38, 150.23, 148.30, 143.07
(Tip-C), 137.73, 134.26, 121.92 (Tip-CH), 69.61 (C4HsO), 38.40, 36.97, 35.78, 34.20
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('Pr-CH), 29.85 ('Pr-CHs), 27.56 (C4Hs0O), 25.66, 24.79, 21.68 ('Pr-CHs) ppm.
298i{'H} CP/MAS (79.5 MHz, 300 K): § 30.50 (s), 19.01 (s), 16.38 (br.) ppm.

UV/Nis (thf) A(e) 271 nm (35036 L mol~'cm™"), 450 nm (shoulder).

Elemental Analysis Calc. for CesH100Cl20SisSn. C, 66.30; H, 8.69, Found: C, 65.81;
H, 8.85.

6.3.6 Synthesis of 100

Tip\ /Tip .
Si 2PN -
N+ SNCly + CygHglli —= _ >si_ X1 /1 X sil

I=Si Tip” “gi=Sr-sn-gi” i
Tip~ S STy P SimSnTSh-S; P
Tip Tip
24 100
C60H928i3 C|28n C120H184Si68n4
897.65 g/mol 189.61 g/mol 2270.14 g/mol

SnCl2 (63.3 mg, 0.334 mmol) was dissolved in 5 mL thf and the resulting suspension
cooled to —20 °C. A solution of cyclotrisilene 24 (300 mg, 0.334 mmol) in 8 mL thf was
added to the SnCl2 suspension by cannula at room temperature during two minutes.
After the first few drops added, the color of the reaction mixture turned dark-brown.
The reaction mixture was stirred at —20 °C for one hour. A newly prepared suspension
of naphthalene lithium (excess) was introduced into the above brownish reaction
mixture at —20 °C resulting in a greenish reaction mixture. After the greenish mixture
was stirred for overnight while let it increase to room temperature, removed the
solvent thf and 10mL hexane was added into the greenish residue. The filtrate
hexane solution was concentrated to ~3 mL and kept still at room temperature. After
one week block green crystal formed and was confirmed by X-ray single crystal
analysis as product 100.

TH NMR (400.13 MHz, CeDs, 300 K): § 7.11 (s, 4H, Tip-H), 6.97 (s, 4H, Tip-H), 6.92 (s,
4H, Tip-H), 6.75 (s, 4H, Tip-H), 4.98-4.96 (m, 3H, 'Pr-CH), 4.39-4.36 (m, 3H, s, 4H,
Pr-CH), 3.48-3.45 (m, 3H, s, 4H, 'Pr-CH), 3.16-3.13 (m, 3H, Pr-CH), 2.79-2.64 (m,
12H, 'Pr-CH), 1.80 (d, Ju-1 = 6.2 Hz, 12H, 'Pr-CHs), 1.53, 1.51, 1.49 (br, 18H, 'Pr-CHs),
1.46 (d, Ju-H = 6.2 Hz, 12H, 'Pr-CHs), 1.32, 1.30, 1.28 (br, 30H, 'Pr-CHs), 1.14, 1.12,
1.11 (br, 30H, Pr-CHs), 0.56, 0.50 (each d, Ju-1 = 6.6 Hz, 18H, Pr-CHs), 0.34 (d, JH-H
= 6.6 Hz, 9H, Pr-CHs), 0.30 (br, 6H, Pr-CHs), 0.13 (d, Ju-+ = 6.6 Hz, 9H, 'Pr-CHs)
ppm.

107



6.3.7 Synthesis of 104 and 105

Tip, ,Tip Bu
- SUN
By  ——= P si—si_ >-Ph (105)?
Tip, Tip | \_/ N
\Si/ N\ . /SI\ |
/\ + F’h</ St Tip Cl By
. _Si=Si N~ CI
Tip Ti |t
Bu Tip, Tip (Bu
24 103 . o Si_ N
C60H928i3 C15H23C|N2Si T|p_S.|\_>/SI£‘D\>Ph
897.65 g/mol 294.90 g/mol /Si\ ITI
Tip Cl g
104

C75H115CIN,SIy
1192.55 g/mol

Synthesis of 104 Cyclotrisilene 24 (300 mg, 0.334 mmol) and Roesky silylene 103
(98.5 mg, 0.334 mmol) are mixed in a 50 mL Schlenk flask in the glove box, 15 mL
toluene is added to the solid mixture via syringe. The resulting orange solution is
stirred for four hours at room temperature. '"H NMR shows two sets of signals
corresponding to product 104 and 105. Removal of the solvent in vacuum and
addition of 8 mL hexane yields an orange precipitate and an orange solution. The two
phases are separated by filtration via a glass frit. 104 is obtained as orange powder of
high purity (103 mg) after drying of the precipitate in vacuum.

TH NMR (300.13 MHz, toluene-dg, 223 K): § 7.40 (br, 1H, Ph-H), 7.37 (s, 1H, Tip-H),
7.31 (s, 2H, Tip-H), 7.25 (s, 2H, Tip-H), 7.17 (s, 2H, Tip-H), 7.16 (s, 1H, Tip-H), 7.05 (s,
1H, Tip-H), 6.92 (m, 2H, Ph-H), 6.89 (br, 1H, Ph-H), 6.85-6.81 (m, 1H, Ph-H),
5.10-5.00 (m, 2H, Pr-CH), 4.43-4.32 (m, 2H, 'Pr-CH), 4.25-4.20 (m, 1H, Pr-CH),
4.06-4.04 (m, 1H, 'Pr-CH), 3.30-3.26 (m, 1H, 'Pr-CH), 2.84-2.77 (m, 4H, 'Pr-CH), 2.62
(m, 1H, Pr-CH), 1.84, 1.81, 1.79, 1.77 (each br, total 12H, 'Pr-CHs), 1.73 (d, Ju-+H = 6.9
Hz, 6H, 'Pr-CH3), 1.63 (d, Ju-n = 6.9 Hz, 3H, 'Pr-CHs), 1.54 (d, Ju-1 = 6.9 Hz, 3H,
Pr-CHs), 1.47 (br, 3H, 'Pr-CHs), 1.44 (d, Ju-+ = 6.9 Hz, 6H, 'Pr-CHs), 1.34 (br, 18H,
Bu-CHs), 1.31 (br, 6H, 'Pr-CHs), 1.29 (br, 3H, 'Pr-CHs), 1.27 (d, J = 3.3 Hz, 3H,
Pr-CHs), 1.24 (d, J = 3.3 Hz, 3H, 'Pr-CHs), 1.21 (br, 3H, Pr-CHs), 1.15, 1.12 (each br,
3H, 'Pr-CHs), 0.98-0.91 (br, 6H, Pr-CHs), 0.65 (d, Ju-H = 6.1 Hz, 6H, 'Pr-CHs3), 0.44 (d,
Ju-H = 6.0 Hz, 3H, 'Pr-CHs), 0.31 (d, Ju-H = 6.5 Hz, 3H, 'Pr-CHs3) ppm.
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1B3C{'H} NMR (75.47 MHz, CeDs, 300 K): 5 155.77, 153.65, 151.91, 149.76, 147.88 (d),
142.25, 140.24, 130.02, 129.07, 123.58, 123.36 (br.), 121.29, 119.95, 55.53, 54.99,
37.63, 37.02 (d), 36.88, 34.66 (d), 34.32, 32.64, 32.53, 31.32 (d), 25.09, 24.49, 24.20,
24.06, 23.98, 23.82, 23.67 ppm.

3C{'H} CP/MAS (100.63 MHz, 300 K): & 173.38 (Ph-C), 155.53 (d), 153.32 (d),
148.03 (d), 143.10 (d), 131.79, 129.98 (d), 127.28, 125.62, 123.82 (br), 122.91,
121.28 (br), 119.91, 55.30 (d), 37.49 (br), 34.33 (br), 32.68 (d), 30.10, 28.53, 27.49
(d), 26.02, 25.46, 25.03, 24.35, 22.89, 21.87(d) ppm.

29Si{'H} NMR (59.6 MHz, toluene-ds, 223 K): § 21.08, 0.98, -9.15 and -27.24 ppm.
298i{'H} CP/MAS (79.5 MHz, 300 K): § 21.88, 1.10, =10.43 and -23.55 ppm.

UV/Vis (toluene) Amax 422 nm (¢ 5820 L mol~'cm™).

Elemental Analysis Calc. for C75H115CIN2Sis. C, 75.54; H, 9.72; N, 2.35, Found: C,
75.47; H, 9.65; N, 2.28.

Synthesis of 105 The above hexane solution is separated from the orange
precipitate and concentrated to ca. 3 mL. Orange-red crystals of 105 appear after the
hexane solution is kept at room temperature overnight. The first crop of crystals of
105 (50 mgq, yield: 12.6%) are isolated by solvent decantation. Recrystallization of the
mother liquid gives a second crop of crystals (16 mg). In total: 66 mg, yield: 16.6%,
mp. > 200 °C.

TH NMR (400.13 MHz, CeDs, 300 K): & 7.53-7.51 (m, 1H, Ph-H), 7.42-7.39 (m, 1H,
Ph-H), 7.32 (d, 1H, Tip-H), 7.30 (d, 1H, Tip-H), 7.27 (d, 1H, Tip-H), 7.21 (d, 1H, Tip-H),
7.10 (d, 1H, Tip-H), 7.03 (d, 1H, Tip-H), 6.97-6.95 (m, 3H, Ph-H), 6.93 (d, 1H, Tip-H),
6.89 (d, 1H, Tip-H), 5.84-5.77 (m, 1H, 'Pr-CH), 4.35-4.26 (m, 2H, 'Pr-CH), 4.15-4.08
(m, 1H, 'Pr-CH), 3.99-3.92 (m, 1H, Pr-CH), 3.73-3.67 (m, 1H, 'Pr-CH), 3.58-3.46 (m,
2H, 'Pr-CH), 2.84-2.73 (m, 4H, 'Pr-CH), 1.81 (d, Ju-+ = 6.3 Hz, 3H, 'Pr-CHs), 1.78 (d,
JH-H = 6.6 Hz, 6H, 'Pr-CH3), 1.75 (s, 1H, 'Pr-CHs), 1.74 (d, Ju-H = 6.2 Hz, 6H, 'Pr-CHs),
1.71 (s, 1H, 'Pr-CHs), 1.64 (d, Jun = 6.6 Hz, 3H, 'Pr-CHs), 1.60 (d, Ju-H = 6.8 Hz, 3H,
'Pr-CHs), 1.40 (d, Ju-H = 6.6 Hz, 3H, Pr-CHs), 1.34 (d, Ju-1 = 6.6 Hz, 3H, 'Pr-CHs), 1.26
(s, 1H, 'Pr-CHs), 1.25 (d, JuH = 1.6 Hz, 6H, 'Pr-CHs), 1.23 (br, 3H, 'Pr-CHs), 1.22 (d,
Jun = 1.7 Hz, 3H, 'Pr-CHs), 1.21 (br, 3H, 'Pr-CHs), 1.20 (s, 1H, 'Pr-CHs), 1.19 (s, 3H,
'Pr-CHs), 1.07 (br, 9H, Bu-CHs), 1.06 (br, 9H, Bu-CHs), 1.03 (d, Ju-H = 6.6 Hz, 3H,
'Pr-CHs), 0.89, 0.87, 0.86 (each br, 9H, 'Pr-CHs), 0.50 (d, Ju-H = 6.5 Hz, 3H, 'Pr-CHs),
0.33 (d, Ju-H = 6.3 Hz, 3H, 'Pr-CHs), 0.25 (d, Ju-+ = 6.5 Hz, 3H, 'Pr-CHs) ppm.
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13C{'H} NMR (100.6 MHz, CesDs, 300 K): & 172.34 (Ph-C), 155.81, 155.54, 154.66,
154.51, 154.26, 153.01, 150.46, 149.29, 149.15, 148.56, 147.99 (Tip-C), 142.26,
139.70, 137.84, 137.12 (Tip-CH); 132.73 (=CPh); 130.01, 129.89 (Ph-CH), 123.61,
123.49, 123.28, 122.15, 121.93, 121.67, 121.45, 121.32 (Tip-CH); 56.17, 54.59
(Bu-C), 37.06, 36.40, 36.27, 35.95, 35.17, 35.08, 34.76, 34.39, 34.32, 34.11, 33.97
(Pr-CH); 32.70, 32.36 (tBu-CHs), 30.72, 30.50 (Pr-CH); 28.17, 28.03, 27.74, 27.55,
27.48, 27.22, 27.00, 26.71, 25.82, 25.55, 25.46, 24.67, 24.42, 23.93 (d), 23.81 (d)
(Pr-CHas); 23.67 (‘Bu-CHs); 22.34 (‘Pr-CHs) ppm.

298ji{"H} NMR (79.5 MHz, CeDs, 300 K): 5 —8.22, -20.01, —24.39, -49.30 ppm.
UV/Vis (hexane) Amax (¢) 328 nm (14350 L mol~'cm™"), 410 nm (shoulder).
Elemental Analysis Calc. for C7sH115CIN2Sis. C, 75.54; H, 9.72; N, 2.35, Found: C,
75.32; H, 9.74; N, 2.18.
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9.2 Absorption spectra

9.2.1 UVlvis Spectra and Determination of ¢ for 84
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Figure 23. UV/vis spectra of 84 (Amax = 353 nm) in hexane at different concentrations
(1.6*107% =3.0*1073 mol L ™).
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Figure 24. Determination of ¢ (8367 L mol~'cm™) at A = 353 nm through a graphical draw of
absorptions of 84 against their concentrations.
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9.2.2 UVl/vis Spectra and Determination of ¢ for 98
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Figure 25. UV/vis spectra of 98 in thf at different concentrations (0.6*1072 — 2.0*1073 mol L™).
A: 271 nm, 450 nm (shoulder).
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Figure 26. Determination of ¢ (36350 L mol~'cm™) at A = 271 nm through a graphical draw of
absorptions of 98 against their concentrations.
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9.2.3 UVl/vis Spectra and Determination of ¢ for 104
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Figure 27. UV/vis spectra of 104 (Amax = 422 nm) in toluene at different concentrations
(0.6*107% - 1.2*107* mol L™).
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Figure 28. Determination of ¢ (5820 L mol~'cm™) at A = 422 nm through a graphical draw of
absorptions of 104 against their concentrations.

135



9.2.4 UVl/vis Spectra and Determination of ¢ for 105
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Figure 29. UV/vis spectra of 105 in hexane at different concentrations (0.4*1073 — 1.2*1073
mol L™"). A(g): 328 nm (14350 L mol~'cm™"), 410 nm (shoulder).
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Figure 30. Determination of £ (14350 L mol~'cm™) at A = 328 nm through a graphical draw of
absorptions of 105 against their concentrations.
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9.3 X-ray Structure Determination

9.3.1 Crystal Data and Structure Refinement for 82
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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 F

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

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3781

C73 H110 Si3
1071.87

152(2) K

0.71073 A
Tetragonal

| 41/a

a = 40.0423(14) A
b = 40.0423(14) A
c = 16.6447(7) A
26688(2) A’

16

1.067 Mg/m®
0.110 mm’

9440

0.542 x 0.096 x 0.092 mm®
1.017 to 26.486°.

o = 90.000°.
B = 90.000°.
v = 90.000°.

-50<=h<=48, -50<=k<=50, -16<=I<=20

198645

13745 [R(int) = 0.1386]

100.0 %

Semi-empirical from equivalents
0.7454 and 0.7100

Full-matrix least-squares on F?
137451421711

1.006

R1=0.0548, ®R2=0.1071
R1=0.1126, ®R2 = 0.1301

n/a

0.669 and -0.263 e. A™
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9.3.2 Crystal Data and Structure Refinement for 85
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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 F

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

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3790

C67 H97 CI O Si3 x C6 H14
1124.33

152(2) K

0.71073 A
Triclinic

P-1
a=12.8250(13) A
b =13.5014(14) A
c=21.081(2) A
3422.1(6) A°

2

1.091 Mg/m®
0.149 mm™

1232

0.376 x 0.260 x 0.132 mm°
1.010 to 27.228°.
-16<=h<=15, -17<=k<=17, -25<=I<=27
53990

14826 [R(int) = 0.0290]

99.2 %

Semi-empirical from equivalents
0.7455 and 0.7138

Full-matrix least-squares on F?
14826 / 33/ 1061

1.035

R1=0.0463, ®R2=0.1217
R1=0.0624, ®R2=0.1318

n/a

0.845 and -0.404 e. A™

o = 73.024(5)°.
B = 85.230(5)°.
v = 78.689(5)°.
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9.3.3 Crystal Data and Structure Refinement for 88
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Identification code sh3604

Empirical formula C72 H102 N2 Si3 x 0.5 (C5 H12)

Formula weight 1115.89

Temperature 142(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a = 11.8008(5) A o=77.6128(12)°.
b =13.4826(6) A B =79.5939(12)°.
c =24.0224(11) A v = 68.0984(12)°.

Volume 3442.3(3) A°

Z 2

Density (calculated) 1.077 Mg/m3

Absorption coefficient 0.110 mm™

F(000) 1222

Crystal size 0.632 x 0.262 x 0.204 mm°

Theta range for data collection 1.649 to 27.148°.

Index ranges —-14<=h<=15, -17<=k<=17, -30<=|<=30

Reflections collected 54972

Independent reflections 14792 [R(int) = 0.0298]

Completeness to theta = 25.242° 97.6 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7455 and 0.6963

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 14792/ 36 / 1148

Goodness-of-fit on F 1.021

Final R indices [I>2sigma(l)] R1=10.0399, oR2=0.0938

R indices (all data) R1=0.0568, ®R2 =0.1026

Extinction coefficient n/a

Largest diff. peak and hole 0.486 and -0.346 e A
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